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Preface

Progress of thermodynamics has been stimulated by the findings of a variety of fields
of science and technology. In the nineteenth century, studies on engineering problems,
efficiency of thermal machines, lead to the discovery of the second law of thermo-
dynamics. Following development of statistical mechanics and quantum mechanics
allowed us to understand thermodynamics on the basis of the properties of constitu-
ent molecules. Thermodynamics and statistical mechanics provide a bridge between
microscopic systems composed of molecules and quantum particles and their macro-
scopic properties. Therefore, in the era of the mesoscopic science, it is time that various
aspects of state-of-the-art thermodynamics are reviewed in this book.

In modern science a number of researchers are interested in nanotechnology, surface
science, molecular biology, and environmental science. In order to gain insight into the
principles of various phenomena studied in such fields, thermodynamics should offer
solid theoretical frameworks and valuable tools to analyse new experimental observa-
tions. Classical thermodynamics can only treat equilibrium systems. However, ther-
modynamics should be extended to non-equilibrium systems, because understanding
of transport phenomena and the behaviour of non-equilibrium systems is essential in
biological and materials research. Extension of thermodynamics to a system at the me-
soscopic scale is also important due to recent progress in nanotechnology. The princi-
ples of thermodynamics are so general that the application is widespread to such fields
as solid state physics, chemistry, biology, astronomical science, materials science, infor-
mation science, and chemical engineering. These are also major topics in the book.

The first section of the book covers the fundamentals of thermodynamics, that is,
theoretical framework of thermodynamics, foundations of statistical mechanics and
quantum statistical mechanics, limits of standard thermodynamics, macroscopic fluc-
tuations, extension of equilibrium thermodynamics to non-equilibrium systems, astro-
nomical problems, quantum fluids, and information theory. The second section covers
application of thermodynamics to solid state physics, materials science/engineering,
surface science, environmental science, and information science. Readers can expect
coverages from theoretical aspects of thermodynamics to applications to science and
engineering. The content should be of help to many scientists and engineers of such
field as physics, chemistry, biology, nanoscience, materials science, computer science,
and chemical engineering.

Tadashi Mizutani
Doshisha University, Kyoto

Japan
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New Microscopic Connections of Thermodynamics

A. Plastino! and M. Casas?
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1. Introduction

This is a work that discusses the foundations of statistical mechanics (SM) by revisiting its
postulates in the case of the two main extant versions of the theory. A third one will here
we added, motivated by the desire for an axiomatics that possesses some thermodynamic
“flavor”, which does not happen with neither of the two main SM current formulations,
namely, those of Gibbs’ (1; 2), based on the ensemble notion, and of Jaynes’, centered on
MaxEnt (3; 4; 5).

One has to mention at the outset that we “rationally understand” some physical problem
when we are able to place it within the scope and context of a specific “Theory”. In turn, we
have a theory when we can both derive all the known interesting results and successfully
predict new ones starting from a small set of axioms. Paradigmatic examples are von
Neumann’s axioms for Quantum Mechanics, Maxwell’s equations for electromagnetism,
Euclid’s axioms for classical geometry, etc. (1; 3).

Boltzmann’s main goal in inventing statistical mechanics during the second half of the XIX
century was to explain thermodynamics. However, he did not reach the axiomatic stage
described above. The first successful SM theory was that of Gibbs (1902) (2), formulated on the
basis of four ensemble-related postulates (1). The other great SM theory is that of Jaynes’ (4),
based upon the MaxEnt axiom (derived from Information Theory): ignorance is to be extremized
(with suitable constraints).

Thermodynamics (TMD) itself has also been axiomatized, of course, using four macroscopic
postulates (6). Now, the axioms of SM and of thermodynamics belong to different worlds
altogether. The former speak of either “ensembles” (Gibbs), which are mental constructs,
or of “observers’ ignorance” (Jaynes), concepts germane to thermodynamics’ language, that
refers to laboratory-parlance. In point of fact, TMD enjoys a very particular status in the whole
of science, as the one and only theory whose axioms are empirical statements (1).

Of course, there is nothing to object to the two standard SM-axiomatics referred to
above. However, a natural question emerges: would it be possible to have a statistical
mechanics derived from axioms that speak, as far as possible, the same language as that of
thermodynamics? To what an extent is this feasible? It is our intention here that of attempting
a serious discussion of such an issue and try to provide answers to the query, following ideas
developed in (7; 8; 9; 10; 11; 12; 13).
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2. Thermodynamics’ axioms

Thermodynamics can be thought of as a formal logical structure whose axioms are empirical
facts, which gives it a unique status among the scientific disciplines (1). The four postulates
we state below are entirely equivalent to the celebrated three laws of thermodynamics (6):

1. For every system there exists a quantity E, called the internal energy, such that a unique
E—value is associated to each of its states. The difference between such values for two
different states in a closed system is equal to the work required to bring the system, while
adiabatically enclosed, from one state to the other.

2. There exist particular states of a system, called the equilibrium ones, that are uniquely
determined by E and a set of extensive (macroscopic) parameters A,, v =1,...,M. The
number and characteristics of the A, depends on the nature of the system (14).

3. For every system there exists a state function S(E,VA,) that (i) always grows if internal
constraints are removed and (ii) is a monotonously (growing) function of E. S remains
constant in quasi-static adiabatic changes.

4. S and the temperature T = [g—g] Ay,..., Ay Vanish for the state of minimum energy and are > 0
for all other states.

From the second and 3rd. Postulates we will extract and highlight the following two
assertions, that are essential for our purposes

— Statement 3a) for every system there exists a state function S, a function of E and the A,

S=S(E,A1,...,Ap). 1)

— Statement 3b) S is a monotonous (growing) function of E, so that one can interchange the
roles of E and S in (1) and write

E=E(S,Ay,...,Am), )
Eq. (2) clearly indicates that
oE oE
dE = 55 das + ; 94, dA, = dE = TdS + ;P,,dAV, 3)
with P, generalized pressures and the temperature T defined as (6)
(%) @
95/ wa)

Eq. (3) will play a central role in our considerations, as discussed below.

If we know S(E, Ay,..., Ayn) (or, equivalently because of monotonicity,

E(S,Aq,...,Ay)) we have a complete thermodynamic description of a system. It is often
experimentally more convenient to work with intensive variables.

Let define S = Ag. The intensive variable associated to the extensive A;, to be called P; is:

oE
Po=T= 55,4, U/T=p

oE

Pi=)i/T= [TAj]S,A1,...,A,,l,A/-H,...,A,,
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Any one of the Legendre transforms that replaces any s extensive variables by their associated
intensive ones (8, A’s will be Lagrange multipliers in SM)

Lrl,...,rs =E— ZP] A]/ (] = rl/'“/rs)
j

contains the same information as either S or E. The transform L, . is a function of
n — s extensive and s intensive variables. This is called the Legendre invariant structure of
thermodynamics.

3. Gibbs’ approach to statistical mechanics

In 1903 Gibbs formulated the first axiomatic theory for statistical mechanics (1), that revolves
around the basic physical concept of phase space. Gibbs calls the “phase of the system” to
its phase space (PS) precise location, given by generalized coordinates and momenta. His
postulates refer to the notion of ensemble (a mental picture), an extremely great collection
of N independent systems, all identical in nature with the one under scrutiny, but differing
in phase. One imagines the original system to be repeated many times, each of them with
a different arrangement of generalized coordinates and momenta. Liouville’s celebrated
theorem of volume conservation in phase space for Hamiltonian motion applies. The
ensemble amounts to a distribution of N PS-points, representative of the “true” system. N
is so large that one can speak of a density D at the PS-point ¢ = q4,...,qNn;p1,--., PN, With
D=D(q1,.--,.9N; P1,---, PN, t) = D(¢), with t the time, and, if we agree to call d¢ the pertinent
volume element,

N:/ d¢D; Vt. @)

If a system were to be extracted randomly from the ensemble, the probability of selecting one
whose phase lies in a neighborhood of ¢ would be simply

P(¢) =D(¢)/N. (6)

Consequently,
/PM:L @)

Liouville’s theorem follows from the fact that, since phase-space points can not be
“destroyed”, if
(073
Nip = Dd¢, (8)
¢1

then
lez o

dat
An appropriate analytical manipulation involving Hamilton’s canonical equations of motion
then yields the theorem in the form (1)

0. )

. MYop . NoaD.
D+;Tmpi+;a—qiqiw, (10)

entailing what Gibbs calls the conservation of density-in-phase.
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Equilibrium is simply the statement D=0,i.e.,

N N

oD oD
Z 5. 2‘ 5. =0. 11
- apl Pz - aql ’71 ( )

3.1 Gibbs’ postulates for statistical mechanics

The following statements wholly and thoroughly explain in microscopic fashion the corpus of

equilibrium thermodynamics (1).

— The probability that at time ¢ the system will be found in the dynamical state characterized
by ¢ equals the probability P(¢) that a system randomly selected from the ensemble shall
possess the phase ¢ will be given by (6).

— All phase-space neighborhoods (cells) have the same a priori probability.
— D depends only upon the system’s Hamiltonian.

— The time-average of a dynamical quantity F equals its average over the ensemble, evaluated
using D.

4. Information theory (IT)

The IT-father, Claude Shannon, in his celebrated foundational paper (15), associates a degree
of knowledge (or ignorance) to any normalized probability distribution p(i), (i =1,...,N),
determined by a functional of the {p;} called the information measure I[{p;}], giving thus
birth to a new branch of mathematics, that was later axiomatized by Kinchin (16), on the basis
of four axioms, namely,

— Iis a function ONLY of the p(i),
— Iis an absolute maximum for the uniform probability distribution,
— I'is not modified if an N 4 1 event of probability zero is added,

— Composition law.

4.1 Composition

Consider two sub-systems [Z!, {p!(i)}] and [£?, {p?(j)}] of a composite system [%, {p(i,j)}]
with p(i,j) = p' (i) p*(j). Assume further that the conditional probability distribution (PD)
Q(jli) of realizing the event j in system 2 for a fixed i—event in system 1. To this PD one
associates the information measure I[Q]. Clearly,

p(ij) = p' (i) Q(jli). (12)
Then Kinchin’s fourth axiom states that
I(p) =1(p") + L P () 1(Q(j11)- (13)

An important consequence is that, out of the four Kinchin axioms one finds that Shannons’s
measure

N
S=-Y p(i)in[p(i)], (14)
i=1

is the one and only measure complying with them.
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5. Information theory and statistical mechanics

Information theory (IT) entered physics via Jaynes” Maximum Entropy Principle (MaxEnt) in
1957 with two papers in which statistical mechanics was re-derived a la IT (5; 17; 18), without
appeal to Gibbs” ensemble ideas. Since IT’s central concept is that of information measure
(IM) (5; 15; 17; 19), a proper understanding of its role must at the outset be put into its proper
perspective.

In the study of Nature, scientific truth is established through the agreement between two
independent instances that can neither bribe nor suborn each other: analysis (pure thought) and
experiment (20). The analytic part employs mathematical tools and concepts. The following
scheme thus ensues:

WORLD OF MATHEMATICAL ENTITIES < LABORATORY ‘

The mathematical realm was called by Plato Topos Uranus (TP). Science in general, and
physics in particular, is thus primarily (although not exclusively, of course) to be regarded
as a TP < “Experiment” two-way bridge, in which TP concepts are related to each other in the
form of “laws” that are able to adequately describe the relationships obtaining among suitable
chosen variables that describe the phenomenon one is interested in. In many instances,
although not in all of them, these laws are integrated into a comprehensive theory (e.g.,
classical electromagnetism, based upon Maxwell’s equations) (1; 21; 22; 23; 24).

If recourse is made to MaxEnt ideas in order to describe thermodynamics, the above scheme
becomes now:

’ IT as a part of TP« Thermal Experiment,

or in a more general scenario:

’ IT & Phenomenon to be described. ‘

It should then be clear that the relation between an information measure and entropy is:

’ IM < Entropy S.

One can then state that an IM is not necessarily an entropy! How could it be? The first belongs
to the Topos Uranus, because it is a mathematical concept. The second to the laboratory,
because it is a measurable physical quantity. All one can say is that, at most, in some special
cases, an association IM <> entropy S can be made. As shown by Jaynes (5), this association is
both useful and proper in very many situations.

6. MaxEnt rationale

The central IM idea is that of giving quantitative form to the everyday concept of ignorance (17).
If, in a given scenario, N distinct outcomes (i =1,..., N) are possible, then three situations may
ensue (17):

1. Zero ignorance: predict with certainty the actual outcome.
2. Maximum ignorance: Nothing can be said in advance. The N outcomes are equally likely.
3. Partial ignorance: we are given the probability distribution {P;}; i=1,...,N.

The underlying philosophy of the application of IT ideas to physics via the celebrated
Maximum Entropy Principle (MaxEnt) of Jaynes’ (4) is that originated by Bernoulli and
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Laplace (the fathers of Probability Theory) (5), namely: the concept of probability refers to an
state of knowledge. An information measure quantifies the information (or ignorance) content
of a probability distribution (5). If our state of knowledge is appropriately represented by a
set of, say, M expectation values, then the “best”, least unbiased probability distribution is the
one that

— reflects just what we know, without “inventing” unavailable pieces of knowledge (5; 17)
and, additionally,

— maximizes ignorance: the truth, all the truth, nothing but the truth.

Such is the MaxEnt rationale (17). It should be then patently clear that, in using MaxEnt, one
is NOT maximizing a physical entropy. One is maximizing ignorance in order to obtain the
least biased distribution compatible with the a priori knowledge.

6.1 Jaynes mathematical formulation
As stated above, Statistical Mechanics and thereby Thermodynamics can be formulated on
the basis of Information Theory if the statistical operator p is obtained by recourse to the
MAXIMUM ENTROPY PRINCIPLE (MaxEnt). Consequently, we have the MaxEnt principle:
MaxEnt: Assume your prior knowledge about the system is given by the values of M expectation values
<A1 >,...,< Ay >. Then p is uniquely fixed by extremizing 1(p) subject to the constraints given
by the M conditions

<Aj>=Tr[pAj]]
(entailing the introduction of M associated Lagrange multipliers A;) plus normalization of p (entailing
a normalization Lagrange multiplier ¢.) In the process one discovers that I = S, the equilibrium
Boltzmann’s entropy, if our prior knowledge < A; >,...,< Ap > refers to extensive
quantities. Such I—value, once determined, yields complete thermodynamical information with
respect to the system of interest.

7. Possible new axioms for SM

Both Gibbs’ and MaxEnt are beautiful, elegant theories that satisfactorily account for
equilibrium thermodynamics. Whys should we be looking for still another axiomatics?
Precisely because, following Jaynes IT-spirit, one should be endeavoring to use all information
actually available to us in building up our theoretic foundations, and this is not done in
MaxEnt, as we are about to explicitate.

Our main argument revolves around the possibility of giving Eq. (3), an empirical statement,
the status of an axiom, actually employing thus a piece of information available to us without
any doubt. This constitutes the first step in our present discourse. More explicitly, in order to
concoct a new SM-axiomatics, we start by establishing as a theoretic postulate the following
macroscopic assertion:

Axiom (1)
dE =TdS + ) _P,dA,. (15)
v

Since this is a macroscopic postulate in a microscopic axiomatics’ corpus, it is pertinent now
to ask ourselves which is the minimum amount of microscopic information that we would
have to add to such an axiomatics in order to get all the microscopic results of equilibrium
statistical mechanics. Since we know about Kinchin’s postulates, we borrow from him his
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first one. Consequently, we conjecture at this point, and will prove below, that the following
statements meets the bill:

Axiom (2) If there are N microscopic accessible states labelled by i, of microscopic
probability p;, then

S=S(p1,p2,---,PN)- (16)

In what follows, the number of microstates will also be denoted by W.
Now, we will take as a postulate something that we actually know form both quantum and
classical mechanics.

Axiom (3) The internal energy E and the external parameters A, are to be regarded
as expectation values of suitable operators, respectively the hamiltonian H and R, (i.e.,
Ay =<Ry>).

Thus the A, (and also E) will depend on the eigenvalues of these operators and on the
probability set. (The energy eigenvalues depend of course upon the R,.) The reader will
immediately realize that Axiom (2) is just a form of Boltzmann’s “atomic” conjecture, pure
and simple. In other words, macroscopic quantities are statistical averages evaluated using a
microscopic probability distribution (25). It is important to realize that our three new axioms
are statements of fact in the sense that they are borrowed either from experiment or from
pre-existent theories. In fact, the 3 axioms do not incorporate any knew knowledge at all!
In order to prove that our above three postulates do allow one to build up the mighty
SM-edifice we will show below that they are equivalent to Jaynes” SM-axiomatics (4).
Of course, the main SM-goal is that of ascertaining which is the PD (or the density operator)
that best describes the system of interest. Jaynes appeals in this respect to his MaxEnt
postulate, the only one needed in this SM-formulation. We restate it below for the sake of
fixing notation.
MaxEnt axiom: assume your prior knowledge about the system is given by the values of M
expectation values

Al=<Ri1>,..., AR=<Rp >. (17)

Then, p is uniquely fixed by extremizing the information measure I(p) subject to
p—normalization plus the constraints given by the M conditions constituting our assumed
foreknowledge

Ay=<Ry>=Tr[pR,]. (18)

This leads, after a Lagrange-constrained extremizing process, to the introduction of M
Lagrange multipliers Ay, that one assimilates to the generalized pressures P,. The truth, the
whole truth, nothing but the truth (17). If the entropic measure that reflects our ignorance
were not maximized, we would be inventing information that we do not actually possess.

In performing the variational process Jaynes discovers that, provided one multiplies the
right-hand-side of the information measure expression by Boltzmann’s constant kg, the IM
equals the entropic one. Thus, I = S, the equilibrium thermodynamic entropy, with the
caveat that our prior knowledge A =< Ry >,..., Ay =< R > must refer just to extensive
quantities. Once p is athand, I(p) yields complete microscopic information with respect to the system
of interest. Our goal should be clear now. We need to prove that our new axiomatics, encapsulated
by (15) and (16), is equivalent to MaxEnt.
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8. Equivalence between MaxEnt and our new axiomatics

We will here deal with the classical instance only. The quantal extension is of a straightforward
nature. Consider a generic change p; — p; + dp; constrained by Eq. ( 15), that is, the change
dp; must be of such nature that (15) is verified. Obviously, S, A;, and E will change with dp;
and, let us insist, these changes are constrained by (15). We will not specify the information
measure, as several possibilities exist (26). For a detailed discussion of this issue see (27). In
this endeavor our ingredients are

— an arbitrary, smooth function f(p) that allows us to express the information measure in the

fashion
1=S({pi}) =} rif(pi), (19)

such that S({p;}) is a concave function,

— M quantities A, that represent mean values of extensive physical quantities (R, ), that take,
for the micro-state i, the value a} with probability p;,

— another arbitrary smooth, monotonic function ¢(p;) (g(0) = 0; g(1) = 1). It is in order to
use generalized, non-Shannonian entropies that we have slightly generalized mean-value
definitions using the function g.

We deal then with (we take A; = E), using the function g to evaluate (generalized) expectation

values,
W

Av=(Ry) =) ai glpi); v=2,.... M, (20)

W
E=Y eg(p), @1

where ¢; is the energy associated to the microstate i. The probability variations dp; will now
generate corresponding changes dS, dA,, and dE in, respectively, S, the A,, and E.

8.1 Proof, part |
The essential point of our present methodology is to enforce obedience to

w
dE—TdS+ Y dA,A, =0, (22)
v=1

with T the temperature and A, generalized pressures. We use now the expressions (19),
(20), and (21) so as to cast (22) in terms of the probabilities, according to an infinitesimal
probabilities” change

pi — pi +dpj. (23)

If we expand the resulting equation up to first order in the dp;, it is immediately found, after a
little algebra, that the following set of equations ensues (7; 8; 9; 10; 11; 12; 13) (remember that
the Lagrange multipliers A, are identical to the generalized pressures P, of Eq. (3))

Y = [T Avaf + e

(2) _ 2S
¢ = 7T87p,'
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wi(CY 4+ cPdp; = ¥ Kidp; = 0. (24)

We can rearrange matters in the fashion

T = £(pi) + pi f'(p2)

1% = —BlCIL Avat + )8 (pi) — K],
(B=1/kT), (25)
so that we can recast (24) as
Ti(1> + Tl.<2) =0; (for any i), (26)

a relation whose importance will become manifest in Appendix I.

We wish that Egs. (24) or (26) should yield one and just one p;—expression, which it indeed
does (7; 8;9; 10; 11; 12; 13). We do not need here, however, for our demonstration, an explicit
expression for this probability distribution, as will be immediately realized below.

8.2 Proof, part Il: follow Jaynes’ procedure

Alternatively, proceed a la MaxEnt. This requires extremizing the entropy S subject to
the usual constraints in E, A,, and normalization. The ensuing, easy to carry out Jaynes’
variational treatment, can be consulted in (7; 8; 9; 10; 11; 12; 13), that is (we set Ay = =1/T)

op;lS — B(H ZA (Rv) =&Y pil =0, (27)

(we need also a normalization Lagrange multlpher ¢) is easily seen to yield as a solution the
very set of Eqs. (24) as well! (see Appendix I for the proof). These equations arise then out
of two clearly separate treatments: (I) our methodology, based on Egs. (15) and (16), and (II),
following the MaxEnt prescriptions. This entails that MaxEnt and our axiomatics co-imply
each other, becoming thus equivalent ways of building up statistical mechanics. An important
point is to be here emphasized with respect to the functional S—form.

The specific form of S[p;] is not needed neither in Eqgs. (24) nor in (27)!

9. What does all of this mean?

We have already formally proved that our axiomatics is equivalent to MaxEnt, and serves
thus as a foundation for equilibrium statistical mechanics. We wish now to dwell in deeper
fashion into the meaning of our new SM-formulation. First of al it is to be emphasized that, in
contrast to both Gibbs” and Jaynes’ postlates, ours have zero new informational content, since
they are borrowed either from experiment or from pre-existing theories, namely, information
theory and quantum mechanics. In particular, we wish to dwell to a larger extent on both the
informational and physical contents of our all-important Egs. (24) or (26).

The first and second laws of thermodynamics are two of physics” most important statements.
They constitute strong pillars of our present understanding of Nature. Of course, statistical
mechanics (SM) adds an underlying microscopic substratum that is able to explain not only
these two laws but the whole of thermodynamics itself (6; 17; 28; 29; 30; 31). One of SM’s
basic ingredients is a microscopic probability distribution (PD) that controls the population
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of microstates of the system under consideration (28). Since we were here restricting our
considerations to equilibrium situations, what we have been really doing here was to mainly
concern ourselves with obtaining a detailed picture, from a new perspective (7; 8; 9; 10; 11; 12;
13), of how changes in the independent external parameters - thermodynamic parameters -
affect this micro-state population and, consequently, the entropy and the internal energy, i.e.,

reversible changes in external parameters Aqram — changes in the microscopic probability
distribution — entropic (dS) and internal energy (dU) changes.

We regarded as independent external parameters both extensive and intensive quantities
defining the macroscopic thermodynamic state of the system. It is well-known that the
extensive parameters, always known with some (experimental) uncertainty, help to define
the Hilbert space (HS) in which the system can be represented. The intensive parameters are
associated with some physical quantities of which only the average value is known. They are
related to the mean values of operators acting on the HS previously defined. The eigenvalues
of these operators are, therefore, functions of the extensive parameters defining the HS. The
microscopic equilibrium probability distribution (PD) is an explicit function of the intensive
parameters and an implicit function - via the eigenvalues of the above referred to operators
(known in average) - of the extensive parameters defining the HS.

What is the hard core of the new view-point of (7; 8; 9; 10; 11; 12; 13)? It consists, as will be
detailed below, in

- enforcing the relation dU = TdS + ), P,dA, in an infinitesimal microscopic change p; —
pi + dp; of the probability distribution (PD) that describes the equilibrium properties of an
arbitrary system and ascertaining that

— this univocally determines the PD, and furthermore,

— that the ensuing {p;} coincides with that obtained following the maximum entropy
principle (MaxEnt) tenet of extremizing the entropy S subject to an assumedly known mean
value U of the system’s energy.

Consider now only infinitesimal macroscopic parameter-changes (as opposite to the
microscopic PD-ones dealt with in (7)), according to the scheme below.

Reversible changes in parameters Apsram — PD-changes — entropic (dS) and internal
energy (dU) changes + some work effected (6W).

Forcing now that Apgram be of such nature that dU = TdS + éW one gets an univocal
expression for the PD.

Thatis, we study variations in both the (i) intensive and (ii) extensive parameters of the system
and wish to ascertain just how these variations materialize themselves into concrete thermal
relations.

9.1 Homogeneous, isotropic, one-component systems

For simplicity, consider just simple, one-component systems (6) composed by a single chemical
species, macroscopically homogeneous, and isotropic (6). The macroscopic equilibrium
thermal state of such a simple, one-component system is described, in self-explanatory
notation, by T,V, N (6). Focus attention upon a quite general information measure S
that, according to Kinchin’s axioms for information theory depends exclusively on of the
probability distribution {p;}. We use again the specific but rather general form given above
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for S, viz.,
w
S=k) pif(pi), (28)
i=1

with W the number of microscopic states, k = Boltzmann’s constant, and the sum running
over a set of quantum numbers, collectively denoted by i (characterizing levels of energy ¢;),
that specify an appropriate basis in Hilbert’s space (f is an arbitrary smooth function of the p;
such that pf(p) is concave).

Remember that the quantity U represents the mean value of the Hamiltonian, and, as befits an
homogeneous, isotropic, one-component system in the Helmholtz free energy representation
(6) we have

1. as external parameter the volume (V) and the number of particles (N) (“exactly” known and
used to define the Hilbert space),

2. as intensive variable the temperature T, associated with the mean value U of the internal
energy E,i.e., U= (E).

The energy eigenvalues of the Hamiltonian €; are, obviously, functions of the volume and of
the number of particles, namely, {€;} = {€;(V,N)}. From now on, for simplicity, we take N as
fixed, and drop thereby the dependence of the energy eigenvalues on N, i.e., {€;} = {€;(V)}.
The probability distribution (PD) depends, then, on the external parameters in the fashion

pi = pi(T,€i(V)). (29)
Remind that the mean energy U = (E) is given by

W
=) g(piei. (30)
i

The critical difference between what we attempt to do now and what was related above [Cf.
Eq. (23)] is to be found in the following assumption, on which we entirely base our considerations
in this Section:

the temperature T and the volume V reversibly change in the fashion

T—-T+dland V=V 4 4dV. (31)

As a consequence of (31), corresponding changes dp;, dS, de;, and dU are generated in,
respectively, p;, S, €;, and U. Variations in, respectively, p;, S, and U write

. 3191 3171
dpi = —dT + Z . av (32)
R, e,
ds = Z ap; BT Z av (33)
and, last but not least,
dg Ip; dg dp; 0 a
au = Za E)Tl €;dT + Z—JW ,dv+2g pi)s ’dv (34)
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where, for simplicity, we have considered non-degenerate levels. Clearly, on account of
normalization, the changes in p; must satisfy the relation

Note that if we deal with three thermodynamic parameters and one equation of state we can
completely describe our system with any two of them (32). Here, we are choosing, as the two
independent thermodynamic parameters, T and V. It is important to remark that independent
thermodynamic parameters do not mean natural parameters. For example, if T and V are now
the independent thermodynamic parameters, the internal energy can be written as function of
these parameters, i.e., U(T,V). Clearly, T and V are not the natural parameters of the internal
energy. These are S and V. However, our developments require only independent parameters,
that are not necessarily the natural ones (32).

9.2 Macroscopic considerations
Thermodynamics states that, in the present scenario, for a reversible process one has

dU = 6Q + 0W = TdS + W, (36)

where we have used the Clausius relation §Q = TdS. Multiplying Eq. (33) by T we can recast
Eq. (36) in the microscopic fashion (involving the microstates” PD)

- 9S 9pi 1. W3S ap; 9e
dUT( 7 aT Z a?,@ﬁdv +OW, (37)

which is to be compared with (34).

9.3 Changes in the temperature

Egs. (34) and (37) must be equal for arbitrary changes in T and V. We take this equality as the
basis of our future considerations. As T and V can be changed in an independent way, let us
first consider just changes in T. Enforcing equality in the coefficients of dT appearing in Egs.
(34) and (37) we obtain (we are assuming, as it is obvious, that the mechanical W does not
depend on the temperature)

W
7g i aS apl
; dop; oT TZ op; BT 38)
that must be satisfied together with [Cf. (32)]
Y dp; = 2 iar o, (39)
1

We recast now (38) in the fashion
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u og dS \ Ip; Ipi
Z(Tmei ap) AT = ZKZaTdT 0. (40)

Since the W p;’s are not independent (Z}ll pi = 1), we can separate the sum in (40) into two
parts, i.e.,

W—
E)S op; 0g 95 \ dpw
(3}71 ap ) 3T ——dT + (TPW e T—apw 5T ——dT =0. (41)

T

Picking out level W for special attention is arbitrary. Any other i—level could have been
chosen as well, as the example given below will illustrate. Taking into account now that,
from Eq. (39),

apw _ = op
we see that Eq. (41) can be rewritten as
og BS) ( g aS )] ap;
-T —T— || ==dT =0. 43
Z Kapz i opw T opw )] oT )

As the W — 1 p;’s are now independent, the term into brackets should vanish, which entails

Bg aS ( g as )
-T— ——ew—T— | =0, 44
o op \opw " opw 9

foralli=1,---,W — 1. Let us call the term into parentheses as

a?gg €W — Ta—S = K = constant. (45)

K= opw
Finally, we cast Eqgs. (44) and (45) as

og 2S
26 —-T— —-K=0; 1,---, W), 46
apl Ipi (= ) (46)

an equation that we have encountered before [Cf. Eq. (24) with g(x) = x] and that should yield
a definite expression for any of the W p;’s. We did not care above about such an expression,
but we do now.
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Example 1 Consider the Shannon orthodox instance
§ = —k} pilnp;
sp) = pi
9S/9dp; = —k[lnp;+1] =k[Be;+InZ —1]]. (47)

Here equation (46) yields the well known MaxEnt (and also Gibbs?) result

Inp; = —[Bei+1InZ];ie
pi — Z—le—Ei/kT
InZ = 1-K/kT, and, finally, (48)

S/ dp; = kp(ei — K),
Ip;i opi
et = —Ppi G5 = —Ppi (G — p) T 5 = —Blei = K)pi, 49)

showing, as anticipated, that we could have selected any i—level among the W—ones
without affecting the final result.

Thus, changes J in the inverse temperature p completely specify the microscopic probability
density {pasaxnt} if they are constrained to obey the relation dU = TdS + éW, for any
reasonable choice of the information measure S. This equivalence, however, can not be
established in similar fashion if the extensive variable V' also changes. This is our next topic.

9.4 Changes in the extensive parameter

Let us now deal with the effect of changes in the extensive parameters that define the Hilbert
space in which our system “lives” and notice that Eq. (37) can be written in the fashion dU =
0Q+ W =TdS + W =

api 9
du=T(aTel, S % +avyll_ 88D oW, (50)

That is, there are two ingredients entering TdS, namely,

dS dp;

TdS = QrdT+QydV; w1thQT_TZap o
1

(51)

Our interest now lies in the second term. What is Qy? Clearly we have



New Microscopic Connections of Thermodynamics 17

aS 9p; 9€;
2 95 9pi %5 (52)
i1 dp; dej oV

Next, substitute the expression for (dg/dp;)e; given by Eqgs. (45) and (46),
g as

Le=T—+K (i=1,...,W), 53
i~ Tap, (i= ) (53)

into the second term of the R.H.S. of Eq. (34),

dg dp; 0€; & 0s dp; 0€
a—plgﬁeldv = 2 [TaTal“LK]ae anV
ij=1 ij=1
W
_ 9S dp; a(;‘] apz é‘]
=T Z aTalzTe,WdV +K 2
W .
_ 95 9p; %€ _
= (Tiz a?,%ﬁ dV =QydV, (54)
j=1 ]
on account of the fact that
dpi 9
K ,21 E)e; =7 v = 0; since (3/9V) Zp, =0. (55)

We recognize in the term Qy dV of the last line of (54) the microscopic interpretation of a
rather unfamiliar “volume contribution” to Clausius’ relation 6Q = TdS (dQ-equations (32)).
Notice that we are not explicitly speaking here of phase-changes. We deal with reversible
processes. If the change in volume were produced by a phase-change one would reasonably
be tempted to call the term Qy dV a “latent” heat.

Thus, associated with a change of state in which the volume is modified, we find in the term
Qy dV the microscopic expression of a “heat” contribution for that transformation, i.e., the
heat given up or absorbed during it. It we wish to call it “latent”, the reason would be that
it is not associated with a change in temperature. Thus, we saw just how changes in the
equilibrium PD caused by modifications in the extensive parameter defining the Hilbert space
of the system give also a contribution to the “heat part” of the dU = TdS + 6W relation.
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Example 2: In the Shannon instance discussed in Example 1 one has [Cf. (48) and (49)]

3—’2 =—ppi(1-271), (56)

198 p,

TSy ae = —Blei—K)pi (57)
0€; .

~Llei =~ Kpigy (1-27. (58)

Since the origin of the energy scale is arbitrary, in summing over i we can omit the K—term
by changing the energy-origin and one may write

Zﬁz zael 1-Z ) (59)

Foe a particle of mass m in an ideal gas (N particles) the energy ¢; is given by (29)

2/37 2 (ﬂh) az_(z 2 n2)

€ =1V~ ;T = ;1 1y, ny,n
nx,ny,nza set of three integers

% = —(2/3)e;/ V. (60)
Thus,the microscopic expression for Qy turns out to be
Qv =(28/3V)(E®)(1-Z71), (61)

which indeed has dimension of (energy/volume).

Finally, for Eq. (34) to become equal to Eq. (50) we have to demand, in view of the above
developments,

a
Zg Pz 51

the quantity within the brackets being the mean value,

(55)- L, ey (©)

usually associated in the textbooks with the work done by the system.
Summing up, our analysis of simple systems in the present Section has shown that

SW =dV (62)

— by considering changes dT and dV and how they influence the microscopic probability
distribution if these variations are forced to comply with the relation (36) dU = TdS + dW
we ascertain that

- changes in the intensive parameter give contributions only related to heat and lead to the
attaining the equilibrium PD (an alternative way to the MaxEnt principle) and

— changes in the extensive-Hilbert-space-determining parameter lead to two contributions
1. one related to heat and
2. the other related to work.
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10. Other entropic forms

We illustrate now our procedure with reference to information measures not of the Shannon
logarithmic form. We use mostly the relationship (46), namely,

K=eig KT [f(pi) + pif'(p1)] =

"(pi) -
[f(pi) + pif'(pi)] — Bleig' (pi) — K] =0,
B=1/kT. (64)

10.1 Tsallis measure with linear constraints
We have, for any real number g the information measure (28) built up with (26; 33; 34)

-1
_a-p)
fpi) = ﬁ’ (65)
and, in the energy-constraint of Eq. (30)
g(pl) = Pi, (66)
so that f/(p;) = — p?72 and Eq. (64) becomes, with g = (1/kT),
—1
qp! =1+ (9-1)pK~ (7 -1)pe;, (67)
which after normalization yields a distribution often referred to as the Tsallis” one (33)
— 1/(g—-1
pi = Z'[1-(g-1)p €] (@=1)
z, = Lh-G-1pel Y, (68)
1

where g’ = B8/(1+ (9 — 1)BK).

10.2 Tsallis measure with non-linear constraints
The information measure is still the one built up with the function f(p;) of (65), but we use
now the so-called Curado-Tsallis constraints (35) that arise if one uses

w
Z g(piei, (69)
with .
gpi)=p! = &' (pi)=qp! . (70)
Eq. (64) leads to
1 _
pi= (V01— (=g e, 71)

and, after normalization, one is led to the Curado-Tsallis distribution (35)

pio= (27 1= (1-q)pe] 7
zp = L-1-gpe)’/07 72)

i
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10.3 Exponential entropic form
This measure is given in (36; 37) and also used in (38). One has

1 —exp (—bp;
f(p) = 2B s, 73)
1
where b is a positive constant and Sy = 1 — exp(—D), together with

1— e bpi be~bpi
spi)=—— = §p)=—— (74)
So So
which, inserted into (64), after a little algebra, leads to
_ 1 b ,361‘

which, after normalization, gives the correct answer (37).

11. Conclusions

We have seen that the set of equations

yct + cPap =,

i

W _ /
C,’ :[vaa}/‘i'ei}g(m)
v=1
c@_ _p95

’ opi
yields a probability distribution that coincides with the PD provided by either
— the MaxEnt’s, SM axiomatics of Jaynes’
— our two postulates (15) and (16).
We remind the reader that in our instance the postulates start with
1. the macroscopic thermodynamic relation dE = TdS + ), PydA,,, adding to it

2. Boltzmann’s conjecture of an underlying microscopic scenario ruled by microstate
probability distributions.

The two postulates combine then (i) a well-tested macroscopic result with (ii) a by now un
uncontestable microscopic state of affairs (which was not the case in Boltzmann'’s times). Thus
we may dare to assert that the two axioms we are here advancing are intuitively intelligible
from a physical laboratory standpoint. This cannot be said neither for Gibbs” ensemble nor for
Jaynes’ extremizing of the Observer’s ignorance, their extraordinary success notwithstanding,
since they introduce concepts like ensemble or ignorance that are not easily assimilated to
laboratory equipment. We must insist: there is nothing wrong with making use of these
concepts, of course. We just tried to see whether they could be eliminated from the axioms of
the theory.

Summing up, we have revisited the foundations of statistical mechanics and shown that
it is possible to reformulate it on the basis of just a basic thermodynamics’ relation plus
Boltzmann’s “atomic” hypothesis. The latter entails (1) the (obvious today, but not in 1866)
existence of a microscopic realm ruled by probability distributions.
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12 Appendix |

Here we prove that Eqs. (24) are obtained via the MaxEnt variational problem (27). Assume
now that you wish to extremize S subject to the constraints of fixed valued for i) U and ii) the
M values A,. This is achieved via Lagrange multipliers (1) f and (2) M 7,. We need also a
normalization Lagrange multiplier ¢. Recall that

Ay = (Ry) =Y pia, (76)

with a} = (i|Ry|i) the matrix elements in the chosen basis (i) of R,. The MaxEnt variational
problem becomes now (U = }; pi€;)

M

i) {5 —pU =) mA —C), pi:| =0, (77)

-1

leading, with 7, = BAy, to the vanishing of

i

M

Spn 2 (Pif(Pi) —[Bri( Yo Avai +ei) +€pi]>, (78)
v=1

so that the 2 quantities below vanish

f(pi) +pif' (pi) — BT, Aval + ) + 8]
= if { = BK,
F(pi) +pif (pi) — Bri(Ly=q Aval +€i) + K]
U] 79

Clearly, (26) and the last equality of (79) are one and the same equation! Our equivalence is
thus proven.
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1. Introduction

Thermodynamics and Quantum Theory are among the few sciences involving fundamental
concepts and universal content that are controversial and have been so since their birth, and
yet continue to unveil new possible applications and to inspire new theoretical unification.
The basic issues in Thermodynamics have been, and to a certain extent still are: the range of
validity and the very formulation of the Second Law of Thermodynamics, the meaning and
the definition of entropy, the origin of irreversibility, and the unification with Quantum Theory
(Hatsopoulos & Beretta, 2008). The basic issues with Quantum Theory have been, and to a
certain extent still are: the meaning of complementarity and in particular the wave-particle
duality, understanding the many faces of the many wonderful experimental and theoretical
results on entanglement, and the unification with Thermodynamics (Horodecki et al., 2001).
Entropy has a central role in this situation. It is astonishing that after over 140 years since
the term entropy has been first coined by Clausius (Clausius, 1865), there is still so much
discussion and controversy about it, not to say confusion. Two recent conferences, both
held in October 2007, provide a state-of-the-art scenario revealing an unsettled and hard to
settle field: one, entitled Meeting the entropy challenge (Beretta et al., 2008), focused on the
many physical aspects (statistical mechanics, quantum theory, cosmology, biology, energy
engineering), the other, entitled Facefs of entropy (Harremoes, 2007), on the many different
mathematical concepts that in different fields (information theory, communication theory,
statistics, economics, social sciences, optimization theory, statistical mechanics) have all been
termed entropy on the basis of some analogy of behavior with the thermodynamic entropy.
Following the well-known Statistical Mechanics and Information Theory interpretations of
thermodynamic entropy, the term entropy is used in many different contexts wherever the
relevant state description is in terms of a probability distribution over some set of possible
events which characterize the system description. Depending on the context, such events may
be microstates, or eigenstates, or configurations, or trajectories, or transitions, or mutations, and
so on. Given such a probabilistic description, the term entropy is used for some functional
of the probabilities chosen as a quantifier of their spread according to some reasonable set
of defining axioms (Lieb & Yngvason, 1999). In this sense, the use of a common name for
all the possible different state functionals that share such broad defining features, may have
some unifying advantage from a broad conceptual point of view, for example it may suggest
analogies and inter-breeding developments between very different fields of research sharing
similar probabilistic descriptions.
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However, from the physics point of view, entropy — the thermodynamic entropy — is a
single definite property of every well-defined material system that can be measured in
every laboratory by means of standard measurement procedures. Entropy is a property of
paramount practical importance, because it turns out (Gyftopoulos & Beretta, 2005) to be
monotonically related to the difference E — Y between the energy E of the system, above the
lowest-energy state, and the adiabatic availability ¥ of the system, i.e., the maximum work
the system can do in a process which produces no other external effects. It is therefore very
important that whenever we talk or make inferences about physical (i.e., thermodynamic)
entropy, we first agree on a precise definition.

In our opinion, one of the most rigorous and general axiomatic definitions of thermodynamic
entropy available in the literature is that given in (Gyftopoulos & Beretta, 2005), which extends
to the nonequilibrium domain one of the best traditional treatments available in the literature,
namely that presented by Fermi (Fermi, 1937).

In this paper, the treatment presented in (Gyftopoulos & Beretta, 2005) is assumed as a
starting point and the following improvements are introduced. The basic definitions of
system, state, isolated system, environment, process, separable system, and parameters of
a system are deepened, by developing a logical scheme outlined in (Zanchini, 1988; 1992).
Operative and general definitions of these concepts are presented, which are valid also in
the presence of internal semipermeable walls and reaction mechanisms. The treatment of
(Gyftopoulos & Beretta, 2005) is simplified, by identifying the minimal set of definitions,
assumptions and theorems which yield the definition of entropy and the principle of entropy
non-decrease. In view of the important role of entanglement in the ongoing and growing
interplay between Quantum Theory and Thermodynamics, the effects of correlations on the
additivity of energy and entropy are discussed and clarified. Moreover, the definition of a
reversible process is given with reference to a given scenario; the latter is the largest isolated
system whose subsystems are available for interaction, for the class of processes under exam.
Without introducing the quantum formalism, the approach is nevertheless compatible with it
(and indeed, it was meant to be so, see, e.g., Hatsopoulos & Gyftopoulos (1976); Beretta et al.
(1984; 1985); Beretta (1984; 1987; 2006; 2009)); it is therefore suitable to provide a basic
logical framework for the recent scientific revival of thermodynamics in Quantum Theory
[quantum heat engines (Scully, 2001; 2002), quantum Maxwell demons (Lloyd, 1989; 1997;
Giovannetti et al., 2003), quantum erasers (Scully et al., 1982; Kim et al., 2000), etc.] as well as
for the recent quest for quantum mechanical explanations of irreversibility [see, e.g., Lloyd
(2008); Bennett (2008); Hatsopoulos & Beretta (2008); Maccone (2009)].

The paper is organized as follows. In Section 2 we discuss the drawbacks of the traditional
definitions of entropy. In Section 3we introduce and discuss a full set of basic definitions, such
as those of system, state, process, etc. that form the necessary unambiguous background on
which to build our treatment. In Section 4 we introduce the statement of the First Law and the
definition of energy. In Section 5 we introduce and discuss the statement of the Second Law
and, through the proof of three important theorems, we build up the definition of entropy.
In Section 6 we briefly complete the discussion by proving in our context the existence of the
fundamental relation for the stable equilibrium states and by defining temperature, pressure,
and other generalized forces. In Section 7 we extend our definitions of energy and entropy to
the model of an open system. In Section 8 we prove the existence of the fundamental relation
for the stable equilibrium states of an open system. In Section 9 we draw our conclusions and,
in particular, we note that nowhere in our construction we use or need to define the concept
of heat.
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2. Drawbacks of the traditional definitions of entropy

In traditional expositions of thermodynamics, entropy is defined in terms of the concept of
heat, which in turn is introduced at the outset of the logical development in terms of heuristic
illustrations based on mechanics. For example, in his lectures on physics, Feynman (Feynman,
1963) describes heat as one of several different forms of energy related to the jiggling motion of
particles stuck together and tagging along with each other (pp. 1-3 and 4-2), a form of energy
which really is just kinetic energy — internal motion (p. 4-6), and is measured by the random
motions of the atoms (p. 10-8). Tisza (Tisza, 1966) argues that such slogans as “heat is motion”,
in spite of their fuzzy meaning, convey intuitive images of pedagogical and heuristic value.
There are at least three problems with these illustrations. First, work and heat are not stored in
a system. Each is a mode of transfer of energy from one system to another. Second, concepts of
mechanics are used to justify and make plausible a notion — that of heat — which is beyond
the realm of mechanics; although at a first exposure one might find the idea of heat as motion
harmless, and even natural, the situation changes drastically when the notion of heat is used
to define entropy, and the logical loop is completed when entropy is shown to imply a host
of results about energy availability that contrast with mechanics. Third, and perhaps more
important, heat is a mode of energy (and entropy) transfer between systems that are very
close to thermodynamic equilibrium and, therefore, any definition of entropy based on heat
is bound to be valid only at thermodynamic equilibrium.

The first problem is addressed in some expositions. Landau and Lifshitz (Landau & Lifshitz,
1980) define heat as the part of an energy change of a body that is not due to work done on
it. Guggenheim (Guggenheim, 1967) defines heat as an exchange of energy that differs from
work and is determined by a temperature difference. Keenan (Keenan, 1941) defines heat as
the energy transferred from one system to a second system at lower temperature, by virtue of
the temperature difference, when the two are brought into communication. Similar definitions
are adopted in most other notable textbooks that are too many to list.

None of these definitions, however, addresses the basic problem. The existence of exchanges
of energy that differ from work is not granted by mechanics. Rather, it is one of the striking
results of thermodynamics, namely, of the existence of entropy as a property of matter.
As pointed out by Hatsopoulos and Keenan (Hatsopoulos & Keenan, 1965), without the
Second Law heat and work would be indistinguishable; moreover, the most general kind
of interaction between two systems which are very far from equilibrium is neither a heat
nor a work interaction. Following Guggenheim it would be possible to state a rigorous
definition of heat, with reference to a very special kind of interaction between two systems,
and to employ the concept of heat in the definition of entropy (Guggenheim, 1967). However,
Gyftopoulos and Beretta (Gyftopoulos & Beretta, 2005) have shown that the concept of heat is
unnecessarily restrictive for the definition of entropy, as it would confine it to the equilibrium
domain. Therefore, in agreement with their approach, we will present and discuss a definition
of entropy where the concept of heat is not employed.

Other problems are present in most treatments of the definition of entropy available in the
literature:

1. many basic concepts, such as those of system, state, property, isolated system, environment
of a system, adiabatic process are not defined rigorously;

2. on account of unnecessary assumptions (such as, the use of the concept of quasistatic
process), the definition holds only for stable equilibrium states (Callen, 1985), or for
systems which are in local thermodynamic equilibrium (Fermi, 1937);
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3. in the traditional logical scheme (Tisza, 1966; Landau & Lifshitz, 1980; Guggenheim, 1967;
Keenan, 1941; Hatsopoulos & Keenan, 1965; Callen, 1985; Fermi, 1937), some proofs are
incomplete.

To illustrate the third point, which is not well known, let us refer to the definition in (Fermi,
1937), which we consider one of the best traditional treatments available in the literature. In
order to define the thermodynamic temperature, Fermi considers a reversible cyclic engine
which absorbs a quantity of heat Q; from a source at (empirical) temperature T, and supplies
a quantity of heat Q; to a source at (empirical) temperature T;. He states that if the engine
performs 7 cycles, the quantity of heat subtracted from the first source is n Q; and the quantity
of heat supplied to the second source is n Q. Thus, Fermi assumes implicitly that the quantity
of heat exchanged in a cycle between a source and a reversible cyclic engine is independent of
the initial state of the source. In our treatment, instead, a similar statement is made explicit,
and proved.

3. Basic definitions

Level of description, constituents, amounts of constituents, deeper level of description.
We will call level of description a class of physical models whereby all that can be said about
the matter contained in a given region of space R, at a time instant t, can be described
by assuming that the matter consists of a set of elementary building blocks, that we call
constituents, immersed in the electromagnetic field. Examples of constituents are: atoms,
molecules, ions, protons, neutrons, electrons. Constituents may combine and/or transform
into other constituents according to a set of model-specific reaction mechanisms.

For instance, at the chemical level of description the constituents are the different chemical
species, i.e., atoms, molecules, and ions; at the atomic level of description the constituents are
the atomic nuclei and the electrons; at the nuclear level of description they are the protons, the
neutrons, and the electrons.

The particle-like nature of the constituents implies that a counting measurement procedure is
always defined and, when performed in a region of space delimited by impermeable walls, it
is quantized in the sense that the measurement outcome is always an integer number, that
we call the number of particles. If the counting is selective for the i-th type of constituent
only, we call the resulting number of particles the amount of constituent i and denote it by
n;. When a number-of-particle counting measurement procedure is performed in a region of
space delimited by at least one ideal-surface patch, some particles may be found across the
surface. Therefore, an outcome of the procedure must also be the sum, for all the particles in
this boundary situation, of a suitably defined fraction of their spatial extension which is within
the given region of space. As a result, the number of particles and the amount of constituent i will
not be quantized but will have continuous spectra.

A level of description L, is called deeper than a level of description L; if the amount of every
constituent in L, is conserved for all the physical phenomena considered, whereas the same
is not true for the constituents in L;. For instance, the atomic level of description is deeper
than the chemical one (because chemical reaction mechanisms do not conserve the number of
molecules of each type, whereas they conserve the number of nuclei of each type as well as
the number of electrons).

Levels of description typically have a hierarchical structure whereby the constituents of a
given level are aggregates of the constituents of a deeper level.

Region of space which contains particles of the i-th constituent. We will call region of space
which contains particles of the i-th constituent a connected region R; of physical space (the
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three-dimensional Euclidean space) in which particles of the i-th constituent are contained.
The boundary surface of R; may be a patchwork of walls, i.e., surfaces impermeable to particles
of the i-th constituent, and ideal surfaces (permeable to particles of the i-th constituent). The
geometry of the boundary surface of R; and its permeability topology nature (walls, ideal
surfaces) can vary in time, as well as the number of particles contained in R;.

Collection of matter, composition. We will call collection of matter, denoted by C%, a set of
particles of one or more constituents which is described by specifying the allowed reaction
mechanisms between different constituents and, at any time instant ¢, the set of 7 connected
regions of space, RA = R{‘,. .., Rf,. ., Rf‘, each of which contains nlA particles of a single kind
of constituent. The regions of space R? can vary in time and overlap. Two regions of space
may contain the same kind of constituent provided that they do not overlap. Thus, the i-th
constituent could be identical with the j-th constituent, provided that RIA and R]A are disjoint.
If, due to time changes, two regions of space which contain the same kind of constituent begin
to overlap, from that instant a new collection of matter must be considered.

Comment. This method of description allows to consider the presence of internal walls and /or
internal semipermeable membranes, i.e., surfaces which can be crossed only by some kinds of
constituents and not others. In the simplest case of a collection of matter without internal
partitions, the regions of space R coincide at every time instant.

The amount 7; of the constituent in the i-th region of space can vary in time for two reasons:

— matter exchange: during a time interval in which the boundary surface of R; is not entirely
a wall, particles may be transferred into or out of R;; we denote by 7144 the set of rates at
which particles are transferred in or out of each region, assumed positive if inward, negative
if outward;

— reaction mechanisms: in a portion of space where two or more regions overlap, the
allowed reaction mechanisms may transform, according to well specified proportions (e.g.,
stoichiometry), particles of one or more regions into particles of one or more other regions.

Compatible compositions, set of compatible compositions. We say that two compositions,

1A

224

and 1?4 of a given collection of matter C* are compatible if the change between n'4 and
or viceversa can take place as a consequence of the allowed reaction mechanisms without
matter exchange. We will call set of compatible compositions for a system A the set of all the
compositions of A which are compatible with a given one. We will denote a set of compatible
compositions for A by the symbol (1’4, v4). By this we mean that the set of T allowed reaction
mechanisms is defined like for chemical reactions by a matrix of stoichiometric coefficients

vA = [1/152)}, with 1/152) representing the stoichiometric coefficient of the k-th constituent in the
(-th reaction. The set of compatible compositions is a T-parameter set defined by the reaction

coordinates ¢4 = 8‘1“,. . .,s?, .. .,81.? through the proportionality relations

nA =04 LA gh 1)

where 794 denotes the composition corresponding to the value zero of all the reaction
coordinates 2. To fix ideas and for convenience, we will select 2 = 0 at time t = 0 so that n%4
is the composition at time ¢t = 0 and we may call it the initial composition.
In general, the rate of change of the amounts of constituents is subject to the amounts balance
equations

it =t 4 )
External force field. Let us denote by F a force field given by the superposition of a
gravitational field G, an electric field E, and a magnetic induction field B. Let us denote by
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¥/ the union of all the regions of space R{! in which the constituents of c* are contained, at a
time instant ¢, which we also call region of space occupied by C* at time . Let us denote by
>4 the union of the regions of space Zf‘, i.e., the union of all the regions of space occupied by
¢4 during its time evolution.

We call external force field for C* at time t, denoted by Fét, the spatial distribution of F which is
measured at time  in X! if all the constituents and the walls of C# are removed and placed
far away from Z/. We call external force field for C*, denoted by F4, the spatial and time
distribution of F which is measured in £4 if all the constituents and the walls of C* are
removed and placed far away from X4

System, properties of a system. We will call system A a collection of matter C* defined by the
initial composition n%4, the stoichiometric coefficients v of the allowed reaction mechanisms,
and the possibly time-dependent specification, over the entire time interval of interest, of:

— the geometrical variables and the nature of the boundary surfaces that define the regions of
A
space Ry,

— the rates {1 at which particles are transferred in or out of the regions of space, and
— the external force field distribution Fét for C4,
provided that the following conditions apply:

1. an ensemble of identically prepared replicas of C# can be obtained at any instant of time ¢,
according to a specified set of instructions or preparation scheme;

2. a set of measurement procedures, PA, .. .,P,‘l“, exists, such that when each PIA is applied
on replicas of C* at any given instant of time : each replica responds with a numerical
outcome which may vary from replica to replica; but either the time interval At employed
to perform the measurement can be made arbitrarily short so that the measurement
outcomes considered for PiA are those which correspond to the limit as At — 0, or the
measurement outcomes are independent of the time interval At employed to perform the
measurement;

3. the arithmetic mean (P/); of the numerical outcomes of repeated applications of any of
these procedures, PiA, at an instant t, on an ensemble of identically prepared replicas, is

a value which is the same for every subensemble of replicas of C* (the latter condition
guarantees the so-called statistical homogeneity of the ensemble); <PiA>t is called the value of

PiA for C4 at time t;

4. the set of measurement procedures, PlA,...,P;[‘, is complete in the sense that the set of
values {(P{),..., (P2);} allows to predict the value of any other measurement procedure
satisfying conditions 2 and 3.

Then, each measurement procedure satisfying conditions 2 and 3 is called a property of system
A, and the set PlA,. .., P{} a complete set of properties of system A.

Comment. Although in general the amounts of constituents, n{‘, and the reaction rates, &,
are properties according to the above definition, we will list them separately and explicitly
whenever it is convenient for clarity. In particular, in typical chemical kinetic models, &; is
assumed to be a function of nf and other properties.

State of a system. Given a system A as just defined, we call state of system A at time t, denoted
by A, the set of the values at time t of
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— all the properties of the system or, equivalently, of a complete set of properties,
{Pr)t, s (Pu)e},

~ the amounts of constituents, n},

— the geometrical variables and the nature of the boundary surfaces of the regions of space
R{,

— the rates i1/} of particle transfer in or out of the regions of space, and

~ the external force field distribution in the region of space £{* occupied by A at time t, Fét.

With respect to the chosen complete set of properties, we can write
A= {<P1>t,...,(Pn>t;n;4;R{‘;r‘z;‘“_;Fét} . ©)

For shorthand, states Ay, Ay,,..., are denoted by Aj, Aj,.... Also, when the context allows it,
the value (P4);, of property P# of system A at time #; is denoted depending on convenience
by the symbol P/}, or simply P;.

Closed system, open system. A system A is called a closed system if, at every time instant ¢, the
boundary surface of every region of space Rf? is a wall. Otherwise, A is called an open system.
Comment. For a closed system, in each region of space RIA, the number of particles of the i-th
constituent can change only as a consequence of allowed reaction mechanisms.

Composite system, subsystems. Given a system C in the external force field FS, we
will say that C is the composite of systems A and B, denoted AB, if: (a) there exists a
pair of systems A and B such that the external force field which obtains when both A
and B are removed and placed far away coincides with FS; (b) no region of space RZA
overlaps with any region of space RP; and (c) the rc = r4 + rp regions of space of C are

RC=R{,..,RA.RARE, ., Rf,..., RE . Then we say that A and B are subsystems of the
composite system C, and we write C = AB and denote its state at time ¢ by C¢ = (AB);.
Isolated system. We say that a closed system I is an isolated system in the stationary external
force field Fg, or simply an isolated system, if, during the whole time evolution of I: (a) only
the particles of I are present in ¥I; (b) the external force field for I, Fg, is stationary, i.e., time
independent, and conservative.

Comment. In simpler words, a system [ is isolated if, at every time instant: no other material
particle is present in the whole region of space ! which will be crossed by system I during
its time evolution; if system I is removed, only a stationary (vanishing or non-vanishing)
conservative force field is present in ..

Separable closed systems. Consider a composite system AB, with A and B closed subsystems.
We say that systems A and B are separable at time ¢ if:

— the force field external to A coincides (where defined) with the force field external to AB,
ie,Fi =FF;
— the force field external to B coincides (where defined) with the force field external to AB,
ie,FD =F/P.
Comment. In simpler words, system A is separable from B at time , if at that instant the force
field produced by B is vanishing in the region of space occupied by A and viceversa. During
the subsequent time evolution of AB, A and B need not remain separable at all times.
Subsystems in uncorrelated states. Consider a composite system AB such that at time ¢ the

states A; and B; of the two subsystems fully determine the state (AB)y, i.e., the values of all
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the properties of AB can be determined by local measurements of properties of systems A and
B. Then, at time ¢, we say that the states of subsystems A and B are uncorrelated from each other,
and we write the state of AB as (AB); = A;B;. We also say, for brevity, that A and B are systems
uncorrelated from each other at time .

Correlated states, correlation. If at time ¢ the states A; and B; do not fully determine the state
(AB); of the composite system AB, we say that A; and B; are states correlated with each other.
We also say, for brevity, that A and B are systems correlated with each other at time t.

Comment. Two systems A and B which are uncorrelated from each other at time #; can undergo
an interaction such that they are correlated with each other at time ¢, > #;.

Comment. Correlations between isolated systems. Let us consider an isolated system I = AB such
that, at time ¢, system A is separable and uncorrelated from B. This circumstance does not
exclude that, at time ¢, A and/or B (or both) may be correlated with a system C, even if the
latter is isolated, e.g. it is far away from the region of space occupied by AB. Indeed our
definitions of separability and correlation are general enough to be fully compatible with the
notion of quantum correlations, i.e., entanglement, which plays an important role in modern
physics. In other words, assume that an isolated system U is made of three subsystems A, B,
and C,i.e., U = ABC, with C isolated and AB isolated. The fact that A is uncorrelated from B,
so that according to our notation we may write (AB); = A;B;, does not exclude that A and C
may be entangled, in such a way that the states A; and C; do not determine the state of AC,
ie., (AC); # AtCy, nor we can write Uy = (A)(BC);.

Environment of a system, scenario. If for the time span of interest a system A is a subsystem
of an isolated system I = AB, we can choose AB as the isolated system to be studied. Then,
we will call B the environment of A, and we call AB the scenario under which A is studied.
Comment. The chosen scenario AB contains as subsystems all and only the systems that are
allowed to interact with A; thus all the remaining systems in the universe, even if correlated
with AB, are considered as not available for interaction.

Comment. A system uncorrelated from its environment in one scenario, may be correlated with
its environment in a broader scenario. Consider a system A which, in the scenario AB, is
uncorrelated from its environment B at time t. If at time ¢ system A is entangled with an
isolated system C, in the scenario ABC, A is correlated with its environment BC.

Process, cycle. We call process for a system A from state A; to state A in the scenario AB,
denoted by (AB); — (AB),, the change of state from (AB); to (AB); of the isolated system
AB which defines the scenario. We call cycle for a system A a process whereby the final state
Aj coincides with the initial state A.

Comment. In every process of any system A, the force field FfB external to AB, where B is the
environment of A, cannot change. In fact, AB is an isolated system and, as a consequence, the
force field external to AB is stationary. Thus, in particular, for all the states in which a system
A is separable:

— the force field FfB external to AB, where B is the environment of A, is the same;

— the force field F2 external to A coincides, where defined, with the force field F2'8 external
to AB, i.e., the force field produced by B (if any) has no effect on A.

Process between uncorrelated states, external effects. A process in the scenario AB in which
the end states of system A are both uncorrelated from its environment B is called process
between uncorrelated states and denoted by Hfz’B = (A1 = Az)p,—B,. In such a process, the
change of state of the environment B from By to By is called effect external to A. Traditional
expositions of thermodynamics consider only this kind of process.
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Composite process. A time-ordered sequence of processes between uncorrelated states of

a system A with environment B, Hﬁ(’B = (Hfz’B, 1'[?3’3,..., Héfl)i,..., HE‘}(’Z)]{) is called a

composite process if the final state of AB for process Héﬂ)i is the initial state of AB for

process Hl’?ﬁl), fori=1,2,...,k — 1. When the context allows the simplified notation I1; for

i=1,2,...,k — 1 for the processes in the sequence, the composite process may also be denoted
by (Hl, Hz,. cey Hi/' ey Hk—l)'

Reversible process, reverse of a reversible process. A process for A in the scenario AB,
(AB)1 — (AB)3, is called a reversible process if there exists a process (AB); — (AB); which
restores the initial state of the isolated system AB. The process (AB), — (AB); is called reverse
of process (AB); — (AB),. With different words, a process of an isolated system I = AB is
reversible if it can be reproduced as a part of a cycle of the isolated system I. For a reversible
process between uncorrelated states, 1‘[{‘2’3 = (A1 — A2)B,—B,, the reverse will be denoted by
~I115% = (Ay — A1)p, -5,

Comment. The reverse process may be achieved in more than one way (in particular, not
necessarily by retracing the sequence of states (AB);, with t; <t < tp, followed by the isolated
system AB during the forward process).

Comment. The reversibility in one scenario does not grant the reversibility in another. If the smallest
isolated system which contains A is AB and another isolated system C exists in a different
region of space, one can choose as environment of A either B or BC. Thus, the time evolution
of A can be described by the process (AB); — (AB); in the scenario AB or by the process
(ABC); — (ABC); in the scenario ABC. For instance, the process (AB); — (AB); could
be irreversible, however by broadening the scenario so that interactions between AB and C
become available, a reverse process (ABC); — (ABC); may be possible. On the other hand,
a process (ABC); — (ABC), could be irreversible on account of an irreversible evolution
Cy — Gy of C, even if the process (AB); — (AB); is reversible.

Comment. A reversible process need not be slow. In the general framework we are setting up, it is
noteworthy that nowhere we state nor we need the concept that a process to be reversible
needs to be slow in some sense. Actually, as well represented in (Gyftopoulos & Beretta,
2005) and clearly understood within dynamical systems models based on linear or nonlinear
master equations, the time evolution of the state of a system is the result of a competition
between (hamiltonian) mechanisms which are reversible and (dissipative) mechanisms which
are not. So, to design a reversible process in the nonequilibrium domain, we most likely need
a fast process, whereby the state is changed quickly by a fast hamiltonian dynamics, leaving
negligible time for the dissipative mechanisms to produce irreversible effects.

Weight. We call weight a system M always separable and uncorrelated from its environment,
such that:

— M is closed, it has a single constituent contained in a single region of space whose shape
and volume are fixed,

— it has a constant mass m;

— in any process, the difference between the initial and the final state of M is determined
uniquely by the change in the position z of the center of mass of M, which can move only
along a straight line whose direction is identified by the unit vector k = Vz;

— along the straight line there is a uniform stationary external gravitational force field G, =
—gk, where g is a constant gravitational acceleration.
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As a consequence, the difference in potential energy between any initial and final states of M
is given by mg(zy — z1).

Weight process, work in a weight process. A process between states of a closed system A in
which A is separable and uncorrelated from its environment is called a weight process, denoted
by (A1 — Ap)w, if the only effect external to A is the displacement of the center of mass of a
weight M between two positions z; and z,. We call work performed by A (or, done by A) in the
weight process, denoted by the symbol Wé_), the quantity

Wis 7 =mg(zy—z1) - )

Clearly, the work done by A is positive if zp > z; and negative if z; < z1. Two equivalent symbols
for the opposite of this work, called work received by A, are —W{s~ = W{}<.

Equilibrium state of a closed system. A state A; of a closed system A, with environment B,
is called an equilibrium state if:

— Ais aseparable system at time ¢;
— state Ay does not change with time;

— state A; can be reproduced while A is an isolated system in the external force field Fg‘,
which coincides, where defined, with FfB .

Stable equilibrium state of a closed system. An equilibrium state of a closed system A in
which A is uncorrelated from its environment B, is called a stable equilibrium state if it cannot
be modified by any process between states in which A is separable and uncorrelated from
its environment such that neither the geometrical configuration of the walls which bound the
regions of space R4 where the constituents of A are contained, nor the state of the environment
B of A have net changes.

Comment. The stability of equilibrium in one scenario does not grant the stability of equilibrium in
another. Consider a system A which, in the scenario AB, is uncorrelated from its environment
B at time t and is in a stable equilibrium state. If at time t system A is entangled with
an isolated system C, then in the scenario ABC, A is correlated with its environment BC,
therefore, our definition of stable equilibrium state is not satisfied.

4. Definition of energy for a closed system

First Law. Every pair of states (A1, Ap) of a closed system A in which A is separable and
uncorrelated from its environment can be interconnected by means of a weight process for A.
The works performed by the system in any two weight processes between the same initial and
final states are identical.
Definition of energy for a closed system. Proof that it is a property. Let (A1, Ay) be any pair
of states of a closed system A in which A is separable and uncorrelated from its environment.
We call energqy difference between states A, and A; either the work WéH received by A in any
weight process from A; to A; or the work WZAl% done by A in any weight process from Aj; to
Ajp; in symbols:

ES —Ef =WiAT or Ef —Eff =wj. (5)
The first law guarantees that at least one of the weight processes considered in Eq. (5) exists.
Moreover, it yields the following consequences:
(a) if both weight processes (A1 — Ap)w and (Ap — Aq)w exist, the two forms of Eq. (5) yield
the same result (W{%‘_ = Wﬁ_’);
(b) the energy difference between two states Ay and A; in which A is separable and
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uncorrelated from its environment depends only on the states A; and Aj;

(c) (additivity of energy differences for separable systems uncorrelated from each other) consider a
pair of closed systems A and B; if A1B; and A;B, are states of the composite system AB such
that AB is separable and uncorrelated from its environment and, in addition, A and B are
separable and uncorrelated from each other, then

E5B —EfP—Ef —EA+ED—EB; (6)

(d) (energy is a property for every separable system uncorrelated from its environment) let Ay be
a reference state of a closed system A in which A is separable and uncorrelated from its
environment, to which we assign an arbitrarily chosen value of energy E()‘1 ; the value of
the energy of A in any other state A; in which A is separable and uncorrelated from its
environment is determined uniquely by the equation

Ef =Eff + W™ or E{ =Ef + Wi~ @)

where WO“}‘_ or W{(‘)_’ is the work in any weight process for A either from Ag to A; or from A;
to Ag; therefore, energy is a property of A.

Rigorous proofs of these consequences can be found in (Gyftopoulos & Beretta, 2005;
Zanchini, 1986), and will not be repeated here. In the proof of Eq. (6), the restrictive condition
of the absence of correlations between AB and its environment as well as between A and B,
implicit in (Gyftopoulos & Beretta, 2005) and (Zanchini, 1986), can be released by means of an
assumption (Assumption 3) which is presented and discussed in the next section. As a result,
Eq. (6) holds also if (AB)q e (AB); are arbitrarily chosen states of the composite system AB,
provided that AB, A and B are separable systems.

5. Definition of thermodynamic entropy for a closed system

Assumption 1: restriction to normal system. We will call normal system any system A that,
starting from every state in which it is separable and uncorrelated from its environment, can
be changed to a non-equilibrium state with higher energy by means of a weight process for A
in which the regions of space R4 occupied by the constituents of A have no net change (and
A is again separable and uncorrelated from its environment).

From here on, we consider only normal systems; even when we say only system we mean a
normal system.

Comment. For a normal system, the energy is unbounded from above; the system can
accommodate an indefinite amount of energy, such as when its constituents have translational,
rotational or vibrational degrees of freedom. In traditional treatments of thermodynamics,
Assumption 1 is not stated explicitly, but it is used, for example when one states that any amount
of work can be transferred to a thermal reservoir by a stirrer. Notable exceptions to this
assumption are important quantum theoretical model systems, such as spins, qubits, qudits,
etc. whose energy is bounded from above. The extension of our treatment to such so-called
special systems is straightforward, but we omit it here for simplicity.

Theorem 1. Impossibility of a PMM2. If a normal system A is in a stable equilibrium state,
it is impossible to lower its energy by means of a weight process for A in which the regions of
space R* occupied by the constituents of A have no net change.

Proof. Suppose that, starting from a stable equilibrium state Ag. of A, by means of a weight
process I'l; with positive work WA= =W >0, the energy of A is lowered and the regions of
space R4 occupied by the constituents of A have no net change. On account of Assumption 1,
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it would be possible to perform a weight process I1, for A in which the regions of space R4
occupied by the constituents of A have no net change, the weight M is restored to its initial
state so that the positive amount of energy WA~ = W > 0 is supplied back to A, and the
final state of A is a nonequilibrium state, namely, a state clearly different from Ag,. Thus, the
zero-work composite process (IT;, I'ly) would violate the definition of stable equilibrium state.
Comment. Kelvin-Planck statement of the Second Law. As noted in (Hatsopoulos & Keenan, 1965)
and (Gyftopoulos & Beretta, 2005, p.64), the impossibility of a perpetual motion machine of
the second kind (PMM2), which is also known as the Kelvin-Planck statement of the Second Law,
is a corollary of the definition of stable equilibrium state, provided that we adopt the (usually
implicitly) restriction to normal systems (Assumption 1).

Second Law. Among all the states in which a closed system A is separable and uncorrelated
from its environment and the constituents of A are contained in a given set of regions of space
R4, there is a stable equilibrium state for every value of the energy E*.

Lemma 1. Uniqueness of the stable equilibrium state. There can be no pair of different stable
equilibrium states of a closed system A with identical regions of space R and the same value
of the energy E4.

Proof. Since A is closed and in any stable equilibrium state it is separable and uncorrelated
from its environment, if two such states existed, by the first law and the definition of energy
they could be interconnected by means of a zero-work weight process. So, at least one of them
could be changed to a different state with no external effect, and hence would not satisfy the
definition of stable equilibrium state.

Comment. Recall that for a closed system, the composition n4 belongs to the set of compatible
compositions (n°4, v4) fixed once and for all by the definition of the system.

Comment. Statements of the Second Law. The combination of our statement of the Second
Law and Lemma 1 establishes, for a closed system whose matter is constrained into given
regions of space, the existence and uniqueness of a stable equilibrium state for every value
of the energy; this proposition is known as the Hatsopoulos-Keenan statement of the Second
Law (Hatsopoulos & Keenan, 1965). Well-known historical statements of the Second Law,
in addition to the Kelvin-Planck statement discussed above, are due to Clausius and to
Carathéodory. In (Gyftopoulos & Beretta, 2005, p.64, p.121, p.133) it is shown that each of
these historical statements is a logical consequence of the Hatsopoulos-Keenan statement
combined with a further assumption, essentially equivalent to our Assumption 2 below.
Lemma 2. Any stable equilibrium state A5 of a closed system A is accessible via an irreversible
zero-work weight process from any other state A; in which A is separable and uncorrelated
with its environment and has the same regions of space R and the same value of the energy
EA.

Proof. By the first law and the definition of energy, As and A; can be interconnected by
a zero-work weight process for A. However, a zero-work weight process from As to A
would violate the definition of stable equilibrium state. Therefore, the process must be in the
direction from A; to As. The absence of a zero-work weight process in the opposite direction,
implies that any zero-work weight process from A; to As is irreversible.

Corollary 1. Any state in which a closed system A is separable and uncorrelated from its
environment can be changed to a unique stable equilibrium state by means of a zero-work
weight process for A in which the regions of space R# have no net change.

Proof. The thesis follows immediately from the Second Law, Lemma 1 and Lemma 2.
Mutual stable equilibrium states. We say that two stable equilibrium states Ase and Bge are
mutual stable equilibrium states if, when A is in state Age and B in state Bge, the composite system
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AB is in a stable equilibrium state. The definition holds also for a pair of states of the same
system: in this case, system AB is composed of A and of a duplicate of A.

Identical copy of a system. We say that a system A?, always separable from A and
uncorrelated with A, is an identical copy of system A (or, a duplicate of A) if, at every time
instant:

— the difference between the set of regions of space RAY occupied by the matter of A4 and that
R* occupied by the matter of A is only a rigid translation Ar with respect to the reference
frame considered, and the composition of A7 s compatible with that of A;

— the external force field for A? at any position r + Ar coincides with the external force field
for A at the position r.

Thermal reservoir. We call thermal reservoir a system R with a single constituent, contained in
a fixed region of space, with a vanishing external force field, with energy values restricted to a
finite range such that in any of its stable equilibrium states, R is in mutual stable equilibrium
with an identical copy of R, R?, in any of its stable equilibrium states.

Comment. Every single-constituent system without internal boundaries and applied external
fields, and with a number of particles of the order of one mole (so that the simple system
approximation as defined in (Gyftopoulos & Beretta, 2005, p.263) applies), when restricted to
a fixed region of space of appropriate volume and to the range of energy values corresponding
to the so-called triple-point stable equilibrium states, is an excellent approximation of a thermal
reservoir.

Reference thermal reservoir. A thermal reservoir chosen once and for all, will be called a
reference thermal reservoir. To fix ideas, we will choose as our reference thermal reservoir one
having water as constituent, with a volume, an amount, and a range of energy values which
correspond to the so-called solid-liquid-vapor triple-point stable equilibrium states.

Standard weight process. Given a pair of states (A1, Ay) of a closed system A, in which A is
separable and uncorrelated from its environment, and a thermal reservoir R, we call standard
weight process for AR from A to Ay a weight process for the composite system AR in which
the end states of R are stable equilibrium states. We denote by (A1R; — A»R,)S" a standard
weight process for AR from A; to A, and by (AER)sW A, 4, the corresponding energy change of
the thermal reservoir R.

Assumption 2. Every pair of states (A1, Ap) in which a closed system A is separable and
uncorrelated from its environment can be interconnected by a reversible standard weight
process for AR, where R is an arbitrarily chosen thermal reservoir.

Theorem 2. For a given closed system A and a given reservoir R, among all the standard
weight processes for AR between a given pair of states (A1, A) in which system A is separable
and uncorrelated from its environment, the energy change (AER)X’ 4, of the thermal reservoir
R has a lower bound which is reached if and only if the process is reversible.

Proof. Let 14z denote a standard weight process for AR from Aj to Ay, and ITgRpey a
reversible one; the energy changes of R in processes IT4r and IT4grey are, respectively,
(AER);W 4, and (AER)Swre" With the help of Figure 1, we will prove that, regardless of the
initial state of R:

a) (AER)swrev < (AER)?‘XVYAZ.

b) if also IT4p is reversible, then (AER)Swre" = (AER)Z‘A]/AZ'

c) if (AER)swreV (AER)ZWA , then also Iz is reversible.
Proof of a). Let us denote by Ry and by R; the initial and the final states of R in process
ITgRrey- Let us denote by R? the duplicate of R which is employed in process I14g, by Rg
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Fig. 1. Illustration of the proof of Fig. 2. Illustration of the proof of
Theorem 2: standard weight Theorem 3, part a): reversible
processes IT4rrey (reversible) and standard weight processes Il 4z’ and
ag; Réisa duplicate of R; see text. I14Rr, see text.

and by RZ the initial and the final states of R in this process. Let us suppose, ab absurdo, that
(AER)qu‘l’ffZV > (AER)i‘V;’AZ. Then, the composite process (—ITggrey, I14g) would be a weight
process for RRY in which, starting from the stable equilibrium state RzRg, the energy of RRY
is lowered and the regions of space occupied by the constituents of RR? have no net change,
in contrast with Theorem 1. Therefore, (AER)SwreV < (AER);"IV Ay
Proof of b). If I1 4y is reversible too, then, in addition to (AER)SwreV < (AER)%W 4, the relation
(AER)i‘V;’ 4, < (AER)qu‘l’ffZV must hold too. Otherwise, the composite process (ITgrrey, —I14R)
would be a weight process for RR? in which, starting from the stable equilibrium state R; RZ,
the energy of RR? is lowered and the regions of space occupied by the constituents of RR?
have no net change, in contrast with Theorem 1. Therefore, (AER)SV‘feV (AER)%W Ay

Proof of ¢). Let II4g be a standard weight process for AR, from A; to Az, such that
(AER)i‘V;’ A (AER);W;?V, and let R be the initial state of R in this process. Let ITgrrey be
a rever51bie standard welght process for AR, from Aj to Ay, with the same initial state R;
of R. Thus, R3 coincides with Ry and RZ coincides with Rp. The composite process (IT4g,
—ITARrev) is a cycle for the isolated system ARB, where B is the environment of AR. As a
consequence, IR is reversible, because it is a part of a cycle of the isolated system ARB.
Theorem 3. Let R’ and R” be any two thermal reservoirs and consider the energy changes,
(AEX Jars, and (AE R )34\, respectively,in the reversible standard weight processes ITor =
(A1R] — AR, )WY and Tlagr = (A1R] — ARY)SW'™V, where (A1, Aj) is an arbitrarily
chosen pair of states of any closed system A in which A is separable and uncorrelated from
its environment. Then the ratio (AER i (AER S Ay ¢

a) is positive;

b) depends only on R’ and R”, i.e., it is independent of (i) the initial stable equilibrium states
of R" and R”, (ii) the choice of system A, and (iii) the choice of states A; and Aj.

Proof of a). With the help of Figure 2, let us suppose that (AER/)X’;’{’;’ < 0. Then, (AER//)Z"S@’
cannot be zero. In fact, in that case the composite process (IT4r/, —IT4g~), which is a cycle
for A, would be a weight process for R’ in which, starting from the stable equilibrium state
R}, the energy of R’ is lowered and the regions of space occupied by the constituents of R’
have no net change, in contrast with Theorem 1. Moreover, (AE R”);“l’f‘fzv cannot be positive. In
fact, if it were positive, the work performed by R'R” as a result of the overall weight process



Rigorous and General Definition of Thermodynamic Entropy 37

mtlmes n times r
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Fig. 3. llustration of the proof of Theorem 3, part b): composite processes IT4 and ITy), see
text.

(HAR’/ _HAR”) for RIR” would be
WR R"— (AER )swrezv (AER”);VY;‘eZV ; (8)

where both terms are positive. On account of Assumption 1 and Corollary 1, after the process
(ITar:, —IT4gr), one could perform a weight process I1g» for R” in which a positive amount
of energy equal to (AER”)Z"S&V is given back to R and the latter is restored to its initial stable
equilibrium state. As a result, the composite process (I1og/, —I14r», IIgr) would be a weight
process for R’ in which, starting from the stable equilibrium state R/, the energy of R’ is
lowered and the region of space occupied by occupied by R’ has no net change, in contrast
with Theorem 1. Therefore, the assumption (AEX’ JA 4, <0implies (AER”)SWreV <0.

Let us suppose that (AER A1, > 0. Then, for process —I1,gs one has (AER S, <0. By

repeating the previous argument, one proves that for process —I14 g+ one has (AER")swrev <,
P gthep g p p ArA,

Therefore, for process Il 4 g~ one has (AER”)X’E’ > 0.

Proof of b). Given a pair of states (A;, Ay) of a closed system A, consider the reversible
standard weight process I14g = (A1R] — AxR5)SW™ for AR’, with R’ initially in state R},
and the reversible standard weight process ITpgr = (AR} — AyRY)S"™ for AR”, with R”
initially in state R}. Moreover, given a pair of states (A}, A)) of another closed system
A’, consider the reversible standard weight process I14rr = (A]R] — A5R})SV™ for A’R/,
with R’ initially in state R}, and the reversible standard weight process I14gr = (AR} —
ALRY )WY for A’R”, with R” initially in state R}

With the help of Figure 3, we will prove that the changes in energy of the reservoirs in these
processes obey the relation

(AER’ )i‘w;fv (AER’ )sw;sv
(AER//)%WIXV - (AER”)?X{II;%V .

©)

Let us assume: (AER)SVEY > 0 and (AER )% > 0, which implies, (AER")SVV > 0 and
(AER )55y > 0 on account of part a) of the proof. This is not a restriction, because it is
172

possible to reverse the processes under exam. Now, as is well known, any real number
can be approximated with an arbitrarily high accuracy by a rational number. Therefore, we
will assume that the energy changes (AER/)Z"SE;’ and (AER/);VZ;FZ are rational numbers, so
that whatever is the value of their ratio, there exist two positive integers m and n such that
(AER)sprev/ (AER Sy =n/m, ie.,

R’ R’
m (MER RISy = n (AER)S7R (10)
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Therefore, as sketched in Figure 3, let us consider the composite processes I14 and I, defined
as follows. I14 is the following composite weight process for system AR'R”: starting from the
initial state R} of R’ and R} of R”, system A is brought from A to A by a reversible standard
weight process for AR/, then from A; to A; by a reversible standard weight process for AR”;
whatever the new states of R’ and R” are, again system A is brought from A; to A; by a
reversible standard weight process for AR’ and back to A; by a reversible standard weight
process for AR”, until the cycle for A is repeated m times. Similarly, I14/ is a composite weight
processes for system A’R’R” whereby starting from the end states of R’ and R” reached by
IT4, system A’ is brought from A} to A} by a reversible standard weight process for A’R”,
then from A} to A] by a reversible standard weight process for A’R’; and so on until the cycle
for A’ is repeated n times.

Clearly, the whole composite process (I14, [14) is a cycle for AA’. Moreover, it is a cycle also
for R’. In fact, on account of Theorem 2, the energy change of R’ in each process I,/ is equal
to (AER/)Z"SE;’ regardless of its initial state, and in each process —I14/r/ the energy change of

R’ isequal to — (AER/)Swrev Therefore, the energy change of R’ in the composite process (I,
1

IT,)is m (AEX JAm — (AER )Z“,’f}f," and equals zero on account of Eq. (10). As a result, after
(IT4, IT}), reservoir R has been restored to its initial state, so that (IT4, IT,) is a reversible
weight process for R”.

Again on account of Theorem 2, the overall energy change of R” in (IT4, IT,) is

—m (AER") SV 4 (AERN)?‘\VZE‘/' If this quantity were negative, Theorem 1 would be
violated. If this quantity were positive, Theorem 1 would also be violated by the reverse

of the process, (—IT;, —II4). Therefore, the only possibility is that —m (AER")swrev

A1A,
n (AER" )fq“,’ff," 0,ie.,

m (AER )3 = n (AER" )37y (11)

Finally, taking the ratio of Egs. (10) and (11), we obtain Eq. (9) which is our conclusion.

Temperature of a thermal reservoir. Let R be a given thermal reservoir and R° a reference
thermal reservoir. Select an arbitrary pair of states (Aj, Ap) in which an arbitrary closed
system A is separable and uncorrelated from its environment, and consider the energy
changes (AER)SV;’;?V and (AERG);W;?ZV in two reversible standard weight processes from A;
to Ay, one for AR and the other for AR, respectively. We call temperature of R the positive

quantity

R
bEvRE 0
(AERU);wreV 4 ( )

142

TR = TRo

where Tro is a positive constant associated arbitrarily with the reference thermal reservoir R°.
If for R° we select a thermal reservoir having water as constituent, with energy restricted to
the solid-liquid-vapor triple-point range, and we set Tro = 273.16 K, we obtain the unit kelvin
(K) for the thermodynamic temperature, which is adopted in the International System of Units
(SI). Clearly, the temperature T of R is defined only up to an arbitrary multiplicative constant.
Corollary 2. The ratio of the temperatures of two thermal reservoirs, R’ and R”, is
independent of the choice of the reference thermal reservoir and can be measured directly
as

Te _ (AER)RRY

TR” (AERN)%WreV ’

142

(13)
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where (AEX Ja s and (AER" )Yk are the energy changes of R and R” in two reversible

standard weight processes, one for AR’ and the other for AR”, which interconnect the same
but otherwise arbitrary pair of states (Aj, Az) in which a closed system A is separable and
uncorrelated from its environment.

Proof. Let (AERG);‘;’;?ZV be the energy change of the reference thermal reservoir R’ in any
reversible standard weight process for AR® which interconnects the same states (A;, Ay) of A.
From Eq. (12) we have

AER’ swrev
)AlAz (14)

(
TR’ = TRO (AERO)swrev 4
(AET)

A1Ay
ER” ilerFv
. 142 , (15)
(AER i
therefore the ratio of Egs. (14) and (15) yields Eq. (13).
Corollary 3. Let (A, Ap) be any pair of states in which a closed system A is separable and
uncorrelated from its environment, and let (AER)X’;’{’;’ be the energy change of a thermal
reservoir R with temperature Ty, in any reversible standard weight process for AR from A; to
Aj. Then, for the given system A, the ratio (AER)swreV/ TR depends only on the pair of states
(A1, Ay), i.e., it is independent of the choice of reservoir R and of its initial stable equilibrium
state R.
Proof. Let us consider two reversible standard weight processes from A; to Ay, one for AR’
and the other for AR, where R’ is a thermal reservoir with temperature Tg and R” is a
thermal reservoir with temperature Tr». Then, equation (13) yields

TR// = TRG

R/ RH
(A (AEN)3m »
TR/ TR// ’

Definition of (thermodynamic) entropy for a closed system. Proof that it is a property. Let
(A1, Az) be any pair of states in which a closed system A is separable and uncorrelated from
its environment B, and let R be an arbitrarily chosen thermal reservoir placed in B. We call
entropy difference between Ay and A; the quantity

R
(AER)AA

— 17)
TR

Sf s = —

where (AE R)f‘l"ffz" is the energy change of R in any reversible standard weight process for AR
from A to Ay, and Tg is the temperature of R. On account of Corollary 3, the right hand side
of Eq. (17) is determined uniquely by states A; and A;.
Let Ag be a reference state in which A is separable and uncorrelated from its environment,
to which we assign an arbitrarily chosen value of entropy SS‘. Then, the value of the entropy
of A in any other state A1 in which A is separable and uncorrelated from its environment, is
determined uniquely by the equation

(AER)swreV

T IAA (18)

A A

where (AER )fq“l’ffg’ is the energy change of R in any reversible standard weight process for AR
from Ag to Ay, and Ty is the temperature of R. Such a process exists for every state A1, on
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account of Assumption 2. Therefore, entropy is a property of A and is defined for every state
of A in which A is separable and uncorrelated from its environment.
Theorem 4. Additivity of entropy differences for uncorrelated states. Consider the pairs
of states (C; = A1B1,Cy = ApBj) in which the composite system C = AB is separable and
uncorrelated from its environment, and systems A and B are separable and uncorrelated from
each other. Then,

SAys, — Ship, =S5 — 1+ — ST . (19)
Proof. Let us choose a thermal reservoir R, with temperature Tg, and consider the composite
process (IT4g, ITpr) where IT4 is a reversible standard weight process for AR from A; to
Ay, while Ilpg is a reversible standard weight process for BR from B; to By. The composite
process (IT4g, IlgR) is a reversible standard weight process for CR from C; to Cp, in which
the energy change of R is the sum of the energy changes in the constituent processes IT4g and

g, i.e., (AER)REY = (AER)SVIY 4 (AER)FVESY. Therefore:

(AER)SCYEZV (AER)XITEZ + (AER)%Y;V . (20)
Tr Tr Tr

Equation (20) and the definition of entropy (17) yield Eq. (19).
Comment. As a consequence of Theorem 4, if the values of entropy are chosen so that they
are additive in the reference states, entropy results as an additive property. Note, however,
that the proof of additivity requires that (A1, By ) and (Aj, By) are pairs of states such that the
subsystems A and B are uncorrelated from each other.
Theorem 5. Let (A1, Ay) be any pair of states in which a closed system A is separable and
uncorrelated from its environment and let R be a thermal reservoir with temperature Tg. Let
IT4Rjr be any irreversible standard weight process for AR from A; to A; and let (AER)Z";’%
be the energy change of R in this process. Then

AER)swirr
L) sg—sph (21)
Tr
Proof. Let IT4gye, be any reversible standard weight process for AR from A; to Ap and let
(AER)SWrev be the energy change of R in this process. On account of Theorem 2,

(AER)IEY < (AER) @
Since Ty is positive, from Egs. (22) and (17) one obtains

(AER)%wBir (AER)swrev

A1Ap A
= . 2
Tr <7 Tr Sz 51 @3

Theorem 6. Principle of entropy nondecrease. Let (A1, Ay) be a pair of states in which a
closed system A is separable and uncorrelated from its environment and let (A; — Ap)w be
any weight process for A from A; to Ay. Then, the entropy difference Sé“ -S f‘ is equal to zero
if and only if the weight process is reversible; it is strictly positive if and only if the weight
process is irreversible.

Proof. If (A; — Ap)w is reversible, then it is a special case of a reversible standard weight
process for AR in which the initial stable equilibrium state of R does not change. Therefore,
(AER)swreV = 0 and by applying the definition of entropy, Eq. (17), one obtains

(AER)swrev

sg‘—sf:—%:o. (24)
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If (A7 — Ap)w is irreversible, then it is a special case of an irreversible standard weight
process for AR in which the initial stable equilibrium state of R does not change. Therefore,
(AER)fq"l"jz = 0 and Equation (21) yields

( ER)swirr

A1A2
A g 2
I 0 (25)

Sg— st > —
Moreover: if a weight process (A1 — Ap)w for A is such that Sf - Sf‘ = 0, then the process
must be reversible, because we just proved that for any irreversible weight process S§' — S{! >
0; if a weight process (A; — Ay)yy for A is such that S — S{! > 0, then the process must be
irreversible, because we just proved that for any reversible weight process S3' — S =0.
Corollary 4. If states A and Aj can be interconnected by means of a reversible weight process
for A, they have the same entropy. If states A; and A, can be interconnected by means of a
zero-work reversible weight process for A, they have the same energy and the same entropy.
Proof. These are straightforward consequences of Theorem 6 together with the definition of
energy.
Theorem 7. Highest-entropy principle. Among all the states of a closed system A such that
A is separable and uncorrelated from its environment, the constituents of A are contained in
a given set of regions of space R4 and the value of the energy E/ of A is fixed, the entropy of
A has the highest value only in the unique stable equilibrium state As. determined by R4 and
EA.
Proof. Let Ay be any other state of A in the set of states considered here. On account of the
first law and of the definition of energy, A; and As, can be interconnected by a zero work
weight process for A, either (Ag — Ase)w or (Ase = Ag)w. However, the existence of a zero
work weight process (Ase — Ag)w would violate the definition of stable equilibrium state.
Therefore, a zero work weight process (A g Ase)w exists and is irreversible, so that Theorem
6 implies SZ > S?.
Assumption 3. Existence of spontaneous decorrelations and impossibility of spontaneous
creation of correlations. Consider a system AB composed of two closed subsystems A and
B. Let (AB); be a state in which AB is separable and uncorrelated from its environment and
such that in the corresponding states A1 and By, systems A and B are separable but correlated;
let A1B1 be the state of AB such that the corresponding states A; and By of A and B are the
same as for state (AB);, but A and B are uncorrelated. Then, a zero work weight process
((AB)1 — A1Bq)w for AB is possible, while a weight process (A1B; — (AB)1)w for AB is
impossible.
Corollary 5. Energy difference between states of a composite system in which subsystems
are correlated with each other. Let (AB); and (AB); be states of a composite system AB in
which AB is separable and uncorrelated from its environment, while systems A and B are
separable but correlated with each other. We have

AB AB AB AB A ;A B _ B
Eiap), — E{aB), = Eap, — Eap, =E2 —E1 +Ey —E7 . (26)

Proof. Since a zero work weight process ((AB); — A1By1)w for AB exists on account of
Assumption 3, states (AB); and A;B; have the same energy. In other words, the energy of a
composite system in state (AB); with separable but correlated subsystems coincides with the
energy of the composite system in state A1 By where its separable subsystems are uncorrelated
in the corresponding states A; and Aj.
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Definition of energy for a state in which a system is correlated with its environment. On
account of Eq. (26), we will say that the energy of a system A in a state A; in which A is
correlated with its environment is equal to the energy of system A in the corresponding state
A1 in which A is uncorrelated from its environment.

Comment. Equation (26) and the definition of energy for a state in which a system is correlated
with its environment extend the definition of energy and the proof of the additivity of energy
differences presented in (Gyftopoulos & Beretta, 2005; Zanchini, 1986) to the case in which
systems A and B are separable but correlated with each other.

To our knowledge, Assumption 3 (never made explicit) underlies all reasonable models of
relaxation and decoherence.

Corollary 6. De-correlation entropy. Given a pair of (different) states (AB); and A;1B; as
defined in Assumption 3, then we have

AB AB AB
O(AB), = SaB, — S(ap), >0, (27)

where the positive quantity (TlAB is called the de-correlation entropy' of state (AB);. Clearly, if

C _ AB  _ _AB _
the subsystems are uncorrelated, i.e., if (AB); = A1By, then O(uB), = TAB, = 0.

Proof. On account of Assumption 3, a zero work weight process 1145 = ((AB); — A1B1)w
for AB exists. Process I14p is irreversible, because the reversibility of IT4p would require the
existence of a zero work weight process for AB from A;B; to (AB)q, which is excluded by
Assumption 3. Since Il is irreversible, Theorem 6 yields the conclusion.

Comment. Let (AB); and (AB); be a pair of states of a composite system AB such that AB
is separable and uncorrelated from its environment, while subsystems A and B are separable
but correlated with each other. Let A1B; and A3 By be the corresponding pairs of states of AB,
in which the subsystems A and B are in the same states as before, but are uncorrelated from
each other. Then, the entropy difference between (AB); and (AB); is not equal to the entropy
difference between A;B; and A1 B and therefore, on account of Eq. (19), it is not equal to the
sum of the entropy difference between A; and A; and the entropy difference between B, and
By, evaluated in the corresponding states in which subsystems A and B are uncorrelated from
each other. In fact, combining Eq. (19) with Eq. (27), we have

S{8s), — Sts), = (8 = S1) + (S5 = S7) = (o{lfh), — o)) - (28)

6. Fundamental relation, temperature, and Gibbs relation for closed systems

Set of equivalent stable equilibrium states. We will call set of equivalent stable equilibrium

states of a closed system A, denoted E SEA, a subset of its stable equilibrium states such that

any pair of states in the set:

— differ from one another by some geometrical features of the regions of space R4;

— have the same composition;

— can be interconnected by a zero-work reversible weight process for A and, hence, by
Corollary 4, have the same energy and the same entropy.

Comment. Let us recall that, for all the stable equilibrium states of a closed system A in a
scenario AB, system A is separable and the external force field FZ' = F2'2 is the same; moreover,
all the compositions of A belong to the same set of compatible compositions (n%4,v4).

1Explicit expressions of this property in the quantum formalism are given, e.g., in Wehrl (1978);
Beretta et al. (1985); Lloyd (1989).
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Parameters of a closed system. We will call parameters of a closed system A, denoted by
ﬁA = ‘B{‘,. . .,‘Bg“, a minimal set of real variables sufficient to fully and uniquely parametrize
all the different sets of equivalent stable equilibrium states ESE4 of A. In the following, we
will consider systems with a finite number s of parameters.

Examples. Consider a system A consisting of a single particle confined in spherical region of
space of volume V; the box is centered at position r which can move in a larger region where
there are no external fields. Then, it is clear that any rotation or translation of the spherical box
within the larger region can be effected in a zero-work weight process that does not alter the
rest of the state. Therefore, the position of the center of the box is not a parameter of the system.
The volume instead is a parameter. The same holds if the box is cubic. If it is a parallelepiped,
instead, the parameters are the sides ¢1, {5, ¢3 but not its position and orientation. For a more
complex geometry of the box, the parameters are any minimal set of geometrical features
sufficient to fully describe its shape, regardless of its position and orientation. The same if
instead of one, the box contains many particles.

Suppose now we have a spherical box, with one or many particles, that can be moved in a
larger region where there are k subregions, each much larger than the box and each with an
external electric field everywhere parallel to the x axis and with uniform magnitude E,;. As
part of the definition of the system, let us restrict it only to the states such that the box is
fully contained in one of these regions. For this system, the magnitude of E, can be changed
in a weight process by moving A from one uniform field subregion to another, but this in
general will vary the energy. Therefore, in addition to the volume of the sphere, this system
will have k as a parameter identifying the subregion where the box is located. Equivalently,
the subregion can be identified by the parameter E, taking values in the set {E}. For each
value of the energy E, system A has a set ESE/ for every pair of values of the parameters (V,
E.) with E, in {E}.

Corollary 7. Fundamental relation for the stable equilibrium states of a closed system. On
the set of all the stable equilibrium states of a closed system A (in scenario AB, for given
initial composition n04, stoichiometric coefficients v4 and external force field FZ), the entropy
is given by a single valued function

S& =S&H(E4BY) (29)

which is called fundamental relation for the stable equilibrium states of A. Moreover, also the
reaction coordinates are given by a single valued function

el =elb(E4,BY) (30)

which specifies the unique composition compatible with the initial composition n°4, called
the chemical equilibrium composition.

Proof. On account of the Second Law and Lemma 1, among all the states of a closed system
A with energy E4, the regions of space R identify a unique stable equilibrium state. This
implies the existence of a single valued function Age = ASE(EA,RA), where Age denotes the
state, in the sense of Eq. (3). By definition, for each value of the energy E4, the values
of the parameters B fully identify all the regions of space R” that correspond to a set of
equivalent stable equilibrium states ESE#, which have the same value of the entropy and the
same composition. Therefore, the values of E4 and B fix uniquely the values of SZ and of
sg*;. This implies the existence of the single valued functions written in Egs. (29) and (30).
Comment. Clearly, for a non-reactive closed system, the composition is fixed and equal to the
initial, i.e., €A (E4,B4) = 0.
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Usually (Hatsopoulos & Keenan, 1965; Gyftopoulos & Beretta, 2005), in view of the
equivalence that defines them, each set ES E4 is thought of as a single state called “a stable
equilibrium state” of A. Thus, for a given closed system A (and, hence, given initial amounts
of constituents), it is commonly stated that the energy and the parameters of A determine “a
unique stable equilibrium state” of A, which is called “the chemical equilibrium state” of A if
the system is reactive according to a given set of stoichiometric coefficients. For a discussion
of the implications of Eq. (30) and its reduction to more familiar chemical equilibrium criteria
in terms of chemical potentials see, e.g., (Beretta & Gyftopoulos, 2004).

Assumption 4. The fundamental relation (29) is continuous and differentiable with respect to
each of the variables E4 and 4.

Theorem 8. For any closed system, for fixed values of the parameters the fundamental relation
(29) is a strictly increasing function of the energy.

Proof. Consider two stable equilibrium states Age; and Ager of a closed system A, with
energies Ef‘ and Eé“, entropies S;‘;l and ng, and with the same regions of space occupied
by the constituents of A (and therefore the same values of the parameters). Assume E4' > E{\.
By Assumption 1, we can start from state Ag; and, by a weight process for A in which the
regions of space occupied by the constituents of A have no net changes, add work so that
the system ends in a non-equilibrium state A, with energy E4'. By Theorem 6, we must have
55‘ > S;‘;ﬂ. Now, on account of Lemma 2, we can go from state Ay to Agex with a zero-work
irreversible weight process for A. By Theorem 6, we must have Siz > 54'. Combining the two
inequalities, we find that E5' > Ef‘ implies Siz > S;‘;l.

Corollary 8. The fundamental relation for any closed system A can be rewritten in the form

E& =EL(SA,BY) . (31)

Proof. By Theorem 8, for fixed ,BA, Eq. (29) is a strictly increasing function of E A Therefore, it
is invertible with respect to EA and, as a consequence, can be written in the form (31).
Temperature of a closed system in a stable equilibrium state. Consider a stable equilibrium
state Age of a closed system A identified by the values of E 4 and ﬂA. The partial derivative of
the fundamental relation (31) with respect to 54 is denoted by

oE4
TA _ se )
(55), 2

Such derivative is always defined on account of Assumption 4. When evaluated at the values
of E4 and ﬁA that identify state Ase, it yields a value that we call the temperature of state Ase.
Comment. One can prove (Gyftopoulos & Beretta, 2005, p.127) that two stable equilibrium
states A; and Aj of a closed system A are mutual stable equilibrium states if and only
if they have the same temperature, ie., if TlA = T{‘. Moreover, it is easily proved
(Gyftopoulos & Beretta, 2005, p.136) that, when applied to a thermal reservoir R, Eq. (32)
yields that all the stable equilibrium states of a thermal reservoir have the same temperature
which is equal to the temperature T of R defined by Eq. (12).

Corollary 9. For any stable equilibrium state of any (normal) closed system, the temperature
is non-negative.

Proof. The thesis follows immediately from the definition of temperature, Eq. (32), and
Theorem 8.
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Gibbs equation for a non-reactive closed system. By differentiating Eq. (31), one obtains
(omitting the superscript “A” and the subscript “se” for simplicity)

S
dE=TdS+ Y Fdp; , (33)
j=1

where F; is called generalized force conjugated to the j-th parameter of A, F; = (0Ese/ B,B]-) $B-

If all the regions of space R4 coincide and the volume V of any of them is a parameter,
the negative of the conjugated generalized force is called pressure, denoted by p, p =
—(0Ese/0V) s
Fundamental relation in the quantum formalism. Let us recall that the measurement
procedures that define energy and entropy must be applied, in general, to a (homogeneous)
ensemble of identically prepared replicas of the system of interest. Because the numerical
outcomes may vary (fluctuate) from replica to replica, the values of the energy and the
entropy defined by these procedures are arithmetic means. Therefore, what we have denoted
so far, for simplicity, by the symbols E# and S should be understood as (E4) and (S%).
Where appropriate, like in the quantum formalism implementation, this more precise notation
should be preferred. Then, written in full notation, the fundamental relation (29) for a closed
system is

(5%)se = SL((E).BY) (34)

and the corresponding Gibbs relation
S
d(E) =Td(S) + ) F;dB; . (35)
j=1

7. Definitions of energy and entropy for an open system

Our definition of energy is based on the First Law, by which a weight process is possible
between any pair of states A; and A; in which a closed system A is separable and uncorrelated
from its environment. Our definition of entropy is based on Assumption 2, by which a
reversible standard weight process for AR is possible between any pair of states A; and A in
which a closed system A is separable and uncorrelated from its environment. In both cases,
Aj and Aj have compatible compositions. In this section, we extend the definitions of energy
and entropy to a set of states in which an open system O is separable and uncorrelated from
its environment; two such states of O have, in general, non-compatible compositions.
Separable open system uncorrelated from its environment. Consider an open system O that
has Q as its (open) environment, i.e., the composite system OQ is isolated in F?Q. We say
that system O is separable from Q at time ¢ if the state (OQ); of OQ can be reproduced as
(i.e., coincides with) a state (AB); of an isolated system AB in FAB = F? 9 such that A and
B are closed and separable at time f. If the state (AB); = A;By, i.e., is such that A and B
are uncorrelated from each other, then we say that the open system O is uncorrelated from its
environment at time t, and we have Oy = A;, Q; = By, and (OQ); = O;Q;.

Set of elemental species. Following (Gyftopoulos & Beretta, 2005, p.545), we will call set
of elemental species a complete set of independent constituents with the following features: (1)
(completeness) there exist reaction mechanisms by which all other constituents can be formed
starting only from constituents in the set; and (2) (independence) there exist no reaction
mechanisms that involve only constituents in the set.
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For example, in chemical thermodynamics we form a set of elemental species by selecting
among all the chemical species formed by atomic nuclei of a single kind those that have
the most stable molecular structure and form of aggregation at standard temperature and
pressure.

Energy and entropy of a separable open system uncorrelated from its environment. Let OQ

be an isolated system in F?Q, with O and Q open systems, and let us choose scenario OQ, so
that Q is the environment of O. Let us suppose that O has r single-constituent regions of space
and a set of allowed reaction mechanisms with stoichiometric coefficients v©. Let us consider

a state O; in which O is separable and uncorrelated from its environment and has composition
e}
nP = n¢,...n%,...,n9);. Let A™B be an isolated system in F' B = FO9, such that A" is
closed, has the same allowed reaction mechanisms as O and compositions compatible with
[0
n?. Let AT‘ be a state of A" such that, in that state, system A™ is a separable system in
0 o] o
Fé“"l = Fg‘ 1B and is uncorrelated from its environment; moreover, the state AT coincides
with Oy, i.e., has the same values of all the properties. We will define as energy and entropy

o n
of O, in state Oy, the energy and the entropy of A" in state A7, namely E? =E{"" and

S? = Sf‘n?. The existence of system A" and of state AT? is granted by the definition of
separability for O in state O;.

