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Preface

This is the third volume in a series of graduate level texts on statistical mecha-
nics. Volume 1, Equilibrium Statistical Mechanics (ESM), is a first year graduate
text treating the fundamentals of statistical mechanics. Volume 2, Fluctuations,
Order and Defects (FOD), treats ordering, phase transitions, broken symme-
try, long-range spatial correlations and topological defects. This includes the
development of modern renormalization group methods for treating critical
phenomena. The mathematical level of both texts is typically at the level of
mean-field theory.

In this third volume, Nonequilibrium Statistical Mechanics (NESM), I treat
nonequilibrium phenomena. The book is divided into three main sections. The
first, Chapters 1-4, discusses the connection, via linear response theory, bet-
ween experiment and theory in systems near equilibrium. Thus I develop the
interpretation of scattering and transport experiments in terms of equilibrium-
averaged time-correlation functions. The second part of the book, Chapters 5-
8, develops the ideas of linear hydrodynamics and the generalized Langevin
equation approach. This is also known as the memory-function method. The
theory is applied, in detail, to spin diffusion and normal fluids. In these ap-
plications the Green-Kubo equations connecting transport coefficients and
time integrals over current—current time-correlation functions are established.
It is then demonstrated that this memory-function approach is very useful
beyond the hydrodynamic regime. It is shown in Chapter 7 how these ideas
can be used to develop modern kinetic theory. In Chapter 8 the generalized
Langevin equation approach is used to develop the conventional theory of
dynamic critical phenomena and linearized hydrodynamics in systems with
broken continuous symmetry and traveling Nambu—Goldstone modes.

The third part of the book is devoted to nonlinear processes. In Chapter 9
the generalized Langevin approach is used to derive the generalized Fokker—
Planck equation governing the dynamics of the reduced probability distribu-
tion for a set of slow variables. These dynamic equations lead to the nonlinear
Langevin equations that serve as the basis for the theory of dynamic critical
phenomena and the theory of the kinetics of first-order phase transitions.
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Preface

Analytic methods of treatment of these nonlinear equations are discussed in
Chapters 9-11. In particular the methods of Ma and Mazenko for carrying
out the dynamic renormalization group are introduced in Chapter 10 in the
important cases of the relaxational time-dependent Ginzburg-Landau (TDGL)
model and the case of the isotropic ferromagnet. In Chapter 11 we discuss the
strongly nonequilibrium behavior associated with phase-ordering systems.

This text is compatible with one of the central themes in FOD. In FOD
we developed the idea of coarse-grained effective Hamiltonians governing
the long-distance equilibrium correlations for a variety of systems: magnets,
superfluids, superconductors, liquid crystals, etc. Here I indicate how one
generates a coarse-grained dynamics consistent with these effective Hamil-
tonians.

The methods of attack on the nonlinear models discussed in Chapters 9
and 10 are very useful for treating systems at the lowest order in perturbation
theory. There exist less physical and mathematically more powerful methods
for handling higher order calculations. These methods will be discussed in the
final volume of this series.

I thank my sister Debbie for crucial help and my wife Judy for her support.

Gene Mazenko
Chicago, July 2006
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cor
ESM
FOD
FTMCM

FDT
GCE
LGW
NCOP
NG
RG
TDGL

Conserved order parameter

Equilibrium Statistical Mechanics (Volume 1)
Fluctuations, Order and Defects (Volume 2)
Field Theory Methods in Condensed Matter Physics
(Volume 4)

Fluctuation-dissipation theorem

Grand canonical ensemble
Landau-Ginzburg-Wilson

Nonconserved order parameter
Nambu-Goldstone

Renormalization group

Time-dependent Ginzburg-Landau
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1
Systems Out of Equilibrium

1.1
Problems of Interest

The field of nonequilibrium statistical mechanics is wide and far- reaching.
Using the broadest interpretation it includes the dynamics of all macroscopic
systems. This definition is far too inclusive for our purposes here, and cer-
tainly beyond what is generally understood. Rather than discussing matters
in abstract generality, let us introduce some examples of nonequilibrium phe-
nomena of interest:

o A very familiar example of time-dependent phenomena is the propaga-
tion of sound through air from the speaker’s mouth to the listener’s ears.
If the intensity of the sound is not too great, then the velocity of sound
and its attenuation are properties of the medium propagating the sound.
This is a very important point since it says that sound has significance in-
dependent of the mouth and ears generating and receiving it. A question
of interest to us is: how can we relate the sound speed and attenuation
to the microscopic properties of the air propagating the sound?

e Next, consider a thermally insulated bar of some homogeneous material
at a temperature Ty. (See Fig. 1.1). We bring one end of this bar into
contact at time ty with a heat bath ata temperature T; > Tj. For times f >

sample

Fig. 1.1 Thermal conductivity experiment. See text for discussion.

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright (© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4
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Fig. 1.2 Configurations for a set of paramagnetic spins. a Zero external
magnetic field. b Subject to an external magnetic field along the
direction shown.

to heat will flow toward the cold end of the bar and eventually the bar
will equilibrate at the new temperature T;. We know from elementary
courses in partial differential equations that this heat flow process is
governed by Fourier’s law [1] , which tells us that the heat current J
is proportional to the gradient of the temperature:

] =-AVT (1)

with the thermal conductivity A being the proportionality constant. Com-
bining this constitutive relation with the continuity equation reflecting
conservation of energy leads to a description (see Problem 1.1) in terms
of the heat equation. The thermal conductivity is a property of the type
of bar used in the experiment. A key question for us is: How does one
determine the thermal conductivity for a material? From a theoretical
point of view this requires a careful analysis establishing Fourier’s law.

A paramagnet is a magnetic system with no net magnetization in zero
applied external field. In Fig. 1.2a we represent the paramagnet as a set
of moments (or spins) [i(R) localized on a periodic lattice at sites R. At
high enough temperatures, in zero externally applied magnetic field,
the system is in a disordered state where the average magnetization
vanishes,

(M) = <;ﬂ(R)> =0, @)



1.1 Problems of Interest

due to symmetry. Each magnetic moment is equally likely to point in any
direction. If one applies an external magnetic field B to a paramagnet the
magnetic moments, on average, line up along the field:

M=~B . (3)

As shown in Fig. 1.2b, the spins deviate in detail from the up orientati-
on along B because of thermal fluctuations (for nonzero temperatures).
When we turn off B at time t;, the spins relax to the original disordered
equilibrium state, where (M) = 0, via thermal agitation. How can we
quantitatively describe this relaxation process? As we discuss in Chap-
ter 5, this process is analogous to heat diffusion.

e Suppose we fill a bowl with water and put it in a freezer. Clearly, over
time, the water freezes. How do we describe the time evolution of this
process? What does this process depend upon? In this case we have
a dynamic process that connects thermodynamic states across a phase
(liquid-solid) boundary.

The common elements in these situations is that we have externally distur-
bed the system by:

1. Mechanically pushing the air out of ones mouth;
2. Putting heat into a bar;

3. Turning off a magnetic field;

4. Drawing heat out of a system.

For the most part in this text we will focus on situations, such as examples
1-3, which can be understood in terms of the intrinsic dynamical properties
of the condensed-matter system probed and do not depend in an essential
way on how the system is probed. Such processes are part of a very important
class of experiments that do not strongly disturb the thermodynamic state of
the system. Thus, when one talks in a room one does not expect to change
the temperature and pressure in the room. We expect the sound velocity and
attenuation to depend on the well-defined thermodynamic state of the room.

In cases 1-3 we have applied an external force that has shifted the system
from thermal equilibrium. If we remove the applied external force the system
will return to the original equilibrium state. These intrinsic properties, which
are connected to the return to equilibrium, turn out to be independent of the
probe causing the nonequilibrium disturbance. Thus the speed of sound and
its attenuation in air, the thermal conductivity of a bar and the paramagnetic
relaxation rates are all properties of the underlying many-body systems.

We need to distinguish weak, linear or intrinsic response of a system from
strong or nonlinear response of a system. Linear response, as we shall discuss

3
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T ® intrinsic fluctuations
linearized hydrodynamics

nonlinear hydrodynamics

critical dynamics

kinetics of
first order
phase transitions

coexistence
regime

0 average order parameter

Fig. 1.3 Schematic of the type of dynamic processes studied in terms
of movement on a generic phase diagram.

in detail, corresponds to those situations where a system remains near thermal
equilibrium during the time-dependent process. In strongly nonlinear proces-
ses one applies strong forces to a system that fundamentally change the state
of the system. The freezing of the bowl of water falls into this second category.
Other nonlinear processes include:

e Nucleation where we rapidly flip the applied magnetic field such that a
system becomes metastable. The system wants to follow but has a barrier
to climb.

e Spinodal decomposition, where we quench the temperature of a fluid
across a phase boundary into an unstable portion of the phase diagram.

e Material deposition where one builds [2] up a film layer by layer.

e Turbulence where we continuously drive a fluid by stirring.

In these examples an understanding of the dynamics depends critically on
how, how hard and when we hit a system.

In organizing dynamical processes we can think of two classes of processes.
The first set, which will be the primary concern in this text, are processes that
connect points on the equilibrium phase diagram. The second set of proces-
ses involves driven systems that are sustained in intrinsically nonequilibri-
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um states. The first set of processes can be roughly summarized as shown in
Fig. 1.3 where five basic situations are shown:

1. intrinsic fluctuations in equilibrium;

2. linear response (perturbations that change the state of the system infini-
tesimally;

3. nonlinear hydrodynamics — substantial jumps in the phase diagram wi-
thin a thermodynamic phase;

4. critical dynamics — dynamic processes near the critical point.
5. kinetics of first-order phase transitions — jumps across phase boundaries.

It is shown in Chapter 2 that processes in categories 1 and 2 are related by
the fluctuation-dissipation theorem. Nonlinear hydrodynamics is developed
and explored in Chapters 9, 10 and 11. Critical dynamics is treated in Chap-
ters 8, 9, and 10. Finally the kinetics of first-order phase transitions is treated
in Chapter 11.

In the second set of processes, like turbulence and interfacial growth [2],
systems are maintained in states well out of equilibrium. In a Rayleigh—Benard
experiment [3] (Fig. 1.4) where we maintain a temperature gradient across a
sample, we can generate states with rolls, defects, chaos and turbulence, which
are not associated with any equilibrium state. These more complicated sets of
problems, such as driven steady-state nonequilibrium problems [4], will not
be treated here.

heat bath
T2

sample

heat bath
T4

Fig. 1.4 Schematic of the Rayleigh—Benard experiment. A fluid sample
is between two plates held at different temperatures T, > Ti. As

the temperature difference increases a sequence of nonequilibrium
behaviors occurs, including convection, rolls and turbulence.
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1.2
Brownian Motion

1.2.1
Fluctuations in Equilibrium

Before we begin to look at the formal structure of the theory for systems evol-
ving near equilibrium, it is useful to look at the historically important problem
of Brownian motion [5]. It will turn out that many intuitive notions about the
dynamics of large systems that evolve out of this analysis are supported by
the full microscopic development. Indeed this discussion suggests a general
approach to such problems.

Consider Fig. 1.5, showing the process of Brownian motion as taken from
the work of Jean Perrin [6] near the turn of the previous century. Brownian
motion corresponds to the irregular motion of large particles suspended in
fluids. The general character of this motion was established by Robert Brown
[7] in 1828. He showed that a wide variety of organic and inorganic particles
showed the same type of behavior. The first quantitative theory of Brownian
motion was due to Einstein [8] in 1905. Einstein understood that one needed
an underlying atomic bath to provide the necessary fluctuations to account
for the erratic motion of the large suspended particle. He realized that many
random collisions, which produce no net effect on average, give rise to the
observed random walk behavior [9].

Jean Perrin

Fig. 1.5 Brownian motion path from cover of Ref. [6].
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Let us consider a very large particle, with mass M and velocity V (t) at time
t, which is embedded in a fluid of relatively small particles. For simplicity
let us work in one dimension. Assume the particle has velocity Vj at time
tp. We are interested in the velocity of the particle for times ¢t > t;. In the
simplest theory the basic assumption is that the force on the large particle can
be decomposed into two parts. The first part is a frictional force F; opposing
the persistent velocity V of the particle and is proportional to the velocity of
the large particle:

F=-MyV , (4)

where vy is the friction constant [10]. The second contribution to the force,
representing the random buffeting the particle suffers from the small particles,
is given by:

F=Mn , )
where 1 is called the noise. Newton’s law then takes the form:
MV = —MyV + Mn . (6)
This is in the form of the simplest Langevin equation [11]:
V==W+n . (7)
Next we need to solve this equation. The first step is to write:
V(t) =eTo(t) . ®)
Taking the time derivative of this equation gives:
V=-—V+4+e " . )
Substituting this result back into the Langevin equation we obtain:
e Mo(t) = n(t) . (10)

Clearly we can integrate this equation using the initial value for V() to obtain:

t
o) =™V + [ drer™n(x) (11)
to
or in terms of the velocity:

t
V(t) = ettty 4 / dre"=In(1) . (12)
to
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The physical interpretation seems clear. The velocity of the particle loses me-
mory of the initial value Vj exponentially with time. V(t) is determined by the
sequence of bumps with the noise for f >> t.

To go further we must make some simple assumptions about the properties
of the noise. We will assume that the noise is a random variable described by
its statistical properties. The first assumption is that the noise produces no net
force:

(m(t)) =0 . (13)

Next we need to specify the variance (n(t1)n(t2)). Physically we expect that
the kicks due to the small particles will be of very short-time duration and
noise at different times will be uncorrelated. Thus it is reasonable to assume
that we have white noise:

(M(t)n(t2)) = Ad(t1 — f2) , (14)

where we will need to consider the proper choice for the value of the constant
A. The other important consideration is causality. The velocity of the large
particle can not depend on the noise at some later time:

M(t)V(t2)) =0 if 4 > tp . (15)

We can now investigate the statistical properties of the velocity. The average
velocity is given by:

V() =0 (1) 4 [ doe T ) (16)

Since the average of the noise is zero, the average of the velocity is propor-
tional to the average over the initial conditions. If the initial directions of
the velocity of the pollen are randomly distributed (as in the case where the
system — particle plus fluid - is in thermal equilibrium, then (V) = 0 and the
average velocity is zero:

V() =0 . (17)

Thus if the system is in equilibrium we expect no net motion for a collection of
Brownian particles. If the pollen molecules are introduced with a net average
velocity, the system will lose memory of this as time evolves.

We turn next to the velocity autocorrelation function defined by the average:

y(t,t) = (V(OV(E)) . (18)

If we multiply the solution for V(t), given by Eq. (12), by that for V(#') and
average we see that the cross terms vanish since:

MH)Vo) =0 for t>tg (19)
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and we have:

t t '
w(tt) = [ ac [ ade e ()
0 0
+e—y(t+t’—2t0) <V02> ) (20)

Using the statistical properties of the noise, Eq. (14), gives:
t ¢ .
y(tt') = / dt [ drle M De M ") A§(1 - 1)
to to

e T =200) (0 to) 1)

It is left as a problem (Problem 1.2) to show that after performing the T and v/
integrations one obtains the result:

A / A /
y(tt) = Z—Ye‘Y“‘*' + [w(to, to) — Z—Y} e MHH=200) (22)

Notice that the initial condition is properly maintained.
Suppose the system is initially in equilibrium at temperature T. This allows
us to determine the value of:

vt to) = (Vg) - (23)

This is because in equilibrium we can assume that the velocity of the particle
satisfies Maxwell-Boltzmann statistics:

P[Vo me P2V (24)

where L= kg Ty, where kg is the Boltzmann constant. One can then evaluate
the average velocity squared as:
[ dvp Ve BB

V3 = ) 25
< 0> f dVOG_BU%VUZ ( )

It is easy enough to evaluate these Gaussian integrals and obtain:

kTy
v2y =239 26
< 0 > M s ( )
which is just a form of the equipartition theorem:

2 (Vo) = > (27)

Let us put this back into our expression for the velocity correlation function
and concentrate on the case of equal times t = ¢ where we have:

A kT, A

2y
- = 20 2 e wmt—to)
(i, t) oy + { i ZY} e M . (28)

9
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If the system is in equilibrium, then there is nothing special about the time t.
Unless we disturb the system from equilibrium it is in equilibrium at all times
t and we expect y(t, t) to be time independent and equal to % For this to be
true we require:

kT, A
—_— = 2
=0 29)
which allows us to determine:
kT,
A=2y220 (30)

M

This means that we have determined that the autocorrelation for the noise is
given by:

m(em(e) =22 ot~ 1) 61

Thus the level of the noise increases with temperature as expected. Note also
that the noise is related to the friction coefficient. In this particular problem,
because we know that the velocity has a Gaussian (Maxwell-Boltzmann) dis-
tribution, we can infer (see Problem 1.9) that the noise must also have a Gaus-
sian distribution.

Inserting this result for A into Eq. (22) for the velocity autocorrelation func-
tion we now obtain, for an arbitrary initial condition,

kT, / kT, /
Wt 1) = —pe M4 [w(to,to)‘ W } e (32)

The assumption here is that the background fluid is at some temperature Ty
and we can insert a set of Brownian particles at some time ty with a velocity
correlation y(tg, tg) without disturbing the equilibrium of the fluid in any
significant way. Then, as time evolves and t and # become large, the system
loses memory of the initial condition and:

KTy

Wit t) = oyt —1) @3)

where the normalized equilibrium-averaged velocity autocorrelation function
is given by:

xy(t—t) = e M= (34)

This is interpretated as the velocity decorrelating with itself exponentially
with time. There is little correlation between the velocity at time t and that
att’ if the times are well separated. Note that our result is symmetric in t < #/,
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as we require. Note also that it depends only on the time difference, which
reflects the time-translational invariance of the system in equilibrium.
Since the velocity of the large particle is related to its position by:

V() = d’é(tt) , (35)

we can also investigate the root-mean-square displacement of the particle per-
forming Brownian motion. Thus we need to integrate:

d d %e*ﬂf*f’\ (36)

S (x(t)) =

These integrations are tedious (see Problem 1.6) and lead to the final result:

kT, ¥

(=) = x(t0)) (x(¥) ~x(t0))) = 52 [ [ avero ! @)
_ kTo i LT yt—t) o o=v(f—t) _ 1 _ o=t
=3 | 2t0+y[ t=to) 4 o=t~ eY”}.(38)

This is of particular interest for equal times where:

kT 1 (bt
(lx(t) = x(t0) ) = 237 [t—t0—§(1—e i 0))} . (39)
For long times we see that the averaged squared displacement is linear with
time. If we have free particle or ballistic motion (see Problem 1.4), the displa-
cement of the particle is linear in time. The random forcing of the noise causes
the average displacement to go as the square root of time.

It is worth stopping to connect up this development to the behavior of
density fluctuations for large particles moving in a fluid background. If n(x, t)
is the density of the Brownian particles, then because the number of Brownian
particles is conserved, we have the continuity equation:

on ]

T o (40)
where | is the particle current. Since the Brownian particles share momentum
with the background fluid, the current | is not, as in a simple fluid, itself

conserved. Instead, for macroscopic processes, | satisfies Fick’s law [12]:
on
=-D— , 41
J=-D (41)
where D is the diffusion coefficient. Clearly Fick’s law is similar to Fourier’s
law, but for particle transport rather than heat transport. We discuss such
constitutive relations in detail in Chapter 5. Putting Eq. (41) back into Eq. (40)

11
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one finds that on the longest length and time scales the density, n(x, t), satisfies
the diffusion equation:

on 0’n

—=D-— . 42

ot ox? (42)
It is shown in Problem 1.7, for initial conditions where the density fluctuation
is well localized in space, near x(f), so that we can define:

([x(t) — x(t0)2) = [ dx () (43)

and:
N = /dx n(xf) (44)

then:
([x(t) - x(to)]2) = 2Dt (45)

for long times. Comparing with Eq. (39) we find that the diffusion constant is
related to the friction coefficient by:

_ kgTp
D= (46)

It was well known at the time of Einstein’s work [13], starting from the equati-
ons of hydrodynamics, that the drag on a sphere of radius a in a flowing liquid
with viscosity v is given by the Stoke’s law result:

My = 6mva . (47)

If we put this back into the equation for the diffusion coefficient we obtain the
Stokes—Einstein relation [13]:

kgT
D =
6mva

(48)

If we know the viscosity and temperature of the liquid and measure the diffu-
sion coefficient D through an observation of the Brownian motion, then we
can determine a. If 2 is known, then this offers a method for determining
Avogadro?s number: Ny = R/kp where R is the gas constant. Solving Eq.
(48) for Boltzmann’s constant and using Eq. (45) we find:
R t RT
Njy=—=__~ "~ 49
A7 kg {((5x)2) 3mav “9)
Perrin found, for example for gamboge grains, that 2 ~ 0.5 um and Ny ~
80 x 10%2.
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1.2.2
Response to Applied Forces

Suppose now that we apply an external force, F(t), to our particle. Clearly our
equation of motion, Eq. (6), is then modified to read:

MV (t) = —MyV(t) + Mn(t) + F(t) . (50)

Now the average velocity of the particle is nonzero since the average of the ex-
ternal force is nonzero. Since the average over the noise is assumed to remain
zero (suppose the background particles are neutral while the large particles
are charged) we have, on averaging the equation of motion:

M(V(t)) = —=My(V(t)) + E(t) . (51)

We assume that the force is weak, such that y can be assumed to be indepen-
dent of F. We can solve Eq. (51) again using an integrating factor, to obtain:

<V(t)>:e*Y<f*f0)<V(to)>+% t'tdfe”“’”m) : (52)

For t >> ty the average loses memory of the initial condition and:

M(V () = ! dre MY F(1) . (53)

)

Notice that the response to the force can be written as a product of terms:

MV () = /t: dtyy (t — 0)F(x) . (54)

It can be written as a product of an internal equilibrium response of the system
times a term that tells how hard we are forcing the system.

The conclusions we can draw from this simple example have a surprisingly
large range of validity.

e Friction coefficients like y, which are intrinsic properties of the system,
govern the evolution of almost all nonequilibrium systems near equili-
brium.

e Thermal noise like 1 is essential to keep the system in thermal equilibri-
um. Indeed for a given y we require:

(((e)) = 2B 05( ) (55)

So there is a connection between the friction coefficient and the statistics
of the noise. Clearly the noise amplitude squared is proportional to the
temperature.
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e The response of the system to an external force can be written as a pro-
duct of a part that depends on how the system is driven and a part that
depends only on the fluctuations of the system in equilibrium.

One of the major unanswered questions in this formulation is: how do we
determine y? A strategy, which turns out to be general, is to relate the kinetic
coefficient back to the velocity correlation function, which is microscopically
defined. Notice that we have the integral:

M
/ dt xy () / dte _—_Dm. (56)
This can be rewritten in the form:
D_kﬂ/ dt xy () = / d w(t,0). (57)
. JO

Thus if we can evaluate the velocity—time correlation function we can deter-
mine D.

You may find it odd that we start with a discussion of such an apparently
complex situation as pollen performing a random walk in a dense liquid. His-
torically, nonequilibrium statistical mechanics was built on the Boltzmann pa-
radigm [14] where there are N spherical particles in an isolated enclosed box,
allowed to evolve in time according to Newton’s laws. Out of this dynamical
process comes the mixing and irreversible behavior from which we can extract
all of the dynamical properties of the system: viscosities, thermal conductivi-
ties and speeds of sound. This situation appears cleaner and more appealing
to a physicist than the Langevin paradigm [15] , where the system of interest is
embedded in a bath of other particles. The appeal of the Boltzmann paradigm
is somewhat illusory once one takes it seriously, since it leads to the difficult
questions posed by ergodic theory [16] and whether certain isolated systems
decay to equilibrium. We will assume that irreversibility is a physical reality.
A system will remain [17] out of equilibrium only if we act to keep the system
out of equilibrium. While the Langevin paradigm appears less universal, we
shall see that this is also something of an illusion. In the Langevin description
there is the unknown parameter y. However, if we can connect this parameter
back to the equilibrium fluctuations as in Eq. (56), then we have a complete
picture. To do this we must develop a microscopic theory including the back-
ground fluid degrees of freedom to determine xy, (f) as a function of time.
Then we can extract 1/7 as an integral over a very short time period. The
Langevin equation then controls the behavior on the longer time scales of
particle diffusion.

The notion of a set of rapid degrees of freedom driving the evolution of
slower degrees of freedom is a vital and robust idea. The separation of time
scales in the case of Brownian motion comes about because of the larger mass
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of the pollen compared to the mass of the particles forming the background
fluid. More generally, we have a separation of time scales for the fundamental
reasons of conservation laws, Nambu—-Goldstone modes associated with bro-
ken continuous symmetry and slowing down near certain phase transitions.
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1.4
Problems for Chapter 1

Problem 1.1: If € is the energy density and J the heat current, then the local
expression of conservation of energy is given by the continuity equation:

oe =
T -V-J.
The heat current can be related to the local temperature by Fourier’s law given
by Eq. (1). The energy density density can be related to the local temperature
if the system can be taken to be in local equilibrium:

de  de dT

ot oT ot '
where the thermodynamic derivative is equal to the specific heat per unit
volume:

o€
CV:ﬁ

Show that these steps lead to the heat equation for the local temperature:

aa_z’ = DrV?T
and identify the thermal diffusivity Dt in terms of the other parameters in the
problem.

Consider the problem discussed in the chapter where a plate (half-plane
z > 0), initially at temperature Tj, is brought into contact with a constant
heat source at temperature 77 > T along the plane z = 0. Solve the initial
boundary value problem for the temperature and show that:

z
T(z)—Ty=(Th — T,
( ) 0 ( 1 O)erfc |:2\/D—Tt:|
Problem 1.2: Show that the double integral in Eq. (21) leads to the results given
in Eq. (22).
Problem 1.3: Suppose, instead of white noise, one has colored noise satisfying
the autocorrelation function,

2kgT iy
((tm(t') = e 0T

Determine the equilibrium-averaged velocity autocorrelation function for this
case. Focus on the case where 7,7 < 1.

Problem 1.4: Starting with the expression for the displacement given by Eq.
(39), investigate the behavior for short-times t — t;. Does the result have a
simple physical interpretation?
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Problem 1.5: Determine the correlation between the velocity of a tagged par-
ticle at time ' and the displacement at time #: (8x(#)V(t')).

Problem 1.6: Show that carrying out the integrations in Eq. (37) leads to the
results given in Eq. (38).

Problem 1.7: Suppose the density of tagged particles, n(x, t), satisfies the dif-
fusion equation:

on *n

ot ox?

Suppose also that the initial conditions are such that the density profile is well
localized in space and we can define the displacement squared:

(lx(t) = x(t0)2) = [ dx2n(t)
where:
N:/dxn(x,t) .
Show, under these conditions, that for long-times,
([x(t) — x(to)]?) = 2Dt

Problem 1.8: Extend Problem 1.7 to d dimensions.

Problem 1.9: We know that, in equilibrium, the velocity is governed by the
Maxwell-Boltzmann distribution, which is a Gaussian distribution, and that
one of the properties of a Gaussian distribution is that:

(V4 =3(V?3)?* . (58)

On the other hand we know that, in equilibrium,
ot
V()= [ dre " In(q)

fo

Show that Eq. (58) is satisfied if the noise is gaussianly distributed and there-
fore satisfies:

m(z)n(w)n(w)n(n)) = Mun(w))m(ws)n(nu))

17
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2
Time-Dependent Phenomena in Condensed-Matter
Systems: Relationship Between Theory and Experiment

2.1
Linear Response Theory

2.1.1
General Comments

We have all, from our everyday experience, an intuitive feel for speeds of
sound, viscosity and thermal conductivity. Most of us do not have an intuitive
sense for the microscopic origins of these quantities. Why does a certain fluid
have a high viscosity? What is the temperature dependence of the viscosity?
As we discussed in Chapter 1, properties like speeds of sound and transport
coefficients are intrinsic to the systems of interest and independent of the
weak external probe testing the system. This means that we can investigate
such properties by disturbing the system in the most convenient manner. It
seems reasonable that the most convenient probe is an infinitesimal external
field that couples weakly to the degrees of freedom of an otherwise isolated
physical system. In this case we can carry out a complete and theoretical-
ly well-defined analysis of the nonequilibrium situation. This development,
known as linear response theory, has been fundamental in the establishment of
a well-defined theoretical approach to intrinsic dynamic properties. This work
was pioneered in the mid to late 1950s. Substantial credit for the development
of linear response theory goes to Kubo [1] and Green [2]. We follow here an
approach closer to that of Kadanoff and Martin [3,4] and Forster [5].

2.1.2
Linear Response Formalism

Let us begin with a rather general discussion that highlights the key ass-
umptions in the development. We will return later to a number of specific
examples. We consider a quantum-mechanical system, which, in the absence
of externally applied fields, is governed by a Hamiltonian H. The equilibrium

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4
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state for this system is given by the density matrix [6] or probability operator:

7BH
e

Peq = 7 ’ (1)
where:

Z="Tre PH @)

is the partition function, Tr is the quantum-mechanical trace over states, and
B = 1/kgT where T is temperature and kg is Boltzmann’s constant. We will
be interested in the averages of various observables. These observables can
generally be represented as quantum operators A(t) and the time dependence
t is generated by the Heisenberg equations of motion:
0A(t
~in22 — 1, ey ®
ot

where [A, B| = AB — BA is the commutator between the operators A and B.
The equilibrium average of these fields is given by:

(A(t))eq = Tr pegAlt) @)

As a specific example we can think of the A(f) as the z-component of the total
magnetization in a magnetic system:

M:(t) = Y pi(t) 5)

where [i; is the magnetic moment of the ith molecule or atom in the system.

We next assume that we can apply to our system an external time-dependent
field h(t). We assume that the total Hamiltonian governing the system can be
written in the form [7]:

Hr(t) = H(t) — B(t)h(t) . (6)

The external field couples [8] to the quantum operator B(t), which may be
related to A(t). We assume that /i(t) vanishes for times earlier than some time
tp, and the system is in equilibrium for times prior to to with the equilibrium
density matrix Peq given in terms of H by Eq. (1). In our magnetic example the
external field is the externally applied magnetic field H(t) that couples to the
magnetization via the usual Zeeman term. In a given physical system there
is typically a collaborative effort between theory and experiment to identify
the nature of the coupling as represented by the operator B and the external
field h.
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Let us work in the Heisenberg representation [9] where the density matrix is
time independent and operators evolve according to the Heisenberg equations
of motion:

., OA(t
im0 _ (o), A 7)
The operator B(t), which appears in the coupling in Eq. (6), develops in time
according to:

3B(t)

—zh—at

= [Hr(t), B(#)] ®)
Nonequilibrium averages can be written in the form:
(A())ne = TrpA(t) ©)

where the operator A, corresponding to an observable, carries the time de-
pendence and the density matrix, p, is time independent. This is a particularly
useful approach if we know that the system is initially in equilibrium. Thus
if fort < tg, p = Peq / then, in the Heisenberg representation, we have for all
subsequent times:

p= peq (10)

and nonequilibrium averages are given by:
(A())ne = Tr pegAlt) - (1n)

The result given by Eq. (11) is really quite simple to understand from the
point of view of classical physics. Suppose we have a system of N particles in
three dimensions. In this case it is clear that if we know the values of the 6N
phase-space coordinates, q(t) = {g1(t),q2(t) ... qen(t)}, at some time t = ¢,
q(to) = {q1(t0),q2(t0) - - - qen(to) }, then the value can be determined at a later
time as a solution of the initial-value problem. Thus we can write [10]:

Alg(t)] = Alq(0), 1] . (12)

The average of A(t) requires knowing the probability distribution governing
the initial configuration: P[g(0)]. Clearly the average of any function of the
phase-space coordinates as a function of time ¢ is given by:

(A®) = [ dg(0)P[1(0)]A[g(0), 1] - (19)

But this equation is just the classical version of Eq. (11). For further discussion
see Problem 2.1.
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It is well known in standard quantum mechanics that one can work either in
the Heisenberg representation, as assumed above, where the density matrix is
time independent and operators evolve according to the Heisenberg equations
of motion, or in the Schroedinger representation where the density matrix
evolves in time and operators (observables) are time independent. We now
want to discuss how we can go between these two representations, since it will
indicate the best strategy for carrying out perturbation theory in the external
field h(t). The first step in the analysis is to define the time evolution operator
U(t, ') satisfying:

in %U(t, V) = HE(HU(L Y) (14)

with the boundary condition:
uc,t) =1, (15)
and Hi.(t) is given by:
Hi(t) = H — Bh(t) (16)

where the only time dependence is the explicit time dependence carried by
h(t).
We also define the inverse operator, U~!, by:

U-(t,Hu(tt)y = U, Hyu-(s,t)=1 . (17)

Taking the derivative of Eq. (17) with respect to t we obtain:

ih [%u—l(t, t/)} U(tt) + Ut t’)ih%ll(t, ty=0 . (18)

Using the equation of motion given by Eq. (14) and applying U~! from the
right, we obtain:

ih % U™Y(t ) = — UM H(E) (19)

Taking the hermitian adjoint of Eq. (14), using (AB)" = BTAT, and the fact

that H(t) is hermitian we find,

—ih%um, )y = Uut(t, Y H(t) . (20)

Comparing Egs. (19) and (20) we see that U is unitary:

ut=u-! . (21)
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We introduce U since it can be used to formally integrate the Heisenberg
equations of motion in the form:

At) = Ut to) AU(t, ) (22)

where A = A(tp). To prove this assertion we take the time derivative of
Eq. (22):

ihaggt) = Lh%u—l(t,toﬂ AU(fJo)+U‘1<tff0)Aih%u(t’t°)

= —ul, to) Hy (t) AU(t, to) + u-(t, to) AHT(£)UL(t, to)
= —[Hr(t), A(t)] ,
where we have used Egs. (14) and (19) and identified:
Hr(t) = U(t, to) (DU (L to) = H(t) = B()() . 23)

Clearly this equation of motion agrees with Eq. (6). Thus Eq. (22) gives a for-
mal solution to Eq. (9) where the dependence on the external field is through
U(t, t).

It is at this stage in the development where we can understand how one
goes back and forth from the Heisenberg to the Schroedinger representation in
the case of an external time-dependent field. In the Heisenberg representation
we have:

(A(t))ne = Tr pegU " (£, to) AUt to) - (24)
Using the cyclic invariance of the quantum-mechanical trace,
TrAB = TrBA, (25)
for any two operators A and B, we can write:
(A(t))ne = Tr U(t, t)pegU (1, t0) A (26)

This result corresponds to working in the Schroedinger representation where
the density matrix carries the time dependence:

p(t) = U(t to)pegU " (t 1) - (27)
Notice that the density matrix satisfies the equation of motion:
., 0
i So(t) = [Hr(t),p(6)] , (28)

which has the opposite sign from the equation of motion satisfied by operators
corresponding to observables. If we work in the Schroedinger representation,
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then we focus on the time evolution of probability distributions. This is the
conventional path to transport descriptions like the Boltzmann equation.

While we have a well-defined problem at this stage, the analysis for arbi-
trary h(t) is extremely difficult. The problem is simplified considerably if we
assume that h(t) is infinitesimally small. The first step in our development
is to obtain a more explicit expression for the dependence of A(t) on h(t).
This involves organizing the problem in the interaction representation. As a step
toward this development we need to look at the dynamics for the case where
we turn off the external interaction.

When I = 0 the time evolution operator U = U satisfies:

0
ih 3 Uo(t, ko) = H Uy(t, tg) (29)
which has the solution:

Uo(t, to) = e Ht=ta)/1 (30)

This is the usual unitary time-evolution operator for a time-independent Ha-
miltonian, and, using Eq. (22), we see that operators evolve in this case accor-
ding to:

A(t) = oiH(t—t0)/ go—iH(t—to) /Tt (31)

Equilibrium averages, in the absence of an external driving force, are given

by:
<A(t)>h:0 _ %TT’ efﬁHeiH(tfio)/hAefiH(t*io)/h ) (32)

Since H commutes with itself,

o BHiH(t—t)/h _ GiH(t—t0) /g —BH (33)
and using the cyclic invariance of the trace we have:
<A(t)>h:0 _ % Tr efiH(tftU)/heiH(tfto)/he*BHA — <A>eq . (34)

These averages in equilibrium are time independent [11].
Let us return to the case of nonzero h(t) and define the operator U via:

U(t, tg) = Ug(t, to)U(t, ty) . (35)

Taking the time derivative of Eq. (35) and using Eq. (14) we obtain:

. 0 ., 0 ~ Y 0
ih g”(t, to) = [zh EUO(t, to):| U(t, to) + Uo(t, to)lh gU(f, to)
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= Huo(t,to)u(t,to)+U0(t,t0)zh§u(t,t0)
= [H+ Hg(t)]U(t to) , (36)

where we define the external contribution to the Hamiltonian in the Schroe-
dinger representation as:

Hi(t) = —Bh(t) . (37)
Canceling the HU (¢, ty) terms in Eq. (36), we obtain:
Us(t )it S0 (t,t0) = HE(DU(E 1)
= Hi(H)Uo(t, to)U(t, to) - (38)
Multiplying from the left by U, ! we obtain:
S0t 1) = Uy (¢, 40) B (O ot 0) Ut 1) (39)
It is convenient to define:
Hi (t) = Uy ! (¢, to) Hi () Uo(t, to) = —B'(1)h(t) (40)
where:
B(t) = Uy ! (t, to) BUy(t, to) (41)

is in the interaction representation. U then satisfies the differential equation:

il %Cl(t, to) = HL(H)U(t, to) . (42)

25

After integrating Eq. (42) from tg to t and using the boundary condition U (to, ty) =

1, we obtain the key integral equation:

A [ )t A
Ut tg) =1 — % dt HL()U(H, ty) . (43)
to

Then next step is to express the nonequilibrium average in terms of UI. We first
note that:

ULt tg) = UT(t,tg) = [Ug(t, to) U (L, to)]T = UT (L, to)UT (1, t) ,  (44)
then Eq. (24) can be written:

(A(D))ne = TrpegU (1, to)Ug (t, o) AUo(t, to) U(t, fo)
Tr peq U (1, o) AT (1) U(t, g) . (45)
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The entire dependence on Hg is now isolated in the operator U. In general
the best we can do (see Problem 2.2) for arbitrary H is to write the formal
solution:

it / ’
Qt ) = T el # S 4¢HEC)] (46)

to the integral equation for U. In Eq. (46), 7 is the time-ordering operator
that orders all operators according to time sequence, the latest time standing
furthest to the left, for example,

T [A(t3)B(t2)C(t1)] = C(t1)B(t2) A(ts) (47)

when t| > ty > t3.
It is at this point that the assumption of weak coupling or small Hg enters.
We can iterate the integral equations for U to first order in Hg, to obtain:

A ] t
u(t,to):l—% t dt'HE(t') + .. (48)
0
A it
u (t,to):l—i—ﬁ t dt'Hg(t) +... . (49)
0

Using these results, we can write the nonequilibrium average as:
(A())pe = Tr -1 'tdt’HI(t’)Jr---
ne — peq ih to E

t
x Al(t) {1+.l/ dt’H]IE(t’)—i—---}
ih Ji,

= Tipgg[A10) + 5 [ AVIATOHLE) - HE) A
+O(H)
— (A + 5 [ APA, HE g + OHE) . (60

Inserting the expression for H]IE given by Eq. (40) we have

1 gt
(ABD)ne = (Aa(B))eq = 7 | A ([AY(E), BU(E))egh(t) +OW) . (1)

0
Note that the averages are now over the equilibrium ensemble with a time
dependence governed only by the intrinsic Hamiltonian H. We have already

shown:

<A1(t)>eq = <A>eq : (52)
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It will be convenient to drop the label I on the operators A and B in the second
average with the understanding that they evolve with Uj.

