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Preface

Thermodynamics is used to describe the engineering processes of various
disciplines such as chemical, environmental, and mechanical engineering.
Fundamentally, thermodynamics deals with heat and temperature to mechanical
work and energy from a macroscopic viewpoint. Statistical mechanics explains
macroscopic behaviors of a thermodynamic system using entropy S, energy E,
matter number N, temperature T, chemical potential 4, volume V, and pressure P,
and the thermodynamic second law relates the internal E, V, and N. In statistical
mechanics, an ensemble denotes a set of three independent variables to be used to
characterize a system of interest, and ensembles are classified into isothermal (for
constant temperature) and adiabatic (equivalent to isentropic, i.e., of constant
entropy) ones. Popular isothermal ensembles include canonical (NVT), grand
canonical (#VT), and isothermal/isobaric (INPT) ensembles. A representative
adiabatic ensemble is a microcanonical ensemble using N, V, and E as primary
variables, which is less popular for statistical simulations due to the inconvenient
constraint of fixed energy value. Theoretically, eight ensembles (four isothermal
and four adiabatic) can be made, but in principle only seven ensembles are avail-
able, because the last isothermal ensembles use only intensive variables of 4, P,
and T, which are not enough to decide a system scale. More importantly, an
ensemble presumes an equilibrium state of an isolated system, which does not
allow mass and heat exchange to the surroundings.

Other sub-branches of theoretical physics are linked to statistical mechanics
through thermodynamic variables: classical mechanics through temperature T,
fluid mechanics through pressure P, and chemistry through chemical potential y.
Although equilibrated systems can be fully analyzed using a thermodynamic
ensemble, most of the engineering processes consist of open systems through
which mass, heat, and momentum can be exchanged from the system interior

to surroundings. In principle an open system can reach a steady state, which

is irreversible or of non-equilibrium. The steady state can be mathematically
represented as d/9t 11 0, which means no physical quantities associated with

the system explicitly change with time. In equilibrium, the entropy is already
maximized and therefore it remains constant. In the steady state, changing rates
of physical variables can be constant so that entropy steadily increases with
respect to time. If the system of interest is open, the energy usually dissipates
and hence entropy increases. Energy dissipation occurs due not only to the open-
ness of the system but also to an incomplete conversion of a type of energy to the
other type. The inelastic nature of materials within the system converts kinetic
energy to thermal energy, often lost to the surrounding environment. To accu-
rately analyze an engineering process, understanding underlying phenomena
using irreversible thermal balance equations is essential. In this vein, this book
covers various aspects of irreversible statistical mechanics and non-equilibrium



thermodynamics as a partial contribution to the irreversible statistical mechan-
ics in theoretical physics.

Albert S. Kim
University of Hawaii at Manoa,
USA
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Irreversible Statistical
Mechanics







Chapter 1

Nonequilibrium Statistical
Operator

Gerd Ropke

Abstract

Nonequilibrium statistical physics is concerned with a fundamental problem
in physics, the phenomenon of irreversibility, which is not rigorously solved yet.
Different approaches to the statistical mechanics of nonequilibrium processes are
based on empirical assumptions, but a rigorous, first principle theory is missing. An
important contribution to describe irreversible behavior starting from reversible
Hamiltonian dynamics was given by Zubarev, who invented the method of the
nonequilibrium statistical operator (NSO). We discuss, in particular, the extended
von Neumann equation and the entropy concept in this approach. The method of
NSO proved to be a general and universal approach to different nonequilibrium
phenomena. Typical applications are the quantum master equation, kinetic theory,
and linear response theory which are outlined and illustrated solving standard
examples for reaction and transport processes. Some open questions are emphasized.

Keywords: Zubarev method, NSO, quantum master equation, kinetic equations,
linear response theory

1. Introduction: irreversible processes
1.1 Irreversibility and arrow of time

Irreversibility belongs to the unsolved fundamental problems in recent physics.
Nonequilibrium processes are omnipresent in our daily experience. However, a
fundamental, microscopic description of such processes is missing yet.

Our microscopic description of physical phenomena is expressed by equations of
motion, well known in mechanics, electrodynamics, quantum mechanics, and field
theory. We model a physical system, we determine the degrees of freedom and the
forces, and we introduce a Lagrangian. The equations of motion are differential
equations. If we know the initial state, the future of the system can be predicted
solving the equations of motion. Anything is determined. The equations of motion
are invariant with respect to time reversion. The time evolution is reversible. No
arrow of time is selected out, nothing happens what is not prescribed by the initial
state.

This picture was created by celestial dynamics. It is very successful, very pre-
sumptuous, and many processes are described with high precision. However, it is in
contradiction to daily experience. We know birth and death, decay, destruction,
and many other phenomena that are irreversible, selecting out the arrow of time.

3 IntechOpen



Non-Equilibrium Particle Dynamics

A qualitative new discipline in physics is thermodynamics. It considers not a
model but any real system. The laws of thermodynamics define new quantities, the
state variables. The second law determines the entropy S as state variable (and the
temperature T) via

1
ds = ?6Qreversible (1)

where 6Q is the heat imposed to the system within a reversible process, together
with the third law which fixes the value S(T = 0) = 0 independent on other state
variables. For irreversible processes holds

d—s > @ . (2)
at” T

In particular, for isolated system, 6Q = 0, irreversible processes are possible so
that dS/dt>0. Typical examples are friction that transforms mechanical energy to
thermal energy, temperature equilibration without production of mechanical work,
diffusion processes to balance concentration gradients. An arrow of time is selected
out, time reversion describes a phenomenon which is not possible. How can irre-
versible evolution in time be obtained from the fundamental microscopic equations
of motion which are reversible in time?

For equilibrium thermodynamics, a microscopic approach is given by statistical
physics. Additional concepts are introduced such as probability and distribution
function, ensembles in thermodynamic equilibrium, and information theory. New
thermodynamic quantities are introduced, basically the entropy, which have no
direct relation to mechanical quantities describing the equation of motion. How-
ever, nonequilibrium processes are described in a phenomenological way, and no
fundamental solution of the problem of irreversibility is found until now. A sub-
stantial step to develop a theory of irreversible evolution is the Zubarev method of
the nonequilibrium statistical operator (NSO) [1-6] to be described in the following
section. It is a consistent theory to describe different nonequilibrium processes what
is indispensable for a basic approach.

1.2 Langevin equation

To give an example for a microscopic approach to a nonequilibrium process, let
us consider the Brownian motion. A particle suspended in a liquid, moving with

velocity Vipedium» €Xperiences a friction force Ffric (¥),

%V(t) = %Fftic (t) = —]/[V(t) - Vmedium]; (3)

with the coefficient of friction y. The solution
v(t) = v(to)e """ + Vinedium {1 - W(HM] 4)

describes the relaxation from the initial state v(¢g) at to to the final state Viedium
for t —tg — 0. Independent of the initial state, the particle rests in equilibrium
with the medium. In the general case not considered here, an external force can be
added.

As it is well known, this simple relaxation behavior cannot be correct because it
does not describe the Brownian motion, showing the existence of fluctuations also
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in thermal equilibrium. This problem was solved with the Langevin equation:
instead of the trajectory v(t) as solution of a differential equation, the stochastic
process V(t) is considered. It obeys the stochastic differential equation

LV) = 71V~ val0)] + RO) s

The random acceleration R(t) (or the stochastic force mR(t)) is a stochastic
process, which is characterized by special properties. For instance, white noise is a
Gaussian process that is characterized by the mean value (R(z)) = 0 and the auto-
correlation function

(Ri(t1)Rj(12)) = @;i(ta — t1) = 2D;5(t — ta). (6)

D is the diffusion coefficient. An interesting result is the Einstein relation
(fluctuation-dissipation theorem, FDT)

D_ kT
;/_m

@)

which relates the friction coefficient y (dissipation) to the fluctuations ¢ in the
system (stochastic forces), characterized by the parameter D; see [5] for more
details.

1.3 Von Neumann equation

Within statistical mechanics, the thermodynamic state of an ensemble of many-
particle systems at time ¢ is described by the statistical operator p(t). We assume
that the time evolution of the quantum state of the system is given by the Hamilto-
nian H’ which may contain time-dependent external fields. The von Neumann
equation follows as equation of motion for the statistical operator,

9 0(0) + 4 Hp(e)] = 0. (8)
The von Neumann equation describes reversible dynamics. The equation of
motion is based on the Schrédinger equation. Time inversion and conjugate com-
plex means that the first term on the left-hand side as well as the second one change
the sign, since i — —i and both the Hamiltonian and the statistical operator are
Hermitean. However, the von Neumann equation is not sufficient to determine p(t)
because it is a first-order differential equation, and an initial value p(z() at time # is
necessary to specify a solution. This problem emerges clearly in equilibrium.

1.4 Thermodynamic equilibrium and entropy

By definition, in thermodynamic equilibrium, the thermodynamic state of the
system is not changing with time. Both, H* and p(¢), are not depending on ¢ so that

%peq(t) 0. 9)

The solution of the von Neumann equation in thermodynamic equilibrium

becomes trivial, % {H, peq] = 0. The time-independent statistical operator Peq
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commutes with the Hamiltonian. We conclude that p., depends only on constants
of motion C, that commute with H. But, the von Neumann equation is not suffi-
cient to determine how p., depends on constants of motion C,. We need a new
additional principle, not included in Hamiltonian dynamics.

Equilibrium statistical mechanics is based on the following principle to deter-
mine the statistical operator p.q: consider the functional (information entropy)

Sintlp] = —Tr{plnp} (10)

for arbitrary p that is consistent with the given conditions Tr{p} =1
(normalization) and

Tr{pC,} = (C,) (11)

(self-consistency conditions). Respecting these conditions, we vary p and deter-
mine the maximum of the information entropy for the optimal distribution pq so
that dSinf[ peq) = 0. As it is well-known, the method of Lagrange multipliers can
be used to account for the self-consistency conditions (11). The corresponding
maximum value for Si,¢[p]

Seq [peq} - —kBTr{peqlnpeq} (12)

is the equilibrium entropy of the system at given constraints (C,) and kg is the
Boltzmann constant. The solution of this variational principle leads to the Gibbs
ensembles for thermodynamic equilibrium, see also Section 4.

As an example, we consider an open system which is in thermal contact and
particle exchange with reservoirs. The corresponding equilibrium statistical opera-
tor has to obey the given constraints: normalization Tr{p} = 1, thermal contact with
the bath so that Tr{pH} = U (internal energy), particle exchange with a reservoir
so that for the particle number operator N, of species ¢, the average is given by
Tr{pN,;} = n.Q, where Q denotes the volume of the system (we do not use V to
avoid confusion with the potential), and 7, is the particle density of species c.
Looking for the maximum of the information entropy functional with these
constraints, one obtains the grand canonical distribution

¢ PH-ZuN:)

= . 1
Tre #(H-ZuNe) (13)

peq

The normalization is explicitly accounted for by the denominator (partition
function). The second condition means that the energy of a system in heat contact
with a thermostat fluctuates around an averaged value (H) = U = uQ with the
given density of internal energy . This condition is taken into account by the
Lagrange multiplier § that must be related to the temperature, a more detailed
discussion leads to f = 1/(kgT). Similarly, the contact with the particle reservoir
fixes the particle density #,, introduced by the Lagrange multiplier ., which has the
meaning of the chemical potential of species c.

Within the variational approach, the Lagrange parameters f, u, have to be elim-
inated. This leads to the equations of state ({...)eq = Tr{peg...}) which relate, e.g.,

the chemical potentials 4, to the particle densities 7,

<H>eq = U(Q7ﬁ7ﬂc)’ <N0>eq = QnC(Tvﬂc)' (14)
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The entropy Seq(L, B, 1) follows from Eq. (12). The dependence of extensive
quantities on the volume Q is trivial for homogeneous systems. After a thermody-
namic potential is calculated, all thermodynamic variables are derived in a consis-
tent manner. The method to construct statistical ensembles from the maximum of
entropy at given conditions, which take into account the different contacts with the
surrounding bath, is well accepted in equilibrium statistical mechanics and is
applied successfully to different phenomena, including phase transitions.

Can we extend the definition of equilibrium entropy (12) also for p(t) that
describes the evolution in nonequilibrium? Time evolution is given by an unitary
transformation that leaves the trace invariant. Thus, the expression Tr{p(t)lnp(z)}
is constant for a solution p(t) of the von Neumann equation

& [T (oo} = o. (1)

The entropy for a system in nonequilibrium, however, may increase with time,
according to the second law of thermodynamics. The equations of motion, includ-
ing the Schrédinger equation and the Liouville-von Neumann equation, describe
reversible motion and are not appropriate to describe irreversible processes. There-
fore, the entropy concept (12) elaborated in equilibrium statistical physics together
with the Liouville-von Neumann equation cannot be used as fundamental approach
to nonequilibrium statistical physics.

2. The method of nonequilibrium statistical operator (NSO)

After the laws of thermodynamics have been formulated in the nineteenth
century, in particular, the definition of entropy for systems in thermodynamic
equilibrium and the increase of intrinsic entropy in nonequilibrium processes, a
microscopic approach to nonequilibrium evolution was first given by Ludwig
Boltzmann who formulated the kinetic theory of gases [7] using the famous
Stofzahlansatz. The question how irreversible evolution in time can be obtained
from reversible microscopic equations has been arisen immediately and was
discussed controversially.

The rigorous derivation of the kinetic equations from a microscopic description
of a system was given only a long time afterward by Bogoliubov [8] introducing a
new additional theorem, the principle of weakening of initial correlation.

2.1 Construction of the Zubarev NSO

A generalization of this principle has been given by Zubarev [1, 2], who
invented the method of the nonequilibrium statistical operator (NSO). This
approach has been applied to various problems in nonequilibrium statistical phys-
ics, see [3, 4] and may be considered as a unified, fundamental approach to
nonequilibrium systems which includes different theories such as quantum master
equations, kinetic theory, and linear response theory to be outlined below. An
exhaustive review of the Zubarev NSO method and its manifold applications cannot
be given here, see [1-5].

In the first step, we interrogate the concept of thermodynamic equilibrium. This
is an idealization, because slow processes are always possible. As example, we may
take the nuclear decay of long-living isotopes, hindered chemical reactions, or the
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long-time relaxation of glasses. Concepts introduced for equilibrium have to be
generalized to nonequilibrium. An example is the thermodynamics of irreversible
processes.

2.1.1 The relevant statistical operator

A solution of the problem to combine equilibrium thermodynamics and
nonequilibrium processes was proposed by Zubarev [1, 2]. To characterize the
nonequilibrium state of a system, we introduce the set of relevant observables {B, }
extending the set of conserved quantities {C,}. At time ¢, the observed values (B,)’
have to be reproduced by the statistical operator p(z), i.e.,

Tr{p(t)B,} = (B,)". (16)

However, these conditions are not sufficient to fix p(¢), and we need an addi-
tional principle to find the correct one in between many possible distributions
which all fulfill the conditions (16). We ask for the most probable distribution at
time ¢, where the information entropy has a maximum value (see Section 4)

5[Tr{prel(t)lnprel(t)}] =0 (17)
with the self-consistency conditions
Tr{prei(t)Bu} = (B)' (18)

and Tr{p.,(t)} = 1. Once more, we use Lagrange multipliers 4, () to account for
the self-consistency conditions (18). Since the averages are, in general, time depen-
dent, the corresponding Lagrange multipliers are now time-dependent functions as
well. We find the generalized Gibbs distribution

—®O(t)—Y 1, (¢)B,

(19)

- j'n Bn
pralt) = e Fh }

s @) =1In Tr{e z

where the Lagrange multipliers 4,(t) (thermodynamic parameters) are deter-
mined by the self-consistency conditions (18). ®(z) is the Massieux-Planck func-
tion, needed for normalization purposes and playing the role of a thermodynamic
potential. Generalizing the equilibrium case, Eq. (12), we can consider the relevant
entropy in nonequilibrium

Srel(t) = —kg Tr {pre1<t) In prel(t)}' (20)

Relations similar to the relations known from equilibrium thermodynamics can
be derived. In particular, the production of entropy results as

0S;el (t)

=Y 4,(t)(B,)’ (1)

as known from the thermodynamics of irreversible processes. In contrast to
Eq. (15), this expression can have a positive value so that S, () can increase with time.
The relevant statistical operator p,(¢) is not the wanted nonequilibrium statisti-
cal operator p(t) because it does not obey the Liouville-von Neumann equation.
Also, S,i(t) is not the thermodynamic entropy because it is based on the arbitrary
choice of the set {B, } of relevant observables, and not all possible variables are
correctly reproduced. As example, we consider below the famous Boltzmann
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entropy that is based on the single-particle distribution function, but does not take
higher order correlation functions into account.

2.2 The Zubarev solution of the initial value problem

The solution of the problem how to find the missing signatures of p(¢) not
already described by p,.(¢) was found by Zubarev [1, 2] generalizing the Bogoliubov
principle of weakening of initial correlations [8]. He proposed to use the relevant
statistical operator p,(¢o) at some initial time t; as initial condition to construct

p(t),
Pry (8) = U(t,20)prer (t0)UT (2, 20). (22)

The unitary time evolution operator U(t, ) is the solution of the differential
equation

J
ih g U(t,t0) = H'U(t,19), (23)

with the initial condition U(zo,to) = 1. This unitary operator is known from the
solution of the Schrédinger equation. If the Hamiltonian is not time dependent, we
have

Ul(t, to) = e -0, (24)

If the Hamiltonian is time dependent, the solution is given by a time-ordered
exponent.

Now, it is easily shown that p, (¢) is a solution of the von Neumann equation. All
missing correlations not contained in p,(¢9) are formed dynamically during the
time evolution of the system. However, incorrect initial correlations contained in
Prel(to) may survive for a finite time interval ¢ — ¢¢, and the self-consistency condi-
tions (18) valid at ¢y are not automatically valid also at ¢.

To get rid of these incorrect initial correlations, according to the Bogoliubov
principle of weakening of initial correlations, one can consider the limit £y — —o0.
According to Zubarev, it is more efficient to average over the initial time so that no
special time instant ¢, is singled out. This is of importance, for instance, if there are
long-living oscillations determined by the initial state. According to Abel’s theorem,
see [1-4], the limit £y — —oo can be replaced by the limit ¢ — +0 in the expression

t

pele) = e [ U 1) (1)U 1) (25)

—00

This averaging over different initial time instants means a mixing of phases so
that long-living oscillations are damped out. Finally, we obtain the nonequilibrium
statistical operator as

Prsolt) = lli% Pe(t). (26)

This way, p,. (1) for all times —oo <7 <t serves as initial condition to solve the
Liouville-von Neumann equation, according to the Bogoliubov principle of
weakening of initial correlations. The missing correlations are formed dynamically
during the time evolution of the system. The more information about the
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nonequilibrium state are used to construct the relevant statistical operator, the less

dynamical formation of the correct correlations in p(t) is needed. The limit

to — —oo is less active to produce the remaining missing correlating. The past that is
of relevance, given by the relaxation time 7, becomes shorter, if the relevant (long-
living) correlations are already correctly implemented. The limit € — +0 has to be

performed after the thermodynamic limit, see below.

2.3 Discussion of the Zubarev NSO approach
2.3.1 The extended Liouville-von Neumann equation

The nonequilibrium statistical operator p,(t), Eq. (25), obeys the extended von
Neumann equation

PO L1kt 0] = —elp,6) ~ (). @7)

as can be seen after simple derivation with respect to time. In contrast to the von
Neumann equation (8), a source term arises on the right-hand side that becomes
infinitesimal small in the limit ¢ — +0. This source term breaks the time inversion
symmetry, so that for any finite value of ¢, the solution p,(¢) describes in general an
irreversible evolution with time.

The source term can be interpreted in the following way:

1. The source term implements the “initial condition” in the equation of motion
as expressed by p,(t). Formally, the source term looks like a relaxation
process. In addition to the internal dynamics, the system evolves toward the
relevant distribution.

2. The construction of the source term is such that the time evolution of the
relevant variables is not affected by the source term (we use the invariance of
the trace with respect to cyclic permutations),

%(Bn)t = Tr{a”gf” B,,} = —Tr{%[Hﬂm(t)]Bn} = <% [HﬁBn]>t = (B,)". (29

The source term cancels because of the self-consistency conditions (18). Thus,
the time evolution of the relevant observables satisfies the dynamical equations of
motion according to the Hamiltonian H'.

3. The value of ¢ has to be small enough, ¢ <1/7, so that all relaxation processes
to establish the correct correlations, i.e., the correct distribution of the
irrelevant observables, can be performed. However, 7e has to be large
compared to the energy difference of neighbored energy eigenstates of the
system so that mixing is possible. For a system of many particles, the density of
energy eigenvalues is high so that we can assume a quasi-continuum. This is
necessary to allow for dissipation. The van Hove limit means that the limit
€ — +0 has to be performed after the thermodynamic limit.

4.Differential equations can have degenerated solutions. For instance, we know
the retarded and advanced solution of the wave equation that describes the
emission of electromagnetic radiation. An infinitesimal small perturbation can
destroy this degeneracy and select out a special solution, here the retarded one.

10
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Similar problems are known for systems (magnetism) where the ground state
has a lower symmetry than the Hamiltonian.

5. Any real system is in contact with the surroundings. The intrinsic dynamics
described by the Hamiltonian H is modified due to the coupling of the open
system to the bath. Within the quantum master equation approach, we can
approximate the influence term describing the coupling to the bath by a
relaxation term such as the source term. At present, we consider the source
term as a purely mathematical tool to select the retarded solution of the von
Neumann equation, and physical results are obtained only after performing the
limit e — 0.

2.3.2 Selection of the set of relevant observables

The Zubarev method to solve the initial value problem for the Liouville-von
Neumann equation is based on the selection of the set {B,} of relevant observables
which characterize the nonequilibrium state. The corresponding relevant statistical
operator p,(t) is some approximation to p(¢). According to the Bogoliubov principle
of weakening of initial correlations, the missing correlations to get p() are produced
dynamically. This process, the dynamical formation of the missing correlations,
needs some relaxation time 7. If we would take instead of p,(¢) the exact (but
unknown) solution p(¢), the relaxation time 7 is zero. The Liouville-von Neumann
equation, which is a first-order differential equation with respect to time, describes
a Markov process.

There is no rigorous prescription how to select the set of relevant observables
{By}. The more relevant observables are selected so that their averages with p,(t)
reproduce already the correctly known averages (B,)’, see Eq. (18), the less the
effort to produce the missing correlations dynamically, and the less relaxation time
7 is needed. Taking into account that usually perturbation theory is used to treat the
dynamical time evolution (23), a lower order of perturbation theory is then suffi-
cient. We discuss this issue in Section 3.

In conclusion, the selection of the set of relevant observables is arbitrary, as a
minimum the constants of motion C, have to be included because their relaxation
time is infinite, their averages cannot be produced dynamically. The resulting
Pnso(t) (26) should not depend on the (arbitrary) choice of relevant observables
{B,} if the limit ¢ — 0 is correctly performed. However, usually perturbation the-
ory is applied, so that the result will depend on the selection of the set of relevant
observables. The inclusion of long-living correlations into {B,} allows to use lower
order perturbation expansions to obtain acceptable results.

2.3.3 Entropy of the nonequilibrium state

An intricate problem is the definition of entropy for the nonequilibrium state. In
nonequilibrium, entropy is produced, as investigated in the phenomenological
approach to the thermodynamics of irreversible processes, considering currents
induced by the generalized forces.

Such a behavior occurs for the relevant entropy defined by the relevant
distribution (20),

Srel(t) = _kBTr{prel(t)lnprel (t)} (29)

A famous example that shows the increase of the relevant entropy with time is
the Boltzmann H theorem where the relevant observables to define the

11
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nonequilibrium state are the occupation numbers of the single-particle states, i.e.,
the distribution function, see Section 3.2 for discussion.

Note that the increase of entropy cannot be solved this way. It is related to so-
called coarse graining. The information about the state is reduced because the
degrees of freedom to describe the system are reduced. This may be an averaging in
phase space over small cells. The loss of information then gives the increase of
entropy. This procedure is artificial, anthropomorphic, depending on our way to
describe the details of a process.

The method of nonequilibrium statistical operator pyso(t) allows to extend
the set of relevant observables arbitrarily so that the choice of the set of relevant
observables seems to be irrelevant. All missing correlations are produced dynami-
cally. We can start with any set of relevant operators, but have to wait for a
sufficient long time to get the correct statistical operator, or to go to very small €.
A possible definition of the entropy would be

Snso () = —kpTr{pnso(t)In pnso(t) }- (30)

The destruction of the reversibility of the von Neumann equation (27) is
connected with the source term on the right-hand side that produces the mixing by
averaging over the past in Eq. (25). This source term is responsible for the entropy
production. At present, there is no proof that the entropy Snso () will increase also
in the limit ¢ — +0.

3. Applications

The NSO method is a fundamental step in deriving equations of evolution to
describe nonequilibrium phenomena. It can be shown that any currently used
description can be deduced from this approach. We give three typical examples, the
quantum master equations, see [9, 10], kinetic theory, see [11], and linear response
theory, see [12]. In all of these applications, we have to define the set of relevant
observables, and to eliminate the Lagrange parameters determined by the self-
consistency conditions. We shortly outline these applications, for a more exhaustive
presentation see [3-5].

3.1 Quantum master equation
3.1.1 Open systems

The main issue is that any physical system cannot be completely separated from
the surroundings, so that the isolated system is only a limiting case of the open
system which is in contact with a bath. More general, we subdivide the degrees of
freedom of the total system into the relevant degrees of freedom which describe the
system S under consideration, and the irrelevant part describing the bath B. Exam-
ples are a harmonic oscillator coupled to a bath consisting of harmonic oscillators,
such as an oscillating molecule interacting with phonons or photons, or radiation
from a single atom embedded in the bath consisting of photons, see below.

The Hamiltonian H of the open system can be decomposed

H = Hgs + Hp + Hint. (31)

The system Hamiltonian acts only in the Hibert space of the system states
leaving the bath states unchanged. It is expressed in terms of the system observables

12
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A,. The bath Hamiltonian acts only in the Hilbert space of the bath states leaving the

system states unchanged. It is expressed in terms of the bath observables B,. Both

sets of operators are assumed to be hermitean and independent so that [4,,B,] = 0.
We project out the relevant part of the nonequilibrium statistical operator p(z)

p,(t) = Trpp(t) (32)

where the trace over the bath can be performed after the eigenstates of the bath
are introduced. The operator Trg means the trace over the quantum states of the
heat bath. If we have no further information, we construct the relevant statistical
operator taking the equilibrium distribution pg = pq (13) for the irrelevant degrees

of freedom,
prel(t) =Ps (t)pB' (33)
3.1.2 Born-Markov approximation

Starting with the extended Liouville-von Neumann equation (27), we perform
the trace Trp over the variables of the bath (see Eq. (32)),

& 0,(0) = o3 [Hip, (0] = 1 TrolHine, (0)] (34)

ot in
since the remaining terms disappear and - Trg(Hpp(t) — p(t)Hg) = 0 because of
cyclic invariance of the trace Trg. To obtain a closed equation for p,(t), the full
nonequilibrium statistical operator p(t) occurring on the right-hand side has to be
eliminated.
For this, we calculate the time evolution of the irrelevant part of the statistical
operator Ap(t) = p(t) — pra(t),

%Ap(t) = %p(t) - [%ps(t)}pg (35)

inserting the time evolution for p(¢) (8) and p,(¢) (34) given above:

@+%M@=%Wﬂm—%M%@%—%%H#MWW~ (36)

We eliminate p(t) = Ap(t) + p,(t)pg and collect all terms with Ap(z) on the
left-hand side. We can assume that (Hin)g = Trg(Hinepg) = O because the heat
bath do not exert external forces on the system (if not, replace H; by H; + (Hint)g
and Hine by Hine — (Hine)g) so that also (Trg[Hint, 5] )p;(t) = 0 and the last term
—pp - Tre{Hinepp } s (t) + ppp;s(t) & Tre{pgHin:} vanishes. Also, the term
L [Hg, p,(t)pp) disappears since [Hg, pg] = 0.

We obtain

d 1 1 1
(5 &) 00) = [+ i F). 80(0] 4 ol 89(0)] = 1 B 0]

(37)

The deviation Ap(t) vanishes when Hi,e — 0. In lowest order with respect to
H;yt, the solution is found as

13
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t

3 ! / 1 !
Ap(t) _ J d¢ e—e(tft )eﬁ(tft )(H;+Hp) E [Hintap; (tl)pB]€7$<t7t )(H,+HB). (38)

—00

Inserting the solution (38) into the equation of motion of p,(¢) (34), a closed
equation of evolution is obtained eliminating p(z). In the lowest (second) order
with respect to the interaction considered here, memory effects are neglected.

We can use the unperturbed dynamics to replace p,(t') = e‘ﬁ@“/)prS (t)eﬁ(t“/)Hf and
Hine(7) = e HAH) [, pi(Hi+Hs) o that after a shift of the integration variable

0
20.0) = 5 Hp 0] =~ | e TralHi, ()., 005)) = DI 0. G9)

This result is described as quantum master equation in Born approximation. For
higher orders of Hiy see [4, 5].

3.1.3 Rotating wave approximation and Lindblad form

We assume that the interaction has the form

Hint = ZA(Z®B11 (40)

We use the interaction picture that coincides at £, with the Schrédinger picture,

olint) (t—to) = ¢ Hs+Hz)(t—t0)/h ) ,—i(Hs+Hz)(t—t0) /A (41)
for any operator O. In particular, we denote

plint) lps(t)](t —to) = ei(HerHB)(t*to)/h’DLos(t)}efi(HerHB)(t*to)/h’
4 , , (42)
p(smt) (t; r_ tO) _ elHS(t—to)/hpS(t)e—le(t—to)/h

(note that Hg commutes with pg(¢) which is defined in the Hilbert space Hs).
Then, the dynamical evolution of the system is given by

2o a5t — 10) = DI o (1)) — o) (43)

On the left-hand side, we cancel Hg because it commutes with the system vari-
ables. The right-hand side, the influence term, has the form (note that pz commutes
with Hg)

int int

—

i 1 in in in
DIps(Ol(t —t0) =~ | e Ty [HI ¢ to), [HEI (W~ 10).p8™ (11— 10) | o

(44)

In zeroth order of interaction, pi™ (&1 — to) = eHst=10)/pg ()= Hs(t=10)/1 js ot

depending on ¢ because the derivative with respect to ¢ vanishes. This fact has
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already been used when in the Markov approximation pg(¢') is replaced by pg(z).
This corresponds to the Heisenberg picture where the state of the system does not
change with time. The time dependence of averages is attributed to the temporal
changes of the observables.

To include the interaction, we characterize the dynamics of the system
observable A introducing the spectral decomposition with respect to the (discrete)
eigenstates |¢,) of Hs. We introduce the eigen-energies E;, of the system S according
to Hslg,) = E}|¢,), and with [ exp [ikx]dx = 275(k),

A(a)) — J dpei@(t—t0) giHs(t—t0)/h g @ —iHs(t—t0) /R _ AT(—a))
- (45)
=211 3 1h,) (B Al )b |6 (B}, — B, + o)

(the index a in (40) is dropped). In interaction picture (A commutes with the
bath observables) we have ei’s(t~0)/h ge=iHs(t=t)/h — (* dq/(27) exp [—iw(t — to)]
xA(w). Now, we find for the influence term

¢
in 1 ® dw [ do' v s o) —i(wre)
Dl lps@®)(t —t0) = ) J de’ J ZJ ge (t'—1) g=io' (t'—t) o —i(w+a") (t—t0)

—00

<{ (Bt — £)B)glA (@), p§™ (t:¢ — t0) A()] + (BB(t' — £))plA()p{™ (t:¢ — 10), A(w)] |
(46)

with the time-dependent bath operators B(t' —t) = exp [iHgp(t' —¢)/h|B
exp [—iHp(t' —t)/h].

We can perform the integral over ¢’ that concerns the bath observables. The bath
enters via equilibrium auto-correlation functions of the time-dependent bath oper-
ators B, (7). We introduce the Laplace transform of the bath correlation function
(the response function of the bath)

F(w) _ J: drei(w+i€)r/hTrB{pBBT(T)B} — %y(a)) + 1%8(0)) (47)

that is a matrix I',s(w) if the observable B has several components. We find in
short notation

. 00 dw 00 dw//
D(mt)[ﬂs(t)](tfto):*‘[ ZJ > ¢l =)t=to) )

x{Ta(@") [A(@), £ (61 — 10)AT ()] + Ta(0") [AT (@)™ (12 — 10), A(w)] }

after the transformation @ — —®” and using Eq. (45). Note that this expression
for the influence term is real because the second contribution is the Hermitean
conjugated of the first contribution. Using symmetry properties, all correlation
functions of bath variables are related to I'(w).

The expression pi™ (t;1 — tg) = eHst=10)/pg (1)~ Hs(t10)/1 js not depending on
time ¢ because in the Heisenberg picture (we con51der the lowest order of interac-
tion) the state of the system does not depend on time. Oscillations with ¢'(@~")(¢=%0)

occur that vanish for ®” = w. The rotating wave approximation (RWA) takes into
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account only contributions with ®” = w that are not depending on #¢. Oscillations
with ¢/(@=@)(t=%) ¢y — ¢ # 0 exhibit a phase, depending on ty. Any process of
dephasing will damp down these oscillations.

In the case of a discrete spectrum, the spectral function (45) can be used,
and the integrals over o, ®” are replaced by sums over the eigenstates |¢,) of the
system S:

1

D g (o))t — t0) = — o F B )OI (E, — ) /1)

?nn’ mm'
X |:|¢n><¢n |A |¢m><¢m ‘e(Ein_Ej",)(t_tO)/hpS (t) ‘¢m’><¢m’ |A |¢n’><¢n’|

b Yo |10 Yo 0, Y DA ) B ) (0)] 4 B
(49)

The rotating wave approximation means that n = n’, m = m' so that

plint) [Ps(t)](t _ tO) = 7%7127” F((E; - E;)/h>

(50)

The generalization to a more complex coupling to a bath (40) is straightforward,
leading to matrices. More difficult is the discussion if the spectral function A(w) is
continuous, see [5]. Going back to the Schrédinger picture we have

Dips (1)) = jdwzﬁ:ra,xw) [Ap(@)ps (DAL (@) — Al (@) Ap(@)ps(t)] +hec.  (5D)

The influence term D[pg()] cannot be given in the form of a commutator of an
effective Hamiltonian with pg(¢) that characterizes the Hamiltonian dynamics. Only
a part can be separated that contributes to the reversible Hamiltonian dynamics,
whereas the remaining part describes irreversible evolution in time and is denoted
as dissipator D'[pg(t)].

With Tos(@) = 7,4(@)/2 4 iSap(w), we introduce the Hermitian operator

Hipn = fdwzaﬁSaﬁ(w)AZ((u)Aﬁ(w) and obtain the quantum master equation

2 ps(t) ~ o s, ps(6)] — o [Hinnops(6)] = D s (0) (52

The dissipator has the form
Dt = [do B r2p(0) [ Aplps(01}(0) =3 (AL 4y (0).ps0)) | (5

where {A,B} = AB + BA denotes the anticommutator. The influence
Hamiltonian H;,q commutes with the system Hamiltonian, [Hs, Hiyg] = 0, because
the operator A} (w)As(w) commutes with Hs. It is often called the Lamb shift
Hamiltonian since it leads to a shift of the unperturbed energy levels influenced by
the coupling of the system to the reservoir, similar to the Lamb shift in QED. The
Lindblad form follows by diagonalization of the matrices y,4(®),
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Dlps(e)] = X [ Awrs(014] —5 ALk ps0)} |- (54)

3.1.4 Example: harmonic oscillator in a bath

A typical example is the absorption or emission of light. An isolated atom (e.g.,
hydrogen) is usually treated with the Schrédinger equation which gives the well-
known energy eigenvalues and the corresponding eigenstates. However, this is not
correct, and the finite (natural) linewidth indicate that the energetically sharp
eigenstates have not an infinite life-time. The coupling to the environment, the
electromagnetic field (even in the vacuum at T' = 0) leads to transitions and a finite
life-time. The electromagnetic field which is considered as bath can be represented
as a system of harmonic oscillators (for each mode of the field), and the interaction
with the atomic system is (dipole approximation, dipole moment D = er)

Hiyt = —er-E=-D-E. (55)
We discuss this phenomenon of radiation in a simplified version [5]. We con-

sider a one-dimensional harmonic oscillator with the eigen-frequency w,

1 Mmw? 1
HS = %}92 + TOXZ = hwo (ﬂTﬂ + i), (56)

with the creation a’ = (mwo/ Zfz)l/ x —i/ (thwo)l/ *p and destruction operator
a= (mwo/Zh)l/zx + i/(thwO)l/zp ([a,a’] = 1). The discrete eigenstates |¢,) of Hs
are the well-known harmonic oscillator states, with eigen-energies
E}, = hwo(n + 1/2). The matrix elements of the construction operators are
(ppla|dy) = /6w -1, and its adjoint complex. In interaction picture, the equations of
motion are da'(t)/dt = iwoa'(¢), da(r)/dt = —iwoa(t). The spectral representation
reads

a' (@) = 22 ST LU, 1) (a6 + w0), (@) = 20 T Vald, 1) (60 — wo).
(57)

At this moment, we do not specify the bath any more in detail. Suppose we have
the solutions |#) of the energy eigenvalue problem Hg|m) = Eg,,,|m), then we can
construct the statistical operator for the canonical distribution as

1 — _
pg,mm’ = <ml|ﬂB|m> — mm’ze EB,m/kBT’ 7 — ze EB,m/kBT. (58)
m

We introduce a weak coupling between the system and the bath
Hiye = —exE = A(aﬁ + a)B, (59)

where the operator B acts only on the variables of the bath and commutes with
a and a'. In interaction picture we have

Hi (¢ — to) = A(ale™710) 4 ge~0lt =) B(¢ — ). (60)

int

The influence term is calculated as given above. With the response function of
the bath I'(w) (47) we find
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2 ps(t) — = [Hs,ps(t)] — - [(S(wo)a"a + S(~mo)aa’, ps(t)

(61)
— 1(@o) (apso:)a* - {a*a,psa)}) T r(~wo) (a*psma - {mtps@)})-

The curly brackets in the dissipator denote the anticommutator. There are
eight additional terms containing aa or a’a'. In interaction picture, they are
proportional to ¢*%¢0(*=%) and are dropped within the rotating wave approximation.
For a bath in thermal equilibrium, using eigenstates the detailed balance relation
is easily proven,

y(—wo) = y(wg)e "o/ksT, (62)

The evolution equations for the averages (a')' = Trs{psa'}, (ata)’ = Trs{psa’a}
are immediately calculated as

d t 0 . 1 t
e =Tesd Sostont } = (10 - Srton) —r(-w0) )@’ (6
with the renormalized frequency wy = wo + [S(wo) + S(—wo)]/h. The solution is
<a7>t = <aT>t°e[iwo’*7(“’0)/21‘7(*!110)/2]@40). (64)

Similar expressions are obtained for (a)’. We find for the occupation number
(n)' = (a'a)’ = p,(®)

& (ata) = (o) ~ [rlwo) — (o) (ala) (6)

with the solution

ta) = (ata) o lr@o)r-wo)leto) | Y(E@O) 1 e st-wole0)] (66
(ala) = (ala)"e o)~ rCaw) ¢ |- @

The asymptotic behavior t — o — oo is determined by the properties of the bath,

(—wo) 1
Y(w}(l)) —w}(f)(wo) o haoo/ksT _ 1 ng(@o), (67)

the system relaxes to the thermal equilibrium distribution that is independent on
the initial distribution (a'a)".

3.1.5 Electromagnetic field

As example for the response function of the bath, we give the result for the
blackbody radiation (Maxwell field)

o0

Tj(w) = J dee i (B, (2)E;(0))y = 8y (%y(w) + iS(co)) (68)

0

with
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. 40 o 2 b 3 1+ nB(wk) nB(wk)
10) = s+ ma(@)), S(@) = 3ﬂhc3PJ done? [ I Tk,
(69)
Note that the Planck distribution satisfies #g(—®) = —[1 + np(w)] such that

(@) = 4031 4 ng(w)]/(3hc3) for >0 and y(w) = 4|w|*ns(|w|)/(3Ac3) for w < 0.
The resulting quantum optical master equation which, e.g., describes the cou-
pling of atoms to the radiation field Hins = —D - E in dipole approximation,

2 p5(6) = o s, ps(0)] — o [Hiops(8)] = Dlps(0), 70)
has the Lindblad form. The influence Hamiltonian

Hipg = [dwhS(0)D'(w) - D(w) leads to a renormalization of the system Hamilto-

nian Hg that is induced by the vacuum fluctuations of the radiation field (Lamb

shift) and by the thermally induced processes (Stark shift). The dissipator of the

quantum master equation reads

0o (1)3
Dlps(o)] = | dr s 1+ na(a)

D(w)ps(6)D' (0) 3 {D*(w)D(w),ps<r>H
(71)

D'(@)ps(t)D(w) —%{D(@Dwa)),ps(t)}],

where the integral over the negative frequencies has been transformed into
positive frequencies. This result can be interpreted in a simple way. The application
of the destruction operator D(w) on a state of the system lowers its energy by the
amount 7@ and describes the emission of a photon. The transition rate

;%33 [1+ np(w)] contains the spontaneous emission as well as the thermal emission of

photons. The term D'(w) gives the creation of excitations with transition rate

;‘;l‘—gng(a)) describing the absorption of photons.

3.1.6 The Pauli equation

We consider a system whose state is described by the observable A, and which
takes the value a. This can be a set of numbers in the classical case that describe the
degrees of freedom we use as relevant variables. In the quantum case, this is a set
of relevant observables that describe the state of the system. The eigenvalue a
corresponds to a state vector |2) in the Hilbert space.

At time ¢, we expect a probability distribution p,(a,¢) to find the system in state
a, if the property A is measured. The change of the probability p,(a,t) with time is
described by a master equation or balance equation

d !
Eﬂ(“at) = aéﬂ [Wawp,(@',1) — waapy(a,t)]. (72)

In the context of the time evolution of a physical system, this master equation is
also denoted as Pauli equation. We derive it from a microscopical approach using
perturbation theory. The statistical operator p(t) follows the von Neumann equation
of motion (8) with the Hamiltonian

19



Non-Equilibrium Particle Dynamics

H=H"+H (73)

where the solution of the eigenvalue problem for H® is known, H’|n) = E, |n).
The probabilities to find the system in the state |#) are given by the diagonal
elements of p(t) in this representation,

py(n,1) = (nlp(t)[n). (74)

First, we consider the special case 4 = 0, where the von Neumann equation is
easily solved:

Prum (t) - <Vl |p(t) |m> = om (titO)pnm (to), hwym = E, — En (75)

if p,., (to) is given. The nondiagonal elements p,,, (t), # # m are oscillating. The
periodic time dependence of the density matrix that arises in the nondiagonal
elements has nothing to do with any time evolution or irreversibility. It expresses
the coherences in the system. The diagonal elements

Pun(8) = p(n,t) = (n|p(t)|n) (76)

do not change with time and can be considered as conserved quantities if 2 = 0.