The values of the energy and of the entropy of A”?, in state AT?, are determined by choosing
a reference state AS? of A" and by applying Egs. (7) and (18). The reference state Ag? and
the reference values E()“ng7 and S()“"? are selected as defined below.

We choose A" as the composite of g closed subsystems, A™ = ALA2... Al... A7, each one

containing an elemental species, chosen so that the composition of A" s compatible with
that of O in state O7. Each subsystem, A’, contains n; particles of the i-th elemental species

and is constrained by a wall in a spherical box with a variable volume VA'; each box is very
]
far from the others and is placed in a position where the external force field F?"‘ is vanishing.
o .
We choose the reference state Agl to be such that each subsystem A’ is in a stable equilibrium

state Al with a prescribed temperature, Ty, and a volume VOAi such that the pressure has a
prescribed value pg.

9
We fix the reference values of the energy and the entropy of the reference state Agl as follows:

el q ;
E¢ =Y E§, (36)
i=1
A h oA
S = 250 ’ (37)

i=1
. . el
with the values of E()“ and S()‘1 fixed arbitrarily. Notice that by construction VOA1 =
i 9 n9 i i .
Y1, V4" and, therefore, we also have Ef" + poVi'"' = L1, (E{" + poVg"). In chemical
thermodynamics, it is customary to set E§ + poVg' = 0and S{'" = 0 for each elemental species.

Similarly to what seen for a closed system, the definition of energy for O can be extended to
the states of O in which O is separable but correlated with its environment.
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8. Fundamental relation for an open system

Stable equilibrium state of an open system. A state of an open system O in which O is a
separable open system in FY and is uncorrelated from its environment Q is called a stable
e%uilibrium state if it can be reproduced as a stable equilibrium state of a closed system A in
F/ =FO.

We will consider separately the two different cases:

a) the constituents of O are non-reactive, i.e., no reaction mechanism is allowed for O;

b) reactions with stoichiometric coefficients v© are allowed for O.

Fundamental relation for the stable equilibrium states of an open system with non-reactive
constituents. Let SEC be the set of all the stable equilibrium states of an open system O with
7 non-reactive constituents and s parameters, B° = (13, .., BY. Let us consider the subset

SE,?O of all the states of SEC that have the composition n?, and let A™ be a closed system
1
with composition n?, such that its stable equilibrium states coincide with those of the subset

HO nO
SE’?O and therefore also the parameters coincide, i.e., 4" = BC. Then, every subset ESEA"
1

nO
of equivalent stable equilibrium states of A", which is determined by the energy E4" and

n0
the parameters 4", coincides with a subset of equivalent stable equilibrium states of O with
composition n?. The same argument can be repeated for every composition of O. Therefore,
on the whole set SE©, a relation with the form

5% =SS(EC, n°, B°) (38)

is defined and is called fundamental relation for O. Since the relation Ss(?e = Sg(EO), for fixed
values of n9 and B9, is strictly increasing, Eq. (38) can be rewritten as

EQ=EQ(s°, n°, g°) . (39)

Gibbs equation for a non-reactive open system. If the system has non-reactive constituents,
the fundamental relation given by Eq. (39) applies. By differentiating Eq. (39), one obtains
(omitting the superscript “O” and the subscript “se” for simplicity)

r S
dE=TdS+ ) u;jdn;+ ) Fjdp;, (40)
i=1 j=1

where y; is called the total potential of i-th constituent of O.

In Eq. (40), it is assumed that Eq. (39) is continuous and differentiable also with respect to #.
For systems with very large values of the amounts of constituents this condition is fulfilled.
However, for very few particle closed systems, the variable n takes on only discrete values,
and, according to our definition, a separable state of an open system must be reproduced as
a separable state of a closed system. Thus, the extension of Eq. (40) to few particles open
systems requires an extended definition of a separable state of an open system, which includes
states with non integer numbers of particles. This extension will not be presented here.
Fundamental relation for the stable equilibrium states of an open system with reactive
constituents. Let SEC be the set of all the stable equilibrium states of an open system O with
parameters B° and constituents which can react according to a set of reaction mechanisms
defined by the stoichiometric coefficients v°. Let (n(l)o, v9) be the set of the compositions of

O which are compatible with the initial composition n(l)o = (n(l)o,...,ngo)l. Let SE™” be the
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subset of SE© with compositions compatible with (n9C, v°) and let A" be a closed system
P p 1 y

with compositions compatible with (n(l)o, v9) and stable equilibrium states that coincide with

00
those of the subset SE™° so that also the parameters coincide, i.e., ﬂA b= ﬁo.
200
Then, every subset ESEA™"  of equivalent stable equilibrium states of AmM’ | which is

200 200
determined by the energy EA" and the parameters 4" , coincides with a subset of
equivalent stable equilibrium states in the set SE™”. The same argument can be repeated
for every set of compatible compositions of O, (ngo, vo), (ngo, VO), etc. Therefore, on the

whole set SE©, the following single-valued relation is defined
S = Se(E?, n%, B9) (41)

which is called fundamental relation for O. Since the relation S = SQ(E©), for fixed values
of n% and O, is strictly increasing, Eq. (41) can be rewritten as

EQ =EQ(s°, n%, g°) . (42)

Comment. On the set SEC of the stable equilibrium states of O, also the reaction coordinates
are given by a single valued function

e = (E9, n", B7) , (43)

which defines the chemical equilibrium composition. The existence of Eq. (43) is a
consequence of the existence of a single valued function such as Eq. (30) for each of the

closed systems A”?O, A"go, ... used to reproduce the stable equilibrium states of O with sets of
y P q

amounts of constituents compatible with the initial compositions, n(l)o, ngo, etc.

9. Conclusions

In this paper, a general definition of entropy is presented, based on operative definitions of all
the concepts employed in the treatment, designed to provide a clarifying and useful, complete
and coherent, minimal but general, rigorous logical framework suitable for unambiguous
fundamental discussions on Second Law implications.

Operative definitions of system, state, isolated system, environment of a system, process,
separable system, system uncorrelated from its environment and parameters of a system are
stated, which are valid also in the presence of internal semipermeable walls and reaction
mechanisms. The concepts of heat and of quasistatic process are never mentioned, so that
the treatment holds also for nonequilibrium states, both for macroscopic and few particles
systems.

The role of correlations on the domain of definition and on the additivity of energy and
entropy is discussed: it is proved that energy is defined for any separable system, even if
correlated with its environment, and is additive for separable subsystems even if correlated
with each other; entropy is defined only for a separable system uncorrelated from its
environment and is additive only for separable subsystems uncorrelated from each other; the
concept of decorrelation entropy is defined.

A definition of thermal reservoir less restrictive than in previous treatments is adopted: it is
fulfilled, with an excellent approximation, by any single-constituent simple system contained
in a fixed region of space, provided that the energy values are restricted to a suitable finite
range. The proof that entropy is a property of the system is completed by a new explicit proof
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that the entropy difference between two states of a system is independent of the initial state
of the auxiliary thermal reservoir chosen to measure it.

The definition of a reversible process is given with reference to a given scenario, i.e., the largest
isolated system whose subsystems are available for interaction; thus, the operativity of the
definition is improved and the treatment becomes compatible also with recent interpretations
of irreversibility in the quantum mechanical framework.

Rigorous extensions of the definitions of energy and entropy to open systems are stated. The
existence of a fundamental relation for the stable equilibrium states of an open system with
reactive constituents is proved rigorously; it is shown that the amounts of constituents which
correspond to given fixed values of the reaction coordinates should appear in this equation.
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1. Introduction

There is no doubt that thermodynamics is a theory of universal proportions whose laws
reign supreme among the laws of nature and are capable of addressing some of science’s
most intriguing questions about the origins and fabric of our universe. The laws of
thermodynamics are among the most firmly established laws of nature and play a critical
role in the understanding of our expanding universe. In addition, thermodynamics forms
the underpinning of several fundamental life science and engineering disciplines, including
biological systems, physiological systems, chemical reaction systems, ecological systems,
information systems, and network systems, to cite but a few examples. While from
its inception its speculations about the universe have been grandiose, its mathematical
foundation has been amazingly obscure and imprecise (Truesdell (1969; 1980); Arnold (1990);
Haddad et al. (2005)). This is largely due to the fact that classical thermodynamics is a physical
theory concerned mainly with equilibrium states and does not possess equations of motion.
The absence of a state space formalism in classical thermodynamics, and physics in general,
is quite disturbing and in our view largely responsible for the monomeric state of classical
thermodynamics.

In recent research, Haddad etal. (2005; 2008) combined the two universalisms of
thermodynamics and dynamical systems theory under a single umbrella to develop a
dynamical system formalism for classical thermodynamics so as to harmonize it with classical
mechanics. While it seems impossible to reduce thermodynamics to a mechanistic world
picture due to microscopic reversibility and Poincaré recurrence, the system thermodynamic
formulation of Haddad et al. (2005) provides a harmonization of classical thermodynamics
with classical mechanics. In particular, our dynamical system formalism captures all of
the key aspects of thermodynamics, including its fundamental laws, while providing a
mathematically rigorous formulation for thermodynamical systems out of equilibrium by
unifying the theory of heat transfer with that of classical thermodynamics. In addition, the
concept of entropy for a nonequilibrium state of a dynamical process is defined, and its global
existence and uniqueness is established. This state space formalism of thermodynamics shows
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that the behavior of heat, as described by the conservation equations of thermal transport
and as described by classical thermodynamics, can be derived from the same basic principles
and is part of the same scientific discipline. Connections between irreversibility, the second
law of thermodynamics, and the entropic arrow of time are also established in Haddad et al.
(2005). Specifically, we show a state irrecoverability and, hence, a state irreversibility
nature of thermodynamics. State irreversibility reflects time-reversal non-invariance, wherein
time-reversal is not meant literally; that is, we consider dynamical systems whose trajectory
reversal is or is not allowed and not a reversal of time itself. In addition, we show
that for every nonequilibrium system state and corresponding system trajectory of our
thermodynamically consistent dynamical system, there does not exist a state such that the
corresponding system trajectory completely recovers the initial system state of the dynamical
system and at the same time restores the energy supplied by the environment back to its
original condition. This, along with the existence of a global strictly increasing entropy
function on every nontrivial system trajectory, establishes the existence of a completely
ordered time set having a topological structure involving a closed set homeomorphic to the
real line giving a clear time-reversal asymmetry characterization of thermodynamics and
establishing an emergence of the direction of time flow.

In this paper, we reformulate and extend some of the results of Haddad et al. (2005). In
particular, unlike the framework in Haddad et al. (2005) wherein we establish the existence
and uniqueness of a global entropy function of a specific form for our thermodynamically
consistent system model, in this paper we assume the existence of a continuously
differentiable, strictly concave function that leads to an entropy inequality that can be
identified with the second law of thermodynamics as a statement about entropy increase.
We then turn our attention to stability and convergence. Specifically, using Lyapunov
stability theory and the Krasovskii-LaSalle invariance principle, we show that for an
adiabatically isolated system the proposed interconnected dynamical system model is
Lyapunov stable with convergent trajectories to equilibrium states where the temperatures
of all subsystems are equal. Finally, we present a state-space dynamical system model for
chemical thermodynamics. In particular, we use the law of mass-action to obtain the dynamics
of chemical reaction networks. Furthermore, using the notion of the chemical potential (Gibbs
(1875; 1878)), we unify our state space mass-action kinetics model with our thermodynamic
dynamical system model involving energy exchange. In addition, we show that entropy
production during chemical reactions is nonnegative and the dynamical system states of our
chemical thermodynamic state space model converge to a state of temperature equipartition
and zero affinity (i.e., the difference between the chemical potential of the reactants and the
chemical potential of the products in a chemical reaction).

2. Mathematical preliminaries

In this section, we establish notation, definitions, and provide some key results necessary for
developing the main results of this paper. Specifically, R denotes the set of real numbers, Z.
(respectively, Z 1) denotes the set of nonnegative (respectively, positive) integers, R7 denotes
the set of g x 1 column vectors, R"*™ denotes the set of n x m real matrices, P" (respectively,
IN") denotes the set of positive (respectively, nonnegative) definite matrices, (-)T denotes
transpose, I; or I denotes the g x g identity matrix, e denotes the ones vector of order g,
that is, e £ [1,...,1}T € R7, and e; € R7 denotes a vector with unity in the ith component
and zeros elsewhere. For x € RT we write x >> 0 (respectively, x >> 0) to indicate that
every component of x is nonnegative (respectively, positive). In this case, we say that x is
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nonnegative or positive, respectively. Furthermore, ﬁi and ]Ri denote the nonnegative and
positive orthants of RY, that is, if x € IR7, then x € Fj— and x € ]RZ_ are equivalent, respectively,

to x >> 0 and x >> 0. Analogously, ﬁixm (respectively, ]R’ixm) denotes the set of n x m
real matrices whose entries are nonnegative (respectively, positive). For vectors x,y € RY,
with components x; and y;, i = 1,...,9, we use x o y to denote component-by-component

o
multiplication, that is, x o y £ [x1y1,.. .,quq]T. Finally, we write S, S, and S to denote the
boundary, the interior, and the closure of the set S, respectively.
We write || - || for the Euclidean vector norm, V/(x) £ a\gix) for the Fréchet derivative of V
at x, Be(a), « € RY, ¢ > 0, for the open ball centered at « with radius ¢, and x(t) — M as
t — oo to denote that x(t) approaches the set M (that is, for every ¢ > 0 there exists T > 0
such that dist(x(t), M) < e for all t > T, where dist(p, M) = inf,c v ||p — x||). The notions of
openness, convergence, continuity, and compactness that we use throughout the paper refer
to the topology generated on D C R by the norm || - ||. A subset N of D is relatively open
in D if N is open in the subspace topology induced on D by the norm || - ||. A point x € R7
is a subsequential limit of the sequence {x;}{, in IRY if there exists a subsequence of {x;}$2
that converges to x in the norm || - ||. Recall that every bounded sequence has at least one
subsequential limit. A divergent sequence is a sequence having no convergent subsequence.
Consider the nonlinear autonomous dynamical system

(1) = f(x(8),  x(0)=x, tely, )

where x(t) € D CR", t € Z,, is the system state vector, D is a relatively open set, f : D — R"
is continuous on D, and Zy, = [0, Ty, ), 0 < Ty, < 00, is the maximal interval of existence for the
solution x(-) of (1). We assume that, for every initial condition x(0) € D, the differential
equation (1) possesses a unique right-maximally defined continuously differentiable solution
which is defined on [0,00). Letting s(-,x) denote the right-maximally defined solution of
(1) that satisfies the initial condition x(0) = x, the above assumptions imply that the map
s:[0,00) x D — D is continuous (Hartman, 1982, Theorem V.2.1), satisfies the consistency
property s(0,x) = x, and possesses the semigroup property s(t,s(t,x)) = s(t + 7,x) for all
t,t>0and x € D. Given t > 0 and x € D, we denote the map s(¢,-) : D — D by s; and
the map s(-,x) : [0,00) — D by s*. For every t € R, the map s; is a homeomorphism and has
the inverse s_;.

The orbit Oy of a point x € D is the set s*([0,00)). A set D, C D is positively invariant relative
to (1) if s¢(D.) C D, for all + > 0 or, equivalently, D, contains the orbits of all its points. The
set D, is invariant relative to (1) if s¢(Dc) = D, for all t > 0. The positive limit set of x € RY is
the set w(x) of all subsequential limits of sequences of the form {s(t;x)},, where {t;}$*,
is an increasing divergent sequence in [0,00). w(x) is closed and invariant, and Oy = Oy U
w(x) (Haddad & Chellaboina (2008)). In addition, for every x € IR7 that has bounded positive
orbits, w(x) is nonempty and compact, and, for every neighborhood N of w(x), there exists
T > Osuch that s;(x) € NV forevery t > T (Haddad & Chellaboina (2008)). Furthermore, xo € D
is an equilibrium point of (1) if and only if f(xe) = 0 or, equivalently, s(t,xe) = xe for all t > 0.
Finally, recall that if all solutions to (1) are bounded, then it follows from the Peano-Cauchy
theorem (Haddad & Chellaboina, 2008, p. 76) that Zy, = R.

Definition 21 (Haddad et al., 2010, pp. 9,10) Let f = [f1,...,fa] ' : D C R’ — R™. Then f is
essentially nonnegative if fi(x) >0, for all i =1,...,n, and x € R'}. such that x; = 0, where x;
denotes the ith component of x.
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Proposition 21 (Haddad et al., 2010, p. 12) Suppose ﬁi C D. Then ﬁ'j_ is an invariant set with
respect to (1) if and only if f : D — R" is essentially nonnegative.

Definition 22 (Haddad et al., 2010, pp. 13,23) An equilibrium solution x(t) = xe € ﬁi to (1)
is Lyapunov stable with respect to ﬁi if, for all € > 0, there exists § = 5(¢) > 0 such that if
x € Bs(xe) NR,, then x(t) € Be(xe) NRY, t > 0. An equilibrium solution x(t) = xe € R, to
(1) is semistable with respect to Fi if it is Lyapunov stable with respect to Fi and there exists
& > 0 such that if xo € Bs(xe) "R, then lim_,c0x(t) exists and corresponds to a Lyapunov stable
equilibrium point with respect to Fi. The system (1) is said to be semistable with respect to Fi if
every equilibrium point of (1) is semistable with respect to Fi. The system (1) is said to be globally

semistable with respect to Fi if (1) is semistable with respect to Fi and, for every xy € ﬁi,
limy 00 x () exists.

Proposition 22 (Haddad et al., 2010, p. 22) Consider the nonlinear dynamical system (1) where f is
essentially nonnegative and let x € Fi. If the positive limit set of (1) contains a Lyapunov stable (with
respect to R'}) equilibrium point y, then y = limy_,c0s(t, X).

3. Interconnected thermodynamic systems: A state space energy flow perspective

The fundamental and unifying concept in the analysis of thermodynamic systems is the
concept of energy. The energy of a state of a dynamical system is the measure of its ability
to produce changes (motion) in its own system state as well as changes in the system states
of its surroundings. These changes occur as a direct consequence of the energy flow between
different subsystems within the dynamical system. Heat (energy) is a fundamental concept of
thermodynamics involving the capacity of hot bodies (more energetic subsystems) to produce
work. As in thermodynamic systems, dynamical systems can exhibit energy (due to friction)
that becomes unavailable to do useful work. This in turn contributes to an increase in
system entropy, a measure of the tendency of a system to lose the ability to do useful work.
In this section, we use the state space formalism to construct a mathematical model of a
thermodynamic system that is consistent with basic thermodynamic principles.

Specifically, we consider a large-scale system model with a combination of subsystems
(compartments or parts) that is perceived as a single entity. For each subsystem
(compartment) making up the system, we postulate the existence of an energy state variable
such that the knowledge of these subsystem state variables at any given time f = t(, together
with the knowledge of any inputs (heat fluxes) to each of the subsystems for time t > t,
completely determines the behavior of the system for any given time f > t;. Hence, the
(energy) state of our dynamical system at time ¢ is uniquely determined by the state at time tg
and any external inputs for time t > t( and is independent of the state and inputs before time
to.

More precisely, we consider a large-scale interconnected dynamical system composed
of a large number of units with aggregated (or lumped) energy variables representing
homogenous groups of these units. If all the units comprising the system are identical
(that is, the system is perfectly homogeneous), then the behavior of the dynamical system
can be captured by that of a single plenipotentiary unit. Alternatively, if every interacting
system unit is distinct, then the resulting model constitutes a microscopic system. To develop
a middle-ground thermodynamic model placed between complete aggregation (classical
thermodynamics) and complete disaggregation (statistical thermodynamics), we subdivide
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Fig. 1. Interconnected dynamical system G.

the large-scale dynamical system into a finite number of compartments, each formed by
a large number of homogeneous units. Each compartment represents the energy content
of the different parts of the dynamical system, and different compartments interact by
exchanging heat. Thus, our compartmental thermodynamic model utilizes subsystems or
compartments to describe the energy distribution among distinct regions in space with
intercompartmental flows representing the heat transfer between these regions. Decreasing
the number of compartments results in a more aggregated or homogeneous model, whereas
increasing the number of compartments leads to a higher degree of disaggregation resulting
in a heterogeneous model.

To formulate our state space thermodynamic model, consider the interconnected dynamical
system G shown in Figure 1 involving energy exchange between g interconnected subsystems.
Let E; : [0,00) — R4 denote the energy (and hence a nonnegative quantity) of the ith
subsystem, let S; : [0,c0) — R denote the external power (heat flux) supplied to (or extracted
from) the ith subsystem, let ¢ij - FZ_ —R,i#j,i,j=1,...,q, denote the net instantaneous rate

of energy (heat) flow from the jth subsystem to the ith subsystem, and let ¢;; : ﬁz_ —Ry,i=
1,...,q, denote the instantaneous rate of energy (heat) dissipation from the ith subsystem to
the environment. Here, we assume that ¢; : RL =R, i#jij=1,...,9and 0;: R, - Ry,
i=1,...,q, arelocally Lipschitz continuous on ﬁz_ and S;:[0,00) > R,i=1,...,4q,are bounded
piecewise continuous functions of time.
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An energy balance for the ith subsystem yields

E(T) = Y ¢1 ] ;i (E(t))dt + )dt, T >ty (2)
o £ [l aisw] - [Tt [[s

1,j#i fo

or, equivalently, in vector form,

T T
E(T) = Elt) +/ ))dt 7/ At + [ S(dt, T >to, 3)
to to
where E(t) £ [E{(t),...,Eq(t)]T, t > to, is the system energy state, d(E(t)) = [011(E(t)),...,
0qq(E(1))]%, t > to, is the system dissipation, S(t) £ [S1(t),...,S4(t)]T, t > to, is the system heat
flux, and w = [wl,...,wq]T :ﬁi — RY is such that

9 _
' 12#'4’1‘]‘(5), EcR). @)
j=1 g

Since $ij ﬁi —R,i#7j,i,j=1,...,q, denotes the net instantaneous rate of energy flow from
the jth subsystem to the ith subsystem, it is clear that ¢;;(E) = —¢;;(E), E € ﬁi, i#j,i,j=
1,...,q, which further implies that eTw(E) =0,Ee ﬁi.

Note that (2) yields a conservation of energy equation and implies that the energy stored
in the ith subsystem is equal to the external energy supplied to (or extracted from) the ith
subsystem plus the energy gained by the ith subsystem from all other subsystems due to
subsystem coupling minus the energy dissipated from the ith subsystem to the environment.
Equivalently, (2) can be rewritten as

q
=! Y ¢ij(E(f))] —0ii(E(t)) + Si(t), Ei(to) =Eip, t=to, )
=it

or, in vector form,
E(t) = w(E(t)) —d(E(t))+5(t), E(to)=Eo, t>t, (6)

where Ey & [Elo,...,EqO]T, yielding a power balance equation that characterizes energy flow
between subsystems of the interconnected dynamical system G. We assume that 4Jij(E ) >
0,E € R, whenever E; =0, i #j, i,j =1,...,q, and 0;;(E) = 0, whenever E; = 0, i =
1,...,q. The above constraint implies that if the energy of the ith subsystem of G is zero,
then this subsystem cannot supply any energy to its surroundings nor can it dissipate
energy to the environment. In this case, w(E) — d(E), E € R’ is essentially nonnegative
(Haddad & Chellaboina (2005)). Thus, if S(t) = 0, then, by Proposition 21, the solutions to
(6) are nonnegative for all nonnegative initial conditions. See Haddad & Chellaboina (2005);
Haddad et al. (2005; 2010) for further details.

Since our thermodynamic compartmental model involves intercompartmental flows
representing energy transfer between compartments, we can use graph—theoretic notions
with undirected graph topologies (i.e., bidirectional energy flows) to capture the compartmental
system interconnections. Graph theory (Diestel (1997); Godsil & Royle (2001)) can be useful
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in the analysis of the connectivity properties of compartmental systems. In particular,
an undirected graph can be constructed to capture a compartmental model in which the
compartments are represented by nodes and the flows are represented by edges or arcs. In
this case, the environment must also be considered as an additional node.

For the interconnected dynamical system G with the power balance equation (6), we define
a connectivity matrix! C € R4 such that for i # j, i,j =1,...,q, Cij) £1if ¢ij(E) # 0 and
C(ij) = 0 otherwise, and C(; 1y & =Tl ;4 Clkiy, i =1,...,q. Recall that if rankC = g — 1, then
G is strongly connected (Haddad et al. (2005)) and energy exchange is possible between any
two subsystems of G. The next definition introduces a notion of entropy for the interconnected
dynamical system G.

Definition 3.1 Consider the interconnected dynamical system G with the power balance equation (6).
A continuously differentiable, strictly concave function S : Fi — R is called the entropy function of

G if

a5(E) _as(E)), I
(aEi 3 sz](E)ZO, EcRl, i#j, ij=1,...,4, )
””d%a=%E)v’andonlyzm]-(E):0withc<,,j>:1,i7éj,i,j:1,...,q,

It follows from Definition 3.1 that for an isolated system G, that is, S(t) = 0 and d(E) =0, the
entropy function of G is a nondecreasing function of time. To see this, note that

SE) = gt
1. 9S(E)
- L a}(;"-) Y. 9i(E)
A
_ by (3sB)as(E)
B lz‘ij%l( 9E; O ¢i(E)
> 0, Eeﬁq, o

where a‘zf) = a‘gg‘),. e a‘géE)] and where we used the fact that ¢;;(E) = —¢;:(E), E € R7,
q

i£jij=1,..,4.

Proposition 3.1 Consider the isolated (i.e., S(t) = 0 and d(E) = 0) interconnected dynamical
system G with the power balance equation (6). Assume that rankC = q — 1 and there exists an
entropy function S : R, — R of G. Then, Z}Ll ¢ii(E) =0 for all i =1,...,q if and only if
AS(E) AS(E)

) S Furthermore, the set of nonnegative equilibrium states of (6) is given by
A =9 . 0S(E) __ _ S(E
o2 {EeR]: BB _ .. 2801

1The negative of the connectivity matrix, that is, -C, is known as the graph Laplacian in the literature.
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Proof. If %}EIE) = %EIE), then ¢;;(E) =0 foralli,j =1,...,q, which implies that Z?Zl ¢i;i(E)=0
foralli =1,...,q. Conversely, assume that 27:1 ¢ij(E) =0foralli=1,...,q,and, since S is an
entropy function of G, it follows that

9 4 aS
0 = ZZ ‘Plf
i=1j=1
R = BS(E)_E)S(E)> .
- Zu%l( Ei JE; 4)1]()

=
2 OI

where we have used the fact that ¢;;(E) = —¢;;(E) foralli,j =1,...,q. Hence,

dS(E) _ 9S(E)
( OE,  OF; )"’”( )=

foralli,j=1,...,q. Now, the result follows from the fact that rank C =g — 1. O

Theorem 3.1 Consider the isolated (i.e., S(t) = 0 and d(E) = 0) interconnected dynamical system G
with the power balance equation (6). Assume that rankC = q — 1 and there exists an entropy function
S: ﬁz_ — R of G. Then the isolated system G is globally semistable with respect to FZ»

Proof. Since w(-) is essentially nonnegative, it follows from Proposition 21 that E(t) € R,
t > to, for all Eg € R%,. Furthermore, note that since e'w(E) = 0, E € RY,, it follows that
eTE(t) =0, t > tg. In this case, eTE(t) = eTE, t > ty, which implies that E(t), t > t, is bounded
for all Eg € RY.. Now, it follows from (8) that S(E(t)), t > to, is a nondecreasing function of
time, and hence, by the Krasovskii-LaSalle theorem (Haddad & Chellaboina (2008)), E(t) —
RE{Ec ﬁi : S(E) =0} as t — o0. Next, it follows from (8), Definition 3.1, and the fact that
rankC =g — 1, that R = {Ee]Rq : # == agg)} = &p.

Now, let E¢ € &y and consider the continuously differentiable function V : R7 — R defined by

V(E) £ S(Ee) — S(E) — Ae(e'Ee — eTE),

where A, £ %(Ee). Next, note that V(Ee) O, g‘é( o) = 73—‘; (Ee) 4+ AeeT =0, and, since S(-)
is a strictly concave function, 2 S E2 V(Ee) = (Ee) > 0, which implies that V(-) admits a local
minimum at Ee. Thus, V(Ee) =0, there ex1sts 5> 0such that V(E) >0, E € Bs(Ee)\{Ee}, and
V(E) = —S(E) < 0forall E € Bs(Ee)\{Ee}, which shows that V(-) is a Lyapunov function for
G and E, is a Lyapunov stable equilibrium of G. Finally, since, for every Ej € ﬁ'j_, E(t) — &
as t — oo and every equilibrium point of G is Lyapunov stable, it follows from Proposition 22
that G is globally semistable with respect to ﬁz_. O
In classical thermodynamics, the partial derivative of the system entropy with respect to the
system energy defines the reciprocal of the system temperature. Thus, for the interconnected
dynamical system G,

o (ST
Tl—( 3F, , i=1,...,q, )
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represents the temperature of the ith subsystem. Condition (7) is a manifestation of the second
law of thermodynamics and implies that if the temperature of the jth subsystem is greater than
the temperature of the ith subsystem, then energy (heat) flows from the jth subsystem to the
ith subsystem. Furthermore, %E’E) = %E/E) if and only if ¢;;(E) =0with C(; y =1,i #j, i,j =
1,...,q, implies that temperature equality is a necessary and sufficient condition for thermal
equilibrium. This is a statement of the zeroth law of thermodynamics. As a result, Theorem 3.1
shows that, for a strongly connected system G, the subsystem energies converge to the set
of equilibrium states where the temperatures of all subsystems are equal. This phenomenon
is known as equipartition of temperature (Haddad et al. (2010)) and is an emergent behavior in
thermodynamic systems. In particular, all the system energy is eventually transferred into
heat at a uniform temperature, and hence, all dynamical processes in G (system motions)
would cease.

The following result presents a sufficient condition for energy equipartition of the system, that
is, the energies of all subsystems are equal. And this state of energy equipartition is uniquely
determined by the initial energy in the system.

Theorem 3.2 Consider the isolated (i.e., S(t) = 0 and d(E) = 0) interconnected dynamical system
G with the power balance equation (6). Assume that rankC = q — 1 and there exists a continuously
differentiable, strictly concave function f : Ry — R such that the entropy function S : ﬁi — R of
G is given by S(E) = ):?Zlf(Ei). Then, the set of ninnegative equilibrium states of (6) is given by
Eo={we: a >0} and G is semistable with respect to RY, . Furthermore, E(t) — %eeTE(to) ast— co
and %eeTE(tO) is a semistable equilibrium state of G.

Proof. First, note that since f(-) is a continuously differentiable, strictly concave function it

follows that
df df g ..
(dE dE>(E E])_O, EeRY, ij=1,...,4,

which implies that (7) is equivalent to
(Ei - E]-> $ii(E) <0, E€RL, i#j, ij=1...4,

and E; = E; if and only if 4Jij(E) = 0 with CW) =1,i#j,ij=1,...,q. Hence, —ETE is
an entropy function of G. Next, with S(E) = —%ETE, it follows from Proposition 3.1 that
& = {ae € R",x > 0}. Now, it follows from Theorem 3.1 that G is globally semistable
with respect to ﬁi. Finally, since e'E(t) = eTE(ty) and E(t) — M as t — oo, it follows
that E(t) — %eeTE(to) as t — oo. Hence, with a = —eTE(tO) e = %ee E(tp) is a semistable
equilibrium state of (6). O
If f(E;) = log,(c + E;), where ¢ > 0, so that S(E) = Z?:lloge(c + E;), then it follows
from Theorem 32 that & = {ae : « > 0} and the isolated (i.e., S(t) =0 and d(E) = 0)
interconnected dynamical system G with the power balance equation (6) is semistable. In
this case, the absolute temperature of the ith compartment is given by c + E;. Similarly, if
S(E) = —1ETE, then it follows from Theorem 32 that & = {ae: a > 0} and the isolated
(i.e., S(t) =0 and d(E) = 0) interconnected dynamlcal s?/stem G with the power balance
equation (6) is semistable. In both these cases, E —eeTE (to) as t — oo. This shows

that the steady-state energy of the isolated interconnected dynamical system G is given by
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%eeTE(tO) = %Z?:l E;(tg)e, and hence, is uniformly distributed over all subsystems of G.
This phenomenon is known as energy equipartition (Haddad et al. (2005)). The aforementioned
forms of S(E) were extensively discussed in the recent book by Haddad et al. (2005) where
S(E) =Y log,(c+E;) and —S(E) = JETE are referred to, respectively, as the entropy and
the ectropy functions of the interconnected dynamical system G.

4. Work energy, free energy, heat flow, and Clausius’ inequality

In this section, we augment our thermodynamic energy flow model G with an additional
(deformation) state representing subsystem volumes in order to introduce the notion of
work into our thermodynamically consistent state space energy flow model. Specifically, we
assume that each subsystem can perform (positive) work on the environment as well as the
environment can perform (negative) work on the subsystems. The rate of work done by the ith
subsystem on the environment is denoted by d,; : Fz_ X ]Ri —+Ry,i=1,...,q, the rate of work
done by the environment on the ith subsystem is denoted by Sy; : [0,00) — Ry,i=1,..,.q,
and the volume of the ith subsystem is denoted by V; : [0,00) — Ry, i=1,...,q. The net work
done by each subsystem on the environment satisfies

pi(E,V)dV; = (dwi(E, V) — Syi(t))dt, (10)

where p;(E,V),i=1,...,q, denotes the pressure in the ith subsystem and V £ [V1,.. .,Vq]T.
Furthermore, in the presence of work, the energy balance equation (5) for each subsystem can
be rewritten as

dE; = w;(E,V)dt — (dyi(E,V) — Sui())dt — 0 (E, V)t + S (1)dl, (11)

where w;(E,V) £ 2?11,#14’1‘]‘(15/‘/)/ dij :RY xRY - R, i#j,i,j=1,..,q, denotes the net
instantaneous rate of energy (heat) flow from the jth subsystem to the ith subsystem, o;; :
ﬁi X ]Ri —Ry,i=1,.. .,q, denotes the instantaneous rate of energy dissipation from the ith
subsystem to the environment, and, as in Section 3, S; : [0,00) = R, i =1,...,4, denotes the
external power supplied to (or extracted from) the ith subsystem. It follows from (10) and (11)
that positive work done by a subsystem on the environment leads to a decrease in internal
energy of the subsystem and an increase in the subsystem volume, which is consistent with
the first law of thermodynamics.

The definition of entropy for G in the presence of work remains the same as in Definition 3.1
with S(E) replaced by S(E, V) and with all other conditions in the definition holding for every
V >> 0. Next, consider the ith subsystem of G and assume that E i and V;,j#1i,i=1,...,q,are
constant. In this case, note that

ds _ a8 dE; 35 dVi
dt ~ 9E; dt 9V, dt

‘ NS AN
p,(E,V)—(a—Ei> <8T/l>’ i=1,...,4q. (13)

(12)

and define
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It follows from (10) and (11) that, in the presence of work energy, the power balance equation
(6) takes the new form involving energy and deformation states

E(t) = w(E(t),V(t) —dw(E(),V(£) + Sw(t) — d(E(), V(1)) + S(t),
E(tp) =Ep, t>ty, (14)
V(t) = D(E®),V(H)(dw(E(®), V() =Sw(t), V() =W, (15)

where w(E,V) £ [wy(E,V),...,wy(E,V)]T, dw(E,V) £ [dw1(E,V),..., dwg(E,V)]T, Sw(t) &
[Swi(t),...,Swq(D)]T, d(E, V) £ [011(E, V),...,044(E,V)]T, S(t) £ [S1(t),...,S4(1)]T, and

. aS "\ [ as\ ! aS\ /a8 \ !
Note that
oS(E,V) __9S(E,V)
<T) DEV) = —Fp— (17)

The power balance and deformation equations (14) and (15) represent a statement of the first
law of thermodynamics. To see this, define the work L done by the interconnected dynamical
system G over the time interval [t1,t;] by

L2 /ttz el [dw (E(t), V(1)) — Sw(t)]dt, -

where [ET(t), VT (#)]T, t > to, is the solution to (14) and (15). Now, premultiplying (14) by e’
and using the fact that eTw(E, V) =0, it follows that

AU=-L+0Q, (19)

where AU = U(ty) — U(t;) £ eTE(ty) — eTE(t;) denotes the variation in the total energy of
the interconnected system G over the time interval [ty, ;] and

Q é/ttz el [S(t) — d(E(t),V(t))]dt o0

denotes the net energy received by G in forms other than work.

This is a statement of the first law of thermodynamics for the interconnected dynamical system
G and gives a precise formulation of the equivalence between work and heat. This establishes
that heat and mechanical work are two different aspects of energy. Finally, note that (15)
is consistent with the classical thermodynamic equation for the rate of work done by the
system G on the environment. To see this, note that (15) can be equivalently written as
dL = eTD_l(E,V)dV, which, for a single subsystem with volume V and pressure p, has the
classical form

dL = pdV. 1)
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It follows from Definition 3.1 and (14)—(17) that the time derivative of the entropy function
satisfies

dS(E,V) . dS(EV)

SEV) = TRV
_ %w(EV) - %(dw(av) —Sw(®)
—@(d(EV)—S(t))—&—%D(EfV)(dw(E/V)_S (1))
=y BEV) $ e+ Y SEY (6 gy
im 9B s =
7.4 JS(E,V JS(E,V
— le< éEi ) _ E()E )><Pij(E,V)
i=1j=i+1
q
0y P (s - i(Ev)
> Y BN 50 aie V), (V)R R 22)

Noting that dQ; £ [S; — ¢;;(E)]dt, i = 1,...,q, is the infinitesimal amount of the net heat
received or dissipated by the ith subsystem of G over the infinitesimal time interval dt, it
follows from (22) that

dQ;

> .
dS(E)> ). 5

(23)

M-

i=1

Inequality (23) is the classical Clausius inequality for the variation of entropy during an
infinitesimal irreversible transformation.

Note that for an adiabatically isolated interconnected dynamical system (i.e., no heat exchange
with the environment), (22) yields the universal inequality

S(E(t), V() = S(E(h),V(t1)), t=Hh, (24)

which implies that, for any dynamical change in an adiabatically isolated interconnected
system G, the entropy of the final system state can never be less than the entropy of the initial
system state. In addition, in the case where (E(t),V(t)) € Me, t > tg, where Me = {(E,V) €
ﬁi_ X ﬁz_ :E=we,a>0,Ve ]RZ_}, it follows from Definition 3.1 and (22) that inequality (24) is
satisfied as a strict inequality for all (E,V) € (ﬁi X ﬁi )\Me. Hence, it follows from Theorem
2.15 of Haddad et al. (2005) that the adiabatically isolated interconnected system G does not
exhibit Poincaré recurrence in (R7. x R7.)\ Me.

Next, we define the Gibbs free energy, the Helmholtz free energy, and the enthalpy functions for
the interconnected dynamical system G. For this exposition, we assume that the entropy of G
is a sum of individual entropies of subsystems of G, thatis, S(E,V) = Y.I_, Si(E;, Vi), (E,V) €
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ﬁi X ]Ri. In this case, the Gibbs free energy of G is defined by

GEV) 2 oTE— 2(88 (E, V)) Si(E V) JFZ(BS(I;V)) (asg]‘:"/;V))‘/i/

(EV)eR], xR, (25

the Helmholtz free energy of G is defined by

F(E,V)2e"E - Z (%) Si(E, Vi), (E,V)eRL xRY, (26)
i=1 !

and the enthalpy of G is defined by

H(E, V)2 eTE+ Z <as (E, V)) (aSé'EV{V)) Vi, (E,V)eR] xRY. 27)

Note that the above definitions for the Gibbs free energy, Helmholtz free energy, and enthalpy
are consistent with the classical thermodynamic definitions given by G(E,V) = U + pV —
TS, F(E,V) =U—TS, and H(E,V) = U + pV, respectively. Furthermore, note that if the
interconnected system G is isothermal and isobaric, that is, the temperatures of subsystems of G
are equal and remain constant with

AS(EVINT'  (aS(EV)\T
(T) _..._(Tq) —T>0, (28)

and the pressure p;(E,V) in each subsystem of G remains constant, respectively, then any
transformation in G is reversible.
The time derivative of G(E, V) along the trajectories of (14) and (15) is given by

4 _ T aSEV) “1TOS(E,V) . | S(EV) .,
GEV) — B Z( ) [ e Y
1. /dS(E,V)\ ! (dS(E, V)
2 (" ) ()
= 0, (29)

which is consistent with classical thermodynamics in the absence of chemical reactions.
For an isothermal interconnected dynamical system G, the time derivative of F(E,V) along
the trajectories of (14) and (15) is given by

e - £S5 (S
: é(“éi ) ()

Il
MQ

(dwi(E, V) = Swi(t))

= L (30)

Il
—_
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where L is the net amount of work done by the subsystems of G on the environment.
Furthermore, note that if, in addition, the interconnected system G is isochoric, that is, the
volumes of each of the subsystems of G remain constant, then F(E,V) = 0. As we see in the
next section, in the presence of chemical reactions the interconnected system G evolves such
that the Helmholtz free energy is minimized.

Finally, for the isolated (S(¢) = 0 and d(E,V) = 0) interconnected dynamical system G, the
time derivative of H(E, V) along the trajectories of (14) and (15) is given by

oTE L Z <as (E, V)) (asgi;x/)) v,

= TE Y (ilE V) — i)
i=1

= elw(EV)
0. (31)

H(E,V)

5. Chemical equilibria, entropy production, and chemical thermodynamics

In its most general form thermodynamics can also involve reacting mixtures and combustion.
When a chemical reaction occurs, the bonds within molecules of the reactant are broken, and
atoms and electrons rearrange to form products. The thermodynamic analysis of reactive
systems can be addressed as an extension of the compartmental thermodynamic model
described in Sections 3 and 4. Specifically, in this case the compartments would qualitatively
represent different quantities in the same space, and the intercompartmental flows would
represent transformation rates in addition to transfer rates. In particular, the compartments
would additionally represent quantities of different chemical substances contained within the
compartment, and the compartmental flows would additionally characterize transformation
rates of reactants into products. In this case, an additional mass balance equation is included
for addressing conservation of energy as well as conservation of mass. This additional
mass conservation equation would involve the law of mass-action enforcing proportionality
between a particular reaction rate and the concentrations of the reactants, and the law of
superposition of elementary reactions assuring that the resultant rates for a particular species
is the sum of the elementary reaction rates for the species.

In this section, we consider the interconnected dynamical system G where each subsystem
represents a substance or species that can exchange energy with other substances as well
as undergo chemical reactions with other substances forming products. Thus, the reactants
and products of chemical reactions represent subsystems of G with the mechanisms of heat
exchange between subsystems remaining the same as delineated in Section 3. Here, for
simplicity of exposition, we do not consider work done by the subsystem on the environment
nor work done by the environment on the system. This extension can be easily addressed
using the formulation in Section 4.

To develop a dynamical systems framework for thermodynamics with chemical reaction
networks, let g be the total number of species (i.e., reactants and products), that is, the number
of subsystems in G, and let X;, j =1,...,q, denote the jth species. Consider a single chemical
reaction described by

9
Y AKX 5 Y BX; (32)
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where A i B it j=1,...,q, are the stoichiometric coefficients and k denotes the reaction rate. Note
that the values of Aj corresponding to the products and the values of B i corresponding to the
reactants are zero. For example, for the familiar reaction

2H, + 0, -5 2H,0, (33)

X1, Xp, and X3 denote the species Hy, Oy, and HyO, respectively,and A; =2, Ap =1, A3 =0,
Bl IO,BZZO,anngzz.
In general, for a reaction network consisting of » > 1 reactions, the ith reaction is written as

q
ki .
y Ainjg),ZlBinjz i=1...r (34)
=

where, fori =1,...,r, k; > 0 is the reaction rate of the ith reaction, 27:1 Al-]-Xj is the reactant
of the ith reaction, and 27:1 Bj;X; is the product of the ith reaction. Each stoichiometric
coefficient A;; and B;; is a nonnegative integer. Note that each reaction in the reaction network

(34) is represented as being irreversible.2 Reversible reactions can be modeled by including
the reverse reaction as a separate reaction. The reaction network (34) can be written compactly
in matrix-vector form as

AX 55 BX, (35)

where X = [Xj,...,X4]T is a column vector of species, k = [k, ...,k,]T € R"_is a positive vector
of reaction rates, and A € R"*7 and B € R"*1 are nonnegative matrices such that A(; ) = A;;
and B(l,]) = Bij/ i= 1,. ..,1",j = 1,.. 4.

Let nj : [0,00) — R, j=1,...,q, denote the mole number of the jth species and define
n £ [ny,...,ng]". Invoking the law of mass-action (Steinfeld et al. (1989)), which states that, for
an elementary reaction, that is, a reaction in which all of the stoichiometric coefficients of the
reactants are one, the rate of reaction is proportional to the product of the concentrations of
the reactants, the species quantities change according to the dynamics (Haddad et al. (2010);
Chellaboina et al. (2009))

i(t) = (B—A)TKn(t), n(0)=ny, t>t, (36)

where K £ diaglky, ..., k] € P" and

q Aij An A
Ijamy nyeng
A . . o
nA & : - : eR. 37)
q A'/ An . A"ﬂ
[lym; ny ny

For details regarding the law of mass-action and Equation (36), see Erdi & Toth (1988);
Haddad et al. (2010); Steinfeld et al. (1989); Chellaboina et al. (2009). Furthermore, let M; > 0,

2[rreversibility here refers to the fact that part of the chemical reaction involves generation of products
from the original reactants. Reversible chemical reactions that involve generation of products from the
reactants and vice versa can be modeled as two irreversible reactions; one of which involves generation of
products from the reactants and the other involving generation of the original reactants from the products.
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i=1...,4 denotg the molar mass (i.e., the mass of one mole of a substance) of the jth species,
let m;: [0,00) - Ry, j=1,...,q, denote the mass of the jth species so that m;(t) = M;n(t),
t>tg,j=1,...,q, and let m £ [ml,...,mq]T. Then, using the transformation m(t) = Mn(t),
where M £ diag[Mj, ..., M,] € PY, (36) can be rewritten as the mass balance equation

ii(t) = M(B— A)TRmA(t), m(0) =mg, t>t, (38)

where K £ diag b kP
H?lej K H}Ll M/ !
In the absence of nuclear reactions, the total mass of the species during each reaction in (35)
is conserved. Specifically, consider the ith reaction in (35) given by (34) where the mass of the
reactants is Z?Zl A;iM; and the mass of the products is Z?:1 B;jM;. Hence, conservation of
mass in the ith reaction is characterized as
q
Y (Bijj—Ajj)M;j=0, i=1,..r, (39)
j=1

or, in general for (35), as
e!M(B—-A)T=o0. (40)

Note that it follows from (38) and (40) that eTs(t) = 0.

Equation (38) characterizes the change in masses of substances in the interconnected
dynamical system G due to chemical reactions. In addition to the change of mass due to
chemical reactions, each substance can exchange energy with other substances according to
the energy flow mechanism described in Section 3; that is, energy flows from substances at
a higher temperature to substances at a lower temperature. Furthermore, in the presence
of chemical reactions, the exchange of matter affects the change of energy of each substance
through the quantity known as the chemical potential.

The notion of the chemical potential was introduced by Gibbs in 1875-1878 (Gibbs (1875;
1878)) and goes far beyond the scope of chemistry effecting virtually every process in nature
(Baierlein (2001); Fuchs (1996); Job & Herrmann (2006)). The chemical potential has a strong
connection with the second law of thermodynamics in that every process in nature evolves from
a state of higher chemical potential towards a state of lower chemical potential. It was postulated
by Gibbs (1875; 1878) that the change in energy of a homogeneous substance is proportional
to the change in mass of this substance with the coefficient of proportionality given by the
chemical potential of the substance.

To elucidate this, assume the jth substance corresponds to the jth compartment and consider
the rate of energy change of the jth substance of G in the presence of matter exchange. In this
case, it follows from (5) and Gibbs’ postulate that the rate of energy change of the jth substance
is given by

9
Ei(t) = ! D 4’jk(E(t))]_‘Tjj(E(t))+Sj(t)+Vj(E(t)rm(t))mj(t)r Ej(to) = Ejo,

kTR
t> tO/ (41)

where i : Fi X ﬁz_ — R, j=1,...,q, is the chemical potential of the jth substance. It follows
from (41) that ;(-,-) is the chemical potential of a unit mass of the jth substance. We assume
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that if Ej =0, thenu ]-(E, m)=0,j=1,...,q, which implies that if the energy of the jth substance
is zero, then its chemical potential is also zero.

Next, using (38) and (41), the energy and mass balance equations for the interconnected
dynamical system G can be written as

E(t) = w(E(t))+ P(E(t),m(t))M(B— A)"Rm? (t) — d(E(t)) +S(t), E(to) = Eo,
t>ty, (42)
M(B — A)TRm?(t), m(0) =my, (43)

3
-~
-
=
Il

where P(E,m) £ diag[py (E,m), ..., 1qg(E,m)] € R7*7 and where w(-), d(-), and S(-) are defined
as in Section 3. It follows from Proposition 1 of Chellaboina et al. (2009) that the dynamics of
(43) are essentially nonnegative and, since p;(E,m) =01if E; =0, j=1,...,4, it also follows
that, for the isolated dynamical system G (i.e., S(t) = 0 and d(E) = 0), the dynamics of (42)
and (43) are essentially nonnegative.

Note that, for the ith reaction in the reaction network (35), the chemical potentials of the
reactants and the products are Z]q.:l AiiM;p;(E,m) and 27:1 BjjM;pu;(E,m), respectively. Thus,

q 9 - -
Z iiMjpj(E,m) Z iiMjpj(E,m) <0, (E,m)eR] xR, (44)
]:

is a restatement of the principle that a chemical reaction evolves from a state of a greater
chemical potential to that of a lower chemical potential, which is consistent with the
second law of thermodynamics. The difference between the chemical potential of the
reactants and the chemical potential of the products is called affinity (DeDonder (1927);
DeDonder & Rysselberghe (1936)) and is given by

9 q
:-21 iiMjp;(E,m) — Z iiMjpi(E,m) >0, i=1,..,r (45)
]:

Affinity is a driving force for chemical reactions and is equal to zero at the state of chemical
equilibrium. A nonzero affinity implies that the system in not in equilibrium and that chemical
reactions will continue to occur until the system reaches an equilibrium characterized by zero
affinity. The next assumption provides a general form for the inequalities (44) and (45).

Assumption 51 For the chemical reaction network (35) with the mass balance equation (43), assume
that y(E,m) >> 0 for all E # 0 and

(B— A)Mu(E,m) <<0, (E,m)eR} xR, (46)
or, equivalently,
v(E,m) = (A — B)Mu(E,m) >>0, (E,m)eR} xR%, (47)

where p(E,m) £ [y (E,m),...,1uq(E,m)]" is the vector of chemical potentials of the substances of G
and v(E, m) é [v1(E,m),.. .,1/,(E,m)]T is the affinity vector for the reaction network (35).
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Note that equality in (46) or, equivalently, in (47) characterizes the state of chemical
equilibrium when the chemical potentials of the products and reactants are equal or,
equivalently, when the affinity of each reaction is equal to zero. In this case, no reaction occurs
and 7i1(t) =0, t > 1.

Next, we characterize the entropy function for the interconnected dynamical system G with
the energy and mass balance equations (42) and (43). The definition of entropy for G in the
presence of chemical reactions remains the same as in Definition 3.1 with S(E) replaced by
S(E,m) and with all other conditions in the definition holding for every m >> 0. Consider
the jth subsystem of G and assume that Ey and my, k # j, k=1,...,q, are constant. In this case,
note that

ds _ 05 dE; s dm;

dt — 9E; dt ~ dm; dt 48
and recall that
oS oS
il o ) 4
aEP(E,m) + 3 0 (49)

Next, it follows from (49) that the time derivative of the entropy function S(E,m) along the
trajectories of (42) and (43) is given by

OS(E,m) . , OS(E,m)

ww(g) (@P(E,m)—&-%) M(B — A)TRm*
~ 3S(E,m) 0S(E,m) oS (E,m)
= o WE) F S = = d(E)

9 4
Y ) (asgi,@ - aséi}m)) y(E)+ 2 s (0 - )
i=1j=i+1 !

(E,m) e R}, xR, (50)
For the isolated system G (i.e., S(t) =0 and d(E) = 0), the entropy function of G is a

nondecreasing function of time and, using identical arguments as in the proof of Theorem

3.1, it can be shown that (E(t),m(t)) = R £ {(E,m) eR] xRT : %Elm) =...= %gm)} as

t — oo for all (Eg,mg) € R} x RY.
The entropy production in the interconnected system G due to chemical reactions is given by

JdS(E,m
dSi(E,m) = %dm
= f%P(E,m)M(B — A)TRmAdt, (E;m)eRL xRL.  (51)
If the interconnected dynamical system G is isothermal, that is, all subsystems of G are at the
same temperature
AS(Eom)\ ' [(aS(Em)\ '
() - ()
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where T > 0 is the system temperature, then it follows from Assumption 5.1 that
1 N
dS;(E,m) = —TeTP(E,m)M(B — A)TRmAdt
1 ~
= - TyT(E,m)M(B — A)TRmAdt

1 _
= TVT(E,m)KmAdt

Y%

0, (Em)eR: xRY. (53)

Note that since the affinity of a reaction is equal to zero at the state of a chemical equilibrium,
it follows that equality in (53) holds if and only if v(E,m) = 0 for some E € Fi and m € Fi-

Theorem 5.1 Consider the isolated (i.e., S(t) = 0 and d(E) = 0) interconnected dynamical system G
with the power and mass balance equations (42) and (43). Assume that rankC = q — 1, Assumption
51 holds, and there exists an entropy function S : R}, x R, — R of G. Then (E(t),m(t)) — R as
t — oo, where (E(t),m(t)), t > to, is the solution to (42) and (43) with the initial condition (Ey,mg) €
R% xRY and

oS (E,m) oS (E,m)

R={(Em)eRL xRL: 27 — ... = "X and v(E,m :0}, 54
{Em e «m: 2 SE and v(E,m) 64

where v(-,-) is the affinity vector of G.
Proof. Since the dynamics of the isolated system G are essentially nonnegative, it follows from
Proposition 21 that (E(t),m(t)) € RT. x RY, t > to, for all (Eg,mp) € R}, x R%.. Consider a
scalar function v(E,m) = e'E +eTm, (E,m) € ﬁi X ﬁi, and note that v(0,0) =0and v(E, m) >
0, (E,m) € RY, xR, (E,m) # (0,0). It follows from (40), Assumption 5.1, and e"w(E) = 0 that
the time derivative of v(-,-) along the trajectories of (42) and (43) satisfies
o(E;m) = e'E+elm

= e'P(E,m)M(B — A)TRm"

= uY(E,m)M(B — A)TRm"

= —v(E,m)Rm*

0, (Em)eR) xRY, (55)

IN

which implies that the solution (E(t),m(t)), t > tp, to (42) and (43) is bounded for all initial
conditions (Eg,mg) € RY. x RY..
Next, consider the function 3(E,m) = e’ E + e'm — S(E,m), (E,m) € R}, x R’.. Then it follows
from (50) and (55) that the time derivative of 4(-,-) along the trajectories of (42) and (43)
satisfies

(E,m) e'E + eVt — S(E,m)

9 q
= TEmRmt -y Y (a‘ggi’im) - g;””) 04 (E)

Il
3

IA
°
™
2

eR] xR7, (56)
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which implies that ¢(-,-) is a nonincreasing function of time, and hence, by the
Krasovskii-LaSalle theorem (Haddad & Chellaboina (2008)), (E(t),m(t)) — R = {(E,m) €
EZ— X EZ— : 6(E,m) =0} as t — co. Now, it follows from Definition 3.1, Assumption 5.1, and
the fact that rankC = g — 1 that

—q —q OS(E,m) dS(E,m)
_ q q . — .= o\
R = {(E,m)e]R+><]R+.7aEl o,
N{(E,m) € R%. x R% : v(E,m) =0}, (57)
which proves the result. O

Theorem 5.1 implies that the state of the interconnected dynamical system G converges to
the state of thermal and chemical equilibrium when the temperatures of all substances of G
are equal and the masses of all substances reach a state where all reaction affinities are zero
corresponding to a halting of all chemical reactions.

Next, we assume that the entropy of the interconnected dynamical system G is a sum of
individual entropies of subsystems of G, that is, S(E,m) = 27 1S;(Ej,mj), (E,;m) € R} xRY.
In this case, the Helmholtz free energy of G is given by

-1
F(E,m)=e'E — 2 (as (E, m)> Si(Ej,m;), (E;m)eR} xR (58)

If the interconnected dynamical system G is isothermal, then the derivative of F(-,-) along the
trajectories of (42) and (43) is given by

-1
E(E,m) = eTE—f<aSéEE;m)> Sj(E]-,m]-)
j=1
ey (asoam))‘l {asjwf,m»,:— o5, (Eym)
= oE; oE; I on; "
= uT(E,m)M(B — A)TRm*
= —vT(E,m)Rm*
< 0, (Em)eRl. xR, (59)

with equality in (59) holding if and only if v(E,m) = 0 for some E € ﬁi and m € ﬁi, which
determines the state of chemical equilibrium. Hence, the Helmholtz free energy of G evolves
to a minimum when the pressure and temperature of each subsystem of G are maintained
constant, which is consistent with classical thermodynamics. A similar conclusion can be
arrived at for the Gibbs free energy if work energy considerations to and by the system are
addressed. Thus, the Gibbs and Helmholtz free energies are a measure of the tendency for
a reaction to take place in the interconnected system G, and hence, provide a measure of the
work done by the interconnected system G.

6. Conclusion

In this paper, we developed a system-theoretic perspective for classical thermodynamics
and chemical reaction processes. In particular, we developed a nonlinear compartmental
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model involving heat flow, work energy, and chemical reactions that captures all of the key
aspects of thermodynamics, including its fundamental laws. In addition, we showed that the
interconnected compartmental model gives rise to globally semistable equilibria involving
states of temperature equipartition. Finally, using the notion of the chemical potential, we
combined our heat flow compartmental model with a state space mass-action kinetics model
to capture energy and mass exchange in interconnected large-scale systems in the presence
of chemical reactions. In this case, it was shown that the system states converge to a state of
temperature equipartition and zero affinity.
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1. Introduction
Limitations of thermodynamics based on the quantum statistical mechanics

An increased interest in using equilibrium thermodynamics as an independent macrotheory
can be observed in recent years. From a fundamental standpoint, thermodynamics gives
an universal macrodescription of nature in which using specific micromodels of objects
is unnecessary. From a pragmatic standpoint, there is obviously a demand for using
thermodynamics both to describe the behavior of relatively small objects (nanoparticles, etc.)
at low temperatures and to study high-energy physics (including the quark—gluon plasma).
As is well known, phenomenological thermodynamics is based on four laws. Among them,
the zero law is basic. It relates the fundamental idea of thermal equilibrium of an object to
its environment, called a heat bath. In this theory, in which all macroparameters are exactly
defined, the zero law is a strict condition determining the concept of temperature:

T=T, (1)

where T is the object temperature and Tj is the heat bath temperature.

In the same time there exists also statistical thermodynamics (ST). In its nonquantum version
founders of which were Gibbs and Einstein {LaLi68},{Su05} all macroparameters are
considered random values fluctuating about their means. It is assumed here that the concept
of thermal equilibrium is preserved, but its content is generalized. It is now admitted that the
object temperature experiences also fluctuations J T because of the thermal stochastic influence
of the heat bath characterized by the Boltzmann constant kz. As a result, the zero law takes
the form of a soft condition, namely,

T =Ty+6T = (T) +6T. )

Here the average object temperature (T) coincides with Ty and ((6T)?) = (AT)? has the
meaning of the object temperature dispersion.

To preserve the thermodynamic character of this description, it is simultaneously assumed
that the values of the dispersion of any macroparameter A; is bounded by the condition
(AA;)?/(A;)? < 1. This means that for the dispersion (AT)? there is the requirement

(AT?Z <1 3)
0
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In other words, the zero law of the nonquantum version of statistical thermodynamics is not
just one condition (2) but the set of conditions (2) and (3).

We stress that nonquantum version of statistical thermodynamics (see chap. 12 in {LaLi68})
absolutely does not take the quantum stochastic influence characterized by the Planck
constant 7 into account. At the same time, it is well known from quantum dynamics that
the characteristics of an object can experience purely quantum fluctuations when there are
no thermal effects. In the general case, both quantum and thermal types of environment
stochastic influences determining macroparameters and their fluctuations are simultaneously
observed in experiments. In this regard, it is necessary to develop a theory such that the
approaches of quantum mechanics and nonquantum version of statistical thermodynamics
can be combined.

Today, there exists a sufficiently widespread opinion that thermodynamics based on quantum
statistical mechanics (QSM-based thermodynamics) has long played the role of such a theory
quite effectively. But this theoretical model is probably inadequate for solving a number of
new problems. In our opinion, this is due to the following significant factors.

First, QSM-based thermodynamics is not a consistent quantum theory because it plays the
role of a quasiclassical approximation in which the nonzero energy of the ground state is not
taken into account. Second, the theory is not a consistent statistical theory because it does
not initially contain fluctuations of intensive macroparameters (primarily, of temperature).
However, the temperature fluctuations in low-temperature experiments are sufficiently
noticeable for small objects, including nanoparticles and also for critical phenomena. Third,
the assertion that the minimal entropy is zero in it, is currently very doubtful. Fourth, in this
theory, the expression ® = kgT is used as a modulus of the distribution for any objects at any
temperature. This corresponds to choosing the classical model of the heat bath {Bog67} as a
set of weakly coupled classical oscillators. Then a microobject with quantized energy is placed
in it. Thus, quantum and thermal influences are considered as additive. Fifth, in this theory at
enough low temperatures the condition (3) is invalid for relative fluctuations of temperature.
As aresult, in QSM-based thermodynamics, it is possible to calculate the means of the majority
of extensive macroparameters with the account of quantum stochastic influence. However,
using the corresponding apparatus to calculate fluctuations of the same macroparameters
leads to the violation of condition that is analogical one (3). This means that full value
statistical thermodynamics as a macrotheory cannot be based completely on QSM as a
microtheory.

To obtain a consistent quantum-thermal description of natural objects, or modern stochastic
thermodynamics (MST), in our opinion, it is possible to use two approaches. Nevertheless,
they are both based on one general idea, namely, replacing the classical model of the heat bath
with an adequate quantum model, or a quantum heat bath (QHB) {Su99}.

The first of these approaches is described in the Sect. 1 {Su08}. We modify the
macrodescription of objects in the heat bath by taking quantum effects into account in
the framework of nonquantum version of statistical thermodynamics with an inclusion of
temperature fluctuations but without using the operator formalism. In this case, based
on intuitive considerations, we obtain a theory of effective macroparameters (TEM) as a
macrotheory.

In the Sect. 2 we modify standard quantum mechanics taking thermal effects into account
{SuGo09}. As a result, we formulate a quantum-thermal dynamics or, briefly, (7, k)-dynamics
(kD) as a microtheory. The principal distinction from QSM is that in such a theory, the state
of a microobject under the conditions of contact with the QHB is generally described not by



Modern Stochastic Thermodynamics 75

the density matrix but by a temperature-dependent complex wave function.

In the Sect. 3 we overcome the main paradox appearing in QSM-based thermodynamics
at calculation of macroparameters fluctuations. It is that at account of quantum effects its
results fall outside the scope of the thermodynamics. We develop the theory of the effective
macroparameters fluctuations (TEMF) combining TEM and 7ikD. We also investigate effective
macroparameters obeying the uncertainties relations (URs) and offer a criterion for the choice
of conjugate quantities.

2. Theory of effective macroparameters as a macroscopic ground of modern
stochastic thermodynamics

At first we construct MST in the form of a macrotheory or TEM. That is a generalization of
nonquantum version of statistical thermodynamics. The development of this theory is based
on a main MST postulate reduced to statements:

A. Stochastic influences of quantum and thermal types are realized by an environment to
which the QHB model is assigned.

B. The state of thermal equilibrium between the object and the QHB is described by an
effective temperature.

C. The physical characteristics of objects of any complexity at any temperature are described
by effective macroparameters to which random c-number quantities are assigned.

D. The main thermodynamic relations are formulated for the corresponding effective macro-
parameters; moreover, their standard forms are preserved, including zero law (2)-(3).

2.1 Effective temperature

We note that by changing the form of the zero law from (1) to (2) - (3), we take into
account that the object temperature can fluctuate. Therefore, the only possibility (probably still
remaining) is to modify the model of the heat bath, which is a source of stochastic influences,
by organically including a quantum-type influence in it.

Because an explicit attempt to modify the heat bath model is made by as for the first time, it
is useful first to make clear what is tacitly taken for such a model in the nonquantum version
of statistical thermodynamics. As follows from Chap. 9 in the Gibbs’s monograph {Gi60}, it
is based on the canonical distribution

dw (&) = eF=6)/94¢ (4)

in the macroparameters space !. The object energy & = £(V,T) in it is a random quantity

whose fluctuations (for V = const) depend on object temperature fluctuations according
to zero law (2)-(3); F is the free energy determined by the normalization condition. The
distribution modulus

O =kgT) ®)
has a sense of the energy typical of a definite heat bath model.
Up to now, according to the ideas of Bogoliubov {Bog67}, a heat bath is customarily modeled
by an infinite set of normal modes each of which can be treated as an excitation of a chain

1We emphasize that distribution (4) is similar to the canonical distribution in classical statistical
mechanics (CSM) only in appearance. The energy € = €(p,q) in the latter distribution is also a random
quantity, but its fluctuations depend on the fluctuations of the microparameters p and g at the object
temperature defined by the formula (1).
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of weakly coupled oscillators. As follows from experiments, the quantity kgTy in relatively
narrow ranges of frequencies and temperatures has the meaning of the average energy (e.)
of the classical normal mode. It can therefore be concluded from formulae (4) and (5) that the
heat bath model that can be naturally called classical is used in the nonquantum version of
statistical thermodynamics. From a modern standpoint, the experimental data in some cases
cannot be interpreted using such a model, on which, we stress, QSM is also based.

In what follows, we propose an alternative method for simultaneously including quantum-
and thermal-type stochastic influences. According to the main MST postulate, we pass from
the classical heat bath model to a more general quantum model, or QHB. As a result, all effects
related to both types of environment stochastic influences on the objects can be attributed to
the generalized heat bath. However, the thermodynamic language used to describe thermal
equilibrium can be preserved, i.e., we can explicitly use no the operator formalism in this
language. For this, as the QHB model, we propose to choose the set consisting of an infinite
number of quantum normal modes, each with the average energy

<€qu> = h7w + h(&)(ehw/(kBTo) — 1)71 = 7;17("‘]COth2;?]37("‘),1_0 (6)
over the entire ranges of frequencies and temperatures, which agrees with experiments. This
means that in the QHB, we determine the expression for the distribution modulus © by the
more general condition ® = (equ), instead of the condition ® = () typical of the classical
model.

Further, according to the main MST postulate, we propose to write the quantity © as

© = kp(Tef)o- @)
It is significant that the introduced quantity

<€qu> hw hiw
(Tor)o = = — coth
of ky — 2kg  2kgTo

)

has the meaning of the effective QHB temperature. It fixes the thermal equilibrium condition
in the case when stochastic influences of both types are taken into account on equal terms. It
depends on both fundamental constants 7 and k.

We could now formulate a zero law similar to (2)-(3) as the interrelation condition for the
effective object and QHB temperatures T,f and (T,r)o. But we restrict ourself here to the
consideration of problems in which it is not necessary to take the fluctuations of the effective
object temperature into account. We therefore set

(Tef)O = Tef and TO =T

in all formulae of Sections 1 and 2. The quantum generalization of macroparameters
fluctuations theory (TEMF) is the subject of the Sect 3.

We call attention to the fact that the effective object temperature T, is a function of two
object characteristics w and T. In this case, equilibrium thermal radiation with a continuous
spectrum is manifested as a QHB with a temperature T on the Kelvin scale. Under these
conditions, we have not only T = Ty but also w = wy as the thermal equilibrium state is
reached, i.e., it is as if the object made a resonance choice of one of the QHB modes whose
frequency wy coincides with its characteristic frequency w. It is necessary to choose the
corresponding frequency from either the experiment or some intuitive considerations. In
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this regard, we can assume that the MST can at least be applied to a wide class of objects
whose periodic or conditionally periodic motions can be assigned to independent degrees of
freedom.

We note that the frequency w and the temperature T (and consequently the effective
temperature T,r) are intensive quantities, which stresses that they are conceptually close to
each other but makes them qualitatively different from extensive quantities (for example,
energy), for which additivity is typical. They are holistic characteristics of the state of
the object-environment system and have the transitivity property. It is significant that the
characteristics w, T, and T, ¢, being c-number quantities, are not initially related to the number
of observables to which operators are assigned in quantum theory.

We can elucidate the physical meaning of the effective temperature T,¢ by considering its
behavior in the limiting cases. Thus, as the temperature (on the Kelvin scale) T — 0, the
effective temperature T, % becomes nonzero,

hiw 0
Ter = g, = Ter ©

where Te0 has the meaning of the minimal effective temperature of the object with the

characteristic frequency w.
The effective temperature in turn becomes

70 T\ 2
_ 0 ef L[ ef ...
in the limit of high temperatures T. Of course, the concepts of low and high temperatures for
each object essentially depend on the ratio Te(»)f /T.

2.2 Effective entropy

To calculate the effective macroparameters in terms of the corresponding distribution
function, we must generalize canonical distribution (4) introduced by Gibbs in the
nonquantum version of statistical thermodynamics. As above, according to the main MST
postulate, this generalization reduces to replacing expression (5) for the distribution modulus
© with expression (7), i.e., to replacing T = Ty with T,r = (T, )o. The desired distribution thus

becomes 1

—— ¢/ Tp) gg, 11
T (11)
where £ is the random energy of the object’s independent degree of freedom to which the
model of the oscillator with the frequency w is assigned.

Based on distribution (11), we can calculate the internal energy of the object as a

macroparameter:

dw(€) = p(£)dE =

Eup = ./Sp(é')dé‘ — k5 T,y (12)

Because Sef with account (8) coincides with (squ> of form (6), this means that the quantum
oscillator in the heat bath is chosen as an object model.

To calculate the effective entropy S,r of such an object, it is convenient to write formula (11)
in the form in which the distribution density §(&) = p(€)hw/2 is dimensionless,

-1 -1
dW(E):ﬁ(E)(%‘”) d(s:e(Fff*f)/“BTff)(h?‘”) d€, (13)
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where the effective free energy is given by

E— —kiTorlog [ 24 14
ef = —Kpleflog Tiof . (14)
e

We then obtain

Sep =~y [ p€)1080(6) () e =

0
B hiw - Tef
=kp {1 +log (coth W)} =kg {1 +log <coth T)] . (15)

It follows from formula (15) that in the high-temperature limit T > TEO , the effective entropy
is written as
Sef — kglog T + const, (16)

which coincides with the expression for the oscillator entropy in thermodynamics based
on classical statistical mechanics (CSM-based thermodynamics). At the same time, in the
low-temperature limit T < Tgf, the effective entropy is determined by the world constant
kg:

Sef —+ Sor = kg. 17)

Thus, in TEM, the behavior of the effective entropy of the degree of freedom of the object
for which the periodic motion is typical corresponds to the initial formulation of Nernst’s
theorem, in which the minimum entropy is nonzero. Moreover, the range of temperatures T
where we have S,¢ ~ Sg can be very considerable, depending on the ratio Teof /T.

Itis obvious that using the model of the QHB, we can combine the quantum- and thermal-type
influences (traditionally considered as specific influences only for the respective micro- and
macrolevels) to form a holistic stochastic influence in the TEM framework. But using such an
approach, we need not restrict ourself to generalizing only the traditional macroparameters,
such as temperature and entropy. It becomes possible to give a meaning to the concept of
effective action, as a new macroparameter which is significantly related to the quantum-type
stochastic influence on the microlevel.

2.3 Effective action as a new macroparameter

The problem of introducing the concept of action into thermodynamics and of establishing the
interrelation between the two widespread (but used in different areas of physics) quantities
(entropy and action) has attracted the attention of many the most outstanding physicists,
including Boltzmann {Bol22}, Boguslavskii, de Broglie. But the results obtained up to now
were mainly related to CSM-based thermodynamics, and quantum effects were taken into
account only in the quasiclassical approximation. Our aim is to extend them to the TEM. To
do this, we choose the harmonic oscillator as an initial model of a periodically moving object.
If we pass from the variables p and g to the action-angle variables when analyzing it in the
framework of classical mechanics, then we can express the action j (having the meaning of a
generalized momentum) in terms of the oscillator energy ¢ as

-
j= P (18)
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In passing to thermodynamics, we should preserve interrelation (18) between the action and
the energy. In the same time, in place of the microparameters j and ¢ we use the corresponding
macroparameters in this case, namely, the average quantities (j) and (). Their specific
expressions depend on the choice of the heat bath model (classical or non-classical) used for
averaging.

It is quite natural that in the framework of CSM-based thermodynamics, Boltzmann assumed

that ea) KT
N s VA
Jr=l)=""=""

Following the same idea, we determine the effective action J,s in the TEM framework by the
formula

(19)

. <£qu> 56 f kB Tg f
= == == 2 2
Jeg = i) w w w (20)
This means that in the TEM, we start from the fact that the effective action for all objects to

which the model of the quantum oscillator in the QHB is applicable has the form

0
o h hw 40 TL’ f
‘-7€f_ ECOthw = EfCOthT’ (21)
where accordingly (20)
kgTO
y=—t =3 @)
w 2

is the minimal effective action for T — 0. Of course, in the limit T > Teof' we have the effective
action

0\ 2
1 Tg f
t7ef4>u7T|:1+§(T) +"':|/
i.e., it goes to expression (19) obtained in the CSM-based thermodynamics. Thus, both at low

and high temperatures the formulae (22) and (19) for the effective action 7, ¢ are written by
the minimal effective temperature Tgf. This means that even purely quantum influence (at T =
0) can be interpreted as a peculiar thermal influence. Thus, one cannot assume that quantum
and thermal influences can be considered separately. In other words, they are non-additive
notions.
Asis well-known, the original Planck formula for the average energy of the quantum oscillator
in QSM " "
w w
8quasi = W = gef - 7

is only applicable in the quasiclassical approximation framework. Substituting the expression
Equasi of form (23) in formula (20) instead of Eef, we also obtain the effective action in the
quasiclassical approximation:

(23)

gquasi n n

jquasi T o ehw/(kBT) 1 = \7ef T

(24)

The quasiclassical nature of expressions (23) and (24) is manifested, in particular, in the fact
that these both quantities tend to zero as T — 0.
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2.4 The interrelation between the effective action and the effective entropy

To establish the interrelation between the action and the entropy, Boltzmann assumed that
the isocyclic motions of the oscillator in mechanics for which w = const correspond to the
isothermal processes in thermodynamics. In this case, the oscillator energy can be changed
under external influence that can be treated as the work 6 A% of dissipative forces equivalent
to the heat Q.

Generalizing this idea, we assume that every energy transferred at stochastic influence
(quantum and thermal) in the TEM can be treated as the effective work (5AS}S of dissipative
forces equivalent to the effective heat 6Q, iz This means that for isothermal processes, the same
change in the effective energy d&,¢ of the macroobject to which the model of the quantum
oscillator in the QHB can be assigned can be represented in two forms

d€,p = 6ASF = wdTys or dEpr =5Qus = T,pdS,y. (25)

Furthermore, following Boltzmann, we choose the ratio d&,¢/E,s as a measure of energy
transfer from the QHB to the object in such processes. The numerator and denominator in this
ratio can be expressed in terms of either the effective action J,; or the effective entropy S,r
and effective temperature T, ¢ using formulas (25) and (20). Equating the obtained expressions
for the ratio d&, ¢/ £, r, we obtain the differential equation

dgef . a)djgf _ Tgdeef

= (26)
ge f wJ, ef kB Te f
relating the effective entropy to the effective action. Its solution has the form
dJ, f e hw

where ] is the arbitrary constant of action dimensionality.
Choosing the quantity 71/2e as Jy, where ¢ is the base of the natural logarithms, we can make
expression (27) coincides with the expression for the effective entropy S,r of form (15). Taking

into account that SS ;= kg, we have

Sef = ng

J.
1+1log jeof] f 1+ logcoth f] (28)
ef
For the entropy of the quantum oscillator in QSM-based thermodynamics, i.e. in the
quasiclassical approximation, the well-known expression

Squasi = —kB{ IZ—wT (1- ehw/(kBT))_l +log(1 — e_h“’/<kBT))} (29)

is applicable. It will be interesting to compare (28) with the analogical expression from
QSM-based thermodynamics. For this goal we rewrite the formula (29), taking into account
(24) in the form

w Tquasi
Squasi - ?-jquasi + kg log(l + 17;‘151 ) (30)

In contrast to 5.5 in the form (28) the quantity Squasi tends to zero as T — 0.
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2.5 The first holistic stochastic-action constant
We note that according to formulas (21) and (28), the ratio of the effective action to the effective
entropy is given by

Tef ‘768: coth(Tff/T) coth(sew/T)
=" 5 = . (31)
Sef Sep 1+ logcoth(Tef/T) 1+ logcoth(scw/T)
In this expression,
jO
w=d 1 (32)
S} ' 2kg
is the minimal ratio (31) for T < TeOf.
In our opinion, the quantity
x=382-10"%K-s (33)

is not only the notation for one of the possible combinations of the world constants 7 and
kg. It also has its intrinsic physical meaning. In addition to the fact that the ratio J,7/S,s
of form (31) at any temperature can be expressed in terms of this quantity, it is contained in
definition (2.5) of the effective temperature

2w
T,f = »wcoth e (34)

and also in the Wien’s displacement law T/wmax = 0.75¢ for equilibrium thermal radiation.
Starting from the preceding, we can formulate the hypothesis according to which the quantity
» plays the role of the first constant essentially characterizing the holistic stochastic action of
environment on the object.

Hence, the minimal ratio of the action to the entropy in QSM-based thermodynamics is
reached as T — 0 and is determined by the formula

-1

kgT Tyuasi T kgT1 !

1+ —2"log (1+ q””“) - = {1+B—} 0. (35)
W T quasi h w hw

jquasi - Z
Squﬂsi w

We have thus shown that not only Jquasi — 0 and Squasi — 0 but the ratio Jquasi/ Squasi — 0
in this microtheory too. This result differs sharply from the limit J,¢/S.r — 5 # 0 for the
corresponding effective quantities in the TEM. Therefore, it is now possible to compare the
two theories (TEM and QSM) experimentally by measuring the limiting value of this ratio.
The main ideas on which the QST as a macrotheory is based were presented in the foregoing.
The stochastic influences of quantum and thermal types over the entire temperature range are
taken into account simultaneously and on equal terms in this theory. As a result, the main
macroparameters of this theory are expressed in terms of the single macroparameter 7, and
combined fundamental constant s« = 1i/2kg. The experimental detection ¢ as the minimal
nonzero ratio J,¢/S,s can confirm that the TEM is valid in the range of sufficiently low
temperatures. The first indications that the quantity s¢ plays an important role were probably
obtained else in Andronikashvili’s experiments (1948) on the viscosity of liquid helium below
the A point.



82 Thermodynamics

3. (,k)-dynamics as a microscopic ground of modern stochastic thermodynamics

In this section, following ideas of paper {Su06}, where we introduced the original notions
of kD, we develop this theory further as a microdescription of an object under thermal
equilibrium conditions {SuGo09}. We construct a model of the object environment, namely,
QHB at zero and finite temperatures. We introduce a new microparameter, namely, the
stochastic action operator, or Schrodingerian. On this ground we introduce the corresponding
macroparameter, the effective action, and establish that the most important effective
macroparameters —internal energy, temperature, and entropy—are expressed in terms of this
macroparameter. They have the physical meaning of the standard macroparameters for a
macrodescription in the frame of TEM describing in the Sect.1.

3.1 The model of the quantum heat bath: the “cold” vacuum

In constructing the kD, we proceed from the fact that no objects are isolated in nature. In
other words, we follow the Feynman idea, according to which any system can be represented
as a set of the object under study and its environment (the “rest of the Universe”). The
environment can exert both regular and stochastic influences on the object. Here, we study
only the stochastic influence. Two types of influence, namely, quantum and thermal influences
characterized by the respective Planck and Boltzmann constants, can be assigned to it.

To describe the environment with the holistic stochastic influence we introduce a concrete
model of environment, the QHB. It is a natural generalization of the classical thermal bath
model used in the standard theories of thermal phenomena {Bog67}, {LaLi68}. According
to this, the QHB is a set of weakly coupled quantum oscillators with all possible frequencies.
The equilibrium thermal radiation can serve as a preimage of such a model in nature.

The specific feature of our understanding of this model is that we assume that we must apply
it to both the “thermal” (T # 0) and the “cold” (T = 0) vacua. Thus, in the sense of Einstein,
we proceed from a more general understanding of the thermal equilibrium, which can, in
principle, be established for any type of environmental stochastic influence (purely quantum,
quantum-thermal, and purely thermal).

We begin our presentation by studying the “cold” vacuum and discussing the description of
a single quantum oscillator from the number of oscillators forming the QHB model for T = 0
from a new standpoint. For the purpose of the subsequent generalization to the case T # 0,
not its well-known eigenstates ¥, (7) in the g representation but the coherent states (CS) turn
out to be most suitable.

But we recall that the lowest state in the sets of both types is the same. In the occupation
number representation, the “cold” vacuum in which the number of particles is n = 0
corresponds to this state. In the g representation, the same ground state of the quantum
oscillator is in turn described by the real wave function

Yo(q) = [271(Dgo)?) "/ e~ T/ 4B, (36)

In view of the properties of the Gauss distribution, the Fourier transform ¥((p) of this
function has a similar form (with g replaced with p); in this case, the respective momentum
and coordinate dispersions are

(Apo)" ==~ (Bgo)" =5 —. (37)

As is well known, CS are the eigenstates of the non-Hermitian particle annihilation operator
4 with complex eigenvalues. But they include one isolated state |0,) of the particle vacuum in
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which the eigenvalue of 4 is zero
4105) =0|0,4), or a¥y(q) =0. (38)

In what follows, it is convenient to describe the QHB in the g representation. Therefore, we
express the annihilation operator 4 and the creation operator 4" in terms of the operators p
and 4 using the traditional method. We have

;L ( P4 ) N ( P, 4 )
a=—- —1 , A== + i . (39)
2 2
Apg 1\ AdS Apg /A8
The particle number operator then becomes
N 1 (P> mw?§ ho,
—atg= (P med W
“*”*hw(Zm+ 2 2 I)' (40)

where [ is the unit operator. The sum of the first two terms in the parentheses forms the
Hamiltonian # of the quantum oscillator, and after multiplying relations (40) by fiw on the
left and on the right, we obtain the standard interrelation between the expressions for the
Hamiltonian in the g and n representations:

52 242
n_ P mwtgt N lA
Hfzm-l- 5 —hw(Ng+21>. (41)

From the thermodynamics standpoint, we are concerned with the effective internal energy of
the quantum oscillator in equilibrium with the “cold” QHB. Its value is equal to the mean of
the Hamiltonian calculated over the state [0,) = [¥o(9)):

€% = (¥o(g) [L¥o(a)) = ho(¥o(g) Nal¥o(@)) + 2 = 22—, @2)

2 2
It follows from formula (42) that in the given case, the state without particles coincides with
the state of the Hamiltonian with the minimal energy ¢y. The quantity &, traditionally treated
as the zero point energy, takes the physical meaning of a macroparameter, or the effective
internal energy Eeof of the quantum oscillator in equilibrium with the “cold” vacuum.

3.2 The model of the quantum heat bath: passage to the “thermal” vacuum
We can pass from the “cold” to the “thermal” vacuum using the Bogoliubov (u,v)
transformation with the complex temperature-dependent coefficients { SuGo09}

1 hw 1\/? . 1 hew 1\"/? .
" (2C° 2k3T+2) e T2 T 2) € 43

In the given case, this transformation is canonical but leads to a unitarily nonequivalent
representation because the QHB at any temperature is a system with an infinitely large
number of degrees of freedom.

In the end, such a transformation reduces to passing from the set of quantum oscillator CS to
a more general set of states called the thermal correlated CS (TCCS) {Su06}. They are selected
because they ensure that the Schrodinger coordinate-momentum uncertainties relation is
saturated at any temperature.
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From the of the second-quantization apparatus standpoint, the Bogoliubov (u,v)
transformation ensures the passage from the original system of particles with the “cold”
vacuum |0,) to the system of quasiparticles described by the annihilation operator b and the
creation operator b* with the “thermal” vacuum |0;). In this case, the choice of transformation
coefficients (43) is fixed by the requirement that for any method of description, the expression
for the mean energy of the quantum oscillator in thermal equilibrium be defined by the Planck

formula (6)
hw hw

Epr = [(Fr(@)|H¥1(0)] = (equ) = = coth

which can be obtained from experiments. As shown in {Su06}, the state of the “thermal”
vacuum |0p) = |¥7(q)) in the g representation corresponds to the complex wave function

(44)

2
¥r(q) = [27(Aqep)?] " *ex {7‘77 1—in } (45)
rla) = 2(baeg P17 exp] gt (1)
where )
I hiw hw |
2 e Prm— = e —
(Aqgf) = e coth T « {smh 2kBT] . (46)
For its Fourier transform ¥r(p), a similar expression with the same coefficient « and
hmw fiw
2 _
(8pep)? = 5 coth i )

holds. We note that the expressions for the probability densities pr(q) and pr(p) have
already been obtained by Bloch (1932), but the expressions for the phases that depend on
the parameter a play a very significant role and were not previously known. It is also easy
to see that as T — 0, the parameter « — 0 and the function ¥1(g) from TCCS passes to the
function ¥¢(g) from CS.

Of course, the states from TCCS are the eigenstates of the non-Hermitian quasiparticle
annihilation operator b with complex eigenvalues. They also include one isolated state of
the quasiparticle vacuum in which the eigenvalue of b is zero,

b|0y) =0[0y), or b¥r(q) =0. (48)

Using condition (48) and expression (45) for the wave function of the “thermal” vacuum, we
obtain the expression for the operator b in the g representation:

b= 1 (Coth fw

o) [

The corresponding quasiparticle creation operator has the form

-1
coth

2kBT) (1- izx)}. (49)

(50)

(eongir) [ v (congi) )]
=_ coth (I+in)|.
2 2kBT AP% Aq 2kBT

We can verify that as T — 0, the operators bt and b for quasiparticles pass to the operators it

and 4 for particles.
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Acting just as above, we obtain the expression for the effective Hamiltonian, which is
proportional to the quasiparticle number operator in the g representation

N B hw ;32 mw?q*\  hw a

where we take 1+ a? = coth? (hw/2kyT) into account. Obviously, ’;':Lef‘i’T(q) =0,ie ¥Yr(g)-

an eigenfunction of A,
Passing to the original Hamiltonian, we obtain

-1
ﬂzhw(coth%) {Nw%(ﬂ%{ﬁ,q})} (52)

We stress that the operator {p,4} in formula (52) can also be expressed in terms of bilinear
combinations of the operators bt and b, but they differ from the quasiparticle number operator.
This means that the operators H and Nj, do not commute and that the wave function of
form (45) characterizing the state of the “thermal” vacuum is therefore not the eigenfunction
of the Hamiltonian 7.

As before, we are interested in the macroparameter, namely, the effective internal energy &¢
of the quantum oscillator now in thermal equilibrium with the “thermal” QHB. Calculating it
just as in Sec. 3.1, we obtain

o =[P @IY1D)] + 5o (14 (Fr@Ipa)¥r(@) ) 69

in the g representation. Because we average over the quasiparticle vacuum in formula (53),
the first term in it vanishes. At the same time, it was shown by us {Su06} that

(Yr(@){p.q}[¥r(q)) = ha. (54)

As a result, we obtain the expression for the effective internal energy of the quantum oscillator
in the “thermal” QHB in the kD framework:

_ hw o hw hw
gef ~ 2coth(hw/2kpT) (14a%) = - coth o7 = Eny 9)

2 2kgT

that coincides with the formula (44). This means that the average energy of the quantum
oscillator at T # 0 has the meaning of effective internal energy as a macroparameter in
the case of equilibrium with the “thermal” QHB. As T — 0, it passes to a similar quantity
corresponding to equilibrium with the “cold” QHB.

Although final result (55) was totally expected, several significant conclusions follow from it.
1. In the 7ikD, in contrast to calculating the internal energy in QSM, where all is defined by
the probability density pr(g), the squared parameter a determining the phase of the wave
function contributes significantly to the same expression, which indicates that the quantum
ideology is used more consistently.

2. In the 1ikD, the expression for coth(ficw /2kp T) in formula (55) appears as an holistic quantity,
while the contribution ey = fiw /2 to the same formula (6) in QSM usually arises separately as
an additional quantity without a thermodynamic meaning and is therefore often neglected.
3. In the 7kD, the operators H and Nh do not commute. It demonstrates that the
number of quasiparticles is not preserved, which is typical of the case of spontaneous
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symmetry breaking. In our opinion, the proposed model of the QHB is a universal model
of the environment with a stochastic influence on an object. Therefore, the manifestations
of spontaneous symmetry breaking in nature must not be limited to superfluidity and
superconductivity phenomena.

3.3 Schradingerian as a stochastic action operator

The effective action as a macroparameter was postulated in the Section 1 in the framework
of TEM by generalizing concepts of adiabatic invariants. In the kD framework, we base
our consistent microdescription of an object in thermal equilibrium on the model of the QHB
described by a wave function of form (45).

Because the original statement of the 7ikD is the idea of the holistic stochastic influence of the
QHB on the object, we introduce a new operator in the Hilbert space of microobject states
to implement it. As leading considerations, we use an analysis of the right-hand side of the
Schrodinger coordinate-momentum uncertainties relation in the saturated form {Su06}:

(AP)Z(A‘?)2 = |qu‘2- (56)

For not only a quantum oscillator in a heat bath but also any object, the complex quantity in
the right-hand side of (56)

Rpg = (Aplag) = ([ApAG]) (57)

has a double meaning. On one hand, it is the amplitude of the transition from the state |Ag)
to the state |Ap); on the other hand, it can be treated as the mean of the Schrédinger quantum
correlator calculated over an arbitrary state | ) of some operator.
As is well known, the nonzero value of quantity (57) is the fundamental attribute of
nonclassical theory in which the environmental stochastic influence on an object plays a
significant role. Therefore, it is quite natural to assume that the averaged operator in the
formula has a fundamental meaning. In view of dimensional considerations, we call it the
stochastic action operator, or Schrodingerian

j=ApAG. (58)

Of course, it should be remembered that the operators Aj and Ap do not commute and their
product is a non-Hermitian operator.

To analyze further, following Schrodinger (1930) {DoMa87}, we can express the given
operator in the form

P P
= 51880} + 5 [p,q] =0 —ijo, (59)

which allows separating the Hermitian part (the operator ¢) in it from the anti-Hermitian one,
in which the Hermitian operator is

. f.
EI' (60)

Jo= E[ﬁ' =
It is easy to see that the mean o = (|&|) of the operator ¢ resembles the expression for the
standard correlator of coordinate and momentum fluctuations in classical probability theory;
it transforms into this expression if the operators Aj and Ap are replaced with c-numbers.
It reflects the contribution to the transition amplitude ﬁpq of the environmental stochastic
influence. Therefore, we call the operator ¢ the external stochastic action operator in what
follows. Previously, the possibility of using a similar operator was discussed by Bogoliubov
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and Krylov (1939) as a quantum analogue of the classical action variable in the set of
action—-ang]le variables.

At the same time, the operators jo and j were not previously introduced. The operator of
form (60) reflects a specific peculiarity of the objects to be “sensitive” to the minimal stochastic
influence of the “cold” vacuum and to respond to it adequately regardless of their states.
Therefore, it should be treated as a minimal stochastic action operator. Its mean Jy = (|Jo|) =
11/2 is independent of the choice of the state over which the averaging is performed, and it
hence has the meaning of the invariant eigenvalue of the operator j.

This implies that in the given case, we deal with the universal quantity Jy, which we call
the minimal action. Its fundamental character is already defined by its relation to the Planck
world constant 7. But the problem is not settled yet. Indeed, according to the tradition dating
back to Planck, the quantity 7 is assumed to be called the elementary quantum of the action.
At the same time, the factor 1/2 in the quantity Jy plays a significant role, while half the
quantum of the action is not observed in nature. Therefore, the quantities 7z and 71/2, whose
dimensions coincide, have different physical meanings and must hence be named differently,
in our opinion. From this standpoint, it would be more natural to call the quantity 7 the
external quantum of the action.

Hence, the quantity 7 is the minimal portion of the action transferred to the object from the
environment or from another object. Therefore, photons and other quanta of fields being
carriers of fundamental interactions are first the carriers of the minimal action equal to /.. The
same is also certainly related to phonons.

Finally, we note that only the quantity 7 is related to the discreteness of the spectrum of the
quantum oscillator energy in the absence of the heat bath. At the same time, the quantity 71/2
has an independent physical meaning. It reflects the minimal value of stochastic influence of
environment at T = 0, specifying by formula (42) the minimal value of the effective internal

energy Seof of the quantum oscillator.

3.4 Effective action in (7, k)-dynamics

Now we can turn to the macrodescription of objects using their microdescription in the kD
framework. It is easy to see that the mean J of the operator ] of form (59) coincides with the
complex transition amplitude ﬁpq and, in thermal equilibrium, can be expressed as

T = (¥r(@j[¥1(q)) =0 — iy = (Rpg)ef- (61)

In what follows, we regard the modulus of the complex quantity 7,

_ 1
=TT = s =g ®

as a new macroparameter and call it the effective action. It has the form

h hiw
J.r = = coth ———, 63
ef 2 5 ( )

that coincides with a similar quantity 7, postulated as a fundamental macroparameter in
TEM framework (see the Sect.1.) from intuitive considerations.

We now establish the interrelation between the effective action and traditional
macroparameters. Comparing expression (63) for |j | with (55) for the effective internal
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energy &, we can easily see that

Eef = w|T| = wTef. (64)
In the high-temperature limit, where
_ kgT h
relation (64) becomes
E=wIr. (66)

Boltzmann {Bol22} previously obtained this formula for macroparameters in CSM-based
thermodynamics by generalizing the concept of adiabatic invariants used in classical
mechanics.

Relation (64) also allows expressing the interrelation between the effective action and the
effective temperature T, (8) in explicit form:

Top = 1 Jof (67)

This implies that
0o _ W 0 hw

where je(} = Jp. Finally, we note that using formulas (56), (61)- (64), (46), and (47), we can

rewrite the saturated Schrodinger uncertainties relation for the quantum oscillator for T # 0
as

gef h
Apef‘Aqngkﬂf:j:*COthi. (69)

3.5 Effective entropy in the (7, k)-dynamics

The possibility of introducing entropy in the 7kD is also based on using the wave function
Y 1(g) instead of the density operator. To define the entropy as the initial quantity, we take the
formal expression

—ks{'/p(q)logp(q) dq+~/p(p)logp(r7)dp} (70)

described in {DoMa87}. Here, o(q) = [¥(q)|> and p(p) = [¥(p)|*> are the dimensional
densities of probabilities in the respective coordinate and momentum representations.

Using expression (45) for the wave function of the quantum oscillator, we reduce p(g) to the
dimensionless form:

2 hw -1 2 2
S(A) — —P/2 2 _ 4
) = | ez e 7 (Bae

where J is an arbitrary constant. A similar expression for its Fourier transform g(7) differs by
only replacing q with p.

Using the dimensionless expressions, we propose to define entropy in the kD framework by
the equality

(71)

Sap = ks{/p )logp(q dq+/p )logp(p p} (72)
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Substituting the corresponding expressions for §(§) and g(f) in (72), we obtain

27 hiw
Sgp = kB{ (1 +log 7) + logcothm}. (73)

Obviously, the final result depends on the choice of the constant ¢.

Choosing 6 = 27, we can interpret expression (73) as the quantum-thermal entropy or,
briefly, the QT entropy Sor because it coincides exactly with the effective entropy S,f
(15). This ensures the consistency between the main results of our proposed micro- and
macrodescriptions, i.e. ikD and TEM, and their correspondence to experiments.

We can approach the modification of original formal expression (70) in another way.
Combining both terms in it, we can represent it in the form

kg /dsW(e)logW(s). (74)

It is easy to see that W(e) is the Wigner function for the quantum oscillator in the QHB:

2

2
_ w _
W(e) = {2mAqAp} 1exp{—2(zp)2 — 2(2;,)2}: ZTkaTefe e/kTef (75)

After some simple transformations the expression (74) takes also the form S,.; = Sor.
Modifying expressions (70) (for 6 = 27) or (74) in the hkD framework thus leads to the
expression for the QT, or effective, entropy of form (15). From the microscopic standpoint,
they justify the expression for the effective entropy as a macroparameter in MST. We note that
the traditional expression for entropy in QSM-based thermodynamics turns out to be only a
quasiclassical approximation of the QT, or effective entropy:.

3.6 Some thermodynamics relations in terms of the effective action

The above presentation shows that using the 7kD developed here, we can introduce
the effective action J,r as a new fundamental macroparameter. The advantage of this
macroparameter is that in the given case, it has a microscopic preimage, namely, the
stochastic action operator j, or Schrodingerian. Moreover, we can in principle express the
main macroparameters of objects in thermal equilibrium in terms of it. As is well known,
temperature and entropy are the most fundamental of them. It is commonly accepted that
they have no microscopic preimages but take the environment stochastic influence on the
object generally into account. In the traditional presentation, the temperature is treated as a
“degree of heating,” and entropy is treated as a “measure of system chaos.”

If the notion of effective action is used, these heuristic considerations about T,¢ and S,s can
acquire an obvious meaning. For this, we turn to expression (67) for T, r, whence it follows that
the effective action is also an intensive macroparameter characterizing the stochastic influence
of the QHB. In view of this, the zero law of MST can be rewritten as

Tef = (Tef)o £ 6Ty, (76)

where (jef)o is the effective action of a QHB and J,f and 6.7, are the means of the effective
reaction of an object and its fluctuation. The state of thermal equilibrium can actually
be described in the sense of Newton, assuming that “the stochastic action is equal to the
stochastic counteraction” in such cases.
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We now turn to the effective entropy S.¢. In the absence of a mechanical contact, its differential

in MST is
0Qu _ 4y
T, Ty

(77)

Substituting the expressions for effective internal energy (64) and effective temperature (67)
in this relation, we obtain

wdJ, Te
dS,s = kg wjgff —kp- d<logj§> = dSor. (78)
It follows from this relation that the effective or QT entropy, being an extensive
macroparameter, can be also expressed in terms of 7.

As a result, it turns out that two qualitatively different characteristics of thermal phenomena
on the macrolevel, namely, the effective temperature and effective entropy, embody the
presence of two sides of stochastization the characteristics of an object in nature in view of
the contact with the QHB. At any temperature, they can be expressed in terms of the same
macroparameter, namely, the effective action J,¢. This macroparameter has the stochastic
action operator, or Schrodingerian simultaneously dependent on the Planck and Boltzmann
constants as a microscopic preimage in the 7kD.

4. Theory of effective macroparameters fluctuations and their correlation

In the preceding sections we considered effective macroparameters as random quantities
but the subject of interest were only problems in which the fluctuations of the effective
temperature and other effective object macroparameters can be not taken into account.
In given section we consistently formulate a noncontradictory theory of quantum-thermal
fluctuations of effective macroparameters (TEMF) and their correlation. We use the apparatus
of two approaches developed in sections 2 and 3 for this purpose.

This theory is based on the rejection of the classical thermostat model in favor of the quantum
one with the distribution modulus ®g, = kgT,s. This allows simultaneously taking into
account the quantum and thermal stochastic influences of environment describing by effective
action. In addition, it is assumed that some of macroparameters fluctuations are obeyed the
nontrivial uncertainties relations. It appears that correlators of corresponding fluctuations are
proportional to effective action J,.

4.1 Inapplicability QSM-based thermodynamics for calculation of the macroparameters
fluctuations

As well known, the main condition of applicability of thermodynamic description is the

following inequality for relative dispersion of macroparameter A; :

(AA)?
(A)?

<1, (79)

where
(8A:)? = ((04:)%) = (A7) — (A})?
is the dispersion of the quantity A;.
In the non-quantum version of statistical thermodynamics, the expressions for
macroparameters dispersions can be obtained. So, for dispersions of the temperature
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and the internal energy of the object for V = const we have according to Einstein {LaLi68}

1 k C
(AT)? = oo 02 = C%ﬂ and (A£)? = 7‘;@2 = kpCy T2, (80)

k c —

where Cy = % v is the heat capacity for the constant volume. At high temperatures the

condition (79) is satisfies for any macroparameters and any objects including the classical
oscillator.
For its internal energy & = (¢) = kT with account Cy = kg we obtain its dispersion

(AE)? =kpCyT? = k3T% = £2. (81)

So, the condition (79) is valid for £ and this object can also be described in the framework of
thermodynamics.

For the account of quantum effects in QSM-based thermodynamics instead of (80) are used
the following formulae

(AT)> =0 and (A&u)* =kp(Cy)quT? (82)

The difference is that instead of Cy, it contains

where £, = (g4u) is the internal energy of the object calculated in the QSM framework.
For a quantum oscillator in this case we have

hw _ hw exp{—x%}

) Py 1 2 sinh(xg) ¢ )

and its heat capacity is

- ho \2  exp{2x%} B W\ 2 1
(Cv)qu=kp (ﬁ) W =kp (%T) m (84)

According to general formula (82), the dispersion of the quantum oscillator internal energy
has the form

i\ 2 1

AEgu)* = kp(Cy)guT? = (7) e =
( qu) B( V)qu ) sinhz(%%)

= hw(Equ) + (c‘:qu)z = exp{Z%%}@qu)z, (85)

and the relative dispersion of its energy is
(quu)z hw w
——5 = 5~ + 1 =exp{2x=}. 86
<8qu>2 <gqu> p{ T} ( )

We note that in expression (83) the zero-point energy g = hiw/2 is absent. It means that the
relative dispersion of internal energy stimulating by thermal stochastic influence are only the
subject of interest. So, we can interpret this calculation as a quasiclassical approximation.
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A similar result exists for the relative dispersion of the energy of thermal radiation in the
spectral interval (w,w + Aw) for the volume V :

(ML) hw m2c3 m2c3

w
_ - 241,
T2~ Eu) T Valhw ~ Veraw SPIZFT

(87)

We can see that at T — 0 expressions (86) and (87) tend to infinity. However, few people paid
attention to the fact that thereby the condition (79) of the applicability of the thermodynamic
description does not satisfy. A.L Anselm {An73} was the only one who has noticed that
ordinary thermodynamics is inapplicable as the temperature descreases. We suppose that in
this case instead of QSM-based thermodynamics can be fruitful MST based on 7ikD.

4.2 Fluctuations of the effective internal energy and effective temperature

To calculate dispersions of macroparameters in the quantum domain, we use MST instead of
QSM-based thermodynamics in 4.2 and 4.3, i.e., we use the macrotheory described in Sect.1.
It is based on the Gibbs distribution in the effective macroparameters space {Gi60}

AW(E) = p(€)dE = de. (88)

exp{——2—}
keTor © P KpTo

Here, T, is the effective temperature of form (8), simultaneously taking the quantum-thermal
effect of the QHB into account and £ is the random object energy to which the conditional
frequency w can be assigned at least approximately.

Using distribution (88), we find the expression for the effective internal energy of the object
coinciding with the Planck formula

hw w
Euf = (equ) :/Sp(é’)dé':kBTefESp, =X cothxrr, (89)
the average squared effective internal energy
(€2) = [ e0(e)de = 26,02, (90)
and the dispersion of the effective internal energy
(Agef)2 = <gezf> - <gef>2 = <gef>2~ 91)

It is easy to see that its relative dispersion is unity, so that condition (79) holds in this case.
For the convenience of the comparison of the obtained formulae with the non quantum
version of ST {LaLi68}, we generalize the concept of heat capacity, introducing the effective
heat capacity of the object

a<€e f >

T,

This allows writing formula (91) for the dispersion of the internal energy in a form that is
similar to formula (83), but the macroparameters are replaced with their effective analogs in
this case:

(Cv)er = = kg. (92)

(A& )? = kp(Cv)ef Top = k3 T2 (93)

It should be emphasized that we assumed in all above-mentioned formulae in Sect.4 that T,y =
(Ter)o and T = Ty, where (T,f)o and Ty are the effective and Kelvin temperature of the QHB
correspondingly.
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Indeed, in the macrotheory under consideration, we start from the fact that the effective object
temperature T, also experiences fluctuations. Therefore, the zero law according to (67) and
(76) becomes

Ty = Tff +6T,f, (94)

where 0T, is the fluctuation of the effective object temperature. According to the main MST
postulate, the form of the expression for the dispersion of the effective object temperature is
similar to that of expression (80):

L I
(ATef) = (CV)ef Tef - Tefr (95)

so that the relative dispersion of the effective temperature also obeys condition (79).
To compare the obtained formulae with those in QSM-based thermodynamics, we represent
dispersion of the effective internal energy (93) in the form

hiw

(A& = (h;")z (coth )2 = (2)2 1+ sinh (2] (%)

The comparison of formula (96) with expression (85), where the heat capacity has form (84),
allows writing the second term in (96) in the form resembling initial form (81)

h
(B&ep)? = (55) +kn(C )qu ™. ©7)

However, in contrast to formula (85), the sum in it is divided into two terms differently.
Indeed, the first term in formula (97) can be written in the form

hw 2 h 2
(7) = EPw(‘UIO)W , (98)
where
_ a<gef> h
Polw,0) = ow T2
T=0

is the spectral density of the effective internal energy at T = 0. Then formula (97) for the
dispersion of the effective internal energy acquires the form generalizing formula (85):

(A&)? = gpw(w,O)w2 +kp[Cy (w, T)]gu T2 (99)

It is of interest to note that in contrast to formula (85) for the quantum oscillator or a
similar formula for thermal radiation, an additional term appears in formula (99) and is
also manifested in the cold vacuum. The symmetric form of this formula demonstrates
that the concepts of characteristics, such as frequency and temperature, are similar, which
is manifested in the expression for the minimal effective temperature Teof = »w. The
corresponding analogies between the world constant 2/2 and kp and also between the
characteristic energy “densities” p,, and (Cy )4y also exist.