We now draw out our main result. The deviation from equilibrium due
to a very weak external field can be written as a product of two terms. One
is the external field and the other is an equilibrium-averaged time-correlation
function that is independent of the external field:

SA(H) = (A(t))ne — (A(t))eq = 21/ Aty g (L)) + O(2) ,  (53)
where we have defined the response function:

Kt 1) = 5 (A, B eq )

For a simple example see Problem 2.3. We can always choose h(t’) such that
we can extend the lower limit of the time integration to —oco and we can define
the dynamic susceptibility:

xap(t,t') =2i0(t — t)x 45 (t, 1) (55)

so that:

* 100
s4(t) = | T AP (L) (56)
The step function 6 occurs naturally in y since the system is causal. We can
not feel the effects of i until after it has acted. This result, first obtained in
the early 1950s, is one of the most important in the area of nonequilibrium
statistical mechanics. We shall now study this result in some detail in order to
appreciate its significance. A key point is that we have reduced our nonequi-
librium problem to that of equilibrium averaged time-correlation functions. It
is of great advantage that we can use the high symmetry of the equilibrium
state in analyzing " and . As a first example, consider the consequences of
time-translational invariance.

2.1.3
Time-Translational Invariance

Consider the equilibrium-averaged time-correlation function (we drop the sub-
script eq on the average when there is no confusion):

(A()B()) = Tr peg A()B(H) (57)
or, writing this out more fully

(A()B(t')) = Tr peqUy (t,t0) AUo(t, to)Uy (¢, t0) BUo(t, to) (58)
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The factor between operators A and B can be written in a more convenient
form:

Uo(t, to)uo+(t/, tO) _ efiH(tftg)/he+iH(t'7to)/h
_ o iH(t=t)/h

= Up(tt") . (59)

Then we can use the cyclic invariance of the trace to move Uy(t, ty) through
Peq (since Peq cOMmutes with Uy and UJ ),

Uo(t', to)Peq = PeqUo(t', to) (60)
and then use the adjoint of Eq. (59) to obtain:
(A()B(t)) = TrpeqUo(t', t) AU(t,t')B
Tr peqUy (£, ") AUo(t, 1) B
= (A(t—1t)B) (61)

Thus we see that time-translational invariance, which is equivalent to the
statement that the time evolution operator U (t,t') commutes with the density
matrix, demands that equilibrium time-correlation functions depend only on
time differences and not on any time origin (e.g., the choice of t). This result
for (A(t)B(t')) immediately implies, after putting back the indices,

Xap(tt') = Aap(t—1t) (62)
and:
Xap(tt) = Xap(t—t') . (63)

This means that our expression for 3A(t), as in the case of Brownian motion,
is in the form of a convolution:

+oo
BA(t):/ At xap(t— t)R() . (64)
It is therefore natural to introduce Fourier transforms:
+o0 )
SA(w) = / dteSA(L) | (65)
and the inverse:
+oo dm .
h(t) = — e 9
(=] S2e (o) (66)

to obtain:

3A(0) = xap(@)h(®) . (67)
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This is our main result. The nonequilibrium response of a system to a weak ex-
ternal field #(w) is proportional to the response function y (). Consequently
the calculation of the nonequilibrium response of a system to a weak external
field reduces to a purely equilibrium calculation. Calculation of quantities
like % (®) are not simple for practical systems, but they are well defined. We
expect that information about transport properties (thermal conductivities,
viscosities, etc) must be available from y. Our eventual goal is to see how to
extract this information.

21.4
Vector Operators

Thus far we have discussed the response of an observable A to an external
perturbation that couples to the observable B. We need to generalize these
results to a set of observables Ay where the o is a discrete index. The simplest
example is where the observable is a vector A, — A. It is natural in this case
to consider a vector coupling where i — hy, which couples to the vector field
Bg. The discrete set may also range over some set of variables like the number
of particles, the momentum and the energy, as would occur in fluids. It is easy
to see that our linear response results easily generalize to this case in the form:

00
8Au(t) =1 [ doap(t— (¢ (68)
B —0
Kty (1) = 2000 — s (1,1 (©9)
1 / ]' /
XAa,BB(t/t ) = ﬁ([Aoc(t)/BB(t Meq - (70)

215
Example: The Electrical Conductivity

As a first explicit example of our linear response formalism, consider the case
of a uniform, external, slowly varying electric field E(t) applied to a metal.
This initial treatment is somewhat naive; later we will give a more rigorous
analysis [12]. The interaction energy for a set of N particles, with charge g;
and located at positions r;, is given by:

N
Hy =) qi0(r;) (71)
izl
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where 0(x) is the electrostatic scalar potential at position x. We can rewrite this
interaction energy as:

H; = qu/ dde (x —1;)0(x;, 1) /ddeql X —1;)0(x, t)
— [ dxp(x)0(x, 1 (72)

where:
N
=) g:d(x—r;) (73)
i=1

is the charge density and we assume we are working in d spatial dimensions.
The specific case of interest here, an applied a uniform electric field, can be
written in a simpler form. In general, the electric field is related to the scalar
potential by:

E(x,t) = —V,0(x,t) . (74)
If E is a constant in space, then we can write:
o(x,t) = —x - E(t) (75)

and the interaction energy take the form:

Hi= [ ¥ gid(x— ) (—x- E(1)

:_2 git;-E(t) = =R - E(t) (76)
where:
R=) gir (77)

is the center of charge times the number of particles N. In terms of our original
notation we identify h(t) — E(t) and B(t) — R.

In this case we are interested in the current flow in the system when we
apply the electric field. If o (t) is the charge-current density operator, then in
the absence of an applied field, there is no net flow of charge:

<]oc(t)>eq =0 . (78)

In the linear response regime where E(t) is small, we have immediately, using
Eq. (68), that:

Ualtoe =5 | A gy~ B 79)
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Clearly this allows one to define a nonlocal electrical conductivity:
400
Ja®)e =Y [ dtogp(t—t)Eg(t) (80
B —00

where:

Sup(t =) = 2i0(t = #) 5= Ja(1) Ry(t)] g (81)

Thus we obtain an explicit correlation function expression for the electrical
conductivity. In terms of Fourier transforms, Eq. (79) reduces to:

{Ja(®))ne = %%g(w)Eﬁ(m) : (82)

These results can be used to determine ¢ explicitly for simple model systems.

If we return to our example of Brownian motion in Chapter 1 where the
large particles have a charge g, then the average equation of motion in the
presence of an applied electric field is given by:

M (Va(t)) = —MY(V®)) + gEat) )

where we have extended our previous results to d dimensions and included
the vector index o on the average velocity and the applied field. If we Fourier
transform over time using;:

/j:o dt ei“’t%<Va(t)> — —io(Va(w)) | (84)
then the equation of motion becomes:
(=i +7) (Va(0)) = LEa(w) . (85)
The average charge-current density is given by:

{(Ja(t))ne = ng(Va(t))ne (86)
where n = N/V is the charge carrier density in the system. Then, after Fourier
transformation of Eq. (86) and using Eq. (85), we obtain the result for the
nonequilibrium charge-current density:

(Jo(@))ne = ( nqz Eq(®) . (87)

—io+y)M
Comparing this result with the linear response result, we can identify the
frequency-dependent conductivity:
ng*

Oap(®) = msaﬁ . (88)
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This is the Drude theory [13] result for the conductivity. Note that the conduc-
tivity tensor is diagonal. The conductivity is identified in this case with the
low- frequency component:

2
. nq
6 = limo(®w) = —. 89
©—0 (®) My (®9)
Recognizing that the inverse friction constant can be interpreted as a relaxati-
ontime T = y’l, the Drude result can be written in the conventional form:

o e
M
This result can serve as a definition of the relaxation time t. From measure-
ments of 6 we can determine t. For example [14], for copper at a temperature
of 77K, t = 21 x 1075, at 273 K, 1 = 27 x 10" s, and at 373 K, © =
19x10 s

Notice that Eq. (89) serves as a microscopic definition of the conductivity.
It expresses this transport coefficient in terms of the low-frequency limit, or
time-integral, of the equilibrium-averaged time-correlation function given by
Eq. (81). We discuss this result in more detail in Chapter 4.

In the case of a dielectric material where we apply an external electric field,
we induce a net nonzero polarization field. The coefficient of proportionality
between the applied field and the measured response is a frequency-dependent
dielectric function. We also discuss this result in some detail in Chapter 4.

(90)

2.1.6
Example: Magnetic Resonance

There are a number of magnetic resonance experiments [nuclear magnetic
resonance (NMR), electron spin resonance (ESR) etc.] that are interpreted
using linear response theory. There are many texts devoted to this topic [15,
16]. As an introduction to this technique and to give some sense as to the
physical content contained in the dynamic susceptibility, let us consider the
case of a paramagnetic system aligned along a primary external magnetic
field:

Hy = Ho? . 91)

This clearly corresponds to a case of constrained equilibrium where the ave-
rage magnetization aligns along the applied field:

<M> = XOHO = My (92)

where ¥ is the associated static susceptibility. Now, assume that we perturb
this system with a weak, transverse time-dependent external field:

h(t) = hy(t)2 +hy(t)7 . (93)
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What are the responses of the various components of the magnetization to this
transverse field? If we think of this problem in terms of linear response where
Hy is fixed and the transverse field is small, then the variation of the average
magnetization with transverse field is given by:

(Mu(0)) = Tep @)hy(0) 01)
where:
Kap(©) = [ d(t =) eyt 1) 95)
and:
Kap () = 200(¢ — ) o ([Ma(t), Mp(#) )25 (96)

where the equilibrium state used in the average is in the presence of Hy.

To go further in understanding the information contained in the linear re-
sponse function in this case we need a model. We adopt the phenomenological
model of Bloch [17] , which captures the essence of the problem. Later, in
Chapter 9, we will discuss a more careful derivation of equations of motion of
this type. Here we rely on physical arguments. The Bloch equation of motion,
satisfied by the average magnetization, consists of two contributions, one of
microscopic origins and one of a more macroscopic source. The first reversible
contribution to the equation of motion comes from a term in the microscopic
Heisenberg equation of motion:

d } i
LRy, = L1H, My . 97)
|: dt * reversible h *

where Hy is the Zeeman contribution to the Hamiltonian:
Hy = —M-Hry (98)

and Ht(t) = Hy + h(t) is the total external magnetic field. Evaluation of this
contribution requires us to be a bit more specific. The total magnetization is
given by M = Y, li; where [i; is the magnetic moment of the ith molecule in
the system. If J; is the total angular momentum for the ith molecule in the
system, then it is proportional to the magnetic moment,

ﬁi = Y]l ’ (99)

where the proportionality constant y is the gyromagnetic ratio. The total an-
gular momenta satisfy the quantum-mechanical commutation relations:

U2, 0] = i Y eapy ] - (100)
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If we multiply by ¥ and sum over i and j we obtain for the components of the
total magnetization:

[Mq, Mg] = iy} _eqgyMy (101)
A%

We therefore have the contribution to the equation of motion for the total
magnetization:
i i

FlHz, Mo] = —2 ) Hy[Mp, Mo
B

n
i .
il ZH?zhstBOWMV
B v
= _'YZSOLBVHBMV =—y(Hr xM), , (102)
Bv

which is easily recognized as a term that leads to precession of the magnetic
moments.

The second term in the equation of motion is a damping term, like the
frictional term in the Brownian motion example, which tends to drive the
magnetization to the equilibrium value MY. Our equation of motion then
takes the general form:

%Mu = —y(H(t) x M)g, — Ta(Ho) (Mo~ M) (103)
where the I'y are damping (or friction) coefficients. We should allow for the
fact, in the presence of Hy, that damping associated with fluctuations along
and perpendicular to the ordering may be different. Following the standard
convention we define: I'; = Tll and I'y = Iy = TLZ where Ty and T, are
functions of Hy. In the limit Hy — 0, T; = T5. Notice that the external field H
breaks any overall rotational symmetry in the problem. One can still, however,
have rotational symmetry in the xy plane. The Bloch equation, Eq. (103), then

takes the form:

d 1
M = Y (H() X M), — o (M; — Mo) (104)

for the longitudinal component, while in the xy plane,

d 1
M = ~Y(H() X M)y — =My (105)

where the subscript T means in the transverse plane. The applied field can
then be written as the sum:

H(t) = Hoz + h(t) , (106)
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where the transverse field h(t) is small in magnitude compared with Hy. It is
then easy to estimate that M, ~ O(H,) while the two transverse components
of the magnetization are of order h. If we evaluate the cross product terms we
obtain:

[H(t) x M], = HyM,, — H/M, , (107)
which is of O(h?). Similarly we obtain, to O(h),
[H(t) x M|, = H/M; — H:M, = hyM, — HiM,, (108)
and:
[H(t) x M|, = H:My — HyM; = HoMy — hx M . (109)
The Bloch equations, keeping terms of O(h), then reduce to:
d 1

M= = T (Mz — My) (110)
d 1
|+ 75| M = 1HoMy —1Mehy () (1)
d 1
{ S } My = —yHoM, + YM.li(t) . (112)

If we look at these equations in a steady-state situation where the fields were
turned on in the distant past (see Problem 2.4), then we see that the consistent
solution for the longitudinal magnetization is that it be a constant:

M. =M, . (113)

Thus all of the action atlinear order in k() is in the transverse directions. Using
Eq. (113) we find that the transverse equations of motion then take the form:

d 1
th + } My = YHyM,, — YMohy(t) (114)
d
[ S+ } My = ~YHoM; +¥Mohs(t) . (115)

Fourier transforming these equations in time and defining the cyclotron fre-
quency 0y = YHy, we obtain the coupled set of linear equations:

(—zco—i— ;2> My(®) — wgMy(w) = —yMohy (o) (116)
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. 1
0o My () + (—z(o+ T) My () = YMohy(®) . (117)
2

It is easy enough to invert (see Problem 2.5) this 2 x 2 matrix equation to
obtain:

Ma(0) = %Xuﬁ(m)hﬁ(“)) (118)

and we can easily read off the results:

woYMo
1l0) = 1y (0) = 2V (119)
and:
’YMo(—i(l)—|— Tz_l)
w)=— ) = 120
) = 1 (0) = 22 (120)
Let us focus on ¥, (®), which we can write in the form:
woYMo
Xxx(@) = . . (121)
O o o T iy 115 )
Now suppose our probing transverse field is harmonic:
h(t) = h cos(wpt)% (122)

and we probe at frequency ®p. The Fourier transform of the applied field is:

h(w) :27:; [8(0— @p) + 8(00 + p)] (123)

and the measured x-component of the magnetization in the time domain is
given by:
Cdo h
My(t) = / e ()27 [3(0 — @p) + 8(0+ 0p)]

= 5 [eimthxx(mp) + eiimthxx(_O)p)}

N = N

{cos<wpt> e (@p) + e (—p)]
i sin(opt) [ (p) —xxx<—mp>J} | (124)

Since we see from inspection of Eq. (119) that:

Xxx(_w) = x;x(m) ’ (125)
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we have:
Xxx(m) + Xxx(_m) = ZXQx(w) (126)
Xxx(w) - Xxx(_w) = ZiX;!x((D) : (127)

Inserting these results back into the expression for the x-component of the
magnetization gives:

My (£) = h [cos(ph) X () — sin(@p)2 (0p)] (128)

The real and imaginary parts of ., can be easily extracted if we write Eq. (121)
in the form:

[@p + @ —iTy g — 0 +iT, ]

Xz (®) = @YMp = - (129)
o [(@9 4+ ®)2 + T, %)][(wg — ®)% + T; )]
with the results:
[0f — @ + T, 7]
Yoex (©) = oYMy - - (130)
o [(wp + )2+ T, 2] [(wp — )2+ T, 2]
and:
2075 !
1Ly (®) = 09¥Mo 2 (131)

(@0 + ®)2 + T, ?][(0g — ©)2 + T, 7]

Then, as one sweeps ®, one finds a large response (resonance) as one passes
through @ = +wp. The smaller the damping, T, !, the sharper the resonance.
Clearly this method can be used to measure the resonance frequency, wy, and
the damping T, L

217
Example: Relaxation From Constrained Equilibrium

An important set of experiments, particularly from a conceptual point of view,
involve those where we start with a system in equilibrium at f = —oo, adia-
batically turn on an external field, which brings the system into a constrained
equilibrium state, and then, at t = 0, turn off the field. This is the situation de-
scribed earlier for a paramagnet. As a prelude to this case let us first consider
a slightly simpler situation.

Suppose we adiabatically turn on an external field, /1, that couples to obser-
vable B and then maintain this time-independent field for times greater than
some time £1:

hg(t) = [eﬂ@*ﬁ) Ot —t) +0(t— tl)] hg . (132)
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The adiabatic requirement implies that 1 is very small. We have, then, combi-
ning Eq. (53) with Eq. (132), that the linear response to this field is:

= 21/ Aty p(t— gl 8(t — ) +0(1 —t)]  (133)

It is shown in Problem 2.13 that after introducing the Fourier transform of
X4p(t — t'), the time integral can be carried out and in the adiabatic limit one
obtains:

SA(t) = xaphs . (134)
where the static susceptibility is given by:

do X45(®)
= [ &2 2 1
XA,B p . (135)

Note that A(t) is time independent for t > t;. If we allow t; — —oo then this
gives the response of the system to a time-independent external field.

As a consistency check this result should be the same as one would obtain
from the equilibrium calculation of (A) where one has the density matrix:

Peq = e B(H+HE) /Tyo—B(H+HE) (136)

with Hg = —Bhp, which is treated as a perturbation on H. In Problem 2.6 you
are asked to show Eq. (134) holds directly. We will return to this later.
Note, since & is infinitesimal, we have from Eq. (134) the result:

A
Shp XAB - (137)

This relation helps us make the connection with thermodynamic derivatives.
Let us now return to the dynamic situation where we create a disturbance
by turning off an adiabatic field at time t = t; = 0. Our external field is given

by :
hp(t) = eVhpo(—t) . (138)

The linear response is given in this case by Eq. (53) with h(#') replaced by
hg(t') given by Eq. (138):

-0 ,
SA(t) = / dt' 2i0(t —t")x/s g(t — )" hp . (139)
For t > 0 the step function is equal to 1 and:

0 Y ,
BA(1) = h [ 522K 5(0) / 1 e(n+io) giox
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= hg / | it—wx’/i,g(m)ie‘i‘”t M#zw
-/ d?“’ Xilf/"fo (?)Z]lmthg . (140)
We established previously the static result:
SA(t=0) =xaphs - (141)
We can invert this result to obtain:
hp = [ap]'BA(E=0) (142)

which gives an expression for the forces driving the system in terms of a
static susceptibility and the initial constrained equilibrium values. We can
then write Eq. (140) in the form:

S3A(t) = Rap(t)8A(t=0) , (143)
where the relaxational function:

~do X4(®)
Rap(t) = | — =5——e @y, p! 144
AB(t) / T o—m ¢ KB (144)
is independent of the applied forces. Note that we have reduced the problem
to an initial-value problem.
If the observable A and the field & carries a discrete index then we end up
with matrix equations for the initial value of the observable:

8Aa(t=0) = Y%, ,h5, (145)
B

Evaluation of /i, in terms of the initial value requires the construction of the
matrix inverse:

3 [a ) g X, = B (146)
m
Then we have:
ha =} [xa,8] ;: 8Au(t=0) . (147)
m

Again we can use this result to write the relaxation in terms of a initial value
problem:

8Aq(t) =) Ra,p,(H)3Ap(t = 0) (148)
B
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where the relaxational function:
do xAu,B _ -1
Ruy () Z / e [xapl (149)

requires the construction of the matrix inverse [y A,B} «E.

2.1.8
Field Operators

Suppose we further extend our analysis to include observable fields A —
Aq(x) and couplings h — hg(x), which depend on a position variable x.
As a specific example we can think of the A (x, t) as the components of the
magnetization density in a magnetic system:

M(x, t) = ) 5[ (H)8(x — 1;(t)) + 8(x — 1;(£))F; (1)] (150)

i
where [i; is the ith magnetic moment in the system located at position r;. In

this case one can couple, in d dimensions, to the magnetization through the
introduction of an inhomogeneous external magnetic field:

HE (4) /ddxM x) - H(x 1) . (151)

In the case of an inhomogeneous scalar potential ¢(x, t) applied to a charged
system we found previously:

- / % p(x)0(x, ) (152)

where p(x) is the charge density.
It is then easy to extend our linear response analysis to give the rather
general results:

. +oo
SAq(x, 1) :/ d%x’ Z/ dt’xA&Bﬁ(x,x',t—t')hB(x',t') ,  (153)
B —oco

Xy, (6 Xt — ') = 2i6(t — t')x3 g, (x, X', t = 1) (154)
and:

Wiy (0% 5t = ) = 5 {[Aax 1), By, ) ])eq (155)
If we also have translational invariance in space :

anBﬁ(x x' t—t)= anBﬁ( —x',t—t) , (156)
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then we can Fourier transform over space,

A% ik
I (x, ) = / 7 € hg(k,0) (157)
to obtain the linear response result:

8Aa(k,®) = Y X5, (k ©)hp(k, @) + O(1?) . (158)
B

2.1.9
Identification of Couplings

There are important situations where the response to a perturbation is not
obviously expressible in terms of an interaction Hamiltonian Hg(t). Examples
include gradients in temperature and in chemical potential across a sample
that induce heat and mass flow. We can gain some feeling [18] for the situa-
tion by considering a fluid where we set up a small temperature gradient (or
inhomogeneity) in the system holding the system at constant pressure. We
will assume there exists an adiabatic external driving force hg(x) that couples
linearly to an observable field B(x) to produce a temperature gradient. We
assume that the external interaction can be written in the conventional form:

Hy(t) = — / dx B(x)hp(x)[e"O(—) + 6(1)] . (159)

We show in Chapter 6 that if A is a conserved density (it need not be con-
served in the classical limit) and we work in the grand canonical ensemble
(GCE), then the change in the average of A due to changes in temperature and
pressure are given by:

oT

- d
8A = Xua "L+ ya e (160)

where the X’s are the static susceptibilities and g the heat density defined by:

g0 =)~ EXP 0 (161)

n

where €(x) is the energy density, n(x) the particle density and & and 7 their
equilibrium averages. From Eq. (160) we can read-off that the external coup-
ling generating thermal gradients is given by:

hy(x) = STT(X) (162)

and it couples to the heat density:

B(x) =q(x) - (163)
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The external coupling generating thermal gradients can then be written as:

Hg(t) = — /ddx q(x)ST—YE)() {eﬂte(—t) + G(t)} . (164)

Similarly pressure variations, at fixed temperature, are produced by:

Hg(t) = —/ d%x n(x) SPT(X) [ente(—t) + G(t)] , (165)
and one couples directly to the density. In Eq. (161), (x) and n(x) are opera-
tors that can be defined without reference to the thermodynamic state of the
system. This is not true for the heat density, which depends on the equilibrium-
averaged quantities, (€ + p) /1.

Let us now turn to a discussion of of scattering experiments in a many-
particle system context. This discussion will eventually lead back to x4 3(k, ®).

2.2
Scattering Experiments

2.21
Inelastic Neutron Scattering from a Fluid

Let us consider a prototype of a wide class of modern experimental techni-
ques: neutron scattering. Neutron scattering from a condensed matter system
is only one of a large number of scattering experiments where we probe a
system by sending in a small projectile and then look at the end products of
the scattering. We can also use electrons, positrons, helium atoms, visible light
or x-rays. At present, we shall focus on neutron scattering since the kinematics
are the simplest in this case.

Consider the experimental situation where we allow a beam of thermal
neutrons to scatter from some macroscopic sample (see Fig. 2.1). We assume

K
. <

€, hk; o

incident scattered

neutrons neutrons

Fig. 2.1 Schematic of the kinematics of neutron scattering. The
incident neutron has momentum f:k; and energy ¢;. The scattered
neutron has momentum 7k and energy €.
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that the beam of neutrons is incident with energy €; and momentum fk;. We
mean by thermal neutrons that €; is on the order of thermal (kgT) energies. Let
us assume for simplicity that the sample is a container of argon gas. Argon,
a noble gas, is one of the simplest fluids. The neutrons, which interact with
argon nuclei via a coupling between their magnetic moments, will be scattered
by the fluid. We then measure, using a bank of neutron detectors, neutrons
scattered in a final state labeled by an energy € and a momentum 7ik;. We
assume that initially the argon system can be described by the many-particle
quantum state |i). The neutron, through its interaction with the argon, will
cause a transition in the argon to some final state | f).

In a slightly simplified version of the real world (which we will make more
rigorous later), we can assume that the interaction of a neutron at position x
and the N argon atoms at positions r; can be written as a sum of pair interac-
tions:

N

Hi(x) = Y V(5 —x) = [dyn(y)V(x—y) (166)
j=1

where V(x) is the interaction potential and n(x, ) is the argon particle density:
N

n(x,t) =Y 8[x —r(t)]. (167)
=1

Notice that our interaction potential is of the linear response type. In a scat-
tering experiment, when we measure the scattering angle and the change in
energy, we measure the inelastic double differential scattering cross section
per unit solid angle, d(), per unit energy, de;: %tgﬁ. Thei — f indicates that
the argon is taken from the initial quantum state i to the final state f during
the scattering process. We need a theoretical expression for the scattering cross
section. Since we are only tickling the system (a single neutron will only mildly
effect a large sample), the Born approximation can be used to evaluate the
cross section in the form referred to as Fermi’s golden rule [19]:

d*o(i—f) 1 ks ( My
deSf N V ki

2
= L () ) P ooy + ) 169

where My is the mass of the neutron, V the volume of the sample, v =
& — € is the energy transfer of the neutron, and E; and Ef are the initial
and final energies of the argon system. The 8-function corresponds to energy
conservation:
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The initial and final states are product states since the neutron and argon are
asymptotically uncoupled:

(kpfl = (gl < (f] (170)

where (k| is the final plane wave state for the neutron.
We can evaluate the interaction matrix element more explicitly if we assume
the interaction potential between the neutron and argon is Fourier transforma-
N
<kff|HI|lki> = kff 21 \% I'j—X)
]:
3
1

ble:
( iki>
_ d3q i (rx
- <kff ) | GV @e
. 13 , N
- [ V@ <kf|e-lq*|kz-><f y > a7)

2m)3
where we have used the separability of the initial and final states into neutron
and argon product states. We can evaluate the neutron matrix element by
recognizing that x, the position operator for the neutron, is diagonal in the
coordinate representation:

lk>

x|x"y =x"|x’) . (172)
Then using the completeness of the coordinate representation:
1= /d3x’|x’><x’| , (173)
we have:
(Kl a%k) = [ (klea%x) (x k)
- / e (1, x ') (x[k;) (174)
Since the free neutron states are plane waves,
(ki) = etk (175)
then:
(kele™¥k;) = / dPx'e 1A ek X gtk

= (2n)%8(k; — ks —q) . (176)
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It is convenient to define the neutron momentum exchange in a collision as:

nk = hk; —hk; 177)

(2n)3 »
N
— < 2 +ik- RY > (178)

The scattering cross section can then be written as:

so that the interaction matrix element can be written:

+iq- r;

- 43
Mmmw-/dqWWm%kq<

d®(i — f) (179)
1 kg 2

deSf
My \? .
=53 (Zn—hl\]z> |V(k)|26(h(o—Ef+Ei) <f z>

This expression takes us from an arbitrary initial state |i) in the argon fluid to
some final state |f). In reality, we will perform measurements over an ensem-
ble of initial states and we sum over all of the possible final states. What we
measure then is:

N .
Z e‘Hk‘l‘j
j=1

d’c d?c(i — f)
ands; ~ &P dadk
f o if f
where p; is the density matrix or probability distribution governing the initial
argon system in state i. If we assume the system is in thermal equilibrium
initially, then:

(180)

ileBH|i e PEi
pi = <| — IL> = , (181)
i (jle=PH[j) Z
and we then have for the measured cross section:
d%o 1 ks / My \2
0 = S () P
deSf % kl 21th
N 2
X ZS(h(o —Ef+ E;) p; <f Z etk i> (182)
if j=1

Let us now focus on the quantity:

- h2n
St(k,0) = > Zﬁhm Ef+E)pl|<f

N ..
e‘Hk‘l‘j
if =1

i> > . (183)

]
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If we use the integral representation for the d-function:

) )
2mhd(ho + E; — Ef) = / dt eti©-(E—E)/ME (184)
we can write:

400 . N .
Sr(k,0) = Zpi%/ dt et (Ep—E)/m)t <f y etk i>
‘ - (=1

(g~

We next observe, remembering

HIi) = E|i) (186)

1kr

that:
i(Ef—E;)t/h < ﬁ ik > < iE;t/h ﬁ ik iEct/h
f— —1 X]|f — l el i e*l 'I‘]' e—l f f
- j=1
N
_ <l eth/hZ e*ik-r]'e—th/h f>
j=1
N
= (i Z —ikerj( , (187)
where

l'](t) _ eth/hrje—th/h (188)

is the position operator for the jth argon atom at time ¢. Using this result in

Eq. (185) we obtain:
> . (189)

= oo dt
ST(k,w):/oo V +10)t2pl<
It is now convenient to rewrite Eq. (189) in terms of the density operator for

if
the argon system. The density at point x and time ¢ is:

N N
Zeik-rl l> <l Zefl‘k'r]‘(t)

I=1 j=1

n(xt) =Y 8[x— (t)] . (190)
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The Fourier-transform of the density can be defined:
me(t) = 1 / d>x e *Xp(x, 1)
¢_ 2 e (191)
We can then write:
Sro) = [ ar L) nBlf) (192)
i,

Since the set of final states is complete }¢ |f)(f| = 1, we have:

Srlcw) = [ dre o oim(n (0l

oo o—BE;
= /_ +zwtz (il (£)n_1(0)]7)
- /::o dt e (m(t)n_y(0)), (193)

and S7(k, ®) is just the Fourier transform of a density—density time-correlation
function. Returning to Eqgs. (182) and (183) we have our final result, that the
cross section can be written:

d%c 1 kf .
deSf ~ 2nh ki (275;-12) |V(k)| ST(k/CO) . (194)

We note that the factors multiplying St(k, ®) depend on the interaction of
the neutron with the argon. They depend on how one probes the system.
The quantity St(k, ®) however depends only on the properties of the argon
system. It is completely independent of the nature of the probe. As in the linear
response case, the dynamics intrinsic to the system can be written in terms
of an equilibrium-averaged time-correlation function. Equation (193) can be
written as:

B 00 . 3,337 ) . n_
5r(k,0) = / dt / %e+"°te*1k'(X*X>sT(x,x’,t) . (195)
where:
St(xx',t) = (n(x,t)n(x’,0)) . (196)

The result expressing the double differential scattering cross section in terms
of the dynamic structure factor was first obtained by van Hove [20].
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A key question one should ask: is the correlation function (n(x, t)n(x’,0))
related to the response function ([n(x, t),n(x’,0)])? We shall see that they are
closely related, but it will take some development to make the connection.

Before going on there is one technical point concerning the scattering case
we should straighten out. Since there should be no correlation between den-
sity elements separated by large distances in a system with full translational
invariance, we expect that the correlation function will factorize:

lim (n(x,t)n(x,0)) — (n(x,t))(n(x,0)) . (197)

[x—x'|—00

It is therefore mathematically desirable to write:

(n(x )n(x,0)) = S(x — X, £) + (n(x, 1)) (n(x, 0)) (198)
where:
S(x—x,t) = (n(x,t)n(x,0)) — (n(x,t))(n(x’,0))
= (dn(x,t)dn(x’,0)) (199)
and:
dn(x, t) =n(x,t) — (n(x, 1)) (200)

is the fluctuation in the density about its average value. Note then that:

lim S(x—x,t)—0 . (201)

[x—x|—00
We have then that Eq. (195) can be written:
5 Foo i d3x d3x’ i /
Sr(k,®) = / dteﬂmt/ a4 s eflk-(xfx )
o) = [, Wl w
X [S(x=x, 1) + (n(x,0)) (n(x 1)) |
= S(k,0) + S,(k ©) , (202)

where S(k, ©) is the dynamic structure factor and the elastic or forward part of
the scattering is given by:

S (k, @) = n?(2m)*8(w)d(k) (203)

in the case where the system has full translational invariance and (n(x, t)) is
independent of x and ¢:

(n(x,t)) =n . (204)

Note we have chosen our normalizations such that:

d3 d3x ik (x—x') dx 3 1kr_v 3
/\F e ot / /d et = S(m)P8(k) . (205)
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In the case of periodic solids, where one has long-range order and the break-
down of translational invariance:

(n(x,t)) = (n(x+ R, 1)) (206)

where R is a lattice vector. In Problem 2.7 we discuss the dynamic structure
factor for a solid in the harmonic approximation.

222
Electron Scattering

In the neutron-scattering case, the interaction potential could be written in the
form:

= [ @y vix=yn(y) (207)

where n(x) is the particle density. We see that the neutron couples directly to
the density fluctuations of the argon system. In the case of electron scattering,
the interaction between the incident electron and a system of bound charged
particles is given by the Coulomb interaction:

N .
H=Y, il B (208)

where e is the electron charge and g; is the charge of particle j located at
position x;. We can rewrite Eq. (208) in the form:

H ——/ 43 _° , 209
where:

3(x — r] (210)

u Mz

is the charge-density operator. We can then obtain the scattering cross secti-
on for electron scattering from the neutron-scattering result if we make the
replacements: My — m, = mass of electron, n — p and:

3 —zkxi_4£
/d rekxf=TE 211)

The scattering cross section is given then by:

d%c 1 k¢ 2 (4me\? .
dQde¢ T 2nh k; (275?12) (k_2> Spp(k, @) (212)
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where Sy, (k, ®) is the charge-density dynamic structure factor. Thus electrons
measure charge fluctuations.

2.2.3
Neutron Scattering: A More Careful Analysis

A main difficulty in connecting theory and scattering experiments is finding
a tractable form for the interaction Hamiltonian Hj. The case of electron scat-
tering is very straightforward. Generally things are not so simple and theo-
rists and experimentalists have to work together to determine the appropriate
coupling. A realistic treatment of neutron scattering is slightly more compli-
cated than electron scattering and light scattering is quite complicated. Here
we will first concentrate on neutron scattering.

In the case of thermal neutron scattering, momentum transfers 71k are suffi-
ciently small that we can assume kL < 1 where L is the range of the interaction
between the neutron and the argon nucleus. Thus we can replace:

2
V(k) — V(0) = <%> a , (213)

My
where 7 is the Fermi scattering length or pseudo-potential weight. The inter-
action between a neutron and a nucleus typically possesses a spin-interaction,

a — ay + aps; - Gy (214)

where s; is the spin-operator for the ith nucleus and Gy is the Pauli spin-
matrix for the neutron. The scattering lengths a; and a, can be determined
experimentally and are known (see Table 2.1) for many materials.

Table 2.1 Coherent (6. = 4r|a;|?) and incoherent (5; = 4r|ay|?) neutron-scattering cross
sections in barns= 10~22cm?. Source: [25], except 'H, 2H, 3He, C, and V, which are taken from

[26]

Element o, G; Element o, G;
H 1.8 802 Rb 63  0.003
2H 56 2 Na 1.6 1.8
3He 49 12  Sn 47 02
4He 1.13 00 Bi 9.3 0.1
C 56 00 Pb 11.1 03
Ne 27 02 Al 1.5 0.0
A 76.6 054 Cu 73 12
Ga 65 10 V 0.02 5.0

The interaction between a neutron and argon atoms can then be written as:

2
Hi(x) = (%) [a1n(x) + a28N - S(x)] (215)
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where:

.MZ
N[ =

S(x) = [si8(x — 1;) + 8(x — 1;)s;] (216)

i=1

is the nuclear spin density for the argon system. The correlation function en-
tering the cross section is then, remembering that the Pauli matrices are her-
mitian,
| (mc(t)n_s) — |an* (m(H)n i) + azaj (Sk(t)n_) - Gy
‘Hllllz (me(t)S_x) - ON
Hlaa? Y (SE (DS ook - (217)
of

Normally, unless one does spin-polarized neutron scattering, one averages
over the nuclear spins:

(By) =0 (218)
(0% 0R)) = Bop(0%6%) = Su (219)
and
d%c 1k . _
m = ﬁk_f [|‘11|2 Sun(le, @) + |az|* Sss (K, (0)] , (220)
1

where S, (k, ®) is the density correlation function discussed earlier and

r+00 - 13 3
S_ss(k, 03) = /+ dt/ dedxle—l—iw(t—t’)e_ik.(x_X/)
x(S(xt) - S(x, 1)) (221)

is the spin-density correlation function. It is a matter of practical importance
that one measures a sum of S,,;; and S, in inelastic neutron scattering. There
are several ways of separating Sun and Sss. The first is to choose a system
where |a1|? or |ay|? is very small. Alternatively one can vary a; and a; by
changing isotopes (which presumably does not change S, and Ss;). This then
allows one to measure S, and S separately. Such a program has been carried
out on argon, for example [21]. In this case measurements were made on
naturally occurring argon, 3°A, and separate measurements on a mixture of
36 A and Y0 A. Values for |a;|?> and |a,|? are given for a selected set of elements
in Table 2.1.

There are certain situations where the nuclear spins are uncorrelated. This
is true of classical fluids like argon. This is not true of quantum fluids like
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3He at low temperatures. Consider the spin-density correlation function in
the classical limit:

N N
(S(x,t)-S(x/, ) = <Zl S; - 8[x — r;(t)] ESJB[X’ — rj(t’)]> . (222)
i= j=

If the spins of different particles are uncorrelated, then:
< Y Si-S;d[x —r;(t)]8[x" —ri(t' )]> =0 (223)
i#j=1
and:
N
(S(x,1) - S(x/, 1)) = <; S25[x — 1;(1)]3lx " — rj<t’>1> Lo

Assuming that the nuclear state is in the well-behaved state of total spin S7 =
12S(S 4 1), we have:

(S(x,t)-S(x',t")) = n*S(S+1) <Z 8[x — x;(t)]8]x —xi(t’)]>

= H*S(S+1)Ss(x — X, t —t') (225)

and S; is known as the van Hove self-correlation function [20], which measu-
res correlations of a particle with itself as a function of position and time. A
measurement of Ss gives one a method for tagging a particle in a fluid and
measuring single particle properties. We write, finally,

d%c 1 kfp, o 2 -
dde; ~ 2k, [“cohsnn(k/ ®) + a5, 1°S(S +1)Ss(k, 03)} (226)
where a2, = |a1|? is associated with the coherent part of the scattering and
% = |ay|? is associated with the incoherent part of the scattering.

In Fig. 2.2 we show the data for liquid argon for both coherent S,,, (k, ®) and
incoherent S;(k, ®) contribution to the neutron-scattering cross sections.