To find the initial distribution, we consider the probabilities as relevant observ-
ables that describe the nonequilibrium state at ¢. If there are no further information
on coherence, the relevant statistical operator is diagonal,

Prei(to) = 2 p,(n,to)n){n| = X pi(n,t0)Py. (77)

We introduced the projection operator P, = |n)(n|. The solution is p(¢) = p.q(to).
The case 4 = 0 is a trivial case, nothing happens.

Now, we consider a small perturbation as expressed by the parameter 1.
As before, we consider the probabilities as relevant observables that describe
the system in nonequilibrium. We project the diagonal part of the statistical
operator,

Prei(t) = diag[p(t)] = Dup(t) = X Pup(t)Pn- (78)

The difference pj,(t) = p(t) — pra(t) = (1 — D, )p is the irrelevant part of the
full statistical operator.

The problem to obtain the time evolution of the probabilities p,(n,¢) is
solved if we find an equation of evolution for p,. (). We use the method of the
nonequilibrium statistical operator and start with the extended von Neumann
equation (27). For the projection, we obtain (D, is linear and commutes with d/dt)

0 1

&prel(t) = EDn [/lHlvpirreI(t)]' (79)

We assumed that H? is diagonal with p,(¢) so that the commutator vanishes.

Furthermore, the diagonal elements of the commutator of a diagonal matrix with an
arbitrary matrix disappear. For the irrelevant part we have

2 pret(t) + Pialt) — 2 (1~ D), pa(0)] = (1~ D)AH' pra)]. (80)
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On the right-hand side, we can drop the projector D,,. Its action disappears
because p,,, is diagonal. It is seen that p;. (¢) is of the order A.

In the remaining projection (1 — D,,) [H?, piyer(t)] + (1 — Dy)[H', pirral (£)], the
second contribution is of second order in 4 and will be dropped here because we
consider only the lowest order in A (p;(¢) is also of the order 4). This is denoted as
Born approximation. We have

0 1 1
&pirrel(t) + gpirrel(t) - E [Hohoirrel(t)] = R [AH/aprel(t)}' (81)
The solution is simple by integration,
1 e(t1—t) LHO (t1—t) / —if%(t—1)
Pirrel (t) = E e Ven MH » Prel (t1)]€ . (82)

The proof is given by insertion.
With this expression for py,.(¢), we find a closed equation for p,(z),

9 22

2 i .
&prel(t) =— ?Dn J £ht) [H’, et (1) H, pra (tl)]eﬁHO(trt)}dtl_ (83)
This result describes a memory effect. The change of p,(t) is determined by the
values p_(t1) at all previous times ¢; <t. In the Markov approximation, we replace
Prel(t1) DY pre1(t) so that memory effects are neglected. This is justified in the limit
A — 0 because then p,(¢) changes only slowly with time. Then

9 22

t : :
3% Prei(t) = — FD" J e£t—) [H/, [ AH -0y eféHo(n—t)7 Prel(t)” dt;. (84)

This expression has similar structure as the QME (39) an can be treated in the
same way. The right-hand side Dp_(t) is related to the dissipator after subtracting
the Lamb shift contribution.

Explicit expressions for the time evolution of the density matrix are obtained by
projection on the basis |#). With the matrix elements (n|p,.(¢)|m) = 8y, mp,(n,t) as

well as (n|H|m) = 8, mE, and (n|H'|m) = H,,,, we have

d 2
%Pl(f’lﬁ) = _ﬁ%:HimH:nn [pl(n’t) —pl(WlJ)]
« J't flit) [eﬁ‘(Em—En)(a—r) 4 e—;‘(Em—En)(n—r)] At (85)

Performing the integral over 1, we find [with the Dirac identity

lim, o1 = P1 —in5(x)] the Pauli equation
d /
Epl(n,t) = é [Wawp, (1, £) — Wynp, (n,1)]. (86)

The transition rates are given by Fermi’s Golden rule,

1 1 2A? )
m = lim = |H |* - H. [*S(E, —E,). (87
w 2 | (i(vnm +e€ + — W + €> h | ”m| ( ) (87)
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3.1.7 Properties of the Pauli equation

The transition rate w,,, obeys the condition of detailed balance, w,,, = Wy, the
inverse transition has the same rate. This follows because H’ is hermitean,

(n|H'lm) = (m|H" |n)" = (m|H'|n)". (88)

An important property is that it describes irveversible evolution with time. For the
relevant entropy Sy (t) = —ks).,p,(n,t)Inp,(n,t) we find

ds;;(t) = ks X Xt [p,(m, 1) — py(n,0)] In [p,(n,1)] — ;112( : (()t,t)

= 2k 3 T 0 [p4(1.0) = py m.0)][1n [py 1)) ~In [py (. 1)]] 20.
(89)

We used £ p,(n,t) = 4£1 = 0 and interchanged n with m in the half
of the expression. Since Inx is a monotonic function of x, the relation
(1 — x2)(Inxq — Inx,) > 0 holds. Considering states n, m where transitions are
possible, equilibrium (dS,.i(t)/dt = 0) occurs if p,(m,t) = p,(n,t); else S (t)
increases with time. Equipartition corresponds to the microcanonical ensemble in
equilibrium.

3.1.8 Example: transition rates

We consider transitions between eigenstates of Hy owing to interaction. A
typical case is the collisions expressed by a};la};zak;ak; between the (momentum)
eigenstates |k) of Ho. This is discussed in the following section on kinetic theory.
Another example is minimal coupling known from QFT between a Dirac fermionic
field (electron) and the Maxwell bosonic field (photons), with

(Ex = 0%k’ /2m, w; = c|q])

= Y Epajax + ¥ hogblbg (90)
k q

(spin and polarization variables are not indicated separately), and the interaction

Hine = Y, v(kk/,q)a]:,akh; +h.c. (91)
ky ks q

The transition rates (87) are calculated between the initial state |#) = |k), energy
E, = E, and the final state |m) = |k, q), energy E,, = E, + hw, for emission in the
vacuum state. For absorption, the corresponding process can be given. For free
particles |k) = |k, 5), the matrix element v(k, 0, Kk, ¢, q) x5y 4,5 must fulfill
momentum conservation. Together with the conservation of energy in Eq. (87), the
second-order transition rate vanishes. Only in fourth order, different contributions
(Compton scattering, pair creation) are possible. If considering an radiating atom,
the electrons are moving in orbits around the nucleus, |k) = |nlm, 6). Momentum
conservation is not required, and the standard expressions (Fermi’s Golden rule)
for absorption and emission of light by an atom are obtained. The corresponding
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rate equation (86) describes natural line width, detailed balance, and thermal
equilibrium as stationary solution.

3.1.9 Conclusions

Quantum master equations and the Pauli equation are fundamental expressions
to describe nonequilibrium phenomena, such as one-step processes of excitation
and deexcitation, two-level systems, nuclear decay, chemical reactions, and also
conductivity where electrons are scattered by ions, etc. A basic assumption is the
subdivision into a system and a bath. In Born-Markov approximation, correlations
between system and bath (back-reactions) are neglected. Projection to diagonal
elements of the reduced density matrix or the Rotating wave approximation lead to
irreversible equations of evolution (dissipator) as derived by Zwanzig, Lindblad,
Kossakowski, and others. Further developments of the theory are, e.g., the
Nakajima-Zwanzig equation or the Quantum Fokker-Planck equation [4]. A funda-
mental problem is the subdivision in relevant (system) and irrelevant (bath)
degrees of freedom. If correlations between the system and bath become relevant,
the corresponding degrees of freedom of the bath must be included in the set of
system variables.

3.2 Kinetic theory

Historically, nonequilibrium statistical physics was first developed as the kinetic
theory of gases [7] by Boltzmann. We start with classical systems to explain the
problem to be solved in kinetic theory. The more general case of quantum systems
contains no additional complications, but the concepts become more evident in the
classical limit. We give results for both cases, the general quantum case and the
classical limit. Reduced distribution functions are considered as the relevant
observables. Closed equations of evolution are obtained describing irreversible
processes.

3.2.1 The Liouville equation

The standard treatment of a classical dynamical system can be given in terms of
the Hamilton canonical equations. In classical mechanics, we have generalized
coordinates and canonic conjugated momenta describing the state of the system,
e.g., a point in the 6IN-dimensional phase space (I'-space) in the case of N point
masses. The 6N degrees of freedom {r1,p;...rn,py } define the microstate of the
system. The evolution of a particular system with time is given by a trajectory in the
phase space. Depending on the initial conditions different trajectories are taken.

Within statistical physics, instead of a special system, an ensemble of identical
systems is considered, consisting of the same constituents and described by the
same Hamiltonian, but at different initial conditions (microstates), which are com-
patible with the values of a given set of relevant observables characterizing the
macrostate of the system. The probability of the realization of a macrostate by a
special microstate, i.e., a point in the 6N-dimensional phase space (I'-space), is
given by the N-particle distribution function fy (#;, p;, ) which is normalized,

_dNVdN _d3Nxd3Np

JdeN(r,-,pi7t):1; dr = T (92)

In nonequilibrium, the N-particle distribution function depends on the time z.

23



Non-Equilibrium Particle Dynamics

The macroscopic properties can be evaluated as averages of the microscopic
quantities a (r;, p;) with respect to the distribution function f (r;, p;,?):

(A = Jdl“a (i, p:)f n (ri. i 1) ©3)

In addition to these so-called mechanical properties there exist also thermal
properties, such as entropy, temperature, and chemical potential. Instead of a
dynamical variable, they are related to the distribution function. For example, the
equilibrium entropy is given by

Seq = —ks JdrfN(Vi’pi’t) Infy (”i’Pi’t) (94)

We derive an equation of motion for the distribution function f (v;, p;,t), the
Liouville equation, see [5]:

T B[R e o *

We shortly remember the quantum case. Instead of the N-particle distribution
function f(t), the statistical operator p(t) is used to indicate the probability of a micro-
state in a given macrostate. The equation of motion is the von Neumann equation (8).
Both equations are closely related and denoted as Liouville-von Neumann equation.

3.2.2 Classical reduced distribution functions

To evaluate averages, instead of the N-particle distribution function
fn (71, s ¥N; Py, ... py;i t) often reduced s-particle distribution functions

&Prjq..d’
f:(r17"'7p:;t) = Jﬁ'hﬂﬁl\i)fjv(l’l,...,?lv;t) (96)

are sufficient. Examples are the particle density, the Maxwell distribution of the
particle velocities, and the pair correlation function.

We are interested in the equations of motion for the reduced distribution func-
tions. For classical systems, one finds a hierarchy of equations. From the Liouville
equation, Eq. (95) without external potential,

di ‘%\r @[N aVZ'J‘@EN_
T "o +Z i Ej%a—o (97)

we obtain the equation of motion for the reduced distribution function f
through integration over the 3(N — ) other variables:

3 3
dfs — % + S — S 0V,-j % =3 d*rsad Pi19Vis19 o (71"'Ps+1’ t)
dt ot ; A '

V;—
i1 Ori iz Or; Op, W3 or; op;

(98)

This hierarchy of equations is called BBGKY hierarchy, standing for Bogoliubov,
Born, Green, Kirkwood, and Young.
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The equation of motion (98) for the reduced distribution function f, is not
closed because on the right-hand side the higher order distribution functionf'_,
appears. In its turn, f, obeys a similar equation that contains f_,,, etc. This
structure of a system of equations is denoted as hierarchy. To obtain a kinetic
equation that is a closed equation for the reduced distribution function, one has to
truncate the BBGKY hierarchy, expressing the higher order distribution function

f,,1 by the lower order distribution functions {f,, ....f, }.

3.2.3 Quantum statistical reduced distvibutions

In the quantum case, the distribution function f, is replaced by the statistical
operator p that describes the state of the system, and the equation of motion is the
von Neumann equation (8). The quantum statistical reduced density matrix is
defined as average over creation and annihilation operators,

ps(r1, e vl t) = Tr{p(@)y' (r1)..y" (r)w (v) . () }. (99)
It is related to correlation functions, the Wigner function, Green functions,
dynamical structure factor, and others.

We consider the equations of motion for reduced distribution functions. For the
single-particle density matrix in momentum representation, we have

pilp.p' 1) = Tr{p@)y )y (') }. (100)
Derivation with respect to time gives
2 oi(pp 1) = o T {H oy ()} = o Tr{o [ oy ), H] ). 10

Similar as for the BBGKY hierarchy, we obtain in general a hierarchy of equa-
tions of the form

dpgit) = function of {p,(t),p,,1(t)}. (102)

Like in the classical case, we have to truncate this chain of equations. For
example, in the Boltzmann equation for f (¢), the higher order distribution function
f>(t) is replaced by a product of single-particle distribution functions f (¢).

3.2.4 StofSzahlansatz and Boltzmann equation

To evaluate the averages of single-particle properties such as particle current
or kinetic energy, only the single-particle distribution must be known. Then,
the single-particle distribution contains the relevant information, the higher
distributions are irrelevant and will be integrated over.

We are looking for an equation of motion for the single-particle distribution
function f, (7, p,t), taking into account short range interactions and binary
collisions. For the total derivative with respect to time we find, see Eq. (95),

df, o0, .0 0. 9 9 9,
Efatfl+rarfl+.papfl7atfl+varfl+Fapf170
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The crucial point in this equation is the force F. It is the sum of external forces
F®* acting on the system under consideration and all forces resulting from the
interaction V; (Vi, 1"]') between the constituents of the system.

Before discussing the derivation of kinetic equations using the method of the
nonequilibrium statistical operator, we give a phenomenological approach using
empirical arguments. To describe the change in the distribution function f, due to
collisions among particles, we write

0 0 0
Zf | Z — 1
wh= (30, (30, a0y
where the drift term contains the external force,
0 0 0
e — _p— _ FeXti 1 4
(&fl)D vanl apfl (O)

and the internal interactions are contained in the collision term (f ), for
which, from the BBGKY hierarchy (98), an exact expression has already been given:

0 &Erdp’ oV(r,v) o ,
(55:) = |t e rp . (105

Collisions or interactions among particles occur due to the interaction potential
V(r,7'), which depends on the coordinates of the two colliding partners. For every
particle, one has to sum over collision with all partners in the system. In this way, we
have an equation for the single-particle distribution function, but it is not closed because
the right-hand side contains the two-particle distribution functionf, (rp, 'p’, t).

As an approximation, similar to the master equation, we assume a balance

between gain and loss:
JF 1)
-] =G-L. (106)
(%),

With some phenomenological considerations [5], we can find the collision term as
d '
(?;;) - Jd3vz Jd.Q d—g o1 — ool { 1 (r, 0, ) f1 (r, 05, 8) —f,(r,00,0)f, (r,00,0) },
St

(107)

where we have introduced the differential cross section

dg_bw)dmm‘ (108)

dQ  sind| d9 |

Inserting expression (108) into Eq. (103), we obtain a kinetic equation only for
the single-particle distribution, the Boltzmann equation.

3.2.5 Derivation of the Boltzmann equation from the nonequilibrium statistical operator
The relevant observable to describe the nonequilibrium state of the system is the

single-particle distribution function. First, we consider classical mechanics where the
single-particle distribution function is f, (v, p,t).
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We can write the single-particle distribution as an average (93) of a microscopic
(dynamic) variable, the single-particle density
t 340 53 3
f1(1’7p7t) = <7’ll(1’1, "'apNv 77P)> > nl(rlvplv ey VvaN; va) =h ;15 (1’ - 1’,‘)6 (,p _Pl)
(109)

The self-consistency conditions (18) are realized with the Lagrange
parameter Fy(7, p,t). The relevant distribution F, reads (see (19) and replace ),

by [d*rd’p /h*)

N N
Frai(r1, ....,py,t) = exp {—d>(t) — Y Fi(ri,p;.t) }, ®(t) =In J exp {— ZFl(ri,pi,t)}dF.
i=1 i=1
(110)
The constraints f, (r,p,t) = | Fre (7'1, ...,pN,t) 71 (7'1, ...,pN,r,p)dF are solved

according to

-1
fir,p,t) = N e‘Fl(V’P’”{Je_Fl(”P’t)d3r d3p} s Fi(r,p,t) = —Inf,(r,p,t).
(111)

This means, we can eliminate the Lagrange parameters Fy(r, p,t) that are
expressed in terms of the given distribution function f (7, p,t). The relevant
distribution is

NN
Frel(1"17 '-~7pNat) = inf1 (Vj?pjvt): Zrel = JHf1 (r]ap]7t) dFN = W zeN'
J J
(112)

The Boltzmann entropy is then

f1(r,p,t) dr d3p

. s (113)

t
Suat) = ~kain F’ = —ka [, p.0)n
Below, we show that it increases with time for nonequilibrium distributions.
The relevant distribution can be used to derive the collision term (107), for
details see [3]. We will switch over to the quantum case where the presentation is
more transparent.

In the quantum case, we consider the single-particle density matrix. In the case of
a homogeneous system (n1(r) = n), p;(p,p’) is diagonal. The set of relevant observ-

ables are the occupation number operators {7, },

(np) =f1(p.1). (114)

Considering these mean values as given, we construct the relevant statistical
operator as

Pra(t) = e O LpFrl@tny, ®(¢) = In Tre 21 (115)
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The Lagrange parameters F1(p,t) are obtained from the self-consistency
conditions (114) similar to Eq. (111);

Tr{e* 2y Fae iy ”P} I1. %, e @ (14 6,5 (m — 1))

b= 116
St Tr{efzr’ﬂ(p/’t)"?’} H;Zn e’Fl(Pi‘t)"i (116)
so that

1 4+ : Fermions
100 =G s e b ) =17, .0] ~ nf 0

(117)

As in the classical case, also in the quantum case, the Lagrange parameters can be
eliminated explicitly.

We now derive the Boltzmann equation for the quantum case, see [3]. With the
statistical operator (Eq. (25) after integration by parts)

t

d i i

/)(f) = Prel (t) - J ee(tlit) 5 {eiﬁH(titlprel (tl)eEH(t7t1 }dtb (118)
—0o0 1

With 71, = 1 [H,n,], we get the time derivative of the single-particle distribution
function

0
S0 = Tr{perip) [ Tl ot e ] bar. o)

—00

Because the trace is invariant with respect to cyclic permutations and p,(t)
commutes with #,, see (115),

Tr{pea(tip} =3 Tr {pralH,np) } = - Tr{H [y pra] } = O, (120)

and Eq. (119) can be written as

0
1 / 20 —i
% = J dr’ e TV{ [H,np | e [H, pge } (121)
if we neglect the explicit time dependence of p_(t) (no memory effects, the

collision term is local in space and time). Next, we introduce two more integrations
via delta functions to get rid of the time dependence in the trace:

9 _ 1
o h?

g8

o 0
dE J dE J dt’ el EENTL{ [V, |6(E — H)[V, pa]0(E' — H)}.

(122)

(We take into account that the kinetic energy in H commutes with #,, so that

only the potential energy V remains.) This equation can be expressed by so-called T
matrices, T =V + V5T,
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% _ %JdETr{ [T\ ny)8(E — HO) [T poul(E — HO) ), (123)

For further treatment, we choose the approximation of binary collisions, that
means that only two particles change their momentums during a collision. In second
quantization, the T matrix is then

Tx X “T “T t(p1 P2 P1s PY)app,5( Py + P2 — P1 — ) (124)
P> P PrPy

with the two-particle T matrix ¢( p,, p,, p},p5). With this T matrix, we find the
collision term (time ¢ is dropped)

(Lol = T wlpnpi ) ) () ()

~f1(p2)f1(p2) AFF1(ph) 1Ff1(pY)) }

with the transition probability rate

27
w(p,p, 9 1}) = [1(py 22 4 9Y) 72 (01 2, 2y 1) 6 (Ep, + By, — By, — By, )5(p1 +, — i~ 13):
(126)

which leads to the quantum statistical Boltzmann equation.

3.2.6 Properties of the Boltzmann equation

The Boltzmann equation is a nonlinear integro-differential equation for the
single-particle distribution function in the classical case. In the quantum case, we
can use the density matrix or the Wigner function to characterize the
nonequilibrium state of the system. The Boltzmann equation is valid in low-density
limit (only binary collisions). At higher densities also three-body collisions, etc.,
must be taken into account. Further density effects such as the formation of quasi
particles and bound states have to be considered. The collision term is approximated
to be local in space and time, no gradients in the density and no memory in time is
considered. The assumption of molecular chaos means that correlations are
neglected, the two-particle distribution function is replaced by the product of
single-particle distribution functions.

The increase of entropy (Boltzmann H theorem) can be proven. In terms of the
relevant statistical operator, the entropy is

Srel = kp ; {(F1+f1() In (1%f1(p)) —f1(p)Inf1(p) }- (127)

The change with time follows from

djrel _ _kBZ@[l lnfl —sz@cl"‘kBZ@“l In (1+f1) +kBZ®C1

3 monson o)) )

xf1 (pl)fl(p,l)fl(p2)fl (1”/2)
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We interchange indices 1 < 2, 1" <> 2'; furthermore 1 < 1,2 < 2/; and
1 2,2 < 1, use the symmetries of w (p,p,p)p}) and (x; — x2)(Inx; — Inx;) >0
because Inx is a monotonous function of x. We obtain 4% > 0, the Boltzmann

(relevant) entropy can increase.
The collision integral guarantees conservation of total momentum, particle
number, and kinetic energy. However, the total energy including the interaction

part is not conserved. The equilibrium solution £ (p) follows from dfl“‘ =0:

i) =) (=) (g =) =0 o

If 2 (p) depends only on energy, we find the well-known result for ideal
quantum gases,

+

—H p—H -
i 1=En), o) = [(E )11} . (130)

. .. 0 —B(Ep—n) N (22?4
In the classical limit, we have f7 (p) = e "% ) with e/ = § (m’,:BT) Ty

where s denotes the spin of the particle.

3.2.7 Beyond the Boltzmann kinetic equation

In deriving the Boltzmann equation, different approximations have been
performed: only binary collisions are considered, three-particle, and higher order
collisions are neglected. Memory effects and spatial inhomogeneities have been
neglected. The single-particle distribution was considered as relevant observable in
the Markov approximation. These approximations can be compared with the Born-
Markov approximation discussed in context with the quantum master equation.
Instead of the Born approximation that is possible for weak interactions, the binary
collision approximation is possible in the low-density limit, where three- and higher
order collisions are improbable.

In the case of thermal equilibrium, the Boltzmann entropy S, (127) coincides
with the entropy of the ideal (classical or quantum) gas. The equilibrium solution of
the Boltzmann equation leads to the entropy of the ideal gas and gives not the
correct equation of state for an interacting system that are derived from the Gibbs
entropy (® = InZ is the Matthieu-Planck function)

Seq = —ks JdF((D + pH) exp [-® — pH], (131)

see Eq. (13). This deficit of the Boltzmann equation arises because binary
collisions are considered where the kinetic energy of the asymptotic states is
conserved. Only the single-particle distribution is a relevant observable and is
correctly reproduced. It can be improved if the total energy, which is conserved,
is considered as a relevant observable. Alternatively, we can also include the
two-particle distribution function in the set of relevant observables. An important
example is the formation of bound states as a signature of strong correlations in the
system. Then, the momentum distribution of bound states has to be included in
the set of relevant observables.
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3.2.8 The linearized Boltzmann equation

Different approximations are known to obtain solutions of the Boltzmann
equation, see [4, 5]. A serious problem in solving the Boltzmann equation is its
nonlinearity as we have terms of the form f, (p,,t)f, (p,.). Special cases that allow
for linearization are two-component systems with a large difference in the masses
or concentration. Linearization is also possible in the case where the deviation from
some equilibrium distribution is small. As an application, we consider the calcula-
tion of electrical conductivity in plasmas.

We investigate a plasma of ions and electrons under the influence of an external
electric field E.y. For simplicity, we assume E to be homogeneous and indepen-
dent of time (statical conductivity o). For moderate fields, we await a linear behav-
ior of the plasma following Ohm’s Law:

j. = oE. (132)

[Note that in Eq. (132) E is not the external field, but the effective electric field
in the medium (the plasma), being the superposition of the external field Ex and
the polarization field eP]. j is the average electric current defined via the single-
particle distribution function f

s

e :é<$eivi> ZeSJd vof,(v,5) =Y —

s Mg

d3
|t olphws.

Here, we have kept the index s for the different sorts. In the following, we will
skip this index as we only consider electrons being responsible for the electric current.
We recall the Boltzmann equation

marfl—i—eEaFf ( ) =0, (134)

m is the electron mass and —e the electron charge. The first term in this equation
vanishes because of homogeneity of the system. For the collision term, we take
the expression Eq. (125) in the generalized form for quantum systems. After the
distribution function of the collision partner has been replaced by the equilibrium
distribution, we have

3.
(;fl> o J dp Qs {f1(0"wpp 1 =f1(0)] —f1@)wpp[1 —f,(")] }> (135)

where wp, is the transition rate from the momentum state p to the state p’. The
quantum behavior of the collisions is taken into account via the Pauli blocking

factors [1—f,(p)].

3.2.9 Example: conductivity of the Lorentz plasma

In the Lorentz plasma model, the electron-electron collisions are neglected, and
only electron-ion collisions are considered, interaction potential V,;(r). In the adia-
batic approximation where the ions are regarded as fixed at positions R; (elastic
collisions), the interaction part of the Hamiltonian reads

=2 Vei(r — Ry). (136)
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In Born approximation (or time-dependent perturbation theory), the transition
rate is given by Fermi’s Golden rule:

V1 2 )
Wpy = 7 |Hyp| (B, — By) =wpps B, =p*/2m. (137)

To solve the Boltzmann equation Eq. (135), we make use of the ansatz

dfl( »)

F1o) =f1(By) + @(p) =k T =7 (E,) {1+ @(p) (1~ f1(Ey)) }.  (138)

For equilibrium distributions, we have the detailed balance condition
wppf(f (Ep’) (1 _fg (Ep)) = wp’pf? (Ep) (1 _fg (EP’>)' (139)
Insertion of Eq. (138) into the Boltzmann equation Eq. (135) yields with Eq. (139)
dp'Q
(2Ph)3 wypf1 (By) (1171 (Ep)] [ @) — @(p))
(140)

B (E) 1105 - |

where we have neglect terms with higher order of E and have used the fact that
®(p) x E. With the definition of the relaxation time tensor 7(p), according to
®(p) =e¢/(mksT)E - (p) - p, the equation reads

_ (g, fi(E)
SR gy

ep = E/E. The electric current density Eq. (133) depends only on the deviation

ec- (2(p)) - p' —i(p) p) (141)

of the distribution function since £ is an even function in p (isotropy). We obtain
by insertion of Eq. (138) into Eq. (133)

. dpr 0
ja= 2| SEAE owyiE) -1 e o

The conductivity o is the proportionality factor between the current density and
the effective field E:

€2 d3p ,
- 1’!’12/€]3T2 J (2,7:;1)3}92 zfl ( ) [ (Ep)] (143)

We have derived an analytical expression for the conductivity of a Lorentz
plasma in terms of the relaxation time tensor 7(p). For isotropic systems, 7;; = 75,

the well-known Ziman formula 6, = wne? /m for the conductivity results.
The solution of Eq. (141) for a momentum-dependent relaxation time is

dp'Q -
7(E,) = {J—(th)3 Wy (1— cos&)} (144)

as can be verified by insertion. Now, the conductivity reads with Eq. (137)
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2¢? !

oot | PP E) 113 5) {2 [y, o, — By) - cosn)} . (145)

Considering the screened interaction potential (Debye potential)
V2(r) = £ e with the Debye screening parameter k2 = ¢2N/(eoksT<), the

T 4rmeolr|

evaluation can be performed. With

2p/h

2
Alp) = s¢°dg =InvV1+b 1 b b:ﬁdﬁgki (146)

1
J (q* +x2) C21+b° e2h’N

we finally obtain for the conductivity [5].

(kg T)**(4meo)”

~ 2 _
i ARAPY/2m =3ksT)2). (147)

3.2.10 Conclusions

The method of the nonequilibrium statistical operator gives not only the deriva-
tion of the Boltzmann equation (quantal and classical), but indicates also possible
improvements such as conservation of total energy, inclusion of bound state for-
mation, hydrodynamic equations, etc.

The solution of the general Boltzmann equation is not simple, in addition to
numerical simulations different approximations have been worked out. For the
linearized Boltzmann equation, the relaxation time approximation can be used
for elastic scattering, but for the general case (inclusion of electron-electron colli-
sions in a plasma), the Kohler variational principle [11] can be applied. Landau-
Vlasov equations for mean-field effects as well as Fokker-Planck equations for the
collision term have been investigated.

The basic assumption to derive the Boltzmann equation is the selection of the
single-particle distribution as relevant observable. Correlations are neglected and
have to be built up in higher orders of approximation or extending the set of
relevant observables. The most appropriate systems for kinetic theory are dilute
gases where the collision time is short compared with the time of free flight.
Irreversibility is owing to the Stofizahlansatz for the intrinsic interaction.

3.3 Linear response theory

A third example, which allows the explicit elimination of the Lagrange multi-
pliers to fulfill the self-consistency conditions, is a system near to thermodynamic
equilibrium which is under the influence of mechanical (external forces) or ther-
modynamic (gradients of temperature, pressure, chemical potentials, etc.) pertur-
bations. As response, currents appear in the system. Assuming linearity for small
perturbations, transport coefficients are defined. Fluctuations in equilibrium are
considered as a nonequilibrium state which relaxes to equilibrium, see Eq. (7).

3.3.1 Response to an external field

We consider a system under the influence of external (time dependent) fields
acting on the particles, see [4, 11-16],

H' = Hs + HE, (148)
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where Hg denotes the system Hamiltonian, containing all kinetic energies of the
particles as well as the full interaction part. The second part Hf; describes the
coupling of the system to the external fields /;:

Hp = — Y hje A, (149)
J

We characterize the nonequilibrium state by the set {B,} of relevant observ-
ables. In the following, we assume that the equilibrium expectation values of the
nonequilibrium fluctuations disappear, (B,)., = 0 (else, we have to subtract the
equilibrium values).

Treating the conserved observables explicitly, we write the relevant statistical
operator p, in the form (H = Hs — Y 4. N,)

—o@t)—p| H—) F,(t)B, —p| H—> F,(t)B,
) =& (e FROR) d><t)—1nTr{e r(ege >} (150)

where the Lagrange multipliers are divided into the equilibrium parameters g, y
and the generalized response parameters F,(t), coupled to the corresponding
observables. All Lagrange parameters are determined by the given mean values of
these observables. In particular, we have the self-consistency conditions (18)

(Bu)ret = Tt {prai(t)Bu} = Tr{p(t)B,} = (B,)' (151)

or

Tr {pirrel(t)Bn} =0, pirrel(t) = /J(t) - prel(t)' (152)

The corresponding self-consistency condition for N and Hg lead to the well-
known equations of state for the temperature 1/4 and the chemical potential u. ®(t)
is the Massieu-Planck functional that normalizes p,(¢).

We consider the limit of weak external fields. Compared with the equilibrium
distribution (13), we expect that the changes of the state of the system are also
weak. We characterize the nonequilibrium state by the set {B, } of relevant observ-
ables and assume that the averages

(B)' = Tr{p(t)B,} xhje (153)

are proportional to the external fields (linear response).

The basic assumption of LRT is that the average values (B,)" of the additional
observables, which characterize the response of the system, are proportional to the
external fields. Because these external fields are arbitrarily weak, we expand all
quantities with respect to the fields up to first order. If the fluctuations (B,) are
proportional to these fields, we have also F,, ock;. Below, we derive linear equations
that relate the response of the system to the causing external fields.

In the linear regime, we await the response parameters F,(¢) to exhibit the same
time dependence as the external fields:

F,(t) = Fe . (154)

Here, we have harmonic fields h]-e’i‘”t, but the formulation rests general
as we can always express arbitrary time dependences by means of a Fourier
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transformation. Within the linear regime, the superposition of different compo-
nents of the field gives the superposition of the corresponding responses. The
treatment of spatial dependent external forces is also possible. As a specific advan-
tage of the Zubarev method, thermodynamic forces such as gradients of tempera-
ture or chemical potentials can be treated [4, 5, 15, 16].

3.3.2 Elimination of the Lagrange multipliers

The main problem is to eliminate the Lagrange multipliers, the generalized
response parameters F, (t). As in the case of kinetic theory, this is also possible
explicitly in the case of linear response theory (LRT). With the operator relation

1
eMB = e 4 [d1e!ABIBe(l=YA, we get for the relevant statistical operator (150) up
0

to first order of the nonequilibrium fluctuations {B, }

1
Peet(t) = peg + ﬁJ A2 Y Fy(£) Bu(i7B2) peg. (155)
0

Here, we made use of the modified-Heisenberg picture O(zr) =
exp (iHr/h)O exp (—iHz/h) with 7 — a4 replacing in the exponents Hs by
H =Hs — Y .u.N.. We want to calculate expectation values of macroscopic relevant
variables that commute with the particle number operator N, so that we can use
both H and Hs synonymously. (Mention that also the Massieu-Planck functional
®(¢) has to be expanded so that the fluctuations around the equilibrium averages

{B,, - <B”>eq} appear).
3.3.3 Linearization of the NSO

All terms have to be evaluated in such a way, that the total expression rests of
order O(h). For expressions (25) and (26), we find after integration by parts

t

pe(t) = prel(t) - J dtlee(tlit)U(tﬂ tl){% [(Hs + H;l)7prel(t1)] +a%prel(t1)}UT(t> tl)’

—00

(156)

Since Hs commutes with Peq (equilibrium!), the curly bracket is of order O(k). In
particular, we have for the first term the time derivative in the Heisenberg picture,

1

1

i , 7y

- |Hs, ﬁjdﬂ S Fu(t)Bu(i4ph)peg | = J AT P (6B (ip)peg.  (A57)
o o

For the second term of the integral in Eq. (156), we use Kubo’s identity

1
[B,e?] = sz e [B, Alet A, (158)
0

so that
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1
i —iwi 1 A .
= [Hg,peq} — _fet J dﬁ;thj(Mﬂh)peq. (159)
0

The last term in the curly bracket can be rewritten as

1

0 .
e =B | T B4}y (160)
0

Because we restrict ourselves to the order O(k), for the time evolution operator
we have U(t,t;) ~ e Hst-t)/h,

After linearization with respect to the external fields ; and the response param-
eters F,, finally we have

- Eh] A](l/lﬂfl + tl)peq

0 1
) = pra(®) ~ pe i | e
[ 0 J (161)

+ 3 (FuBa 490 + 1) — i0F, By 4+ 1))

(z = w +ie). Here, we used that k;(t) and F,(t), Eq. (154), are proportional to
efimt.
We multiply this equation by B,,, take the trace and use the self-consistency

relation (151). We obtain a set of linear equations for the thermodynamically
conjugated parameters F, (response parameters):

Z {<Brm Bn>z - iw<Bm; Bn>z}Fn = Z <Bm; Aj>zhj) (162)
]

n

with the Kubo scalar product (the particle number commutes with the observables)

1 1
(A|B) = Jd,m {Ae”wﬂ Be™ peq} - Jd,m {A B(iAfh) peq}, (163)
0 0

and its Laplace transform, the thermodynamic correlation function
0 o0
). = [ dre = (a[BE) = [ dre(aw)B) (164)
—00 0

The linear system of equations (162) has the form

Y PynFn = Y, Duihy (165)
" j

to determine the response parameters F,, the number of equations coincides
with the number of variables to be determined. The coefficients of this linear
system of equations are given by equilibrium correlation functions. We emphasize
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that in the classical limit the relations become more simple because the variables
commute, and we have not additional integrals expanding the exponential.

We can solve this linear system of equations (162) using Cramers rule. The
response parameters F, are found to be proportional to the external fields /; with
coefficients that are ratios of two determinants. The matrix elements are given by
equilibrium correlation functions. This way, the self-consistency conditions are
solved, and the Lagrange multipliers can be eliminated. The nonequilibrium prob-
lem is formally solved. The second problem, the evaluation of equilibrium correla-
tion functions, can be solved by different methods such as numerical simulations,
quantum statistical perturbation theories such as thermodynamic Green functions
and Feynman diagrams, path integral methods, etc. Using partial integration, we
show the relation

—iz(A;B), = (A|B) + (A;B)_ = (A|B) — (A;B) (166)

2

Then, the generalized linear response equations (162) can be rewritten in the
short form (165) with the matrix elements

Pyn = (Bu/By) + (Bw;Bn), ;. — io(Bu|By) — i(Byu; By) (167)

Dyj = (BulAj) + (B Aj)

w+ie’

w-+tie” (168)
that can be interpreted as generalized transition rates (collision integral,
left-hand side) and the influence of external forces (drift term, right-hand side of
Eq. (165)).
Having the response parameters F, to our disposal, we can evaluate averages of
the relevant observables, see Eq. (151),

(B,) = (By).yy = —B Y Fr€ Ny, N,y = (B,u|By). (169)

Eliminating F,,, these average fluctuations (B, )’ are proportional to the fields
h,efiwt
J .

3.3.4 Force-force corvelation function and static (dc) conductivity

As an example for the generalized linear response theory, we calculate the
conductivity of a plasma of charged particles (electrons and ions) that is exposed to
a static homogeneous electric field in x-direction: w = 0, E = Ee,,

N,
Hp = —eEX, X=Yx. (170)

1
Instead of /;, we have only one constant external field E. For the treatment of
arbitrary w to obtain the dynamical (optical) conductivity see [11, 13, 16, 17]. The
conjugated variable A from Eq. (149) that couples the system to the external field is
A = ¢X. The time derivative follows as A = (e/m)P, with P = Efvpx ; denoting the
total momentum in x direction.

For simplicity, the ions are considered here as fixed in space because of the large
mass ratio (adiabatic approximation). Then, the transport of charge is owing to the
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motion of the electrons. In general, the ions can also be treated as moving charged
particles that contribute to the current.

A stationary state will be established in the plasma where the electrons are
accelerated by the external field, but loose energy (and momentum) due to
collisions with the ions. This nonequilibrium state is characterized by an electrical
current that is absent in thermal equilibrium. We can take the electric current
density j,, = (e/mQ)P = (e/ Q)X as a relevant observable that characterizes the
nonequilibrium state. Instead, we take the total momentum B =P = mX. The
generalized linear response equations (165) and (167) read

F[(BIP) + (P:B)] = ZE{(PIP) + (P:P), }. (171)

The term (P|P) = ([P, P]),, vanishes as can be shown with Kubo’s identity, see
Eq. (158). With the Kubo identity, we also evaluate the Kubo scalar product

1
o im mN
(PP) =m Jd/l(X(—lhﬂll)P>eq - —h—ﬂTr{peq[X, P]} = (172)
0
The solution for response parameter F is
N P;P).
pofgmNbt (PP (173)
m <P’ P>is
With Eq. (169) we have
. e ep
(a) = > 5 (P = 5 F(PIP) = 0gcE. (174)

The resistance R in the static limit follows as

P:P).
R L @ (BE) (175)
odc  €2N*1+ (P;P), f/mN

3.3.5 Ziman formula for the Loventz plasma

To evaluate the resistance R, we have to calculate the correlation functions
<P; P>Z.€ and <P; P>i€. For this, we have to specify the system Hamiltonian Hg, which
reads for the Lorentz plasma model (136)

h2 2
H = Ho + Hine = D Epalap + X Viahigdp  Ep=—1-. (176)
p P4 m

We consider the ions at fixed positions R; so that V(r) = Y ,Vei(r — R;). The
Fourier transform V, depends for isotropic systems only on the modulus g = |q|
and will be specified below. A realistic plasma Hamiltonian should consider also
moving ions and the electron-electron interaction so that we have a two-component
plasma Hamiltonian with pure Coulomb interaction between all constituents.

This has been worked out [14], but is not the subject of our present work so that we
restrict ourselves mainly to the simple Lorentz model.

The force P on the electrons follows from the x component of the total
momentum (p is the wave-number vector)
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P=Ynp.ala, [Hs,Pl=—3 V,hq,a}. 2, (177)
14 12X’}

We calculate the force-force correlation function (only x component)

0 1
(P;P), = J dre Jdﬂ<% [Hs, P(¢ — i4ph)] - [Hs, P]> (178)
eq

in Born approximation with respect to V. In lowest order, the force-force corre-
lation function is of second order so that in the time evolution exp [(i/A)Hs(t — iAfh)]
the contribution Hiy of interaction to Hg, Eq. (176), can be dropped as well as in the
statistical operator. The averages are performed with the noninteracting p,. The
product of the two commutators is evaluated using Wick’s theorem. One obtains

0

1
(P; P>ie == X [ dee” ‘ dﬂe%(ErEM)(tiih/M)Vq Vyd,4, <a;+qapa;’+q’ap'>
0

pr>99 - eq
—0o0

(179)

Py |V, ["5(E, - Epg)f, (1 *fp)”h%zc-

Because the x direction can be arbitrarily chosen in an isotropic system, we
replace ¢* = (qfc + qj + qi) /3 = q*/3 if the remaining contributions to the
integrand are not depending on the direction in space.

Evaluating Eq. (175) in Born approximation, the correlation function
(P;P). (B/mN) can be neglected in relation to 1 because it contains the interaction
strength. For the resistance, this term contributes only to higher orders of the
interaction.

The force-force correlation function (179) is further evaluated using the

relations —%dfg”) :fp(l —fp) and §(E, —Ep.q) = ﬁé(cos&—%). The g

integration has to be performed in the limits 0 <g <2p. Finally the resistance can be
calculated by inserting the previous expressions Eqs. (172) and (179) into Eq. (175)
so that the Ziman-Faber formula is obtained,

2p

293 * d E
:mj dE(l")<_—J;(E)) J dg4*|v,[. (180)
0 0

The expression for the resistance depends on the special form of the potential
V. For a pure Coulomb potential ¢?/(Qeoq?), the integral diverges logarithmically
as typical for Coulomb integrals. The divergency at very small values of g is
removed if screening due to the plasma is taken into account. Within a many-
particle approach, in static approximation the Coulomb potential is replaced by the
Debye potential (146). The evaluation yields

3 (kp)*?(4ne0)® 1

Ogc = 181
& 4 v 2z m1/2€2 A(ptherm) ( )

where the Coulomb logarithm is approximated by the value of the average p,
with A%p% __/2m = 3ksT /2. In the low-density limit, the asymptotic behavior of
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the Coulomb logarithm A is given by —(1/2)In#. However, this result for o4, is not
correct and can only be considered as an approximation, as discussed below con-
sidering the virial expansion of the resistivity.