In the limit T — 0, only the first term remains in formula (99), and, as a result,

(agh = (€92 = " 0. (100)
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In our opinion, we have a very important result. This means that zero-point energy is
”smeared”, i.e. it has a non-zero width. It is natural that the question arises as to what is
the reason for the fluctuations of the effective internal energy in the state with T = 0. This
is because the peculiar stochastic thermal influence exists even at zero Kelvin temperature
due to T,y # 0. In this case the influence of “cold” vacuum in the form (100) is equivalent to
kg Teof /w. In contrast to this, (A&, )? — 0, as T — 0 in QSM-based thermodynamics, because

the presence of the zero point energies is taken into account not at all in this theory.

4.3 Correlation between fluctuations and the uncertainties relations for effective
macroparameters

Not only the fluctuations of macroparameters, but also the correlation between them under

thermal equilibrium play an important role in MST. This correlation is reflected in correlators

contained in the uncertainties relations (UR) of macroparameters {Su05}

AADA; > (6A;,04)), (101)

where the uncertainties AA; and AA; on the left and the correlator on the right must be
calculated independently. If the right side of (101) is not equal to zero restriction on the
uncertainties arise.

We now pass to analyzing the correlation between the fluctuations of the effective
macroparameters in thermal equilibrium. We recall that according to main MST postulate,
the formulae for dispersions and correlators remain unchanged, but all macroparameters
contained in them are replaced with the effective ones: A; — (A, f)i-

a). Independent effective macroparameters

Let us consider a macrosystem in the thermal equilibrium characterizing in the space of
effective macroparameters by the pair of variables T,¢ and V,r.Then the probability density
of fluctuations of the effective macroparameters becomes {LaLi68}, {An73}

2 2
1 [ oT, 1/ 0V,
W(3T,,8Vef) = Cexp —5 (AT‘”}) -5 (AV"J;) . (102)
e e

Here, C is the normalization constant, the dispersion of the effective temperature (AT, f)2 has
form (95), and the dispersion of the effective volume 6V, s

AV,

2 _
(Avef) - —kBTef @

(103)

T, f

We note that both these dispersions are nonzero for any T.

Accordingly to formula (102) the correlator of these macroparameters <5Tef,(5Vef> = 0. This
equality confirms the independence of the fluctuations of the effective temperature and
volume. Hence it follows that the UR for these quantities has the form AT, fAVe = 0, ie.,
no additional restrictions on the uncertainties AT,r and AV, arise from this relation.

b). Conjugate effective macroparameters
As is well known, the concept of conjugate quantities is one of the key concepts in quantum
mechanics. Nevertheless, it is also used in thermodynamics but usually on the basis of
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heuristic considerations. Without analyzing the physical meaning of this concept in MST
(which will be done in 4.4), we consider the specific features of correlators and URs for similar
pairs of effective macroparameters.

Based on the first law of thermodynamics, Sommerfeld emphasized {So52}] that entropy
is a macroparameter conjugate to temperature. To obtain the corresponding correlator, we
calculate the fluctuation of the effective entropy S, :

8V, (104)

Ver Ty Ver

In the calculation of the correlator of fluctuations of the macroparameters 0S¢ and 6T, using
distribution (102), the cross terms vanish because of the independence of the quantities 6V, ¢

and 0T,¢. As a result, the correlator contains only one term proportional to (AT, f)z so that
(6Sef,6T,f) becomes

(CV)ef
Tef

We note that, the obtained expression depends linearly on T.

(8Ser,0T,f) = (AT.f)? =kpT,y. (105)

To analyze the desired UR, we find the dispersion (AS, f)z, using distribution (102):

(Cv)ef ? OPf
2 _ 2
(ASe) —( T (ATef)” + AT,s

2
) (AVyp)?, (106)

Ver

where AT, and AV, s are defined by formulas (95) and (103). This expression can be simplified
for V, = const. Thus, if (92) and (95) are taken into account, the uncertainty AS, % becomes

(Cv)er
Ty

ASr = (AT,f) = kg. (107)

As a result, the uncertainties product in the left-hand side of the UR has the form
(ASef)(AT,f) = kg Ty. (108)

Combining formulas (108) and (105), we finally obtain the “effective entropy—effective
temperature” UR in the form of an equality

(Asef)(ATef) :kBTef: <5Sefr5Tef>' (109)
In the general case, for V¢ # const, the discussed UR implies the inequality
ASefATE > kBTef- (110)

In other words, the uncertainties product in this case is restricted to the characteristic of the
QHB, namely, its effective temperature, which does not vanish in principle. This is equivalent
to the statement that the mutual restrictions imposed on the uncertainties AS,¢ and AT, are
governed by the state of thermal equilibrium with the environment. Analogical result is valid
for conjugate effective macroparameters the pressure P, and V.
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4.4 Interrelation between the correlators of conjugate effective macroparameters
fluctuations and the stochastic action. The second holistic stochastic-action constant

To clarify the physical meaning of the correlation of macroparameters fluctuations we turn to
results of the sections 2 and 3. In this case, we proceed from the Bogoliubov idea, according
to which only the environmental stochastic influence can be the reason for the appearance of
a nontrivial correlation between fluctuations of both micro and macroparameters.
We recall that the effective action J,r in MST which is connected with the Schrédingerian
in fikD is a characteristic of stochastic influence. Its definition in formula (62) was related
to the quantum correlator of the canonically conjugate quantities, namely, the coordinate
and momentum in the thermal equilibrium state. In this state, the corresponding UR is
saturated {Su06}:

ApefAder = Tef, (111)

where uncertainties are

1
Apef:\/mw\/jief and Aqef:\/%\/jef-

We stress that in this context, the quantities p,r and g,¢ also have the meaning of the effective
macroparameters, which play an important role in the theory of Brownian motion.

We show that correlator of the effective macroparameters (105) introduced above also depend
on J,r. We begin our consideration with the correlator of “effective entropy—effective
temperature” fluctuations. Using (110), we can write relation (105) in the form

(5Sef,(5Tef> = cujef or <5Sef/6u7€f> = kBjef- (112)

Thus, we obtain two correlators of different quantities. They depend linearly on the effective
action J, £3 S0, they are equivalent formally.

However, the pair of correlators in formula (112) is of interest from the physical point of
view because their external identity is deceptive. In our opinion, the second correlator is more
important because it reflects the interrelation between the environmental stochastic influence
in the form 67, and the response of the object in the form of entropy fluctuation 65, to it.
To verify this, we consider the limiting value of this correlator as T — 0 that is equal to the
production

hoo
kBj;} =kpy =%, (113)

where 3 is the second holistic stochastic action constant differing from the first one » =11/ 2kp.
In the macrotheory, it is a minimal restriction on the uncertainties product of the effective
entropy and the effective action:

hoo
Asnggt} =kpy =% £ 0. (114)

The right-hand side of this expression contains the combination of the world constants kg
and %, which was not published previously.
We compare expression (114) with the limiting value of the Schrodinger quantum correlator
for the “coordinate-momentum” microparameters {Su06}, which are unconditionally
assumed to be conjugate. In the microtheory, it is a minimum restriction on the product of
the uncertainties Ap and Ag and is equal to

h
ApoAdo = Tgp = 5,
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i.e., it also depends only on the world constant. Accordingly, convincing arguments used to
admit that 7,¢ and S, are conjugate macroparameters appear.

Summarizing the above considerations, we formulate the criterion that allows us to
independently estimate, what pair of the macroparameters can be considered conjugate.In
our opinion, it reduces to the following conditions: a). the correlator of their fluctuations
depends on J, linearly, and b). the minimum restriction on the uncertainties product is fixed

by either one of the world constants %h and kp or their product.

We note that the correlators of conjugate macroparameters fluctuations vanish in the case of
the classical limit where environmental stochastic influence of quantum and thermal types
are not taken into account. In this case, the corresponding quantities can be considered
independent, the URs for them become trivial, and any restrictions on the values of their
uncertainties vanish.

4.5 Transport coefficients and their interrelation with the effective action

We now turn to the analysis of transport coefficients. It follows from the simplest
considerations of kinetic theory that all these coefficients are proportional to each other. We
show below, what is the role of the effective action 7, % in this interrelation.

As we established {Su06}, “coordinate-momentum” UR (111) for the quantum oscillator in a
thermostat can be written in the form

Apequef = mDef. (115)
Then, for the effective self-diffusion coefficient with account (111), we have the expression

jf (116)

ef*

We now take into account the relation between the effective shear viscosity coefficient 7, and
the coefficient D, . We then obtain

Te
Nef = Degom = 2 (117)

where p;;, is the mass density.
In our opinion, the ratio of the heat conductivity to the electroconductivity contained in the
Wiedemann-Franz law is also of interest:

A kg

i

k
T =75 (ksT), (118)
where 7 is a numerical coefficient. Obviously, the presence of the factor k3T in it implies that
the classical heat bath model is used.
According to the main MST postulate, the generalization of this law to the QHB model must

have the form

L’f 2 k k
oof ( £, =4 z(kBTef) 0 z(kB f)COth%T (119)

It is probable that this formula, which is also valid at low temperatures, has not been
considered in the literature yet. As T — 0, from (119), we obtain

A k B
(Uof> =( B) T = 7;(k35)27%~, (120)
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where Tf = »w, and the constant 3¢ coincides with the correlator ((5581(,(5\7(2() according
to (114). We assume that the confirmation of this result by experiments is of interest.

5. Conclusion

So, we think that QSM and non-quantum version of ST as before keep their concernment as
the leading theories in the region of their standard applications.

But as it was shown above, MST allows filling gaps in domains that are beyond of these
frameworks. MST is able to be a ground theory at calculation of effective macroparameters
and, their dispersions and correlators at low temperatures.

In the same time, MST can be also called for explanation of experimental phenomena
connected with behavior of the ratio “shift viscosity to the volume density of entropy” in
different mediums. This is an urgent question now for describing of nearly perfect fluids
features.

In additional, the problem of zero-point energy smearing is not solved in quantum mechanics.
In this respect MST can demonstrate its appreciable advantage because it from very beginning
takes the stochastic influence of cold vacuum into account. This work was supported by the
Russian Foundation for Basic Research (project No. 10-01-90408).
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1. Introduction

The origins of thermodynamics date back to the first half of the nineteenth century, when
the industrial revolution occurred in Europe. Initially developed for engineers only,
thermodynamics focused its attention on studying the functioning of thermal machines.
Years after the divulgation of results obtained by Carnot on the operation of thermal
machines, Clausius, Kelvin, Rankine, and others, re-discussed some of the ideas proposed
by Carnot, so creating classical thermodynamics. The conceptual developments introduced
by them, in the mid of XIX century, have allowed two new lines of thought: the kinetic
theory of gases and equilibrium thermodynamics. Thus, thermodynamics was analyzed on
a microscopic scale and with a mathematical precision that, until then, had not been possible
(Truesdell, 1980). However, since mathematical rigor had been applied to thermodynamics
through the artifice of timelessness, it has become a science restricted to the study of systems
whose states are in thermodynamic equilibrium, distancing itself from the other natural
sciences.

The temporal approach was resumed in the mid-twentieth century only, by the works of
Onsager (Onsager, 1931a, b), Eckart (Eckart, 1940) and Casimir (Casimir, 1945), resulting in
the thermodynamics of irreversible processes (De Groot & Mazur, 1984). Later in 1960,
Toupin & Truesdell (Toupin & Truesdell, 1960) started the modern thermodynamics of
continuous media, or continuum mechanics, today the most comprehensive thermodynamic
theory. This theory uses a rigorous mathematical treatment, is extensively applied in
computer modeling of various materials and eliminates the artificial separation between
thermodynamics and chemical kinetics, allowing a more consistent approach to chemical
processes.

In this chapter, a radical simplification of thermodynamics of continuous media is obtained
by imposing the homogeneous restriction on the process, that is, all the extensive and
intensive properties of the system are functions of time, but are not functions of space.
Improved physical understanding of some of the fundamental concepts of thermodynamics,
such as internal energy, enthalpy, entropy, and the Helmholtz and Gibbs energies is
presented. Further, the temporal view is applied to the first and second laws of
thermodynamics. The conservation of linear and angular momenta, together with the rigid
body concept, stresses the union with mechanics for the first law. For the second law,
intrinsic characteristics of the system are central for understanding dissipation in thermally
homogeneous processes. Moreover, including the definitions for non equilibrium states, the
basic intensive properties of temperature, pressure and chemical potential are re-discussed.
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This is accomplished without making use of statistical methods and by selecting a
mathematically coherent, but simplified temporal theory.

2. Some basic concepts

2.1 Continuous media and thermodynamic properties

The concept of continuous medium is derived from mathematics. The set of real numbers is
continuous, since between any two real numbers there is infinity of numbers and it will
always be possible to find a real number between the pair of original numbers, no matter
how close they are (Mase & Mase, 1999). Similarly, the physical space occupied by a body is
continuous, although the matter is not continuous, because it is made up of atoms, which
are composed of even smaller particles. Clearly, a material body does not fill the space it
occupies, because the space occupied by its mass is smaller than the space occupied by its
volume. But, according to the continuity of matter assumption, any chemical homogeneous
body can be divided into ever-smaller portions retaining all the chemical properties of the
original body, so one can assume that bodies completely fill the space they occupy.
Moreover, this approach provides a solid mathematical treatment on the behavior of the
body, which is correctly described by continuous real functions of time (Bassi, 2005a; Nery
& Bassi, 2009a).

With continuity imposed on matter, the body is called a system and, obviously, the mass
and the volume of any system occupy the same space. If the outside boundary of the system
is impermeable to energy and matter, the system is considered isolated. Otherwise, the
system will be considered closed if the boundary that separates it from the outside is
impermeable to mass only. The amount of any thermodynamic quantity is indirectly or
directly perceived by an observer located within the system. A thermodynamic quantity
whose amount cannot be verified by an observer located within an isolated system is not a
property. The value assigned to any property is relative to some well established referential
(m, mole etc.), but a referential does not need to be numerically well defined (the concept of
mole is well established, but it is not numerically well defined).

Properties are further classified into intensive, additive extensive and non-additive
extensive properties. Intensive properties are those that, at time f, may present real values at
each point <ni, ny, n3> of the system. Thus, if a is an intensive property, there is a specific
temporal function a = a (t, n1, ny, n3) defining the values of a. Examples of intensive
properties are pressure, density, concentration, temperature and their inverses. In turn,
extensive properties are those that have null value only (additive) or cannot present a real
value (non-additive) at all points of the system. Examples of additive extensive properties
are volume, mass, internal energy, Helmholtz and Gibbs energies, entropy and amount of
substance. Inverses of additive extensive properties are non-additive extensive properties,
but the most useful of these are products of additive extensive properties by inverses of
additive extensive properties, such as the mean density of a system (Bassi, 2006a).

2.2 Mathematical formalism
Let a continuous function y= f(x) be defined in an open interval of real numbers (g, b). If a
fixed real number x within this range is chosen, there is a quotient,

f(X+ h]?l_f(x) , (1)
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where & is a positive or negative real and x+h is a real within the interval (a, b). If h
approaches zero and the limit of the quotient tends to some well defined real value, then
that limit defines the derivative of the function y= f(x) at x (Apostol, 1967),

f '(x)—ﬂ—limf(x-'-h)_f(x) )

Tdx  hoo0 h

@)

The first equality of Equation 2 could still be represented by dy= f '(x)dx, but not by
multiplication of both its sides by the inverse of dy, because the values of dy and dx may be
null and their inverses may diverge, thus the integrity of Equation 2 would not be
maintained. It is fundamental to remember that the dy and dx values include not only finite
quantities but necessarily zero, because there is a qualitative difference between null and
finite quantities, no matter how small the finite quantities become. Thus, as well as Equation
2 cannot be multiplied by the inverse of dy, the equation dy= f '(x)dx does not refer to an
interval y2- y1 = f(x2) - f(x1), no matter how small the finite interval becomes, but uniquely to
the fixed real value x (as well as Equation 2).

Certainly, both the mathematical function and its derivative should maintain consistency
with physical reality. For example, the w= w(t) and q= q(f) functions and their derivatives
should express the intrinsic characteristics of work and heat and should retain their
characteristics for any theory where these quantities are defined. Thus, because the Fourier

equation for heat conduction defines % , acceptance of its validity implies accepting the
existence of a differentiable temporal function q= q(f) in any natural science. However,
evidently the acceptance of the Fourier equation do not force all existing theories to include
the equality g= q(f). Surely, it will not be considered by timeless thermodynamics, but that is
a constraint imposed on this theory.

Differential equations mathematically relate different quantities that an observer would be
able to measure in the system. Some of these relations arise from specific properties of the
material (constitutive functions), while others follow the physical laws that are independent
of the nature of the material (thermodynamic functions). If the process is not specified, the
differentiable function of state z= u(x, y), and the process functions z, respectively
correspond to an exact and inexact differential equations. Indeed, one has

M(x,y)dx+ N(x,y)dy =dz, 3)
where é‘M(x,y):i ou(xy) and é‘N(x,y):i ou(xy) for z= u(x, y). Because
oy oy\ ox ox ox\ Oy
azu(x,y) 62u(x,y) .
= , 1
0yox 0x0y
ON(x, OM(x,
(vy) _oM(xy) @

ox oy

then z= u(x, y) and the differential equation (Equation 3) is said to be exact. Otherwise, it is
inexact. Thus, for an exact differential equation the function z= u(x, y) can be found, but for
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solving an inexact differential equation the process must be specified. An important
mathematical corollary indicates that the integral of an exact differential equation is
independent of the path that leads from state 1 to state 2 (Bassi, 2005b; Agarwal & O’Regan,

2008), because it equals z,—z; =u(x,,¥,)—u(x;,;), while this is not true for integrals of

inexact differential equations.

Mathematically, the concept of state comprises the smallest set of measurements of system
properties, at time ¢, enough to ensure that all measures of properties of the system are
known, at that very moment. The definition of state implies that if X is the value of any
property of the system at instant ¢t and E is the state of the system at that same time, there
must be a constitutive or thermodynamic function X =X(E). On the other hand, if Y does not
correspond to the value of a property of the system at time ¢, the existence of a function
Y=Y(E) is not guaranteed. This shows that all integrals of exact differential equations are
function of state differences between two states, while differential equations involving the
differentials of properties included in E generally are inexact (Nery & Bassi, 2009b). Thus, all
properties are functions of state and, if the process is not specified, all functions of state are
properties.

2.3 Relative and absolute scales

Consider a sequence of systems ordered according to the continuous increment of a specific
property of them, as for example their volume. This ordering may be represented by a
continuous sequence of real numbers named a dimensionless scale. Dimensionless scales
can be related each other by choosing functions whose derivatives are always positive.
Linear functions do not alter the physical content of the chosen property, but non-linear
ones do not expand or contract proportionally all scale intervals. Thus, dimensionless scales
related by non-linear functions attribute different physical characteristics to the considered
property. For instance, because the dimensionless scales corresponding to empirical and
absolute temperatures are related by a non-linear function, empirical temperatures cannot
be substituted for absolute temperatures in thermodynamic equations.

The entire real axis is a possible dimensionless scale. Because the real axis does not have a
real number as a lower bound neither as an upper bound, it is not sufficient to choose a
value in the scale and relate this value to a particular system, in order to convert the
dimensionless scale to a dimensional one (Truesdell, 1984). To do this, it is essential to
employ at least two values, as for empirical temperature scales. But only one value is needed
if a pre-defined unit is used, as in the case of the Pascal unit for pressure (Pa=Kg m-s2,
where Kg, m and s are, respectively, the pre-defined units for mass, distance and time). The
dimensional scales for empirical temperatures and for pressure are examples of relative
scales.

So, if X belongs to the real axis, for -co< X <o one may propose the new dimensionless scale

Y= exp(X). ®)
This new scale, contrasting with the previous one, only includes the positive semi-axis of
real numbers with the zero lower bound being as unattainable as the lower bound of the
real axis, -o. By imposing X=0, Equation 5 gives Y=1, where the dimensionless 1 can be
related to any system for defining the scale unit. Any scale containing only the positive
semi-axis of real numbers that assigns a well defined physical meaning to Y=1 is a
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dimensional scale called absolute. The physical contents of some properties, as for example
the volume, require absolute scales for measuring their amounts in the system (for the
volume, Y=1 may be assigned to 1 m3 and there is not a null volume system).

3. First law of thermodynamics

3.1 Internal energy

According to the thermodynamics of continuous media, the mathematical expression for the
first law of thermodynamics is a balance of energy that, along with the balance equations of
mass and linear and angular momenta, applies to phenomena that involve the production or
absorption of heat. In this approach, conservation of linear and angular momenta is explicit
in the energy balance, while in classical thermodynamics conservation of linear and angular
momenta are implicitly assumed. Actually, because classical thermodynamics focuses its
attention on systems which are macroscopically stationary, linear and angular momenta are
arbitrarily zero, restricting the study of several physical systems (Liu, 2002).

The principle of conservation of energy was first enunciated by Joule, near the mid of XIX
century, who demonstrated through numerous experiments that heat and work are
uniformly and universally inter-convertible. Moreover, the principle of conservation of
energy requires that for any positive change in the energy content of the system, there must
be an inflow of energy of equal value. Similarly, for any negative change of the energy
content of the system, there must be liberation of the same energy value.

Consider a body whose composition is fixed. Moreover, suppose that the positions and
relative orientations of the constituent particles of the body are unchanged, but the body can
move in space. This body is defined as rigid body and its energy content is the body's
energy Er. Now, consider that the restrictions on the number of particles, their positions and
orientations are abolished, so the body's energy is E. Thus, the energy content of the body
can be separated into two additive parts

E= U+Eg, (6)

where U is the internal energy and represents the sum of the energies of the motions, of the
constituent particles and into them, which do not change the total linear and angular
momenta of the body (internal motions).

While the energy of the rigid body is well defined by the laws of mechanics, the
comprehension of internal energy values depends on the microscopic model adopted to
describe material bodies. The difference AU, _,, =U(t,)-U(t,), between the internal energy

at two instants ¢, and #, of a gas supposed ideal, can be experimentally determined.
However, it is not possible to experimentally determine the internal energy of any body at
instant .

Similarly, the energy exchange between a body and its exterior is divided into two additive
portions named heat and work. Heat, g, is an exchange of energy in which total linear and
angular momenta of the body, as well as total linear and angular momenta of its exterior,
are not changed. Thus, heat involves only the internal energies of the body and its exterior
and cannot be absorbed or emitted by the energy of a rigid body (Moreira & Bassi, 2001;
Bassi, 2006b). In turn, work, w, involves both the internal and rigid body energies. Hence,
there is no restriction on the rigid body absorption or emission of work (Williams, 1971).
Equation 6, as well as the concepts of rigid body energy, internal energy, heat and work is
valid not only for bodies, but also for systems.
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Considering the time of existence of a process in a closed system, the heat exchanged from
the initial instant #4 until the instant ¢ is denoted by Aq(f)= q(t)-q#, where q4 represents the
heat exchanged from a referential moment until the initial instant t# of the process and q(t)
indicates the heat exchanged from the referential moment until instant ¢. Likewise, one has
Aw(t)= w(t)-wg, Awr(t)= wr(f)-wr# and, by imposing qs= 0, wg= 0 and wr#= 0, respectively
Aq(t)= q(t), Aw(t)= w(t) and Awr(f)= wr(t). Assuming AEg(t)= Er(t)-Er# and AU(t)= U(t)-Us,
energy conservation implies that

AER(t)+ AU(t)= Aq(H)+Awr(H+Aw(t) , %)

where Aw(t) indicates the portion of the work that is transformed into internal energy or
comes from it.
The more general statement of the first law of thermodynamics is:

“The internal energy and the energy of rigid body do not interconvert (Silhavy, 1989).”
Therefore, according to the statement on the first law and Equation 7,
AER(f)= Awr(f), 8)
and, subtracting Equation 8 from Equation 7,
AU(H= Aq(t)+Aw(t). )

Equation 9 is the mathematical expression of the first law of thermodynamics for closed
systems. For the range from ¢, to t, , where t4< t, < t < t, <t¥, Equation 9 may be written

£ ty

fy b
d—udt:jﬁdﬁjd—wdt, (10)
ar” T a

t

a a a

and, by making t,—t and #,—t, the limit of Equation 10 is

du _dq dw , 11)
dt dt dt
where ad is the rate of change of internal energy of the system at time ¢, and % and (i—‘/:

are respectively the thermal and the non thermal powers that the system exchanges with the
outside at that instant. Defining the differentials

dw

Cludt,dq= d—th and dw= —dt, (12)
dt dt

du=s —
dt

Equation 11 may be written

dU= dg+dw. (13)

Considering the entire range of existence of a process fy < t < t# and imposing q4= 0 and
wy= 0, Equation 9 can be rewritten

AU= qt+w, (14)
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which is the most usual form of the first law. Equations 9 to 14 reflect the conservation of
energy in the absence of changes of total linear and angular momenta.

Because differentials are not extremely small finite intervals, it should be noted that
Equation 9 cannot be extrapolated to Equation 13. But in some textbooks Equation 13 is
proposed considering that: (a) dU is an exact differential, but dq and dw are inexact
differentials or (b) dq and dw are finite intervals, while dU is a differential. Such
considerations arise from a mistaken view of the differential concept. Indeed: (1) in order to
a differential equation to have mathematical meaning, its differentials must be defined using
derivatives, as in Equations 3 (by using the process specifications if needed) and 12; (2) the
subtraction of two different well-defined real values corresponds to a well-defined finite
interval and produces a well-defined real, no matter how small, but never a differential,
which is an undetermined real and (3) there are exact and inexact differential equations, but
there is not such classification for differentials. In short, Equation 13 is a consequence of
Equation 9 if and only if the differentials dU, dq and dw are defined using derivatives,
while the validity of Equation 14 does not require this (Gurtin, 1971; Nery & Bassi, 2009b).

3.2 Enthalpy

Suppose a closed system whose outside homogeneously exerts, on the system boundary, a
well defined constant pressure p' during the entire existence of a process occurring in the
system, including the initial and final instants of the process. Additionally, consider
homogeneous the system pressure at the initial, p#, and final, p*#, process instants, that is,
consider that, at the initial and final process instants, the system is in mechanical
equilibrium with outside, so that ps= p*= p'. Therefore, for a process under constant
pressure it is necessary that the system be in mechanical equilibrium at ts and #*, but it is
not necessary that this also occurs during the existence interval of the process, ts< t <t*. If,
excluding the volumetric work performed by p' or against p', Awyy(¢) is the work exchanged
by the system from the initial instant to an instant ¢ such that ts< t <t¥, thus, for a process
under constant pressure occurring in a closed system,

Awa(+Aq()= AU(H+A(PY)()= AH(), (15)
because the enthalpy at instant ¢, H(f), is defined by

H(t)= UO+PpV)() (16)

If Awqn(f)= 0, Equation 15 indicates that the heat exchanged with the outside during a
process under constant pressure is the enthalpy change AH(t) (Planck, 1945). This result is of
fundamental importance for thermo-chemistry, because in this system the enthalpy behaves
similarly to the internal energy in a closed system limited by rigid walls. In analogy to the
mathematical expression of the first law of thermodynamics for closed systems (Equation 9),
AH indicates the module and the direction of the exchange of energy Aw,,(f)+Aq(t) between
the system and its surroundings. Considering Awy ()= 0, if AH <0 the process is said to be
exothermic and, if AH >0, the process is endothermic.

4. Second law of thermodynamics

4.1 Statement for the second law
The first law of thermodynamics is not sufficient to determine the occurrence of physical or
chemical processes. Whereas the first law addresses just the energetic content of system, the
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second law demands further conditions for the existence of a process. Treatises on classical
thermodynamics contain several statements about the second law, which are frequently
associated with the works of Clausius, Kelvin, Carnot and Planck. Despite some differences
among the various statements, all of them claim that to produce an amount of work in a
cyclic process, the system must not only absorb heat, but it must also emit some amount of it
(Kestin, 1976).

This is equivalent to the establishment that, for any closed system at a homogeneous
temperature, work and internal energy may always be converted into heat according to the
first law, but there is a limit for the rate of absorbing heat,

979, a7
dt dt
and for the rate of producing work (Silhavy, 1997),
_dwsTdS_dLI, (18)
dt dt dt

where T is the homogeneous absolute temperature and S is the entropy. The variables T, S
and U correspond to properties of the closed system but, because time derivatives of state
functions are not state functions (Nery & Bassi, 2009b), Equation 17 does not necessarily
impose a constraint on the rate of heat absorption. On the contrary, given this rate,

. . 1dq . du
Equation 17 causes an entropy rate increase at least equal to Tdr and, given ar’
Equation 18 shows that a larger entropy rate increase corresponds to a larger rate of
producing work. But the system must return to the same state for cyclic processes, thus in
such processes restrictions are imposed to the variations of state functions. Indeed, Equation
17 indicates that, for thermally homogeneous cyclic processes that occur in closed systems
(Serrin, 1979),

ngquo. (19)

Equation 17 also introduces the idea of dissipation (Silhavy, 1983). If the dissipation is
defined by

do _pdS_dq (20)
dt dt dt
Equation 17 shows that
do
—20. 21
T (21)

Hence, the second law of thermodynamics asserts that there exists in nature an amount
which, by changes on a closed system at homogeneous temperature, either remains constant
(non-dissipative processes) or increases (dissipative processes). The concept of dissipation
presented here is analogous to friction (Truesdell, 1984). However, it is an internal friction in
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the system and not between the system and its outside. Dissipation always occurs
when, in the state considered, there is a tendency to change the internal motions of the
system.

So far, the second law of thermodynamics has been defined for thermally homogeneous
closed systems. If additional restrictions are imposed on the system such as system isolation,
according to Equations 17 and 21 the second law states that

ﬁZO and @20. (22)
dt dt

Equation 22 confirms that dissipation may occur even for a system which do not exchange
energy with its outside, reinforcing the fact that dissipation is an internal phenomenon of
the system. Isolated systems are not the only special thermally homogeneous closed
systems of interest. Thus, some specific situations are detailed in the following text. But,
first, note that thermodynamic reservoirs are not considered in this approach because, by
definition, reservoirs are systems which do not obey the same physical laws of the system
under study. However, it is possible to make experimentally confirmed deductions by
imposing that the environment obeys the same physical laws as the body (Hutter, 1977;
Serrin, 1979; Nery & Bassi, 2009b). Now, consider a thermally homogeneous closed
system under:

Adiabatic process: If no heat exchange with the outside is imposed, % = 0 and, according
to Equation 17,
ﬁ >0. (23)
dt

An important consequence obtained from Equation 23 is that, in a non-dissipative process,
the words “adiabatic” and “isentropic” have the same meaning, but for a dissipative

adiabatic process clearly % >0 (Truesdell, 1991).

Isoenergetic process: If an isoenergetic process is considered, but interactions between the
system and its outside are allowed, Equation 18 shows that

_dw 4S5 (24)
dt ~ dt

Thus, for a non-dissipative process the entropy of a system can be decreased by doing work
on the system. This is a very interesting assertion, because it eliminates the wrong idea that
in any process whatever the entropy of a system always remains either constant or
increases. Obviously, if the absence of both volumetric and non-volumetric work is

imposed, changes of % coincide with those of an adiabatic process (Day, 1987).

Isentropic process: If entropy S is maintained constant, from Equation 17

44y, (25)
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Thus, heat cannot be absorbed in an isentropic process. A non-dissipative isentropic process
is adiabatic and the change of internal energy coincides with the work exchanged. In the
absence of both volumetric and non-volumetric work, Equation 25 becomes

ad <0. (26)
dt
Thus, if no work is exchanged during the process, the internal energy does not increase in an
isentropic process.
Isothermal process: If the homogeneous temperature is kept constant in time, the time
derivative of the Helmholtz energy,

A(t)= U(t)-(TS)(B), 27)
is
dA_du_,d 2
dt dt dt

and, using Equation 28, Equation 18 can be described by

da < dw . (29)
dt dt
Hence, in an isothermal process, the increase of Helmholtz energy is not greater than the
work done on the system. In addition, if no work is exchanged during the process,

dA

—<0. (30)

dt
Equation 30 implies that the Helmholtz energy does not increase. Note that all these
conclusions are restricted to isothermal processes. If the process is thermally homogeneous,

. . . .. dA _d dT s

but not isothermal, instead of Equation 29 the correct relation is Ty < d—": —Sa , which is
far more complicated.
Isothermal-isobaric process: If both temperature and pressure are homogeneous and
constant in time, the time derivative of the Gibbs energy,

G(t)= H(®)~(TS)(1), (1)
is
4G_dit_yds o
dt dt dt

and Equation 18 can be replaced by

du _pdS 4V dwa, (33)
dt S de Tde o dt

Using Equation 16, Equation 33 may be written
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dH _dS _dw,
dt dr - dt

, (34)
or, using Equation 32,

d£ < deV .

< 35
dt dt (39

an
For example, for a spontaneous process

dG .
may be zero, thus ar <0. If an isothermal-
. . . .. ds . .
isobaric endothermic reaction is spontaneous, Ta is positive and large enough to surpass

the positive value T Therefore, isothermal-isobaric endothermic reactions are driven by
the increase of entropy. On the other hand, for a spontaneous isothermal-isobaric

. . dH .
exothermic reaction, entropy may decrease but T must be negative enough to surpass the

negative value T das .
dt

Although thermally homogeneous processes must be studied, natural (heterogeneous)
processes must also be mentioned. All natural processes will approach thermal
homogeneity as the forward process rate decreases, in relation to a finite thermal
homogenization rate considered constant. If this happens in a closed system, the process
will approach obedience to Equation 17. Nevertheless, because the process tends to a

. oo do .
stationary state, the dissipation m tends to zero faster than Equation 17 becomes obeyed.

This means that when the forward process rate of the process tends to zero, both a thermally
homogeneous dissipative process and a natural process tend towards a thermally
homogeneous non-dissipative process. On the other hand, a natural process will approach a
thermally homogeneous dissipative process when its thermal homogenization rate is
increased, in relation to a finite and constant forward rate of the natural process. Thus,
Equation 17 is a limiting equation for natural processes.

4.2 Maximization of missing information
A possible statistical way for expressing the second law of thermodynamics is:

“A system may change over time until the state with the highest density of possible
microstates is reached. Once this state is achieved, the system cannot alter it anymore, unless
the conditions imposed on the system are modified.”

To illustrate this statement of the second law, consider a sphere divided by an imaginary
diametrical plane into two compartments I and II. Also, consider two indistinguishable
mathematical points moving at random, so the probability of occurrence of any of the
following microstates is equal to 1/4: “xin L, y in II”, “y in [, x in II”, “x and y in I and “x
and y in II”. However, since the x and y points are indistinguishable, the probability of the
state “one point in I, one point in II” is twice the probability of occurrence for each one of the
states “two points in I and “two points in II” (Bassi, 2005c). Because probability theory rests
upon set theory, it is reasonable to introduce states as sets of equally probable microstates.
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Now, suppose a gas consisting of only 10 molecules occupying the entire volume of a closed
vessel. The probability that all molecules are in the left half of the vessel at the same time ¢ is
1/210 =1/1024, that is, for every 1024 seconds this configuration could be observed, on
average, during one second. However, thermodynamics deals only with macroscopic
systems, where the number of constituents is of the order of the Avogadro constant. So, for
one mole of molecules in a gaseous state, the probability that all they are in the left or right
half of the vessel is, for all purposes, zero and then one can consider that such state does not
exist. But, because the thermodynamic state varies continuously, the concept of the number
of microstates corresponding to each state must be replaced by the continuously varying
non-dimensional density of microstates, y > 1, related to each state (Fermi, 1956).

In general, for a macroscopic system the density of possible microstates may be considered
null for all states, except for the state with the highest density of possible microstates, which
is called the stable state. But, because potential barriers can restrain changes of state, the
system may remain in an unstable state until a perturbation suddenly alters the system
state. This is the reason for not imposing that the system will change over time until the
state with the highest density of possible microstates is reached, in the statistical statement
of the second law. Note that, as the density of possible microstates corresponding to the
state increases, the partial knowledge about the state of the system decreases. Thus, in the
stable state the ignorance (missing information) about the characteristics of the system is
maximized.

4.3 Missing structural information and other missing information

In the previous section 4.1 the existence of a thermodynamic property called entropy was
introduced, which helps in understanding how a thermodynamic process will evolve. In the
present section, an interpretation of entropy is presented, based on the structural
characteristics of the system. First, by supposing that the values for all properties that cannot
change in an isolated system (such as mass, volume, and internal energy) are already
known, for any system define structural information as additional information. Then, for
any system, entropy is proportional to the quantity ¢ of missing structural information
(Brillouin, 1962; Gray, 1990).

In an isolated system the missing structural information is associated with the density of
microstates by

¢=cln(y), (36)

where c is an arbitrary constant of proportionality that defines the unit for measurement of
missing structural information. By considering c= ks, where kg is the Boltzmann constant,
Equation 36 is written

S= keln(y), (37)
which is the familiar relationship between entropy and the density of microstates of the
isolated system (Boltzmann, 1964). Note that the entropy is proportional to the missing
structural information for whatever system but, only for an isolated system, entropy is
proportional to the logarithm of the density of microstates. Using the statistical statement
for the second law, Equation 37 indicates that:

“In an isolated system, the entropy never decreases as time increases.”
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Therefore, the combined effect of the first and second laws of thermodynamics states that, as
time progresses, the internal energy of an isolated system may redistribute without altering
its total amount, in order to increase the entropy until the latter reaches a maximum, at the
stable state. This statement coincides with the known extreme principles (Silhavy, 1997).

The interpretation of entropy as a measure of the well defined missing structural
information allows a more precise comprehension of this important property, without
employing subjective adjectives such as organized and unorganized. For example, consider
a gaseous isolated system consisting of one mole of molecules and suppose that all the
molecules occupy the left or right half of the vessel. The entropy of this state is lower than
the entropy of the stable state because, for an isolated system, the entropy is related to the
density of microstates (which, for this state, is lower than the density for the stable state)
and, for any system, the entropy is related to the ignorance about the structural conditions
of the system (which, for this state, is lower than the ignorance for the stable state). Thus, the
entropy does not furnish any information about whether this state is ordered or not
(Michaelides, 2008).

Because y = 1, according to Equation 37 entropy is an additive extensive property whose
maximum lower bound value is zero, so that S > 0. But it is not assured that, for all systems,
S can in fact be zero or very close zero. For instance, unlike crystals in which each atom has
a fixed mean position in time, in glassy states the positions of the atoms do not cyclically
vary. That is, even if the temperature should go to absolute zero, the entropies of glassy
systems would not disappear completely, so that they present the residual entropy

SRES= kBln(yG) , (38)

where yG > 1 represents the density of microstates at 0 K. This result does not contradict
Nernst’s heat theorem. Indeed, in 1905 Walther Nernst stated that the variation of entropy
for any chemical or physical transformation will tend to zero as the temperature approaches
indefinitely absolute zero, that is,

%%(AS) =0. (39)
But there is no doubt that the value of Sggs, for any substance, is negligible when compared
with the entropy value of the same substance at 298.15 K. Therefore, at absolute zero the
entropy is considered to be zero. This assertion is equivalent to the statement made by
Planck in 1910 that, as the temperature decreases indefinitely, the entropy of a chemical
homogeneous body of finite density tends to zero (Planck, 1945), that is,

%1210 (S5)=0. (40)
This assertion allows the establishment of a criterion to distinguish stable states from steady
states, because stable states are characterized by a null limiting entropy, whereas for steady
states the limiting entropy is not null (Silhavy, 1997).
Although it is known that y is not directly associated with the entropy for a non-isolated
system, y still exists and is related to some additive extensive property of the system
denoted by ¢ (Tolman, 1938; Mcquarrie, 2000). By requiring that the unit for C is the same as
for S, the generalized Boltzmann equation is written
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&= ksIn(y), (41)

where C is proportional to some kind of missing information. Considering the special
processes discussed in the previous section 4.1, in some cases the property denoted by

(Equation 41) can be easily found. For instance, since C(li—? <0 for an isothermal process in a

closed system which does not exchange work with its surroundings, then (= —% =S —% for

thermally homogeneous closed systems that cannot exchange work with the outside.
Analogously, if both the temperature and the pressure of a closed system are homogeneous
H

and the system can only exchange volumetric work with the outside, then {= -% =S- T

5. Homogeneous processes

5.1 Fundamental equation for homogeneous processes

During the time of existence of a homogeneous process, the value of each one of the
intensive properties of the system may vary over time, but at any moment the value is the
same for all geometric points of the system. The state of a homogeneous system consisting of
J chemical species is characterized by the values of entropy, volume and amount of
substance for each one of the | chemical species, that is, the state is specified by the set of
values ®= <S, V, ny, ..., n>. Obviously, this assertion implies that all other independent
properties of the system, as for instance its electric or magnetic polarization, are considered
material characteristics which are held constant during the time of existence of the process.
Should some of them vary, the set of values ® would not be enough for specifying the state
of the system, but such variations are not allowed in the usual theory. This assertion also
implies that S exists, independently of satisfying the equality dq= TdS. This approach was
proposed by Planck and is very important, since it allows introducing the entropy without
employing concepts such as Carnot cycles (Planck, 1945).

Thus, at every moment ¢ the value of the internal energy U is a state function U(t)= U(S(t),
V(t), m(t), ..., n(t)). Moreover, since this function is differentiable for any set of values ®= <S,
V, ny, ..., np>, the equation defining the relationship between dU, dS, dV, and dny, ..., dny, is
the exact differential equation

ou ou L ou
=2 (D)dS +—(D)dV + Y ——(®)dn; . 42
o5 (P45 + T7(@)dV+ 2 (@) )

du

The internal energy, the entropy, the volume and the amounts of substance are called the
phase (homogeneous system) primitive properties, that is, all other phase properties can be
derived from them. For instance, the temperature, the pressure and the chemical potential of

any chemical species are phase intensive properties respectively defined by T :%((D) ,

p:—%(@) and yj =%(CD) for j=1, ..., ]. Thus, by substituting T, p and j for their
j

corresponding derivatives in Equation 42, the fundamental equation of homogeneous
processes is obtained,
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J
dU=TdS-pdV + )’ ujdn;. (43)
j=1

Equation 43 cannot be deduced from both Equation 13 and the equalities dq= TdS and
dw= -pdV (Nery & Bassi, 2009b). Since the phase can exchange types of work other than the
volumetric one, these obviously should be included in the expression of first law, but the
fundamental equation of homogeneous processes might not be altered. For instance, an
electrochemical cell exchanges electric work, while the electric charge of the cell does not
change, thus it is not included in the variables defining the system state, and a piston
expanding against a null external pressure produces no work, but the cylinder volume is not
held constant, thus the volume is included in the variables defining the system state.
Moreover, there is not a “chemical work”, because chemical reactions may occur inside
isolated systems, but work is a non-thermal energy exchanged with the system outside
(section 3.1).

Equations 13 and 43 only coincide for non-dissipative homogeneous processes in closed
systems that do not alter the system composition and exchange only volumetric work with
the outside. But neither Equation 13, nor Equation 43 is restricted to non-dissipative
processes, and a differential equation for dissipative processes cannot be inferred from a
differential equation restricted to non-dissipative ones, because differential equations do not
refer to intervals, but to unique values of the variables (section 2.2), so invalidating an
argument often found in textbooks. Indeed, homogeneous processes in closed systems that
do not alter the system composition and exchange only volumetric work with the outside
cannot be dissipative processes. Moreover, Equation 13 is restricted to closed systems, while
Equation 43 is not. In short, Equation 43, as well as the corresponding equation in terms of
time derivatives,

J .
du _,.ds dV+ZM%,

du _ av 44
ar o dr Par (44)

j=1

refer to a single instant and a single state of a homogeneous process, which needs not to be a
stable state (a state in thermodynamic equilibrium).
The Equations 43 and 44 just demand that the state of the system presents thermal, baric and
chemical homogeneity. Because each phase in a multi-phase system has its own
characteristics (for instance, its own density), ® separately describes the state of each phase
in the system. But, because the internal energy, the entropy, the volume and the amounts of
substance are additive extensive properties, their differentials for the multi-phase system
can be obtained by adding the corresponding differentials for a finite number of phases.
Thus, the thermal, baric and chemical homogeneities guarantee the validity of Equations 43
and 44 for multi-phase systems containing a finite number of phases.
Further, if an interior part of the system is separated from the remaining part by an
imaginary boundary, this open subsystem will still be governed by Equations 43 and 44.
Because any additive extensive property will approach zero when the subsystem under
study tends to a point, sometimes it is convenient to substitute u=u(s, v, i, ..., ¢j), where
u= E , S= i , V= X , G= il for j=1, ..., ], and M is the subsystem mass at instant f, for
M M M M
U= uss, v, n, ..., nj). Hence, the equation
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/
du=Tds—pdv+ zﬂjdcj , (45)
j=1

may substitute Equation 43. Indeed, Equation 45 is a fundamental equation of continuum
mechanics.

5.2 Thermodynamic potentials
Not only is the function U= U(®) differentiable for all values of the set @, but also the
ou

functions ﬂ(<1)) , —
oS ov

(@), and g—u(d)) for j=1,...,] are differentiable. Moreover, because
nj

2 2 2
%(@)io, M(d));«st, and %(d)):tO for j=1,...,] at any instant ¢, the state of any
oS ov on;

2
phase, besides being described by the set of values ®, can also be described by any of the
following sets

@v(0)=(5(1), 3 (@(0) ) - (1)), (46)
()= (S (@(0), V(1) (1), )
On(0)= (S0 V() S 0(0) (1), ()
@1 (1)= (S (@0(0), S (@(0) (1) (1), )

among others. Actually, the phase state is described by any one of a family of 2/*2 possible
sets of values and, for each set, there is an additive extensive property which is named the
thermodynamic potential of the set (Truesdell, 1984). For instance, the thermodynamic
potential corresponding to ®s(t) is the Helmholtz energy A and, from Equation 43 and the
definition A= U-TS,

]
dA =-SdT-pdV + Y udn;, (50)
=
O’A 0*A O*A ) .
where 2 (Ps)=0, W(‘Ds) #0,and ——(®s)#0 forj=1,...,] at any instant ¢.
j

Analogously, the thermodynamic potential corresponding to ®y(t) is the enthalpy
H= U+pV,

J
dH=TdS+Vdp+ ) udn;, (51

=1
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2 62 2

and ﬁ(<1>v);t0, —I;I(Qv);to, and
0S op

H((Dv);tO for j= 1,...] at any instant t. The

2
]

2

thermodynamic potential referring to the set ®n(f) is Yj= U-ujn;. By substituting
Equation 43 in the expression for dY; it follows that

dYj=TdS - pdV + sndni+... —nidgj+... + wydny , (52)
and i (Pr) =0 @(db j)#0 @(CI) j)#0 fori=1,...,] but i#, and aZYj((I) j)#0 atan
asz nj ’ 6V2 nj ’ aniz nj ARRY] ]/ Qu]z nj y

instant ¢. Finally, the thermodynamic potential corresponding to ®sy(f) is the Gibbs energy
G=U-TS+pV,

/
dG =-SdT + Vdp + > uidnj, (53)

j=1

2 2 2
and %((st) =0, g(q)sv) #0, and a—?(@sv) #0 for j=1,...,] at any instant ¢. Note that
oT op on;
U is the thermodynamic potential corresponding to ®= <S, V, ny, .., np>, but S is not a
thermodynamic potential for the set <U,V,n,,...,n ; >, since it is not possible to ensure that
2
the derivative %(U,V,nl,...,n ,) is not zero. Thus, the maximization of S for the stable

states of isolated systems does not guarantee that S is a thermodynamic potential.

5.3 Temperature
When the volume and the amount of all substances in the phase do not vary, U is a

. . . . . .o.ooou . -,
monotonically increasing function of S, and then the partial derivative E(GD) is a positive

quantity. Thus, because this partial derivative is the definition of temperature,

_ou

T=
oS

(®)>0. (54)

Because the internal energy is the thermodynamic potential corresponding to the set of
o’u L . .
values @, g;t() and, to complete the temperature definition, the sign of this second

o*u

derivative must be stated. In fact, —2(<I>):ﬂ
oS

ps (®)>0. Thus, temperature is a concept
closely related to the second law of thermodynamics but the first scale of temperature
proposed by Kelvin in 1848 emerged as a logical consequence of Carnot’s work, without
even mentioning the concepts of internal energy and entropy.

Kelvin's first scale includes the entire real axis of dimensionless real numbers and is
independent of the choice of the body employed as a thermometer (Truesdell
& Baratha, 1988). The corresponding dimensional scales of temperature are called
empirical. In 1854, Kelvin proposed a dimensionless scale including only the positive semi-
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axis of the real numbers. For the corresponding absolute scale (section 2.3), the

dimensionless 1 may stand for a phase at 27; T of the temperature value of water at its

triple point. The second scale proposed by Kelvin is completely consistent with the gas
thermometer experimental results known in 1854. Moreover, it is consistent with the heat
theorem proposed by Nernst in 1905, half a century later.

. .ol L
Because, according to the expression g(fb) >0, the variations of temperature and entropy

have the same sign, when temperature tends to its maximum lower bound, the same must
occur for entropy. But, if the maximum lower bound of entropy is zero as proposed by
Planck in 1910, when this value is reached a full knowledge about a state of an isolated
homogeneous system should be obtained. Then, because the null absolute temperature is
not attainable, another statement could have been made by Planck on Nernst’'s heat
theorem:

“It is impossible to obtain full knowledge about an isolated homogeneous system.”

5.4 Pressure
In analogy to temperature, pressure is defined by a partial derivative of U= U(S, V, n, ...1j),

ou
CLYPNY 55
p=-7,(®) (55)
or, alternatively, by
0A
=——(d,). 56
P 6V( s) (56)

But, for completing the pressure definition, the signs of the second derivatives of U and A
must be established. Actually, it is easily proved that these second derivatives must have the

same sign, so that it is sufficient to state that 2—5(@5) <0, in agreement with the mechanical
concept of pressure. Equation 55 demonstrates that, when p>0, U increases owing to the
contraction of phase volume. Hence, according to the principle of conservation of energy,
for a closed phase with constant composition and entropy, p>0 indicates that the absorption
of energy from the outside is followed by volumetric contraction, while p<0 implies that
absorption of energy from outside is accompanied by volumetric expansion. The former
corresponds to an expansive phase tendency, while the latter corresponds to a contractive
phase tendency. Evidently, when p= 0 no energy exchange between the system and the
outside follows volumetric changes. So, the latter corresponds to a non-expansive and non-
contractive tendency.

It is clear that p can assume any value, in contrast to temperature. Hence, the scale for
pressure is analogous to Kelvin’s first scale, that is, p can take any real number. For gases, p
is always positive, but for liquids and solids p can be positive or negative. A stable state of a
solid at negative pressure is a solid under tension, but a liquid at negative pressure is in a
meta-stable state (Debenedetti, 1996). Thermodynamics imposes no unexpected restriction
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on the value of a—g((bs) but, because in most cases this derivative is positive, several
textbooks consider any stable state presenting a negative value for this derivative as being
anomalous. The most well known “anomaly” is related to water, even though there are
many others.

5.5 Chemical potential
In analogy to pressure, the chemical potential is defined by a partial derivative of U= U(S, V,

n, ..., n]),

ﬂi:i(q))/ (57)

or, alternatively, by

oG
j=—/(Dsv). 58
Hi anj( ) (58)
Moreover, to complete the chemical potential definition the signs of the second derivatives
of U and G must be established. Because these derivatives must have the same sign, it is

Opj o .
enough to state that ﬁ(d)sv) >0, which illustrates that both xj and n; must have variations
j
with the same sign when temperature, pressure and all the other J-1 amounts of substance
remain unchanged. Remembering that, for the j# chemical species the partial molar value z;

of an additive extensive property z is, by definition,

zj= %(@sv) , (59)

J

Equation 58 shows that uj = G;j, that is, the chemical potential of the j# chemical species is its
partial molar Gibbs energy in the phase.

Although yj is called a chemical potential, in fact g is not a thermodynamic potential like
U, H, A, Yjand G. This denomination is derived from an analogy with physical potentials
that control the movement of charges or masses. In this case, the chemical potential controls
the diffusive flux of a certain chemical substance, that is, gj controls the movement of the
particles of a certain chemical substance when their displacement is only due to random
motion. In order to demonstrate this physical interpretation, let two distinct but otherwise
closed phases with the same homogeneous temperature and pressure be in contact by
means of a wall that is only permeable to the j species. Considering that both phases can
only perform volumetric work and are maintained at fixed temperature and pressure,
according to Equations 35 and 53

dG = gpdnj + ppdn2 <0, (60)

where the subscripts “1” and “2” describe the phases in contact. But, because dnj, = - dnyy , it
follows that
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(i — p2)dnn <0 . (61)

Thus, dnj > 0 implies i - #j2 <0, that is, the substance j flows from the phase in which it has
a larger potential to the phase in which its chemical potential is smaller.

6. Conclusion

By using elementary notions of differential and integral calculus, the fundamental concepts
of thermodynamics were re-discussed according to the thermodynamics of homogeneous
processes, which may be considered an introductory theory to the mechanics of continuum
media. For the first law, the importance of knowing the defining equations of the
differentials dq, dw and dU was stressed. Moreover, the physical meaning of q, w and U
was emphasized and the fundamental equation for homogeneous processes was clearly
separated from the first law expression.

In addition, for the second law, a thermally homogeneous closed system was used. This
approach was employed to derive the significance of Helmholtz and Gibbs energies.
Further, entropy was defined by using generic concepts such as the correspondence
between states and microstates and the missing structural information. Thus, it was shown
that the concept of entropy, which had been defined only for systems in equilibrium, can be
extended to other systems much more complex than the thermal machines. The purpose of
this chapter was to expand the understanding and the applicability of thermodynamics.
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1. Introduction

In this chapter it will be shown that there can exist possible connections of Tsallis non-
extensive definition of entropy (Tsallis, 1988) with the statistical analysis of simple insertion
sort algorithm behaviour. This will be done basing on the connections between the idea of
Turing machines (Turing, 1936) as a basis of considerations in computer science and
especially in algorithmic processing and the proposal of non-equilibrium thermodynamics
given by Constatino Tsallis (Tsallis, 1988; Tsallis, 2004) for indication of the possible
existence of non-equilibrium states in the case of one sorting algorithm behaviour.
Moreover, it will be also underlined that a some kind of paradigm change (Kuhn, 1962) is
needed in the case of computer systems analysis because if one considers the computers as
physical implementations of Turing machines should take into account that such
implementations always need energy for their work (Strzatka, 2010) - Turing machine as a
mathematical model of processing does not need energy. Because there is no (computer)
machine that have the efficiency # = 100%, thus the problem of entropy production appears
during their work. If we note that the process of sorting is also the introduction of order
(obviously, according to a given appropriate relation) into the processed set (sometimes
sorting is considered as an ordering (Knuth, 1997)), thus if one orders it must decrease the
entropy in sorted set and increase it somewhere else (outside the Turing machine - in
physical world outside its implementation). The connections mentioned above will be given
basing on the analysis of insertion sorting, which behaviour for some cases can lead to the
levels of entropy production that can be considered in terms of non-extensivity. The
presented deliberations can be also related to the try of finding a new thermodymical basis
for important part of authors' interest, i.e., the physics of computer processing.

2. Importance of physical approach

The understanding of concept of entropy is intimately linked with the concept of energy that
is omnipresent in our lives. The principle of conservation of energy says that the difference
of internal energy in the system must be equal to the amount of energy delivered to the
system during the conversion, minus the energy dissipated during the transformation. The
principle allows to write an appropriate equation but does not impose any restrictions on
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the quantities used in this equation. What's more, it does not give any indications of how the
energy should be supplied or drained from the system, or what laws (if any exist) should
govern the transformations of energy from one form to another. Only the differences of
transformed energy are important. However, there are the rules governing the energy
transformations. A concept of entropy and other related notions create a space of those
rules.

Let's note that Turing machine is a basis of many considerations in computer science. It was
introduced by Alan Mathison Turing in the years 1935-1936 as a response to the problem
posed in 1900 by David Hilbert known as the Entscheidungsproblem (Penrose, 1989). The
conception of Turing machine is powerful enough to model the algorithmic processing and
so far it haven't been invented its any real improvements, which would increase the area of
decidable languages or which will improve more than polynomial its time of action
(Papadimitriou, 1994). For this reason, it is a model which can be used to implement any
algorithm. This can be followed directly from Alonso Church's thesis, which states that
(Penrose, 1989; Wegner & Goldin, 2003):

“Any reasonable attempt to create a mathematical model of algorithmic computation and to define its
time of action must lead to the model of calculations and the associated measure of time cost, which
are polynomial equivalent to the Turing machines.”

Note also that the Turing machine is, in fact, the concept of mathematics, not a physical
device. The traditional and widely acceptable definition of machine is connected with
physics. It assumes that it is a physical system operating in a deterministic way in a well-
defined cycles, built by a man, whose main goal is focusing energy dispersion for the
execution of a some physical work (Hordkowa et al., 2003). Such a machine works almost in
accordance with the concept of the mechanism specified by Deutsch - as a perfect
machinery for moving in a cyclical manner according to the well-known and described laws
of physics, acting as a simple (maybe sometimes complicated) system (Deutsch, 1951;
Grabowski & Strzatka, 2009; Amral & Ottino, 2004).

On the other hand the technological advances have led to a situation in which there is a
huge number of different types of implementations of Turing machines and each such an
implementation is a physical system. Analysis of the elementary properties of Turing
machines as a mathematical concept tells us, that this is a model based on unlimited
resources: for example, in the Turing machine tape length is unlimited and the consumption
of energy for processing is 0 (Stepney et al, 2006). This means that between the
mathematical model and its physical implementation there are at least two quite subtle but
crucial differences: first, a mathematical model that could work, does not need any Joule of
energy, while its physical implementation so, and secondly, the resources of (surrounding)
environment are always limited: in reality the length of Turing machine tape is limited
(Stepney et al., 2006).

Because in the mathematical model of algorithmic computations there is no consumption of
energy, i.e., the problem of physical efficiency of the model (understood as the ratio of
energy supplied to it for work, which the machine will perform) does not exist. Moreover, it
seems that since the machine does not consume energy the possible connections between
thermodynamics and problems of entropy production aren't interesting and don't exist.
However, this problem is not so obvious, not only due to the fact that the implementations
of Turing machines are physical systems, but also because the use of a Turing machine for
the solution of algorithmic problems can be also associated with the conception such as the
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order, which is (roughly speaking) anti-entropic. A classic example of this type of problem is

sorting. It is usually one of the first problems discussed at the courses of algorithms to show

what is the algorithmic processing and to explain the idea of computational complexity (see

for example the first chapter in famous book (Cormen et al., 2001)).

Generally, the main objective of sorting is in fact find such a permutation (ordering change)

<ay,a,,...,ay > of the input consisting of N numbers (or in general N keys) < a;,a,,...,ay > to

ensure that a; <a, <..<ay . As one can see the search for an appropriate permutation is
carried out using the ordering relation < defined on the values (keys) and the following
conditions for three values 4, b, c are satisfied:

- there is true exactly one of the possibilitiesa <b,a=b, b <a;

- ifa<b andb<c¢ thena<c.

In this chapter, basing on the context of so far presented considerations, it will be discussed

a simple algorithm for sorting based on the idea of insertion sort. This is one of the easiest

and most intuitive sorting algorithms (based on the behaviour of bridge player who sorts his

cards before the game) and its detailed description can be found in the literature (Cormen et
al.,, 2001). It is not too fast algorithm (for the worst-case it belongs to a class of algorithms of
complexity O(n2), however for the optimistic case it has the complexity Q(n)), but it is very
simple, because it only consists of two loops: the outer guarantees sorting of all elements

and the internal one, which finds the right place for each key in the sorted set. This loop is a

key-point of our analysis because it will represent a very interesting behaviour in the context

of analysis of algorithm dynamics for all possible input set instances. This follows from the
fact that the number of this inner loop executions, which can also be identified with the

duration of this loop, depends on (Strzatka & Grabowski, 2008):

e the number of sorted keys (the size n of the task). If, for example, the pessimistic case is
sorted for long input sets and elements of small key values, the duration of this loop can
be very long especially for the data contained at the end of the input sorted set;

e currently sorted value of the key. If the sorting is done in accordance with the relation
“<”, then for large values of data keys finding the right place in output set should last a
very short period of time, while for small values of keys it should take a lot of inside
loop executions. Thus, all parts of the input set close to the optimistic case, i.e., the parts
with preliminary, rough sort of data (e.g., as a result of the local growing trend in
input), will result in fewer executions of inner loop, while the parts of input set closer to
the worst-case (that is, for example, those with falling local trends) will mean the need
of many executions of inside loop.

The third condition is visible when the algorithm will be viewed as a some kind of black box

(system), in which the input set is the system INPUT and the sorted data is the system

OUTPUT (this approach is consistent with the considerations, which are given by Knuth in

(Knuth, 1997) where in his definition of algorithm there are 5 key features among which are

the input and output or with the approach presented by Cormen in (Cormen et al., 2001)).

Then it can be seen that there is a third additional condition for the number of inner loop

executions: the so far sorted values of processed set contained in this part of the output,

where the sorting was already done, influence on the number of this loop executions. Thus
we have an elementary feedback. The position of each new sorted element depends not only
on its numerical value (understood here as the input IN), but also on the values of the items
already sorted (that is, de facto output OUT). If it were not so, each new element in the sorted
input would be put on pre-defined place in already sorted sequence (for example, it would
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be always included at the beginning, end or elsewhere within the output - such a situation
is for example in the case of sorting by selection).

The above presented observations will influence the dynamics of analysed algorithm and its
analysis will be conducted in the context of thermodynamic conditions. Let's note once
again that the sorting is an operation that introduces the order into the processed set and in
other words it is an operation that reduces the level of entropy considered as the measure of
disorder. In the case of the classical approach, which is based on a mathematical model of
Turing machines the processing will cause the entropy reduction in the input set but will not
cause its growth in the surroundings of the machine (it doesn't consume the energy). But in
the case of the physical implementation of Turing machine, the processing of input set must
result in an increase of entropy in the surroundings of the machine. This follows from the
fact that even if the sorting operation is done by the machine that has the efficiency # = 100%
it still will require the energy consumption - this energy should be produced at the source
and this lead to the increase of the entropy “somewhere” near the source.

3. Levels of entropy production in insertion-sort algorithm

The presented analysis will be based on the following approach (Strzaltka & Grabowski,
2008). If the sorted data set is of size n, then it can occur n! of possible key arrangements
(input instances). One of them will relate to the case of the proper arrangement of elements
in the set (i.e., the set is already sorted - the case is the optimistic one), while the second one
will relate to the worst-case (in the set there will be arrangement, but different from that
required). For both of these situations it can be given the exact number of dominant
operations that should be done by the algorithm, while for the most of other n! - 2 cases this
is not necessary so simple. However, the analysis of insertion sorting can be performed
basing on the conception of inversions (Knuth, 1997). The number of inversions can be used
to calculate how many times the dominant operation in insertion sort algorithm should be
done, but it is also an indication of the level of entropy in the processed set, since the
number of inversions is information about how many elements of the set are not ordered. Of
course, the arrangement will reduce the entropy in the set, but it will increase the entropy in
the environment.

Therefore, we can consider the levels of entropy production during insertion sorting. If we
denote by M the total number of executions of inside and outside loops needed for
successive 1; elements processed from the input set of size n, then for each key M = n;. Let
M; will be the number of outer loop requests for each sorted key - always it will be M; = 1.
If by M> we will denote the number of inner loop calls, then it may vary from 0 to n; - 1, and
if by M3 we determine the number of such inside loop executions that may have occurred
but not occurred due to the some properties of sorted set, we will have M = M + M + Ma.
For the numbers M;, M> and M3 one can specify the number of possible configurations of
inner and outer loop executions in the following cases: optimistic, pessimistic and others. By
the analogy, this approach can be interpreted as a try to determine the number of allowed
microstates (configurations), which will be used to the analysis of entropy levels production
in the context of the number of necessary internal loop executions.

This number will be equal to the number of possible combinations Cjy;' multiplied by
C ]1\\/1/13 w, (this number is multiplicative):
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W= Czl\\/f/Il 'C;\wdiM] =
M! (M-M,)! 3 M! @

My (M=M,)! My!(M=M, —M,) M, M, M,!’

i.e., the number C of M; combinations of necessary outer loop calls from M executions
multiplied by C combinations of M; necessary executions of inner loop from the rest
possible M - M; calls.

An optimistic case is characterized by the need of a single execution of outer loop (M; = 1)
for each sorted key, the lack of inside loop calls (M> = 0) and #; - 1 no executions of this loop
(M3 = n; - 1), which means that the number of possible Wo configurations of these two loops
will be equal

n;!

o =T ror(m —1)r = @

For the pessimistic case it will be: M; =1 and M> = n; - 1 - one need to use this loop a
maximal available times - M3 = 0, thus Wp (P - pessimistic) will be equal

n;!

:W:ni. 3)

Wh
Thus, the number of microstate configurations in both cases is the same (Wo = Wp). It might
seem a little surprising, but it is worth to note that although in the worst case the elements
are arranged in reverse order than the assumed in sorting process, it is still the order. From
the perspective of thermodynamics the optimistic and pessimistic cases are the same
because they are characterised by the entropy production at the lowest possible level; in any
other cases W will be greater. For example let's consider the case when one needs only one
excess dominant operation for key n;, i.e., : M1 =1, Mo =1, M3 = n; - 2, so Wp (D - dynamical)
will be equal

_oomt (m=2)l(m =)y
T1(n-2) (m-2)! =n(n;=1). (4)

Wp

The lowest possible levels of entropy production for the optimistic or pessimistic cases
correspond to the relationship given by Onsager (Prigogine & Stengers, 1984). They show
that if a system is in a state close to thermodynamic equilibrium, the entropy production is
at the lowest possible level. Thus, while sorting by the insertion-sort algorithm the
optimistic or pessimistic cases, Turing machine is in (quasi)equilibrium state.

It can be seen that in the optimistic and pessimistic cases the process of sorting (or entropy
production) is extensive, but it is not known if these considerations are entitled to the other
instances. However, one can see this by doing a description of the micro scale, examining
the behavior of the algorithm for input data sets with certain properties (let's note that this is
in contradiction to the commonly accepted approach in computer science where one of the
most important assumptions in computational complexity assumes that this measure should
be independent on specific instances properties, thus usually the worst case is considered
(Mertens, 2002)). Moreover, to avoid problems associated with determining the number of



126 Thermodynamics

inversions, one can analyze the behavior of this algorithm by recording for each sorted key
the number of executed dominant operations (it will be labeled as Y(n)) and then examine
the process of increments of number of dominant operations (i.e., Y '(n)); in other words - to
consider how the process

Y'(n) = Y(n +1) - Y(n) 5)

can behave.

The equation (1) shows the entropy production for each sorted key. In the classical analysis
of algorithms computational complexity two similar ways can be taken: one can consider a
total number of dominant operations executions or a number of dominant operations for
each processed element of input set (the increments of the first number). The second
approach will be more interesting one and it will show the properties of distribution of all
possible increments of number of dominant operations: for each sorted key r; the number of
dominant operations is a random variable and its values can appear with changing
probabilities for each n;. We would like to know how the distribution of increments looks
like when n; — n and of course when n — . It is not hard to see that in the optimistic case,
the expression (5) will always be zero, and for the worst-case is always equal to one. If there
will be sorted the instances "similar" to the cases that are optimistic or pessimistic, the
deviations from the above number of increments will be small and their probability
distributions should be characterized by quickly vanishing tails, therefore, it will belong to
the Gaussian basin of attraction. As we know this is a distribution, which is a natural
consequence of the assumptions underlying the classical definition of Boltzmann-Gibbs
entropy. However, it may also turn-out that certain properties of sorted input sets (e.g., long
raising and falling trends) will cause that the probability distributions of the number of
dominant operations increments will have a different character, and then the concept of
non-extensive entropy will be useful.

4. Non-equilibrium states of insertion sort algorithm behaviour

In order to visualize the so far presented deliberations a simple experiment involving the
sorting of input data sets by insertion-sort algorithm was done. Sorted sets were the
trajectories of one-dimensional Brownian motion (random walk) - denoted by X(f); see
Fig. 1. Each sorted set has 10¢ elements. One of the most characteristic feature of these sets is
the presence of local increasing or decreasing trends, which for the sorting algorithm can be
regarded as a local optimistic or pessimistic cases. These trends and their changes should
affect the dynamics of algorithm behavior (considered as the changing number of executed
dominant operations) - see for example Fig. 1. If sorting is done according to the non-
decreasing order (i.e., by the relation <), any raising trend would be the case of initially
correct order of keys in input data (in other words it can be very roughly treated as a case
similar to the optimistic one) - in mathematical analysis, this situation would be described
by a small number of inversions. However, any falling trend will be the case of improper
order of data (i.e., very roughly - similar to the worst-case) - in mathematical analysis, this
situation involves a large number of inversion. Any raising trend in input set will cause the
decline of the number of dominant operations, while the falling trend its rapid growth

(Fig. 1).
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Fig. 1. The example of one input set (top) with the behaviour of algorithm (down), i.e., the
recorded set of dominant operations needed for sorting n = 20000 keys. As it can be seen
when in input set there is a local minimum, there is a need to execute the maximal number
of dominant operations, and when in input set there is a local maximum there is a need to

execute only one dominant operation
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Fig. 2. The example of one empirical probability distribution of increments Y'(1) of
dominant operations used by insertion-sort algorithm. Line with dots stands for a normal
distribution fitted by calculated process mean and variance; continuous line represents the
empirical distribution obtained by a kernel estimator
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Fig. 3. The distribution of q values for 500 sorted sets; as it can bee seen in most cases there is
g ~1.3, but its range lies between 1.25 and 1.45

During the experiment, the numbers of dominant (needed for each sorted key) operations
Y(n) were recorded. 500 sets of input data have been sorted and as a result we received the
set of sorting processes realisations. Next, primarily the empirical probability density
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distributions of increments Y'(n) of the number of dominant operations were examined. As
one can see (Fig. 2), the empirical distribution of dominant operations increments has slowly
vanishing tails than fitted by process mean and variance normal distribution. This is a first
example, which shows that the process of sorting by insertion input sets that are the
trajectories of random walk can be related to the idea of Tsallis approach with his proposal
of g-Gaussian distributions (Tsallis et al., 1995; Alemany & Zanette, 1994). In this case the
estimated value of q parameter equals ~ 1.3.
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Fig. 5. The comparison of empirical and fitted normal distributions for increment processes
Y’(n), when the input size n = 1000 and »n = 2000 (top figure) and when n = 200000 and n =
500000 (bottom figure)
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The presented case allows us to ask some interesting questions. First one is obvious: is it
only the one case when such a situation appears, or this situation is a “normal” one. The
answer to the following question can be given immediately because as it was written above
in the experiment 500 sets were sorted and for each sorted set we can see similar behaviour
of empirical distributions. But this obviously allows to ask another important question: how
the values of g parameter change for different input sets. To answer this we perform an
analysis for all sorted sets an its results can be seen on Fig. 3 - the values of 4 parameter are
between 1.25 and 1.45.

The second important problem can be the size n of input set: it can be very interesting for
what n we can see the first symptoms of slowly vanishing tails for distributions of
increments. If the number of keys in the sorted set is small (Fig. 4 shows the empirical and
fitted Gaussian distributions for sets with different input sizes n ), for example less than 1000
keys the g-Gaussian probability distribution of increments for sorting process is not clearly
visible, but if the input set has quit large n the considered effect is definitely more visible.
One of the conclusions drawn from these observations can be the suggestion that the
classical (mathematical) analysis of this algorithm behavior (for example, shown in (Cormen
et al., 2001)), in which the behavior of the algorithm for small data sets also shows the
possible behavior for any size of input data, i.e., in a some sense it is extended to sets of input
data of any size n, not quite well shows the nature of all possible behaviors of the analyzed
algorithm. It seems that the problem considered in this chapter (non-extensive behavior of
entropy) is rather the emergent one - it can appear when the size n of input is numerous.

Of course, the insertion sort algorithm isn't a very efficient one (we know this basing on its
computational complexity) and sorting of large data sets is rather done for example by
Quick-sort, but this simple algorithm can open a new field of discussion concerning the
analysis of algorithms in the context of not only the determinants of the nature of
mathematics, but also the conditions related to the characteristics of a physical nature - this
can be viewed as a some kind of paradigm change in the so far presented approaches.

5. Conclusions

The chapter presents considerations concerning the existence of possible connections
between non-extensive definition of entropy proposed by C. Tsallis and algorithmic
processing basing on the example of sorting by insertion-sort. The figures presenting
empirical distributions in log-lin scale show the existence of a slowly vanishing tails of
probability distributions indicating that the thermodynamic conditions of analysed
algorithm work emerge for a suitably large data sets - in a some sense, it seems that this is a
feature of an emergent character; in the classical analysis of algorithms it can't be taken into
account. In the chapter it was also shown that some features of input sets can also be
transferred on the level of dynamic behaviour of the algorithm and the number of necessary
dominant operations that are performed during its work. This differs from the assumption
in the classical computational complexity analysis where the most interesting and
authoritative case is the pessimistic (worst) one even if one takes into account also the
analysis of the average case. Meanwhile, the analysis of algorithm combined with
knowledge about the properties of processed data shows that there can appear interesting
phenomena that may be of fundamental importance for the analysis of Turing machines that
are not treated as a mathematical models, but considered in the context of their physical
properties of the implementations.
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1. Introduction

The term wormhole was initially coined by Misner and Wheeler (Misner & Wheeler, 1957)
(see also Wheeler (Wheeler, 1955)) in order to describe the extra connections which could
exist in a spacetime, composed by two mouths and a throat, denoting therefore more general
structures than that was initially considered by Einstein and Rosen (Einstein & Rosen, 1935).
Nevertheless, the study of macroscopic wormholes in general relativity was left in some
way behind when Fuller and Wheeler (Fuller & Wheeler, 1962) showed the instability of the
Einstein-Rosen bridge.

Although other solutions of the wormhole type, stable and traversable, were studied in
those years (Ellis, 1973; Bronnikov, 1973; Kodama, 1978), it was in 1988 when the physics
of wormhole was revived by the work of Morris and Thorne (Morris & Thorne, 1988). These
authors considered the characteristics that should have a spacetime in order to describe a
wormhole, which could be used by a intrepid traveler either as a short-cut between two
regions of the same universe or as a gate to another universe. They found that such
structure must be generated by a stuff not only with a negative radial pressure, but with
a radial pressure so negative that this exotic material violates the null energy condition.
Such pathological characteristic could have been suspected through the mentioned previous
studies (Ellis, 1973; Bronnikov, 1973; Kodama, 1978), that pointed out the necessity to change
the sign of the kinetic term of the scalar field which supports the geometry in order to maintain
the stability of the wormhole. Moreover, in the work of Morris and Thorne (Morris & Thorne,
1988) it is included a comment by Page indicating that the exoticity of the material would
be not only needed in the static and spherically symmetric case, but in more general cases.
Although Morris and Thorne was aware of violations of the null energy condition, both in
theoretical examples and in the laboratory, they also studied the possibility to minimize the
use of this odd stuff, which they called exotic matter.

Nevertheless, it seems that exotic matter should not longer be minimized since the universe
itself could be an inexhaustible source of this stuff. Recent astronomical data (Mortlock
& Webster, 2000) indicate that the Universe could be dominated by a fluid which violates
the null energy condition, dubbed phantom energy (Caldwell, 2002). In fact, Sushkov and
Lobo (Sushkov, 2005; Lobo, 2005), independently, have shown that phantom energy could
well be the class of exotic matter which is required to support traversable wormholes. This
result could be regarded to be one of the most powerful arguments in favor of the idea
that wormholes should no longer be regarded as just describing purely mathematical toy
spacetime models with interest only for science fictions writers, but also as plausible physical
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realities that could exist in the very spacetemporal fabric of our Universe. The realization of
this fact has motivated a renaissance of the study of wormhole spacetimes, the special interest
being the consideration of the possible accretion of phantom energy onto wormholes, which
may actually cause the growth of their mouths (Gonzalez-Diaz, 2004)

Due to the status at which wormholes have been promoted, it seems that the following step
should be the search of these objects in our Universe. Cramer et al. (Cramer et al., 1995) were
the first in noticing that a negative mass, like a wormhole, would deflect the rays coming
from a luminous source, similarly to a positive mass but taking the term deflection its proper
meaning in this case. Considering a wormhole between the source and the observer, the
observer would either measure an increase of the intensity or receive no signal if he/she is in
a certain umbral region. Following this line of thinking other works have studied the effects
of microlensing (Torres et al., 1998a;b; Safonova et al., 2002) or macrolensing (Safonova et al.,
2001) that wormholes could originate. Nevertheless, wormholes would affect the trajectory
not only of light rays passing at some distance of them, but of rays going through them coming
from other universe or other region of the same universe (Shatskiy, 2007; n.d.). In this case,
as it could be expected (Morris et al., 1988), the wormhole would cause the divergence of the
light rays, which would form an image of a disk with an intensity reaching several relative
maxima and minima, and an absolute maximum in the edge (Shatskiy, n.d.). However, if
for any reason the intensity in the edge could be much higher than in the interior region
(Shatskiy, 2007), then this image may be confused with an Einstein ring, like one generated by
the deformation of light due to a massive astronomical object with positive mass situated
on the axis formed by the source and the observer, between them! (Gonzalez-Diaz, n.d.).
In summary, whereas the deformation in the trajectory of light rays passing close to the
wormbhole could be due to any other astronomical object with negative mass, if it might exist,
the observational trace produced by the light rays coming through the hole could be confused
with the deformation produced by massive object with positive mass. Therefore, if it would
be possible to measure in the future both effects together, then we might find a wormhole.
On the other hand, it is well known that the thermodynamical description of black holes
(Bardeen et al., 1973) and other vacuum solutions, as the de Sitter model (Gibbons & Hawking,
1977), has provided these spacetimes with quite a more robust consistency, allowing moreover
for a deeper understanding of their structure and properties. Following this spirit, a possible
thermodynamical representation of wormholes could lead to a deeper understanding of
both, these objects and the exotic material which generates them, which could perhaps be
the largest energy source in the universe. Therefore, in the present chapter, we consider
the potential thermodynamical properties of Lorentzian traversable wormholes. Such study
should necessarily be considered in terms of local concepts, as trapping horizons, since in the
considered spacetime the definition of an event horizon is no longer possible.

The importance of the use of trapping horizons in order to characterize the black holes
themselves in terms of local quantities has been emphasized by Hayward (Hayward, 1994a;
1996; 1998; 2004), since global properties can not be measured by a real observer with a
finite life. In this way, the mentioned author has developed a formalism able to describe
the thermodynamical properties of dynamical and spherically symmetric black holes, based

1t must be pointed out that whereas an structure of this kind is obtained in Ref. (Shatskiy, 2007), in
Ref. (Shatskiy, n.d.) it is claimed that a correct interpretation of the results would indicate an image in
the form of a luminous spot in the case that the number of stars in the other universe would be infinite,
which would tend to a situation in which the maxima and minima could be distinguished when the real
case tends to separate of the mentioned idealization.
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in the existence of trapping horizons. Therefore, the presence of trapping horizons in the
wormbhole spacetime would also make possible the study of these objects. Moreover, since
both objects, black holes and wormholes, can be characterized by outer trapping horizons,
which are spacelike or null and timelike, respectively, they could show certain similar
properties (Hayward, 1999), in particular, an analogous thermodynamics.

As we will show, the key point in this study will not lie only in applying the formalism
developed by Hayward (Hayward, 1994a; 1996; 1998; 2004) to the wormhole spacetime,
but in noticing that the results coming from the accretion method, (Babichev et al., 2004;
Martin-Moruno et al., 2006) and (Gonzalez-Diaz, 2004; Gonzalez-Diaz & Martin-Moruno,
2008), must be equivalent to those which will be obtained by the mentioned formalism;
this fact will allow a univocal characterization of wormholes. Such a characterization,
together with some results about phantom thermodynamics (Gonzalez-Diaz & Siguenza,
2004; Saridakis et al., 2009), which concluded that phantom energy would possess a negative
temperature, would provide any possible Hawking-like radiation from wormholes with a
well defined physical meaning.

In this chapter, we will start by summarizing some previous concepts on the Morris and
Thorne solution 2.1 and the Hayward formalism 2.1. This formalism will be applied to
Morris-Thorne wormholes in Sec. 3. In Sec. 4 we will introduce a consistent characterization
of dynamical wormholes, which will allow us to derive a thermal radiation and formulate a
whole thermodynamics in Sec. 5. Finally, in Sec.6, the conclusions are summarized and further
comments are added. Throughout this chapter, we use the signature convention (—,+,+,+).

2. Preliminaries

2.1 The Morris-Thorne wormholes

Morris and Thorne (Morris & Thorne, 1988) considered the most general static and spherically
symmetric metric able to describe a stable and traversable wormhole. That solution describes
a throat connecting two asymptotically flat regions of the spacetime, without any event
horizon. This metric is

ds? =~ + di2 + (1) [d6? + sin’dg?], )

where the coordinate —oo < I < oo and the function ®(I) should be positive definite for any
value of I. In order to recover the asymptotic limit, (1) /|l| — 1 and ®(I) — constant, when
I — +o0. On the other hand, the wormhole throat is the minimum of the function r(I), rq,
which we can suppose, without loss of generality, placed at I = 0; therefore / <0 and [ >0
respectively cover the two asymptotically flat regions connected through the throat at I = 0.
It is useful to express metric (1) in terms of the Schwarzschild coordinates, which yields

42 — 20002 | 2 [do? + sin?dg?], @

dr
1—K(r)/r tr [
where ®(r) and K(r) are the redshift function and the shape function, respectively, and it must
be pointed out that now two sets of coordinates are needed in order to cover both spacetime
regions, both with rg < r < co. For preserving asymptotic flatness, both such functions?, D(r)
and K(r), must tend to a constant value when the radial coordinate goes to infinity. On the
other hand, the minimum radius, ¢, corresponds to the throat, where K(ry) = ry. Although

%In general, there could be different functions ®(r) and K(r) in each region, (Visser, 1995), although,
for our present purposes, this freedom is not of interest.
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the metric coefficient g, diverges at the throat, this surface is only an apparent singularity,
since the proper radial distance

T *
I(r) =+ / S S— 3)
ro \/1—K(r*)/r*
must be finite everywhere.

In order to interpret this spacetime, we can use an embedding diagram (Morris & Thorne,
1988) (see also (Visser, 1995) or (Lobo, n.d.))). This embedding diagram, Fig. 1, can be obtained
by using the spherical symmetry of this spacetime, which allow us to consider, without lost of
generality, a slice defined by 6 = 71/2. Such a slice is described at constant time by

2
d52 dr . —|—1’2d§02. 4)

T 1-K(r)/
Now, we consider the Euclidean three-dimensional spacetime in cylindrical coordinates, i. e.
ds? = dz? + dr? + r2dg?. (5)

In this spacetime the slice is an embedded surface described by an equation z = z(r).
Therefore, Eq. (5) evaluated at the surface yields

dz\?
1*(5)

Taking into account Egs. (4) and (6) we can obtain the equation of the embedded surface. This
is

ds®> = dr* + r2dcp2‘ (6)

dz r -1/2
&= 7
which diverges at the throat and tends to zero at the asymptotic limit. The throat must flare out
in order to have a wormhole, which is known as the “flaring-out condition”. This condition
implies that the inverse of the embedded function should have an increasing derivative at
the throat and close to it, i. e. (d?r)/(d?z) > 0. Therefore, taking the inverse of Eq. (7) and
deriving with respect to z, it can be obtained that

K(r) —rK'(r)

2KOE o

implying that K’ (rp) < 1.

On the other hand, considering that the energy-momentum tensor can be written in an
orthonormal basis as Ty, = diag(o(r),p,(r),pt(r),pt(r)), the Einstein equations of this
spacetime produce (Morris & Thorne, 1988; Visser, 1995; Lobo, n.d.)

KO
pr) =57 )
i) = g[S 2 (1- ) 20, (10)
) = g [0+ (@ 0+ s e+ + 2O an
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Fig. 1. The embedding diagram of an equatorial slice (¢ = 71/2) of a wormhole at a given
time (t =const). The wormhole can connect two regions of the same universe (a) or two
different universes (b).

Evaluating the condition (8) at the throat and taking into account Egs. (9) and (10), these
equations are seen to entail p(rg) + p(rg) < 0. Therefore, the stuff generating this geometry
violates the null energy condition at the throat and close to it. On the other hand, in order to
minimize the exoticity of this stuff, it can be required that, at least, the energy density should
be positive, leading to K'(r) > 0.

Apart from some quantum effects, as the Casimir effect, which could allow violations of the
null energy condition, this violation has gained naturalness with the accelerated expansion
of the universe. As we have already mentioned, some studies (Sushkov, 2005; Lobo, 2005;
2006) have extended the notion of phantom energy to inhomogeneous spherically symmetric
spacetimes by regarding that the pressure related to the energy density through the equation
of state parameter must be the radial pressure, calculating the transverse components by
means of the Einstein equations. One can see (Lobo, 2005) that a particular specification of
the redshift and shape functions in metric (2) leads to a static phantom traversable wormhole
solution (where no dynamical evolution for the phantom energy is considered) which satisfies
the traversability conditions (Morris & Thorne, 1988), in particular the outward flaring
condition K’ (rp) < 1.

2.2 Trapping horizons

As a necessary tool for the development of the following sections, in the present subsection
we summarize some concepts and notation of the Hayward formalism, which are based on
the null dynamics and applicable to spherically symmetric spacetimes (Hayward, 1998).

First of all, it must be noticed that the metric of a spherically symmetric spacetime can always
be written, at least locally, as

ds? =2¢4d&ETdE 4 r2d0?, (12)
where r > 0 and g4_ < 0 are functions of the null coordinates (¢*,¢ ™), related with the two
preferred null normal directions of each symmetric sphere 91 = /3¢, r is the so-called areal
radius (Hayward, 1998), which is a geometrical invariant, and dO? refers to the metric on the
unit two-sphere. One can define the expansions in the null directions as

O = %Bir. (13)

The sign of ®O_ is invariant, therefore it can be used to classify the spheres of symmetry.
One can say that a sphere is trapped, untrapped or marginal if the product ®©_ is bigger,
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less or equal to zero, respectively. Locally fixing the orientation on an untrapped sphere
such that ® > 0 and ®_ < 0, 04 and d_ will be also fixed as the outgoing and ingoing
null normal vectors (or the contrary if the orientation ®; < 0 and ®_ > 0 is considered). A
marginal sphere with ©_ = 0 is future if ©®_ < 0, past if ®_ > 0 and bifurcating® if @_ = 0.
This marginal sphere is outer if 0_© < 0, inner if 0_®; > 0 and degenerate if 0_© = 0.
A hypersurface foliated by marginal spheres is called a trapping horizon and has the same
classification as the marginal spheres.

In spherical symmetric spacetimes a unified first law of thermodynamics can be formulated
(Hayward, 1998), by using the gravitational energy in spaces with this symmetry, which is the
Misner-Sharp energy (Misner & Sharp, 1964). This energy can be defined by

1
E= Er(l — V%V,r) = % (1—2¢%"04r9_7), (14)
and become E = /2 on a trapping horizon*.
Two invariants are also needed in order to write the unified first law of thermodynamics.
These invariants can be constructed out of the energy-momentum tensor of the background
fluid which can be easily expressed in these coordinates:

w = 7g+7T+7 (15)
and the vector
Y=T 9,70, + T ~9_rd_. (16)
The first law can be written as
0+E = A4+ +wo+V, (17)

where A = 47r? is the area of the spheres of symmetry and V = 47113 /3 is defined as the
corresponding flat-space volume. The first term in the rh.s. could be interpreted as an
energy-supply term, since this term produces a change in the energy of the spacetime due
to the energy flux ¢ generated by the surrounding material. The second term, wod+V, behaves
like a work term, something like the work that the matter content must do to support this
configuration.

The Kodama vector plays also a central role in this formalism. This vector, which was
introduced by Kodama (Kodama, 1980), can be understood as a generalization from the
stationary Killing vector in spherically symmetric spacetimes, reducing to it in the vacuum
case. The Kodama vector can be defined as

k = rotyr, (18)

where the subscript 2 means referring to the two-dimensional space normal to the spheres of
symmetry. Expressing k in terms of the null coordinates one obtains

3Tt must be noted that on the first part of this work we will consider future and past trapping horizons
with @ = 0, implying that {~ must be related to the ingoing or outgoing null normal direction for future
(©_ < 0) or past (©_ > 0) trapping horizons, respectively. In Sec. 5 where we will only treat past outer
trapping horizons, we will fix ®_ = 0, without lost of generality, implying that @, > 0 and ¢~ related to
the ingoing null direction.

“The reader interested in properties of E may look up Ref. (Hayward, 1994b).
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k=—gt~ (0419_ —9_rdy), (19)

where the orientation of k can be fixed such that in a untrapped region it is future pointing.
From Eq. (14), it can be noted that the squared norm of the Kodama vector can be written as

2E
r
Therefore, this vector provides the trapping horizon with the additional definition of a
hypersurface where the Kodama vector is null. So, such as it happens in the case of
static spacetimes, where a boundary can be generally defined as the hypersurface where
the temporal Killing vector is null, in the present case we must instead use the Kodama
vector. This vector has some special properties® similar to those of the Killing vector in static
spacetimes with boundaries (Hayward, 1998), such as

[k|[P == -1 20)

kﬂV[akb] = Kvbi’, (21)

which, evaluated on a trapping horizon, implies

k¥ |;ky) = Kk, onatrappinghorizon, (22)

where the square brackets means antisymmetrization in the included scripts and

K= %divzgradzr. (23)

Due to the similarity between Eq. (22) and the corresponding one involving the Killing vector
and its horizon®, x is known as generalized or geometric surface gravity. From the definition
of this quantity (23) and the classification of the trapping horizons introduced at the beginning
of this subsection, it can be seen that an outer, degenerate or inner horizon has x >0, x =0y
x < 0, respectively. On the other hand, x can be expressed in terms of the null coordinates as

k=gt 9 _04r. (24)

Taking into account Eq. (24), it can be seen that the projection of Eq. (17) along the vector z
which generates the trapping horizon yields

L,E=

K%?+wh% (25)

where L; =z-V and z =279+ + z 9_. This expression allows us to relate the geometric
entropy and the surface area through
Sx A ‘ H- (26)

Finally, the Einstein equations of interest, in terms of the null coordinates (Hayward, 1998),
can be expressed using the expansions (13) as

5In Ref. (Hayward, 1996) other interesting properties of k are also studied.

6Although in the equation which relates the Killing vector with the surface gravity there is
no any explicit antisymmetrization, that equation could be written in an equivalent way using an
antisymmetrization. This fact is a consequence of the very definition of the Killing vector, which implies
V (aKpy = 0, where the brackets means symmetrization in the included scripts and K is the Killing vector.
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1
0+0: = —5 0% +0:9:In(~g ) — 87T, 27)

1
ai(a; = 7®+®, + ,ng+* -+ 87'[T+7. (28)

3. 2+2-formalism applied to Morris-Thorne wormholes

The 2+2-formalism was initially introduced by Hayward for defining the properties of real
black holes in terms of measurable quantities. Such a formalism can be considered as a
generalization that allows the formulation of the thermodynamics of dynamical black holes
by using local quantities which are physically meaningful both in static and dynamical
spacetimes. In fact, this formalism consistently recovers the results obtained by global
considerations using the event horizon in the vacuum static case (Hayward, 1998). Even
more, as Hayward has also pointed out (Hayward, 1999), this local considerations can also be
applied to dynamic wormholes spacetimes, implying that there exists a common framework
for treating black holes and wormbholes.

Nevertheless one of the most surprising features of the 2+2-formalism is found when applied
to Morris-Thorne wormholes. Whereas in this spacetime it is not possible to obtain any
property similar to those obtained in black holes physics by using global considerations, since
no event horizon is present, the consideration of local quantities shows similar characteristics
to those of black holes. This fact can be better understood if one notices that the Schwarzschild
spacetime is the only spherically symmetric solution in vacuum and, therefore, any dynamical
generalizations of black holes must be formulated in the presence of some matter content. The
maximal extension of the Schwarzschild spacetime (Kruskal, 1960) can be interpreted as an
Einstein-Rosen bridge (Einstein & Rosen, 1935), which corresponds to a vacuum wormhole
and has associated a given thermodynamics. Nevertheless, the Einstein-Rosen bridge can not
be traversed since it has an event horizon and it is unstable (Fuller & Wheeler, 1962). If we
consider wormholes which can be traversed, then some matter content must be present even
in the static case of Morris-Thorne. So the need of a formulation in terms of local quantities,
measurable for an observer with finite life, must be related to the presence of some matter
content, rather than with a dynamical evolution of the spacetime.

In this section we apply the results obtained by Hayward for spherically symmetric
solutions to static wormholes, showing rigorously their consequences (Martin-Moruno &
Gonzalez-Diaz, 2009b), some of which were already suggested and/or indicated by Ida and
Hayward himself (Ida & Hayward, 1995).

Defining the coordinates ™ =t +r, and {~ =t — ry, with r, such that dr/dr. = \/—g00/ g =
e®)/T—K(r)/r, and &t and ¢~ being related to the outgoing and ingoing direction,
respectively, the metric (2) can be expressed in the form given by Eq. (12). It can be seen, by
the definitions introduced in the previous section, that there is a bifurcating trapping horizon
at r = rg. This horizon is outer since the flaring-out condition implies K’ (rg) < 1.

In this spacetime the Misner-Sharp energy (14), “energy density” (15) and “energy flux” (16)
can be calculated to be
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and
p=-CEP) 00 1K e (-0, 00, 1)
where we have taken into account that the components of an energy-momentum tensor

which takes the form” T}(,%) = diag(p, pr) in an orthonormal basis, with the superscript (2)

meaning the two-dimensional space normal to the spheres of symmetry, are in this basis
Tey =2 (p+p)/4and Ty~ =T = 2®")(p — p,)/4. The Misner-Sharp energy in
this spacetime reaches its limiting value E = r/2 only at the wormhole throat, r = r(, which
corresponds to the trapping horizon, taking smaller values in the rest of the space which
is untrapped. We want to emphasized that, as in the case of the studies about phantom
wormholes performed by Sushkov (Sushkov, 2005) and Lobo (Lobo, 2005), any information
about the transverse components of the pressure becomes unnecessary.

Deriving Eq. (29) and rising the index of Eq. (31), one can obtain

0LE = +27r%0e® /1 — K(r) /7 (32)
Po = £e®(r)y /1 K(r)/r#. (33)

Therefore, we have all terms® of Eq. (17) for the first law particularized to the Morris-Thorne
case, which vanish at the throat, what could be suspected since we are considering a wormhole
without dynamic evolution. Nevertheless, the comparison of these terms in the case of
Morris-Thorne wormholes with those which appear in the Schwarzschild black hole could
provide us with a deeper understanding about the former spacetime, based on the exotic
properties of its matter content. Of course, the Schwarzschild metric is a vacuum solution,
but it could be expected that it would be a good approximation when small matter quantities
are considered, which we will assume to be ordinary matter. So, in the first place, we want
to point out that the variation of the gravitational energy, Eq. (32), is positive (negative) in the
outgoing (ingoing) direction in both cases’, since p > 0; therefore, this variation is positive for
exotic and usual matter. In the second place, the “energy density”, w, takes positive values
no matter whether the null energy condition is violated or not. Considering the “energy
supply” term, in the third place, we find the key difference characterizing the wormhole
spacetime. The energy flux depends on the sign of p + p,, therefore it can be interpreted
as a fluid which “gives” energy to the spacetime, in the case of usual matter, or as a fluid
“receiving” or “getting” energy from the spacetime, when exotic matter is considered. This
“energy removal”, induced by the energy flux in the wormhole case, can never reach a value
so large to change the sign of the variation of the gravitational energy.

On the other hand, the spacetime given by (2) possesses a temporal Killing vector which
is non-vanishing everywhere and, therefore, there is no Killing horizon where a surface
gravity can be calculated as considered by Gibbons and Hawking (Gibbons & Hawking, 1977).

and

7 As we will comment in the next section, this energy-momentum tensor is of type I in the classification
of Hawking and Ellis (Hawking & Ellis, 1973).

8The remaining terms can be easily obtained taking into account that 9. r = i%eq’(’ )1 =K(r)/r.

9The factor e®+/1 — K(r) /r = &, which appears by explicitly considering the Morris-Thorne solution,

comes from the quantity &« = /—goo/grr, which is a general factor at least in spherically symmetric and
static cases; therefore a has the same sign both in Eq. (32) and in Eq. (33).
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Nevertheless, the definition of a Kodama vector or, equivalently, of a trapping horizon implies
the existence of a generalized surface gravity for both static and dynamic wormholes. In
particular, in the Morris-Thorne case the components of the Kodama vector take the form

k=== 1 - K(r) /7, (34)

with |[k||> = =1+ K(r) /r = 0 at the throat. The generalized surface gravity, (24), is

_1-K'(ro)
N 41’0
where “|;” means evaluation at the throat and we have considered that the throat is an outer
trapping horizon, which is equivalent to the flaring-out condition (K'(ry) < 1). By using the
Einstein equations (9) and (10), x can be re-expressed as

K|p >0, (35)

k| = —27mtro[p(r0) + p(ro)]- (36)
with p(rg) + p(r9) < 0, as we have mentioned in 2.1.
It is well known that when the surface gravity is defined by using a temporal Killing
vector, this quantity is understood to mean that there is a force acting on test particles in
a gravitational field. The generalized surface gravity is in turn defined by the use of the
Kodama vector, which can be interpreted as a preferred flow of time for observers at a constant
radius (Hayward, 1996), reducing to the Killing vector in the vacuum case and recovering
the surface gravity its usual meaning. Nevertheless, in the case of a spherically symmetric
and static wormhole one can define both, the temporal Killing and the Kodama vector, being
the Kodama vector of greater interest since it vanishes at a particular surface. Moreover, in
dynamical spherically symmetric cases one can only define the Kodama vector. Therefore
it could be suspected that the generalized surface gravity should originate some effect on
test particles which would go beyond that corresponding to a force, and only reducing to it
in the vacuum case. On the other hand, if by some kind of symmetry this effect on a test
particle would vanish, then we should think that such a symmetry would also produce that
the trapping horizon be degenerated.

4. Dynamical wormholes

The existence of a generalized surface gravity which appears in the first term of the r.h.s. of
Eq. (25) multiplying a quantity which can be identify as something proportional to an entropy
would suggest the possible formulation of a wormhole thermodynamics, as it was already
commented in Ref. (Hayward, 1999). Nevertheless, a more precise definition of its trapping
horizon must be done in order to settle down univocally its characteristics. With this purpose,
we first have to summarize the results obtained by Hayward for the increase of the black hole
area (Hayward, 2004), comparing then them with those derived from the accretion method
(Babichev et al., 2004). Such comparison will shed some light for the case of wormholes.

On the one hand, the area of a surface can be expressed in terms of y as A = [, with
# = r?sin0dfd¢ in the spherically symmetric case. Therefore, the evolution of the trapping
horizon area can be studied considering

LA= /y (zte, +z70.), 37)

with z the vector which generates the trapping horizon.
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On the other hand, by the very definition of a trapping horizon we can fix @4 |y = 0, which
provides us with the fundamental equation governing its evolution

L:O4|p=[z70404 +2z 0-0O4] |y =0. (38)

It must be also noticed that the evaluation of Eq. (27) at the trapping horizon implies

0404 |y =—81T44|n, (39)

where T, | o« p + p, by considering an energy-momentum tensor of type I in the classification
of Hawking and Ellis0. (Hawking & Ellis, 1973). Therefore, if the matter content which
supports the geometry is usual matter, then 04 @ |y < 0, being 04 ©4 |y > 0if the null energy
condition is violated.

Dynamic black holes are characterized by outer future trapping horizons, which implies
the growth of their area when they are placed in environment which fulfill the null energy
condition (Hayward, 2004). This property can be easily deduced taking into account the
definition of outer trapping horizon and noticing that, when it is introduced in the condition
(38), with Eq. (39) for usual matter, implies that the sign of zt and z~ must be different, i.e. the
trapping horizon is spacelike when considering usual matter and null in the vacuum case. It
follows that the evaluation of L, A at the horizon, ©® = 0, taking into account that the horizon
is future and that z has a positive component along the future-pointing direction of vanishing
expansion, zt >0, yields11 L, A > 0, where the equality is fulfilled in the vacuum case. It is
worth noticing that when exotic matter is considered, then the previous reasoning would lead
to a black hole area decrease.

It is well known that accretion method based on a test-fluid approach developed by Babichev
et al. (Babichev et al., 2004) (and its non-static generalization (Martin-Moruno et al., 2006))
leads to the increase (decrease) of the black hole when it acreates a fluid with p +0 >0 (p +p <
0), where p could be identified in this case with p,. These results are the same as those obtained
by using the 2 + 2-formalism, therefore, it seems natural to consider that both methods in fact
describe the same physical process, originating from the flow of the surrounding matter into
the hole.

Whereas the characterization of black holes appears in this study as a natural consideration,
a reasonable doubt may still be kept about how the outer trapping horizon of wormholes
may be considered. Following the same steps as in the argument relative to dynamical black
holes, it can be seen that, since a traversable wormhole should necessarily be described in the
presence of exotic matter, the above considerations imply that its trapping horizon should be
timelike, allowing a two-way travel. However, if this horizon would be future (past) then, by
Eq. (37), its area would decrease (increase) in an exotic environment, remaining constant in the
static case when the horizon is bifurcating. In this sense, an ambiguity in the characterization
of dynamic wormholes seems to exist.

010 general one would have T, ; « Tyy + T11 — 2Tp1, where the components of the energy-momentum
tensor on the rh.s. are expressed in terms of an orthonormal basis. In our case, we consider an
energy-momentum tensor of type I (Hawking & Ellis, 1973), not just because it represents all observer
fields with non-zero rest mass and zero rest mass fields, except in special cases when it is type II, but also
because if this would not be the case then either T, = 0 (for types II and III) which at the end of the
day would imply no horizon expansion, or we would be considering the case where the energy density
vanishes (type IV)

1Tt must be noticed that in the white hole case, which is characterized by a past outer trapping horizon,
this argument implies L, A < 0.



144 Thermodynamics

Nevertheless, this ambiguity is only apparent once noticed that this method is studying the
same process as the accretion method, in this case applied to wormholes (Gonzalez-Diaz &
Martin-Moruno, 2008), which implies that the wormhole throat must increase (decrease) its
size by accreting energy which violates (fulfills) the null energy condition. Therefore, the outer
trapping horizons which characterized dynamical wormholes should be past (Martin-Moruno
& Gonzalez-Diaz, 2009a;b). This univocal characterization could have been suspected from
the very beginning since, if the energy which supports wormholes should violate the null
energy condition, then it seems quite a reasonable implication that the wormhole throat must
increase if some matter of this kind would be accreted.

In order to better understand this characterization, we could think that whereas dynamical
black holes would tend to be static as one goes into the future, being their trapping horizon
past, white holes, which are assumed to have born static and then allowed to evolve, are
characterized by a past trapping horizon. So, in the case of dynamical wormholes one can
consider a picture of them being born at some moment (at the beginning of the universe,
or constructed by an advanced civilization, or any other possible scenarios) and then left
to evolve to they own. Therefore, following this picture, it seems consistent to characterize
wormbholes by past trapping horizons.

Finally, taking into account the proportionality relation (26), we can see that the dynamical
evolution of the wormhole entropy must be such that L,S > 0, which saturates only at the
static case characterized by a bifurcating trapping horizon.

5. Wormhole thermal radiation and thermodynamics

The existence of a non-vanishing surface gravity at the wormhole throat seems to imply that
it can be characterized by a non-zero temperature so that one would expect that wormholes
should emit some sort of thermal radiation. Although we are considering wormholes which
can be traversed by any matter or radiation, passing through it from one universe to another
(or from a region to another of the same single universe), what we are refereeing to now
is a completely different kind of radiative phenomenon, which is not due to any matter or
radiation following any classically allowed path but to thermal radiation with a quantum
origin. Therefore, even in the case that no matter or radiation would travel through the
wormbhole classically, the existence of a trapping horizon would produce a semi-classical
thermal radiation.

It has been already noticed in Ref. (Hayward et al., 2009) that the use of a Hamilton-Jacobi
variant of the Parikh-Wilczek tunneling method led to a local Hawking temperature in the
case of spherically symmetric black holes. Nevertheless, it was also suggested (Hayward
et al., 2009) that the application of this method to past outer trapping horizon could lead to
negative temperatures which, therefore, could be lacking of a well defined physical meaning.
In this section we show explicitly the calculation of the temperature associated with past
outer trapping horizons (Martin-Moruno & Gonzalez-Diaz, 2009a;b), which characterizes
dynamical wormholes, applying the method considered in Ref. (Hayward et al., 2009). The
rigorous application of this method implies a wormhole horizon with negative temperature.
This result, far from being lacking in a well defined physical meaning, can be interpreted in
a natural way taking into account that, as it is well known (Gonzalez-Diaz & Siguenza, 2004;
Saridakis et al., 2009), phantom energy also possesses negative temperature.

We shall consider in the present study a general spherically symmetric and dynamic
wormhole which, therefore, is described through metric (12) with a trapping horizon
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characterized by ®_ = 0 and'?> @ > 0. The metric (12) can be consequently written in terms
of the generalized retarded Eddington-Finkelstein coordinates, at least locally, as

ds? = —e?Ycdu?® — 2¢¥dudr + 12dQ)?, (40)
where du =d¢—,d¢" =09,¢"du + 9, "dr, and ¥ expressing the gauge freedom in the choice
of the null coordinate u. Since 9,¢" > 0, we have considered et = —g+,ar§+ >0 and

e?¥C = —2¢, 9,&". It can be seen that C = 1 — 2E/r, with E defined by Eq. (14). The use
of retarded coordinates ensures that the marginal surfaces, characterized by C = 0, are past
marginal surfaces.
From Egs. (18) and (23), it can be seen that the generalized surface gravity at the horizon and
the Kodama vector are
0,C
K‘ H= ) (41)

and

k=e¢"%a,, (42)

respectively.