224
Magnetic Neutron Scattering

A different type of neutron scattering occurs when one scatters from magnetic
atoms or molecules. If we think of spins or total magnetic moments localized
on lattice sites r;, then the interaction is of the form:

N
= Y 2uNo Vp(x —1)sh (227)
i=1



2.2 Scattering Experiments |53

&0
/Wj;p
L
/‘{’jjﬂj/i/ — @@ 3oy (QE)
d 11l | -3 3¢ (@E)
AT T INC (Q.
j//y///////
AN Y T
v jj/ PP glg gV g
‘°j g /;/;/;/;fg/
AP gy ¢rgr 2PePePd
Zggl (Egrgrgs =
A7 AN A A
e g A AT A LT A
2 (A IR T T T 9’5
LR 0% 8% L1 A LT
2 \A/(// /// /// L1
< 5 //\’// // //
W] w :/\/ // ""\
S|l ///‘ \\\\:\:“
Wil L
LA < <
u« X
: N
SISISTETE
&0’0’0 2
SIS
u”' Q)
20 0\

Fig. 2.2 Example of smoothed data for the coherent and incoherent
dynamic structure factors for liquid argon at 85.2 K. Source: K. Skald, J.
M. Rowe, G. Ostrowski and P. D. Randolph, Ref. [21].

where ! is the neutron magnetic moment
uN =1.91 (eli/Myc) , (228)

6% is the a-component of a Pauli spin matrix for the neutron, s? is the Bth
component of the spin at lattice site i. The dipole interaction potential between
the spins is given by:

1 1
Vap(x) = o [8pV? = V¥ - (229)

We see then that the interaction given by Eq. (227) can be rewritten as:

Hy = / x' 2068 Vg (x — x') M (X)) (230)
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where:

N
MB(X/) = Z

[SBS(X —x;) +8(x" - x])sﬁ} (231)
j=1

] ]

NI =

is the magnetization density. It is then clear that we can obtain the scattering
cross section for this case from the neutron-scattering example if we replace
n — Mg and:

V(k) — 2uNo% Vp(k) (232)
Then:
d’*c 1 ky ( )2 N2
i T 57 T\ Y, (auY)
deﬁf 21th k 2rth aB,0l,p
%05 Vo (1) (0% Vi (K)) Sagy g (k@) . (233)

If we assume we are performing an unpolarized scattering experiment, we
average over the neutron spin polarizations. Using Eq. (219) we obtain:

d’c 1 kf /My 2(2 N2
dQdey — 2mh ki \ 2mn? H
X %3,VdB(k)VdB,(k)SMB’MB’(k’m) . (234)
B,

We can easily compute the Fourier transform of the potential:

Vap(k) = [ dxetiox( =) [V~ VaVy] ol

- % (_k%smB —~ (ika)(ikﬁ)) / d3x etk ﬁ
- ;—; (kzzsmB kukﬁ) — kakp — 8o - (235)
Putting this result back into Eq. (234) gives the final result:
2 k
d?)Zc,f - 2ih kf <2xh2> (2u)?
X ZB (80 — Fakp ) Smany (k,©) (236)
o

In magnetic neutron scattering we couple to the fluctuations in the magneti-
zation density.
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225
X-Ray and Light Scattering

When we treat the scattering of electromagnetic (EM) radiation from a conden-
sed matter system it is more difficult [22] to identify the appropriate coupling
Hamiltonian H;j. We know that the scattering by an atomic system occurs as
a result of interaction between the EM wave and the atomic electrons. If we
have a complicated molecular system, the interaction would be considerably
complicated by the coupling of the radiation to the internal degrees of freedom
of the molecules. If we restrict ourselves to a simple atomic system we can start
with the microscopic expression for the total Hamiltonian:

o 1 qi 2 1 ¥ N
Hy = 21 —— (pi— Lam) +3 '#ZlV(ri —1) + Eqi(b(ri) (237)
i= ! i#j= i=

where p;, 1, q; and m; are, respectively, the momentum, position, charge and
mass of the ith particle in the sample, and c is the speed of light. A(x) is the
vector potential representing the external electromagnetic field and ¢(r;) is the
associated scalar potential. We can then write:

Hr = H+ H; (238)

where H is the Hamiltonian for a system in the absence of the external field
and the coupling is:

H = _227711

. N
+ ; Zrzll-cz A%(r;) + Y 9i0(x)

i=1

pi- rz)+A(ri) 'Pi)

=[x |10 2 s pigern) + 51z ppia)| @39

where:

1

Z E{— x—r,)—|—8(x—r1)m’} (240)

is the charge-current density,

N
p(x) = Z 7:0(x — 1) (241)

pp() =Y %S(X 1) . (242)
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If all the charges have the same magnitude g7 = e? (say electrons and protons)
then:

Py (x) = —n(x) + —mp(x) (243)

where 11, is the mass of the electrons, 1, is the mass of the protons, n(x) the
density of electrons, and 7, (x) the density of protons. Since m, > m,, to a
first approximation, we can neglect the proton contribution.

In the case of electromagnetic radiation we can choose a gauge where ¢ =0
and we can write the quantized vector potential:

he2 112 +
where a; is a photon annihilation operator, k - ay = 0 (photons have two

transverse polarizations), and ® = ck where c is the speed of light.

If we use the Born approximation to evaluate the scattering then we see that
only the term in Hj proportional to A? contributes. This is because the matrix
element (k;|A[ks), where |k;) and [ky) are incident and final one- photon
states, is zero. The analysis of the scattering cross section can then be worked
out in detail [23] with the final result:

2 b2
d’s ( ¢’ ) (H(kl ) )Snn(k,(ﬂ) . (245)

dQdeg - MeC? 2

One measures the density—density correlation function in x-ray scattering.

The difference between x-ray and light scattering is that their wavelengths
are very different when compared to typical atomic distances. For x-rays the
electromagnetic wavelength is comparable to the atomic size and therefore
one must treat the scattering from individual electrons. In the case of light
scattering, the electromagnetic wavelength is so much larger than interatomic
distances that the atoms see a nearly uniform electric field. In this case, it is
meaningful to talk about the coupling of the radiation to a fluctuating dielec-
tric constant €(x, ) for the medium. One then assumes that the fluctuations in
density are responsible for fluctuations in dielectric constant and:

oe
e(x, t) = (E)T n(x,t) . (246)
One then obtains after a number of semiclassical arguments that:

Po e (0e\? o\t (ki xkp)?
deef_T(%>T( ) Wsnn(k,w) : (247)

c
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For a discussion of various restrictions on the validity of this expression and
further discussion of its derivation see Appendix A in Ref. [24]. In the end it
is useful to remember that for simple atomic fluids one can think of light as
coupling directly to the density.

2.2.6
Summary of Scattering Experiments

We have discussed a number of scattering experiments. In each case, the re-
sults can be interpreted in terms of an equilibrium-averaged time-correlation
function: We list our results in Table 2.2 below. It is important to emphasize
that the characteristic momenta and energies associated with these probes
are quite different. In Table 2.3 we give characteristic values for the incident
wavenumbers and energies for the various probes.

Table 2.2 Summary of couplings in scattering experiments

Scattering Couples Correlation
experiment to function
measured

Neutron scattering ~ Density Sun(k, ®)
Single particle  S;(k, )
motion

Magnetic neutron  Magnetization  Sm,m; (k, ©)

scattering density

Electron scattering ~ Charge density ~ Spp(k, )

X-ray scattering Mass density Sun(k, o)

Light scattering Mass density Sun(k, 0)

Table 2.3 Characteristic incident wavenumbers and
energies in scattering experiments

ki[A1] E A = 2m/k; [A]
Neutrons 2 103%toleV 1-10
Light 103 10 eV 6000
X-rays 1 50 keV 0.52
Electrons 0.1 50 keV 0.1

We first note that x-rays and electrons are similar in the range of k and w they
probe. They can lead to rather large momentum transfers and therefore can
sample microscopic regions in space. However, the initial and final energies
are so large compared to the desired energy exchanges (500,000 to 1) that one
cannot, with present techniques, energy analyze x-ray and electron scattering.
One therefore integrates over all ® and effectively measures the structure fac-
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tor:

A0 w)

- (248)

in these experiments.

Neutron and light scattering are complementary in that neutrons measure
short-distance, short-time behavior, while light scattering is preferable for lon-
ger wavelengths and time phenomena. Light scattering is particularly useful
in looking at hydrodynamical phenomena.

In this chapter we have discussed both linear response and scattering ex-
periments and both measure, under appropriate circumstances, equilibrium-
averaged time-correlation functions. The rapidly expanding direct visualizati-
on method, the modern version of Perrin’s experiment, are also conveniently

analyzed in terms of time-correlation functions.
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Problems for Chapter 2

Problem 2.1: Consider a classical set of N harmonic oscillators governed by
the Hamiltonian:

where the oscillators have mass m and spring constant k. Assume that the
initial phase-space coordinates are governed by a probability distribution:

N
Plr;(0), p;(0)] = Dexp (— Y. |ap?+ br?}) ,
i=1
where D is a normalization constant and 4 and b are constants. Compute the
average kinetic energy for this system as a function of time.
Problem 2.2: Show that the formal solution to Eq. (43), given by Eq. (46), is
correct by comparing with the direct iteration of Eq. (43) to second order in
HL.
E
Problem 2.3: Consider the one-dimensional harmonic oscillator governed by
the Hamiltonian operator:

2
y_ P ko
H—2m+2x

Determine the associated linear response function x;’,p (t,t") defined by Eq. (54).
Problem 2.4: Consider the equation of motion for the longitudinal component
of the magnetization:

d 1
Solve this equation as an initial-value problem and determine the long-time
value of M (t).
Problem 2.5: Solve the coupled set of equations Eq. (116) and Eq. (117) to
obtain Mg (®). From this determine:

_ OMgy (o)
Xa[s(")) = W
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Problem 2.6: Starting with the constrained equilibrium density matrix:

Peq = e—B(H+HE)/Tre—B(H+HE)

where we treat:
Hg = —Bhgp

as a perturbation, show that the linear response for the average of some ob-
servable A is given by:

8A _
Shy  XAB

where % 4 is given by Eq. (135).
Problem 2.7: In a solid the density of particles can be written in the form:

zzs[x—R—u(R)] ,
R

where R labels the lattice vectors and u(R) is the displacement of the atom
at site R from its equilibrium position. In the harmonic approximation the
Hamiltonian governing the lattice displacement degrees of freedom is given

by:

H= E0+Zp R)uy(R")Doy(R ~R') ,

2’” RR/ @y

where Ej is the classical ground state energy, m is the atomic mass, p(R)
is the momentum of the atom at site R, and Dgy(R — R’) is the dynamical
matrix governing the interaction between atomic displacements. Assume you
are given the complete and orthonormal set of eigenfunctions e} (k) and the
eigenvalues A, (k) associated with the Fourier transform of the dynamical
matrix:

ZDow =p(Keg(k)

where the index p labels the eigenvalues. In the classical case, express the
Fourier transform of the atomic displacement time-correlation function:

Gkt =) = 5, T e ™R g (R, (R 1))
R,R’

in terms of the eigenvalues and eigenfunctions.
Problem 2.8: In this problem, building on the results found in Problem 2.7,
we explore the form of the dynamical structure factor measured in an inelastic



2.4 Problems for Chapter 2

scattering experiments on simple solids. If we scatter from the particle density,
then we can write the dynamical structure factor in the form:
d3x d3y

5(k, o) = /j" dieot=t) [ X e k0, (xy, 1~ 1)

where the density can be written in the form:
n(x) =) 8x—R—-u(R)] ,
R

where R labels the lattice vectors and u(R) is the displacement of the atom at
site R from its equilibrium position.

(i) We are given the result that in the harmonic approximation the averages
needed over the displacement variables in evaluating the dynamical structure
factor are of the form:

(k[ ATA(R ) u(R, 1)y

1 S L - - -
= exp [E Z Z/ dtl/ di, Aq(R, tl)A«{(RI, tz)G(l’«{(R, R, f — B)| o,
R R oy

where A (R, t) is an arbitrary vector that depends on lattice position and time
and:

Gay(R, R, t —t') = (ua(R, t)uy(R’, t'))

is the displacement—displacement equilibrium-averaged time-correlation func-
tion discussed in the previous problem. Express the dynamic structure factor
in terms of integrals and sums over Goy(R, R/, t — ).

(ii) Assuming that the displacement correlation is small at low Tempera-
tures, expand the structure factor in powers of the displacement correlation
function. As a function of frequency, where would we expect to see peaks in
the dynamic structure factor?

Problem 2.9: Show that one can extract the velocity auto correlation function
from the van Hove self-correlation function Ss(k, t — t').

Problem 2.10: Show that the scattering length a, defined by Eq. (213), has
dimensions of length.

Problem 2.11: Starting with the Bloch equation for the longitudinal compo-
nent of the magnetization:

d 1 My
(a + ﬁ) M, = T — v (heMy — hyMy)

find the second order in h component of M, that shows the resonance seen at
first order in M and M.
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Assume that h = £ hcos(wpt).
Problem 2.12: Assume that our Langevin equation of motion is extended to
include the Lorentz force in response to an applied static magnetic field H:

ME V() = ~My{V(0) + g (E(0) + (V) x H)

Assuming E = EZ and H = H# determine the conductivity tensor Gg(®)
defined by:

(Ja) = ng(Vor) ZGaB

Problem 2.13: Consider the expression Eq. (133) for the linear response to an
adiabatic field hp(t) given by Eq. (132). Show, by using the Fourier repre-
sentation of x4 z(t —#'), that one can do the #' integration and obtain, in the
adiabatic (n — 0) limit,

8A(t> — XA,BhB

fort > t;. Also find 8A(t) in the regime t < t;.
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Presumably we are all now convinced of the central role of equilibrium-averaged

time-correlation functions in treating the kinetics of systems experiencing small
deviations from equilibrium. Let us now focus on some of the general proper-
ties of these time-correlation functions.

31
Fluctuation-Dissipation Theorem

Suppose for a given system we can carry out both a linear response expe-
riment and a scattering experiment—what is the relationship between the
information obtained in the two experiments? As a concrete example, look
at the response to an external field that couples to the density in a fluid:

Hext(t) = — / Px U(x, t)n(x) 1)

and also carry out the neutron-scattering experiment discussed earlier. The
Fourier transform of the linear response of the density to this external field is
given by:

811k, @) = %, (k, @)U (k, ©) + O(U?) 2)
where the dynamic susceptibility is given by:
o0 - o ,
Lo (k@) = 21‘/ dr / 3y o Hio(t—t) =ik (x=x")
xO(t—t )y, (x —x', t —t) (3)

and the linear response function is defined by:

i (x =Xt =) = 5 (Inlox, 0, n( ) @

In the scattering experiment we measure the dynamic structure factor:

+00 . , . "N -
Sun(k, ®) = / dt/d3xe+"”(t_t )e—ik-(x—x )S,m(x —x, t—t") (5)
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where:

Sin(x—x",t —t) = (dn(x, t)dn(x',t')) . (6)

Consider the following questions: Do the linear response and scattering ex-
periments give independent information? Put another way: are y(k, ®) and
S(k, ®) related? They are related and establishing their precise relationship
will expose an important underlying physical principle.

In making the connection between S and ), consider the more general case
of the correlation functions:

Sap(t—t) = (A(t)B(t")) 7)
and:

Kaalt— 1) = o5 (A, BW)]) ®

where A and B are any two operators representing observables. We can always
choose A and B to have zero average, (A) = 0, by choosing 8A = A — (A).
For clarity we suppress the & below. Consider first S 4p. We can write, working
in the canonical ensemble,

Sap(t—t) = %Tre_BHA(t)B(t’)
= %Tre_BHA(t)eBHe_BHB(t’) )

since ePHe~BH = 1. Remember that the time evolution of an operator is given

by:
A(t) = etH/T pe=itH/1 (10)
Extending our definition of time onto the complex plane, we can write:
e BHA(H)e™PH — o BHE itH/h po—itH/hg+BH

— o ti(t+iBn)H/h go—i(t+ifh)H/h _ A(t + iBh) (11)
and Eq. (9) can be written as:
Sap(t—t) = 3 Tr A(t + i PB(F) . (12)
Using the cyclic invariance of the trace, this can be written as:

Sap(t—t) = % Tr e PHB(H)A(t + iBh) = Sga(t' — t — iBh) . (13)
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In terms of Fourier transforms:

Sapl®) = / d(t_t/)eJriw(t—t’) ‘;_;_0 S"BA(G))e—iG)(t’—t—iBh)
= i_;‘o Spa(®)e P 22n5(w + @)
S_AB((‘O) = S_BA(_(D)e+ma . (14)

If we work in the grand canonical ensemble then the density matrix is of the
form:

efﬁ(HfuN)
Z

where N is the number operator. If the operators A and B commute with N
(they are defined for fixed particle number) then everything commutes with:

p= (15)

e tBuN (16)

and all of our arguments can be carried through. The main point is that A(t +
iBh) commutes with eP*N. If, however, A or B changes the number of particles,
then we must refine our analysis. This would be necessary, for example, if A
or B are creation and annihilation operators (see Problem 3.1).

The result given by Eq. (14) can be understood using the following argu-
ments. Since, in our neutron-scattering experiment, 1) = €; — € £, We see that
® > 0 means the neutron lost energy in its collision with the target system.
This means the neutron created an excitation with energy 7 in the argon. If
® < 0, then the neutron picked up energy from the target. In this case the
neutron destroyed an excitation with energy 7. We see that it is consistent
to interpret S, (®) as proportional to the probability of creating an excitation
with energy h in the argon and S,,(—®) as proportional to the probability
of destroying an excitation with energy /o in the argon. There are usually no
restrictions on creating excitations, but in order to destroy one the excitation
must exist. The density of excitations with energy fi® is proportional to the
Boltzmann factor e P"®. These arguments lead back to the result:

Spa(—0)/Sap(0) = P . (17)
We can now use this result in treating the linear response function:

1

Xap(t—t) = ﬁqz“(f)/B(f')])
1.~ _
= ﬁ[SAB(t_t/)_SBA(t/_t)] - (18)
Then, in terms of Fourier transforms,
" 1 5 5

Xap(®@) = ﬁ[SAB(O)) — Spa(—0)]
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and, using Eq. (14),

Kis(@) = 5=[548(0) ~ Sap(®) e ]

_ o Bhwy _
A NOR (19)

We see, at this point, that there is a direct relationship between the response
function and the scattering function. Before commenting on this relationship
it will be convenient, and it is conventional, to introduce the so-called fluctua-
tion function:

([A(t), B(£)]+) (20)
([A(®)B() + B(£)A(H)]) - (21)

Sag(t—t") =

Nl NJ—=

We see that S4p is a symmetrized version of S4p and [, ]+ indicates an anti-
commutator. We see that we can write:

Sap(t—t') = 3[Sap(t —t') + Spa(t' —1)] , (22)

and:
Sap(®) = 5 (Sap(®) + Spa(—w)) . (23)
Using Eq. (14) again, we have:
Sap(®) = 3Sap(@)(1+e ) (24)
Eliminating S 45 (®) in favor of S 4p(®) in Eq. (19) leads to:

" _ (1_e7[5h0))2
Xap(®) = WSAB((D)
1 <e+[3hm/2 _ e PBro/2

B0/ | o Phw/2 ) Sap(®)

~ 7
= %tanh (BZ—O)> Sap(®) (25)
or:
545(®) = hcoth (%”) (0 . (26)

The relationship connecting the fluctuation function and the response function
is known as the fluctuation-dissipation theorem [1]. The physical content of this
theorem is quite important and was pointed out by Onsager [2] many years
ago. Sap(w) is the autocorrelation between fluctuations of the operators A
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and B. y4p represents the change one observes in the average of A due to a
small external change in B. Because of the symmetry of the situation it also
gives one the change in the average of B due to a small external change in A.
The fluctuation-dissipation theorem relates spontaneous fluctuations to small
external perturbations. This theorem tells us that a system can not tell whether
a small fluctuation is spontaneous or is caused by a weak external force.

If we now return to our example of the fluid, we easily obtain, choosing
A =1(x)and B =1(x’),

C Zh 1

Sun(k, @) = m Yo (k, @) . (27)
Thus if we map out Su,(k, ®) using neutrons, then we calculate x/,(k, ®)
using Eq. (27). Alternatively, if we also perform a resonance experiment, this

is a fundamental consistency check on the scattering experiments.

3.2
Symmetry Properties of Correlation Functions

There are a number of general symmetries of correlation functions that we
can work out. It is convenient to focus first on the response function %’} ; and
then use the fluctuation-dissipation theorem to obtain the properties of the
fluctuation function S 4.

Let us begin with a quick overview. The basic properties we have at our
disposal are that " is defined in terms of a commutator, the operators A and
B are hermitian and we presume to know how A and B transform under time
reversal. From this set of ingredients we can determine the basic symmetry
properties of ' 5 (t — t') and /4 5 (®).

Starting with the basic definition:

Kpalt— ) = o2 (A(0), BEY)) 28)

we use the fact that x/} ; is a commutator and is therefore antisymmetric under
interchange of A(t) and B(#') to obtain:

Kap(t—t) = —xpalt' — 1) (29)
or, for the Fourier transform,
Lap(®) = —Apa(—®) . (30)

Next we consider the complex conjugate of . Since ¥/ is the commutator
of hermitian operators we have:
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Xl — ) = %<[A<t>,3<t’>1>*
e B(Ei—nN ) Nk T oI
- 2h2 LA GIBE) )
—( IB( N GlA®1T - (31)
The complex conjugation gives:
(dlA®)* = (AT @)li) = (lA®)]) (32)
since A is hermitian. Then Eq. (31) reduces to:
e—B(Ei—uN;)
Xt =) = o2 e a LLCLLE Q)
—<J|B(t’)| (i A0)1)]
= S B, A = a1 (3)

Then, using the result Eq. (29), we find:
Xap(t—1t) = —Xap(t—t) (34)

and we find that '} ;(t — t') is imaginary. Taking the Fourier transform over
time and using Eq. (34),

o0 . ,
tin() = | [ dret ol e —)

—00

+oo o
= [ drerol - p)

—00

*

+oo N
= [ dren ol Oyt — )]

Aap(®)" = —x4p(—0) (35)

In general y/; ;(®) need not [3] be real. The reality properties of X35 (®)
are connected with time-reversal symmetry. In Appendix A the properties
of the time-reversal operation are discussed. The main point for our present
discussion is that if T is the time-reversal operator, and the density matrix is
time-reversal invariant, TPT ! = p, then we have the symmetry principle,

(A) = <(TAT‘1>+> : (36)

Observables corresponding to operators A(t) have definite signatures under
time reversal:

Al(H) =TAOT P = e A(—t) . (37)
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For example, €4 = +1 for positions and electric fields, —1 for momenta,
angular momenta and magnetic fields. For an observable field with a definite

signature under time reversal, we have the result:

A

(A) = ea(A") = ea(4)

and the average vanishes if ¢4 = —1.
Turning to the time-correlation functions we have:

Kpp(t— ) = o5 (TIAW), BEIT))

Then we have the operator expression:

(38)

(39)

T[A(t),B(t’)]Tlr = {TA(t)TlTB(t’)Tl - TB(t’)TlTA(t)Tlr

+
= gy€p [A(—t)B(—t’) —B(—t’)A(—t)}

= gy€p [B(—t’)A(—t) —A(—t’)B(—t)}

= —eepA(=t), B(—t)]

(40)

where we have used the fact that A and B are hermitian. This leads to the

result:
xap(t —t') = —eaepyap(t' —t)
or, for the Fourier transform,
xAp(©) = — €485 Ap(—®)

We can now collect the three basic symmetry properties:

Xap(®) = — xpa(—0)
Xap(®) = —x4p(—0)
and:
Xap(®) = —eaepX4p(—0)

We can rewrite Eq. (45) in the form:

Xap(—®) = —€4epXsp(®)

(41)

(42)

(43)

(44)

(45)

(46)
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Using this on the right-hand sides of Eqs. (43) and (44), we can then collect
these various results in their most useful forms:

XZ&B(‘”) = SAeBX%/A(@) (47)
Xap(®)" = eaepysp(®) (48)
Xap(®) = — eaeplap(—0) . (49)

If &4 and ep are the same, then )/} ; (®) is even under the exchange of the labels
A and B, and real and odd under ® — —o. If the signatures of A and B are
different, then )/} ;(®) is odd under exchange of A and B, and imaginary and
even under ® — —.

If we have an autocorrelation function x4 (0) = %/} ,(®), then:

XA (@) = x4 (0) . (50)
xa(®) = —xa(-0) . (51)

If the system is isotropic, then it is invariant under spatial translations,
rotations, and reflections (parity). These lead to further symmetry relations.
As we shall see these symmetries are rather obvious in physical situations [4].

If we use the fluctuation-dissipation theorem:

Sap(®) = hcoth(Brw/2)x45(®) (52)

we can easily write down the symmetry properties satisfied by the fluctuation
function S g (®):

Sap(®) = €4835p4(0) (53)
Sap(®) = €4e3548(0) (54)
SaB(®) = €4€354B(—®) . (55)

3.3
Analytic Properties of Response Functions

Let us now turn to a discussion of the analytic properties of response functi-
ons. Remember that it is not '/} ;(®) that we measure directly in a response
experiment, but:

—+o0

Kap(@) =20 [ dretoli-o(— t)gg(e—t) (56)

—00
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We can relate 3 43(®) and x’i5(0) if we use the integral representation (see
Problem 3.4) for the step function:

+° dm e+ixo)
= —— 7

8(x) Loo 271 (0 —in) 7)
where m is infinitesimally small and positive. We then have:

) +oo do’ e—l—zt o
tap(@) = 20 [ dret o [ O (= 1)

2i [t do +oo do!
- 2_751 /oo 03/ Tl /oo 2% X%‘B(w”)

% /+°° df eHio(t—t") gtio! (t—t') —ie/ (t—t')

—00

e d(L)/ 1 d(L)N 1" // / //
B /_oo T o —in o ——Xap(0")2n (0 + o — @)

_ / dw// x:gB(O)//)
T (0 —o—in)

(58)

If we use the rather general Plemelj relations [5, 6]:

1
lim — =P— +tind(w) , (59)
n—0t ®+1m a}

where P denotes the principle-value part, we obtain:

- do 1 ‘
Xap(®) = / T X;/‘.B(w”) {Pm—FZES((DH—m)

Il //

= / T 0)// + XAB( ) : (60)

In those typical cases where A and B have the same signature under time re-
versal and y/; 5 () is real, then we can finally identify )/} ; (@) as the imaginary
part of X 45(®) and:

do’ x
Kiglo) = p [ 92 Xasl®) (61)

as the real part of % 4p. We can now see that the double prime (x/}) is asso-
ciated with it being the imaginary part of ¥ 45(®). Note also that the real part
of x4p is related to x4 via an integral relationship. We can find an inverse
relationship if we use the Poincare-Bertrand identity [7]:

p/d?@_;f_:/d—@[m_%—inﬁ(m—@)

(0— @) (0 —d) T ® —in
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= L, L) The-o)
T\ —-—0—mn o-—0—mn v
—i(271)8(0 — @) — w8 (0 — ')
=md(w—0o) , (62)

where we have used the result:

©d® 1 1
/ T (0—®—m) (o —d—im) =0, (63)

which follows if we close the contour integral in the upper half-plane , where
there are no singularities. Letting ® — ' in Eq. (61), multiplying by (' —
o)}, integrating over @', dividing by m and taking the principal value we
obtain:

dw/ foB(w/) // //
P/T(o’—m _P/ T oo — 0)/ T 0)”

do” do’ 1 1
- _/ T X;/‘B(m//)P / T oo -0 o — o
= —xap(®) . (64)
The set of relations:
do’ x
Xap(® P/ p (o’ (65)
do’ ¥
Xap(®) =P / (:;137@’) (66)

are known as Kramers-Kronig relations [8] and mean we need only ¥/, or
X4 to construct all of the correlation functions, including ¥ 4.

The complex response function or susceptibility can be interpreted as the
boundary value as z approaches ® on the real axis from above, of the analytic
function of z,

XaB(2) :/ do’ %45 (@) - (67)

T 0z
Then, the causal part of this response function is given by:
%ap(®) = xap(@+) . (68)

We introduce ) 45(z) because, if z is the upper half-plane, x 45(2) is just the
Laplace transform,

"+ .
xap(z) =20 [ dte" () (69)
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with the imaginary part of z, positive, by Im z > 0. If z is the lower half-plane,
x(z) is determined from negative times,

0 .
Kan(z) = ~2i [ dtet () (70)

forImz < 0.

34
Symmetries of the Complex Response Function

It is useful to stop and look at the properties satisfied by the response function
X 4p(®) when we combine the symmetry properties of '; ;(®) with the ana-
lytic properties of the last section. At the end of this section we will see that
these rather formal properties lead to very profound physical results.

Let us begin with the general relation connecting the response function to
the dissipation function:

B d(o// X%AB(O\)//)
XAB(O‘)) - / T o —o— n,.l . (71)

If we then use the symmetry relation given by Eq. (47) for the interchange of
A and B for the dissipation function we obtain:

Xap(®) = €aepxpa(0) . (72)

Taking the complex conjugate of Eq. (71) and using the symmetry Eq. (48) we
obtain:

Using the Plemelj and Kramers—Kronig relations we easily find:
Xap(©) = €8 [X4p(0) — ixjp(0)] (74)
We showed previously that
xap(®) = [Xap(®) +ixap(0)] (75)

Comparing these results we see that if A and B have the same sign under time
reversal then:

Xap(®) = Re x4p(0) (76)

Xap(®) =Imx4p(k, ©) . (77)
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If A and B have the opposite sign under time reversal then :

Xap(®) = Im x 45(®) (78)

Xap(®) = Re x p(0) . (79)

Using Eq. (49) to flip the frequency of the dissipation function in Eq. (44) we
obtain:

Xap(®) = /%F%%)% . (80)
_ sAeB/ do’ XAB —)in)' 81)
_ do’ XAB( o)
= s | T 62

Comparing this result with Eq. (73) we see that:

Xap(®) = Xap(—®) . (83)

The symmetry reflected by Eq. (72):

Xap(©) = €a8pXpa(®) (84)

has an important physical interpretation: the response of a system as mani-
fested by the nonequilibrium behavior of a variable A as induced by a force
coupling to a variable B is, up to a sign, equivalent to the response of variable
B to a force coupling to variable A. In the case of magnetic resonance, the
application of a field in the y-direction induces a magnetization response in
the x-direction that is equivalent to the application of the same force in the
x-direction driving a response in the y-direction.

Let us consider a less obvious example of a fluid where temperature or
pressure variations couple linearly to the heat density and particle density
respectively. In general the external force is given by the contribution to the
total Hamiltonian:

/dd [ ST (x,1) +n(x) dp(x,t) (85)

n

where the heat density g is defined by Eq. (2.178), and 6T and dp are imposed
variations in temperature and pressure. We can then conclude that the respon-
se of the density to the temperature is equal to the heat density variation with
the pressure variation in the sense:

(9(k, ©))ne

Sp(k,0)/n = Xgn(k, ®) (86)
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(n(k, ®))ne

ST(k,0)/T = Yng(k, 0) (87)

and because n and g have the same signature (4-1) under time reversal [2]:

an (k/ 0‘)) = an (k/ 0‘)) : (88)

3.5
The Harmonic Oscillator

It is appropriate at this point to introduce the simplest of examples of a quan-
tum nonequilibrium system: the driven harmonic oscillator. In this case we
can work everything out. The isolated system Hamiltonian in this case can be
taken to have the form:

52
_ P ko
H = o + > (89)
the external coupling:
Hg(t) = —%h(t) , (90)

and the total Hamiltonian is given by:
Hr(t) = H+ Hg(t) . (91)

In the absence of the applied field we assume the system is in thermal equi-
librium at temperature T. With no further work we know that the linear re-
sponse of the average displacement to the external force is given by:

(2(@))ne = Yz (@)h(0) 92)

where .. (®) is the response function, which is related by Eq. (58) to the
Fourier transform of the dissipation function:

Kt = 1) = 2 ([2(0), 2(F])eq - 93)

Now the simplifying aspect of this example is that we can easily work out the
time dependence of the operators £(¢) and p(t) for the isolated system using
the equal-time canonical commutation relations:

[£(8), p()] =i . (94)

The solution to the Heisenberg equations of motion (see Problem 3.5) is given
by the usual classical results, but with initial conditions that are operators:

£(t) = 2(0) cos(mpt) + p0) sin(wot) (95)
mamy
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p(t) = —mwgx(0) sin(wpt) + p(0) cos(mwpt) , (96)
where the oscillator frequency is given by:
k
oy = — . (97)

It is then straightforward to determine the commutator for the displacement
operator at different times:

(), 5(¢) -

Kﬁ(o) cos(wot) + 7’7’1—% sin((oot)> ,
(3?(0) cos(wot’) + fn(—o(j()) Sin(wotl)ﬂ

‘h "
= cos(coot)sin((oot')ml—w + sin(mot)cos(mot’)ﬁ
0

_ _miZ)O sin(wp(t — 1)) . (98)

As a check on this result we see that it vanishes when t = #/, as it should since
an operator commutes with itself at equal times. Note that the commutator,
unlike a typical case, is a c-number and the average giving the dissipation
function is trivial:

et = 1) = - Lsinfon(t ~ 1) 99)

Notice, as expected, that this autocorrelation function is pure imaginary and
odd in t — #'. Taking the Fourier transform we easily find:

j 0 . jo (t—t") _ a—iop(t—t")
" _ 1 zu)(tft’)) e’“’U e
Xxx(m) 2may /700 dte oF
T
— ey [6(w— ) —d(w+ )] , (100)

which is real and odd under ® — —m. The fluctuation function is given then
by the fluctuation-dissipation theorem as:

"

Si(0) = ncoth (232) 11, (0)

- szooCOth (@) [B(e+ ) +8(0— )], (101)

which is real and even in .
A very interesting consequence of this result is that we can determine the
equilibrium-averaged squared displacement as:

do

- _ h Bh(\)o
(x?) = Esxx(m) = meOCOth( > ) . (102)
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In the classical limit this reduces to:

kgT
2 B
=— , 103
)= o (103
which is equivalent to the equipartition theorem result:

k

5 (x?) = IkpT . (104)
For zero temperature, fivg /kT — oo and tanh (@) — 1 and:

h
2y _
() = o (105)

which is due to zero-point motion.

We seem to have evaluated the equilibrium average without appearing to
do so! How did this come about? The key is the fluctuation-dissipation theo-
rem, which carries the information about the equilibrium state.

If we look at the cross correlations we find:

oyt —t) = m%x;’x(t ) = %cos [wo(t— )] . (106)
The Fourier transform is given by:

2(0) = T [3(0+ o) + (0 — o) (107)

and is even in ® and imaginary as we expect for operators with different
signatures under time reversal.

Our explicit results here should be contrasted with those corresponding to
the solution for the response function found earlier for the Bloch equations.
The significant differences are:

e We included phenomenological damping terms in the Bloch equations.
o The treatment of the Bloch equations was essentially classical.

e The fundamental dynamics of the two systems is different. In the oscil-
lator case the fundamental variables satisfy the commutation relations,
[x, p] = il, while for the spin system we have [sq, sp] = it ), €4py5y (see
Problem 3.6).

3.6
The Relaxation Function

We showed in Chapter 2 that the nonequilibrium dynamics of a variable A
relaxing from constrained equilibrium at t = 0 can be expressed in the form:

SA(t) = Rap(t)xaghs (108)
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where R 45(t) is the relaxation function:

B do /s (0)etiot
Rap(t) = Z4p / ?7“;( —)in : (109)

Assuming x4 z(® = 0) = 0, which is true if A and B have the same signature
under time reversal, we can let 1 — 0 in the denominator.

The complex relaxation function is the Laplace transform of the relaxation
function:

400 .
Rap(z) = [ dte"™Rap(t) (110)

where z = o + in, with 1 > 0. Then, inserting Eq. (109), we find:

. " oo
RAB(Z) X—l/ d_(’)XAB((D) /O e+1(z—w)t

AB

T o
B . d(l) x// (0))

_ -1 [ 4O Xap

B AB/ in o(o-—2z)’ (1D

This complex relaxation function can be related back to the complex suscepti-
bility,

do Xap(®)
= [ 22 Aap0 112
Xa(2) /n o_32 ' (112)
if we use the identity:
1 _ e 1 (113)
0—2z zZ zZ®—z

We then have:

L fdoip@ [ 1 o 1
1 AB
Ranle) = oy [ TGS S o

-1 - d "
- 0 [ D a0
—1
= XaB e p(2) —xas] (114)

iz
So the complex relaxation function can be expressed in terms of the complex
susceptibility, which, in turn, can be expressed in terms of /) ;(®).
We could have approached this relaxation problem from an alternative point
of view. Suppose for times t < t the system is in constrained thermal equili-
brium with the density matrix:

efﬁ(H+HE)

Pc=—F- (115)
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where:
Zc = Tr e BH+HE) (116)
and:
Hg = —Bhp . (117)

At time ty we switch Hg off and the system propagates forward in time go-
verned by the Hamiltonian H. In the Heisenberg representation the density
matrix is time independent, so for f > ¢, we have:

(A(t)yneq = Trpc A(t) (118)
where:
A(t) = oiH(t—to) /li po—iH(t—to) /1 (119)

If we expand in powers of hp this should be equivalent to our previously
derived result for constrained equilibrium. This is the approach taken in one
of the earliest contributions to linear response theory. Kubo developed pertur-
bation theory for the density matrix rather than for the Heisenberg operators
representing observables.

If one focuses on the quantity:

pcZc = U(P) = e PHHHE) (120)

then one can follow the treatment of the time evolution operator U (t, ') given
in Chapter 2. U(p) satisfies the equation of motion:

ou(p)

B —(H+Hg)Uu() , (121)

and following the development used in treating U(t,t’) (see Problem 3.7), we
find that the density matrix, to first order in Hg, is given by:

pc=po(1— [ asHER) 4 (22)
where:
SHL(A) = e Hge ™ — Trp,Hg (123)
and the unconstrained equilibrium density matrix is given by:

po=e PH/Tre PH (124)
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Notice in Eq. (122), to first order in hp, that pc is properly normalized. The
nonequilibrium average is given then to first order in /g by:

(A(t))ne = Trpy {1—/0'B de}E(x)} A(H)
= (A)eq | dMEHER)A() 2
3A(t) = hpBCap(t) (126)

where the Kubo response function is defined:
B
Cap(t—t) =p~ / AMMBB(F)e MBA(H)) . (127)
0

It is shown in Problem 3.12 that the Kubo response function satisfies the rela-
tion:

0 2i

SCan(t—t) = —Zxhplt—1) . (128)

In terms of Fourier transforms:

oo B D
(o) = [ are® B8y

_ (%‘”) Cap(®) . (129)

and C4p(o) is simply related to x4 (o).
The equal-time Kubo response function is related to the static susceptibility
by inserting Eq. (129) into:

do do 2 ,,

Cap(t=0) = ECAB(OJ) = EB_O)XAB((D)

=B "xap - (130)

For times t > 0 it is convenient to introduce the complex Kubo function via
the Laplace transform:

oo .
Cap(z) = —i/ dt e*#Cyp(t)
0

+o0 , +oo d .
_ —i/o dt e*izt /_ S e Cp(0)
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Caplz) = /+°° d_mCABi(w) (131)

0 2M Zz—®

In terms of the Laplace transform, we have for the Kubo approach to the
relaxation problem:

oo ,
SA(z) = / dt e PSA(1)
0

= A+oo dt €+iZtBCAB(t)]’lB
= iBCap(2)hp . (132)

We can compare this with the result where we adiabatically turned on hp.
Taking the Laplace transform of Eq. (108), remembering Eq. (110), we obtain:

8A(z) = Rap(z)xashs (133)
and for the two approaches to be equivalent we must have:
iBCaB(2) = Rap(2)xaB (134)

It is left to Problem 3.12 to show that these are equivalent.