3.3.6 Different sets of relevant observables

After fully linearizing the statistical operator (161) with (155), we have for the
electrical current density

(o) = % (P) = % {2 [(P|B,) — (P;B,, )| F, + (P; P>i€%E} — o4 (182)

n

After deriving the Ziman formula from the force-force correlation function in
the previous section, we investigate the question to select an appropriate set of
relevant observables {B,}.

3.3.7 Kubo formula

The most simple choice of relevant observables is the empty set. There are no
response parameters to be eliminated. According Eq. (182), the Kubo formula

Kubo __ 62/} <P P>irred (183)
Odc = m2Q N i€

follows [18, 19]. The index “irred” denotes the irreducible part of the correlation
function, because the conductivity is not describing the relation between the current
and the external field, but the internal field. We will not discuss this in the present
work. A similar expression can also be given for the dynamical, wave-number vector-
dependent conductivity ¢(g, @) whichis related to other quantities such as the response
function, the dielectric function, or the polarization function, see [5, 11, 16, 17].
Equation (183) is a fluctuation-dissipation theorem; equilibrium fluctuations of the
current density are related to a dissipative property, the electrical conductivity.

The idea to relate the conductivity with the current-current auto-correlation
function in thermal equilibrium looks very appealing because the statistical operator
is known. The numerical evaluation by simulations can be performed for any densi-

ties and degeneracy. However, the Kubo formula (183) is not appropriate for pertur-

bation theory. In the lowest order of interaction, we have the result Gfi(fbo’ 0 = pe? /me

(conservation of total momentum) which diverges in the limit ¢ — 0.
3.3.8 Force-force correlation function

The electrical current can be considered as a relevant variable to characterize the
nonequilibrium state, when a charged particle system is affected by an electrical field.
We can select the total momentum as the relevant observable, B, — P. Now, the
character of Eq. (182) is changed. According the response equation (162), we have

—(P;P). F+ (P;P), “E=0 (184)
€ m
so that these contributions compensate each other. As a relevant variable, the
averaged current density is determined by the response parameter F which follows

from the solution of the response equation (184). We obtain the inverse conductiv-
ity, the resistance, as a force-force auto-correlation, see Eq. (175). Now,
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perturbation theory can be applied, and in Born approximation a standard result of
transport theory is obtained, the Ziman formula (180). We conclude that the use of
relevant observables gives a better starting point for perturbation theory. In con-
trast to the Kubo formula that starts from thermal equilibrium as initial state, the
correct current is already reproduced in the initial state and must not be created by
the dynamical evolution.

However, despite the excellent results using the Ziman formula in solid and liquid
metals where the electrons are strongly degenerated, we cannot conclude that the result
(181) for the conductivity is already correct for low-density plasmas (nondegenerate
limit if T remains constant) in the lowest order of perturbation theory considered here.
The prefactor 3/ (4+/2x) is wrong. If we go to the next order of interaction, divergent
contributions arise. These divergences can be avoided performing a partial summation,
that will also change the coefficients in Eq. (181) which are obtained in the lowest order
of the perturbation expansion. The divergent contributions can also be avoided
extending the set of relevant observables {B, }, see below.

3.3.9 Higher moments of the single-particle distribution function

Besides the electrical current, also other deviations from thermal equilibrium
can occur in the stationary nonequilibrium state, such as a thermal current. In
general, for homogeneous systems, we can consider a finite set of moments of the
single-particle distribution function

P, = X fip, (BE,)"*a}a, (185)
p

as set of relevant observables {B, }. It can be shown that with increasing number
of moments the result

(kp)*?(4me0))* 1
m1/262 A (ptherm)

is improved, as can be shown with the Kohler variational principle, see [11, 15].
The value s = 3/(4v/2x) obtained from the single moment approach is increasing to

(186)

Odc = §

the limiting value s = 25/2 / 73/2. For details see [5, 15, 16], where also other thermo-
electric effects in plasmas are considered.

3.3.10 Single-particle distribution function and the general form of the linearized
Boltzmann equation

Kinetic equations are obtained if the occupation numbers n, of single-(quasi-)
particle states |v) is taken as the set of relevant observables {B, }. The single-particle
state v is described by a complete set of quantum numbers, e.g., the momentum,
the spin and the species in the case of a homogeneous multi-component plasma.

In thermal equilibrium, the averaged occupation numbers of the quasiparticle states

are given by the Fermi or Bose distribution function, (n,).q =f’ O —Tr {peqnb}.

v
These equilibrium occupation numbers are changed under the influence of the
external field. We consider the deviation An, =n, — f S as relevant observables.

They describe the fluctuations of the occupation numbers. The response
equations, which eliminate the corresponding response parameters F,, have the
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structure of a linear system of coupled Boltzmann equations for the quasiparticles,
see [11]

SE-[(PIn) + (Piti),] = D Fo P, (187)

with Py, = (1,|An,) + (1,;1,),.. The response parameters F, are related to the
averaged occupation numbers as

f,0) =Tr{p@t)n,} =f° +p T Fy(Any|An,). (188)

The general form of the linear Boltzmann equation (187) can be compared with
the expression obtained from kinetic theory. The left-hand side can be interpreted
as the drift term, where self-energy effects are included in the correlation function
(P;1n,),.. Because the operators n, are commuting, from the Kubo identity follows
(ny|n,) = (1/7p)([n,,n,]) = 0. In the general form, the collision operator is
expressed in terms of equilibrium correlation functions of fluctuations that can be
evaluated by different many-body techniques. In particular, for the Lorentz model

the result (186) with s = 2°/2/7%/2 is obtained [5, 15, 16].

3.3.11 Two-particle distribution function, bound states

Even more information is included if we also consider the nonequilibrium two-
particle distributions. As an example, we mention the Debye-Onsager relaxation
effect, see [5, 14]. Another important case is the formation of bound states. It seems
naturally to consider the bound states as new species and to include the occupation
numbers (more precisely, the density matrix) of the bound particle states in the set
of relevant observables [20, 21]. It needs a long memory time to produce bound
states from free states dynamically in a low-density system, because bound states
cannot be formed in binary collisions, a third particle is needed to fulfill the
conservation laws.

The inclusion of initial correlation to improve the kinetic theory, in particular to
fulfill the conservation of total energy, is an important step worked out during the
last decades, see [22] where further references are given. Other approaches to
include correlations in the kinetic theory are given, e.g., in [23, 24].

3.3.12 Conclusions

Transport coefficients are expressed in terms of correlation functions in
equilibrium. The evaluation can be performed numerically (molecular-dynamic
simulations), or using quantum statistical methods such as perturbation theory and
the technique of Green functions. The generalized linear response theory has solved
problems owing to the evaluation of correlation functions. Perturbation expansions
are improved if higher orders are considered. The treatment of singular terms that
appear in perturbation expansions is quite complex. Alternatively, the set of
relevant observables can be extended. Examples are the virial expansion of the
conductivity [14] or the hopping conductivity [5, 12].

It is not clear whether the rigorous evaluation of the correlation functions (i.e.,
the limit € — 0 only after full summation of the perturbation expansion) will give
nontrivial results for the conductivity. For instance, arguments can be given that
the exact evaluation of the force-force correlation function to calculate the
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resistance leads to a vanishing result, and the correlation function of stochastic
forces must be considered, in analogy to the corresponding term in the Langevin
equation [6, 25]. A related projection operator technique was used by Mori [26] for
the memory-function approach.

There are close relation to other approaches, such as kinetic theory or quantum
master equations, where the response function of the bath is considered. Irrevers-
ibility is not inherent in the equilibrium correlation functions, but in the assumption
that a nonequilibrium state is considered as a fluctuation in equilibrium with a
prescribed value of the relevant quantity. Other degrees of freedom are forced to
adopt the distribution of thermal equilibrium.

4. Concluding remarks
4.1 Information theory

The method of nonequilibrium statistical operator (NSO) to describe irrevers-
ible processes is based on a very general concept of entropy, the Shannon informa-
tion entropy (10). This concept is not restricted to dynamical properties like energy,
particle numbers, momentum, etc., occurring in physics, but may be applied also to
other properties occurring, e.g., in economics, financial market, and game theory.
The generalized Gibbs distributions (13) and (19) are obtained if the averages of a
given set of observables are known. Other statistical ensembles may be
constructed, where the values of some observables have a given distribution. For
instance, the canonical ensemble follows if the particle numbers are fixed, and the
microcanonical ensemble has in addition a fixed energy in the interval AE around E,
see [1, 2]. There exist alternative concepts of entropy to valuate a probability
distribution which are not discussed here.

In physics, we have a dynamical evolution that forms the equilibrium distribu-
tion for ergodic systems, and any initial distribution that is compatible with the
values of the conserved quantities can be used to produce the correct equilibrium
distribution. The main problem is the microscopic approach to evaluate the
dynamical averages, which can be done using quantum statistical methods such as
Green function theory or path integral calculations, or, alternatively, numerical
simulations of the microscopic equations of motion such as molecular dynamics.

In more general, complex systems, we do not know the exact dynamics of the time
evolution. However, we can observe time-dependent correlation functions which
reflect the time evolution, and properties such as the fluctuation-dissipation theo-
rem are not related to a specific dynamical model for the complex system. The most
interesting issue of the NSO method is the selection of the set of relevant observ-
ables to describe a nonequilibrium process. The better the choice of the set of
relevant observables is, for which a dynamical model for the time evolution can be
found, the less influence is produced by the irrelevant observables which may be
described by time-dependent correlation functions.

4.2 Hydrodynamics

An important application is the description of hydrodynamic processes and its
relation to kinetic theory. The NSO method allows to treat this problem, selecting
the single-particle distribution as well as the hydrodynamic variables as set of
relevant observables. This approach has been worked out in [23]. A more general
presentation is found in [4], and transport processes in multi-component fluids and
superfluid systems are investigated. Until now, a rigorous theory of turbulence is
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not available, but hydrodynamic fluctuations and turbulent flow have been
considered using the NSO method [4].

4.3 The limite — 0

It is the source term of the extended von Neumann equation (27) that introduces
irreversible behavior. Different choices for the set of relevant observables are
elected for different applications, in particular quantum master equations, kinetic
theory, and linear response theory. It is claimed that this choice of the set of
relevant observables is only a technical issue and has no influence on the result, only
if the limit ¢ — 0 is correctly performed in the final result.

However, calculations are not performed this way. For instance, the limit ¢ — 0
is performed already in a finite order of perturbation theory. The self-consistency
conditions (18) guarantee that a finite source term will not influence the Hamilto-
nian dynamics of the relevant observables. A closer investigation of a finite source
term and its influence on the nonequilibrium evolution would be of interest.

4.4 Heat production and entropy

A serious problem is that irreversibility is connected with the production of
entropy [6]. For instance, in the case of electrical conductivity, heat is produced. In
principle, we have to consider an open system coupled to a bath that absorbs the
produced heat. In the Zubarev NSO method considered here, it is the right-hand of
the extended von Neumann equation (27) that contains the source term. We impose
the stationary conditions so that p,, in particular T, are not explicitly depending on
time. Then, the source term acts like an additional process describing the coupling
to a bath without specifying the microscopic process. The parameter € now has the
meaning of a relaxation time, and is no longer arbitrarily small but is of the order E2.

From a systematic microscopic point of view, one can introduce a process into
the system Hamiltonian which describes the cooling of the system via the coupling
to a bath, as known from the quantum master equations for open systems. Phonons
related to the motion of ions can be absorbed by the bath, but one can calculate the
electrical conductivity also for (infinitely) heavy ions so that the scattering of the
electrons, accelerated by the field, is elastic. Collisions of electrons with the bath
may help, but an interesting process to reduce the energy is radiation. Electrons
which are accelerated during the collisions emit bremsstrahlung. This heat transfers
the gain of energy of electrons, which are moving in the external field, to the
surroundings.

4.5 Open systems: coupling to the radiation field

A general approach to scattering theory was given by Gell-Mann and Goldberger
[27] (see also [1, 2]) to incorporate the boundary condition into the Schrédinger
equation. The equation of motion in the potential V(r) reads

%V/S(V7 t) + %HI/IS(VJ) =—¢€ |:l//€(1", t) - l//rtel(y’ t) : (189)
With H = Hy + V, the relevant state is an eigenstate |p) of Hy which changes its
value at the scattering time ¢ where the asymptotic state |p’) is formed. As known
from the Langevin equation, one can consider y(r,t) = ¢/? exp (iS/h) as a sto-
chastic process [5] related to a stochastic potential V(r,t); Eq. (189) appears as an
average. The relaxation term is related to the fluctuations of V(r,t). The average
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Hamiltonian dynamics is realized by the self-consistency conditions for w,(r,t),
see Eq. (28).

An interesting example is the electrical conductivity. In the stationary case
which is homogeneous in time, the system remains near thermodynamic equilib-
rium as long as the electrical field is weak so that the produced heat can be exported.
We have to consider an open system. If the conductor is embedded in vacuum, heat
export is given by radiation. Bremsstrahlung is emitted during the collision of
charged particles. Emission of photons can be considered as a measuring process to
localize the charged particle during the collision process. The time evolution of the
system is considered as a stochastic process, see also [6].
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Chapter 2

The Boundary Element Method
for Fluctuating Active Colloids

William E. Uspal

Abstract

The boundary element method (BEM) is a computational method particularly
suited to solution of linear partial differential equations (PDEs), including the
Laplace and Stokes equations, in complex geometries. The PDEs are formulated as
boundary integral equations over bounding surfaces, which can be discretized for
numerical solution. This manuscript reviews application of the BEM for simulation
of the dynamics of “active” colloids that can self-propel through liquid solution. We
introduce basic concepts and model equations for both catalytically active colloids
and the “squirmer” model of a ciliated biological microswimmer. We review the
foundations of the BEM for both the Laplace and Stokes equations, including the
application to confined geometries, and the extension of the method to include
thermal fluctuations of the colloid. Finally, we discuss recent and potential applica-
tions to research problems concerning active colloids. The aim of this review is to
facilitate development and adoption of boundary element models that capture the
interplay of deterministic and stochastic effects in the dynamics of active colloids.

Keywords: active colloids, Brownian dynamics, boundary element method

1. Introduction

Over the past 15 years, significant effort has been invested in the development of
synthetic micro- and nano-sized colloids capable of self-propulsion in liquid solu-
tion [1-3]. These “active colloids” have myriad potential applications in drug deliv-
ery [4, 5], sensing [6], microsurgery [7], and programmable materials assembly [8].
Furthermore, they provide well-controlled model systems for study of materials
systems maintained out of thermal equilibrium by continuous dissipation of free
energy. In this context, and in comparison with driven systems (e.g., sheared
suspensions), a unique aspect of active colloids is that energy is injected into the
system at the microscopic scale of a single particle, instead of through macroscopic
external fields or at the boundaries of the system. As a consequence of this, novel
collective behaviors are possible, including motility-induced phase separation [9],
mesoscopic “active turbulence” [10], and formation of dynamic “living crystals”
and clusters [11, 12]. Furthermore, since living systems can be regarded as self-
organized non-equilibrium materials systems, study of active colloids could yield
insight into fundamental principles of living systems, and open a path towards
development of biomimetic “dissipative materials” capable of homeostasis [13],
self-repair [14], goal-directed behavior [15, 16], and other aspects of life.
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Paradigmatic examples of synthetic active colloids include bimetallic Janus rods
[17] and Janus spheres consisting of a spherical core with a hemispherical coating of a
catalytic material [18]. In both cases, self-propulsion is driven by catalytic decompo-
sition of a chemical “fuel” available in the liquid solution. For instance, for gold/
platinum Janus rods, both ends of the rod are involved in the electrochemical
decomposition of hydrogen peroxide into water and oxygen: hydrogen peroxide is
oxidized at the platinum anode and reduced at the gold cathode. In this reaction
process, a hydrogen ion gradient is established between the anode and cathode. The
resulting gradient in electrical charge creates an electric field in the vicinity of the rod.
The electric field exerts a force on the diffuse layer of ions surrounding the colloid
surface, resulting in motion of the suspending fluid relative to the colloid surface.
Viewed in a stationary reference frame, the final result is “self-electrophoretic”
motion of the colloid in direction of the platinum end. For Janus spheres (e.g.,
platinum on silica or platinum on polystyrene), the mechanism of motion is still a
subject of debate. Since the core material is inert and insulating, it was originally
thought that these particles move by neutral self-diffusiophoresis in a self-generated
oxygen gradient. Diffusiophoresis is similar to electrophoresis in that motion is driven
by interfacial molecular forces. Briefly, in diffusiophoresis, the colloid surface and
solute molecules interact through some molecular potential. This interaction poten-
tial, in conjunction with a gradient of solute concentration along the surface of the
colloid, leads to the pressure gradient in a thin film surrounding the colloid, and
therefore fluid flow within the film relative to the colloid surface. Following initial
studies on chemically active Janus spheres, subsequent studies revealed a dependence
of the Janus particle speed on the concentration of added salt [19], suggesting that a
self-electrophoretic mechanism may be implicated in motion of the colloid.
Golestanian and co-workers proposed that dependence of the rate of catalysis on
thickness of the deposited catalyst can lead to different regions of the catalyst acting
as anode and cathode [20]. More recently, it was proposed that if one of the redox
reactions is reaction-limited and the other is diffusion-limited, the anodic or cathodic
character of a point on the catalytic surface will depend on the local curvature of the
surface [21]. Regardless of the detailed molecular mechanism of motion, a key point
is that interfacial flows drive self-propulsion of chemically active colloids. A second
key point is that particles need to have an intrinsic asymmetry (e.g., from the Janus
character of their material composition) in order to exhibit directed motion.

These findings have motivated development of theoretical and numerical con-
cepts for modeling the interfacially driven self-propulsion of active colloids. Moti-
vated by classical work on phoresis in thermodynamic gradients [22, 23], an
influential continuum framework for modeling neutral self-diffusiophoresis was
established in Ref. 24, and will be reviewed below. This basic framework can be
modified or extended to account for electrochemical effects [25], multicomponent
diffusion [26], reactions in the bulk solution [27], and confinement [28-34]. An
emerging area of study within this framework is autonomous navigation and “taxis”
of chemically active colloids in ambient fields and complex geometries, including
chemotaxis in chemical gradients [35] and rheotaxis in confined flows [15, 36].
Theoretical research on synthetic active colloids has also found common ground
with an older strand of research on locomotion of biological microswimmers. Here,
an important point of contact is again the idea of interfacial flow [37]. For a quasi-
spherical microswimmer that is “carpeted” with a layer of cilia, the effect of the
periodic, time-dependent, metachronal motion of the cilia can be modeled as a
period-averaged interfacial flow. This “squirmer” model of locomotion was intro-
duced by Lighthill [38] and refined by Blake [39]. More recent work has explored
collective motion of suspensions of squirmers [40] and squirmer motion in con-
fined geometries [41].
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These theoretical frameworks are deterministic, and do not directly address the
role of thermal fluctuations. For instance, for the model of a chemically active
colloid in Ref. 42, diffusion of the chemical reaction product (i.e., the solute) into
the surrounding solution is modeled with the Laplace equation, which has a smooth
and unique solution for a given set of boundary conditions describing surface
catalysis. Implicit in the use of the Laplace equation are the assumptions that, on the
timescale of Janus particle motion, the solute diffuses very fast, and that fluctua-
tions of the solute distribution average out to be negligible. Likewise, fluctuations of
the surrounding fluid are neglected, i.e., the deterministic Stokes equation is used to
model the fluid in lieu of the fluctuating Stokes equation. On the other hand,
micron-sized active Janus particles are observed in experiments to exhibit
“enhanced diffusion”: directed motion on short timescales ¢ < 7, and random walk
behavior on long timescales ¢ > 7. For the latter, the effective diffusion coefficient
D is enhanced relative to the “bare” diffusion coefficient Dy of an inactive colloid,
i.e., D> Do. The reason for this behavior is that the orientation of the particle is
free to fluctuate, and the particle changes its direction of motion by rotational
diffusion over the timescale 7, = D, 1. where D, is the rotational diffusion coeffi-
cient of the particle [18]. Therefore, thermal fluctuations qualitatively affect the
motion of even a micron-sized catalytic Janus particle in unbounded, uniform
solution. For a catalytic Janus particle in an ambient field or in confinement, ther-
mal fluctuations affect whether and for how long the particle can align with the
ambient field [42, 43] or stay near confining surfaces [34, 44]. Overall, a full
theoretical understanding of the behavior of micron-sized active colloids requires
modeling thermal fluctuations.

Moreover, as part of the general drive towards miniaturization, recent experi-
mental efforts have sought to fabricate and characterize nano-sized chemically
active colloids [45-47]. On the theoretical side, new questions arise when the size of
the colloid becomes comparable to the size of the various molecules participating in
the catalytic reaction. These questions include: When is using a continuum model
appropriate [48]? Can a catalytic particle still display (time- and ensemble-
averaged) directed motion when the particle and the surrounding chemical field are
fluctuating on similar timescales? Relatedly, can a spherical colloid with a catalytic
surface of uniform composition exhibit enhanced diffusion when nano-sized [49]?
Can a fluctuating, nano-sized Janus particle effectively follow an ambient chemical
gradient, i.e., exhibit chemotaxis [35]? These questions also connect with the
burgeoning literature on chemotaxis of biological enzymes [50].

In this chapter, we review the boundary element approach to modeling the
motion of active colloids. This is a “hydrodynamic” approach that resolves the
detailed geometry and surface chemistry of the colloids, the velocity of the sur-
rounding solution, and the distribution of chemical species within the solution
[30, 40, 51-57]. The advantage of such an approach—in comparison with, for
instance, the active Brownian particle model—is that it can resolve the detailed
microscopic physics of how a colloid couples to ambient fields and other features of
the surrounding micro-environment. In addition, we discuss how thermal fluctua-
tions can be included within the approach. The aim of this review is to facilitate
development and adoption of models that capture the interplay of deterministic and
stochastic effects within an integrated framework.

2. Theory

As a starting point, we review the basic deterministic theoretical framework for
understanding the motion of active colloids [24]. This is a continuum approach that
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coarse-grains the interfacial flow that drives colloid motion, discussed above, as a
“slip velocity” boundary condition for the velocity of the suspending fluid.

We consider a suspension of N active colloids in an unbounded liquid solution. The
position of each colloid @, with a € {1,2, ..., N}, is described in a stationary reference
frame by a vector x,,. The solution is modeled as an incompressible Newtonian fluid
with dynamic viscosity u. The solution is governed by the Stokes equation,

—VP+uV?u =0, 1)

where P(x) is the pressure at a position x in the solution, and u(x) is the velocity
of the solution. The velocity obeys the incompressibility condition,

V.ou=0, )
and the boundary condition
u(X_;) = Ua + Qa X (xs - Xa) + Vs,a(xs>’ X ES(I’ (3)

where S,, is the surface of colloid a, x, € S, isa position on S,,, and U, and , are the
translational and rotational velocities, respectively, of colloid a. The quantity v, ,(x;) is
the slip velocity on the surface of colloid &, which is either prescribed (for a squirmer)
or determined by the distribution of chemical species in solution (for a chemically
active colloid). The form of v, ,(x;) for the two types of particles will be discussed in
detail below. Additionally, far away from the N particles, the fluid velocity vanishes:

u(|x| — o0) = 0. (4)

In order to close this system of equations, we require 6N more equations,
corresponding to the 6N unknown components of U, and €,. The net force and
torque on each colloid vanishes:

J 61 dS + Fogs = 0, 5)
Sa

J (% — X)X 60 dS 4+ Text, s = 0, (6)
Sa

where the integrals are performed over the surface S, of each colloid @, and
Fext,« and Tey o are, respectively, the net external force and net external torque on
the colloid. The stress tensor is given by

6=—PI+ u(Vu + (Vu)T), 7

where the pressure P(x) is determined by the incompressibility condition.

Practitioners of Stokesian Dynamics may notice some similarity between Eq. 3
and the boundary condition for an inert or passive sphere in an ambient flow field.
If v, o(%;) could be expressed as an effective ambient flow field at the position of
particle a, the tools of Stokesian dynamics could be straightforwardly applied to
simulation of active suspensions. This analogy will be developed in the Appendix.

2.1 The squirmer model: prescribed surface slip

The “squirmer” model was originally introduced by Lighthill to describe the
time-averaged motion of ciliated quasi-spherical micro-organisms [38]. Lighthill’s
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formulation was subsequently corrected and extended by Blake [39]. The basic
motivating idea of the squirmer model is that the periodic, metachronal motion of
the carpet of cilia on the surface of the micro-organism drives, over the course of
one period and in the vicinity of the microswimmer surface, net flow from the
“forward” or “leading” pole of the micro-organism to the “rear” pole (see Figure 1,
left). This interfacial flow drives flow in the surrounding bulk fluid, leading to
directed motion of the micro-organism towards the forward end. The squirmer
model captures some essential features of the self-propulsion of micro-organisms,
including the hydrodynamic interactions between micro-organisms, and between
an individual micro-organism and confining surfaces.

The slip velocity on the surface of a spherical squirmer «a is specified by fiat and
does not depend on the configuration of the suspension. It is given as [41]:

Via(X) = 2By Vu(cosb)ey, , (8)

n

where

2V1 —x2dP,(x)

nn+1) dx ©)

Vaulx) =
The unit vector &4, , is defined in following manner (see Figure 1, left). The

squirmer has an axis of symmetry, and a propulsion direction d, oriented along this
axis. We define the body-frame polar angle 6, , at a point x; on the surface of

squirmer «a as the angle between d, and a vector %, — x,, from the center of the
squirmer X, to x;. The unit vector ey, is oriented in the direction of increasing 6,, .,

i.e., locally tangent to the squirmer surface along a longitudinal line.

d
constant slip
specified by
squirming modes
L

0% o_ o 2

squirmer ‘e e’ G’
e o

self-phoretic

Janus particle

phoretic slip
driven by chemica
gradients

Figure 1.

The two types of microswimmer considered in this chapter. In the spherical “squirmer” model (left), the slip
velocity on the surface of the particle is specified by fiat and fixed (in a frame co-moving and co-votating with
the particle) for all time. For an axisymmetric distribution of surface slip, the particle moves in the direction of
the green arvow, i.e., opposite to the (surface-averaged) direction of the slip velocity. For a Janus particle
(right), a fraction of the particle surface (black) catalyzes a reaction involving various molecular species
diffusing in the surrounding solution. The resulting anisotropic distribution of product molecules or “solute”
(green spheres) drives a phoretic slip velocity (purple) in an interfacial layer surrounding the particle. For a
repulsive interaction between the solute and the particle surface, the slip is towards high concentration of solute,
and the particle moves in the direction of the green arrow.
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The squirming mode amplitudes B, ,, which can potentially vary from squirmer
to squirmer, are fixed a priori and do not depend on the configuration of the
suspension. The set of amplitudes determine the detailed form of the flow field in
vicinity of the particle. Furthermore, the lowest order squirming mode B; deter-
mines the velocity of an isolated squirmer in unbounded solution: Uy, , = (2/3)B, 4.
According to our definition of d, and 6, 4, we require that By ,>0. Simulations of
squirmers typically truncate Eq. 8 to # <2 or # < 3. The justification for this is that
the contributions of the higher order squirming modes to the flow around the
squirmer decay rapidly with distance from the squirmer.

2.2 Chemically active colloids: diffusiophoretic slip from chemical gradients

For chemically active colloids, the slip velocity on the surface of a colloid
is driven by interfacial molecular forces. The molecular physics of phoresis and
self-phoresis is reviewed in detail elsewhere [2, 23, 58]; here, we provide a brief
summary. Consider a “Janus” colloid with a surface composed of two different
materials. In the presence of molecular “fuel” diffusing in the surrounding
solution, one of the two Janus particle materials catalyzes the decomposition
of the fuel into molecular reaction products. A paradigmatic example of this
reaction is the decomposition of hydrogen peroxide by platinum into water and
oxygen:

1
H,0, — H,0 + = 0,. (10)
Pt 2

(This equation is a severe simplification of the actual reaction scheme, which
most likely involves charged and complex intermediates [20, 27]; nevertheless,
proceeding from it, we can capture some essential features of self-phoresis.) If the
reaction is reaction-limited—i.e., hydrogen peroxide is plentifully available in solu-
tion, and diffuses quickly relatively to the reaction rate—then we can approximate
the production of oxygen with zero order kinetics:

—D[Vc-a]|,_, = K(xX), (11)

where D is the diffusion coefficient of oxygen, ¢(x) is the number density of
oxygen, and k(x;) is the rate of oxygen production on the surface of the particle.
(The validity of assumption of reaction-limited kinetics is quantified by the
Damkahler number Da = koR/D, where kj is a characteristic reaction rate; we
assume Da <« 1.) Furthermore, we assume that the Péclet number Pe = UgR/D is
very small, where U) is a characteristic particle velocity and R is the particle radius.
Accordingly, we can make a quasi-steady approximation for the diffusion of oxygen
in the solution:

Vi =0. (12)
Finally, we assume that
c([x] = oof) = cao, (13)
where ¢, is a constant. Egs. 11, 12, and 13 specify a boundary value problem
(BVP) for the distribution of oxygen in the fluid domain containing the N active

particles. This problem can be solved numerically, e.g., by the boundary element
method, as will be outlined in a later section.
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Accordingly, each Janus particle will be surrounded by an anisotropic “cloud” of
oxygen molecules (“solute”), with the oxygen concentration highest near the cata-
lytic cap (see Figure 1, right). Now we suppose that the oxygen molecules interact
with the surface of the colloid through some molecular interaction potential with
range § <R [23]. Each colloid is surrounded by an interfacial layer of thickness ~ &
in which the molecular interaction of the solute and the colloid is significant.
Outside of this layer, the solute freely diffuses in the solution. We can regard ¢(x) as
the bulk concentration, i.e., the concentration outside the interfacial layer. Near a
location x; on the surface of the colloid, the interfacial layer concentration is
enhanced or depleted, according to the attractive or repulsive character of the
molecular interaction, relative to ¢(x,"). Here, the plus sign emphasizes that ¢(x;") is
evaluated outside the interfacial layer. Moreover, since § <R, the interfacial layer
concentration can locally, in the direction locally normal to the colloid surface, relax
to a Boltzmann (i.e., equilibrium) distribution governed by the molecular interac-
tion potential @. (The timescale for this local relaxation is much faster than the
characteristic timescale for colloid motion R/Uy.) Accordingly, the local pressure
P(x; , ;7) can be calculated from ® and c(xj) , where 7 is a coordinate defined at x;
that is locally normal to the colloid surface.

These notions can be made mathematically rigorous through the theory of
matched asymptotics. However, for the purpose of this discussion, the essential idea
is that the bulk concentration ¢(x) determines the pressure in the interfacial layer in
the vicinity of a point x; on the colloid surface. Moreover, ¢(x) varies over the length
scale R of the colloid. Accordingly, within the interfacial layer, the pressure varies
over the size of the colloid, driving flow within the interfacial layer. From the
perspective of the outer solution for the flow field, this interfacial flow looks like a
slip velocity:

Vi,a(X) = —b (%) Vc. (14)

Here, the surface gradient operator is defined as V| = (I — fifi) - V. The
material-dependent parameter b(x;) encapsulates the details of the molecular inter-
action between the solute and the surface material, and can be calculated from the
molecular potential ® [23]. Since the surface of the Janus colloid comprises different
materials, b depends on the location on the colloid surface. In fact, a spatial varia-
tion of b over the surface of colloid is a necessary condition to obtain phoretic
rotation of a colloid near a wall [30] or chemotactic alignment with a gradient of
“fuel” molecules [35].

2.3 Lorentz reciprocal theorem

The Lorentz reciprocal theorem relates the fluid stresses (6, 6’) and velocity
fields (u,u’) of two solutions to the Stokes equation within the same domain V:

Ju~6’~ﬁdS:Ju’~c~ﬁdS, (15)
S S

where S is the boundary of V. For the N active particles in unbounded solution,
S=U"_S,.

This theorem can be used to simplify the problem specified above for the veloc-
ities of N active particles. We designate that problem as the “unprimed” problem.
Additionally, we specify that Fey, , = 0 and 7ex, = 0 for all a. (Since the Stokes
equation is linear, the contributions of the external forces and torques to the

55



Non-Equilibrium Particle Dynamics

velocities of the particles can be calculated separately, using standard methods, and
superposed with the contributions from activity to obtain the complete velocities.)

We consider 6N “primed” problems, indexed byj = 1,2, .., 6N. For problemj = a,
particle a is exposed to an external force with magnitude F,_, in the % direction.

Each particle has unknown translational and rotational velocities U’ flj ) and @' flj ) and
the velocity field u’ U) s subject to no-slip boundary conditions on each particle:

o' (xs) = U’flj) + Q'ij) X (X — Xg), X €Sy (16)

Additionally, the flow field vanishes far away from the particles, i.e.,

u' (x| — o) = 0. The unprimed problem and primed problem « are schematically
illustrated in Figure 2. Similarly, for problemsj = a + 1 andj = a + 2, particle a is
exposed to an external force with magnitude in the j and £ directions, respectively,
with no-slip boundary conditions likewise holding on each particle, and the flow
field vanishing far away from the particles. For problemsj = a + 3, = a + 4, and
j = a+5, particle a is exposed to a torque with magnitude 7., in the %, y, and 2
directions, respectively, with the same boundary conditions. Each “primed” prob-

lem j can be solved for 6N unknown velocity components U’flj ) and Q’,(]j ),

For problem j, we substitute Egs. 3 and 16 into Eq. 15 for u and v’ = u'/) to
obtain:

ZJ Uy + Qp X (X5 — X4) + Vs, o(X)] &Y f ds = (17)
Sa

a

2| 10,0+ 20) x5 -] o1 5. )

a

It can be shown that the right hand side of this equation vanishes. Consider the
term involving U ( j). For each integral over S,, U/ (/) is a constant and can be
moved out of the integral,

U.(j)- L B dS, (19)

Unprimed problem i Primed problem ¥

L

no-slip boundary

particle (¥

?H/ \
L \4

slip velocity v

£,

particle ¥

Figure 2.

Illg;ltmtion of the “unprimed” problem for the velocities of N active particles, and the “primed” problem a for
the velocities of N inert particles when particle a is exposed to a force with magnitude F._, in the % dirvection.
Similarly, in primed problems a + 1 and a + 2, particle a is exposed to a force with magnitude F.. in the j
direction and the £ direction, respectively. Moreover, in primed problems a + 3, a + 4, and a + 5, particle a is
exposed to torques with magnitude T in the %, y, and 2 directions, respectively. Note that the primed and the
6N unprimed problems all have the same geometry, i.e., the same configuration of N spheres.
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but the integral is simply the force F, on particle a. Since the particles are free of
external forces, F, = 0. Likewise, the term involving €/, (j) can be rearranged as

Q. (j)- L (% — %) x 6+ dS, (20)

but the integral is the torque 7z, = 0 on particle .
Rearranging the left hand side of Eq. 17, we obtain a set of 6N equations j:

z(Ua-F’fj)Jrsza-z'y)) :—zj v,V 2 dS ., j=1.,6N. (21
a JS

a a

These 6N equations can be written in matrix form:
R-V=b, (22)

where b is a vector containing the 6N integrals associated with the right hand
side of Eq. 21, V is vector of all 6N velocity components (U,, Qa)T, and R is the
grand resistance matrix for N spheres at positions x,. Note that the arbitrary
magnitudes F, , and 7, have been divided out of Eq. 22.

The advantage of the reciprocal theorem approach is that if we solve the
“primed” problem for a given set of particle positions x,, we can easily compute the
set V of 6N velocities for any set of slip velocities v; ,. This, for instance, facilitates
studying how various choices for b(x;) or B, , affect particle motion. Additionally,
the “primed” problem for the resistance matrix R and stresses ¢’/ in a system of N
spheres is a standard problem in microhydrodynamics. An interesting open ques-
tion is whether this approach is numerically more stable than directly solving for the
6N particle velocities in the presence of the force-free and torque-free constraints.

2.3.1 Proof of Loventz reciprocal theorem

We provide a short proof of Eq. 15, following the lines of Ref. 59 because some
intermediate results will be useful later in the chapter. We recall that the rate of
strain tensor ¢;; is defined as

1 (ou; Ou;
1 Al 2
% =7 (axj + 0x,~> (23)

and that, in index notation, the stress tensor is
0 = —P8; + 2ue; (24)
We consider the quantity oje;:
ojej = (=P8 + 2uey ey

= —Plejj + 2ueje; (25)
/
= 2/461»]-6,']',
where we have used V - # = 0 to eliminate ¢;;, and we assume the Einstein

convention for summation over repeated indices. Similarly, we can obtain
cr,-je:»j = Zﬂegje,-j, so that
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G;je,‘j = al'je:j. (26)

We can also manipulate oj¢;; as follows:

1 ,0u; 1,0y
le: = —¢ — 4 Zgl L
o = zal'j o, 201»]- p (27)
Swapping the two indices in the last term,
1 ,0u; 1,0y
/ _ - _1 i _1
i = 3% oy " 2% oy (28)
But agj = a]’-i, giving
e = o, i
Leij = 0
Y 9 dx]-
29
- o, (29)
= ()~ (5 )
so that
9/, d0;; 0 . doi\
o (G’Ju) <axj " 0x; (s3) Ox; “ (30)

If there are no point forces applied to the fluid in determination of u’ and u, then
V-6 =0and V¢ = 0, and we obtain

V-(u-6)=V-(u o). (31)

Integrating both sides over the volume V and applying the divergence theorem,
we obtain Eq. 15.

2.4 Boundary integral formulation of the Laplace equation

Even with the aid of the Lorentz reciprocal theorem, it is necessary to solve the
Stokes and (for self-phoretic particles) Laplace equations in a fluid domain
containing the active particles as interior boundaries. For most configurations of the
suspension, an analytical solution is intractable, and a numerical approach is
required. Many numerical methods (e.g., the Finite Element Method) discretize and
solve the governing partial differential equations in the three-dimensional fluid
domain. This can be computationally intensive. Moreover, if the domain is
unbounded in one or more dimensions, the computational domain must be trun-
cated. Typically, the computational domain must be large in order to accurately
approximate an unbounded solution, and significant computational effort must be
expended on calculating the flow, pressure, and concentration fields far away from
the particles.

An alternative approach proceeds from the following insight: a linear boundary
value problems can be reformulated as a boundary integral equation (BIE) on the
domain boundaries [51, 60]. Furthermore, the boundary integral equation can be
discretized for numerical solution, yielding a dense linear system of coupled bound-
ary element equations in the form of A - q = b. One significant advantage of the
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boundary element method is that it requires discretization of only bounding surfaces;
for instance, to represent an unbounded system of N particles, one need only mesh
the surfaces of the N spheres. As a disadvantage, the coefficient matrix A is typi-
cally fully populated and non-symmetric; therefore, for a system of N, elements,
the required computer memory scales as O(N7,, ), and the required computation
time scales as O(N2, ).

In order to obtain the BIE for the Laplace equation, we first consider the diver-
gence theorem:

JV-AdV:—JA-ﬁ ds, (32)
v S

where the volume integral on the left hand side is carried out over the entire
solution domain V, and the surface integral on the right hand side is carried out over
all boundaries S. We include a negative sign on the right hand side of the equation
because we define 1 to point into the solution domain (see Figure 3). If A = ¢Vy,
where ¢(x) and w(x) are scalar fields, then the divergence term
V- A = ¢$V*iy + V¢ - Vi, and we obtain Green’s first identity:

J (¢V2y/ + V¢ - Vy)dV = —J ¢Vy -n dS. (33)
Vv S
We can also write Green’s first identity for A = yV¢:
J (l[/V2¢ + Vy - V¢)dV = —J wV¢-h dS. (34)
v S

Subtracting Eq. 34 from Eq. 33, we obtain Green’s second identity:

particle ¥

S, €S

MO

Figure 3.
Schematic illustration of the geometry for development of the boundary integral equations for the Laplace and
stokes equations. The fluid domain is denoted by V, the solid domain by V,, and the interior of particle a by

Vy, a» Where Vy, = UN_ V,, o. The solid and fluid domains are separated by the particle surfaces S,, with
S= Ufy:1 Sq. The observation point xo can occur in V, in 'V, or on S; we show xq in V.
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| v —wvigav = | @vu—yve)-aas (35)

Now, we let ¢ = ¢(x), with V2c = 0. Furthermore, we let y = G(x,X,), where
the Green’s function G(x, x() satisfies Poisson’s equation:

V2G(x,%0) + 8(x — %) = 0. (36)
We obtain:
J ¢(x) V2G(x,%9)dV = fJ [c(x)VG(x,%¢) — G(x,%0)Ve(x)] - A dS. (37)
v s

We have not yet specified the location of the pole x¢. If X is located in the
domain V, then, using the properties of the Dirac delta function, we obtain an
integral representation of the concentration field ¢(x¢) at a point xo € V:

¢(xo) :J C(X)VG(x,%0) — G(x,%0)Ve(x)] - dS. (38)
S
Using the divergence theorem, can show that V? <ﬁ) = —4x5(x — Xg), so that
Glx, %0) = (39)
PO dalx — %o

We recall from electrostatics that G(x, X() represents the electrostatic potential
at x from a point charge of unit strength located at xo. Within the context of the
steady diffusion equation V% = 0, it has a different physical interpretation: it can
be regarded as the steady concentration ¢(x) at a point x due to a point-like, steady
source of concentration, continuously injected into the system, located at x¢ and
with unit strength (i.e., unit number density flux per unit time). One can take
derivatives of G(x,x) with respect to X to obtain higher order multipole singular-
ities. For instance, we can obtain the Green’s function Ggp(x,Xo) for a source/sink
dipole located at xg as

(x — x9)

de(x, Xo) = Vx,G(X,%0) = —.
4r|x — xo|

(40)

As Ggp (%, %) is a vector quantity, we obtain a scalar contribution to ¢(x) by
multiplying with a dipole vector d; the magnitude and direction of d specify the
strength and orientation of the dipole.

By inspection, the Green’s function obeys the symmetry property G(x,xg) =
G(xo,x), so we can rewrite Eq. 38 as

c(xg) = L[C(X)VG(XO,X) — G(x0,x)Ve(x)] -h dS. (41)

Interestingly, we have obtained an expression for ¢(xo) in the solution domain in
terms of the values of ¢(x) and Vc(x) - fi on the domain boundaries. Note that this is
not a solution to a boundary value problem for ¢(xy), since a BVP specifies only one
of the quantities c¢(x) and Ve¢(x) - fi on the domain boundaries. Specifically, for the
problem of a system of catalytic particles outlined above, we only know Vc(x) - fa
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a priori. Eq. 41 has an interesting physical interpretation: c(xo) can be regarded as
the concentration due to a distribution of monopoles (i.e., point sources of mass
flux) with strength —V¢(x) - i on the boundaries, plus a distribution of point dipoles
(i.e., infinitesimally separated pairs of mass sources and sinks) with strength c(x)
and orientation fi on the boundaries.