Now, similarly to as it has been done in Ref. (Hayward et al., 2009) for the dynamical black
hole case, we consider a massless scalar field in the eikonal approximation, ¢ = ¢gexp (il),
with a slowly varying amplitude and a rapidly varying action given by

1= [wpetdu— [kyr, (43)
with Wy being an energy parameter associated to the radiation. In our case, this field describes
radially outgoing radiation, since ingoing radiation would require the use of advanced
coordinates.

The wave equation of the field which, as we have already mentioned, fulfills the eikonal
equation, implies the Hamilton-Jacobi one'3

YN, IV, 1 =0, (44)

where 'y“b is the metric in the 2-space normal to the spheres of symmetry. Now, taking into
account 9,1 = e‘Yw(p and 0,1 = —k, Eq. (44) yields

K3C 4 2wyky = 0. (45)
¢ Py

One solution of this equation is ky = 0, which must corresponds to the outgoing modes,
since we are considering that ¢ is outgoing. On the other hand, the alternate solution,
ky = —2wy/C, should correspond to the ingoing modes and it will produce a pole in the
action integral 43, because C vanishes on the horizon. Expanding C close to the horizon, one
can express the second solution in this regime as ky ~ —wy / [k|f(r — 70)]. Therefore the action
has an imaginary contribution which is obtained deforming the contour of integration in the
lower r half-plane, which is

12We are now fixing, without loss of generality, the outgoing and ingoing direction as 9, and 9_,
respectively.

13For a deeper understanding about the commonly used approximations of this method, as the eikonal
one, it can be seen, for example, Ref. (Visser, 2003).
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TTw
Im () [y = ———

— . (46)
x|H

This expression can be used to consider the particle production rate as given by the WKB

approximation of the tunneling probability I" along a classically forbidden trajectory

I'cexp [—2Im (I)]. (47)

Although the wormhole throat is a classically allowed trajectory, being the wormhole a
two-way traversable membrane, we can consider that the existence of a trapping horizon
opens the possibility for an additional traversing phenomenon through the wormhole with a
quantum origin. One could think that this additional radiation would be somehow based on
some sort of quantum tunneling mechanism between the two involved universes (or the two
regions of the same, single universe), a process which of course is classically forbidden. If such
an interpretation is accepted, then (47) takes into account the probability of particle production
rate at the trapping horizon induced by some quantum, or at least semi-classical, effect. On
the other hand, considering that this probability takes a thermal form, I o< exp (qu, / TH) ,one
could compute a temperature for the thermal radiation given by

K‘H
T=——= 4
A, (48)

which is negative. At first sight, one could think that we would be safe from this negative
temperature because it is related to the ingoing modes. However this can no longer be the
case as even if this thermal radiation is associated to the ingoing modes, they characterize
the horizon temperature. Even more, the infalling radiation getting in one of the wormhole
mouths would travel through that wormhole following a classical path to go out of the other
mouth as an outgoing radiation in the other universe (or the other region of universe). Such a
process would take place at both mouths producing, in the end of the day, outgoing radiation
with negative temperature in both mouths.

Nevertheless, it is well known that phantom energy, which is no more than a particular case
of exotic matter, is characterized by a negative temperature (Gonzalez-Diaz & Siguenza, 2004;
Saridakis et al., 2009). Thus, this result could be taken to be a consistency proof of the used
method, as a negative radiation temperature simply express the feature to be expected that
wormbholes should emit a thermal radiation just of the same kind as that of the stuff supporting
them, such as it also occurs with dynamical black holes with respect to usual matter and
positive temperature.

Now, Eq. (25) can be re-written, taking into account the temperature expressed in Eq. (48), as
follows

L.E=-TL.S+wL.V, (49)

defining univocally the geometric entropy on the trapping horizon as

_Aln
=
The negative sign appearing in the first term in the r.h.s. of Eq. (49) would agree with the
consideration included in Sec. 3 and according to which the exotic matter supporting this
spacetime “removes” energy from the spacetime itself. Following this line of thinking we can
then formulate the first law of wormhole thermodynamics as:

S (50)
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First law: The change in the gravitational energy of a wormhole equals the sum of the energy removed
from the wormhole plus the work done in the wormhole.

This first law can be interpreted by considering that the exotic matter is responsible for both
the energy removal and the work done, keeping the balance always giving rise to a positive
variation of the total gravitational energy.

On the other hand, as we have pointed out in Sec. 5 L;A > 0 in an exotic environment,
implying L,S > 0 through Eq. (50), which saturates only at the static case. Thus, considering
that a real, cosmological wormhole must be always in an exotic dynamical background, we
can formulate the second law for wormhole thermodynamics as follows:

Second law: The entropy of a dynamical wormhole is given by its surface area which always increases,
whenever the wormhole accretes exotic material.

Moreover, a wormhole is characterized by an outer trapping horizon (which must be past as
has been argued in Sec. 4) which, in terms of the surface gravity, implies x > 0. Therefore, we
can formulate the third law of thermodynamic as:

Third law (first formulation): It is impossible to reach the absolute zero for surface gravity by any
dynamical process.

It is worth noticing that if some dynamical process could change the outer character of a
trapping horizon in such a way that it becomes an inner horizon, then the wormhole would
converts itself into a different physical object. If this hypothetical process would be possible,
then it would make no sense to continue referring to the laws of wormhole thermodynamics,
being the thermodynamics of that new object which should instead be considered. Following
this line of thinking, it must be pointed out that whenever there is a wormhole, x > 0,
its trapping horizon is characterized by a negative temperature by virtue of the arguments
showed. Thus, we can re-formulate the third law of wormhole thermodynamic as:

Third law (second formulation): In a wormbhole it is impossible to reach the absolute zero of temperature
by any dynamical process.

It can be argued that if one could change the background energy from being exotic matter to
usual one, then the causal nature of the outer trapping horizon would change!* (Hayward,
1999). Even more, we could consider that as caused by such a process, or by a subsequent
one, a past outer trapping horizon (i. e. a dynamical wormhole) should change into a future
outer trapping horizon (i.e. a dynamical black hole), and vice versa. If such process would
be possible, then it could be expected the temperature to change from negative (wormhole)
to positive (black hole) in a way which is necessarily discontinuous due to the holding of the
third law, i. e. without passing through the zero temperature, since neither of those objects is
characterized by a degenerate trapping horizon.

In the hypothetical process mentioned in the previous paragraph the first law of wormholes
thermodynamics would then become the first law of black holes thermodynamics, where
the energy is supplied by ordinary matter rather than by the exotic one and the minus sign
in Eq. (49) is replaced by a plus sign. The latter implication arises from the feature that a
future outer trapping horizon should produce thermal radiation at a positive temperature.
The second law would remain then unchanged since it can be noted that the variation of
the horizon area, and hence of the entropy, is equivalent for a past outer trapping horizon
surrounded by exotic matter and for a future outer trapping horizon surrounded by ordinary
matter. And, finally, the two formulations provided for the third law would also be the same,

4This fact can be deduced by noticing that both, the material content and the outer property of the
horizon, fix the relative sign of z* and z~ through Eq. (38).
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but in the second formulation one would consider that the temperature takes only on positive
values.

6. Conclusions and further comments

In this chapter we have first applied results related to a generalized first law of
thermodynamics (Hayward, 1998) and the existence of a generalized surface gravity
(Hayward, 1998; Ida & Hayward, 1995) to the case of the Morris-Thorne wormholes (Morris
& Thorne, 1988), where the outer trapping horizon is bifurcating. Since these wormholes
correspond to static solutions, no dynamical evolution of the throat is of course allowed,
with all terms entering the first law vanishing at the throat. However, the comparison of the
involved quantities (such as the variation of the gravitational energy and the energy-exchange
so as work terms as well) with the case of black holes surrounded by ordinary matter actually
provide us with some useful information about the nature of this spacetime (or alternatively
about the exotic matter), under the assumption that in the dynamical cases these quantities
keep the signs unchanged relative to those appearing outside the throat in the static cases. It
follows that the variation of the gravitational energy and the “work term”, which could be
interpreted as the work carried out by the matter content in order to maintain the spacetime,
have the same sign in spherically symmetric spacetimes supported by both ordinary and
exotic matter. Notwithstanding, the “energy-exchange term” would be positive in the case
of dynamical black holes surrounded by ordinary matter (i. e. it is an energy supply) and
negative for dynamical wormholes surrounded by exotic matter (i. e. it corresponds to an
energy removal).

That study has allowed us to show that the Kodama vector, which enables us to introduce a
generalized surface gravity in dynamic spherically symmetric spacetimes (Hayward, 1998),
must be taken into account not only in the case of dynamical solutions, but also in the
more general case of non-vacuum solutions. In fact, whereas the Kodama vector reduces
to the temporal Killing in the spherically symmetric vacuum solution (Hayward, 1998), that
reduction is no longer possible for the static non-vacuum case described by the Morris-Thorne
solution. That differentiation is a key ingredient in the mentioned Morris-Thorne case,
where there is no Killing horizon in spite of having a temporal Killing vector and possessing
a non degenerate trapping horizon. Thus, it is possible to define a generalized surface
gravity based on local concepts which have therefore potentially observable consequences.
When this consideration is applied to dynamical wormholes, such an identification leads
to the characterization of these wormholes in terms of the past outer trapping horizons
(Martin-Moruno & Gonzalez-Diaz, 2009a;b).

The univocal characterization of dynamical wormholes implies not only that the area (and
hence the entropy) of a dynamical wormhole always increases if there are no changes in the
exoticity of the background (second law of wormhole thermodynamics), but also that the
hole appears to thermally radiate. The results of the studies about phantom thermodynamics
(Gonzalez-Diaz & Siguenza, 2004; Saridakis et al., 2009) allow us to provide this possible
radiation with negative temperature with a well-defined physical meaning. Therefore,
wormholes would emit radiation of the same kind as the matter which supports them
(Martin-Moruno & Gonzalez-Diaz, 2009a;b), such as it occurs in the case of dynamical black
hole evaporation with respect to ordinary matter.

These considerations allow us to consistently re-interpret the generalized first law of
thermodynamics as formulated by Hayward (Hayward, 1998) in the case of wormholes,
noting that in this case the change in the gravitational energy of the wormhole throat is
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equal to the sum of the energy removed from the wormhole and the work done on the
wormbhole (first law of wormholes thermodynamics), a result which is consistent with the
above mentioned results obtained by analyzing of the Morris-Thorne spacetime in the throat
exterior.

At first sight, the above results might perhaps be pointing out to a way through which
wormholes might be localized in our environment by simply measuring the inhomogeneities
implied by phantom radiation, similarly to as initially thought for black hole Hawking
radiation (Gibbons & Hawking, 1977). However, we expect that in this case the radiation
would be of a so tiny intensity as the originated from black holes, being far from having
hypothetical instruments sensitive and precise enough to detect any of the inhomogeneities
and anisotropies which could be expected from the thermal emission from black holes and
wormholes of moderate sizes.

It must be pointed out that, like in the black hole case, the radiation process would produce a
decrease of the wormhole throat size, so decreasing the wormhole entropy, too. This violation
of the second law is only apparent, because it is the total entropy of the universe what should
be meant to increase.

It should be worth noticing that there is an ambiguity when performing the action integral
in the radiation study, which depends on the r semi-plane chosen to deform the integration
path. This ambiguity could be associated to the choice of the boundary conditions. Thus,
had we chosen the other semi-plane, then we had obtained a positive temperature for the
wormbhole trapping horizon. The supposition of this second solution as physically consistent
implies that the thermal radiation would be always thermodynamically forbidden in front
of the accretion entropicaly favored process, since the energy filling the space has negative
temperature (Gonzalez-Diaz & Siguenza, 2004; Saridakis et al., 2009) and, therefore, “hotter”
than any positive temperature. Although this possibility should be mentioned, in our case
we consider that the boundary conditions, in which it is natural to take into account the sign
of the temperature of the surrounding material, imply that the horizon is characterized by a
temperature with the same sign. However, it would be of a great interest the confirmation
of this result by using an alternative method where the mentioned ambiguity would not be
present.

On the other hand, we find of special interest to briefly comment some results presented
during/after the publication of the works in which are based this chapter (Martin-Moruno
& Gonzalez-Diaz, 2009a;b), since it could clarify some considerations adopted in our
development. First of all, in a recent work by Hayward (Hayward, 2009), in which some part
of the present work was also discussed following partly similar though somewhat divergent
arguments, the thermodynamics of two-types of dynamic wormholes characterized by past
or future outer trapping horizon was studied. Although these two types are completely
consistent mathematical solutions, we have concentrated on the present work in the first
one, since we consider that they are the only physical consistent wormholes solution. One
of the reasons which support the previous claim has already been mentioned in this work and
is based on the possible equivalence of the results coming from the 2+2 formalism and the
accretion method, at least qualitatively. On the other hand, a traversable wormhole must be
supported by exotic matter and it is known that it can collapse by accretion of ordinary matter.
That is precisely the problem of how to traverse a traversable wormhole finding the mouth
open for the back-travel, or at least avoiding a possible death by a pinched off wormhole throat
during the trip. If the physical wormhole could be characterized by a future outer trapping
horizon, by Egs. 37), (38) and (39), then its size would increase (decrease) by accretion of
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ordinary (exotic) matter and, therefore, it would not be a problem to traverse it; even more, it
would increase its size when a traveler would pass through the wormhole, contrary to what
it is expected from the bases of the wormhole physics (Morris & Thorne, 1988; Visser, 1995).
In the second place, Di Criscienzo, Hayward, Nadalini, Vanzo and Zerbini Ref. (Di Criscienzo
et al., 2010) have shown the soundness of the method used in Ref. (Hayward et al., 2009)
to study the thermal radiation of dynamical black holes, which we have considered valid,
adapting it to the dynamical wormhole case; although, of course, it could be other methods
which could also provide a consistent description of the process. Moreover, in this work
(Di Criscienzo et al., 2010) Di criscienzo et al. have introduced a possible physical meaning
for the energy parameter wy, noticing that it can be expressed in terms of the Kodama vector,
which provides a preferred flow, as wy = —k%d,I; thus, the authors claim that wy would be
the invariant energy associated with a particle. If this could be the case, then the solution
presented in this chapter when considering the radiation process, ky = —2wy/C, could imply
a negative invariant energy for the radiated “particles”, since it seems possible to identify
kg with any quantity similar to the wave number, or even itself, being, therefore, a positive
quantity. This fact can be understood thinking that the invariant quantity characterizing the
energy of “the phantom particles” should reflect the violation of the null energy condition.
Finally, we want to emphasize that the study of wormholes thermodynamics introduced in
this chapter not only have the intrinsic interest of providing a better understanding of the
relation between the gravitational and thermodynamic phenomena, but also it would allow
us to understand in depth the evolution of spacetime structures that could be present in our
Universe. We would like to once again remark that it is quite plausible that the existence of
wormbholes be partly based on the possible presence of phantom energy in our Universe. Of
course, even though in that case the main part of the energy density of the universe would be
contributed by phantom energy, a remaining 25% would still be made up of ordinary matter
(dark or not). At least in principle, existing wormhole structures would be compatible with
the configuration of such a universe, even though a necessarily sub-dominant proportion of
ordinary matter be present, provided that the effective equation of state parameter of the
universe be less than minus one.
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1. Introduction

The diffusion dynamics in time-dependent potentials plays a central role in the phenomenon
of stochastic resonance (Gammaitoni et al., 1998; Chvosta & Reineker, 2003a; Jung & Hénggi,
1990; 1991), in physics of Brownian motors (Reimann, 2002; Astumian & Hanggi,
2002; Héanggi et al., 2005; Allahverdyan et al., 2008; den Broeck et al., 2004; Sekimoto et al.,
2000) and in the discussion concerning the energetics of the diffusion process
(Parrondo & de Cisneros, 2002) — these papers discuss history, applications and existing
literature in the domain.

Diffusion in a time-dependent potential where the dynamical system communicates with a
single thermal bath can be regarded as an example of an isothermal irreversible process.
Investigating the work done on the system by the external agent and the heat exchange
with the heat bath (Sekimoto, 1999; Takagi & Hondou, 1999) one immediately enters the
discussion of the famous Clausius inequality between the irreversible work and the
free energy. If the energy considerations concern a small system, the work done on
the system has been associated with individual realizations (trajectories) of the diffusive
motion, i.e. the work itself is treated as a random variable whose mean value enters the
thermodynamic considerations. An important achievement in the field is the discovery
of new fluctuation theorems, which generalize the Clausius identity in giving the exact
mean value of the exponential of the work. This Jarzynski identity (Bochkov & Kuzovlev,
1981a;b; Evans et al., 1993; Gallavotti & Cohen, 1995; Jarzynski, 1997b;a; Crooks, 1998; 1999;
2000; Maes, 2004; Hatano & Sasa, 2001; Speck & Seifert, 2004; Seifert, 2005; Schuler et al.,
2005; Esposito & Mukamel, 2006; Hanggi & Thomas, 1975) enables one to specify the free
energy difference between two equilibrium states. This is done by repeating real time (i.e.
non-equilibrium) experiment and measuring the work done during the process. The identity
has been recently experimentally tested (Mossa et al., 2009; Ritort, 2003).

In the present Chapter we discuss four illustrative, exactly solvable models in non-equilibrium
thermodynamics of small systems. The examples concern: i) the unrestricted diffusion in the
presence of the time-dependent potential (SEC. 2) (Wolf, 1988; Chvosta & Reineker, 2003b;
Mazonka & Jarzynski, 1999; Baule & Cohen, 2009; Hanggi & Thomas, 1977), ii) the restricted
diffusion of non-interacting particles in the presence of the time-dependent potential (SEC. 3)
(Chvosta et al., 2005; 2007; Mayr et al., 2007), iii) the restricted diffusion of two interacting
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particles in the presence of the time-dependent potential (SEC. 4) (Rodenbeck et al., 1998;
Lizana & Ambjornsson, 2009; Kumar, 2008; Ambjornsson et al., 2008; Ambjornsson & Silbey,
2008; Barkai & Silbey, 2009), and iv) the two-level system with externally driven energy levels
(SEC. 5) (Chvosta et al., 2010; Subrt & Chvosta, 2007; Henrich et al., 2007; Hénggi & Thomas,
1977).

A common feature of all these examples is the following. Due to the periodic driving, the
system approaches a definite steady state exhibiting cyclic energy transformations. The exact
solution of underlying dynamical equations allows for the detailed discussion of the limit
cycle. Specifically, in the setting i), we present the simultaneous probability density for the
particle position and for the work done on the particle. In the model ii), we shall demonstrate
that the cycle-averaged spatial distribution of the internal energy differs significantly from the
corresponding equilibrium one. In the scenario iii), the particle interaction induces additional
entropic repulsive forces and thereby influences the cycle energetics. In the two-level model
iv), the system communicates with two heat baths at different temperatures. Hence it can
perform a positive mean work per cycle and therefore it can be conceived as a simple
microscopic motor. Having calculated the full probability density for the work, we can discuss
also fluctuational properties of the motor performance.

2. Diffusion of a particle in a time-dependent parabolic potential

Consider a particle, in contact with a thermal bath at the temperature T which is dragged
through the environment by a time-dependent external force. Assuming a single degree
of freedom, the location of the particle at a time f is described by the time-inhomogeneous
Markov process X(t). Let the particle moves in the time-dependent potential

Vix,t)= g[x—u(t)}z. (1)

We can regard the particle as being attached to a spring, the other end of which moves with an
instantaneous velocity 1(t) = du(t)/dt. Furthermore, assume that the thermal forces can be
modeled as the sum of the linear friction and the Langevin white-noise force. We neglect the
inertial forces. Then the equation of motion for the particle position is (van Kampen, 2007):

IX() = =2V ()] + N = —KIX(E) — (O] +N(1), @

r
ox

where T is the particle mass times the viscous friction coefficient, and N(t) represents the
delta-correlated white noise (N(t)N(#')) = 2DT?5(t — t'). Here D = kgT/T is the diffusion
constant and kg is the Boltzmann constant.

We observe the motion of the particle. Assuming a specific trajectory of the particle we are
interested in the total work done on the particle if it moves along the trajectory. Taking into
account the whole set of all possible trajectories, the work becomes a stochastic process. We
denote it as W(t) and it satisfies the stochastic equation (Sekimoto, 1999)

d J .

—W() = 2 V(X(8),£) = —ku(£)[X(8) — u(t)] ®)
dt ot

with the initial condition W(0) = 0. Differently speaking, if the particle dwells at the position x
during the time interval [t,t + dt] then the work done on the particle during this time interval
equals V(x,t+dt) — V(x,t) (for the detailed discussion cf. also SEC. 5).
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The above system of stochastic differential equations for the processes X(t) and W(t) can
be translated into a single partial differential equation for the joint probability density
G(x,w,t|xg). The function G(x,w,t|xg) describes the probability of achieving the position x
at the time t and performing the work w during the time interval [0, {]. The partial differential
equation reads (Risken, 1984; van Kampen, 2007)

2
%G(x,w,ﬂxo):{D;?—&-%%[x—u(t)} + [x—u(t)}u(t)%}G(x,w,ﬂxo),
G(x,w,t|xg) = 6(x—x9)é(w). 4)

This equation can be solved by several methods. For example, one can use the Lie algebra
operator methods (Wilcox, 1967; Wolf, 1988), or one can calculate the joint generating
functional for the coupled process in question (Baule & Cohen, 2009). Our approach will
be based on the following property of EQ. 4: if at an arbitrary fixed instant the probability
density G(x,w,t|xg) is of the Gaussian form, then it will preserve this form for all subsequent
times. This follows from the fact that all the coefficients on the right hand side of EQ. 4 are
polynomials of the degree at most one in the independent variables x and w (van Kampen,
2007). Accordingly, the function G(x,w, t | xq) corresponds to a bivariate Gaussian distribution
and it is uniquely defined by the central moments (Mazonka & Jarzynski, 1999):

w5t = (X(1), w(t) = (W(H))
o2(t) = (XOP)-FOP, A1) =(WOP) - o], )
clt) = (XOW(E) —F(t)@(t).

The simplest way to calculate these moments is to use EQs. (2) and (3) (Gillespie, 1992;
van Kampen, 2007). The result is

x(t) = u(t) —exp (—%t) /Otdt/u(t/)exp (%t’) + [xo — u(0)] exp <—§t> , (6

o2(t) = %{17exp(72§t)}, ?)

cxw(t) = —2IDexp (%t) /Otdf'u(t’)sinh(%t/), 8)
t . t

w(t) = —k/o At a(t)[x(t) — u(t')], a,%,(t):—zk/o A () exe () . )

Surprisingly, the variance ¢2(t) does not depend on the function u(t). Moreover, in the
asymptotic regime t > T /k, the variance o (t) attains the saturated value T'D/k. This means
that the marginal probability density for the particle position assumes a time-independent
shape.

Up to now our considerations were valid for an arbitrary form of the function u(t). We now
focus on the piecewise linear periodic driving. We take u(t + A) = u(t) and

u(t)=—-2vt for te[0,7[, u(t)=—-2vt+vt for te[r,A[, (10)

where v > 0 and 0 < T < A. The parabola is first moving to the left with the velocity 2v during
the time interval [0, 7[. Then, at the time 7 it changes abruptly its velocity and moves to the
right with the velocity v during the rest of the period A, cf. FIG. 1 d).



156 Thermodynamics

Due to the periodic driving the system’s response (6)-(9) approaches the limit cycle. FIG. 1
illustrates the response during two such limit cycles. First, note that the mean position of
the particle x(f) “lags behind” the minimum of the potential well u(t) (see the panel a)).
The magnitude of this phase shift is given by the second term in EQ. (6) and therefore it is
proportional to the velocity v. In the adiabatic limit of the infinitely slow velocity v — 0 the
probability distribution for the particle position is centred at the instantaneous minimum of
the parabola.

Consider now the mean work done on the system by the external agent during the time
interval [0,t[ (panel b)). w(t) increases if either simultaneously u(t) > x(¢) and #(t) > 0, or
if simultaneously u(t) < ¥(t) and 1(#) < 0. For instance, assume the parabola moves to the
right and, at the same time, the probability packet for the particle coordinate is concentrated
on the left from the instantaneous position of the parabola minimum u(t). Then the dragging
rises the potential energy of the particle, i.e. the work is done on it and the mean input power
is positive. Similar reasoning holds if either simultaneously u(t) > ¥(¢) and 1(t) < 0, or if
simultaneously u(t) < ¥(t) and #u(¢) > 0. Then the mean work @w(t) decreases and hence
the mean input power is negative. The magnitude of the instantaneous input power is
proportional to the instantaneous velocity (). Therefore it is bigger during the first part
of the period of the limit cycle in comparison with the second part of the period. Finally, let
us stress that the mean work per cycle w, = @W(t 4 A) — W(t) is always positive, as required by
the second law of thermodynamics.

The variance of the work done on the particle by the external agent 02 (t) shows qualitatively
the same hehavionr as ()

0 40
a) b 1
-1 35 ) c)
08
-2 —
> £ 30 * 0.6
I= -3 = e
04
25
- 02
-5 20 0
20 25 30 35 40 20 25 30 35 40 ) 5 10 5 20
t t t
0 2 35
d) e) f)
30
-2 I
— = =
= =
=l § = 25
-4 0
20
-6 -1 15
20 25 30 35 40 20 25 30 35 40 20 25 30 35 40

t t t

Fig. 1. The central moments (6)-(9) in the time-asymptotic regime. The driving is represented
by the position of the potential minimum u(t) and it is depicted in the panel d). In all panels
(except of the panel c)) the curves are plotted for two periods A of the driving. The panel a)
shows the mean position of the particle, ¥(¢), which lags behind the minimum of the
potential well. The panel b) shows the mean work @(t) done on the particle by the external
agent. In the panel c) we observe the saturation of the variance of the particle’s position

02 (t). In the panel e) we present the correlation function cys(t). The panel f) illustrates the
variance 02 (t) of the work done on the particle by the external agent. The parameters used
are: k = lkgsfz, D=1m?s 1, T= lkgsfl, v=0.825ms 1, A =10s, T = 10/3s.
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3. Barometric process with time-dependent force

3.1 Dynamics

In this Section we discuss a spatially restricted one-dimensional diffusion process occurring in
a half-space under the influence of a harmonically oscillating and space-homogeneous driving
force. We are interested in the solution of the Langevin equation

d d

Ex(t) = —$V(x,t)‘xzx(t) +N(t), (11)
for an overdamped Brownian particle moving in the time-dependent potential V(x,t), where
V(x,t) = —xF(t),if x > 0, and V(x,t) = oo, for x < 0. Here N(t) is the d-correlated Langevin
force, and I' equals the particle mass times the viscous friction coefficient. Differently
speaking, while localised on the positive half-line, the particle is acted upon by the Langevin
force N(t) and by the spatially-homogeneous, time-dependent force F(t). Additionally, we
assume a reflecting barrier at the origin, i.e. the diffusion is restricted on the positive half-line.
As an auxiliary problem, consider first the spatially unrestricted one-dimensional diffusion in
the field of a spatially-homogeneous and time-dependent force F(t). The probability density
for the position of the diffusing particle reads (Hanggi & Thomas, 1975; 1977; Wolf, 1988)

r

(12)

/) 1 1 1 / f " 11

Gt~ Je = ooy [ ] |
The Green function yields the solution of the Smoluchowski diffusion equation for the initial
condition 77(x) = 6(x — x’) imposed at time #’. Qualitatively, it represents the gradually
spreading Gaussian curve whose centre moves in time, the drift being controlled by the
protocol (time-dependent scenario) of the external force. The momentary value of the
mean particle position is given by the expression x’ + ftt, dsv(s), where v(t) = F(t)/T is
the time-dependent drift velocity. The spreading of the Gaussian curve is controlled by the
thermal-noise strength parameter D = kgT/T.
We now assume that the particle is initially (i.e. at the time zero) fully localised at a fixed
point x’ > 0, and we place at the origin of the coordinate system the reflecting boundary.
The Green function U(x,t|x’,0) which solves the problem with the reflecting boundary can be
constructed in two steps (cf. the detailed derivation in REF. (Chvosta et al., 2005)). First, one
has to solve the Volterra integral equation of the first kind

t 0
D/O G(o,t|0,t’)u(o,t’\x’,o)dt’:/ G(x, tx',0)dx. (13)

Here both the kernel and the right hand side follow directly from EQ. (12). The
unknown function U(0,¢|x,0) represents, as the designation suggests, the time evolution
of the probability density for the restricted diffusion at the boundary. Secondly, the final
space-resolved solution emerges after performing just one additional quadrature:

t
U, t1+',0) = G(x,f1¥,0) ~ D | %G(x,t\o,t’) (o, |x',0)dt’ . (14)

The resulting function is properly normalized, i.e. we have fooo U(x,t]x’,0)dx =1forany t >0
and for any fixed initial position x” > 0.

Up to now, our reasoning is valid for any form of the external driving force. A negative
instantaneous force pushes the particle to the left, i.e. against the reflecting boundary at the
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origin. In this case, the force acts against the general spreading tendency stemming from the
thermal Langevin force. A positive instantaneous force amplifies the diffusion in driving the
particle to the right. We now restrict our attention to the case of a harmonically oscillating
driving force F(t) = I'v(t) with the drift velocity v(t) = vy + v1 sin(wt). The three parameters,
v, v1, and w occurring in this formula together with the diffusion constant D yield the
full description of our setting. Specifically, if v; = 0, the external force has only the static
component and the explicit solution of the integral equation (13) is well known, cf. the formula
(29) in (Chvosta et al., 2005). U(0,t|x’,0) approaches in this case either zero, if vy > 0, or the
value |vg|/D, if vy < 0. Having the oscillating force, the most interesting physics emerges if
the symmetrically oscillating component superposes with a negative static force, i.e. if v; > 0,
and vg < 0. This case is treated in the rest of the Section.

Considering the integral equation (13), the basic difficulty is related with the non-convolution
structure of the integral on the left-hand side. It may appear that any attempt to perform
the Laplace transformation must fail. But it has been demonstrated in REF. (Chvosta et al.,
2007) that this need not be the case. The paper introduces, in full details, a special procedure
which yields the exact time-asymptotic solution of EQ. (13). Here we confine ourselves to the
statement of the final result and to its physical consequences.

First of all, we introduce an appropriate scaling of the time variable. Adopting any such
scaling, the four model parameters will form certain dimensionless groups. However, there
are just two “master” combinations of the parameters which control the substantial features
of the long-time asymptotic solution. These combinations emerge after we introduce the
dimensionless time T = [03/(4D)]t (we assume D > 0). If we insert the scaled time into
EQ. (12), the exponent will include solely the combinations x = |vg|v; /(2wD) and 6 =
4wD/ v%. The first of them measures the scaled amplitude of the oscillating force, the second
one its scaled frequency. We now define an infinite matrix R _ ; with the matrix elements

(m|R_y [n) =1, (—xvV1—imb +x). (15)

Here m,n are integers and I;(z) is the modified Bessel function of order k with argument
z. We use the standard bra-ket notation. Notice that the matrix elements depend solely on
the above dimensionless combinations k¥ and 0. As shown in REF. (Chvosta et al., 2005), the
time-asymptotic dynamics can be constructed from the matrix elements of the inverse matrix

]Rj_. In fact, the so called complex amplitudes
fi=(k|RZL |0), k=0,+1,£2,..., (16)

define through EQ. (17) below the full solution. The zeroth complex amplitude fy equals
one. The amplitudes fx and f_j are complex conjugated numbers. Generally, their absolute
value |fi| decreases with increasing the index k. The even (odd) amplitudes are even (odd)
in the parameter x. Summing up the whole procedure, the probability density at the origin
U(0,tx’,0) asymptotically approaches the function

U,(0,t) = %)' f frexp(—ikot) = % {1 +2 i ax(x,0) cos [kwt + (,bk(K,G)]} .17
k=—o00 k=1

In the last expression, we have introduced the real amplitudes of the higher harmonics
ar(x,0) = |fx| and the phase shifts ¢i(x,0) = —arctan(Imfx/Refy). Except for the
multiplicative factor |vg|/D, the asymptotic form of the probability density at the boundary is
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controlled solely by the parameters x and 6. For example, changing the diffusion constant D
and, at the same time, keeping a constant value of the product Dw, the time-asymptotic form
of the reduced function f;(t) = (D/|vg|)Ua(0,t) will not change. Notice that, for any value of
the parameters x and 6, the time average of the probability density at the boundary equals the
equilibrium value of this quantity in the problem without driving force. We have calculated
the complex amplitudes (16) via a direct numerical inversion of the matrix R_; defined in
(15). Of course, the infinite-order matrix R4 must be first reduced onto its finite-order central
block. The matrix elements of the reduced matrix are again given by EQ. (15), presently,
however, m,n = 0,4£1,£2,...,+£N. The integer N has been taken large enough such that its
further increase doesn’t change the results, within a predefined precision. In this sense, the
numerical results below represent the exact long-time solution of the problem in question.
Up to now, we have only discussed the time-dependence of the probability density at the
boundary. As a matter of fact, the knowledge of the complex amplitudes fj allows for a rather
detailed discussion of many other features of the emerging diffusion process. First of all,
we focus on the time- and space-resolved probability density for the particle coordinate. We
remind that, regardless of the initial condition, the static drift towards the origin (vg < 0,
vy = 0) induces the unique equilibrium density 7eq(x) = (|vg|/D)exp[—x|vg|/D], x > 0.
Assuming the oscillating drift, we are again primarily interested in the time-asymptotic
dynamics. In this regime, the probability density U(x,t|x’,0) does not depend on the initial
condition (as represented by the variable x’), and it exhibits at any fixed point x > 0 oscillations
with the fundamental frequency w. We can write

U(x,t|x’,0) ~ Ua(x,t) = +Zoo uy(x) exp(—ikwt) . (18)

k=—c0

Presently, however, the Fourier coefficients u;(x) depend on the coordinate x. An interesting
quantity will be the time-averaged value of the density in the asymptotic regime. This is
simply the dc component uy(x) of the above series. We already know that the value of this
function at the origin is 1u((0) = |vg|/D, i.e. it equals the value of the equilibrium density
in the static case at the origin, 1((0) = 7Teq(0). Generically, we call the difference between
the time-averaged value of a quantity in the oscillating-drift problem and the corresponding
equilibrium value of this quantity in the static case as “dynamical shift”. Hence we conclude
that there is no dynamical shift of the density profile at the origin. But what happens for x > 0?
Assume that the complex amplitudes fy are known. Then we know also the time-asymptotic
solution of the integral equation (13) and the subsequent asymptotic analysis can be based
on the expression (14). Leaving out the details (cf. again REF. (Chvosta et al., 2007)), the
x-dependent Fourier coefficients in EQ. (18) are given by the expression

uk(x):%<k|l,,]E(x)]R++\f), k=0,41,42,.... (19)

Here |f) is the column vector of the complex amplitudes, i.e. fy = (k|f). Moreover, we
have introduced the diagonal matrix E(x), and the two matrixes L__, R4+ with the matrix
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elements
_ 5mn 1 |UO‘ -
(m|E(x)|n) = = {1+\/ﬁ} exp{fxﬁ (\/171m9+1)} , (20)
(m|L—|n) = L,_,(-xv1—inf—x), (21)

(m|Ryy|n)

Ly (+6V/T = imb + 1), (22)

where m and 7 are integers. FIG. 2 illustrates the time-asymptotic density within two periods
of the external driving. Surprising features emerge provided both ¥ < 1, and 6 > 1. Under
these conditions, the time-averaged probability density uo(x) exhibits in the vicinity of the
boundary a strong dependence on the x-coordinate. It can even develop a well pronounced
minimum close to the boundary and, simultaneously, a well pronounced maximum localized
farther from the boundary. In between the two extreme values, there exists a spatial region
where the time-averaged gradient of the concentration points against the time-averaged force.
The situation is depicted in FIG. 3 where we have used the same parameters as in FIG. 2.
Notice the positive dynamical shift ¢ = pig — pieq of the mean coordinate. Here yg is the
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Fig. 2. Time- and space-resolved probability density in the time-asymptotic regime. For any
fixed x, the function U, (x, t) is a periodic function, the period being 271/w. We have plotted
it for two periods. The parameters used are: vgp = —0.1ms ™!, v; =4.0ms ™!, w = 2.0rads !,
and D = 1.0m?s~!. These parameters yield the values x = 0.1 and 6 = 800.
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Fig. 3. Time-averaged value 1 (x) of the probability density as the function of the coordinate
x. We have used the same set of parameters as in FIG. 2. For comparison, we give also the
equilibrium probability density 7eq(x) = (|vg|/D)exp [—x|vg| /D], x > 0, in the
corresponding static problem. The arrows mark the time-averaged mean position y in the
oscillating-force problem, and the equilibrium mean position in the static problem

tleq = D/|vg|. Their difference o = pig — pteq represents the dynamical shift of the mean
position.

time-averaged mean coordinate

L w e / i ’

yoztlggﬁ/t at' u(t',x"), y(t,x)—/o dxxU(x,t|x’,0) . (23)
The exact value of the shift is determined by the complex amplitude f; (Chvosta et al., 2007)
through o = (v1/w)Ref;. The small-v; expansion of the dynamical shift starts with the term
v%, i.e. it cannot be described by a linear response theory. If we plot ¢ as the function of the
temperature T = DI'/kg (Chvosta et al., 2007), it exhibits a resonance-like maximum.
Summarizing, the approach elaborated above yields a rather complete picture of the
time-asymptotic motion of the diffusing particle. Depending on its distance from the
impenetrable boundary, it exhibits non-harmonic oscillations which can be represented as
a linear combination of several higher harmonics. The amplitudes and the phases of the
harmonics are strongly sensitive to the distance from the boundary. The calculation does not
include any small-parameter expansion.

3.2 Energetics
Assuming again the time-dependent potential V(x,t) = —x[Fy + F; sin(wt)], where Fy = Ty,
F; =Tvy, the internal energy

E(t,x') = /Ow dxV (x,£) U(x, £[x',0) = —T [0g + oy sin(wt)] u(t,x') , (24)

asymptotically approaches a x'-independent periodic function, say E,(t). In this
time-asymptotic regime, the system exhibits periodic changes of its state. The work done
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on the system during one such cycle equals to the heat dissipated during the period. An
interesting quantity is the time-averaged internal energy

t+21/w
Eo = Jim % /t dat' E(F, %) . (25)
We can show that Ey is always bigger than the equilibrium internal energy Eeq = DT = kgT
in the static problem. Differently speaking, in the time-averaged sense, the external driving
enforces a permanent increase of the internal energy, as compared to its equilibrium value.
Having periodic changes of the internal energy, the work done on the system during one
period must equal to the heat dissipated during the period. However, their behavior during
an infinitesimal time interval within the period is quite different. Generally speaking, the heat
(= the dissipated energy) can be identified as the “work” done by the particle on the heat bath
(Takagi & Hondou, 1999; Sekimoto, 1999). It arises if and only if the particle moves, i.e. it is
inevitable connected with the probability density current. More precisely, within our setting,
the heat released to the heat bath during the time interval [0, f] is given as

! t ! 0 a ! ! ! t ! ! ! !
Q(t,x):./o dt /O dx {fgwx,t)} J(x,t |x,0):/0 A F()I(E,X), 26)

where I(t,x") = [;°dx](x,t[x’,0) is the integrated probability current, and J(x,t|x’,0) =
[v(t) - D%] U(x,t/x’,0) is the local probability current. The heat released during any

infinitesimal time interval is positive. Actually, at any given instant, the force F(f) and the
motion of the particle have the same direction. Hence the function which form the integrand
in the last expression in EQ. (26) is always nonnegative.

The external agent does work on the system by increasing the potential V(x,t) while the
position of the particle is fixed. Thus the work done at a given instant depends on the
momentary position of the particle. In the stationary regime, summing over all possible
positions and over one time period, we get (Chvosta et al., 2005)

27/ w oo 9 27/ w
W:/ dt’/ dx {y V(x,t’)} Un(x, ') = fle/ dt' cos(wt) pa(t) . (27)
0 0 0

The work done on the system per cycle equals the area enclosed by the hysteresis curve
which represents the parametric plot of the oscillating force versus the mean coordinate in
the stationary regime i, (t). This quantity must be positive. Otherwise, the system in contact
with the single heat bath would produce positive work on the environment during the cyclic
process in question. On the other hand, the work done on the system during a definite
time interval within the period can be both positive and negative. In order to be specific,

let Wéi), i=1,...,4, denote the work done by the external field on the system during the
ith quarter-period of the force modulation. During the first quarter-period the slope of the
potential decreases and the particle does a positive work on the environment, irrespective

to its momentary position. Thus we have W;l) < 0. Nevertheless, the farther is the particle
from the boundary the bigger is the work done by it during the fixed time interval. Within
the second and the third quarter-period, the slope of the potential increases and the positive

work is done by the external agent. Hence we have Wéz) > (0and W;ES) > (0. However Wéz) is

bigger than \Wél) |, since during the second quarter-period, when the work W§2) > 0 is done,
the mean distance of the particle from the boundary is bigger than it was during the first
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quarter-period. Similar reasoning holds for the comparison of the work done by the external

agent during the third and the fourth quarter-period. We have W§4) <0, and W;3) > |W§4) |
On the whole, since the periodic changes of the potential are inevitably associated with the
changes of the particle position, the time-averaged work done by the external agent during
one fundamental period must be always positive.

4. Two interacting particles in time-dependent potential

Up to now, we have been discussing the diffusion dynamics of just one isolated Brownian
particle. Let us now turn to the case of two interacting particles diffusing under the action of
the time-dependent external force in a one-dimensional channel.

In order to incorporate the simplest inter-particle interaction, the particles can be represented
as rods of the length I. The hard-core interaction in such system means that the space occupied
by one rod is inaccessible to the neighbouring rods. Generally, the diffusion of hard rods can
be mapped exactly onto the diffusion of point particles (particles with the linear size I = 0)
by the simple rescaling of space variables (see e.g. (Lizana & Ambjornsson, 2009)). Hence
without loss of generality all further considerations will be done for systems of point particles.
Consider two identical hard-core interacting particles, each with the diffusion constant D,
diffusing in the potential V(x,t) (cf. the preceding Section). Due to the hard-core interaction,
particles cannot pass each other and the ordering of the particles is preserved during the
evolution. Starting with y; < y», we have

— 00 < Xq(t) < Xp(t) < 400 (28)

for any . We shall call the particle with the coordinate X (f) (Xy(t)) the left (right) one.
If the instantaneous coordinates of the two particles differ (x; # x;) they both diffuse
as non-interacting ones. This enables to reduce the diffusion problem for two identical
hard-core interacting particles onto the diffusion of one “representative” particle in the
two-dimensional half-plane x; < x. Namely, it suffices to require that the probability current
for this representative particle in the direction perpendicular to the line x; = x, vanishes at this
line. Except of that, the dynamics of the representative particle inside the half-plane x; < x,
is controlled by the Smoluchowski equation

J 29 J
EPQ)(XLXZ/H}/L}/NO) = *]; ox; {U(f) - Dach } p P (x1,x2,t y1,y2,t0) . (29)

Differently speaking, the hard-core interaction is implemented as the boundary condition

0 0
( ) p(Z)(xlleIt‘yllyZItO)

o —0. (30)

X1=X2

Returning to the original picture, the two hard-core interacting particles in one dimension will never
cross each other.
Assuming the initial positions y; < v, consider the function which is defined as

p (1,22, y1,y2,t0) = Uxr, |y, to) U (2, t | y2, o) +
+U(x1, [ y2,t0)U(x2,t[y1,t0) , (31)

within the phase space Ry : —c0 < x; < x < +co, and which vanishes elsewhere. Here
U(x,t|y,tp) is the solution of the corresponding single-particle problem. This function fulfills
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both EQ. (29) and EQ. (30). The proof is straightforward and it can be generalized to the
N-particle diffusion problem in a general time- and space-dependent external potential.

4.1 Dynamics

Similarly as in the preceding Section, we now assume the particles are driven by the
space-homogeneous and time-dependent force F(t) = Fy + Fysin(wt). The corresponding
drift velocity is v(t) = vy + vy sin(wt) (cf. the preceding Section). The time-independent
component pushes the particles to the left against the reflecting boundary at the origin (if
Fy < 0), or to the right (if Fy > 0). The time-dependent component F; sin(wt) harmonically
oscillates with the angular frequency w. In the rest of this Section we treat the case Fy < 0.
On the whole our model includes four parameters Fy, 1, w, and D. Notice that the hard-core
interaction among particles acts as a purely geometric restriction. As such, it is not connected
with any “interaction parameter”.

If we integrate the joint probability density (31) over the coordinate xq (xp) of the left (right)
particle we obtain the marginal probability density describing the dynamics of the right (left)
particle:

+o0
PL(x/t‘ylzyZ/fO) 0 dxzp(Z)(XIXZ/t“/l/yZ/tO) 2 (32)

+o0
pr(x,t|y1,92,t0) A dxq p(z) (x1,%,t|y1,y2,t0) - (33)
Notice that the both marginal densities depend on the initial positions of the both particles. Of
course, this is the direct consequence of the interaction among the particles.
Let us now focus on the time-asymptotic dynamics which, as usually, includes the most
important physics in the problem. If Fy < 0 and F; = 0, the probability density of the single
diffusing particle relaxes to the exponential function 7req(x) (cf. FIG. 3). Using EQ. (31), the
equilibrium two-particle joint probability density is

2
Pg?(xl,xz) =0(x2 — x1) <‘LDO‘) exp {—(xl + xz)%} ) (34)

Hence the equilibrium probability density of the left particle reads

pﬁeq)(x) _ ze(x)|v—DO‘exp(—2x|v.ﬁo|) . (35)

The only difference between this density and 77eq(x) is the factor “2” which occurs in the

above exponential and as the multiplicative prefactor. Thus p(Leq) (x) takes a higher value at

the boundary and, as the function of the coordinate x, it decreases more rapidly than the
single-particle equilibrium density 77eq(x). As for the right particle, its equilibrium density
could not be so simply related with 7eq(x). It reads

pg:q) (x) = ZG(X)‘LDM exp(ka),ﬁow {1 — exp(fxw,ﬁo»} . (36)

Notice that it vanishes at the reflecting boundary and it attains its maximum value pl(f 9 (xm) =

|vg|/(2D) at the coordinate xm = Dlog(2)/|vg].
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Fig. 4. Time- and space-resolved probability densities in the time-asymptotic regime. We
have used the parameters vy = —1.0ms™}, U] = 1.0ms™ !, D=1.0m?s" !, w=04nrads L.

Let us now take Fy < 0 and F; > 0. We can simply use the expansion (18) from the preceding
Section and insert it into EQ. (31). After this step, the time-asymptotic marginal densities (32),
(33) read

Pl =2 3 { ¥ ) zn<x>} exp(-ikw), @)
e
prien) =2 ¥ { zwuk_nmrn(x)} exp(—ikat), 9
where we have introduced the a:);r;iations
h(w =0 L B R ) )
rex) = 20 LB (R 1) (40)

k=0,£1,%2,...

The matrices on the right hand sides are given by EQs. (20)-(22) and by the integrals Ey (x) =
fx+°° dx'E(x"), Eg(x) = [; dx’E(x") from the matrix (20).

In order to analyse the densities pi (x,t) and pr(x, ) numerically, we have to curtail both the
infinite vector of the complex amplitudes | f) and the infinite matrices L__, R, [Ey (x) and
ERg(x). Using these controllable approximations, we obtain the full time- and space-resolved
form of the functions p (x,t), pr(x,t). FIG. 4 illustrates the resulting non-linear “waves”.

4.2 Energetics

The equilibrium internal energy of a particle is calculated as the spatial integral from the
product of the stationary potential V(x) = —xFj times the equilibrium probability density.
For the single diffusing particle the resultis E (ed) — DI = kgT. In the case of two interacting
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particles, the equilibrium internal energy of the left (right) particle reads Eéeq) = kgT/2

(E(Req) = 3kgT/2). The equilibrium internal energies do not depend on the slope of the
stationary potential V(x) and they linearly increase with the temperature T. Notice that
the effective repulsive force among the interacting particles increases (decreases) the internal
energy of the right (left) particle. However, the total internal energy of the system of two
interacting particles is equal to the total internal energy of the system of two non-interacting

particles, i.e., Eéeq) + E(Req) = 2E(€d), Ag the hard-core interaction does not contribute to the
total energy, the effective repulsive force necessarily arises from a purely entropic effect.
This property stems from a zero range of the interaction and it also holds in a general
(non-equilibrium) situations.
Now, consider the time-dependent potential V(x,t) = —xF(t). Let the system be in the
time-asymptotic regime. The internal energy of the diffusing particle at the time f is defined as
the average of the potential V(x,t) over all possible positions of the particle at a given instant.
In the single-particle case the internal energy at the time ¢ (say, E(t)) is given by EQ. (24).
Similarly, in the case of two interacting particles, the internal energies of the left and the right
particle are
EL(t) = —[Fo + Fysin(wt)]pL(t) , (41)
Eg(t) = —[Fo+ Fysin(wt)]ug(t), (42)
respectively. Here, pp (t) (ur(f)) denotes the mean position of the left (right) particle in the
asymptotic regime.
Generally speaking, the internal energies E(t), E. (t), Er(t) are periodic functions of time with
the fundamental period 271/w. The total internal energy of two interacting particles is equal
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Fig. 5. The internal energies within two periods of the driving. The solid black line shows the
energy E(t), the dashed blue line depicts Eg(t) and the dot-dashed red line illustrates Ey (¢).
In the panels al) and a2) we take F; = 1.0N, in the panels b1) and b2) we take F; = 3.0N.
The static component (Fy = —1.0N), the frequency (w = 0.4 7ts~1), and the diffusion constant
(D =1.0m2%s~ 1) are the same in all panels.
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to the total internal energy of two non-interacting particles. In symbols Ey (f) + Eg(t) = 2E(t).
FIG. 5 shows the time-dependency of the internal energies E(t), EL(t), Er(t) within two
periods of the driving force and for the different parameters Fy, Fj, w, and D. First of all,
notice the effect of the entropic repulsive force which stems from the hard-core interaction.
We see that there is no qualitative difference between the oscillations of the function E(t) and
the functions Ey (t), Er(t). Hence the hard-core interaction changes only quantitative features
of the energetics of individual particles as compared to the diffusion without interaction.
One of this quantitative changes, the most striking one at a first glance, is the change of the
amplitudes of the internal energies Ey (¢), Er(t) as compared to E(t).

Oscillations of the internal energies express the combine effect of both the periodically
modulated heat flow to the bath and the periodic exchange of the work done on the particle
by an external agent. Without loss of generality let us now analyse the energetics of the
single-diffusing particle (solid black lines in FIG. 5). At the beginning of the period we choose
the instant when the driving force takes the value Fy and tends to increase. It is increasing up
to the value Fy + F;. In the panel a2) Fy + F; =0 N, in the panel b2) Fy + F; = 2 N. During
this interval, the internal energy is decreasing towards its minimum due to the positive work
which the system does on its surroundings. The smaller the value of the amplitude F; (panel
a2)) the closer is the process to the quasi-static one and the smaller is the work done by the
system. The decreasing tendency of the internal energy is being partially compensated by the
heat coming from the heat bath. On the other hand, for larger amplitudes F; (panel b2)), the
heat is almost entirely being released to the reservoir. Hence the greater the amplitude F; the
lower minimum values of the internal energy are observed.

During the next part of the period, the driving force is decreasing form the value Fy + F; to its
minimum value Fy — F;. In the panel a2) Fy — F; = —2 N, in the panel b2) Fy — F; = —4 N.
Within this interval the slope —F(t) of the potential V (x,t) is permanently increasing, hence
the positive work is performed on the system. This work constitutes the most significant
contribution to the changes of the internal energy. The internal energy is increasing up to its
maximum and, finally, it is decreasing due to the strong heat flow from the system to the bath
at the end of this time-interval.

Within the last part of the period, the driving force and the internal energy are decreasing to
their initial values which they attain at the beginning of the period. Within this time interval
the slope of the potential V(x,t) decreases. Consequently, the positive work is performed by
the system on its surrounding. Notice the sudden change of the slope of the internal energy
at the beginning of this interval. This effect is more pronounced for the greater amplitudes
F; (panel b 2)). It is connected with the fact that the system starts to exert work on its
surroundings. The greater the amplitude F; the less significant the contribution of this work
to the change of the internal energy as compared with the heat flow from the system to the
reservoir (the more significant contribution of the work would cause faster decreasing of the
internal energy as should be seen from the panel a2)).

Finally let us discus the internal energies averaged over the period, i.e., E = 5 f 2n/ “dtE(t
EL =4 |, 27/ “dtEL(t), Er = 5 2 Jo 2/ “dtER(t). A remarkable fact is that differences E — E (eq),
Ep - Eéeq), and Eg — EI({ 9 are always greater than zero. Differently speaking, in the

time-averaged sense, the external driving induces a permanent increase of the particle’s internal
energy as compared to its equilibrium value.
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5. Dynamics of a molecular motor based on the externally driven two-level system

Consider a two-level system with time-dependent energies E;(t), i = 1,2, in contact with
a single thermal reservoir at temperature T. In general, the heat reservoir temperature
T may also be time-dependent. The time evolution of the occupation probabilities p;(t),
i =1,2,is governed by the Master equation (Gammaitoni et al., 1998) with the time-dependent
transition rates. The rates depend on the reservoir temperature but they also incorporate
external parameters which control the driving protocol. To be specific the dynamics of the
system is described by the time-inhomogeneous Markov process D(t). The state variable D()
assumes the value i (i = 1,2) if the system resides at the time t in the ith state. Explicitly, the
Master equation reads

%R(t“/):_( B )R““/)' R(|#) =1, (43)

where 1 is the unit matrix and R(t,t') is the transition matrix with the matrix elements
Rjj(t[t") = (i|R(t[t')|j). These elements are the conditional probabilities

Rj(t[t") =Prob{D(t) =i|D(t') =j} . (44)

The occupation probabilities at the observation time t are given by the column vector
[p(t, ")) =R(¢|t) |¢(t')). Here ¢;(t') = (i|¢(t')) denotes the occupational probabilities at the
initial time . Due to the conservation of the total probability, the system (43) can be reduced to
just one non-homogeneous linear differential equation of the first order. Therefore the Master
equation (43) is exactly solvable for arbitrary functions A (t), Az (t) (Subrt & Chvosta, 2007).
The rates A1 (), A»(t) are typically a product of an attempt frequency v to exchange the state
and an acceptance probability. We shall adopt the Glauber form

v

M () BEG O 2O =M (—BOEO ~EO) . @)

“Tvep(p

Here, v—! sets the elementary time scale, and B(t) = 1/ [kgT(t)]. The rates (45) satisfy the
(time local) detailed balance condition (van Kampen, 2007) and they saturate at large energy
differences (see (Einax et al., 2010) for a further discussion).

We now introduce the setup for the operational cycle of the engine. Within a given period,
two branches with linear time-dependence of the state energies are considered with different
velocities. Starting from the value &y, the energy E; (t) linearly increases in the first branch
until it attains the value hp > Iy, at the time t.. Afterwards, in the second branch, the energy
Eq(t) linearly decreases and it reassumes the starting value /1 at the time f_ + . We always
take Ex(t) = —Eq(t), i.e.

hﬁr%t, teoty],

_ (46)
hy — th_hl (t—ty), tE[tyty+t_].

Ex(t) = ~Ea(t) = {

This pattern will be periodically repeated, the period being t, =t +¢_.

As the second ingredient, we need to specify the temperature schedule. The two-level system
will be alternately exposed to a hot and a cold reservoir, which means that the function S(t)
in EQ. (45) will be a piecewise constant periodic function. During the first (second) branch, it
assumes the value B (B_). Let us stress that the change of the heat reservoirs at the end of
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the individual branches is instantaneous. The switching of the reservoirs necessarily implies
a finite difference between the new reservoir temperature and the actual system (effective)
temperature. Even if the driving period tends to infinity (a quasi-static limit), we shall observe
a positive entropy production originating from the relaxation processes initiated by the abrupt
change of the contact temperature. Differently speaking, our engine operates in an inherently
irreversible regime and there exists no reversible limit of the limit cycle.

The explicit form of the solution R(#|0) of the Master equation (43) with the rates (45) and the
periodically modulated energies (46) can be found in (Chvosta et al., 2010). Starting from an
arbitrary initial condition |¢(¢')) the system’s response approaches a steady state. In order to
specify the limit cycle we require that the system’s state at the beginning of the cycle coincides
with the system state at the end of the cycle. Differently speaking, we have to solve the
equation |7r) = R(tp |0) |7) for the unknown initial state |77). In the course of the limit cycle,
the state of the system is described by the column vector |p(t)) = R(#|0) |7r) with the elements
pi() = (i|p(t)), t € [0, tp].

This completes the description of the model. Any quantity describing the engine’s
performance can only depend on the parameters 11, hp, B+, t+, and v.

5.1 Energetics of the engine
During the limit cycle, the internal energy U(t) = Y7, E;(t)p;(t) changes as

=y EOLnm+ Y00 = L0 s wel, e @)
ar T g T P g U = g ' e

Here, Q(t) is the mean heat received from the reservoirs during the time interval [0,].
Analogously, W(t) is the mean work done on the system from the beginning of the limit
cycle till the time ¢t. If W(t) < 0, the positive work —W(#) is done by the system on the
environment. Therefore the oriented area enclosed by the limit cycle in FIG. 7 represents the
work Wout = —W(tp) done by the engine on the environment per cycle. This area approaches
its maximum absolute value in the quasi-static limit. The internal energy, being a state
function, fulfils U(tp) = U(0). Therefore, if the work Wy is positive, the same total amount of
heat has been accepted from the two reservoirs during the limit cycle. As long as the both heat
reservoirs are at the same temperature (3 = ), the case Woyt > 0 will never occur. That the
perpetum mobile is actually forbidden can be traced back to the detailed balance condition in
(43).

We denote the system entropy at the time t as Ss(#), and the reservoir entropy at the time  as
S¢(t). They are given by

S,S{S) =—[p1(H)Inp1(t) + p2(t) Inpa(t)], (48)
t , , d , ,

Se(t) —ﬁ+/0 dFEy () 27 [P (#) = p2 ()], re(o,ts],

ko (49)

t d
Se(ty) — B- '/t+ df'E1(f')W [p1(t") = p2(t)], t€ [ty tp].

Upon completing the cycle, the system entropy re-assumes its value at the beginning of the
cycle. On the other hand, the reservoir entropy is controlled by the heat exchange. Owing
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Fig. 6. Thermodynamic quantities as functions of time during the limit cycle. Left panel:
internal energy, mean work done on the system, and mean heat received from both
reservoirs; the final position of the mean work curve marks the work done on the system per
cycle W(tp). Since W(tp) < 0, the work Wout = —W(tp) has been done on the environment.
The internal energy returns to its original value and, after completion of the cycle, the
absorbed heat Q(tp) equals the negative work —W(t,). Right panel: entropy Ss(t) of the
system and Sr(t) of the bath, and their sum St (t); after completing the cycle, the system
entropy re-assumes its initial value. The difference Siot(fp) — Stot(0) > 0 equals the entropy
production per cycle. It is always positive and quantifies the degree of irreversibility of the
cycle. Note that at the times ¢, and fp, strong increase of Siot(f) always occurs due to the
instantaneous change of the reservoirs. The parameters used are iy =1],hp =5],v=1s"1,
tp =5s,t_ =155+ =05]tand B_ =0.1]7 L.

to the inherent irreversibility of the cycle we observe always a positive entropy production
per cycle, i.e., S(tp) — Sr(0) > 0. The total entropy Siot(t) = Ss(t) + Sr(t) increases for any
t € [0,tp]. The rate of the increase is the greater the larger is the deviation of the representative
point in the p —E diagram from the corresponding equilibrium isotherm (a large deviation,
e.g., can be seen in the p—E diagram in FIG. 7 ¢). Due to the instantaneous exchanges of baths
at t, and tp, strong increase of Siot(f) always occurs after these instants. A representative
example of the overall behaviour of the thermodynamic quantities (mean work and heat, and
entropies) during the limit cycle is shown in FIG. 6.

Up to now, we have discussed the averaged thermodynamic properties of the engine. We now
turn to the fluctuations of its performance.

5.2 Fluctuations of the engine’s thermodynamic properties

By treating the state variable and work variable as the two components of a combined
stochastic process, it is possible to derive a partial differential equation for the time
evolution of the work probability density (or the heat probability density), see, for example,
(Schuler et al., 2005; Imparato & Peliti, 2005b;c;a). For completeness, we outline the procedure
in the present context.
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Heuristically, the underlying time-inhomogeneous Markov process D(t) can be conceived
as an ensemble of individual realizations (sample paths). A realization is specified by a
succession of transitions between the two states. If we know the number 7 of the transitions
during a path and the times t;}!_; at which they occur, we can calculate the probability that
this specific path will be generated. A given paths yields a unique value of the microscopic
work done on the system. For example, if the system is known to remain during the time
interval [f,tx. 1] in the ith state, the work done on the system during this time interval is
simply E;(t;.1) — Ei(t;). The probability of an arbitrary fixed path amounts, at the same time,
the probability of that value of the work which is attributed to the path in question. Viewed
in this way, the work itself is a stochastic process and we denote it as W(t). We are interested
in its probability density p(w,t) = (6(W(t) — w)), where (...) denotes the average over all
possible paths.

We now introduce the augmented process {W(t), D(t)} which simultaneously reflects both
the work variable and the state variable. The augmented process is again a time
non-homogeneous Markov process. Actually, if we know at a fixed time ¢’ both the present
state variable j and the work variable w’, then the subsequent probabilistic evolution of the
state and the work is completely determined. The work done during the time period [t/, ],
where t > t/, simply adds to the present work w’ and it only depends on the succession of the
states after the time #'. And this succession by itself cannot depend on the dynamics before
time t'.

The one-time properties of the augmented process will be described by the functions

. N — -y N — 5
Gi]-(w,t\w’,t’) _ lir% Prob{W(t) € (w,w + e)andD(Z) =i|W({')=w"andD(t') =]}
€—

(50)
where i,j = 1,2. We represent them as the matrix elements of a single two-by-two matrix
G(w,t|w',t'),

Gij(w, t|w',t') = (i|G(w, t|w,t') |]) . (51)
We need an equation which controls the time dependence of the propagator G(w,t|w’,t")

and which plays the same role as the Master equation (43) in the case of the simple two-state
process. This equation reads (Imparato & Peliti, 2005b; Subrt & Chvosta, 2007)

d 1oy dE,;(t) 0 J Al(t) _)‘Z(t) I
aiL<G(w,t|w,t)——{< Ot dE (1) %—i- ) A G(w,t|w',t),

dt

(52)

where the initial condition is G(w,# |w',t') = §(w — w’)I. The matrix equation represents
a hyperbolic system of four coupled partial differential equations with the time-dependent
coefficients.

Similar reasoning holds for the random variable Q(t) which represents the heat accepted by
the system from the environment. Concretely, if the system undergoes during a time interval
[tk tr 1) only one transition which brings it at an instant T € [f, ;1] from the state i to the
state j, the heat accepted by the system during this time interval is E;(7) — E;(7). The variable
Q(t) is described by the propagator K(g,t|4’,t') with the matrix elements

Prob{Q(t) € (3,9 +€) AD(t) =i|Q(t')=¢" AD(t)=j} .

Ki(0,t]q,') = lim (53)
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It turns out that there exists a simple relation between the heat propagator and the work
propagator G(w,t|w’,t"). Since for each path, heat g and work w are connected by the first
law of thermodynamics, we have g = E;(t) — E;(') — w for any path which has started at the
time t' in the state j and which has been found at the time t in the state i. Accordingly,

! s ! YA
K(a,t|d ¢ :( gu(un(tt') —qtlq,t')  gu(un(tt)—qt|q,t) )/ 54
@HT = gl (68) — g 1a0t)  gmlunltt) —q.t]q,t) 9

where u;(t,t') = E;(t) — E;(t').

The explicit form of the matrix G(w,t) which solves the dynamical equation (52) with the
Glauber transition rates (45) and the periodically modulated energies (46) can be found in
(Chvosta et al., 2010). Heaving the matrix G(w,t) for the limit cycle, the matrix K(g,t) is
calculated using the transformation (54).

In the last step, we take into account the initial condition | 7r) at the beginning of the limit cycle
and we sum over the final states of the process D(t). Then the (unconditioned) probability
density for the work done on the system in the course of the limit cycle reads

2

o(w,t) =Y (i|G(w,t)| 7). (55)

i=1
Similarly, the probability density for the heat accepted during the time interval [0, {] is

2

x(a.t)=) (i|K(g,t)|m). (56)

i=1

The form of the resulting probability densities and therefore also the overall properties of
the engine critically depend on the two dimensionless parameters a+ = vit /(2f+|hy — hy]).
We call them reversibility parameters !. For a given branch, say the first one, the parameter
a4 represents the ratio of two characteristic time scales. The first one, 1/v, describes the
attempt rate of the internal transitions. The second scale is proportional to the reciprocal
driving velocity. Contrary to the first scale, the second one is fully under the external control.
Moreover, the reversibility parameter a is proportional to the absolute temperature of the
heat bath, kg /B+.

FIG. 7 illustrates the shape of the limit cycle together with the functions p(w,tp), x(q,tp) for
various values of the reversibility parameters. Notice that the both functions p(w,tp) and
x(q,tp) vanishes outside a finite support. Within their supports, they exhibit a continuous
part, depicted by the full curve, and a singular part, illustrated by the full arrow. The height
of the full arrow depicts the weight of the corresponding é-function. The continuous part of
the function p(w,t,) develops one discontinuity which is situated at the position of the full
arrow. Similarly, the continuous part of the function x(g,tp) develops three discontinuities.

If the both reversibility parameters a+ are small, the isothermal processes during the both
branches strongly differ from the equilibrium ones. The indication of this case is a flat
continuous component of the density p(w,tp) and a well pronounced singular part. The
strongly irreversible dynamics occurs if one or more of the following conditions hold. First, if
v is small, the transitions are rare and the occupation probabilities of the individual energy

I The reversibility here refers to the individual branches. As pointed out above, the abrupt change in
temperature, when switching between the branches, implies that there exists no reversible limit for the
complete cycle.
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Fig. 7. Probability densities p(w,tp) and x(q,tp) for the work and the heat for four
representative sets of the engine parameters (every set of parameters corresponds to one
horizontal triplet of the panels). The first panel in the triplet shows the limit cycle in the p —E
plane (p(t) = p1(t) — pa(t) is the occupation difference and E(t) = Eq (t)). In the parametric
plot we have included also the equilibrium isotherm which corresponds to the first stroke
(the dashed line) and to the second stroke (the dot-dashed line). In all panels we take

hi =17J,hp =57, and v =15~ 1. The other parameters are the following. a in the first triplet:
ty =50s,t_=10s, B+ =05]"1, B_ =0.1]71, ax = 12.5 (the bath of the first stroke is colder
than that of the second stroke). b in the second triplet: t =50s,t_ =105, B+ =0.1] 7},

B- =05]"1, a4 =62.5,a_ =25 (exchange of .+ and B_ as compared to case a, leading to a
change of the traversing of the cycle from counter-clockwise to clockwise and a sign reversal
of the mean values W (t,) = (W(tp)) and Q(tp) = (Q(tp)) ). c in the third triplet: t, =25,
t-=2s,p4 =02 ]*1, B- =01 ]*1, ay =1.25,a_ = 2.5 (astrongly irreversible cycle
traversed clockwise with positive work). d in the fourth triplet: t =20s,t_ =15,

B+ =01]"1,a, =25a_ =125 o change in temperatures, but large difference in duration
of the two strokes; W(t},) is necessarily positive). The height of the red arrows plotted in the
panels with probability densities depicts the weight of the corresponding J-functions.

levels are effectively frozen during long periods of time. Therefore they lag behind the
Boltzmann distribution which would correspond to the instantaneous positions of the energy
levels. More precisely, the population of the ascending (descending) energy level is larger
(smaller) than it would be during the corresponding reversible process. As a result, the
mean work done on the system is necessarily larger than the equilibrium work. Secondly, a
similar situation occurs for large driving velocities v4.. Due to the rapid motion of the energy
levels, the occupation probabilities again lag behind the equilibrium ones. Thirdly, the strong
irreversibility occurs also in the low temperature limit. In the limit 2+ — 0, the continuous
part vanishes and p(w, tp) = é(w).

In the opposite case of large reversibility parameters a-, the both branches in the p —E plane
are located close to the reversible isotherms. The singular part of the density p(w,tp) is
suppressed and the continuous part exhibits a well pronounced peak. The density p(w, )
approaches the Gaussian function centered around the men work. This confirms the general
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considerations (Speck & Seifert, 2004). In the limit a4+ — oo the Gaussian peak collapses to
the delta function located at the quasi-static work (Chvosta et al., 2010). The heat probability
density x(g,tp) shows similar properties as p(w, ;).
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1. Introduction

In most introductory physics texts, a discussion on (human) food consumption centers around
the available work. For example, the altitude is calculated a person can hike after eating a
snack. This connection is natural at first glance: food is burned in a bomb calorimeter and its
energy content is measured in “Calories,” which is the unit of heat. We say that “we go to
the gym to burn calories.” This discussion implies that the human body acts as a sort of “heat
engine,” with food playing the role of ‘fuel.”

We give two arguments to show that this view is flawed. First, the conversion of heat into
work requires a heat engine that operates between two heat baths with different temperatures
Ty, and T, < Tj,. The heat input Qy, can be converted into work W and heat output Q. < Qy, so
that Q, = Q¢ + W subject to the condition that entropy cannot be destroyed: AS = Q;,/Tj, —
Qc¢/T: > 0. However, animals act like thermostats, with their body temperature kept at a
constant value; e.g., 37°C for humans and 1 — 2°C higher for domestic cats and dogs. Second,
the typical diet of an adult is roughly 2,000 Calories or about 8 MJ. If we assume that 25%
of caloric intake is converted into useable work, a 100-kg adult would have to climb about
2,000 m [or approximately the height of Matterhorn in the Swiss Alps from its base] to convert
daily food intake into potential energy. While this calculation is too simplistic, it illustrates that
caloric intake through food consumption is enormous, compared to mechanical work done by
humans [and other animals]. In particular, the discussion ignores heat production of the skin.
At rest, the rate of heat production per unit area is F/A ~ 45W/m? (Guyton & Hall 2005).
Given that the surface area of a 1.8-m tall man is about A ~ 2m?, the rate of energy conversion
at rest is approximately 90 W. Since 1d ~ 9 x 10*s, we find that the heat dissipated through
the skin is F ~ 8 M]J/d, which approximately matches the daily intake of ‘food calories.”

An entirely different focus of food consumption is emphasized in physiology texts. All living
systems require the input of energy, whether it is in the form of food (for animals) or sun
light (for plants). The chemical energy content of food is used to maintain concentration
gradients of ions in the body, which is required for muscles to do useable work both inside
and outside the body. Heat is the product of this energy transformation. That is, food intake
is in the form of Gibbs free energy, i.e., work, and entropy is created in the form of heat and
other waste products. In his classic text What is Life?, Schrodinger coined the expression that
living systems “feed on negentropy” (Schrodinger 1967). Later, Morowitz explained that the
steady state of living systems is maintained by a constant flow of energy: the input is highly
organized energy [work], while the output is in the form of disorganized energy, and entropy
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is produced. Indeed, energy flow has been identified as one of the principles governing all
complex systems (Schneider & Sagan 2005).

As an example of the steady-state character of living systems with non-zero-gradients,
we discuss the distribution of ions inside the axon and extracellular fluid. The ionic
concentrations inside the axon ¢; and in the extracellular fluid ¢, are measured in units of
millimoles per liter (Hobbie & Roth 2007):

Ton ¢; Co Co/Ci
Nat 15 145 9.7
K+ 150 5  0.0033
Cl- 9 125 139
Misc.” || 150 30 0.19

In thermal equilibrium, the concentration of ions across a cell membrane is determined by
the Boltzmann-Nernst formula, ¢;/c, = exp[—ze(v; — v,)/kpT|, where AG = ze(v; — v,) is
the Gibbs free energy for the potential between the inside and outside the cell, Av = v; — v,.
If the electrostatic potential in the extracellular fluid is chosen v, = 0, the ‘resting” potential
inside the axon is found v; = —=70mV. For T = 37°C, this gives ¢;/c, = 13.7 and ¢;/c, =
1/13.7 = 0.073 for univalent positive and negative ions, respectively. That is, the sodium
concentration is too low inside the axon, while there are too many potassium ions inside it.
The concentration of chlorine is approximately consistent with thermal equilibrium. Non-zero
gradients of concentrations and other state variables are characteristic for systems that are not
in thermal equilibrium (Berry et. al. 2002).

A discussion of living and complex systems within the framework of physics is difficult.
It must include an explanation of what is meant by the phrase “biological systems are in
nonequilibrium stationary states (NESS).” This is challenging, because there is not a unique
definition of ‘equilibrium state;’ rather entirely different definitions are used to describe closed
and open systems. For a closed system, the equilibrium state can be characrterized by a
(multi-dimensional) coordinate xs, so that x # xs describes a nonequilibrium state. However,
the notion of “state of the system” is far from obvious for open systems. For a population
model in ecology, equilibrium is described by the number of animals in each species. A
nonequilibrium state involves populations that are changing with time, so a ‘nonequilibrium
stationary state” would correspond to dynamic state with constant (positive or negative)
growth rates for species. Thus, any discussion of nonequilibrium thermodynamics for
biological systems must involve an explanation of ‘state” for complex systems. For many-body
systems, the macroscopic behavior is an “emergent behavior;” the closest analogue of ‘state” in
physics might be the order parameter associated with a broken symmetry near a second-order
phase transition.

This chapter is not a comprehensive overview of nonequilibrium thermodynamics, or
the flow of energy as a mechanism of pattern formation in complex systems. We
begin by directing the reader to some of the texts and papers that were useful in the
preparation of this chapter. The text by de Groot and Mazur remains an authoritative
source for nonequilibrium thermodynamics (de Groot & Mazur 1962).  Applications in
biophysics are discussed in Ref. (Katchalsky & Curram 1965). The text by Haynie is an
excellent introduction to biological thermodynamics (Haynie 2001). The texts by Kubo
and coworkers are an authoritative treatment of equilibrium and nonequilibrium statistical
mechanics (Toda et al 1983; Kubo et al 1983).  Stochastic processes are discussed in Refs.
(Wax 1954; van Kampen 1981). Sethna gives a clear explanation of complexity and entropy
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(Sethna 2006). Cross and Greenside overview pattern formation in dissipative systems
(Cross & Greenside 2009); a non-technical introduction to pattern formation is found in Ref.
(Ball 2009). The reader is directed to Refs. (Guyton & Hall 2005) and (Nobel 1999) for
background material on human and plant physiology. Some of the physics underlying human
physiology is found in Refs. (Hobbie & Roth 2007; Herman 2007).

The outline of this paper is as follows. We discuss the meaning of state and equilibrium
for closed systems. We then discuss open systems, and introduce the concept of order
parameter as the generalization of “coordinate” for closed systems. We use the motion of a
Brownian particle to illustrate the two mechanisms, namely fluctuation and dissipation, how
a system interacts with a much larger heat bath. We then briefly discuss the Rayleigh-Benard
convection cell to illustrate the nonequilibrium stationary states in dissipative systems. This
leads to our treatment of a charged object moving inside a viscous fluid. We discuss how the
flow of energy through the system determines the stability of NESS. In particular, we show
how the NESS becomes unstable through a seemingly small change in the energy dissipation.
We conclude with a discussion of the key points and a general overview.

2. Closed systems

The notion of ‘equilibrium” is introduced for mechanical systems, such as the familiar
mass-block system. The mass M slides on a horizontal surface, and is attached to a spring
with constant k, cf. Fig. (1). We choose a coordinate such that xeq = 0 when the spring force
vanishes. The potential energy is then given by U(x) = kx?/2, so that the spring force is given
by Fep(x) = —dU/dx = —kx. In Fig (1), the potential energy U(x) is shown in black.

If the coordinate is constant, xns = const # 0, the spring-block system is in a nonequilibrium
stationary state. Since Fp = —dU/dx|,; # 0, an external force must be applied to maintain the
system in a steady state: Fret = Fsp + Fext = 0. If the object with mass M also has an electric
charge g, this external force can be realized by an external electric field E, Foxt = gE.

The external force can be derived from a potential energy Fext = —dUext /dx with Uext = —qEX,
and the spring-block system can be enlarged to include the electric field. Mathematically. this
is expressed in terms of a total potential energy that incorporates the interaction with the
electric field: U — U’ = U + Uext, where

1
U'(x) = ~kx? — Foxex =

5 lk(x — an)z - (qE)Z . (1)

2 4k

The potential U’(x) is shown in red. That is, the nonequilibrium state for the potential U/(x),

Xns corresponds to the equilibrium state for the potential U’(x), x4:

Xns = x; = % )
That is, the nonequilibrium stationary state for the spring-block system is the equilibrium
state for the enlarged system. We conclude that for closed systems, the notion of equilibrium
and nonequilibrium is more a matter of choice than a fundamental difference between them.
For a closed system, the signature of stability is the oscillatory dynamics around the
equilibrium state. Stability follows if the angular frequency w is real:

, 1d%U

wh=r o >0 (stability), 3)
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That is, stability requires that the potential energy is a convex function. Since d>U/dx> =
d?U/dx?, the stability of the system is not affected by the inclusion of the external electric
force. On the other hand, if the angular frequency is imaginary w = i@, such that
2

Zle <0 (instability). 4)
The corresponding potential energy is shown in Fig. (2). The solution of the equation of
motion describes exponential growth. That is, a small disturbance from the stationary state is
amplified by the force that drives the system towards smaller values of the potential energy
for all initial deviations from the stationary state x = 0,

x(t) — +oo, t— o0; 5)

the system is dynamically unstable. We conclude that a concave potential energy is the
condition for instability in closed systems.

3. Equilibrium thermodynamics

Open systems exchange energy (and possibly volume and particles) with a heat bath at a fixed
temperature T. The minimum energy principle applies to the internal energy of the system,
rather than to the potential energy. This principle states that “the equilibrium value of any
constrained external parameter is such as to minimize the energy for the given value of the
total energy” (Callen 1960). A thermodynamic description is based on entropy, which is a
concave function of (constrained) equilibrium states. In thermal equilibrium, the extensive
parameters assume value, such that the entropy of the system is maximized. This statement is
referred to as maximum entropy principle [MEP]. The stability of thermodynamic equilibrium
follows from the concavity of the entropy, d2S < 0.

Thermodynamics describes average values, while fluctuations are described by equilibrium
statistical mechanics. The distribution of the energy is given by the Boltzmann factor
p(E) = Z lexp(—E/kgT), where Z = [exp(—E/kpT)dE is the partition function. The
equilibrium value of the energy of the system is equal to the average value, Ecq = (E) =
JdEp(E)E. The fluctuations of the energy are 6E = E — (E). The mean-square fluctuations
can be written ([6E]?) = kgT? - d (E) /dT, or in terms of the inverse temperature g = 1/T,
([6EJ?) = —kpd(E) /dpB. Thus, the variance of energy fluctuations {[§E]?) is proportional
to the response of the systems d(E) /dB. The proportionality between fluctuations and
dissipation is determined by the Boltzmann constant kg = 1.38 x 10~23J/K. Einstein discussed
that “the absolute constant kg (therefore) determines the thermal stability of the system. The
relationship just found is particularly interesting because it no longer contains any quantity
that calls to mind the assumption underlying the theory” (Klein 1967).

In general, the state of an open system is described by an order parameter 7. This
concept is the generalization of coordinates used for closed systems, and was introduced
by Landau to describe the properties of a system near a second-order phase transition
(Landau & Lifshitz 1959a). For the Ising spin model, for example, the order parameter is the
average the average magnetization (Chaikin & Lubensky 1995). In general, the choice of order
parameter for a particular system is an “art” (Sethna 2006).

For simplicity, we assume a spatially homogenous system, so that 7(X) = const and there is
no term involving the gradient V. The order parameter can be chosen such that 7 = 0 in
the symmetric phase. The thermodynamics of the system is defined by the Gibbs free energy
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G = G(#). The equation of state follows from the expression for the external field 1 = 9dG /9.
The susceptibility x = 0 (1) /0h characterizes the response of the system. In the absence of an
external magnetic field, the appearance of a non-zero value of the order parameter is referred
to as spontaneous symmetry breaking (Chaikin & Lubensky 1995; Forster 1975). The Gibbs free
energy is written as a power series G(17) = Gy + An? + By* with B > 0. The symmetric
phase 17 = 0, corresponds to A > 0, while A < 0 in the asymmetric phase. The second-order
coefficient vanishes at the transition point A = 0. We only consider the case when the system
is away from the transition point, so that A # 0, and write 7 = 0 and 7 = A /2B for the
respective minima of the Gibbs free energy, respectively. Since 9°G/ 8172| _— x>0, the
susceptibility is finite and the variance of fluctuations of the order parameter is finite as well,
with ([ — 7]2) ~ xkpT, which is referred to as fluctuation-dissipation theorem [FDT].

A Brownian particle can be used to illustrate some aspects of equilibrium statistical mechanics
(Forster 1975). In a microscopic description, a heavy particle with mass M is immersed in a
fluid of lighter particles of mass m < M. The time evolution is described by the Liouville
operator for the entire system, and projection operator methods are used to eliminate the
lighter particles” degrees of freedom [i.e., the heat bath]. It is shown that the interaction
with a heat bath results in dissipation, described by a memory function and fluctuations
characterized by stochastic forces. Because these two contributions have a common origin,
it is not surprising that they are related to each other: the memory function is proportional to
the autocorrelation function of the stochastic forces. The average kinetic energy of the heavy
particle is given by the equipartition principle: (M/2) <222> = kpT/2. The memory function
defines a correlation time {~!. For times t > {1, a Langevin equation for the velocity of the
heavy particle follows (Wax 1954). In one spatial dimension,

) 1
So(t) + Go(t) = 28 (1), ©

We have the averages (f(t)) =0and (f(t)v) = 0. In Eq. (6), the stochastic force { is Gaussian
“white noise:”
(C(DE(¥')) =20 MKpT5(t — F'). @

The factor 20 MkpT follows from the requirement that the stochastic process is “stationary.” In
fact, following Kubo, Eq. (7) is sometimes called the ‘second fluctuation-dissipation theorem.”
For long times, t >> {~!, the mean-square displacement increases diffusively:

()~ x(O) = Zﬁgt —opt. ®)
The expression for the diffusion constant D = kgT /M is the Einstein relation for Brownian
motion, and is a version of the fluctuation-dissipation theorem. The diffusion constant can be
written in terms of the velocity autocorrelation, D = [~ dt (3(t)7(0)).
If the Brownian particle moves in a harmonic potential well, U(x) = ngxz /2, the Langevin
equation is written as a system of two coupled first-order differential equations: dx/dt =v
and dv/dt + (v + wix = {/ M. If the damping constant is large, the inertia of the particle can
be ignored, so that the coordinate is described by the equation: dx/dt + (w(z) /0)x ={/M. At
zero temperature, the stochastic force vanishes, and the deterministic time evolution of the
coordinate describes its relaxation towards the equilibrium x = 0: dx/dt = — (w3 /{)x so that
x(t) = xoexp[—(wg/O)t]-
In general, the relaxation of an initial nonoequilibrium state is governed by Onsager’s
regression hypothesis: the decay of an initial nonequilibrium state follows the same law as that
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of spontaneous fluctuations (Kubo et al 1983). The fluctuation-dissipation theorem implies
that the time-dependence of equilibrium fluctuations is governed by the minimum entropy
production principle. The stochastic nature of time-depedent equilibrium fluctuations is
characterized by the conditional probability, or propagator P(x,t|xg,fg). Onsager and
Machlup showed that the conditional probability, or propagator, for diffusion can be written
as a path integral (Hunt et. al. 1985):

P(xtlxo,to) = [ Dlx(t)]exp {— ZkiT t:K(s)ds} , ©)

where K(t) = (M/2)(dx/dt)? is the kinetic energy of the Brownian particle. The action
/. tt) K(s)ds is minimized for the deterministic path (Feynman 1972). For fixed start (x,t9)

and endpoints (x,t), we find K = (M/2)[(x — xq)/(t — t9)]?>. Gaussian fluctuations around
the deterministic path yields: P(x,t|xo,ty) = (47tD[t — t]) /% exp[—(x — x9)?/4D(t — to)],
which is the Greens function for the diffusion equation in one dimension dP/dt = Da?P /x>
subject to the initial condtion P(x, ty|xg,ty) = 6(x — xg).

4. Systems far from equilibrium

We conclude that dissipation tends to ‘dampen’ the oscillatory motion around the equilibrium
value 77, so that lim; . (17(t)) = /7. Thus, a nonequilibrium stationary state s # 7j requires the
input of energy through work done on the system: highly-organized energy is destroyed, and
dissipated energy is associated with the production of heat.

This mechanism is often illustrated by the Rayleigh-Benard convection cell, with a fluid being
placed between two horizontal plates. If the two plates are at the same temperature, there
is no macroscopic fluid flow, and the system is in the symmetric phase. An energy input is
used to maintain a constant temperature difference across the plates. If AT is large enough,
the component of the velocity along the vertical is non-zero, v, # 0. A state with v, # 0 is the
asymmetric state of the fluid. Stationary patterns such as “stripes” and “hexagons” develop
inside the fluid. Thus, the temperature difference AT can be viewed as the “force” maintaining
stationary patterns in the fluid. Swift and Hohenberg showed that a potential V(u) can be
defined, such that the different stationary patterns correspond to local potential minima, cf.
Fig (3). The dynamic of the system is first-order in time du/dt = —0V /éu, where §/46u is the
functional derivative. If this energy flow stops, the velocity field in the fluid dissipates and
the nonequilibrium patterns disappear.

A careful study of this system provides important insights into the behavior of nonequilibrium
systems. Here, we are interested in systems for which nonequilibrium states are characterized
by non-zero values of dynamic variables. A particularly simple model is discussed in Ref.
(Taniguchi and Cohen 2008): a Brownian particle immersed in a viscous fluid moves at a
constant velocity under the the influence of an electric force. The authors refer to it as,
a Brownian particle immersed in a fluid “NESS model of class A.” This model was used
earlier by this author to illustrate nonequilibrium stationary states (Zurcher 2008). We note,
however, that this model is not appropriate to discuss important topics in nonequilibrium
thermodynamics, such as pattern formation in driven-diffusive systems.
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5. Nonequilibrium stationary states: brownian particle model

Our system is a particle with mass M and the “state” of the system is characterized by the
velocity v. The kinetic energy plays the role of Gibbs free energy:

M
=

K(o) =

(10)
The particle at rest v = 0 corresponds to the equilibrium state, while v = const in a
nonequilibrium state. We assume that the particle has an electric charge g, so that an
external force is applied by an electric field Fext = gE. Under the influence of this electric
force, the (kinetic) energy of the particle would grow without bounds, K(t) — co for
t — co. The coupling to a ‘thermostat’ prevents this growth of energy. Here, we use a
velocity-dependent force to describe the interaction with a thermostat. In the terminology
of Ref. (Gallavotti & Cohen 2004), our model describes a mechanical thermostat.

Dissipation is described by velocity-dependent forces, f = f(v). For a particle immersed in a
fluid, the force is linear in the velocity f; = 6mtaxv for viscous flow, while turbulent flow leads
to quadratic dependence f; = Cortpa®v? /2 for turbulent flow (Landau & Lifshitz 1959b). Here,
« is the dynamic viscosity, p is the density of the fluid, and a is the radius of the spherical object.
These two mechanisms of dissipation are generally present at the same time; the Reynolds
number determines which mechanism is dominant. It is defined as the ratio of inertial and
viscous forces, i.e., Re = f;/ fj = pav/x. Laminar flow applies to slowly moving objects, i.e.,
small Reynolds numbers (Re < 1), while turbulent flow dominates at high speeds, i.e., large
Reynolds numbers (Re > 10°).

In the stationary state, the velocity is constant so that the net force on the particle vanishes,
Fret = qE — f = 0. We find for laminar flow,

_ qE
o=, Re<l, (11)

| _4qE 5
= Re > 10°. 12
s Corpa?’ e>10 (12)

In either case, we have Fuet > 0 for v < vs and Fpet < 0 for v > vg; we conclude that the steady
state is dynamically stable. These are, of course, elementary results discussed in introductory
texts, where the nonequilibrium stationary state v is referred to as “terminal speed.”

In general, the “forces” acting on a complex system are not known, so that the time
evolution cannot be derived from a (partial-) differential equation. We will show how a
discrete version of the equation can be derived from energy fluxes. To this end, we recall
that in classical mechanics, velocity-dependent forces enter via the appropriate Rayleigh’s
dissipation function (Goldstein 1980). We deviate from the usual definition and define F as
the negative value of the dissipation function such that f = 0 /dv, and F is associated with
entropy production in the fluid. If the Lagrangian is not an explicit function of time, the total

and for turbulent flow

energy of the system E decreases, dE/dt = —F. For laminar flow, we have
F; =3maxv®  (laminar flow), (13)
and for turbulent flow c
Fir = Onpazv3, (turbulent flow). (14)

3
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The Reynolds number can be expressed as a ratio of the dissipation functions, Re ~ F;/ Fj.
Since F; > F; for v — 0 and F; > F; for v — oo, we conclude that the dominant mechanism
for dissipation in the fluid maximizes the production of entropy.

The loss of energy through dissipation must be balanced by energy input in highly organized
form, i.e., work for a Brownian particle. We write dW = gEdx for the work done by the electric
field, if the object moves the distance dx parallel to the electric field. Since v = dx/dt, the
energy input per unit time follows,

dw

We thus have for the rate of change of the kinetic energy,

dK

s W—F, (16)
cf. Ref. (Zurcher 2008). This is equivalent to Newton’s second law for the object. In Fig. (5),
we plot F (black) and W (in blue) as a function of the velocity v. The two curves intersect at
vs, so that 7 = W, and the kinetic energy of the particle is constant dK/dt = 0. We conclude
that v corresponds to the nonequilibrium stationary state of the system, cf. Fig. (4).
The energy input exceeds the dissipated energy, 7 > W, for 0 < vy < vs so that the excess
W — F drives the system towards the stationary state vg — vs. For vy > vs, the dissipated
energy is higher than the input, YW > F, so that the excess damping drives the system towards
vs. That is, the nonequilibrium stationary state is stable,

V) — Us. (17)

This result is independent of detailed properties of the open system. For 3*W/dv? = 0, the
stability is a consequence of the convexity of the dissipative function

2
d.7-">

7 20. (18)

While a mechanical thermostat allows for a description of the system’s time evolution in terms
of forces, this is not possible for an open system in contact with an arbitrary thermostat.
Indeed, a discrete version of the dynamics can be found from the energy fluxes WV and F.
We assume that the particle moves at the initial velocity 0 < vy < vs, so that Fy > Wy. We
keep the energy input fixed, and increase the velocity until the dissipated energy matches
the input Wy = Fy at the new velocity v; > vg. This first iteration step is indicated by a
horizontal arrow in Fig (5). The energy input is now at the higher value W; > W), indicated
by the vertical arrow. By construction, the inequality W; > Fj holds, so that the procedure
can be repeated to find the the second iteration, vy, cf. Fig. (5). A similar scheme applies for
vs < v < o0. We find the sequence {v;}; fori=0,1,2,... with v; ;1 < v; so that lim; ,, v; = vs.
Thus, for both vy < vs and vy > vs, the initial state converges to the stationary state,

U9 — Us. (19)

We obtain a graphical representation of the dynamics by plotting the velocity v;, 1 versus v;.
This is sometimes called a cobweb or Verhulst plot (Otto & Day 2007). The discrete version
of the time evolution is indicated by the arrows, which shows that vs is the fixed point of the
time evolution, cf. Fig. (6).
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We generalize this result to the case when the dissipation function is concave,

*F

5oz <0, (20)

while keeping the behavior of the energy input fixed, i.e., W /90> = 0. We assume power
law behavior for the dissipative function, so that concave behavior implies

F~ov, O<a<l. (21)

Since f = dF /9v ~ 1/v %, the velocity-dependent force diverges as the system slows down,
ie, f — oo for v = 0. The concave form of the dissipation function is unphysical for
v < v;, where v, is a cutoff. We ignore this cutoff in the following discussion. While this
velocity-dependent function does not correspond to the behavior of any fluid, we retain the
language appropriate for a Brownian particle. We now have the plot of the energy fluxes F
and W as a function of velocity v, cf. Fig. (7).
The two curves intersect at the velocity vs which characterizes the stationary state of the
system. In this case, the dissipated energy exceeds the energy input for 0 < vy < v, so that
the excess dissipation drives the system towards the equilibrium state v = 0. For vy > vs, the
energy input is not balanced by the dissipated energy W > F. It follows that the excess input
W — F drives the state of the system away from the nonequilibrium stationary state.
We follow the same procedure as above, and assume that the initial velocity is (slightly) less
than the stationary value, 0 < vy < vs so that Fy > W),. We keep the energy input fixed, and
decrease the velocity until 7 = W) at the velocity v; < vg. The iteration vy — v; is indicated
by a horizontal arrow. We now have F; > Wj, so that the steps can be repeated, cf. Fig. (6).
In the case vy > vs, we have Wy > Fj so that the damping is not sufficient to act as a sink for
the energy input into the system. Thus, the kinetic energy of the Brownian particle and the
velocity increases, v > vg. This step is indicated by a horizontal arrow. Since W; > W, we
find W, > F7, and the step can be repeated to find v, > v;. The corresponding phase portrait
is shown in Fig. (7).
We conclude that the nonequilibrium stationary state vs is unstable when the the dissipation
function is concave. For vy < v, the initial state relaxes the towards the equilibrium state of
the system,

vg— 0, vy <o, (22)

while for vg > vs, we find a runaway solution,
vy —> 0, Ty > Us. (23)

This instability is unique for nonequilibrium systems, and does not correspond to any
behavior found for equilibrium systems. In fact, equilibrium thermodynamics excludes
instabilities, because it is defined only for systems near local minima of the (free) energy.
Exceptions are systems near a critical point, for which the free energy has a local maxima in
the symmetric phase, and fluctuations diverge algebraically.

6. Discussion

A Brownian particle moving in a potential well can be used toexplain some aspects
of equilibrium statistical physics. We used this model to explain certain aspects of
nonequilibrium thermodynamics. A nonequilibrium stationary state corresponds to the
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particle moving at a constant velocity, under the influence of aexternal force. We also used
this model to show how a NESS is sustained by a constant energy flow through the system.
It is believedthat this is a key principle for steady states in open and complex systems
(Schneider & Sagan 2005); however, the behavior of open systems cannot be explained by the
second law of thermodynamics alone (Farmer 2005; Callendar 2007).

We started from a heavy sphere immersed in a viscous fluid, so that in general, both
viscous and laminar forces are acting on the sphere. Laminar flow applies to slowly moving
spheres, whereas turbulent flow applies when spheres are moving fast. The crossover
between linear and quadratic velocity-dependent forcesis based on the Reynolds number.
We showed that this criterion coincides with maximum entropy production: laminar and
turbulent flows are the dominant mechanisms for entropy production at small and large
flow speeds, respectively. Ifa generalized version of Onsager’s regression hypothesis holds
for driven diffusive systems, the analysis of competing mechanismsfor entropy production
may shed insight into the origin of the MEP principle. This principle was proposed as the
generalization of Onsager’s regression theorem to fluctuations in nonequilibrium systems
(Martyushev & Seleznev 2006; Niven 2009). MEP has beenused to explain complex behavior
in ecology (Rhode 2005), earth science, and meteorology (Kleidon & Lorenz 2005).

For the Brownian particle immersed in a fluid, the dissipation function is convex, 92 F /ov?,
and the NESS is dynamically stable. That is, vy — vs for arbitrary initial velocity. We
generalized our discussion to more open systems, in which the particle velocity would
correspond to a growth rate. We considered thecase whenentropy production is associated
with a concave dissipation function 9>F/9v? < 0, and found that the NESS is dynamically
unstable:The system either relaxes towards the equilibrium statevy — 0, or approaches a
runaway solution, vy — oo. The dynamics of an open system can be changed from stable to
unstable by a variation in the dissipation function, or in the entropy production. Changes
in metabolic rates have also been associated with disease (Macklem 2008): a decrease in
the metabolic rate has been linked with a decrease in heart rate fluctuations in myocardial
ischemia, while an increase in metabolic rate may be related to asthma.

It has also been proposed that the economy of a country or region can be considered an open
system (Daley 1991), where an economy growing at a fixed rate, i.e., change of gross domestic
power [GDP] per year would be in a nonequilibrium stationary state, or steady state. The
population increase would correspond to an external force, while ‘inefficiencies” such as wars,
contribute to entropy production. If the analogue of a dissipation function for an economic
system is concave, it might explain why monetary policies often fail to achieve stable growth
of GDP over a sustained period. It would suggest that fluctuations of socio-economic variables
are important since they can drive the system away from its steady state.
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Fig. 1. The spring-block system (a) and with external force (b).
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U(x)

Xs Xns= X's

Fig. 2. The harmonic potential U (x) = kx?/2 [black] and the shifted potential
U'(x) = U(x) — Fextx [red].

/ \

Fig. 3. The concave potential corresponding to a local maximum.
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Fig. 4. The Gibbs free energy for the Rayleigh-Bernard connection cell.
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Fig. 5. The rate of energy input and energy dissipation for the Brownian particle immersed in
a fluid.
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Fig. 6. Iterative time evolution for a Brownian particle with vy < vs.
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Fig. 7. The phase portrait for the discrete time evolution of the Brownian particle.
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Fig. 8. The rate of energy input and energy dissipation for an open system with unstable
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Fig. 9. Iterative time evolution for a unstable open system with vy < vs.
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Fig. 10. The phase portrait for the discrete time evolution of an open system with unstable

dynamics.
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1. Introduction

Systems in conditions of equilibrium strictly follow the rules of thermodynamics (Callen,
1985). In such cases, despite the intricate behaviour of large numbers of molecules, the
system can be completely characterized by a few variables that describe global average
properties. The extension of thermodynamics to non-equilibrium situations entails the
revision of basic concepts such as entropy and its related thermodynamic potentials as well
as temperature that are strictly defined in equilibrium. Non-equilibrium thermodynamics
proposes such an extension (de Groot & Mazur, 1984) for systems that are in local
equilibrium. Despite its generality, this theory is applicable only to situations in which the
system manifests a deterministic behaviour where fluctuations play no role. Moreover, non-
equilibrium thermodynamics is formulated in the linear response domain in which the
fluxes of the conserved local quantities (mass, energy, momentum, etc.) are proportional to
the thermodynamic forces (gradients of density, temperature, velocity, etc.). While the linear
approximation is valid for many transport processes, such as heat conduction and mass
diffusion, even in the presence of large gradients, it is not appropriate for activated
processes such as chemical and biochemical reactions in which the system immediately
enters the non-linear domain or for small systems in which fluctuations may be relevant.

To circumvent these limitations, one has to perform a probabilistic description of the system,
which in turn has to be compatible with thermodynamic principles. We have recently
proposed such a description aimed at obtaining a simple and comprehensive explanation of
the dynamics of non-equilibrium systems at the mesoscopic scale. The theory, mesoscopic
non-equilibrium thermodynamics, has provided a deeper understanding of the concept of
local equilibrium and a framework, reminiscent of non-equilibrium thermodynamics,
through which fluctuations in non-linear systems can be studied. The probabilistic
interpretation of the density together with conservation laws in phase-space and
positiveness of global entropy changes set the basis of a theory similar to non-equilibrium
thermodynamics but of a much broader range of applicability. In particular, the fact of its
being based on probabilities instead of densities allows for the consideration of mesoscopic
systems and their fluctuations. The situations that can be studied with this formalism
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include, among others, slow relaxation processes, barrier crossing dynamics, chemical
reactions, entropic driving, non-linear transport, and anomalous Brownian motion,
processes which are generally non-linear. From the methodological point of view, given the
equilibrium properties of a system, this theory provides a systematic and straightforward
way to obtain stochastic non-equilibrium dynamics in terms of Fokker-Planck equations.

To set the groundwork for the development of the formalism, we discuss first the basic
concepts of mesoscopic non-equilibrium thermodynamics and proceed afterwards with the
application of the theory to non-equilibrium radiative transfer at the nanoscale.

2. Mesoscopic non-equilibrium thermodynamics

Mesosocopic non-equilibrium thermodynamics is based on the assumption of the validity of
the second law in phase-space, which requires the appropriate definition of the non-
equilibrium entropy

S(t)=—ks| p(F,t)lnMdF +S,., 1)
Peq.(T)

where p(T,t) is the probability density of the system with T a point of the phase space of
the system, S,,. is the equilibrium entropy of the system plus the thermal bath and p.,.(T') is
the equilibrium probability density. Note here that the non-equilibrium entropy given
through Eq. (1) constitutes the expression of the Gibbs entropy postulate (de Groot &
Mazur, 1984). In general, the phase-space point is a set of internal coordinates which
univocally determine the state of the system. For a particle or a meso-structure, the set of
internal coordinates could include the position and velocity of the particle, number of
constituent atoms (as in the case of clusters), reaction coordinates, geometrical parameters,
or any other mesoscopic quantity characterizing the state of the meso-structure
(Pagonabarraga et al., 1997), (Rubi & Pérez-Madrid, 1999).

Changes in the entropy are related to changes in the probability density which, since the
probability is conserved, are given through the continuity equation

0 0

—p[,t)=——J(T,¢). 2
P == JT,1) @
The continuity equation defines the probability current J=(T',t) whose expression follows

from the entropy production.

Assuming local equilibrium in T -space, variations of the entropy oS are related to changes
in the probability density p(I',t). By performing variations over our non-equilibrium
entropy given through Eq. (1) and taking into account that Jp.,. =0 and S,,. =0, we obtain

65 =-| @@(r,t)dr >0, ®)
where we have introduced the non-equilibrium chemical potential

(T, ) = keT ln% T . @)
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with ., being the equilibrium chemical potential. For the photon gas we will consider in
the next section, this quantity vanishes at equilibrium due to the massless character of these
quasi-particles. Since -TdS = 6F , with F being the non-equilibrium free energy, from Eq. (3)
we obtain

SF = [ u(T,£)3p(T, t)dT, (5)

which shows the direct relation existing between the free energy and the non-equilibrium
chemical potential. Hence, Eq. (3), which constitutes the Gibb’s equation of thermodynamics
formulated in the phase-space, underlines the non-equilibrium chemical potential in
physical terms. From Egs. (2) and (3) we obtain the entropy production

Zs=-Jir, [a uts ”}dﬁo ©)

as the product of a thermodynamic current and the conjugated thermodynamic force
8[/4(1",1%) / T] / oI . The sign of entropy production determines the direction of evolution of
the system and from this same quantity we infer linear laws relating thermodynamic
currents and conjugated forces in the absence of non-local effects

o u(Tt)
rt)=-L-————=, 7
with L(p) being the matrix of Onsager coefficients which, as required for the second law,
should be positive-definite. The phenomenological law, Eq. (7), together with the expression
of the non-equilibrium chemical potential, Eq. (4), lead to the Fick’s law of diffusion
formulated in the mesoscale

0
I't)=-D(p)-—p, 8
J(T.t)=-D(p) —p ®)
where D(p)=ksL / p is the matrix of diffusion coefficients. When Eq. (8) is substituted into
the continuity equation (2), we obtain the diffusion equation for the probability distribution
function

0 0 0

) =—2D(p)—p. ©)

This equation governs the evolution of the probability distribution in the space of the
internal coordinates and constitutes the basis for the study of the stochastic dynamics of the
non-equilibrium system.

In the case where the equilibrium probability density is a non-homogeneous quantity,
i.e. pe ~ exp(—¢ / ksT) , Eq. (8) becomes

J(T,t)=-D(p)- [ o —kBLT%ﬁj (10)

and instead of Eq. (9) we write
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0 0 0 p 0
a” D=7 {D(p ) (arp kT or H D
the Fokker-Planck equation for evolution of the probability density in T -space which
includes a drift term 0¢ /oI related to the potential ¢=—ksTlogp.. In this sense, by
knowing the equilibrium thermodynamic potential of a system in terms of its relevant
variables it is possible to analyze its dynamics away from equilibrium. A particularly
interesting circumstance is the case of a purely entropic barrier, often encountered in
biophysics and soft-condensed matter.

3. Thermal radiation

Thermal radiation is a long-studied problem in the field of macroscopic physics. The
analysis based on equilibrium thermodynamic grounds led to Planck’s blackbody radiation
law. In addition, as Planck already realized, there are some limitations to his law due to the
finite character of the thermal wavelength of a photon, i.e. when diffraction effects are
negligible (Planck, 1959). In fact, once the characteristic length scales are comparable to the
wavelength of thermal radiation Planck’s blackbody radiation law is no longer valid. In such
a situation, the finite size of the system may give rise to non-equilibrium effects. In order to
better understand these effects it becomes necessary to employ a non-equilibrium theory.
The aforementioned finite-size effects become evident in all kinds of nanostructures where
radiative heat transfer occurs. Radiative heat transfer in nanostructures constitutes an issue
that, owing to the rapid advancement of nanotechnology, is the object of great research
activity. Understanding and predicting heat transfer at the nanoscale possesses wide
implications both from the theoretical and applied points of view. There is a great variety of
situations involving bodies separated by nanometric distances exchanging heat in an
amount not predicted by the current macroscopic laws. We can mention the determination
of the cellular temperature (Peng et al., 2010), near-field thermovoltaics (Narayanaswamy &
Chen, 2003) and thermal radiation scanning tunneling microscope (De Wilde et al., 2006),
just to cite some examples. In most of these cases the experimental length scales are similar
to or even less than certain characteristic sizes of the system, i.e. the so-called near-field
limit. For example, for two interacting nanoparticles (NPs) we would consider the distance
between them as the experimental length scale and their diameter as the characteristic size
of the system. Near-field radiative heat transfer becomes manifest through an enhancement
of the power absorbed, which exceeds in several orders of magnitude the blackbody
radiation limit (Rousseau et al., 2009).