3.7
Summary of Correlation Functions

Let us summarize the various definitions of correlation functions we have
introduced:

Kaa(t — 1) = o (A1), BW)) (13
Xap(t—t) =2i0(t — ")y 4p(t — ') (136)
Sap(t—t") = (8A(t)8B(t)) (137)
Sap(t—t') = J([BA(t)8B(') + 8B(')8A(t)]) (138)
Caplt —t) =B~ /O P MEE(H)eMIBA(L)) | (139)

The Fourier transforms of all these quantities are interrelated. We can, for
example, express them all in terms of ¥ (®):

. d / " /
Xap(®) = / Tm % (140)

81
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Sap(®) =20(1 —e ) Iy f (o) (141)

Sap(®) = h coth(Bhw/2)x4p(w) (142)
2 1

Cap(w) = B_(DXAB((D) . (143)

We also define the complex susceptibility x 45(z), relaxation function R op(z)
and Kubo function C4p(z). These are all linearly related since:

do Yis(o
XaB(2) :/ o oﬁ%(z) (144)
i
Rap(z) = - TapXas — Xap(2)] (145)
where:
. d(}) xll ®
Xap =Xap(z=0) = / o %() (146)
is the static susceptibility, and:
do Cyp(® o
Cap(z) = | o ZA%((D) = —iB "tapRan(z) - (147)
The complex fluctuation function,
[ do Syp(w)
Sap(z) = " a—o (148)

can not be expressed directly in terms of % 45(2).
If we eliminate R op(z) between Egs. (145) and (147) we find:

XaB(z) = Xap — BzCap(z) . (149)

We will need this result later.

3.8
The Classical Limit

We will, in many cases, be interested in classical systems. In this limit a num-
ber of our general relationships, summarized above, simplify. First we note
that in the classical limit, where 1 — 0, the fluctuation-dissipation theorem
becomes:

S 45(0) = B% Xip(®) (150)
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We see then, since Eq. (129) gives:

Canl®) = 5tn(©) (151)
that:
Sap(w) = Csp(0) . (152)

Classically the fluctuation and Kubo functions are equal. We can easily under-
stand this equality. Classically, operators commute so:

Sap(t—t") = Sap(t —t') = (BA(t)3B(t)) (153)

and, starting with Eq. (139),

B
Cap(t—t)=p~! / dA(8B(t')8A(t) ) = (SA(t)8B(t')) . (154)
0
We see that the static susceptibility in the classical limit can be written as:
do x
s = [ S —p [ 52 (155)
= B(BASB) (156)
and the susceptibility is simply related [9] to the equal-time correlation func-

tion.

3.9
Example: The Electrical Conductivity

We want to show how these various properties can be used to analyze quan-
tities like the electrical conductivity. We have from Eqgs. (2.80) and (2.81) that:

Sup(t — 1) = jo iyt~ ) (157)

where J is the charge-current density and R = Zfil git;. In term of Fourier
transforms:

Gup(©) = X, 1 (®) (158)

Using Eq. (71) we can express the frequency-dependent conductivity in the
form:

 do’ X;;R (o)
0@ = [ T e (159)
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We can rewrite Eq. (159) as:

d ' 1 / /! /
5(@) = | T e @) (160)

and look at:
W],y (@) = [ dt e+f°°’<f—*’>w’x',; Ryt = 1)
[ (=i ety (= 1)
d
_ +iw (t—t') /
- /dte Sy (E— 1)

_ —Z/ dte-‘rlm(t t') d II, (t—t/)

at/X]aR[s
= —z/dte+l‘” (t=t) x] RB(t—t’)
= _ZX](XJBT(O‘),)
Ly /
_vx]&.,]g((o) , (161)

where we have used time-translational invariance and noted that the total
current can be written as:

) = 5 R quvﬁ SGR (162

Using Eq. (160) we have:

i do’ ” ,
Cap(©) = V) a(o —m—in)m’xlo?]g(w)

(163)

However, since the Kubo correlation function is related to " by Eq. (129):

2
Crrp(©) = g i (@) - (164)
we have:
Cir (o)
ZB d(l) Lx:]ﬁ
Oop(®@) = V) 2n o —0-in (165)
The dc-conductivity is then given by:
Crpjr (@)
i do’ IT IT
6op(0) = — P / ot (166)
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If we look at the longitudinal conductivity:

o = E ZGW(O)

1 .
2/ 2 CriE(@) [P ot I%B(w’)} : (167)
Since a Kubo autocorrelation function is even under ® — —,
Crrjr(@) =Cprir(-0) (168)
and we obtain:
_ B
oL =gy LC ) - (169)

This can be rewritten as a time integral:

+o00 +o0
o= [Cargurptn =L [ arcup (170)

over a current—current Kubo function. Relationships of this type, giving a
transport coefficient in terms of an integral over an equilibrium-averaged time-
correlation function, played a central role in the development of linear respon-
se theory. They are called Kubo or Green-Kubo formulae. Such relationships
give one precise definitions of transport coefficients.

One of the most important ramifications of a Kubo formula is easily seen in
the classical limit where:

oL = % /Om dte(J7 () -J7(0) ) (171)

In this limit one has an integral over a simple current—current time fluctuation
function. This provides a direct and clean method for determining 6y using
molecular dynamics: direct numerical simulation of a fluctuating equilibrium
system.

3.10
Nyquist Theorem

Let us see how the results developed in the last section lead to the famous
Nyquist theorem. We start with Eq. (165):

B [ do' Cpr(e)

V 2t o —o—in (172)

O () = —
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If we take the real part of the conductivity we have:

] do’ 1 )
Gl0) = Re | =31 [ G2 Cp (@) [P + (e —a) |

p
= 5pCrr()
_ 1 o=t 7T (1T (4
= sy [ dee T (173)
Following Kubo [10] we take the inverse Fourier transform to obtain:
T\ T (4! ' do —io(t—t)
UTH)T(H) = 2ksTV /_Oo Sook(w)e . (174)

If, over the frequency range we probe current fluctuations, the conductivity
can be taken to be a constant, 6}, (®) ~ o, then:

(T (OIE()) = 2kgToV3(t — ') . (175)

The fluctuations in the current in this regime are d-correlated. It is then con-
sistent to assume that the current density fluctuations can be related to the
voltage fluctuations via:

V() = Li(t) /o . (176)

The total current can then be written:

I =V = L2v(1) = sov (1) (177)
L
= ZV() (178)

where S = V/L is the cross-sectional area and the resistance for the sample is
given by R = L/cS. The voltage fluctuations are given then by:

2
(V(OV(E)) = 2ksT (%) vRiss(t—t') . (179)
= 2kgTR3(t—t') . (180)

In terms of fluctuations in the frequency domain:
(V(o)V (o)) = 2kgTR2n8(0 + o) . (181)

Looking at the fluctuations in a frequency window Aw:

0 +A®
Vy = / don V(o) (182)

o
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Fig. 3.1 The classic demonstration that Eq. (183) holds is due to J. B.
Johnson, Ref. [1] where (V?) is plotted versus R.

then the fluctuation in the voltage is proportional to the resistance:
(V3) = 2kgTR2nA® . (183)

For several different derivations of this result see the discussion in Kittel [11].
This result is verified in Fig. 3.1.

3.11
Dissipation

Let us consider the work done on our condensed-matter system by the exter-
nally applied time-dependent field /. We have, working in the Schroedinger
representation, that the work done on the system is given by:

e oH
W= / dt Trpe(H) =L, (184)
where the derivative is with respect to the explicit time dependence of the
Hamiltonian (which is evident if we work in the Schroedinger representation).
Assuming that the Hamiltonian governing the system is of the form given by
Eq. (2.6), Eq. (184) can be written in the form:

"4-00 oh:(t
W = _/ dt Trp,,(t) Y A; 55)
J —o0 i

_ /o:odt Z(Ai(t)>neah5§t) . (185)

If we integrate by parts and assume the applied field vanishes at distant times,

Hm i () (Ai(t))ne =0, (186)

‘t|~>00
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then:
+oo P
W= [ dt 5 A - (187)
If we work to lowest order in h, then we can use the linear response result:
o / /! /
(Ai)ne = (AiO)eq + 1 [ at'at = )mi(t) (188)
F —00
and, since (A;(t))eq is time independent,
tee tee / d / / 3
W= /W at /W A Y- () st — E)y(#) + O . (189)
L]

Replacing Xl-]-(t — t') and the applied fields with their Fourier transforms and
doing the time integrations:

00 00 Ao oy .
W /_m dt /_m dt' Y h(t) [ Soe ) (o) @)y (¢)
1,]

- X [ Sz @) (i) (o) (o) (190)

If we let ® — — [note that ;(t) is real, so 1} (w) = h;(—o)] and leti < j, we
obtain:

W= Z/ 1 (o) (i)~ 0)hj(0) . (191)

Adding the two expressions for W, Egs. (190) and (191), and dividing by two
gives:

W=y | 2 (@) (i)} [1y(0) ~xu(-0)] - (92)
Using the symmetries we found previously,

%ji(®) = gigjx;;(®) (193)

and:

Xxij (@) = xij(—0) (194)

we can write the factor:

i (©) — xji(—w) = x;j(®) — ggjx;; (o) (195)
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and obtain:
. d )
W= Z/ Z—:h?‘(m)(—lm)hj(m)% [x,y(w) - Siejxj‘j(m)} : (196)
L]

In a stable system (one that is decaying to equilibrium), we require that:
W>0 . (197)

We must put energy into the system to excite it. Since the fields 1} (0)h;(®) are
arbitrary, we could in principle excite a single mode k, h; = h9,; , with a single
Fourier component to obtain:

W= [ (@) (~i0)} () ~ zil0)]
= [ Sl Pory(0) >0 (198)
which implies:
oxgx(®) >0 (199)
for any ®. We also see that we can identify x//(®) with the dissipation in the

system.

3.12
Static Susceptibility (Again)

We showed earlier that the linear response to a static external field is given by:

8A = xaphs + O(h) (200)
where:
“do i n(®
tap = [ G0%asl0) on)

is the static susceptibility. If A(x) is some observable density and hg(x) coup-
les to the density B(x), then:

8A(0) = [ dyxap(x—y)ha(y) - (02)
In the case of a uniform external field:

8A() = hs [ @'y ap(x—y)
hgxap(k = 0) (203)



90 | 3 General Properties of Time-Correlation Functions

and 3A(x) is uniform. In the limit, as hip goes to zero, we have the result that
the thermodynamic derivative is related to the small k-limit of a susceptibility:

0A .
ohp 11<11>1})XAB(1<) : (204)
Notice that we can write:
- d¥xd?
Xaplk=0) = / TyXAB(X -y) (205)
XA7Br
= — 206
z (206)
where:
Ap = / A3 A(x) (207)
is the fotal amount of A. Then:
0A  XArBr
v (208)
or:
J0AT
Let us consider the static susceptibility:
do Xa,s, (@)
Xagsy = | S A (210)
Using Eq. (129) we can write:
XarB, = P / CarB (0
= BCATBT(tt) . (211)
We can then use Eq. (127) to write:
B
XA b, = /O dMeMISBr (e MAL(E) . (212)
If B is conserved it commutes with H and:
This also holds if A is conserved. Equations(209) and (213) allow us to write:
94t = B(SBSAT) . (214)

ohg



3.13 Sum Rules

Let us consider the example of the magnetic susceptibility in the case where
the total magnetization and the applied field are both in the z-direction. The
magnetic susceptibility per unit volume is given in zero external field by:

1oMl)  9(M:)

M = Y79 T 0B (@15)
= Lomip) @16

where M is the total magnetization in the z-direction.

3.13
Sum Rules

There is one final class of formal properties of time-correlation functions that
can be of some practical use. These properties are known as sum rules and
allow one to calculate quantities like the integral:

d
[ S " thp(@) = 0ap(n) 17)

explicitly for certain small integers n. w4 (1) gives the area under 0"y} (o).
To see how we can compute w,p(1), consider first the identity:

() su-0] =5 () aom]) o

If we replace x4 5 (t — t') with its Fourier transform, we easily obtain:

o) _ [ St =5 ([(5) a0E0)]) . e

ontn) =3 ([(5) a0800]) (220)

If we further note, on repeated use of the Heisenberg equation of motion, that:

or:

<%>WA(t) L aw,m,. H (221)

and:

wp(n) = #([[[...[A(t),H],...,H] ..., H,B(1)]) . (222)
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The sum rules are given then by commutators at equal times. Looking atn = 0,
we have:

0ap(0) = 3([A(,B(1)) = [ 52 xss(@) 22)

We know from Eq. (45) that:
XAap(®) = —€agpx4p(—®) (224)
@a5(0) = 11 - exen) [ 2 oip(0) 225)

and for operators with the same time-reversal signature:
®ap(0) =0 , (226)

while it is in general nonzero for those with the opposite time reversal pro-
perties. We note here that the moments w,4p (1) are associated with the large-
frequency behavior of the complex susceptibility.:

- do Xap(®)
= [ === . 227
Xap() = [ 2 FAED (227)
We can use the identity:
1 1 1 1 & o\
=== )=-= — 228
-2z z (1—(0/2) z E(z) (228)
to write:
1 & oap(n
Xap(2)=-- ) Afn( ) (229)
n=0

Clearly this large z expansion can only be asymptotically correct. That is, it
is only valid when |z| is large compared to all frequencies in the system, which
means all frequencies o for which x; () is not effectively zero.

Let us now consider two examples where we can evaluate the sum rules ex-
plicitly. First let us consider the case of the density—density response function.
We see immediately that:

“do
mn(k,O) = /?Xgn(k/m)
1

= [ @xet Ot aph =0, (@30)
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since the density commutes with itself at different space points. We will be
more interested in the next order sum rule:

mn(kzl) = / d?warm(k'm)

= / Pxet® Y, (x —y,1)

1, .
op(x—y, 1) = ;([W(X)/H],ﬂ(y» : (231)
In a simple fluid, the Hamiltonian is given by:
N 2 N
p1 1 Z
=Y 55 (232)
= 2m 2 iz
and:
pi = —ihV; (233)

in the coordinate representation.

To determine the value of the sum rule given by Eq. (231), we need to
evaluate two commutators. The first commutator is between the density and
Hamiltonian. It is important to recall that this commutator is related to the
time evolution of the density via:

on

[n,H|] = ihg . (234)
We need to evaluate the commutator:
p?
[n(x),H] =) [ﬁ(x —1), ﬁ] , (235)
ij

where we have used the fact that the density n and the potential energy com-
mute. The rest of the evaluation is carried out in Problem 3.8 with the result:

[n(x),H| = —%Vx g(xt) , (236)

where g(x, t) is the momentum density,

0 Mz

Bx1) = 5 L [p8(x— ) + 3(x—x)p] (237)

and one has the continuity equation:

on(x,t)

T -V -g(x,t)/m , (238)
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which expresses conservation of particle number.

The second commutator to be evaluated in working out ®,,(k,1) is bet-
ween the particle density and its current g. As we shall see this commutator
plays an important role throughout our discussion. We have then:

N

[n(x), 8a(y)] = 5 Z[ i) (Pk5(y—rk)+5(y—rk)m?)1

k=1

—_

NlH

< x —1;) (—ihVE)d(X' — 1) — (—ihVE)S(y — 1;)8(x — 1y.)

ik=1

+8(x = 1i)8(y — xt) (—ih V) = 8(y — 1) (—inVE)3(x — ri)>

8(y — 1) (ihV)d(x — 1)

gk

1

= —ihV¥¢ 2 3(y —1;)d(x —1;)
i=1

[n(x), 8a(y)] = =itV [3(x — y)n(x)] . (239)
We then have for the moment n = 1, using Eqgs. (236) and (239) in (231):

Oun(x =y, 1) = ——= Vi ([g(x),n(y)])
i .
= — 2 Ve (ihVy [3(x — y)n(y)])
= %Vx -V 8(x —y)i (240)
where 71 is the average density. The Fourier transform is particularly simple:
k*n do
onn(k, 1) = = / ?mxnn(k, ) . (241)

Clearly this serves as a convenient normalization check on, for example, the
results of a scattering experiment that gives x//, (k, ®). The result given by Eq.
(241) holds, of course, in the classical limit where we have:

(O]
Xgn (k,0) = %Snn (k, ) (242)
and:
- do k*akT

In the quantum case, the moments of /4 ;(®) are related to those of the Kubo
function via:

[ L arip@ = [ 2o Ca(o) - 4
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As a second example, consider the electrical conductivity. In that case we
have the complex relation given by Eq. (159):

do X,k (@)
o) = [ T G e (245

We can determine the large-frequency behavior of 6,5(®) by noting that:

do’
—/ TXL,Rﬁ((DI)

2
=~ {lJa Re)) (246)

lim  ©oup(0)

|®|—00

where the charge-current density is given by:

prL

1 & gip
Jo=+ : (247)
y l; m

and the electric dipole moment by:
o
R = 21 qir; - (248)
]:

The commutator is then given by:

1
Jo, Rg] = Ym iZj‘]iq]’[P?J’?]

in &, ihg> . N
= Tk 0=, Sy 249)
and:
. ie? o
‘QHTOO mGaB(m) = W 8(,437’1 = 14—; , (250)

where @ is the plasma frequency. This relation gives a strong constraint on
the frequency-dependent conductivity at large frequencies. Here we have as-
sumed that all of the charged particles have the same 7 = g*. For an in-depth
discussion of sum rules for charged systems see Ref. [12]. For a discussion of
application to neutral fluids see Ref. [13].
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3.15
Problems for Chapter 3

Problem 3.1: Find the relation analogous to Eq. (3.13) satisfied by:

G (1) = (i (Dw;(t))

and:
G (#) = (wi (vl (t))

where the average is over the GCE density matrix and y! and ;(t) are the
creation and annihilation operators for the system. These operators satisfy the
commutation (bosons) and anticommutation (fermions) relations:

i, wile = 8y

Problem 3.2: Assuming that the operators A and B are fields that depend on
position, show that '} ; (k, ®) satisfies Eqs. (47), (48), and (49).

Problem 3.3: If operator A is the magnetization density M(x,t) and B is the
energy density €(x, t) in a magnetic system, what are the symmetry properties
of Xy o (k, )?

Problem 3.4: Verify that the integral given by Eq. (57) indeed represents a step
function.
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Problem 3.5: Solve the Heisenberg equations of motion explicitly for a harmo-
nic oscillator and verify Egs. (95) and (96).

Problem 3.6: Consider a set of N spins S(R) on a lattice labeled by site in-
dex R. These spins satisfy the conventional angular momentum commutation
relations:

[Sa(R), Sp(R)] = it ) €opySy(R)Sg g/ - (251)
Y

Suppose the dynamics of these spins is governed by the Hamiltonian:

H=— ZuthZ(R) (252)
R

where /1, is an external magnetic field pointing in the z-direction. Find the
Fourier transform y,g(k, ) of the dissipation function:

Xop (R R, 1) = ~([Sa(R, 1), Sp(R,£')])

2h

Problem 3.7: Show that the iterated solution of Eq. (121) leads to the expressi-
on for the equilibrium density matrix given by Eq. (122).
Problem 3.8: Evaluate the commutator defined by Eq. (235) and verify that:

n(x), Hl = 1, gl

where g(x, t) is the momentum density,

N|>—‘

N
Z (x —1;) + 8(x — 1;) pi]

Problem 3.9: Consider the one-dimensional anharmonic oscillator governed
by the Hamiltonian:

2

_p- ko
H_2m+2x +4x

Express the n = 1 sum rule satisfied by the momentum-momentum correlati-
on function:

orp(n) = [ Ly (o)

in terms of equilibrium averages of phase-space coordinates.
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Problem 3.10: In nonrelativistic systems, an established invariance principle
is Galilean invariance. For a system of N particles with position operators
r1,17,...,ry and momentum operators p1, p2, ..., PN, find the operator G ge-
nerating the transformation:

A'(v) = Ug(v) AUL(V)

such that:

r

(V) =1 —vt

and:

pi(v) =pi—mv ,

where v is a constant vector.

Hint: Ug(v) = eV'G/"

How does the particle density operator 71(x, t) transform under a Galilean
transformation?

How does the Hamiltonian transform under a Galilean transformation?

Is the conventional grand canonical density matrix invariant under Galilean
transformations?

Extra credit: write the generator G in second-quantized form in terms of
creation and annihilation operators.

How does a second-quantized bosonic annihilation operator y(x) trans-
form under a Galilean transformation?
Problem 3.11: If we look at the equilibrium fluctuations of a solid at tempera-
ture T we can consider the simple model:

d¥a _ pa
dt M
d T

where xq is the displacement and pq, the associated momentum and the noise
satisfies:

(Mo (EMp (') = 2kpTT3pd(t — t')

where the kinetic coefficient I' > 0.
Compute the momentum correlation function:

Sip(@) = [ ate = (pu(t)pp()

Find the equal-time quantity (pa(t)pg(t)). Does your result make sense?
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Problem 3.12: Starting with the definition of the Kubo response function, de-
fined by Eq. (127), show that:

J 2i
ECAB(t —t') = —EX;/\AB(t —t)

Using this result show that:

Xap = BCap(tt)

Finally show that the complex Kubo function, defined by Eq. (127) is related
to the complex relaxation function by:

1
Cap(z) = %RAB(Z)XAB :
Problem 3.13: Verify that the symmetry properties:

XaB(®) = Xap(—w)

Xap(®) = €48pxpa(0) ,

are satisfied by solutions of the Bloch equations describing paramagnetic re-
sonance in Chapter 2.

Problem 3.14: For the case where variables A and B have different signatures
under time reversal, evaluate the relaxation function:

SA(H) / do Xap ot
hp T ®—in '
Show that 8A(t) is real and look at the short-time regime.

Problem 3.15: Assuming a dispersion relation representation for the frequency-
dependent conductivity:

do’ o (')
G(m)_/gco’—m—in ’

find the consequences of Eq. (250).
Problem 3.16: Show that the sum rule given by Eq. (250) is satisfied by cg(®)
given by Eq. (165) in the classical limit.
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Charged Transport

41
Introduction

One of the most important set of properties of a material is its response to
external electric fields. Interesting electrical properties result typically from
free conduction band electrons in metals or polarization effects in dielectrics. In
both cases we are interested in the influence of an electric field on a condensed-
matter system comprised of charged particles. We discuss here the linear re-
sponse approach to this problem, with care to treat the long-range interactions
between the particles.

We will assume that we have a classical system with full translational sym-
metry [1]. A quantum-mechanical treatment for a system defined relative to a
lattice proceeds along very similar lines. In the first sections of this chapter we
follow the development due to Martin [2,3].

4.2
The Equilibrium Situation

Let us consider a classical condensed-matter system of volume V comprised
of a set of N charged particles. Let us assume that the ith particle, with mass
m; and charge g;, is located at position r; and has a velocity v;.

The electromagnetic fields in the sample generated by these charges are
governed by Maxwell’s equations in the form:

V- E(x,t) = 4mp(x,t) 1)
V. -B(x,t) =0 2)
V < E(x ) = -2 B00) ()

v xB = 1EXY
c c ot

(4)
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where the charge density is given by:

N
p(x t) = ; q:8[x —r;(t)] , (5)

the charge-current density is given by:

N
J(x,t) = ; vi(t)q;8[x — r;(1)] (6)

and c is the speed of light. Since electric charge is conserved, the charge den-
sity and current are related by the continuity equation:

%p(x,t)—f—v-](x,t):o ) (7)

These equations must be supplemented by the dynamical equations of motion
satisfied by the particles. The Hamiltonian for this set of particles is given by:
N N

_ 1 qi 2
HO - Z Z—ﬂ”ll (Pz - ?A(rz)> + ; qzq)(xz)

i=1

3 Y V(e — ) ®)
ij

where p; is the canonical momentum, A(x) is the vector potential, ¢(x) the
scalar potential and V; describes any short-range two-body interactions bet-
ween the charged particles. The electric and magnetic fields are related to the
potentials by:

19A
E=-Vo——= 9)
B=VxA . (10)

The equations of motion satisfied by the particles are given by Hamilton’s
equations:

%I‘i = Vp,.HO (11)
d f—
P~
We then have an impressively complicated set of equations to solve. When
we are in thermal equilibrium, the probability distribution (for simplicity we
work in the canonical ensemble) is given by:

—VHy . (12)

(13)
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with the partition function:

: d® a3
3 3 P1 4PN o BHo
Z —/ d 7‘1...d N (Znh) (271371) . (14)

The average of any function A of the phase-space coordinates (r;, p;) is given

by:

3 i Pl d° 4PN
/d?’l Ar ZTEh) (ZTEh) P A(rl,rz,..,pl,pz,..) . (15)

Taking the average of the microscopic Maxwell’s equations gives:

V- (E) = 4n(p) (16)
V-(B)=0 17)
vX<Ey:—%9%3 (18)

4 19
Vx (B) = ()45

(E) (19)
and the problem reduces in this case to knowing the average charge density
and the average current density. It is when we begin to look at the problem
from this perspective that we begin to obtain some degree of simplicity. For
a system in the absence of an externally applied electromagnetic field with
no net charge (electrically neutral), the average charge density and charge-
current density are zero: (p) = 0 and (J) = 0. This says that all of the local
fluctuations in charge and current balance out. The average Maxwell equati-
ons are given then by:

V- (E) =0 (20)
V- (B)=0 1)
Vx (B) = 2(B) 22)
¥ x (B) :—% %<E> . 23)

There are several possible solutions to this set of equations:
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1. These equations support wave solutions. This implies either that the sys-
tem is radiating or that electromagnetic waves are bombarding our sample. In
the first case our system would be losing energy and therefore would not be
in equilibrium. We have thus far been assuming there are no external fields
acting. Consequently we can rule out these radiation solutions.

2. There are symmetry-broken solutions [4]:

(E) = Eg 4)

(B) = By (25)

where Ejy and B are independent of time. For example Ey = 0, By # 0
corresponds to a ferromagnet. Alternatively Ey # 0 and By = 0 corresponds
to a ferroelectric.

3. In the third, and most typical situation,

(E) = (B) =0 . (26)

Whether case 2 or case 3 is appropriate depends on the material in question
and the thermodynamic state of the system. Thus, for example, PbTiO3 has
(E) = 0 for temperatures greater than 763°K and (E) # 0 for temperatu-
res below 763° K. Similarly Fe has (B) = 0 for temperatures greater than
1043° K and is ferromagnetic for temperatures less than 1043° K. The tem-
peratures where Eg or By go to zero are called the Curie temperatures and
at these temperatures the system is undergoing a phase transition from a
high-temperature paramagnetic or paraelectric to ferromagnetic or ferroelec-
tric phase.

The situation where we have no net charge and no externally applied field
is relatively simple. The system will be in equilibrium and the average electric
and magnetic fields will be uniform in space and unchanging in time.

4.3
The Nonequilibrium Case

4.3.1
Setting up the Problem

Thus far we have assumed that there are no external fields acting on our
system. Let us turn now to the case where we couple electrically to our system.
The situation we discuss is where there is an external charge density p.,.(x, f)
and an external charge-current density Jext(X, ) [5]. These external charges
satisfy the continuity equation:

apext (X/ t)

o +V Jext(x,t) =0 . (27)
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These charges will set up external electromagnetic fields satisfying:

V - Eext(X, 1) = 4T pay (X, 1) (28)
V - Bext(x,t) = 0 (29)
47 1 0E Lt
V x Bext(x, t) = 7 ]ext(x/ t) + E % (30)
V X B 1) = - & 2Pt @

c ot

In the presence of these external fields that are varying in space and time, the
Hamiltonian describing our N-particle system is given by:

_Gia )
pi—Tare | +v (32)

1=z

H(t) =
=1 5

where the total vector potential is:
Ar(x,t) = A(x) + Aext(X, f) , (33)

where Ayt is the external vector potential. We will work in a gauge [6] where
the total scalar potential is zero. Vs is the short-ranged part of the interaction
between particles. The Maxwell equations satisfied by the total electric and
magnetic fields are:

V -Er(x,t) = 4npr(x,t) (34)
YV Br(xt) =0 (35)
V x Er(x 1) = - Brbel) (36)
V x BT(X, t) = 4%1: JT(X, t) + %W (37)
where:
Er(xt) — = 2Ar(xf) (38)

c ot

BT(X, t) =V x AT(X, t) . (39)
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and:

Pr(x ) = P(X 1) + Pext (%, ) (40)

JT(X/ t) - ]S (X/ t) + ]eXt(X/ t) 7 (41)

where, as before, the system contribution to the charge density is given by:

N
p(x,t) =Y qid[x — ri(t)] (42)
i=1

and the system part of the charge-current density is:

N . .
oo ) = 3o A (py = Lar(r, 1)) 8x—xi(t)] (43)

i=1""1
since the velocity is related to the canonical momentum by:

vi= o (= Larn) (44)

4.3.2
Linear Response

A general attack on this problem is totally impractical. However, for many
purposes, it is sufficient to analyze the case where the external field is weak
and the system is only slightly removed from equilibrium. Things simplify
greatly in the linear regime. Our basic approximation will be to keep only the
linear term coupling the canonical momentum of the particles to the external
field. We will neglect terms of order A2 ,. We can then write the Hamiltonian
in the form:

. 2
[pi = B(A®) + Aex(ri )|+ V5

N qi qi
= Ho— Y. 2= (pi— LA(m)) - Aca(r, 1) + O(A%)
i=1 !

= Hy— %/ BxJ(X) - Aext(X, 1) + ... (45)

where Hyj is the Hamiltonian for the system in the absence of external fields
discussed earlier and J(x) is given by:

N . .
I, t) = Y2 (pi = Lax, 1)) 8fx — (1) (46)

=1 i
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The problem is now clearly in the form where our linear response approach
is valid. Thus the external field is Aext/c, which couples to the charge-current
density. The linear response or induced charge density is given by our result
from Chapter 2, Eq. (2.56), which in this case reads:

(P, 0))1 = Ltk 0) T A 0) )

It is useful to rewrite this result in terms of the associated correlation functi-
on. We showed previously, Eq. (3.149), for general observables A and B the
dynamic susceptibility can be expressed as:

x4k, @) = x4p5(k) — BoCyp(k 0) , (48)

where x 45 (k) is the static susceptibility and C4p(k, ®) is the complex (Kubo)
correlation function. Since the complex correlation function is defined:

Cap(k, ®) = —i/ dt e Cup(k, 1) (49)
0

we can use integration by parts and write:

wCsp(k, @) = / dt (—iei"”> Cagp(k,t)
0 dt
= Cap(k t=0)+iC,z(k o) . (50)
We know from Eq. (3.130) that:

BCap(k, t =0) =x4p(k) (51)

Using Egs. (50) and (51) back in Eq. (48) we obtain the useful result:

Xap(k,0) = —iBC,z(k ®) . (52)
In the very important special case where A is conserved,

0A
5=V (53)
where J 4 is the current associated with A, we have:

dA(K, 1)
ot

— ik Ja(k,t) - (54)
Using this result in Eq. (52) we find:

Xap(k 0) = BZkquB(k, o) . (55)
W
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Using this result in Eq. (47) we have:
(p(k,0))1 = Y ku POy, (1, 0) A% (k) (56)
ol

If we remember that in the ¢ = 0 gauge:

10
Eext(xz t) = _EaAext(X/ t) ’ (57)

then:
i
Eext(k/ (0) = - Aext(k/ (0) . (58)

The induced charge density can be written as:
ngt (k' (0)
(i)

Let us turn now to the calculation of the average charge-current density. The
total charge-current density is given by Eq. (41):

<p(k/ 0‘))>I = ZkHBC]u]a (k' 0‘)) (59)
@i

Jr(x,t) = Jext (%, t) + Js(x, ) (60)
where J; is the current given by Eq. (43):

S qi
Je(x ) = 3 - (pi = T AT(0) 8ix —xi(1)] (61)
where Ar is the total vector potential. Working to lowest order in the external
field we have for the total charge-current density:

N 2
Jr(%t) =Jext(x, 1) +J(x,t) = } l—c 3[x —ri(t)]Aext(x, 1) (62)
i=1

where J(x, t) is given by Eq. (46). The average total current density is given
then by
02
Jr(x,t)) neq = Jext(x, t) — ﬁAext(x/t) + (JO 1)) neq (63)

where, to linear order in Ay, the average of the term multiplying the explicit
factor of Aext defines the plasma frequency op,

2 N 2
%: <Z%8(x—ri)> . (64)
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In the case where there are electrons and very heavy ions, we can write to a
good approximation:

2
Y g’n
an T m (65)

where g is the electron charge, m its mass and n the electron particle density.
It should be clear that the nonequilibrium average of the current is given in
linear response by:

(06 )y = Yy, (0 0) <Al (K, 0) (66)
U

Using Eq. (51) in Eq. (48), where A and B are components of the currents:

Xy (ke ©) = B[ C (£ = 0) = 0Cp, (k)] (67)
Using Eq. (58), expressing Aext in terms of Eext, we obtain:

. C]a]u (k’t = O)
lcfu]u(kf 0)) + i® ext(k 0)) . (68)

(J*(k, w)>neq = BZ
m

The quantity Cj,j, (k, t = 0) is evaluated explicitly in Problem 4.1. We find :

(02
Clajy (k1 = 0) = 8upB~" = (69)
Putting this back into Eq. (68) gives:
o | s
<]0c(k, m)>neq = 2 IBC]a]B (k (l)) -+ 8a34 ] Eext(k (,0) . (70)
p

The total average charge-current density follows from Eq. (63) and is given by:
7 0))neg = Jexe(l, @) — p T Aok, @)
B

= ]ext( s @ +Z ZB C]a]ﬁ(k'w)EExt(k/m) ’ (71)
p

ATt ® ext (k/ 0‘))

5 2
BCIO(]B k 0‘) B ] EB

where the terms proportional to ®? cancel. The induced current density is

P
given then by:
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Tk o) = (ko) — (J&(k o)
= %iBCMB (k, 0) E (k) - (72)
We can write this in the form:
(% (k, @)1 = ; oiP (k,0)Eb (ko) (73)
where we define:
o5’ (k, 0) = iB Cp,, (k,0) . (74)

We do not identify 6y as the conductivity, since the conductivity gives the
response to the total electric field not the external field.

Comparing the expressions for the induced density, Eq. (56), expressed in
terms of the external electric field,

oo =~ S (2P0 1 0) 75)
op

and the induced current density, we see that the continuity equation is satis-
fied:

—io(p(k,0)); = ik (J(k 0)) . (76)

The next step in the development is to realize that it is conventional to
express the induced current in terms of the total electric field. As shown in
Problem 4.7, in the ¢ = 0 gauge the Maxwell’s equations for the external vector
potential are given by:

_ % %(V Aext) = 4T Pyt (X, 1) (77)
and:
<_v2 + é%) Ao+ V(V - Aeqt) = %Jext(x, t) . (78)
Since:
Boalf) = —1 225, )

we can convert Eq. (78) into an equation for Eey:

1 02 4m 9
<_v2 + C_2 ﬁ) Eext(x, t) + V[V . Eext(x, t)] = _C—;cg]ext(x, t) . (80)
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Similarly, we have for the total system:

2
( v2 4 l %) Er(x,t)+ V[V -Er(x,t)] = —i—?% (Jr(x,t)) . (81)

Fourier transforming the last two equations we obtain:
(kK — 0/ c*)Eext(k, ®) — k[k - Eext(k, ©)] = i—’;(iw)lext(k, ®) (82)
and:
( — 0/ )Er(k,0) — Klk- Er(k,0)] = 7 (0) (Jr(ko) . (69
Subtracting Eq. (82) from Eq. (83) we find:

(k* — o?/?)E¢(k, 0) — k*[k - E7(k, 0)]
= (K — 0*/¢)E&4(k, ®) — k*[k - Eext(k, 0)]

2 i0) 1 0Pk, 0)E (o 0) 59
B

where we have used Egs. (72) and (75). To simplify matters let us assume the
system is isotropic in space. Then:

o3 (k,0) = kakgof (I, @) + (Sep — kuky ) of (K, ©) (85)

and the electric field can be decomposed into longitudinal and transverse
parts:

Er(k, ) = kEX(k, 0) + EX(k, @) (86)

where k - ET(k, @) = 0. Taking the transverse and longitudinal components
of Eq. (84) gives:

(k2 — ?—j) ET(k,0) = (k2 - (:—22) EL,(k o)

4mim
+ CZ Gg(k/ ) ext(k 0)) (87)

<_‘;’_22> Ek(k,0) = (—?—j) Eéi(k, 0)

4Tim
+=390 ob(k )EL (ko) . (88)

and:
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We can then express the external fields in terms of the total fields:

k> — & T
ko . Er(k,© (89)
ext( ) k2 cz + 4mw60 (k, CO) T( )
and:
(k, o) = o EL(k, o) (90)
E —dmiook (ko)

In terms of components:

(0, 0)1 = — o (k,0) Eby (K, 0)
{4k, 0)1 = 0 (k 0)ELy (I )

(7 (k, @)1 = 67 (k, ®)Eby(k, 0) (91)
Using Egs. (89) and (90) to eliminate Eext in terms of ET we find:

_oi(k o) o?kEf(k o)

k, = 92
(Pl @) ©  [0? - 47mioch(k, 0)] ®2
and:
Ik 0) (o — 2k?)
Tk, 0)) — 20 EL(k, 93
and:
k, 0) @’
Lk, %! Ek(k,0) . 94
M0 = o o) 99
It is conventional to define the physical conductivity tensor via:
(I )1 = Y oap(k, 0) Ex(k,0) 95)
B
which has the components:
T 2 252
T ol (k, o) (0 — c?k?)
ko) = 96
o (k ®) o? — c2k? — 4mioc (k, o) ©6)
Kk, 2
ok (k, @) = — 12O 97)

o? — 4miock (k, o)



4.4 The Macroscopic Maxwell Equations

4.4
The Macroscopic Maxwell Equations

Let us see how these results can be used to rewrite Maxwell’s equations. The
induced charge density can be written as:

(p(k,0))1 = — <ok, 0) Ef (k,0) (98)
The induced polarization, P, is defined in this case by:
(P 1)1 ==V -P(x 1) (99)
or, in terms of Fourier transforms,
(p(k,®)); = ik-P(k,®) . (100)
Comparing Egs. (98) and (100) we can identify:

olT(k, o)

PLfT(k, CO) = [ o

} E (ko) . (101)

If we put Eq. (99) into Gauss’s law,

V-Er(x,t) = 4n{pr(x,t))
= 4Tcpext(xl t) —|—4TI:<p(X, t)>1
= Ampoy(x,t) —4nV - P(x,t) , (102)

we see that it is convenient to introduce the displacement field:
D(x,t) = Er(x, t) + 4nP(x,t) (103)
so that Gauss’s law takes the form:
V -D(x,t) = 4mpo (X, t) . (104)

Using our result relating the polarization to the total field, putting Eq. (101)
back into Eq. (103), we obtain:

4nctT (k, )
i®
= " (I 0)E" (ko) , (105)

DY (ko) = [1-— EXT (K, o)

which defines the generalized dielectric function:

4nol T (k, o)

LT
Ak o) =1— 1
e (k,0) ; (106)
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Turning to Ampere’s law, we have on Fourier transformation:
4 .
—ik x B(k,0) = 7’“ (Jr(k, ®)) — ?ET(k,m) . (107)

We can then write for the current:

<]T(k/ (’3)> = Jext(k/ (’3) + <J(k/ (’3)>I (108)

where the induced current,

Tk o)1 = " (k 0)Ex’ (ko)

= [l (k 0) —1] (_4;"’) EX (ko) , (109)
can be written as:
0 0)r = 2 [D(k,0) ~ Er(k,0)] (110)

Putting this back into Eq. (107) we have:

—ik x B(k,0) = 4; Jext(k, o)
~©Dk,w) - Erllo0)] - LErcw) 1)

and, canceling the terms depending on Et(k, ), gives:
‘ 4n 0]
—ik x B(k, 0) = - Jext(q, ®) — ?D(q, o) (112)

and we obtain, taking the inverse Fourier transforms, the macroscopic Max-
well equations for dielectric or conducting materials:

V -D(x,t) = 4T poyy(x, 1) (113)
VX Bxt) = Tye(x )+ %%D(x) . (114)

These equations are supplemented by Eq. (105) giving the displacement
field in terms of the electric field where the dielectric function is defined by
Eq. (106) in terms of the conductivity. The conductivity, in turn, is defined by
Egs. (96) and (97) in terms of a bare conductivity 6y(k, ®), which is microsco-
pically determined in terms of the current—current correlation function given
by Eq. (74). Furthermore, the induced charge and polarization are given by
Egs. (98) and (101) respectively. If we can determine Cjj(k, ®), then all of the
other quantities follow. In the next section we see how all of this holds together
for particular physical situations.
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These results for the conductivity and dielectric constant can be written in
somewhat different forms. The first step is to use the continuity equation to
show (see Problem 4.2) that the density and longitudinal current response
function are related by:

w2
oazxpp(k, o) = g lx}](k, ) — ﬁ] . (115)

We also have from the classical fluctuation-dissipation theorem, Egs. (67) and
(69),

(02
1y (k) = = = BaC(k,o) . (116)

Starting with Eq. (74) we have then, using in turn Eq. (116) and then Eq. (115:

op(k,0) = iBCj;(k, o)

, 2
A )
) <41t x”(k,(o)>
.
= —zk—zxpp(k,(o) . (117)

Putting this result back into Eq. (97) we have for the longitudinal conductivity:

%y (k,®
ol(k,0) = _ikﬁz | pr.( : )
{co2 — 4Tio (—é‘;{’—zxpp(k, w))}
ko
_ 0 Xple®) (118)

k2 [1 - %pr(k' (l))]

The dielectric function can then be written:

4dmi

—o"~(k

03 o (k, o)

dn App(k @)

k21— Epp (K, @)
1

el(k,w) = 1+

= —0— . (119)
1— 3%y (K, )
It is conventional to introduced the screened response function:
Zpp (K, ©)
15y (k, ) = —2° (120)

1= 3F%pp (K, @)
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then the conductivity can be written as:

o ©) _ xpp(k,0)

121
The Kubo formula for the conductivity is given by the double limit:
oL = Tim lim —i 2y &) (k, @) . (122)

0—0k—0 Kk?