We still have two other options for where to place xg: inside the boundary S
(i.e., outside the solution domain V) or somewhere on the boundary S. If we place
Xo inside S, then the integral on the left hand side of Eq. 37 vanishes:

L[C(X)VG(X, xg) — G(%,%0)Ve(x)] -2 dS = 0. (42)

Placing % on the boundary requires some care in how to handle the Dirac delta
function on the left hand side of Eq. 37. If we regard the Dirac delta as the limit of a
sequence of distributions, then it is clear that a factor of one half should arise when
we integrate over V:

%c(xo) = J [c(X)VG(x,%¢) — G(x,%0)Vc(x)] - A dS. (43)
S

This is a boundary integral equation (BIE) because the left hand side is the
concentration ¢(Xo) at a point on the boundary, while the right hand side is an
integral of ¢(x) and Vc(x) - i over the same boundary. A boundary value problem
typically specifies one of these two quantities on the boundary; the other can be
obtained with Eq. 43.

In the boundary element method, the boundary integral equation is discretized for
numerical solution. Here, we briefly summarize the method, and direct the reader
to consult the useful and comprehensive book of Pozrikidis for further information
[51]. Each particle is represented as a meshed, closed surface. The meshing only
needs to be done once; for a dynamical simulation, no remeshing during the simu-
lation is required, even if the particles move relative to each other. The concentra-
tion ¢ and its normal derivative V¢ - fi are assumed to be uniform over element i. For
a point X, on the surface, we obtain the boundary integral equation:

Nem
%c(xo) ) {c,- (J VG(x,%0) - & dS) (Ve q), (J G(x, x0) ds)} L (44)
i=1 S,‘ Si
Choosing x¢ as the midpoint x; of element j, we can write N,;,, equations:
1 Neim R .
55 = > [c,- <L VG(X, xj) -f dS) — (Ve -n); (L‘G(x,xj) dS)} (45)

i=1

The N, equations can be written in matrix form:

(Aij - %5,-~> ¢j = B;j(Vc - ﬁ)j, (46)
where
Aj = JS‘VG(X’XJV) -f dS (47)
and
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Bj = L G(x, Xj) das. (48)

i

Given either a specification of either ¢; (Dirichlet boundary conditions) or
(Ve - n); (Neumann boundary conditions), the algebraic system in Eq. 46 can be
solved numerically with standard methods.

A certain difficulty becomes apparent when we consider the element B;;: the
evaluation point x; lies within the element of integration, and therefore the integral
contains the singularity of Eq. 39. We are saved from a potentially disastrous
situation by the fact that the integral is carried out over an area. Nevertheless, this
singular integral has to be handled with care. Further technical information, as well
as a wealth of practical details concerning implementation of the BEM, is available
in Ref. [51].

As a further note, issues with singular integrals have motivated development
of regularized boundary element methods, which use a regularized Green’s function,

i.e., a Green’s function with the singularity “smeared out” over a finite size ¢
[52, 54, 61].

2.5 Boundary integral formulation of the Stokes equation

A similar approach can be taken for the Stokes equation [51, 59]. Recall that the
Stokes equation is:

V.6=-VP+uVu=0. (49)

We can define a Green’s function G(x,Xg) as the solution u(x) = G(x,x¢) - F to
the Stokes equation with a body point force F located at xo:

—~VP + uV*u+ Fé(x — %) = 0, (50)
or
V.6 =-F§(x —xq). (51)

It can be shown that the Green’s function is

1 XiX;
gij(xa XO) = FMV <5z] + ])’ (52)

72

where 7 = |x — xo| and where X; = x; — x0,j. Eq. 52 is commonly called the Oseen

tensor or “Stokeslet”. The fluid pressure in response to the point force is given by
P(x) = P(x,%o) - F, where

X

i 471']1"3 ' (53)

The stress in the fluid is given by 6 = 2(x,x¢) - F, where

XXX}

Sip = — .
i 3 47rd

(54)

Now we wish to apply Eq. 30. We specify the “primed” fields u’ and ¢’ as the
fields due to a point force F at X in unbounded fluid. For the “unprimed” fields u
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and o, we specify that they are fields of interest in the domain V bounded by S (see
Figure 3). Furthermore, V is free of body forces, so that V - ¢ = 0. We obtain:

0 0 0
—— (@iZgjeFr) — wi —— (ZipeFr) = —— (05 GieF’
o, (wiZuFr) —u ax (ZjeFr) ax, (0iGinFr) (55)
Fj, 9 (uiZin) + uiFid(x — %) = Fp 2 (Gioif) (56)
an J ()x] J
We integrate both sides over the domain V:
J uka(S(x — Xo)dV = Fk J i (g,-ka,--) — i (uiZik) av (57)
Vv an J ax]‘ /
Now we apply the divergence theorem:
FkJ up8(x — x0)dV = kaJ [g,»k(x, X0)oy — i Zijk (X, xo)]nde, (58)
% S

where the negative sign appears because of our convention that i1 points into V.
We note that G (x,%0) = Gir(X0,%) and Zi(X,Xo) = —Zjj (X0, X). Additionally, the
choice of Fj, was arbitrary. We can therefore write:

J upS(x — x0)dV = —L [Gi(%0,%) 05 + u; Ziik (X0, x)| n;dS. (59)
v

If we choose to place x¢ in V, we obtain a boundary integral representation for
ur(Xo):

uk(X()) = —JS [gik(XO,X) Gij(X) + Zijk(Xo,X) u,(x)]n]dS (60)

As with Eq. 41, the boundary integral representation for the flow field has an
interesting physical interpretation. The first term on the right hand side of Eq. 60
can be regarded as a “single layer potential” due to a distribution of point forces
with strength ¢ - fi over the surface of the particle. The second term on the right
hand side is the “double layer potential.” Detailed examination of this term reveals
that it can be decomposed into the superposition of the flow due to a distribution
u - i1 of point sources and sinks of fluid mass, plus the flow to a distribution of point
force dipoles [59].

If we place x outside V), i.e., inside the space V, enclosed by the particles, we
obtain

—L [gik (%0, %) 65(X) + Zyj (X0, X) (x)}nde =0. (61)

Finally, if we place x( on the boundary S, we obtain a boundary integral
equation:

k(o) = | [Gu0, ) 30) + Zu(xo, xS, (62)
S

For rigid body motion, including the 6N “primed” problems for the Lorentz
reciprocal theorem, the double layer can be eliminated from the boundary integral
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equation as follows [59]. Consider extending the volume filled by “fluid” to V,.
Within V,, the flow field u is simply the flow field u*® for rigid body motion, since

it must obey no-slip on the surface S. Now we apply Eq. 59 for the field u?®™ inside
V, and x € V, noting that we must use a normal i’ = —n pointing into V,:
—J [gik (%0, %) of;BM(X) + Zij (X0, X) ulRBM (x) n]’-dS =0. (63)
s

For rigid body motion, there is no shear stress and the pressure is uniform,

Le., o™ (x)i" = —p,n'. The first term is simply the integral of Gy (%0, x) - i’ over
the surface S for x¢ € V, which vanishes identically by incompressibility. This

leaves:
[ o m) e = o (64)
S

Examining Eq. 62, we note that u(x), i.e., the flow velocity in V), is equal to u?®M

on S. Therefore, we conclude:
ur(x0) = fL [gik (%0, %) Gij(x)}njds, X € V. (65)

In order to obtain a single-layer boundary integral equation for x¢ € S, note that
the jump discontinuity responsible for the factor of 1/2 in Eq. 62 is strictly from the
double-layer potential [59]. The contribution of the single layer potential to the
velocity field is continuous across S. We obtain:

up(x0) = —L [Gir (%0, %) 0j(x)]n;dS, %x0€ES. (66)

This single layer boundary integral equation can be discretized and solved
numerically in a similar manner as the Laplace equation; Ref. 51 provides a com-
prehensive account.

2.6 Active suspensions in confined geometries

In the preceding, we considered a suspension of N particles in an unbounded
three-dimensional geometry. However, the presence of confining boundaries can
have a significant effect on the dynamics of a suspension. It is possible to include a
solid surface by explicitly meshing it and including it as a “fixed” or immobile
particle in the calculations [53]. This approach is typically necessary for solid sur-
faces with corners or complex topography. One disadvantage of this approach is
that an infinite surface (e.g., an infinite planar wall) must be truncated and
included as a finite size object. Care must be taken that the mesh is sufficiently fine
near the particles, so that, for instance, the concentration and flow fields do not
“leak” through a solid wall, but also that the mesh is sufficiently coarse far away
from the particles, so that computation time is tractable.

A second, “mesh-free” approach is suitable for confining geometries with high
symmetry, such as an infinite planar wall [39], an interface between two fluids with
different viscosities [62], a fluid domain bounded by a solid wall and a free interface
[63], or even two infinite planar walls. Additionally, it can be suitable if the domain
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is periodic in two or three dimensions. In this approach, the Green’s functions for
the Laplace and Stokes equations are replaced with Green’s functions that obey the
desired boundary conditions on the bounding surfaces. The Green’s function in the
confined geometry can often be constructed by the method of images.

2.7 Thermal fluctuations

So far, we have considered the deterministic contributions to the 6N compo-
nents of velocity for a suspension of N particles. However, as outlined in the
Introduction, the interplay of these deterministic contributions and the stochastic
Brownian forces on the particles is important—and in some problems, such as the
long-time behavior of an active colloid, it is absolutely essential.

One approach to include Brownian forces on an active particle, the hybrid
boundary element/Brownian dynamics method, simply calculates them separately and
superposes them with the deterministic contributions. Using the Ité6 convention for
stochastic differential equations, this superposition is expressed by the overdamped
Langevin equation for the generalized, 6N-component coordinate q:

”% — V +ksT(V - M) + /2%sTB - W, (67)

where V is the deterministic contribution of activity to the generalized velocity
(Ug, Qa)T, i.e., the solution to the problem outlined above; M is the grand mobility
matrix M = R™; B satisfies B - BT = M; and W is a collection of independent
Wiener processes. Discretizing time in steps of At, one can write a generalized
displacement Aq as the following Euler-Maruyama equation [34, 64]:

Aq = VAt +kgT (V- M)At + \/2ksTB - Aw, (68)

where Aw is a stochastic variable with (Aw) = 0 and (Aw; Aw;) = §;At. The
stochastic drift term (V - M) is a consequence of having a configuration-dependent
mobility tensor in the framework of the It6 interpretation.

The update of the orientation of each particle a should respect the constraint
that |d,| = 1 and avoid any errors arising from application of (non-commuting)
rotation matrices in arbitrary order to d,. There are robust algorithms for rigid body
motion that represent the orientations of the particles with quaternions [65], Euler
angles [66], or rotation matrices that transform between body-fixed and global
reference frames [67].

The stochastic drift term in Eq. 68 can present some difficulty for numerical
calculations [66]. For some simple situations, such as a single spherical colloid near
a planar wall [34, 42], solutions for the configuration dependence of the mobility
tensor are available in the literature [68, 69]. Alternatively, Eq. 67 can be discretized
and solved via Fixman’s midpoint method to avoid calculation of the drift term [70].

This approach assumes that that the colloid and the fluid are not fluctuating on
the same timescale, i.e., the fluid velocity is integrated out as a fast variable. Addi-
tionally, for self-phoretic particles, this approach necessarily neglects fluctuations
of the chemical field ¢(x) in the fluid domain V.

A recently developed variation of the boundary element method for Stokes flow,
the fluctuating boundary element method, does not make this post hoc superposition of
deterministic and Brownian contributions to particle motion. Rather, fluctuations
are directly incorporated into boundary integral equation via a random velocity
field on the boundary S [71].
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3. Discussion and conclusions

The boundary element method is emerging as a powerful and important method
for numerical simulation in the field of synthetic active colloids [30, 52, 54-57]. This
new area of application follows many years of fruitful application to modeling
biological microswimmers, including with the squirmer model [40, 53]. For active
colloids, a major advantage of the boundary element approach is that it can resolve
the microscopic details of phoretic self-propulsion, including the chemical and flow
fields generated by an active colloid, the surface chemistry and shape of the colloid,
and the microscopic physics of how the colloid can couple to ambient fields and
confining surfaces.

A few examples serve to illustrate the utility of the approach. Ref. [30] considers
the dynamics of a spherical active Janus colloid near a planar wall. The colloid can
“sense” and respond to the wall through self-generated chemical and hydrodynamic
fields. Specifically, the wall provides a no-flux boundary condition for the solute
concentration, and a no-slip boundary condition for the flow field. By confining the
solute, the wall enriches the concentration of solute in the space between the
particle and the wall, breaking the axial symmetry of the concentration field.
Concerning the flow, the flow created by the particle scatters off the wall and back
to the particle. These effects are captured by the boundary element method,
including their dependence on the size of the catalytic cap and the spatial variation
in the surface mobility b over the surface of the particle. As another example, Ref.
[43] considers the dynamics of a photo-active spherical Janus colloid. The catalytic
cap of the colloid is only active when exposed to incident light. This self-shadowing
effect, in conjunction with the spatial variation of b on the surface of the colloid,
leads to phototaxis (rotation of the cap towards the light) or anti-phototaxis
(rotation of the cap away from the light.) Notably, this work uses the hybrid
BEM/BD method to calculate the distribution of particle orientations as a
function of illumination intensity and particle surface chemistry. Concerning the
interaction of multiple particles, Ref. 57 uses the regularized BEM to calculate the
dynamics of multiple isotropic spherical colloids. Interestingly, a group of N =5
particles can form a stable cluster with broken rotational symmetry. This broken
symmetry allows propulsion of the whole cluster. Finally, concerning shape, the
BEM has been used to model toroidal [54] and spherocylindrical [72] self-phoretic
particles.

However, some caveats are in order. For the hybrid boundary element/Brownian
dynamics method discussed in this work, neither the fluctuations of the suspending
fluid nor of the chemical field(s) are explicitly resolved. For self-phoretic particles
in the dngstrom to nanometer size range, the particles, the solute, and the solvent
fluctuate on similar timescales. Additionally, the validity of the continuum
description of the surrounding solution is questionable. Molecular and mesoscopic
simulation methods that resolve discrete solute and solvent particles may be more
appropriate in this size range [48]. As a second caveat, boundary element methods
are most suited to solution of linear governing PDEs, such as the Laplace and Stokes
equations. Introducing nonlinearity in the governing equations (e.g., for a solution
with nonlinear rheology or nonlinear bulk reaction kinetics) leads to the appearance
of volume integrals in the boundary integral formulation. Thirdly and relatedly, the
boundary element method is not as easily extensible as other methods (e.g., the
finite element method) for inclusion of more complicated multiphysics. Finally,
there is a caveat specific to active colloids. Much remains unknown about the
reaction kinetics for self-phoretic particles. The boundary element method can have
many free microscopic parameters (e.g., the values of the surface mobility b on
different surfaces); this raises the danger of overfitting to experimental results.
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As a potential direction of research, we suggest developing a hybrid computa-
tional method combining the advantages of BEM and Stokesian Dynamics (SD).
Stokesian dynamics is a method for simulating the dynamics of colloidal suspen-
sions [73-76]. Far-field hydrodynamic interactions are included in SD, truncated at
the level of the stresslet (i.e., the first moment of the stress on the surface of a
particle, which produces a hydrodynamic disturbance decaying as ~ 1/2.) Near-
field hydrodynamic interactions are typically included via lubrication forces acting
between particle pairs. Due to these approximations, Stokesian dynamics is com-
putationally much cheaper than BEM, allowing access to collective dynamics, the
rheology of dense suspensions, etc. On the other hand, SD does not typically resolve
the microscopic details of individual particles, such as shape or heterogeneous
surface chemistry. A hybrid BEM-SD method could combine the detailed micro-
scopic resolution of BEM for near-field interactions with the ability of SD to capture
many-body phenomena driven by far-field interactions. (This hybrid approach
would bear some similarity to the fast multipole method.) In the Appendix at the
end of this chapter, we develop a starting point for including interfacial flows v,(x)
within the standard SD formalism for spherical particles.

As a second potential research direction, one could consider deformable active
particles using the BEM. The boundary element method for Stokes flow has been
coupled to methods to model particle elasticity, including the finite element
method, in order to study the deformation of fluid-filled capsules [77] and elastic
particles in shear flow [78], as well as the deformation of blood cells squeezing
through constrictions [79].

The boundary element method could also be used to investigate questions
touching upon fundamental nonequilibrium statistical mechanics. For instance, do
nonequilibrium steady states of squirmers or self-phoretic particles (e.g., stable
clusters of catalytic particles [57]) minimize the rate of entropy production [80]?
When do hydrodynamic interactions suppress or enhance motility-induced phase
separation and other nonequilibrium phase transitions? Does the pressure of an
active suspension on a boundary obey an equation of state when hydrodynamic and
phoretic interactions with the boundary are considered [76, 81]?

In any case, we anticipate that the boundary element method will continue to
find successful application in the microswimmers field. A few potential problems
include: modeling the collision dynamics and scattering of two or more non-
spherical active colloids [72, 82]; the interaction of an active colloid and a passive
colloid, possibly including the formation of dimeric bound states for cargo trans-
port; and further exploration of motion near bounding surfaces and interfaces,
especially fluid/fluid interfaces.

A. Faxén laws and connection to Stokesian dynamics

Consider an inert (non-active) sphere of radius R in an ambient flow field u®(x).
The sphere has translational velocity U and rotational velocity Q. The flow field u
can be written as u(x) = u®(x) + u”(x), where uP(x) is the velocity disturbance
created by the presence of the sphere. The boundary condition for u”(x) on the
sphere surface S is

uP (%) = U+ Q x (% — x0) — u®(x,), X€ES. (69)

Additionally, uP(|x| — c0) — 0. Taking the sphere position to be xo = 0, we can
expand the ambient flow field around the sphere center as:
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ool *u®
I
x=0 2

xjxk + ... (70)

axjaxk <=0

Now we recall the definitions of the (symmetric) rate of strain tensor ¢;,

1 (0w ou
R AN 1
=3 (axj + ax,-> 71)
and the (anti-symmetric) vorticity tensor
1 dui 614]-
W, == (—-22), 2
g 2 (ax]‘ ax,) (7 )

The vorticity tensor can be related to the vorticity vector w = V x u by

1
W = JEW. (73)

Here, ¢ is the Levi-Civita tensor. The first derivative in Eq. 70 can be
decomposed into symmetric and anti-symmetric contributions:

()

i _ o 00
P =e; +Wij. (74)

Using the Lorentz reciprocal theorem, one can obtain Faxén’s law for the drag
force on the sphere (see Ref. [59] for details):

2
Fdrag _ 671'//LR |:(1 +%V2)u0°(XO) — U:| . (75)

(In our shorthand notation, the Laplacian is first applied to u*(x) and then
evaluated at x¢.) One can also obtain Faxén law for the drag torque:

7998 — 87uR3 (0™ (%) — Q), (76)

where the angular velocity of the fluid @ = jw. Finally, there is a Faxén law for
the stresslet [59, 83, 84]

_20 3 R2 2 )
S—?ﬂ,uR <1+EV )e (%0), (77)

where S is defined as an integral over the particle surface

1 1
S,‘j = J [5 (xjaiknk erio'jknk) — g (xkaklnl)(sij — y(uinj + ujni)]ds. (78)

So far we have only presented standard results, but now we raise the following
question. Consider an active sphere with a slip velocity v,(x). Comparing the
boundary conditions in Eq. 3 and Eq. 69, can we construct an ambient linear
flow field

u®(x) =u®(0)+e* - x+w* xx (79)
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with u®(x,) = —v,(x,) on S? Constructing an effective flow field would allow us
to obtain F48, zdrag and S by Faxén laws, without having to solve the complete
hydrodynamic problem posed in Section II. Moreover, an understanding of how

v,(x) determines F¥%¢, 748 and S would pave the way towards development of a
hybrid BEM-Stokesian Dynamics scheme, since these quantities are central to SD.
As our starting point, we write the Taylor expansion of u®(x):

ou;?
ax]'

x=0

To obtain #°(0), we integrate both sides of Eq. 80 over the surface of the sphere:

Ju;”(x)ds = Juf"(O)dS—k Jaa”;]

x;dS. (81)
x=0

We identify uf®(x) on the surface of the sphere as —v,(x;). The second integral
on the right hand side of Eq. 81 vanishes, giving

1
©0) = —— ) ds. 2
u®(0) 4ﬂRZJVY(x )dS (82)
Using Eq. 75, we obtain
1
Fdrag — R|l—— : _ )
6y { o Jv‘(x )dS U] (83)

If we consider a force-free swimmer, Fi™8 = Q, giving the result:

1

U=-——=
47R?

Jv‘(xg)ols. (84)

This equation is one of the major results obtained in Ref. 37 by use of the Lorentz
reciprocal theorem. However, our rederivation and interpretation in terms of an
effective ambient flow field u® is (to our knowledge) novel. To obtain the vorticity
associated with u®, we multiply Eq. 80 by ¢p,x,, and integrate over the sphere
surface:

(e8]

ous
Jelm,vxmuf" (x)dS = Jul?”(o)elm,vxm as + J !
dxj

ElmiXm X;dS. (85)
x=0

The first integral on the right hand side of Eq. 85 vanishes. For the second
integral on the right hand side, we use the identity

47R*
Jxmxjdsz”Tajm. (86)
We obtain:

4zR*  ou

Jslm,-xmui (X)dS T&'lﬂa—xj o (87)
47R* R*
- [xxvmias =T vxw| —FEom), (88)
x=0
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so that

0*(0) = Jx X v'(x;)dS. (89)

 8xR*

Using Eq. 76, we obtain:

Tdrag = SﬂﬂRa < 3 3}34 JX X ‘IS(XS)dS - Q> . (90)
TT.

For a torque-free swimmer, 7928 — 0, and we obtain a second major result from

Ref. [37]:

3

Q="
8xR*

Jx X V'(%,)dS. (91)

Finally, we consider how to obtain the stresslet S. We multiply Eq. 80 by x,, and
integrate over the surface of the sphere:

[e)

.[uf"(x)xmdS = Juf"(o)xmds_'_ Jaui

%

XmXjdS. (92)
x=0

The first integral on the right hand vanishes, giving

- 47R* u®
Jui (X)x,dS = 3 o]y (93)
Swapping the indices i and m, we can also write:
- 47R* ou®
[ U, (x)x;dS = 3 ow |y (94)
Adding these two equations and dividing by two, we obtain
1 4zR*
EJ (05 (%) 30 + ugy (X) x;]dS = 3 e (0). (95)
Accordingly,
e (0) = —ij [0y 1 (%) m -+ 0 m (%) ]S (96)
im - 871'R4 Sy 1 m s, m i .
Using the Faxén Law in Eq. 77, we obtain:
Sp
S=-— R [Vs(x5) x + xv,(x,)]dS. 97)

This is the major result obtained in Ref. 84 via the Lorentz reciprocal theorem.
As before, this manuscript provides a novel alternative derivation and interpreta-
tion of Eq. 97 in terms of an effective ambient flow field. (Note that, due to the
linearity of the Stokes equation, our approach is easily extended to model active
particles in a real ambient flow field.)
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Chapter 3

Fundamentals of Irreversible
Thermodynamics for Coupled
Transport

Albert S. Kim

Abstract

Engineering phenomena occur in open systems undergoing irreversible, non-
equilibrium processes for coupled mass, energy, and momentum transport. The
momentum transport often becomes a primary or background process, on which
driving forces of physical gradients govern mass and heat transfer rates. Although
in the steady state no physical variables have explicit variation with time, entropy
increases with time as long as the systems are open. The degree of irreversibility can
be measured by the entropy-increasing rate, first proposed by L. Onsager. This book
conceptually reorganizes the entropy and its rate in broader aspects. Diffusion is
fully described as an irreversible, i.e., entropy increasing, phenomenon using four
different physical pictures. Finally, an irreversible thermodynamic formalism using
effective driving forces is established as an extension to the Onsager’s reciprocal
theorem, which was applied to core engineering phenomena of fundamental
importance: solute diffusion and thermal flux. In addition, the osmotic and thermal
fluxes are explained in the unified theoretical framework.

Keywords: irreversible thermodynamics, non-equilibrium thermodynamics,
Onsager’s reciprocal theorem, entropy rate, diffusion pictures, irreversible
transport equation

1. Introduction

This chapter contributes to a comprehensive explanation of the steady-state
thermodynamics of irreversible processes with detailed theoretical derivations and
examples. The origin and definitions of entropy are described, irreversible thermo-
dynamics for a steady state is revisited based on Onsager’s reciprocal theorem, and
thermal and solute diffusion phenomena are recapitulated as examples of single-
component irreversible thermodynamic processes.

1.1 Thermodynamic states
In fundamental and applied sciences, thermodynamics (or statistical mechanics)
plays an important role in understanding macroscopic behaviors of a thermodynamic

system using microscopic properties of the system. Thermodynamic systems have
three classifications based on their respective transport conditions at interfaces.
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An open system allows energy and mass transfer across its interface, a closed
system allows transfer of energy only, but preventing mass transfer, and, finally, an
isolated system allows no transport across its interface.

Transfer phenomenon of mass and energy are represented using the concept of
flux, which is defined as a rate of passing a physical variable of interest across a unit
cross-sectional area per unit time. If the flux is constant, input and output rates of a
physical quantity within a finite volume are equal, and the density remains constant
because a net accumulation within the systems is zero. If the flux varies spatially,
specifically J = J(x,y,2), then its density within the specified volume changes with
time, i.e., p = p(t). This balance is defined as the equation of continuity:

dap _
g-l-V-]—O 1)

Many engineering processes occur in an open environment, having specific mass
and energy transfer phenomena as practical goals. An exception is a batch reaction,
where interfacial transport is blocked and a transient variation of the internal
system is of concern. If the internal characteristic of the open system changes with
time, the system moves toward a transient, non-equilibrium state. However, the
transiency is subject to the human perception of the respective time scale. If engi-
neering system performance is averaged over a macroscopic time scale, such as
hours, days, and weeks, the time-averaged performance is a primary concern as
those quantities can be compared with experimental data. Instead of transiency, the
time to reach a steady state becomes more important in operating engineering
processes because a steady-state operation is usually sought. Usually, the time to
reach a steady state is much shorter than the standard operation time in a
steady state.

1.2 Time scale and transiency

In theoretical physics, statistical mechanics and fluid dynamics are not fully
unified, and non-equilibrium thermodynamics is unsolved in theoretical physics. It
is often assumed that the fluid flow is not highly turbulent, and a steady state is
reached with a fully developed flow field. The thermodynamic characteristics are
maintained within the steady flow, and the static equilibrium is assumed to be valid
within small moving fluid elements. In such a situation, each fluid element can be
qualitatively analogous to a microstate of the thermodynamic ensemble.

Nevertheless, a conflict between the thermodynamics and fluid dynamics stems
from the absence of a clear boundary between the static equilibrium for isolated
systems and the steady state of open systems. In principle, the steady state belongs
to the non-equilibrium state although the partial differentials of any physical quan-
tities are assumed to be zero (i.e., d/dt = 0). A density does not change with time,
but the flux exists as finite and constant in time and space. The time scale of particle
motion can be expressed using the particle relaxation time defined as 7, = m/f,
where m and f exist as particle mass and Stokes’ drag coefficient, respectively.

The time scale for the fluid flow can be evaluated as the characteristic length
divided by the mean flow speed, but the particle relaxation time scale is much
shorter than the flow time scale. Therefore, the local equilibrium may be applied
without significant deviation from the real thermodynamic state.

In engineering, various dimensionless numbers are often used to characterize a
system of interest. The Reynolds (Re) and Péclet (Pe) numbers indicate ratios of the
convective transport to viscous momentum and diffusive heat/mass transport in a
fluid, respectively. The Nusselt and Sherwood numbers represent ratios of the
diffusion length scale as compared to the boundary layer thickness of the thermal
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and mass diffusion phenomenon, respectively. The Prandtl and Schmidt numbers
represent ratios of momentum as compared to thermal and mass diffusivities,
respectively. Other dimensionless numbers include the Biot number (Bi) (for both
heat and mass transfer), the Knudsen number (Kn) (molecular mean free path to
system length scale), the Grashof (Gr) number (natural buoyancy to viscous forces),
and the Rayleigh number (natural convective to diffusive heat/mass transfer).

Note that all the dimensionless numbers described here implicitly assume the
presence of fluid flow in open systems because they quantify the relative signifi-
cance of energy, momentum, and mass transport. The static equilibrium approxi-
mation (SEA) must be appropriate if the viscous force is dominant within a fluid
region, preventing transient system fluctuation, as the non-equilibrium thermody-
namics is not fully established in theoretical physics and steady-state thermody-
namics requires experimental observations to determine thermodynamic
coefficients between driving forces and generated fluxes.

1.3 Statistical ensembles

Thermodynamics often deals with macroscopic, measurable phenomena of sys-
tems of interest, consisting of objects (e.g., molecules or particles) within a volume.
Statistical mechanics is considered as a probabilistic approach to study the micro-
scopic aspects of thermodynamic systems using microstates and ensembles and to
explain the macroscopic behavior of the respective systems.

Seven variables exist within statistical mechanics (i.e., temperature T, pressure P,
and particle number N, which are conjugated to entropy S, volume V, chemical
potential y, and finally energy E of various forms). The thermodynamic ensemble
uses the first and second laws of thermodynamics and provides constraints of having
three out of the six variables (excluding E) remaining constant. The other three
conjugate variables are theoretically calculated or experimentally measured. Statisti-
cal ensembles are either isothermal (for constant temperature) or adiabatic (of zero
heat exchanged at interfaces). The adiabatic category includes NVE
(microcanonical), NPH, uVL, and PR ensembles, and isothermal ensembles possess
NVT (canonical), NPT (isobaric-isothermal or Gibbs), and yVT (grand canonical).
Here, ensembles of NVE and NPH are called microcanonical and isenthalpic, and
those of NVT, uVT, and NPT are called canonical, grand canonical, and isothermal-
isobaric, respectively. Within statistical mechanical theories and simulations, canon-
ical ensembles are most widely used, followed by grand canonical and isothermal-
isobaric ensembles. The adiabatic ensembles are equivalent to isentropic ensembles
(of constant entropy) and are represented as NVS, NPS, pVS and uPS instead of NVE,
NPH, uVL, and uPR, respectively. Non-isothermal ensembles often represent
entropy S as a function of a specific energy form, of which details can be found
elsewhere [1].

2. Entropy revisited
2.1 Thermodynamic laws

Thermodynamic laws can be summarized as follows:

* The zeroth law: For thermodynamic systems of A, B, and C, if A = C and
B=C,then A =B.

* The first law: The internal energy change AU is equal to the energy added to
the system Q, subtracted by work done by the system W (i.e., AU =Q — W).
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¢ The second law: An element of irreversible heat transferred, 5Q, is a product of
the temperature T and the increment of its conjugate variable S (i.e., 6Q = TdS).

¢ The third law: As T — 0, S — constant, and S = kg InQ, where Q is the
number of microstates.

The entropy S is defined in the second thermodynamic laws, and its fundamen-
tal property is described in the third law, linking the macroscopic element of
irreversible heat transferred (i.e., Q) and the microstates of the system.

Suppose you have N objects (e.g., people) and need to position them in a
straight line consisting of the same number of seats. The first and second objects
have N and N — 1 choices, respectively; similarly, the third one has N — 2; the
fourth one has N — 3 choices; and so on. The total number of ways of this experi-
ment is as follows:

N-(N-1)-(N-2)- (N—3)-+-2-1=N! @)

Example 1: In a car, there are four seats including a driver’. Three guests will occupy the same number
of seats. How many different configurations are available? There are three people, A, B, and C, and three
seats, S1, S, and S3. If A can chose a seat first, then A has three choices. Then, B and C have, in a sequence,
two and one choices. Then, the total number of possible configurations are 3-2-1= 3! = 6.

Next, when the N objects are divided into two groups. Group 1 and group 2 can
contain N; and N, objects, respectively. Then, the total number of the possible ways
to place N objects into two groups is

N!
N;1!IN,!

which is equal to the number of combinations of N objects taking N;objects
at a time

N!
N _ S —
N = NN = ) ®3)
For example, consider the following equation of a binomial expansion
3
x+y)P =123 +3x% +30° +1-9° = Y a,x"y*™" (4)
n=0

where ag = a3 = 1and a; = a, = 3. For the power of N, the equation exists as
N! N _
O DRGSR o SO
where N; + N, = N and

c* N

_ : _ (N—k
T T ©)

If we add x3 with a constraint condition of N = ¥}_, N, then

N!
N _ Ni, N, N; 7
(et +0z +x3) lez:o sz::O N3z::0 NpIN,ING! L 2 % @
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where the coefficient of the polynomial expansion can be written as follows:

NI NI g
NiIN,IN3! ., Ng! (8)
using the product notation of
Y1 V2 V3 Im :Hyk 9)
k=1

Example 2: Imagine that we have three containers and ten balls. Each container has enough room to
hold all ten balls. Let N; (for i = 1 — 3) be the number of balls in i container. How many different
configurations are available to put ten balls into the three containers? If Ny = 2, N, = 3, and N3 = 5, then
the equation is with the answer being 2520:

N! 101 _ 3628800
N;IN,IN3! 213150 (2)(6)(120)

=2520 (10)

satisfying N = N1 + N, + N3 = 10.

2.2 Definitions
2.2.1 Boltzmann’s entropy

A thermodynamic system is assumed to have a number of small micro-systems.
Say that there are N micro-systems and 7 (< N) thermodynamic states. This
situation is similar to N(= 10) balls in 7 (= 3) containers. The number of balls in
container 1, 2, and 3 is N1, N, and N3, respectively. Then the total number of
different configurations of micro-systems in 7 micro-states is defined as

N!

Oy = —=7——
leenlek!

(11)

Boltzmann proposed a representation of entropy of the entire ensemble as

SB = kB IDQN (12)

2.2.2 Gibbs entropy
The Gibbs entropy can be written using €, as

= InN!— Y InN,!

=InQy=In ———
HZLO Np! k=0

S
ks

and using Stirling’s formula as
InN!'=NInN/e

for a large N (> 1), to derive
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m m (N N

S ANIn(NJe)— 3 Nyln(NJe) = —N 3 (—k) In <—k>

ks k=0 k=0 \ IV

Finally, we have

S=—kgN ) p,Inp,
k=0

where p, = N}, /N exists as the probability of finding the system in thermody-
namic state k. Gibbs introduced a form of entropy as

s = —ks X p,Inp,
k=0
which is equal to the system entropy per object or particle, denoted as
y S k % p,Inp
G=75= —Rs
N = k k
2.2.3 Shannon’s entropy

In information theory, Shannon’s entropy is defined as [2]

Sqp = — Zpi log ,p; (13)

As the digital representation of integers is binary, the base b is often set as two.
Note that Shannon’s entropy is identical to Gibbs entropy, if Boltzmann’s constant
kg is discarded and the natural logarithm In = log, is replaced by log,. Entropy
only takes into account the probability of observing a specific event, so the infor-
mation it encapsulates is information about the underlying probability distribution,
not the meaning of the events themselves. Example 3 deals with tossing a coin or
a dice and how the entropy S increases with respect to the number of available
outcomes.

Example 3: Let’s consider two conventional examples, i.e., a coin and a dice. Their Gibbs entropy values
(i.e., entropy per object) are

Scoin

5 1 5 (1 I§ L 1 6
T Erin=-F (3 mg) - ma-oem

. 6
’dﬁ:fz-%ln = In6=1791

The system entropies of the coin and the dice are

Seoin/kp =2 x 0.6931 = 1.386

Sgice/kp = 6 x 1.791 = 10.750

and their ratio is

Sdice  6xIn6 _ In2-3
Scoin B 2x In2 - In2

=3 x 2.5850 = 7.754>3

where three indicates the ratio of the number of available cases of a dice (6) to that of a coin (2). The
entropy ratio, 7.754, is higher than the ratio of available states, 3.
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3. Diffusion: an irreversible phenomenon

Diffusion refers to a net flow of matter from a region of high concentration to a
region of low concentration, which is an entropy-increasing process, from a more
ordered to a less ordered state of molecular locations. For example, when a lump of
sugar is added to a cup of coffee for a sweeter taste, the solid cube of sugar
dissolves, and the molecules spread out until evenly distributed. This change from a
localized to a more even distribution exists as a spontaneous and, more importantly,
irreversible process. In other words, diffusion occurs by itself without external
driving forces. In addition, once diffusion occurs, it is not possible for the molecular
distribution to return to its original undiffused state. If diffusion does not occur
spontaneously, then there is no natural mixing, and one may have a bitter coffee
taste and sweet sugar taste in an unmixed liquid phase. In general, diffusion is
closely related to mixing and demixing (separation) within a plethora of
engineering applications. Why does diffusion occur, and how do we understand the
spontaneous phenomena? A key stands as the entropy-changing rate from one
static equilibrium to the other. Before discussing diffusion as an irreversible
phenomenon, however, the following section includes several pictures so as to
create a better understanding of diffusion phenomenon as one of the irreversible
thermodynamic processes.

3.1 Mutual diffusion

Diffusion is often driven by the concentration gradient referred to as Ve, typically
in a finite volume, temperature, and pressure. As temperature increases, molecules
gain kinetic energy and diffuse more actively in order to position evenly within the
volume. A general driving force for isothermal diffusion exists as a gradient of the
chemical potential Vi between regions of higher and lower concentrations.

As shown in Figure 1, diffusion of solute molecules after removing the mid-wall
is spontaneous. Initially, two equal-sized rectangular chambers A and B are sepa-
rated by an impermeable wall between them. The thickness of the mid-wall is
negligible in comparison to the box length; in each chamber of A and B, the same
amount of water is contained. Chamber A contains seawater of salt concentration
35,000 ppm, and chamber B contains fresh water of zero salt concentration. If the
separating wall is removed slowly enough not to disturb the stationary solvent
medium but fast enough to initialize a sharp concentration boundary between the

() (h)

Figure 1.
Diffusion in a rectangular container consisting of two equal-sized chambers A and B (a) before and (b) after
the mid-wall is removed.
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two concentration regions, then the concentration in B increases as much as that in
A decreases because mass is neither created nor annihilated inside the container.
This spontaneous mixing continues until both concentrations become equal and,
hence, reach a thermodynamic equilibrium consisting of a half-seawater/half-fresh
water concentration throughout the entire box. Diffusion occurs wherever and
whenever the concentration gradient exists, and diffusive solute flux is represented
using Fick’s law as follows [3, 4]:

]S:—D% in 1-D (14)
or
J,=-DVe in3-D (15)

where D is diffusion coefficient (also often called diffusivity) of a unit of m?/s.
A length scale of diffusion can be estimated by /Dt where & is a representative
time interval. In molecular motion, 6t can be interpreted as a time duration required
for a molecule to move as much as a mean free path (i.e., a statistical averaged
distance between two consecutive collisions).

3.2 Stokes-Einstein diffusivity

When the solute concentration is low so that interactions between solutes are
negligible, the diffusion coefficient, known as the Stokes-Einstein diffusivity, may
be given by

kT

D =
0 6na

(16)

where kg is the Boltzmann constant, 7 is the solvent viscosityl, and a is the
(hydrodynamic) radius of solute particles. Stokes derived hydrodynamic force that
a stationary sphere experiences when it is positioned in an ambient flow [5]:

Fy = 6mnav 17)

where v represents a uniform fluid velocity, which can be interpreted as the
velocity of a particle relative to that of an ambient fluid. Fy is linearly proportional
to v, and its proportionality 6z5a is the denominator of the right-hand side of
Eq. (16). Einstein used the transition probability of molecules from one site to the
another, and Langevin considered the molecular collisions as random forces acting
on a solute (see Section 3.3 for details). Einstein and Langevin independently
derived the same equation as (16) of which the general form can be rewritten as

kT

Po =ty

(18)

where d is the spatial dimension of the diffusive system (i.e., d = 1,2, and 3 for
1D, 2D, and 3D spaces).

" Greek symbol y is also often used for viscosity in fluid mechanics literature. In this book, chemical

potential is denoted as p.
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3.3 Diffusion pictures

Several pictures of diffusion phenomena are discussed in the following section,
which give probabilistic and deterministic viewpoints. If one considers an ideal
situation where there exists only one salt molecule in a box filled with solvent (e.g.,
water) of finite T, P, and V. Since the sole molecule exists, there is no concentration
gradient. Mathematically, the concentration is infinite at the location of the mole-
cule and absolutely zero anywhere else: ¢ = V" '5(r — ) where 7y is an initial
position of the solute and 7 is an arbitrary location within the volume. However, the
following question arises. Why does a single molecule diffuse without experiencing
any collisions in the absence of other molecules? The answer is that the solvent
medium consists of a number of (water) molecules having a size of an order of
0(107'°) m. The salt molecule will suffer a tremendous number of collisions with
solvent molecules of a certain kinetic energy at temperature T. Since each of these
collisions can be thought of as producing a jump of the molecule, the molecule must
be found at a distance from its initial position where the diffusion started. In this
case, the molecule undergoes Brownian motion. Note that the single molecule

collides only with solvent molecules while diffusing, which exists as a type of
diffusion called self-diffusion.