The current literature on the subject of radiative energy exchange at the nanoscale is based
on the validity of the fluctuation-dissipation theorem (Callen & Welton, 1951), (Landau &
Lifshitz, 1980), (Joulain et al., 2005). In the dipole-dipole interaction approximation, dipole
moments fluctuate since they are embedded in a heat bath. Consequently, the incident field
also fluctuates as well as the energy of a pair of dipoles. Since this quantity is proportional
to the dipole moment squared, its second moment is proportional to the dipole-dipole
correlation function, which follows from the fluctuation-dissipation theorem. This
procedure constitutes the so-called fluctuating electrodynamics (Domingues et al., 2005).
Expressions for the fluctuation-dissipation theorem can also be found even when the dipolar
approximation is no longer valid since due to the particular charge distribution, higher
order multipoles become important (Pérez-Madrid et al., 2008). Such as in the case of two
interacting NPs illustrated in Fig. 1.
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NP1 NP2
L

i

Fig. 1. Schematic illustration of the interaction between two nanoparticles (NP1 and NP2) at
temperatures T; and T, respectively. Each nanoparticle is assimilated to a multipole
moment (moments M;") and M,™ ) and separated by a distance d between their centres

For extremely short length scales, since the relaxation processes involved in the absorption
and emission of radiation does not follows a Debye law related to a definite relaxation time,
the fluctuation-dissipation theorem ceases to be valid and a collective description becomes
necessary.

In the following Sections, we will present a non-equilibrium thermo-statistical theory
describing the heat exchange at the nanoscale in the framework of mesoscopic non-
equilibrium thermodynamics based on the assumption of the validity of the second law and
the existence of local regression laws at the mesoscale (Reguera et al., 2006).

4. Mesoscopic non-equilibrium thermodynamics of thermal radiation

In this section, we will apply the mesoscopic non-equilibrium theory developed in the
previous section to study the heat exchange by thermal radiation between two parallel
plates at different temperatures separated by a distance d > Ay, where Ay =ch /ksT is the
thermal wavelength of a photon (see Fig. 2). For such distances, diffraction effects can be

neglected safely
d I

Fig. 2. Schematic illustration of the radiation exchanged between two materials maintained
at different temperatures, Ty and T, separated by a distance d

Let us consider the photon gas between two plates at local equilibrium in phase-space. We
will assume that the photons do not interact among themselves. The gas is then
homogeneous and a phase-space point is merelyI’ - p and thus, the diffusion matrix
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reduces to a scalar D(T"), the diffusion coefficient. Additionally, if there are only hot and
cold photons at temperatures T; and T, respectively, then

1(p.t)= ()6 (p—p2) + ()5 (p—p1), (12)

i.e., the system reaches a state of quasi-equilibrium. Thus, integration of Eq. (8) taking into
account (12), leads to

D, D,

fl(t)Jr&:p(put)*p(pz’t)’ -

with f(t) :u-j(t) and u being the unit vector normal to the walls. Additionally, D; and
D, correspond to the diffusion coefficient of hot and could photons. From here, by
introducing the net current J(t) defined through

J() _ i), () (14)
IZD1D2 D1 DZ ’

where g is a dimensionality factor, or equivalently

J(6) = aDaJ2(t) + aD2 (), (15)
according to Eq. (13) we obtain
J(t) = ~aDDa [ p(p,£) — p(p1 )] (16)

Term-by-term comparison of Egs. (15) and (16) leads to the identification of the currents

J1(t) =Dip(p1,t) 17)
and
Ja(t)=-Dap(pa,t) (18)
Therefore,
DiJ2(t) = ~DiD2p(p2 ) (19)

represents the fraction of photons absorbed at the hot surface from the fraction jz(t) of
photons emitted at the cold surface. Likewise,

DaJi(t) = DiD2p(pr, 1) (20)

represents the fraction of photons absorbed at the cold surface from the fraction fl(t) of
photons emitted at the hot surface.

For a perfect absorbed, i.e. the ideal case, D; =D, =1 and if the temperatures T; and T,
remain constant, hot and cold photons will reach equilibrium with their respective baths
and the probability current will attain a stationary value
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J+(@) = a] pu.(@,T1) = pu.(0,T2) ] (1)
where
N(o,T
pu,T) =220 @)

with /1 being the Planck constant and N(w,T) the averaged number of photons in an
elementary cell of volume h® of the phase-space given by the Planck distribution (Planck,
1959),

1

N(w,T):W.

(23)
Moreover, the factor 2 in Eq. (22) comes from the polarization of photons. The stationary
current (21) provides us with the flow of photons. Since each photon carries an amount of
energy equal to iw, the heat flow Qi, follows from the sum of all the contributions as

Qn =_[ hol(w)dp, (24)

where p=(hw/c)Q,, with Q, being the unit vector in the direction of p. Therefore it
follows that by taking a=c/4

Qun = % [ dodQ,A(0)[6(e,Tr) -0, T2)), (25)
r
with 6(w,T)=hoN(o,T) being the mean energy of an oscillator and where A(w)=w" / 7°c’
plays the role of the density of states. By performing the integral over all the frequencies and
orientations in Eq. (25) we finally obtain the expression of the heat interchanged

Q12 =0 (Tl4 - Tz4 ), (26)

where o =7k} / 60h°c* is the Stefan constant. At equilibrium T; =T,, therefore Qi =0.
This expression reveals the existence of a stationary state (Saida, 2005) of the photon gas
emitted at two different temperatures. Note that for a fluid in a temperature gradient, the
heat current is linear in the temperature difference whereas in our case this linearity is not
observed. Despite this fact, mesoscopic non-equilibrium thermodynamics is able to derive
non-linear laws for the current. In addition, if we set T, =0 in Eq. (26), we obtain the heat
radiation law of a hot plate at a temperature T; in vacuum (Planck, 1959)

Qi =0Tt (27)

5. Near-field radiative heat exchange between two NPs

In this section, we will apply our theory to study the radiative heat exchange between two
NPs in the near-field approximation, i.e. when the distance d between these NPs satisfies
both d < Ar and the near-field condition 2R <d <4R, with R being the characteristic radius
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of the NPs. These NPs are thermalized at temperatures Ty =T, (see Fig. 3). In particular we
will compute the thermal conductance and compare it with molecular simulations
(Domingues et al., 2005).

Fig. 3. llustration of two interacting nanoparticles of characteristic radius R separated by a
distance d of the order nm

Since in the present case diffraction effects cannot be ignored D and D, must be taken as
frequency dependent quantities rather than constants and hence, Eq. (25) also applies, now
with A(®) = Di(@)D2(w)w® / 7°c> . This density of states differs from the Debye
approximation @’ / z°c® related to purely vibration modes and is a characteristic of
disordered systems which dynamics is mainly due to slow relaxing modes. Analogous to
similar behaviour in glassy systems, we assume here that (Pérez-Madrid et al., 2009)

Di (@)D () = Aexp(B*w®)5 (@ — wx), (26)

where the characteristic frequency A and the characteristic time B are two fitting
parameters, and oz =27c /d is a resonance frequency.
The heat conductance is defined as

Gu(Ty)/ #R? = lim =222 Qua(@ ) (29)

T1 -T2 T1 _T2

where Ty =(T1+T2)/2 is the temperature corresponding to the stationary state of the
system. Therefore,

2
kBa)RR2 2 ha)R / kBTo
G (T A Bo)| ——F——— | - 30
(o) = 4rc* exp( )Linh(ha)zz / 2ksTy) 0)

In Fig. 4, we have represented the heat conductance as a function of the distance d between
the NPs of different radii. This figure shows a significant enhancement of the heat
conductance when d decreases until 2D , which, as has been shown in a previous work by
means of electromagnetic calculations and using the fluctuation-dissipation theorem (Pérez-
Madrid et al., 2008), is due to multipolar interactions. In more extreme conditions when the
NPs come into contact to each other, a sharp fall occurs which can be interpreted as due to
an intricate conglomerate of energy barriers inherent to the amorphous character of these
NPs generated by the strong interaction. In these last circumstances the multipolar
expansion is no longer valid.
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Fig. 4. Thermal conductance Gz vs. distance d reproducing the molecular dynamics data
obtained by (Domingues et al., 2005). The grey points represent the conductance when the
NPs with effective radius R = 0.72, 1.10, and 1.79 nm are in contact. The lines show the
analytical result obtained from Eq. (30) by adjusting A and B to the simulation data

6. Conclusions

The classical way to study non-equilibrium mesoscopic systems is to use microscopic
theories and proceed with a coarse-graining procedure to eliminate the degrees of freedom
that are not relevant to the mesoscopic scale. Such microscopic theories are fundamental to
understand how the macroscopic and mesoscopic behaviours of the system arise from the
microscopic dynamics. However, these theories frequently involve specialized mathematical
methods that prevent them from being generally applicable to complex systems; and more
importantly, they use much detailed information that is lost during the coarse-graining
procedure and that is actually not needed to understand the general properties of the
mesoscopic dynamics.

The mesoscopic non-equilibrium thermodynamics theory we have presented here starts
from mesoscopic equilibrium behaviour and adds all the dynamic details compatible with
the second principle of thermodynamics and with the conservation laws and symmetries
inherent to the system. Thus, given the equilibrium statistical thermodynamics of a system,
it is a straightforward process to obtain Fokker-Planck equations for its dynamics. The
dynamics is characterized by a few phenomenological coefficients, which can be obtained
for the particular situation of interest from experiments or from microscopic theories and
describes not only the deterministic properties but also their fluctuations.

Mesoscopic non-equilibrium thermodynamics has been applied to a broad variety of
situations, such as activated processes in the non-linear regime, transport in the presence of
entropic forces and inertial effects in diffusion. Transport at short time and length scales
exhibits peculiar characteristics. One of them is the fact that transport coefficients are no
longer constant but depend on the wave vector and frequency. This dependence is due to
the existence of inertial effects at such scales as a consequence of microscopic conservation
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law. The way in which these inertial effects can be considered within a non-equilibrium
thermodynamics scheme has been shown in Rubi & Pérez-Madrid, 1998.

We have presented the application of the theory to the case of radiative heat exchange, a
process frequently found at the nanoscale. The obtention of the non-equilibrium Stefan-
Boltzmann law for a non-equilibrium photon gas and the derivation of heat conductance
between two NPs confirm the usefulness of the theory in the study of thermal effects in
nanosystems.
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1. Introduction

Thermodynamics concerns two kinds of states, the equilibrium ones (classical
thermodynamics) and the nonequilibrium ones (nonequilibrium thermodynamics). The
classical thermodynamics is an extremely important theory for macroscopic properties of
systems in equilibrium, but it can not be fully isolated from nonequilibrium states and
irreversible processes. Therefore, within the framework of classical thermodynamics, it is
significant to explore a new method to solve the questions in the nonequilibrium state.
Furthermore, this treatment should be helpful for getting deep comprehension and new
applications of classical thermodynamics.

For an irreversible process, thermodynamics often takes the assumption of local
equilibrium, which divides the whole system into a number of macroscopic subsystems. If
all the subsystems stand at equilibrium or quasi-equilibrium states, the thermodynamic
functions for a nonequilibrium system can be obtained by some reasonable treatments.
However, the concept of local equilibrium lacks the theoretical basis and the expressions of
thermodynamic functions are excessively complicated, so it is hard to be used in practice.
Leontovich[!] once introduced a constrained equilibrium approach to treat nonequilibrium
states within the framework of classical thermodynamics, which essentially maps a
nonequilibrium state to a constrained equilibrium one by imposing an external field. In
other words, the definition of thermodynamic functions in classical thermodynamics is
firstly used in constrained equilibrium state, and the following step is how to extend this
definition to the corresponding nonequilibrium state. This theoretical treatment is feasible in
principle, but has not been paid much attention to yet. This situation is possibly resulted
from the oversimplified descriptions of the Leontovich’s approach in literature and the lack
of practical demands. Hence on the basis of detailed analysis of additional external
parameters, we derive a more general thermodynamic formula, and apply it to the case of
nonequilibrium polarization. The results show that the nonequilibrium solvation energy in
the continuous medium can be obtained by imposing an appropriate external electric field,
which drives the nonequilibrium state to a constrained equilibrium one meanwhile keeps
the charge distribution and polarization of medium fixed.
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2. The equilibrium and nonequilibrium systems

2.1 Description of state

The state of a thermodynamic system can be described by its macroscopic properties under
certain ambient conditions, and these macroscopic properties are called as state parameters.
The state parameters should be divided into two kinds, i.e. external and internal ones. The
state parameters determined by the position of the object in the ambient are the external
parameters, and those parameters, which are related to the thermal motion of the particles
constituting the system, are referred to the internal parameters. Consider a simple case that
the system is the gas in a vessel, and the walls of the vessel are the object in the ambient. The
volume of the gas is the external parameter because it concerns only the position of the
vessel walls. Meanwhile, the pressure of the gas is the internal parameter since it concerns
not only the position of the vessel walls but also the thermal motion of gas molecules. All
objects interacting with the system should be considered as the ambient. However, we may
take some objects as one part of a new system. Therefore, the distinction between external
and internal parameters is not absolute, and it depends on the partition of the system and
ambient. Note that whatever the division between system and ambient, the system may do
work to ambient only with the change of some external parameters.

Based on the thermodynamic equilibrium theory, the thermal homogeneous system in an
equilibrium state can be determined by a set of external parameters {4;} and an internal
parameter T, where T is the temperature of the system. In an equilibrium state, there
exists the caloric equation of state, U =U(a;,T), where U is the energy of the system,system
capacitysystem capacity so we can choose one of T and U as the internal parameter of the
system. However, for a nonequilibrium state under the same external conditions, besides a
set of external parameters {4;} and an internal parameter U (or T ), some additional
internal parameters should be invoked to characterize the nonequilibrium state of an
thermal homogeneous system. It should be noted that those additional internal parameters
are time dependent.

2.2 Basic equations in thermodynamic equilibrium
In classical thermodynamics, the basic equation of thermodynamic functions is

TdS=dU+) Ada, (2.1)

where S, U and T represent the entropy, energy and the temperature (Kelvin) of the
equilibrium system respectively. {a,} stand for a set of external parameters, and A, is a
generalized force which conjugates with a,. The above equation shows that the entropy of
the system is a function of a set of external parameters {4;} and an internal parameter U,
which are just the state parameters that can be used to describe a thermal homogeneous
system in an equilibrium state. So the above equation can merely be integrated along a
quasistatic path. Actually, TdS is the heat §Q, absorbed by the system in the infinitesimal
change along a quasistatic path. dU is the energy and A,dg; is the element work done by
the system when external parameter 4, changes.

It should be noticed that the positions of any pair of A, and 4; can interconvert through
Legendre transformation. We consider a system in which the gas is enclosed in a cylinder
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with constant temperature, there will be only one external parameter, i.e. the gas volume V.
The corresponding generalized force is the gas pressure p, so eq. (2.1) can be simplified as

TdS =dU +pdV 2.2)

It shows that S=S(U,V).If we define H=U+pV , eq. (2.2) may be rewritten as

TdS=d(U +pV)-Vdp =dH - Vdp (2.3)

Thus we have S=S(H,p). If we choose the gas pressure p as the external parameter, then
V should be the conjugated generalized force, and the negative sign in eq. (2.3) implies that
the work done by the system is positive as the pressure decreases. Furthermore, the energy
U in eq. (2.2) has been changed with the relation of U+pV =H in eq. (2.3), in which H
stands for the enthalpy of the gas.

2.3 Nonequilibrium state and constrained equilibrium state

It is a difficult task to efficiently extend the thermodynamic functions defined in the classical
thermodynamics to the nonequilibrium state. At present, one feasible way is the method
proposed by Leontovich. The key of Leontovich’s approach is to transform the
nonequilibrium state to a constrained equilibrium one by imposing some additional external
fields. Although the constrained equilibrium state is different from the nonequilibrium state,
it retains the significant features of the nonequilibrium state. In other words, the constraint
only freezes the time-dependent internal parameters of the nonequilibrium state, without
doing any damage to the system. So the constrained equilibrium becomes the
nonequilibrium state immediately after the additional external fields are removed quickly.
The introduction and removal of the additional external fields should be extremely fast so
that the characteristic parameters of the system have no time to vary, which provides a way
to obtain the thermodynamic functions of nonequilibrium state from that of the constrained
equilibrium state.

2.4 Extension of classical thermodynamics

Based on the relation between the constrained equilibrium state and the nonequilibrium

one, the general idea of extending classical thermodynamics to nonequilibrium systems can

be summarized as follows:

1. By imposing suitable external fields, the nonequilibrium state of a system can be
transformed into a constrained equilibrium state so as to freeze the time-dependent
internal parameters of the nonequilibrium state.

2. The change of a thermodynamic function between a constrained equilibrium state and
another equilibrium (or constrained equilibrium) state can be calculated simply by
means of classical thermodynamics.

3. The additional external fields can be suddenly removed without friction from the
constrained equilibrium system so as to recover the true nonequilibrium state, which
will further relax irreversibly to the eventual equilibrium state. Leontovich defined the
entropy of the nonequilibrium state by the constrained equilibrium. In other words,
entropy of the constrained equilibrium and that of the nonequilibrium exactly after the
fast removal of the external field should be thought the same.
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According to the approach mentioned above, we may perform thermodynamic calculations
involving nonequilibrium states within the framework of classical thermodynamics.

3. Entropy and free energy of nonequilibrium state

3.1 Energy of nonequilibrium states

For the clarity, only thermal homogeneous systems are considered. The conclusions drawn
from the thermal homogeneous systems can be extended to thermal inhomogeneous ones as
long as they consist of finite isothermal partslll. As a thermal homogeneous system is in a
constrained equilibrium state, the external parameters of the system should be divided into
three kinds. The first kind includes those original external parameters {a}, and they have
the conjugate generalized forces {A;}. The second kind includes the additional external
parameters {x,}, which are totally different from the original ones. Correspondingly, the
generalized forces {£,} conjugate with {x,}, where & is the internal parameter originating
from the nonequilibrium state. The third kind is a new set of external parameters {g,'},
which relate to some of the original external fields and the additional external parameters,
ie,

a'=a+x (3.1)

where g, and x,' stand for the original external parameter and the additional external
parameter, respectively. Supposing a generalized force A,' conjugates with the external
parameter a,', the basic thermodynamic equation for a constrained equilibrium state can be
expressed by considering all the three kinds of external parameters, {4,} , {x;}, and {4,'},i.e.

TdS =dU" + > Ada, +Y &dx, + > A 'da,’ (3.2)
i k I

where S” and U stand for entropy and energy of the constrained nonequilibrium state,
respectively, and other terms are the work done by the system due to the changes of three
kinds of external parameters. Because the introduction and removal of additional external
fields are so fast that the internal parameters & and A,' may remain invariant. The
transformation from the constrained equilibrium state to the nonequilibrium state can be
regarded adiabatic.

Beginning with this constrained equilibrium, a fast removal of the constraining forces {x,}
from the system then yields the true nonequilibrium state. By this very construction, the
constrained equilibrium and the nonequilibrium have the same internal variables. In
particular, the nonequilibrium entropy S™" is equal to that of the constrained equilibrium(!]

s =8 (3.3)
The energy change of the system in the fast (adiabatic) process is given as follows
AU=U"-U =-W (3.4)

where U™ denotes the energies of the true nonequilibrium, and W is the work done by
the system during the non-quasistatic removal of the constraining forces, i.e.,



Extension of Classical Thermodynamics to Nonequilibrium Polarization 209

ur" —Us=-W=-y¢& j“k dx, - > A I,, da)'=>&x, +Y A'x)! (3.5)
k : 1 k 1

where kaxk and ZA, 'x," are work done by getting rid of the second and the third kinds
k 1

of additional external fields quickly. Eq. (3.5) is just the relation between the energy of the
nonequilibrium state and that of the constrained equilibrium state.
If A'=0,eq. (3.5) is reduced to the Leontovich form, i.e., (Eq.3.5 of ref 1)

U=U +Y &x, (3.6)
k

A,'=0 indicates that the constraining forces {£,} are new internal parameters which do not
exist in the original constrained equilibrium state. This means that eq. (3.5) is an extension of
Leontovich’s form of eq. (3.6).

If one notes that &, and A4,' remains invariant during the fast removal of their conjugate
parameters, the energy change by eq. (3.5) becomes straightforward.

3.2 Free energies of the constrained equilibrium and nonequilibrium states
The free energy of the constrained equilibrium state F~ is defined as

F=U-TS (3.7)
Differentiating on the both sides of eq. (3.7) by substituting of eq. (3.2), we have

dF' =-SdT-) Ada,—Y &dx, - A/'da’ (3.8)
i k !

The free energy of the nonequilibrium state F™" is defined as

FI‘IOI'[ — UI\OI‘I _ T non (3.9)
Subtracting eq. (3.7) from eq. (3.9), with noticing eq. (3.5), we have

Fr —F*=Y"&x,+ ) A'x)' (3.10)
k 1

From the above equation, F™" can be obtained from F "
A particularly noteworthy point should be that A," and x,' are not a pair of conjugates, so

the sum ZAZ 'x," in eq. (3.10) does not satisfy the conditions of a state function. This leads
1

to that the total differential of F™" does not exist.
Adding the sum ZA, 'a, to both sides of eq. (3.10), the total differential can be obtained as
1

d(F™ + 3 A'a)=-S""dT - Y Ada, + Y x,d& + a'dA)’ (3.11)
1 i k 1

If the third kind of external parameters do not exist, i.e., 4, =0 and x,'=0, hence 4,'=0, eq.
(3.11) is identical with that given by Leontovichlll. Eq. (3.11) shows that if there are external
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parameters of the third kind, the nonequilibrium free energy F"" which comes from the
free energy F of the constrained state does not possess a total differential. This is a new
conclusion. However, it will not impede that one may use eq. (3.11) to obtain F*", because
with this method one can transform the nonequilibrium state into a constrained equilibrium
state, which can be called as state-to-state treatment. This treatment does not involve the
state change with respect to time, so it can realize the extension of classical thermodynamics
to nonequilibrium systems.

4. Nonequilibrium polarization and solvent reorganization energy

In the previous sections, the constrained equilibrium concept in thermodynamics, which can
be adopted to account for the true nonequilibrium state, is introduced in detail. In this
section, we will use this method to handle the nonequilibrium polarization in solution and
consequently to achieve a new expression for the solvation free energy. In this kind of
nonequilibrium states, only a portion of the solvent polarization reaches equilibrium with
the solute charge distribution while the other portion can not equilibrate with the solute
charge distribution. Therefore, only when the solvent polarization can be partitioned in a
proper way, the constrained equilibrium state can be constructed and mapped to the true
nonequilibrium state.

4.1 Inertial and dynamic polarization of solvent

Theoretical evaluations of solvent effects in continuum media have attracted great attentions
in the last decades. In this context, explicit solvent methods that intend to account for the
microscopic structure of solvent molecules are most advanced. However, such methods
have not yet been mature for general purposes. Continuum models that can handle properly
long range electrostatic interactions are thus far still playing the major role. Most continuum
models are concerned with equilibrium solvation. Any process that takes place on a
sufficiently long timescale may legitimately be thought of as equilibration with respect to
solvation. Yet, many processes such as electron transfer and photoabsorption and emission
in solution are intimately related to the so-called nonequilibrium solvation phenomena. The
central question is how to apply continuum models to such ultra fast processes.

Starting from the equilibrium solvation state, the total solvent polarization is in equilibrium
with the solute electric field. However, when the solute charge distribution experiences a
sudden change, for example, electron transfer or light absorption/emission, the
nonequilibrium polarization emerges. Furthermore, the portion of solvent polarization with
fast response speed can adjust to reach the equilibrium with the new solute charge
distribution, but the other slow portion still keeps the value as in the previous equilibrium
state. Therefore, in order to correctly describe the nonequilibrium solvation state, it is
important and necessary to divide the total solvent polarization in a proper way.

At present, there are mainly two kinds of partition method for the solvent polarization. The
first one was proposed by Marcusl? in 1956, in which the solvent polarization is divided into
orientational and electronic polarization. The other one, suggested by Pekarl3], considers that
the solvent polarization is composed by inertial and dynamic polarization.

The first partition method of electronic and orientational polarization is established based
on the relationship between the solvent polarization and the total electric field in the solute-
solvent system. We consider an electron transfer (or light absorption/emission) in solution.
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Before the process, the solute-solvent system will stay in the equilibrium state “1”, and then
the electronic transition happens and the system will reach the nonequilibrium state “2” in a
very short time, and finally the system will arrive to the final equilibrium state “2”, due to
the relaxation of solvent polarization. In the equilibrium states “1” and “2”, the relationship
between the total electric field E and total polarization P is expressed as

P =2 B B = 2 B (4.1)

-1) . . s . . L .
where g, :(8547) is the static susceptibility, with &, being the static dielectric constants.
z

The superscript “eq” denotes the equilibrium state. Correspondingly, the electronic
polarizations in the equilibrium states “1” and “2”are written as

Pl,op = /’{opEiq 4 PZ,op = ZopE;q (42)

(‘9op - 1)
4z
electronic susceptibility, with ¢, being the optical dielectric constant. In solution, the

where the subscript “op” represents the electronic polarization and g, = the

electronic polarization can finish adjustment very quickly, and hence it reaches equilibrium
with solute charge even if the electronic transition in the solute molecule takes place. On the
other hand, it is easy to express the orientational polarization as

P,

1,0r

=P P,

T,0p

= ZorEiq 4 P

2,0r = Pzeq - PZ,op = ZorE;q (43)
with 7, =7, — %, - Here, z,, stands for the orientational susceptibility and the subscript

“or” the orientational polarization. This kind of polarization is mainly contributed from the
low frequency motions of the solvents.
In the nonequilibrium state “2”, we express the total electric field strength and solvent

polarization as E;™" and P,”" respectively, the electronic polarization can be defined as

Prot — ZopEgon (44)

20p —

At this moment, the orientational polarization keeps invariant and the value in the previous
equilibrium state “1”, thus the total polarization is written as

Pyt =P, + P (4.5)

1,0r 2,0p

The second partition method for the polarization is based on the equilibrium relationship
between the dynamic polarization and electric field. Assuming that the solvent only has the
optical dielectric constant ¢,,, the dynamic electric field strength and the polarization in

equilibrium state “1” and “2” can be expressed as
Pl,dy = ZopEl,dy ’ (46)

PZ,dy = ZopEZ,dy (47)
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Then the inertial polarization in an equilibrium state is defined as

P,

1,in

= Ple 4- Pl,dy ’ PZ,in = Pzeq - P2,dy (4.8)

where the subscripts “dy” and “in” stand for the quantities due to the dynamic and inertial
polarizations. In a nonequilibrium state, the inertial polarization will be regarded invariant,
and hence the total polarization is decomposed to

Py = Pl,in + PZ,d_V (4.9)

With the dynamic-inertial partition, the nonequilibrium polarization is of the following
form, i.e.,

P =P, + P2,dy =P - Pl,dy + PZ,dy =B - ZOPElrdY + ZOPEMY (410)

According to the inertial-dynamic partition, the picture of the nonequilibrium state “2” is
very clear that the invariant part from equilibrium to nonequilibrium is the inertial
polarization and the dynamic polarization responds to the solute charge change without
time lag in nonequilibrium state, being equal to the dynamic polarization in equilibrium
state “2”.

4.2 Constrained equilibrium by external field and solvation energy in nonequilibrium
state

Based on the inertial-dynamic polarization partition, the thermodynamics method
introduced in the previous sections can be adopted to obtain the solvation energy in
nonequilibrium state, which is a critical problem to illustrate the ultra-fast dynamical
process in the solvent.

Fast non 1non | Re€laxation eq e
pzaEzc’Pz aEz 'pstzcapzanzq

Y

eq eq
pl’Elc’Pl ’El

1 N LE 2

ex

p25E2c + Eex

P = I
E*=E +E,
C

Scheme 1.

In the real solvent surroundings, the solvation energy is composed of three contributions:
the cavitation energy, the dispersion-repulsion energy and electrostatic solvation energy.
The cavitation energy, needed to form the solute cavity, will not change from the
equilibrium “1”to the nonequilibrium state “2” due to the fixed solute structure. At the same
time, the dispersion-repulsion energy is supposed invariant here. Therefore, the most
important contribution to the solvation energy change from equilibrium to nonequilibrium
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is the electrostatic part, and the electrostatic solvation energy, which measures the free
energy change of the medium, simplified as solvation energy in the following paragraphs, is
the research focus for the ultrafast process in the medium.

As shown in Scheme 1, we adopt the letter “N” to denote the nonequilibrium state, which
has the same solute electric field E,, as equilibrium state “2”. The differences of polarization
strength and polarization field strength between states “N” and “2” in scheme 1 can be
expressed as

(4.11)

in

P'=P; - Py = AP, ~ AP, =-AP

E', =E}" —Ey = AE, - AE, =-AE (4.12)

in

with
AMk = Mzrk — Ml,k (k= lldy”, /Iin” Or I/eqfl)

where M can be electric filed E or polarization P . In egs. (4.11) and (4.12), P' is hereafter
called the residual polarization which will disappear when the polarization relaxation from
state “N” to the final equilibrium state “2” has finished after enough long time. E', is
actually a polarization field resulted from P'.

In order to obtain the solvation energy for the nonequilibrium state “N”, we can construct a
constrained equilibrium state, denoted as state “C” in scheme 1, by imposing an external
field E, from the ambient on the equilibrium state “2”, which produces the residual
polarization P' and the corresponding polarization field E' . It is clear that
P'= x(E. +E') in the medium with the dielectric constant &, . Thus the total electric field
E' due to the external field in the medium with the dielectric constant &, can be expressed
as

PI_Ade_AP Zop

E'=E, +E =— 9 = 2% AE, —AE, (4.13)
Zs Zs Zs
Combining egs. (4.12) and (4.13), the external field strength can be defined asl4]
| I Hop — Xs Eop ~ s
E, =E-E,="% "°AF, =% AE, (4.14)
X &-1

Through the introduction of the external field, the constrained equilibrium state has been
constructed as

EZ = EZC + Eex
E =E}"+E, (4.15)
P’ =P =PI +P'

where E, is the solute electric field in vacuum. In constrained equilibrium state, the
polarization, entropy and solute charge distribution are the same as the nonequilibrium
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state “N”. It is shown in eq. (4.15) that nonequilibrium polarization P;" equilibrates with
solute and external electric field E, +E, in the medium with static dielectric constant.
Therefore, the only difference between the nonequilibrium state and constrained
equilibrium state is the external field E_ .

Now we can analyze the equilibrium and constrained equilibrium states from the view of
thermodynamics. For clarity, we take the medium (or solvent) as the “system” but both the
solute (free) charge and the source of E, as the “ambient”. This means that the
thermodynamic system is defined to only contain the medium, while the free charges and
the constraining field act as the external field. The exclusion of the free charges from the
“thermodynamic system” guarantees coherent thermodynamic treatment.

Given the above definition on the “system”, we now turn to present the free energy F of
the medium. Here we use the subscript “sol” to indicate the quantities of the medium, or
solvent. Let us calculate the change in F,; resulting from an infinitesimal change in the field
which occurs at constant temperature and does not destroy the thermodynamic equilibrium
of the medium. The free energy change of the medium for an equilibrium polarization is
equal to the total free energy change of the solute-solvent system minus the self-energy
change of the solute charge, i.e.,

5E,, :ijE-éDdV—ijEc -SE.dV (4.16)
4r 4r
where E is the total electric field while E_ is the external field by the solute charge in the

vacuum. D is the electric displacement with the definition of D=E+47P =¢E. Eq.(4.16)
gives the free energy of the medium for an equilibrium polarization as

F, -1 [(D-E-E.-E)dV

sol —
81” ) 4.17)
-—((E-E.-D-E_)dV+— [(E+E,)-(D-E_)dV
o J(B-E.-D-E)dV+—[(E+E)-(D-E,)
We note that
E=-Vd, E.=—Vy. (4.18)

where @ is the total electric potential produced and w,_ is the electric potential by the

solute (free) charge in vacuum. With eq.(4.18), the last term in the second equality of
eq.(4.17) becomes

V(@) (D-E)dV (®19)

The volume integral (4.19) can be change to the following form by integration by parts:

81 (®+y)V-(D-E.)dV =0 (4.20)
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Thus eq.(4.1; ) can be rew ritten aS[: 8]
sol 2 c °

We consider our nonequilibrium polarization case. For the solvent system in the constrained
equilibrium state “C”, the external field strength E,_ takes the role of the external parameter
a, E, takes the role of y', and solvent polarization P* =P} =P;* +P' takes the role of
A'. The total external (vacuum) electric field in this state is E.=E, +E, . A constrained
equilibrium can be reached through a quasistatic path, so the electrostatic free energy by an
external field is of the form like eq.(4.21),

*

1o oo o 15 |
Fo == [P EQV = [(B 4 P)- (B, + Ex)dV (4.22)

ol

Similarly, the electrostatic free energy of the final equilibrium state “2” is given by
eq 1 eq
Bhi=— [P -E,dV (4.23)

Starting form the constrained equilibrium “C”, we prepare the nonequilibrium state “N” by
removing the external E, suddenly without friction. In this case, the constrained
equilibrium will return to the nonequilbirium state. According to eq. (3.10), the
nonequilibrium solvation energy is readily established as

B =y + [ (B +PY)-E,dV (4.24)

Substituting eq. (4.22) into eq. (4.24), the electrostatic solvation energy (it is just the
electrostatic free energy of the medium) for the nonequilibrium state “N” is given by

T =% [(Bx+EL)- (B2 +P)dV + [E,, - (B + P)AV

. (4.25)
=5 J(Bo —Ep) (B 4 P)AV
Eq. (4.25) can be further simplified as
1 1
non _ _ — P = P!
Bo=— [Es -B5dV + > [E. PV (4.26)

with the relationship of jEzc -P'dV = fEEX -P;3dV, which is proved in Appendix A. Here,

the first term on the right hand side of eq. (4.26) stands for the solvation energy of
equilibrium state “2”, and the second term is just the solvent reorganization energy, i.e.,

1 1
A= [E. - Pdv (4.27)
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Therefore, it can be seen from eqs. (4.26) and (4.27) that the solvent reorganization energy is
the energy stored in the medium from equilibrium state “2” to nonequilbirium state “2”,
that is, the energy change of the medium resulted from the addition of P' in the equilibrium
state “2” by imposing the external field E_, .

Combining eqs. (4.11), (4.14) and (4.27), we obtain the final form for the solvent
reorganization energy as

1 & — gop
A== [AE,, -(AP,, - AP, )dV (4.28)

s 1%

4.3 Solvent reorganization energy and its application
4.3.1 Solvent reorganization energy and spectral shift

Electron transfer reactions play an important role in chemistry and biochemistry, such as the
break and repair of DNA, the function of enzyme and the breath of the life body. In Marcus’
electron transfer theory, the total reorganization energy is composed of two contributions:
the internal reorganization A4, due to the change of the reactant structure and the solvent
reorganization energy A, due to the change of the solvent structure, i.e.

A=A, + A (4.29)

Marcus defined the solvent reorganization energy between the difference of the electrostatic
solvation free energy between the nonequilibrium “2” and equilibrium “2” state, i.e.

A =Fu—EL (4.30)

In the above derivation, we have obtained the solvent reorganization energy in electric field-
polarization representation as shown in eq.(4.27) and we also can derive another form of
charge-potential representation as

l gS - ‘90
= Eﬁgssmdy(mdy ~Ac,,)dS (4.31)

The detailed derivation can be found in Appendix B.

For the different solute size, shape and charge distribution, we simplify the solute charge
distribution as the multipole expansion located as the center of a spherical cavity. In the case
of the solute monopole, we can obtain the concise form as

1
j“s = qux(Aweq - Aquy) (432)

where g, is the external charge located at the center of the cavity to produce P'. For the
point charge g, and g, locating at the centers of the electron donor and accepter spherical

cavities, the form of solvent reorganization energy in two-sphere model is given as

1 1
]’s = EqD,ex (A(pD,eq - A¢D,dy) + EqA,ex (AQA,eq - AgDA,dy) (433)
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where q, . and g, are the imposed external charge at the center of donor’s and acceptor’s

spheres.
In the case of solute charge being point dipole moment at the center of a sphere, the solvent
reorganization energy can be derived to

1

A= Wo (A, 4, ~ AF (4.34)

peg)
where p,, is the external dipole at the sphere center and the subscript “p” denote the field
strength produced by the polarization. The derivation for eqs. (4.32)-(4.33) is detailed in
appendix C.

Uy(g)+ Flay
U(g) |
Uyg)+F ;:;101
hvy, hv,,
L Ug)+ Rl

U@+ Rt

,sol

Solvation coordinate
Fig. 1. Spectral shift for the absorption and emission spectrum

Similar to the definition for the solvent reorganization energy, the spectral shifts for light
absorption and emission also can be defined as shown in Figure 1. Due to the Franck-
Condon transition of the solute in medium, the solute-solvent system will experience the
following change: starting from the equilibrium ground state, then reaching the
nonequilibrium excited state, and then relaxing to the equilibrium excited state, following
by the nonequilibrium ground state, and finally reaching the starting equilibrium ground
state. Here we use subscripts “1” and “2” to denote the different charge distributions in
ground and excited state respectively. In Figure 1, U,(g)(i=1,2) stands for the internal
energies of the solute in ground state “1” and excited state “2” in vacuum. hv,, and hv,,
are the absorption and emission energy in medium respectively.
According to the traditional nonequilibrium solvation theoryl29], the absorption spectral
shift is defined as the free energy difference between nonequilibrium excited state “2” and
equilibrium ground state “1”. Ignoring the self-consistence between the solute and solvent
charge, the spectral shift for the absorption spectrum can be defined as the solvation energy
difference between nonequilibrium excited state “2” and equilibrium ground state “1”, i.e.
A =Eo - F (4.35)

1,s01



218 Thermodynamics

Correspondingly, for the inversed process, namely, emission (or fluorescence) spectrum, the
spectral shift can be expressed as

Ay, =FG = F (4.36)

According to the definitions given in eqgs. (4.35) and (4.36), the positive value of Ahv, is
blue shift, while the positive value of Ahv,, is red shift. The solvation energies for the
equilibrium ground and excited states in the charge-potential presentation can be given as

& 1 (&
Rl =5]poiidv (4:37)
v
E9 = 1 eq
s =5 | papdv (4.38)
14

where ¢ is the polarization potential and p the charge density of the solute. According to
eq. (4.26), the nonequilibrium solvation energy can be expressed in charge-potential form as

B = % [ papsedv + 4, (4.39)
Vv

. % [pgiidv + 4, (4.40)
14

Together with eqs. (4.35)-(4.40), the general forms for the absorption and emission spectral
shift can be obtained as

non e 1 (& (&
By, = AEP™ = AR = A+ [ (0,03 = pro)dV (4.41)
14
AR, = AR = AR = 4, — %I(pz(piq - ppi?)dv (4.42)
14

4.3.2 The two-sphere model for the solvent reorganization energy

For the electron transfer reaction between the electron donor D with charges of g, and
electron acceptor A with charge of g, , the reaction process of transferring the charge of Ag
can be described by the following equation

D™ +B+A™ D™ 4 B4 A Y (4.43)

where B is bridge between the donor and acceptor, g, +Aq and g, —Ag are the charge
brought by the donor and acceptor after the electron transfer reaction. Here, we assume that
all the point charges q,, 9, , qp +Aq and g, —Ag locate at the centers of the two spheres
shown in Figure 2. 7, and r, are the radii for donor and acceptor spheres respectively. The
two spheres are surrounded by the solvent with &, and the distance between the two
spherical centers is d, which is assumed much larger than the radius of 7, and r, .
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Similar to the treatment by Marcus [2, ignoring the image charge effect due to the surface
polarization charge, the polarization potential due to charge variation Agp =Ag on the
surface of sphere D can be expressed as

Q. = AJ(E 1) + Q= AG(———1) (4.44)
£, £

s op

in the medium of ¢, and ¢,, . Correspondingly the charge variation Ag, =-Aq in sphere A
will induce the polarized charge on the surface of sphere A as

Qu =802 1), Quyy =-B(—— 1) (445

s gop

Fig. 2. Two-sphere model

Thus, in the medium of ¢&,,, the polarization charge Q,,, due to Ag, will generate the

A
polarization potential —q(ifl) at the center of sphere D, and Q,, due to Ag, will
rD gop

e . Ag, 1
generate the polarization potential ——q(——l) at the center of sphere D. Based on the
g
op
principle of potential superposition, the total polarization potential at the center of sphere D

can be expressed as

Aoy = (1= EDy 1) (446
With the similar treatment, the total polarization potential at the center of sphere A is

Mgy =—(21-2T Ly (4.47)

r, d Eop
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For the solvent with dielectric constant ¢, , we have

Aoy = (-2 =-1) (449
D s
Appeg == 21 (449

With the zeroth approximation of multipole expansion for the solute charge distribution, the
external charges at the position of donor and acceptor can be derived from eq. (C2) as

-& Eop — &

&
— op i — op
qD,ex - Aq 4 qA,ex -

(&, - 1e,, N (&, — 1)50P A (4:50)

Substituting eqs.(4.46)-(4.50) into eq.(4.33), the solvent reorganization energy in the two-
sphere and point charge model can be obtained as

2 _ 2
A = (A9) L‘gw’z(l+l_g) (4.51)
2 (e,-Neel, 1n 1, d

s¢op

It is different from the traditional Marcus result [29]

=1 P4 4.52

& 2 ge, (rD Ts d) (52

The two sphere model is widely used to investigate the electron transfer reactions in solvent
for its brief and simple expression. It is clear that the present two-sphere model will predict
the solvent reorganization energy to be smaller than that by Marcus formula by a factor of

&5~ Eop

gop (‘95 - 1) .

4.3.3 The spectral shift of photo-induced ionization energy in a single sphere
Now we consider the simplest case for the nonequilibrium state: the solute charge
distribution is point charge located at the center of the sphere with radius a, surrounded by
the solvent with dielectric constant &, . This model can be adopted to treat the spectral shift
of the vertical ionization energy. The atomic (or ionic) photo-induced ionization process in
the medium with dielectric constants ¢, or ¢,, can be represented as

BA ——¢ B (4.53)
where Q, and Q, are the solute charges before and after the ionization respectively.
Induced by the charge change AQ =Q, —Q,, the polarization charge on the sphere surface
can be obtained as

1-¢,

AQL" = AQ(—) (4.54)

&,

s
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surf __ 1 B SOP
AQy" =AQ(—) (4.55)

dy
Eop

in the medium of ¢, and ¢,,, and it will generate the polarization potential at the sphere

center in these two cases as

ap, =220 (456)
- 1
agy =20 (457)

op

Recalling eq. (C2), the external charge condensed at the center can be achieved as

_ fe T 458
qex_m(Qz_Ql) (4.58)

Thus egs. (4.39) and (4.41) can be simplified as

1
ﬂ’s = qux (A¢eq - A(de) (459)
1
Ahvab = ﬂ’s + E(szgq - Ql(pleq)
1 & — & - 1- 1-g, 1 1 1 (4.60)
ot o) BTt oy No Sy g &Ly
(&, —l)sOp a & Eop 2 a & a &

Further we have the form of the spectral shift in the vertical ionization of the charged
particle,

_i _ 2 (gs_gop)z i 2 2 _l
Ahvy, = 2 (Q-Q,) (@ _1)6_3})85 + 2 (Qr-Qy)( Ss) (4.61)

4.3.4 Spectral shift of point dipole in a sphere cavity

Here we will adopt Onsager model of sphere cavity and point dipole moment to treat the
nonequilibrium polarization in spectrum. The solute charge distribution is considered as the
point dipole, locating at the center of single vacuum sphere with the radius 4, as shown in
Figure 3. The solute cavity is surrounded by the solvent with dielectric constant &, . The

solute dipole will change from p, to p, due to the Franck-Condon transition in the light

absorption process, and the light emission will lead to the inversed change of the solute
dipole.
First, the reaction field in the sphere cavity will be derived. In Figure 2, the total electric

potential @{? in equilibrium ground state satisfies the following differential equations and

boundary conditions:
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Vz(pffn =0 (r<a); qublegut =0 (r>a)
4.62
D =% + L2 cos0 (4.62)

r
(/)f,(iln |r90 iS ﬁnite/ fzut |reoo: O

oD oD (4.63)

o, =0, —=s 2 (r=a)

’ ’ or coor

where the subscripts “in” and “out” stand for inside and outside the sphere cavity and “&”
is the angle between the vectors of solute dipole and r. We assume that @[ has the
following form:

7, =-E,,rcosd+ A coso

1,in 7’2
. (4.64)
o3 = s z'ulp cosd
r

where the unknown E,, and g, are polarization field strength and equivalent dipole for
the solvent polarization. The above eq. (4.64) can satisfy the differential equation (4.62). So,
substituting eq. (4.64) into (4.63) leads to

My Mt U
_Elpa + % = %
a “ (4.65)
2u, 24 + 1)
then we can obtain
22—V, 2 -1)

E, = - 4.66
P e ) T e 110 (4.66)

light absorptio

light emission

ground state excited state

Fig. 3. Solvation model for single sphere
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By substituting eq. (4.66) into eq. (4.64), the potentials inside and outside the sphere are

2s. 1) pr

o =— cosf+44 Lcosd
’ (2e,+1) a r’
(4.67)
w __ 3 M
lout — 2 9
’ (e, +1) r
Therefore, the polarization potential inside the sphere cavity is
) = e =D 5 1rcosd (4.68)
(2e,+1) a°

Correspondingly, we can obtain the polarization field strength E,  inside the sphere and
the total field outside the sphere for equilibrium ground state as

Gt} Y (4.69)
PRe, )’

R R, (@.70)
’ (2e,+1) r
Thus, the polarization field due to the dipole change Ap=p, —p; in medium with &, and

&,, can be achieved as

2(e,-1) A 2(e,, - 1) A
U CRt S SN (4.71)
(2e,+1) a (26,,+1) a
Recalling eq. (C5), the introduced external dipole moment is
Epn—& 3
Po=—0 Ap (472)

& -1 23 +1

According to the definition of the solvent reorganization energy in eq. (4.34), we can obtain

& 1 2e,,+1 (25 +1) (25 +l)

_ 9.~ up)’ 7
@ (g -1)(2¢, +1)(2¢,, +1)°

According to the definition in eq. (4.41), we obtain the final form for the absorption spectral
shift with single sphere and point dipole approximation as
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]' e e
Ahv,, =4, +E(|’11 'Eﬁ‘, —Hy- Ezg)

2 4.74
_ (Aﬂ)z 9(‘("5 - gop) + (gs _1) zulz - :uZZ ( )
@ (e, -1)(2e, +1)(2¢,, + 1?2 (2¢,+1) 4°
The similar treatment can lead to the emission spectral shift as
1 e e
Ahvem = Z’s - E(}‘ll : Elq ~Ha Ezq)
) (4.75)

(Ap)* & = 2op)’ _(e-Y) -
a (&, —1)(2s, +1)(2‘90p +1)? (2e,+1) a’

4.4 Comments on traditional nonequilibrium solvation theory

Nowadays, accompanying the development of computational methods and the progresses
in computer science, solvent effect calculations at different levels have attracted much
attention. Because most of chemistry and biochemistry reactions occur in solution,
incorporation of the solvent effects into chemical models has been of great interest for
several decades. Owing to the competitive advantages, continuum models are still
playing a key role so far, although more and more explicit solvent methods, which take
the microscopic structures of the solvent molecules into account, have been explored.
There are two principal advantages of the continuum models. The first one is the
reduction of the system’s numbers of freedom degrees. If we take explicitly a few of
solvent layers which involve hundreds of solvent molecules, a huge number of degrees of
freedom will be added. The first thing we must face with is a large number of
conformations. In addition, the observable structural and dynamical properties of some
specific solute we most concern will be averaged. In fact, if one realizes that the
complementary methods based on some explicit solvent methods are also not perfectly
accurate, one will find the continuum model accounts for the dominant parts of solvent
effects. So the second advantage of the macroscopic continuum models provides rather
good ways to treat the strong and long-range electrostatic forces that dominate many
solvation phenomena.

There are many circumstances in molecular modeling studies where a simplified
description of solvent effects has advantages over the explicit modeling of each solvent
molecule. The solute charge distribution and its response to the reaction field of the
solvent dielectric, can be modeled either by quantum mechanics or by partial atomic
charges in a molecular mechanics description. In spite of the severity of approximation of
continuum models, it often gives a good account of equilibrium solvation energy, and
hence widely used to estimate pKs, redox potential, and the electrostatic contributions to
molecular solvation energy.

Up to now, several models for the equilibrium solvation based on the continuous medium
theory were developed. The simplest one is the Onsager model with a point-dipole of
solute in a spherical cavity. One of the most remarkable successes of the calculation of
equilibrium solvation for arbitrary solute cavity is the establishment of polarizable
continuum model (PCM) by Tomasi. Thereafter, different procedures for solute-solvent
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system have been developed. Introducing the numerical solution of the appropriate
electrostatic potential into the popular quantum chemical packages yields different
equilibrium solvation models. At present, a feature common to all the continuum
solvation approximations is that the solute-solvent interactions are described in terms of
the solute-reaction field interactions. The reaction field is due to the solvent polarization
perturbed by the presence of solute, and the reaction field in turn perturbs the solute,
until self-consistence is achieved. The reaction field is usually computed by solving the
suitable Poisson equations.

So far, most of continuum models are properly referred to as equilibrium solvation models.
Besides the structures and properties of a thermodynamically equilibrated solute-solvent
system, the processes that take place on longer timescales may thus be legitimately thought
of as equilibrium processes with respect to solvation. However, the question arises how to
apply continuum models to the very fast processes. For instance, the transition state
structures in principle live for only a single vibrational period. In such cases, the solvent
response may not have time to equilibrate with the electronic state change at the position of
transition state. Hence, a continuum model developed based on the fully equilibrated
solvation would overestimate the solvation free energy by the assumed equilibration. In
fact, many cases concern the nonequilibrium solvation problems in solution. The typical
examples are: condensed-phase electron transfer, spectral shifts of photon absorption and
emission in solution, and vibrational spectrum in solution. Among them, the solvent
reorganization energy of the electron transfer and the spectral shifts attracted the most
attention. So, in the present comments, we confine ourselves to these two kinds of
nonequilibrium solvent effects, although the nonequilibrium solvation problem exists in
some other processes such as proton transfer.

Let us date back to the beginning of the establishment of the nonequilibrium solvation
theories. A brief overview on this topic will be helpful for us to clarify what fundamental
defects exist in the present theories and application models. The concept of nonequilibrium
solvation led to great progresses for people to understand the physics of fast processes in
solution. Based on the separation of the two kinds of polarizations, orientational and
electronic, Marcus applied the reversible work method to the establishment of the
electrostatic free energy expression of the nonequilibrium solvation state. In Marcus’
original treatments, the electrostatic free energy of nonequilibrium state of solution was
defined as the sum of reversible works done during charging process involving two steps as
followsl[2l

A]-/c(:s

Azfgn non
[p=0,0=0] (o1, @1 o0y, 0] (4.76)

In eq.(4.76), @ denotes the total electric potential, including both the potential y by the
solute charge in vacuum and potential ¢ due to the polarization of the medium. We confine
our discussions only to the solute charge and the bound charge at present. The solute
charge, which refers to the “free charge” from the viewpoint of electrodynamics, in principle
represents the charge that can move about through the material. In practice what this
ordinarily means is that free charges are not associated with any particular nucleus, but
roam around at will. By contrast, the bound charges in dielectrics are attached to specific
atoms or molecules. They are on a tight leash, and what they can do is to move a bit within
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the atom or molecule. Such microscopic displacements are not as dramatic as the wholesale
rearrangement of solute charge, but their cumulative effects account for the characteristic
behaviors of dielectric materials. For convenience, we call hereafter y the vacuum potential
and ¢ the polarization potential. We do not distinguish “free charge” and “solute charge”.
Two terms, bound charge and polarized charge, are undistinguished in our previous works,
but we use “bound charge” here.

In the establishment of the nonequilibrium state, the first step, Al, charges the solute to p,,
and @ reaches an equilibrium in solvent of a static dielectric constant ¢, . In step A2, the
solute is charged from p, to p, but only the electronic component of the solvent
polarization, which corresponds to the optical dielectric constant ¢,, of the solvent,
responds. The system arrives at a new state in which the electronic polarization of solvent
reaches equilibrium with p, but the orientaional polarization does not. This state, we
denote it by [p,,D;™"], is referred to as the “nonequilibrium” state. If we note that the
potential change in step A2 is caused by the change of solute charge, but only the electronic
polarization responds, we can take the nonequilibrium as a superposition of two
“equilibrium” states, [p,,P'] and [Ap,AD,]. The former is a state in which p
equilibrates with the medium of dielectric constant of ¢, but the latter is such that the
solute charge difference Ap equilibrates in the hypothetical medium of a dielectric constant
&, - Here we define the solute charge change and the potential change as

Ap=p,—p

o (4.77)
AD,, = D3 — 5t

As mentioned above, we divide the total potential @ into two constitutive parts: y due to
the solute charge in vacuum and ¢ due to the bound charge. We need to distinguish ¢! of
equilibrium from ¢"" of nonequilibrium for the polarization potential but this is
unnecessary for y . Therefore we have

DI =y, 4o, O =y, + g (i=12) (478)

If we consider the inverse process of eq.(4.76) (denoted as as process B), we can write the
analogue as

Bl,¢q

[p=0,0=0] [, @3"] B2 2y Lo, P (4.79)
As mentioned above, we ignore the influence of solvent polarization upon the solute free
charge, hence the charge distributions p, and p, in eq.(4.79) are supposed to be exactly the
same as given in eq.(4.76).

If the properties of the dielectric do not vary during the process, it is very common to
integrate the work done in the charging process by the following equation,

SW = [@5pdV (4.80)
14
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The integration is over the whole space. Throughout this review, we use WV to denote the
work done and G the total free energy. But if we ignore the penetration of p into the
medium region, the integration will be in fact only carried out within the cavity occupied
by the solute. Introducing a charging fraction « during step Al of eq.(4.76), the
electrostatic free energy of equilibrium state [p,, @] was expressed in the well-known
form, i.e.,

G =Wy, =(1/2)[ p®y'dV (4.81)
14

On the basis of step Al, step A2 introduces the further charge distribution change Ap, and
the potential accordingly responds, so the charge distribution p” and the total electric
potential @ during step A2 were expressed by Marcus as!?

P =pitalp,—p) and O =D +a@" ~DF) (a=0~1) (4.82)

Therefore, the electrostatic free energy of nonequilibrium state was expressed by Marcus as
the sum of work done in steps Al and A2 [eq.(17) of ref.2], i.e.

G5 (A) =(1/ 2)[ (0,5 +p, @} — p,@5™)dV (4.83)
14

Our following arguments will make it clear that eq.(4.83) is incorrect owing to the different
response properties of the medium in equilibrium and nonequilibrium cases.

In the work of Marcus, the solvent reorganization energy is defined as the difference of
electrostatic free energies between the nonequilibrium state and the equilibrium state
subject to the same solute charge distribution, i.e.,

4, =G -G (4.84)

Introducing the two-sphere approximation, the famous two-sphere model (as given by
eq.(4.52) of estimating the reorganization energy was consequently developed and widely
applied for decades. However, the Marcus two-sphere model often overestimates the
solvent reorganization energy was, by a factor of about two for many electron transfer
reactionsl1011l. For example, Basilevskyl12l developed a numerical method to evaluate the
reorganization energy and applied it to the well-known Closs-Miller ET systems by using
the conventional Marcus theory. However, the calculated values for the biphenyl-bridge-
naphthalene system were exaggerated by a factor of about 2 than those fitted from the
experimental rate constants.

The classical issue on the electrostatic free energy of nonequilibrium solvation in a
continuous medium is revisited. The central idea, which has never been considered before,
is to introduce a constrained equilibrium that is required to have the same charge
distribution, polarization and entropy as the true nonequilibrium state (see Sections 1~3).
Such a reference is certainly realizable via a quasistatic procedure. The location of the source
for the tuning electric field E, is yet completely irrelevant. From this reference, the
electrostatic free energy of nonequilibrium solvation can directly be obtained in strict
accordance with the principle of thermodynamics. It is also shown that the long lasting
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problem that the solvent reorganization energy is always overestimated by the previous
continuum models is solved in a natural manner. It is believed that the present paradigm is
completely general and can be used to derive other thermodynamic quantities of the
isothermal nonequilibrium system as well.

The freezing of the state variables here is quite different from the treatment by Marcus. In
fact, to freeze the variables of any nonequilibrium state is not only an abstract idea, but also
a proper arrangement which can be used to realize the freezing. The fundamental difference
between the Marcus approach and the present strategy is obvious. The freezing of the
inertial polarization in Marcus work is just an idea without any measure, while our work
realizes the freezing by introducing an external field. In our work, the whole polarization is
kept frozen, not only the inertial part.

We mention that here the problem in the traditional nonequilibrium solvation theory arises
from the simple reversible work integration, without consideration of any variable that
describes the nonequilibrium state. A reversible work method applying to a non-quasistatic
process is obviously arbitrary and lack of thermodynamic support. On the contrary, in our
treatment, we rigorously obey the thermodynamics and a crucial external variable E

ex /
which is used to constrain the nonequilibrium state to an “equilibrium” one, enters the
expression of solvent reorganization energy. More details can be found in the references 4~6.

5. Appendix
5.1 Appendix A : Proof of [E, -P'dV = [E,, -P;*dV

In the constrained equilibrium state, there is the relations of P'= y,E' and P;? = y E}?, thus
we have

[Es-P'dV = [ 7B -E'dV = [E'PdV (A1)
v v v

[E,-P'dV+[E,, -P'dV = [E, -PFdV + [E,-P5dV (A2)
\4 v \4 \4

Applying the formulas of V-P=0, and n-P =0 with o being the surface polarized charge
density, the second term on the left hand side of the above equation can be rewritten as

[E,, PV =—[Ve, -P'dV ==[V (g, P)dV
\4 v 1%

(A3)

:_lgpzpn-P'dsz—l%p r)dS =- ” ) dsds'

Ir rI

where o,, and o' represent the polarization surface charges corresponding to E,, and P'
respectively, while ¢,, denotes the equilibrium polarization potential, E,, =-Vg,,. In the
same way, the second term on the right hand side of eq. (A2) can be changed to the
following form,
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lE'p.P;qu=—lV¢'~P§qu: Lj |r - |deS' (Ad)

Substituting eqs. (A3) and (A4) into eq. (A2), we obtain the desired equality

[E,-P'dV = [E, - PdV (A5)

5.2 Appendix B: The proof for the solvent reorganization energy in charge-potential
form

In the equilibrium medium, the divergency of the solvent polarization and surface polarized
charge o can be expressed as

V.P=0>n-P=c (B1)

Further by using AE, =-V(AQ, ), we have

_1&-4,
A, = el i V(AD,,)- (AP, — AP, )IdV
&
; Eop j V [A®, (AP, — AP, )|dV (B2)
18,6,
2 gSAqu AP, — AP, )-ndS
that is,
1 gS - g&)
A =>=—2$AD, (Ac,, —Ac,,)dS (B3)
2 -1 g

which is applicable to solute cavities of general shapes and sizes.
5.3 Appendix C : The brief expression for the solvent reorganization energy in sphere
cavity model

If the point charge g of the solute locate at the center of the sphere cavity with the radius of
r, it will produce the electric field strength in vacuum as

E =L (1)

Then we can set a point charge g,, at the center of the solute sphere, defined as
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fop b 1 Aq (C2)

& -1 Eop

qEX =
with Ag =g, —gq, , it can generate the needed external field strength in vacuum as

op ~ & Aqr _

ex

= (%2 _1)AE,, (©3)
&1 &, s
If the solute charge can be regarded as the point dipole p at the sphere center, the field
strength produce by it in vacuum is

B - BT (€4

If we can place another point dipole p,, at the center, defined by

Ep—& 3
(6,-1) 2¢,,+1

Ho = Ap (G5)

then there will be the needed external field strength E, as

£ —€E .
g -lw % 3 AT Zo q)ag
(e,-1) 2£Op +1 r X

(C6)

dy

3 Ap-r
2e,,+1 r°

by using the relation of AE, = . It should be noticed that E_, is the vacuum

field strength due to external charge and it will generate the additional polarization P',
polarization field E,' and polarization potential ¢' as

P'= AP, - AP,

eq’

Ep ‘= AEdy - AEeq ’ gol = Aq)dy - Agﬂeq (C7)

in the medium with dielectric constant &,. By using E,, =-V, with v, being the vacuum

potential due to P', we can obtain

=t[E, pav=-tipivy av-1ly vopav -1l @pmdv
S2 2 2 2 (C8)

1 P (r)dV! 1 ¢ p(r)dv 1
=——| | ———p(r)dV =—= r)dV'=-= 'dv
zj Py 2”‘“4,'%( ) S[Puw
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where p' is the polarized charge due to E_, in the medium. Substituting eq. (C7) into the
above equation, it can be obtained that

1
j’s = Ejpex (A@eq - Aq’cly)d‘/ (C9)

This equation is the brief expression for the solvent reorganization energy with sphere
cavity approximation.
In the case of solute charge being point charge, eq. (C9) can be simplified as

1
/15 = qux (Agpeq - A¢’dy) (Clo)

In another case with point charges g, and g, locating at the centers of electron donor’s and

acceptor’s spheres, eq. (C9) can be rewritten as

1 1
4= EqD’eX(A(pDreq - A%rdy) + EqA,ex (A(PA,eq - A(/7A,dly) (C11)

In the case of solute point dipole, the dipole can be expressed as the product of the charge g
and distance dl , i.e.,, p=gdl, thus we have

g0, —qp_=qdo=qdl-Vo=-p-E (C12)

According to egs. (C9) and (C12), the solvent reorganization energy with point dipole and
sphere cavity approximation can be expressed as

j’s = 1]’lex .(AEpd —-AE

2 ,dy peq ) (C13)
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1. Introduction

Turbulence is almost the rule in the flow of classical fluids. It is a complex nonlinear
phenomenon for which the development of a satisfactory theoretical framework is still
incomplete. Turbulence is often found in the flow of quantum fluids, especially superfluid
Helium 4, known as liquid helium II (Donnelly, 1991), (Nemirovskii & Fiszdon, 1995),
(Barenghi et al., 2001), (Vinen & Niemela, 2002).

In recent years there has been growing interest in superfluid turbulence, because of its unique
quantum peculiarities and of its similarity with classical turbulence to which it provides
a wide range of new experimental possibilities at very high Reynolds numbers (Vinen,
2000), (Barenghi, 1999), and because of their influence in some practical applications, as
in refrigeration by means of superfluid helium. We will consider here the turbulence in
superfluid “He, for which many detailed experimental techniques have been developed.

The behavior of liquid helium, below the lambda point (T, ~ 2.17 K), is very different from that
of ordinary fluids. One example of non-classical behavior is the possibility to propagate the
second sound, a wave motion in which temperature and entropy oscillate. A second example
of non-classical behavior is heat transfer in counterflow experiments. Using an ordinary fluid
(such as helium I), a temperature gradient can be measured along the channel, which indicates
the existence of a finite thermal conductivity. If helium II is used, and the heat flux inside the
channel is not too high, the temperature gradient is so small that it cannot be measured, so
indicating that the liquid has an extremely high thermal conductivity (three million times
larger than that of helium I). This is confirmed by the fact that helium II is unable to boil. This
effect explains the remarkable ability of helium II to remove heat and makes it important in
engineering applications.

The most known phenomenological model, accounting for many of the properties of He
II, given by Tisza and Landau (Tisza, 1938), (Landau, 1941) is called the two-fluid model.
The basic assumption is that the liquid behaves as a mixture of two fluids: the normal
component with density p, and velocity v,, and the superfluid component with density ps
and velocity vs, with total mass density p and barycentric velocity v defined by p = ps + px
and pv = psvs + p4Vu. The second component is related to the quantum coherent ground
state and it is an ideal fluid, which does not experience dissipation neither carries entropy.
The superfluid component, which is absent above the lambda transition temperature, was
originally considered to be composed by particles in the Bose-Einstein state and is an ideal
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fluid, and the normal component by particles in the excited state (phonons and rotons) and is
a classical Navier-Stokes viscous fluid.

The two-fluid model explains the experiment described above in the following way: in the
absence of mass flux (0, v, + psvs = 0 and v, and v averaged on a small mesoscopic volume
A), in helium II the heat is carried toward the bath by the normal fluid only, and q = psTv,
where s is the entropy per unit mass and T the temperature. Being the net mass flux zero,
there is superfluid motion toward the heater (vi = —p; v, /ps), hence there is a net internal
counterflow V5 = v, — vy = q/(pssT) which is proportional to the applied heat flux q.

An alternative model of superfluid helium is the one-fluid model (Lebon & Jou, 1979),
(Mongiovi, 1993), (Mongiovi, 2001) based on extended thermodynamics (Miiller & Ruggeri,
1998), (Jouetal, 2001), (Lebonetal, 2008). Extended Thermodynamics (E.T.) is a
thermodynamic formalism proposed in the last decades, which offers a natural framework for
the macroscopic description of liquid helium II. The basic idea underlying E.T. is to consider
the physical fluxes as independent variables. In previous papers, the E.T. has been applied to
formulate a non-standard one-fluid model of liquid helium II, for laminar flows. This model is
recalled in Section 2, in the absence of vortices (laminar flow) and in Section 3both in rotating
containers and in counterflow situations.

Quantum turbulence is described as a chaotic tangle of quantized vortices of equal circulation

K:]{us-dl 1)

(us microscopic velocity of the superfluid component) called quantum of vorticity and results
& = h/my, with h the Planck constant, and my the mass of *He atom: x ~ 9.97 10~ 4cm?/s.
Since the vorticity is quantized, the increase of turbulence is manifested as an increase of the
total length of the vortex lines, rather than with a faster spinning of the vortices. Thus, the
dynamics of the vortex length is a central aspect of quantum turbulence.

A preliminary study of these interesting phenomena was made in (Jou et al., 2002), where
the presence of vortices was modeled through a pressure tensor P, for which a constitutive
relation was written. In homogeneous situations, the vortex tangle is described by introducing
a scalar quantity L, the average vortex line length per unit volume (briefly called vortex
line density). The evolution equation for L in counterflow superfluid turbulence has been
formulated by Vinen (Vinen, 1958), (Donnelly, 1991), (Barenghi et al., 2001)

% = Vs L3/% — BoxL?, ¢
with V;s the modulus of the counterflow velocity Vs = v, — v, which is proportional to the
heat flux q, and a, and B, dimensionless parameters. This equation assumes homogeneous
turbulence, i.e. that the value of L is the same everywhere in the system. In fact, homogeneity
may be expected if the average distance between the vortex filaments, of the order of L~1/2,
is much smaller than the size of the system.

Recent experiments show the formation of a new type of superfluid turbulence, which has
some analogies with classical one, as for instance using towed or oscillating grids, or stirring
liquid helium by means of propellers. In this situation, which has been called co-flow,
both components, normal and superfluid, flow along the same direction. To describe these
experiments it is necessary to build up a hydrodynamic model of quantum turbulence, in
which the interactions between both fields can be studied and the role of inhomogeneities is
explicitly taken into account.
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Our aim in this review is to show hydrodynamical models for turbulent superfluids, both in
linear and in non linear regimes. To this purpose, in Section 4 we will choose as fundamental
fields the density p, the velocity v, the internal energy density E, in addition to the heat flux
q, and the averaged vortex line density L (Mongiovi & Jou, 2007), (Ardizzone & Gaeta, 2009).
We will write general balance equations for the basic variables and we will determine the
constitutive equations for the fluxes; the nonlinear relations which constrain the constitutive
quantities will be deduced from the second law of thermodynamics, using the Liu method of
Lagrange multipliers (Liu, 1972). The physical meaning of the Lagrange multipliers both near
and far from equilibrium will be also investigated. Under the hypothesis of homogeneity in
the vortex tangle, the propagation of second sound in counterflow is studied, with the aim to
determine the influence of the vortex tangle on the velocity and attenuation of this wave.

In this model the diffusion flux of vortices J* is considered as a dependent variable, collinear
with the heat flux q. But, in general, this feature is not strictly verified because the vortices
move with a velocity vy, which is not collinear with the counterflow velocity. For this
reason, a more detailed model of superfluid turbulence would be necessary, by choosing as
fundamental fields, in addition to the fields previously used, also the velocity of the vortex
line vy. In Section 5we aim to study the interaction between second sound and vortex density
wave, a model which choose as field variables, the internal energy density E, the line density
L, and the vortex line velocity vy, (Sciacca et al, 2008).

The paper is the first general review of the hydrodynamical models of superfluid turbulence
inferred using the procedures of E.T. Furthermore, the text is not exclusively a review of
already published results, but it contains some new interpretations and proposals which are
formulated in it for the first time.

2. The one-fluid model of liquid helium Il derived by extended thermodynamics

Extended Thermodynamics (E.T.) is a macroscopic theory of non-equilibrium processes,
which has been formulated in various ways in the last decades (Miiller & Ruggeri,
1998), (Jouetal., 2001), (Lebonetal.,, 2008). The main difference between the ordinary
thermodynamics and the E.T. is that the latter uses dissipative fluxes, besides the traditional
variables, as independent fields. As a consequence, the assumption of local equilibrium is
abandoned in such a theory. In the study of non equilibrium thermodynamic processes, an
extended approach is required when one is interested in sufficiently rapid phenomena, or
else when the relaxation times of the fluxes are long; in such cases, a constitutive description
of these fluxes in terms of the traditional field variables is impossible, so that they must be
treated as independent fields of the thermodynamic process.

From a macroscopic point of view, an extended approach to thermodynamics is required in
helium IT because the relaxation time of heat flux is comparable with the evolution times of the
other variables; this is confirmed by the fact that the thermal conductivity of helium II cannot
be measured. As a consequence, this field cannot be expressed by means of a constitutive
equation as a dependent variable, but an evolution equation for it must be formulated.

From a microscopic point of view, E.T. offers a natural framework for the (macroscopic)
description of liquid helium II: indeed, as in low temperature crystals, using E.T., the
dynamics of the relative motion of the excitations is well described by the dynamics of the
heat flux.

The conceptual advantage of the one-fluid model is that, in fact, from the purely macroscopic
point of view one sees only a single fluid, rather than two physically different fluids. Indeed
the variables v and q used in E.T. are directly measurable, whereas the variables v, and v,
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are only indirectly measured, usually from the measurements of q and v. The internal degree
of freedom arising from the relative motion of the two fluids is here taken into account by the
heat flux, whose relaxation time is very long. However, the two-fluid model provides a very
appealing image of the microscopic helium behavior, and therefore is the most widely known.

2.1 Laminar flows

A non standard one-fluid model of liquid helium II deduced by E.T. was formulated in
(Mongiovi, 1991). The model chooses as fundamental fields the mass density p, the velocity
v, the absolute temperature T and the heat flux density q. Neglecting, at moment, dissipative
phenomena (mechanical and thermal), the linearized evolution equations for these fields are:

0+poV-v=0,
ov+ Vp* =0,

®)
0€+V-q+pV-v=0,

q+IVT=0.

In these equations, the quantity e is the specific internal energy per unit mass, p the
thermostatic pressure, and { = A1/7, being T the relaxation time of the heat flux and A
the thermal conductivity. As it will be shown, coefficient { characterizes the second sound
velocity, and therefore it is a measurable quantity. Upper dot denotes the material time
derivative.

Equations (3) describe the propagation in liquid helium II of two waves, whose speeds w are
the solutions of the following characteristic equation:

@F—Vﬂ(wﬁ—ﬁ)—wwwﬁza @
where
4 pr Tpr
Vlz = Ppo-r sz = PC_V’ Wi = 7/ Wy = pc—vf )

and with cy = de/dT the constant volume specific heat and pr = dp/9dT and p, = dp/dp.
Neglecting thermal expansion (W; = 0, W, = 0) equation (4) admits the solutions w;, = +V;
and w34 = V), corresponding to the two sounds typical of helium II: w = £V} implies
vibration of only density and velocity; while w = £V, implies vibration of only temperature
and heat flux. This agrees with the experimental observations. The coefficient { can be
determined by the second equation in 5, once the expression of the second sound velocity
is known.

Finally, we observe that the Gibbs equation for helium II can be written as

1

P
Tds =de — —dp —
%
where s is the specific entropy.
2.2 The viscous pressure tensor

It is experimentally known that dissipative effects both of mechanical and thermal origin
are present in the propagation of the two sounds in liquid helium II, also in the absence of
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vortices. To take into account of these effects, a symmetric dissipative pressure tensor Pg
must be introduced:

[Pklik = P<ik> + PvOik- 7)
In (Mongiovi, 1993) for the two fields p;;» and py, respectively deviator and trace of the
stress tensor, the following constitutive relations were determined:

=—A %+,B'TA% (8)
pv Oax]- oaxj,
90 9q<i
s = —2Ar——— + 2BT Ay ——.
P<ik> )\zaxk> +25 )\zaxk> )

In these equations A and A, are the bulk and the shear viscosity, while f and p’ are coefficients
appearing in the general expression of the entropy flux in E.T. and take into account of the
dissipation of thermal origin.

Equations (8)—(9) contain, in addition to terms proportional to the gradient of velocity (the
classical viscous terms), terms depending on the gradient of the heat flux (which take into
account of the dissipation of thermal origin). The first terms in (8)—(9) allow us to explain the
attenuation of the first sound, the latter the attenuation of the second sound.

In the presence of dissipative phenomena, the field equations (3) are modified in:

p+poV-v=0,

v+ 5Vp+ 5 Vpy + 5 Vpoin =0,

; (10)
. . B
T-‘ripTV'V‘i‘WV'q—O,

pev

q+ VT — BT Vpy + BT Vpji~ =0.

The propagation of small amplitude waves was studied in (Mongiovi, 1993). Supposing zero
thermal expansion under the hypothesis of small dissipative losses (viscous and thermal)
approximation, one sees that in helium II two waves propagate (the first and the second
sound), whose velocities are identical to that found in the absence of dissipation, and the
attenuation coefficients are found to be:

2 273
1ny_ w 4 > <z>_wTC< n, 4 2>
ki’=—= (A A |, ks = A ~A . 11

s pr?( 0+3 2 ° ng op +3 2f (1)

2.3 Comparison with the two-fluid model

Comparing these results with the results of the two-fluid model (Mongiovi, 1993), we observe
that the expression of the attenuation coefficient kgl) of the first sound is identical to the
one inferred by Landau and Khalatnikov, using the two-fluid model (Khalatnikov, 1965).
The attenuation coefficient of the second sound appears different from the one obtained in
(Khalatnikov, 1965). However, it contains a term proportional to the square of the frequency
w, in agreement with the experimental results.

The main difference between the results of the one-fluid theory and the two-fluid model is
that, while in the latter the thermal dissipation (needed to explain the attenuation of the
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second sound) is due to a dissipative term of a Fourier type, in the extended model it is a
consequence of terms dependent on the gradient of the heat flux q; (which are present in the
expressions of the trace and the deviator of non equilibrium stress, besides the traditional
viscous terms).

3. Vortices in liquid helium Il

From the historical and conceptual perspectives, the first observations of the peculiar aspects
of rotation in superfluids arose in the late 1950’s, when it was realized that vorticity may
appear inside superfluids and that it is quantized, its quantum x being x = h/my, with h
the Planck constant and 4 the mass of the particles. According to the two-fluid model of
Tisza and Landau (Tisza, 1938), (Landau, 1941), the superfluid component cannot participate
to a rigid rotation, owing to its irrotationality. Consequently, owing to the temperature
dependence of the normal component fraction, different forms of the liquid free surface
should be observed at different temperatures. In order to check this prediction, Osborne
(Osborne, 1950) put in rotation a cylindrical vessel containing helium II, but no dependence
of the form of the free surface of temperature was observed. Feynman (Feynman, 1955) gave
an explanation of the rigid rotation of helium II without renouncing to the hypothesis of the
irrotationality of the velocity of the superfluid. Following the suggestion of the quantization of
circulation by Onsager (Onsager, 1949), he supposed that the superfluid component, although
irrotational at the microscopic level, creates quantized vortices at an intermediate level; these
vortices yield a non-zero value for the curl of the macroscopic velocity of the superfluid
component.

Another interesting experiment was performed by Hall and Vinen (Hall & Vinen,, 1956),
(Hall & Vinen,, 1956) about propagation of second sound in rotating systems. A resonant
cavity is placed inside a vessel containing He II, and the whole setting rotates at constant
angular velocity (). When the second sound propagates at right angles with respect to the
rotation axis, it suffers an extra attenuation compared to a non-rotating vessel of an amount
proportional to the angular velocity. On the other hand, a negligible attenuation of the second
sound is found when the direction of propagation is parallel to the axis of rotation. The large
increase of the attenuation observed by Hall and Vinen when the liquid is rotated can be
explained by the mutual friction, which finds its origin in the interaction between the flow
of excitations (phonons and rotons) and the array of straight quantized vortex filaments in
helium II. Indeed, such vortices have been directly observed and quantitatively studied.

In fact, vortices are always characterized by the same quantum of vorticity, in such a way that
for higher rotation rates the total length of the vortices increases. The vortices are seen to form
a regular array of almost parallel lines. This has strong similarities with electrical current
vortex lines appearing in superconductors submitted to a high enough external magnetic
field. In fact, this analogy has fostered the interest in vortices in superfluids, which allow
one to get a better understanding of the practically relevant vortices in superconductors
(Fazio & van der Zant, 2001).

The situation we have just mentioned would scarcely be recognized as “turbulence”, because
its highly ordered character seems very far from the geometrical complexities of usual
turbulence. In fact, it only shares with it the relevance of vorticity, but it is useful to refer
to it, as it provides a specially clear understanding of the quantization of vorticity.

The interest in truly turbulent situations was aroused in the 1960’s in counterflow experiments
(Vinen, 1957), (Vinen, 1958). In these experiments a random array of vortex filaments appears,
which produces a damping force: the mutual friction force. The measurements of vortex
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lines are described as giving a macroscopic average of the vortex line density L. There
are essentially two methods to measure L in superfluid *He: observations of temperature
gradients in the channel and of changes in the attenuation of the second-sound waves
(Donnelly, 1991), (Barenghi et al., 2001).

In the present section, our attention is focused on the study of the action of vortices on second
sound propagation in liquid helium II. This will be achieved by using the one-fluid model of
liquid helium II derived in the framework of E.T., modified in order to take into account of
the presence of vortices.

3.1 The vorticity tensor
To take into account the dissipation due to vortices, a dissipative pressure tensor P, can be
introduced in equations (3) (Jou et al., 2002)

P =Py +P,, (12)

where P designates the kinetic pressure tensor introduced in the previous section (equation
(7)). In contrast with Px (a symmetric tensor), P, is in general nonsymmetric. The
decomposition (12) is analogous to the one performed in real gases and in polymer solutions,
where particle interaction or conformational contributions are respectively included as
additional terms in the pressure tensor (Jou et al., 2001).

As in the description of the one-fluid model of liquid helium II made in Section?2 (see
also (Mongiovi, 1991), (Mongiovi, 1993)), the relative motion of the excitations may still be
described by the dynamics of the heat flux, but now the presence of the vortices modifies the
evolution equation for heat flux. For the moment, we will restrict our attention to stationary
situations, in which the vortex filaments are supposed fixed, and we focus our attention on
their action on the second sound propagation. In other terms, in this section, we do not
assume that P, is itself governed by an evolution equation, but that it is given by a constitutive
relation. Furthermore, we neglect Px as compared to P, because the mutual friction effects
are much greater than bulk and shear forces acting inside the superfluid.

Let us now reformulate the evolution equation for the heat flux q. The experimental data
show that the extra attenuation due to the vortices is independent of the frequency. Therefore,
a rather natural generalization of the last equation in system (3) for the time evolution of the
heat flux q is the following:

q+20xq+{VT=—Py,-q. (13)

This relation is written in a noninertial system, rotating at uniform velocity €; the influence
of the vortices on the dynamics of the heat flux is modeled by the last term in the rh.s. of
(13). In this equation all the non linear terms have been neglected, with the exception of the
production term 5’q = —P, - q, which takes into account the interaction between vortex lines
and heat flux.

To close the set of equations, we need a constitutive relation for the tensor P,,. The presence
of quantized vortices leads to a interaction force with the excitations in the superfluid known
as mutual friction. From a microscopic point of view, the major source of mutual friction
results from the collision of rotons with the cores of vortex lines: the quasiparticles scatter off
the vortex filaments and transfer momentum to them. The collision cross-section is clearly
a strong function of the direction of the roton drift velocity relative to the vortex line: it is a
maximum when the roton is travelling perpendicular to this line and a minimum (in fact zero)
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when the roton moves parallel to the line. The microscopic mechanism is the same in rotating
helium II and in superfluid turbulence.
We are therefore led to take:

Po=A<w><U-§®s>+N <w><W-s' >, (14)

where brackets denote (spatial and temporal) macroscopic averages. The unspecified
quantities introduced in (14) are the following: @ is the microscopic vorticity vector, w = |@|;
A=A(p,T) and A = A (p, T) are coefficients relating the internal energy of the liquid to the
microscopic vorticity (Khalatnikov, 1965), s’ is a unit vector tangent to the vortices, U the unit
second order tensor and W the Ricci tensor, an antisymmetric third order tensor such that

s’ - q = —s’ x q. Finally, the quantity < w > depends on the average vortex line length
per unit volume L. Neglecting the bulk and shear viscosity and under the hypothesis of small
thermal dilation (which in helium II are very small), the linearized system of field equations
for liquid helium II, in a non inertial frame and in absence of external force, is (Jou et al., 2002):

+pav’ =0,

pg;’+a”+1 +20(QAV); =0,
(15)

aT | 1 94 _
8t+pcvax/_ ’

B+ +2(Q0q); = (7)), =~ (Pu-q);,

where i’ + 20 (Q A v); stands for the inertial force.

In this section we consider the three most characteristic situations: the wave propagation in
a rotating frame, the wave propagation in a cylindrical tube in presence of stationary thermal
counterflow (no mass flux), and the wave propagation in the combined situation of rotation
and thermal counterflow.

3.2 Rotating frame

Rotating helium II is characterized by straight vortex filaments, parallel to the rotation
axis, when the angular velocity exceeds a critical value. The amount of these vortices is
proportional to the absolute value of the angular velocity Q) of the cylinder by the Feynman’s
rule: Lg =2|Q)|/«x. Therefore

<w>=xL=2|Q]. (16)

In this situation the averaged unit vector tangent to the vorticesis < s’ >= Q/Q.

But, the state with all the vortex lines parallel to the rotation axis will not be reached, because
the vortex lines will always exhibit minuscule deviations with respect to the straight line, and
such deviations produce a mutual friction force parallel to the rotation axis. Indeed, in an
another experiment (Snyder & Putney, 1966) the component of the mutual friction along the
rotational axis was studied, and their result shows that this component is very small compared
with the orthogonal components but not exactly zero. In this subsection, in order to include
the axial component of the mutual friction force, the following more general expression for
vorticity tensor Py, is used:
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Pﬁ:%KLR [(BfB”) (Ufﬁ®ﬁ)+B'W'ﬁ+2B”f)®f) , (17)

where B and B’ are the Hall-Vinen coefficients (Hall & Vinen,, 1956) describing the orthogonal
dissipative and non dissipative contributions while B” is the friction coefficient along
the rotational axis. The production term in (15d) can be expressed as (Donnelly, 1991),
(Jou & Mongiovi, 2005), (Jou & Mongiovi, 2006):

k1 N A A ..
K = SxLk [(B ~B)0OA (O ng)+BONG-28" A0 q]. (18)

Assuming the rotation axis as first axis, the vorticity tensor (17) can be written as:

. 2% 0 0 0 0 0
Py=3BeLq |0 1-b 0 |+(0 0 cfo. (19)
0 0 1-b 0 — 0

where we have put b = B”/B and ¢ = B’/B. Comparing (19) with (14): if B” = 0 then
B =2\, B =2\, < (s},)* >=1and < (s},)? >=< (s},)* >=0; if B” # 0 then the previous
identification is not possible but it results < (s}, ) >=1-2B"/B and < (s},)? >=< (s},)? >=
2B"/B.

3.2.1 Wave propagation in a rotating frame
In the following we assume that ) is small, so that the term ip in (15b) can be neglected.

Substituting the expression (18) into the system (15) and choosing Q = (0,0,0), the system
assumes the following form:

+pav, —0,

p% 4 o -+ 20000, Wy = 0,

(20)
g b=
aq, +¢ (20 - %B'KLR) qiWuji = 3xLr[(B— B") (—q; + q161) — 2B"q161],
where J;; is the unit tensor and Wj;; the Ricci tensor.
It is easily observed that a stationary solution of this system is:
p=p0, v=0, T=Tp q=0. (21)

In order to study the propagation of plane harmonic waves of small amplitude (Whitham,
1974), we linearize system (20) in terms of the fields ' = (p,v;, T, ¢;), and we look for solutions
of the form:

I=T,+ fei(Kn,x,—wt)/ (22)
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where T’y = (pg,0,Tp,0) denotes the unperturbed state, = (ﬁ,ﬁi,T, 171-) are small amplitudes
whose products can be neglected, K = k; + iks is the wavenumber, w = w; + iw; the frequency
and n = (n;) the unit vector orthogonal to the wave front. For the sake of simplicity, the
subscript 0, which denotes quantities referring to the unperturbed state I'g, will be dropped
out.

First case: n parallel to Q).

Assuming that the unit vector n orthogonal to the wave front is parallel to the rotating axis
(xq —axis), it follows that longitudinal and transversal modes evolve independently. The study
of the longitudinal modes (g, 31, T and §;) furnishes the existence of two waves: the first sound
(or pressure wave) in which density and velocity vibrate with velocity V; := wk—lyz = /Pp (w
real), and the second sound (or temperature wave) in which temperature and heat flux vibrate
with velocity

2 12 2 1
5 w 5 B kL% wB" kLR
w=(—-) =Vs— —+————+ and ks= —->n—, 23
<kr> > 4VEKE + B"2%kL3 7 *)
where V22 = (%V is the velocity of the second sound in the absence of vortices and ks is the

attenuation. The longitudinal modes are

= +k,V; =&, ) 2k
W12 = Tk V1 | W34 = VI Bk

=y p=0

o=%%y |5=0

[H=0 T="Toy

N _ [ avie
q1=0 i =FpcvToy| gyreipmg ¥

Therefore, as observed in (Snyder & Putney, 1966), when the wave is propagated parallel to
the rotation axis, the longitudinal modes are influenced by the rotation only through the axial
component of the mutual friction (B” coefficient).

On the contrary, the transversal modes (9, 73, §» and §3) are influenced by the rotation. In
fact, the ones of velocity v admit nontrivial solutions if and only if ws = £2|Q2|, while the
ones related to q require the following dispersion relation:

) .
w78 =+(20— SkLgB') - %KLR(B —B). (24)

These transversal modes are influenced from both dissipative and nondissipative
contributions B, B’ and B” in the interaction between quasi-particles and vortex lines
(Peruzza & Sciacca, 2007).

Second case: n orthogonal to Q).

In the case in which the direction of propagation of the waves (for instance along xp) is
orthogonal to the rotation axis (along x1), the longitudinal and transversal modes do not
evolve independently. The first sound is coupled with one of the two transversal modes in
which velocity vibrates, whereas fields v1, T and g do not vibrate.
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| w1 = 0 | W3 = iKVl +O(02) |
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Second sound is coupled with a transversal mode in which T, g» and g3 vibrate. Neglecting
the second-order terms in (), the dispersion relation becomes:

(—w - %KLR(B - B”)) {—w (—w - %KLR(B - B”)) - KZVZZ} =0. (25)
For w € R and K = k; + iks complex, one gets the solution wy = 0, which represents a stationary

mode; and two solutions which furnish the following phase velocity and attenuation
coefficient of the temperature wave (approximated with respect to (B — B”)xLg /w):

(B o B”)ZKZL%{ (B _ B”)4K4L%
B — B")kL B — B")*3L3
ksz( 4V2) R+o<( wg R, 27)
The corresponding modes are p = §; = 01 = 0 = 03 = 0 and
B_B// 2 ZLZ B_BH L3
w0 Csom ok, (1 CETFT) (o (P FY |
- i(20—1 / -
T:_l(ZQ ézI?LRB)IIJ T = Tyy
_ ~ T B—B" 2 ZLZ
qZZO ‘72:%0—( 322}2,( K
o o i(ZinxLRB’)T()g(lf%)
B 5= V {ik Vv (17_2_@’3”)2"2%)4(373”);@ ]
r 32w 2 R

We note that in the mode of frequency w4 = 0, only the transversal component of the heat flux

is involved.
For w = wy + iws complex and K € R, the first solution of the dispersion relation (25)

becomes wy = — % (B — B")xLg. This first mode corresponds to an extremely slow relaxation
phenomenon involving the temperature and the transversal component of the heat flux

| wy=—%(B—B")xLg |

P=01=0y=0,=03=0
= i(20—%xLgB')
T_féziKR
72=0

B=1

which, when Q) — 0, converges to a stationary mode.
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3.3 Counterflow in a cylindrical tube

Here we apply the model proposed in Section 2 to study the superfluid turbulence, in a
cylindrical channel filled with helium II and submitted to a longitudinal stationary heat flux;
for simplicity we suppose that the vortex distribution is described as an isotropic tangle. This
allows us to suppose that the microscopic vorticity & (hence the unit vector s') is isotropically
distributed, so that

2
<U-s®s >= ;U (28)

while < w > depends on the average vortex line length L per unit volume, through the simple
proportionality law < w >=xL and A = B/2, A’ = 0. As a consequence, the pressure tensor
(14) takes the simplified form

2 .
Po=AxLzU = ;' = —KiLq, (29)
where K| = %KB.

3.3.1 Wave propagation in presence of thermal counterflow

Consider a cylindrical channel filled with helium II, submitted to a longitudinal heat
flux qp, exceeding the critical value q.. We refer now to the experimental device
(Donnelly & Swanson, 1986), (Donnelly, 1991) in which second sound is excited transversally
with respect to the channel. In this case, the heat flux q can be written as q = qg + q/, with
q’ the contribution to the heat flux, orthogonal to q, due to the temperature wave. Suppose
that the longitudinal heat flux qo down the channel is much greater than the perturbation q'.
Under these hypotheses, neglecting second order terms in q’, the production term is linear in
the perturbation q’.

To study the second sound attenuation in the experiment described above, we use simplified
field equations, where all the nonlinear contributions are neglected. Under the above
hypotheses, omitting also the thermal dilation, the linearized set of field equations read as

dp v;
;| Op _
Pt + 58 =0,
(30)
oT | 1 99 _
ot amay =0
9gi 9T _ _ 1
S+ 05 = —3KkBLg;.
A stationary solution of the system (30) is (Jou et al., 2002):
. KBL
p=po, V=0, T=T(x;)=Tp— 3¢ ¥ 4= do (31)

where x; is the direction of the heat flux q = qg. In order to study the propagation of harmonic
plane waves in the channel, we look for solutions of the system (30) of the form (22) with
T'o = (po,0,T(x1),q0). The longitudinal modes are obtained projecting the vectorial equations
for the small amplitudes of velocity and heat flux on the direction orthogonal to the wave
front. It is observed that the first sound is not influenced by the thermal counterflow, while
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the velocity and the attenuation of the second sound are influenced by the presence of the
vortex tangle. The results are (Peruzza & Sciacca, 2007):

w12 = +4/Pp,
with p, standing for dp/dp and:

ZU3,4 = :EVZ

VZ
1— k§2£2> ,  ks= -xBLw. (32)

The transversal modes are obtained projecting the vectorial equations for the small amplitudes
of velocity and heat flux on the wave front. The solutions of this equation are: ws = 0 and
we = 5xBL. The mode ws = 0 is a stationary mode.

3.4 Combined situation of rotating counterflow

The combined situation of rotation and heat flux, is a relatively new area of research
(Jou & Mongiovi, 2004), (Mongiovi & Jou, 2005), (Tsubota et al., 2004). The first motivation
of this interest is that from the experimental observations one deduces that the two effects are
not merely additive; in particular, for q or Q) high, the measured values of L are always less
than Ly + Lg (Swanson et al., 1983).

Under the simultaneous influence of heat flux q and rotation speed (), rotation produces an
ordered array of vortex lines parallel to rotation axis, whereas counterflow velocity causes
a disordered tangle. In this way the total vortex line is given by the superposition of both
contributions so that the vortex tangle is anisotropic. Therefore, assuming that the rotation
is along the x; direction O = (€,0,0) and isotropy in the transversal (x, — x3) plane, for the
vorticity tensor P, in combined situation of counterflow and rotation, the following explicit
expression is taken

" ! "
P, = ng{g(l—D)U—&—D {(1— %) (U—ﬂ@f)) +B§w.ﬁ+2%ﬁ®ﬁ} } (33)
where D is a parameter between 0 and 1 related to the anisotropy of vortex lines, describing
the relative weight of the array of vortex lines parallel to () and the disordered tangle of
counterflow (when D = 0 we recover an isotropic tangle — right hand side of Eq. (30d) —,
whereas when D =1 the ordered array — Eq. (17)). Assuming b = %(1 —-D)+ %M’ and ¢ = B/TD,
the vorticity tensor (33) can be written as:

B 26 0 0 0 0 0
Py=7kLq |0 1-b 0 |J+[0 0 c]. (34)
0 0 1-b 0 —c 0

Note that the isotropy in the x, — x3 plane may only be assumed when both ) and Vs are
directed along the x; axis. A more general situations was studied in (Jou & Mongiovi, 2006).

3.4.1 Wave propagation with simultaneous rotation and counterflow
Substituting the expression (34) into the linearized set of field equations (15), it becomes
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J
p% + a—f’ + ZPQ'ijlji = 0,

(=2

q
X

&

1
F T+ oey

pcv

=0,

Q)
Q|

9g;

S+ 63—; + 20 Wji = — 8xL{2bq161; + [(1 — b) g2 + cq3] 62 + [(1 — b) g3 — cq2] 537},
(35)

A stationary solution of this system is:

BrL
20

In order to study the propagation of harmonic plane waves, we look for solutions of (35) of
the form (22), with To = (po, 0, T(x;), qo)-

Now, we investigate two different cases: n parallel to (3 and n orthogonal to (); the latter is
the only case for which experimental data exist (Swanson et al., 1983).

First case: n parallel to Q).

Let x1 be the direction of the rotation axis and of the unit vector n orthogonal to the wave front.
In this case the longitudinal and transversal modes evolve independently. In particular, we

p=po, v=0, q=q0=(q0,0,0), T=T(x;)=To—2— - bqody;x;.

can observe that the first sound is not influenced by the presence of the vortex tangle kgl) =0
and T=0,q=0

=y

-h

D ™

whereas the second sound suffers an extra attenuation due to the vortex tangle. This is
confirmed by the approximate solutions of the dispersion relation

B2x2[2p? B4x*L4p*
~4V(1-"2 5"V +o 2= ),
W34 2< 8w? >’* 16¢0% (36)
@) BxLb B33 L33
ke ~ 7 +0 52 ) (37)

where w is assumed real and K = k; + iks complex. When Q) = 0 and b = 1/3 the results of the
Section 3.3 are obtained again.

Now, we study the transversal modes, corresponding to ws = +2|Q)]; in this case g = T =
J1=q2=4q3=7, =0and
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wse = £2|Q)

O3 =1
By = Litp

They correspond to extremely slow phenomena, which, when (O — 0, tend to stationary
modes. Finally, the dispersion relation

R (20 - gm) ~iZkL (1) (38)

corresponds to the vibration of only these fields

‘ wrg =+ (20 — %u) —iBxL(1-b) ‘

R
N W

Y
+iy

From (36), (37) and (38) one may obtain the following quantities L, b and c:

2
L —wsw—&—szks’ b Vsks = —wrw+2(22w, (39)
KwB/2 —wsw + Vks —wsw + V5ks

where we have put wy = w;, + iws.

The results of this section imply that measurement in a single direction are enough to give
information on all the variables describing the vortex tangle.

Second case: n orthogonal to Q).

Now we assume that the direction of propagation of the waves is orthogonal to the rotation
axis (axis x7), i.e. for example, n = (0,1,0). In this case the longitudinal and the transversal
modes do not evolve independently. In particular, the first sound is coupled with one of the
two transversal modes in which velocity vibrates, while the second sound is coupled with a
transversal mode in which heat flux vibrates.

Fields p, @, 03 have the same solutions and the same dispersion relation to the case of pure
rotation

—w [wz —40°% — szp} =0. (40)
The dispersion relation of fields T, 77, 3 is instead:
. B B e B \?
—w—z'yEKL(l—b) w —w—zEKL(l—b) +KVy | +w ZIQ—ZEKLC =0. (41)

Assuming w € R and K = k; + iks and in the hypothesis of small dissipation (k? >> k2), one

obtains: ) 5
B 2w — V:

ke==xL(1—0b)| ——2 |, 42

s=5 ( )( 20 V2 ) (42)
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2
(“’) SR A Cltal) BV ! 43)
2 2 (20-2xLe)?
~ FH(BAPATR

- 2 ~
where A = — {(zo - g;ch) — By212(1 —b)?| and B = —B2x212(1 — b)2.

We can remark that the coefficients A and B are negative and that w? > VZ2 because w? + A <
w? — Band, in particular, w? = V22 for ) = %.

Now, studying the transversal modes, i.e. that ones corresponding to non zero ; and 4, we
obtain wy = 0, which corresponds to a stationary mode, and

wg = —iBkLb. (44)

Summarizing, also in this case measurements in a single direction are enough to given
information on all the variables describing the vortex tangle, namely L, b and ¢, from equations
(42), (43) and (44)

 4kswVE — ws (2w — V) B ws (2w? — V3)
B (2w? - V3)Bx ' ks Vi — ws (2w — V)
1020 — V3) — /(1 - V3) (43 (2% — V3)? + 16K V)

c= , 45
4kswV3 — ws(2w? — V) )

L

where we have put wg = iws and ws = —«LbB.

In this subsection we have analyzed wave propagation in the combined situation of rotation
and counterflow with the direction #n orthogonal to ). In (Swanson et al., 1983) authors
experimented the same situation, but they didn’t represent the attenuation neither the speed
of the second sound but only the vortex line density L as function of (2 and Vj;s. Therefore,
it is unknown how they plotted these graphics, which hypothesis they made and what the
anisotropy considered. Instead, the results of these two subsections allow to know the spatial
distribution of the vortex tangle simply by performing experiments on waves propagating
orthogonally to () (equations (39)) or parallelly to Q) (equations (45)).

From the physical point of view it is interesting to note that our detailed analysis in this
subsection shows that, in contrast to which one could intuitively expect, measurements in
a single direction are enough to give information on all the variables describing the vortex
tangle, namely L, b and ¢, for instance, from one of (36)-(37) and (38) or of (42)-(43) and (44).
This is not an immediate intuitive result.

3.5 Comparison with the two-fluid model

To compare the one-fluid model of liquid helium II in a non-inertial frame with the two-fluid
one, we recall that in (Mongiovi, 1991), (Mongiovi, 1993) it is shown that the linearized field
equations (3) can be identified with those of the two-fluid non dissipative model if we define

{= p;’i T2, (46)
n
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and we make the following change of variables:

q=ps T5Vys, (47)
v="Fy 4 Py, (48)
P P

where, we recall, v, and v are the mesoscopic velocities of the normal and superfluid
components and Vs = v, — v; is the counterflow velocity.

If we perform in the field equations (15) the change of variables (47—48), we check immediately
that the first three equations are identical to the ones of the two-fluid model for helium II, even
in non-inertial frame (Peruzza & Sciacca, 2007). We concentrate therefore on the field equation
for the heat flux. To the first order approximation with respect to the relative velocity Vs and
the derivatives of the field variables, we obtain:

Vs g 1
T+20 X V= ——0,4, 49
ot * osTs v+ Vs osTs % (49)

H

where 7, stands for R in rotation case, & in counterflow case and /R in rotating

counterflow. We multiply equation (49) by p,/p and add it to the balance equation (15 b).
Making use of the result vs = v — (0, /p) Vs, we find

avS—sVT—&-%Vp—&-ZQXVS—i—p—” L 5 (50)

ot p psTs’1 0.
In virtue of equation du = (1/p)dp — sdT, which relates the chemical potential y =€ — Ts +
(p/p) to the equilibrium variables, the field equation for the superfluid velocity takes the form

Vs On 1,
Psop —&-psVy—i—Zpstvs—&-?TSaq:O. (51)
Expression (51) is identical to the corresponding field equation for v, obtained in the two-fluid
model. Of course in the pure counterflow case (2 has to be set zero in (51). This result is a
confirmation of the results derived in the framework of the one-fluid model based on E.T..
In counterflow experiments, equation (51) can be written as:
ov E 1

PST: +ps V= ths)r where ths) = g%KB'Yanstns (52)
and relation L = 92V2, has been used.
To interpret the experimental results on stationary helium flow through channels using
the two-fluid model, Gorter and Mellink (Gorter & Mellink, 1949) and Vinen (Vinen, 1957)
postulate the existence, in the field equation for the superfluid component, of a dissipative
term proportional to the cube of the relative velocity Vy;:

G —
F;(15 M) - PsPnAVy%sVns/ (53)

A being a temperature dependent coefficient. It is interesting to note that, setting A =
kB2 / (3p) in (52b), and using (47), the results of the present work are in full agreement with
those of Gorter and Mellink.
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4. Hydrodynamical model of inhomogeneous superfluid turbulence

In Section 3 a first model of superfluid turbulence was presented, where the vortices were
modeled through the pressure tensor P, for which a constitutive relation was written.
Experiments (Vinen, 2000), (Vinen & Niemela, 2002), show the formation of a new type of
superfluid turbulence, which has some analogies with classical one, as for instance using
towed or oscillating grids, or stirring liquid helium by means of propellers. In this situation
(named co-flow) both components, normal and superfluid, flow along the same direction. To
describe these experiments it is necessary to build up a hydrodynamic model of quantum
turbulence, in which the interactions between both fields can be studied and the role of
inhomogeneities is explicitly taken into account (Mongiovi & Jou, 2007), (Ardizzone & Gaeta,
2009).

In a more complete hydrodynamic model of superfluid turbulence the line density L acquires
field properties: it depends on the coordinates, it has a drift velocity v;, and it has associated
a diffusion flux. These features are becoming increasingly relevant, as the local vortex
density may be measured with higher precision, and the relative motion of vortices is
observed and simulated. Thus it is important to describe situations going beyond the usual
description of the vortex line density averaged over the volume. Our aim, in this Section, is
to formulate a hydrodynamical framework sufficiently general to encompass vortex diffusion
and to describe the interactions between the second sound waves and the vortices, instead of
considering the latter as a rigid framework where such waves are simply dissipated. This is
important because second sound provides the standard method of measuring the vortex line
density L, and the mentioned dynamical mutual interplay between second sound and vortex
lines may modify the standard results.

4.1 The line density and Vinen’s equation
The most well known equation in the field of superfluid turbulence is Vinen’s equation (Vinen,
1958), which describes the evolution of L, the total length of vortex lines per unit volume, in
counterflow situations characterized by a heat flux q. Vinen suggested that in homogeneous
counterflow turbulence there is a balance between generation and decay processes, which
leads to a steady state of quantum turbulence in the form of a self-maintained vortex tangle.
The Vinen’s equation (2), written in terms of the variable g, is:

A = aglql L2 pyL2, G4
with &y = ay05sT and B = xBo.
Vinen considered homogeneous superfluid turbulence and assumed that the time derivative

dL/dt is composed of two terms:
dL dL dL
|l o

the first is responsible for the growth of L, the second for its decay. Vinen assumes that the

production term [dL/dt] £ depends linearly on the instantaneous value of L and the force f

between the vortex line and the normal component, which is linked to the modulus |g| of the

heat flux, and he obtained:

{d—L} = wok Vs L3/2 = ag|q|L3/2. (56)
dt | ¢
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The form of the term responsible for the vortex decay was determined assuming Feynman’s
model of vortex breakup, analogous to Kolmogorov’s cascade in classical turbulence

dL 2 >
{EL = —poxL° = —B4L%, (57)

thus obtaining equation (54). A microscopic derivation of this equation was made by Schwarz
(Schwarz, 1988).

The stationary solutions of this equation are L = 0 and L1/2 = (ag/Bg)|q|. The non-zero
solution is proportional to the square of the heat flux and describes well the full developed
turbulence.

4.2 Derivation of the hydrodynamical model

The starting point here is to formulate a theory for a turbulent superfluid, which uses the
averaged vortex line density L in addition to the fields p, v, E and q, used in Sections 2 and 3.
Because we want to formulate a general nonlinear theory, we will suppose that the dynamics
of the excitations is described by a vector field m;, which must be considered as an internal
variable, linked to the heat flux g; through a constitutive relation, but not identical to it.

We consider for the fields p, v, E and m and L the following balance equations written in terms
of the non-convective terms (Ardizzone & Gaeta, 2009):

0
o+ Paz;i =
. a5
00; + a{g’; =0,
; v, aq dv;
E+E8x];i axiJr]z?;ca_xk_O’ (58)

ml+m,g§’;+a] k = gl"

)

axk ax;\

where ]f]- is the stress tensor, ]i’}’ the flux of the field m;, and | ZL the flux of vortex lines; ¢7" and

ol are terms describing the net production of the field m; characterizing the dynamics of the

excitations and the production of vortices. Dot denotes the material time derivative.

Since in the system (58) there are more unknowns than equations, it is necessary to complete
it by adding constitutive equations, relating the variables n1;, J5, Ji and J; L to the independent
fields p, E, q; and L. As a consequence of the material ob]ectwlty prmc1ple the constitutive
equations can be expressed in the form:

= a(p,E,q% L)q;,
o =p(p,E.q%L)oi +alp,E,q% L)q< iG>,
(59)
" = B(p,E,q% L)oy +v(0,E,4% L) g <ifi>,

JF=v(p,E 4% L)g;.
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where «, B, a, p, 7y, v are scalar functions, J; is the Kronecker symbol and q.;qi~ = qiqx —
%qzéik is the deviatoric part of the diadic product g;9;.