In this case we can not directly express this result into the form of a time
integral over a current-current correlation function.

In our approach here we have first treated the induced current assuming
the applied external field is small. Then we solved Maxwell’s equation to
find the total electric field in terms of the applied field as given by Egs. (89)
and (90). In an alternative approach one can treat the total vector potential
contribution to the kinetic energy as small and expand in terms of the total
vector potential, which, in turn, can be expressed in terms of the total electric
field. This is discussed in some detail in Section 3.7 in Ref. [7]. This approach
looks superficially simpler, but leads to some difficult questions of consistency.
In particular one must deal with the fact that the total field is a fluctuating
quantity. See the critique in Ref. [3].

4.5
The Drude Model

4.5.1
Basis for Model

We can gain an appreciation for the formal development in the previous secti-
on by again using the Drude model [8] introduced in Section 2.1.5. While there
are important wavenumber-dependent phenomena in these charged systems,
we will be satisfied with looking at the long wavelength, k = 0, behavior.
Under these circumstances we expect 6 and 67 to be equal and we write:

L0,m) = 67(0,0) = 6(0, w) (123)
el(0,0) = €' (0,0) =¢(0,0) . (124)

Q

The Drude model was developed to treat charge flow in a solid. In this model
the charged particles are assumed to be acted upon by four types of average
or effective forces.

e The first force we take into account is the force due to electric field that
acts on the particle i with charge q: F; = gE(t) where E is the total
electric field representing the sum of the externally applied field and
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the average electric field due to the other charged particles. We assume
that E is uniform.

e The second force acting is a viscous or drag force. A particle moving
through a fluid experiences an irreversible frictional force opposing the
motion: F = —mYyV, where m is the effective mass, V is the velocity
of the particle and 7 is the coefficient of friction. The microscopic phy-
sics behind 7 is associated with collisions of the charged particles with
ions and impurities. A key physical assumption is that the long-ranged
Coulomb interaction is screened and only the screened electron—electron
interactions contribute to the effective collisions.

e Inasolid there is a restoring force [9] in the system attracting the charged
particle back to its equilibrium lattice position, F3 = —kr where k is the
spring constant. To simplify matters somewhat, we assume here that the
equilibrium position of the particle of interest is at the origin. Different
particles will have different equilibrium positions. It is convenient to
introduce an oscillator frequency:

k=ma} . (125)

e There is, as in Chapter 1, a noise 1j(t), acting on the particle of interest.
The noise has zero average (n;(t)) = 0 and variance:

(mi(); (') = 2kgTTS(t — t')8;; . (126)

Thus n;(t) is assumed to be white noise (see Problem 4.6 for the deter-
mination of I' in terms of y). The equation of motion satisfied by our
selected particle is given by:

d? d -
m@r(t) =qE(t) — myar(t) — majr(t) + mi(t) . (127)

Taking the average of Eq. (127) we obtain for the average displacement:

@ t d t 2(x(t)) | = gE(t 128
m @@( )>+5Y<r( )) + @p(x( ))}—q (t) . (128)

In this model y and ®} are phenomenological parameters. We can easily solve
our equation of motion via the Fourier transformation:

(x(@) = [ dte o x(t)) (129)
to obtain:

m[—e? — oy + wj) (r(0)) = 7E(w) (130)



118

4 Charged Transport

and:

_ qE(w)
(r(w)) = o e (131)

The average velocity of our selected particle is given by:

(V(0))

—io(r(o)) (132)

iogE(w)
m{e? — @3 +ioy] (133)

45.2
Conductivity and Dielectric Function

The spatial Fourier-transform of the induced current in our driven system is
given by:

(J(k, 1)) Zqzv etilerlt)y (134)

For uniform motion, k — 0 and, assuming the charges of the mobile particles
are equal, we have:

N
a, <Zqz = SV <>> . (135)
as in Chapter 2. Fourier transforming over time:

{J(0,0))1 = nq(V(w)) ,

and using Eq. (135) we find for the induced current:

_ iog®
J0O,0); = m[wz—w%—i—icoy]nE(w)
: 2
- L g, (136)

T (02 — of + ioy]

where in the last step we used 0)%, = 4nng?/m. Since (J); = oE, we have for
the conductivity:
i® 0

_ p
o(w) = dnfw? — @3 +iay] (137)

The dielectric function is given then by Eq. (106):

2

4nc(m @
gw)=1- .():1—1— 5 - >
10 —O° — 10y + 0

(138)
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We can gain some insight into the meaning of the parameters in the model by
going to the dclimit ® — 0. We have then that for small o that the conductivity
vanishes:

() i) 139
o0 =——
4nw3 (139)
and the dielectric constant is given by:
0
e(0) =1+ —= (140)
@5

As things stand we see that the conductivity goes to zero as ® — 0. This
model does not represent a metal. Clearly it represents an insulator or dielec-
tric material. This is because the charged particles are bound. This binding is
represented by the oscillator frequency wp. We note that 3 can be empirically
determined from the dielectric function [10]. Clearly y is essentially the Ein-
stein or optical frequency in a dielectric. For nonzero 0y we have an insulator
for those degrees of freedom. If, for some degrees of freedom wy = 0, then
we return to the Drude model of Chapter 2 where the frequency-dependent
conductivity is given by:

c(0)

o(w) = T (141)
where the dc conductivity is given then by:
c(0) = nes , (142)
m

with the relaxation time t = 1/.

Note that in a metal the dielectric constant, Eq. (138) with @y = 0 is not
smooth at low frequencies. Indeed, it is a complex quantity and we know that
this is the reason that light does not propagate in a metal.

45.3
The Current Correlation Function

It is very interesting to calculate the density—density correlation function that
would be measured in a scattering experiment. Remember that:

60(0, ®) = iBCy;(0, ) (143)
and the physical conductivity is given by:

2
OpW

= ———— . 144

o2 — 4Ti0o (144)

119



120

4 Charged Transport

We can invert this equation to obtain Gy:

0? 6(0, )
®? + 4mino (0, )

60(0,0) = (145)

Assuming that 6(0, ®) is given by Eq. (137), the bare conductivity is given by:

0,0) io(w}/4m) (146)
6oV, 0) = -
@? + oy — 0f — ©3
The current correlation function in a solid is given by:
io(w?/4m)
Cy(0,0) =B~ : 147
U( ) =B 0)2+iOJY—(D%—0)% (147)

Cjjin the time regime is explored in Problem 4.5. In contrast to a simple single-
component fluid, the current for a charged neutral system is not conserved.
Momentum is transferred to the lattice in a solid or between types of charge
in a fluid. There is damping even at k = 0. Looking at the denominator of Cj;

we find poles at:
m:_i%i,/mg+m§—y2/4 . (148)

Thus we have damped oscillations for wf + (o% > v? /4. We expect oscillations
in a solid, which are interpreted as optical phonons. In a metal, where wg = 0
we have plasma oscillations [11]. We discuss in Chapter 7 how kinetic theory
can be used to develop a more microscopic approach to charged transport.
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4.7
Problems for Chapter 4

Problem 4.1: Evaluate the classical static charge current—current correlation
function:

Crugp (,0) = [ dx &) (1o () Jg (x'))

Problem 4.2: Use the continuity equation to show that the density and current
response functions are related by:

(02
@y (k, @) = K [X%I (k, @) — 4_12

Problem 4.3: Rederive the expression giving the conductivity tensor in terms
of response function in the fully quantum-mechanical case. Show that Eq. (118)
holds in this case where the response functions are the quantum-mechanical
quantities.

Problem 4.4: Show that Egs. (96) and (97) are consistent with Egs. (123) and
Egs. (124).

Problem 4.5: Consider the Langevin equation, Eq. (127), giving the displace-
ment in terms of the noise. Solve for the velocity autocorrelation function in
the absence of a driving external field:

y(o) = (jv(@)?)

Use the equipartition theorem to determine the noise strength I' in terms of
the damping .

Problem 4.6: Determine the time-dependent current—current correlation func-
tion Cj;(0.t) by taking the inverse Fourier transform Eq. (147).

Problem 4.7: Show that the ¢ = 0 Maxwell equations lead to Egs. (77) and
(78).
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5
Linearized Langevin and Hydrodynamical Description
of Time-Correlation Functions

5.1
Introduction

We are now interested in determining the time-correlation functions for the
variety of physical systems of interest. From a fundamental point of view we
could set out to develop completely microscopic, first-principle calculations.
After all the correlation functions are well-defined mathematical objects and
we should simply evaluate them. This is the basic point of view, as we shall see,
in kinetic theory. In practice, such a first-principles analysis of time-correlation
functions is very difficult. In many cases they can be evaluated numerical-
ly using molecular dynamics or Monte Carlo simulations [1]. It turns out,
however, that there are a number of situations where we can gain a feeling
for the physics without solving the entire problem. The most important such
situation is that involving the long-distance and time behavior of a system
with slow variables. In many cases of interest there is a separation of time scales
between these slow variables and the huge number of fast microscopic de-
grees of freedom. In these cases, there is much we can say about the dynamics
of these slow variables. We can identify these slow degrees of freedom for
reasons fundamental to physics. One of the main sources of slow variables are
conservation laws [2]. With every symmetry principle [3] one can identify an
observable that generates the symmetry. Since, by definition, if there is a sym-
metry principle, this observable commutes with the equilibrium probability
distribution or density matrix. This means it commutes with the Hamiltonian.
Since this observable commutes with the Hamiltonian it is conserved; does
not change with time. As we show in detail below, the dynamics of the lo-
cal density associated with the conserved generator is a slow variable. Other
slow variables are associated with the breaking of a continuous symmetry as
one passes into the ordered state. These slow variables are called Nambu-—
Goldstone modes [4].

It is fundamental to realize that it is precisely the same reasoning we de-
velop here that is at work in arguing for the existence of thermodynamics.
The slow variables are just the extensive thermodynamic state variables. For

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4
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simple fluid systems with no broken continuous symmetries, the conservation
laws give the state variables: the number of particles N, the energy E, the
total momentum P and the total angular momentum L, and we have the
constraint of a fixed volume V. If the system is not translating or rotating we
can take the total momentum P and total angular momentum L to be zero and
thermodynamics can be organized in terms of N, E, and V. When we break
a continuous symmetry, as in the case of a superfluid or a solid, we generate
slow Nambu-Goldstone variables. These variables must be added to the list
of thermodynamic variables. The classic examples are the elastic displacement
degrees of freedom in a solid. We will return to this issue later.

A third example of a slow variable is the order parameter near a second-
order phase transition where the system is experiencing critical slowing down.
We discuss this in detail in Chapters 8 and 10. Slow variables can occur for
other special reasons: The motion of a very large particle moving in a fluid
of much smaller particles is slow. This was the case in our treatment of a
Brownian particle in earlier chapters.

Let us first discuss from a semiphenomenological point of view the case of a
conserved variable in the very simple case of spin diffusion in a paramagnet.
We will then come back and develop a more general and rigorous approach
to this and other problems.

5.2
Spin Diffusion in Itinerant Paramagnets

5.2.1
Continuity Equation

Let us consider a fluid of N particles of mass m interacting via the usual
Hamiltonian:

N p2 1 N

H=} >-+5 ) Vii-r) (1)
~ 2 2 &
i=1 i#j=1

where p; and r; are the momentum and position of the ith particle. We assume
that these particles carry a spin S; and we assume there is no interaction
between spins on different particles. To keep things as simple as possible
we assume a scalar spin as for an Ising model. We are then interested in the
magnetization density:

N
M(x,t) = Y S8[x —ri()] . 2)
i=1

Since the Hamiltonian is independent of the spin, S; is time independent. The
spins are independent of the phase-space coordinates; the average of a spin at
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a site is zero:
(Si)=0, )
and averages over products of spins at different sites is zero:
(SiSj) = &;(S7) , 4)

where S? = S? is independent of the particular site.
This is a simplified example of liquid *He in the normal phase. This model
is restricted to the paramagnetic regime:

(M(x,£)) =0 .

We choose this example because it has the simplest nontrivial structure of
a conserved variable that does not couple to any other degrees of freedom
in the system. Thus, because of the symmetry of the magnetization density,
for example, the static correlation function between the magnetization and
particle density vanishes:

(M(x)n(y)) =0 . )

Let us first investigate the equation of motion satisfied by M(x, t). We have
the Heisenberg equation of motion:

OM(x,t) i
o = L M(x )]
i & pit)
= ﬁz[ o MO )] (6)

since M(x, t) commutes with the potential energy. We can then work out the
commutation relation between the magnetization density and the kinetic ener-

8y

oM(x,t) i Y
3 = g o (P [pi(0) MO )
+[pi(t), M(x, )] - pi(t)) ?)
where:
N
[pi(t), M(x,t)] = ;(—ihvriﬁ[x—rj(t)])sj
j=
= ihVXB[x—ri(t)]Si . (8)

Putting Eq. (8) back into Eq. (6), we arrive at the continuity equation:

OM(x t) N1 /pi(t) pi(t)
Mo = Ve L s, (75[x—ri(t)]+8[x—ri(t)] L )
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= —Vi-J(xt) . )
J is the magnetization-density current given by:
N1 [pilt
1006 = X Sig | P, o — (1) 10
= 2L m +

and [A, B]+ = AB + BA is the anticommutator. In the classical limit, where p;
and r; commute, this reduces to the expected magnetization-density current:

N
i(t
1000 = 3 P W n)] (1)
i=1
We easily derive from the continuity equation that the total magnetization:
. N
Mr(t) = [ @xM(xt) = ) S (12)
i=1
is conserved:
d d o B
5 M) = 5 / BrM(x, 1) =0 . (13)

This is consistent with the result:
[H,Mr] =0 . (14)

The continuity equation is an operator equation, valid independent of the state
of the system.

5.2.2
Constitutive Relation

Suppose now we take the nonequilibrium average of the continuity equation:

(MO )t V- (1) =0 (15)
This gives us one equation and two unknowns. We can obtain a second equa-
tion by using the fact that (M(x,t)),e is conserved and in equilibrium the
average of M(x, t) is uniform. Thus if there is a local excess of spins, since
the spin is conserved, it has to be spread over time throughout the rest of
the system not spontaneously destroyed. This means that the magnetization-
density current, in an effort to equilibrate toward a uniform state, will flow
from regions of positive M(x, t) to regions of negative M(x, t). Consider the
following simple situation as shown in Fig. 5.1. Suppose we can determine
the spin density at two points, x — aZ and x + a2, in our fluid. Also suppose
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2 x> 0 +a [

Fig. 5.1 Schematic of the flow of spin-density current from regions of
positive magnetization density toward regions of negative magnetization
density.

we measure the magnetization-density current flowing in the region between
x —az and x 4 aZ. If a is not too large then J will be approximately uniform over
the region of interest. We expect, from the discussion above, that the current
is proportional to the difference in the magnetization densities at the points
x —az and x + az:

J2(x,t) = [M(x —az, t) — M(x+az,t)] . (16)

We write the constant of proportionality as:

D
J-(x, t) = % [M(x —az, t) — M(x+azZ, t)] . (17)
If M(x —az) > M(x + az) we expect a positive current flow, so D should be
a positive number. We divide by 2a since we expect that | will be finite as a
becomes small. In particular, in the limita — 0,

Lot = lim 2 [M(x, ) — M(x, £) — 202 - VM(x, £) + O(a?)]

a—0 2a

d
= —D £ M(x1) . (18)

We can write more generally that:
(J,t) Ve = =DV { M(x, ) ) e (19)

when we realize that the current we measure is some nonequilibrium-induced
average current. This relation connecting the average current to the gradient of
the average of a conserved field is called a constitutive relation. Constitutive
relations are valid on a time and distance scale that is large compared to
microscopic processes.
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The proportionality constant in our constitutive equation, D, is a transport
coefficient known [5] as the spin-diffusion coefficient. Constitutive relations,
relating currents to the gradient of a field, show up in many areas of many-
body physics: Ohm’s law [6], Fourier’s law [7], Fick’s law [8], etc.

5.2.3
Hydrodynamic Form for Correlation Functions

If we now insert our constitutive equation into the continuity equation we
obtain the closed equation:

%(M(x,t))ne — DVAM(X, ) e =0 . (20)

This is, of course, in the form of a heat or diffusion equation and can be solved
by introducing the Fourier—Laplace transform:

SM(k, z) = /

0

(9]

dt et / P X (EM(x, 1)) e 1)

where SM(x, t) = M(x,t) — (M(x,t))eqand the equilibrium average of M(x, t)
trivially satisfies the diffusion equation. We find immediately that Eq. (20)
leads to the solution:

SM(k, z) = SM(k,t =0)) . (22)

ol
z + iDk?
Notice that M (k, z) possesses a hydrodynamic pole on the negative imaginary
axis:

Zpole = —iDI? . (23)

If we invert the Laplace transform, we see that the main contribution to the
time dependence is due to this pole and we have in the time domain:

SM(k, t) = e PRt5M(k,0) . (24)

Consequently dM(k,t) is exponentially damped with a lifetime (k) =
(Dk?)~1. 1t is characteristic of hydrodynamic modes to have a lifetime in-
versely proportional to k2. Consequently, for small k and long wavelengths
hydrodynamic modes decay very slowly. In other words, a long wavelength
excitation of a conserved variable (spread over a large distance) takes a long
time to dissipate or spread throughout the system as a whole. Note that we
require D > 0 for a stable, decaying system.

We now want to connect our hydrodynamic result with our previous dis-
cussion of linear response. We showed, taking the Laplace transform of Eq.
(2.143), that:

SM(k,z) = Ry(k,z)M(k,t = 0) (25)
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where Ry(k, z) is the relaxation function. If we compare with our hydrody-
namic result given by Eq. (22), we easily identify the relaxation function as:
i

Rulkz) = ——5p

(26)

We then recall Eq. (3.145), that the relaxation function is related to the complex
response function x,,(k, z) by:

Rus(k,2) = — [tk 2) /() ~ 1] @)

where (k) is the static susceptibility. Comparing Egs. (26) and (27), we
easily identify the dynamic susceptibility:

_ iDK (k)
xmlz) = =ik 29
xum(k, z) is related to the dissipation function x},(k, ) via:
do’ xjy(k, @)
kz)= [ —= "= 2
Al z) = [ S2ELE 29)
From this equation, we see:
am(k, ) = Im (k0 +in) (30)
and we can then determine:
Dk?
1k, ©) = X () e 1
XM( ,(1)) XM( ) 0)2+(Dk2)2 (3 )

This is the hydrodynamical form for the dissipation or linear response functi-
on. We expect it to be valid in the limit of small frequencies and wavenumbers
or long times and distances.

Let us pause to check that x/, has the expected properties. We first note that
we have an autocorrelation function since we couple only to the magnetizati-
on density. Thus, as expected, we find that )}, is real and odd as ® — —®. We
also see that:

22
ot 1e,0) = 30() 5 Tz > 0 @)

if xp1(k) > 0. Recall that in the long wavelength limit y,,(k) reduces to a
thermodynamic derivative and for thermodynamic stability we require that
the static susceptibility be positive!

Since we know XX/I (k, ), we can calculate the hydrodynamical forms for all
the other correlation functions. The Kubo function measured using incoherent
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neutron scattering from liquid *He is related to the dissipation function by Eq.
(3.143):

Coi(k, ) = ;—wx’A’A(k,w) . (33)

In the hydrodynamic regime:

Cu(1,0) = (k) ot 69
where the static structure factor Sy;(k), defined by:
Sw(k) = /—cM (ko) , (35)
is related to the wavenumber-dependent susceptibility by:
Sm(k) = kgTyp(k) (36)

We find in our neutron-scattering experiment that in the hydrodynamical
region the spectrum is Lorentzian with a width Dk?. As we shall see, typi-
cal hydrodynamic spectra are Lorentzians and have widths proportional to a
transport coefficient times k2.

5.2.4
Green—Kubo Formula

An appropriate question at this point is: what is D? We introduced it through
the constitutive relation as a phenomenological constant. We could simply say
that we measure D. Carry out a scattering experiment in the small k and o li-
mit and identify the coefficient of k? as the width D. This is and continues to be
an important experimental question to be investigated for magnetic systems.
For our purposes the interesting theoretical question is: how do we calculate
D? This question could only be answered in a very roundabout fashion before
the pioneering work by Green [9] and Kubo [10] in the 1950s. The calculation
of transport coefficients prior to that time consisted of solving some appro-
ximate nonequilibrium (like the Boltzmann equation) theory for (M(K, t)) e
directly, take the limit of k — 0, t — oo and verify that the solution is of the
decaying form. From this result one could read off the transport coefficient.
This is a very cumbersome procedure and it was very difficult to understand
the nature of the transport coefficient.

With the development of linear response theory and the introduction of
time-correlation functions it became increasingly clear that these transport
coefficients are properties of the equilibrium system and, as long as the de-
viation from equilibrium is small, they are essentially independent of how
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the nonequilibrium situation was set up. It seems reasonable, in analogy with
our earlier treatments of particle diffusion and the electrical conductivity, that
we can express transport coefficients, like D for a spin system, or the shear
viscosity in a fluid, in terms of time-correlation functions.

In the spin problem we have been discussing we can see this rather directly.
We start with the hydrodynamical form for the correlation function in the
classical limit (for simplicity),

2
Ol 0) — 2.5 () Dk

~ Y@+ (Dey 7

Then if we multiply C(k, ®) by k=2 and take the limit k — 0, we obtain:

SmD

1
ll(lirb 2 Cuk,0) =2 . (38)
where Sy = Sp(0). We can then solve [11] for DSy, as,
DSy = > fim lim &.C (k, ©) (39)
M= omok—0 k2 MV '

This gives D in terms of Sys and Cyy, which are equilibrium correlation func-
tions. While this form for D is useful in some contexts, it is conventional to
write this equation in a slightly different way. We note that we can write:

2 40

TR _ 1 . _ N\ atio(t—t)

sy o) = dmin /A=
1 92 ,
xk—zwa(k,t—t) (40)

where we have integrated by parts twice.

At this stage we need to take a brief detour to discuss the relationship of
the spatial Fourier Cp;(k, t,t') and the Fourier transform of the field M(x, ).
Using our previous conventions we have:

Cu(k b, t') = / dhx e® YOy (x —y, 1t 41)

Because of translational invariance this expression is independent of y, and
therefore we can write:

Cd .
Cu(k, t,t") = /dvy/ddx e YICy (x —y, t, 1)

gdaad,
XY k69 (M (x, )My, 1))

= (M(k, t)M(-k,t)) (42)
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and we have defined the Fourier transform of the microscopic fields in the
symmetric fashion:

M(k, t) = /dd\/—%eik'xM(x,t) . (43)

With this set of conventions, we can Fourier transform the continuity equation
to obtain:

%M(k b+ ik (k) =0 (44)
so:
9 9 o JaM(k,t) dM(—k,t)
TR _< ot ot/
= Zkk Jilk, ]i(=k, ') . (45)
ij
Then, for small k,
®’ Y I\ atio(t—t) 1:
byl Cnllo0) = i [ _te = #0700
kk 1

2 73 DT (E) (46)

where:
T(t) = / Bri(x ) . (47)
For an isotropic system in three dimensions:
1
UE@IFE) = 38,07 (1) T ) (48)
So, putting this together, the diffusion coefficient is given by:
DSy = == lim lim / Jetiolt= "k 1<J (t)-J7())
2V k—00—0 k2 3
= — lim / 4 e S T(t)-77(0)) (49)
3V e—0 !

where we have used the fact that the autocorrelation function is even under
letting + — —t. This is the conventional Green-Kubo form [12] expressing a
transport coefficient in terms of a time integral over a current-current correla-
tion function.

This representation is very convenient because it is a useful starting point
for computer molecular dynamics experiments. One can compute (J7(¢) -J7(0))
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directly from Newton’s equations and from this determine DS,. Since the to-
tal current J7 (¢) is not conserved, one expects the current-current correlation
function to decay to zero on a microscopic time scale, which is convenient for
simulations. This has been a particularly useful approach in developing the
dynamical theory of liquids.

Note that it is the product form DS), that occurs naturally in the Green—
Kubo equation. It is typical that an associated equilibrium susceptibility like
Sum enters the analysis and we need to determine it from a separate calculation.
We will look at this from a more general perspective in the next section.

We show here that we have also treated in this analysis the problem of self-
diffusion. It is shown in Problem 5.2, because the spins at different sites are
uncorrelated, that:

Culx—y, t—t)=8Ss(x—y, t —t) , (50)

where Sg is the van Hove self-correlation function. We discuss here how we
can simplify the Green-Kubo equation given by Eq. (49). We first treat the
static correlation function. Working in the classical limit:

x)8M(y))

(8i5;8(x — R;)d(y — R}))

S(x—y) = (M

[
M=
1=z =

I
—

|
™=z
™=z 7

=1

8;1(S%)(8(x — R;)8(y — R)))

I
i
LR

Lj
= (%) (m)3(x~y) = S8(x ~y) 1)

where S = S%(n) is a constant and the static structure factor has a constant
Fourier transform:

S(q) =5 =ns* . (52)

Turning to the right-hand side of Eq. (49), we need the spin current given by
Eq. (11) and the total current:

: N
r(t) = [d'x 30t = Y Swit) 3)
i=1
Inserting this result in Eq. (49) we are led to the result:

1 00 N N
3y /O dt <1_21 Sivi(t) ']; S]V](0)>

DnS?

1 0 N
_ W/o dt52<gvi(t)'vi(o)>
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_ % /0'oo dt 2N (vi(#) - vi(0))

7’152 <)
= 2 [T i) wil0)) (54)

Canceling common terms gives finally:

D— %/Omdt vi(t) - vi(0)) . (55)

This is the Green-Kubo equation found in Chapter 1.

5.3
Langevin Equation Approach to the Theory of Irreversible Processes

5.3.1
Choice of Variables

Let us investigate a theoretical approach to the determination of time-correlation
functions, which is a generalization of the approximate Langevin equation
approach discussed in Chapters 1, 2 and 4. We learned in the preceding section
that under certain circumstances particular variables, out of the fantastically
large number of degrees of freedom in the system, have relatively simple
long-time and -distance behavior. In general we are only interested in a few
variables y; in a system.

It will be convenient to allow the subscript i to index the type of variable as
well as any vector or coordinate label. We will, for now , choose ; such that
it has a zero equilibrium average [13]:

(y;) =0 . (56)

For a ferromagnet we might choose y; to be the magnetization density M(x).
In a fluid we might include in y; the particle density n(x), the momentum
density g(x) and the energy density (x).

5.3.2
Equations of Motion

In general the variables v, satisfy the Heisenberg equation of motion written
in the form:

Nl _ ey (7)
ot
where L is the Liouville operator. Quantum mechanically:
1

Ly; = 7 [H,v;] (58)



5.3 Langevin Equation Approach to the Theory of Irreversible Processes | 135

is just the commutator of the dynamical variable with the Hamiltonian.

It is instructive to look at the form of the equation of motion given by
Eq. (57) in the classical limit. If the variable y; depends on the phase-space
coordinates {ry,1,...,tN; P1,P2,---, PN} for a system of N particles then it
satisfies the equation of motion,

Wi(t) _ v | Vilt) o W;i(t) o
2t = a1 Ot a0 (59)
] J ]
where we have used the chain-rule for differentiation. After using Hamilton’s
equations:

oH
() =5 am (60)
’ p(t)
oH
<Ol —
the equation of motion for y;(t) can be written as:
Ni(t) _ v [2wilt) OH__ dwi(t) oH ]
o o o (0
ot o ar]. (1) ap], (1) ap]. (1) ar]. (1)
= {y; H} (62)
where we have introduced the Poisson bracket for two variables A and B:
0A 0B 0A 0B
(ap -1 - } (63)
i,za or(t) op¥(t)  op®(t) or¥(t)
Comparing the classical and quantum equations of motion,
H classical
ot = [v;, H] quantum mechanical ,
we find the quantum-classical mapping, first suggested by Dirac [14],
+1A,B] — {A,B} . (64)
The classical form for the Liouville operator is given by:
1 .
Ly; = 2 [H,wi] — i{H, v} (65)
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and we have for the equation of motion:

oy, (t .
WO _ i) = —(H (1) (66)
We can formally integrate the equation of motion to obtain:
yi(t) = ety = Uty (67)

where y; = y;(t = 0) and U(t) = e’ is known as Koopman’s operator [15].
We will find it very convenient to deal with the time Laplace transform of
y;(t), defined:

wilz) =i [ dretyi(e) (69)

where z has a small positive imaginary piece. If we put Eq. (67) into Eq. (68)
we easily obtain:

vi(z) = R@2)y; (69)
where the resolvant operator is defined:
R(z)=(z+L)7! . (70)

The equation of motion for y(z) can now be obtained by using the operator
identity:

zR(z) =1—LR(z) . (71)
We find:

zy;(z) = y; — Ly;(z) . (72)

In the next two sections we work out examples of nontrivial equations of
motion for magnetic and fluid systems.

5.3.3
Example: Heisenberg Ferromagnet

In order to appreciate the content of Eq. (72) and to make things more concrete,
let us consider two examples. First let us consider a quantum-mechanical
Heisenberg ferromagnet [16] described by the Hamiltonian [17]:
1
H=—3 Y JR=R)M(R)-M(R')-) M(R)-B , (73)
R#£R/ R

where J(R — R’) is the exchange interaction between spins at lattice sites R
and R’ and B is an applied external magnetic field. We can then easily calcu-
late the effect of L on M(R) using the usual spin-commutation relations (we
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adsorb the factors of p relating the magnetic moment and the spin in the
definition of the exchange coupling):

1
Al

The commutator is worked out in Problem 5.3 with the result:

LM(R) = = [H, M(R)]

LM(R) = =i} J(R—R')M(R) x M(R') —iB x M(R) . (74)

The equation of motion is given for this system by:

OM(R)

T iLM(R) = Z](R —R)M(R) x M(R') +BxM(R) . (75)

Note that Eq. (75) is explicitly a nonlinear equation for M.
Let us restrict ourselves to the case of zero applied external field, B = 0. It
is easy to show, for this isotropic system, that the total magnetization,

Mr =) M(R) , (76)
R
is conserved. Summing Eq. (75) over all R we obtain:
—MT =Y J(R—R)M(R) x M(R') . (77)
RR/

If J[IR—R') = J(R' — R) (we have translational and rotational invariance),
the sums on the right vanish due to the odd symmetry for R «<- R/, and My
is conserved:

dMr _
— (78)
LMy =0 . (79)

Since we have a conservation law we should be able to write a continuity
equation and extract an expression for the spin-density current. Because the
spins are interacting here we expect this process to be a bit more complicated
when compared to the analysis in the first section of this chapter. The first step
is to introduce the spin or magnetization density:

x,t) =Y M(R,t)3(x—R) . (80)
R

After multiplying Eq. (75) by 8 (x — R) and summing over R, we obtain:

oM(x
ot

= ) 8(x—R)J(R—R)M(R) x M(R')
R,R’
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= —Z( ~3(x-R)

RR’
xJ(R = R')M(R) x M(R') . (81)

We can identify the spin-current if we use a trick [18]. Consider the identity,

a%ﬁ(x —sR) = —R-V,3(x—sR) , (82)

where s is a real continuous variable. Integrate this expression over s from 0
to1:

1
S(x —R) — 8(x) = —/ dsR-Vi8(x —sR) . (83)
0
Using this result we can write:
8(x—R) — 8(x —R') = / ds Vy - [R3(x — sR) — R'S(x —sR')| . (84)

Inserting Eq. (84) in Eq. (81), we find:
l
M Z v ]B x,t) , (85)
where:
Jp(xt) = Z Zsl]k/ ds [RBB(X—SR) — RES(x —sR’)}
R R’ jk
xJ(R — R YM/(R,t)M (R’ t) . (86)
Integrating over all x we obtain the total current:
. 1 ;
Jrp(t) =5 2 Yei[R — Rl (R — R) Mg (H My (1) - (87)
RR’ jk

This expression for the total current can be used in the associated Green—-Kubo
expression.

5.3.4
Example: Classical Fluid

As a second example of an equation of motion, we consider a classical fluid
of N point particles with mass m whose dynamics involve the phase-space
coordinates r; and p;. The Hamiltonian describing these particles is assumed
to be of the form:

Z V(ri—r]-) ’ (88)
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where V(r) is the pair potential acting between particles. An interesting dy-
namical variable in this case (a good choice for ;) is the phase-space density:

N
fxp) =) 8(x—1)3(p—pi) - (89)
i=1
We can construct the particle density, momentum density and kinetic energy

density from f(x,p) by multiplying by 1, p and p?/2m, respectively, and
integrating over p:

= 3 7 = S — T
n(x) = [dp fxp) = Y 8(x—r) (90)
i=1

. R N
g(x) = / Cpp flxp)= ; pid(x —r;) 91
. 2 N 2
K(x) = [ dpEfoop) = ) 2os(x—r) . ©2)

i=1
The Liouville operator in this case can be written:
L = i{H,}
N
=i (vriH Vp, = Vp,H:- Vri)

i=1

N b N
_ 2 =V, i 2 Vi V(ti —1j) - Vp,
i—1 M i7#j=1

where the free-streaming noninteracting part is given by:

N b,
Lo=—-i)_ 2.V, (94)
i—1 M
and the interacting part by:
N
LI =i Z vl‘i V(l‘l‘ - I']) : sz. . (95)
i#£j=1

It is useful to look at the effect of allowing the Liouville operator to act on the
phase-space density:

Lf(x,p) = Lof(x,p) + Lif (x,p) . (96)
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Let us look first at the free-streaming contribution:

. N b, N
Lof(x,p) = —i) =V, 25(x—rj)5(p—pj)
f=

i=1

= —i% Pl 9.8(x—1,)3(p — py)
1:1 m 1‘Z 1 ]

N pPi
= iVy ) %5(" —1;)3(p — pi)
-1
p-Vya
= i f(x, p)

m

—Lo(x,p)f(x,p) - (97)

Notice that the operator L, given by Eq. (94), acts on phase-space coordinates,
while Ly(x, p), defined by Eq. (97), acts on the external arguments labeling the
phase-space densities. Turning to the interacting part of the Liouville operator:

N N
Lif(xp) = i Y, VeV(ti—1) Vp, Y 8(x—1)3(p — pr)

i;éj—l k=1
=i Z ViV ) - Vp,8(x —1:)8(p — pi)
i#j=1
= —iVp- Z Vi V(ri —17)8(x —1;)8(p — pi) - (98)
i#j=1

In order to write L f(x, p) as an operator like Lo(x, p) acting on a product of
phase-space densities, we insert the identity to obtain:

N
LIf(X,p) = —in . Z VriV(ri — l‘]) /d3x1d3p18(x1 — I'])S(pl — p])
i#j=1

x8(x —1;)8(p — pi)
— iV, / Px1dp1 ViV (x — x1) f(x1, p1) f(x, p)

= - / Px1d®prLi(x —x1,p,p1)f (x1,p1) f(x, p) (99)
where we define the two-particle interaction part of the Liouville operator:
Li(x —x1,p,p1) =iVxV(x—x1) - (Vp = Vp,) , (100)

and in the next to the last step in obtaining Eq. (99) we have dropped a self-
interacting term, i = j, which can be eliminated through a careful choice for
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the potential. We can then write the effect of the Liouville operator acting on
the phase-space density in the form:

Lf(x,p) = —Lo(x,p)f(x,p)
—/ Px1dpiLi(x —xq,p, p1) f(x1, p1)f(x,p) . (101)

Note there is a piece of Lf that s linear in f (the kinetic energy term) that plays
a formal role similar to the B X M term in the magnetic example. There is also
a nonlinear interaction term ~ fAz, as in the spin case.