3.3.1 Self-diffusion and random walk

A particle initially located at ¢ has equal probabilities of 1/6 to move in
(£x, £y, £2) directions. For mathematical simplicity, we restrict ourselves to 1D
random walk of a dizzy individual, who moves to the right or to the left with a 50:50
chance. Initially (at time ¢t = 0), the individual is located at xp = O and starts
moving in a direction represented by Ax = £/ where +/ and —I indicate the right
and left distances that the individual travels with an equal probability, respectively.
At the next step, 11 = to + At = At, the individual’s location is found at

X1 =Xx0 + Ax; = Axq (19)

where Ax; can be +I or —I. At the time of the second step, t; = t; + At = 2At, the
position is

Xy = X1+ Axy = Axq + Ax; (20)

where Ax, = £l. Att, = nAt (n>>1), the position may be expressed as

Xp = Axy + Ay + -+ + Axy o + Ax, = ) AX; (1)
i=1

If there are a number of dizzy individuals and we can determine an average for
their seemingly random movements, then

(x,) = Y {Ax;) =n{Ax) =0 (22)
i=1
because Ax has a 50:50 chance of +/ and —I:

(Ax) = (+l)%+ (-H==0 (23)

NI =

Now let us calculate a mean of x?:
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<xi> = ((Axy + --Ax,) - (Axq + --Axy))
= (Ax? 4+ Axq - Axy + - + Axq - Axy,
+ Axy - Axy + AX5 + -+ Axy - Ax, (24)
4o
+ Axy - Ay + Axy - Ay + o+ + Ax2)

and in a concise form

(x2) = <Z Ax; - ij> + <§: Ax,%> =0 +nAx? =nl® (25)
-1

i

because <Zl LA - ij> = 0 and (Ax}) = (Ax)* = I. In the calculation of off-

diagonal terms, Ax; - Ax; can have four possible values with equal chance of (+, +),
(+,—), (—,+), and (—, —). The products of the two elements in the parenthesis are
+, —, —, and + with equal probability of 25%. Therefore, a sum of them is zero.
Because # is the number of time steps, it can be replaced by t/At where ¢ is the total
elapsed time. The diffusion coefficient in one-dimensional space was derived in the
previous section as D = I /2At. Then, the mean of squared distance at time  is
calculated as

(x*(t)) = 2Dt (26)

and the root-mean-square distance is
Xrms = \/ (%2(t)) = V2Dt (27)

Note that X, is proportional to /2 in the random walk, as compared to the
constant velocity case x = vroxt?. Then, the diffusivity for 1D is explicitly

D— xfms B nl? 12

= =— 28
2t 2nAt  2At (28)

3.3.2 Einstein’s picture

The concentration C(x,t) after an infinitesimal time duration &t from ¢ within a
range dx between x and x + dx is calculated as [6]

Clx,t + 8t)dx = dpcj+oo Clx —y,t)®(y)dy (29)

—00

where @ is the transition probability for a linear displacement y and the right-
hand side indicates the amount of adjacent solutes that move into the small region
dx. The probability distribution satisfies

—+00
J O(y)dy =1 (30)

and we assume that @ is a short ranged, even function, meaning that it is non-
zero for small |y| and symmetric, ®(—y) = ®( y). In this case, we approximate the
integrand of Eq. (29) as
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aC 10°C
Cle —p,t) = Cla,t) ==y +5,=59" + - (31)
and substitute Eq. (31) with Eq. (29). We finally derive the so-called diffusion
equation:

oC o’C
= (32
where the diffusivity is defined as
_ )
B = S5 (33)
where (y?) is the mean value of y?, calculated as
+o0
()= J y*o(y)dy (34)
Within this calculation, we used
oC
C(x,t + 6t) = C(x,t) +55t+ (35)
and
+00
=] et =o (6)

because y® is an odd function. Mathematically, Einstein’s picture uses short-
ranged transition probability function, which does not need to be specifically
known, and Taylor’s expansion for a small time interval and short displacement.
Conditions required for Eq. (32) are as follows: (i) transition distance is longer than
the size of molecule, dx > O(a), and (ii) time interval & is long enough to measure
dx after a tremendous number of collisions with solvent molecules, satisfying
8t > 1,, where 7, is the particle relaxation time (see Langevin’s picture).

3.3.3 Langevin’s picture

Let us consider a particle of mass m, located at x(¢) with velocity v = dx/d¢ at
time ¢. For simplicity, we shall treat the problem of diffusion in one dimension. It
would be hopeless to deterministically trace all the collisions of this particle with a
number of solvent molecules in series. However, these collisions can be regarded as
a net force A(t) effective in determining the time dependence of the molecule’s
position x(¢). Newton’s second law of motion can be written in the following form

[7, 81:

dv

which is called Langevin’s equation. In Eq. (37), A(z) is assumed to be randomly
and rapidly fluctuating. We multiply x on both sides of Eq. (37) to give
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mx% = —fxv + xA(t) (38)

and take a time average of both sides during an interval 7, defined as

() :ljtﬂ (---)dt (39)

TJe

Then, we have after a much longer time than the particle relaxation time :

m<x%> = —f{xv) + (xA(t)) (40)

Because the random fluctuating force A(t) is independent of the particle position
x(t), we calculate

(xA) = (x}(A) = (x)-0=0 (41)

For further derivation, we use the following identities:

dx? )
E = 2xx = 2xv (42)
2 d . 5
to provide
1d%2 1dx?
m<2dtz_v > - _ﬂ<2dt> (44)
We let z = (dx?/dt) and rewrite Eq. (44):
dz 2kgT
ma—ﬂ<z— 5 ) (45)

because the kinetic energy of this particle is equal to the thermal energy:
1 1
imvz = EkBT (46)

where kg is the Boltzmann constant. Note that the origin of the particle motion
exists as the number of its collisions with solvent molecules at temperature T'. If we
take an initial condition of z = 0 indicating either position or velocity is initially
zero, then we obtain

z(t) = %;T (1 — e*t/ft’) = d<x2> (47)

where 7, = m/p is the particle relaxation time. One more integration with
respect to time yields
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(x*) = Zk;_;T J; (1 — e*t’/ff’)dt’

3 (48)
= ﬂ [L e t/w 1}
p Tp
If > 7, then t/7, in the rectangular parenthesis is dominant:
2kgT
(x?) = =52 = 2Dyt (49)

Stokes’ law of Eq. (17) indicates # = 6xna, and, therefore, the diffusion coeffi-
cient of Brownian motion or Stokes-Einstein diffusivity is

b, _ ksT

B (50)

 6mna
identical to Eq. (16). The root-mean-square distance is
Xrms = v/ (%2) = \/2Dgt (51)

which is proportional to v/. Note that (x) = 0. From an arbitrary time ¢, the
particle drifts for an interval At, where At>>17,, and then

sems (ML) = /B2t + A1) — (2(0)) = /2Dt (52)

Then, the time step At is of a macroscopic scale in that one can appreciate the
movement of the particle of an order of particle radius. For a short time t < 7,, the
mean-square distance of Eq. (48) is approximated as Xyms = ¥mst, indicating a
constant velocity motion.

Einstein’s and Langevin’s pictures provide identical results for x,,s and Dg as
related to Stokes’ law. On one hand, if a particle is translating with a constant
velocity, its distance from the initial location is linearly proportional to the elapsed
time; on the other hand, if particle is diffusing, its root-mean-square distance is
proportional to /7.

3.3.4 Gardiner’s picture

In Langevin’s Eq. (37), the randomly fluctuating force can be written as

A(r) = of (t) (53)
where f satisfies
1 (%
(f) = T_J f)de=0 for T,>1, (54)
rJo
and
(fo)f(0)) = 8y3(e — 1) (55)

Relationships between parameters are
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p = bnua, (56)
a = /2pkpT = \/2Dg kpT (57)
kT
Dp = 37 (58)
(See the next section for the Brownian diffusivity Dg.) As such, we assume that
f()de =dwW(r) (59)

where dW is the Ito-Wiener process [9, 10], satisfying
(dw) =0 (60)
(dw))* = dt (61)
Then, we can obtain the stochastic differential equation (SDE) as

mdv = [F(x) — pv]dt + adW (62)

The relationship between x, v, and ¢ can be obtained as follows [11]:

dx = vdz (63)
dv = {@—3} ar+Zdw (64)
m Tp m

Note that Eq. (63) is free from the fundamental restriction of Langevin’s equation
(i.e., 7, < dt) by introducing the Ito-Wiener process in Eq. (64). The time interval d¢
can be arbitrarily chosen to improve calculation speed and/or numerical accuracy.

Eq. (63) uses the basic definition of velocity as a time derivative of the position
in the classical mechanics, and Eq. (64) represents the randomly fluctuating force
using the Ito-Weiner process, dW. If we keep Langevin’s picture, then these two
equations should have forms of

dx = vdr + \/2DgdW (65)
dv = [@ - 3] dt (66)
m Tp

where the random fluctuation disappears in the force balance and appears as a
drift displacement, v/2DgdW. Let C(x) be the concentration of particles near the
position x of a specific particle. Note that x is not a fixed point in Eulerian space but
a moving coordinate of a particle being tracked. An infinitesimal change of C is

dC(x) = C'dx + %c”dx2 4o (67)
where
C = % (68)
0x
C = ‘;27? (69)

The first term of Eq. (67) is
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Cdx =C (vdt + /2D dw> ~C'vdt (70)

using Eq. (60) of the time average, which implies that the diffusion time
scale already satisfies the restricted condition of dt>>7,. The second term of
Eq. (67) is

"

C'(dx)* =C (vdt +v/2Dg dw)2 ~C 2Dpdt (71)

after dropping the second order term of d¢ and the first order term of dW.
Substitution of Eqs. (70) and (71) with Eq. (67) gives

dC(x) = C'vdt + C' Dpdt (72)
and therefore

aC ’C oC
o~ Do Vo 73

which looks similar to the conventional convective diffusion equation with the
sign of v reversed. Eq. (73) indicates that a group of identical particles of mass m
undergoes convective and diffusive transport in the Eulerian space. A particle in the
group is located at the position x at time ¢, moving with velocity v. This specific
particle observes the concentration C of other particles nearby its position x.
Therefore, Eq. (73) exists as the convective diffusion equation in the Lagrangian
picture. If the particle moves with velocity v in a stationary fluid, then the motion is
equivalent to particles that perform only diffusive motion within a fluid moving
with —v. To emphasize the fluid velocity, we replace v with —u; then the Lagrangian
convective diffusion Eq. (73) becomes the original (Eulerian) convection-diffusion
equation:

oc  oC oC

o o M 7o
which can be directly obtained by replacing Eq. (65) by
dx = —udt 4 /2DgdW (75)

4. Dissipation rates
4.1 Energy consumption per time

In classical mechanics, work done due to an infinitesimal displacement of a
particle dr under the influence of force field F is

dW =F -dr (76)

The time differentiation of Eq. (76) provides an energy consumption rate (i.e.,
power represented by P) as a dot product of the particle velocity v and the applied
force F:
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_dw_

w & v-F (77)
For an arbitrary physical quantity Q, variation rate of its density can be

represented as

1dQ 1dr
Va o va TV (78)

where V is the constant system volume and ¢ = Q/V is a volumetric density of
Q or named specific Q. Eq. (78) indicates that a density changing rate of Q is equal
to g operated by v - V. If we replace Q by the internal energy of the system, then the
specific energy consumption rate is expressed as

W=--—=0-Vw=—-V (79)

where w and w' are specific work done and work done per length, respectively,
and A, is the cross-sectional area normal to Vw'. For a continuous media, Vw' causes
transport phenomena in a non-equilibrium state, and v /A, is generated as propor-
tional to a flux. A changing rate can be quantified as a product of a driving force and
a flux, as implicated from Eq. (77).

Let us consider a closed system possessing &; and &,, as some thermodynamic
quantities characterizing the system state. The values of ; at a state of equilibrium are
denoted &2 and &) and values outside equilibrium &] and &. Within a static equilib-
rium, the entropy represented by S of the system is maintained as the maximum. For
a system away from the static equilibrium, the generalized driving force is defined as

oS
X = V<@) (80)

which is obviously zero for all £ at the static equilibrium. A flux J; of &; is defined as

1dg &
=4 a " a, % ek (81)
which assumes that J; represents a linear combination of all the existing driving

forces X),. We take Onsager’s symmetry principle [12, 13], which indicates that the
kinetic coefficient Lj, for all j and k are symmetrical such as

Lj, = Ly; (82)

The entropy production rate per unit volume, or the specific entropy production
rate, is defined as

oc=— (83)

where s = §/V. We expand the specific entropy s with respect to infinitesimal
changes of &, as an independent variable:

dg, os 1 0S

=TS T (1) ~ Tk (84)
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which represents the changing rate of the specific entropy as a dot project of flux
J and driving force X. The subscript k in Eq. (84) is for physical quantities on which
the respective entropy depends. For mathematical simplicity, a new quantity is
defined as Y}, = TX}, where T is the absolute temperature in Kelvin to have

To = %]kYk (85)

Note that T has a physical dimension equal to that of the specific power. An
inverse relationship of Eq. (81) is

X = ;Rkl]l (86)

where Ry, represents an inverse matrix of L, i.e., R Lj = 8}j, which can be
proven by substituting Eq. (86) with Eq. (81):

Ji= %ijXk = ; (%ijRkl)]l = ZI:(Sjl]z =J; (87)

Substitution of Eq. (86) to Eq. (84) represents ¢ in terms of flux J

o= %]]Rjk]k = (JIR|]) (88)
Js

where (J| and |J) exist as the row and column vectors of J, respectively, and R
represents the generalized resistance matrix. A partial derivative of ¢ with respect
to an arbitrary flux J; is equal to twice the generalized driving force:

do
T =]§:€ iRk +]jRjk5ik} = %[Rik]k] + ; []]Rji] =2X; (89)

In this case, the specific entropy dissipation rate ¢ is presented using the flux and
o differential with the flux by substituting Eq. (89) with Eq. (84):

1 do
o= 5%]1@@ (90)

which indicates that the specific entropy increases with respect to the flux and
proves that the systems is away from a pure, static equilibrium state.

4.2 Effective driving forces

The second thermodynamic law represents the infinitesimal entropy change in
the microcanonical ensemble:

dsz%dEJr%dv—;( ) 1)

Hi
T
where E represents the internal energy, P represents the system pressure within
avolume V, and y; and N; are the chemical potential and the mole number of
species i, respectively. Eq. (91) implies the entropy S = S(E, V,N;) as a function of
the internal energy E, the volume V, and the number of species i N;.This gives
& =E, & =V,and § = N; (i = 3 for water and i = 4 for solute). The driving forces
X are particularly calculated as
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oS 1
6% -9(),, () .
oS P
x-x=v(i),, -5 .
[0S o M
X3—XS—V(6NS)E’V—V( T) (94)

where subscripts ¢, v, and s of X indicates heat, volume of solvent, and solute,
respectively. In Eq. (92), entropy S is differentiated by energy E, keeping V, and N
invariant, which are applied to Egs. (93) and (94). Eq. (94) indicates that the driving
force is a negative gradient of the chemical potential divided by the ambient temper-
ature. Within the isothermal-isobaric ensemble, Gibbs free energy is defined as

G=H-TS (95)

where H (= E + PV) is enthalpy. If the solute concentration is diluted (i.e.,
Ny, > Nj), it is referred to as a weak solution. As such, the overall chemical potential
can be approximated as

oG G G

KON TN, w8 SN, M= H ST o)

where H and S represent molar enthalpy and entropy, respectively. An infini-
tesimal change of Gibbs free energy is, in particular, written as

dG = —S8dT + VdP + udN; (97)
which is equivalent to
G _ _
d(N_) ~dy,, = —SdT + VdP + pdc (98)

where V is a molar volume of the system, , is the solute chemical potential, and
¢ = N;/N,, is the molar fraction of solute molecules. The gradient of the solvent
chemical potential was rewritten as a linear combination of gradients of tempera-
ture, pressure, and molar solute fraction:

Vu, = —SVT + VVP + u, Ve (99)
where the following mathematical identity was used
Pe_v(2) 41
Vo =mV (T) + o (Vi) (100)

In general, fluxes of heat, solvent volume, and solute molecules are intrinsically
coupled to their driving forces, such as

] q qu Lq v L qs X q
]v == qu va Lw Xu (101)
Js Ly Ly Ly | | X

where Onsager’s reciprocal relationship, L; = L;;, is employed.
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4.3 Applications
4.3.1 Solute diffusion

The primary driving force for the solute transport is X; = —V(u,/T), if temper-
ature and pressure gradients are not significant in solute transport. We consider the

diffusive flux of solute only in an isothermal and isobaric process and neglect terms
of Ly and Ly:

L
J = fLssV/% =— % Vu, (102)
which is equivalent to Fick’s law of
J, = —DVc (103)

where D [m?/s] is a solute diffusion coefficient. If Eq. (102) is expressed in terms
of concentration gradient, we have

L ( oy,
— sy 104
Jas T (00 ¢ ( )

By Egs. (103) and (104), one can find

Ly (Ous\  _
= (E) = D (105)

Then, the entropy-changing rate based on the solute transport is calculated as

_ _ L . D/T 2
Oy —]:XS - T2 (V:us) - (0;,t:/0c)T (Vius) (106)

Next, we consider the Stokes-Einstein diffusivity:

~ kgT
N 3znd,

Dsg (107)

where kg is Boltzmann constant, 7 is the solvent viscosity, and d,, is the diameter
of a particle diffusing within the solvent medium. The phenomenological coeffi-
cient L, is represented as

DspT  ksT (0w "
el (%) (108)
(Oug/oc)r  3and, oc )
For weakly interacting solutes, the solute chemical potential is
u=po+RTIna (109)

where y is generally a function of T and P, which are constant in this equation,
R is the gas constant, and a is the solute activity. For a dilute solution, the activity
represented by a is often approximated as the concentration ¢ (i.e., a ~c). The
proportionality between L and Dgg is
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o\ 1 ¢
T2 =T— = _ 110
(6C>T RT/c R (110)
which leads to
LH: kBT c 7NATC (111)

3znd, R 3znd,

where N4 is the Avogadro constant.
For a dilute isothermal solution, we represent the entropy-changing rate as

2 2
o, = DRV _ RJi (112)
c D¢

for an isothermal and isobaric process. Assuming that D is not a strong function
of ¢, Eq. (112) indicates that the diffusive entropy rate o, is unconditionally positive
(as expected), increases with the diffusive flux, and decreases with the concentra-
tion c. Within this analysis, ¢ is defined as molar or number fraction of solute
molecules to the solvent. For a dilute solution, conversion of ¢ to a solute mass or
mole number per unit volume is straightforward.

4.3.2 Thermal flux
The thermal flux consists of conductive and convective transports, proportional

to VT and VP, respectively. Neglecting the solute diffusion in Eq. (101), the
coupled equations of heat and fluid flows are simplified as

=1 ] )

using Onsager’s reciprocal relationship in that the off-diagonal coefficients are
symmetrical. The driving forces are

)= loern] =2 e rl[e) -

The substitution of Eq. (113) into (114) gives

) [« At 0[vT

Ll rllp -T]| v
(115)

a+Pp —TB][VT

lprpy Ty || VP

or

_Tz{]q/ﬂ}{a/ﬂJrP THVT] a16)

L./vl  LB/r+P -T]|lVP

Subtracting the first row by the second row of Eq. (116) provides
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hh)l(aﬂ)w 1
(ﬂ v) TP\ v (117)
], = ff,, - (a - ﬂ§> vT (118)

Through physical interpretation, one can conclude that

b_j,

4

(119)

where / represents the system enthalpy as a function of temperature. Finally,
the coupled heat transfer equation is

J, = —xVT +hJ, (120)
where
h
Ky =a ﬁF (121)

is the thermal conductivity.

5. Concluding remarks

In this chapter, we investigated diffusion phenomenon as an irreversible pro-
cess. By thermodynamic laws, entropy always increases as a system of interest
evolves in a non-equilibrium state. The entropy-increasing rate per unit volume is a
measure of how fast the system changes from the current to a more disordered
state. Entropy concept is explained from the basic mathematics using several
examples. Diffusion phenomenon is explained using (phenomenological) Fick’s law,
and more fundamental theories were summarized, which theoretically derive the
diffusion coefficient and the convection-diffusion equation. Finally, the dissipation
rate, i.e., entropy-changing rate per volume, is revisited and obtained in detail. The
coupled, irreversible transport equation in steady state is applied to solute diffusion
in an isothermal-isobaric process and heat transfer that is consisting of the conduc-
tive and convective transport due to the temperature gradient and fluid flow,
respectively. As engineering processes are mostly open in the steady state, the
theoretical approaches discussed in this chapter may be a starting point of the future
development in irreversible thermodynamics and statistical mechanics.
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Chapter 4

Using the Principles of
Nonequilibrium Thermodynamics
for the Analysis of Phase
Transformations in Iron-Carbon

Alloys

Bobyr Sergiy Volodimyrovych

Abstract

Using the principles of nonequilibrium thermodynamics, a technique has been
developed for calculating diffusion flows during phase transformations in iron-
carbon alloys. Expressions for the calculation of cross coefficients, driving forces,
and flows in Onsager equations for the model thermodynamic system are given;
examples of the use of the developed technique are given for the processes of
graphitization and the formation of carbides in chromium steel during tempering.
The nonequilibrium thermodynamics analysis of the eutectoid transformation is
executed into carbon steel. Onsager’s equations of motion are built for the model
thermodynamics system describing eutectoid transformation. The basic kinetic
parameters of process are growth rate of perlite and between inter-plates distance
for the stationary process of eutectoid transformation. We founded dependencies of
basic kinetic parameters of process from the size of supercooling. A nonequilibrium
thermodynamic model of the austenite nondiffusion transformation in iron and
alloys based on it is developed, taking into account internal stresses in the system.
Onsager motion equations are found for a model thermodynamic system describing
a nondiffusion transformation and kinetic equations for changing deformations and
growth rates of the a-phase. A scheme of austenitic nondiffusion transformations is
constructed, including normal and martensitic transformations, as limiting cases.

Keywords: nonequilibrium thermodynamics, the iron-based alloys, transformation
of austenite, diffusion, equations of motion, nondiffusion transformation

1. Introduction

The study of phase transformations is one of the most important problems in the
physics of metals [1-3]. Phase transformations are divided into diffusion and
nondiffusion [1]. If the kinetics of phase transformation in steels and cast irons is
determined by the diffusion of carbon, this allows them to be attributed to conver-
sions controlled by diffusion [1-4]. Such transformations in iron-carbon alloys
include pearlitic transformation of austenite, and transformations occurring during
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tempering, graphitization of undoped cementite, separation of carbides in alloyed
steels, and others [4-6].

When the rate of transformation of austenite is determined by the rate at which
the interface separates, differing only in its crystalline structure, the transformation
is called nondiffusion [1]. Kinetically, the normal polymorphic and martensitic
transformations of austenite are distinguished. When the temperature of the nor-
mal transformation decreases, its velocity first increases and then decreases. The
kinetics of the martensitic transformation is characterized by a very high rate of
growth of individual crystals and the maximum space velocity at the initial moment
of transformation under isothermal conditions.

In addition to martensite, at least two other structural components are known,
which are formed with a shear (“martensitic”) morphology of crystal formation—
ferrite side-plates and acicular ferrite. They can also be attributed, with some
simplifying assumptions, to the products of the nondiffusion transformation of
austenite. In addition, in some alloys martensitic and normal transformations occur
at the same temperature [1]. The consistent theory of nondiffusion transformations
should explain this phenomenon. Thus, the theoretical description of the processes
of phase transformations in iron-carbon alloys is a complex and urgent task of
modern metal physics.

Nonequilibrium thermodynamics provides the necessary apparatus for analyz-
ing the processes of phase transformations in iron-carbon alloys [7-9]. In the
general case, the thermodynamic equations of motion have the form [7]:

N
Ji= X LaXe(i=1,.,N), 1)

k=1

where J; are flows, X}, are the thermodynamic forces, L;;, = L, are the Onsager
kinetic coefficients [9], and i, k are the charge numbers (transfer substrates).

The main driving forces of phase transformations in nonequilibrium thermody-
namics are gradients of the chemical potentials of their components [6-9]. When
discontinuous systems are considered, the finite differences of chemical potentials
(—Apu;,) as the transition from a metastable state to a stable state are used as
thermodynamic forces [10, 11]. Equations of nonequilibrium thermodynamics were
first used in the physics of metals to describe the process of graphitization of
nonalloyed iron-carbon alloys [6, 11].

As is known, unalloyed cementite in iron-carbon alloys at normal pressure is a
metastable phase, its activity in phases with it in equilibrium exceeds the solubility
of graphite, a stable phase [11]. Therefore, at a sufficiently high temperature,
graphitization of such alloys takes place, that is, phase transition from metastable to
stable equilibrium. Despite the seeming simplicity of this process, its theoretical
description is a complex task.

If two values are used as charges of the graphitization process-carbon and iron
concentrations, then, according to (1), the equations of motion take the form:

J1 = L11X1 + LpX, (2)
Jo = LaX1 + LnXo, (3)

where J; is the carbon flow characterizing the rate of the graphitization process,
J2 is the flow of iron, and X; = (—Aug,) and X, = (—Auc) are the thermodynamic
forces of iron and carbon. The potential drop has a “+” sign as it increases, and the
flow is directed toward a decrease in the potential, so the expressions for the forces
contain the sign “—.”
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The main question that must be solved when using the Onsager Egs. (1)-(3) is
the values of the cross coefficients.

In [5], for the first time on the basis of a special variational procedure, an
expression for the cross coefficients in the Onsager equations was proposed in the
form:

Ly; =Ly = —+/Ly1 X Ly, 4)

and the sign-before the root is chosen on the basis that the observed flux of iron
with respect to the flow of carbon had a negative sign.

As shown in [6, 11], in the complex process with two flows, an increase in the
potential of one of the charges is observed, that is, one process is “leading,” and the
other is “driven.” The “driven” process in itself, i.e., in isolation from the “lead,” is
not possible, since thermodynamically not beneficial. In the system of Eqgs. (2) and
(3), the thermodynamic force (—Apg.) is negative and inhibits the process as a whole,
the diffusion of iron is a forced process, and the leading one is the diffusion of carbon.

Thus, the graphitization process must be accompanied by a very intensive
transfer of a solid solution (mainly iron), which makes it possible for the phase with
a low-density graphite to grow in it. The authors of [6, 11] assumed that the factor
contributing to graphitization is the pressure that arises in the austenite matrix
under the action of graphite inclusions that expand it. However, in [12], considering
the mechanism of graphitization of cast irons during thermocyclic treatment,

K.P. Bunin with AA. Baranov came to the conclusion that the absolute value of the
contact pressures is an order of magnitude less than the necessary for the dislocation
creep mechanism under the influence of contact pressure. Since graphite films in
pores cannot possess super strong properties, the evacuation of matrix atoms is
apparently carried out by another mechanism.

In [5], using nonequilibrium thermodynamic methods, it was shown that under
the conditions of the system’s striving for dynamic equilibrium, the concentration
of vacancies in graphite inclusion becomes less than the vacancy concentration at
the y-phase-graphite boundary. This can occur as a result of approaching the
y-phase boundary—graphite of austenitic vacancies. In this case, the thermody-
namic force (—4,,,) prevents the graphitization, and the reduced graphitization
force (—4,+c) decreases to zero and can even take a negative value.

Thus, the goal of this paper is to show how the methods of nonequilibrium
thermodynamics can be used fruitfully to solve the theoretical problems of metal
physics, namely, the analysis of phase transformations. Let us further consider the
application of the principles of nonequilibrium thermodynamics to the analysis of
specific cases of phase transformations in iron-carbon alloys.

2. Formation of carbides in chrome steel during tempering

Consider the process of separation of carbides in a low-carbon steel system of
iron-carbon-chromium with 0.15% carbon and about 5% chromium at 600°C. In
this model system, there are two phases—the doped a-phase (F) and carbides (K),
in which carbon, iron, chromium, and vacancies flows (Figure 1). As charges, we
will use four quantities—the concentrations of carbon, iron, chromium, and vacan-
cies. The flow of vacancies in the carbide phase will be assumed to be equal to the
flow of vacancies in the ferrite.

In the absence of a change in the volume of the system, for flows in the doped «
phase, condition [13] is fulfilled:
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]Fe +]Cr +]U = O’ (5)

so one of the threads (in our case—J,) is a dependent quantity. According to (1),
the thermodynamic equations for flows in the carbide phase take the form:

Jre = —LuApp, — LnAp, — Li3Apuc, (6)
]C = 7L21A,uFe - L22A,uc - L23A,uCV (7)
Jor = —L3a1Apg, — LapAp, — L3zApg,, (8)

where Jr,, Jo and J¢, are the flows of iron, carbon, and chromium, respectively.

Based on the general principles of nonequilibrium thermodynamics, we can find
the values of the thermodynamic forces —Aug,, Auc,, and —Ayc, as well as the
values of the kinetic coefficients L1, L13, and L3, as it was previously performed in
[5] for a system with two flows. In the conditions of complete equilibrium, Aug, = 0,
Apc = 0, and Apuc, = 0. However, for a linear thermodynamic system, there is also
the possibility of dynamic equilibrium, in which all the flows are 0, but some
thermodynamic forces in the system are not equal to zero (there are their varia-
tions) [5, 7].

Let us consider this possibility for a triple thermodynamic system. From
Egs. (6)-(8), it follows that near equilibrium, in the presence of variations of
thermodynamic forces, the following conditions must be fulfilled:

]Fe = O = L115ﬂFE + Ll25ﬂc + L135ﬂcr = O, (9)
Jc = 0= Lndug, + Lnduc + L13duc, = 0, (10)
Jer = 0= L3ibug, + L3buc + L3sduc, = 0, (11)

where the index 6 denotes the coordinated variations of the thermodynamic
forces that ensure the dynamic equilibrium of the system. It follows from the
system of Egs. (9)—(11) that the expressions for the flows of iron, chromium, and
carbon are connected: the cross rates L1y, L13, and L3 in expressions for the flows
must have values such that the determinant of the matrix A composed of the
coefficients of this system was equal to 0. In this case, the values of the flows of iron
and chromium can significantly increase due to cross-kinetic coefficients in com-
parison with the independent diffusion of these elements [7, 16].

I’ K
‘ Jre
Jo >
Jv
Jer
S

Figure 1.
Scheme of the process of carbides formation in chromium steel.
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Let us find the expressions for the cross coefficients, which make it possible to
obtain a nontrivial solution of the system of Egs. (9)-(11). From the first Eq. (9), we
establish a connection between the variations of forces:

Spip, = —(L12/L11)duc — (L13/L11)dpc,- (12)

Substituting (12) into Egs. (10) and (11), we find

Je = (L — L}y /Lu)duc + (Las — LioLaz /L1 )uc, = O, (13)
Jer = (Lsa — LisLya /L1)duc + (Las — L33 /L11)Suc, = 0, (14)

For independent variations 8jic and S, the linear system of Eqgs. (13) and (14)
is compatible if the coefficients of 8pc and duc, are equal to 0, from which we
immediately find the relation between Onsager’s kinetic coefficients:

Lik = Lk,' =+ Li,' X ka, i, k=1..3 (15)

and the sign before the root is selected based on the sign (direction) of the flows
under consideration (see Figure 1). The considered procedure of variation allows us
to find cross rates in the Onsager equations after the direct kinetic coefficients are
calculated. In this case, the established connection (15) is satisfied for systems not
very far from equilibrium and for the real system is approximate.

3. Calculation of thermodynamic forces and kinetic coefficients

Let us find the values of the thermodynamic forces and kinetic coefficients for
the steel of the Fe-C-Cr system with 0.15% C at 600°C. We will assume that in a
solid a-solution, there is chromium with a concentration of C, = 0.05 and a carbon
with a concentration of Cc = 0.007, an iron concentration of Cp, = 0.943. In
cementite-type carbide, chromium is found with a mass fraction of ~20% (with a
concentration of C¢, = 0.2) and carbon with a carbon concentration of 0.25, an iron
concentration in the carbide C’z, = 0.55.

It is known from the experimental data that carbon is removed very rapidly
(approximately 1 minute) from the a-solution of alloyed steel at a temperature of
550-650°C and, consequently, the formation of carbide inclusions is primarily due
to carbon diffusion [14].

The thermodynamic force for carbon can be calculated from the formula [11]:

aK
—Apc=—RTIn -5, (16)
ac

where a°c is the thermodynamic activity of carbon in a-solution, a“c is the
thermodynamic activity of carbon in cementite, R is the universal gas constant, and
T is the temperature of the alloy.

The change in the thermodynamic activity of carbon in the alloy upon doping
with component i can be found by the method of [15, 16] from the equation:

In (ac/aco) = ﬂl Nl, (17)

where fi is the coefficient of the element’s influence on the thermodynamic
activity of carbon in the alloy, Ni is the content of the element in the alloy in atomic
fractions, and acy is the thermodynamic activity of carbon for the alloy in the
standard state.
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We will assume that for our steel in the standard state a®cy =a“co = aco, i.e.,
unalloyed cementite in steel with 0.15%, C is stable and in equilibrium with the
solid solution at a tempering temperature of 600°C [13]. Using this condition and
Egs. (16) and (17), we find:

In (dc/a%c) = fe N e, — fe NG (18)

The value of fi is calculated through the interfacial distribution coefficient of the
alloying element Ki = Ni (K)/Ni (o) and the atomic fraction of carbon in the alloy
Nc [15, 16]:

.~ (Ki—1) + (Nc(K) — KiNe(a))
Pt ==K = 1)Ne + (Ne(K) — KiNe(a)) (19)

With a slight error for low-alloyed alloys, we can take N¢ (K) = 0.25,
Nc (a) = 0.001—the carbon content in the undoped phases of steel, taken from the
Fe-C state diagram.

Using the coefficient of chromium distribution between the a-phase and the
carbide K, equal to 4, we find the equations for calculating the coefficients of
influence fc,:

Per = —3.246/(3,0Nc + 0.246),

whence %, = —12.16 and %, = —3.26.
Then from expressions (16)—(18), one can find the values.

In (a"c/a"c) = —0.6085 + 0.652 = —0.0425 and — A,c = 308.47 Joule.  (21)

The work done in the diffusion of carbon from the a-phase to cementite is
positive. For the diffusion of iron, it is not possible to calculate the difference of
thermodynamic potentials, since the coefficient of iron activity in carbide is
unknown. However, from the experimental data and the thermodynamics of the
process, it is known that diffusion of carbon is the leading one, the diffusion of
chromium accompanies the diffusion of carbon, and the diffusion of iron is forced,
since it is directed toward increasing the concentration of iron.

With this in mind, we find the values of the kinetic coefficients L;; in the
Onsager equations.

As is known [8, 13], the kinetic coefficients L;; are related to the diffusion
coefficients D; by the relation:

Li = C:D;/RT, (22)

where Cj is the concentration of iron in the alloy (0.943), C, is the concentration
of carbon in the alloy (0.007), and Cj is the concentration of chromium in the alloy
(0.05).

Dependences of the diffusion coefficients of chromium and carbon in doped
chromium ferrite on the temperature have the form [14, 17]:

. —88230
D¢ = 0,177 exp [ RT :|CM2/C€K, (23)
—251000
D%, =2,910*exp {%} e [ cex, (24)
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Df, =3, 05exp [ﬂ] em? [ cex. (25)
RT

At a temperature of 600° C:

D; = D%, ~3.03-10~ ¥ cm?/s, D, = D°- ~ 1.02 10 °® cm?/s, and D3 = D%, ~ 1.38
107 cm?/s.

Using relations (23)-(25) and (15), we find the values of the kinetic coefficients
for our system:

L11=0.394 x 10 2, L, =0.984 x 10 3, L, = -1.97 x 10 Y, L33 =
0.95 x 1072%, L;3 = —0.611 x 10~ 2%, and

Ly;=0.306 x 10 %, Consequently, the system of Egs. (6)—(8) takes the form:

Jre = 0.394 x 1072 (—~Aug,) —1.97 x 1077 (= Apc) — 0.611 x 102 (—Au,,),
(26)

Jo =197 x 107V (=Apug,) + 0.984 x 1075 (—Apu,) + 0.306 x 10" (= Aug,),
(27)
Jor = —0.611 x 102 (—Aug,) + 0.306 x 107 (—Auc) + 0.95 x 1072 (—Apc,).  (28)

It follows from Eqgs. (26)—(28) that the values of iron and chromium fluxes
increase substantially due to the cross-ratios Ly, and L3, of a significant thermody-
namic force (—Auc). The value of the carbon flux having a positive sign is deter-
mined mainly by the intrinsic coefficient L,,. The thermodynamic forces of iron
and chromium make an insignificant contribution to the fluxes, because of the small
value of the kinetic coefficients and their influence can be neglected. Then, as direct
calculations show:

Jre=—6.08 x 107" Jo=3.04 x 107}, J, = 0.94 x 107, and

Jv =6.07 x 105 cm?/s.

It was established in [18] that during the tempering period, a certain amount of
nanoparticles of special chromium carbide with a size of ~100 nm can be formed in
the steel, which were detected experimentally.

4. The nonequilibrium thermodynamics analysis of the eutectoid
transformation

In [19], a generalization of the equations characterizing the growth of the pearl-
ite colony is proposed, based on the application of nonequilibrium thermodynamic
methods.

To this end, Eq. (19) from [20], which characterizes the growth rate of a perlite
colony, is represented as:

B . [(chc) /(o) + (Cimcl) /(L) | /8 = (Do) (-80), 29)

where D, is the carbon diffusion coefficient in austenite along the x axis at a
given temperature T, A is the thickness of a layer of austenite with different con-
centration of carbon, C’y and C’, is the carbon concentration in the austenite near
the ferrite and cementite plates, respectively, at a temperature T (Figure 2), C, is
the carbon content in cementite (~6.67%), Cy is the carbon content in the ferrite at
a given temperature T, and —Ag is the thermodynamic force of perlite lateral
growth. It is determined by the carbon concentrations in ferrite and cementite and
has a dimensionless value.
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C(x,z)A

/

B

C(z) ¥

Figure 2.
Carbon distribution in the austenite-perlite system [20].

The second equation characterizing our system—the heat balance Egs. (23)-(25)
from [20]-is written in the form:

CydT/dt = o AT — (qy/A) dX Jdt (30)

where a is the heat transfer coefficient, C is the specific heat, AT is the temper-
ature difference between the sample (T) and the cooling medium, q is the specific
amount of heat released during the formation of perlite, and y is the density of steel.

If two quantities are used as charges for the eutectoid transformation of
austenite-the temperature of the sample T and the thickness of the plates of perlite
X, then, according to (4), the Onsager motion equations must have symmetric
forms (2) and (3),

where J; = — dX/dt is the flow of the pearlitic layer (with increasing absolute
value of the thermodynamic growth force of perlite, the flow increases in absolute
value), and J, = — CydT/dt is the heat flow in the sample (with a drop in sample
temperature, the flow is positive), X; = (—Ag), X, = (—AT/T) is the thermodynamic
forces of perlite growth and temperature [14].

In order for Eq. (29) to correspond to Eq. (2), it must contain an additional term
L, (—AT/T); with the value of the coefficient L;; = (D,/A):

J1 = (D+/D)(—A@) + Lo(—AT/T) (31)

where Ly, is a cross ratio whose value is not yet known. Thus, we introduce (we
assume) an additional dependence of the growth rate of the perlite layer not only on
the carbon concentrations in the phases but also on the temperature.

Substituting expression (34) into the energy balance Eq. (33), we find the
expression for the heat flow J,:
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J» = (qv/B)((D:/D)(=Ap) + Lo(=AT/T)) — aT(=AT/T)

2 (32)
— (gD, /DY) (—Ap) + (qyLyy/D—aT) (—AT/T)
Relating Egs. (3) and (32) to each other, we obtain:
Ly = qyD,/&° (33)

Using for the kinetic coefficients, the Onsager reciprocity relations L, = Ly, [9],
we find that

Ly = Ly; = qyD, /A%, (34)

whereas

22 = qZ’YZDX/A3 —aoT. (35)

The system of Egs. (31) and (32) takes the form:

J1 = (Dy/B)(=Ap) + qyD, /5 (—~AT/T) (36)
J2 = (qYD:/ %) (—Dp) + (¢°¥’Ds/N-aT) (-AT/T). (37)

In accordance with (36), the perlite growth rate is affected not only by the
concentration thermodynamic force, but also by the temperature difference
between the sample and the environment. Let us further consider the phase trans-
formation of austenite under special conditions of steady growth of the pearlite
colony, when it can be assumed that AT ~ const, d7/dt ~ 0. In this case, Eq. (37)
takes the following form:

J2 = (q1Dx/A%)(=B9) + (¢°y'Ds/N'=aT) (-AT/T) = 0. (38)
For small AT, we can write approximately, as was done in [20]:
Ap = kAT/T, (39)

where k is the proportionality coefficient.
By analogy with the previously obtained solutions [21], we introduce the fol-

lowing notation:
Ao = \/kqyDy/aT; (40)

where A; = gy/k is the characteristic parameter of the system. (41)
Eq. (38) can now be represented in the form:
A — APA—APA =0 (42)

For A; = 0, as expected, the solution of Eq. (31) A = 4,. We obtain a well-known
solution for the pearlite transformation of austenite [20]. In the real domain, there
is one solution of Eq. (44). For small Al (<0.5), the root Xk is in the region close to 1
(Xk — Dy), with increasing 4; (in units of D), the root value increases. For large
values of 4, the root of Xk is approximately equal to

Xk~ /ALl Ag. (43)
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The between interplate distance of perlite for a stationary growth process is
found from the formula:

So =2Xx X Ag = 2xXk/ Ale/aT. (44)

Using Egs. (36) and (43), (44), we also find an improved expression for the
perlite growth rate for an isothermal transformation

dX kDxAT ( 2Al> 45)

dt Sy T So.
The formula (45) is a more precise expression for determining the growth rate of
perlite in the eutectoid transformation, than the expression obtained earlier by the
authors of [20].

We use the well-known dependence of the diffusion coefficient on tempera-
ture [17]:

D = A exp.(—Q/RT),
rae Q is the activation energy, (Q ~ 134 xJ/mol), and R is a constant (R = 8314 J/
(molK)).
After substituting the known values of the steel parameters and taking into
account that to 2.0, we find the calculated dependence of the perlite growth rate on
the supercooling value of the alloy (Figure 3). In this figure, the dependence of the

perlite growth rate on the supercooling value, calculated according to Zener’s for-
mula (1) [22, 23], is given for comparison.
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Figure 3.
Dependence of the perlite growth rate on the supercooling value, calculated from formula (47) of the present
work (Vp1) and Zener’s formula (1) [22, 23] (Vp2).
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According to the constructed model, the perlite growth rate in the direction of
the X axis has a maximum value at supercooling AT = 140.0°C. The perlite growth
rate calculated according to Zener’s formula has a theoretical maximum value at
overcooling AT = 96.0°C. Consequently, the theoretical expressions (31) and (32)
make it possible to describe with greater accuracy the maximum and the course of
the experimental curve for the perlite formation rate presented in [3, 24] for high-
purity eutectoid steel.

The expression for perlite growth rate obtained in this section has a significant
value at supercooling of 300-400°C, thereby determining the possibility of perlite
formation in this temperature range. Indeed, the formation of perlite in carbon
steels in the temperature range 375-325°C was revealed in [24].

The calculated dependence of the between interplate distance of perlite by
formula (46) on the magnitude of the supercooling of steel is shown in Figure 4.
The same figure shows the experimental points from [24].

A fairly good agreement of the calculated dependence with the results of the
latest experiments is observed, which indicates the adequacy of the proposed
model.

5. Application of the positions of nonequilibrium thermodynamics to
the analysis of the nondiffusion transformation of austenite

Martensite is the basis of hardened steel, so studying the mechanism and kinetics
of its transformation is still of extreme interest for the theory and practice of heat
treatment.

In the works of G.V. Kurdyumov and coworkers, the martensitic transformation
is considered as the usual phase transformation in a one-component system, further
complicated by the influence of a strong interatomic interaction, which leads to the
development of significant stresses in the martensite crystal and matrix [25].

In accordance with the alternative mechanism, the martensitic transformation
takes place by means of an instantaneous shift of atomic planes that does
not require thermal activation and is not associated with thermodynamic transfor-
mation stimuli [1], [26]. In this case, the stress initiating the transformation is
believed to be the stresses arising from the sharp cooling of the sample
(quenching) [26].
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Figure 4.
The calculated dependence of the between interplate distance of perlite on the magnitude of the supercooling of
steel (M —experimental points from [24], p. 122, M —calculated points).
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Considering the martensitic transformation as a thermally activated process,
B.Ya. Lyubov used the equations of normal transformation obtained on the basis of
the positions of nonequilibrium thermodynamics to describe his kinetics [3].