4.2.1 Restrictions imposed by the entropy principle

Further restrictions on these constitutive relations are deduced from the second law of
thermodynamics. Accordingly, there exists a convex function S = S(p, E,qz,L), the entropy
per unit volume, and a vector function J? = ¢(p,E,q?,L)qy, the entropy flux density, such that

the rate of production of entropy ¢° is non-negative

. s
S —gys% s
8xk 8xk

(60)
Note that this inequality does not hold for any value of the fundamental variables, but only for
the thermodynamic processes, i.e. only for those values which are solution of the system (58).
This means that we can consider the equations (58) as constraints for the entropy inequality
to hold. A way to take these constraints into account was proposed by Liu (Liu, 1972): he
showed that the entropy inequality becomes totally arbitrary provided that we complement
it by the evolution equations for the fields p, v;, E, m; and L affected by Lagrange multipliers:
Ao = No(p,E,q% L), A? = Ao(p,E,q* L)qi, A = Ap(p,E,q% L), A" = A(p,E,q% L)q;, AL =
Ar(p, E,qz, L). One obtains the following inequality, which is satisfied for arbitrary values of
the field variables:

.o | IR [y 10y
% L kA kL AP g 4 22k
St o T ax, 1Pt Py, O Do
[, 290 9k | o OV

dur | 9 m
iN —0;
axk axk !

— A;n |:Ti1i+m

P ok
- AL L+L%+i70'l‘

> 0.
Bxk 8xk 20 (61)

Imposing that the coefficients of the time derivatives of p, v;, E, q; and L vanish, one gets:
Ay =0and
dS = Apdp + ApdE + ApdL + A} dm;, (62)
Imposing that the coefficients of space derivatives of p, E, g; and L vanish, one finds:
dJi = AIdJf + ALd]f + Apdgy. (63)

From these relations in (Ardizzone et al., 2009) we have found:

Ay =0, a=0, (64)
dS = Apdp + ApdE + Agid(g;) + ApdL, (65)
S—pAp— Ap(E+p) — Aag*> — A L =0, (66)
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dp = A (d,B + %’ydqz + %qzd'y) + Ardv, (67)
¢=Ap+ A’yqz + Arv. (68)

We note that all the relations (65)-(68) are exact, because no approximation has been used for
their determination and maintain their validity also far from equilibrium.
It remains the following residual inequality for the entropy production:

o = Al'gl + Abgl > 0. (69)

Introducing the specific internal energy € = E/p, substituting the constitutive equations (59)
in system (58) and the restriction a = 0, the following system of field equations is obtained:

p+pTE =

pv; + 32 =0,

pé+ aZ'{ + png = (70)
M]z gl av} a[!”ik*éljdb] — oM,

L+ Lgf{’; + ag:i") =ol.

Observe that in these equations there are the unknown quantities «, p, €, B, v and v, which are
not independent, because they must satisfy relations (65)-(68), and the productions ¢7" and oL
which must satisfy inequality (69).

In (Ardizzone et al., 2009) it is shown that, using a Legendre transformation, the constitutive
theory is determined by the choice of only two scalar functions S’ and ¢’ of the intrinsic
Lagrange multipliers, defined as:

S'=—S+App+ AgE+ ALL+ Af'm;, (71)
= ¢'Al' = —J§ + Apqi + ALTp + AT'TR, (72)

Furthermore, if one chooses as state variables the fields

1 - - -
Ap=Np+ ZAEU Av; = —Apvi, A= Amy, Ap=Ap, Ap=Ap, (73)

the system of field equation (58) assumes the form of a symmetric hyperbolic system and,
therefore, for it the Cauchy problem is well posed, i.e. the existence, uniqueness and
continuous dependence of its solutions by the initial data is assured.

4.2.2 Physical interpretation of the constitutive quantities and of the Lagrange multipliers

As shown, the use of the Lagrange multipliers as independent variables results very useful
from a mathematical point of view. In order to single out the physical meaning of the
constitutive quantities and of the Lagrange multipliers, we analyze now in detail the relations
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obtained in the previous section. First we will determine the equilibrium values for these
multipliers. Denoting with Y any of the scalar quantities &, h, ¢, p, B, v, v, Ap, A, A, AL and
making the position

Yoo, E,q% L) =Yo(p, E,L) + O(¢), (74)
the following relations are obtained:

dSo = Afdp + ASdE + AldL,

So — pAh — AF(E + po) — ALL =0,
(75)
do = AodBo + Abdvy,

(PO = AOE + A(% p.
Introduce now a “generalized temperature” as the reciprocal of the first-order part of the
Lagrange multiplier of the energy

9Sg 1
Af = {—} = (76)
O leE],, T
and observe that, in the laminar regime (when L = 0), Ag reduces to the absolute temperature
of thermostatics. In the presence of a vortex tangle the quantity (76) depends also on the line
density L. Writing equations (75a) and (75b) as

dE = TdSy — TAjdp — TAGdL, (77)
E LTA}
—TAS:f—T%—i—WiO, (78)
P P P
and defining the quantity ng/ AE = fTAS as the “mass chemical potential” in turbulent
superfluid
9Sg
—TAP=-T {—} =uf, (79)
0 % JgL 0
and the quantity —AL/Al = —TA} as the “chemical potential of vortex lines”, which is
denoted with yf,
9Sg
—TAs=-T|=2| =uk

one can write equations (77) and (78) in the following form:
I O R B
dSp = TdE Tyodp TyOdL, (81)

ppb + Lk = E — Thy + po. (82)
Indeed, in absence of vortices (L = 0) equation (77) is just Gibbs equation of thermostatics and
the quantity (79) is the equilibrium chemical potential. The presence of vortices modifies the
energy density E, and introduce a new chemical potential.
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Consider now the consequences of equations (75c) and (75d) which concern the expressions
of the fluxes. Using definitions (76) and (80), we get:

L
Aodﬁozd(%) —vod (’%) (83)

From this equation, recalling that in (Mongiovi & Jou, 2007) it has shown that yé depends
only on T and L, one obtains dBy/dp = 0 and

B 20 (1 PBo_ v g
oT ~ 0= T PSR\ T )| oL T T oL (84)

In (Mongiovi & Jou, 2007) it was shown also that it results Ag < 0, {op >0, vy <0 and x <O0.

4.2.3 The constitutive relations far from equilibrium

Finally, we analyze the complete mathematical expressions far from equilibrium of the
constitutive functions and of the Lagrange multipliers.

Non-equilibrium temperature. First, we introduce the following quantity:

0— 1
Ap(p,E,Lq?)’
which, near equilibrium (L = 0, gq; = 0) can be identified with the local equilibrium
absolute temperature. In agreement with (Jou et al., 2001), we will call § "non-equilibrium
temperature”, a topic which is receiving much attention in current non-equilibrium
Thermodynamics (Casas-Vazquez & Jou, 2003).
Using this quantity, the scalar potential S’ is expressed as:

(85)

r__PF
§'=—4 (86)

Non-equilibrium Chemical Potentials. As we have seen, at equilibrium the quantities —A,/Ag
and —Ap/Ag can be interpreted as the equilibrium mass chemical potential and the
equilibrium vortex line density chemical potential. Therefore, we define as non-equilibrium
chemical potentials the quantities:

A
and L

Ho=—70 p=—Re (87)

Generalized Gibbs equation. Using equations (65) and (66) and defining s = S/p the
non-equilibrium specific entropy, one obtains

0d(ps) = dE — ppdp — prdL + OAq;d(ag;), (88)
L p, 8 -
+ —up=€—0s+ =+ —alg-. (89)
Hp pVL 0o q
One gets also:
dp = pdpp + Ldpy + psdf — aq;d(0Aq;). (90)

For the interested reader, in (Ardizzone & Gaeta, 2009), the complete constitutive theory can
be found.
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Non-equilibrium Entropy Flux. The theory developed here furnishes also the complete
non-equilibrium expression of the entropy flux | ,f Remembering relation (68), we can write:

1 1
JP = (5 +UAL + w\qz) 9i=7 (9= wutf +0720%:) (1)

This equation shows that, in a nonlinear theory of Superfluid Turbulence, the entropy flux is
different from the product of the reciprocal non-equilibrium temperature and the heat flux,
but it contains additional terms depending on the flux of heat flux and on the flux of line
density.

4.3 Linearized field equations

Now we will apply the general set of equations derived to the analysis of two specific
situations: vortex diffusion and wave propagation. First of all, we note that, substituting in
(70) the constitutive expressions obtained in Subsection 4.2.2, and neglecting nonlinear terms
in the fluxes, the following system is obtained (Mongiovi & Jou, 2007):

0+pV-v=0,
ov+Vpy =0,
p€E+V-q+pV-v=0, (92)

4+ 3oVT+ xoVL =09,

L+LV-v+V-(rq)=ock,

with o and o defined by (84) and satisfying (vy/x0) = f(TAgL/ €y).
The total pressure of the turbulent superfluid has the form (Mongiovi & Jou, 2007):

po=p" +evl, (93)
p* being the pressure of the bulk superfluid and ey L the contribution of the tangle, with ey

the energy per unit length of the vortices (Donnelly, 1991).
For the production terms ¢4 and oL, we will take

9= —KiLq ol = —BsL? + agq|L3?, (94)

where Kj = %KB. In this approximation, the unknown coefficients, which must be determined
from experimental data, are the specific energy e, the pressure pg, and the three coefficients
Co, xo and vp, which are functions only of T and L. Here, we will focus a special attention on
the coefficients )¢ and vy, which are the new ones appearing in the present formulation, as
compared with the formulation presented in (58).

4.3.1 The drift velocity of the tangle
As observed, in a hydrodynamical model of turbulent superfluids, the line density L acquires
field properties and its rate of change must obey a balance equation of the general form:

oL

5V (Lvt) = ot (95)
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with vl the drift velocity of the tangle. If we now observe that the last equation of system (92)
can be written:

oL
5tV (Lv+vpq) = 0oF, (96)

we conclude that the drift velocity of the tangle, with respect to the container, is given by

vi=v+ V—Loq. (97)

Note that the velocity vI' does not coincide with the microscopic velocity of the vortex line
element, but represents an averaged macroscopic velocity of this quantity. It is to make
attention to the fact that often in the literature the microscopic velocity $ is denoted with
A\

Observing that in counterflow experiments (v = 0) results vl = 1pq/L, and recalling that
measurements (in developed superfluid turbulence) show that the vortex tangle drifts as a
whole toward the heater, we conclude that vy < 0. The measurement of the drift velocity vl
of the vortex tangle, together with the measurement of q and L, would allow one to obtain
quantitative values for the coefficient 1. In the following section we will propose a way to
measure the coefficient x( too.

Another possibility is to interpret voq = JE as the diffusion flux of vortices, which since vy <0,
would be opposite to the direction of q. Note that, in this model, if q =0, ]L is also zero.

4.3.2 Vortex diffusion

An interesting physical consequence from the generalized equations (92) is the description of
vortex diffusion. A diffusion equation for the vortex line density was proposed for the first
time by van Beelen et al. (van Beelen et al., 1988), in an analysis of vorticity in capillary flow
of superfluid helium, in situations with a step change in L arising when the tube is divided
in a region with laminar flow and another one with turbulent flow. Assume, for the sake
of simplicity, that T = constant and that q varies very slowly, in such a way that ¢ may be
neglected. We find from (92d) and (94a) that

q= féOLVL. (98)
Introducing this expression in equation (92e), we find:
dL v VL
E—&—LVW——?();OV- (T) =0l = —BL? + agqL??, (99)

where g denotes the modulus of (98). Equation (99) can be written (if VL # 0)

dL Yo X0 Yo X0 2_ 1
— +LV - -v— AL L) =o". 100
LY v ALt (e ) (VP =e (100)

Then, we have for L a reaction-diffusion equation, which generalizes the usual Vinen’s

equation (54) to inhomogeneous situations. The diffusivity coefficient is (Mongiovi & Jou,
2007)

_ VoXo
Since K; > 0, it turns out that Dy;¢ > 0, as it is expected. Thus, the vortices will diffuse from
regions of higher L to those of lower L. Note that Dy;sf must have dimensions (len gth)?/time,
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the same dimensions as k. Then, a dimensional ansatz could be Dy;ss « k. Indeed, Tsubota et
al. (Tsubota et al., 2003b) have studied numerically the spatial vortex diffusion in a localized
initial tangle allowed to diffuse freely, and they found for Dy;ss at very low temperatures
(when there is practically no normal fluid), a value Dy; fFR (0.1 £0.05)x.

If v vanishes, or if its divergence vanishes, equation (99), neglecting also the term in (VL)Z,
yields

L= —ByL? + agqL3'? + Dy AL. (102)

Equation (102) indicates two temporal scales for the evolution of L: one of them is due to the
production-destruction term (Tgecq,) and another one to the diffusion

XZ

Tdecay ~ [IBIJL - “qul/z} 71/ Tdiff ~ (103)
where X is the size of the system. For large values of L, Tjec,, will be much shorter and the
production-destruction dynamics will dominate over diffusion; for small L, instead, diffusion
processes may be dominant. This may be also understood from a microscopic perspective
because the mean free path of vortex motion is of the order of intervortex spacing, of the
order of L™1/2 and therefore it increases for low values of L.

A more general situation for the vortex diffusion flux is to keep the temperature gradient in
(92d). In this more general case, q is not more parallel to VL but results

X0 4
=_ - 2VT 104
q KoL VL KoL VT, (104)
in which case, it is:
L _ o ) - . gO
J-= voq = DdszVL Ddsz%VT- (105)
Thus, if VL =0, (105) will yield
q-= _/\effVT/ (106)
DuifsCo

with an effective thermal conductivity A.rr = —<2= > 0. As in the case of the diffusion
coefficient Dy;fr, A, s is expected to be positive. Note that A, > 0 implies again xovp > 0.
The second term in (105) plays a role analogous to thermal diffusion — or Soret effect — in
usual diffusion of particles. In this case, equation (99) modifies as

dL YoXo vodo L

E+LV'VfK1LAL HAT—U. (107)
This kind of situations have not been studied enough in the context of vortex tangles, but they
would arise in a natural way when trying to understand the behavior of quantum turbulence
in the presence of a temperature gradient.
Expression (105) yields a coupling between the heat flux and an inhomogeneity in L; in other
terms, it means that a heat flux may influence the vortex line density. In view of (104), we
have

— xoVL =KiLq + {oVT. (108)
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From here, it follows that there should be a slight inhomogeneity in L in such a way that
VL points in the same direction as KjLq + (oVT. It follows, in contrast with the standard
assumption that the vortex line density is longitudinally homogeneous in counterflow
experiments, that the vortex tangle would be slightly inhomogeneous. Thus, an experiment
suggested by our formalism would be to carefully measure the longitudinal profile of L along
the heat flux, to check whether there is a slight increase in L. Furthermore, equation (108)
would allow one to measure the coefficient g, in the linear approximation.

Since below (97) we have mentioned a way to measure vy, it turns out that the new coefficients
vp and xp could be measured independently of each other.

4.3.3 Propagation of plane harmonic waves

Here, we will study wave propagation in counterflow vortex tangles, assuming that only
fields T, q and L are involved. The equations for these fields, expressing the energy in terms
of T and L, are simply:

pcyT +pelL+V-q=0,
q+ VT +xoVL =—-KiLq, (109)

L+ V- (vq) = —BgL? + agqL32.
where cy = de/dT is the specific heat at constant volume, e} = de/JL ~ ey.
These equations are enough for the discussion of the physical effects of the coupling of
second-sound and the distortion of the vortex tangle (represented by the inhomogeneities
in L), which must be taken into account in an analysis of the vortex tangle by means of second
sound. In fact, some of the previous hydrodynamical analyses of turbulent superfluids had
this problem as one of their main motivations (Tsubota et al., 2003a), (Tsubota et al., 2003b).
As we can easily see, a stationary solution of system (109) is:

2

« KL
q=qo=(410,0,0), L=Ly= ﬁ—Z[qmF, T="To(x)=T"— %lhoxl, (110
g

with g19 > 0.
To study the wave propagation in a neighborhood of this solution, we substitute ¢4 and ol
with

09~ —K; [Loq + qo(L — Lo)], (111)
3 .
ot =~ —12p5Lo — SagqoLl!?| (L~ Lo) + agL*q0 - (a4 — qo), (112)
obtaining;:
pev 9F +peL 3k +V-q =0,
9
5 +00VT +xoVL = —Ki[Log + qo(L — Lo)], (113)

It yV-q=— [2/3qL0 - %“q‘hoLl/z] (L—Lo) +a4Ly*q0 - (q — qo)-
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Consider the propagation of harmonic plane waves, seeking for solutions of equations (109)
of the form

T = TO(X) + Tei(kn-xfwt)’ q — CIO + qel(kn-X7(uf)’ L= LO + iei(kn-xfwt)’ (114)

where K = k; + iks is the complex wave number, w the real frequency and n the unit vector
in the direction of the wave propagation. Furthermore, we suppose that the oversigned
quantities denote small amplitudes, whose products can be neglected. Inserting (114) in the
linearized field equations (109), and making the positions:

3
Ni=KiLo, N2=2PgLo— 5a4L"*q10, N3 =Kquo, Ni=uagquolg/?,  (115)

we obtained in (Mongiovi & Jou, 2007), when the wave is collinear with the heat flux q, the
following dispersion relation:

w? =K? [sz(l —peLvp) + VOXO] +
) K, ) )
—iw(Ni+Np) + i Vy Ny —iK [(Xo + VipeL)Ny — V0N3] , (116)

while, when the wave is orthogonal with the heat flux q, we obtained

N3Ny
w + iNl

2
w? =K*|VZ (1 — pervy) +voxo| + NiNp — icw(Ny + No) + i%sz (Nz — ) . (117)
We compare these results with the result obtained in Section 3 (see also (Jou et al., 2002)), where
we supposed L a fixed quantity, and the term 1y was assumed to vanish, eliminating in this
way the effects of the oscillations of q on the vortex line density L of the tangle. Assuming
Vg = Np = Ny =0 in (116) and (117), the same dispersion relation for the second sound is
obtained

w? = VK? — iwK Ly, (118)

Comparison of (116) and (117) with (118) shows that the distortion of the vortex tangle
under the action of the heat wave, and its corresponding back reaction on the latter, implies
remarkable changes in the velocity and the attenuation of the second sound, the latter effect
depending on the relative direction between qg and n.

4.3.4 High-frequency waves
In the hypothesis of high-frequency waves, which means w > N;, w > N, and |K| >

Kiqio agq10L3"°

Max\ —x 7~ w

), the dispersion relation (n parallel or orthogonal to the initial heat flux)
is
w? = V3 (1 - voper) + 0%, (119)

where w = w/k, is the speed of the wave, VZ2 = (o/pcy is the second sound speed in the
absence of vortices and

v% = Xovo (120)
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is the speed of the vortex density wave, which was found in (Jou et al., 2007).

If we try to read the relation (119) in terms of the second sound, we note that the vortex
vibrations modify this second sound speed through the two contributions —VZvgpey, and v,
the latter due to the presence of the vortex density waves and the former due to the reciprocal
existence of two waves. The correction for the speed of the second sound is not important,
because V; is of the order of 20 m/s near 1,7 K, whereas, for Ly = 10°cm~2, the speed of
vortex density waves would be of the order 0,25 cm/s, much lower than V; (Jou et al., 2007).
To obtain approximate solutions of equations (116) and (117), we assume that the quantities
N1, Np, N3 and Ny are coefficients small enough to assume them as perturbations of the
physical system. This is reasonable at high-frequencies, since we have assumed that w > Nj,
w > Ny and |K| > max (%,%

Therefore, let assume that the speed of the wave has the following expression

w:kﬂ:ww, (121)

;
for which substituting it in the equations (116) and (117), we obtain at the lowest order the
relation (119) for the speed w. From the next order follows that é = 0, that is the perturbations
due to the coefficients N, Np, N3 and N4 do not modify the speed of the wave while they
modify the coefficients ks related to the attenuation in the form, which in the parallel case is

_ Ny (w? = V3) + w (per Ny V3 + Nyw + Navg — Nyjxo)

|
kg w3 . (122)
and in the orthogonal case is
N 2 VZ N 2
gl = N (@ = V) 4 N (123)
2w

From a comparison between the two relations of ks, (122) and (123), one may note that

A €LVs — Xo) Na + Naxo. (124)

2w?

Anyway, the modification of the attenuation coefficients, due to N;, will be small because w? —
sz is small and the coefficients N; are also small in the considered situation. This is in contrast
with what happens at low frequency, or when the vortex tangle is assumed as perfectly rigid,
not affected by the second sound, in which case the relative motion of the normal fluid with
respect to the vortex lines yields an attenuation which allows to determine the vortex line
density L of the tangle. However, the wave character of vortex density perturbations at high
frequency makes that vortex lines and the second sound become two simultaneous waves
with a low joint dissipation, in the first-order approach. Thus, from the practical point of
view, it seems that, at high frequency, second sound will not provide much information on
the vortex tangle because the influence of the average vortex line density L is small both in the
speed as in the attenuation. In the next section we will propose an extended hydrodynamical
model which includes flux of vortices as independent variable in order to study vortex density
waves.

5. The flux of line density L as new independent variable, vortex density waves

The vortex lines and their evolution are investigated by second sound waves, so that it is
necessary to analyze in depth their mutual interactions. In particular, high-frequency second
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sound may be of special interest to probe small length scales in the tangle, which is necessary
in order to explore, for instance, the statistical properties of the vortex loops of several sizes.
In fact, the reduction of the size of space averaging is one of the active frontiers in second
sound techniques applied to turbulence, but at high-frequencies, the response of the tangle
to the second sound is expected to be qualitatively different than at low frequencies, as its
perturbations may change from diffusive to propagative behavior (Mongiovi & Jou, 2007),
(Nemirovskii & Lebedev, 1983), (Yamada et al, 1989), (Jou et al., 2007).

In Section 4 and in the paper (Mongiovi& Jou, 2007) a thermodynamical model of
inhomogeneous superfluid turbulence was built up with the fundamental fields: density p,
velocity v, internal energy density E, heat flux q and average vortex line length per unit
volume L. In (Jou et al., 2007), starting from this model, a semiquantitative expression for
the vortex diffusion coefficient was obtained and the interaction between second sound and
the tangle in the high-frequency regime was studied. In both these works the diffusion flux
of vortices ] was considered as a dependent variable, collinear with the heat flux q, which is
proportional to the counterflow velocity V5. But, in general, this feature is not strictly verified
because the vortices move with a velocity vy, which is not collinear with the counterflow
velocity (for more detail see paper (Sciacca et al, 2008)).

5.1 Balance equations and constitutive theory

In this section we build up a thermodynamical model of inhomogeneous counterflow
superfluid turbulence, which chooses as fundamental fields the energy density E, the heat flux
q, the averaged vortex line length per unit volume L, and the vortex diffusion flux J. Because
experiments in counterflow superfluid turbulence in the linear regime are characterized by a
zero value of the barycentric velocity v, in this paper one does not consider v as independent
variable. In a more complete model v and p will be also fundamental fields.

Consider the following balance equations

gk
%+ ax =V
9 i _ 4
o Toax =0
(125)
oL | 9k _
ﬁ + Bxk - U

a]l p— ]
o T a e =0}
where E is the specific energy per unit volume of the superfluid component plus the normal
component plus the vortex lines, ]Z« the flux of the heat flux, J; the flux of vortex lines (which
was denoted with | lL in the previous Section), and Ej the flux of the flux of vortex lines; (7;7 ,

o and (TI«J are the respective production terms. Since here one is interested to study the linear
propagation of the second sound and vortex density waves, the convective terms have been
neglected.

If one supposes that the fluid is isotropic, the constitutive equations for the fluxes ]q and Fjj,

to the first order in g; and J;, can be expressed in the form

J4 = B1(E,L)éy,

Fix = 1 (E,L)dj-

(126)
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Restrictions on these relations are obtained, as in Section 4, imposing the validity of the second
law of thermodynamics, applying Liu’s procedure.

In order to make the theory internally consistent, one must consider for entropy density S and
entropy flux density | }f approximate constitutive relations to second order in g; and J;

S=So(E,L) +S1(E,L)g* + S2(E,L)J* + S3(E,L)qiJ;,  Ji = ¢"(E,L)gx + ¢’ (E,L)Jr. (127)

The quantities AE, A?, Al and Al[ are Lagrange multipliers, which are also objective functions
of E, q;, L and J;; in particular, one sets

AF = AF(E,L,q,,Ji) = AE(E
AL = AM(E,Lg, J;) = NS (E

L)+ AT (E,L)g* + A5 (E,L)J* + A5 (E, L)gili,
L)+ AL(E,L)g? + AL(E,L)J? + AL (E,L)gif;,
Al =A1g;+ A1p]; and A,[ = Anq; + Al (128)

with Ay = Apn(E,L). Imposing that the coefficients of the time derivatives are zero, one
obtains

dS = AFdE + AT dg; + AMdL + AldJ;. (129)
In the same way, imposing that the coefficients of space derivatives vanish, one finds
dJy = Abdgy + AldT] + ALd), + AldFy. (130)
Substituting now (126), (127) and (128) in (129-130), one gets
1 1
S1=5M1, 52= 30, S3 =AMz = Az, (131)
¢ = AG, ¢/ = Ag, (132)
dSy = ASdE + AbdL, dSy = ALdE + AbdL, (133)
dSy = ALdE + ALdL, dS3 = ALdE + ALdL, (134)
dp? = A1dBy + A dpy, gl = MpdBy + Appdipy. (135)

In particular, one obtains to the second order in q and J the following expressions for the
entropy and for the entropy flux

1 1
S =So+ 5Aua’ + 5An)* + Andili i =AGT+ gk (136)
It remains the following residual inequality for the entropy production

0% = Alol + Aoy + Alo] > 0. (137)

Now, the obtained relations are analyzed in detail. As in Section 4 we first introduce a
generalized temperature as the reciprocal of the first-order part of the Lagrange multiplier
of the energy:
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oE T

and the chemical potential of vortex lines (near equilibrium):

Af = {a@} -1 (138)
L

— TAL =ut. (139)
Neglecting in (129) second order terms in q and J, and using relations (131), (138) and (139),

the following expression for the entropy density S is obtained
1 L
48 = dE — Lo dL 4+ Angidg; + A Jid]i + Az (Jidas + qid)y). (140)

Consider now equations (135), which one rewrites using (132) and (139) as

1 L
d (7) = A1dB1 + Andy, d (*%) = A12d By + Apdipy. (141)

After some calculations (Sciacca et al, 2008), we find:

) 1 9 ) 1 Aqp Ok

o1 _ o [ ug R R
m= 9T N|: Ao — /\118T<T , Vl—x— TN oL’ (143)

where N = A1Ap — /\122. A physical meaning for the coefficient Ay was furnished in
(Sciacca et al, 2008). Finally, one obtains for the entropy flux

1 L
Ji= 72— e (144)

which is analogous to the usual expression of the entropy flux in the presence of a mass
flux and heat flux, but with the second term related to vortex transport rather than to mass
transport.

Substituting the constitutive equations (126) in system (125), using the relations (142-143),
and expressing the energy E in terms of T and L, the following system of field equations is
obtained

?
pcy 9L + pe %L + 5 q’ =0

9g;
q +g18x +Xlax (7?
(145)

9
] +7hax Jrl/18x =0

where cy is the specific heat at constant volume and €1 = dE/dL. The coefficients x; and 71
describe cross effects linking the dynamics of q and J with L and T, respectively. Thus, they
are expected to settle an interaction between heat waves and vortex density waves. These



Hydrodynamical Models of Superfluid Turbulence 265

equations are analogous to those proposed in Section 4 (Mongiovi & Jou, 2007) except for
the choice of J;: in fact here J; is assumed to be an independent field whereas in Section 4
(Mongiovi & Jou, 2007) J; was assumed as dependent on g;. However, at high frequency, J;
will become dominant and will play a relevant role, as shown in the following.

The production terms o must also be specified. Regarding (7? and oL, since only counterflow
situation is considering, as in Section 4, we assume

09 =—KLq, ot = —BgL? + ag|q|L%?, (146)

where K1 = %KB . For the production term of vortex line diffusion, one assumes the following
relaxational expression:

A (147)
7

where 7 is a positive coefficient which can depend on the temperature T (Sciacca et al, 2008).
Note that in (146) one has assumed that the production terms of q and J depend on q and J,
respectively, but not on both variables. In more general terms, one could assume that both
production terms depend on the two fields q and J simultaneously.

In order to determine the physical meaning of the coefficients appearing in equations
(145)—(147), concentrate first the attention on the equations for L and J. Supposing that J
varies very slowly, one obtains (Sciacca et al, 2008)

d m o2 " 2 L
—L = T+ ——V-L . 14
3 'leLV + 'leLV +0 (148)

It is then seen that the coefficient ﬁ = Dy represents the diffusion coefficient of vortices.

Coefficient 717; r = D may be interpreted as a thermodiffusion coefficient of vortices because
it links the temperature gradient to vortex diffusion. In other terms, this implies a drift of the
vortex tangle. Detailed measurements have indeed shown [(Donnelly, 1991), pag.216] a slow
drift of the tangle towards the heater; this indicates that 77; < 0 and small. The hypothesis
71 = 0 corresponds to D, =0, i.e. the vortices do not diffuse in response to a temperature

gradient.

5.2 Interaction of second sound and vortex density waves

In this Section wave propagation in counterflow vortex tangles is studied, with the aim to
discuss the physical effects of the interaction between high-frequency second sound and
vortex density waves. A stationary solution of the system (145), with the expressions of the
production terms (146-147), is

2
o
q=qo0=1(q01,0,0), L=Lo= ﬁ%%y (149)
q
1«B 1 «xB
T=Ty(x)=T"— §EL0¢7013C1, Jo= (gm%l,(lo) , (150)

with g1 > 0.
Consider the propagation of harmonic plane waves of the four fields of the equation (145) in
the following form
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T=— To(x) + Tel(Kn-x—wt)
q=qo+ qei(Kn-xfwt)

(151)
L=Lg+ [ ei(Kn-x—wt)

J=Jo+ jei(Kn-xfwt)

where K = k; + iks is the wave number, w the real frequency, n the unit vector along the
direction of the wave propagation.

Substituting (151) in the system (145), and linearizing the quantities (146), and (147) around
the stationary solutions, the following equations for the small amplitudes are obtained

—wlpev]oT — wlper]oL +Kg-n=0
[—w - %KBLQ] 4+ ¢10KTn — <—X10Kn + éKBCIO> L=0

(152)
[ —w—i(2B4L0 — gLy %q01 ) | L+ KT -+ iag L3/ 21 = 0

(—w —iv1xLo)J + 11oKnT + (vioKn —ivixJo) L =0

Note that the subscript 0 refers to the unperturbed state; in what follows, this subscript will
be dropped out to simplify the notation.

First case: n parallel to qg.

Now, impose the condition that the direction of the wave propagation n is parallel to the heat
flux qo, namely n = (1,0,0). Through these conditions the system (152) becomes

—wpeyT + Kgy — wpeL=0

1KT — <w + %KBL) q1 — <—X1K+ iK%m) L=0
iag 132G, — (w + iTL_l) L+Kj;=0

mKT + (K —iyix]i) L+ (~w —ipkL) J; =0

—w — %KBL g»=0

—w — %KBL §3=0
(~w—imsLi =0
(—w—imkL)J3=0
where 7, 1 = (ZIBqL - %aqu/qu).
Note that the transversal modes, those corresponding to the four latter equations, evolve
independently with respect to the longitudinal ones, corresponding to the four former
equations.
One will limit the study to the case in which w and the modulus of the wave number K assume
values high enough to make considerable simplification in the system. Indeed, it is for high

values of the frequency that the wave behavior of the vortex tangle can be evidenced because
the first term in (145c) will become relevant. Note that the assumption K| = |k, + iks| large

(153)
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| wip =%V, | w3a=+1 |
T=y T:_’%V <X1\/;V1PEL>¢
. B V.
g1 = xVocyy | 41 :ii\/ﬁ(ef;_; Xl)l/’
;: L=y
J1=0 Ji=xyny

Table 1. Modes corresponding to second sound velocity and vortex density waves,
respectively.

refers to a large value of its real part k,, which is related to the speed of the vortex density
wave, whereas the imaginary part ks, corresponding to the attenuation factor of the wave,
will be assumed small.

This problem is studied into two steps: first assuming |K| and w extremely high to neglect
all terms which do not depend on them. Then, the solution so obtained is perturbed in
order to evaluate the influence of the neglected terms on the velocity and the attenuation
of high-frequency waves.

Denoting with w = w/k, the speed of the wave, and assuming |K| and w large, the following
dispersion relation is obtained:

- {V +V17£<pq Xl)}w +V21/1—0 (154)
pcy 41

where V, = (,/\22 szcv) -1z is the second sound speed in the absence of vortex tangle (see
previous sections) and from (142b) it is related to the coefficient {; by the relation {; = szpcv —
A12%1/ Aq1. Further, if one assumes that the coefficient 7 is zero

_ Az o0 (HE\ 255 xa

then the dispersion relation (154) has the solutions

w1,2 = iVZ, ’('IU3,4 = :l:\/l/—, (156)

to which correspond the propagation modes shown in Table 1.

As one sees from the first column of Table 1, under the hypothesis (155) the high-frequency
wave of Veloc1ty wyp = £V, is a temperature wave (i.e. the second sound) in which the
two quantities L and J; are zero, whereas in the second column the high-frequency wave
of velocity w3 4 = &/v7 is a wave in which all fields vibrate. The latter result is logic because
when the vortex density wave is propagated in the superfluid helium, temperature T and
heat flux g, cannot remain constant. This behavior is different from that obtained in Section
4, because using that model in the second sound also the line density L vibrates. In fact, there
the flux of vortices J was chosen proportional to q, so that vibrations in the heat flux (second
sound) produce vibrations in the vortex tangle. Experiments on high-frequency second sound
are needed to confirm this new result.

Now we consider all the neglected terms of the system (153) and the coefficient #; as small
perturbations of the velocity w of the wave and of the attenuation term ks of the wave number
K. Substituting the following assumptions
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w:kﬂ:ww and K =k, + iks
T

in the system (153), one find the expression (156), at the zeroth order in § and ks, whereas at
the first order in § and kg, one obtains

al,=[1- ;71 - (peL - X;) w1, (157)
20cy (wl’z — w3r4> W34

@i, = |1+ Z — (PGL - X ) W34, (158)
2pcy (wl,z - w3,4) W34

and

3/2 (2
(12) _ kLB L3/ (wmpq *X1>

) 2 2
12 2wy, — w3,

, (159)

3/2(. 2
34— kL +1 ' %L ! (werPGL B Xl) Jikm
(34) _ _

2w 2 2 2w?
34 2wy, —w3, 34

(160)

Observe that in this approximation all thermodynamical fields vibrate simultaneously and
the attenuation coefficients ks are influenced by the choice of J as independent variable, as one
easily sees by comparing expressions (159-160) with those obtained in Section 4 (Jou et al.,
2007). Looking at these results, in particular the two speeds (157-158), one sees that these
velocities are not modified when one makes the simplified hypothesis that the coefficient 7,
is equal to zero. In Section 4 (Jou et al., 2007) it was observed that the second sound velocity
is much higher than that of the vortex density waves, so that the small quantity 7; should
influence the two velocities (157-158) in a different way: negligible for the second sound
velocity but relevant for the vortex density waves. Regarding the attenuation coefficients
(159-160), one sees that the first term in (159) is identical to that obtained in (Jou et al., 2002),
when the vortices are considered fixed. The new term, proportional to a4, comes from the

interaction between second sound and vortex density waves.

Note that the second term of the dissipative coefficient k§1'2> is the same as the third term of

k£3’4) , but with an opposite sign. This means that this term contributes to the attenuation of the
two waves in opposite ways; and its contribution depends also on whether the propagation of

(34)

forward waves or of backward waves is considered. The first term of k™’ produces always
an attenuation of the wave, while the behavior of the third term is analogous to the first one.
Second case: n orthogonal to qq

In order to make a more detailed comparison with the model studied in Section 4
(Mongiovi & Jou, 2007), (Jou et al., 2007), one proceeds to analyze another situation, in which
the direction of the wave propagation is perpendicular to the heat flux, that is, for example,
assuming n = (0,0,1). This choice simplifies the system (152) in the following form
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—wpcyT + Kgz — wpe L=0
<7w — éKBL) §1— 4xBpL=0
0 KT — <w + %KBL) d3+ x1KL=0
ingL3/2, — <w+ir{1>i+1<]”3:0 o
MKT + KL+ (—w —iyxL) 3 =0 (161)
< i o —

—w — §KBL> g>=0
*i’hKh.]: +(~w—inkL)J; =0
(—w—iy1kL) =0
Note that, in contrast with what was seen before, but in agreement with the corresponding
situation of the model described in Section 4, here the transversal and the longitudinal modes
in general do not evolve independently, as shown from the first five equations. However, one
will see that this is the case if high-frequency waves are considered.
As in the previous situation, we assume that the values of the frequencies w and of the real
part of the wave number, k;, are high enough, such that the system (161) may be easily solved.
The other terms will be considered as perturbations to w = w/k; and ks. Note that in this
special case, as in the previous case and in (Jou et al., 2007), only the longitudinal modes are
present, so that the dispersion relation assumes the form

w(w4— {V22+V1—£(P€L+E)}WZ+V22V1>:0' (162)
pcy A

which is similar to equation (154).
Assuming the same hypothesis (155), the dispersion relation (162) takes the form

w(w? — 1) (w? — V3) =0, (163)

where V; is the second sound velocity and /v7 is the velocity of the vortex density waves
in helium II. The conclusions which one achieves here are the same to those of the previous
situation. Indeed, wy = 0 corresponds to §; = and T =3 = L = J3 = 0; while w1, = £V;
and w3 4 = £,/v7 correspond to those in Table 1.

Now, as in the previous case, we assume that all the neglected terms in (161) modify w and K
by small quantities § and ks, that is

w:kﬂ:ww and K=k, + iks.
r

Substituting them in the dispersion relation of the system (161), one finds the relation (163), at
the zeroth order in ¢ and ks, and the following two expressions at the first order in J and k;

o, =), (164)
D3y =0}, (165)
and
LB
KA = 2 (166)
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k(3'4) . TEl + KL’)/l
s e ——

167
ZZU3,4 ( 6 )

As regards the expression (166) for the dissipative term k§1'2>, note that it is the same

as the expression obtained when the vortices are assumed fixed (Jou & Mongiovi, 2006),

(Peruzza & Sciacca, 2007), whereas the attenuation term k£3’4) is the same as the second term

of k§3’4) of the first case (n parallel to qp). As in (Mongiovi & Jou, 2007), (Jou et al., 2007),
in this case one has the propagation of two kinds of waves, namely heat waves and vortex
density waves, which cannot be considered as propagating independently from each other. In
fact, the uncoupled situation (equation (156)), in which the propagation of the second sound
is not influenced by the fluctuations of the vortices, is no more the case when the quantities
Ny = «BL, N = 1xBgy, N3 = AL3/2, Ny = 71x]J1, N5 = 1L, TEl and 71, are considered.
Indeed, from (157-158) and from the results of (Jou et al., 2007) one makes in evidence that
heat and vortex density waves cannot be considered separately, that is as two different waves,
but as two different features of the same phenomena. Of course, the results obtained here are
more exhaustive than those of Section 4 in fact, comparing the velocities at the first order of
approximation in both models, one deduces that the expressions (157-158) depend not only on
the velocities of heat waves and vortex density waves, as in (Mongiovi & Jou, 2007), (Jou et al.,
2007), but also on the coefficient 71, which comes from the equation (145d) of the vortex flux J,
and whose physical meaning is a thermodiffusion coefficient of vortices. The fourth equation
of the system (153) shows that the vortex flux J; is not proportional to the heat flux, as it
was assumed in Sections 2 and 4, but it satisfies an equation in which also the fields Land T,
through 71, are present.

It is to note that the attenuation of the second sound depends on the relative direction of
the wave with respect to the heat flux: in some experiments this dependence was shown
for parallel and orthogonal directions (Awschalom et al, 1984). These results were explained
assuming an anisotropy of the tangle of vortices. But, looking at the expressions (159) and
(166) of the attenuation of the second sound in the high-frequency regime, one notes that
these expressions are not equal. In particular, the term

och3/2 (wizpq — Xl)
2 2
2 <w1,2 - w3,4>

in (159) causes a dependence of the attenuation depending on whether the wave direction
agrees with the direction of the heat flux q or not. This term is absent if the wave
propagates orthogonal to the heat flux. In (Sciacca et al, 2008) vortex tangle was assumed

(168)

to be anysotropic. The result was that 14'11%2,3,4 = w¥,2,3,4 and that the behavior of speed of
propagation is isotropic and does not depend on the isotropy or anisotropy of the tangle.

In conclusion, it could be that an anisotropy of the behavior of high-frequency second sound
does not necessarily imply an actual anisotropy of the tangle in pure counterflow regime, but
only a different behavior of the second sound due to the interaction with the vortex density
waves. This may be of interest if one wants to explore the degree of isotropy at small spatial
scales. Of course, some more experiments are needed in order to establish the presence and
the sign of these additional terms.
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6. Conclusions and perspectives

Helium behaves in a very strange way when temperature is dropped down below the lambda
line, different to any classical fluid. This review is a first attempt to put together some of our
results concerning the application of the Extended Thermodynamics to superfluid helium,
both in laminar and turbulent flows.

In Section 2 a one-fluid model for superfluid helium in absence of vortices is shown, which
chooses heat flux as an independent variable, and a comparison between this non-standard
model and the more well-known two-fluid model is faced. The main part of the review
is devoted to the macroscopic description of the interesting behaviour of this liquid in the
presence of quantized vortex lines. They are very thin dynamical defects of superfluid helium,
which are usually sketched by geometrical lines, representing the quantized vorticity of the
superfluid motion. The amount of quantized vortices is high enough in turbulent superfluid
helium, so they are usually expressed by means of the line length per unit volume L. Different
hydrodynamical models of superfluids in the presence of vortices are dealt with, that have
more detailed successive descriptions. First, in Section 3 the one-fluid model for laminar flow
(no presence of vortices) is extended introducing a vorticity tensor (in the heat flux equation),
which takes into account the presence of vortices as a fixed structure. The influence of vortices
to the main fields is studied, mainly in the three experimental situations: rotating helium
(vortices are basically straight lines parallel to the rotating axis), pure counterflow (an enough
high heat flux, without mass flux, which causes an almost isotropic vortex tangle), and then
the combined situation of rotating counterflow turbulence.

Since vortex lines density may experimentally be detected by means of the second sound
(temperature waves), the propagation of harmonic waves is investigated in all the situations
above mentioned. Section4 is devoted to build up a new model in which the line density
L acquires field properties: it depends on the coordinates, it has a drift velocity, and it
has associated a diffusion flux. These features are becoming increasingly relevant today, as
the local vortex density may be measured with higher precision, and the relative motion
of vortices is observed and simulated. The hydrodynamical model built in this section is
sufficiently general to encompass vortex diffusion and to describe the interactions between the
usual waves and the vortices, which in Section 3were simply considered as a rigid framework
where second sound waves are dissipated. A hint about vortex density waves is also shown,
which is then better considered in Section5. In this section we further generalize the model,
in order to include the velocity of the vortex tangle as a new independent variable. This is
motivated by the fact that this velocity (or the flux of the vortex line density) is not always
properly parallel to the heat flux, so it needs an own evolution equation. Also this model
is formulated using Extended Thermodynamics, determining the restrictions imposed by the
second law of Thermodynamics by means of the Liu’s procedure. One of the results of this
section is that when the high frequency harmonic plane waves are considered, vortex density
waves are found out. The interesting thing is that heat waves and vortex density waves cannot
be considered separately, that is as two different waves, but as two different features of the
same phenomena. Another interesting result is that attenuation of the second sound depends
on the relative direction of the wave with respect to the heat flux: it seems that the anisotropy
in the behavior of high-frequency second sound does not mean anisotropy in the tangle in
counterflow regime.

These results are important because second sound provides the standard methods of
measuring the vortex line density L, and we have shown that the dynamical mutual interplay
between second sound and vortex lines modifies the standard results. In the case when there
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is a net motion of the mass, the model is useful to study Couette and Poiseuille flow, where the
bulk motion of the system contribute to the production of new vortex lines (Jou et al., 2008).
The renewed interest in superfluid turbulence lies on the fact that at some length scales it
appears similar to classical hydrodynamic turbulence, and therefore a better understanding
of it can throw new light on problems in classical turbulence. Our results are relevant also to
modelize the influence of the bulk motion on the vortex production in Couette and Poiseuille
flows, and in towed or oscillating grids, including the important application of superfluid
helium as a coolant for superconducting devices.
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1. Introduction

Discovered at the beginning of the nineteen century, the thermoelectric effects nicely reflect
the richness of the out of equilibrium thermodynamics of coupled phenomena. In 1821
by John Seebeck (Seebeck 1821), (Seebeck 1823), (Seebeck 1826) firstly observed the coupling
of two potentials, the electrochemical potential and the temperature. In 1834 Jean Peltier
(Peltier 1834) demonstrated that heat flux and electrical current could be coupled. Then in
1855, W. Thompson, future Lord Kelvin, using thermodynamic arguments, discovered that the
Seebeck and Peltier effects were in fact not independent (Thompson 1848), (Thompson 1849),
(Thompson 1852), (Thompson 1854), (Thompson 1856) giving decisive arguments in favor
of a complete and compact description of all these phenomena. Only latter, in 1931, these
coupled thermodynamic forces and fluxes where described in a very general form when
Lars Onsager proposed a theoretical description of linear out of equilibrium thermodynamic
processes. In two major articles the fundamentals of thermodynamics of dissipative transport
were developed in a consistent way (Onsager 1931a), (Onsager 1931b). Next, In 1948, Callen
developed the Onsager theory in the case of thermal and electrical coupled fluxes, leading
to a coherent thermodynamical description of the thermoelectric processes(Callen 1948),
(Domenicali 1954). Then, in the middle of the last century Abraham Ioffe, considering
both thermodynamics and solid state approaches, extended the previous developments to
the microscopic area, opening the door for material engineering and practical applications
(Ioffe 1960). He introduced the so-called “figure of merit” ZT, which, as a material
parameter, gather the different transport coefficients, leading to an efficient classification
of the various thermoelectric materials. The contains of this chapter is divided in six
sections. In a first section we remind the basic thermodynamics of thermoelectricity from
classical thermodynamic cycle. The second section is devoted to the Onsager description
of out equilibrium thermodynamics of coupled transport processes. In a third section the
consequence of the Onsager theory are derived leading to the expressions of heat and entropy
production. The fourth section is devoted to the presentation of the general conductance
matrix. Using these latter the concept of relative current and thermoelectric potential
are exposed in the fifth section.Then in the final section the traditional expressions of the
efficiencies and Coefficients Of Performance (COP) are revisited using the thermoelectric
potential approach.

2. The thermoelectric engine

In a first approach we propose here to consider the analogies between a classical steam engine,
and a thermoelectric material (Vinning 1997). The principle analogy is the fact that, in both
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systems, the entropy is transported by a fluid, which, in the present case, is a gas of electron,
also called “Fermi gas” since electrons are Fermions. At first this Fermi gas can be considered
to be a perfect gas. Then the equivalent partial pressure of the fluid in the system is the
electrochemical potential .

He=pc+eV

where ji. is the chemical potential, e the electron charge, and V the electrical potential.
Then the “gas” equivalences for the steam and thermoelectric engines are,

Molecular gas P T
Fermi gas wue(T,r) T

Then we can draw a picture of a schematic thermoelectric cell:
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Fig. 1. Thermoelectric “Engine”.

One end of the cell is maintained at the temperature Tjand the other at temperature Tewith
Ty, > Tc. From basic gas kinetic theory we know that we get large velocities and small gas
density at the hot end and reduced velocities and large gas density at the cold end. It should
be noticed here that, since heat flows from hot to cold end, the system cannot be considered
under equilibrium condition meanwhile the average carrier flux is zero. We see that the
gradient of carrier density is directly driven by the temperature difference. Since the carriers
are charged particles, it produces an electrochemical difference, commonly called voltage
difference, which is induced by the application of a temperature difference. This illustrates
the coupling of the electrochemical potential gradient and the temperature gradient. Next,
since the average carrier flux is zero, meanwhile heat is transported, we get the same values
of local fluxes of carriers from hot to cold and cold to hot. From this observation we can
conclude that heat and carrier fluxes are coupled. While very simple, this description contains
the principal contributions to the thermoelectric processes' . The thermodynamical cycle is a
Carnot cycle with two ”“isothermal branches” (1 and 3) and to ”“adiabatic branches”” (2 and
4). We can then estimate the principle sources of entropy of the working system that are the
non-isothermal heat transfers and the non-adiabatic travel of the carriers from cold to hot
sources and hot to cold. The principle sources of entropy in the adiabatic branches are the
collisions between carriers and the interactions of the carriers with the cristal lattice of the
material. It can be noticed that the entropy is transported by the carriers of the Fermi gas. We

'In the case of uncharged particles we would also observed a similar process, called “Soret effect” with
the diffusion of particles but, of course, no electrical drift contribution.
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will see latter that we can defined an “entropy per carrier” which is a fundamental parameter
of the thermoelectric process. The principle weakness of this schematic presentation is the
complete absence of a correct out of equilibrium thermodynamic in the description. Then we
now need to define properly the conditions of this working system. This is the subject of the
next section.

3. The Onsager-Callen theory

The thermoelectric processes have been nicely derived by Onsager and Callen, on the
framework of the Thermodynamics of dissipative system by the link between out of
equilibrium coupled processes (Onsager 1931a), (Onsager 1931b) and (Callen 1948). This
description is based on the assumption that the system evolution is driven by a minimal
production of entropy where each fluctuation of any thermodynamical potential undergoes
a restoring force to equilibrium (Rocard 1967). This leads to a stationary picture where all
the thermodynamical potential can be defined, though the system itself produces dissipation.
It should be point out here that this description is also a definition of a quasi-static process
because the different intensive parameters of the system are defined at each time and location.
This implies that the intrinsic local time constants are much shorter than the time evolution of

the macroscopic system itself. As a consequence, the classical quasi-static relation dS = @qu
between the heat and the entropy variation can be extended in a flux form expression,
ﬁ
- J
- 15 1
J's=— ey

The quasi-static conditions, previously defined, leads to a continuous thermodynamical
description where the thermodynamical equilibrium, with all average fluxes equal zero, just
becomes one possible thermodynamical state for the system.

3.1 Forces and fluxes
Let us consider the complete energy flux. From first principle of thermodynamics the energy

flux 7) £, heat flux ?Q and the particles flux | y are link through the conservation of the
energy expression,

T :?QJFP%?N @
Moreover each of these fluxes is conjugated to its thermodynamics potential gradients, acting
as a generalized force. According to energy and particle conservation, in the case of a Fermion
gas the correct potentials for energy and particles are % and #.Then the corresponding forces
are:

Fy=V (-t )
Fe=¥(p) @

If we now write down the linear coupling of forces and fluxes we get then the transport of
energy and particles is given by a linear set of coupled equation (Pottier 2007),

_>
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with,

Lne=Lgn ®)
This expression of symmetry inside the out of equilibrium process is fundamental in the
Onsager description since it is equivalent to the assumption of a minimal entropy production
of the system under out of equilibrium conditions. It should be noticed that the minimal
entropy production is not a general property of out of equilibrium processes at all and this
imposes a precise delimitation of the validity of the model. The Onsager description gives
very strong arguments in favor of this assumption. First, from the linear response theory it is
known that linear response and fluctuations inside a dissipative system are closely linked. In
the present case this implies that every fluctuating potential undergoes a restoring force from
the other in a symmetric form. From a purely thermodynamic point of view this coincides
with the Lechatelier-Braun principle. Then the Lyg = Lgn equality traduces the intrinsic
symmetry of the coupled fluctuations process. From a microscopic point of view this equality
also implies the time reversal symmetry of the processes at micro scale, which should be
“micro-reversible”.

3.2 Energy flux, heat flux .
For sake of simplicity it is more convenient to use the heat fluw | g instead of the energy flux

? £. Then, using [2] we get,

%
J [ Ly L 1% ()
[?Z}—LZ LZH v ]

Lip=Ln Q)
with the kinetic coefficients equivalence.
L1 =LnN @)
L1p = LNE — peLNN 8)
Ly = Lgg — pte(LEN + LNE) + peLNN )

3.3 Basic transport results

From the two expressions of particle and heat flux we can now derive the expressions
of uncoupled and coupled transport processes, depending on the working conditions,
isothermal, adiabatic, open or close systems.

3.3.1 Ohm’s law
If considering charged particles we then get the expression of the current density,

— 1
J = —eli ¥ () (10)
Under isothermal conditions we can directly consider the particle flux in a simplified form,

T=el'n (11)

Since the electric field derives from the electrochemical potential we obtain,
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E= —3(6”6) (12)

which finally gives the expression of the isothermal electrical conductivity,

o2 o2
= ]+ = —L 1
or ==L =—=Lny (13)
then,
T
Ly = 20T (14)

3.3.2 Fourier law

In order to estimate the thermal conductivity we now consider the heat flux density in the
absence of any particle transport, or under zero electrical current in the case of charged
particles.

=10 =Ly (1 e(ﬂe)) + leg(%)
then,

(l? Jhe ) L“? (15)
L1

T
The heat flux density becomes,

— 1 L>1L1p — L11L
7o = { 21 12L 11 22} ?(T) (16)
11
and finally the thermal conductivity under zero electrical current is,
1 [LygLop — LygLypo
_ elmlz 17
=g | 17

We can also consider the thermal conductivity under zero electrochemical gradient, xg, and
after calculation we get,

To LZZV ) = ke V(T) (18)

then

Lz (19)

Kg =
T2

3.3.3 Seebeck coefficient

We now consider the interaction between thermal and electrochemical processes, in the
absence of particle transport. The basic expression is already known since it is given
by equation [15]. We define the Seebeck coefficient as the ratio between the two forces,
electrochemical gradient and temperature gradient, then the Seebeck coefficient expression
is given by,

_ 1Y)
o= e% (20)
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1 Lp

= 21
“ eT L11 ( )

3.3.4 Peltier coefficient
If we consider an isothermal configuration we can derive the expression of the coupling term
between current density and heat flux, usually called the Peltier coefficient. Since

7 = et (- 1 ¥ () @)

To=ta(-1¥ () @)

then,
- 1Lyp—
_ M2 24
To=, 1 4
The Peltier coefficient IT is then given by,
— —
Jo=1I1] (25)
1Ly
[M=-—= 2
e Lll ( 6)
As one can see we have the equality,
II=Ta (27)

This latter expression reveal the close connexion between Peltier and Seebeck effects. We will
see latter that another effect, called Thomson effect is also strongly linked with theses two
effect. The reason is that all of these effect depends on a quantity called the "“entropy per
carrier”” which is now presented.

3.3.5 Entropy per carrier

If we get back to the first description of a thermoelectric cell as a Carnot like process, it is clear
that the carriers inside the thermodynamic cycle transport a certain amount of entropy. Let us
consider this by writing the entropy flux density,

H
- ] 1 1 1
Js= TQ =7 {Ln (*fg(ﬂe)) + Lzz?(f)} (28)
This expression can be simplified considering the Ohm law expression [10]
— T
__7. T 2
Vi) =T ;- (29)
Then,
— - L21 — l l
]s_TeLH ] +TL22V(T) (30)

As we can observe the entropy flux is driven by two terms coming from thermal and
electrochemical contributions. The latter term shows that a fraction of the entropy is
transported by the flux of carriers. We then get the expression of the ”*

1

entropy per carrier”’,
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Ly
Sy = L (31)

As one can see the Seebeck coefficient is directly proportional to S; since we have,

S;p=en (32)

The entropy per particle is a fundamental parameter since all the thermoelectric effects derive
from its value, Seebeck effect, or its variations Peltier and Thomson effects.

3.3.6 Kinetic coefficients and transport parameters
From the previous results we have now the complete expressions of the kinetic coefficients,

L1 = elzz‘TT
Ly, = Lorsy (33)

3
Ly = %UTS% + TZK]
The thermal conductivities under zero electrochemical gradient or zero particle transport can
then be expressed:
Kg = TZXZ(TT + K (34)

We see that «; is a purely conductive contribution meanwhile kg contains both conductive and
convective terms.

4. Heat and entropy

4.1 Heat flux
Let us consider again the coupled Onsager expressions:

2
oo (T09) 257 (2

T

?Q = —TorS; (@) + [Z—jws} + TZK]} (?(l)) (36)

T

Since the heat flux | g contains both conduction and convection contribution to heat flux. We
can rewrite these equations in the form,

To=T87T +T%; (?(1))

T
where we identify a conductive and a convective contribution,
— 1
] and = TZK] (e(T)) (37)

— —
] Q(’UVIT} = TS] ] (38)
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4.2 Volumic heat production
The volumic heat production can be estimated from the total energy flux,

- = -
Je=TJot+Hel N (39)
According to energy and particle conservation we have
— —
v-Je=0 (40)
— —
vV-In=0 (41)
Then,
— — - =
V-Jo=—VHe I N
or in an equivalent form,
— — —
V. Jo=E.J 42)

This summarizes the possible transformation of the energy since it shows that heat can be
produced by the degradation of the electrochemical potential y., and electrical power can be
extracted from heat.

4.3 Entropy production density
If we consider the entropy flux density we can calculate the entropy production from,

%
— — =] —/1\ = 1= =
V-]S:S:V<TQ>:V(T)-]Q+TV-]Q (43)
then,
=1 = ? —
s=vzTa- TN (44)

A shown above, the entropy production is due to non isothermal heat transfers and electrical
Joule production. This latter corresponds to a non adiabatic transfer of the entropy by the
particles. The previous expression can be rewritten in the form,

S=V(p) Te+ V(-1 Ty 5)

In this form, we get the illustration of one major result of the Onsager description:
The total entropy production is given by the summation of the force-flux products,

s.?s =S :Zforce.m (46)

This general result can also be obtained from minimal entropy production assumptions.
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5. General conductivity matrix

5.1 Presentation

As we have seen from Ohm law and Fourier law, the kinetic coefficients can be written
in the form of conductances and it is tempting to express the force-flux expressions in the
form of a general conductance matrix. It should be notice that such description has been
derived in very general way by Callen and Greene in 1952 (Callen 1952), (Greene 1952). The
complete derivation is out of the scope of this presentation and we only consider here the
basic derivation of a general conductivity. Starting from equations [6] and [33] we have,

%
InN | _ EIZ‘TT Z_ZZ‘TTS] —73( 47)
- | T 2 1

]Q ?UTS] T KE T

Using

7o Y

1
TZ

L)L ) ]

Then the electrical and heat fluxes are totally described through the general conductivity
matrix,

and considering that at local state ?(%) (T) then we get,

[ oo
[0’] - |: TDC](;T KET :| (48)

One can notice that the Seebeck coefficient appears clearly as the coupling term between the
electrical and thermal processes. In the case where a = 0, the conductivity matrix reduces to
or 0
0
other words the Seebeck coefficient, or more precisely the entropy per carrier is the “tunning
parameter” of the coupling between electrical and thermal fluxes.

a diagonal form { where Ohm law and Fourier law are then totally decoupled. In

5.2 Heat transformation
In the previous paragraphs we have C0n51der the volumic heat transformation from the

calculation of the divergence of the heat flux V ] o- We propose now to get more deeply
into this expression by considering its different terms. First, by elimination of the electrical

field ? from the previous set of equations we get,

- — —
Jo=aT ] —xvT (49)

Then, calculating the heat flux divergence,

v To=v. [t T —K]VT] - [T??aﬂ?r?ﬂT?TJr?. [y (—?T)H (50)

we find four terms which can be identified:

- — . .
- aT</. ] :equal zero due to particle conservation.
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- — - = = 2 o =
V.]QZT].VIXJr].?7i—va.[K]VT} (51)
Most of these terms are common, but less intuitive is the Peltier-Thomson term which is now
considered.

5.3 The Peltier-Thomson term

As we will show, the T J.\ya term contains both the Thomson contribution (local,
temperature gradient effect), and the Peltier contribution (isothermal, spatial gradient effect).
Using the equivalence IT = aT we have,

1= 1 _— - = —
T] vzx_T]vT_T] H—ﬁHvT}:].[vH—zva (52)

Then the traditional separation of the Peltier and Thomson contribution is artificial since they
both refer to the same physic of the gradient of the entropy per particle, temperature driven
gradient or spatially driven gradient.The isothermal configuration leads to Peltier expression
meanwhile a spatial gradient gives the Thomson result.
— Pure Peltier (57T =0):

e — - =

7. [vn—zva] -7, [VH]
— Pure Thomson (« = f(T)) :

— [dI1 — - =
=7 [vnflva] = ].{ﬁf }vT:r}.vT (53)
with,
— dll —
vH_d—TvT (54)
a1l
=g u (55)
then the heat flux divergence takes the form,
%
vIQ—rIvTH?——T—v[ v (56)

If we consider a configuration «; # f(T) then it reduces to,

- = == = 2
V.]Q:T].VT+].?7£—T7K]V2T (57)
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5.4 Energy balance
Using the expression [42] V Q = f J the local energy balance can be expressed from
expression [57] (Landau 1984):
— = - 2 oo
v.]Qfﬁ.]:KTV2T+£—T7T].VT:O (58)
It should be notice that this derivation does not need any assumption concerning the behavior
of the particle, in equilibrium or not. In the case of transient configuration the energy balance

equation should be corrected using oC, where C, is the heat capacitance and p the volumic
mass.

2 - oT
K]v2T+i—T—r].vT:pcp§ (59)

5.5 Entropy flux, volumic entropy production

Using the expression [49] for the heat flux | g =aT ] —Kj v T we can derive the expression
of the entropy flux,

— 7) ot
Js=-2—a] 17 (60)
The calculation of the volumic entropy production is then straightforward,
— = = /(1\ — 1=
V-]S:V(f)-IQ+fv- (61)
— = /1 — - 1= —=
]Q:V<T>.[ﬂ] —K,VT]JFT?.] ©2)
but since f + avT then,
e = P | 12
vV Is=-xvI(T).v (T)+T‘7_T (63)
And we verify that 37 s is in agreement with the force-flux description since,
e S I A | 172
V- Js=-xv(T).v (?)JFT—T (64)
= -1 —=/(1 — f
=[xy m+a TV (2)+T (65)
S S 1\ - vn
=]V (T) - ].VET"’ =Y flux.force (66)

5.6 Basic thermogenerator

Let us consider a bar of thermoelectric material inserted between a hot and a cold sources
respectively at temperatures T, and T, giving a very schematic picture of thermogenerator.
As we know, electrical power can be extracted from the heat going through the bar. In such a
device only a fraction of of the heat going trough is converted into electricital energy, and the
maximum fraction is given by the Carnot efficiency
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Fig. 2. Basic Thermogenerator.

T

Ty — T
fc T, (67)
Since the “thermoelectric engine” is not endoreversible the final fraction will be less than
#c. From the electrical point of view the system is equivalent to a voltage generator of open
voltage Vp, internal resistance R;;, and short-circuit current I = RL,O,, The maximal electrical
output power is obtained for R,,; = R;;, giving

Fig. 3. IV Characteristic.

.72
= JinZce (68)

5.7 Figure of merit
As we have seen, if we force a heat flux to go through the thermoelectric material then an
electrical current will flow. The efficiency of this process depends on two contributions:

— The material properties.
— The working conditions.

We will first consider the material properties, working conditions will be consider in a latter
section.

The thermoelectric properties of a material are summarized in the so called “figure of merit”
of a thermoelectric material, usually written "ZT”. This scalar gives a direct measurement of
the quality of the material, for practical applications. The ZT expression can be derived from
technical arguments or from thermodynamical arguments. We propose here to derive the ZT
expression from the thermal conductivity expressions. The illustration will be given on the
basis of a thermogenerator description, but same conclusions could be drawn considering a
Peltier heat pump configuration.
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Let us consider the schematic thermoelectric engine described in the introduction. From the
electrical point of view we can consider to extreme cases, open circuit and short-circuit.

Fig. 4. Open circuit configuration.

These two configurations have strong consequences in term of thermal conductivity since it
exists both an open circuit thermal conductivity x; and a short-circuit thermal conductivity
xg. These two are not independent since from [47] we have, kg = Ta2or + KJ

Again we see that the coupling parameter between electrical and thermal processes is a.

V=0

Fig. 5. Short circuit configuration.

From [33] we know that in order to get an efficient thermogenerator the open voltage should
be as large as possible. As a consequence x; should be minimal.

From the IV curve we can notice that, for a given open voltage, the larger is the short-circuit
current, the larger will be the output current. In other word the ratio of the two thermal
conductivities % should be as large as possible. Then we can write,

2
KE _ [MH 1} (69)
Ky Ky
With
DCZO’T

T (70)
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The maximal efficiency, and output electrical power, can be obtained if ZT is large enough.
Since only material parameters enter into ZT expression, the figure of merit is clearly the
central term for material engineering research. In addition it should be noticed that the
present description do not consider at all the anions of the cristal lattice of the thermoelectric
material but only the electronic gas?. This is due to the Onsager description which follows
the so called linear response theory where the lattice contribution is not included. So the
present description reduces to the electronic gas with no contribution of the vibrations of the
cristal lattice (phonons) of the thermoelectric material. Such a lattice contribution may be
added to the Ly, term as a lattice thermal conductivity xy,:. This latter can be added to the

general conductance matrix by considering a parallel path for the heat flux, { 8 KO } . The
Lat
complete matrix then takes the form, or x0T .
Taor Kp 4+ Kpgt
5.8 Isothermal and adiabatic electrical conductivity
As we have seen the electrical current density expression is given by,
- = =
J=e]n=0r(E -avT) (71)
—
with the electrical field® E = — ve” £. Let us now consider an adiabatic process instead of a
isothermal one then the conductance matrix gives us the adiabatic electrical conductivity in
the form
—- or
=~ F = 72
I5e-v 1+ZTﬁ oo F 72

Again we see that the figure of merit ZT appears to be a fundamental thermodynamical
parameter in the core of the description of the thermoelectric process leading to,

or
7Q

=1+ZT

6. The thermoelectric potential

Until now we have not really take into account the working conditions point of view. As any
working engine a thermoelectric device should be correctly driven in order to provide power
in the best conditions. Then a precise control of the applied thermodynamic potentials is
needed in order to get a correct use of the potentialities of the thermoelectric materials. Since
the thermoelectric process implies the coupling of the heat and electrical fluxes, these two
fluxes should both be driven optimally. This question has been addressed by Jeffrey Snyder
in 2003, using the so called relative current (Snyder 2003).

6.1 Relative current and thermoelectric potential
The relative current density defined by the ratio of the electrical flux and the purely conductive
fraction of the heat flux.

J

uz*ﬁvT (73)

2This would be the same as considering a steam engine without any boiling walls!

- S —
3? = % + a5/ T so open voltage gives, ?/:0 =av/T.
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From [49] the heat flow becomes,

(74)

1
o {m + ;} 75)

where @ is called the “Thermoelectric Potential”.

The heat and carrier fluxes are now directly connected by the thermoelectric potential
This expression is fundamental since it allows to deriving the principle results of

the Thermodynamics of thermoelectricity directly from this. According to the previous

definitions the volumic heat production becomes,

VT0=T% {sz + } T Ve (76)

Since the heat production | ? L -, directly reduces the efficiency, it becomes now evident that

the maximum efficiency co1nc1des with the minimization of ? L This is currently obtained

for a specific value u = s, where s is called ”Compatlblhty” (Snyder 2003).
Considering the entropy flux we get, ?5 =7 [zx + = ] ? = %? The expression of the

volumic entropy production becomes

VTs=T.¥ (%) 77)
We get the correct Onsager formulation of the entropy production as the summation of
the Flux-Force products which here reduces to a single product. For a given material the
thermoelectric potential give a direct measurement of the total volumic heat and entropy
production by the respective degradation of ® and % In other words, ® can be considered to
be the free energy of the electronic gas in the out of equilibrium process.

6.2 The irreversible factor

Due to the finite value of the ZT figure of merit, the maximal efficiency of a thermogenerator
is only a fraction of the Carnot efficiency. In other word the thermoelectric engine is not
endoreversible because ZT is not infinite. As we previously said the irreversiblities are partly
due to finite value of ZT, but they are also due to the thermodynamic working conditions that
can degrade strongly the overall efficiency. This is the subject of the present paragraph.

6.3 Thermoelectric potential and efficiency
Let us calculate the relative efficiency of a Thermoelectric Generator (TEG)(Goupil 2009). This
latter is defined as the ratio between the electrlcal energy productlon and the entering heat

flux. Using [42] and [1] we get f ] = V ] o=Tv. ?s + ] s VT Then we obtain the
expression of the relative efficiency,

E] E.J
JsvT EJ+Tv]s
In the ideal case of a rever51b1e process the entropy production is zero then the power

= (78)

production reduces to f J = ] AV T then the relative efficiency is 17, = 1 which means that
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- =
the Carnot efficiency is reached. In an irreversible configuration the T</. | g term contributes
to reduce the efficiency then,

= Eout-] _ Eout-]
! Js. v T  EourJ+ T Js

where E,;;.] is the output electrical power. Let us now consider the introduction of the
thermoelectric potential ® into the calculation of the relative efficiency.

(79)

EJ _vJo_ver

= J = = (80)
Js.-vT %.?T vTe®

Hr

we see that 77, corresponds to the relative variation of the thermodynamical potential vbewhen
changing the other potential VTT. This is coherent with a general definition of the efficiency
of an out of equilibrium thermodynamical process as a coupled fluctuating system 4. Using
the expression of the thermoelectric potential ® we can now rewrite the relative current in the

form,
_J __Zv®_ 2
kv T aZVT+0c ®1)

Introducing the expression of the relative efficiency we get,

Z 1
MZE|:—(1+@>771’+1:| (82)

The relative efficiency of the section of TEG becomes (Snyder 2003),
po 20-%) 17 2@
r - Z(®—T
(”—z“ + %) 1+ 250

This classical expression of the reduce efficiency presents a maximum for the compatibility

VI4ZT-1
oT

(83)

value uopt = s = . In that case the reduce efficiency becomes,

VITZT-1 1

T T rzT 41 20 g ()
where the equivalent optimal potential is,
1 V1+ZT
Dopt = |:Tlx+ 7} ST |2 (85)
S Vv1+ZT -1

We can now plot the expression 1, = f (%) for various ZT values. One can notice that this
@ dependence is sharper as ZT values increase. This is in agreement with the assumption
that the proximity to reversibility implies a drastic control of the working contributions.
This is obtained by a direct control of ® = ®,,;. As a consequence it becomes possible to
control the maximum relative efficiency by keeping @ to its optimal value ® = ®,;. This
approach extends the compatibility approach by adding a thermodynamical feedback by a

direct measurement of the local entropy production ? ] s. The expression of the irreversible

“We recover here another illustration of the equality Lij=4
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Fig. 6. Reduce Efficiency.

factor gives an insight of the sensibility of the thermoelectric system to varying working
conditions. It shows that for large ZT this sensibility becomes very high and strong reduction
of the efficiency can rapidly occur. For an optimal efficiency, obtained for u = s it shows that
D precises the intrinsic irreversibilities contribution for a given material.

7. Conclusion

The thermoelectric process has been described using a classical fluid approach. The “Fermi
gas”’ of electrons takes place of the traditional “steam” in the thermodynamical cycle, giving
strong similarities in the description of the underlying mechanismes, which are based on
the linear Onsager theory of ““out of equilibrium thermodynamics”. It is shown that the so
called "“figure of merit ZT"” of the thermoelectric material can be directly derived from this
approach. Finally, the importance of the working conditions is demonstrated, leading to the
concept of thermoelectric potential ® which is an extension of the concept of free energy for
the gas, under out of equilibrium conditions.
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Application of the Continuum-Lattice
Thermodynamics

Eun-Suok Oh
University of Ulsan
South Korea

1. Introduction

Through the continuum-lattice thermodynamic approach, the thermodynamic behaviors of
two- and three-dimensional multicomponent, elastic, crystalline solids are developed. We
begin with a discussion of non-equilibrium thermodynamics of an isolated body that is not
undergoing a phase transformation.

Our analysis recognizes that the Helmholtz free energy, A, is an explicit function of the
deformed crystallographic or lattice vectors defining the deformed crystalline structure.
Edelen (1975) gave a similar discussion with the assumption that A was an explicit function
of the deformation gradient rather than a function of the deformed lattice vectors. For this
reason, his analysis requires an additional step in which the implications of the isotropy
group are observed (Truesdell & Noll, 1965, p. 310); the requirements of the isotropy
group are automatically accounted for in our analysis through the use of the lattice vectors
(Slattery & Lagoudas, 2005).

As applications, we obtain the stress-deformation behaviours of graphene, carbon
nanotubes(CNTs), boron-nitride nanotubes(BNNTs) which are composed of a regular
two-dimensional array of hexagonal lattices of atoms (Ohetal.,, 2005, Oh, 2010), and
the stress-deformation behaviours of face-centred cubic crystals such as diamond, silicon,
silicon-carbide, and boron-nitride (Oh & Slattery, 2008). Using an interatomic potential, the
Tersoff (Tersoff, 1988; 1989) or Tersoff-like potential (Brenner, 1990; Albe & Moller, 1998;
Brenner et al., 2002) to describe interaction between atoms, we compute the elastic properties
for the crystals. These are compared with the available experimental and theoretical values.

2. Continuum-lattice thermodynamics

A simple two- or three-dimensional crystal is one in which two or three primitive lattice
vectors, vectors drawn between immediate neighbor atoms, can express all of the lattice
points as shown in Figs. 1(a) and 1(b) for two-dimensional crystals and in Figs. 2(a) and 2(b)
for three-dimensional crystals. Generally, these primitive lattice vectors are not sufficient to
describe more complicated structures such as those depicted in Figs. 1(c), 1(d), 2(c), and 2(d).
The primitive lattice vectors e(1) and e(,) in Fig. 1 and e(), e(3) and e(3) in Fig. 2—so called
external lattice vectors—determine the external structure of the unit cell. In order to describe
the internal structure of the unit cell, one or more additional lattice vectors—so called internal
lattice vectors—are required, such as e(3) in Figs. 1(c) and 1(d) or e(4) in Figs. 2(c) and 2(d).
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Fig. 1. Two-dimensional lattices: (a) a square Bravais lattice, (b) a diamond Bravais lattice, (c)
a more general lattice having a square unit cell, and (d) a hexagonal lattice (Oh et al., 2005).

Our particular interest in what follows is complicated two- or three-dimensional crystals that
are not undergoing a phase transformation. As seen in Fig. 3,

we will assume that the adjoining phases are not crystalline, and that they are not also
undergoing a phase transformation.

For the adjoining non-crystalline phase (gas, liquid, or amorphous solid), we will assume that
the Helmholtz free energy per unit mass is given by

A:A(T,p,w(l),...,w(Nfl)). 1)

Here T is the temperature, p is the total mass density, w(4) = p(4)/p is the mass fraction
of species A, and p(4) is the mass density of species A. For the two- or three-dimensional
multicomponent crystal, let us initially assume that the surface Holmhotz free energy per
mass is o

A=A(Tpwa won By Baen, ) @

Here E ;) is a primitive lattice vector in the undeformed configuration and its length will
be determined by the equilibrium bond length. Its corresponding lattice vector in the
configuration deformed by an in-plane homogeneous deformation, F, is denoted as e(;). The
deformation gradient is defined as

F =gradz, 3)

(6

@) ()

Fig. 2. Three-dimensional lattices: (a) a simple cubic lattice, (b) a rhombohedral lattice, (c) a
hexagonal lattice, and (d) a more general cubic lattice having an atom inside unit cell
(Oh & Slattery, 2008).
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(a) (b)

Fig. 3. An isolated body consisting of a crystalline solid and its adjoining phase: (a)
two-dimensional crystal and (b) three-dimensional crystal.

where the gradient operation is performed in the undeformed configuration and z is a
position vector. Taking a continuum point of view, we will regard these lattice vectors
as being continuous functions of position on the space. Using the Born rule (Ericksen,
1992; Zanzotto, 1992; Klein, 199; James & Hane, 2000; Zhang et al., 2002), we can express the
deformed external lattice vectors introduced to describe the external structure of the deformed
unit cell as

e = FE(i), i=1,2, for 2-D crystals or i=1,2,3 for 3-D crystals. 4)

It will be shown in equation (40) that the deformed internal lattice vectors e;(i = 3,...,k for
2-D crystals or i = 4,...,k for 3-D crystals) describing the internal structure of the unit cell are
decided by minimizing the Helmholtz free energy at equilibrium.

The principle of frame indifference (Truesdell & Noll, 1965, p. 44) requires that the most
general form of such a function is one in which all possible scalar products of the various
lattice vectors appear (Truesdell & Noll, 1965, p. 29). We will eliminate scalar products of
the form E ) - e(;,), since we will show later that they would lead to a non-symmetricstress
tensor [see the discussion concluding with equation (38)], which we will not allow in this
development. Scalar products of the form E,) - E(,,) may be retained in the background
contributing to the behaviour of the surface. In view of this reasoning, we will write

A= A(Tpwy W (n-1ye) e /8 " S, 0) "8 o) Sy o
€(3) " €(3) "/ €(3) " €(x))-

Here all other scalar products are excluded from the dependence of A since they are not
independent variables. It will be more convenient to represent the scalar products appearing
in equation (5) as

Linny = €(m) - €(n) — E(m) - En) m=123andn=1,---,k (6)
and equation (5) becomes

A=A(T,p,wqy, - wn—1y,ary Dk L2y Ak daay o L) )
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Using equation (4) and the definition of the right Cauchy—Green strain tensor (Slattery et al.,
2007, p. 7):
C=F'F ®)

we can express the scalar products in equation (6) for three-dimensional crystals as

Luny = FE () - FE () — Epy) - Eqy)
=E() - F'FE(;) = By - E(y) ©)
IE(m) . (C—I)E(n) m,n:1,2,3.

In addition, because the components of C are constrained by (Slattery, 1999, p. 49)

VdetC = %", (10)

we see that p, I(11), I(12), I13), I(22), I(23), and I (33 are not independent variables. For these
reasons, we will write equation (7) as

A=A(T w01y Lany Aary Lazy - Aary Lesy L), (11)

for three-dimensional crystals.
In a very similar way, the Holmholtz free energy per unit mass for a two-dimensional
multicomponent crystal can be expressed as

A=A(T,wqy, - @n-1y a1y Laz) L2y Lasy - T Lasy - o Lk - (12)

In order to simplify our theoretical approach, we will confine to three-dimensional crystals
until we apply the results to some crystalline solids.

2.1 Euler, Gibbs, and Gibbs—-Duhem equations
From the differential entropy inequality (Slattery, 1999, p. 438), we conclude

R dA
[ (E)T) , (13)
w(aylq

mn)

where § is the entropy per unit mass. Slattery & Lagoudas (2005) have shown that

9A )
et = H) — BNy (49
(aCU(A) T,(/J(C#A)/ I(mn)

where ji(4) is the chemical potential of species A on a mass basis. We will also let
(Slattery & Lagoudas, 2005)

A
H(1,mn) = a— : (15)
, M) ) 1 o1

po#mn)
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With these expressions, the differentiation of equation (11) can be expressed as

N-1 3 k
dA = -5dT + Z <7‘(A) - V(N)) dW(A) + Z Z ﬂ([,mn)dl(lnn)
A=1 m=1n=m (16)
3 k

N
=-5dT + Z Haydwa) + Z Z (1) AL (-
A=1

m=1n=m

This is referred to as the modified Gibbs equation.
In view of the Euler’s equation (Slattery et al., 2007, p. 310)

~ P
A=——4 Y uaway, (17)

p=p? (aaA) . (18)
p T,W(A)

The modified Gibbs—-Duhem equation follows immediately by subtracting equation (16) from
the differentiation of equation (17):

R P dar X
SdT—F*ZdP—fJF ZW(A)dﬂ(A)_
P poAo

e
™=

V(I,mn)dl(mn) =0. 19)

m

m=1n

We would like to emphasize that the Euler’s equation, the modified Gibbs equation, and the
modified Gibbs-Duhem equation all apply to dynamic processes, so long as the underlying
assumption about behaviour (11) is applicable.

3. Equilibrium: constraints on isolated systems

We define equilibrium to be achieved by an isolated body, when the entropy inequality becomes
an equality. In the following sections, we wish to develop necessary and sufficient criteria
for the achievement of equilibrium in the isolated body shown in Fig. 4. The following
assumptions will be made

1. Once the body is isolated, it is totally enclosed by an impermeable, adiabatic boundary, the
velocity of which is zero.

2. There is no mass transfer between the crystalline solid and its adjoining phase in the
isolated body

3. No chemical reactions occur.

Let us begin by examining the constraints imposed upon the isolated body by the mass
balance, by the momentum balance, by the energy balance, and by the entropy inequality.

3.1 Species mass balance

Since no chemical reactions occur in the isolated body, the mass balance for each species
requires (Slattery et al., 2007, p. 269)

d
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Here dV indicates that a volume integration is to be performed. Applying the transport
theorem for a multiphase body (Slattery, 1999, p. 433), we conclude

d,w
Z(A)E/R <p7( ét(A)>dV+/Z [pwayv—w-g]da o
=0.

Here d(m) /dt is the derivative following a material particle within a phase (Slattery, 1999, p.
4), v is the mass average velocity, and u is the time rate of change of position following a
surface point (Slattery, 1999, p. 23). The boldface brackets denote the jump quantity enclosed
across the interface between phases « and

[s¢] = sg@) L gB)E(p), (22)

where S(¥) is the value of the quantity S in phase a adjacent to the inteface > and § (@) is the
unit normal to the interface pointing into phase «.

3.2 Momentum balance

Since the body is isolated, the sum of the forces exerted upon the body is zero, and the
momentum balance requires (Slattery, 1999, p. 33):

d N
a (/RPVCIV) Z/STndA+/RA§1p(A)b(A)dV

(23)
N
:/R<d1VT+A§1p(A)b(A)>dV+/Z[TC] dA,

.
[|
[/
[
-
[/
[/
1
(S
[/
[
[
3

Fig. 4. Anisolated body consisting of a three-dimensional crystalline solid and its adjoining
phase. R indicates a region occupied by the body, S is a bounding surface of the body, and ¥
denote a phase interface between the crystal and its adjoining phase. n and § are unit normal
vectors to the surfaces S and %, respectively.
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where T is the Cauchy stress tensor, and b4) is the body force per unit mass acting at each
point within each phase. Here we have employed the divergence theorem (Slattery, 1999, p.
682). Again applying the transport theorem (Slattery, 1999, p. 433), we see

div N
- Y g L
Z’"_/R(P a T A§1P<A>b<A)>dV+ [ lov(v—w -~ Tg]da o
=0

3.3 Energy balance
For this isolated body totally enclosed by an adiabatic boundary, the energy balance states
that (Slattery et al., 2007, p. 288)

d ~ z)z N
il (a5 )av] = [v-maans fov- Torapaa

N 25)
:/ |:V- <diVT+ 2 P(A)b(A)> +tr(TVv)
R A=1

dv+/2 [v- T&] dA.

The contact forces do no work, since the boundary of the body is fixed in space. The
boundary is adiabatic, which we interpret here as meaning that there is neither contact energy
transmission with the surroundings nor external radiant energy transmission. We neglect the
possibility of mutual radiant energy transmission. The time rate of change of the internal and
kinetic energy of the body is the result only of work done by the body forces. We also neglect
the possibility of mutual radiant energy transmission. In the second line we have once again
used the transport theorem (Slattery, 1999, p. 433).

We can summarize equation (25) as

dip (U +22/2 N
Ze E/ |:p()(dtv) —Vv- <diVT+ Z p(A)b(A)> —tr(TVv)
A=1
N 2 (26)
7ZP(A)(V(A)7V) b(A) dVJr/[p(UJr?)(vfu)i_ffvaj]dA
A=1 JE

3.4 Entropy inequality
For the isolated body under consideration here, the entropy inequality says that the time rate
of change of the body’s entropy must be greater than or equal to zero (Slattery et al., 2007, p.

295):
% < /R p§dv) >0. 27)

Equilibrium is achieved, when this inequality becomes an equality. Applying the transport
theorem again (Slattery, 1999, p. 433), we find that this may also be written as

d(mS R
/Rp<7t>dv+/z[ps(v7u)-g] dA > 0. (28)
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4. Implications of equilibrium

As explained above, if equilibrium is to be achieved, the left side of equation (27) must be
minimized and approaches to zero within the constraints imposed by conservation of mass
for each species, by the momentum balance, and by the energy balance as developed in the
prior section.

In view of equations (21), (24), and (26), there is no loss in generality in writing equation (28)
as (Slattery et al., 2007, p. 391)

d (S .
Joo=sav+ [ Jostv—w-g]da+ ZA A F A Zn A AZe =0, (29)
where A 4) and A, are constants or Lagrangian multipliers, and Ay, is a constant spatial vector,
the components of which are Lagrangian multipliers. . .

From the modified Gibbs equation (16) and the definition of A = U — TS (Slattery et al., 2007,
p- 305), we see that

dmS _ 1dm 1o ¢ o) lmn)
dt T dt T 21” dt B fmzlnzmy (Lmm) =gy (30)
We will also need from equation (6)
dimn ! d e d e
(m)~(mn) _ = (m)%(m) (m)®(n)
T ar e Ty
d¢,F d¢,nF
_ Z(m) (m)
=gt E0m) €m T em —g Ew (31)

=tr [(e(m) & €(n) + €(n) ® e(m)) VVT] m,n=1,2,3.

Here we used
dnf _ 3
S (TVE, @

and e(;) ® e(;) is the tensor product or dyadic product of two vectors e(;) and e;).
After rearranging equation (29) by means of equations (21) through (31), we have

1 dml N H(a) dwa)
/. {P (? “e) a tar (_T i A<A>) ar
N

3 k d I
P (m) L)
-Y. 0 v) by~ 5 21 :lﬂ(zmn) a
m=1n=
1 3 3 T
-t KTMT + pm; n;n H (L) (€(m) © €(u) + € () © e<m>)>VV } }dV (33)
1 P N raywa) Ae o
(O TR
oA+ Aev) - [V & ( ¢l as
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In arriving at this result, we have recognized the differential momentum balance (Slattery,
1999, p. 434).

Necessary and sufficient conditions for equation (33) to be satisfied in the presence of small
perturbations to the system are

T=-— i = a constant, (34)
Ae
#(ay=TA(4) foreachspeciesA=1,2,--,N, (35)
v(a)=V foreachspeciesA=1,2,--,N, (36)
W(rmn) =0 form=123andn=4,---,k (37)
3 3
T:pz Zylmn ( (m)®e(n)+e(n)®e(m))/ (38)
m=1n=m
and
on YX: v=u=TAy,. (39)

It is important to recognize that equation (38) is the description of stress-deformation
behaviour of three-dimensional elastic crystalline solids. From equations (15) and (37), we
can express that

(aIaA ) =0 m=123andn=4,-,k (40)
(mn) Ta)( )I(

A)r H(pg#mn)
These relations determine e(y),...,e() at equilibrium. Notice that, if we had retained
scalar products of the form E(n) - e in equation (5), the stress tensor would have been
non-symmetric.
For a two-dimensional crystalline solid, similar results can be obtained (Oh et al., 2005) as
follows:

2 2
T(V) = p(V) Zl n;mHU’mn) (e(m) & e(y) + e(y) & E(m)) , (41)
and .
B_A =0 m=12andn=3,---,k. (42)
aI(mn)
T, (), Lpgmm)

Here the superscript (0) denotes values assigned to a phase interphase.
5. Stress-deformation behaviour at equilibrium in the limit of infinitesimal
deformations

Since it is common to consider infinitesimal deformations, let us consider how equation (38)
reduces in this limit:

—
g

MDJ
gl

H(1,mn) <e<m) &® e(y) + e(n) &® E<m))

3
Il
—
]
Il
3

Il
MDJ
e

H(1,mn) (FE(m) @FE(,;) + FE,) ®FE(m)) (43)

3
[N
)
Il
3

Il
M(A)
e

V(I,mn)F <E(m) @ E(n) + E(n) @ E(m)) FT.

3
I
—_
3
Il

m
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Define
W=2z—2z (44)

to be the displacement vector, and z and z, are the position vectors of a material particle in
the deformed and undeformed configurations. It follows that the displacement gradient is

H=gradw=F -1 (45)

Let € be a very small dimensionless variable characterizing an infinitesimal deformation
process. We will seek a solution of the form

W= W(O) + €W(1) + €2W(2) + - (46)

Let us recognize that in the absence of an infinitesimal deformation or as € — 0

wi(g) =0. (47)
This means that
H=eHq) + ezH(z) +---, whereH; = gradw;, (48)
and thus the right Cauchy-Green strain tensor becomes
C=F'F
= (I+eH)+ ) (I+eHg+ ) (49)

=1 +€ (H(l) -+ H(l)T) -+ O (62) .
From (10) and (49), we find that
Px

p= vdetC
Px
\/det +€ +H() )]“r (50)
_ _ Px T
detI € (detI) tr( ) +Hq) )+
=p €&tr(H(1)+H(1)T>+“‘
Since, in the limit of small deformations, the strain
_ 1 T
=3 [gradw + (gradw) } =e5 (H(l) +Hp ) +-- (51)
— gg(l) _|_ -,

which allows us to also express equation (50) as

0= Pk (1—€tl‘£(1)>+"'- (52)
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Equations (45), (48), and (52) also permit us to rewrite equation (43) to the first order in € as
(for the moment not addressing the order of ju(j ,,,,))

T = px <1 - etre(l)) i‘ i H(Ln) <I + eH(l)) <E(m) ® E(y) + E(ny ® E(m)> (1 + eH(l)) !

—1n=m

3 3
= Pk <1—€trs ) 2 Z B(1,mn) < ®E( )+E(n)®E(m)> + px€ 2 2 H(1,mm)

m=1n=m m=1n=m

X {Hu) <E<m) QEn +Ey® E<m>) + [Hu) (E<m) DE@n +Ep® E<m>>] ' }
(53)

If the reference(or undeformed) configuration is a stress-free configuration,

3 3
0=px Y Y H(Lmn)o (E(m) QEy) +Eq) @ E(m)) / (54)

m=1n=m

where the (1 )0 are evaluated in the reference configuration. This allows us to write
equation (53) as

=me§_ i (et = (1 mm0) (Bom) © By + B © By

3 3
— pxetreg) Z 2 H(1,mn) ( ) ® E( n) E(") ® E(m))
m:1n: (55)

+ px€ Z i H(1,mn { (E(m) OB +Ep @ E(m))

m=1n=m
+ [H(l) <E(m) ® E(y) + E(ny ® E(m)>] ! }

5.1 Implication of a quadratic equation of state
As a special case, let us assume that A can be represented as a quadratic function of Iy, I (1),
1(12), I<13), I<22), I<23), and I 33 (Truesdell & NOH, 1965, PP 311'312)

+Zzall l]+ ZZZ Zazjmn (if) mn)+"~ (56)
i=1j=i 11] im=1n=m

It should be understood here that a(j), a(;;),

and 4, are functions of temperature and
composition with the additional restrictions

A(ij) = 4(ji)
94 (57)
i) I1,,=0
and
A(ijmn) = @ (mnif)
%A (58)
(i) (mn) |1, =0
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For this special case, from equation (15)

3 3

H(1,mn) = @(mn) + 21 Za(mnij)l(ij)/ (59)
i=1j=i
and
33
H(1mn) — H(1,mn)0 = Z% Za(mnij)l(ij)' (60)
i=1j=i

From equations (9), (49), and (51), we see that

Iijy =Eqy - (C =D Ey)

(61)
=2eE(;) - £01)E)).
To the first order in €, we find that equation (55) reduces to
3 3 3 3
T =2pxe 21 ) Z%Z [#jmnyE ) - £0)E ) (Eqmy © By + By © E(y) |
m=1n=mi=1j=i
3 3
—peetreq) Y Y aun (Em ® Eqn) + En) © B )
m=1n=m (62)
3 3
+pre lem @y {H(1) (Egm) © En) + En) © Equ))
T
+ [H(l) (E(m) ®E(y) + E() ® E(m))] }
Using equations (54) and (59), we see that
a(mn) =0. (63)
From this, equation (62) reduces to
3 3 3 3
T=2pc¢ Y, 1 LY Ajmn) B €0 By (Bm) © By + By @ Buy)- - (64)

m=1n=mi=1j=i

5.2 The helmholtz free energy

The internal energy is composed of the kinetic energy associated with molecular motions
(translation, rotation, vibration) and the potential energy associated with intermolecular
potentials between atoms or molecules (Tester & Modell, 1996, p. 33). Since the molecular
kinetic energy is a constant for an isothermal system, the internal energy takes the form

U = & + constant, (65)

where @ is the intermolecular potential energy.
Since A = U — T S and at equilibrium no changes in temperature or entropy occur, the specfic
Helmbholtz free energy can be written as

A = & + constant. (66)
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This represents the relationship between the Helmholtz free energy and the intermolecular
potential energy at equilibrium.

We will employ two types of potentials, Tersoff (1988; 1989) and modified Tersoff potentials
(Brenner, 1990; Albe & Moller, 1998; Brenner etal., 2002), to describe the interatomic
potentials for the crystalline solids. However, the choice of the interatomic potential is rather
arbitrary and is dependent of atoms consisting of the crystals.

5.2.1 Tersoff potential
The Tersoff (1988; 1989) potential between atoms i and j separated by the distance, r;;, has the
form

@ = fe(rij) [Pr(ij) + bij(rir, Oij) Pa(rij)], (67)
where 8;j is the angle between bonds i-j and i-k (k # j). The functions ®g, ® 4, and by
represent repulsive and attractive pair potentials, and a multi-body coupling between bonds
i-j and i-k:

Pr(r) = Aexp(—Ar),

(63)
D4 (r) = —Bexp(—pur),
and
n —1/2n
bij = X{l + " { ) fc(rik)g("ijk)wijk} }
k#i,j (69)
2 2
c c
0;) =1+ —= — .
g( 1]k) + 42 a2 + (h _ C059ijk)2
The cutoff function is given by
1, r <Ry,
1 1 7t(r—Rq)
fc(rij) = E + ECOS Rz—R1:| ’ Rl <r< RZ/ (70)
0, r> Ro.

Tersoff (1988; 1989) has obtained the sets of parameters for diamond and silicon in Table 1 to
fit data given by Yin & Cohen (1983a;b). The sets of the Tersoff potential parameters for boron
and nitrogen have been reported by Matsunaga et al. (2000) and Kroll (1996), respectively.
Tersoff (1989) also proposed that the parameters for multicomponent systems such as silicon
carbide could be estimated using the following rules:

Agi + A
Asic =/ AsiAc, Bsic =+/BsiBe, Asic = %
si + Hc
Hsi-c = %, Rl,Si—C = \/m, RZ,Si—C = \/m

The coefficients in b;; for the multicomponent systems were chosen by the atom corresponding
to the first index i. The fitting parameter x and the C-Si bond length for silicon carbide were
do =0.9776 and 1.87 A, respectively. For boron nitride, Matsunaga et al. (2000) used y = 1.1593
and dy = 1.584 A. The C-C bond length in diamond and the Si-Si bond length in silicon were
1.54 A and 2.35 A, respectively.

(71)
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Parameters Diamond  Silicon Boron” Nitrogen?
A (eV) 1393.6 1830.8 277.02 11000
B (eV) 346.7 471.2 83.49 219.45
AATD 3.4879 2.4799 1.9922 5.7708
w (A1 2.2119 1.7322 1.5859 2.5115
B (1077) 1.5724 11.0 16.00 1056200
n 0.72751 0.78734 3.9929 12.4498
c 38049 100390 0.52629 79934
d 4.384 16.217 0.001587 134.32
h -0.57058  -0.59825 0.5 -0.9973
Ry (A) 1.8 2.7 1.8 2.0
Ry (A) 2.1 3.0 2.1 2.3

X 1 1 1

Wijk 1 1 1

*parameters proposed by Matsunaga et al. (2000)
bparameters proposed by Kroll (1996)

Table 1. Tersoff potential parameters for C-C in diamond, Si-Si in silicon, B-B in boron, and
N-N in nitrogen.

5.2.2 Modified tersoff potentials
A Tersoff-like potential proposed by Brenner (1990) has the same form as the Tersoff potential,
except for repulsive and attractive pair potentials:

Pr(r) = Dol exp [71’\/2_5(1’ - ro)] ,

S —
SDy

(72)
CDA(r):—Silexp [f‘r 2/5(1*71*0)],

where Dy and ry are the dimer energy and separation, respectively. The multi-body coupling
function has been slightly changed to

—0
bij= 1+ ) ff(rik)g(gijk)} ,
k#i,j (73)
c? 2
Oi)=all+ — — .
g( Uk) dZ dZ + (1 + COSQi]‘k)Z

This potential was employed to describe the interatomic interaction in CNTs and BNNTs
including their plane sheets (Oh et al., 2005; Oh, 2010). Some of the potential parameters were
adjusted from the original ones provided by Brenner (1990) to fit well the bond length and the
cohesive energy of a boron nitride(BN) sheet given in the literature (Moon & Hwang, 2004;
Verma et al., 2007). These are listed in Table 2.
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Parameters B.for C-C¢ T.-B.for B-N?  T.-A.¢ for B-N

Dy (eV) 10953.544 6.36 6.36
S - 1.0769 1.0769
(A7) 4.747 2.20 2.0431
ro (A) 0.313 1.33 1.33
B (107%) - - 11.134
P 0.5 0.382 -

n - - 0.36415
a(107%) 2.0813 2.0813 -

c 330 330 1092.93
d 35 35 12.38
h - - -0.5413
A3 - - 1.9925
w 1 1 -

Ry (A) 1.7 1.9 1.9
Ry (A) 2.0 2.1 2.1

‘parameters proposed by Brenner et al. (2002)
dparameters proposed by Oh (2010)
“parameters proposed by Albe & Moller (1998)

Table 2. Tersoff-like potential parameters for the interaction between atoms.

Albe & Moller (1998) proposed another Tersoff-like potential whose repulsive and attractive
pair potentials are the same as (72). The parameter, w;j, in the multi-body coupling function
(69) was expressed as

wiji = exp [A3> (rij — ri)?]. (74)
Their potential parameters for boron-nitrogen interactions are also listed in Table 2. Using this
potential, Koga et al. (2001) have determined the bond lengths for a cubic BN to be 1.555 A.

More recently, Brenner etal. (2002) proposed a similar potential to the Tersoff-Brenner
potential with new repulsive and attractive pair potentials:

Dr(r)=(1+ro/r)Doe” " fc(r),

3 (75)
Du(r) = Z Bue P,
n=1
where
By =12388.791 eV, B, =17.567¢eV, Bz =230.715¢€V, 76)
76

Br=4720A", B,=1433A7", p3=1383A°"

The rest of parameters for C-C bond in graphite are described in Table 2.
We simply use B, TB, and TA as the three sets of Tersoff-like potential parameters, proposed
by Brenner et al. (2002), Oh (2010). and Albe & Moller (1998).
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6. Elastic properties

Now we will calculate the coefficients a;;,,) in the stress-strain relation (64) for
three-dimensional crystalline solids with a diamond-like structure, and for two-dimensional
crystals with a graphene-like structure. Through these coefficients, the elastic properties of
them will be obtained and compared to previous experimental and theoretical results.

6.1 Three-dimensional crystals— diamond, silicon and silicon-carbide

As shown in Fig. 5, diamond, silicon, silicon carbide, or boron nitride is composed of a
face-centred cubic array with the centre of each tetrahedron filled by carbon or silicon, and
four lattice vectors E (i) (i=1,---,4) must be introduced to describe their structures. Here we
consider cubic types of silicon carbide and boron nitride, not hexagonal types. The primitive
lattice vectors in the undeformed diamond-like structure, E(i), will be deformed into e()
(i=1,---,4) by an in-plane homogeneous deformation F. The deformed lattice vectors ey
e(2), and e(3) determine the external structure of the deformed unit cell, while e(4) determines
its internal structure.

a

Fig. 5. Schematic of (a) an undeformed diamond-like structure and (b) its deformed structure
by a homogeneous deformation F: diamond (o: C atom, e: C atom), silicon (o: Si atom, e: Si
atom), silicon carbide (o: Si atom, e: C atom), or boron nitride (o: B atom, e: N atom). The
filled circles indicate centre atoms, while the open ones are atoms on each face.

The stress-deformation behaviour of the diamond-like crystals at constant temperature
becomes

3 3 3 3
T=20c 1 2o X i) By €8 (Bon) @ By + By © By @7)
m=1n=mi=1j=i

In view of equation (58) and (66), the coefficient a;;,,,,,) can be determined by

ijmn
2P
()L ()

, (78)
=0

(ijmn)

Lipg)

and we require at equilibrium by equations (40) and (66) that

(), ) )
S ST ) /T, 1y 2 G4 /T, 1y s
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a11)  4(1122)  4a1112) 2123)  4(1212)  4(1213)

Diamond 1.282 0.146  -0.854  0.281 2464  -0.378
Silicon 0124  0.044 -0.083 -0.003  0.160 0.003
Silicon carbide  0.453 0.088 -0.302  0.063 0.745 -0.071
Boron nitride 0.598 0295 -0.399 -0.096 0.654 0.072

Aijmn) = Amnij), - A(1111) =

a1112) = 4(1113) =

(3333),  A(1122) = 4(1133) = @(2233)~

a
(2223) = 4(3313) = #(3323),  A(1123) = 4(2213) = A(3312)s
A(1223) =

Table 3. The coefficients a;j,,) of diamond, silicon, and silicon carbide using the Tersoff
potential. Here the unit of the coefficient is [eV A4

The internal lattice vector, e (4)/ will be determined by equation (79).

Under the assumption that the deformation shown in Fig. 5 is infinitisimal, all of the distances
between two atoms which are not covalently bonded are greater than the cutoff radius for the
potentials described in Sect. 5.2. This means that the total stored energy in the diamond-like
structure is just the sum of all covalent bond energies:

S =4(Dy + Dy + Py + D)
. (80)
=@ (), Loy sy oy Loy Ty aay ooy Ty )

because the bond lengths and angles are determined by the invariants.

Using equations (78) and (80), we calculate the coefficients a;,,) for diamond, silicon, silicon
carbide, and boron nitride and summarize them in Table 3. Here the Tersoff (1988; 1989)
potential given in Sect. 5.2.1 is used.

For a cubic elastic material, all of the components of stress can be expressed in terms of strain
components using the three independent elastic constants: Cjq11, Cy122, and Cip1p (Lovett,
1999, p. 66). Thus, the experiments are focusing on determining these three elastic constants
with various techniques. These values for the cubic crystals are listed in Table 4 and compared
with those calculated by our results, equation (82). In calculating the elastic constants, we
express equation (64) in the index notation:

3 3 3 3
Tap =205 2o 1 2 G E, B)s (B Eong + B Eemg)ers - o
m=1n=mij= =1
EC(X‘B(S’YS'Y‘S’
where
3 3 3 3
Cupyo =20x 12 3 3 Y (3jum) (i) B i), (Bian) By + By By ) >

m=1n=Mi=1j=i
As seen in Table 4, our theory with the Tersoff potential could well estimate the elastic
constants of diamond, silicon, and silicon carbide measured by various experiments:
ultrasonic pulse technique (McSkimin & Andreatch, 1972), Brillouin light scattering
(Grimsditch & Ramdas, 1975; Lee & Joannopoulos, 1982; Djemia et al., 2004), except for the
elastic constants of boron nitride. A Tersoff-like potential, the Tersoff-Albe potential, give a
more appropriate set of the elastic constants of boron nitride than the Tersoff potential.
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Ci111 [GPa] C1122 [GPa] Ci212 [GPa]

Diamond 1082 111 646
(exp.)f 1079 124 578
Silicon 144 76 69
(exp.)8 166 64 79
Silicon carbide 429 117 252
(exp.)" 363-395 132-154 149-236
Boron nitride by Tersoff 494 331 177

by Tersoff-Albe 946 131 568
(exp.)! 820 190 480

Jmeasured by McSkimin & Andreatch (1972); Grimsditch & Ramdas (1975)
8measured by McSkimin & Andreatch (1964)

hmeasured by Lee & Joannopoulos (1982); Djemia et al. (2004)

Imeasured by Grimsditch & Zouboulis (1994)

Table 4. Elastic constants of diamond, silicon, and silicon carbide determined by our theory
and measured by experiments.

6.2 Two—-dimensional crystals—carbon nanotube and boron nitride nanotube

CNTs and BNNTs including their plane sheets are examples of what we will characterize
as two-dimensional crystals. They are two-dimensional in the sense that atoms reside only
in a surface or interface between two phases, typically two gases (air), a gas and a solid,
or two solids. As illustrated in Fig. 6(a), graphene or BN sheet is composed of a regular
two-dimensional array of hexagonal rings of atoms. The nanotubes depicted in Figs. 6(b)
and 6(c) have structures of rolled-up sheets and are generally expressed as (m,n) by the
method of rolling from the sheets. Here m and n are integers of the chiral vector of the tubes

Fig. 6. Structures of two-dimensional crystals: (a) a plane sheet, (b) a zigzag nanotube, and
(c) a armchair nanotube: graphene and CNT (o: C atom, e: C atom), BN sheet or BNNT (o: B
atom, e: N atom) (Oh, 2010).

(Dresselhaus et al., 1995) and uniquely determine the diameter and the chiral angle of the
tubes:

)]1/2 N

2m—+n

[3(m?* +n?+mn
7

Diameter = dg, Angle = arctan (83)

7
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where dj is the bond length. The (m,0) types of tubes are called zigzag, while (m,m) types are
called armchair.

As shown in Fig. 7, the crystal structure deformed by a in-plane small deformation, F, is
determined by both two external lattice vectors, e() and e(3), and the internal lattice vector,

(b)

Fig. 7. Primitive lattice vectors (a) in an undeformed plane sheet and (b) in its deformed
sheet by an in-plane deformation, F: graphene (o: C atom, e: C atom), BN sheet (o: B atom, e:
N atom).