The equation of motion is given then by:

d R
5/ xpP) = —iLo(xp)f(xP)
—Z"/hd?’xld?’plLI(X—Xl,p,pl)fA(X,p)fA(Xl,pl) . (102)

We see that we have projected the equation of motion onto the space spanned
by the labels of the phase-space densities. The price we pay is that the equati-
ons of motion are now nonlinear. As discussed in Chapter 7, Eq. (102) serves
as the basis for developing kinetic theory. We get started in such an approach
by assuming we have a low-density system and particles spend most of their
time free streaming, where the nonlinear part of the equation of motion can
be treated as a small perturbation.

Notice that one can use this equation of motion, Eq. (102), to look at the
conservation laws. If we simply integrate over p we obtain the continuity
equation:

on(x,t) g(x,t)

=V (103)

If we multiply Eq. (102) by p and integrate over p, we can, after some manipu-
lations discussed in Appendix F of ESM, show that conservation of momen-
tum is expressed locally as:

aga Zv Gop(x) (104)

where the microscopic stress tensor is given by

GocB /d3 PocPBf % p) / /d3 Talp av
xn(x+ (1/2)(s+1)r,t)n (x+(1/2)(s—1) ,t) . (105)

Similarly the local statement of conservation of energy is given by:

de(x, t)
ot

= -V Je(x,t) , (106)
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where the energy current is given by:
. pz . 1 R
Bt = [ @ (Lt [ @ 3vic-onn ) pafxp)
+1 ral E)V
__/ ds/ d3 / d3pd3p/ Z O‘B ) PB"’PB)

xflx—(1/2)(s + 1)r, p, t ]f[x—(l/Z)(s—l)r,p . (107)

5.3.5
Summary

In summary we expect that the microscopic equation of motion for the varia-
bles y; can be written in the generic form:

V=) iegy; +iN; (108)
j

where N; represents the nonlinear terms in the equation of motion:

Ni =) VigWwe+... - (109)
jk

5.3.6
Generalized Langevin Equation

The equation of motion for y;(t) is, in general, a complicated nonlinear func-
tional of y;(t). Thus a direct microscopic attack on the problem appears very
difficult. One should also keep in mind that the examples of equations of
motion discussed above are for the simplest of systems. If we want to look
at more complex systems like liquid crystals and polymers we must develop
a more flexible approach that is less tied to the microscopic details that may
not be important in describing long-distance and long-time motions. Toward
this end, and despite the fact that Ly;(z) is in general a complicated nonlinear
functional of y;(t), it is useful to assume that Ly;(z) can be written as the sum
of two pieces, one of which is linear in y;(z) and something that is left over:

_L\Vz 2 Kz] +Zfz( ) . (110)

In Eq. (110) Kjj(z) is a function and f;(z) is a dynamical variable in the same
sense as y;(z). The first piece on the right-hand side of Eq. (110) can be thought
of as the projection of —Ly;(z) back along y;(z), and f;(z) is what is left over.
The physics, which we will draw out as we go along, is that the linear piece,
proportional to }; K;;(z)y;, corresponds to the friction terms in the Brownian
motion problem, while f; corresponds to the noise.



5.3 Langevin Equation Approach to the Theory of Irreversible Processes

We first note, taking the equilibrium average of Eq. (110), that:

{fi(z)) =0 (111)
since (y;(z))=0 [from Eq. (57)] and:

(Lyi()) = =i [ ate (=) D) =0 (112)
which follows from time-translational invariance of the equilibrium ensemble.

It should be clear that Eq. (110) is still not unique, since we have one equati-
on and two unknowns. A second equation comes from requiring that the noise
fi(z) have no projection onto the initial value of y;(t):

(Wifi(2)) =0 . (113)

As we shall see, this is a powerful requirement [19]. To keep things simple,
we assume we have a classical theory where the y’s commute. This is not a
necessary [20] requirement, but its elimination would necessitate additional,
but essentially unilluminating, further formal development.

As we shall see Egs. (110) and (113) uniquely determine K and f. If we put
Eq. (110) back into Eq. (72) we obtain the form for the equation of motion:

Y [28;j — Kij(2)lwj(z) = wi +ifi(z) (114)

j

If we take the inverse Laplace transform (see Problem 5.19), we find:
i " QK (- () = 115
SEO+Y [ dr(e=Dwy( = filt) (115)
]

This equation is known as the generalized Langevin equation. Indeed this is
a generalization of the Langevin equation we studied in our discussion of
Brownian motion. The integral kernel Kj;(t — t') is known as the memory
function . The classic works on the generalized Langevin equation are due
to Zwanzig [21] and Mori [22] who used projection operator techniques. We
will follow a somewhat different procedure [23].

In the Langevin equation formulation one thinks in terms of two sets of
dynamical variables y; and f;, which are initially independent. As time pro-
ceeds however the y; and f; are mixed by the nonlinearities in the equation of
motion and ;(z) has components along both y; and f;(z). In the next section
we show how Kj;(t) can be determined.
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5.3.7
Memory-Function Formalism

We will be interested in calculating the equilibrium-averaged time-correlation
functions:

Cij(t) = (wjw;i(t)) (116)

for the set of slow variables. It is convenient to introduce the Fourier trans-
form:

Cli(w) = /7 _dtecy () (117)
and the Laplace transform:

Ciilz) = —i /O oocltefzfcl~(t) (118)

CII
- [ 9

and obtain the usual relation between the Laplace and Fourier transforms.
Remembering Eq. (68), it is clear that we can identify:

Cij(z) = (Wjvi(2)) = (W;R(z)w;) . (120)

If we multiply Eq. (114) by y;, take the equilibrium average and use Eq. (113),
we obtain:

zC;j ( )_ Sz]"'z Kzl Cl]( ) 7 (121)

where:

Sz] - <\|I]\|Iz> (122)

is the static or equal-time correlation function among the slow variables. We
assume we know the S;; from equilibrium statistical mechanics. If we know
K;j(z) then we can solve for C;j(z). However, to some extent, Eq. (121) sim-
ply defines the new function K;;(z) in terms of the correlation function. The
introduction of Kjj(z) is useful only if it is easier to calculate or approximate
than C;;(z) itself. Obviously this will turn out to be the case or we would not
introduce it.

We now want to show how one can express the memory function Kjj(z) in
terms of time-correlation functions. If we multiply Eq. (72) by y; and take the
equilibrium average we obtain:

zCij(z) = Sij — (W;R(z)Ly;) . (123)
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If we compare this equation with Eq. (121) we can identify:

ZKll Cl] _<WjR(Z) LWi> : (124)

If we multiply Eq. (124) by z, use Eq. (123) on the left-hand side in Cj;(z) and
Eq. (71) on the right-hand side, we obtain:

ZKlz [S1; — (WiLR(z)w))] = —(y;Ly;) + (y;LR(z)Ly;) . (125)
After using the property (see Problem 5.8) of the Liouville operator:
(ALB) = —((LA)B) (126)

(which follows from the time-translational invariance of the equilibrium dis-
tribution function) we can write Eq. (125) in the form:

Kij(z) =K +KV(z) (127)
where:

— ZKj Sij = —(wiLy;) (128)
1

and:

ZK ){(Ly))R(z)w;) - (129)

If we introduce the matrix inverse:

Xci(2 — 5, (130)

then matrix multiply Eq. (124) from the right by C~!(z), we obtain:

Ki(z) = = Y (WR(z)Ly;)Ciy ' (2) . (131)
k

Using his result in Eq. (129) gives:

ri(z) = —((Ly)R()(Ly)
+LORE L) G @ (LyREW) - (132

Let me summarize these results for the memory function:

ZK Sk]+Zsz )Skj (133)
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where the static or z-independent part of the memory function is given by:

I = —(wLyy) (134)
and the dynamical part by:
ri(z) = —((Ly)R()(Ly)
+ 2 (WR(2) (L)) G (2) (L)) R(2)wy) - (135)

k1

We note that Kl-(]-s) is independent of z. Taking the inverse Laplace transform
we see that in the time domain:
K (1) = 2iK8(1) (136)

The generalized Langevin equation then takes the form:
oy, (t
alt +i ZKU vt +Z/ K (- By =fi(t) . (137)

The static part of the memory function, K(*) can be expressed in terms of
static correlation functions. The evaluation of the dynamic part, K@) however,
involves a direct confrontation with the many-body dynamics. In the case of
fluids where y; — f(x, p), there has been considerable work [23-25] carried
out to evaluate K(?) and Eq. (135) is a convenient starting point for detailed
microscopic calculations. Similarly, for spin systems a rather straightforward
analysis of Eq. (135) leads to the mode-coupling approximation for K(%) dis-
cussed by Resibois and De Leener [26] and by Kawasaki [27]. We discuss this
further below.

The expression for K(?) given by Eq. (135) looks very complicated. There
is one crucial and simplifying property satisfied by K(). Suppose we can
decompose Ly; into a piece linear in y and the rest:

Vi =) &mV, +Ni (138)
m

where Nj; includes nonlinear products of the y’s and contributions that cannot
be expressed in terms of the y’s. Let us substitute Eq. (138) into Eq. (135) for
K@) and focus on the terms proportional to €;,,. We have the contribution:

_Zszm (Ly)R(2)W,) — Y, (WkR(2)¥,) C' (2)

k=1
x((Lyj)R(z)yy)] (139)
but in the second term, we have the combination:
Y (WieR(2)W,) C ' (2) = 81 (140)

k
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Using this result in Eq. (139) we see that the two terms cancel. Similarly we
can make the same replacement with respect to Ly; and show:

rz(j (z) = =(NjR(z)N;) + kZIWkR(Z)Ni)C,Ql(z) (NR(z)y).  (141)

One can therefore conclude that any linear part of Ly does not contribute to
K@) Ttis carefully treated by the static part of the memory function. It is in this
sense that K(?) is a one-particle or one-body irreducible quantity. K(%) is determi-
ned by the interactions between variables (nonlinearities) or by fluctuations
that are not included in . If there is a nonlinear coupling u such that N; ~ u,
then K(?) ~ O(u?) and the multiplying correlation functions to lowest order
in u can be evaluated for # = 0. This is discussed in Problems 5.4 and 5.5.

5.3.8
Memory-Function Formalism: Summary

Here we summarize the structure of the memory-function formalism. We con-
sider an equilibrium-averaged time correlation:

Cij(t) = (wjw;i(t)) (142)

for a set of dynamic variables y;. The Laplace transform C;;(z), Eq. (118),
satisfies a kinetic equation:

Y [28i — Kig(2)] Cyj(z) = Sjj (143)
7

where S;; = (y;y;) is the static correlation function and the memory function
K;;(z) is the sum of static and dynamic parts;:
d
Kij(z) =K + K (2) (144)
where:

Y KS; = — (L) (145)
V4

with L the Liouville operator for the system, and the dynamic part of the me-
mory function is given by Eq. (135). If Ly; can be separated into a component
linear in y; and nonlinear contributions, Eq. (138), then the dynamic part of
the memory function can be written in the form given by Eq. (141).

5.3.9
Second Fluctuation-Dissipation Theorem

Now that we have a mechanism for determining the memory function Kjj,
we can view Eq. (138) as a defining equation for the noise f;(z). It is the part
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of —Ly;(z) that is not along the vector y,(z). It is important to note that the
autocorrelation of the noise with itself is given by the simple result:

<f]( )fl ZKzl t_t)sl] . (146)
The first step in the proof of Eq. (146) is, as shown in Problem 5.6, establish-
ment of the identity:
-t
D=L CulhSve+ L [ dsCult=s)Spihls) - (47)
k.t k¢

Next we define the quantity:

_oyi(t)

+121<l] () (148)
Using the generalized Langevin equation, Eq. (137), we can write:
ot
(d
D+ Y [ dsik (= swils) = fi(t) - (149)
l

Multiply this equation by y; and take the equilibrium average:

@) B
(B)w;) +Z/O ds K, (t —s)Cyj(s) =0, (150)
/

where we have remembered that f;(t) and y; are orthogonal. Next we can
write:

(Fi(t)w;) = (Fwi(—t)) (151)
We have from Eq. (149) at ¢ = 0 that:
F=f, (152)
50:
(Fi(t)w)) = (fiv;(=1)) . (153)
Next we use Eq. (147) for y;(—t) in Eq. (153):

< ( = <fz [2 kﬁ \W
+2/ ds Cj t—s)Sulfg(s)]> . (154)
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Since (f;y,) = 0, this reduces to:
—t
Fw) =1 [ ds Cul—t=9)S (fifu(s)) - (155)
ke 70

Using Eq. (150) to substitute for the left-hand side and letting s — —s on the
right we find:

Z/ ds K (£ — )Cyi(s) Z/ ds Cie(s — BS (fifu(—s)) . (156)

Lets = t — y on the right, then:
L [ as kit -9cs) = X [ dyCu(-nsi ity —0)
l kt
R [ v cyws - ns) . s

where we have used time-translational invariance in the equilibrium avera-
ges. Stripping off the common factor of Cy;(s) from the right gives:

d _
K (5) = Lt 085 (158)
!
and we arrive at the desired result:

ZKM sg]_r( () . (159)

The result for the autocorrelation of the noise indicates that there is a fun-
damental relationship between the noise and the dynamic part of the memory
function. This is known as the second fluctuation-dissipation theorem [28].

5.4
Example: The Harmonic Oscillator

In order to see how all of this formal structure hangs together let us consider
the simple example of a set of uncoupled harmonic oscillators. This example
is not very realistic since there is no irreversible behavior, but it does indicate
how some of the manipulations in the theory are carried out.

Consider a set of N one-dimensional uncoupled classical harmonic oscilla-
tors described by a Hamiltonian:

H= Y| 5

=1

+ Rzl , (160)
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where P; is the momentum of the ith oscillator and R; the position. The Liou-
ville operator in this case is given by Egs. (93), (94) and (95), which take the
form here:

RN o 0
L= =% (3 Har, - anam)

N
. P o d
= — — — —kRj=— 161
li_zl[M R, © lapl} (16D
We have then, for example:
oR; . P;
— =iLR; = — 162
and:
op;
a—tl = ZLPZ = —KRl' . (163)
From these familiar equations we immediately obtain Newton’s law:
R, 1 op K
=— —=——R; . 164
o2 M ot M (169
Defining:
> K
= — 165
and incorporating the initial conditions we have the usual solutions:
P;(0
R;(t) = R;(0) cos @yt + A;IL(OZ sin ot (166)
Pi(t) = —R;(0) My sin @yt + P;(0) cos mot . (167)

The formal structure of the theory requires us to work out the equal-time
correlation functions. Noting that (R;) = (P;) = 0, we have explicitly:

(R{(0)R;(0)) = %/ dRy ...dRydP; ...dPy e PHRR;

| dRe PRIR?
" f dR,‘e*BK

kgT
ijBT , (168)

(Ri(0)P;(0)) =0 , (169)
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and:

(Pi(0)P;(0)) = M kgT8

; (170)

ij
which are just statements of the equipartition theorem. Using these results and
Egs. (166) and (167) in the time-correlation functions we obtain:

(Ri(1)R;(0)) = sijkBTT cos ot (171)
in wpt
(Ri(1)P(0)) = &Mk T = (172)
kT ,
<Pi(t)R]‘(0)> = _SijTM(DO sin Myt (173)
<Pl(t)P](0)> = Sl]MkBT cos Mgt . (174)
Note that:
k
(Ri()P;(0)) = 8; "L~ sin ant = (RA(O)K(~1)), (175

which follows from time-translational invariance.
Let us turn now to our memory-function formalism. Let us choose as our
variables:

Yo = Og, R+ 8q,pP , (176)

where, since lattice sites are uncoupled, we drop the lattice index. One lesson
derived from this example is the virtue of a good choice of notation. We then
need the equal-time matrix:

Sop = (VaWp)
= 8ocB <\|’§>
= SopkgTMq , 177)
where we have defined:
Mg = K 18o.r + Mg p . (178)

Next we need to work out the action of the Liouville operator on the basic
field. Remembering that:

LR = —i (179)

r
M
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LP = ixR , (180)

we can write the quantity Ly, in a convenient form. We have:
. P ‘
Ly, = Ogr | —1 M + 8¢,p(ikR)

_ _ive VR
= Oor ( MP) * 0 (MR>
) v
Y b

where we have introduced the antisymmetric tensor:
erp=1= —¢€pr ; €gr =0=¢€pp , (182)
and, in the last line, we have defined the matrix:
.8(1,[3

Next we consider the static part of the memory function:
Y KiofSyp =~ (wpLva) (184)
Y

and, using Eq. (177) on the left-hand side and Eq. (181) on the right-hand side,
we obtain:

KSB)MBkBT = Y KeySpp
Y

KopMgksT (185)
SO:

K = Kop (186)

Clearly, since Ly, is linear in y, the dynamic part of the memory function
vanishes and the full memory function is given by Kyg, which is listed above.
Our general correlation function expression, from Eq. (114) is given by:

2Cap(z) — )_ KayCyg(2) = Sap (187)
Y

or, inserting the explicit results from Egs. (177) and (183),

i€
2Cop(z) + Y M“Vycy,ﬁ(z) = S MokpT . (188)
—M_
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The equation is solved in Problem 5.7 with the result:

kgT 4
Cop(z) = 22570)2 (284 Mo, + i€op] - (189)

0

Suppose we make a poor choice of variables. How does this reflect itself in
the memory-function formalism? Let us make the choice:

y=R . (190)
Then:

P
Ly =LR = —i— 191
] i (191)

and Ly cannot be expressed in terms of y. Then we find that the static part of
the memory function is zero,

K®)Sgg = —(RLR) =0 , (192)

while the dynamic part, given by Eq. (132), takes the form:

K@ (2)Spr = — <<—z%> R(2) (—z%>>
4 <RR(z) (—i%) > Cxl(2) <(—z%> R(Z)R>

1 1

= +Crr(2) = 7CPr(2)Crr(2)Crp(2) (193)
or:
2
K (2) ML — Cpp(z) — Co(z) Crp (2)Cr(2) (199

The kinetic equation for the correlation function Eq. (121) is trivial to solve in
this case:

kgT 1

CRR(Z) = S [Z — K(d)(z)]

(195)

Let us now evaluate K(4) using the known expressions, Eq. (189) for Cop(2):

KW (z) = MQLM[CPP(Z)_CPR(Z)CEI%(Z)CRP(Z)]
K K
= ez M
o

-9 (196)
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Inserting Eq. (196) back into Eq. (195) we recover:

kBT z

Crr(z) = « Z-ol (197)

Note that K(9)(z) does not have a simple long-time, small-frequency behavior.
This is the indicator that one has chosen in this case the wrong set of variables.
The extension of the theory to the case of a nonlinear oscillator is discussed in
Problems 5.4 and 5.5.

5.5
Theorem Satisfied by the Static Part of the Memory Function

In the case of classical systems, the static part of the memory function satisfies
a very nice theorem that will be useful to us in several contexts. We start with
the general expression:

i = ;K&f{)syﬁ = —(ygLw,) - (198)

The slow variables, in this system, are functions of the phase-space coordina-
tes r; and p; and Poisson brackets are defined as:

(aA 0B 0A 8B>

B =25 ap " ap o,

i

(199)

We can then use the definition of the Liouville operator in terms of the Poisson
bracket to obtain:

Il = —i(ys{H va})
1.
= —i; Tre Py {H, v, } - (200)

This is written for convenience in the canonical ensemble, but can easily be
worked out in the GCE. Because of the first-order derivatives in the Poisson
bracket, we can write:

e PH{H,y,} = —p e Py} , (201)
so that:
) _ B H
Top = i Tryp{e PH y,} . (202)

Consider, then, the quantity:

Tr WB{eiﬁH/ Woc}
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J 0 0 J
= L e BHY Yy [ ZLeBH) . 2L
o ;WB [<3fie ) aPi% (aPie ) ari%} - 209)

Integrating by parts with respect to the derivatives of e "PH gives:

_ _ d aVy 0 oy,
BH _ By | _ 90y WWay . 9 o
Tryg{e ™™, wo} = Tre Ei,[ ar; (¥83p, )t ap (VB )}
= Tre Py, v} | (204)

where we have canceled some cross terms. Putting this result back in Eq. (202)
gives the final clean result:

F((xsé =i ({We vp}) - (205)

This is a rather nice general result for classical systems. As discussed in Pro-
blem 5.20, this theorem holds for more general definitions of the Poisson brackets.

5.6
Separation of Time Scales: The Markoff Approximation

The basic physical picture we want to associate with our Langevin equation
is that there are two time scales in our problem. A short time scale is asso-
ciated with a set of rapidly decaying variables. A second longer time scale is
associated with slowly decaying variables. The main idea is to include in the
y; the slowly decaying variables while the noise f; represents the effects of
the rapidly decaying variables. We expect, then, that (f;f;(f)) decays to zero
much faster than (y;y;(t)). Consequently, if we are interested in long-time
phenomena, then (f;fi(#)) can be taken as very sharply peaked near t = 0. We
therefore write,

(fifi(t)) = 2I;;0(t) (206)

where:

Lij= /:)dt (fifi(t)) = /O Tt Y K0S, (207)

l

where in the last step we have used Eq. (159). This Markoffian approximation
[29] for the noise immediately implies, using the relationship derived earlier
between the autocorrelation function for the noise and the dynamic part of the
memory function, that:

Y KW (¢~ )5, = 2r8(t — ') (208)
1
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or:

Kl(]d)(t — t/) =2 ZFHSI?B(t — t/) . (209)
1

Inserting this result in the Langevin equation Eq. (115) we obtain:

() e i
q;lt(t) +i K0 + L Tas; () = filt) (210)
j Lj

Within the Markoffian approximation we completely [30] specify the dyna-
mics of a set of variables y; by giving Kl.(].s), Sij and I';;. Different choices for

K®), S and T characterize different types of dynamical variables. These varia-
bles are typically of three types: relaxational, hydrodynamical and oscillatory.
We have already looked at a simple oscillatory model: the simple harmonic
oscillator.

5.7
Example: Brownian Motion

The simplest example of a relaxational process is the Brownian motion of a
large particle in a solvent. In the case where the mass M of the large particle
is much greater than m, the mass of the solvent, one expects that the velocity
of the Brownian particle will be slow compared to the solvent motions. In this
case it is sensible to choose the velocity of the Brownian particle as our slow
variable:

vilt) = V() . @11

The ingredients specifying the Langevin equation are easily chosen in the
Markoffian approximation. Consider first the equilibrium averages (i is now
a vector component label):

5 = (Vivi) = sij"BVT (212)

using the equipartition theorem, and:

gkl

§or = —(VILV') = =§;;(V'LV")

= §;((LV)V'y =0 . (213)

The key assumption is that we can implement the Markoff approximation and
write, using the isotropic symmetry in the system:

Tjj =8 . (214)
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The Langevin equation, Eq. (210), is then given by:

oVi(t) TM

e V=10 (215)

and we have from the second fluctuation-dissipation theorem:

(fi(t)fi(t)) = 208;8(t = ') . (216)

Comparing Eq. (215) with Eq. (1.6), we can identify the friction coefficient:

r
= M— 217
V=MpT (217)
and the noise has the same variance as in Chapter 1.
If we Fourier transform Eq. (215) over time we obtain:
Vi(o) = / dt e Vi(t)
i
_ _fe) (218)

(—iw+Yy)

We see from Eq. (215) that the noise drives the slow variable and the statistical
properties of V' are controlled by those of the noise. The average of V'(®) is
given by:

i vicerny _ (Si(@)fi(@)
Vi@VI) = i T @19)
After Fourier transforming Eq. (216),
(fo)f(e)) =2T§2md(0+ ) (220)
Eq. (219) can be rewritten as:
Cij(w)2nd(® + o) = (Vio)Vi(o))
B 21—'81‘]‘2758(0) + 0)/)
= PR (221)
or:
219
Cl'j(CO) = m . (222)

If we take the inverse Fourier transform of Eq. (222) we obtain:

kgT _
Cl‘]‘(t) = SZJBV e b (223)
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and the velocity autocorrelation function relaxes exponentially to zero for long
times. This is in agreement with our results in Chapter 1 given by Egs. (1.33)
and (1.34).

We see that the relaxation rate is given by the dynamic part of the memory
function. We should also note that this approximation is only valid in those
situations where there is a clear separation of time scales between the variables
of interest y; and the noise f;.

Note that we could have worked directly in terms of the Laplace transform
of the correlation function that satisfies:

Yo (280 — K +i Y TSt | Ciilz) = S (224)
k J4

in this Markoffian approximation. In the case of Brownian motion, where
Egs. (212), (213) and (214) hold, this reduces to:

[z +1Y|Cij(z) = 8;jksT/M (225)
and:
kg T/M
Cij(z) = &;; - (226)

The complex fluctuation function has a simple pole in the lower half complex
plane.

5.8
The Plateau-Value Problem

There is a calculation we can carry out that sheds some light on the role of
the second (subtraction) term in Eq. (135). Let us first introduce the so-called
force—force correlation function:

Yt =) = (EOEE)) 227)

where the force is defined by:

R = 260 _ iy (228)
In terms of Laplace transforms we have:
¥ij(2) = ((iLw;)R(z)ily;) = —((Ly;)R(z)Ly;) (229)

which we recognize as the first term in the expression Eq. (135) for the dyna-
mic part of the memory function. Let us write Eq. (135) as:
()

[ (2) = v;(2) + Py(z) (230)
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where:

Pij(z) = Y {wiR(2) (Lwy)) G (2) {(Lw)R(2)wy) - (231)

k.t

Now remember Eq. (124):

(WkR(2)(Lyy)) = — ) Kis(2)Cai(2) , (232)
Pij(z) = —k; Kis(2) Cok(2) Cip (2) ((Lw) )R (2)wy)
= ~LK@((Lw)REW) - (233)

It is left to Problem 5.12 to show:

Cag(z) = —Cpa(—2) . (234)

Using this result we have:

((Lwj)R(2)wy) = —(W(R(=2)(Ly;)) (235)
Again, using Eq. (124) we have:
((Lyj)R Z 2)Cre(—2) (236)
and:
Py(z) = _ZKM )Cre(—2)Kij(—2)
- ZKZ(, )Cor(2)Ki(—2) . (237)

It is shown in Problem 5.8 that:

ry) = —(yLy) = -1}, (238)

while from Problem 5.13 we find:

rif(z) = -1 (-2) . (239)

From these last two results it follows that:

ZKM S/] Z S/z (240)
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or:

Zslk Kie(2)Syj (241)

Putting this result back into Eq. (237) we have:

=— Y Ki(2)Cu(2) S, Ksm(2) Spuj (242)
k,l,s,m
and we have the equation relating the memory function and the force—force
correlation function:

ZK z)Sp = Yij(z)_k; Kio(2)C(2) S Ksm (2) Sy - (243)
,s,m

This equation becomes particularly interesting in the case where the correla-
tion functions are diagonal and the static part of the memory function vanis-
hes. This is the case of the Fourier transform of magnetization-magnetization
correlation function for the itinerant magnet. In this case we have for the
fluctuation function (suppressing the wavenumber label):

1
C(z) = ———=S , 244
(Z) - K(d) (Z) ( )
and Eq. (243) reduces to
K®(2)$ = y(z) — K9 (2) L g1k (z)S . (245)
z — K@) (z)
We can solve this equation for y(z) giving:
Sz
—_ 2= k(@
1) = e <) (246)

Alternatively we can solve for K(?)(z) in terms of (z) to obtain:

K@D (z) = _ =) ) 247

(2) z5 +v(z) @47)

We see that we have something interesting here. It is our expectation, if we

have picked the correct slow variables, that after a microscopic short time 7,
we can apply the Markoffian approximation and replace:

KB (z) —» —iTs™! (248)
where I' is the physical damping coefficient. This means that in the time re-
gime where K(?)(z) is a constant, the force—force correlation is given by:

il'z

Y(z) = T TS T (249)
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We see that y(z) vanishes as z — 0. It is easier to see what is happening in the
time domain. Taking the inverse Laplace transform we obtain:

Y(t) = 2T8(t) — 125 le TSt (250)

Writing this in terms of the time t = S/I":

Y(t) =T (25(t) — %ef“> : (251)

we see that we can use 7y to estimate I' for times large compared to t; and short
compared to . Thus there is a range of time, a plateau, where one integrates
Y(t) to determine I'. This plateau-value problem was identified in the 1940s by
Kirkwood [31]. It is investigated in Problem 5.14.

Going back to Eq. (243) we see that there are situations where we can replace
K@S with y(z). If y(z) can be shown to be small in some perturbation theory
(density expansion) or because y is conserved, then in the limit:

KAs =1 . (252)
This is what happens in developing the Green—Kubo relation for a conserved
variables where I' = —iDg? and we have:
lim —y(t) = 2D3(#) (253)
9—0 qzy - '

All of this means that we must show great case in treating force—force corre-
lations that have delicate long-time contributions. It is advised that one work
with the memory functions that do not have these contributions. Instead, the
second term in Eq. (135) serves to subtract off these slow degrees of freedom.

5.9
Example: Hydrodynamic Behavior; Spin-Diffusion Revisited

Let us return to the system we discussed earlier in this chapter: the itinerate
isotropic ferromagnet with noninteracting spins. In this case the slow variable,
the magnetization density, does not directly couple to the other slow variables,
like the energy density, in the system. Thus we choose:

1=z

Y — M(X) = SZB(X — I‘i) . (254)

1

Let us proceed to fill in the various formal steps in our Langevin equation
approach. Consider first the static behavior. Since we assume uncorrelated
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spins (see Egs. (3) and (4)), we can work out the static properties explicitly.
The average magnetization is zero:

(M(x)) =0 (255)

and our system is paramagnetic. The static structure function was shown ear-
lier to be given by the simple result:

S(q) =8 . (256)

The magnetic susceptibility is given by:

i = PG = g [ ExyeMesm)
= BSm(q=0) = kBiT , (257)

which is just the Curie law [32].
Turning to the static part of the memory function we have to evaluate:

[ FokO(x—w)S(w—y) = —(M(y)LM(x)) - (258)
From the continuity equation we know:
iLM(x) = =V - J(x) (259)
and the static part of the memory function is zero since:
(M(y)J(x)) =0 (260)

due to the average over the momentum variable appearing in J.
The kinetic equation, with KG) = 0, takes the form:

z2C(x—vy,z) — / PwK@ (x —w,z)C(w—y,z) = S(x—y) , (261)
where the dynamic part of the memory function can be written as:

[ KD (x—w)S(w—y) = K9 (x )3
= ~([LMIR(E)[LM()))
+ [ dwd o ([LME)IREM(w))C (wy —w),2)

X (M(w2)R(z) LM(0)]) - 262)

The equations above simplify if we Fourier transform over space. The kinetic
equation reduces to:

[z - K¥(q,2)|C(q,2) = § (263)
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and the dynamic part of the memory function is given by:
KW(q,2)$ = —([LM(~q)]R(2)[LM(q)])
+{[LM(~q)]R(z)M(q))C"(q,2) (M(-q)R(z) LM(q)]) - (264)

It is at this stage in the development that we recall the results from our
study of the plateau-value problem. If we introduce the force—force correlation
function:

v(¢,2) = —([LM(=q)|R(z)[LM(q)]) , (265)
then we showed, Eq. (247), that:
() _2¥(q,2)
KO(g,2) = 0= e (266)

An important ingredient, in evaluating the dynamic part of the memory func-
tion, is the conservation law:

oM

= =iM=-V-J . (267)
In terms of Fourier transforms:
oM ) .
1a) _ iLamq) = iq J(a) - (268)

Inserting this result into the equation for the force—force correlation function
we obtain:

¥(9.2) = Y q;a:{Ji(—R(=)i(q) (269)
-
= 7{(=a) - R(@)J(q)) , (270)

where the last step follows for an isotropic system in d spatial dimensions.
In the low-frequency small-wavenumber limit we expect:

K¥(q,z) = —iDg* , (271)

which we write more carefully as:

1
iD= ;1n})ll]1rr(1) qu (q,Z) . (272)

Substituting for K(?)(q,z), using Eq. (266), we have:

. 1 .
_iD = - 7
iD= lim lim qzv(q,Z)S (273)
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— lim lim 2 (J(~q) - R(2)J(q)) (274)

DS =25 [ dt 0r-Jr(e) - (275)

Thus we have reproduced our earlier hydrodynamic results.

Our goal has been to show how the results from linearized hydrodyna-
mics can be derived from a well-defined microscopic analysis. It should be
understood that there are circumstances where this development breaks down
because the various limits (@ — 0, ® — 0) do not exist. In particular the
assumption given by Eq. (272) needs to be checked in detail. One can ha-
ve a breakdown [33] in conventional hydrodynamics for low-dimensionality
systems, systems near critical points and in systems like liquid crystals with
strong fluctuations.

We are now in a position to understand the nature of the separation of time
scales in this problem. The point is that M(q, t) will decay back to equilibrium
much more slowly than J(q, t). We can define characteristic times for the two
fields as:

ta) = [ dHM(—q)M(q, 1)/ (M(-a)M(q) 76)
and:
.
yl@)= [ dti(=a)-J(a,1)/0(=a)J(@) - @)

We obtain directly from the inverse Laplace transform of Eq. (263) with Eq.
(271) that:

C(q,t) = Se D7t (278)

Putting Eq. (278) into Eq. (276) we have in the small g limit,
oo 2 1
= dt —Dg7t = — . 279
™ ( q) /O € D qZ ( )
If we use the Green—Kubo formula (see Problem 5.17) we can show:

Dm
1:](0) = kB—T . (280)

Then we have the ratio of the two times:

tm kgT 1 1%
=B _—_=_0_ 281
v Dm Dg*>  D?¢? (281)
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and for sufficiently small g,
m(q) > 77(0) (282)

and we have our separation of time scales and for many purposes it is appro-
priate to set g and z equal to zero in I';;(q, z).

5.10
Estimating the Spin-Diffusion Coefficient

Let us return to the case of the isotropic Heisenberg model where the basic
slow variable is the magnetization density M(x, t) defined by Eq. (80). The
continuity equation satisfied by M(x, ) is given by Eq. (85). The spin-density
current is now a matrix. We assume that the spin degrees of freedom are
isotropic:

Cij(x—y,t=t") = (Mi(x,t)M(y, ')

o;i ,
= §iC(x—y t—t) = - (M(x,1) M(y,)) . (283)

As in the itinerant magnet example in Section 5.8 we consider the force—
force correlation function:

%j(q,2) = —((LM;(—q)R(z)(LMi(q)) (284)
5
= ——{[LM(=q)] - R(z) [LM(q)]) . (285)

The continuity equation in this case takes the form:

=Y gaJo(q) , (286)

where the current Jo(q) is the spatial Fourier transform of Eq. (86). The force—
force correlation function takes the form:

Vii(4,2) = 2%% Jg(—q) - R(2)Ja(q)) - (287)

Y;j(9,z) depends on the lattice structure; however we make the simplifying
assumption that the system is isotropic in space and assume:

2
Yij(q/ z) = l]d 2(]0(( q) - R(z)Ja(q)) - (288)

Comparing with Eq. (270) it is easy to see, following the development in the
itinerant magnet case, that the spin-diffusion coefficient for the Heisenberg
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model is given by the Green—Kubo formula:

1 (o]
DS(0) = - 2/ dt Jra(t) Jre) - (289)
azv &Jo
where the total current is given by Eq. (87):
. 1 ;
Jrph) =75 3 3 ei[R — R'g] (R — R') My (t) M/ (#) (290)
RR’ jk

and S(0) = (|M(0)?). Inserting this result for J7 into Eq. (289) we see that
we have a four-field correlation function. In an effort to estimate the spin-
diffusion coefficient we adopt a simple classical approach and assume a de-
coupling approximation:

<M]-/(R”,O)Mk/(R’”, O)Mj(R, Mg (R, 1))
= C]»]»/(R, R”,t)Cr (R, R"”, t) + C]-k/(R, R"”, t)Ck]-/(R’, R”,t), (291)
where:
ij/(R, R/ t) = <Mj(R,t)Mj/(R’, 0)) . (292)

The Green—Kubo relation then takes the form:

1 o ]
DSO) = o [ty ¥ ¥ Yen(R-R)oJ(R-R)
asy 0 4 R,R/R"R" ijkj'k o

xgiji (R" = R" )] (R” = R"™) (293)
x [c]-j, (R,R”, )i (R, R", 1) + Cyo(R,R", 1)y (R, R, t)}
Assuming the system is isotropic in spin-space:

Ci#(R,R,t) = 8;;C(R,R/t) , (294)

we can do the spin sums,

Z 8ijk£ij’k’6jj’8kk’ =2d (295)
ijkj'k’
2 8ijk8ij’k’8jk’8kj’ =-2d , (296)
ijkj’k’

to obtain:

DS(0) = 5 [ df ¥ (R RIaJ(R - R)(R'~R")o] (R~ R")
24V 0 R,R/R" R O
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X [C(R, R”,t)C(R',R"”,t) - C(R,R"”,t)C(R/,R”, t)} . (297)
Next we introduce the Fourier transform:

r oy 1y Cike(R-R)
C(R,R/,t) = N;e C(k,t) , (298)

where N is the number of lattice sites, and we find for the spin-diffusion
coefficient:

1 100 1
Ds(0) = W/O dt mggc(k HC(g,t)I(k,q) , (299)
where:
Ikq) = Y Y.(R-R)J(R-R)R"—R")eJ(R —R")
R,R, R/ R" o
% [e—ik-(R—R”)e—ik-(R’—R’”) _ e—ik-(R_R’//)e_ik,(R/_Ru)} (300)

These sums factorize into the product:

I(k,q) = Y [Ka(k, q)Ka(—k, —q) — Ka(k,q)Ka(—q, ~k)] ,  (301)

o

where:

Ka(k,q) = Y (R—R')oJ(R — R')e kRe~ia R’ (302)
R,R’

In the sum, let R = R’ + R”, so:

Ko(k,q) = ) RGJ(R")e M (RHRDemiak

R/,R”
= LRG(R")e KNG g
= ;Iﬁk,,qca(k) , (303)
where:
ou(k) = Y RGJ(R")e *R" (304)
R
We have then that:

I(k,q) = ;Ku(k,q) [Ka(—k, —q) — Ko(—q, k)]

= N%8k_q)_0a(k) [0a(—k) — 60(—q)]
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= 2N%§y _40(k)-3(—k) . (305)

Equation (297) for the Green—Kubo correlation function then reduces to:
1 5 ~ -
= — t kt)o(k)-o(-k) .
0= ONSCDLIEE (306)
The sum over reciprocal lattice vectors can be written:

3
- N / d k” , (307)

where 7 is a lattice constant and the integral is over the first Brillouin zone.
Equation (306) then takes the form:

2(k, 1)3(k) - 6(—k) (308)

where n = N/V is the density. Next note that we can write:

Go(k) = iVE(K) (309)

where ] (k) is the Fourier transform of the exchange constant:

=Y J(R)e &R (310)
R
Then:

60 (V) (311)

In the spirit of the Debye theory of solids [34] we assume that the dominant
contribution to the integral comes from small wavenumbers and the hydro-
dynamic mode. We write:

C(k,t) = §(k)e DF (312)

and do the time integration to obtain:

2
3 ka Vk](k)) 213
—3 / 2Dk? ! (313)

which we can solve for the diffusion coefficient:
(%u110)”
3 . k
/ d ka 2 (314)
~ 56 k2
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If we assume a nearest-neighbor model we have for the Fourier transform of
the exchange coupling:

J(k) = 2] (coskxa + coskya + coskza) . (315)
Assuming it is the small k region that is important, we can expand:
J(k) =2][3 — (ka)*> +.. ] (316)

and find the quantity in the integral:

. 2
ViJ(k
( kg )) = 47%4% (317)
and:
2 _dn ooy & (ka) o
D5(0) = =2 Ja / s S (318)
It is left to Problem 5.18 to show that S(0) = n5(0) so
2_ 2024 3 (ka) §*(k)
D? = )% / an 50) (319)

Finally we need an approximate form for the static structure factor. A simple
mean-field approximation is given by:

. 1
Sh) = ——— ,
1-pJ(k)h
where we have written explicitly that the structure factor, with our definitions

here, has dimensions %%, Again evaluating 5(k) in the long-wavelength limit
we have the Ornstein—Zernike form:

(320)

N >
S(k) = r+c(ka)? ' (321)
where:
r=1-po6Ji’ (322)
c = 2BJH* . (323)

Using this approximation in Eq. (319) and doing the remaining integral in
Problem 5.15, we find:

2 1 /r\3/2
2 2 4e2d (T
D —n]ah r(c) . (324)
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From this expression we see that the scale of D is set by Dy = a?]i. We can

write:

_p.21 1/4
D =Do_mavyly—6)"

(325)

where y = kgT/Jh?. For large temperatures D grows as y°/* and vanishes as
(T - Tc)l/ YasT — T, = 6] n/ kg. For a more careful quantum calculation and

further discussion see Ref. [16].
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Problem 5.1: Extend the calculation for the Green-Kubo relation given by Eq.