Changes in a complex or composite system under constant external conditions
can be described as the process of increasing entropy. The rate of increase of
entropy o can be represented as the sum of the flux products and the corresponding
forces for all transfer substrates in an amount of N [7-10]:

as . N
0 = —irrev = 2 JiXe (k=1,..,N), (47)
k=1

In the general case, the flows can be represented in the form (1).
The irreversible change in the entropy dS,,,., is equal to the sum of entropy
changes in the system and the environment:

ASipyer = dS +dS, (48)

Under isothermal conditions, when the released heat is absorbed by the envi-
ronment and the temperature remains constant:

dS, = — dQ/T, dQ = dU + PdV
ASiyrey = dS—(dUa + PAV)T ! = (TdS-dU-PAV)T . (49)

Since dU + PAV-TdS = dG, and if we take into account the low compressibility of
bodies in the condensed state and relatively small pressures, then.

d—fiwev =71 - 1712, (50)

where F is the free energy of the system.
The change in free energy in a system with a variable number of particles and
internal stresses can be represented in the form [3], p. 142:

dF = dFe + dFn = oydey, + @idn, (51)

where dFe is the change in free energy in the system related to internal stresses,
dFn is the change in the free energy in the system, determined by the variable
number of particles of type 1, oy, is the stress tensor, ¢, is the strain tensor of the
system, ¢; is the chemical potential of the Ith element of the system, and #, is the
number of particles of the Ist element of the system per unit volume, [/ = 1, N.

We now introduce some simplifying assumptions. First, for the nondiffusion
transformation of austenite, only one kind of particles, the a-phase of iron n,, will
be taken into account. Approximately, this is also true for alloys of iron with close
elements (nickel, chromium, cobalt). Of course, @ is some effective (averaged)
chemical potential of the atoms of the alloy.

Secondly, we assume that the deformation of the system is a triaxial
compression-expansion, and in the expression for dFe, only the diagonal compo-
nents of stress and strain tensors are taken into account:

Ol = Ejl = O,i 7& k.G,‘,': (7, Eji—E (52)

The change in internal energy can then be represented as:
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dF = 3ode + qdn,, (53)
but the change in entropy:
ds » de, de,
%mﬂev =-T (30% + (ﬂﬁ) . (54)

Thus, in our system, in addition to the particle flow from the y phase to the a-phase
of J; = dn,/dt, we will also take into account the change in the strain of the sample
with time ], = de/dt. These flows are related to the driving forces by the Eq. (1).

If, as charges of the process of nondiffusion transformation of austenite, the two
quantities are the concentration of a-phase particles and the strain value, then,
according to (1), the equations of motion take the form:

J1 = LuX1 + LiX, (55)
J2 = LnXq + LpXo, (56)

where X; = Ag is the thermodynamic force for iron, the change in the chemical
potential at the transition of particles from the y-phase to the a-phase, and X, = Ao
is the change in the internal stress during the transition from the y-phase to the
a-phase.

The system of Egs. (55) and (56) describes the contribution of stresses and
deformations to the nondiffusion transformation of austenite. However, we do not
yet know the coefficients of the equations in it. We now find expressions for the
coefficients of the system of Egs. (55) and (56). The coefficient L;; characterizes the
normal transformation:

dn,
Ji =% = Lu(¢,~04) (57)

dt
In the normal kinetics of the phase transformation, the formation of the center
(particle) of the a-phase occurs through separate (independent) acts of detachment
of particles from the y-phase and the attachment of atoms to the ferrite center. If we
consider the process of formation of an a-phase close to the process of self-diffusion
of iron in the y-phase, then the coefficient L;; has the form [13]:

D,
Ly = RT (58)
where D, is the self-diffusion coefficient of iron in the y-phase (or the effective
coefficient of self-diffusion in the y-phase of the alloy), T is the transformation
temperature, and R is the gas constant [27].
The self-diffusion coefficient of iron is taken in the usual notation [17]:

D, = Doe #1 = 4.58 - 10 *exp(—252, 000 /RT) (59)

where D, is a multiplier and U is the activation energy of diffusion.
The coefficient L, characterizes the direct relationship:

deq
J, = d—i = Ly (0,-04). (60)

Let 6, = 0. Let us take into account that for triaxial compression stretching [28]:
where o, is the stress in the o phase and ¢, is the stress in the y phase.
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Let 6, = 0. Let us take into account that for triaxial compression-stretching [28]:

E AV E
b AV _E 61
73020 Vv 124t (61)

where E is the modulus of elasticity of steel (~2.17-10° MPa) and i is the Poisson

ratio (~ 0.26).
Then, expression (60) can be transformed as follows:

de,
—_— L o = L —_— =
dr 220, 22 124 Ea

<

e (62)

where the following values are entered:

v is the propagation velocity of the microdeformation in sample (~1000 m/c)
[3] and L is the characteristic distance over which the microdeformation of the
shear is propagated (the size of the martensitic strips or plates). At the initial stage
of the formation of the shear structure, it has a magnitude of the order of the
diameter of the austenite grain (~ 100 pm), and then decreases with decreasing
temperature [1].

From Eq. (62), we find that the coefficient L,, is equal to:

v(1-2p)

L =
22 LE

(63)

The cross-coefficients L;, = L,; for a nonequilibrium thermodynamic system are
found with sufficient accuracy by the formulas proposed in [5]:

D, v(1-2
Lip = v/LuLy = R_’l}:’ (LEﬂ) (64)

Thus, we obtained simple differential equations for a nonequilibrium thermo-
dynamic system describing the nondiffusion transformation of austenite taking into
account the influence of internal stresses.

Let us write the equations of motion of our system in the form:

dn,
e L1iAg + Lizoy,~L126,. (65)
de,
T L1Ag + Lyro,~Loo,. (66)

We first transform Eq. (66) taking into account expression (62). We have:

deq
d—gt +vey/L = LyiAp + Lyyo,, (67)
where g, is the magnitude of deformations of the a-phase. The differential

Eq. (66) with constant coefficients (temperature) has a solution:

_ (LaAgp + Lyo,) (1-2u) y
&g = ToE (1 —e ) (68)

This kinetic equation describes the change in the magnitude of the deformation
of the a-phase in time. At¢ = 0, ¢, = 0. When the time is counted, a fast (~ 10 %)
process of transition to deformation occurs:
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L1 Ap(1-2u)

LypE (69)

e, =€ +Ag;, =€, +
Eq. (69) shows that the residual deformation of the a-phase after the transient
process consists of the deformation of the austenite e, and the additional deforma-
tion Ae¢,. This additional deformation determines the change in the volume of the
sample as y — a-transformation:

A —
% = 3n,de,. (70)

Then, substituting expression (53) into Eq. (51.1), we find:

dn
d_ta =LuAg + Lo, —

L1z (La1Ag + Lo,
Ly
(L11A§0 + ledy) (1 — 6‘:%t) = (LnAgﬂ + L1267)6‘7%t.

(1 — 67#) = L11A§0 + L126y—

(71)

It can be concluded from expression (71) that the growth rate of a-phase parti-
cles depends on the stresses in the y-phase. The greater the value of tensile stresses
in the y phase, the higher the growth rate of ferrite particles. The rate of growth of
the a-phase particles at a constant temperature very rapidly (exponentially)
decreases in time, determining the incompleteness of the transformation.

Integration of Eq. (71) with time-independent coefficients L;; and Ly, allows us
to obtain the kinetic equation for n,:

n (L11A40 t L126y)L (1 B e_%t). 72)

In accordance with Eq. (72), the amount of a-phase formed depends not only on
the thermodynamic force Ay, but also on the magnitude of the stresses in the
y-phase.

6. Scheme of the nondiffusion transformation of austenite based on the
constructed model.

Before discussing the equations obtained, we introduce some more useful rela-
tions characterizing the y — a transformation. With the y — o transformation, the

effective atomic volume of the iron lattice changes in the sample under consider-
ation, characterized by AV, _, , and the relative volume change AV% According to
14

the data of [3]:

AV, , = 0.268 — 1.62*10 *T, sm® /mol (73)

We will assume that with the formation of the a-phase, the relative change in
volume is determined by the additional deformation: AV% = 34¢,, and the com-
14

pressive stress arising in the a-phase has the value.

E
o= Mgy, 4
o 12 € (74)

When the alloy sample is cooled by AT, a deformation occurs in its surface layer:
€, ~ aAT and the tensile stress ¢, corresponding to this deformation:
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o, = %(XAT. (75)

Comparing the values of thermodynamic forces among themselves, it is possible
to classify the types of nondiffusion transformation according to the kinetic crite-
rion. As shown in [1], p. 208, for small deviations of the system from equilibrium,
the growth of crystals is more likely, controlled by self-diffusion, at large—coopera-
tive growth. The same phase transition in a single-component system under differ-
ent external conditions can take place with an independent (or slightly dependent)
temperature growth rate (martensitic kinetics) and with a rate that exponentially
depends on the temperature at an activation energy close to the activation energy of
self-diffusion (normal kinetics). The parameter characterizing the deviation of the
system from equilibrium is the supercooling of the alloy AT = Ac;—T, where Ac; is
the temperature of the end a — y of the conversion upon heating, and T is the
transformation temperature. The transformation scheme for the constructed model
is shown in Figure 5.

Ac, is the temperature of the beginning of o — y transformation when the alloy
is heated and Mni is the temperature of the onset of the formation of isothermal
martensite upon supercooling of the alloy. Mn is the temperature of the onset of
athermal martensite formation upon supercooling of the alloy. Mk is the tempera-
ture of the end of martensite formation upon supercooling of the alloy.

Thus, for small

AT : L11A(p > L12(7a > L120'y, (76)

then the growth of a-phase crystals is determined by self-diffusion by the nor-
mal mechanism. However, as follows from Eq. (72), in this case too, the contribu-
tion of deformations (and stresses) to the conversion kinetics is very significant. In
order that the condition (76) is satisfied, it is necessary that the stress level in the y-
and a-phases be small; for the a-phase, this is possible only in the case of relaxation
of internal stresses in the alloy at high temperature by the mechanism of recrystal-
lization.

With increasing supercooling of the alloy, the thermodynamic stimulus and the
rate of normal transformation increase.

For a larger

AT : LyyAp~Lpo, > LQG}, (77)
Acs
Lcicec o Lt > Ly, = Lyom, normal_transfomation, polygonal ferrite
Ly =~ FLypg 2 Ly, shear + normal iransformation
Acs fierrite side-plates
Mni Lifpmlidfe By . cimicicicimimimimimimamams
Liphp = Ly, 0, < o, shear transformation
isothermal manensite, acicular ferrie
Mna
FATLYCR N T shear iransformation
athermal mantensite
Mk

Figure 5.
Scheme of nondiffusion transformations from the constructed model.
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The existing thermal stresses in the y phase (75) contribute to the formation of
the a-phase by the shear mechanism, and the stresses arising in the a-phase com-
pensate thermal stresses in the y-phase. With a certain amount of a-phase, the stress
equals 6, = o, arises and the further formation of the a-phase occurs according to
the normal mechanism with the relaxation of the arising stresses by recrystalliza-
tion. Consequently, the condition (77) corresponds to the transformation of the
y-phase by a mixed mechanism, and also to the formation of a ferrite side plates
(Widmanstitten), followed by the release of the a-phase by the normal mecha-
nism [1].

With a certain supercooling of AT, stress compensation occurs only when the
y-phase is completely transformed into ferrite by a shearing mechanism. In this case:

LllAQNle Cq> Ca=0y

The temperature corresponding to this supercooling is the starting point for the
formation of the isothermal martensite Mni (Figure 5). Below the point Mni, the
formation of the a-phase occurs by a shearing mechanism. However, the normal
component of the process still has a significant value, affecting the morphology of
the resulting precipitates. When supercooling a greater AT%, L1;A@ < L1504, 64 < 0,

At temperatures below Mni, isothermal martensite or acicular ferrite is formed
with a “reticular” or acicular morphology of precipitates. Finally, for large AT
(below Mna):

LuAp < Loy, (78)

Inequality (78) determines the condition for the formation of “athermal” mar-
tensite, when the normal component does not affect the formation of the shear
structure. The main effect on the rate of the y — « transformation, in accordance
with expression (71), is due to thermal stresses in the y phase. Thus, the constructed
model of the nondiffusion austenite transformations allows us to consider the
normal and martensitic transformations, as limiting cases.

7. Conclusions

Based on the possibility of dynamic equilibrium, expressions are found for
calculating the cross-kinetic coefficients of a thermodynamic system consisting of
two and three components. The values of the thermodynamic force for diffusion of
carbon, kinetic coefficients and flows of a thermodynamic system describing the
kinetics of carbide precipitation during the tempering of chromium steel are calcu-
lated. It has been established that the values of iron and chromium fluxes increase
substantially due to the cross ratios and the significant magnitude of the thermody-
namic force (—Apc).

Analysis of the eutectoid transformation of austenite using the relations of
nonequilibrium thermodynamics allowed us to generalize the equations of motion
of the system obtained earlier by the authors of [20] and to find more accurate
theoretical expressions for the perlite growth rate and its between interplate dis-
tance on the magnitude of the supercooling of steel. According to the constructed
model, the perlite growth rate in the direction of the X axis has a maximum value at
supercooling AT = 140.0°C. The perlite growth rate calculated according to Zener’s
formula has a theoretical maximum value at overcooling AT = 96.0°C. Conse-
quently, the theoretical expressions (31) and (32) make it possible to describe with
greater accuracy the maximum and the course of the experimental curve for the
perlite formation for high-purity eutectoid steel.
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The application of nonequilibrium thermodynamics to the analysis of the
nondiffusion transformation of austenite made it possible to obtain a system of
equations for the thermodynamic system and to generalize the results obtained
earlier by B.Ya. Lyubov the equations for a normal transformation. The theoretical
expression for the growth rate of the a-phase, obtained in this paper, takes into
account the influence of stresses on the process of austenite transformation. It is
shown that the rate of growth of a-phase particles at a constant temperature very
rapidly (exponentially) decreases in time, determining the incompleteness of the
transformation. According to the constructed model, a scheme of nondiffusion
austenite transformations was developed, including normal and martensitic trans-
formations, as limiting cases.

Thus, the use of the principles of nonequilibrium thermodynamics makes it
possible to obtain completely new results in the analysis of phase transformations in
iron-carbon alloys.
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Chapter 5

Variational Principle for
Nonequilibrium Steady States
Tested by Molecular Dynamics
Simulation of Model Liquid
Crystal Systems

Sten Sarman, Yonglei Wang and Aatto Laaksonen

Abstract

The purpose of the work presented in this chapter is to test a recently proven
variational principle according to which the irreversible energy dissipation rate is
minimal in the linear regime of a nonequilibrium steady state. This test is carried out
by performing molecular dynamics simulations of liquid crystals subject to velocity
gradients and temperature gradients. Since the energy dissipation rate varies with the
orientation of the director of the liquid crystal relative to these gradients and is
minimal at certain orientations, this is a stringent test of the variational principle.
More particularly, a nematic liquid crystal model based on the Gay-Berne potential,
which can be regarded as a Lennard-Jones fluid generalized to elliptical molecular
cores, is studied under planar Couette flow, planar elongational flow, and under a
temperature gradient. It is found that the director of a nematic liquid crystal
consisting of rod-like molecules lies in the vorticity plane at an angle of about 20° to
the stream lines in the planar Couette flow. In the elongational flow, it is parallel to
the elongation direction, and it is perpendicular to the temperature gradient in a heat
flow. These orientations are the ones where the irreversible energy dissipation rate is
minimal, so that the variational principle is fulfilled in these three cases.

Keywords: liquid crystals, nonequilibrium molecular dynamics simulation, shear
flow, elongational flow, heat conduction, alignment phenomena, minimal energy
dissipation rate

1. Introduction

For a system in thermodynamic equilibrium, there is a variational principle
according to which the free energy is minimal, that is, the Helmholtz free energy
when the volume, temperature, and number of particles are constant, Gibbs free
energy when the pressure, temperature, and number of particles are constant, etc.
On the other hand, for systems driven away from equilibrium by an external
dissipative field such as a velocity gradient, temperature gradient, chemical poten-
tial gradient or an electrical potential gradient doing irreversible work that is
converted to heat, there has not been any variational principle to date. However, a
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theorem originally proposed by Ilya Prigogine stating that a quantity, known as the
irreversible energy dissipation rate, 1, is minimal in the linear regime of a
nonequilibrium steady state has recently been proven [1]. This quantity is defined
as the irreversible work per unit time and unit volume that is done by a dissipative
external field on the system [2]. Thus, there is a variational principle for
nonequilibrium steady states.

This theorem is not only of basic scientific interest but also of technological and
practical interest since shear fields, temperature gradients, concentration gradients,
or chemical potential gradients and electrical potential gradients are common
examples of external dissipative fields that are ubiquitous in industrial applications
and in everyday life. For example, in a lubricated bearing, a planar Couette flow
arises in the lubricant in the narrow space between two surfaces rotating at differ-
ent angular velocities, and w;,, is equal to the product of the shear rate and the shear
stress. Another example is the heat flow between a hot region and a cold region such
as the inside and the outside of a building. Then, 1, is equal to the product of the
heat flow and the temperature gradient. Still another example is an electric heating
element where an electric potential difference or voltage drives an electric current,
and W, is equal to the product of the voltage and the current. Finally, chemical
potential gradients arise when various substances are mixed and they begin to
diffuse, and w;,, is equal to the product of the chemical potential gradients and the
matter currents.

One way of testing this principle is to perform molecular dynamics simulations
of microscopic model systems, but then it is hard to find a suitable model system
that is easy to analyze. However, liquid crystals are particularly interesting for this
purpose because the transport properties and thereby ;,» depend on the orientation
relative to the streamlines or the temperature gradient, and at certain orientations,
Wir is minimal. Thus, it can be determined whether these orientations actually are
attained by the liquid crystal. Moreover, it is possible to orient the liquid crystal in
an experimental measurement by applying an electric or magnetic field and in
molecular dynamics simulations by applying a constraint torque. This means that
wW;,» can be measured or calculated as a function of the orientation relative to the
dissipative field.

The simplest kind of liquid crystal is the nematic liquid crystal [3, 4]. It consists
of rod-like or plate-like molecules oriented in a certain direction—the director—but
there is no translational order, see Figure 1. A nematic liquid crystal cannot support
shear stresses, so it is by definition a liquid, but it can support torques, which is the
basis for various orientation phenomena relative to external fields. A special case of
a nematic liquid crystal is the cholesteric liquid crystal, where the director rotates in
space around an axis perpendicular to itself—the cholesteric axis or the optical axis.
The spatial rotation period or the pitch is of the order of 1 pm or about 500
molecular diameters. A cholesteric liquid crystal is different from its mirror image,
and it is formed by chiral molecules.

There is some theoretical and experimental evidence indicating that the director
comes to rest in an orientation where the irreversible energy dissipation rate is
minimal in accordance with the variational principle. More specifically, such orien-
tation phenomena have been observed in simulations of shear flow or planar
Couette flow [5, 6], in experimental measurements of the viscosity [7] in this flow
geometry, and in simulations of planar elongational flow [8]. In the latter case, it is
actually possible to prove that the energy dissipation rate must be either minimal or
maximal in a steady state in the linear or Newtonian regime by using the linear
phenomenological relations between the velocity gradient and the shear stress.

In the case of a nematic liquid crystal subject to a temperature gradient, there are
quite a few early experimental works [9-14] that might imply that the director of a
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Figure 1.

A nematic phase of the Gay-Berne fluid undergoing planar Couette flow. The velocity gradient is directed in the
vertical divection and the streamlines are directed in the horizontal divection. Note that the divector forms an
angle with streamlines of about 18°.

liquid crystal consisting of rod-like molecules orients perpendicularly to this gradi-
ent. This means that the heat flow is minimized, since the heat conductivity is
minimal in this orientation. Unfortunately, the results of these works are not wholly
conclusive because the underlying experiments are very hard to carry out. On the
other hand, molecular dynamics simulation of nematic phases of calamitic and
discotic soft ellipsoids [15-17] clearly show that the directors orient perpendicularly
and parallel, respectively, to the temperature gradient, so that the heat flow and
thereby 1;,, are minimized. However, one system, where the director definitely
orients perpendicularly to the temperature gradient, is the cholesteric liquid crystal,
where the cholesteric axis orients parallel to the temperature gradient, so that the
director becomes perpendicular to this gradient, and the heat flow is minimized

[3, 4, 18-20], which is in agreement with the variational principle.

This chapter is organized in the following way: in Section 2, the basic theory is
outlined, and in Sections 3, 4, and 5, molecular dynamics simulation results and
experimental measurements on the director orientation and the irreversible energy
dissipation rate are presented and discussed for shear flow or planar Couette flow,
planar elongational flow and heat conduction, respectively. In Section 6, the effects
of the thermostat are discussed, and finally in Section 7, there is a conclusion. Some
background theory is given in the Appendices.

2. Basic theory
2.1 Order parameter, director, and director angular velocity

In order to describe transport properties of a liquid crystal, we must first define
the order parameter, the director, and the director angular velocity. In an axially

symmetric system such as a nematic or a smectic A liquid crystal, the order param-
eter, S, is given by the largest eigenvalue of the order tensor,

3/18 .1
Q= > <ﬁi§uiui - §1>, (1)
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where N is the number of particles, and {u;; 1<i<N} is some characteristic
vector of the molecule; in the case of bodies of revolution, it can be taken to
be parallel to the axis of revolution but in a more realistic all atom model
some other vector in the molecule has to be defined as 1;, and 1 is the unit
second rank tensor. When the molecules are perfectly aligned in the same
direction, the order parameter is equal to unity, and when the orientation is
completely random, it is equal to zero. The eigenvector corresponding to the
order parameter is defined as the director, n, and it is a measure of the average
orientation of the molecules in the system. The order tensor can also be
expressed as

3 1

The director angular velocity is given by Q = n x n. In a macroscopic system,
the order tensor and the order parameter are functions of the position in space,
but in a small system such as a simulation cell with dimensions of the order of
some ten molecular lengths, there is only one director and one order parameter for
the whole system.

2.2 Director constraint algorithm

Since the molecules studied in the work presented in this chapter are
modeled by the Gay-Berne potential, which can be regarded as a Lennard-Jones
potential generalized to elliptical molecular cores, see Appendix 2, they are rigid
bodies. Therefore, the Euler equations are applied in angular space. Moreover,
since the purpose often is to find the stable orientations of the director relative
to an external dissipative field, it is interesting to calculate the torque exerted
on the liquid crystal, when the director attains various fixed angles relative to
this field. This can be done by adding Gaussian constraints to the Euler equa-
tions [21],

09, 3)

I =T+ 45 44,5

where I is the moment of inertia around the axes perpendicular to the axis of
revolution, ®; is the angular velocity of molecule i, T; is the torque exerted on
molecule i by the other molecules, Q, and &, are the x- and y-components of the
director angular velocity, and 4, and 4, are Gaussian constraint multipliers keeping
the x- and y-components of the director angular acceleration equal to zero. These
multipliers are determined in such a way that the director angular acceleration
becomes a constant of motion. Then if the initial director angular acceleration and
angular velocity are equal to zero, the director will remain fixed in space for all
subsequent times and the time averages of the constraint multipliers will be equal to
the torque exerted on the director by the external field. Finally, note that the
difference between the director angular velocity, , and the molecular angular
velocities {w;; 1<i<N'}; the director angular velocity can be regarded as the angular
velocity of the average orientation of the molecules. If the director angular velocity
is constrained to be zero by applying Eq. (3), the molecular angular velocities are
still nonzero and the right hand side of Eq. (3) is nonzero. The Gaussian constraint
simply forces the molecules to rotate in such a way that average orientation stays
the same.
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3. Shear flow
3.1 The SLLOD equations of motion for shear flow

In order to study shear flow and to calculate the viscosity and director alignment
angles relative to the streamlines, it is convenient to apply the SLLOD equations of
motion [22]. The name SLLOD stems from the similarity to the Dolls equation of
motion derived from the Dolls tensor Hamiltonian. They are synthetic equations of
motion that can be used to calculate the viscosity in the linear regime. On the other
hand, the idea behind the SLLOD equations of motion is very simple: The velocity
of the molecules is divided into the streaming velocity and the thermal velocity. The
thermal velocity is related to the temperature, and the streaming velocity is the
macroscopic external velocity. The SLLOD equations of motion are an exact
description of adiabatic planar Couette flow and a very good approximation of shear
flow at constant temperature both in the linear and nonlinear regime. The SLLOD
equations are expressed in the following way:

I = & + y7zi€x (4a)
m

and
p;=Fi —yp,ec—ap, (4b)

where r; and p; are the position and peculiar momentum, that is, the momentum
relative to the streaming velocity, of molecule i, 7 is the molecular mass, y = du,/dz
is the shear rate, that is, there is a streaming velocity #, in the x-direction varying
linearly in the z-direction, see Figure 2, e, is the unit vector in the x-direction, F; is
the force exerted on molecule i by the other molecules, and « is a thermostatting
multiplier given by the constraint that the linear peculiar kinetic energy is a con-
stant of motion,

XL [Fiop —mpip] (5)

a =

ZLP?

Figure 2.

Plg;zlar Couette flow or shear flow arises when there is a streaming velocity in the x-direction, varying linearly in
the z-direction, u = yze,, where y = du, |0z is the shear rate or velocity gradient. The expression for the relation
between the velocity gradient and the pressuve tensor becomes simpler by using a divector-based coordinate
system (e1, e, e3), where the divector n points in the es-direction, obtained by votating the ordinary laboratory-
based coordinate system (e1, €2, e3) with an angle 8 around the e, = e;-axis. Reproduced from Ref. [6] with the
permission of AIP Publishing.
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This expression is obtained by applying Gauss’s principle of least constraint [22].
This principle is essentially the same as the Lagrange’s method for handling
constraints. However, Gauss’s principle is more general in that it in addition to
constraints involving the molecular coordinates also allows handling of some con-
straints involving the molecular velocities. This is very useful because it makes it
possible to keep the kinetic energy constant whereby the temperature also will be
constant. It is possible to show that the ensemble averages of the phase functions
and the time correlation functions are essentially canonical when a Gaussian ther-
mostat is applied.

3.2 Shear flow of nematic liquid crystals

In a nematic liquid crystal undergoing shear flow, the alignment angle, 6,
between the director and the streamlines is determined by a mechanical stability
criterion, namely, that the antisymmetric pressure must be zero when no external
torques act on the system, that is, that the torques exerted by the vorticity and the
strain rate cancel out. This makes it possible to derive a relationship between the
alignment angle and the viscosity coefficients in the Newtonian regime by using the
linear relation between the pressure tensor and the strain rate, see Refs. [3, 4, 23]
and Appendix 1,

(p3) = —;71£—}72£cos26: 0, (6)

where 7, is the twist viscosity, 7, is the cross coupling coefficient between
the antisymmetric pressure and the strain rate, and (p4) is the antisymmetric
pressure in the vorticity direction perpendicular to the streamlines and perpen-
dicular to the velocity gradient. The angular brackets denote that the pressure
tensor is the ensemble average of a phase function. Then, if (p4) is equal to
zero, we obtain

cos20p = —71/7» (7)

for the preferred alignment angle, 6, provided that the ratio |7,/7,| is less
than one. Then the liquid crystal is said to be flow stable. This condition is
fulfilled in many liquid crystals, and 6, is between 10 and 20° both in real
systems and in simplified coarse grained model systems such as the soft ellip-
soid fluid, see Refs. [5-7], Figure 1, and Appendix 2. Note, however, that for
some systems, often near the nematic-smectic A phase transition, the ratio
|7./7,| is greater than one. This means that there is no orientation angle where
the antisymmetric pressure is zero, so that no steady state is attained. Then the
liquid crystal is said to be flow unstable and the director will rotate forever
[3, 4, 23, 24].

The connection with the variational principle can be made by using the fact
that there is an algebraic expression for the irreversible energy dissipation rate,
Wip, of a flow stable nematic liquid crystal, given by the dyadic product of the

symmetric traceless pressure, P, and the traceless strain rate, Vu,

Wiy — —P : Vu = <n+%+%sin22¢9+’1—2200529)y2, (8)
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Figure 3.

Thgeu;'wever,vible energy dissipation rate, Wi, Eq. (8), due to the strain rate of a nematic liquid crystal phase of
calamitic soft ellipsoids as a function of the director alignment angle, 6, is obtained by using the Gaussian
constraint algorithm (3) to fix the director at various angles velative to the streamlines. The preferred alignment
angle attained when no constraints ave applied is equal to about 20° which is close to the minimum of Wi
Reproduced from Ref. [6] with the permission of AIP Publishing.

where the definitions of the viscosity coefficients, 7, 7, #7,, and #;, and the
derivation are given in Appendix 1. If the values of the various viscosity coefficients
are inserted, it is found that the functional dependence of ), on 6 is similar to that
given in Figure 3. This function (8) has been obtained by shear flow simulations
applying the SLLOD equations of motion [22] to a nematic phase of calamitic soft
ellipsoids, see Refs. [5, 6]. The energy dissipation rate is low close to the preferred
alignment angle and high when the director is perpendicular to the streamlines
and parallel to the velocity gradient. Then, if we study the distribution of the
director, we find that it is centered close to the minimum of ©;,,.. This minimum
has also been observed in simulations of shearing nematic phases of discotic soft
ellipsoids [5] and when experimentally measured, viscosity coefficients are inserted
in the Egs. (7) and (8) and the resulting alignment angle is determined [7]. Thus the
system seems to select the alignment angle that minimizes the irreversible energy
dissipation rate in accordance with the variational principle. This also means that
the energy dissipation rate (8) must be minimal at the preferred alignment angle,
0o, given by Eq. (7). Thus, the derivative of the function (8) with respect to § must
be zero for 6y, giving an additional relation between the viscosity coefficients and
the alignment angle,

cos20p— = L} 9
205
or
237, + 1,7, =0, (10)

where 6y has been eliminated by using Eq. (7). The Egs. (7) and (9) do not
coincide but they must still give the same value of 6. This provides an important
cross check for the correctness of the simulation algorithms and experimental
methods used to determine the viscosity coefficients and for the computer pro-
grams used to run the simulations.
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4. Planar elongational flow
4.1 The SLLOD equations of motion for planar elongational flow

A planar irrotational elongational flow arises when an incompressible liquid
expands in the x-direction and contracts in the z-direction, see Figure 4.
Then, the velocity field and the strain rate are given by u = y(xe, — ze;) and
Vu = Vu = y(e.e, — €;€;). Planar elongational flow can be studied by applying
a special version of the SLLOD equations of motion. Then the problem is that,
if the simulation cell is elongated in the x-direction and contracted in the z-
direction, the simulation can only continue until the width in the z-direction
is equal to twice the range of the interaction potential. However, if the angle
between the elongation direction and the x-axis is set to an angle, ¢, the
periodic lattice of originally quadratic simulation cells is gradually deformed
to a lattice of cells shaped like parallelograms. Then, it can be shown that for a
special value of this angle, ¢,, the lattice of parallelograms can be remapped
onto the original quadratic lattice after a certain time period, so that the simu-
lation becomes continuous, that is, the Kraynik-Reinelt boundary conditions,
see Figure 5 and Refs. [8, 25-28] for details. Then, if the angle between the
elongation direction and the x-axis is equal to ¢, the velocity gradient becomes
Vu = y(el€e], — e.e]), where €, = e, cos g, — e;sing, and €, = e, sing, + €, cos g,
are the elongation and contraction directions. Inserting this gradient in the
SLLOD equations of motion gives,

_P;

=t
m

_P;

+r;-Vu= " + 1 - (e €, — elel) (11a)

and
p,=Fi—p,-Vua—ap,—p=Fi—yp,- (eg,ce;c - e;e;) —ap; — B, (11b)

where r; and p; are the position and peculiar momentum, that is, the momentum
relative to the macroscopic streaming velocity, of moleculei, F; is the force exerted on
molecule 7 by the other molecules, 7 is the molecular mass, u is the streaming velocity, y
is the strain rate, o is a thermostting multiplier and f is a constraint multiplier used to
conserve the linear momentum.

— — =

Elongation

T Contraction

Figure 4.

Schematic representation of a nematic phase of a soft ellipsoid fluid undergoing irrotational extensional flow.
The system is elongated in the horizontal dirvection and contracted in the vertical direction while the volume is
constant. The molecules tend to be aligned in the elongation direction.
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The Kraynik-Reinelt boundary conditions. The original simulation cell is square 1. When the angle between the
elongation direction and the horizontal divection is equal to ¢, square 1 is deformed to a parallelogram, which,
after a given time interval, becomes the dashed parallelogram, partially covering the squares (1—6). Then the
triangles a’, b’, and ¢’ in the parallelogram are periodic copies of the triangles a, b, and c in square 1. If the
primed triangles are moved to the corresponding unprimed triangles, a square is recovered and the simulation
can continue. Reproduced from Ref. [8], with permission from the PCCP Owner Societies.

4.2 Planar elongational flow of nematic liquid crystals

The director alignment angle is in the first place determined by the mechanical
stability in the same way as in shear flow whereby the antisymmetric pressure must
be zero. In the linear or Newtonian regime, the alignment angle can be found by
using the following relation between the antisymmetric pressure and the strain rate,
see Appendix 1,

~ 7 .
<p‘2’> = ~Tp5sin 20, (12)

where 6 denotes the angle between the director and the elongation direction, and
7, is the cross coupling coefficient between the antisymmetric pressure and the
strain rate. From this expression, it is apparent that the alignment angle must be
either 0 or 90°, that is, where the torque exerted by the strain rate is equal to zero.
For a flow stable calamitic nematic liquid crystal, the cross coupling coefficient 7, is
negative [6], so that the 0° orientation parallel to the elongation direction is
mechanically stable, and the 90° orientation is unstable.

Just as in planar Couette flow or shear flow, the connection to the variational
principle can be made by considering the algebraic expression for the irreversible
energy dissipation rate in the linear regime,

Wiy = —P:Vu = (47] + 2% + 215 cos 229) . (13)

If the viscosity coefficient 7, is positive, this expression is minimal when 6 is
equal to 45° but this orientation is excluded because of the mechanical stability (12).
If i7; on the other hand is negative, this expression attains the same minimal value
when 0 is equal to 0 or 90°, that is, the elongation or contraction direction. Simula-
tions of a nematic phase of calamitic soft ellipsoids have shown that 7, is less than
zero [8], so that the energy dissipation rate is minimal in the stable orientation also
in this case of planar elongational flow. This is in agreement with the variational
principle [1]. See also Figure 6 where the angular distribution of the director
around the elongation direction is displayed.
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Figure 6.

The angular distribution, p(0), of the director of a calamitic nematic liquid crystal consisting of soft ellipsoids
around the elongation direction where the angle between the divector and the elongation direction is denoted by
0. Reproduced from Ref. [8], with permission from the PCCP Owner Societies.

5. Heat conduction
5.1 Heat flow algorithm

A temperature gradient can be maintained by keeping different regions, 1 and 2,
of a system at different temperatures, see Figure 7. Mathematically, this can be
brought about by adding thermostatting terms for each of the regions 1 and 2 to the

ordinary Newtonian equations of motion [29],

mi; = F; — wyonmt; — woyaomr; — (14)

v:r,a

COLD

Figure 7.

A temperature gradient is maintained by thermostatting one region (dark gray) of the system at a high
temperature and another vegion (light gray) at a low temperatuve, whereby heat will flow from the high
temperature vegion to the low temperature vegion. Reproduced from Ref. [15], with permission from the PCCP
Owner Societies.
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where m is the molecular mass, ¥; and ¥; are the velocity and the acceleration of
molecule 7, and F; is the force exerted on molecule i by the other molecules. The
thermostatting terms are wy;aym¥; and woy;a;m¥; where 1wy; and wo; are two normal-
ized weight functions. These terms are actually similar to the thermostatting term in
Eq. (4b), but here region 1 and region 2 are thermostatted separately at different
temperatures. This is achieved by letting the weight functions be Gaussian func-
tions centered in region 1 and 2, respectively, and with decay lengths that are
considerably shorter than the distance between these two regions. In this way, only
the molecules in region 1 contribute to the temperature in region 1, and only the
molecules in region 2 contribute to the temperature in region 2. The molecules far
away from the centers of these regions move according to the ordinary Newtonian
equations of motion. Note that, it is not necessary to use Gaussian weight functions;
it is possible to use any function with a maximum and a rather short decay length.
The parameters a; and a, are thermostatting multipliers in the same way as the
multiplier a in Egs. (4b) and (5), but here, they thermostat the regions 1 and 2
separately. They are determined by applying Gauss’s principle of least constraints
using the fact that the weighted kinetic energies are constant:

N
5 > wymr; = Epy (15a)
i=1
and
18
> Y woymi; = Epy, (15b)
i=1

where Ej; and Ey,; are the weighted kinetic energies for region 1 and 2, respectively.
The algebraic expressions for the thermostatting multipliers are given in Ref. [15]. The
parameter ¢ is a multiplier determined in such a way that the linear momentum of the
whole system is constant. It goes to zero in the thermodynamic limit.

5.2 Heat flow in nematic liquid crystals

The heat flow in an axially symmetric system such as a nematic liquid crystal or
a cholesteric liquid crystal is given by

(Jo) = —[# jpn+ 1. (1~ nn)] - V*TT’ (16)

where (J, ) is the heat current density, 4 | is the heat conductivity parallel to the
director of an ordinary achiral nematic liquid crystal or parallel to the cholesteric
axis of a cholesteric liquid crystal, 4, is the heat conductivity perpendicular to the
director of a nematic liquid crystal or perpendicular to the cholesteric axis of a
cholesteric liquid crystal, T is the absolute temperature, and n is the director. Then,
the irreversible energy dissipation rate of the system due to the heat flow becomes,

. VI 1
iy = ~{Jo) - = 7 (11T - VT + (b | = A1) (m- VTV (17)
= %" [+ (4 | — Aus) cos?),

where the last equality has been obtained by assuming that the director lies in
the zx-plane forming an angle 6 with the temperature gradient, see Figure 8. When
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VT

Figure 8.

A schematic view of a nematic liquid crystal subject to a temperature gradient is shown. The temperature
gradient T points in the z-divection, and the divector n lies in the zx-plane forming an angle © to the z-axis.
Then a torque I arises in the direction of the y-axis. Reproduced from Ref. [15], with permission from the
PCCP Owner Societies.

A |>AL1, as in a nematic liquid crystal consisting of calamitic molecules, the heat
current density and thereby w;,, are maximal when the temperature gradient and
the director are parallel and minimal when they are perpendicular to each other.
Conversely, when 4 | <411, as in a nematic liquid crystal consisting of discotic
molecules, the heat current density and the irreversible energy dissipation rate are
maximal when the director is perpendicular to the temperature gradient and mini-
mal when it is parallel to the temperature gradient.

The temperature gradient exerts a torque on the molecules around an axis
perpendicular to itself and perpendicular to the director, see Figure 8. This torque
must be zero in the parallel and perpendicular orientations due to the symmetry,
but it is impossible to determine whether these orientations are stable or unstable.
Unfortunately, there is no linear relation between the torque and the temperature
gradient since they are pseudovectors and polar vectors, respectively, due to the
axial symmetry of the system. However, a quantitative relation between them can
be obtained by noting that a cross coupling between a pseudo vector and a sym-
metric second rank tensor is allowed. The latter quantity can be obtained by
forming the dyadic product of the temperature gradient, giving the following
relation [15],

2
cosfsinfe, = i,u

2

vTvVT vT vT
= sin 20e,,

I'=pe:nmn ——=yn - — —_— =
pe:mn:— =0 =yn Tn>< T =#

0;T

T

T
18)

where I is the torque density, p is a cross coupling coefficient, and ¢ is the Levi-
Civita tensor. The third equality is obtained by assuming that the temperature
gradient points in the z-direction, and the director lies in the zx-plane, see Figure 8,
whereby 6 becomes the angle between these two vectors. This relation fulfills the
symmetry condition according to which the torque must be zero when the director
is parallel or perpendicular to the temperature gradient. Moreover, the torque is
proportional to the square of the temperature gradient for given angle 6. Note also
that, this relation is analogous to the relation between the strain rate and the
antisymmetric pressure in planar elongational flow (12).
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Figure 9.

The angular distribution, p(0), of the director of a nematic liquid crystal consisting of soft calamitic ellipsoids
around the temperature gradient where the angle between the divector and the tempevature gradient is denoted
by 6. Reproduced from Ref. [15], with permission from the PCCP Owner Societies.

The director orientation can be determined by simulating systems, where a
temperature gradient and a heat flow are maintained by thermostatting different
parts of the system at different temperatures by using the above simulation algo-
rithm (14). Such simulations have shown that the director of nematic liquid crystals
consisting of soft calamitic ellipsoids tends to align perpendicularly to the tempera-
ture gradient, see Figure 9, whereas the director of nematic liquid crystals
consisting of discotic ellipsoids tends to align parallel to the temperature gradient.
Thus, the energy dissipation rate is minimal in both cases. Moreover, if the director
is constrained to attain a fixed orientation between the perpendicular and parallel
orientation relative to temperature gradient by applying the Lagrangian constraint
algorithm (3), the torque exerted can be obtained. Then, it is found that this torque
turns the director of a calamitic system toward the perpendicular orientation and
the director of a discotic system toward the parallel orientation. The same orienta-
tion behavior of the directors of calamitic and discotic nematic liquid crystals
relative to the temperature gradient was observed in an earlier work [21]. However,
then the Evans heat flow algorithm [22] was applied where a fictitious external field
under non-Newtonian equations of motion rather than a real temperature gradient
drives the heat flow. Therefore, it was not possible to determine whether the
orientation phenomena were a real effect or a consequence of the non-Newtonian
synthetic equations of motion.

There are also some early experimental works on the orientation of the director
of nematic liquid crystals relative to temperature gradients [9-14] that probably
support the conclusions of these heat flow simulations. Unfortunately, it is very
difficult to carry out these experiments because if the temperature gradient is too
large, there will be convection in the system, and if the temperature gradient is too
small, it will not be strong enough to overcome the elastic torques or the surface
torques. Therefore, these experiments are not fully conclusive.