In view of equation (11) and (66), the intermolecular potential energy of the two-dimensional
crystals at constant temperature is expressed in terms of five invariants:

=9 (1(11)/1(12)/1(22)/1(13)/1(23)> , (84)
and the stress-deformation behaviour of the crystals becomes

2 2 2 2
T =207 3" 3 Y Y (i By - € 7B (B @ By + By ©By)  (89)

m=1n=mji=1j=

In addition, we also require at equilibrium by equations (40) and (66) that

d d
(a? ) _ (a? ) 0. (86)
(13 /7, 10 @)/ T, 10

The internal lattice vector e 3y will be determined by equation (86).
In a very smilar way to the three-dimensional analysis, we can obtain the coefficient a;j, )
as well as the elastic properties. As mensioned in previous section, all of the distances
between two atoms which are not covalently bonded greater than the cutoff radius. Thus
the intermolecular potential of the representative triangle lattice a-b-c in Fig. 7(b) is just the
sum of three interactions and is also function of the five invarients:

S =D, + Dy + Dy &)
87

=0 (Im)fI<12>'1<22>f1<13>'1<23>)

because the bond lengths and angles are determined by the invariants.
Using equation (78) and the Tersoff-like potential described in Sect. 5.2.2, we calculate the
coefficients a;,,,) for CNT and BNNTs and finally determine their azimuthal and axial
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Young’s moduli as well as their Poisson’s ratios:

() (@) (@)

T T €

El — % , E,= %'2) , and Vip = — g;) ’ (88)
€ e0) 0 €39 el?)—0 €y 1e=0

with the help of equation (85).

In calculating the elastic properties we use the interlayer distance of 3.4 A and 3.3 A as the
wall thicknesses of the CNTs and BNNTs (Krishnan et al., 1998; Salvetat et al., 1999; Yu et al.,
2000; Verma et al., 2007). These results are displayed in Fig. 8.
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Fig. 8. Young’s moduli and Poisson’s ratio of (a) CNTs and (b) BNNTs. The dot lines indicate
values corresponding to their plane sheets: graphene and BN sheets.

It is clear that the elastic properties of CNTs and BNNTs approach to those of their plane
sheets, as the diameter of the nanotube increases. The Young’s moduli of graphene and BN
sheets are 802.4 and 977.2 GPa, and the Poisson’s ratios of graphene and BN sheets are 0.32
and 0.161, respectively. It should be noticed that both azimuthal and axial Young’s moduli of
the plane sheet have to be the same due to isotropy in the plane of the sheet. While nanotubes
are a little deviated from isotropy because of the effect of their curvatures and the anisotropy
gradually disappears with decrease in curvature of the nanotubes.
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As the diamenter increases, both of the Young’s moduli of armchair CNTs decrease and
ultimately approach to the Young’s modulus of the graphene sheet, whereas both of the
Young’s moduli of zigzag CNTs increase. In the case of BNNTs, the axial Young’s moduli,
E(z), increase with the diameter of nanotubes. On the contrary, the azimuthal Young’s moduli,
E(1), of armchair BNNTs show a maximum value at a relatively small diameter and slightly
decrease with increase in diameter. A similar phenomenon has been reported for the axial
Young moduli of BNNTs (Verma et al., 2007). This may be closely related to the position of the
equilibrium point corresponding to the third lattice vector in the deformed configuration, e(s).
As illustrated in Fig. 9, the equilibrium points for the zigzag nanotubes are located below the
centroid, which is the equilibrium point for graphene or BN sheet. As the diameter increases,
the equilibrium point is getting closed to the centroid. The opposite way happens to be the
armchair types of nanotubes.

Fig. 9. The equilibrium position in the deformed configuration.

Experimentalists have reported values for only the axial Young’s modulus, E;. Salvetat et al.
(1999) estimated 810410 GPa of the Young’s modulus by measuring the load-deflection
of single-walled carbon nanotubes(SWCNTs). From tensile-loading experiments, Yu et al.
(2000) measured the Young’s modulus of SWCNTs in the range from 320 to 1471 GPa . Our
result is also in good agreement with a theoretical result determined by atomistic calculations
(Cornwell & Wille, 1997, 800 GPa). Besides, the Young’s modulus of 1000 GPa has been
reported by some theoretical calculations (Lu, 1997; Popov et al., 1999; Sanchez-Portal et al.,
1999).

Using the electric-field-induced resonance method, Suryavanshi etal. (2004) obtained the
axial Young’s moduli of 18 BNNTs whose diameters are from 34 to 94 nm. The values were
irregularly distributed in the range of 550~1031 GPa with an average value of 722 GPa.
Chopra & Zettl (1998) have measured the axial Young’s modulus from a cantilevered BNNT
equipped in transmission electron microscope. It was 1220+240 GPa. The elastic properties of
BNNTs have been also theoretically calculated from quantumistic and atomistic simulation
methods. Herndndez et al. (1999) obtained 862~940 GPa for the axial Young’s moduli of
BNNTs whose diameters range from 0.8 to 2.1 nm using the tight-binding method. In addition,
they showed that the axial Young’s moduli of both zigzag and armchair BNNTs increase as
the diameter of the nanotubes increases. It corresponds to our results shown in Fig. 8. The
Poisson’s ratio of the BNNTs was from 0.232 to 0.268. Verma et al. (2007) have also calculated
the axial Young’s moduli and the Poisson’s ratios of zigzag and armchair BNNTs: 982~1110.6
GPa, 0.13~0.16. These Poisson’s ratios are close to our result as depicted in Fig. 8.
Consequently, the elastic properties of two-dimensional crystals obtained from the Tersoff-like
potentials are in very good agreement with both experimental and theoretical ones.
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1. Introduction

The scope of our study in this paper is limited to the analysis of the phonons, i.e. phonon
behavior in thin layered structures or crystalline films, which implies the existence of two
boundary surfaces perpendicular to a preferred direction. Besides that, these film-structures
could be doped by foreign atoms from one or both sides of the boundary surfaces in which
way the internal configuration of the atom distribution is disturbed.

Since elastic constants and atomic masses define phonon spectra and states, we conclude
that they must be different in the film-structures with respect to the corresponding ones in
the ideal unbounded and translational invariant crystalline structures. The change of mass
distribution along one direction and the existence of the finite structure width along that
direction introduces additional boundary conditions into the analysis of the phonon behavior.
We shall study the thin film “cut-off” from the ideal tetragonal crystalline structure with
lattice constants ay = ay = a and a, = 3a. This structure has a finite width in the z-direction,
while XY-planes are assumed to be infinite, meaning that the structure possesses two infinite
boundary surfaces (parallel to the unbounded XY-planes) lying at z =0 and z = L (Fig.
1). The number of the atoms located along z-direction is assumed to be N, and it is also
assumed that torsion constants Cyp (« # B) can be neglected with respect to the elongation
constants Cyy (ToSi¢ et al., 1987). These structures will be titled the ideal crystalline films.
The doping (by sputtering) of the ideal film with guest atoms (impurities) along z-direction,
from one or mutually from both boundary surfaces, produces the film with disturbed internal
distribution of atoms. Such structures will be entitled asymmetrically or symmetrically
deformed crystalline films, respectively.

We have decided to study phonon behavior in the above mentioned film-structures for
two reasons. Phonons are the basic elementary excitations in the condensed matter
which have the decisive role in the creation of Cooper pairs of electrons in the
low-temperature superconductivity. On the other hand, although the existence of phonons
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and Cooper pairs in the high-temperature superconductive ceramics is experimentally
established (Chang & Esaki, 1992), the very mechanism of the superfluid charge transfer
is not yet resolved (Bednorz & Miiller, 1988). Taking into account the technical and
technological treatments for the production of these high-temperature superconductors —
they are small-grain crystalline structures (of small dimensions with pronounced boundaries)
produced by doping, more precisely sputtering by guest atoms in certain stoichiometric ratio
(getrajéié et al., 1990; Harshman & Mills, 1992), it is necessary to formulate the corresponding
theoretical model. The simplest model for the bounded structures is the ideal crystalline film.
Within the framework of this model we shall study only and exclusively the influence of
the system boundaries onto spectra and states of phonons and their contribution to the basic
physical properties of the system. In order to consider also the influence of the doping, we
shall study the spectra and states of phonons in the deformed films and estimate what has
the stronger influence to the change of the system behavior: the existence of the boundary
surfaces or the disturbance of the internal distribution and type of atoms inside the system.

Z A
e n=N.+1
C vt nz*Nz
c /& nz?Nz_l
-+ ——— — — M- — — -
I - _:‘A’[___ "X/Y
c 2‘
c Efm n:= 1
T EM n:= 0
7777777777777777777777777777777777 ny=-—1

Fig. 1. Sight of crystalline film-structure model

The starting point of our study will be the standard Hamiltonian of the phonon system
(Mahan, 1983; Jones & March, 1985) in the nearest neighbors” approximation:

2
1w p2 1 o,
HID = E ZE + 1 Zcﬁ,};(uﬁ - uﬁ+;\) ’ (1)

i i,
where: P and ii;; — are the momentum and displacement of the atom of mass Mj; at the crystal
site 7i = a(ny€y + nyey + 3n€;), while Cﬁ ;s =Cy s — is Hooke’s elastic constants between the

atom at the site i and its neighboring atoms at the site 71 = 7 + A A= a(€x + &y + 3¢z).

One of the most important aims is to study if the minimal frequencies of the atoms in the
film are non-vanishing, i.e. does the phonon energy spectrum possesses the gap. In the
structures where such gap exists, there can arise the damping or the elimination of the
acoustical phonons (Tosi¢ et al., 1987; Setrajci¢ et al., 1990) so that there exist only the phonons
of optical type. This would result in the film behavior like a ”frozen” structure until certain
corresponding activation temperature is reached — the temperature necessary for the creation
of the phonons in the film (Djaji¢ et al., 1987), since bellow that temperature, real (acoustical)
phonons can not be present!.

1For example, electrons would move in such a structure without friction up these temperatures, i.e.
they would behave like ideal conductors.
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Taking this into account, the presence of the phonon gap might represent the possible
explanation of the fact (CRCHCP, 1989) that thin films represent better ordered
thermodynamical systems and that they have higher critical superconductive temperature
than the corresponding bulk structures. Since the change in the properties of the anisotropic
structures, is caused by the change in the dispersion law, it is necessary to study the
behavior of relevant physical quantities in order to obtain a more complete picture about these
processes.

In Section 2 we first derive the dispersion law for phonons and calculate the possible phonon
states in the above mentioned crystalline films, with separate study of the situation in the ideal
(non-deformed), and in (symmetrically and asymmetrically) deformed films and the results
are compared to the corresponding ones for unbounded structures with no breaking of the
symmetry of the internal distribution of the atoms (ideal infinite structures). The Section 3 is
devoted to the determination of the strength and the analysis of the diversity of the influences
(the presence of boundaries, the type and manner of the doping, etc.) onto the changes of
energy spectrum and specific moments in the population of the phonon states resulting from
it, compared to the results with the known ones — for non-deformed bulk-structures. The
conclusion gives the summary of the most important results and the discussion of the level of
impact of boundary and deformation parameters.

2. Dispersion law and states of phonons in films

The Hamiltonian of the phonon subsystem of the model film-structure in the nearest
neighbors approximation (Tosi¢ et al., 1995) is given in the form expression 1, where:

N L
ﬁ<nﬁ —5,- Ny ~10% Be(xy); 0<n<N:; No=3o ~20,

so that it can be written in the expanded form as:
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This Hamiltonian describes the film-structure model presented at the Fig.1. It enables further
theoretical analysis of the properties, specific effects and changes in the phonon behavior
in above mentioned translational non-invariant systems. All changes and specific effects
which can occur in the system, will be treated as a strict consequence of the contribution
of the mechanical vibrations of the atoms of the crystal lattice under the influence of the
presence of boundary surfaces and asymmetric distribution of the atoms along one preferred
(z) crystallographic direction in that system.

2.1 Ideal film-structures
The concept of the ideal film means here the model of the crystal bounded by two parallel
surfaces which can “breathe” (no rigid walls) along one crystallographic direction (which
we choose for the positive direction of z-axis) perpendicular to the boundary surfaces and
unbounded in the two other remaining directions. Furthermore, besides boundaries, there are
no other defects in the ideal film, so inside the boundaries we encounter single atom tetragonal
structure.
The Hamiltonian, expression 2, adapted to the above mentioned model can be separated into
two parts: the first one Hg, which includes ”surface” terms and the second one Hg, which
includes “"bulk” terms subject to the conditions (see Fig.1):

Muynyn. = M; Crf‘x”ynzmxilfny"z - Cnoiny"z;nxnyil,ﬂz = Crf‘mynz;nmynz:tl =Cu.
Since there are no layers for n, < —1 and for n, > N, + 1, we must include the following
condition, too:

uy =0, I<=1AI>N;+1 (ie. ]l ¢[0,N;]).

Ny, My,

If we would assignC%; =C I‘\"L = 0, then the boundary atoms (for 1, = 0 and #n, = N;) would
be ”frozen”, i.e. we would have the effects of rigid walls (Maradudin, 1987). In this way, the
expression for the total Hamiltonian of the ideal crystalline film obtains the following form:

Hir = Hs + Hp, 3)
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where:

Hs = 2 nzn Rp”“”w ) + (p’i’”V’NZY} "
{ < ri,ny,O)z +2 (u;fx:”y'Nz)z +

2 2
[ o [ o
Uy, Na—1 unx,ny,Nz> + (unx,ny,l - ”nx,ny,o) +

1
4
( 2 2
(” My, 0 ~ M g1, nu,O) + (”éxx,ny,o - urifl,ny,o) +
2 2
+ (” g0 ri,ny—HO) + (“rﬁ,ny,O*“ﬁX,ny—l,o) +

2 2
i o
unx,n,,, nx+1 1y, Nz ) + (unx,ny,Nz - unx—l,ny,Nz) +

2 2
o o o o .
”nx,ny,Nz - ”nx,nm,Nz) + (”nx,ny,Nz - ”nx,ny—l,Nz) } ’

2 1
Hp = 2M ;n; <pnx,ny,nz) + 1 ;sz X

N.—1

x Y Y (u)f —uf ? +(uf —uf
n1+1rn_l/rnz Ny, My, Nz nxflrny/nz Ny, My, Nz

e,y (n=1

2 2
14 o o o
+ (”nx,nw—l,nz - ”nx,ny,nz) + (unx,ny—l,nz - ”mmﬂh) } +
N,—2

o o 2 o o 2
+ 22 (”nx,ny,nﬁl - ”nx,ny,nz> + (”nx,ny,nrl - ”nx,ny,nz> +
n;=

2 2
o o o o
+ (unxrner271 B un.\'/nerzfz) + (unxrny/l - u”xr”yrz) } :

4)

)

We have decided to use the approach of Heisenberg’s equations of motion (Tosi¢ et al., 1992;
Setrajci¢ et al., 1992; Setraj¢i¢ & Panti¢, 1994) for the determination of possible frequencies
(energy spectrum) and the states of phonons. We start from the following system of the

equations of motion for the phonon displacements:
—forn, =0

o 2
unx,ny,O - O ( ny+1,1,,0 + un,fl 1y,0 + unY ny+1, ot

14 o 14 J— .
+ un,,nyfl,O + unx,ny,l - 6unx,ny,0> =0;
—for1<n, <N, -1

< 2 ® o
unx,ny,nz - Q ( o t1nyn, + un,‘fl,ny,nZ + un,‘,nerl,nZ+

o o o o _ .
T U=t T W41 T a1 7 6”nx,ny,nz> =0;

(6)

@)
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—forn; =N,

o 2 a o i
u”xr”erz - Q‘X <unx+1rnerz + unx_lrnerz + unxrny+1er+

o © o —
+ unxrny_erz + unxrnerz_l - 6unxrnerz> =0. (8)

where Q, = +/Cy /M. The solution of this system of N,; homogeneous differential-difference
equations for phonon displacements can be looked for in the form of the product of an
unknown function (along z-axis) and harmonic function of the position (within XY-plane)
known from the bulk solutions, i.e.

+o0
g (=Y / dw etk thm)-togr ol =@k (k. w). ©)
T

Substituting this expression into the equations 6-8 we obtain:
ROY + @} =
0RO +@; =
1 HROL+ Py = 0 (10)
O, 2+ RN + Py, =
iy +ROY =
where:

k ak
R=W2 —4Fiy, ~2 Wo= o Fiy, =sin’ ”7" +sin? Y (11)

Qu 2

In this way the system of N, + 1 differential-difference equations 6-8 turns into a system of
N; 4+ 1 homogeneous algebraic difference equations 10. In order that this system possesses
nontrivial solutions, its determinant:

R 1 0 0 --- 0 0 0 O
1 R 1.0 --- 0 O O O
o 1 R 1 --- 0 0 0 O
Dny(R)=| . . . . .. (12)
o o0 o0 o0 -~ 1 R 1 O
o o0 o0 o0 -~ 0 1 R 1
o o0 o o --- 0 0 1 R

must vanish. The roots (poles) of this determinant represent one of the forms of Chebyshev’s
polynomials of the second order (Cottam & Tilley, 1989) and can be written in the form:

_ sin(N1{)

DN.+1(R) =Dy14(R) sing NI =N:+2; {#0,

where: R = 2cos (. Above mentioned condition (D, 41(Ry) = 0) is satisfied for:

TV

@V:ﬁ; v=123,.,N.-1, (13)
z
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whose substitution into expressions 11 leads to the expression for demanded (possible)
unknown phonon frequencies:

"Wk, (1) =200/ Gu+ Fik, - (14)

where: k()
I a2z _TH
G, =sin ZT kz(y)—;Nl, u=Nl-v=1,23,.. Nl —1. (15)
One must notice that contrary to kyx and k, which range from 0 to 77/a, one has:
i 1
Krin = (1) = SN0
(16)
nN—-1 &
max — I _ 1 —
kX =k, (N —1) = NI <

because N} < (Ny, N ).
If one divides the system of equations 10 by ®f = ®f(k;) and rejects the last equation, this
system is obtained in the new form:

Ry+01=0, for ny =
14+Ryo1+02,=0, for ny=1 17)
On.—1+Ryon, +0,.41=0, for 2<n,<N,-—-1

where R, =2 cos{, and:
on. = 0 = (®F) @ = B =07 (1)
The last of the equations 18 is satisfied for:
Qn, = (=1) " {Psin(n.0y) + Qsin[(nz —1){y]}, (19)
and using this and expression 13 it follows:
01 =—Psin(y); 02 =Psin(2¢y) + Qsin({y).

Substituting these expressions into the first and second equation in the system od difference
equations 18 we arrive to the unknown coefficients P = P, = R, sin"1¢, and Q= Q, =
—sin~? Cv, while returning them into expressions 19 and 18, it follows:

sin[(nz +1)Zy]
singy

q);"lz(kz) =(-1) Nz <I>g. (20)
According to above calculations — combining 9, 20 and standard normalization (Callavay,

1974), one can easily obtain the final expression for phonon displacements in the form:

3 z N (lcky, ) %

kyky p=
eiu (katttkyny) —itwg . (1) sin[(nz +1) akz ()] ; 1)

1 ® _ _ n; h
an (kxky/ V) - ( 1) \/MNxNyNZI wk"iky(ﬂ) '

U (8)
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Comparing the result obtained here with the corresponding one for ideal infinite structures,
one can conclude that mechanical vibrations in the ideal unbounded structure are plane waves
in all spatial directions, while in the thin film they represent the superposition of the standing
waves in z-direction and plane waves in XY-planes. It is also evident that the displacement
amplitude in the films is ~ 10*\/2/NI times larger? than the amplitude in corresponding
unbounded structures.

Using expression 14 one can determine the dispersion law for phonons in thin undeformed

ideal film3 :
L
Efy, () =hlwly (1) = Ef\/ Gu + Fig, o (22)

where EY = 211 (), and which is valid together with expressions 11 and 15.
We represent graphically this energy spectrum at the Fig.2 vs XY-plane vector k? = k2 + kf/:

5= (B, 0/E) =25 (Fis).

Fig.2 represent energy spectrum of phonons in the ideal (ultrathin N, = 4) crystalline films vs.
two-dimensional (XY planar) wave vector. Within the band of bulk energies with continual
spectrum (bulk limits are denoted by solid dashed lines) one can notice five allowed discrete
phonon energies in the film studied (thin solid lines). One can notice the narrowing of the
energy band and the existence of the energy gap.

£,

1,5

1,0

U U U R

»
>

R,

0,5 1,0 1,5 2,0

Fig. 2. Phonon spectra in the ideal ultrathin crystalline films

2For very thin films N2 ~ 10, so the factor of the amplitude increase can achieve even 2000.

3Most common treatment is that using classical procedure, for example, second quantization method
(Callavay, 1974), on the basis of expressions 3-??, 14 and 20, the Hamiltonian Hjr is diagonalized, and
then the energy spectrum in the form 22 is readily obtained.
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One can clearly see from the plot explicate discreteness of the allowed energy levels
of phonons in the ideal film with respect to the continuum of these values for the
corresponding bulk-structures. All three acoustic frequencies in bulk-structures vanish when

three-dimensional (spatial) vector k = ‘75‘ vanishes, while the minimal frequencies of phonons
in the thin ideal film-structure are:
T

min = Whkx =ky =0,k = KI'") ~ Oy — > 0. (23)
On the other hand, maximal values of the frequencies of acoustic branches in the ideal infinite
crystal tend to the value (wf), .. =20 /3 when ky — 71/a, x = x,y,z, while in the studied

ideal film they are:

max

n?/12
(N9)?
It can be also seen from the same figure that the width of the energy band in the film is

narrower. From expressions 23 and 24 we can determine the total narrowing of the band
of allowed energies of the phonons in the film-structures with respect to the bulk band:

7T
(@8 oz = ok (ke = ky = ke = K2 =20, V3 {1_ } <@y~ (24)

T (NI+1)

NI > 0. (25)

W; =h {(wg)max - [(w&)max - (w&)miﬂ}} ~ 1

The functional behavior and the physical explanation, as well as the effects that might be
caused by the existence of the frequency threshold 23 and the band narrowing 25 will be
exposed in the next Section after the analysis of the phonon behavior in the deformed
structures.

2.2 Deformed film-structures

During sputtering perpendicular to the boundary surfaces (Cava et al., 1987; Chu et al., 1987;
Politis et al., 1987; Segre et al., 1987; Dietrich et al, 1987; Kuwahara, 1992; Notzel et al., 1992),
the atoms that are introduced locate themselves along z-axis since this is energetically most
convenient: a; = 3a and ay = a, = a. For that reason the effective mass of the atom (as well
as the elongation constant), at some site in the crystalline lattice, will depend on its relative
position (with respect to the origin of z-axis), i.e. on the lattice index in the z-direction, but not
in x and y directions:

Mﬁ = Mnx,ny,nz = an .

Using the Heisenberg equations of motion for u# and p with the Hamiltonian (given by
expression 2), taking into account above mentioned conditions, one arrives to the system of
N + 1 homogeneous differential-difference equations for the phonon displacements:

—forn, =0
cx
K _ 0 i3 o o«
unx,ny,O - My (unﬁl,n},,o + un,ﬁl,ny,O + unx,nwal,O
o o o
10 = 5 ) (26)

o o
+ Cl ul oyt o C*l ul
2M0 Ty, iy, 1 Ty, 1y,0 2M0 Ty, 1y,07
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—forl1<n,<N,-—-1

cwx

o _ ny o o « «

un;,ny,nz - 2M, [2 (unx+1,ny,nz + unx—l,ny,nz + unx,ny-&-l,nz + unx,ny—l,nz) +
z

o o o
+ u”xrnyrnz+1 + unxrnyrn271 - 1ounxrnyrnz:| + (27)
o

o
n.+1 o ' n,—1 « o
+ 2M,,, (u”Xr”yr”z+1 u"u”w"z) + 2M,, Uy n—1 — Hngenyn. ) s

—forn, =N,
o CN. / @ «
Upyn, N, = MI\Z (”n,+1,ny,Nz + 10, N, Tt U1 N T
U N N 5 ) (28)
+ C§271 (u“ _un )_Cll\xfz+1uzx
ZMNZ 1y, 1y, Nz —1 Ty, 1y, Nz ZMNZ iy, N *

The solution of this system of equations can be looked for in the form of the product of an
unknown function in z-direction and plane harmonic waves in XY-planes:

+o00
Ol ()= L[ dw el ey gy g (e w). (29)
kxky k. oo

Calculating corresponding derivatives and introducing them into equation 27 we obtain the
difference equation for the unknown functions ¥ :

2 (Mu,@? = 4G F, ) B+ G (Yo g +¥2 —2%8 ) + (30)
i1 (Tﬁxﬁl - Tr‘lx) +Ca ( n1— Tﬁ‘)

valid for n, = 1,2,3,..., N, — 1. For n; = 0, using the same procedure, one obtains from
equation 26 the first (upper) boundary equation:

0

2 (Mow? — 4C8 Ficy, ) W5 +C8 (¥ —2%5) + (31)
CH(¥E —¥5) —CH ¥ = 0

and for n, = N;, using equation 28, the second (lower) boundary equation:

2 (My,? —4Cf Fior, ) ¥h +C8 (Yh o —2%8 ) + (32)
+Cf o (Pho1 — ) —CR YR = 0.

The procedure for the determination of the allowed phonon states using the above equations is
extremely complicated*. For that reason we are going to perform the transition to continuum

“In fact, it is not known or elaborated in the literature for this, completely general case.
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(continuum approximation), i.e. transition from the discrete to continual variables, and
expand the corresponding quantities into the Taylor’s series:

ny—z; Yy —Ya(z); My, — M(z); az —a(z); C,. — Ca(z).

Besides that, as a consequence of sputtering, i.e. clustering of foreign atoms around the atoms
of the basic matrix (ToSi¢ et al., 1987; Setraj¢ic et al., 1990; Tosi¢ et al., 1992; Ristovski et al.,
1989), the mass of the basic matrix must be substituted by the corresponding reduced mass:

M1 (z) = M, +n(z) M1, (33)

where: M, —is the mass of the basic matrix, M — the mass of doping atoms and 7(z) — their
number at the site z (measured from the lower boundary surface of the crystalline film).
After these transformations and introduction into the difference equation 30, it becomes a
second order differential equation:

d>¥,(z)
dz?

dCu(z) d¥a(z) |4fkky,  M(z)w?
dz dz a2(z)  Cu(z)d?(z)

+C =) Y, (z) =0. (34)

Further solving of this differential equation demands the specification of the functional
dependence of the quantities M(z), Cy(z) and a(z), and they depend not only on the procedure
of the sputtering of the basic matrix — ideal crystalline film-structure, but also on the number,
type and distribution of the sputtered atoms.

2.2.1 Asymmetrical deformation

Taking into account that the production of oxide superconductive ceramics includes
the sputtering with foreign atoms (Cavaetal., 1987; Chuetal., 1987; Politis et al., 1987;
Segre et al., 1987; Dietrich et al, 1987; Kuwahara, 1992; Notzel et al., 1992; Johnson, 1995), we
shall assume that it is performed perpendicularly to one (upper) of the boundary surfaces
of the model film-structure. For this reason, doping atoms cluster along z-direction, from this
upper surface towards lower boundary surface and let us assume the (approximate) parabolic
distribution of such "weighted” atoms, i.e. their reduced masses:

M(z) — M, (z) = A, + B, (z—L)2.
Using boundary conditions:

Mde

M, (0) =My; M,(L)= My —nMy

we determine the unknown coefficients A;‘A and B:\A, so that we obtain:

A z 2 . A — _ -
M, (z) =5 {1*(1*OM)(1*Z”' Of=1-n"". (35)

The sputtering of the basic matrix causes also (parabolic) change of the lattice constant:

a(z) — a,(z) = A, + B, (z— L)?,
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with boundary conditions:
a
a,(0)=az; a,(L) = FZ'

from which it follows:

—1
a,(z) = as {17”’1 %(27%)} (36)

Since Hooke’s constants may be expressed as Cq(z) = const(a)a™7(z), using expression 36
one can write:

Cl(z) = Cq {1+7n;1%(27%)}. (37)

Furthermore, instead of a, (z) and C 2 (z) we shall use their values averaged over the total film
width (L):

L
_ 1 n+2
ag =a, f/a" z)dz = filay; fi = o ;
O
(38)
Y 1 . -1
A:C,x(z):z/C()dz—gnCZ, gn_1+2'y PRR

0

To simplify the solution of the last differential equation, besides 35 and 38, it is convenient to
change variable z — #: 1 —z/L = A, so that it becomes:

2, a2 N2l ey O o
e L, {{ (A7) <1—0M)17}w AT }‘If =0. (39)

Introducing new notations:

LZ(A My o 4 04
IC2—7< ) — A=\ B 0= 0ai () W = 2 o)
' Tro;, w 1-0;,
and
A
Al a L | w a1 Q, .
Qkxky(w) = E 072 <1_OM> _4wkaky:| =
= 25+1; s=0,12,.., (41)
the above differential equation can be turned into Hermit-Weber one (Callavay, 1974):
2" A A
[k @) -] =0, (12)
with the solution: R | B .\ ,
Yo = Yo () — Y0 = NS Hs()e ™2, (43)

where Hs(17) — is Hermitian’s polynomial of the order s. In order that atomic displacements
remain finite, it is necessary that AQkoi ky(w) satisfies the identity condition (expressed by
41) which, in fact, insures the physics-chemical (crystallographic) stability of the model
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film-structure. This identity allows the determination of the allowed vibrational frequencies

of the system:
2
G+ (9) + P, ] : (44)

QA
"Wk, (5) = 5

where Fy i is defined in 11, and

A725+1_A_L AN\ —1
6, =" NZ_E@ o)

It is clear from this expression that none of the possible frequencies 4w*, (s) vanishes, neither
Xy

for s = 0, nor for (dimensionless) twodimensional vector g = a~ 1, /k% + k}Z/ — 0.

Since we have solved Hermite-Weber s equation 42 without taking into account the boundary
conditions, it must be supplied by two boundary equations 31 and 32, forz=0and z =L, i.e.
its solution 43 must satisfy these supplementary conditions. The substitution of 43 into 31 for

-1
z=0=n= <A2> and g = 0 gives:

A [Awd ()12 1\ a | 4wi(s) L—af
{2(’)4 o }}HS(N:>—8XP{<12L> () @

By analogous procedure, solution expressed by 43 with boundary equation 32, for z = L =
n =0and g =0, gives:

N\ [Aw(s)1? e Awg(s) al
{2+ (17(’)M) { o } Hs(0) = exp o= o Hs v (46)
Using the relation Hs(x + ¢) = Hs(x) + (2¢)® one can write:
L — oA A 2 s
Ho| o ) = (1)U | = +(_A> '
ALL ALL Al
after which the equations 45 and 46 turn into a single one:
Awt(s)1? 2w§(s) 1
2—0"{ 0 } {ex{ 0 }H(—>+—1SH”H o} =
{ M QQ P al s AL (1) s(0)

_ {(_1)5 {Aﬁfs)rﬂsm) + <A2>_Sexp{% A‘ﬁfs) } } . 47)

It is obvious from here that the parameters M, M, n, L and quantum number s are not

mutually independent. In fact, for given values, from expression 44 they define the conditions

for the existence of phonon states with the energies 14w, (s). From this equation, one
xiy

can determine for which value of quantum number s the function 4w{(s) attains minimal
value. A graphical-numerical solving method gives s,,;, = 2. Numerical calculations and
estimates were performed for the compound La(Bay_.La,)Cusz Oy, where it was taken

n=3,v=12, (’)1/\\4 =1/0,83, ¢ =0,125, 6 = 0,11, v, ~ 3, a; ~ 1,2; all based on data from
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(getrajéié etal., 1990; Cava etal., 1987; Chu et al., 1987; Politis et al., 1987; Segre et al., 1987;
Dietrich et al, 1987; Kuwahara, 1992; Notzel et al., 1992; Johnson, 1995) and (Ristovski et al.,
1989; Djaji¢ et al., 1991; getrajéié etal.,, 1994). Due to the discreteness of the solutions (2.43)
and the initial model, their total number must be equal to N, + 1. It follows from here that the
quantum number s is bounded also from above: sy.x = N; +2,1e. s € [2, N; +2].
Substituting of the solution expressed by 43 into difference equation 30, and normalizing it,
the expression for the phonon displacements becomes:

A
g,z =) Z Wit (kxky, s) Hs(z) 2172/ L @A
’ kk, s=2
x e [aknctyny) —t i, (5] ; (48)
Ao . h "
Nt (keky,s) = ; N£A=N,+4.

M, NN, N# Awk"iky (s)’

The analysis of this expression shows that, contrary to phonon displacements in ideal
unbounded structures (plane waves in all three spatial directions), and similar to the ideal
films (superposition of standing wave and plane waves), here they represent the superposition
of the plane waves in XY-planes and collective vibrational harmonic motion along z-direction.
The amplitude of the phonon displacements is here ~ 10*\/2/NZ times larger than the
corresponding one in the bulk structures, and approximately equal (in fact slightly smaller)
than in the ideal films®.

According to all above mentioned, it follows from expression 44 that the dispersion law for
phonons in the asymmetrically deformed crystalline films has the following form:

Kk, (8) = 14wy (s) =

.+ <g§)2+kaky], (49)

where Ef = hﬂi /2,and s = 2,3,4, ..., N — 2. Graphical presentation of this dispersion law
in the form “ €2 = [ 7, (5) /Ej]2 — €% (Fi, ) is given in the Fig.3.

Fig.3 represent the energy spectrum of phonons in the asymmetrically deformed (ultrathin
N, = 4) crystalline films vs. two-dimensional (XY planar) wave vector. Besides the narrowing
of the energy band with five discrete levels and the presence of the energy gap (with respect
to the bulk band denoted by solid dashed lines) a shift of this band outside bulk limits can be
noticed, corresponding to the appearance of the localized phonon modes.

One can see from this plot that non of the allowed energies, i.e. possible frequencies 4wy (s)
does not vanish for g — 0, implying that the presence of boundaries together with the
deformation of the atom distribution of the parabolic type (expressed by 35-38) leads to the
appearance of the energy gap in the phonon spectrum, i.e. to the possible creation of the
phonons of only the optical type. Contrary to the dispersion law for phonons in unbounded
and nondeformed structures, where minimal and maximal frequency of the acoustic phonon

5See the comment bellow the expression 22.
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Fig. 3. Phonon spectra in the asymmetrically deformed ultrathin crystalline films

0,5 1,0 1,5 2,0

branches tend to 0, and 2, /3, respectively, they have the following values here®:
5

A
(w,;‘)mm = Awg(Z) = w,;‘ (kx = ky = O;S = 2) = ﬁnlx > (wlIX)min; (50&)
z
- n 2(2NA —3) 4
(@nas = @i (ke=ky="3s=Nt =2) ~ TN O < (@ (500)

It is evident from the same figure that the width of the allowed phonon energies band in the
film is smaller’. Using expressions 49 and 50 one can determine the total narrowing of the
energy band of phonons in the asymmetrically deformed film-structure with respect to the
phonon bulk-band?:

A

W, = h {(wtg)mux - [(wﬁ)mux - (w&q)min]} ~
4N4 —11
RO (23— g ()| > W (1)

z

More detailed analysis, functional behavior and physical interpretation as well as the possible
effects caused by the existence of the frequency threshold in formula 49 and narrowing of the
frequency range in expression 51 will be presented in the next Section.

5Compare with the expressions 23 and 24.

71t is also evident that this band is shifted so it leaves the bulk limits. This result which might mean
the appearance of the localized phonon modes is not discussed here in particular, since it occurs for the
higher values of the planar two-dimensional (XY) wave vector, for which the validity of the continual —
long wavelength approximation might be questioned.

8See expression 25.
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2.2.2 Symmetrical deformation

In the case of symmetrical sputtering (sputtering of the basic matrix — ideal crystalline film,
by foreign atoms mutually perpendicular to both boundary surfaces of the film) within the
framework of the parabolic approximation will be:

S S L 2
M(z) —» Ms(z):AM—i-BM(z—?); o)
a(z) — as(z):AZ—i—BZ(z—%)z

The constants A and B are determined from the boundary conditions:

M) = M(1)=n 2 0 <1
M
L L
M(3) = Mo o©@=a@="% o (F) =0

(n is the number of sputtered atoms of the mass M around the atom of the mass M, of the
basic — unsputtered matrix), so that we obtain:

M, (z) = /(\94;’: {027(172%)2}; (53a)
a,(z) = az{l—n;1<1—2%)2}. (53b)

Due to C’i (z) = const(a)a;7(z), where 7 —is the decay exponent of the interatomic potentials
with distance, sputtering will also cause the change of the Hooke’s constants of elongation:

ci(z)zcg‘{wﬂy”;l (1—2%)2}. (54)

In order to simplify further analysis, just as in the previous case, instead of 53b and54 we shall
use their values averaged over the total film width (L):

— 2n+1

az=a,(z) = fuez;  fo="—5—

o5 _ 7 T 9
Ca=Culz) =gl G=1+7—75 ~

The notations 4, and Cf in the expressions 53 and 54 are related to the corresponding
quantities for the unsputtered matrix.

Now we can proceed to the solving of the equation 34. We introduce expressions 53a and 55
in it and perform the change of variable z — {: (L — 2z)/(2L) = A} {, after which it takes the
form:

a2ye s s 5\ 2 Os _ s
?25+K“{{OM4<A“) gz} “’2*4anch"ka ¥ =0, (56)
2
L2(Ay) M =0
s « mos a0y s s o _ S
IC‘X—W, A, = e Q=M1 (n); w(n)=1/820,, -
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Since the atoms in the studied film (along z-direction) represent the system of mutually
coupled linear harmonic oscillators, above equation is reduced to the well-known (Callavay,
1974) Hermite-Weber’s equation:

a2y,
[ @)~ ] ¥=0, 57)
with: .
08, (w) =L (00w _ O
Q0= g (Ol 47y ). "

In order to secure the crystal stability of the structure, the displacements of the atoms for any
film width must remain finite, so we must introduce the restriction:

lekv(w)zzr‘i’l} r=0,1,2, .... (59)

On the other hand, this is just the quantum-mechanical condition for the convergence of the
solutions of the equation 57, which in this case can be expressed as:

Yo =¥, (0) — Q) =N M (n)e ¢, (60)

where H,({) —is the Hermitian’s polynomial of order r in terms of .
Equating the condition equations 58 and 59, one obtains the expression for the possible
phonon frequencies in the form:

Q, | s )2
kaoiky (r)= 7“ G, + (gy) + kaky:| p (61)
where the function -Fkxky is defined by formula 11, while
s_2r+1 — L s
g, = N N; = E 0,

One can easily see by a simple analysis of this expression that allowed phonon frequencies
express their discreteness, that they depend on all the parameters of the system (L, 1, 7y, M,
My, az and C%) and that their minimal values do not vanish neither for r = 0, nor for (kx,k,) —
0.

Due to the presence of the boundaries, the solution 60 obtained without taking into account
the presence of the boundaries of the studied system, must be additionally supplied by two
boundary equations 31 and 32. Since we assume the symmetric conditions at the boundaries,
these two equations are identical and after the substitution 60 they give:

swi(r) as 205 — L B
o (-8 (55) - *
__xrwq%MdﬂcL)
)2 Q) | n My [T\ 2A3)°

One can see from here that the parameters of the studied system M,,, My, r, n and L
(or N) are not mutually independent. In fact, for given values and through expression 61
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they determine the conditions of the existence of phonon states with the energies 715wy (r).
Numerical solving and combination of the equations 61 and 62 allow us to determine the
lowest possible energy state with 7 = r,,;,, and g = 0. These calculations’ have shown that
the value of the quantum number r,,;,, can not be lower than 1. Due to the discreteness
of the solutions (formula 61) and the initial model, their total number must be equal to
N, + 1. It follows from here that the quantum number r must be bounded from above, too:
Tmax = Nz +1,1.e.r € [1, N, +1].

Substituting the solution expressed by 60 into 29 and normalizing it, the expression for the
phonon displacements becomes:

- s
su%,ny (z,t) = Z Z & (kky, ) Hy (Z)e7(172z/L)2/(2Aa)z
kik, r=1
% ei [a(kxnﬁ-kyny)—tSw;‘Xky(r)]; (63)
s h
Nnoz( (kxk]//r) = (_1)nz\/MszNystswkak (1’) ; Ng:NZ +3.
Xty

The analysis of this expression shows that contrary to the phonon displacements in the ideal
unbounded structures (plane waves in all three spatial directions), similar to ideal films
(superposition of the standing and plane wave) and in the same way as in asymmetrically
deformed films, they represent here the superposition of the plane waves in XY-planes and
the collective oscillatory harmonic motion along z-direction. The amplitude of the phonon

displacements is of order ~ 10*1/2N; ! times higher than the corresponding one in the

bulk structures, and approximately the same as in the ideal crystalline films!®. The largest
difference between the bulk and film structures is for the thin films. We must mention also,
that any relevant difference between the ideal and deformed film-structures appears only for
ultrathin films, but the quantitative analysis of this dependence within their framework of of
this analysis (continual approximation), can not be reliably performedn.

According to all the above results, the solution expressed by 61 leads to the dispersion law of
phonons in symmetrically deformed crystalline films:

S

Egx, (r) =htwgy (r) =

G, + (gf)2+kaky], (64)

where Ef = hQ /2andr=1,2,3,. — 2. The plot of this dispersion law in the form:

z 2
siEkay (r) :582 <gs>
Eéz kyky r
is given at the Fig.4.

The Fig.4 represent the energy spectrum of phonons in the symmetrically deformed (ultrathin
N, = 4) crystalline films vs. two-dimensional (XY planar) wave vector. Besides the narrowing

S

&k

9Estimates were based on the data from Refs. (éetrajéié etal., 1990), (Cavaetal., 1987; Chuetal.,
1987; Politis et al., 1987; Segre etal., 1987; Dietrich etal, 1987, Kuwahara, 1992; Notzel etal., 1992;
Johnson, 1995) and (Ristovski et al., 1989; Djaji¢ et al., 1991; éetrajéic’ etal., 1994) for the compound
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Fig. 4. Phonon spectra in the symmetrically deformed ultrathin crystalline films
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of the energy band with five discrete levels and the presence of the energy gap (with respect
to the bulk band denoted by thin dashed lines) a shift of this band outside bulk limits can be
noticed, corresponding to the appearance of the localized phonon modes.

It is clear from this plot that none of the allowed energies SE(‘;‘(r) does not vanish when

two-dimensional vector g = a4/k3 + kﬁ — 0, meaning that the presence of boundaries together
with the deformation of the parabolic type (expressions 52-55) of the atom distribution leads
to the appearance of the energy gap in the phonon spectrum, i.e. to the possible creation of
phonons of only optical type. As compared to the acoustic phonon energies in unbounded and

nondeformed structures, here the minimal and maximal frequencies (compare with formula
50):

3

S
(wi)min = Swg(l) = wz (kx = k]/ =0;r= 1) = ﬁﬂa > (wﬁ)mm; (65a)
z
T 2(2N; —3) s
(W) o = WS (kx —ky= ;=N ,2) ~ %Q < (W) e (65D)
z

It is also evident from the same figure that there arises a narrowing of the band of allowed
phonon energies in the studied film!'2. On the basis of formulas 64 and 65 one can

La(Bay_¢La;)Cu3zOy, s, where it was takenn =3,y =12, =0,125,6 =0,11, v, ~ 3,4, =~ 1,2.

10See the comment bellow the expression 21.

'The doubts that these results are the consequence of the applied (parabolic) approximation
are rejected after testing on the simplest possible examples of three- and five-layered structures
(Setraji¢ et al., 1990; Djaji¢ et al., 1991), which can be also solved exactly.

12Besides that there is a visible shift of this band and its leaving the bulk limits. This results in the
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determine the total narrowing of the energy band of phonons in the symmetrically deformed
film-structures with respect to the phonon bulk-band (compare also with expression 51):

S

Wa = h {(wg)mux - [(wi)mux - (wi)min}} ~
S _
~ 0, [2V3- 2 | >y (66)

z

The analysis of the functional behavior and physical interpretation, as well as the possible
effects caused by the existence of the frequency threshold 65 and narrowing of the frequency
range 66 will be presented in the next Section.

3. Energy gap and state density of phonons in ultrathin films

The basic property of the energy spectra of the phonons in the studied crystalline films is
the narrowing of the allowed energy band'3. Physically, the most interesting result of our
calculations of the dispersion law is the presence of the energy gap, i.e. the existence of the
acoustical phonons of the optical type. Analyzing the expressions 14, 44 and 61, and also the
formulas 23, 50a and 65a, it is visible that:

Agczh(w§c)minN(NzF)71; FE{I'A'S}’ (67)

i.e. that the size of the gap decreases hyperbolically with the number of atomic XY layers
(parallel to boundary surfaces) and that in the classical limit (NI — oo) it vanishes. In Fig.5
we show this dependence for the studied types (nondeformed and deformed) crystalline
film-structures.

Fig.5 shown the dependence of the size of energy gap or phonon activation temperature
on the film width (i.e. the number of perpendicular layers) of particular film types: I —
ideal crystalline film-structures, A — asymmetrically deformed crystalline film-structures, S
— symmetrically deformed crystalline film-structures.

It can be clearly seen from the figure that for the same film width larger value of the gap
belongs to deformed films (especially the symmetric ones) and that the effect is most expressed
for ultrathin films (N, <10), meaning that the doping process can (in relatively small amount)
to increase the effect (appearance of the gap) which is the consequence of the finiteness of (one
of) the dimensions of the system!*.

Since the films studied are produced by ”cutting them out” of the ideal infinite tetragonal
structure with simple unit cell, it is clear that only acoustical phonon branches can appear.
The existence of the gap, as the basic characteristic of the optical phonon branches, does not

phenomenon of localized phonon modes, which will not be discussed here in detail, since they appear
for higher values of the perpendicular (z) wave-vector, for which the validity of the applied continual -
long-wavelength approximation is questioned.

13See the expressions 25, 51 and 66 and notice that it is exclusive consequence of the boundness of the
system — finite film width. Doping (within the framework of the parabolic model), can increase this effect
only slightly, but for L — oo (i.e. for N, >> 10) the narrowing magnitude VW — 0.

14 These, at first sight, puzzling conclusions become rather realistic on the basis of the general discussion
based on the uncertainty relations. It is well-known that any micro-particle moving within the bounded
region of space, can not possess zero energy. Applying the uncertainty relations Ap,Az > 1/2 and taking
Az = N;a; = L, and Ap, = AE/v, where v is the speed of sound, we obtain: AE > hiv/(2L;). In bilk
structures with L, ~ 1 cm and v = 4 - 103 m/s, it follows that AE ~ 10710 eV, and this value is practically
undetectable. On the other hand, in exceptionally thin films with the width L ~ 1077 cm, we find AE ~ 1
meV, which is observable, experimentally accessible quantity.
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A 4

Fig. 5. Phonon energy gap vs. ultrathin film thickness

mean the elimination of the acoustical ones (as was the explanation in Refs. (Tosi¢ et al., 1987;
éetraj(:ié et al., 1990; Djaji¢ et al., 1987), but a completely new physical effect — the appearance
of the acoustical phonons of the optical type. This agrees with the classical (thermodynamic)
limit: for N, — oo it also follows that T, — O.

One can assign to the energy gap corresponding activation temperature:

A @)
T = g = (N =
35K, forideal (F = I) nondeformed films;

~ 38K, forasymmetrically (F = A) deformed films; (68)
40K, for symmetrically (F = S) deformed films,

for the typical values of the parameters!® according to data from Refs. (Cava etal., 1987;
Chu et al., 1987; Politis et al., 1987; Segre et al., 1987; Dietrich et al, 1987; Kuwahara, 1992) and
(Notzel et al., 1992; Johnson, 1995; Ristovski et al., 1989; Djaji¢ et al., 1991; éetrajéié etal., 1994).
According to al the above mentioned, physical interpretation which could be assigned to
these temperatures might be the following: No phonons can appearing in the crystalline
film-structure up to T,,'® and this structure behaves as completely “frozen”. For phonon

15Following experimental data we have chosen: M, = (2 — x) My + Mc, + (4 — §) Mo, My = (x —
8) Mg, for the compound Y, Ba,_;CuOy4_4, x,6 €(0,5,1,0),n=4,y=12,a. ~1,2nm, 0~ 3- 10° m/s;
we gave a detailed explanation in our Refs. (Setrajcic et al., 1992; 1994).

16This is the consequence of the existence of boundary surfaces in the system studied. The very effect of
the sputtering, although not decisive, definitely contributes to this effect, especially for the symmetrical
doping.
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states to be created, energy must be brought to the system from outside (thermal, mechanical,
etc) at least in the amount of the gap size. This could be also an acceptable explanation
of the well-known effect (CRC HCP, 1989; Notzel et al., 1992) that superconductive critical
temperature of the films is always higher than in the corresponding bulk structures.

From the plot (Fig.5) and from 68 one can notice two trends. The first one that the appearance
of the activation temperature (energy gap) is the consequence of the existence of finite (small)
film width, i.e the boundness of the structure. The sputtering which disturbers the symmetry
of the distribution of atoms in the film along the direction in which the film is bounded (two
parallel boundary surfaces) can only enhance this effect!”, and can not cause it in any way:

Ag>D, >0 >0, =0 (69)

(compare the expressions 23, 50a and 65a with w,,j;).

The calculations of the energy bandwidth also support the statement that thin-layer, i.e.
film-structures possess better superconductive characteristics. If we compare the results
expressed by 25, 51 and 66, it is clear that:

We>W, >W, >W, =0. (70)

These expressions define the magnitude of the energy band narrowing in the films with
respect to bulk band. We see that in the film-structures the allowed band of phonon energies
is much smaller than the one in the corresponding massive sample. Taking into account the
previous comment (the existence of the gap i.e. the rise of the ground state energy level) it is
clear that the probability of the electron scattering on atomic vibrations is decreased (electric
resistance decreases), but also that the effective — attractive — electron-phonon interaction
"straightens” because virtual phonons possess more energy (phonons of the optical type).
On the other hand, this can be used for the explanation of lower critical density of the electric
current in the high-temperature superconductors (smaller number of phonons participates
in the effective electron-phonon interaction), and less pronounced isotope effect (only higher
energy phonons interact with electrons, so the role of the atoms is minority).

To support these statements, it is necessary to determine the density of states of the phonons
at relevant energy levels, i.e. their distribution over the energies in film-structures. We have
applied the well-known Debye’s approach (Mahan, 1983; Jones & March, 1985), adapted for
our model.

Following the standard definition (Maradudin, 1987; Cottam & Tilley, 1989; Callavay, 1974),
the number of allowed values of the quasi-momentum k= (kx,ky,kz) per unit volume of

N N, N. 2
X y Z_ where, according to the model, k" = k;””‘ = 771, and k' <

k—space 18 fmax ’ fmax ’ fmax’
X v Z

i—n (this value depends on the film kind). If we approximate the volume in the momentum
z

space (in the long-wavelength approximation) by a cylinder of the basis wk? (k% = k2 + ki)
and height k7'“*, in the frequency range w, w + dw the total number of the phonon states can

7This is not an abstract theoretical conclusion, since the parameters of the system were chosen from
and according to experimental data, and not for some general cases. We are sure that for some other set
of the parameters, the theoretical result of the sputtering might even oppose to this effect, i.e. to decrease
Tae with respect to the undoped film. Our leading idea was to cast at least some light in the shadows
surrounding the mechanism of high-temperature superconductivity, so that is the reason for our choice
of data.
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be expressed as:

N,
N, = P a’k*; N, = NxNyNE. (71)
The density of phonon states is then:
N, dw,\"'N
D = F_ F VF 2 . 72
F(w)|w:wl_, d(UF ( dk ) 27.[{’1 k/' ( )

Long-wavelength approximation applied here allows us to choose and retain only the lowest
possible value of the projection k: kJ"""*. Taking this into account:

K
w, =w(k)=Q, {\/azkz—i—A% +AF(1—(5H)} ; AF:N—’;F (73)

(magnitudes and values for x, and Nf are given in the Table 1) and expressions 23, 24, 49, 50,
64 and 65 we can determine:

DF (wl-‘) = 27:7[\]# [wl-‘ - QFAF (1 - 5FI)} (74)

(the values for (), are also given in Table 1).

Table 1 shown the values of the parameters used for the calculation and comparison of
the densities of phonon states and Debye’s frequencies for the studied types of crystalline
film-structures. The numerical values of the coefficients are calculated on the basis of
the experimental data for high-temperature superconducting ceramics of the Y-Ba-Cu-O
type from Refs. (Cavaetal, 1987; Chuetal., 1987; Politis et al., 1987; Segre et al., 1987;
Dietrich et al, 1987) and (Kuwahara, 1992; Notzel et al., 1992; Johnson, 1995); calculation
procedure in details is given in our papers (Tosic¢ et al., 1987; éetraj(:ié et al., 1990; Djaji¢ et al.,
1987) and on conference talks (Ristovski et al., 1989; Djaji¢ et al., 1991; getrajéié etal., 1994).
One can clearly see from the expression (3.8) that the density of phonon states for a given
value of the frequency w = w; (k) is lower than in the bulk structures, and the lowest in the
(symmetrically) deformed films:

D, <Dy <D, <KD, (75)

and that they are posses linear dependence on the frequency.

If one would “abandon” the long-wavelength approximation then the expression 74 would
have slightly different form: instead of a linear function of w, the density of states would turn
into a é-function, since A, — G, which has a finite discrete series of possible values!8. In this
way, one would confirm the results of the Einstein’s approach to the analyze of the density of
phonon states (Jones & March, 1985).

At the end of this Section, let us determine the values of the Debye’s frequencies for all three
kinds of films. According to the model described, if the sample contains N, unit cells, than
the total number of states is also equal to N;, so from:

Nng F
Ny = [ Dy (@)dw= 18 [wh — 20,4, (1-¢,)] (76)
P

181t can be seen from the expressions 15, 16, 44 and 61.
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[ [F=I[F-5]F=-4]
Ky T 472 4,7
NE N;+2 | N;+3 | N, +4

Q. /Q 1,00 1,12 1,21

Table 1. Debye’s parameters for different types ultrathin films

| A2 » A
wk =20.\/1 1+ﬁ(1—5m) +2\/%(1—5H) : (77)

Simple analysis of this expression leads to another relation:

it follows:

wi <wh <w] L w?h. (78)

For typical values of the parameters (already listed) one can estimate that Debye’s frequencies
in the film-structures are 10 — 15 % lower than in the corresponding bulk-structures. This
means that in thinlayered structures there exist “softer” phonons.

It is interesting to compare the values of the density of phonon states at Debye’s frequencies:

Dy (wf) 1 O, N;

= —_— . 79
D,(wh) ~ V36r O N2 7

Since Nf ~ 50, and N? ~ 108 it is clear that:
Dy (wp) < Dy(wp). (80)

So, in the film-structures, i.e. the structures with broken translational symmetry, the
population of phonons with Debye’s frequencies is extremely small — much smaller than in
the corresponding unbounded and nondeformed crystalline structures.

The phonons with precisely Debye’s frequencies are responsible for the electrical and thermal
transport properties of the materials, one can conclude that there will occur a large difference
in these physical properties in bounded and deformed films with respect to the ideal
and unbounded structures although there are no chemical or crystallographic differences.
According to the results 78 and 80 — lower values of Debye’s frequencies and lower densities
of phonon states in the films studied — one can expect that film-structures will be poorer
electric (lower conductivity) and heat (lower capacity) conductors. This is well known and
well tabulated fact, for examples for metals and metallic alloys (CRC HCP, 1989).

Since the idea to study such film-structures arose after the discovery of the high-temperature
superconductors and their specific properties differing them from the classical
superconducting materials, we can not avoid turning our attention at the end to the
possible consequences that these results could bear to the superconducting properties.

Due to smaller phonon population and the appearance of softer phonons in small-grain
perovskite structures (Bednorz & Miiller, 1988) of Y-Ba—Cu-O type and the similar ones, one
can conclude that the probability of Cooper’s pairs creation is smaller. This should result in
the lower value of the (critical) density of (superconductive) current.

On the other hand, in the expression for matrix elements ()’) of the effective electron-electron
interaction within the framework of the BCS theory there occur Debye’s frequencies: V ~
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wp 1/2 " which, taking into account the results obtained, undoubtedly indicates that the
attractive interaction of the electrons is more intense for strongly bounded and deformed
structures, so they can be “more strongly” coupled into Cooper’s pairs. For the destruction
of such pairs one needs more energy so the critical temperature of these structures is much
higher.

If we remember the fact that the materials with poor conductive properties (in the normal
phase) possess better superconductive characteristics, then following above presented
analyzes and estimates, we can state that the boundness of the structure and the deformation
of its crystal symmetry is one of the important elements which explain the peculiarities of the
phenomenon, and even the very mechanism of high-temperature superconductivity, in part.
At this stage we must notice that considerations presented here are only of qualitative nature
and are the consequence of the incomplete!® analysis of the behavior of a single subsystem
(phonons) — one of the participants in the effects of high-temperature superconductivity. We
are trying to establish if it is possible that maybe for copper-oxide ceramics we also deal
with the same (BCS, i.e. Cooper’s) mechanism of superconductivity — the same one as for
the classical superconducting materials, only under substantially different conditions. The
continuation of the research which should include the behavior of the electron system in
the studied film-structures (these results are now in the stage of numerical treatment), and
especially the formation and the analysis of the effective electron-(virtual phonon)-electron
interaction will either confirm or deny our above exposed statements.

4. Phonon thermodynamics of thin film-structures

Forasmuch as the properties of anisotropic structures are conditioned by the change of
dispersion law, it is necessary to observe behavior of certain thermodynamic properties
towards obtainment of better understanding about those properties. Phonon participation
in thermodynamic properties (or heat capacitance temperature behavior, i.e. generally —
in heat transferring) in thin film was found in our previous paper (Lazarev etal., 2000;
Ja¢imovski et al., 2004; Setrajci¢ et al., 2007; 1li¢ et al., 2007; Setrajci¢ et al., 2009).

Getting that, when k — 0 (in long-wave approximation: 4 [sin? (ak, /2) + sin® (ak, /2)] ~ a*k?,
K=K+ kf,), energies of all three phonon branches have non-zero values, it can be utilized
dispersion relations 22, 49 and 64, in somewhat simplified form:

E(k) = \/a?k2E2 + A% (81)

As=ak]"™E,; Eozh,/%. (82)

It should be specifically emphasized that verification of phonon dispersion law at very low
values of k is virtually impossible, so that verification of existence of phonon gap detects itself
in measurement of low temperature thermal capacitances in film and corresponding ideal
structure.

where

For completing of these analyzes it is necessary to determine the phonon contribution in the heat
capacity of the system.
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The thermal capacitance is analyzed, whereby at first internal energy is calculated in terms of
standard form (Mahan, 1983; Jones & March, 1985; Maradudin, 1987; Callavay, 1974):

-1

ur=3 Y. E® [eE@)/@ 71] . (83)
Koy ke
Going over from sum in last expression to integral in accordance with the formula?’:
3N N YYlth
Y (N4 1) Y s e T XV /d / ,
Koy ke ks ky
and taking ky.x =k, = V62, after suitable notations:

2 2
E‘/ +Nz+1 \/1+(I\]‘27:r\/36712>

and adequate operatlons expression for internal energy has been obtained in form:
3Ny A f 2 1 2, (1 2, (18 2, (€
w0 =t g |2 () (G eren () -en(S)] -
iy |75 ( 2 —12Zs (L) +n5zs (L Y oz (&) + @
x x x
2 1 U né ¢
vor [a(2) @) ()42

6
where the symbol x is introduced for reduced temperature: x = A N¢ = NxNy(N; +1) and
f

Z(X)=Yj ~Te~1X _ the functions are called Dyson’s functions.
j=1
For finding of expression for the thermal capacitance per a unit cell (here: per an atom), the
standard definitional form (Mahan, 1983; Jones & March, 1985; Maradudin, 1987; Callavay,
1974) is used:
1 oUu kg oU 1 kg oU
= A=B S~ BT (85)
Nf oT Nf 20 Af Nf ox
In accordance with that it is obtained:

o~ (2 { [ (1)

2The transition ) | — / dk= / d3k of Descartes coordinates for film must to be carried out to cylindrical
3

coordinates due to finite thickness
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It is known that the phonon part in thermal capacitance of the system is described with
cubic temperature dependence. By introducing nondimensional reduced temperature,
12 Ap\°
this dependence amounts to: Cp(x) = = T Nykg (E—f> x3. For comparison of these
D

k A
dependencies, these and expression 86 are divided by the constant: Cy = ?B (E_f) , whose
D

dimension is equal to dimension of thermal capacitance, and nondimensional properties are

Cf/

compared: C¢/p = C—b On Fig.6 are shown relative (nondimensional) thermal capacitances
0

of bulk (b) and film-structure (f) subject to the relative temperature x in low (a) and very low
temperature region.
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Fig. 6. Thermal capacitance vs. temperature at low and extremely low temperatures

On Fig.7 are shown relative (nondimensional) thermal capacitances of bulk (b) and
film-structure (f) samples versus relative temperature x, for ultrathin — N, = 3 (a), thin N, =8
(b) and thick N, = 48 (c) film-structures, in comparatione with bulk ones.
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Fig. 7. Thermal capacitance in low temperature regime for ultrathin, thin, thick films
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It can be seen that in low-temperature region (Fig.6) thermal capacitance of film is lower than
that of massive specimens, whereas at the intermediate temperatures situation is reversed
(Popov et al., 2003). Intersect point of two curves at low temperatures is moving — with
increase of film-thickness — towards lower temperatures (Fig3 a —> c). Besides, it is noticeable
that thermal capacitance of film with decrease of temperature declines faster than that of
corresponding ideal structure, or slowly rises with the increase of temperature — to a certain
upper temperature. Hence, for film heating from certain lower to a certain upper temperature,
it is necessary to use more thermal energy per mass unit than for heating the same quantity
of corresponding (with the identical crystallographical parameters) unbounded structure to
the same temperature. It is in accordance with the fact that phonons in film have non-zero
excitation energy.

5. Conclusion

Studying and comparing the phonon spectra and states in the ideal unbounded and
nondeformed (bulk) structures and the structures with broken translational symmetry (films)
we have reached the following conclusions.

1. Mechanical vibrations in bulk structures are plane waves in all directions, while in the
films they represent the superposition of the standing waves in z-directions (perpendicular
to the boundary surfaces) and plane waves in XY-planes (parallel to boundary surfaces).

2. The amplitude of phonon displacements in the films depends on the film width and it
is ~ 10*y/2/N; times higher than in the ideal structures. This indicates their larger elastic
“maneuvering space” without any negative effect to the mechanical properties of the given
material (for example no breaking of interatomic bonds) which leads to higher resistance
and higher melting point of the films with respect to bulk samples.

3. All three acoustic frequencies in bulk structures vanish for k— 0, while in the films they
tend toward some minimal value depending on the film width. This means that phonons
in the films possess the energy gap, that for their excitation (creation) one should spend
certain energy, i.e. heat them up to certain — activation temperature, meaning that the
system up to that temperature behaves as the “frozen” one, as if the phonons were not
present.

4. Phonon gap, besides depending on the film width, depends also on the type of the atoms
and their distribution along z-direction and also on the stoichiometric relation of the atoms
injected in the films.

5. The densities of phonon states and Debye’s frequencies have lower values in the films than
in the corresponding bulk structures. This implies that in the films, phonon excitations are
more “difficult” to appear, that they are less “present” and that created acoustic phonons
of the optical type (above the activation temperature) are energetically “softer” than the
classical ones which appear in the bulk structures.

6. Since phonons with Debye’s frequencies define thermal and electrical properties of the
materials, this means that films are worse thermal and electrical conductors.

These analyzes show that the films are better superconductors than the corresponding bulk
samples, made from the same material with the same crystalline structure. This statement,
which is an experimental fact is supported by the following of our results.
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1. In the films there appear standing phonon waves along z-directions, the collective property
specific for the macroscopic quantum-mechanical state which is the characteristics of the
superconductors. In the ideal structures, where there exist only plane phonon waves, there
is no such property.

2. Higher values of the amplitudes of phonon displacements in the films indicate to the
possibility of the long-range phonon interaction with other excitations which can occur
in the system (electrons or holes). This induces the higher possible coherence length, i.e.
the larger radius of the Cooper’s pairs which can be created here.

3. The appearance of the energy gap in the phonon spectrum of the films means that up
to the activation temperature these systems behave as completely frozen, i.e. without
any mechanical vibrations which would cause the real resistance to the electrical current
conduction.

4. Lower values of Debye’s frequencies in the films could result in the higher values of (BCS)
matrix elements of the effective electron-electron interaction. The attraction between paired
electrons is stronger, and one must spend more energy for their destruction, so the critical
temperature of these systems is higher.

Comparing the results between the phonon behavior in the ideal and deformed films one can
conclude that the strongest influence onto the change of phonon states and spectra has just
the existence of finite boundaries of the system, while less important (although not negligible)
influence has the disturbance of the atom distribution (due to doping) within the film —
especially when we talk about symmetrical doping.

Since phonons with Debye’s frequencies are responsible for electrically and thermically
induced transport properties of material (Mahan, 1983; Jones & March, 1985), it follows that
the nanofilm-structure will be inferior electrical and thermic conductor in contrast with the
relative massive structures, providing there is no chemical and structural differences between
them.

On the other hand, it is well known fact that the more inferior electrical conductor materials is
(under normal conditions), the better superconductor it becomes (Maradudin, 1987; Callavay,
1974). Due to that, the experimental fact can be concluded and justified, that in spatially very
confined structures more qualitative superconductive properties have been achieved.

In the region of low temperatures, the thermal capacitance of film is lower than in massive
structures, while in medium temperatures it is reversed. Intersect point of two curves at
low temperatures is moving — with increase of film-thickness — towards lower temperatures.
Besides, it is noticeable that thermal capacitance of film with decrease of temperature
declines faster than that of corresponding ideal structure, or slowly rises with the increase
of temperature — to a certain upper temperature.

Hence, for film heating from certain lower to a certain upper temperature, it is necessary to
use more thermal energy per mass unit than for heating the same quantity of corresponding
(with the identical crystallographical parameters) unbounded structure to same temperature.
It is well known that poorer electric conductors are better superconductors, so that in ultrathin
films it is possible to achieve much better superconducting properties!

All these conclusions, derived on the basis of the results of the analyzes of this work, are
of more or less qualitative nature and deal with the change of phonon states and spectra
under the influence of the presence of boundaries and the breaking of crystalline symmetry
of the structure, and the possible influence of these changes onto the macroscopic physical
characteristics of these systems. Since we have taken only phonon contributions into account,
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they could not be considered as definitive and final. The continuation of the research should
study the influence of the boundaries onto spectra and states of other elementary charge
carriers and their mutual interaction in the presence of the changed phonon field. On the
basis of these results one might be able to say something more concrete about the order of
magnitude of the superconductive characteristics of the films.
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1. Introduction

Saving the environment to save the Earth and to make the future of mankind safe is the
need of the hour. Over the past several decades, the exponential population and social
civilization change, affluent lifestyles and resources use, and continuing progress of the
industrial and technologies has been accompanied by a sharp modernization and
metropolitan growth. The world is reaching new horizons but the cost which we are paying
or we will pay in near future is surely going to be high. Among the consequences of this
rapid growth is environmental disorder with a big pollution problem. Rapid
industrialization, unplanned urbanization and unskilled utilization of natural water
resources have led to the destruction of water quality in many parts of the world. In many
developing countries, groundwater provides drinking water for more than one-half of the
nation's population, and is the sole source of drinking water for many rural communities
and some large cities. However, due to industrial, agricultural and domestic activities, a
variety of chemicals can pass through the soil and potentially contaminate natural water
resources and reservoirs.

In recent years, the surge of industrial activities has led to tremendous increase in the use of
heavy metals, synthetic dyes and other toxic chemicals, and inevitably resulted in an
increased flux of these substances in the aquatic environment. Environmental contamination
by toxic heavy metals and synthetic dyes is becoming a serious dilemma now days due to
their negative ecotoxicological effects and bioaccumulation in wildlife. Contamination
primarily result from industrial activities, such as iron and steel production, the non-ferrous
metal industry, mining and mineral processing, pigment manufacturing, tanning, dyeing,
painting, photographic and electroplating, gas exhaust, energy and fuel production,
fertilizer, food, cosmetics, pharmaceuticals, pesticide applications, and generation of
municipal wastes. The contamination of water due to toxic heavy metal ions and synthetic
dye molecules is accountable for causing several damages to the environment and adverse
effects on public health. Heavy metals form compounds that can be toxic, carcinogenic or
mutagenic even in low quantities and due to their mobility in natural water ecosystems,
they are prioritized as major inorganic contaminants of the environment. Furthermore,
heavy metal ions are nonbiodegradable and can accumulate in living tissues, thus becoming
concentrated throughout the food chain. Even, their minor content can bio-accumulate and
enter the food chain causing mental retardation, reduction in hemoglobin production and
interference with normal cellular metabolism and consequently may damage nervous
system. Strong exposure may cause gastric pain, nausea, vomiting, severe diarrhea,
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hemorrhage and even cancer in the digestive tract and lungs. On the contrary, synthetic
dyes contained in wastewaters may affect photosynthesis by preventing light penetration,
thereby compromising aquatic life. Additionally, dye molecules can decompose into
carcinogenic aromatic amines under aerobic conditions which can cause serious health
problems to humans and animals. Also, dyes can cause allergy, dermatitis, skin irritation
and cancer in humans.

With the rising awareness of the occurrences of industrial activities which has intensified
numerous deteriorations on several ecosystems and seriously threatens the human health
and environment, the enforcement of stringent rules and regulations concerning the
emission of contaminants from industrial waste streams by various regulatory agencies has
been promulgated. Simultaneously, a developing research by the invention of a wide range
of treatment technologies (precipitation, coagulation-flocculation, sedimentation, flotation,
filtration, membrane processes, electrochemical techniques, biological process, chemical
reactions, adsorption, ion exchange, photocatalytic degradation, sonochemical degradation,
micellar enhanced ultrafiltration, cation exchange membranes, electrochemical degradation,
integrated chemical-biological degradation, integrated iron(Ill) photoassisted-biological
treatment, solar photo-Fenton and biological processes, and Fenton-biological treatment
scheme) with varying levels of successes has accelerated a dramatic progress in the scientific
community. Of major interest, adsorption, a surface phenomenon by which a multi-
component fluid (gas or liquid) mixture is attracted to the surface of a solid adsorbent and
forms attachments via physical or chemical bonds, is recognized as the most efficient,
promising and widely used fundamental approach in wastewater treatment processes,
mainly hinges on its simplicity, economically viable, technically feasible and socially
acceptable. Further, this process can remove/minimize different type of pollutants and thus
it has a wider applicability in water pollution control. Adsorption separation in
environmental engineering is now an aesthetic attention and consideration abroad the
nations, owing to its low initial cost, simplicity of design, ease of operation, insensitivity to
toxic substances and complete removal of pollutants even from dilute solutions. A large
number of natural materials or the wastes/by-products of industries or synthetically
prepared materials, which cost less and can be used as such or after some minor treatment
have been tested and examined for their ability to remove various types of pollutants from
water and wastewater.

At present, adsorption field has been enriched by a vast amount of studies published in
different journals. Extensive research has been dedicated to sound understanding of
adsorption isotherm and kinetics. However, a study on adsorption can only be meaningful
and useful if it includes the structure as well as the dynamics of its different components,
separately and interacting with each other. In this regard, it should be realized that an
extensive study on adsorption thermodynamics is desirable. Confirming the assertion, this
chapter presents a state of art review of adsorption thermodynamics.

In the design of adsorption systems, two types of thermodynamic properties, namely the
directly measurable properties like temperature, equilibrium constant, and properties which
cannot be measured directly such as activation energy, activation parameters, Gibb’s free
energy change, enthalpy, entropy, and isosteric heat of adsorption are required. These
parameters are critical design variables in estimating the performance and predicting the
mechanism of an adsorption separation process and are also one of the basic requirements
for the characterization and optimization of an adsorption process. Thus, this chapter
attempts to offer a better understanding of adsorption thermodynamics with special focus
on its fundamental characteristics and mathematical derivations.
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2.1 Activation energy

Activation energy is an important parameter in a thermodynamic study as it determines the
temperature dependence of the reaction rate. In chemistry, activation energy is defined as
the energy that must be overcome in order for a chemical reaction to occur. In adsorption
separation, it is defined as the energy that must be overcome by the adsorbate ion/molecule
to react/interact with the functional groups on the surface of the adsorbent. It is the
minimum energy needed for a specific adsorbate-adsorbent interaction to take place, even
though the process may already be thermodynamically possible. The activation energy of a
reaction is usually denoted by E,, and given in units of k] mol-l. The activation energy (E.)
for the adsorption of an adsorbate ion/molecule onto an adsorbent surface in an adsorption
process can be determined from experimental measurements of the adsorption rate constant
at different temperatures according to the Arrhenius equation as follows:

Ink=InA- E, 1)
RT

where k is the adsorption rate constant, A is a constant called the frequency factor, E, is the
activation energy (kJ.mol?), R is the gas constant (8.314 ].mol-1K-1) and T is the temperature
(K). By plotting In k versus 1/T (Figure 1) and from the slope and the intercept, values of E,
and A can be obtained. The apparent activation energy of adsorption of heavy metal ions
and synthetic dye molecules onto various low cost adsorbents is tabulated in Table 1.

—3 T T T
0.903 0.0031 0.0032 0.0033 0.0034 0.0035

-3.2 A

3.4

Ink

-3.6

-3.8 A

VT (1K)
Fig. 1. A typical plot of In k vs. 1/T (Arrhenius plot)
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The magnitude of activation energy may give an idea about the type of adsorption. Two
main types of adsorption may occur, physical and chemical. In physisorption, the
equilibrium is wusually rapidly attained and easily reversible, because the energy
requirements are small. The activation energy for physisorption is usually no more than 4.2
kJ mol since the forces involved in physisorption are weak. Chemisorption is specific and
involves forces much stronger than in physisorption on. Therefore, the activation energy for
chemisorption is of the same magnitude as the heat of chemical reactions. Two kinds of
chemisorptions are encountered, activated and, less frequently, nonactivated. Activated
chemisorption means that the rate varies with temperature according to finite activation
energy (between 8.4 and 83.7 kJ/mol) in the Arrhenius equation (high E.). However, in
some systems the chemisorption occurs very rapidly, suggesting the activation energy is
near zero. This is termed as a nonactivated chemisorption.

Adsorbent Adsorbate E, (kJ mol-?) Reference
Peanut hull Cu(I) 17.02 Zhu et al., 2009

. . Mohapatra et al.,
Laterite nickel ores Pb(II) 7.6 2009
Cation exchanger Anirudhan &
derived from tamarind | Cu(Il) 10.84 Radhakrishnan,
fruit shell 2008
Walnut hull Cr(V]) 102.78 Wang et al., 2009
Wineyard pruning Karaoglu et al.,
waste Cr(III) -15.65 2010
Sepioloite Maxilon Blue 5G 19.25 Alkan et al., 2008
C.hemlcally modified Malachite Green 68.12 Chowdhury et al.,
rice husk 2010

. Chowdhury &

Sea shell powder Malachite Green 15.71 Saha, 2010
Modified wheat straw Methylene Blue 24.24 Han et al., 2010
Pinus sylvestris L. Reactive Red 195 8.904 ZAOklsOakal & Ucun,

Table 1. Activation energy for adsorption of heavy metal ions and dye molecules onto
various low cost adsorbents

It is to be noted that in some cases rates of adsorption process decrease with increasing
temperature. In order to follow an approximately exponential relationship so the rate
constant can still be fit to the Arrhenius expression, results in a negative value of E..
Sorption processes exhibiting negative activation energies are exothermic in nature and
proceeds at lower temperatures. With the increase of temperature, the solubility of
adsorbate species increases. Consequently, the interaction forces between the adsorbate and
solvent are stronger than those between adsorbate and adsorbent. As a result, the adsorbate
is more difficult to adsorb

2.2 Activation parameters
In order to get an insight whether the adsorption process follows an activated complex, it is
absolutely necessary to consider the thermodynamic activation parameters of the process



Insight Into Adsorption Thermodynamics 353

such as activation enthalpy (AH), activation entropy (AS®) and free energy of activation
(AG"). The standard enthalpy of activation (AH"), entropy of activation (AS"), and free energy
of activation (AG”) in the adsorption process were calculated by the Eyring equation:

Ink _ In ks + AS'_AH @)
T h R RT
where k is the adsorption rate constant, kg is the Boltzman constant (1.3807x10-23 ] K1), h is
the Plank constant (6.6261x10-3 Js), R is the ideal gas constant (8.314 J.molK-), and T is
temperature (K). The values of AH" and AS* can be determined from the slope and intercept
of a plot of In k/T versus 1/T (Figure 2). These values can be used to compute AG" from the
relation:

AG =AH -TAS ®3)
7.6 ; ; ;
0.04316 0.0032 0.00324 0.00328 0.00332 0.00336 0.00:
-8
&
H
x -84
=
-8.8 *
\d
92

1/T
Fig. 2. A typical plot of Ink/T vs. 1/T (Eyring equation plot)

In general, the AG" values are positive at all temperatures suggesting that adsorption
reactions require some energy from an external source to convert reactants into products. A
negative value of AH" suggests that the adsorption phenomenon is exothermic while a
positive value implies that the adsorption process is endothermic. The magnitude and sign
of AS" gives an indication whether the adsorption reaction is an associative or dissociative
mechanism. A negative value of AS* suggests that the adsorption process involves an
associative mechanism. The adsorption leads to order through the formation of an activated
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complex between the adsorbate and adsorbent. Also a negative value of AS" reflects that no
significant change occurs in the internal structures of the adsorbent during the adsorption
process. A positive value of AS" suggests that the adsorption process involves a dissociative
mechanism. Such adsorption phenomena are not favourable at high temperatures.

2.3 Thermodynamic parameters

Thermodynamic considerations of an adsorption process are necessary to conclude whether
the process is spontaneous or not. The Gibb’s free energy change, AG?, is an indication of
spontaneity of a chemical reaction and therefore is an important criterion for spontaneity.
Both enthalpy (AH?) and entropy (AS?) factors must be considered in order to determine the
Gibb’s free energy of the process. Reactions occur spontaneously at a given temperature if
AGY is a negative quantity. The free energy of an adsorption process is related to the
equilibrium constant by the classical Van’t Hoff equation:

AG’ =—RTInK, )

where, AGY is the Gibb's free energy change (kJ. mol?), R is the ideal gas constant (8.314
J.mol-1K-1), and T is temperature (K) and Kp is the single point or linear sorption distribution
coefficient defined as:

Kp=22 ©)

where C, is the equilibrium adsorbate concentration on the adsorbent (mg L) and Ce is the
equilibrium adsorbate concentration in solution (mg L1).

Considering the relationship between AG? and Kp, change in equilibrium constant with
temperature can be obtained in the differential form as follows

dinK, AH°
P=— ©)
daTr RT
After integration, the integrated form of Eq. (5) becomes:
InK, =- AH? +Y (7)
" RT
where Y is a constant.
Eq (7) can be rearranged to obtain:
—RTIn K, = AH’ —~TRY ®)
Let AS'=RY
Substituting Eqgs. (4) and (8), AG? can be expressed as:
AG® = AH —~TAS° e

A plot of Gibb’s free energy change, AG? versus temperature, T will be linear with the slope
and intercept giving the values of AH? and AS? respectively.
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Fig. 3. Plot of Gibb’s free energy change (AG?) versus temperature for an exothermic process
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Fig. 4. Plot of Gibb’s free energy change (AG?) versus temperature for an endothermic

process
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The thermodynamic relation between AG?, AH? and AS? suggests that either (i) AH? or ASO
are positive and that the value of TAS? is much larger than AHP (ii) AHO is negative and AS?
is positive or (iii) AH? or ASC are negative and that the value of AH? is more than TASO.

The typical value of the thermodynamic parameters for adsorption of heavy metal ions and
synthetic dye molecules onto various low cost adsorbent are listed in Tables 2 and 3,
respectively. For significant adsorption to occur, the Gibb’s free energy change of
adsorption, AG?, must be negative. For example, as seen in Table 2, the Gibb’s free energy
change (AGY) values were found to be negative below 313.15 K for adsorption of Cr(VI) onto
chitosan, which indicates the feasibility and spontaneity of the adsorption process at
temperatures below 313.15K. As a rule of thumb, a decrease in the negative value of AG?
with an increase in temperature indicates that the adsorption process is more favourable at
higher temperatures. This could be possible because the mobility of adsorbate
ions/molecules in the solution increase with increase in temperature and that the affinity of
adsorbate on the adsorbent is higher at high temperatures. On the contrary, an increase in
the negative value of AG? with an increase in temperature implies that lower temperature
makes the adsorption easier.

0 0 0
Adsorbent Adsorbate|T (K) AGY (k] |AHC (I ASO (J Reference
mol1) mol-?) mol-?)

300 |-3.38

;Zztl)zeequffaaf owder |C00D 3100121703196 |-95.94 EEEfo;h 2008
) leaf pow 320 |-1.48 ’

293 |-2840 Argun et al
Modified oak sawdust [Cu(Il) ~ [303 |-3.064  [4331  [240 206‘57 v

313 |-3.330

298 |-2.47

303 |-4.83 Seneil &
Mimosa tannin resin Cu(II) 318 |-8.51 42.09 153 o & £ 2008

338 938 zacat

353 |-11.45

293 |-6.83
Hazelnut shell activated 303 |-6.66 Demribas et al.,
carbon Cull) 1313 |0z |17 |04 2009

323 |-5.71
Penicilli 293 |-18.27
. Ccd@  |303 |-19.81  [2003  [130.90  [Fanetal., 2008

P 313 |-20.88

293  |-19.5
Red algae 303 |-19.0 Sari & Tuzen,
(Ceramium virgatum) cd(in) 313 |-18.7 318 424 2008

323 |-18.2

299 |-741

311 |-7.15 Ho & Ofomaja,
Coconut copra meal Cd(II) 3 |-6.97 -13.70 21.20 2006

333  |-6.66
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303 |-5.017
Fennel biomass Cd(I) 313 |-5.470 10.34 51 Rao et al., 2010
323  |-6.016
303.15|-2.409
. 313.15|-1.326 Aydin & Aksoy,
Chitosan Cr(VI) 323150178 -50.782  [159 2009
333.15|2.429
303 |-23.03 Wane et al
Walnut hull Cr(VI) 313 |-25.63  |64.14 287.4 2009g v
323 |-28.77
303 |-6.147 :
Acacia leucocephala bark | Ni(II) 313  |-6.945 10.389 |55 28(1));) aiah et al,
323 |-7.847
300 |-23.519
, . 313 |-23.408 Padmavathy,
Baker’s yeast Ni(II) 393 |-23.149 -30.702  |-23.658 2009
333 |-22.708
303 |-20.0
Opyster shell powder Ni(II) 318 |-22.9 44.90 127.7 Hsu, 2009
333 |-26.4
293 |-18.3
Lichen (Cladonia furcata) |, .. 303 |-14.4 .
biomass Ni(II) 313|143 -37.5 -71.5 Sari et al., 2009
323 |-14.4
. 303 |-3.876 .
g‘:fﬁm éﬁggf’”mla Pbl)  [313 |-4379 |-21147 |57 l\fu‘z‘glggpa“ ot
P 323 |-4.997 o
Penicillium 298 1-2004
simplicissimum Pb(1II) 303 |-22.60  [39.13 202.52  |Fanetal., 2008
313 |-24.06
293 |-21.2
Lichen (Cladonia furcata) 303 |-17.4 .
biomass Pb(II) 313|172 -354 -57.6 Sari et al., 2009
323 |-17.1
273 |-2.74
. 283 |-2.89
Pine bark Pby 293|308 |19y |izor  [Gundosduet
(Pinus brutia Ten.) 303|325 al., 2009
313 |-3.42

Table 2. Thermodynamic parameters for adsorption of heavy metal ions on various low cost

adsorbents
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AGO(K]

AHO(K]

AS* (]

Adsorbent Adsorbate (K) |mol-) mol-) mol-1) Reference
. 303 |-1.515
Treated ginger waste g[:;:;h“e 313 |-2.133  [47.491 167 ?ﬂggg gtolo
323 |-3.016 !
Malachite 298 |-8.19
Degreased coffee bean 308 |-10.0 27.2 33.3 Baek et al., 2010
Green
318 |-10.6
. 298 |-4.02 . .
Neem sawdust g’[:‘lal:hlte 308|233 |-5456  |-169.57 ZKgZ)a‘gttrl&smgh'
e 318 |-1.73
. 288 1-6.1
Luffa cylindrical gl:;:;h“e 298 |-7.1 321 [1322 ?g;g“s’lk etal,
308 |-8.7
Moethvl 293 |-2.27
Brazil nut shell Ble Yiene 1303|209  |-522  |-112.23 |Brito etal., 2010
ue 333 |-1.97
283 |-17.0
. Methylene 293 |-17.7 Hong et al,,
Bentonite Blue 303 |-185 9.21 92.2 2009
308 |-19.4
Methylene 293 |-9.96
Modified wheat straw Bluey 303 |-11.22 21.92 108 Han et al., 2010
313 |-12.14
293 (-7.871
Cattail root Congo Red 303 [-6.800 -54.116 (157 Hu et al,, 2010
313 |-4.702
293 |-6.4962
. 303 |-6.7567 .
Ca-Bentonite Congo Red 313 |-7.1991 5.1376 37.2 Lian et al., 2009
323 |-11.179
.. . . 293 |-5.14
Non"hlvmff’ agr"blc f;ld Yellow 13001513 |984  [1579  [Gaoetal, 2010
granular sludge 393 |-4.65
293 |-4.744
P. vulgaris L. waste Reactive Red (303 |-4.573
biomass 198 313 |-4.403 -9.74 -17.04 |Akar et al., 2009
323 |-4.232
293 |-13.253
Pinus sylvestris L. Reactive Red (303 |-14.022 Aksakal &
Biomass 195 313 [-15.723 29422 144.672 Ucun, 2010

323

-17.555
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298 |-32.9
Activated carbon from . 303 -33.7
Brazilian-pine fruit Reactive 308 |-34.6 153 162 Calvete et al.,
P Orange16  |313 |-35.3 : 2010
she 318 |-36.2
323 |-36.9
Paulownia tomentosa Acid Orange 298 |-0.85 Dem'z &
Steud. leaf powder 50 308 |-0.71 -6.02 -17 Saygideger,
’ 318 |-0.51 2010
Indi 293 |-5.42
Brazil nut shell N 303|571 |320  |-29.39 |Brito etal, 2010
carmine 333 |-6.60
293 |-7.939
Activated carbon from . 308 |-9.902 Gad & El-
bagasse pith Rhodamine B |35 | 15357 (4151 169786 g, ed, 2009
343 -26.729
. . 283 |-24.084
fActlvztedhcazbon f'rdom 8lsper5925 288 125736 44,308 242 17 %e(;‘é:el etal,
rom Euphorbia rigida range 203 |-26.495
Ast 303 |-14.472
Wheat bran Ylerc?ZO;GL 313 |-17.803 |46.81  [175 Sulak et al., 2007
w 323 |-22.552

Table 3. Thermodynamic parameters for adsorption of synthetic dyes on various low cost
adsorbents

A negative value of AHO implies that the adsorption phenomenon is exothermic while a
positive value implies that the adsorption process is endothermic. The adsorption process in
the solid-liquid system is a combination of two processes: (a) the desorption of the solvent
(water) molecules previously adsorbed, and (b) the adsorption of the adsorbate species. In
an endothermic process, the adsorbate species has to displace more than one water molecule
for their adsorption and this result in the endothermicity of the adsorption process.
Therefore AHO will be positive. In an exothermic process, the total energy absorbed in bond
breaking is less than the total energy released in bond making between adsorbate and
adsorbent, resulting in the release of extra energy in the form of heat. Therefore AH? will be
negative. The magnitude of AH? may also give an idea about the type of sorption. The heat
evolved during physical adsorption is of the same order of magnitude as the heats of
condensation, i.e., 2.1-20.9 k] mol-, while the heats of chemisorption generally falls into a
range of 80-200 k] mol-l. Therefore, as seen from Tables 2 and 3, it seems that adsorption of
most heavy metal ions and synthetic dye molecules by various low cost adsorbents can be
attributed to a physico-chemical adsorption process rather than a pure physical or chemical
adsorption process.

A positive value of ASV reflects the affinity of the adsorbent towards the adsorbate species.
In addition, positive value of ASV suggests increased randomness at the solid/solution
interface with some structural changes in the adsorbate and the adsorbent. The adsorbed
solvent molecules, which are displaced by the adsorbate species, gain more translational
entropy than is lost by the adsorbate ions/molecules, thus allowing for the prevalence of
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randomness in the system. The positive AS? value also corresponds to an increase in the
degree of freedom of the adsorbed species. A negative value of AS? suggests that the
adsorption process is enthalpy driven. A negative value of entropy change (ASY) also implies
a decreased disorder at the solid/liquid interface during the adsorption process causing the
adsorbate ions/molecules to escape from the solid phase to the liquid phase. Therefore, the
amount of adsorbate that can be adsorbed will decrease.

2.4 Isosteric heat of adsorption

The most relevant thermodynamic variable to describe the heat effects during the
adsorption process is the isosteric heat of adsorption. Isosteric heat of adsorption (AHj, kJ
mol?) is defined as the heat of adsorption determined at constant amount of adsorbate
adsorbed. The isosteric heat of adsorption is a specific combined property of an adsorbent-
adsorbate combination. It is one of the basic requirements for the characterization and
optimization of an adsorption process and is a critical design variable in estimating the
performance of an adsorptive separation process. It also gives some indication about the
surface energetic heterogeneity. Knowledge of the heats of sorption is very important for
equipment and process design. However, the physical meaning of “isosteric heat’ is not clear
and it is not even considered by some authors to be the most suitable way of understanding
the adsorption phenomena

The isosteric heat of adsorption at constant surface coverage is calculated using the
Clausius-Clapeyron equation:

dInC,  AH,
dT ~ RT?

(10)

where, C. is the equilibrium adsorbate concentration in the solution (mg.L!), AHy is the
isosteric heat of adsorption (k] mol?), R is the ideal gas constant (8.314 J.molK-1), and T is
temperature (K).

Integrating the above equation, assuming that the isosteric heat of adsorption is temperature
independent, gives the following equation:

InC :{AHlew (11)
R T

e

where K is a constant.

The isosteric heat of adsorption is calculated from the slope of the plot of In C. versus
1/T different amounts of adsorbate onto adsorbent. For this purpose, the equilibrium
concentration (C.) at constant amount of adsorbate adsorbed is obtained from the
adsorption isotherm data at different temperatures. The isosteres corresponding to different
equilibrium adsorption uptake of Cu(Il) by tamarind fruit seed is shown in Fig. 5. Similar
isosteres have been obtained for other systems as well.

The magnitude of AH, value gives information about the adsorption mechanism as chemical
ion-exchange or physical sorption. For physical adsorption, AH should be below 80 k] mol-1
and for chemical adsorption it ranges between 80 and 400 kJ.mol.

The isosteric heat of adsorption can also provide some information about the degree of
heterogeneity of the adsorbent. Generally, the variation of AH, with surface loading is
indicative of the fact that the adsorbent is having energitically heterogeneous surfaces. If it
were a homogeneous surface, the isosteric heat of adsorption would have been constant
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even with variation in surface loading. The AH, is usually high at very low coverage and
decreases steadily with an increase in g.. The dependence of heat of adsorption with surface
coverage is usually observed to display the adsorbent-adsorbate interaction followed by the
adsorbate-adsorbate interaction. The decreasing of the heats of sorption indicates that the
adsorbate-adsorbent interactions are strong in the range of lower g. values and then they
decrease with the increase in the surface coverage. It has been suggested that that the high
values of the heats of sorption at low g, values were due to the existence of highly active
sites on the surface of the adsorbent. The adsorbent-adsorbate interaction takes place
initially at lower g. values resulting in high heats of adsorption. On the other hand,
adsorbate-adsorbate interaction occurs with an increase in the surface coverage giving rise
to lower heats of sorption. The variation in AH, with surface loading can also be attributed
to the possibility of having lateral interactions between the adsorbed adsorbate molecules.

4

€ 12 mg/g
B 14 mg/g
A 16 mg/g
X 18 mg/g

3.5 1

2.5 1

N

0.0029 0.003 0.0031 0.0032 0.0033 0.0034
UT (1/K)

Fig. 5. Plots of In Ce against 1/T for adsorption of Cu(ll) onto tamarind seeds at constant

surface coverage, g. = 12, 14, 16, 18 mg g1

3. Conclusion

To date, adsorption has been regarded as an effective technology for the removal of soluble
heavy metal ions, synthetic dye molecules and other toxic chemicals from aqueous solution.
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In study of adsorption thermodynamics, it appears that determination of value of the
thermodynamic quantities such as activation energy, activation parameters, Gibb’s free
energy change, enthalpy, entropy, and isosteric heat of adsorption are required. These
parameters are critical design variables in estimating the performance and predicting the
mechanism of an adsorption separation process and are also one of the basic requirements
for the characterization and optimization of an adsorption process. So far, extensive research
effort has been dedicated to a sound understanding of adsorption isotherm, kinetics and
thermodynamics. Compared to adsorption isotherm and kinetics, there is lack of a
theoretical basis behind the thermodynamic analysis of sorption data. In this regard, the
next real challenge in the adsorption field is the identification and clarification of the
underlying thermodynamics in various adsorption systems. Further explorations on
developing in this area are recommended.
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1. Introduction

Ion exchange is one of the fundamental reversible processes occurring in nature. Predicting
of the equilibrium compositions for ion exchange presents of considerable practical and
scientific interest.

If two types of ions i and j with the same charge are exchanged in equivalent ratios, the ion
exchange process can be presented by the following equation

itjei+j, (1)

where the overbar indicates that a species belongs to the polymer phase.

The reversible process (1) is determined by the change of Gibbs energy, enthalpy, entropy
and constant of thermodynamic equilibrium. The thermodynamic constant of ion exchange
equilibrium (1) is described by the formula

K,=—1>, ®)

where a; is the activity of component i.
The value of K, is calculated by the formula (Reichenberg, 1966)

1
InK,, = ‘([ln k;,dx, €)

based on the choice of the ion exchanger in the monoionic forms as the standard states for

components i and j in the polymer phase. In formula (3), k;

i 1is the corrected selectivity

coefficient of ion exchange, which can be presented as
” X, -a
-a

i/j X

- )
it
where X, is the mole fraction of i- component in the ion exchanger phase; for ion exchange
from dilute solution of 1-1 electrolytes with constant ionic strength, if the solution

corresponds to Debye-Huckel theory, the corrected selectivity coefficient, kj,, equal to
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)(i'Xi

X, - X,
j i

selectivity coefficient of ion exchange equilibrium, Kk, i where k, ;=

i

and x, is the
mole fraction of i - component in the external solution.
Features of interaction of exchangeable ions with ionogenic groups can be reflect by the
dependences of partial (differential) thermodynamic functions of process (1) from the
content of exchangeable ions in polymer.

Partial Gibbs energy, AG,was calculated by the equation AG= RT[(z, - z,) - Ink],]
corresponding to (Gaines & Thomas, 1953).

Partial enthalpy of ion exchange was calculated as partial derivative of heat of ion exchange
with respect to the quantity of sorbed ions, AH=(0AH / &%), .

For ion exchange in a multicomponent system containing n ions with the same charge, the
phase composition is determined by solving a set of (n - 1) homogeneous equations for the
selectivity coefficients of binary ion exchanges in conjunction with an equation of material
balance (Tondeur & Klein, 1967). In addition, was postulated that the selectivity coefficients
are constant in the entire range of compositions of the ion exchanger phase (Tondeur &
Klein, 1967). A similar solution was obtained for an ion exchange complicated by the
complexation (Al'tshuler et al., 1984).

In most cases, the selectivity coefficients of ion exchange are the functions of the ionic
composition of the phases. The dependence of the selectivity coefficient from polymer
composition was explained by an energetic inhomogeneity of the ion exchanger phase
(Reichenberg, 1966). Thus, calculation results systematically deviate from experimental data
(Soldatov & Bychkova, 1988). The known methods for calculating of ion exchanger phase
compositions for multicomponent exchanges with consideration for the dependence of the
selectivity coefficients on the compositions of the phases are applicable only within a limited
region of the diagram of compositions (Tondeur & Klein, 1967). To extend region of the
diagram of compositions correction coefficients were introduced (Soldatov & Bychkova,
1988). This provided satisfactory results only after several successive adjustments (Soldatov
& Bychkova, 1988). How to determine the ion exchanger composition as a fraction of the
structural conformers was discussed (Soldatov et al., 1994). Ion exchanger compositions for
weakly acidic (Horst et al., 1990) and chelating ion exchangers (Horst et al., 1991) were
calculated from the electrostatic potential by the Gouy-Chapman model, which is based on
the Maxwell-Boltzmann distribution for an ideal gas. In this chapter we have shown, that it
is possible in reality to calculate the phase compositions when the ion exchange with
variable selectivity coefficients take a place from the multicomponent solutions if the ion
exchanger represents Gibbs canonical assembly.

2. The theory. lon exchanger as Gibbs canonical assembly

Consider an ion exchanger as the Gibbs canonical assembly. The Gibbs canonical
distribution is

p-enp( ¥ ), ©

where p(¢) is the density of probability to find the phase having an energy ¢; ¥ is a constant;
0 is the modulus of distribution. If 8 >>y-¢, then p and & are proportional:

p=1+(v-2)/6. ©)
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For an ion exchanger containing two exchangeable ions AH, AG, lnl<?/j are continuous
functions of energy, which vary along the ion exchange isotherm from AH,AG,Ink], at
X, =0 to its values at X; =1.In this case, the ion exchanger composition measured in mole
fractions of the i-component corresponds to the probability density for the individual phases
at statistical equilibrium. In other words, for a binary ion exchange, the canonical energy
distribution results in a linear dependences both of the differential enthalpy and of
differential Gibbs energy (or the logarithm of the corrected selectivity coefficient) of ion
exchange from the mole fraction of counterions in the ion exchanger phase. For binary ion
exchange systems, the relation between p and € coincides with formulas (7), (8)

AH=a+bx, ?)

AG=c+ gX,, or lnk;?‘/i =A,,+B, X, (8)
where a, b, ¢, g A, 4B, are constants. Really, experimental results show, that at
compositions 0 < X, <1, the AH(x,), AG(X,), kj,(X;) dependences can be approximated by
the linear equations (Al'tshuler et al., 1984), (Al'tshuler & Shkurenko, 1990). Apparently,
both the partial enthalpy and partial Gibbs free energy of the individual components
additively contribute to the total energy of ion exchange process (1). For this reason, we
examined the ion exchanger phase as a system consisting of non-interacting elements (for
example, electrically neutral resinates) within the region of validity of (5)-(8) formulas. This
is also true for a multicomponent system consisting of non-interacting parts, i.e., a system
described by a comprehensive canonical assembly.

3. Results and discussion

3.1 lon exchange from the solutions containing two electrolytes

According to experimental data AH(X,), Ink{,(x;) linear dependences are observed in
next exchangers: strong - acid cross - linked polystyrene sulfonate cation exchangers (Boyd
& Larson, 1967), (Soldatov et al., 1976), (Soldatov & Bychkova, 1988); cross-linked
polystyrene phosphonic acid cation exchangers (Becker et al., 1966); zeolities (Al'tshuler &
Shkurenko, 1990), calixarene-containing ion exchangers and strong - base anion exchangers.
Short characteristics of ion exchangers and some of the specified dependences are
summarized below.

Strong - acid cross - linked polystyrene sulfonate cation exchangers. Polystyrene sulfonate
cation exchanger cross-linked with divinylbenzene (DVB). An ion exchanger contains only
one type of ionogenic groups - sulfonic acid groups (SO3H). The structure of repeating unit
of cross-linked polystyrene sulfonate cation exchanger (1) is represented below.

-CHZ-|CH- -CHZ-|CH-
A
A e A %

SO3H . CH-CHy- .

1
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The ion exchanger contains nonequivalence ion exchange sites (Reichenberg, 1966) in spite

of presence of only one type of ionogenic groups. The attempt to explain energy

nonequivalence of ion exchange sites by the structure differences in cross-linking agent was

made (Soldatov et al., 1994). The dependences (Soldatov et al. 1976) of corrected selectivity

coefficients of ion exchange from mole fraction of sorbed potassium cations in variously
cross-linked strong-acid sulfonate exchanger (KRS) were shown in fig.1.

el

lg kK/H

12 kY

]
+ e D>+ 0o X
L=

0.8 \

a

Fig. 1. Dependence of 1gk; ., from X, of H* — K*ion exchange in variously cross-linked
strong-acid sulfonate exchanger (KRS). Nominal DVB, % : (1)-1, (2)-4, (3)-8, (4)-12, (5)-16, (6)-
25. (Soldatov et al. 1976)

As we seen from fig.1, the energy nonequivalence of ion exchange sites of polymer rises
with increasing of quantity of cross-linking agent. In that case any can to say that presented
dependences (fig. 1) are described by the linear equations taking into account experimental
errors (Soldatov & Suchover, 1968).

AH(X,), Ink{,(x;) dependences of Li* — Cs* ion exchange in middle-acid exchangers
containing phosphonic acid groups (Becker et al., 1966) are shown in fig.2. Two types of
phosphonic acid exchangers were used: a polystyrene-divinylbenzene cross-linked (5.5%
DVB) preparation, -C¢H4-PO(OH)», in which the phosphonate groups were attached to a
benzene nucleus, and a polystyrene-divinylbenzene cross-linked (5.5% DVB) methylene
phosphonic acid exchanger, -CsHy-CH>-PO(OH),, in which the phosphonate was separated
from the benzene ring by a methylene group.

The logarithms of selectivity coefficients are linear functions from Li* mole fraction in
both phosphonic acid exchangers as can be seen from the fig. 2a and was noted (Becker et
al., 1966). The measured heats of partial exchange are shown in fig. 2b by a chord for each
experiment. The curves for the differential heat of exchange AH=(0AH /?dx,,), are the
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best least-squares fit through the midpoints of the chords. AH are linear with respect to
X, for both the nuclear phosphonic acid exchanger and ethylene phosphonic acid
exchanger.

The energy nonequivalence of ion exchange sites was intensified on cation exchanger
with methylene phosphonic acid groups. It was reflected in an evolution of AH and
Igk; . of exchangersat X; =0.0 and X =1.0. The magnitudes of partial enthalpy are in
the range from 0 to 2000 cal per mole on the polymer in which the phosphonate groups
were attached to a benzene nucleus. Partial enthalpy is increased from -500 to 3500 cal
per mole on polystyrene-divinylbenzene cross-linked (5.5% DVB) methylene phosphonic
acid exchanger.
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Fig. 2. Ion exchange of Cs* — Li* in nominal 5.5% DVB cross-linked phosphonic acid ion
exchangers: a -logarithmic function of selectivity coefficients, Igk,; . vs X;; ; b-partial heat
of exchange, AH vs X;; (Becker et al., 1966)

Zeolites (crystalline aluminium silicates) are weakly-acid cation exchangers. Particularity of
ion exchange properties of zeolites is defined by crystal lattice structure and exchange
cations distribution on the different position of the channels and cavities. In fig. 3 is shown
a typical structure of zeolite repeating unit (2), presented in the templates of program
Chem3D Ultra 8.0.
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Fig. 3. Repeating unit of zeolite

lgk;,
o

-1 -

Fig. 4. Cation exchange in the natural heulandite (Al'tshuler & Shkurenko, 1990).
lgi/ca VS X . Cat: (1)-Li*; (2)-Na*; (3)-Rb*; (4)-NHs*; (5)-Cs*
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The ion exchange thermodynamic functions in the heulandite - binary electrolyte solutions
system were defined (Al'tshuler & Shkurenko, 1990). Natural heulandite (zeolite Sr-R),
deposit of Kemerovo region, Russia. Idealized composition of elementary cell is
Cay[(AlO2)8(Si02)28]-24H>O. Two - dimensional channel system was formed by rings,
consisting from 8- and 10- members. Sizes of windows are: 4.0x5.5 A , 41x4.7 A ,4.4x7.2 A
(Breck, 1974). Cations of alkali metals and alkaline earth metals are the mobile exchangeable
ions. The total ion exchange capacity of natural heulandite from Kemerovo region is 2.2
milliequivalents per gram of ion exchanger (Al'tshuler & Shkurenko, 1990). The isotherms
of binary Cat* — K* ion exchanges on natural heulandite are shown at the fig.4.

10
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Fig. 5. Cation exchange of Na* — K+ in the natural heulandite (Al tshuler & Shkurenko,
1990). AH vs xy . Arrows reflect the change of heulandite composition

The dependence of differential enthalpy (Aﬁ) of Na* — K+ ion exchange from counterion
composition in heulandite is shown in fig. 5. It is seen (fig. 4, fig. 5) partial thermodynamic
functions of cation exchange linearly depend from counterion composition. The linear
correlation coefficients are high, for example, its value equals to 0,97 for AH(x;) function.
The slope angle of the line depends on the energy nonequivalence of ion exchange sites.
Calixarenecontaining cationexchangers (3) have a common structure of polymer repeating unit

3a: R=CHj3, R'=H;

3b: R=CH3,
R’=CH(OH)Fur;

3c: R=CsHs-PO(OH),,
R’=H;

3d: R=C¢Hs-SOsH,
R’=H
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The experimental differential thermodynamic functions of ion exchange from aqueous
solutions on weakly-acid cation exchangers 3a, 3b and strong-acid sulfonate cation
exchanger 3d are shown in fig. 6-fig. 9.