(49) to the quantum regime.

Problem 5.2: Show that the time-correlation function:

Cu(x =y t—t) = (M(x, ) M(y, 1))

with M(x, t), defined by Eq. (2), is proportional to the van Hove self-correlation
function.

Problem 5.3: Calculate the effect of the Liouville operator L acting on M(R)
in the example of the Heisenberg model. Use the usual spin commutation
relations to evaluate:

LM(R) = £ [H, M*(R)]

Problem 5.4: Consider a classical one-dimensional anharmonic oscillator des-
cribed by the Hamiltonian:

2
p K2, %4
H=_—+4+-x"+-x",
2M Tty
where M, x and u are all positive. This system is in thermal equilibrium at
temperature T.
Using the memory-function formalism and choosing x and p as your slow
variables, compute the memory function explicitly in a perturbation theory
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expansion in the small parameter u. Keep terms up to but not including terms
of O(u?). Using these results, compute the shift in the resonant frequency from
of = k/M to:

0% = 031+ Au + O(u?)]

Determine the coefficient A.

Problem 5.5: Consider the same system as in Problem 5.4. Compute the dy-
namic part of the memory function to second order in the quartic coupling
u.
Problem 5.6: Starting with the generalized Langevin equation, Eq. (137), show
that:

W) = D Ca0Sghw + X [ ds Calt — )5, o(9)
k.t ke 70

Problem 5.7: Starting with the kinetic equation for the uncoupled harmonic
oscillator example:

i€
ZCaB(Z) + 2 % “{,B(Z) = SQBMOJCBT ,
Y Y

solve for the complex correlation function Cyg(z).

Take the inverse Laplace transform to obtain the time-correlation functions
given in this chapter.
Problem 5.8: Show for general A and B, using the properties of the Liouville
operator and equilibrium averages, that:

(ALB) = —{(LA)B)

This follows essentially from the time-translational invariance of the equilibri-
um distribution function.
Problem 5.9: Given an initial spin disturbance:

M(x,0) = Mge 2/0%

find the spin configuration at time ¢. Assume the system is dynamically con-
trolled by Eq. (20).

Problem 5.10: Evaluate the equal-time current-current correlation function
(Ji(x)] é(y)) for the Heisenberg model in the high-temperature limit.
Problem 5.11: Show that the interaction part of the two-particle Liouville ope-
rator can be written in the form given by Eq. (100).

Problem 5.12: Show that the classical fluctuation function satisfies the sym-
metry condition:

Cap(z) = —Cpa(—2)
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Problem 5.13: Show that:
d d
2) = LK )5y
l
satisfies the symmetry relation:

i) = 11 (-2)

Problem 5.14: Show that the integral:

M) = [ an)

where the force-force correlation function y(t) is given by Eq. (251), shows a
plateau as a function of ty,.
Problem 5.15: Do the wavenumber integral:

D2 — %]2a4/ d° (ka) 5~2 k)
3 (2m)3 5(0)
with the choice for the static structure factor:

. h?
S(k) = r+ c(ka)?

Problem 5.16: Show that Dy = a?J# has dimensions of a diffusion coefficient.
Problem 5.17: We can define a relaxation time for the spin-density current
given by Eq. (277). Use the Green-Kubo formula, Eq. (275), and the necessary
results from equilibrium mechanics to show that t;(0) = l,z—?.

Problem 5.18: Show that the structure factor at zero wavenumber, S(0) =
(IM(0)/?), is related to S(0), defined by Eq. (312), by S(0) = nS5(0).

Problem 5.19: If our convention for taking Laplace transforms is given by:

F(t)] = —i/ dt e F(t)
0
show that:

t
cz[/o dsA(t — s)B(s)] = iL-[A(D)]L2[B(1)]
Problem 5.20: Prove the identity:

Il = —(wslyg) = B ({wo ve))

where spin variables y,, satisfy the Poisson bracket structure:
0A oB
A,B R
{ }= ZZ GBYaW )awﬁ( )\V“{( )

R oy
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6
Hydrodynamic Spectrum of Normal Fluids

6.1
Introduction

In this chapter we discuss the hydrodynamic spectrum of simple normal fluids
near equilibrium. Thus we consider the dynamics of fluid systems like argon.
This involves application of the general approach developed in the previous
chapter to a fairly complicated system. The real complication, though, is the
thermodynamic interrelationships among the slow variables. The first step in
the program is to select the set of slow variables.

6.2
Selection of Slow Variables

The case of a normal fluid is algebraically complicated because one has five
slow variables corresponding to the five conserved quantities in the problem:

Vo (x£) = {n(xt),8i(x ), e(x £)} ey
where n(x,t) is the number density, g(x,t) is the momentum density, and
g(x, t) is the energy density. Classically, we can write:

() = 38(x— 1) @
i=1
N
gxt) =) pid(x—1) ©)
i=1
N[p2 1N
e(x,t) = l; ﬁ + 5]; V(t;—1;) | 8(x—1;) 4)

where r; and p; are the position and momentum or the ith particle. Each of
these densities satisfies a continuity equation:

on .. g
E—ILV[——VE (5)

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4

175



176

6 Hydrodynamic Spectrum of Normal Fluids

ogi . 3
% = ZLgi = — 2 V]GU (6)
j=1
oe .
o —ike=-V-Je , )

where L is the Liouville operator for this system, Gjj is the stress tensor and J¢
is the energy density current. Explicit expressions for 6;; and Je were given in
the previous chapter.

The next step is to make sure that the average of the slow variables is zero.
Since (n) = ng and () = gy, where 1y and g, are the ambient particle and
energy densities, we must use dn and 8¢ when constructing our slow varia-
bles. When there is no confusion, we will forgo the subscript 0 on ambient
quantities.

It will be convenient to introduce, instead of the energy density, £(x, t), the
entropy or heat density:

00 1) = el 1) — P (®)
0
where py is the equilibrium pressure. We briefly encountered g in Chapter 2 as
the field that couples to temperature fluctuations. The heat density is conser-
ved since €(x, t) and n(x, t) are separately conserved. The physical interpreta-
tion of g follows from the thermodynamic identity:

TdS = dE + pdV )

at constant particle number. If we change from E and V to the intensive varia-
blese = E/V and n = N/V we have:

dv dn
VT (10

and:

dE =d(eV) =edV + Vde . (11)
Putting this result in Eq. (9) we have:

dn

TdS = Vde + (e + p)(—V)7 (12)
and dividing by the volume:

ds (e+p),
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Therefore, up to a factor of the ambient temperature, g(x, ) can be identified
with the fluctuating entropy density.
Our set of slow variables with zero average is given by:

Vo (X 1) = {8n(x 1), 8i(x, 1), 89(x, £)} (14)

The merits of this choice will become clear when we look below at the static
part of the memory function.

6.3
Static Structure Factor

The second task in working out the hydrodynamic spectrum is to evaluate the
set of equilibrium averages:

Sop(x = x') = (Ya(x)yp(x)) (15)

in the long-wavelength limit. In this limit we can connect these averages to
thermodynamic derivatives. The reason is that in this limit these correlation
functions correspond to the fluctuations in the extensive variables in the GCE.
We can easily see how this comes about. We have, after taking the spatial
Fourier transform and the long wavelength limit,

. 1
SOLB(O) = 1113(1) SocB(k) = V<8‘F0C8TB> , (16)
where:
o= [ Prxyq(x) (17)

is the total number particles N, the total momentum, or Q = TS depending
on the index a.

Let us construct the set of correlation functions Syg(0) in terms of thermo-
dynamic derivatives. The density—density correlation function follows from
Eq. (16) as:

1
Sun(0) = V<(8N)2> . (18)
In the GCE we have:
—BH+aN
Sn(0) 1 0 Tre N (19)

~ Voa Zc '
where the grand partition function is given by:

7 = Tr e BHTON (20)
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and o = Bu. Equation (19) can then be written as:
10 on
Sml® = G = (55).

N (g_;:)[s,v <3_Z>B,v ' D

However, in the GCE the pressure is related to the partition function by:

ppY =InZg , (22)
so when we take the derivative with respect to o we obtain the simple result:
ap )
5 ). BV =(N) (23)
<aoc B,V
or,
ap ) -1
— =nf . (24)
(aoc B,V
Returning to the correlation function of interest we have:
1 (on -
Sun(0) = nP 1<a—> —p ey (25)
P/Byv

where k7 is the isothermal compressibility. This result tells us that the weight
under the frequency spectrum for the density—density correlation function (as
in light scattering) at small wavenumbers is proportional to the isothermal
compressibility:

do on
ECM(O, ®) = nkT (%)B,V . (26)
This result is due to Einstein [1] who was inspired by the suggestions by Smo-
luchowski [2] that fluctuations could scatter light. These ideas were extended
to nonzero wavenumbers by Ornstein and Zernike [3]. All of these results
suggest large scattering near a critical point where (dn/dp)r is large. This
leads to an explanation of critical opalescence discovered by Andrews [4] in
the 1860s.

The correlation function between the density and the heat density is given

by:
591(0) = 19 0) = 5 (NQ) 27)

where:

Q= / x q(x) . (28)
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The evaluation of Sg;,(0) and:

549(0) = <(5Q) ) (29)

are simplified by noting the following development. Consider the average of
some variable A in the GCE:

Tre_B(H_HN)A

A= <A - Tre—B(H—uN)

(30)

If we look at the changes in A as we vary T and W, holding the volume V fixed,
we have:

A = <[(H UN) if:rTz + NS”} 8A> , (31)

where, inside the average, 34 = A — A. From the Gibbs-Duhem relation [5]
we have:

su="" _ Sgr (32)

n N
5A>

and Eq. (31) takes the form:

S _ s
_ 8T - — 6T
SA = <[(H uN)kT2+N%

- op 8T
= (NSA)M + ((H—uN —TS)8A)— T2 (33)
From the Euler relation [6] we have:
TS E+pV e+p
+ N N  n (34)
and we can identify:
H—HN—TS:H—@N:Q (35)
and Eq. (33) takes the form:
54 = (5N5A) L + (5054) 2L (36)

nkT kT2

This equation was quoted in Chapter 2 in the form:

_ ) 8T
8A = ua " +2gs (37)
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where the %'s are the appropriate static susceptibilities. This result holds in the
quantum regime if the variable A is conserved.
Holding the pressure constant in Eq. (36) we have:

0A
(8Q8A) = kT? (-) . (38)
T/ py
In treating S;,,(0) we need:
ON
(8Q8N) = kT? <—> : (39)
aT p’V

However:

(a_w) (N, p,V) (T, p,N)
oT PV a(T,p,N)o(T,p,V)

__(vy
- T )y,
= Vo , (40)

where o7 is the isothermal expansion coefficient. Putting Eq. (40) back into Eq.
(39) gives:

(8Q3N) = —kT?narV (41)
and:
Sqn(0) = Spq(0) = —kT?nor . (42)

Next, using Egs. (29), (38) and (35), we can write:

o [®), (@), e

Using the first law of thermodynamics,

TdS = dE — pdN + pdV (44)

8E> (as> <8N>
=) =T7(=2) +p(= . (45)
(a:r pV oT ),y oT ),y

o [(E), ) @),]

to express:

Then:
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Using Eq. (40) we can evaluate:

(8_S> ~9(5,V,p) 9(T,N, p)
oT ),y d(T,N,p) o(T,V,p)

a5\ 1 (avy  (asy ]
oT Np oT N,p oN Tp

Here we have used the thermodynamic identities (see Problem 6.1):

aS S
- == 4
(%), ~~ @
and:
aS
T (ﬁ>N,p =Cp , (49)
where C, is the specific heat at constant pressure. Equation (46) is given then
by:
_kT? |Gy S (e+p) oN

Using Euler’s equation,
TS+uN—-E—-pV =0 (51)

and Eq. (40), we see that the coefficient multiplying (a—l}]) . vanishes and:
r.

Sqq(0) = kT2 L (52)

1%

The equal-time correlation functions between the momentum density and
the other slow variables vanishes due to symmetry:

Sgim(0) = Sg,4(0) =0 . (53)
The equal-time correlation functions for the momentum density satisfy:
Sgigj (0) = Bi]-kBTmn ’ (54)

which follows from the equipartition theorem.
The matrix Sy (0) is summarized in Table 6.1.
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Table 6.1 Matrix Sop3(0)/nokgT; note that nokr = (on/dp)|r, and oo = —(on/0T),

n 9 8j
n nokr  —To 0
g —Ta TC,/N 0
8i 0 0 m8,-]-

6.4
Static Part of the Memory Function

Next, we must work out the static part of the memory function for the fluid
system. We have the relationship between the static part of the memory func-
tion K(*) and the matrix I'):

F&SB) (x—y) = ;/ dw K&? (x— W)SYB(W -y)
= —(vp(y)Lyy(x)) - (55)
(s)

We must first work out the matrix I' 4. A key observation in carrying out this
analysis is that Ly has a different signature under time reversal than y,,. This
means (see Problem 6.3) that 1”((;) is zero unless y, and yg have different si-
gnatures under time reversal. Thus the only nonzero matrix elements between
the hydrodynamic fields are given by I‘ﬁfg)i, I‘gzl, F,(]sg), and l"éf% These first two
matrix elements can be evaluated using the theorem proved in Section 5.5. We

have,
B ({n(x), gi(y)})
= B H(-ViBx=-ym])) (56)

where the Poisson bracket between the density and momentum density is
evaluated in Appendix B. We then have:

=
%9
—~
X
I
<
~
I

i) (x—y) = =B 'ngVis(x—y) (57)

Taking the Fourier transform we have the simple result:
i () = kg (58)
The transpose satisfies:
T (x = x') = ~(n(x)Lgi(x)) = ([Ln(x)] i(x)) = ~Tig (¢ =x) . (59)
On Fourier transformation we obtain:

ron(k) = kipng . (60)
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The other matrix elements we need to evaluate are l"é )q and F(s) We will

(s)

first evaluate 'y ; and come back to obtain:

r(s) o (8+ p)r(s) ) (61)

r( ) 8i€ n &in

8iq

It is more difficult to evaluate l”gg than it is l”g,)q The Poisson brackets between
gi and € can not be simply expressed in terms of hydrodynamic fields so we
take a different approach. We remember from the continuity equation for the
momentum density that Lg; is proportional to the gradient of the stress tensor:

Lgi(x) = zZv]q] (62)

and we can write:

ngg(x—x’) = —(8e(x')Lg;(x))

3
= —(de(x')i 2 Vjoij(x))

- _zzv (se(x')o(x)) - (63)

Taking the Fourier transform we obtain:

3

Tge(k) = ) ki(8e(—k)aji(k)) . (64)

=1

We are interested in the small k limit where:

1
lim (8e(—k)oyj(k)) = 3;{3E0;(0))
d3
— [ S (6Eo(x)) - (65)
Note, however, that we have the derivative relation in the GCE:
R <61]( Na=puy = —(8Ec;;(x)) , (66)
S0:
lim (8e(~k)a;(k)) = ~ <61]( Mo=pu - (67)

The reason it is convenient to introduce the stress tensor in the way that we
have is because the equilibrium average of the stress tensor is, by definition,
the pressure [7],

psij = (oij(x)) . (68)
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Then:
lim (3e(—k)o;;(k)) = —§;; (a—”> (69)

and:

- (3),

In order to further evaluate this quantity we need to do a little thermodyna-
mics. Starting with the Gibbs—Duhem relation:

SdT = Vdp — Ndu . (71)
Since i@ = akgT we have:
du = kgTda + akgdT (72)
and the Gibbs—Duhem relation can be written as:
(S —okgN)dT = Vdp — kgTNdo . (73)

We obtain immediately that:
oY _ L(g_ KN
oT )y V T

(
N (74)

Taking the derivative with respect to  rather than T gives:

aP) -1
— | =- €+ . 75
( ). B~ (e+p) (75)
Thus we have the final result:

TEe(k) = kB l(e+p) + OK) . (76)

In a hydrodynamic theory we keep terms in the memory functions up to and
including O (k?).
Our final goal in this section is to determine the matrix element:

n

+
00 =1k (S22 ) 1 o7
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Inserting our results for FS?S and Féf,)n we obtain:

6B e+ p) — E kgt o)
= O . (78)

Féf,)q (k)

We see here why we choose the heat mode as one of our slow variables. We

have the result then, to O(k®), that all of the T'(®) vanish except 1",(15,;& (q). The
various matrix elements are summarized in Table 6.2.

Table 6.2 Matrix I} /noks T

noq9 8§
n 0 0 k]'
g 0 0 0
i ki 0 0

(s)

Let us now construct KocB using these simple results. We must invert the
matrix equation:

I (k) = YK (1S (k) (79)
Y

This inversion requires constructing the matrix inverse:

Y Say(k) (S yp(k) = Bgp - (80)
7

The inverse matrix can be constructed using Cramer’s rule and the evaluation
of determinants is facilitated by the fact that the momentum index does not
couple to the other two variables. We then obtain:

(5_1)% = Sd_qsq (81)
-1 _ (g1 _ _ﬁ
(57 g = (5 )n =~ (52)
Srm
(S V)gq = Fn (83)
1

(84)
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where the subdeterminant:
dS = Snnsqq - ansqn (85)

plays an important role in the development. After inserting the explicit ther-
modynamic expressions for the Sy into ds we find, after using one of the
standard thermodynamic relations connecting quantities in the Helmholtz en-
semble to those in the Gibbs ensemble, that (see Problem 6.4):

ds = SnnnkBTzc‘//N 7 (86)

where Cy is the specific heat at constant volume and shows up as a natural
second derivative in the Helmholtz ensemble. Our matrix inverse elements
can then be manipulated into their most useful form. Consider first:

4 nkgT?Cp/N
(S m =

_ S 1 (o

N CV leBT on T

— 1 2

= nkBTmC , (87)

Cp /0 0
2_Zr (9P _ (9P
me = Cy (an>T (871)5 (88)
and c is the adiabatic speed of sound (see Problem 6.5). The matrix element
(S71)4q can be written as:

where:

N
SN = —5— 89
( )qq leB TZCV ( )
The matrix element :
SN
-1 _ nq
(S )nq - SnnnkB T2CV (90)
can be put in a more convenient form if we use the result:
SngS
B — kg T? (Cp — Cy) /N, (91)
Si’li’l
which follows from Egs. (52), (85) and (86). We have then:
1 /Cy—Cy
-1 p
=——|——) . 2
(S )nq an ( CV ) (9 )
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The static part of the memory function is given by:
K (k) = ;rgg (k) (5*1)YB () . (93)

The left index a is nonzero only for a0 = n or g;. Take the case a0 = n first.
Then:

(s) _ (s) -1
Ko = Ly (57,

= T (k) <S_1>g-ﬁ (k) (94)
using the fact that all T'®) vanish except those coupling 7 and g;. Since (S’l)g.B
(k) is diagonal we have:

K3 (k) = Th (k)8 (5_1)g.g. (k)
1
= BBgikinkBTW
_ 5 ki
= SﬁgiE . (95)
The other nonzero matrix element is given by:
-1
kg0 = LI (57) 09

= (K (S*l)nB (k)

— knkgT (S*l)nB (k) . (96)
This leads to the two contributions:

2
me
Ké(szl(k) = kinkBTkBTI’l
= kimcz (97)
and:
) (1) — k. Cv -G\ L
Kg.q(k) = kinkgT < c, > S (98)

This completes our determination of the static part of the memory function in
the long wavelength limit. The results are summarized in Table 6.3.
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Table 6.3 Matrix K(s)(k) for small wavenumbers

ap
n q 8j
n 0 0 k/-/m
q 0 0 0
2 (CP - CV) .
g mck; TaCy ki 0
6.5

Spectrum of Fluctuations with No Damping

We have shown that K(®) ~ O(k) with corrections, by symmetry, which are
of O(k®). From our analysis of spin diffusion we would guess, and we shall
show, that K(?) ~ O(k?). Let us first drop the damping terms and look at the
correlation functions at lowest nontrivial order in k.

Table 6.4 Small wavenumber limit of matrix (z — K(S))&B

n q 8L
n z 0 —k/m
q 0 z 0
w KD K

In this limit, the kinetic equation determining the correlation functions is
given by:

y (zaow —KY) (k)) Cyp(k,2) = Sqp(K) (99)
7
We are interested in the pole structure of Cyg (z), which is, of course, associated
with zeros of the determinant of the matrix (z — K (S))aﬁ given in Table 6.4:

D = det (zsaB_ngg)

k:

_ 2 Kip(s)

=z (z —Kg,.n>

= z(z% -2k . (100)

We see immediately that we have a three-pole structure. D vanishes for z=0
and z = Fck. Thus we expect very sharp peaks in the correlation functions at
these positions of frequency for fixed wavenumber. In fact for small enough
wavenumbers where the damping is arbitrarily small we have d-function peaks.

We can compute the residues or weights for the poles by first noting that
there is no coupling at this order in k between the heat mode and the other
modes. Thus if we set & = ¢ in Eq. (99) we find the very simple result:

s
Cppl,2) = %B ) (101)
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the Fourier transform is given by:
Cyp(k, ) = 218(w)Syp (102)

and there is a single heat mode centered at ® = 0 for k — 0.
From Eq. (99) we have the set of coupled equations determining the density—
density correlation function:

zCpn — Kr(z?icg,-n = Sun (103)
S
2Cyn — KiinCun = Kig—= (104)

where we have used Eq. (101) on the right-hand side of Eq. (104). Solving this
linear set of equations for C;,, gives:

1 12 (5) g (s)
Cun = 5 (228 + KigKgaSan| (105)

where Dj is the determinant:
Dy = 22 — K\YKS), = 22— 2k (106)

Putting the various thermodynamic expressions into Eq. (105) gives:

K2 Cy—C
[ZZSM + —nkgT <u>} . (107)

Cun(k,z) = c,

z (22 — c2k2)

We can isolated the residues associated with the three poles by using the
identities:

z 1 1 1
e 1
22 — c2k2 2[z+ck+z—ck} (108)
and:
c’k? 22
222 -1+ 2 _ 2k2 (109)

One has then, after substituting for S, and extracting an overall factor of
I’lkB T,

R s O |

1 (CP—Cv)l}

+_

z mCy (2 (110)
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The coefficients of the poles can be put into a much neater forms. First the
coefficient of the sound poles can be written as:

o\ (G-Cy)/Cy _(an\ (G —Cv) Cy (on
o/t mc? ~\ap/r Cv Cp \9p/ 1

8n> Cy (871) Cy
() po1e = () 2 (111)
<9P T[ Cp] ) Cp

where we have used Eq. (88) in the first line. The coefficient of the 1/z term
has the weight:

mCV c? a CV Cp ap T

B Cv> (a;«)
— (1Y) (o) 112
( Cp ap ) r (12

Putting the results from Egs. (111) and (112) back into Eq. (110) gives:
on Cy\1 1 1
— g1, (2 V)|
Con(k,2) = Bn (E)p)T (cp> 2 [z—i—ck + z—ck}

Cv) 1
+ (1 - c_p> E] . (113)

The dynamic structure factor, which is related to the imaginary part of Cy (k, z)
with z = ® + in, is given by:

Con(k,®) = Bln (g—’;) 21| 2 SV (30 + ck) + (0 — cb)
T r
+(1—cv/cp)6(m)] . (114)

We have two sound poles and a heat mode. The weights are governed by the
specific heat ratios. The relative weight of the peaks:

&G (115)

is known as the Landau-Placzek ratio [8]. Notice that the zeroth-order sum
rule:

do _ a-1 on CV CV
cnien =50 (2) [41-2]
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= Sun(k —0) (116)

is properly satisfied.

The decomposition of density fluctuations into a sum of three peaks is a
famous result that merits further comment. The central diffusive Rayleigh
peak is centered at ® = 0. The traveling wave Brillouin doublet [9] centered at
® = =ck is associated with scattering from sound waves. Notice that it is the
physically correct adiabatic speed of sound that enters. Historically, Newton
asserted that the speed of sound is given by the isothermal compressibili-
ty. This result is experimentally too low by about 20%. Laplace and Poisson
eventually discovered [10] the correct result.

6.6
Dynamic Part of the Memory Function

It is then straightforward to construct all of the other correlation functions
at this level. Let us turn instead to the inclusion of the damping terms and,
equivalently, the evaluation of the dynamical part of the memory function in
the hydrodynamical limit.

At this stage we must be more careful about the vector nature of the problem
entering through the momentum density. We derived previously the result:

rS) = kp~ln 117)

and all other F((;g (k) are zero for small k. Notice that this matrix element

vanishes unless g is in the same direction as k. That is, we can break g(k, t)
up into a longitudinal part:
gull t) = k- gk 1) (118)
and a transverse part gr(k, ), where:
k-grkt)=0 . (119)

Only the longitudinal part of g couples to the density,

), (k) =0 . (120)
This makes sense if we remember the continuity equation can be written:
aa_;: — ik-glot) . (121)

Thus the transverse part of the momentum current decouples from the longi-
tudinal part. This is why we only had a 3 x 3 matrix instead of a 5 x 5 matrix
in our analysis above.
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6.7
Transverse Modes

Let us analyze the transverse current fluctuations first. In this case, the kinetic
equation becomes:

Y 281 — K\ (1, 2)]Cyj(k, 2) = Sii(k) (122)
V4
where:
Cii(k,z) = (gj(—K)R(z)gi(k)) = 8;Ci(k, ) (123)

and 7, j and / label the two directions transverse to k. If we pick k in the z-
direction, then i,j and ¢ can be either x or y. The corresponding equal-time
correlation functions are given by

Slj(k) = 5,‘]‘[37111171 . (124)

The dynamic part of the memory function is given by:
d
LK (162)8y; = ~(Lgi(~IOR()Lgi 1)
k

+ % (Lgj(—k)R(2)gx(k))Cp' (k, 2) (ge(~k)R(2)Lgi(k)) . (125)

Following steps similar to those used in the case of spin diffusion we find,
after remembering:

iLgi(x) = — Y. Vhoij(x) (126)
j

and:

iLgi(k) = — Zlk]G,](k) ’ (127)

]

that in the long-wavelength limit the dynamic part of the memory function is
given by:

KD (1, 2)B " mn = Y ke (6 (—K)R(2)6™ (K)) + O(K*)
m,l

—i Y kmkTimje (128)
m,

where, in the small k and z limit:

Timje = lim lim i(6/'(—k)R(z)o™ (k))

z—0k—0
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Lo [P [ 80 B (il (Nl
- V/ dt /d x dx (61 (X )6 (x, 1)) . (129)
0
For an isotropic system:

Lim,je = T18im8j¢ + 8;i80T2 + 88 L5 (130)

Since the stress tensor ¢ can be constructed to be symmetric, we require I'; =
I's. In the case of interest here we have the requirements that m and ¢ are in
the z-direction while j and 7 are transverse. Therefore in this case,we pick out
only the component:

Cim,je = T28;i8¢ (131)

and it is given explicitly by:

400 . 3 3./
n= [ af %(sz(x’)czx(x,t))

0
1 Foo ZX <ZX
=3 dt (6707 (1)) (132)
and:
Kl.(].d)(k,z)B_lmn = §;(—i)Ik? . (133)

In this case the kinetic equation, Eq. (122) is diagonal and the transverse cur-
rent correlation function is given by:

(z +iTok*B/mn)Ci(k,z) = B~1mn , (134)
and the appropriate transport coefficient is the shear viscosity:
P =n (135)

where:
400
=5 [ aner o) (136)

is the corresponding Green-Kubo formula.
The complex transverse current correlation function is given by:

-1
Ci(k,z) = meik‘;/p (137)

where p = mn and the fluctuation spectrum is given by:

nk?

_ _1—
Ci(k, o) =2 @ + (nk?/p)?

(138)
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This transverse diffusive spectrum is characteristic of fluids since there are no
transverse shear traveling modes. This contrasts with solids where one finds
the transverse traveling waves (phonons) associated with broken translational
symmetry.

6.8
Longitudinal Modes

We now turn to the damping of the longitudinal modes. This requires treating
the dynamic part of the memory function:

YKl (,2)85 = T (k. 2) = —([Lyg (1) | R(z) Ly (K))
Y

+ ([ Lwp (=10 | R(2)w, (1) G (K, 2) (W (—K) R (2) L (), (139)
A%

where the indices refer to the three longitudinal variables 1,¢; = k- g and g.
Note first that:

Il (k,z) =T (k,2) = 0 (140)
for any ysince Ln = —iV - g and linear terms in Ly,, do not contribute to %)
Thus I'@) reduces to a 2 x 2 matrix. Remembering the conservation laws,

iLga(k) = — ) ikp oep(k) (141)
p
iLg(k) = —ik-J(k) , (142)

which introduce the stress tensor and heat current, we are led to the discussion
surrounding the plateau-value problem and the small k and z limits. We find:

tim fim T4 (k,2) = iy (143)
with:
= [ Seror) (14)
lim 1i lr(d) .
lim lim 75 Tg.q(k, 2) = —iv,, (145)
with:

ot dt g,
Vo= [ $ USF®) (146)
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and:
T T )

iyl T4y (k2) = =i, 147

eedt g
vy = [ UL (148)
L gy 149

- HIT-JI(1) .

[ ) (149)

Let us consider the cross term proportional to v, .. It is left to Problem 6.6 to
show under parity inversion:

qr — +qr (150)
J9 — —J1 (151)
8T — —8T (152)
then:
ot — +o . (153)

Using these results in Eq. (146) we can show:

Yoz = Yoz = 0 (154)
and:
(d) _ (@) _
l“gzq = l“qu =0, (155)

including terms of O(k?). Thus the damping of the heat mode decouples from
the sound mode.
The matrix '@ can be written in the form:

Tl (k,2) = —ikY,80p (156)

where vy, =0, Yy = Yor and Yo, = V18 summarized in Table 6.5.

Table 6.5 Matrix ') (k, z) in the small k and z limits

ap
noq 8L
0 0 0
q 0 ,iqu{q 0
g 0 0 —ik?y
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We must then invert:

Il (k,z) = YKl Sy = —ik*Y,8up (157)
Y
to obtain the hydrodynamic limit for the dynamic part of the memory functi-
on:
Kig (k2) = ¥ —ik¥,80y(S ™)
Y
— (5o (158)

One can then easily work out the various nonzero matrix elements for K@),
Clearly:

(@) _
K,y =0 (159)
for all B. For o = gy,
(d) - 2 -1
KgLB(k,Z) = —ik 'YSBgL(S )SLB
1
_ 2 s = 2~
= ik YSBgL kBTmn = —ik ’YBBgL . (160)
Fora =g¢,:
d . —
K\ (1, 2) = —ikPy,(S V) (161)
which has only two nonzero elements.:
gt
g\ — 2 R, 2y 162
99 mnp-ITCy 1y (162)
and:
d . _
Kid = =iy (s7)
= ik y . 163
(vt (163)

Then the dynamic part of the memory function is summarized in Table 6.6.

6.9
Fluctuation Spectrum Including Damping

We are now in a position to work out the hydrodynamic spectrum for the
longitudinal case where we include damping. In this case we must invert the
matrix:

2Cop — ; (K&? + Kf{?) Cp = Sap (164)
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Table 6.6 Matrix K(%)(q,z) in the hydrodynamic regime

n q 8L
n 0 0 0
ik?y,(Cp—Cy) Cos
qcvgnq —ik Yq 0
g 0 0 —iky

where K(*) and K(?) are given in Tables 6.3 and 6.6. The determinant of the ma-
trix (z — K), summarized in Table 6.7, is easily worked out at the appropriate
order and is given by:

k
KELKlD (165)

D(k,z) = (z+ ikz?q)[z(z + ik?¥) — ?k*] — p”

Since we have:

C,—C S
KEg@ _ _k< p v)sq_nl g2 Yo San

89 qn Cv TCy Sun
C,—Cy\ Y 1
= —ik* (£ T — 166
! ( Cy )mTCV Son (166)

we can write:

D(k,z) = (z+ ikz?q) [z(z + ik*Y) — *K?]
CV szCVSnn

+ik* (167)

Table 6.7 Matrix (z — K)o

n q 3B
n z 0 —k/m
Ky -kl o
s s d
8o *Kz(z") - z(m) Z- K((gg)

The zeros of D(k, z) control the poles in the complex correlation functions.
So, if we look near the heat mode pole and write:

z = —iD7k* + O(K%) , (168)
then Eq. (167) becomes:
D(k,iD7k*) = [=iD7k® + ik*y,|[—iDrk* (—iD1k* + ik*y) — k]

‘k4
H Cy  m2TCySum
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= —K*(—ik*)(Dr — ¥,) + ik*

(CP - CV)Yq
szC%Sm,

, (169)

where we have kept terms of O(k*). The position of the pole corresponds to a

zero of D(k,iDrk?); this determines Dr:

-
q m2TCZ Sy
or:
1 (CG-Cv) Y
Dt = —_—_rF 77 4
T Y~ 2 m2TC%,  Sun
_ Ty Cvm a_”)T (CP—CV) Yy

mnp~1TCy - C_p ap

mZTC‘z/ Sun

mrar=r N
rmTCyBtn \on /)¢

(170)

(171)

_y [ 1 (G -Cy) <3_n>
" mnTpITCY Cp op
_ Yq [1_(CP—CV)}
mnT[TlCV Cp
_ Yg
mnT[Tle
The damping of the Rayleigh peak, corresponding to the heat mode, is given
by:
_ T
mnT[Tle ’
where:

1 te
w=3p ), OFIHO)

Dr is related to the thermal conductivity by:

A
D J—
T mnCp
So:
Y,
A= mnCyDy = —1
p=T TBA

(172)

(173)

(174)
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is the usual Green-Kubo formula for the thermal conductivity.
The damping of the sound mode can be obtained by putting:

z:j:ck—%kzl” ) (175)
in the determinant D(k, z) where the sound attenuation I’ is to be determined:
D(k, +ck — %kzl“) = (i ck — %kzl“ + ik27q>

x [(j:ck - %kﬁ“) (skck — %kzl“ +iky) — K>

(Cp—Cv)y,
et 176
Tz, (176)
and we again work to O(k*). Looking first at the term:
<ick - %k2r> [k + ik (Y —T/2)] — >
= AR Lick3(y-T/2) F %ck31" + Ok — 2K
= +ick®(y—T/2-T/2) (177)
so we can drop terms of O(k°) in Eq. (176) and obtain:
D(k, + ck — %kzr) = ck(+ick®)(7—T)
ik*(C, — C
( 14 V)Yq (178)
mZTC%,S,m
C,—-C
= ik* |2(y-T) + &) % (179)

m2TC3, Sun
The zeros of D(k, & ck — %sz) determine the sound attenuation coefficient:

L 16 -Cy) Y
I = -t . 180
v c? mZTC‘Z/ Snn ( )

This expression can be reduced considerably by substituting for ¢? (Eq. (88)),
Sun [Eq. (25)], v, [Eq. (171)] and ¥, [Eq. (160)] with the results:

Br, Cv (871) (Cp—Cv)

r — oy L tv)
mn  Cp \dp)r m2TC}

op mn o _q
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_ B, (CP—CV>DT . (181)

mn Cy

It is conventional to define the bulk viscosity  via:

4 _ By
(5‘1 + g) ymn = BT (182)

and so we have the Green-Kubo formula:
4 1 oo dt
<§n + c) =57 | pleFer®) . (183)

Thus we have characterized the pole structure for the longitudinal modes:
there is a diffusive heat mode at z = —iDrk? and two damped traveling
modes at z = =ck — ikI'/2 where Dt and I are identified with the basic
transport coefficients.

We must still determine the residues for the poles in each correlation functi-
on. This requires computing the numerator divided by the determinant D (k, z)
when inverting Eq. (164) for the correlation functions. We find for the density—
density fluctuation function:

y {& (z+ik*(T + Dr(Cp/Cy — 1))

Cp 22 — c?k? 4 izk?T
Cy 1
1-—)———— 184
+ Cp)z—i—ikzDT} (184)
B B_lmnCpT
k*D 1
kz) = BT (an/aT g 1
Cug(k,2) = BT (9n/9T), Lz—czkz—f—izkzr t 7w, (189
B B~ tmn
Ci(k,z) = i (187)
The longitudinal current correlations follow from:
ZCny(k, Z) - k . ng(k, Z) - Sny(k) y (188)
where y = n, g1, or g. Since,
z2Cnn(k,z) — k- Cgu(k,z) = Sun(k) (189)

22Cun(k,z) — k- Cgg(k, z) - k = Spn(k) (190)
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1
Ce, (k,z) = 2 [chnn (k,z) = Sun(k)]
The transport coefficients are:
A
D —
g mnCy

where Dr is the thermal diffusivity,

(4 Cp—Cy

is the sound attenuation,

n= ka / oFoF (1))

is the shear viscosity,

3kBT2V / tO% -3 (8)

is the thermal conductivity, and:

(3n+8) =y [ dloFoF()

(191)

(192)

(193)

(194)

(195)

(196)

defines the bulk viscosity. These expressions for the transport coefficients were
first derived by Green [11] and Mori [12]. A schematic drawing, Fig. 6.1,
of the density—density correlation function shows the three-peak structure,
two sound peaks at ® = Fck and a heat mode at the origin. The widths are
proportional to Tk? and D7¢? and the area ratio is (Cy/Cp)/(1 — Cy/Cp) =

Snn(th)
g / kquz 7[%&
Brillouin Rayleigh Brillouin
peak peak peak

Fig. 6.1 Schematic of the three peak hydrodynamic spectrum for the
density—density correlation function.
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Ar 84.97°K

n J

T k 2.883GHz —

| L J_/L
[o] 1.0 2.

o 3.0 GHz

2.883GHz

-+

1 ~——

-3.0 -2.0

4

FREQUENCY SHIFT

Fig. 6.2 Early light-scattering spectrum for liquid argon. Source: Ref.
[16].