Finally, one example where the director orientation relative to a temperature
gradient definitely is the one that minimizes the irreversible energy dissipation rate
is a cholesteric liquid crystal. In this system, the director rotates in space around the
cholesteric axis forming a spiral structure. Then experimental studies, where a
temperature gradient is applied, have shown that the cholesteric axis orients parallel
to the temperature gradient, whereby the energy dissipation rate is minimized since
the heat conductivity is greater in the direction perpendicular to the cholesteric axis
than in the parallel direction. Moreover, the whole spiral structure starts rotating in
time. This phenomenon is known as thermomechanical coupling [3, 4, 18-20, 30, 31].
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There are quite a few experimental studies available on this phenomenon, where it
has been found in a conclusive way that the cholesteric axis remains parallel to the
temperature gradient, so this orientation seems to be stable, and thus the irrevers-
ible energy dissipation rate is minimal.

We can consequently conclude that the orientation of the director relative to the
temperature gradient is consistent with the variational principle [1] even though the
coupling between the torque and the temperature gradient is quadratic rather than
linear and the system is inhomogeneous. However, the temperature gradient is
rather weak, so we still remain in the linear regime.

6. Effects of the thermostat

In the above simulations of shear flow and elongational flow, the velocity gradi-
ent does work on the system that is converted to heat, which must be removed in
order to keep the temperature constant and to maintain a steady state. In a real
macroscopic system, this takes place by heat conduction to the system boundaries
and this could in principle be arranged in a microscopic simulation cell as well.
Unfortunately, this is inconvenient because a temperature gradient of molecular
dimensions would make the system inhomogeneous, and thus make it difficult to
define the thermodynamic state. Therefore, the temperature is kept constant by
forcing the kinetic energy to be a constant of motion by applying a Gaussian
thermostat, see Eq. (5). This thermostat was originally devised independently by
Hoover et al. [32-34] and by Evans [22]. The equilibrium ensemble averages of the
phase functions and time correlation functions generated when this thermostat is
applied are essentially canonical [35]. Away from equilibrium, it can be shown that
the effect of the Gaussian thermostat on the ensemble averages is proportional to
the square of the external field, whereas the thermodynamic fluxes driven by the
field are directly proportional to the field in a linear transport process. Thus, the
corresponding linear transport coefficients that are equal to the ratio of the flux and
the field in the limit of zero field are independent of the thermostat. Therefore,
transport coefficients obtained from the simulations of shear flow and elongational
flow are independent of the thermostat since there is a linear relation between the
velocity gradient and the shear stress in the Newtonian regime and since we are
interested in the limit of zero velocity gradient. Neither is the correctness of the
variational principle affected by the thermostat since it is valid in the linear regime.

The situation is different in the heat flow simulations because here we actually
want a temperature gradient. This gradient is obtained by applying two bar ther-
mostats at different temperatures acting over a limited range and separated by a
distance that is long compared to this range, see Figure 7 and Eq. (14). Therefore,
the movements of only a small fraction of the molecules are affected by the ther-
mostats, whereas the movements of the majority of the molecules away from the
bar thermostats are governed by the ordinary Newtonian equations of motion.
Thus, it is reasonable to assume that the influence of the details of the thermostat on
the ensemble averages of the phase functions is limited in this case too.

7. Conclusion

The purpose of this work has been to test a recently proven variational princi-
ple according to which the irreversible energy dissipation rate is minimal in the
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linear regime of a nonequilibrium steady state. Therefore, we have reviewed
molecular dynamics simulations and experimental work on director orientation
phenomena in nematic liquid crystals and in cholesteric liquid crystals under
external dissipative fields such as velocity gradients and temperature gradients.
A general observation that we have made is that in all the examples studied, the
director of the liquid crystals seems to attain precisely that alignment angle
relative to the external dissipative field that minimizes the irreversible energy
dissipation rate.

In a nematic liquid crystal, the director orientation is in the first place deter-
mined by a mechanical stability criterion, namely, that the external torques acting
on the system must be zero at mechanical equilibrium. This makes it possible to
derive an exact relation between the alignment angle relative to the streamlines and
the viscosity coefficients in the linear or Newtonian regime of planar elongational
flow and of planar Couette flow. Both simulations and experimental measurements
imply that the irreversible energy dissipation rate is minimal at this mechanically
stable orientation.

It can be shown that the elongation direction is the stable orientation of flow
stable calamitic nematic liquid crystals undergoing elongational flow in the linear
regime. It can also be shown that the value of the energy dissipation rate is the same
in the contraction direction and in the elongation direction, and that this value is
either the maximal or the minimal value by using the linear phenomenological
relations between the strain rate and the pressure. Simulations of the calamitic soft
ellipsoid fluid have shown that the irreversible energy dissipation rate is minimal in
the elongation direction.

In calamitic nematic liquid crystals, the heat conductivity is larger in the direc-
tion parallel to the director than in the perpendicular direction, and the reverse is
true for discotic nematic liquid crystals. Thus, the irreversible energy dissipation
rate due to the heat flow depends on the angle between the director and the
temperature gradient. When a nematic liquid crystal is subjected to a temperature
gradient, a torque is exerted on the molecules. Due to symmetry, this torque must
be proportional to the square of the temperature gradient and it must be zero when
the director is parallel or perpendicular to this gradient.

In simulations of nematic phases of soft ellipsoids under a temperature gradient,
it turns out that the director of a calamitic nematic liquid crystal aligns perpendic-
ularly to the temperature gradient, whereas the director of a discotic nematic liquid
crystal attains the parallel orientation. In both cases, the irreversible energy dissi-
pation rate is minimal. These simulation results are probably supported by some
experimental measurements, but they are difficult to carry out in practice so they
are not fully conclusive.

Finally, one system where there is definitely a conclusive experimental evidence
for the fact that the director attains the orientation that minimizes the energy
dissipation rate due to a temperature gradient is the cholesteric liquid crystal. The
cholesteric axis of droplets of cholesteric liquid crystals orient parallel to a temper-
ature gradient and the director rotates. This is a well-established phenomenon
observed in studies of thermomechanical coupling, and since the heat conductivity
is lower in the direction of the cholesteric axis than in the perpendicular direction,
the energy dissipation rate is minimal in this case.

Thus, the director orientation relative to a temperature gradient also follows the
variational principle even though there is a quadratic coupling between the torque
and the temperature gradient. However, the temperature gradients are rather low
so we are still in the linear regime.
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A. Appendix 1: Relation between the pressure tensor, velocity gradient,
and viscosity coefficients

The relation between the velocity gradient, Vu, and the pressure tensor, P, is
more complicated in an axially symmetric system such as nematic liquid crystal
than in an isotropic fluid due to the lower symmetry. In order to derive the linear
phenomenological relations between the velocity gradient and the pressure, it is
appropriate to begin by identifying the thermodynamic forces and fluxes in the
expression for the irreversible entropy production [3, 4, 23, 36]:

1
T

o =

{P :Vu+2P*(1AV x u — Q) + (%Tr(P) —peq>V~u}, (A1)

where T is the absolute temperature, and u is the streaming velocity. The various
parts of the second rank tensor are denoted in the following manner: the symmetric
traceless part is given by A = V2(A + AT) — (1/3)Tr(A)1 and the pseudovector dual
of the antisymmetric part is denoted by A” = —Y2e:A = —Vae,5,A, 5, where ¢ is the
Levi-Civita tensor. Three pairs of thermodynamic forces and fluxes can be identi-
fied by inspection of the irreversible entropy production, namely, the symmetric
traceless pressure tensor and the traceless strain rate, P and Vu, the antisymmetric
pressure and the difference between the rotation and the director angular velocity,
P? and 74V x u — Q, and the difference between the trace of the pressure tensor and
the equilibrium pressure of a quiescent liquid crystal, and the trace of the strain
rate, (1/3)Tr(P) — p,, and V-u. Note that the strain rate is defined as

Y [Vu + (Vu)T} , and it is always symmetric. In a uniaxially symmetric nematic

liquid crystal, the relations between the pressure and the velocity gradient can be
deduced by symmetry arguments, and they can be expressed in a few different
equivalent ways [23, 36]. It has been found that a notation due to Hess [36] is the
most convenient one for deducing Green-Kubo relations and NEMD-algorithms:

(P) = —2yVu — jj;nn - Vu — 2ij;nn nn:Vu + 27,nn - & - (Y2V x u — Q) — (anV - u,

(A.2a)
) = LV xu-Q) ~ Ze: (- V), (A2b)

and
%(Tr(P» — Py = —MyV-u—knm:Vu, (A2¢)
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where the products involving the Levi-Civita tensor € are defined in the
following way: & : A = g443,A,3 and A - &- B = A,pe4,5Bs. The quantities 7, 7, and
i; are shear viscosities, 7, is the twist viscosity, 7y is the volume viscosity, 7, is
the cross coupling coefficient relating the difference between the rotation and
the director angular velocity, and the symmetric traceless pressure. According
to the Onsager reciprocity relations (ORR), this coefficient is equal to 7,/2, the
cross coupling coefficient relating the traceless strain rate and the antisymmet-
ric pressure. The trace of the strain rate and the symmetric traceless pressure
are related by the cross coupling coefficient, {, which, according to the ORR, is
equal to the cross coupling coefficient k between the traceless strain rate and
the difference between the trace of the pressure tensor and the equilibrium
pressure.

Application of a planar Couette velocity gradient, Vu = y e;e,, where y = d,u, is
the shear rate and fixation of the director in the zx-plane at an angle 6 relative to the
stream lines, see Figure 2, by application of an electric or a magnetic field gives the
following relations between the pressure tensor components and the strain rate in a
director based coordinate system (e;, €;, e3) where the director points in the e3-
direction:

(Pu) = (17 + %3) 7 sin 26, (A.3a)
(Pn) = % (71, + 713y sin 26, (A.3b)
(P) = - (n +hy 2'73—3) ysin20, (A30)
(Ps) = (n +ﬁ—61>ycos20+ﬁ2%, (A.3d)
and
2p5) = (ha) = —?1% - ?2% cos 26, (A.3e)

where 4, is the external torque density acting on the system. From these equa-
tions, it is apparent that the various elements of the pressure tensor are linear
functions of sin26 and cos 26, so the various viscosity coefficients can be evaluated
by fixing the director at a few different angles relative to the stream lines and
calculating the averages of the pressure tensor elements.

In a planar elongational flow [8, 26-28], where the elongation direction is paral-
lel to the x-axis, the contraction direction is parallel to the negative z-axis, and the
velocity field is equal to u = y(xe, — ze;), so that the velocity gradient becomes
Vu = y(e.e, — e;e;). Then the linear relations between the velocity gradient and the
pressure become the following in a director-based coordinate system (ey, e;, €3)
where the director points in the e;-direction, and 8 is the angle between the director
and the elongation direction or x-axis, e; = e, and e; = e; X e,

(Pr1) = 2 (’7 + %) ¥ cos 20, (A.4a)

2
(Pr) = 3 (0 +713)r cos 26, (A.4b)
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(Fs3) =2 (77 + % + 2’7—33) y cos 20, (A.4c)
Pxn) = (2n - '731) y sin20), (A.4d)

and
2(p3) = (Aa) = —7,rsin20. (A.4e)

If these expressions for the pressure tensor are inserted in the expression for
energy dissipation rate (A.1), we obtain

iy =P Va = — (3 (7 — Py 5in 20 — Py, cos20)
v
i, i (A2
=(n+ é+?3 sin %20 + ?2 cosZQ)yz,
for planar Couette flow and
Wiy = (4;7 + 2% + 27}, sin 220) a (A.6)

for planar elongational flow. The subscript y denotes that the average is evalu-
ated in a nonequilibrium ensemble at a finite shear rate.

B. Appendix 2: The Gay-Berne potential

In order to evaluate the above expressions for the irreversible work in shear
flow, elongational flow, and heat flow, we have simulated a coarse grained model
system composed of molecules interacting via a purely repulsive version of the
commonly used Gay-Berne potential [16, 17, 21],

18
~ N N N N o}
U(rp, @y, 0y) = 4, 0y, 1y) (1’12 " olin 31 @) T 60) s (A7)

where ri; = r, — r; is the distance vector from the center of mass of molecule 1
to the center of mass of molecule 2, r1, is the unit vector in the direction of ri3, 17 is
the length of the vector ry;, and @, and W, are the unit vectors parallel to the axes of
revolution of molecule 1 and molecule 2. The parameter oy is the length of the axis
perpendicular to the axis of revolution, that is, the minor axis of a calamitic ellipsoid
of revolution and the major axis of a discotic ellipsoid of revolution. The strength
and range parameters are given by

o R Y
e(f,0q,1y) = & {1 — (0 'uz)z}

N . N . . . N . 2 (A.8a
1 7 | (F -0 + 1 'uz)z (fr2-01 —T1p - 112)2 ( )
- = — + —
2 1+ ya;-a, 1—ya;-a

and
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JO, . a2 . . .27 12
1 2 |(F12 01 + 11 - ) (12 -y — T - 0y)
- A '~ ~ + ~ ~ >
2 1+t -ay 1—ya;-ay

o(f1,01,12) = 0 {
(A.8b)

where the parameter y is equal to (x* — 1) /(x> + 1) and « is the ratio of the
axis of revolution and the axis perpendicular to this axis, y’ is equal to

(K’ vz _ 1) / (K’ vy 1) and «’ is the ratio of the potential energy minima of the side

by side and end to end configurations of calamitic ellipsoids or the ratio of the edge-
to-edge and face-to-face configurations of discotic ellipsoids, and &y denotes the
depth of the potential minimum in the cross configuration, where f1,, @1, and @, are
perpendicular to each other. The parameters x and x’ have been given the values 3
and 5, respectively, for the calamitic ellipsoids and 1/3 and 1/5 for the discotic
ellipsoids.

The denominators in Eqs. (A.8a) and (A.8b) are never equal to zero because the
absolute value of the scalar product @, - @, is less than or equal to one since @, and
U, are unit vectors, and the absolute values of the parameters y and 5’ are less than
one. The ordinary Lennard-Jones potential is recovered in the limit when x and ’ go
to one. Note that, the potential is purely repulsive, so there are no potential minima
but the value of ¥’ optimized for the attractive Gay-Berne potential has been
retained. The transport properties of this system of purely repulsive soft ellipsoids
are similar to those of a system where the molecules interact according to the
conventional Gay-Berne potential with attraction as well, so the results are still
relevant.
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Chapter 6

Equilibrium and Nonequilibrium
Hydrodynamic Modes of a
Nematic Liquid Crystal

Jorge Fernando Camacho and Rosalio Fernando Rodriguez

Abstract

We use a fluctuating hydrodynamics (FH) approach to study the fluctuations of
the hydrodynamic variables of a thermotropic nematic liquid crystal (NLC) in a
nonequilibrium steady state (INESS). This NESS is produced by an externally
imposed temperature gradient and a uniform gravity field. We calculate analytically
the equilibrium and nonequilibrium seven modes of the NLC in this NESS. These
modes consist of a pair of sound modes, one orientation mode of the director and
two visco-heat modes formed by the coupling of the shear and thermal modes. We
find that the nonequilibrium effects produced by the external gradients only affect
the longitudinal modes. The analytic expressions for the visco-heat modes show
explicitly how the heat and shear modes of the NLC are coupled. We show that they
may become propagative, a feature that also occurs in the simple fluid and suggests
the realization of new experiments. We show that in equilibrium and in the isotro-
pic limit of the NLC, our modes reduce to well-known results in the literature. For
the NESS considered, we point out the differences between our modes and those
reported by other authors. We close the chapter by proposing the calculation of
other physical quantities that lend themselves to a more direct comparison with
possible experiments for this system.

Keywords: fluctuating hydrodynamics, nonequilibrium fluctuations,
hydrodynamic modes, thermotropic nematic liquid crystals

1. Introduction

When a fluid is in thermodynamic equilibrium, its state variables always present
spontaneous microscopic fluctuations due to the thermal excitations of its mole-
cules, producing deviations around the state of equilibrium. The theory of fluctua-
tions for fluids in states close to equilibrium was initiated long ago by Einstein and
Onsager, and it has been reformulated in several but equivalent ways. The first
more systematic approach to introduce thermal fluctuations into the hydrodynamic
equations was the fluctuating hydrodynamics (FH) of Landau and Lifshitz [1, 2].

It stems from the idea that the hydrodynamic equations are valid for any flow,
including fluctuating changes in its state. Accordingly, stochastic currents are
incorporated into the deterministic energy and momentum fluxes by adding fluctu-
ating sources. This theory was put on a firm basis within the framework of the
general theory of stationary Gaussian Markov processes by Fox and Uhlenbeck [3-5].
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This approach has matched the theory of Onsager and Machlup with that of Landau
and Lifshitz for systems where the basic state variables do not possess a definite
time reversal symmetry [6, 7]. However, in spite of the fact that the theory of
fluctuations for nonequilibrium fluids was initiated in the late 1970s, and was
pursued by many authors [8], still nowadays several questions concerning the
nature of hydrodynamic fluctuations in stationary nonequilibrium states (INESS)
are of current active interest. One of these issues is the long-range character of
these fluctuations, especially far away from instability points [9]. Thermal fluctua-
tions in an equilibrium fluid always give rise to short-range equal time correlation
functions, except close to a critical point. But when external gradients are applied,
equal-time correlation functions can develop long-range contributions, whose
nature is very different from those in equilibrium. For many models and systems
in nonequilibrium states, it has been shown theoretically that the existence of the
so-called generic scale invariance is the origin of the long-range nature of the
correlation functions [10, 11].

In the case of a simple fluid in a thermal gradient, the structure factor, which

determines the intensity of the Rayleigh scattering, diverges as & * for small values
of the wave number k. This amounts to an algebraic decay of the density-density
correlation function, a feature that has been verified experimentally [12-14]. How-
ever, there are few similar studies for NESS of complex fluids. Among these, the
enhancement of concentration fluctuations in polymer solutions under external
hydrodynamic and electric fields [15], or the case of a polymer solution subjected to
a stationary temperature gradient in the absence of any flow [16], has been
discussed. Also, the behavior of fluctuations about some NESS has been analyzed in
the case of thermotropic nematic liquid crystals. Specific examples are the
nonequilibrium situations generated by a static temperature gradient [17], a sta-
tionary shear flow [18] or by an externally imposed constant pressure gradient

[19, 20]. In the first two cases, it was found that the nonequilibrium contributions
to the corresponding light scattering spectrum were small, but in the case of a
Poiseuille flow induced by an external pressure gradient, the effect may be quite
large. To our knowledge, however, at present, there is no experimental confirma-
tion of these effects, in spite of the fact that for nematics, the scattered intensity is
several orders of magnitude larger than for ordinary simple fluids.

When a hydrodynamic system relaxes from a state of thermodynamic equilib-
rium to another, almost all its degrees of freedom will return to that equilibrium
value in a short, finite time ¢ determined by the microscopic interactions of the
system. There are, however, some other degrees of freedom of collective character,
the hydrodynamic modes, which will decay much more slowly. When 7 — oo, its
characteristic frequencies @ — 0 (w ~ 1/7), when k — 0. Such is the case, for
example, of the propagation of sound waves and the conduction of heat in a simple
fluid [21]. Hydrodynamics allows to describe these modes or degrees of freedom of
greater duration, through the laws of conservation and balance of the system, and,
as in the case of ordered systems, by the continuous breaking of symmetries
[22, 23].

The central purpose of this work is to briefly review the general procedure
developed by Fox and Uhlenbeck and show that it may be employed to treat
fluctuating complex fluid systems like a thermotropic nematic liquid crystal (INLC)
in a NESS. In particular, we describe the dynamics of the fluctuations of its hydro-
dynamic variables induced by a stationary temperature gradient and under the
influence of gravity (a Rayleigh-Bénard system) on a nematic layer confined
between two parallel horizontal plates in a steady state in a nonconvective
regime [24-26]. Once the dynamics of fluctuation is established, we calculate the
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time-dependent correlation functions in equilibrium between the fluctuating
hydrodynamic variables, quantities that allow to obtain the transport properties of

the system [27, 28]. One of these properties is the dynamic structure factor S (%, a))

of the system, which measures the magnitude of the changes in energy and
momentum between the light beam and the fluid as functions of the wave vector §

and w.

For simple fluids with fixed E, S (E, a)) consists of three well-separated

Lorentzian features: a line or central peak (Rayleigh peak) located at @ = 0 and two
Brillouin peaks symmetrically located with respect to the central one [29, 30]. These
three lines are directly related to the hydrodynamic modes of the simple fluid, and
from them, it is possible to obtain relevant information about transport properties.
For instance, the Rayleigh line, associated with a thermal diffusive mode, is due to
the fluctuations of the entropy (or temperature) that diffuse in the fluid and its
width is proportional to the thermal diffusivity. On the other hand, the Brillouin
lines are related to two acoustic propagative modes and are the result of the coupled
dynamics of the pressure fluctuations and a component of the flow velocity that are
transmitted with the speed of sound in the medium. Their widths are proportional
to the absorption of sound.

In the case of an anisotropic system like a NLC, fluctuating hydrodynamic
theories have recently been proposed [22, 31] based on the methodology proposed
by Landau and Lifshitz [1]. However, this analysis of the fluctuations of the nematic
hydrodynamic variables is not precise, since it does not take into account the parity
with respect to time reversal, so their description using the Onsager-Machlup for-
malism would be strictly inadequate. The correct theoretical framework should be
the more general theory of Fox and Uhlenbeck [3-5, 20, 24]. However, although a
NLC disperses light by several orders of magnitude more than an ordinary fluid
[32], from both a theoretical and experimental point of view, the studies
corresponding to the behavior of the fluctuations in these media around stationary
states out of equilibrium are rather scarce. From the theoretical point of view, and
only for the case of the transverse hydrodynamic variables [33], some studies of the
behavior of orientational fluctuations have been carried out when analyzing the
effect produced in the light scattering spectrum of a NLC in NESS induced by the
presence of uniform temperature gradients [17] and by the action of a shear flow
[18]. In both cases, it has been found that the effect of fluctuations in the light
scattering spectrum is small, being difficult to detect experimentally. On the other
hand, as far as we know, no theoretical study has been carried out on the behavior
of the longitudinal variables of a nematic and much less on its spectrum of light
scattering, both in states of thermodynamic equilibrium and outside of it. This is an
open research topic. Nor have been performed analyzes of stationary states gener-
ated by other types of external gradients in these systems, with which could be
obtained qualitatively and quantitatively much greater effects than those reported
so far in the literature for simple fluids. It should be mentioned that although
preliminary attempts have been made to calculate the transverse hydrodynamic
modes of a nematic [34, 35], there are few studies that also involve the
corresponding longitudinal modes [31]. Unfortunately, a clear and systematic
method to derive the set of complete, transverse, and longitudinal hydrodynamic
modes of a NLC is still lacking.

By introducing an alternative set of state variables that takes into account the
asymmetry presented by both, the velocity and the director fields due by their
mutual coupling, two groups of fluctuating variables, namely, longitudinal and
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transverse, can be clearly identified. Both set of variables are completely decoupled:
there are five in the first and two in the second group. The longitudinal variables in
turn can be separated into two mutually independent sets. The first is composed of
two variables whose dynamics determine the existence of acoustic propagation
modes; while the second, formed by three variables, giving rise to three hydrody-
namic modes: one related to the orientation of the director and two more, the so-
called visco-heat modes, that result from the coupling of the thermal diffusive and
shear modes due by the presence of the gradient thermal and the gravitational field.
As will be discussed later on, from the set of transverse variables, two hydrody-
namic modes emerge: one due to the orientation of the director and another one
due to shearing. Altogether, there are seven nematic hydrodynamic modes: five
longitudinal and two transversal. As will be shown below, the applied gradient of
temperature and gravitational field produce their greatest effect in the pair of visco-
heat modes, which is quantified in them by means of the Rayleigh quotient R/R,,
where R is the number of Rayleigh and R, the value that it reaches when in the
nematic initiates the convection.

2. Liquid crystalline phases

The liquid crystal phase is a well-defined and specific phase of matter
characterized by a remarkable anisotropy in many of their physical properties as
solid crystals do, although they are able to flow. Liquid crystal phases that undergo a
phase transition as a function of temperature (thermotropics) exist in relatively
small intervals of temperature lying between solid crystals and isotropic liquids.
Due to this intermediate nature, sometimes, these states are called also mesophases
[32]. In general, liquid crystals are synthesized from organic molecules, some of
which are elongated and uniaxial, so they can be represented as rigid rods; others
are formed by disc-like molecules [35]. This molecular anisotropy is manifested
macroscopically through the anisotropy of the mechanical, optical, and transport
properties of these substances. The typical dimensions of the lengths of this type of
structures are some tens of angstroms.

Liquid crystals are classified by symmetry. As it is well known, isotropic liquids
with spherically symmetric molecules are invariant under rotational, O(3), and

|\‘ ii
\
f\;‘

Vi

Figure 1.
Representation of the average ovientation of the molecules of a thermotropic NLC by means of the director
vector 7.
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translational, T(3), transformations. Thus, the group of symmetries of an isotropic
liquid is O(3) x T'(3). However, by decreasing the temperature of these liquids,
the translational symmetry T'(3) is usually broken corresponding to the isotropic
liquid-solid transition. In contrast, for a liquid formed by anisotropic molecules,
by diminishing the temperature, the rotational symmetry O(3) is broken, which
leads to the appearance of a liquid crystal. The mesophases for which only the
rotational invariance has been broken are called nematics. As shown, the centers
of mass of the molecules of a nematic have arbitrary positions, whereas the
principal axes of their molecules are spontaneously oriented along a preferred
direction. If the temperature decreases even more, the symmetry T'(3) is also
partially broken. The mesophases exhibiting the translational symmetry T'(2) are
called smectics [36].

This preferential direction is described by a local unitary vector field, 7, called
the director. This vector is easily distorted by the presence of electric and magnetic
fields, as well as by the surfaces of the containers of the liquid crystals if they have
been prepared properly [32]. With respect to NLC, it is important to point out that
the director’s orientation does not distinguish between the 7 and —7 directions
(nematic symmetry). A schematic representation of the order presented by the
molecules in a nematic is shown in Figure 1.

3. Model

Consider a NLC thin layer of thickness d under the presence of a constant

gravitational field ¢ = —g2, where g denotes its magnitude and 2 the unit vector
along the z axis. The initial configuration of the layer is homeotropic with a prefer-
ential orientation 7 along the 2 axis, as depicted in Figure 2. The nematic is
confined between two parallel flat plates kept at fixed temperatures T; and T,

(T1 <T,), so that a uniform temperature gradient V,T = —az is established down-
ward in the layer. The situation where the temperature gradient goes from bottom
to top can also be considered, and in this case, V,T = a%. The gravitational force
induces a pressure gradient, V,p = —pgz, where p is the mass density.

A

Figure 2.

The NLC cell subject to a constant gravitational field g and an external uniform temperatuve gradient VT. k is
the scattering vector.

149



Non-Equilibrium Particle Dynamics

3.1 Stationary state

The external gradients drive the nematic layer into a nonequilibrium steady
state. We shall assume that the temperature difference T; — T, amounts only to a
few degrees, so that there are no nematic layer flows (v‘z‘t = 0) , nor instabilities of
the Rayleigh-Bénard type. In this NESS, we choose as the nematodynamic variables

the set ¥ = {p,s,v;,n; }, wheres (77 t) is the specific entropy density (entropy per

unit mass), the hydrodynamic velocity is v; (7, t) and #; (7, t) is the director field.

It is to be expected that in this steady state, the changes in ¥ will only occur in the
z direction, so that ¥* = ¥[p(z), T(z)], where p is the local pressure. We assume that
W admits an expansion of the Taylor series around an equilibrium state (T,p,) at
zo = 0, and we consider only first-order terms in the gradients. Thus, by setting the
values of the temperature at the plates, Ty = T(z = —d/2) and T, = T'(z = d/2), the
steady temperature profile is completely determined by:

ar a
T =T(2) =To+ z=To[1- —2), 1
@) =To+ %z =To(1- 1) @

where To = T%(z = 0) = (T1 + T2)/d and a = AT /d, with AT =T, — T,. In
what follows, we shall only consider Ty~3 x 102K, and it will be convenient to
introduce the effective temperature gradient V,T*" = X% as [37],

X=-a —|—‘@, (2)
Cp
which contains explicitly the contributions of both external forces. In Eq. (2), ¢,
is the specific heat at constant pressure, f is the thermal expansion coefficient,
which satisfies the relationship > = (y — 1)c,/Toc?, where ¢ is the adiabatic sound
velocity in the nematic, y = ¢, /¢, = ¢?/c%,, being ¢, the specific heat at constant
volume and cr the isothermic sound velocity in the nematic.

4. Nematodynamic equations

The geometry of the proposed model allows us to separate the hydrodynamic
variables into transverse (T') and longitudinal (L) variables with respect to 7

and E, [33]. The former set is ¥7 (7, t) = {vy, 1y}, while the latter reads
pl (7, t) = {p,v,,v;,5,1, }. We want to describe the stochastic dynamics of the

spontaneous thermal deviations (fluctuations) 6¥ (7, t) = ‘I’(?, t) — ¥ around the

above defined stationary state. A complete set of stochastic equations for the space-
time evolution of the fluctuations is obtained by linearizing the general
nematodynamic equations [20, 22, 24], and by using the FH formalism. This
starting set of equations is given explicitly by Egs. (19)-(22) in Ref. [25]. However,
since for the nematic mesophase, the rotational invariance has been broken, it is
convenient to rewrite these nematodynamic equations in a representation which
takes into account that a symmetry breaking has occurred along the z axis.

In order to take into account the effect of the intrinsic anisotropy of the fluid in
the dynamics of the fluctuations, as well as to facilitate the calculation of the
nematic modes and the spectrum of light scattering, it is convenient to introduce a
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new state variables. In the case of the present model, owing to the initial orientation
of the director 7Y, the NLC exhibits several symmetries: rotational invariances
around the z axis, symmetry under inversions with respect to both, the xy plane and
with respect to reflections on planes containing the z axis. A proper set of variables
for this purpose was proposed long ago [38, 39], in terms of the variables

{ép,&p, 8, 6, 6f 1, 0y, 6fz}, defined in detail in Egs. (6)-(10) in Ref. [26] (or

Egs. (53)—(57) in [25]). In this new representation, the complete set of stochastic
hydrodynamic equations for the fluctuations takes an alternative form given by
Egs. (11)-(17) in Ref. [26] (or Egs. (58)-(64) in [25]). The matrix representation of
the Fourier transformation of this set of equations is given by:

%5}? (E,t) — _MsX (E,t)+ ) (Z,t), 3)

where § X (Et) = (6)?L,5)?T)t with 6X* <E,t) = (6?,5&,55, 5E,c3f~l)t and
8XT (E, t) = (61/7, 5f~2)t The superscript ¢ denotes the transpose, while L and T

indicate, respectively, the longitudinal and transverse sets of variables. In Eq. (3), M
stands for a 7 x 7 hydrodynamic matrix which is diagonal in the 5 x 5 N* and the

2 x 2 NT blocks. The explicit form of these matrices is not necessary in our discus-
sion; however, they are given explicitly by Egs. (21) and (22) in Ref. [26] (see also

Egs. (72) and (73) in Ref. [25]). The stochastic terms, 6 (E,t), in Eq. (3) are given

— = — — t
by the column vector @ (k ) t) = (@L, @T> which explicit form of its components

can be found in Egs. (32) and (33) in Ref. [26] (or Egs. (84) and (85) of Ref. [25]). It
is important to emphasize that as a consequence of this change of representation, in
this last system, it can be clearly seen how the nematic variables are separated in

two sets completely independent: the five longitudinal {5?, 5,85, 68, 6f~1} and the

two transverse {61/7, &, }
However, in order to facilitate the calculation of the hydrodynamic modes, we

define a new set of variables having the same dimensionality, [527 (E, t)} =

MLY% = 1,.., 721 = (poc?) 265, 22 = (pok )63, 23 = (pOTocp_1>1/ '3,

12 12 12 12 &
24 = (pok™*) 708, 25 = (pock*) " "5 1,26 = (pok 2) " 0%, 27 = (poc2k ) 8f,. In
terms of these new variables, the system of equations (3) is rewritten in the more
compact form as:

Ly (Z,t) - _NZ (E,t)+ E (Z,t), (4)

where Z (g,t) = (EL,ET)twich_L (E,t) = (21,22,23,24,%5) and

Al (?, t) = (z6,27)t. In Eq. (4), N stands for a 7 x 7 hydrodynamic matrix which is

diagonal in the 5 x 5 N* and the 2 x 2 N7 blocks. Again, the explicit form of these
matrices is not necessary in our discussion, but they are given explicitly by
Egs. (39)-(41) in Ref. [26] (see also Egs. (94)-(96) in [25]). In Eq. (4),

— — — t
(k , t) = (EL, ET) is the stochastic term, composed by the longitudinal

[

1|

L (E,t) = (&1,85,83,84,¢5)" and transverse g7 (E,t) = (&6, )" noise vectors. The
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explicit form of the components ,,, m = 1...7, as well as their fluctuation-
dissipation relations (FDR), can be found in Eqs. (169)-(175) and Egs. (176)-(186),
respectively, in Appendix A of [25].

5. Hydrodynamic modes

In order to find the hydrodynamic modes, or decay rates [37], we need the
Fourier transform of the linear system (4), which yields an algebraic system of

equations in terms of the variables k and o. The hydrodynamic modes are obtained
by calculating its eigenvalues 4 = i, given by the roots of the characteristic equa-
tion p(1) = p*(1)pT (1) = 0, where pL(4) and pT(4) are the characteristic polyno-
mials of fifth and second order in 1 of the matrices N* and N7, respectively. These
roots are calculated below.

5.1 Longitudinal modes

Following the method proposed by [13] for a simple fluid, it can be shown that
longitudinal variables can be separated in turn and within a very good approxima-

L
tion, into two completely independent sets of variables, Z, = (z1,22)" and
_L
Zy = (23,24,%s)', as it is shown in the Subsection 3.1 of Ref. [25], or in more detail in

[24]. This approximation allows us to rewrite the characteristic polynomial of
longitudinal variables as p’ (1) = p% ()pLy (1). It should be mentioned that p%, (1)
and pk (1) are polynomials of second and third degree in 4, and explicitly are given
by the Egs. (44) and (45) in Ref. [26] (or Egs. (117) and (118) in [25]).

While there is no analytical difficulty to solve the quadratic and cubic equations
phy(2) and pky (2), the explicit form of their exact roots can be quite complicated.
However, it is possible to estimate them following a procedure based partially on a
method suggested in Ref. [40], which allows to identify the following quantities in
the equation for pf,y(/l), namely, (y — 1)DTk2, o1k?, kzcsz and gzkﬁ / (cszkz). They
depend on the anisotropic coefficients of diffusivity Dr and on the viscosity o1. The
former quantity is a function of the parallel ; and perpendicular ¥, components of
thermal diffusivity, while the latter depends on the nematic viscosity coefficients
v (i=1,...,5) (see Egs. (23) and (24) in Ref. [26], or Egs. (74) and (75) in [25]). In
the same way, in the equation for p%, (1), the following quantities can be identified,
gap %, 2Xp ]Z—; Drk?, Q;(,Zkz, o3k, I;—llkz, %f’k“, which depend on the anisotropic
coefficients of viscosity o3, of elasticity K;, symmetry Q (see, respectively,

Egs. (26), (28), and (30) in [26]), as well as the anisotropy y, = y; — v, and the

torsional viscous coefficient y;. We now compare all these quantities with @ = ¢k,
by introducing the (small) reduced dimensionless quantities:

2
a0 :gaﬂﬁ a :gxﬂﬁ 4 = gzk” L= Drk? - Q)(ukz
wz k2’ 0 wz k2’ 0 azcgkz’ @ > 1 @ > (5)
2 2 2 2 4
O'1k 63k I(]k Q I([k
BH=——,> B=E—, AGB=""—", 6=""—"75 -
w 141 Pow

The relevant point for our purpose is to realize that for most nematics at ambient
temperatures, p, and Q are of order of magnitude 1, y; ~ 1072, y; and v; are of order
1072-1073, K; ~ 107°-107, while  ~ 10~* [32]. If we consider that & <1 and
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g ~ 10°, and knowing that in a typical light scattering experiments £ = 10°cm ' and
¢, = 1.5 x 10°cms™? [41], the quantities given in Eq. (5) have the following orders of
magnitude: ag ~ 107!, ay ~ 107!, aj ~ 1072, a1 ~ 1073, 4] ~ 1073, 4, ~ 1072,

a3 ~ 1072, a5 ~ 107 and a¢ ~ 107°. We now follow the method of Ref. [40] and
the solutions of the polynomial p%, (1) may be obtained by a perturbation approxi-
mation in terms of these small quantities. However, in what follows, we improve
this approximation by using its exact roots and by expressing them in terms of the
reduced quantities (Eq. (5)) of order k* [24].

5.1.1 Sound longitudinal modes

They are the roots of the characteristic equation pk, (1) = 0. Its roots are com-
plex conjugate and are given by (see Eqs. (47) and (48) in [26], or Egs. (128) and
(129) in [25]):

=Tk +ick, Jy~Tk*—ick, (6)

where I' = 3 [(y — 1)Dr + 61] is the anisotropic sound attenuation coefficient
of the NLC. This result shows that the sound propagation modes, 1; and 4,, are
in complete agreement with those already reported in the literature for NLC
[31, 34].

5.1.2 Visco-heat and divector longitudinal modes

These modes are the roots of the characteristic equation p%, (1) = 0. In Ref. [26]
(or in [25]), it is shown that, up to first order in the small quantities (Eq. (5)), these
roots can be written approximately as:

1
/13,4 == (DTkz + 63k2

2
2
Q%K k* R
l)Tk2 + USkz - Ikz - 4DTk203k2 (1 — —),
p063k R

B QK k*
PoO 3k’

+
N =

and

Kik* QXK k*
/15 >~

+— (8)
141 ,0003]€2

with

R(z) gple, {X +

- +Dr)|, 9

where k% = k2 /k>. In Eq. (7), R = ﬂgi—ff is the Rayleigh number and R, denotes
its critical value above which convection sets in. It should be emphasized that our
results are expressed in terms of the ratio R (%) /R and are, therefore, independent

of the value of the separation d between the plates. However, the appropriate value
of d in an experiment should be chosen with an experimental criterion [42].
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The Rayleigh-number ratio R (k) /R, contains two contributions: the first term is

due to the presence of the effective temperature gradient X, which depends on
both, the temperature gradient « and the gravity field g. The second term is entirely
a contribution due to a and the nematic anisotropy y, . For typical nematics and
conventional light scattering experiments, both contributions are approximately of
order 10716

The decay rates 13 and A4 for an inhomogeneous nematic given by Eq. (7) are
called visco-heat modes, because they are composed of the coupling between the

thermal Drk? and shear o3k* — iﬂ% diffusive modes through the ratio R (E) /R..
000

The nature of these modes may be propagative or diffuse, as will be shown below.

5.1.3 Values of R (%) /Re

The three nematic modes (7) and (8) could be two propagative and one diffu-
sive, or all of them completely diffusive; its nature depends on the values assumed

by the ratio R (E) /R.. For simple fluids, these features have been predicted theo-

retically and corroborated experimentally, but to our knowledge, not for an NLC. In
this sense, the following results suggest that it might be feasible to be also verified
experimentally for nematics.

5.1.3.1 Propagative and diffusive modes

If we take into account the orders of magnitude of the small quantities (Eq. (5)),
the nematic modes (7) and (8) in general are real and different. Nevertheless, it
may happen that these modes may be transformed into one real and two complex

conjugate roots. This occurs if R (Z) /R: <Ry, where

po -58) -] i~

- 4DT63 ’

which is always negative. Thus, if we consider the orders of magnitude of the
involved quantities and typical light scattering experiment values of k, Drk* ~ 107,
63k2 ~ 108, and QZII);UM ~ 10", then Ry = —10' and the visco-heat modes, Eq. (7),

will be propagative when R (E) /R. < — 10", This situation corresponds to the

propagation region indicated in Figure 3. The decay rate 15, Eq. (8), remains to be
real. It is worth emphasizing that this case corresponds to overstabilized states,
where out of the three decay rates, two are propagative visco-heat modes and the
other one is completely diffusive. According to Eq. (9), this occurs if the
contained in the effective temperature gradient X changes its sign and increases by
several orders of magnitude, situation that may be achieved by reversing the direc-
tion in which the temperature gradient is applied, i. e., when heating from below,
and by increasing its intensity. As far as we know, there are no theoretical analyses
nor experimental evidence for the existence of visco-heat propagating modes in
NLC under the presence of a temperature gradient and a uniform gravitational
field. Given that in simple fluids, under these conditions, there are analytical

[8, 37, 38] and experimental [43] studies that support the presence of visco-heat
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Figure 3.
The real part of the nematic visco-heat modes A3 and A4 as a function of the Rayleigh ratio R (;) /Rc. When

R (E) /R: <Ro, both modes are propagative; if Ro <R (E) /Rc <1, both are completely diffusive. For
R (E) /R: = Ry, both modes are equal. In equilibrium, R(;) /R = 0, and the onset of convection occurs for
R(E) /R =1

propagation modes, this prediction suggests that it may be worth to design experi-
ments to corroborate this phenomenon for nematics.

5.1.3.2 Pure diffusive modes

When Ry <R (E) /R; <1, the two visco-heat modes preserve the same form as in

Eq. (7) and the other one remains identical to Eq. (8), but all are real and completely
diffusive. In this regime, the following cases are of special interest. For instance, if

R (%) /R:. = Ry, then the visco-heat modes (7) reach the same value, and conse-

quently, the three decay rates are:

1 Q2K k*
Mg == <DTk2 + o3k” — —’2) (11)
2 poosk

and /s, that takes the same form as in Eq. (8). These visco-heat modes are
identified at the vertex of the parabola in Figure 3.
QK
P03

Since for nematics, 63 — is usually greater than Dr, it can be seen from

Eq. (7) that,as R (%) /R. grows and approaches 1, the magnitude of the heat diffu-
sive mode decreases, whereas the one of the shear mode increases. At the onset of
convections regime, R (E) /R. =1, 1. e., when R reaches its critical value R, and the

two visco-heat modes (7) are simplified to:
A3=0, (12)

Q2K k*

ﬂ4 = DTk2 + 63]€2 — 3
poosk

(13)

155



Non-Equilibrium Particle Dynamics

while the third, 45, is identical to Eq. (8). This behavior for the decay rates 13
and /4 is also shown in Figure 3.

It should be noted that our expressions for these three decay rates are not in
agreement with those reported for an NLC in the literature [44, 45]. In these works,
the director mode tends to zero, the shear mode does not change and there is an
additional mode which is the sum of the thermal and director modes. In contrast,
we have found that the thermal mode 13 vanishes, the director mode 45 is virtually
unchanged, while 14 has contributions from the thermal and shear diffusive modes.
We know that this phenomenon also occurs in the simple fluid, where there are two
diffusive modes, the thermal mode also vanishes and the other one has contribu-
tions from the shear and thermal modes. In other words, our results reduce to the
corresponding one for a simple fluid as R reaches its critical value R.. Because for a
simple fluid, these features have been predicted theoretically, our results suggest
that it might be feasible to verify them experimentally also for nematics [8, 37, 38].