10 ‘ ; . : ‘
0 0.2 0.4 0.6 0.8 1 X,

Fig. 6. Corrected selectivity coefficients of H* — NHj ion exchange at 293 K in weakly - acid
calixarenecontaining cation exchangers: (1) - in 3b, (2) - in 3a; H* - Na* ion exchange: (3) -
in 3b, (4 ) - in 3a (Al'tshuler et al., 2004)
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Fig. 7. Partial heat of H* - NHj (1), H* — Na* (2) cation exchange at 298 K in weakly -
acid calixarenecontaining cation exchangers: (a) - in 3a, (b) - in 3b (Al'tshuler et al., 2004)
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Fig. 8. Dependence of Ink¢. o from Xc, of ion exchanges: (1) H* — Ag*, (2) H* — Na*,
(3) H* — Li* in strong - acid sulfonate cation exchanger 3d based on cis-tetraphenylcalix[4]-

resorcinarene at 293 K (Al’'tshuler et al., 2008
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Fig. 9. Partial heat of H* — Na* ion exchange in strong - acid sulfonate cation exchanger 3d
based on cis-tetra-phenylcalix[4]resorcinarene, AH vs X, (Al'tshuler et al., 2008)
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The dependences of In k?:at VS Xc,; in the cation exchangers 3a-3d are shown in table 1.
Polymer Cat Inkg,, /H (Xeat) liniil;ﬁf?g:ﬁzion
3a Nat Inky,_,, =-8.36-12.4x%, -0.96
3a NH,+ Ink{y, u =-812-7.99%,,, -0.96
3b Nat Ink3, ; =—8.70 - 9.60x,, -0.94
3b NH,+ In k;m o =—5.96 —5.98x 4 . -0.94
3¢ K+ Ink3,, = -2.33 - 5.96%, -0.98
3d Lit Ink?, , =-0.16 -1.72x; -0.99
3d Na+* Ink3, ,; =0.91-2.73x, -0.95
3d Ag* In kig u =0.82-1.43%, -0.96
Table 1. Dependency of Inkg /1 V8 X¢, in calixarenecontaining cation exchangers

From the data about Ink{,(x,)and AH(X,) linear dependences we can make a intermediate
conclusion that investigated polymers 3a-3d in the form of single charge metal cations are
Gibbs canonical assemblies in all intervals of counterion compositions.

From the experimental data (Soldatové& Bychkova, 1988) for Dowex-50Wx12 strong - acid

cation exchanger the following functions for independent binary exchanges were obtained:

Ink® =1.213-0.937x 9)
NHj /H* NHj

Ink?® =0.428-0.359x . (10)
NHZ /Na*t NHI

Strong-base anion exchangers. The ion exchange equilibria on strong-base anion exchanger
of the Dowex-1 type were experimentally studied in aqueous solutions containing two types
of anions: salicylate (Sal™) - hydroxide (OH"); nitrate (NO; ) - hydroxide; chloride (CI") -
hydroxide. The Dowex-1 is polystyrene cross-linked with divinylbenzene molecular
network  which  carries the  benzyltrimethylammonium  ionogenic  groups
(-CH2CH4-N*(CHs)s). The experimental data about the equilibrium phase composition for
the binary ion exchanges on anion exchanger (Dowex-1) are presented here (fig. 10).

The equilibria for the binary exchanges on Dowex-1 can be described by the linear equations

Ink® =6.88-2.18x , (11)
Sal~/OH™ Sal™
nk? =4.815-1.17x , (12)
NO3/OH~ NO3
Ink? =3.00-0.872x . (13)
Cl~/OH~ cl-
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Fig. 10. Dependence of corrected selectivity coefficients of binary exchanges in Dowex-1
anion exchanger from mole fraction, X;, of sorbed anion: (I) - Sal’, (2) - NO;, (3) - CI°

3.2 lon exchange from multicomponent solutions
For a multicomponent ion exchange the function Ink;,(X;) depends on the position of i and
j ions in the series of selectivity. For any arbitrary point of interval of composition the

following condition must be fulfilled
L k?/i/ki/i : (14)

Using the concept of reversible step reactions (Bjerrum, 1961) for a multicomponent ion
exchange system containing n distinct ions with the same charge, the corrected selectivity
coefficient is described by the equation (15)

lnkT/n = Al/n + zBi/nii’ (15)
i1

where n is the number (position) of the ion in the series of decreasing ion exchanger
selectivity: Ki/n> Ko/n >... Kin... >1; A, , B, - are constants for binary exchanges of ions 1
and n; i and n. To calculate equilibria with participation of n exchangeable ions, we used a
set of equations composed of (n - 1) equations of type (15), (n - 1) equations of type (4) for

k: , and the equation (16)

a
1/n

n

X =1. (16)

LN

i=

Thus, to calculate the phase composition of the ion exchanger for the system with n
exchangeable ions, one should solve the following set of equations (17)
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Inkj,=A,,+B,,X,

1/2
. _ _
Ink{,=A ,+B,.X +B,.X,

5
~
I

1S

(17)

19

ol ol P
S R

A
Il
X Xl Xl Xl
;

[
iy

U X +X, +..+Xx, =1

The coefficients A and B were calculated from the experimental isotherms for independent
binary exchanges by formulas (8) and (14).

We tested the proposed method for a vast array of experimental data on ion exchange
equilibria in multicomponent systems in accordance with recommendations for testing new
model (Soldatov & Bychkova, 1988). We imposed the following restrictions: ion exchange
equilibria were considered at constant temperature, at constant ionic strengths of the
solutions and only for monofunctional ion exchangers of specific chemical structure, for
example, styrene-divinylbenzene sulfonate cation exchangers or anion exchangers
containing only benzyltrimethylammonium groups. The equilibrium phase compositions
were calculated for ion exchangers in which all exchange sites are accessible to exchangeable
ions (the total exchange capacity of ion exchanger did not depend on the type of the sorbed
ion). We considered ion exchange is not accompanied by complexation in the solution.
Sorbate-sorbate interactions (Dmitryenko & Hale, 1965) don't present in ion exchanger
phase. Exchange with participation of multicharged ions leads to nonlinear dependences of
partial energies from counterion composition of calixarenecontaining polymers (Al'tshuler
et al, 2008). High content of cross-linking agent creates additional difficulties (Vaslow &
Boyd, 1966). Given these restrictions, a close agreement of calculated and experimental data
was observed. All calculations were conducted on a computer with Intel (R) Core(TM)2 Duo
T7300 2.00 GHz processor.

3.2.1 Three electrolytes in a solution

Consider thermodynamic system: sulfonate cation exchanger (Dowex-50Wx12) - aqueous
solution containing NH;, Na’" and H" cations. That system is recommended as a test
(Soldatov & Bychkova, 1988) for calculating of the phase composition of an ion exchanger
from data of binary exchanges.
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NHY XNa+ XH+
4

exp. calc. exp. calc. exp. calc.

0.123 0.117 0.142 0.159 0.735 0.724
0.132 0.125 0.066 0.085 0.802 0.79

0.115 0.105 0.268 0.285 0.617 0.61

0.104 0.097 0.384 0.391 0.512 0.512
0.096 0.090 0.483 0.486 0.421 0.424
0.085 0.085 0.573 0.572 0.342 0.343
0.082 0.081 0.654 0.654 0.264 0.265
0.079 0.078 0.727 0.732 0.194 0.190
0.072 0.074 0.804 0.810 0.124 0.116
0.224 0.218 0.062 0.076 0.714 0.706
0.215 0.207 0.132 0.145 0.653 0.648
0.201 0.189 0.250 0.264 0.549 0.547
0.186 0.176 0.358 0.367 0.456 0.457
0.165 0.166 0.461 0.459 0.374 0.375
0.438 0.427 0.201 0.216 0.361 0.357
0.404 0.408 0.308 0.308 0.288 0.284
0.388 0.394 0.392 0.394 0.220 0.212
0.374 0.381 0.474 0.476 0.152 0.143
0.360 0.372 0.555 0.555 0.085 0.073
0.558 0.553 0.048 0.055 0.394 0.392
0.540 0.540 0.104 0.106 0.356 0.354
0.521 0.517 0.193 0.203 0.286 0.280
0.498 0.498 0.282 0.291 0.220 0.211
0.486 0.484 0.362 0.375 0.152 0.141
0.625 0.632 0.055 0.052 0.320 0.316
0.611 0.620 0.104 0.101 0.285 0.279
0.154 0.158 0.549 0.544 0.297 0.298
0.146 0.151 0.629 0.626 0.225 0.223
0.139 0.146 0.704 0.704 0.157 0.150
0.131 0.142 0.781 0.782 0.088 0.076
0.361 0.357 0.059 0.065 0.580 0.578
0.347 0.343 0.119 0.126 0.534 0.531
0.328 0.321 0.224 0.235 0.448 0.444
0.304 0.304 0.331 0.332 0.365 0.364
0.285 0.290 0.422 0.421 0.293 0.289
0.468 0.472 0.448 0.456 0.084 0.072
0.269 0.279 0.509 0.504 0.222 0.217
0.261 0.271 0.585 0.584 0.154 0.145
0.250 0.264 0.657 0.662 0.093 0.074
0.456 0.463 0.063 0.060 0.481 0.477
0.447 0.450 0.115 0.115 0.438 0.435
0.592 0.598 0.191 0.193 0.217 0.209

Table 2. Experimental (exp.) and calculated (calc.) phase compositions of Dowex-50Wx12
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The series of selectivity of sulfonate cation exchanger (Dowex-50Wx12) is: NH; >Na+>H*.
By using (9) and (10) the set of equations (17) is reduced to

Ink® =0.428 -0.359%
NH} /Na NHF
4 4
Ink® =1.213-0.937x _ +0.578%
NHZ st NHX Nat
X _-a
. Nl—[:lr Nat
NH /Nat B x -
Nat NHZ
X  -a
. NHX nt
Nt X -
ut NHZ

NHX Na

In the table 2 are compared the experimental (Soldatov & Bychkova, 1988) and calculated in
present work equilibrium phase compositions of Dowex-50Wx12 cation exchanger for the

NH; — Na" — H" three -ion exchange from aqueous solutions.

3.2.2 Four electrolytes in a solution

According to the obtained data (Fig. 10), the selectivity of the strong-base anion exchanger
(Dowex-1) with respect to the studied anions decreases in the series: Sal' > NO; > CI"> OH".
Equations (11)-(13) were used to calculate many - ion exchange equilibria by the set of
equations (17). The experimental and calculated (by eqgs. (17)) compositions of anion
exchanger (Dowex-1) phase at equilibrium with aqueous solutions containing four
competing anions (Sal”, NO,, CI and OH") are presented in Table 3.

XSa17 XNO§ XC17 XOH7
exp. calc. exp. calc. exp. calc. exp. calc.
0.208 | 0.205 | 0.592 | 0.603 | 0.149 | 0.147 | 0.050 | 0.050
0.341 | 0.337 - - 0.289 | 0.298 - -
0432 | 0410 - - 0.339 | 0.341 - -
0519 | 0526 | 0.239 | 0229 | 0100 | 0.102 | 0.142 | 0.143
0598 | 0.604 | 0.102 | 0101 | 0202 | 0.198 | 0.098 | 0.098

Table 3. Experimental (exp.) and calculated (calc.) data of the Sal - NO; - CI" - OH" tetra -
ion exchange in strong-base anion exchanger (Dowex-1)

4. Conclusion

The predictive power of the calculation method was characterized by the mean absolute
deviation for the entire array (Soldatov & Bychkova, 1988):
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Ai:[zz X~ X e j /ns, (18)
i=1 r=1

where n is the number of exchangeable ions and s is the number of experimental points in
many-ion equilibria. Processing the data of Table 2 by formula (18) gives Ax =0.006, a value
that corresponds to the most accurate among the calculation methods that were considered
early (Soldatov & Bychkova, 1988). Processing the data from Table 3 by formula (18) yields
Ax =0.005. This results show that the proposed method has a high predictive power. The
consideration of ion exchanger as a canonical assembly explains why the corrected ion
exchange selectivity coefficient linearly depends on the ion exchanger composition. This
circumstance makes it possible to predict many-ion exchange equilibria.
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1. Introduction

Mixing two immiscible liquids (such as oil and water) using emulsifier and energy inputs
has been the matter of study for decades. In early 1890’s extensive work have been carried
out on macroemulsions (i.e. oil dispersed in water in the form of fine droplets or vice versa)
(Becher, 1977) and several theories and methods of their formation have been vastly
explored (Lissant 1976 and 1984). However going along the line, microemulsion systems
were well opted because of their stability and isotropic nature. Microemulsions are basically
thermodynamically stable, isotropically clear dispersions of two immiscible liquids such as
oil and water stabilized by the interfacial film of any surfactant and/or cosurfactant.
Although a microemulsion is macroscopically homogeneous, or quasi-homogeneous but
structured microscopically. Microemulsions in comparison to micellar systems are superior
in terms of solubilization potential and thermodynamic stability and offers advantages over
unstable dispersions, such as emulsions and suspensions, since they are manufactured with
little energy input (heat, mixing) and have a long shelf life (Constantinides, 1995). The term
“microemulsion” was first coined by Schulman group (Schulman et al., 1959). However,
ambiguity in the microemulsion terminology persists till today as some authors differentiate
them from swollen micelles (which either contain low volume fraction of water and oil) and
transparent emulsions (Prince, 1977, Malcolmson et al., 1998).

One of the unique factors associated with microemulsions is the presence of different
textures such as oil droplets in water, water droplets in oil, bicontinuous, lamellar mixtures
etc., which are formed by altering the curvature of interface with the help of different factors
such as salinity, temperature, etc. Such a variety in structure of microemulsion is a function
of composition of the system. Phase study greatly helps to elucidate different phases that
exist in the region depending upon the composition ratios. One peculiarity of
microemulsions lies in the fact that these structures are interchangeable.

Construction of phase diagram enables determination of aqueous dilutability and range of
compositions that form a monophasic region (Fig. 1). One of the unique factor associated
with microemulsions is the presence of different structures as classified by Winsor (Winsor,
1948). Winsor 1 (o/w), Winsor II (w/0), Winsor III (bicontinuous or middle phase
microemulsion) and Winsor IV systems are formed by altering the curvature of interface
with the help of different factors such as salinity, temperature, etc. Where Type I indicates
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surfactant-rich water phase (lower phase) that coexists with surfactant-poor oil phase
(Winsor 1), Type II is surfactant-rich oil phase (the upper phase) that coexists with
surfactant-poor water phase (Winsor II), Type III represents the surfactant rich middle-
phase which coexists with both water (lower) and oil (upper) surfactant-poor phases
(Winsor III) and Type IV is a single phase homogeneous mixture. Based upon the
composition, these can be of various types viz., water-in-oil (W/0) or oil-in-water (0/W) type
or Lamellar or bicontinuous, hexagonal and reverse hexagonal, etc. (Fig. 2).

. Oi]\ Water in oil

Bicontinuous

WII

Water

Surfactant

—

Micelle

Fig. 1. A hypothetical ternary phase diagram representing three components of the system

Numerous attempts were made for predicting microemulsion types, the first was by
Bancroft (later known as Bancroft’s rule). It states that water-soluble emulsifiers tend to
form o/w emulsions and oil-soluble emulsifiers tend to form w/o emulsions (Bancroft,
1913). Obviously, this is very qualitative, and therefore, it is of interest to put the area on a
more quantitative footing. This section describes some of these concepts.

The preferred curvature of the interface is governed by the relative values of the head group
area (ao) and tail effective area (v/l.) as described by Israelachvili et al., where v is the
volume and L is the effective hydrocarbon chain (Fig. 3) (Israelachvili et al. 1976). By a
simple geometrical consideration, the Critical Packing Parameter (CPP) is expressed as

CPP =v/la, 1)

Theoretically, a CPP value less than 1 corresponds to spherical micelles, between 4; and
14 corresponds to rod-like micelles and between ¥ and 1 to a planar structure (Fig. 4).
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Water rich region

Fig. 2. Schematic presentation of most occurred surfactant associates

Interfacial (hydrophobic) interaction
\ Head group (hydrophilic) interaction
- y [ Y

Area a,

Fig. 3. The critical packing parameter relates the head group area, the length and the volume
of the carbon chain into dimensionless number (eqn. 1)

The concept of HLB (Hydrophilic-Lipophilic Balance) was introduced by Griffin in 1949. As
the name suggests, HLB is an empirical balance based on the relative percentage of the
hydrophilic to the lipophilic moieties in the surfactant. Later, he (Griffin, 1954) defined an
empirical equation that can be used to determine the HLB based on chemical composition.
Davies et al. has offered a more general empirical equation (Davies et al., 1959) by assigning
a number to the different hydrophilic and lipophilic chemical groups in a surfactant. The
HLB number was calculated by the expression,
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HLB =[(nyxH) — (n xL)]+7 2)

where H and L is the numbers assigned for the hydrophilic and lipophilic groups
respectively, and ny and np are the respective numbers of these groups per surfactant
molecule. Both HLB and packing parameter numbers are closely correlated. However, it has
been shown that, for a bicontinuous structure, which corresponds to a zero curvature, HLB
~10. For HLB <10, negative curvature is favourable (i.e. w/0 microemulsion), while for HLB
>10, positive curvature results.
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Fig. 4. The surfactant aggregate structure for critical packing parameters from <1/3 (lower
left) to >1 (upper right)

2. Basics of microemulsion formation

There are different theories relating to the formation of microemulsions i.e. interfacial,
solubilization and thermodynamic theories, etc. The first theory known as mixed film theory
considered the interfacial film as a duplux film. In 1955 (Bowcott & Schulman, 1955) it was
postulated that the interface is a third phase, implying that such a monolayer is a duplex
film, having diverse properties on the water side than oil side. Such a specialized liquid
having two-dimensional region bounded by water on one side and oil on the other, has been
based on the assumption that the spontaneous formation of a microemulsion is due to the
interactions in the interphase and reducing the original oil/water interfacial tension to zero.
However, zero interfacial tension does not ensure that a microemulsion is formed, as
cylindrical and lamellar micelles are also believed to be formed. What differentiated an
emulsion from other liquid crystalline phases is the kind of molecular interactions in the
liquid interphase that produce an initial, transient tension or pressure gradient across the
flat interphase, i.e., a duplux film, causing it to enclose one bulk phase in the other in the
form of spheres. A liquid condensed film was considered essential to give the kind of
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flexibility to the interphase that would allow a tension gradient across it to produce
curvature. Following the concept of mixed film theory, Robbins developed the theory of
phase behavior of microemulsions using the concept that interactions in a mixed film are
responsible for the direction and extent of curvature and thus can estimate the type and size
of the droplets of microemulsions (Robbins, 1976). It is believed that kind and degree of
curvature is imposed by the differential tendency of water to swell the heads and oil to swell
the tails.

The stability of microemulsions has been the matter of interest for various research groups
working in this area. The workers however feel that along with the depression in the
interfacial tension due to surface pressure, a complex relationship between zero interfacial
tension and thermodynamic stability holds the key for the formation of microemulsion
systems. The thermodynamic factors include stress gradients, solubility parameters,
interfacial compressibility, chemical potentials, enthalpy, entropy, bending and tensional
components of interfacial free energy, osmotic pressure and concentrations of species
present in the bulk and interphase, etc.

Based upon these facts, another theory i.e., the solubilization theory, was proposed which
considers microemulsions as swollen micellar system. A model has been presented by
Adamson (Adamson, 1969) in which the w/o emulsion is said to be formed because of the
balance achieved in the Laplace and osmotic pressure. However, it has been emphasised that
micellar emulsion phase can exist in equilibrium with non-colloidal aqueous phase. The model
also concluded that the electrical double layer system of aqueous interior of the micelle is
partially responsible for the interfacial energy. It was assumed that the interface has a positive
free energy. However, this gave a contradiction to the concept of negative interfacial tension.
Considering the thermodynamic theory, the free energy of formation of microemulsion,
AGn, consists of different terms such as interfacial energy and energy of clustering droplets.
Irrespective of the mechanism, the reduction of the interfacial free energy is critical in
facilitating microemulsion formulation. Schulman and his co-workers have postulated that
the negative interfacial tension is a transient phenomenon for the spontaneous uptake of
water or oil in microemulsion (Schulman et al, 1959). It has been proved from
thermodynamic consideration that a spontaneous formation of microemulsions take place
where the interfacial tension is of order 104 to 10 dynes/cm (Garbacia & Rosano, 1973).
However, the stability and the size of droplets in microemulsion can also be adjudged using
the thermodynamic approach. This approach accounts for the free energy of the electric
double layer along with the van der Waals and the electrical double layer interaction
potentials among the droplets. It also takes into consideration the entropy of formation of
microemulsion. Schulmen et al. also reported that the interfacial charge is responsible in
controlling the phase continuity (Schulman et al., 1959).

Conversely from the thermodynamical point of view, it can also be said that microemulsions
are rather complicated systems, mainly because of the existence of at least four components,
and also because of the electric double layer surrounding the droplets, or the rods, or the
layers which contribute noticeably to the free energy of the system. The role of the electrical
double layer and molecular interactions in the formation and stability of microemulsions
were well studied by Scriven (Scriven, 1977). Ruckenstein and Chi quantitatively explained
the stability of microemulsions in terms of different free energy components and evaluated
enthalpic and entropic components (Ruckenstein & Chi, 1975). For a dispersion to form
spontaneously, the Gibbs free energy of mixing, AGr, must be negative. For the dispersion to
be thermodynamically stable, AG,, must, furthermore, show a minimum.
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When applying these conditions to microemulsions with an amphiphilic monolayer
separating the polar and the nonpolar solvent, it has been customary to attribute a natural
curvature as well as a bending energy to the saturated monolayer, thereby making the
interfacial tension depend on the degree of dispersion. Kahlweit and Reissi have extensively
worked on the stability of the microemulsions and paid attention to the reduction of
amphiphile surface concentration below the saturation level, an effect that also makes the
interfacial tension depend on the degree of dispersion (Kahlweit and Reissi, 1991).
Thermodynamic treatment of microemulsions provided by Ruckenstein and Chin not only
provided the information about its stability but also estimated the size of the droplets
(Ruckenstein & Chin, 1975). Treatment of their theory indicated that spontaneous formation
of microemulsions occurs when the free energy change of mixing AGn, is negative. However,
when AGn, is positive, a thermodynamically unstable and kinetically stable macroemulsions
are produced. According to them, the model consists of monodisperse microdroplets, which
are randomly distributed in the continuous phase. The theory postulated the factors which
are responsible for the stability of these systems which includes van der Waals attraction
potential between the dispersed droplet, the repulsive potential from the compression of the
diffuse electric double layer, entropic contribution to the free energy from the space position
combinations of the dispersed droplets along with the surface free energy. The van der
Waals potential was calculated by Ninham-parsegian approach, however, the energy of the
electric double layer was estimated from the Debye-Huckel distribution. Accordingly the
highest and lowest limit of entropy has been estimated from the geometric considerations.
The calculations depicted that the contribution from the van der Waals potential is
negligible in comparison to the other factors contributing to the free energy.

It has been suggested (Rehbinder & Shchukin, 1972) that when the interfacial tension is low
but positive, the interface may become unstable due to a sufficiently large increase in
entropy by dispersion. The entropy change decreases the free energy and overpowers the
increase caused by the formation of interfacial area and therefore net free energy change is
negative. Along with this Murphy (Murphy, 1966) suggested that an interface having a low
but positive interfacial tension could nevertheless be unstable with respect to bending if, the
reduction in the interfacial free energy due to bending exceeds the increase in free energy
due to the interfacial tension contribution. He also concluded that this bending instability
might be responsible for spontaneous emulsification. Based upon these conclusions, Miller
and Scriven interpreted the stability of interfaces with electric double layer (Miller &
Scriven, 1970). According to them the total interfacial tension was divided into two
components

YT =Yp ~Yai ®)

where yr is total interfacial tension which is the excess tangential stress over the entire
region between homogenous bulk fluids including the diffuse double layer. y, is the phase
interphase tension which is that part of the excess tangential stress which does not arise in
the region of the diffuse double layer and - yq is the tension of the diffuse layer region.
Equation 3 suggests that when yq1 exceeds vy, the total interfacial tension becomes negative.
For a plane interphase the destabilising effect of a diffuse layer is primarily that of a
negative contribution to interfacial tension. Their results confirm that the double layer may
indeed affect significantly the interfacial stability in low surface tension systems. However,
the thermodynamic treatment used by Ruckenstein and Chi also included the facts that
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along with free energy of formation of double layers, double layer forces and London forces
were also taken in consideration. For evaluating entropy of the system, the ideality of the
system was not assumed.

The theory also predicts the phase inversion that can occur in a particular system. According
to the calculations, the free energy change AGn, is the sum of changes in the interfacial free
energy (AGi), interaction energy among the droplets (AG2) and the effect caused by the
entropy of dispersion (AG3=TASp,). The antagonism among these different factors mainly
predicts the formation of microemulsions. The variation of AG, with the radius of droplet,
R, at constant value of water/oil ratio can be determined using AGn(R) = AG; + AG; -TAS.
R* is stable droplet size for a given volume fraction of the dispersed phase that leads to a

minimum in G,, (Fig. 5). R* can be obtained from

dAG,,

1R 0 “)

R=R’

if the condition, (d?AGn/dR? )rr->0 is satisfied. In order to determine the type of
microemulsion and the phase inversion, the values of AG*, for both types of
microemulsions have to be compared at same composition. The composition having more -
ve value of Gibbs free energy will be favoured and the volume fraction for which the values
of AG*, are same for both kinds of microemulsion are said to undergo phase inversion.

The quantitative outcome of the model for the given free energy as a function of droplet size
has been shown in Fig. 5. The free energy change is positive for B and C i.e., only emulsions,
the free energy change is positive. Hence, only emulsions which are thermodynamically
unstable are formed in the case C. However, kinetically stable emulsions may be produced
that too depending upon the energy barrier. The free energy change is negative within a
certain range of radius (R) of dispersed phase in the case A, this means that droplets having
a radius within this size range are stable towards phase separation and microemulsions
formed are thermodynamically stable. The calculations show that at specific composition
and surface potential, the transformation of curves from C to A can take place by decreasing
the specific surface free energy.

As obvious from the above explanation, the assessment of the stability of microemulsions has
been carried simultaneous by various groups after it was first triggered by Schulman and his
collaborators. Simultaneously, Gerbacia and Rosano measured the interfacial tension at the
interphase in the presence of an alcohol that is present in one of the phase (Gerbacia & Rosano,
1973). The presence of alcohol lowered the interfacial tension to zero as the alcohol diffuses to
interface. This observation lead to the conclusion that for the formation of microemulsion, the
diffusion of surface active molecules to the interface is mandatory and also the formation
depends on the order in which the components are added.

The concept that interfacial tension becomes zero or negative for spontaneous formation of
microemulsions has been later modified (Holmberg, 1998). It is believed that a monolayer is
formed at the oil/water interphase which is responsible for a constant value of interfacial
tension, which can be estimated using Gibbs equation.

Oy =-2I'jdy; = -2IRTdInC; )

where T', , p, C; are Gibbs surface excess, chemical potential, and concentration of ith
component. The presence of cosurfactant in the system further lowers this value.
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Fig. 5. Diagrammatic illustration of free energy as a function of droplet size

During 1980s the “dilution method” was well adopted by many, to extract energetic
information for different combinations along with the understanding of their structural
features (Bansal et al., 1979; Birdi, 1982; Singh et al., 1993; Bayrak, 2004; Zheng et al., 2006;
Zheng et al., 2007), after it was first introduced by Schulman group (Bowcott & Schulman,
1955; Schulman et al., 1959). Basically, this method deals with the estimation of distribution
of cosurfactant (kq) and hence, determines the composition of interphase which is in turn
responsible for the formation and stability of microemulsions. From the value of kg
(equilibrium constant), the Gibbs free energy of transfer of alcohol from the organic phase to
the interphase can be obtained from the equation

AGy =-RTInK, (6)

transfer

Using this method, the different thermodynamic parameters such as entropy or/ and
enthalpy of transfer can also be obtained. A polynomial fitting between AG, and the

transfer
temperature (T) was used to obtain AS{,,, ., from its first derivative

AG;

Atrf[l? sfer. — _AS(tJransfer (7)
From the knowledge of AGy,.er and ASP. . «er, the enthalpy of transfer was calculated

according to the Gibbs Helmoltz equation
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AHS. o = AGScier + TAS? ®)

transfer transfer transfer

Apart from the understanding of the composition of interphase, the “dilution method” also
helps in the estimation and determination of structural aspects of the microemulsion system
like droplet size, number of droplets, etc.

3. Percolation phenomenon

The integrity of the monolayer is often influenced by the events occurring upon collision
between microemulsion droplets. One expects various changes of the properties of the
microemulsions, when the volume fraction of the dispersed phase ¢ is increased. The electrical
conductivity is especially sensitive to the aggregation of droplets. This is indeed observed in
several reported studies (Lagues, 1978, 1979; Dvolaitzky et al., 1978; Lagues & Sauterey, 1980;
Lagourette et al, 1979, Moha-Ouchane et al, 1987, Antalek et al, 1997) in aqueous
microemulsions. The paper of 1978 by Lagues is the first to interpret the dramatic increase of the
conductivity with droplet volume fraction for a water-in-oil microemulsion in terms of a
percolation model and termed this physical situation as stirred percolation, referring to the
Brownian motion of the medium. This was, however, soon followed by several investigations.
According to most widely used theoretical model, which is based on the dynamic nature of the
microemulsions (Grest et al, 1986; Bug et al., 1985; Safran et al., 1986), there are two
pseudophases: one in which the charge is transported by the diffusion of the microemulsion
globules and the other phase in which the change is conducted by diffusion of the charge carrier
itself inside the reversed micelle clusters. According to this theory, two approaches (static and
dynamic) have been proposed for the mechanism leading to percolation (Lagourette et al.,
1979). These are being governed by scaling laws as given in equations 9 and 10.

o=A(p.—9)" pre-percolation 9)

o=B(¢—¢.)' post-percolation  (10)

where o is the electrical conductivity, ¢ is the volume fraction, and ¢ is the critical volume
fraction of the conducting phase (percolation threshold), and A and B are free parameters.
These laws are only valid near percolation threshold (¢, ). It is impossible to use these laws
at extremely small dilutions (¢ — 0) or at limit concentration (¢ — 1) and in the immediate
vicinity of ¢.. The critical exponent ¢ generally ranges between 1.5 and 2, whereas the
exponent s allows the assignment of the time dependent percolation regime. Thus, s > 1
(generally around 1.3) identifies a dynamic percolation (Cametti et al., 1992, Pitzalis et al.,
2000; Mehta et al., 2005). The static percolation is related to the appearance of bicontinuous
microemulsions, where a sharp increase in conductivity, due to both counter - ions and to
lesser extent, surfactant ions, can be justified by a connected water path in the system. The
dynamic percolation is related to rapid process of fusion- fission among the droplets.
Transient water channels form when the surfactant interface breaks down during collisions
or through the merging of droplets (Fig. 6). In this latter case, conductivity is mainly due to
the motion of counter ions along the water channels. For dynamic percolation model, the
overall process involves the diffusional approach of two droplets, leading to an encounter
pair (Fletcher et al., 1987).
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In a small fraction of the encounters, the interpenetration proceeds to a degree where the
aqueous pools become directly exposed to each other through a large open channel between
the two compartments, created by the rearrangement of surfactant molecules at the area of
mutual impact of the droplets. The channel is probably a wide constriction of the monolayer
shell between the two interconnected compartments. Due to the geometry of the
constriction, the monolayer at that site has an energetically unfavorable positive curvature,
which contributes to the instability of the droplet dimmer. The short lived droplet dimmer
than decoalesces with a concomitant randomization of the occupancy of all the constituents
and the droplets re-separate. Thus, during the transient exchange of channels, solubilizate
can exchange between the two compartments. This offers an elegant approach to study the
dynamic percolation phenomenon. However, another approach depicts a static percolation
picture which attributes percolation to the appearance of a “bicontinuous structure” i.e
formation of open water channels (Bhattacharaya et al., 1985).

The conductivity of the microemulsion system is very sensitive to their structure (Eicke et
al., 1989; Kallay and Chittofrati, 1990; Giustini et al., 1996 ; D'Aprano et al., 1993, Feldman et
al., 1996). The occurrence of percolation conductance reveals the increase in droplet size,
attractive interactions and the exchange of materials between the droplets. The percolation
threshold corresponds to the formation of first infinite cluster of droplets (Kallay and
Chittofrati, 1990). Even before the occurrence of percolation transition the change in
conductivity indicates the variation of reverse micellar microstructure. The conductivity is
closely related to the radius of the droplet but other factors like the composition of the
microemulsions system, presence of external entity, temperatures etc. Under normal
conditions, water in oil microemulsions represent very low specific conductivity (ca.10- 10
7 Q -lem?). This conductivity is significantly greater than it would be if we consider the
alkane, which constitutes the continuous medium and is the main component of the water
in oil microemulsions (~10 14 Q -1 cm-t). This increase in the electrical conductivity of the
microemulsions by comparison with that of the pure continuous medium is due to the fact
that microemulsions are able to transport charges.

(a) Static droplet fusion (b) Dynamic droplet fusion
Fig. 6. Dynamics of droplet fusion

When we reach a certain volume of the disperse phase, the conductivity abruptly increases
to give values of up to four orders of magnitude, which is greater than typical conductivity
of water in oil microemulsions. This increase remains invariable after reaching the
maximum value, which is much higher than that for the microemulsion present before this
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transition occurs. Similar behavior is observed with variation in water content, temperature
or volume fraction for the fixed composition of the microemulsion. This phenomenon is
known as electric percolation, (Hamilton et al., 1990, Garcia-Rio et al., 1997, Hait et al., 2001,
Borkovec et al., 1988, Papadimitriou et al., 1993, Mehta et al., 1995, 1998, 1999, 2000, 2002) the
moment at which an abrupt transition occurs from poor electric conductor, system (*10-7 Q -1
cm?) to the system with fluid electric circulation (102 Q -1 cm1). As a consequence of ion
transfer it yields a sigmoidal 6—-6 and c—¢ profile. The point of maximum gradient of the
dlogo /d6 or dlogs /d¢ profile corresponds to the transition of the percolation process
and is designated as the threshold volume fraction (¢.) or the threshold temperature (6.),
characteristic feature of a percolating system.

Moulik group (Hait et al., 2001) has proposed the sigmoidal Boltzmann equation (SBE) to
determine the threshold characteristics of microemulsion systems. In conductance
percolation, the equivalent equation can be written as

logo; —log oy

logo = logcf[1+[ ]{1+exp(6—6c) / A0}t (11)

log o

where i, f and c are the initial, final and percolative stages. The composition of the system
and other environmental conditions such as pressure and presence of additives control the
threshold values.

The specific conductance of the system is calculated with the help of droplet charge fluctuation
model (Eicke et al., 1989). In this model which is valid for the free diffusing species, it is
assumed that the net charges of a droplet around an average net zero charge and its
transport is associated with the free diffusive process of single droplets. Using this model
the final result of the conductivity of a dilute microemulsion is

o= sozakBTi3
2m r

n

12)

However, in order to arrive at this expression, consider a nanodroplet composed of N;
negatively charged surfactant molecules and N positively charged counterions. For
electroneutrality the average values are equal (N;)=(N,)=N.However, due to
spontaneous fluctuations in these numbers the droplet will carry can excess charge

z=N, -N; (13)

in units of the elementary charge e. Even though the valency of a droplet z will fluctuate in
time, the conductivity of microemulsion and a dilute electrolyte solution containing
different ions can be evaluated in an entirely equivalent manner. This is because only the
mean square valency of the ions (or droplets) determines the conductivity. The conductivity
o of a dilute electrolyte solution of different ions i, with a valency z; radius r, (taken as
independent of i for simplicity), number density p, is given (Berry et al., 1980) by

eZ

8 Ziz Pi (14)

- 67“1rn i
where n is the viscosity of the solvent and i runs over all different ionic species in the

solution. In case of microemulsion droplets, it is more convenient to write equation 14 as
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2
o=-LC (72 (15)
61Nz,
where p is the number of droplets per unit volume and (.....) is the canonical average over
all droplets. Note that due to electroneutrality (z) = 0.
The quantity of interest is the mean square charge (z?) of a droplet. It can be expressed in

the terms of the mean squared fluctuations of the number of ions residing on a droplet
SN; =N; —(N;) by

(%) = (8N3) — 2(8N,0N;) + (3N7) (16)

Such averages are related to derivatives with respect to the conjugated thermodynamic
forces (Callen, 1960)

ON;,
(8N;8N;) = kBT(a—H‘)Mhj (17)
j

where p;is the chemical potential of the jt component (j=1,2), T is the absolute temperature
and kg is the Boltzman constant.

To evaluate (z?) explicitly, one need a model for the chemical potential y; of the ion residing
on a droplet. One may write

iy = +kpTlog N; +p{™ (18)

where first two terms on the right hand side represents the chemical potential for an ideal
solution while u{® is the excess chemical potential

oG

(ex) _ (W) T, Niyj

i (19)
Here a simple model is adopted to identify the electrostatic work required to charge a
droplet in the solvent with the excess Gibbs free energy, i.e.

z%e?

G =
8me er,

(20)

where z is given in equation 13, &, is the dielectric permittivity of the vacuum, and ¢ is the
dielectric constant of the solvent. The excess Gibbs free energy (eqn no. 20) is also the basis
of Born’s theory of ionic solvation (Berry et al., 1980).

Now the calculation of (z*) explicitly, using equations 18-20, the 2X2 matrix with the
elements (0y; / 6Ni)Nk¢] ,r was calculated and it was found

kT[N % 1, v (1)

The abbreviation a=e?/(4nkzTe.er,)has been introduced. The derivatives

(ON; / 6;1i)uk¢i ,r required in equation 15 can be obtained most easily by noting the fact that
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the matrices with the elements (o, / ON)x,, 1 and (0N, / o)y, m aTE related by simple

matrix inversion (Callen, 1960). Inverting the matrix in equation in 21 and using equation 16
and 17, it gives
2N

2
72y = 22
@ 1+2No @
There are two limiting cases to consider.

For a <<1 the second term in the denominator of equation 22 is negligible, and therefore
(z*) =2N. This is the limiting case of ideal behavior where the mean-square fluctuations are
essentially given by the number of ions residing on the droplet. As N>>1, the realistic case

corresponds to the second limit where (z*) =1/ a. This means that it is determined by the

ration of coulomb and thermal energies. Inserting (2% =1 / o into equation 15, we obtain
the final result for the conductivity of a dilute microemulsion i.e. equation no. 12.

p has been replaced with the volume fraction of the droplet ¢ by using the relation
¢ =4nr’p /3. Equation 12 predicts that the specific conductivity of microemulsion (o/¢)
should be constant and for a given solvent and temperature, depend on the radius of the
droplet only o 1. this result is independent of the charge of the ions in question.

However the phenomenon of percolation process (Peyrelasse et al., 1988) was also assessed
using permittivity studies by Peyrelasse et al. From a very general point of view the
complex permittivity &* of a heterogeneous binary system may be represented by a
relationship of the form & =G(e},&,,0,py ) in which &, and &, are the complex permittivities
of the constituents 1 and 2, ¢ is the volume fraction and px represents the parameter, which
enable the function G to contain all the information on the geometry of the dispersion and
on the interactions, which takes place within the system. The models, which enable a
approximation of the function G, are often based on effective and mean field theories.
Satisfactory results are generally obtained when the interactions within the mixtures are
weak, which is often the case when the volume fraction of one of the constituents is small,
and as long as the dispersion can be considered macroscopically homogenous. But when the
dispersed particles are no longer isolated from each other, in other words, when clusters of
varying sizes form, the conventional models no longer apply and the concept of percolation
can be successfully used. The general relationship for complex permittivity (Efros &
Shklovskii, 1976; Stroud & Bergman, 1982) is

*

87*: _ tf 8;/8; 23
SNNDE & o

where €¥, €%, ¢*; are the complex permittivities of microemulsion and the components, ¢ is
the volume fraction of dispersed phase ¢. is the percolation threshold. Similar to the
conductivity, permittivity also obeys the characteristic scaling laws. The function f(z) in
which z is a complex variable satisfies the following asymptotic forms

0> 0., z<<1,f(z)=C, +Cyz (24)

d<d.,|zl<<1,f(z)=C,z (25)
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z>>1v¢,f(z) = Cz'** (26)

If it is assumed that the two components are dielectric conductors of static permittivities
& and &, and the conductivities o; and oy, then one obtains

B =1, 6 =6 )2, 0=2m 27)
£,0 £,0
in which v is the frequency of the electric field applied, &, i.e. the dielectric permittivity of a
vacuum and j* = -1. The heterogeneous system built from components 1 and 2 presents
static permittivity &, and conductivity o. The following relations are obtained
when ¢ < ¢.,|z|<<1,

£, = Cera(be—0) (28)
o=Cy0;5(0— ) (29)
But when ¢>¢_,|z|<<1
£, = Cheag(b— o) 1+ =515 (9 - )] (30)
1€2s
c:Clol(¢—¢c>*[1+%<¢—¢Cr“ﬁ>1 (31)
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As (t+s) are positive &, / &, does not tends towards infinity, while ¢ is close to ¢. we have

g, = Crege(0—0,) ™ (32)

So when ¢ is close to ¢, go|p—¢,|°on either side of ¢.. Moreover, of o, /oy <<1(for

example, with a perfect insulator 6, =0), close to the percolation threshold one can still have

%2 - [+ (33)
831

One consequently obtains

6 =C01(9— b, )t (34)

It will be noted that equations 29 and 34 indicate that the derivative (1/c)(do /d¢) tends
towards infinity at percolation threshold. It should also be observed that equations 28-34 are

only valid if z <<1. For conductivity this implies that 22 << (0—0.)**®). These are not valid
O1

in the neighbourhood of ¢. in which z — e . In fact, experimentally, there is a continuous

transition with in an interval of width (A) in the immediate neighbourhood of ¢.. The width

of this transition interval (the cross over regime) is of the order of
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A=s, +s, =(22)/9) (35)
1

The above discussion leads to asymptotic relationships for conductance as

G(X(d) - (I)C)tlfd) > q)c +51 (36)
co(d. — ) Cifp < o, —s, (37)
Finally one obtain the equations in the form of equation 9 and 10.
In terms of permittivity, when in equation (23) [M} is much smaller than 1,
~Ye
g =A (0. —9)° pre-percolation (38)
e =B (0-0.) post-percolation (39)

where ¢ is the volume fraction, and ¢, is the critical volume fraction of the conducting
phase (percolation threshold), and A and B are free parameters. These laws are only valid
near percolation threshold (¢, ).

The study of microemulsions provides a characteristic insight in to its structural features.
However, in the dilute limit and for Newtonian behavior, the microemulsions are said to
obey well-known Einstein relation

N, = =1+2.5¢ (40)
Mo

According to the relation, the dispersed particles in the liquid are in the form of rigid
spheres, which are larger than the solvent molecules. However, on account of complex
interaction between the particles and solvent, the relation no longer remains linear when the
concentration is increased (¢ volume fraction >0.05). Ward and Whitemore have found that
"Nr is a function of size distribution and is independent of the viscosity of the suspending
liquid and the absolute size of the spheres at a given concentration (Ward & Whitemore,
1950). According to Roscoe and Brinkman the viscosity of solutions and suspensions of
finite concentration with spherical particles of equal size (Roscoe, 1952; Brinkman, 1952) is
given by

n, = (1-1354) % (41)

For large volume fractions one must, on the one hand, account for hydrodynamic
interactions between the spheres and on the other hand, for direct interactions between the
particles that are, e.g., of a thermodynamic origin. However, there is no accurate theory to
explain the viscosity of microemulsions but several semiempirical relations are used for the
purpose (Saidi et al., 1990). When the composition of microemulsion is subjected to change it
subsequently changes its viscosity profile yielding different structural organisations.
Further, in order to understand the percolation phenomena viscosity studies are
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successfully employed. With time the viscosity increases and at time t. a molecule of infinite
length is formed. t. corresponds to the gelation point and scaling laws can be written as
follows

na(t. —t)™° pre percolation (42)

Ea(t -t )" post percolation 43
c)  postp

where E is the elastic modulus. However, the critical exponent obtained for n can have
various values. It depends on the experimental conditions which suggest the existence of
different growth mechanism.

4. Energetics of droplet clustering

Various studies (Peyrelasse et al., 1989; Peyrelasse & Boned, 1990; Mathew et al., 1991) have
shown that conductivity percolation in microemulsions is the result of droplet clustering.
This is being depicted in Fig. 7. At low ¢, individual droplets maintain a low conductivity.
As ¢ increases, the conductivity also increases as droplets assemble in the clusters and ion
diffusion or exchange of droplet content is facilitated and an infinite percolating droplet
network is eventually formed at ¢.. The droplets clustering process has been estimated
utilizing the values of dispersed phase volume fraction (¢.) at the percolation threshold (Ray
et al., 1993; Alexandridis et al., 1995). It has been postulated that the threshold of electrical
percolation corresponds to the formation of first open structure of an infinite cluster (Eicke
et al., 1989; Riddick & Bunger, 1970).

Fig. 7. Schematic representation of droplet cluster formation and the course of electrical
conductivity with varying temperature and composition
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Organodiselenide | S=[Oil]/[AOT] |-AGY (KJmol?) | AHY (Kfmol?) | ASY (JK-1imoll)
Without 5 21.67,24.36 64.34, 67.49 130.80, 131.24
7 22.30,25.41
9 23.14,26.35
15 24.93,28.33
C12H16NeSen 5 21.25,24.48 74.59, 82.36 162.63,175.34
7 22.39, 25.66
9 23.23, 26.60
15 25.04, 28.40
CsHsN,4SeCl, 5 25.84,24.21
7 08B0 | aaessy  [133.9513424
9 27.77,27.84
15 29.74, 28.84
NapsSe> 5 25.36,24.57 68.62,69.22 131.50,132.24
7 26.36,25.87
9 27.25,27.62
15 29.23,30.59
(PhoCHSe), 5 24.36,24.30 133.36.137 48
7 25.41,25.47 67.29, 69.68 ,
9 23.26,26.34
15 24.95,28.95
C10HsN2SeoBro 5 28.70, -----
15 32.70, 33.02
C10HsN2SeoBry 5 28.90, 35.40
|- , 42.50

Table 1. Energetics of droplet clustering, AG., for water-induced percolation for

AOT/isooctane/water and Lecithin+AOT/isooctane/water for different organodiselenide

at various concentrations
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The microemulsion droplet above the percolation threshold, aggregated in clusters, are
considered to be phase different than that of nonpercolating droplets, with distinct physical
properties such as conductivity. This is comparable to psuedophase concept used for
modeling the formation of micelles in solutions of amphiphillic molecules (association
model). Dilution of clustered (percolating) microemulsion system upon addition of an
apolar solvent at constant droplet size lowers the conductivity rapidly until the clusters
dissociate into individual droplets below percolation threshold ¢.. This phenomenon is
comparable to the process of demicellization occurring when the surfactant concentration is
lowered below the critical micellar concentration. In the light of the concept of droplet
association, the Gibb’s free energy of droplet clustering (standard free energy change for the
transfer of 1 mole of droplets from an infinitely diluted solution to the percolating cluster),
AGY, is calculated from the relationship

AG =RTInX, (44)

where R is the gas law constant, T is the absolute temperature, X}, is the mole fraction of the
microemulsion droplets corresponding to percolation threshold (¢.) at constant temperature
T. The Xp value is obtained from the relation

n
—d = AtRwMo /[AtRwMo + SVOpON] (45)

X. =
(nd +1’10)

p

where, nq and n, are the number of moles of droplet and oil, respectively. A; is the total
cross-sectional area of the surfactant, V,, po, M, are the volume, density and molar mass of
the oil, respectively. N is the Avogadro number, R,, is the water pool radius is obtained from

R,, =3[M, + M +{(W,, + W)/ W,IM, / {Np4y(A, +T1A_}] (46)

where M stands for molar mass, W is the weight fraction and subscript ¢ and cs represents
for surfactant and cosurfactant respectively. ps, A and N are the density of the dispersed
phase, cross-sectional area and Avogadro number, respectively. r=(N. /N;)is called
structural ratio (ratio between the number of molecules of s and cs at the droplet interface)
However, in the absence of cosurfactant equation 46 becomes

Ry, =3[M, +(W, +W,)]/ Npga, (47)
Further, the enthalpy of clustering AHY, can also be obtained from Gibbs Helmoltz equation
d(AGq /64)/d(1/64) = AHG (48)

The entropy change of the process is obtained from
ASG = (AH - AGg) /6, (49)

The energetics of the clustering have been well utilized during all these years for different
microemulsions with and without additives. The dynamics of percolation and thereafter
energetics of the clustering have been extensively investigated in our group for various
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cationic, anionic and non-ionic microemulsions (Mehta et al., 2006, 2007, 2009). The data for

energetics of the clustering of AOT/isooctane/water and Lecithin+AOT/isooctane/water

microemulsion in presence of different additive i.e., glycols, aminopyridines, modified
aminoacids and organodiselenide have been tabulated in Tables (1-3) (Mehta et al., 2007,

2009).

Anti-tuberculosis drug

-AGY (k] mol1)

Tween 80/ oleic acid/ ethanol/phosphate buffer

without 435
rifampicin 517
isoniazid 5.17
pyrazinamide 517
Brij 96/ Ethyl Oleate/butanol /water
without 48.8
rifampicin 46.04
isoniazid 48.80
pyrazinamide 4297

Table 2. Energetics of droplet clustering, AG] for water-induced percolation for different

non-ionic microemulsion with and without the presence of anti-tuberculosis drugs

(rifampicin, isoniazid and pyrazinamide)

S=[Oil]/[AOT] | Conc. (mM) [-AGY (K] mol)| AHY (k] moll) | ASY (JK-lmol)
Glycols

Without |5 15 20.0 61.2£7.5 264.6
7 15 21.0
9 15 22.0

PG 5 15 20.0 69.415.9 2914
7 15 21.2
9 15 22.0

BG 5 15 19.8 55.145.8 226.4
7 15 211
9 15 21.9
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PMG 15 19.8 49.0+5.8 226.4
15 20.9
15 21.8

Aminopyridines

Without - 21.68 55.40+5.2 243.00
50 20.86

2-Ampy i’g ;} 5132 48.45+4.8 220.00
5 21.74
50 20.65

3-Ampy i’g i 2(7) 48.31+3.6 219.70
5 21.55
50 21.20

2-Am-4- 30 21.40

mpy 15 7154 54.53+4.2 239.69
5 21.61
50 21.13

2-Am-6- 30 21.48

mpy 15 2155 53.74+1.5 237.33
5 21.61

Modified Aminoacids

5 20.08

Without ; ggé 47.99 220.4
15 24.37
5 20.33

NAG ; ;;Z? 45.20 209.27
15 24.81
5 20.27

NAA ; gi; 45.64 211.75
15 24.66
5 20.43

NAC ; ;;2; 43.16 203.6
15 22.44

Table 3. Standard free energy values (k] mol-) for volume induced percolation for Glycol,
Aminopyridines and Modified Aminoacids (MAA) in AOT/isooctane/water

microemulsion
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5. Conclusions

Microemulsions are thermodynamically stable, transparent, low viscosity mixtures of oil
and water stabilized by a monolayer of surfactant. The chemistry of microemulsions is at
an incredibly exciting stage of development. The advent of systems that are easy to handle
allows those without specialist knowledge of the field to use them for the first time.
Because of its versatility and thermodynamic stability, the microemulsion systems find
potential applications in pharmaceutical, oil recovery, as food additives and as reaction
media, etc. There are different theories which have been developed over the course of
time relating to the formation of microemulsions. Most acceptable among them are
interfacial, solubilization and thermodynamic theories, etc. The spontaneity of formation
of microemulsion involves change in the free energy of formation of microemulsion, AGn,
which mainly consists of interfacial energy and energy of clustering droplets. Irrespective
of the mechanism, the reduction of the interfacial free energy is critical in facilitating
microemulsion formulation. Alongwith the stability, the size of droplets in
microemulsions can also be adjudged using the thermodynamic approach.

The unique solvent properties of microemulsion compared to conventional organic
solvents, indicate that the novel micro-heterogeneous media can be efficiently used as
reaction media for various biocatalytic reactions. Presence of different domains of variable
polarity due to compartmentalization in microemulsions makes them particularly useful
in the area of drug delivery. Microemulsion media finds several applications ranging
from drug delivery to drug nanoparticles templating due to its ability to enhance
solubility, stability and bioavailability. To thoroughly understand the drug delivery
potential of microemulsion, it is necessary to know the possible phase transitions
occurring in the system and the influence of drug on its microstructure. Apart from being
used as a carrier, microemulsions also act as template for synthesis of nanoparticles. In its
pharmaceutical applications, attempts are being made to synthesize drug nanoparticles
for controlled release.

This chapter deals with different theories and models developed during the course of time
using various approaches to interpret the formation, stability and structure of
microemulsion systems which offers application and adaptability in multiple fields.
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The Atmosphere and Internal Structure of Saturn’s
Moon Titan, a Thermodynamic Study

Andreas Heintz and Eckard Bich
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1. Introduction

The atmosphere and internal structure of the icy satellites of Jupiter and Saturn offer a most
interesting subject of studying their thermodynamic properties. The treatment provides a
motivating example of applying thermodynamic and physical principles beyond the well
known classical areas of chemical engineering and chemical separation or reaction processes.
Particularly Saturn’s largest moon Titan is most suitable for that purpose for several reasons.
There exist numerous data of Titan obtained by observations from Earth, from the Voyager
1 and 2 missions in 1977 and more recently from the Cassini-Huygens mission which in
particular provided most spectacular results in the years 2005 to 2008:

— Titan has a dense atmosphere consisting mainly of Ny (93 — 98 %) and methane (7 — 2 %)
with a pressure of 1.5 bar and a temperature of —180°C = 93 K at the bottom.

— Methane plays a similar role on Titan as water on Earth causing similar meteorological
processes.

— Liquid lakes consisting of the atmospheric components cover at least 4 % of Titan’s surface,
maybe even more, because only parts of Titan’s surface have been investigated so far by the
Cassini probe.

— Solid water ice plays a similar role as rocky material and sediments on Earth’s surface.

— Due to its low density (1.88 g - cm~3) Titan must contain remarkable amounts of water in
its mantle while its inner core consists of rocky material.

Important questions arise which can be answered by thermodynamic methods as shown in
the following sections:
— What is the composition of the condensed liquid phase on Titan’s surface?

— What does the temperature profile of the atmosphere look like and what role does methane
play in the formation of clouds and rainfall?

— How have the atmosphere and surface developed in the past and what will be their future
fate?

— What can be said about Titan’s internal structure?
Table 1 gives some information on physical properties and interplanetary data of Titan.

Titan always turns the same side to Saturn, i. e., its rotational period is identical with its
revolution time around Saturn. Much more detailed information than presented in this
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article can be found in the literature (Atreya et al., 2006; Barth & Toon, 2003; Flasar et al., 2005;
Fulchignoni et al., 2005; Griffith et al., 2006; Lewis, 1997; Lorenz et al., 1997; 2008; Mitri et al.,
2007; Mousis & Schmitt, 2008; Niemann et al., 2005; Rannou et al., 2006; Stofan et al., 2007;
Yung & DeMore, 1999; Yung et al., 1984).

2. Photochemistry in Titan’s atmosphere

The most important gaseous components detected and determined quantitatively in Titan’s
atmosphere are presented in Table 2.

The atmosphere is characterized by clouds in the troposphere and a hazy upper atmosphere
containing aerosol particles of ~ 1y m size which conceals a free view to Titan’s surface in the
visible region of light. However, UV, IR and mainly radar imaging technique is able to reveal
details of Titan’s atmosphere and surface. This situation indicates an intensive photochemical
activity in the atmosphere. A simplified version of the photochemical destruction processes
caused by solar UV-irradiation reads as follows (Atreyaetal.,, 2006, Lorenz etal., 1997;
Yung et al., 1984; Yung & DeMore, 1999)

2CHy + hv — CyHg+Hy (reaction I)

2CH, +hv — CyHy +2H, (reaction II)
CHy+m'"” — CHy+H, (reaction IIb)

2CH,4 —  CyH, + 3H, (reaction II = Ila + IIb)

2CHy + " — %CnHQ + (4 — %) H, (reactionIII)

This reaction scheme shows that the appearance of C;Hg and CoHj in the atmosphere (s.
Table 2) has its origin in the photochemistry of CHy. CyHy is a photochemically unstable
intermediate product. The haze in the upper atmosphere is mainly caused by the production
of polyenes (reaction III). Hy escapes rapidly from the atmosphere into the space due to Titan’s
low escape velocity. It is assumed that ca. 80 % of the destructed CHy is transformed into
CyHg, ca. 12 % into CoH; and 8 % into polyenes (Yung & DeMore, 1999; Griffith et al., 2006).
CyHg is assumed to be dissolved partly in the liquid lakes on the surface. Most of CoHg and
all other photochemical products remain as small particles in the atmosphere (polyenes) or
are adsorbed on the icy surface on the bottom.

3. The composition of lakes on Titan’s surface

The discovery of liquid lakes with areas up to the size of Lake Superior (USA) was one
of the most spectacular results of the Cassini mission (Stofan et al., 2007; Mitri et al., 2007;
Lorenz et al., 2008). What is the composition of these lakes covering at least several percent
of the surface? The most simple assumption is that these lakes consist of a liquid mixture
of Ny and CHy, which are also the dominant components in the gaseous atmosphere. It is
an easy task to calculate the liquid composition treating the binary system as an ideal liquid
mixture. We only have to know the temperature of the lakes and the saturation pressure.

mass/kg radius/km  gravity acceleration/  average density/ rotational
m-s2 g-cm 3 period/days
1.344 - 107 2575 1.354 1.88 16
surface surface surface distance distance
temperature/K  pressure/bar area/m?2 to sun/km to Saturn/km
93 1.49 8.332- 1013 1.428 - 107 1.222 -10°

Table 1. Physical parameters of Titan.
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N2 CH4 Hz CcO C2H6 Csz C2H4 HCN
93-98 7-2 01 6-10% 2.107°% 2-100%* 4-10° 2.107°

Table 2. Atmospheric composition in mol % (Yung & DeMore, 1999)

Obvious choices are the experimentally determined surface temperature of T = 93 K and the
total surface pressure p = 1.49 bar. According to Raoult’s ideal law it follows

p-yen, = P&, - Xcn, and p-yn, = pRs (1 - xcn,) ey

with the molefractions y; and x; in the gaseous atmosphere and in the liquid phase
respectively (i = CHy,Np).

The saturation pressures of methane and nitrogen at 93 K are (Prydz & Goodwin, 1972;
Wagner & de Reuck K. M., 1996; Span et al., 2001):

P&, = 01598 bar, pRi! = 4.625 bar
Using these data we obtain

sat

P — PN
PchH, PN,

The predicted composition of the atmosphere is therefore

yew, = P&, - xen,/p = 0.074

This is close to the experimental data of y;, (0.93 - 0,98) and ycp, (0.02 —0.07) and suggests
that the predicted composition of the lakes with 70 mole percent CHy and 30 mole percent N
is no unreasonable result.

However, there exist serious arguments in the literature that the liquid phase of the lakes
and also humidity in the pores of the solid water ice on the bottom may contain also
considerable amounts of ethane (CyHg) (Lorenz et al., 2008; Barth & Toon, 2003; Rannou et al.,
2006; Griffith et al., 2006; Mousis & Schmitt, 2008) since C,Hg is soluble in liquid CHy or liquid
CH, + N mixtures. Therefore a more refined model of the ternary system CHy + Nj + CpHg
has to be applied accounting also for non-ideality of the three mixture components in the
liquid as well as in the gaseous phase.

We start with the following expression for the total pressure p of a real liquid ternary mixture
being in thermodynamic equilibrium with its real gaseous phase (C = CHy,N = N, E =
Ethan = C2H6).

p=(xcrc) - (e pE&") + (enmn) - (7w pRY) + (e 7E) - (77 - PEY) @
7i(i = C,N,E) and 7;(i = C,N,E) are the activity coefficients of i in the liquid phase and
the so-called Poynting correction factors for component i respectively. Eq. (4) exhibits a
sufficiently correct description of ternary vapor-liquid phase equilibria provided the reality
of the gaseous phase can be described by accounting for second virial coefficients B; and
the approximation is acceptable that all activity coefficients in the vapor phase are unity
(Lewis-Randall rule in the vapor phase).
i and 71; are given by the following equations:
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acn/J - mol ! aCE/]-mol_1 ang/] - mol !
720 440 800
VéH4 /em?3 - mol ! Vlilz /em?3 - mol ! Vé2H6 /em? - mol !
35.65 38.42 67.83
Bch, /em3 - mol ! By, /em3 - mol ! Bc,H, /em3 - mol !
- 455 -186 - 2500

Table 3. Thermodynamic parameters of the ternary mixture components at 93 K

RTInyc =acn - xn(1 — xc) +acg(1 — xc)Xg — aNgXN - XE
RTInyyN =acN - xc(1 — xn) +ang(1 — xN)Xg — acgxc - ¥g
RTInvg = acg - xc(1 — xg) +ane(1 — ¥g)¥N — dcNXC - ¥N (©)

with the balance for mole fractions

xc+an+axgp=1
and the Poynting factors

(Vis —Bi) (p — ™)

RT (i=CN,E) 6)

TT; = exp

The parameters 4;; characterize the difference of intermolecular interactions in binary liquid
mixtures i + j and are based on the simple expression for the molar Gibbs excess enthalpy Ggf
of the binary mixture i + j:

E
Gij = 611']' X x]-

The Gibbs excess enthalpy of the ternary mixture is

Gier = RT(xcInyc + 2 + Inyy + 2 Inyg) ™
with Invy; from eq. (5).
Parameters acy,acg and ang can be obtained from experimental data of binary Gg‘- available
from the literature (Miller et al., 1973; McClure et al., 1976; Ponte et al., 1978) by fitting eq.
(7) to the experiments. Values obtained are listed in Table 3. Calculation of 7; in eq.
(6) requires data of the liquid molar volume Vil (Liu & Miller, 1972; Massengill & Miller,
1973) and the second virial coefficient B; (Spanetal., 2001; Biicker & Wagner, 2006;
Wagner & de Reuck K. M., 1996) for each component at T = 93. Values are also listed in Table
3.
At given liquid composition xc,xn and xg = 1 — xg — xN;,Yc, YN and g can be calculated
using eq. (5). mc, Ny and 7 can be calculated by eq. (6) using p = 1.49 - 10° Pa and the
known values of pfat. Compositions y;(i = C,N, E) are than obtained by

yvi=xypit-m (i=CN,E) ()

It turns out that yg ~ 0 for almost all compositions xc and xy due to the negligible vapor
pressure p§t = 2.3 - 107> bar (Biicker & Wagner, 2006) compared to p* and p33t at 93 K. As
a result the vapor phase can be treated as a binary mixture of CHy and Nj. For presenting
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Fig. 1. Liquid composition x; (i = C,N, E) of the ternary system CHy + N; + C,Hg as function
of molfraction of methane, yc, in a saturated atmosphere

our results of the ternary liquid mixture in Fig. 1 the mole fractions in the liquid state xc, xy
and xg = 1 — xc — xy are plotted as function of the composition of ycy, =1 — yy, up to
ycH, = 0.1. Fig. 1 shows that xg is continuously decreasing with increasing yc while xc is
continously increasing. At ycy, = 0.10,xg = 0, i. e. values of ycy, > 0.1 would indicate that
no ethane can be present in the liquid phase. Interestingly xy is almost independent of yc with
values close to 0.18. The following conclusions can be drawn from Fig. 1. Since experimental
values of ycp, lie between 0.02 and 0.07 the results suggest that ethane would be present in
the liquid phase with values of xg in the range of 0.7 to 0.2. However, there is no evidence
that the measured values of ycp, are really values being in thermodynamic equilibrium with
a saturated liquid mixtures at the places where these values have been measured in Titan’s
atmosphere. Therefore equilibrium values of ycy, which are representative for the liquid
composition of the lakes may reach or even exceed 0.1. In this case most likely no ethane
would be present in the lakes and the liquid composition would be xcp, = 0.834 and xy, =
0.166 which is different from the result obtained by eq. (2) under the assumption of an ideal
binary mixture (xcpy, = 0.698,xy;, = 0.302).

4. Cloud formation and rainfall in Titan’s troposphere

Early attempts to describe quantitatively the situation of a saturated atmosphere of Titan can
be found in the literature (Kouvaris & Flasar, 1991; Thompson et al., 1992). We provide here
a simple and straight forward procedure based on the most recent results of the temperature
profile of the lower atmosphere.

Fig. 2 shows the temperature profile of Titan’s atmosphere as measured by the landing probe
Huygens (Fulchignoni et al., 2005). The relatively high temperatures in the thermosphere
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Fig. 2. Temperature profile in Titan’s atmosphere (see text).

are caused by the absorption of solar radiation. This is the region where the photochemical
processes take place. At ca. 40 km the temperature reaches a minimum value of ca. 73 K
increasing again below this altitude. The nearly linear temperature profile below 20 km is
called the polytropic lapse rate. Its slope (dT/dh)) is negative (—0.92 K - km™1). This is
the part of the troposphere where cloud formation of CHy 4 Np-mixtures can take place as
well as rainfall. Such negative lapse rates of temperature are also observed in other dense
atmospheres, e. g. on the Earth or on the Venus and can be explained by the convection of
gases in a gravitational field which corresponds approximately to an isentropic process which
is given by the following differential relationship valid for ideal gases:

dT _y—-1dp . _

T 4 p with v=C,/Cy )
Cp and Cy are the molar heat capacities at constant pressure and volume respectively.
Real processes are often better described by ¢ instead of y with

1<e<qy (10)
¢ is called the polytropic coefficient.

Considering hydrostatic equilibrium as a necessary condition in any atmosphere we have for
ideal gases:

M-g
“PRT
where M is the average molar mass of the gas and / is the altitude.

Combining eq. (9) with eq. (11) and using ¢ instead of < integration gives the temperature
profile in the atmosphere

dp = dh 11)

M-ge—1h
T(h):To( —Tgss ?O) (12)

with M = 0.028 kg - mol !, Ty =93 K and g=1.354m s 2 (see Table 1).
Substituting eq. (12) into eq. (9) integration gives the pressure profile in the atmosphere:
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M-ge—1 h\&1 T(h)\ 71
P(h):PO( _Tg%f)) :PO(%) (13)

with pg = 1.49 - 10° Pa.
The experimental lapse rate (dT/dp) = —0.92 K- km ™! is best described by eq. (12) with
e = 1.25. It is worth to note that eq. (13) gives the barometric formula for an isothermic
atmosphere with T = Ty in the limiting case of lirr} [eq. (13)].

e—
We are now prepared to develop a straightforward procedure for calculating cloud formation

based on the assumption of a real binary mixture in the liquid state consisting of CH4 and Nj.
By equating eq. (4) with Xgyhane = 0 and eq. (13) we obtain:

p(h) = xcu, - Yen, - 7en, - P (T() + (1= xcn,) - 1N, 7N, - PRG (T(R))
M-g e—1 p1¥EY
= Ppo|l— Tg i TO (14)

Substituting now T(h) from eq. (12) into the left hand side of eq. (14) gives xcp, of the
saturated CHy 4 Ny mixture as function of the altitude /. The corresponding mole fraction
YcH, is calculated by

xcn, - Yo, - Py, (T(h) - men,
Yo = p(h)

(15)

where p(h) is eq. (14).

Results are shown in Fig. 3 which also shows the temperature profile (eq. (12)) and the
solid-liquid equilibrium of methane. Fig. 3 demonstrates that only values of ycp, below
the ycp, (1) curve represent a dry atmosphere. For ycp, > ycp, (1) phase splitting, i. e.
condensation occurs, e. g. for y = 0.049 above 8700 m or for y = 0.036 above 12000 km. These
are the cloud heights where we also can expect rain fall provided there is no supersaturation.
Fig. 3 also shows that “methane snow” will never occur in Titan’s atmosphere since the
solid-liquid line of CHy does not intersect the xcyy, (1) curve above the temperature minimum
of 73 K (s. Fig. 2) due to freezing point depression of the CHy + Nj mixture. ycy, = 0.0975
and xcy, = 0.834 are the saturation values at the bottom as already calculated for the real
model in section 3.

5. Approximative scenario of Titan’s atmosphere in the past and in the future

To our knowledge no attempts have been made so far to develop a thermodynamically
consistent procedure of a time dependent scenario of Titan’s atmosphere.

The simplified scenario presented here is based on the assumption that the gaseous
atmosphere as well as the liquid reservoirs on Titan’s surface consist of binary CHy + N»
mixtures which behave as ideal gases in the vapor phase and obey Raoult’s ideal law. Further
we assume that the total amount of N, remains unchanged over the time, only CHy underlies
a photochemical destruction process occurring exclusively in the gaseous phase, i. e. in the
atmosphere, with a known destruction rate constant. The photokinetic process is assumed to
be slow compared to the rate for establishing the thermodynamic phase equilibrium. Starting
with the mole numbers of CHy, n‘(’C’H4 and Ny, ”51112 in the atmospheric (gaseous) phase given by
the force balances between gravitational forces and pressure forces at 1 =0
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P, A - A
8 4 8 2
n =% xcy, and ny, = ——>—(1—xcny,) (16)
CH4 MCH4 . g 4 Nz 1\41\12 . g 4
the total mole fraction of methane %y, being an averaged value of both phases is
sat A
1 | Pcny
o "en, T XCHy * Mo, 3 a7)
CH, P, PRe-A

1 . l _
ch, + Xch, Mrchy-g + "N, +( xCH4) Mcn, -8

where nlCH4 and ”%\Iz are the mole numbers of CHy and N in the liquid phase respectively. A
is the surface area of Titan (s. Table 1).

Since the total mole number of Ny, niS!, is given by
N

sat | A
! I PN
gt =ny, + 18, = (1—xcn,) (nx, +ne,) + (1— xcpy) MI\ZI ~ (18)
2

the sum of mole numbers of CH, and Ny in the liquid phase is
A
1- XCH, MNZ 4

With xcpy, = nlCH4 / (nlCH4 + ”{\Iz) eq. (17) can now be rewritten as

! 1 _
nNz -+ TZCH4 =

. n o A P
CHy T—xcH, Mn,g§ " Mcn, -8

(19)

XcH, =

x N, PyA | P
CHy | T=xcp, = Mn,-§ ' Mcn,-g
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¥ch, in eq. (19) depends on time through xcpy,, the mole fraction of CHy in the liquid phase,
all other parameters pg; , P, M,  Mch,, g and in particular 7! are constant, i. e. they do
not depend on time provided the temperature is also independent on time.

Below the wavelength A = 1650A methane dissociates according to the reaction scheme
presented in the introductory section with the destruction rate of 4 - 10712 kg m~2 s7! =
2.5-107 9 molm—2-s~ ! (Lorenz et al., 1997; Yung & DeMore, 1999). The total destruction rate
on Titan is therefore 2.5 - 10717 47IR2T =2.1-10* mol - s~!. The loss of CHy is proportional to

the sunlight intensity Ig and the mole number of CHy in the atmosphere n‘ém (see eq. (16)).

t
dnCH4
dt

— 4 _ 8
=21-10" = —ngy, - Is - K
= —k-xc, (t) - p&Y, - A/ (Mcp, - g) mol -s ™! (20

with I - k' = k where xcyy, (t) is the mole fraction of CHy in the liquid phase at time ¢. From
eq. (2) xcp, (t =0) = 0.698 is the mole fraction of CHy in the liquid phase at present, and it
follows:

:2.1.104.MCH4.g

0.698 - pSCaPth -A
We now have to integrate eq. (20):
t dntot
CHy gy 1)
J xcn,(t)

with

sat

Kok Pan A oy 10*/0.698 = 3.0 - 10* mol - s
Mcn, -8
where the time ¢ can be positive (future) or negative (past). Eq. (21) with K = const implies
that the luminosity of the sun has been constant all the time, which is a realistic assumption
with exception of the early time of the solar system Yung & DeMore (1999).
To solve the integral in eq. (21) we write:

dntot Az
tot  _ CHy | | X
dnCH4 = < df ) (dXCH4 ) dxCH4 (22)

i i tot _ 3 i 7 — ptot tot tot ).
Considering that n\j, = const we obtain with x = n¢cy / (nCH4 + nN2>.

2
tot tot tot
dnCH4 (nCH4 + nNz)

= 23
dx g =
and from differentiating eq. (19):
plot nf\‘f; _ pls\?zt'A psCaIEI{A
dfch, _ No \ (T=xcy,)? ~ Myg " Many g (24)

dx tot sat | t . 2
CH, X W, _PA L PE AN o
CH4 1—XCH4 NIN2 ‘8 MCH4 ‘8 Nz
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2
Since the denominator of eq. (24) is equal to <nf\?: + ntcof_h) substituting eq. (23) and eq. (24)
into eq. (22) and then in eq: (21) gives:

XCH. (f)
_Kt= /4 R A P A da, (25)
~ (1-xch,)? Mn,- 8§ Mcn, -8) Xch,
xcy (t=0)

The integral in eq. (25) can be solved analytically and the result is:

1 1
1—xcp,(t) 1—xcp,(t=0)

—ln( 1 — xcp, () .xCH4(t:0))}+A<pSCaI£I4 B P?x?f)
8

1—xcp,(t=0)  xcp,(t) Mch, Mn,

In <"CH74“)) (26)

xcm, (t=0)

— Kt = nf\oé{

Eq. (19) and eq. (26) are the basis for discussing the scenario.
The pressure of the CHy + Ny mixture is given by

p(xch,) = xca, (Pscaﬁ4 - PIS\?D + 1 @7)
or
YcH, ' PR
P&y, +ycm, (P?\?f -,
where p(xcr,) = p(ycr, ) is the total pressure as function of xcy, or ycp, respectively.

In Fig. 4 p(xcr, ), p(ycn, ) and p(Xcpy, ) with gy, taken from eq. (19) are plotted in a common

diagram at 93 K. Three different values of n}fl’: have been chosen for calculating p(%cp,) :

P(}/CH4) = ) : <pSCaIE[4 - psNazt> + P?\?zt (28)

n'f\‘f; =3.08 - 102 mol corresponds to a surface of Titan which is covered by 4 % of lakes with
a depth of 100 m, 7' = 3.39 - 10* mol has the same coverage but a depth of 1000 m. nj =

10.16 - 10%° mol corresponds to a coverage of 28 percent and a depth of 600 m. This is exactly
the value where ,= ni9t when xcyy, becomes zero according to eq. (16).

Fig. 4 illustrates the “lever rule” of binary phase diagrams. For the present situation with
ycH, = 0.074 and xcp, = 0.698 the dashed horizontal line indicates the 2-phase region with
cp,-values corresponding to their nQ-values. The higher n§! is the closer is Xcp, to the
value of xcp,. The ¥cp,-trajectories indicated by arrows show how Xcyy, is changed with
decreasing values of xcp,, i. e. with increasing time. It is interesting to note that the
trajectories with ng' = 3.03 - 10 mol and n{g' = 3.39 - 10’ mol end on the p(ycp, )-curve.
This means that after a certain time ¥cp, becomes equal to ycpy,, and all liquid reservoirs
on Titan would have disappeared. The surface has dried out and methane being now
exclusively present in the atmosphere will be photochemically destructed according to a
first order kinetics. Finally a dry atmosphere containing pure Ny will survive. In case of
nt =10.16 - 10%° mol the trajectory ends at ycy, = %y, = Xcy, = 0 and at p = PR3 which
means that the atmosphere consist of pure Np. For n%\?; > 10.16 - 102 mol the final situation
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Fig. 4. Equilibrium x, g diagram of an ideal binary N, 4+ CH, mixture with trajectories of the

total molefraction of CHy ¥ at different total mole numbers of Nj n}fl’:

will be an atmosphere of pure Ny with p = pgzt and liquid reservoirs with pure Ny on the
surface.
The explicit time evolution of xcp, obtained by eq. (26) is shown in Fig. 5 and Fig. 6.

According to these results xcp, > 0.9 can be expected at the time of Titan’s formation (4 - 10°
years ago) for all values of n%{l’;‘ considered here.

According to Fig. 5 the lakes will have disappeared in 10 - 10° years (nf\?;f =3.08 - 102’ mol) or
in 23 - 10° years (nﬁ =3.39 - 10% mol) with the “last drop” of a liquid composition XcH, R
0.685 or 0.655 respectively. At higher values of n%\?; the liquid mixtures phase would exist
much longer since 7% is also larger at the same composition. In case of n{g' =10.16 - 10* mol
and n}fl’: = 25-10?° mol (see Fig. 6) CHy would have disappeared at Titan in ca. 350 - 10° years

and 2.0 - 10° years respectively resulting in a pure Np-atmosphere with liquid N, reservoirs
(nig' >10-16 - 10° mol).

Fig. 7 shows the change of the total amount of CHy n%’ﬁh = n%m + nlCH4 on Titan as function
of time for the past and the future also based on the present values of xcp, = 0.658 and ycp, =
0.074 for different values of n}fl’: as indicated. ntc"ﬁh has been calculated by
tot XcH, () tot

f)= St
nCH4( ) 1— XCH4(t) nNz

with Tcpy, = Xcp, (xcp, () using eq. (19) with xcp, (t) from eq. (26). According to the model
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Fig. 7. Total mole number of CH,4 on Titan’s surface as function of time at fixed total model
numbers of N as indicated

much more methane must have existed on Titan in the past than today, i. e., Titan has possibly
been covered by a deep liquid ocean consisting of a N, + CHy mixture with distinctly higher
concentrations of methane than today. It might also be possible that the amount of CH4 and
N3 is already much higher at present than the detectable lakes on Titan’s surface suggest due
to hidden reservoirs such as “humidity” in micropores of Titan’s icy crust.

The calculations of this simple scenario show that the fate of Titan’s atmosphere and lakes
sensitively depends on the amount and on the composition of liquid present today on Titan’s
surface. As long as there are no certain values available neither the future nor the past can be
predicted with acceptable reliability. If this situation is changed the model of the scenario can
be extended to real ternary mixture also including ethane. At this point the purpose of this
section was to demonstrate how scenario calculations can be performed.

6. Titan’s internal structure

As already mentioned the low density indicates that Titan’s interior must contain considerable
amounts of water beside rocky material. Assuming that these different chemical components
are well separated we expect that Titan has an inner core consisting of rock, i. e. silicates,
with an averaged density proc = 3 g - cm 2, the mantel and the crust will mainly consist of
liquid water and ice with an averaged density pyj,0 = 1.1 g - cm™3. Accepting these figures
we are able to determine roughly the amount of water in the outer shell as well as the amount
of silicate in the core. We also can calculate the central pressure and the pressure as function
of radius r with » = 0 at the center. First the radius rq of transition from the rocky material to
the water phase is determined from the following mass balance:
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4 4 4
MH,0 F MRock = 37T <P > R} = 371PH;0 [R?% - fﬂ + 37TPRock - " (29)
where Ry is Titan’s radius (see Table 1).
Solving eq. (29) for r3 gives:
3 <P > —PH,0

3 _
1 =Rt
PRock — PH,0

(30)
Using the known data of < p >=1.88 g-cm 3 (s. Table 1), pp1,0, Orock, and Ry the result is

r1 =1913km or r;/Rp=0.743

This is a rough estimate because pp,0 and prqck are averaged values over the pressure and
temperature profile of Titan’s interior. Improved results can be obtained by considering
compressibilities and thermal expansion coefficients if these profiles would be known.

The mass fraction wyy,o of HyO in Titan is:

WH,0 = PH,0 (R3T - 7?) / [PHZO <R§} - 7?) + PRock - Tﬂ =0.345
and the corresponding mass fraction of rock is wrecx = 1 — wp,0 = 0.655.
Using the hydrostatic equilibrium condition
dp=—p-g-dr (31)

the pressure profile of Titan’s interior can easily be calculated. Using the local gravity
acceleration g(r)

80)=6-"5) =276 p0)

eq. (31) can be written:

dp = —Gp?(r) - %mf -dr (32)

with the gravitational constant G = 6.673 - 10711 [J- m - kgfz} and p either pp,0 Or PReck-
Integration of eq. (32) gives the central pressure pg assuming that pp,0 and preq are
independent of the pressure p with p(r = Rt) ~ 0:

2
po = 376 [p%ho(l —(0.743)2) 4 Prock * (0.743)2] -R% =5.106 - 10° Pa
= 51 kbar (33)

where 11 /Rt = 0.743 has been used.
The pressure p; at rq is:

2
P1 =P~ Phock 3G 1} = 0502 10° Pa = 5 Kbar (34)

The dependence of the pressure p on r is given by:
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2
p(r) = po— péock : gTL’G -7 (for r <0.743 R7)
2
) = po+|(Pho — Phoa) - (0743 Rr)? — pfyo - 1?| 570G (forr > 0.743 - Ry)

(35)

The upper layer of the aqueous system is the crust consisting of water ice up to a depth of
ca. 200 km followed by a layer of liquid water up to the depth where the solid phase of
rocky materials begins. The existence of solid and liquid water layers can be understood by
inspecting the phase diagram of water shown in Fig. 8.

Figure 8 shows that the tentative T(p) curve most probably intersects the solid-liquid
equilibrium line of water at ca. 0.5 kbar and r = 2300 km. In the literature
(Lunine & Stevenson, 1987) there are also aqueous NHj solutions discussed instead of pure
water leading to a second solid phase of pure water which is likely to exist between r =
2100 km and r = 1913 km. The dependence of pressure p on r calculated according to eq.
(35) is shown in Fig. 9.

7. Conclusions

- Using thermodynamic methods and comparatively simple theoretical tools the composition
of liquid lakes on Titan’s surface can be predicted being in acceptable agreement with the
known atmospheric composition.
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— The cloud ceiling of CHy + Ny mixtures in the troposphere can be estimated. Depending
on the degree of saturation on the bottom altitudes between 8 and 12 km are predicted
provided the vapor is not supersaturated. In the model calculations presented here a real
mixture without ethane has been treated.

— A rough estimation of atmospheric scenarios in the past and the future can be made. The
results depend essentially on the total amount of liquid on Titan’s surface present today.

— An imagination of the internal structure of Titan can be provided predicting an aqueous
mantle of ca. 700 km thickness and a hard core consisting of rocky material with a central
pressure of ca. 51 kbar.
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1. Introduction

Simulation and modelling continues to play a very important role for chemical engineers in
the study, evaluation, development, etc., of chemical processes by producing different
alternatives in the design/production of product/process of chemicals and thereby,
avoiding expenses in experimentation.

The CAPE-OPEN effort is a standardisation process for achieving true plug and play of
process industry simulation software components and environments, where, CAPE-OPEN
Laboratorties Network (CO-LaN) consortium is in charge of managing the lifecycle of the
CAPE-OPEN standard (Belaud, 2002). The objective of CAPE-OPEN project was to clarify
user priorities for process modelling software component/environment interoperability and
promote the use of CAPE-OPEN standards to create commercially-valuable interoperability
(Pons, 2005a).

The follow-up of the CAPE-OPEN project, called the Global CAPE-OPEN project, focused
on the development of standards in new subfields of process modelling and simulation
addressing complex physical properties, kinetic models, new numerical algorithms and
distributed models. Also, future support for the development of simulation software in the
CAPE-OPEN-compliant interface components was established through the creation of the
CO-LaN. The CO-LaN promotes the integration of open process simulation technology in
the work process, and use of CAPE-OPEN compliant interoperated software for taking real
industrial case studies and in assessing the use of CAPE-OPEN technology. In addition, CO-
LaN provides support and user training; definition of open standards for new technologies
beyond process modelling and simulation, developing prototypes for on-line systems,
discrete and mixer batch-continuous processes, finer granularity interfaces, and scheduling
and planning systems. Further dissemination of the technical results of CAPE-OPEN using
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both traditional and internet-based mechanism; assessment of the use and benefits of CAPE-
OPEN standards for educations and training (Braunschweig et al., 2000).

Currently, several commercial simulator vendors, modelling tools developers, etc. have
incorporated CAPE-OPEN standard in their products, allowing the user a better and easier
manner for implementation/combination among process modelling components (PMC) and
process modelling environments (PME) (Pons, 2003).

CAPE-OPEN is an abstract specification that can be subsequently implemented in COM,
CORBA and .NET for bridging PMCs and PMEs. Recently, .NET framework has been
introduced as a new alternative to provide the interoperability among different platforms.
This new technology has been presented by Microsoft and it seems to be visualized as the
future of the connections between different platforms. CO-LaN has published guidelines on
how to use .NET with CAPE-OPEN, this is available in CO-LaN website at
http:/ /www.colan.org/News/Y06/news-0616.htm.

In this chapter, a connection between a modelling tool (ICAS-MoT) representing a PMC and
external simulators (ProSimPlus and Simulis® Thermodynamics) representing a PME is
established and implemented through the CAPE-OPEN standards and highlighted through
two case studies. The interoperability issues of ICAS-MoT and Simulis® Thermodynamics
are highlighted through case study number one. Here, a thermodynamic property model is
generated by ICAS-MoT and wrapped to satisfy the CAPE-OPEN standard. A second case
study highlights the interaction issues between ICAS-MoT and ProSimPlus regarding the
use of a non-conventional unit operation (model generated in ICAS-MoT) plugged to the
ProSimPlus simulator environment. Furthermore, as this unit operation model is employing
a multiscale modelling approach, these issues are also highlighted through the case study.

2. What do we need for the Interoperability between modelling tool (MoT) and
external simulators (ProSim)?

External Sim External Sim

Fig. 1. Interoperability between the PMC and PME

Process modelling component (represented by ICAS-MoT) is able to achieve interoperability
and be wrapped for use within a PME (represented by a simulation engine, external
software and external simulator) through CAPE-OPEN interfaces. Fig. 1 illustrates the
interaction that can be done between a PMC and a PME. This interaction has been
applicated in this chapter for two case studies. In both cases, the ICAS-MoT is representing a
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PMC with different models. In the first case, the PMC is integrated with a PME (represented
by Simulis® Thermodynamics) while in the second case, the PMC is integrated with a PME
(represented by one external simulator as ProSimPlus). To establish the integration, here, the
following components are needed:

e PME (Process Modelling Environment)

e  PMC (Process Modelling Component)

e Middleware (COM)

These are briefly explained below.

2.1 Process modelling component (PMC)

Process modelling components are objects that can be added to the flowsheet to represent
unit operations or mathematical/information/energy flows within the flowsheet,
thermodynamic property models, reaction models or mathematical model solvers (Barrett,
2005). PMCs basically are pieces of software that are defined for a specific function. Most of
the applications are for: physical properties, unit operation modules, numerical solver and
flowsheet analysis tools. This work focuses mostly on the connection of PMCs related to
physical properties and unit operation to an appropriate PME.

As far as physical properties are concerned, they are an important part in the evaluation of
chemical processes that involve some kind of phase equilibrium calculations (vapor-liquid,
liquid-liquid, solid-liquid and so on) or some transport properties or the use of some
derivatives of some properties with respect to temperature or pressure (i.e.; fugacity
coefficients, enthalpy, etc.) using some equations of states or special correlations (depending
on the property that it is being calculated) that cannot be easily found in some commercial
or free software.

input material ports output material ports

other ports
O (information & energy) O

>
I — O

Input Material Objects

I — O

CAPE-OPEN
Unit Operation

I —

Output Material Objects

I —

Private Parameters

CAPE-OPEN Parameters
(Public)

Fig. 2. CAPE-OPEN Unit operation

In CAPE-OPEN compliant PMCs for unit operations, the interface includes ports that can be
classified as material, energy and information ports. In this work, the notion of Material
Object is used to represent a material stream. In fact, a CAPE-OPEN Material Object is a
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container of properties describing the material stream. Also, this object allows property and
equilibrium calculations by its associated CAPE-OPEN Thermo Property Package. This
association is performed by the simulator (PME). The CAPE-OPEN Material Object can also
provide pure component properties, constant or temperature dependent. CAPE-OPEN
Material Objects are connected to the Unit Operation using inlet or outlet material ports. It is
not necessary to connect all ports but, in many cases, a minimum number of connections
(inlet and outlet) must be respected. Parameters are another important part in CAPE-OPEN.
They can be classified into private and public parameters. On the one hand, private
parameters are only modifiable from the Unit Operation itself using, in general, a graphical
user interface. On the other hand, we find public parameters, also called CAPE-OPEN
parameters, which are exposed to the outside of the Unit Operation. Private and public
parameters can be input or output parameters of the model. In some cases, the values of
these parameters can be imported or exported using CAPE-OPEN Information Objects
connected to information ports. Fig. 2 is showing a scheme of a CAPE-OPEN Unit
Operation. Some PMCs that can be found are: ICAS-MoT, Aspen Properties, ChemSep, CPA
Property Package and so on.

2.2 Process modelling environment (PME)

The process modelling environment supports the construction of process models from first-
principles and/or library of unit operation models; number of model-based applications as,
simulation, optimization; and they may use of one or more PMCs (Pons, 2005b);
furthermore, PMEs allow process engineers to use software from heterogeneous sources
operating together to carry out complex mode-based tasks (Braunschweig et al., 2000). PMEs
also consist of the graphical interface and functionality required to create the flow network
being modeled; input, review and modify values for parameters of components; input,
review and modify material or energy flows, and calculate the conditions of the flowsheet
based on the inputs (Barrett, 2005). Some examples of PMEs that can be found are:
ProSimPlus, Simulis® Thermodynamics, Aspen Plus, COFE, gPROMS and so on.

2.3 Middleware

One of the most important parts to carry out this interoperability between the PMCs and
PME:s is the part that allows connecting those entities. CAPE-OPEN has chosen to adopt a
component software and object-oriented approach that views each PMC as a separate object.
All communication between objects is handled by “middleware” such as CORBA or COM
(Braunschweig et al., 2000) and now already the .NET framework. Fig. 3 is illustrating the
three main components to carry out the combination of software components through
CAPE-OPEN standards.

PMC offers a “CAPE-OPEN Plug” when it can be used within different PMEs using CAPE-
OPEN interfaces. CAPE-OPEN Unit Operations offers a CAPE-OPEN Unit Plug, while,
CAPE-OPEN Thermo Property Packages offers a CAPE-OPEN Thermo Plug. For PMEs, the
“socket” term will be used to express the capacity to employ CAPE-OPEN PMCs using
CAPE-OPEN interfaces. It will be found on one hand, a CAPE-OPEN Thermo Socket
allowing the use of CAPE-OPEN Thermo Property Packages, and on another hand a CAPE-
OPEN Unit Socket allowing the use of CAPE-OPEN Units. In this chapter, the term PMC
will be used to indicate a CAPE-OPEN thermo plug or CAPE-OPEN unit plug, while the
term PME will be used to indicate a CAPE-OPEN Thermo socket or CAPE-OPEN Unit
socket, respectively.
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Fig. 3. CAPE-OPEN components

3. Case studies

3.1 Simulis® thermodynamic — ICAS-MoT

The first case study is demonstrating the integration between ICAS-MoT and Simulis®
Thermodynamics, which is carried out through the use of a DLL file as the middleware. Fig.
4 is illustrating the general structure of the combination of these different computational
tools. The introduction of data is carried out through Simulis® Thermodynamics that
provides a graphic interface for this purpose. Information (data) is transferred through the
DLL file where variables that are shared between the integrated computational tools are
specified. This information is transferred to ICAS-MoT to carry out the calculations using
the ICAS-MoT solver. Afterwards, results are returned through the DLL file again
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MoT File
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Fig. 4. ICAS-MoT interoperability with Simulis® Thermodynamics
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and presented in the Simulis® Thermodynamics dialogs as the same way than calculations
carried out using its native models. This case study is illustrated using the calculation of
fugacity and activity coefficients where the mathematical (thermodynamic property) model
is specified in the ICAS-MoT file.

Fugacity and Activity Coefficients Calculation

In order to show the reliability of this integration, calculations of fugacity coefficients have
been performed with three different mathematical models equations of state: SRK, SAFT
and PC-SAFT. Note that the same middleware has been used for the different equations of
state models (see Fig. 5). For instance, whether one wants to perform the calculations using
the SAFT model and afterwards with the PC-SAFT model, the only “work” needed is to
change the ICAS-MoT file and it would be possible to perform the calculations in Simulis®
Thermodynamics without any extra effort. The data-flow taking place through the DLL file
involves the following variables: temperature (T), pressure (P), vapour composition (YV)
and fugacity coefficients in vapour phase (Phiv). Among these variables, (T, P and Yv) are
specified in Simulis® Thermodynamics and through the DLL file to ICAS-MoT, which then
employs the specified model to calculate the fugacity coefficients (PhiV) sent it to Simulis®
Thermodynamics through the DLL file.

T, P, Yv, Phiv
) A
ProSim i
——o"
.
Socket LHeestuy

Simulis

i A
Thermodynamics F Wilson
.
-

UNIFAC

MoT Solver

T, P, X1, Gamma

Fig. 5. Structure for the calculation of fugacity and activity coefficients though the synergy
between ICAS-MoT and Simulis® thermodynamic

As far as activity coefficient calculation is concerned, two different mathematical models
have been performed: Wilson and UNIFAC models solution (see Fig. 5). The data-flow
through DLL file involves: temperature (T), pressure (P), liquid composition (XI) and
activity coefficient (Gamma). T, P and XI are also specified in Simulis® thermodynamics and
sent them through the DLL file to ICAS-MoT, which employs them to calculate the activity
coefficients (Gamma) and send it to Simulis® Thermodynamics through the DLL file.

Testing of Interoperability

The interoperability of the PME-PMC integration is tested through the calculation of the
component fugacity coefficients by three different equations of state for the binary mixture
of methanol-methane, using the same middleware. Note that the model parameters have not
been adjusted. The SAFT and PC-SAFT EOS give similar values while the SRK EOS give
very different values. For the chemical system already used in this case study, at high
pressures, the calculations with the PC-SAFT and the SAFT EOS are supposed to give more
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accurate values. Since the calculated values with the SRK EOS are very different, it suggests
that there is a need for parameter regression to obtain more accurate results. Activity
coefficient calculations for methanol-water mixture are also performed in order to show the
interoperability of the PME and PMC employing a different thermodynamic property.
Results for fugacity and activity coefficient calculation are illustrated in Fig. 6.
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Fig. 6. Results for fugacity and activity coefficient calculations using ICAS-MoT and
Simulis® Thermodynamics

3.2 ProSimPlus — ICAS-MoT

The interoperability between ProSimPlus and ICAS-MoT is shown in this case study. A new
unit operation (Direct Methanol Fuel Cell) model employing a multiscale modelling
approach is combined with unit operations that can be found in the model library of
ProSimPlus; other examples of this interoperability between ProSimPlus and MoT can also
be found at this reference Morales-Rodriguez et al. (2006). The first step is to understand the
interoperability between the PMC and PME.

Fig. 7 illustrates a “Generic CAPE-OPEN Unit Operation” where objects are wrapped by an
ICAS-MoT object (COM object) representing a model generated through ICAS-MoT (a
ICAS-MoT file) and where all the necessary interfaces for connection to other tools are
CAPE-OPEN compliant. An XML configuration file describes the mapping between
variables of the ICAS-MoT model and variables required by CAPE-OPEN specifications.

The input Material Objects must, at least, provide the following variables: temperature,
pressure, composition (either total flowrate and molar fractions, either partial flowrates)
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through the COM interfaces. More generally, the wrapper will provide/ask to MoT Objects
for each property described in the XML configuration file (containing the mapping between
ICAS-MoT Objects variable and wrapper variables). The values of the variables are obtained
using the ICAS-MoT model and calculated by the ICAS-MoT Solver. As far as output
Material Objects concerns, the same variables should be described and returned plus
enthalpy of the stream (in this case calculated by ProSimPlus).

)

Generic O CAPE'OP EN
MOT Object — guil DS —0) Interfaces
@

Fig. 7. ICAS-MoT CAPE-OPEN Unit Operation

The generic CAPE-OPEN MoT Unit Operation uses configuration files to determine the
number and the definition of ports, variables and constants. These files are text files
(“.MoTUQO” filename extension) with a specific syntax and can be written with any text
editor. They are based on the well known XML and XSD standard. The structure of the XML
configuration file consists of three main sections: “Globals”, “UserParameters” and
“MaterialPorts” as shown in Fig. 8. First of all, encoding type used in the XML file (in our
case "ISO-8859-1") and schema used in the XLM file are specified. The schema describes the
grammar of the XML file. The “Globals” block consists of general information about: the
unit operation, minimum and maximum number of material ports, compounds, etc.
“UserParameters” block describes the values of parameters that the user can modify
through the GUI (Graphical User Interface) of the unit operation in the simulator. Here, it is
possible to specify the type of parameter, default initial value, lower and upper bound for
the parameters and so on. “MaterialPorts” block consists of a list of ports. These ports
describe the connections available for the simulator and the values to copy from/to CAPE-
OPEN Material objects connected to the port. Each “MaterialPort” section describes the
connection port, variables and constants used to communicate with the CAPE-OPEN
Material Objects connected to these ports. “MaterialPorts” block also contents the
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<?xml version="1.0" encoding="ISO-8859-1"?>

<UnitOperation
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xsi:noNamespaceSchemalocation="GenericMoTUnit.xsd">

<Globals>
<MOTFile>C:\Program Files\COMoTUO\FuelGen.mot</MOTFile>
<Name>FuelCell</Name>
<Description>Test for CAPE-OPEN ProSim-Mot</Description>
<MinimumCompoundsNumber>1</MinimumCompoundsNumber>
<MaximumCompoundsNumber>2</MaximumCompoundsNumber>
<MinimumInputMaterialPortsNumber>1</MinimumInputMaterialPortsNumber>
<MaximumInputMaterialPortsNumber>1</MaximumInputMaterialPortsNumber>
<MinimumOutputMaterialPortsNumber>1</MinimumOutputMaterialPortsNumber>
<MaximumOutputMaterialPortsNumber>2</MaximumOutputMaterialPortsNumber>
</Globals>

<UserParameters>

<UserParameter>
<Name>Residence time</Name>
<Description>Mean Residence time</Description>
<Mode>input</Mode>
<Type>real</Type>
<DefaultValue>500.0</DefaultValue>
<LowerBound>0.0</LowerBound>
<UpperBound>1000 . 0</UpperBound>
<MOTVariable>tau</MOTVariable>

</UserParameter>

</UserParameters>

<MaterialPorts>
<MaterialPort>
<Name>FeedStream</Name>
<Description>Feed stream to the unit</Description>
<Direction>inlet</Direction>
<Mandatory>false</Mandatory>
<Variables>
<Variable>
<Name>T</Name>
<Description>Temperature</Description>
<MOTVariable>T 0</MOTVariable>
<Type>real</Type>
<MaterialObjectAccess>
<COProperty>temperature</COProperty>
<COPhasel0>Overall</COPhasel0>
<COPhasesl1l/>
<Type>Mixture</Type>
</MaterialObjectAccess>
</Variable>

</Variables>
</MaterialPort>

</MaterialPorts>

</UnitOperation>

Fig. 8. XML configuration file structure
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“variables” sections where the list of variables are specified. These variables are used to
transfer data from and to the CAPE-OPEN Material Objects connected to the port and are
non constant properties of the mixture or of a pure compound. Note that since the XML
configuration file specifies and controls the information shared between the PMC and PME,
its construction needs to be done carefully.

A flow-diagram for a Direct Methanol Fuel Cell modeled through multiscale approach is
shown in Fig. 9. Multiscale modelling approach basically consists of the division of a
complex problem/model into a set of sub-problems/models that are described at different
scales of length or/and time, in order to improve the degree of details of the phenomena
that the set of mathematical model is describing in product-process design. Furthermore,
multiscale approach facilitates the discovery and manufacture of complex products
(Cameron et al., 2005); it is possible to observe that two different scales are involved: meso-
scale and micro-scale. The meso-scale involves the modelling of the anode and cathode
compartments while the micro-scale is employed to model, the behaviour of the anode and
cathode catalyst layers and the proton membrane exchange.

I ) Meso-scale T
Anode Cathode
Exit Exit
Anode Anode PEM Cathode Cathode
Compartment <— Catalyst Proton Catalyst Compartment
layer Exchange layer
. Membrane o
Diffusion Diffusion
layer layer
V
Anode Micro-scale Cathode
feed feed

I T
Fig. 9. Direct methanol fuel cell through multiscale approach
The set of equations for the DMFC unit is shown in table 1 where the description of each
type of equation and the scale embedded in the unit is illustrated. This model is adapted
from Sundmacher et al. (2001) and Xu et al. (2005) and this is more detalied in its solution by
Morales-Rodriguez (2009) and Cameron and Gani (2010).
In order to highlight the differences between the results of the multiscale modelling and
single-scale modelling, two scenarios have been chosen:
e  For the multiscale modelling approach (MS): the entire set of equations shown in table 1

was solved; it means, meso-scale and micro-scale were taken into account. The variables
shared between both scales are following (see table 2):
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Table 1. Direct methanol fuel cell model equation divided at the different scales and parts of

the unit



436

Thermodynamics

Description Variable
Methanol bulk concentration CcH,0H
Concentration in the catalyst layer of methanol CE@JC,H
Carbon dioxide bulk concentration Cco,
Concentration in the catalyst layer of methanol Cgéz

Table 2. Variables shared between meso-scale and micro-scale

o For the single-scale scenario (SS): equations at the meso-scale level were solved
(equations 1 and 2) while as far as micro-scale equations are concerned, values for the
dependent and explicit variables (equations 3-9) values were given as known (that is,
values at a specific point are known or obtained from experiment or simply as data
from the literature). In this case study, the values for these variables were taken from

the multiscale steady state simulation.

In the next step, the different parts of the model are assembled through the middleware
(CAPE-OPEN interface) within the PME (external simulator) as shown in Fig. 10. The
construction of the flowsheet is carried out by adding the corresponding identifiers of the
unit operation(s) as well as the feed, product and connection streams, available in the
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Fig. 10. Flowsheet in the ProSimPlus including the CAPE-OPEN unit operation using an

ICAS-MoT model
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process flow diagram menu on the left side of the graphic user interface window. Once, the
addition of the unit operation has been done, a dialog box window appears to introduce the
information, conditions and values for each unit operation that have been chosen
previously. It is convenient to highlight the information introduced in the dialog box
window for the generic CAPE-OPEN unit operation (in the PME) corresponds to the
parameters specified in the XML configuration file in the “UserParameters” block.

The flowsheet shown in Fig. 10 illustrates a small part of the industrial production of
methanol where this product is generated in the reactor by chemical reaction between
carbon dioxide and hydrogen. The outstream of the reactor is composed of methanol, water
(as the reaction products) and the reactants. This mixture is fed to a unit operation
representing a membrane unit operation where pure methanol is obtained as the top and the
mixture of the four compounds is located on the bottom. The top product is fed in the
Generic CAPE-OPEN unit operation that is representing a DMFC unit operation and its
mathematical model is generated and represented by ICAS-MoT file. Both scenarios
mentioned below and described in separate ICAS-MOT files but work with the same XLM
file, thereby providing “plug and play” option.

Dynamic simulation results for the flowsheet presented in Fig. 10 is shown in Fig. 11. Note
that the PME simulator is not a dynamic simulator but Direct Methanol Fuel Cell model
contained in the ICAS-MoT file is. The simulation strategy involved was changing the final
time of integration of the model directly in ICAS-MoT. This was done in order to see the
different results that can be obtained for the dynamic simulation, with or without the
multiscale feature. Obviously, the two models should give the same steady state values but
the path to achieve them would be predicted different.
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Fig. 11. Results of the CAPE-OPEN unit operation embedding multiscale modeling

Methanol bulk composition and carbon dioxide bulk concentration, which are variables at
the meso-scale level were chosen to illustrate the different results obtained for each
scenario. Fig. 11 (a) is showing the bulk composition of methanol present in the fuel cell
obtained with the mutiscale (MS) and Single-multiscale (SS) models. As it can be seen, the
values of these variables at the steady state are quite similar, but they are not for the
transient state where some differences in the composition along the time can be noted.
Those details are the extra information that can be obtained through the use of the
multiscale modelling approach. The bulk compositions for carbon dioxide are also shown
in Fig. 11 (b) using the multiscale and single-multiscale models. The simulated results are



438 Thermodynamics

also different for the two modelling approaches. Certainly, it is possible to add further
details of the phenomena that it is occurring in the process depending on whether the
model for lower or higher scale are available or necessary for the study. The multiscale
modelling framework is useful for the integration, connection and description at different
scales, but mathematical model to use will depend on the scenario and objectives of the
model-based study.

3.3 ProSimPlus - ICAS-MoT — COFE

A combination between the Generic CAPE-OPEN Unit Operation and COFE (taken from
www.cocosimulator.org) have also been tested in order to prove the interoperability issues
with another PME different than ProSimPlus. A simple splitter mathematical model is used
in this interoperability test. Fig. 12 is showing the different windows when ProSiMPlus-
ICAS-MoT - COFE based calculations are carried out: (a) it is showing COFE interface with
the generic CAPE-OPEN unit operation that is using an ICAS-MoT model; (b) this window
allows the introduction of parameters which are specified in the XML configuration file; (c),
(d) and (e) windows show the stream report of the CAPE-OPEN unit operation, and these
confirm the possibility of the interoperability between these computational tools.
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Note that the use of the CAPE-OPEN standards facilitates the simulation of new unit
operations in PMEs or those that cannot be found in commercial simulators. The use of the
multiscale modelling approach embedded in the model of the new unit operation is used to
highlight the importance of selecting the appropriate details of the model needed to match
the objective.

Other examples for chemical product-process design have been solved in a software so
called the Virtual Product-Process Design Lab, which also combines different computer-aided
tools through the use of COM-objects (Morales-Rodriguez, 2009; Morales-Rodriguez & Gani,
2009).

4. Conclusion

The advantages of the use of CAPE-OPEN standards for the integration of different tools
have been tested and highlighted. Furthermore, the use of a multiscale modelling approach
in the simulation of unit operations not found in the host PME has been highlighted for
different scales and objectives of the model.

Using a standard middleware for thermo-models interoperability aspects of the integrated
tools have been illustrated through the calculation of fugacity coefficients and activity
coefficients by different property models.

The integration between ICAS-MoT and ProSimPlus for reliable simulation of any unit
operation, where models can be supplied from different sources can be easily achieved
through plug & play (interoperability) of software tools and models. Here, the CAPE-OPEN
interface for unit operations plays an important role.

Current and future work is involved with the development and testing of more middleware
and in the creation of a library of models ready to be used through the developed CAPE-
OPEN compliant middleware.
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