5.2 Transverse modes

As mentioned earlier, p”(4) is the characteristic polynomial of second order in 1
of the matrix N”. The corresponding transverse hydrodynamic modes are the roots
of this equation pT (1) = 0.

5.2.1 Shear and director transverse modes

Accordingly, the shear and director transverse modes are the roots of p” (1) = 0,
and are given by Eq. (63) in Ref. [26] (or by Eq. (157) in [25]). Following again
the approximate method of small quantities used previously, the quantities o4,
Kyk?/y, and 2, K szkﬁ /po> may be identified in this equation. In terms of them, we
have another set of anisotropic coefficients given by the viscosity o4, the elasticity
Ki1, and symmetry A, (see, respectively, Egs. (27), (29), and (31) in [26]). We also
define the small or reduced dimensionless quantities, analogous to those defined in

2 2 2
ok’ 1 — Kygk* 1 A Kug2.2 P
o as =" ag = o k k”, where again @ = ¢;k. It should

Eq. (5), namely, a4 =
be noted that the viscous coefficient 64 only depends on the viscous coefficients 15,
v3, while the elastic coefficient Kj; depends on the two Frank elastic constants K
and K3. Since for typical nematics 1, ~ 1, y; ~ 107%, 64 ~ 1072, Ky ~ 107° [32],
and also by taking into account that ¢, ~ 10°, k ~ 10°, g~ 103, the quantities a4, ag
and a; have the orders of magnitude a4 ~ 1072, ag ~ 1072, and ag ~ 107°.
According to Egs. (64) and (65) in Ref. [26] (or Eqgs. (167) and (168) in [25]), up to
first order in such small amounts, these two roots can be written as:

P Kyk’k; b Kik® P Kyk’k;

/16 = 04k2 -
pooak? 71 pooak’

(14)

It should be noted that these shear and director diffusive transverse modes also
match completely with those already reported for nematics [22, 31, 32].

6. The equilibrium and simple fluid limits

From the hydrodynamic modes calculated for an NLC in a NESS determined by
a Rayleigh-Bénard system, it is possible to obtain, as limit cases, the corresponding
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modes of a nematic in the state of equilibrium and those of a simple fluid under the
same nonequilibrium regime. Both situations are of physical interest and are
discussed below.

6.1 Nematic in equilibrium

It has been found that for an NLC in a NESS, the effects of the external gradients
a and g are only manifested in the coupling of the thermal diffusive and shear
longitudinal modes, which gives rise to the visco-heat modes 13 4 indicated, respec-
tively, by means of Eq. (7). If the nematic layer is in a state of homogeneous
thermodynamic equilibrium, ¢ = 0 and a = 0, and therefore X = 0 and

R (E) /R = 0. Thus, the hydrodynamic modes of a nematic, in the state of equilib-

rium (denoted by the superscript ¢), are composed of five longitudinal and two
transverse modes. The longitudinal modes are integrated by the two acoustic prop-
agatives 1] and 4§ given by Eq. (6); as well as by the three diffusives, which consist
of one thermal:

¥ = Drk?, (15)
another of shear:
Q2K k?
1 = og? - TKE (16)
Po03

and one more of the director, 45, which is the same as Eq. (8). The longitudinal
diffusive modes (15) and (16) are obtained precisely from Eq. (7), since in this, the
Rayleigh ratio, given by Eq. (9), is zero if @ and g vanish. Moreover, the pair of
transverse modes consist of the shear and director modes Ag and 45 which are equal
to the Eq. (14). It is necessary to mention that the decay rates 4; (i = 1...7) are well
known in the literature [22, 31, 46]. Note that 4} and 4} are shown in the middle part
of Figure 3.

6.2 Simple fluid in a Rayleigh-Bénard system

Given that in the isotropic limit (simple fluid limit), the degree of nematic order
goes to zero, 7; is no longer a hydrodynamic variable, and the elastic constants K;
(for i =1, 2, 3) and the kinetic parameters y;, 4 vanish. Also, y, and ) are reduced
to the coefficient of thermal diffusivity y and y, = 0. On the other hand, the
nematic viscosities are reduced in the following way: v1 — n, v, — 1, v3 — 1,
vy — C+ %17, Vs — — %11 + ¢, where 7 and { denote, respectively, the shear and
volumetric viscosities of the simple fluid. As a result, from Egs. (23)-(31) in Ref.
[26] (or Egs. (74)-(82) in [25]), it follows that in the isotropic limit Dr — ,

o1 — /)lo (n+¢), 00— 0,03 — v, 64 — v, where v = n/p, is the kinematic viscosity,
whereas K; — 0, Ky — 0, and Q — 0. Consequently, by making the identifications
indicated above, the corresponding hydrodynamic modes of a simple fluid can be
obtained when it is in a Rayleigh-Bénard system. Thus, according to Eq. (6), a
simple fluid has the two acoustic propagative modes:

=Tk +ick, Jdy~T'k? —ick, (17)
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where ¢, corresponds to the adiabatic velocity of the sound in this medium and

r=1 [(y -1y +2+ (%;7 + ()} is the corresponding coefficient of sound attenuation.

Po

On the other hand, according to the Eq. (7), the longitudinal visco-heat modes are:

1 1 R
A3 4 3 (r + u)kzii \/(){ +0)%k* — 4k <1 - E) . (18)

In the isotropic limit of the simple fluid, s = 4; = 0, so that, according to the
Eq. (14), the only transverse mode of this substance in a Rayleigh-Bénard system is:

d = Uk2. (19)
In Eq. (18), the ratio R(E) /R. is defined as:

R(k) gk
R, - )(vk4 ’

(20)

which, in this limit case, can be derived from Eq. (9). It should be pointed out
that Eq. (20) coincides with the Eq. (2.21) of reference [37]. The modes (17)-(19)
are in complete concordance with those analytically calculated in [8, 37, 38].

Moreover, if in the coefficient matrix M of the stochastic system given by
Eq. (20) in Ref. [26], the simple fluid limit is taken, it reduces to a matrix that is a
generalization of the one given by the Eq. (6) in [38]. Additionally, if in the
corresponding matrix M found for the simple fluid, the equilibrium limit is now
considered, i. e., when a and g vanish, the resulting matrix is also reduced to that

given by Eq. (4) of [38].
6.2.1 Values ofR(;) /R¢

The two visco-heat mode, as in the nematic, could be propagative or diffusive.
These characteristics depend on the values assumed by the ratio R (E) /R.. For

simple fluids, these have been predicted theoretically and corroborated experimen-
tally.

6.2.1.1 Propagative modes

IfR (;) /R: <Ro, where Ry = —(v —;()2/(4;(1/) < 0, the visco-heat modes (18)

will be propagative. According to Eq. (20), this occurs again if the a contained in X
changes its sign and increases by several orders of magnitude, a situation that is
achieved by inverting the temperature gradient (when heated from below and its
intensity is increased). There are analytical [8, 37, 38] and experimental [43] studies
that report, for simple fluids in these conditions, the presence of visco-heat propa-
gative modes.

6.2.1.2 Pure diffusive modes

When Ry <R (E) /R; <1, the visco-heat modes preserve the form (Eq. (18)),

they are real and completely diffusive. In this regime, there are again three cases of
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special interest. If R (E) /R = Ry, then both visco-heat modes (18) are identical and

equal to:

1
T34 =250+ v)k?. (21)

On the other hand, if the simple fluid is in a state of homogeneous thermody-
namic equilibrium, g = 0 and @ = 0, so that X = 0 and R(?) /R. = 0; conse-

quently, in this equilibrium state (identified by the superscript e), there is a thermal
diffusive mode:

¥ =y’ (22)
and the shear mode:

X = Uk’ (23)

These decay rates are well known in the literature [8, 37, 38]. Finally, because in
a simple fluid, commonly v is greater than y, according to Eq. (18), and as R (E) /R,
grows and approaches to 1, the magnitude of the thermal diffusive mode decreases,

while the shear mode grows. At the threshold of the convective regime (when R (%)

reaches its critical value R,), R (E) /R = 1, and the two visco-heat modes (18)

acquire the values:
3=0 (24)

and

Ag = ()( + I/)kz. (25)

These three cases are consistent with those obtained in analytical studies already
reported for simple fluids in this regime [8, 37, 38]. Schematically, its behavior is
very similar to that illustrated in Figure 3, and this can be seen in Figure 1 of the
reference [37].

7. Conclusions

In this work, we have used the standard formulation of FH to describe the
dynamics of the fluctuations of a NLC layer in a NESS characterized by the simul-
taneous action of a uniform temperature gradient « and a constant gravitational
field g, which corresponds to a Rayleigh-Bénard system. The analysis carried out
takes into account only the nonconvective regime. The most important results are
the analytic expressions for the seven nematic hydrodynamic modes. The explicit
details of several of the calculations can be found in Refs. [25, 26]. To summarize
the results obtained in this work and to put them into a proper context, the follow-
ing comments may be useful.

First, in our analysis, the symmetry properties of the nematic are taken into
consideration, and this allowed us to separate its hydrodynamic variables into two
completely independent sets: one longitudinal, composed of five variables, and the
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other transverse, consisting of only two variables. From the equations that govern
the dynamics of the variables in these sets, the corresponding hydrodynamic modes
were calculated. The longitudinal modes are two acoustic, 4; and 4,, modes (6), as
well as the triplet formed by the visco-heat pair 13 and A4, modes (7), and the
director 45, mode (8). In addition, the transverse ones are given by the shear ¢ and
the director 47, modes (14). We find that the influence of the temperature gradient
a and the gravitational field g occurs only in the longitudinal modes, being greater
its effect (~ 10~?) on the visco-heat pair 43 and 44. This effect is quantified by

means of the Rayleigh ratio R (E) /Rc, Eq. (9), where R is the Rayleigh number and

R, is its critical value above which convection sets in. The developed analysis
corresponding to the nonconvective regime was carried out under the condition
R (k) /R, <1.

The analytical expressions calculated for the hydrodynamic modes of a nematic
in the NESS considered exhibit behaviors that are of great interest in the following
particular situations. First, if the isotropic limit of the simple fluid is taken, the NLC
hydrodynamic modes reduce to those in the same state out of equilibrium, modes
(17)-(19), [8, 37, 38]. If R = 0, that is, in the absence of the uniform temperature
gradient and the constant gravitational field, our expressions are simplified and
reduce to those already reported for a nematic in the state of thermodynamic
equilibrium, modes (6), (8), (14), (15), and (16), [22, 31, 46]. In this case, if we also
consider the limit of the simple fluid, they agree with those of this system in
equilibrium, modes (17), (19), (22), and (23), [41, 47, 48]. When R = R, that is, at
the threshold of convection, from the triplet of longitudinal 43, 14 and 45, the visco-
heat A3 vanishes, and A4 is the sum of the thermal and shear modes, modes (12) and
(13); while that of director /s is identical to mode (8) [37, 38]. Moreover, if in this
nematic threshold of convection, the limit of the simple fluid is considered, the
modes of this system are recovered: one is zero, mode (24), and the other is the sum

of the thermal and shear modes, mode (25), [37, 38]. Also, if R (/:) /R <Ry (/Z) ,

where Ry (Z) is the reference value (10), our results predict that the visco-heat pair

A3 and 14, modes (7), become propagative; in the limit of the simple fluid, under
similar conditions, the corresponding modes (18) are also propagative. The latter
have been predicted theoretically [8, 37, 38] and verified experimentally [43].

However, it should be mentioned that our hydrodynamic modes 43, A4, and 45
do not coincide with those reported in the literature for an NLC in the same NESS
considered here [44, 45], which consist in one mode due to the director, another
more product of the coupling of the thermal and director modes, and a shear
mode. The effect of external forces a and g is only manifested in the first two
modes. This triplet is reduced to the corresponding director, thermal, and shear
longitudinal modes of an NLC in the state of thermodynamic equilibrium, as well
as to the thermal and shear modes of a simple fluid in such state. It should be
noted that from the analytical expressions of these modes, the existence of
nematic propagative modes cannot be predicted; much less, in this NESS, in the
simple fluid. In addition, when the threshold of convection in the nematic is
considered, the director mode is canceled, another one is the sum of the thermal
and director modes, and the shear mode remains unchanged; consequently, when
the limit of the simple fluid is taken, they are reduced to thermal and shear
modes. This last result differs completely from the already reported [37, 38] for
the hydrodynamic modes of a simple fluid at the threshold of convection, where
one is zero, mode (24), and the other the sum of the thermal with the shear,
mode (25).
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Nevertheless, our calculated expressions for the visco-heat 43, 14, and director
A5 modes predict both the existence of propagative modes and the form that this
triplet acquires in the convection threshold, and moreover, they reduce to the
corresponding modes in all the different limit cases already mentioned. In this
respect, we believe that they are more general than those reported in the literature
[44, 45]. As far as we know, the diffusive or propagative nature of the modes 43 and

A4, depending on the values taken by the ratio R (E) /R., was not known; therefore,

its derivation represents a relevant contribution of this work. Since in simple fluids,
the existence of propagative modes has been predicted and verified experimentally,
our predictions about the existence of this phenomenon in the modes of an NLC
suggest the realization of new experiments.

Finally, it should be noted that this theory can be useful, since the description of
some characteristics of our model lend themselves to establish a more direct contact
with the experiment. Actually, physical quantities, such as director-director and
density-density correlation functions, memory functions or the dynamic structure

factor S (E, w) , may be calculated from our FH description. In Ref. [49], an appli-

cation of this nature was developed by calculating the Rayleigh dynamic structure
factor for the NLC under the NESS already mentioned, and its possible comparison
with experimental studies is discussed; a preliminary analysis can be consulted in
Ref. [50]. Another studies of the dynamic structure factor for an NLC in a different
NESS, such as that produced by the presence of an external pressure gradient, were
published in the references [19, 20].
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Nomenclature

ke wave number

® angular frequency

T relaxation time of almost all degrees of freedom
S(Z a)) dynamic structure factor

A wave vector

R Rayleigh number

R, Rayleigh number at the convection threshold
R/R, Rayleigh ratio

0(3) orientation symmetry group

T(3) translation symmetry group

#i, 7 or n, director field

d thickness of the nematic layer
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constant gravitational force of magnitude g

Cartesian unitary vectors

Cartesian coordinates

temperature

temperature gradient of magnitude V,T
hydrostatic pressure

pressure gradient

volumetric density of mass

flow velocity

specific density of entropy (entropy per unit mass)
position vector

temperature difference between the plates of the cell
effective temperature gradient

coefficient of thermal expansivity

specific heat at constant pressure

specific heat at constant volume

ratio of specific heats

adiabatic sound velocity

isothermic sound velocity

set of nematodynamic variables

divergence of 5 v

component z of the rotational of § v
component z of the double rotational of § v
divergence of 6 7

component z of the rotational of § 7

as superscript, indicates transpose matrix

vector whose components are the spatial Fourier trans-
form of the variables p, 5, Js, dy, 6&, 6f, and of,

longitudinal component of & X (E, t)
transverse component of & b (%, t)

coefficient matrix of the linear system for 6 X (E, t)

longitudinal and transverse submatrices of M

stochastic vector of the linear system for § X (E, t)
longitudinal component of ) (E, t)

transverse component of 5 (E, t)

variables of same dimensionality (i = 1,..., 7)
vector of the variables z; (E, t)

longitudinal component of Z (E t)

transverse component of Z (E,t)

coefficient matrix of the linear system for 6 Z (%, t)

longitudinal and transverse submatrices of N

noise vector of the linear system for Z (k ) t)
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01, 62, 63, and 64
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— L -
Zys k,t) andZY(k,t)
Pkx(2) and ply (2)

longitudinal component of = (k ) t)
transverse component of = (k ) t)

noise components of Z (i = 1,...,5) and ZT (i = 6,7)
characteristic polynomial of the matrix N
characteristic polynomial of the submatrix N*
characteristic polynomial of the submatrix N”
eigenvalues of p(1)

components of the vector Z- (k , t)

polynomials in which p’(4) is broken down
anisotropic thermal coefficient
anisotropic viscous coefficients

thermal diffusivities parallel and perpendicular to 7
anisotropic thermal diffusivity

nematic viscosities (i = 1, ..., 5)

anisotropic adimensional nematic coefficients
elastic coefficients of Frank

anisotropic elastic coefficients

torsion viscosity

auxiliary parameter

small dimensionless longitudinal quantities
small dimensionless longitudinal quantities
small dimensionless longitudinal quantities
acoustic propagative longitudinal modes
anisotropic sound attenuation coefficient
visco-heat longitudinal modes

director diffusive longitudinal mode

components of k perpendicular and parallel to 72

unit vector of & N

reference value of the Rayleigh ratio below which visco-
caloric modes are propagative

small dimensionless transverse quantities

shear and director diffusive transverse modes

nematic modes in the state of equilibrium (i =1, ..., 7)
thermal diffusivity of a simple fluid

shear and volumetric viscosities of a simple fluid
kinetic viscosity of a simple fluid

attenuation coefficient of sound in a simple fluid
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Chapter 7

Non-Newtonian Dynamics with
Heat Transport in Complex
Systems

Aamir Shahzad and Fang Yang

Abstract

Transport properties of complex system under various conditions are of practi-
cal interest in the field of science and technology. Homogenous nonequilibrium
molecular dynamics (HNEMD) simulations have been employed to calculate the
thermal conductivity (A) of three-dimensional (3D) strongly coupled complex
nonideal plasmas (SCCNPs) over a suitable range of plasma parameters (I, k). New
investigations show that the A depending on plasma parameters and minimum value
of A exists at nearly same plasma states. In the present case, the non-Newtonian
behavior is checked with different system sizes and it is found that the A behavior is
well matched with earlier numerical work. It is demonstrated that the present out-
comes are more consistent than those obtained earlier known simulations. It is
revealed that our outcomes can be acceptable for a low range of force field in order
to find out the size of linear ranges, and it explains the nature of nonlinearity of
SCCNPs. It has been shown that the measured outcomes at steady states of external
field of F* (=0.005) are in acceptable agreement with previous numerical outcomes,
and it showed that the deviations are within less than 12% for most of the data and
depend on plasma states.

Keywords: non-Newtonian, thermal conductivity, homogenous nonequilibrium
molecular dynamics, strongly coupled complex nonideal plasmas,
external force field

1. Introduction

The computational knowledge of thermophysical properties is very different of
complex liquids as compared to the nonionic liquids. The important thermal con-
ductivity of complex liquids is used in the heat design process as an important
parameter. The estimations of thermal conductivity obtained by applying the
molecular dynamics (MD) approach in liquids and crystalline solids are a difficult
job due to perceived limitations of computational power [1]. Recently, in the field of
science and technology, the transport properties of interacting particles in complex
nonideal systems are of practical importance. A deep understanding of the interac-
tion of complex systems is required for nano- and microstructuring of surfaces. The
micron-size particles have recently been investigated in complex (dusty) plasmas,
and in the physics and chemistry of plasmas, space environment, ionized gases, and
material research and in the nuclear energy generation. The complex (dusty)
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plasmas play very important role in various technological applications, such as
industrial processing of microelectronic devices, storage devices, and fuel burning,
and future energy production [2]. For the explanation and understanding of these
macroscopic phenomena, a comprehensive microscopic knowledge and calculation
of the transport properties of complex (dusty) plasmas are required over the exten-
sive range of plasma parameters (T, x). Both the Coulomb coupling (I') and Debye
screening strength (x) are the dimensionless parameters, which can be used to
characterize the plasma. In statistical mechanics, the microscopic dynamical origin
of heat transport is a fundamental problem. Moreover, the purpose of the present
work is to investigate the thermal conductivity dependences on the strength of
different perturbation fields and to understand the non-Newtonian behaviors in the
Yukawa liquids along with the calculations of thermal conductivity.

1.1 Dusty plasmas

Dusty plasmas are also known as nonideal complex plasmas that contain partic-
ulates of condensed matter. The dust particles may have sizes ranging from nano-
meters to micrometers, and typically much more massive than that of plasma ions,
electrons, and neutrons. When the dust particles immersed in the plasma, they
attain a high electric charge (negative charge) which makes the dusty plasmas
interesting and technological important in the area of applied plasma physics. The
dynamical behavior of these massive dust charge particles is much complex and
occurs on considerably slower time scales, because their charge-to-mass ratio is in
orders of magnitude smaller than that of the corresponding charge-to-mass ratio of
either the electrons or ions. Dust particles are found in the large abundant in
planetary plasmas, cosmic plasmas, plasmas in the laboratory, and plasmas near the
earth. As a matter of fact, one may cogitate that except in the hottest regions of
fusion plasmas, where the dust particles would not survive, most are known as
dusty plasmas in the sense that some dust particles might be present. To understand
this fact, one recognizes two cases in which: (1) there are just few secluded
(noninteracting) dust particles, with the goal that they have nearly nothing if any
impact on the plasma, and (2) there are countless number of dust particles in the
plasma so that their existence really changes the properties and behavior of the
plasma. In the event (1), the dust particles are charged by their interactions with the
plasma yet do not change the plasma in any noticeable way. Then, again case (2)
agrees to the situation in which the charge dust is a component of the plasma,
subject to the collective interactions that recognize an ionized gas from a neutral
gas. Case (2) is what is ordinary characterized as “dusty plasmas.” At a significantly
bigger scale, it is outstanding that comets for the most part have two tails. One tail
is expected to the comet’s dust particles, the other is because of ionized gas comet
coma. These tails are not separate near the coma but overlap forming dusty
plasma [3].

1.2 Dusty plasma parameters

There are two basic dimensionless parameters which are used for the analysis of
transport coefficients in 2D and 3D dusty plasma systems, and which are responsi-
ble for mass transfer and phase state in nonideal dissipative systems [4-6]. These
dimensionless parameters are known as effective Coulomb coupling (I') parameter
and scaling parameter (£). These parameters (I, &) are responsible for transport
and structural processes for nonideal systems [5]. Screening parameter (x) is the
third one which is the important for the classification of dusty plasmas. Here, we
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discuss only two parameters, Coulomb coupling (I') and the Debye screening
strength (x).

1.2.1 Coulomb coupling pavameter (I')

The Coulomb coupling (T") parameter is the ratio between the interparticle
potential energy (P.E) to kinetic energy (K.E), and mathematically, it is written as,
I' = ££ This Coulomb coupling (I') parameter is used for the classification of
strongly coupled complex (dusty) plasmas and weakly coupled complex (dusty)
plasmas.

1.2.2 Screening parameter (k)

Another important parameter of dusty plasmas is the screening strength («),
which is the ratio of interparticle distance to the Debye length, and mathematically,
it is written as k = %, here “a” is the Wigner-Seitz (WS) radius and “Ap” is the
Debye length. The screening parameter (x) is also used for the classification of
dusty plasmas.

1.3 Types of dusty plasmas

On the basis of Coulomb coupling (I') parameter, the complex (dusty) plasmas
are classified into two classes: one is called weakly coupled (ideal) complex (dusty)
plasmas and the other is called strongly coupled (nonideal) complex (dusty)
plasmas. These are succinctly discussed below.

1.3.1 Weakly coupled complex (dusty) plasmas

For weakly coupled complex (dusty) plasmas (WCCDPys), the Coulomb cou-
pling parameter (I') is less than the unity (I' < 1), and it also called the weakly
coupled ideal plasmas because Columbic collisions are negligible. Weakly coupled
plasmas, like a gas, have no structure because Coulombic interactions are negligible
between the particles and particle motion is like molecular motion in gases and
particles have nearly random positions with respect to nearest neighbors [7]. For
WCCDPg, the K.E (thermal energy) is much larger than the Coulomb interparticle
P.E of nearest particles.

1.3.2 Strongly coupled complex (dusty) plasmas

When the Coulomb coupling parameter (I') is greater than the unity (I" > 1),
then the plasma is known as strongly coupled (nonideal) complex plasmas. For
weak-to-intermediate Coulomb coupling (T") values, the SCCDPg can have structure
of liquids, and structure of solids for higher values of I'. Furthermore, SCCDPg are
the collection of free microparticles that interact with each other with a strong
Coulomb repulsion force and have structure at microscopic scale for the arrange-
ment of particles. The particle motion in SCCDPg resembles that in the liquids or
solids, and particles remain in relative fixed positions with respect to neighboring
particles because of the strong Coulomb interactions present between the charged
particles [7]. In SCCDPg, the Coulomb interaction P.E is much larger than the K.E of
nearby particles.

171



Non-Equilibrium Particle Dynamics

1.4 Formation and growth of dust particles in a plasma

An innovative feature of plasmas is that comprise chemically energetic species
which grow the dust particles. It is true for plasma appliances that are using in the
plasma processing semiconductor engineering, in which combinations of gases such
as oxygen (O,), argon (Ar), and silane (SiH,4) are castoff in the assembly and
figments of microelectronic chips. Dust particles could also produce through
sputtering, arcing, electron bombardment, etc., where the atoms or molecules from
the walls of chamber or electrodes come out and immersed in the plasmatic system
through a different mechanism, called plasma-material interaction [8]. Plasma
processing devices are employed for the production of silicon wafers characteristi-
cally used as parallel plate electrode, in which 13.56 MHz radio frequency (rf)
power is connected to the lower electrode to create the plasma. Etching process
involves a reactive species such as silane along with a buffer gas like Ar. Plasma-
aided gas phase chemical reactions produced silicon hydride (SiH,) by the reaction
{e” + SiH, — (SiH4)* — SiH, + 2H}. The vibrationally excited state is produced by
the collisions of SiH, with electrons which then dissociates into SiH, [9]. The
particle that grows in plasmas passes through certain phases like nucleation, coagu-
lation, and surface growth.

1.5 Dust particle in the plasma

Dust particles are found everywhere in the entire universe with different shapes
and sizes and mostly found in the solid form but also found in the liquid and
gaseous ionized form. When the dust particles coexist with the plasma, then “dusty
(complex) plasma” is formed. Dust particles acquire an electric negative charge,
when these dust particles are immersed in the plasma and then affected by electric
and magnetic fields and plasma properties are changed. Moreover, these dust par-
ticles attain electric negative charge (typically depends on the flow of ions and
electrons) very fast due to the interactions between the dust particles and the
nearby plasmas.

In recent years, dusty plasmas have opened up an entirely new field of research
of science and technology by investigating transport properties (thermal conduc-
tivity, shear viscosity, and diffusion coefficient) of dusty plasmas in the laboratory.

1.5.1 Charge on dust particle

A lot of mechanisms are adopted to produce charge on a dust particle. If all
mechanisms are considered at once, then the measurement of the equilibrium
charge condition on a grain becomes very difficult. For the electron temperature T,
and ions temperature T;, the flux of ions and electrons has an individual thermal
velocity v,. The thermal velocity of electron is higher than that of the heavier ions
which have a minute thermal velocity vy;. These motions develop the charge Q on
the grain and make its surface potential (¢s) negative. The charge on a grain
fluctuates continuously due to the collective current of electron and ion, i.e.,
dQ/dt = I, + I; and equilibrium of charge occurs under condition I, + I; = 0 or
¢s = —2.49kT/e for an electron-ion plasma. The charge itself is associated to the
surface potential by Q = C¢, in which C tells about the capacitance of a grain in a
plasma [10]. The dust particle density differs from the density of electrons and ions
because in normal plasma, neutral #, exists. If the primary electrons are very
energetic, then they release subordinate electrons, which make the positive poten-
tial surface. The absorption of plasma ions also makes the positive potential surface.
The transition of primary electrons and ions influenced by the surface potential of
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the grain depends on the relative velocity between the plasma species and the grain.
Electrons are repelled and the grain current will be decreased if surface potential is
negative. Electrons show attraction and the grain current increases for positive
potential surface.

1.5.2 Size of dust particle

In dusty plasma, the dust particles can have any shape and can be made of either
dielectric or conducting materials. The size of dust particles is much larger than the
size of electrons and ions of plasmas which is in microns or tens of nanometers. So,
the dust particles can easily be seen without any microscope. The typical size range
of dust particles is from 100 nm up to about 100 pm. For experimental studies, dust
particles that are distributed into plasmas are generally plastic or glass particles
(commonly used particle is melamine formaldehyde). They are spherical in shape
with a very narrow distribution of diameters. For example, the diameter of a
normally used particle may be 3.50 4 0.05 pm and a mass ~ 3 x 10~ kg. Such
particles are named monodisperse. Fine powders, such as aluminum silicate
(kaolin) with a broad size distribution ranging from the submicron to tens of
microns, are used in some experiments. Such powders contain particles having
laminar shapes with jagged edges.

1.6 Forces acting on dust particles in a plasma

When the dust particles are immersed in the plasma, then various forces are
acting on the dust particles which are significant because of their dynamics and
transport characteristics. These various forces determine that where the particles
are trapped or not, and these are sensitive to the position of dust particles within the
plasmas.

1.6.1 Force of gravity (Fg)

The dust particles which are under a gravitational force are proportional to the
mass of dust particle, and if dust particles are under microgravity condition, then it
must be ignored.

4
Fg =mg, = g”ﬂa/’dé’ M

«_»

where “g” describes the gravitational acceleration and “p,” represents the mass
density of dust particles. Mostly, its value for solid materials is p; = 2000 kg/m®.
This force can be neglected for submicron particles, but for the micron sized or
larger particles, this can be considered as the dominant force that typically confines
the time during which the particle resides in the plasmas.

1.6.2 The electric force (F.)

For plasma having an electric field (E), the electric force acting on dust species is
written as:

F.=QE ()

This force is much larger in the bulk of the plasmas, while it is much smaller in
the sheaths next to the plasma edge. For example, for characteristic radio frequency
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(rf) parallel plate glow discharge plasmas, particles reside beneath the negative
electrode where the downward electric field offers an upward electric force that
stabilizes the weight of the particle with force.

1.6.3 Neutral drag force (Fy)

This force is generated due to impacts of dust particles with the neutral gas
species (atoms and molecules) and it is proportional to the neutral pressure in the
vacuum chamber. Mathematically, it is written as:

F, = Nmv?,na* 3)

where N defines the density of neutral species, 7,, denotes the mass of neutral
species, and v,, represents the average relative velocity between the neutral ele-
ments and dust species. The resulting damping force also acts on the dust particles if
the dust particles drift with drag force in the opposite direction to its motion.

1.6.4 Thermophoretic force (Fy,)

The thermophoretic force occurs from the effect of temperature gradient in the
neutral gas in the plasmas, and it is in the opposite direction to the temperature
gradient. This force occurs due to transfer of momentum by the gas molecules from
the hotter region to the colder portion of the gas. It can be written as:

_ 16\/7_77 asz

Fy = vT, 4
th 15 UTin ()

where v7,,, describes the thermal speed of the neutral gas of plasma, k7 defines
the translational effects in the A, and T, tells about the temperature of the neutrals.
It can be occurred in the discharge by heating one of the electrodes. The force
of gravity acting on the dust particles in plasma is balanced by the temperature
gradient [11].

1.7 Application of dusty plasmas in industry

Plasma-based material processing technologies are extensively employed in the
designing and commercialization of very large-scale integrated circuits (VLSI).
Usually, chemically reactive plasmas are useful to sputter, etch, or otherwise alter
the surface characteristics especially for silicon. Surface characteristics are approx-
imately done at length scale of 0.2 pm wide and 4 pm deep in silicon films by such
kind of mechanisms. The presence of dust is of critical concern to the microelec-
tronic industry since particle contamination of semiconductor materials was esti-
mated to account for more than 50% of device failures. Dust contamination
diminishes the yield and recital characteristics of fabricated devices. Simply, the
dust particles fall into the surface topographies of semiconductors either interfering
with the etching process, preventing the adhesion of thin films or contaminating the
final products. The occurrence of even the smallest dust particles became a crucial
problem as the microelectronics industry moved to smaller and smaller structures.

1.7.1 Dust is a good thing

In those days, it was investigated that dust particles in plasma can have very
interesting and useful properties, e.g., very small sizes, uniform size distribution,
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and chemical activity. There are many applications of plasma-produced particles.
For example, large and active surface in catalysis is profitable. They are also essen-
tial in ceramic industry for sintering, in the modern technology of composite mate-
rials, and in fabrication of hard coatings [12] and solar cells [13]. Also, by injecting
particles in plasma can furnish unique objects, like coated or layered grains with
desired surface structure, color, and fluorescent properties. These particles are used
as toners in copying machines [14] or in some optical devices [15].

1.7.2 Dust in plasma processing devices (dust is a bad thing)

During the last decade, in microelectronics industry, dust particles become the
major cause of contamination and reduce the yield and performance of fabricated
devices. In early 1990s, more than 50% devices were failed due to the particle
contamination. The adhesion of thin films was reduced due to the submicron
particles deposited on the surface, also causes dislocations. In semiconductor tech-
nology, the elimination of even smallest dust particles has become an urgent issue
to develop smaller structures and thin films. Firstly, it was thought that the cause
of most of the contamination is that the processed surfaces were handling in the
clean rooms but soon it was seemed that plasma is the major source of dust
particles and causes the loss of costly wafers. Now, the dust contamination is well
controlled.

2. HNEMD algorithm and computational technique

We start, as usual, the Green-Kubo relations (GKRs) for the hydrodynamic
transport coefficients of uncharged particles [16]. It is well-known form and has
been shown the standard GKRg of fluids to the YDPLg [17-22]. The typical GKRg
used for the estimation of thermal conductivity of interacting dust particles for
YDPLg;

(o)

J Jo(t) Jo(0))dt )

0

1
A=
3kgVT

where in Eq. (5), kg is the Boltzmann’s constant, V is the system volume, T is the
absolute temperature, and Jq is the heat flux vector. The expression for the micro-
scopic heat flux vector Jq can be given by:

vk l¢  \(Pip
JoV = El B —igj (r; — 1)) (% .F,]> (6)

In the above expression, Fj; is the total interparticle force on particle i due to 7,
r; = I; — 1; are the position vectors, and P; is the momentum vector of the ith
particle. E; is the energy of particle i and is given by the expression as:

2
P 1
E = Y o
m 2 EJ P %
where ¢; is the Yukawa pair potential between particle i and j. Evans [23] has

developed the non-Hamiltonian linear response theory (LRT) used for a moving
system representing the equation of motion:
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T = Pi (8)
m
N
= Y Fi + Di(r;,p;) F.(t) — ap, ©)

j=1

where F; = (—d(/)ij / &Vi) is the total interparticle force acting on particle i and

D; = D;(r;, p;) is the tensor phase variable that describes the coupling of system to
the fictitious external force field F, (¢). A mechanical work is performed through the
external applied force field F,(¢), and thus, the equilibrium cannot be maintained.
In the above Eq. (9), a is the Gaussian thermostat multiplier that maintains the
system temperature and it is given as [16, 23]:

a— Zfil [F + D (rl’pz) e(t)]'Pi (10)

Z]_p/mz

The external force field parallel to the z-axis is of the form F,(t) = (0,0, Fz);
therefore, the thermal conductivity is calculated as:

o

\%
= W l<JQZ(t) JQZ(0)>dt

(11)

where J,_(t) is the z-component of the heat flux vector and the external force
field F,(¢) = (Fz).

3. Numerical results and discussion

This section provides the outcomes of thermal conductivity of 3D complex dusty
plasmas by using HNEMD simulations over suitable plasma couplings I" (=1, 200)
and screening strengths k (=1.4, 4) at constant external force strength of F,,,
(=0.005). It is noted that we have already reported our similar results with higher
system sizes [13] and with different varying force fields [13]. In this present work,
we have reported our HNEMD outcomes for different low to intermediate system
sizes at fixed force field.

Figures 1-4 show our main outcomes of plasma thermal conductivity (1) by
employing HNEMD approach. Here, the thermal conductivity is normalized by
plasma frequency (wp,) as Ao = AM/nkpwpa.ys, or by the Einstein frequency (a)E) as
A=A \/ 3nkpwga,,s of SCCNPs, at the normalized external field strength F = (F,)
(aws/Jq), where g, is radius of Wigner-Seitz (WS) radius with n being the equilib-
rium particle number density, kg is Boltzmann constant and Jq. It should be noted
that these normalizations have been employed for classical Coulomb one-
component plasmas (COCPs) [24] and SCCNPs [7].

Diverse series of the plasma Ao subsequent to a decreasing series of external
force field F~ are computed to establish the linear system of the SCCNPs under the
influence of the normalized force field strength. The current HNEMD outcomes
allow investigation for the complete range of plasma parameters (I, k) with varia-
tion of external force field F . In this work, a feasible suitable value of the external
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Figure 1.

Cogr:tlpamon of normalized plasma thermal conductivity (A,), computed by various numerical approaches for
plasma coupling states I = (1, 200). Results investigated by Shahzad and He for homogenous nonequilibrium
MD (HNEMD) [13], Salin and Caillol for equilibrium MD (EMD) [21], Donko and Hartmann for
inhomogenous NEMD [17]. Shahzad and He for homogenous perturbed MD (HPMD) [18] and Faussurier
and Murillo for vaviance procedure (VP) [25], (a) for N = 256, (b) N = 1372 and at k = 1.4.

force field strength F~ (=0.005) for the computation of the steady state values of the
plasma normalized thermal conductivity is to be selected, for small varying practi-
cal system size. This feasible suitable external force field provides the steady state
plasma thermal conductivity estimations, which are satisfactory over the whole
range of the plasma state points (I', ).

Figures 1-3 display that the computed plasma thermal conductivity is in
acceptable conformity with former HNEMD investigations by Shahzad and He [13],
EMD calculations of Salin and Caillol [21], inhomogenous NEMD estimations of
Donké and Hartmann [17], homogenous perturbed molecular dynamics simulations
(HPMD) measurements of Shahzad and He, and theoretical predictions of
Faussurier and Murillo for variance procedure (VP) [18, 25]. It can be seen from
Figure 1 that our results are slightly lower as compared to earlier known numerical
results based on different numerical techniques, at lower I'. However, the present
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Figure 2.

Comparison of normalized plasma thermal conductivity (2,), computed by various numerical approaches for
plasma coupling states I = (1, 300). Results investigated by Shahzad and He for homogenous nonequilibrium
MD (HNEMD) [13], Salin and Caillol for equilibrium MD (EMD) [21], Donko and Hartmann for
inhomogenous NEMD [17]. Shahzad and He for homogenous perturbed MD (HPMD) [18] and Faussurier
and Murillo for variance procedure (VP) [25], (a) for N = 500, (b) N = 864 and at k = 3.

results are well matched with earlier results for intermediate to higher I at two
different system sizes N = (256 and 1372) and it is clearly shown that our results are
very close EMD and HNEMD results. It is observed from Figure 2 that HNEMD
results are between EMD (at lower N) results and HNEMD (at higher N) computa-
tions at low value of I' but our outcomes are satisfactorily matched with earlier
results at intermediate and higher I'. It can be seen from Figure 2 that our HNEMD
data for low intermediate system size it is increasing behavior at higher T,
confirming earlier HPMD results [18]. It is observed that the deviation of data from
earlier known measured data based on different methods of EMD, HPMD, and
InNEMD is also computed and the outcomes of plasma Aq are within range of ~3-
22% for EMD, ~7-20% for NEMD, and ~10-35% for HPMD. It is noted that some
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Figure 3.

Comparison of normalized plasma thermal conductivity (4,), computed by various numerical approaches for

plasma coupling states I' = (1, 300). Results investigated by Shahzad and He for homogenous nonequilibrium

MD (HNEMD) [13], Salin and Caillol for equilibrium MD (EMD) [21], Shahzad and He for homogenous

perturbed MD (HPMD) [18] and Faussuvier and Murillo for variance procedure (VP) [25], (a) for N = 500,
(b) N = 864 and at « = 4.

of data points are far away from present data that are not mentioned here but most
of data points are within limited statistical range, as expected. At higher screening
k = 4, it is examined from Figure 3 that the present results are definitely lower as
compared to earlier EMD computations of Salin and Caillol and HNEMD estima-
tions at higher N of Shahzad and He. Moreover, it can be noted that the present
outcomes are slightly lower at intermediate I and well matched at higher I',
confirming earlier results.

It is suggested from these figures that measured outcomes are satisfactory well
matched with previous outcomes at intermediate to high I'; however, some results
diverge at the lower I points but all within statistical unlimited uncertainty range.
Figures 1-3 show that the presented HNEMD method may precisely calculate the
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Figure 4.
Trend of normalized potential energy (P.E.) with four values of screening parameters (k = 1, 2, 3, and 4) for
different coupling states I' = (1, 5, 10, 20, 50, 100, 200, and 300) and at N = 256.

plasma thermal conductivity of strongly coupled complex plasmas. We have shown
that the present method has good performance and its accuracy is very close to
earlier EMD and InHNEMD methods. It is concluded that our outcomes depend on
the plasma parameters of Coulomb coupling and Debye screening strength,
confirming earlier simulations. Moreover, it is shown that the position of minimum
value of thermal conductivity shifts toward higher I' with an increase of screening x,
as expected. Presently, we have demonstrated our results for a wide range of plasma
parameters, ranging from nonideal gaseous state to strongly coupled range. It is
noted that the extended HNMED method is excellent for lower system sizes with
constant external force field strength, where signal-to-noise ratio is acceptable for
equilibrium plasma thermal conductivity.

4. Summary

Plasma thermal conductivity of SCCNPs system was computed over a suitable
domain of plasma couplings (1 <T < 300) and screening strength (1.5 < x < 4) by
employing constant external force field strength through HNEMD approach. It is
shown that our HNEMD outcomes are in reasonable agreement with the earlier
outcomes measured from EMD, HNEMD, InHNEMD, HPMD, and VP approaches
for SCCNPs. New computations show that the minimum values of thermal conduc-
tivity exist at same values of plasma coupling I" and it shifts toward higher I with an
increase of screening «, as expected in earlier numerical approaches. It has been
revealed that the plasma thermal conductivity depends on plasma parameters (T, )
in 3D complex dusty systems that illustrate earlier results of SCCNPs. In this study,
the HNEMD method is a mostly dominant numerical approach, which occupies fast
computations of plasma thermal conductivity, for small to intermediate system
sizes. This chapter provides the understanding and investigation of nonlinear
regime of the SCCNPs for a suitable low value of external force field strength. In
future, thermal conductivity of complex plasma can be calculated by applying
external magnetic field or an electric field strength and it can be applied to other
systems (Coulomb, polymer, or ionic).
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SCCNPs strongly coupled complex nonideal plasmas

r Coulomb coupling

K Debye screening length

F external force field strength

HNEMD homogenous nonequilibrium molecular dynamics
NEMD nonequilibrium molecular dynamics

MD molecular dynamics

InHNEMD  inhomogenous nonequilibrium molecular dynamics
SCP strongly coupled plasma

EMD equilibrium molecular dynamics

A thermal conductivity

Ao normalized thermal conductivity

PBCs periodic boundary conditions

VP variance procedure

HPMD homogenous perturbed MD

N number of particles
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