Cp/Cy — 1. Clearly, in a scattering experiment one can measure the position
and widths of all the lines and extract ¢, I', Dt and C,/Cy — 1.

The full theoretical treatment of the density—density spectrum is due to
Landau and Placzek [8]. A detailed theoretical analysis was given by Frenkel
[13]. Experimentally the existence of the Brillouin doublet was established
using light scattering by Gross [14]. However the resolution was not good
enough to resolve the width of the Brillouin peaks. The first measurements
of the widths of the Brillouin lines in liquids is due to Mash, Starunov and
Fabelinskii [15]. For an example of an experimental light scattering spectrum,

see Fig. 6.2, which is for liquid argon from Ref. [16].
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6.11
Problems for Chapter 6

Problem 6.1: Show, for a simple fluid system, that we have the thermodyna-

mic identity:
sy s
N /)7, N’

where S is the entropy, N the number of particles, T the temperature and p the
pressure.

Problem 6.2: In the absence of damping, use Eq. (99) to determine the correla-
tion functions Cg;n(k, z) and Cgg; (k, z).

Problem 6.3: Show, in the contribution to the static part of the memory Func-
tion, that the matrix:

T (x—y) = —(wp(y) Lwe (X))

vanishes unless y, and yg have different signatures under time reversal.
Problem 6.4: Show that the determinant:

ds - SnnSqq - anSqn

can be written in the form given by Eq. (86).
Problem 6.5: Show that:

Y _ S (op
on)s Cy \on)y
Problem 6.6: Show using symmetry that:
reo dt
Vo= | GULFE®m) =0 .
Problem 6.7: Show using Eq. (136) and Eq. (196) that the bulk viscosity is

positive.
Problem 6.8: If one works with the undamped continuity equations:

5 - V'8
and

g

_Et _vp 7

where p is the mass density, g the momentum density, and p = p(p) the
pressure, show that one is led to sound waves with the isothermal speed of
sound.
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7
Kinetic Theory

7.1
Introduction

Kinetic theory is the theoretical approach, which attempts to carry out a com-
plete dynamical treatment of large fluid systems starting at the atomistic le-
vel. This is to be contrasted with a hydrodynamical point of view where we
organize things in terms of the slow variables. The kinetic theory of gases
has an rich history. A brief description of the early history is given in ESM
[1] while a much more extensive discussion is given by Brush [2]. The his-
tory and controversy associated with kinetic theory are connected with the
establishment of the existence of atoms and the use of probability theory in
physics. Indeed much of the seminal work [3] in kinetic theory was carried out
in the mid-nineteenth century well before the size of atoms was established
[4] definitively, as discussed in Chapter 1, in the early part of the twentieth
century. In this chapter we first build up an understanding of traditional kine-
tic theory using elementary ideas of geometry and probability theory. This
discussion introduces the concepts of mean-free path and mean-free time.
This leads us naturally to a discussion of the Boltzmann equation and the
approach of dilute fluid systems to equilibrium. Analysis of the nonlinear
Boltzmann equation allows for a dynamical understanding of the Maxwell
velocity probability distribution function. Next, we restrict our discussion to
situations near equilibrium and the linearized Boltzmann equation. We study,
as a first approximation, the single relaxation time approximation and tradi-
tional transport in driven systems. In the second half of this chapter we show
how kinetic theory in the linear- response regime can be made systematic
via the use of phase-space time-correlation functions in the memory-function
approach.

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4
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7.2
Boltzmann Equation

7.2.1
Ideal Gas Law

In this section we give a derivation of the Boltzmann equation. We begin with
an elementary example that sets up some of the ideas we will use later. The
appropriate probability distribution for treating dilute-gas kinetics is related
to the phase-space density [5],

N
flxp) =) 3(x—1)3(p—pi) 1)
i=1
for a system of N particles with phase-space coordinates {r;, p;}. Momentum

integrals of f give back observables of interest. The particle number density is
given by:

7 pr— 3 £ pr— N _— ;
i t) = [dp flxp) = Y 8(x—r) @
i=1

the momentum density is given by:

gxt) = [dpp fxp.t) )
and the kinetic energy current density is given by:
i) = [dpeap)® fixpb @
where the particles have mass m and:
2
- P

We are interested in determining the nonequilibrium average [6] of f(x, p, t),

fx,pt) = (f(x,p,t))NE - (6)

This quantity is a probability distribution function and is traditionally called
the singlet probability distribution function. The reason is that it monitors the
statistical properties of a typical single particle [7]. If we can determine the
singlet distribution function we can obtain the nonequilibrium averages:

nxt) = (a(x, O)ve = [ Ep fxpit) )

g(x, 1) :/d%pf(x,p,t) (8)



7.2 Boltzmann Equation

and:

k(e t) = [@pea(p)® feop,t) . ©)

m

What is the equilibrium form for f(x, p, t)? This is worked out in Appendix
C with the result that:

fea(xp) = fo(p) = n®(p) , (10)
where n = N/V = (fi(x)) is the average density and:
e—Bp?/2m
@(p) = (kg 1) (11)

is the normalized Maxwell velocity probability distribution for a system at
equilibrium with temperature T.

Let us investigate the usefulness of the singlet distribution function in the
simplest kinetic context. We want to use [8] geometry and elementary probabi-
lity theory to compute the pressure acting on a wall due to a dilute gas. Before
proceeding further it is useful to point out that, in certain circumstances, it is
more convenient to use velocity rather than momentum as labels on the singlet
distribution function. It is easy to see (Problem 7.1) that these two distributions
are simply related,

N
f(x,v) = <Z d(x—1;)d(v — vi)> = m3f(x, p) ., (12)
i=1 NE

and we will freely move back and forth between the two as is convenient.
The singlet distribution function is normalized such that:

/V Bxd®vf(x,v,t) = N (13)

where N is the total number of molecules in the volume V. More locally
f(x,v,t)d®xd%v gives the number of molecules in the region of phase-space
between x + dx and x and v 4+ dv and v.

Consider a very dilute gas colliding with a wall where the collisions are
assumed to be elastic. What is the pressure on the wall? Pressure is the mo-
mentum transferred by the molecules to a unit area of wall per unit of time.
Consider, as shown in Fig. 7.1, a small flat area of wall of area 8A and look
at the momentum transferred in time dt. All the molecules with speed v that
make a collision with the area 8 A during time &t lie inside the cylinder shown
in Fig. 7.1. The cylinder with base dA has a side parallel to v with a length v5¢.
The number of molecules ny with velocity v in the cylinder is given by:

1y = /6 dxflov) (14)
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Fig. 7.1 Collision cylinder for particles with velocity v that collide with a
wall during a time &¢.
where the volume of the cylinder is given by:
0Y = 8Adt vcosO . (15)
The momentum exchange during a collision with the wall is:
Ap, = 2mv cos 0 (16)

and if the molecules are to hit the wall, v, = v cos 6 > 0.
The total momentum Py transferred to the area A of the wall by molecules
that move with velocity v in time 8t is:

Py = 2mv cos 0 ny

= 2mv cos G/F; Bxf(x,v,t) . (17)
JoV

The total momentum P transferred to the wall by molecules of all possible
velocities is obtained by integration over v, 8 and ¢ where ¢ is the azimuthal
angle:

oo /2 2n
P:/ do vz/ ae sine/ dd 2mo cose/ ABxf(x,v,t) . (18)
0 0 0 Y

The integration extends over 0 < 6 < /2, since for 6 > ©/2 the molecules tra-
vel away from the wall. Let us assume that the gas is spatially homogeneous,
then:

f(x, v, t) =nf(v,t) , (19)

and Eq. (18) reduces to:

~00 ‘T/2 27 .
P = / do 02/ a6 sin G/ dd 2mv cos G/ dx nf(v,t)
0 Jo 0 3V
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[ /2 21
= / do vz/ de sin 9/ do 2mov cos 6 dVnf(v,t)
0 0 0

00 /2 2T
= / do 02/ d6 sin 6 d¢ 2mv cos 0 8Adt v cos O nf(v,t)
0 0 0

o0 n/2
ndAdt / do ot / d0 sin 0 cos’ 0 4mm f(v,t) . (20)
0 0

Letting u = cos 6, du = —sin® 46, and assuming the system is isotropic in
velocity space we have:

P = ndAdtdmm /Ooo do v*f(v,t) /10 —duu?
— nSAStAmm /O " dov*f (o, t)% . 1)
The pressure is given by:
p:%:nMTm/omdvv‘Lf(v,t) . (22)

In equilibrium we have the Maxwell velocity distribution:

feQ(o,t) = @(v) = (21:;T>3/2 e 2bmo? (23)
Letting v = an—Tx we obtain:
P= ”47;” (2;;’[)3/2 (2TZ§T> b /O'°° dx e
_ g%kT /O Y dxdde (24)
From the standard tables we have:
/(;oo dx xte ™ = % , (25)

which leads to the final result:
p=nkT , (26)

which is the ideal gas law.

We can use the same reasoning to compute the number of molecules that
strike the area 8A in time &f. The first step is to compute the number of mo-
lecules with a given velocity v that collide with 8A in time &t. This is given

by:

Ny = /F;V Brf(x,v,t) . 27)
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The total number of molecules striking A in time 8t is given by:

oo /2 21
N = / v / d0sin 6 [ doNy . (28)
0 0 0
Again, assuming the gas is homogeneous in space:
Ny =d8Vnf(v,t) = 8Adt v cos O nf(v,t) (29)

and the total number is given by:
B 3 /2 21
N = / vzdv/ dé sin 9/ do 8ASt v cos O nf(v,t)
0 0 0
oo /2 2n
= 8A8tn/ U3dv/ de sin 0 cos G/ do f(v,t) . (30)
0 0 0

If we further assume the system is in thermal equilibrium, then we can use
Eq. (23) and evaluate the remaining integrals (see Problem 7.2) to obtain:

N = adAdt (31)

where g, the rate of effusion, is given by:

kT 1/2
=n|— 32
a=n (m) , (32)
and is the number of particles that escape from a hole in a wall enclosing a
sample per unit time per unit area.

7.2.2
Mean-Free Path

Having considered collisions between molecules and a wall we now move on
to consider binary collisions between molecules. The problem we address was
formulated by Clausius [9]. In looking at the kinetics of dilute gases, one finds
that disturbances are not communicated across a sample at thermal speeds. If
one had thermal ballistic motion, disturbances would travel across a sample
with speed v3 = kgT/m. Instead, thermal transport is much slower due to
collisions. Collisions lead to a type of random walk of particles across the
sample, with steps on the order of the mean-free path — the average distance
between collisions. Thus we have diffusion as opposed to ballistic motion. We
can estimate this mean-free path using elementary geometrical and probabili-
stic arguments.

Let us assume that the range of interactions between particles is ry and
is short compared to the distance between molecules in the gas. To a first
approximation we can think of the molecules as spheres of diameter 7y.
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v, - viot

Fig. 7.2 Collision cylinder for particles with velocities v and v that
collide during a time interval &t.

We carry out this determination of the mean-free path using the idea of a
collision cylinder. Suppose a molecule with velocity v collides with another
particle with velocity v; at time t. We describe the collision by choosing a
coordinate system (see Fig. 7.2) with its origin at the center of the first mo-
lecule, and the z-axis is drawn in the direction of the relative velocity vector
vi — v. The molecules collide with each other only if the distance between
their centers is smaller than ry. This means that the center of the molecule
with velocity vi must at time ¢ lie inside the cylinder if a collision is to take
place in the succeeding time interval 8t. The height of this collision cylinder
(see Fig.7.2) is:

h=|vqg—vl|dt . (33)

The cross sectional area is simply 173, so the volume of the collision cylinder
is:

Ve = nrgh = nr§|vy — v|8t . (34)

We can use the collision cylinder to compute the number of binary collisions
that take place in a small column of gas in time &f between molecules with
velocity v and v;. In a small volume d3x in the gas, there are f (x,v, t)d3x d3v
molecules with velocity v located at position x. To each of these molecules the-
re is attached a collision cylinder appropriate for collisions with molecules of
velocity v, within a time interval §¢. The number of such collision cylinders is
therefore f(x, v, t)d3x d>v. The total volume occupied by the collision cylinder
is the number of cylinders times the volume per cylinder:

VI = f(x,v,t)dx d®0 V. = f(x,v,t)dx d>0 nr|vy — v|St . (35)

To compute the number of (v, v1) collisions, we must compute the number of
molecules with velocity v; that are present in collision cylinders at the begin-
ning of the time interval. Going forward we assume that the gas is sufficiently
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dilute that collision cylinders contain at most one molecule with velocity v;
and these molecules lead to (v, vq) collisions.

The number of molecules with velocity v; present in the (v,vy) collision
cylinders at the instant t, N, is equal to the numbers of vi-molecules per unit
volume,

N(vi) = f(x, vy, t) &0 , (36)
multiplied by the total volume, V.1, of (v, v;) cylinders:
Nr=N(v)V . (37)

In summary the number of collisions occurring within time interval &t bet-
ween molecules in the velocity range v to v + dv and the molecules in the
range vi to vi 4 dvp in volume d3x of gas centered about position x is given

by:
Nt = f(x,vi,t) o1 f(x,v,t)d®x d®v nrd|vy — v|8t

= f(x,v,t)f(x, vy, )3 |vy — v| d®v dPvy d®x &t . (38)

Notice that this expression is symmetric in v and vy [10].

The total number of collisions suffered by molecules of velocity v in spatial
volume d3x in time 8t comes from integrating over the velocities of all their
collision partners:

N(x,v,t) 3o dB3xst
= f(x, v, t)mrjd®xdt d°v / oy f(x,vi,t)|v —v| . (39)

The total number of collisions suffered by molecules of all velocities in spatial
volume d%x and in time 8t is given by:

N (x, 1) d3x8t = d®x5t / Ponr? / Py F(x,vi, t)|vi —v| (40)
Assuming the gas is homogeneous in space, where Eq. (19) holds, we have:
N(v,t) = n?f(v,t)nr3 / Aoy f(vi,t)|vi — V| (41)
and the number of collisions per unit volume per unit time is:
N(t) = / PoN(v, t)

n2nrd / Pof(v,1) / Poy Fvi, D)lvi —v| . (42)
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The average collision rate v(t) is the number of collisions per unit volume per
unit time divided by the number of molecules per unit volume,

v(t) = @ - nnrg/ d3vf(v,t)/ Poy f(vi, )i —v| . 43)

The average time between collisions, the mean-free time, is:

t=1/v . (44)
The mean-free path is then given by:

(=ut , (45)

where u is the average speed:

:/d3v vf(v,t) . (46)

If we further restrict ourselves to thermal equilibrium then v(#) is independent
of time and f(v) is the Maxwell velocity distribution. In Problem 7.3 we show
that the average speed is given by:

U= (Sk—T>1/2 . (47)

m

The collision rate in equilibrium can then be evaluated using:
Vv = nnrj (L / d>v / vy e 3 Pm (0 +op) lvi —v| . (48)
2nkT
The remaining integrals are evaluated in Problem 7.4, with the result:

-1

T :v:4nr%1/n];]13T . (49)

The mean-free path is given by:

u 1
b=—=—— . 50
v V2nmr? (50)
As expected the mean-free path is inversely proportional to density and mo-
lecular diameter.

723
Boltzmann Equation: Kinematics

The elementary ideas developed in the previous sections makes the assump-
tion that we know the singlet distribution function in equilibrium. Here, we
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develop some of the ideas we need to determine the singlet distribution under
a variety of nonequilibrium conditions. The first step is to look at the equation
of motion for the phase-space density. In Chapter 5 we established that:

2fep ) =ifeopt) 61)

where L is the Liouville operator. Going further, we found that:

d , Vi .
= Foup,t) = —B2f 0 p) + fi(x b, ) (52)

where, for pair interactions, the nonlinear interaction contribution is given by:

fitxp,t) =~ / o dprili(x —x,p,p1) fOx,p1)f(xp) . (53)
where we define the interaction part of the two-body Liouville operator,
Li(x —x1,p,p1) = iVxV(x—x1) - (Vp — Vp,) . (54)

It is left to Problem 7.5 to show that if we have an external force Fr that occurs

in Newton’s law in the form:

dp;(t N

Pd;E) = Fe(ry, pi t) — 2 ViV —1;) , (55)
j(#)=1

then the equation of motion for the phase-space density takes the form:

2Fept) = B V3 pt) -V, (Fe(xp, f (b))

+fi(x,p.t) . (56)

If we have uniform applied electric and magnetic fields then:

FE:qE—i—g(va) (57)
and because:

then we have the equation of motion:

-a pVx
ET

+Fe(x,p 1) V| flxpt) = filxpt) (59)
After taking the average over a nonequilibrium ensemble we have:

_a va
E

+Fe(x,p,t)-Vp| f(x,p,t) = fi(x,p,t) . (60)
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724
Boltzmann Collision Integral

Let us turn next to the treatment of collisions in the Boltzmann kinetic equati-
on. The effect of intermolecular collisions is to modify the count of molecules
entering and leaving the region in phase space x to x + dx and v to v + dv
in time interval 8t. The number of particles in this volume is effected by col-
lisions in two ways. Some streaming molecules are kicked out while others
are knocked into the volume of interest. We can write the contribution to the
kinetic equation in the form:

fr(x, p, t)dxd®vdt = (J4 — J_)d>xd®vdt . (61)

This is the net change in the number of particles in d°>xd%v8t due to collisions.
In this equation J4d®xd®vdt is the number of particles entering the region of
phase space in time 8t via collisions, and J_d3xd®v8t the number of particles
leaving the region of phase space in time &t via collisions.

Before determining [ and J— we need some background on two-body dy-
namics. We assume we have elastic collisions between two particles of equal
mass m as shown schematically in Fig. 7.3. We assume that well before the col-
lision at time t at position x, the particles have velocities v; and v,. Well after
the collision, the particles have the final velocities v| and v}. These asymptotic
velocities are connected by conservation of momentum and kinetic energy (for
short-ranged interactions):

ViV = V] +V) (62)
Vi+vi=(v1)?+ (v2)? (63)
If we introduce center of mass (COM) variables:

V= -(vi+v) (64)

NI =

Fig. 7.3 Before and after collision kinematics for two particles with
velocities v; and v, before the collision and v{ and v} after the collision.
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V=V —Vy , (65)
then clearly:
v=V . (66)

Since we have the inverse relations:

Vi=V4y (67)

2

v

=V-~-, 68
A4 ) ( )

we have for conservation of kinetic energy:

2 2 2, 15 n2 o Lo

vi+v; =2V +§v =2(V') +§(v) . (69)

Since V2 = (V’)? we have that the relative speed is unchanged by the collisi-

on: v2 = (v/)2. The angle between v and v’ is defined by:

v-v =02cos . (70)

If we limit ourselves at first to the case of hard spheres, then we have the
collision diagram shown in Fig. 7.4. We can then connect the before and after
velocities in the COM using:

vV=v-20(p-v) , (71)

where p is the unit vector connecting the centers of the two colliding particles
at contact. The scattering angle 6 is related to the angle between p and v,

Fig. 7.4 Scattering kinematics for particles with initial relative velocity
v, final velocity v/, impact parameter b, r, is the hard-sphere diameter
and p is the unit vector connecting the centers of the particles at
contact.
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Fig. 7.5 Kinematics for two-particle collisions in terms of a collision
cylinder.

cos X = P - vby2y+ 6 = n. We also have sin y = b/rg where b is the impact
parameter.

Let us determine ]_, the number of molecules that leave the volume dBxd®v
in time 6t via collisions. Consider collisions between molecules with velocity v
in volume d®x centered at position x and molecules that move with a different
velocity vy such that the impact parameter of the (v, vy) collision falls in the
range of impact parameter b to b + db, as shown in Fig. 7.5. The azimuthal
angle of the collision is assumed to be confined to the range ¢ to ¢ + d¢ about
a plane fixed in space and containing the relative velocity v; — v. A collision
takes place if the centers of the two molecules are located inside the collision
cylinder shown in Fig. 7.5. Notice that the problem here is very similar to the
determination of the collision cylinder in determining the mean collision rate.
The difference is the base we use for the collision cylinder. In Fig. 7.5 the base
is the full collisional cross sectional area Ttr%. In the current case, for reasons
that become clear when we treat ], the base is db b d¢ as shown in Fig. 7.5.

The number of molecules moving with velocity v in the region d®x is
f(x,v,t)d3xd®v and the total volume of collision cylinders for the (v, v1) colli-
sion is:

f(x,v, t)d>xd>vbdbdo |v; — v|5t . (72)
The number of molecules with velocity v; in the collision cylinder is:
flx vy, t)d%0; (73)
so the number of collisions under consideration is:

N(v,v1) = f(x,vi,t)d01 f(x, v, t)d>xd>vbdbdo |v; — v|3t . (74)
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The molecular flux J_ comes from integrating over all velocities v;, impact
parameters b and azimuthal angles ¢:

: 7 2n
J_dPxd3ust = [ / P, / " db / bdo [vi — v]f(x,v, 1) f(x,v1,t)
0 0
xd3xd®odt (75)

where 1y denotes the range of forces. In this case, in contrast with our treat-
ment of J; below, we can do the integral over b and ¢ to find that |- =
N(x,v,t) where N(x, v, t) is given in the treatment of the mean collision rate
by Eq. (39).

Next we need to evaluate ], the number of particles scattered into the
phase-space volume d3vd3x in time 8. This is the process where two par-
ticles with velocities v/ and v/ are scattered into v and v;. We easily have
that the number of particles going from (v/,v}) into (v,v;) in the volume
d%0'd%0 d3x3t, is, in complete analogy with Eq. (74),

N, V) = f(x, v, )d>0 f(x, v/, t)d>xd*0'bdbdo [v] — v/[St . (76)
We show in Problem 7.6 that:
40’ d%0| = d*od’v; , (77)
and we know that:
vi—Vvi|=lv1i-v|, (78)

since the magnitude of the relative velocity is preserved in an elastic collision.
We have then:

N, V) = f(x, v}, t)f(x,V,t)bdbd¢ |v; — v|d®vd3v d®xSt . (79)
Then after integrating over v, b and ¢ we arrive at the expression for J:
J. dPxd®0dt = [/ Ao /(:0 bdb /0.27t do [vy —v|f(x, V', t) f(x, V], t)
xd3xd3vdt . (80)
Since v/ and v/ depend on v, v; and b we can not carry out the integral over

b. Putting together the results for J_ and |4 in Eq. (61) we have the famous
expression for the Boltzmann collision integral:

s = [ o Moo [Tao v (A -fR) @
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where we have used the convenient notation f = f(x,v,t), fi = f(x,vy,1),
f' = f(x,v/,t) and f] = f(x,v},t). Putting Eq. (81) back into Eq. (60) the
Boltzmann equation [11] is then given by:

% +v- Vf f[ , (82)

where, here, we assume there is zero external force acting.

It is conventional to write the collisional contribution to the Boltzmann
equation in term of the differential cross section 6. We show in Problem 7.7
that we can replace the integral over the impact parameter with a properly
weighted average over the scattering angles:

/bdbdq)...:/dQG(|v1—v|,Q)... , (83)
where:
dQ) = sin 6 d6d¢ (84)

is the usual differential for the solid angle in spherical coordinates. Then we
have for the Boltzmann collision integral:

fitx, v t) = [dor [dQo(lvi v, Q) v =V (Ffi~fA) - (89)

7.2.5
Collisional Invariants

It is important to consider momentum integrals of the collision integral defi-
ned by:

My (x f) = / Po (V) fi(x, v, 1)
= [ @ou) [ oy [dQo(lvi = v],0) [vi = vI (F'fi ~ f1) - 86)
If we exchange v and v in the integral we have:
- / oy 7(v1) / o
< [aQo(v—vil,Q)lv=vi (fif =fif) . 7

We see that the integrand is the same as before the exchange except x(v) —
%(v1). Next we make the change of variables v — v’ and v; — v/ in Eq. (86):

My (x,t) = / d%’x(v’)/d%’l
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X /dQ o(lvi =V, Q) [vi =V'| (fA—-ffi) - (88)

Remembering that d°v'd®v] = d®vd3v; and |v] — v/| = |v; — v| we have:
My (x,t) = —/ Aoy (v') /d3vl
x [ao(vi —v,Q)lvi —vI(Fi-fA) - (9

The final change of variables of interest is v — v} and v; — v
My(x,t) = [ o) [do
< [aQo(v Vi, Q) W =i (Af = fif) . (©0)
Using the same relations as used in the last transformation this reduces to:
My(x,t) = = [ dox(vi) [ dor
x [d0o(vi —vL O =¥ (Ffi—f£) - O
We find a key result when we add the four equivalent results and divide by 4:
My(xt) = i / Podo, / dQo(|vi — v], Q) |vi — V|

<[+ =2 —x) (FFA-fA) - (92)
This tells us that if we have a function of velocity that satisfies
1(v) +x(vi) = x(v) +x(v1) (93)
then the matrix element vanishes:
My(x,t) =0 . (94)

Clearly such collisional invariants correspond to conservation laws:

x(v) = 1 conservation of particle number (95)
x(v) = v conservation of momentum (96)
x(v) = v? conservation of kinetic energy . 97)

Returning to the Boltzmann equation given by Eq. (82) we see that we obtain
the hydrodynamic equations if we multiply by x;(p) and integrate over all p.
For example with ; (p) = 1, we have:

on

M__ .8
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which is just the continuity equation for particle number. Similarly, for conser-
vation of momentum:

08 >
% = —/dgppizivjvjf(xrprt) (99)
]:
3
= —ZVJ‘GZ']‘ , (100)
j=1
where:
. pip;
o= [ pE L flxp,1) (101)

is the kinetic part of the stress tensor. Finally, choosing y(v) = %v? and inte-
grating, we obtain:

aﬁK e
5=V, (102)

where the kinetic energy current is given by:

= [ Erep) Bropt (103)

m
As we shall see, in traditional kinetic theory we extract transport coefficients

using the currents 6;; and Jk.

7.2.6
Approach to Equilibrium

Boltzmann developed an ingenious argument [11] to show that the Boltzmann
equation drives an arbitrary velocity distribution to the Maxwell velocity dis-
tribution. To begin, we introduce a function similar to the entropy function
defined in equilibrium. This is the Boltzmann H-function [12]:

H(t) = / Po f(v,) In f(v,1) (104)

where for simplicity we assume the system is uniform in space and f is inde-
pendent of x. Now take the time derivative of H:

ﬂgﬁ_/ﬁ%<%u+mfmg>. (105)

Next use the Boltzmann equation, Eq. (82) absent the gradient term, to obtain:

dlj—it) = / Po(1+1n f(v, 1)) f1(v,1) = My, (t) (106)
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where we have a matrix element of the collision integral, using the notation
introduced in Eq. (86), with:

Xg=1+1Inf(v,t) . (107)
If we then use the result Eq. (92) with ) = x; we have:

—dljgt) = 411/ Pod®o, /dQ o(lvi —v],Q) [vi —v| (f'fl — ff1)

X [1+Inf+1+Inf; —1—1Inf —1—Inf]
_ 31/ Poddo, / dQ o(|vi — v|,Q) [v; — v|
< (f'fi=ffi)In (&) : (108)
f'h
Consider the inequality (see Problem 7.8):

(x—y)In (%) <0, (109)

where the equality holds only for x = y. Let us choose x = f'f] andy = ff; in
Eq. (108). Then, since the rest of the integral in Eq. (108) is manifestly positive,
we have the inequality:

dH(t)
—5 <0 - (110)

Thus H(t) decreases monotonically with time, and we can conclude, indepen-
dent of the initial distribution function, the system will be driven to a final
state where the distribution function satisfies:

fo(v)fo(v1) = fo(¥') fo(v1) (111)

we have added the subscript on f to indicate the distribution corresponds to
the stationary state. Taking the logarithm, we have:

Info(v) +1Infy(vy) = Info(v') + lnfo(vll) , (112)

which is of the form of a conservation law like Eq. (93).
The general solution to Eq. (112) is a sum of all of the invariants:

Info(v) = a1x;(v) +a2xp(v) + asxs(v) + agxs(v) + asxs(v)
= a+b-v4ov? , (113)

where we have the five constants a, b, and ¢ to determine. These are determi-
ned by the conditions:

/ Bofo(v) =n (114)
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/ Bovfy(v) =nu (115)
3, M 2 _
/ a0 2 (v—u)? folv) = nukT (116)

where the density n, average velocity u and temperature T may be functions
of position. It is easy to show that the general solution in equilibrium is of the
form:

m 3/2 _gm v—u)?
fO(V)Zn(anT) e Brlv-uw)7 (117)

7.2.7
Linearized Boltzmann Collision Integral

In most situations where we can make progress, we must assume that we are
near equilibrium. Thus we make the assumption that the singlet distribution
function is close to its equilibrium value. Thus we write:

fx,p,t) = fo(x,p) +8(x,p,t) , (118)

where g is treated as small. We can then expand the Boltzmann collision inte-
gral in powers of g:

o= [ dor [ao(vi=vl,Q) v vl (£ fi - ff1)
- /d%l /dQ o(jv1 — v|,Q) |vi — V|
< [(fo+8)(for+81) — (fo+8)(for+81)] (119)
- /d%l /dQ o(|vi — v|,Q) [v1 — |
x [(fofoq — fofor) +8'for +81fo — 8for —gifo+...]  (120)

The zeroth-order term in g vanishes due to Eq. (111) and at linear order we
have:

Fov, ) = /d%l /dQ s(|vi — v|,Q) [vi — v| /d%z
X [fo18(va = V') + fo8(va = vi) = fo,18(va — V)
—fo8(v2 — v1)] §(x, v2, 1) (121)
= /d3szB(v, v2)g(x, v, t) (122)

where the linearized Boltzmann collision integral is given by:

Kp(v,vs) = /d%l / dQ 6(|jvy —v|, Q) [v1 — V|
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X [fo18(va = V') + fo8(va = v1) — fo,18(va — V)
—fod(v2 —v1)] . (123)

It is useful to consider the quantity:

Kp(v,v2) fo(va) /d3vl/dQ6 [vi —v], Q) |vq — v|

X [f018(va = V') + fo8(v2 = v1) — fo,18(v2 — v)
—fo8(v2 —v1)] fo(v2) - (124)

Using fyfy 1 = fofo and the 3-functions we find:

Kg(v,v2)fo(v2) = /f7l301/01Q o(lvi = v, Q) [vi —v|

X fofo [8(va — V') +8(vy — v}) — 8(va —v)
—8(v2 —v1)] . (125)

It is useful to show that Kp(v, v2) fo(v2) is symmetric under exchange v <
vy. We focus on the first of four contributions to Kp in Eq. (125):

Kg (v, v2) fo(v2) /d301 /dQ o(|vi —v|,Q)|vy —v]|
X fo(v) fo(v1)8(va = V') . (126)
Inserting the identity:
/ Posd(vs—v)) =1 , (127)
we have:

Ky (v, v2) fo(va) = /d3v1/d303/d0 o(|vi —v|,Q) vy —v|

x fo(v) fo(v1)8(va — v')8(vs — v1)

/ Ao / d3v; / dQo(|v) — V|, Q) V] —V'[fo(V)
X fo(v})8(vy — v')8(v3 — V)

= /d3v1/d303/d06 [vs — vp|, Q)

x|v3 —va|fo(v3)fo(v2)d(va —v')8(vs —vy)  (128)

The key observation is that:

8(vy —v')8(v3 —v)) = 8(vh —v)d(v5 —vq) , (129)
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where we have introduced the collision pair (v3, v3) — (v5, v4). We then have:

K](Bl)(v V2)f0 V2 /d301/d3v3/ dQG |V3—V2| Q) |V3—V2|
x fo(v3) fo(v2)8(vy — v)8(v3 —vq) . (130)

Next, do the integral over v; with the result:

Ky (v, v2) fo(v2) /d303/d00 vz — v/, Q)
x|v3 = va|fo(v3)fo(v2)8(vy —v) . (131)

Comparing this result with Eq. (126) we see that we have the symmetry:

K& (v, v2) fo(va) = K (va,v) fo(v) (132)

It is left to Problem 7.9, using similar manipulations, to show that the three
other contributions, and the full K, also obey the symmetry.

7.2.8
Kinetic Models

Itis very difficult to make progress solving the linearized Boltzmann equation.
Here we describe a practical method for both extracting the physics contai-
ned in the linearized Boltzmann equation and for establishing a systematic
accurate solution. We focus here on the collisional contribution to the kinetic
equation, which can be written in the general form:

filx,p,t) = — / #p'Kg(p, p')f(x, P, 1) , (133)

where K (p, p’) is the linearized Boltzmann collision operator. It is an integral
operator. For our purposes here, this operator has two sets of properties. It
satisfies the symmetry:

I's(p,p’) = Kg(p,P)fo(p’) = Ks(p',p)fo(p) (134)

and certain momentum integrals, related to the conservation laws, have zero
matrix elements:

[ @pvip)Ks(p,p) =0 . (135)

If the particles of interest satisfy conservation of particles, momentum and
energy then Eq. (135) is true for the unnormalized set:

v; =1{Lpe(p)} - (136)
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In the case of electrical transport there is positive charge in addition to the car-
riers and typically in solids there is scattering from the lattice. Thus, the only
conservation law for the charge carriers is conservation of particle number.

Kp is a rather complicated [13] function of momenta and depends on the de-
tails of the interactions in the system. Here, we discuss a method for extracting
information from the associated kinetic equation that depends on the general
properties listed above. This is the method of kinetic modeling [14].

The first step in this approach is to construct a set of momentum polyno-
mials, y;(p), that are complete and orthonormal with respect to the Maxwell
distribution,

@ e P ron 137
(p) = W , (137)
as a weight. Orthonormality means:
/ Ep o(p)wi(p)w;(p) = 8 , (138)
while completeness is assumed to take the form:
Y vi(p)wi(p")@(p)@(p’) = 8(p — p")2(p) - (139)

I
—

1

The polynomials are labeled by a set of integers and clearly can be constructed
[15] in terms of a product of Hermit polynomials. Ideally the y;(p) would be
eigenfunctions of Kp. Generally we do not know [16] these eigenfunctions.

It is shown in Problem 7.10 that we can choose as the first five such polyno-
mials the set:

v =1 (140)
Yy = px/ po (141)
V3 = py/po (142)
Yy = pz/po (143)

Y5 = \@(80(10) —&)/(ksT) , (144)
where:

Po =V kaT (145)
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and:

g = %kBT (146)

Clearly one can continue on constructing higher-order polynomials.
In kinetic modeling one assumes that one can expand the collision integral
in terms of these polynomials:

Kg(p,p’ Zl kijwi(p)w;(p")@(p)®(p’) , (147)
ij

where we have used the symmetry given by Eq. (134). We assume for a given
problem (interaction potential) that we can evaluate the set of matrix elements:

i = | EpEpvi(p)Ka(p )PPV (P) - (148)

This may be very difficult in practice.
The key assumption in the kinetic modeling approach is that Eq. (147) can
be divided up into a block with i, j < N and the rest:

Kp(p,p')@(p) = ). ) kiyvi(P)v;(p")2(p)2(p")

We next make two rather bold assumptions or approximations:

o If either i or j or both are greater than N then we assume:

kl']' = kl-Sl-]- . (150)

e Fori > N then k; is independent of i:
ki=kntin+1 - (151)

Applying these assumptions to the expansion, Eq. (149), for the collision inte-
gral we obtain:

N N

Kg(p,p’) 21 Zlkz,wl )@ (p)@(p’)
=1y

[e9)

+ ) Y Siknvinavi(p)wi(p)@(p)@(p)
i=N+1j=N+1
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z

-

Z kijwi(p)v;(p") @ (p)®(p’)
=

+kNy1,N+1 Z vi(p)w;(p")@(p)®(p’)
i=N+1

N N
= Y Y kijvi(p)w;(p)@(p)®(p')

i=1j=1

FhN 1N+ (Z Z) vi(p)v;i(p") 2(p)2(p)

i=1 i=1

N N
= 21 Zl (kij — kn1,n+18:) wi(p)wi(p") @ (p)@(p')
i=1j=

+kn+1,n+18(p — P )P(p) (152)

where we have used the completeness relation Eq. (139). This defines the
collision integral for the Nth-order collision model. If we define:

Yij = kij — knt1,n+185 (153)

then the Nth-order model is given by:

Kg(p,p') 21 Z Vv (p )@(p)@(p’)
i=1j=
+kn+1,n418(p — p)@(p) - (154)

7.2.9
Single-Relaxation-Time Approximation

The simplest model is given by N = 1 where the collision operator is given

by:

Kg(p,p)®(p') = (k11 —ka2)wy (p)w:(p')®(p)@(p’)
+k2d(p — p')@(p) (155)

or:

Kp(p,p') = (ki1 — k22) w1 (P)@(p) w1 (p') + k228(p — p') - (156)
The Boltzmann collision integral, Eq. (133), then takes the form:
fitx,pt) = = [ @p'Ka(p,p)f(x,p,1)

= — (ki — k)W (P)2(P) [ ' (p)f (%P1
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—knf(x,p,t) . (157)

Remember that y; (p) = 1. If we enforce conservation of particles, thenk1; = 0
and, remembering the normalization:

[ EPwnEfxp' = nixb) (158)
we have for the collisional contribution:
1
fibop,t) = ——[f(xp,t) =n(x)@(p)] (159)

where we have identified the relaxation time T~} = kyy. This approximation,
including driving forces, take the form of a kinetic equation:

a pVx
m

ﬁ"" +Fe(x,p,t)-Vp| f(x,p,t)

_ _% [F(x,p, £) — n(x)®(p)] - (160)

We will look at this equation from various different points of view. First we
look at initial-value problems.

Let us look at the simple example where we have a uniform, n(x) = n,
initial configuration that depends only on momentum:

fx,p,t=0) = fin(p) (161)

Assume the system is in zero external field, Fg = 0. In this case, because the
initial distribution is uniform in space, fo(p) = n®(p), the kinetic equation
takes the form:

2 Fpt) =2 o)~ fo(p)] - (162
We can look for a solution of the form:
fle,t) =e""o(p,t) (163)
where:
o(p,t =0) = fin(p) - (164)
Inserting Eq. (163) into Eq. (162) we obtain:
1 —t/x 9 _ 1
—=fupt)+emTo(p ) = —— [f(x p,t) — fo(p)] - (165)
Canceling terms, this reduces to:

%) 1
50 ) =e""—fo(p) - (166)
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Integrating over time we obtain:

op, 1)~ opt =0) = [ e "h(p) a67)
which leads to:
o(p,t) = fin(P) + (" = 1)fo(p) . (168)
Putting this back into Eq. (163), we have the final solution:
flp,t) =™ fin(p) + (1 =™ fo(p) - (169)

As time evolves, the average phase-space density evolves from the initial va-
lue fin(p) to the final equilibrium form fy(p) on a time scale determined by
the relaxation time .
Let us next consider the initial-value problem where we must solve the
kinetic equation:
d p-Vy
[& T

1
| tept) ==L Fxp ) —nix @] a70)
subject to the initial condition:

fx,p,t=ty) =no(x)@(p) , (171)

where 1((x) is given. We easily solve this problem using the Fourier-Laplace
transform:

flk,pz)= —i/:o dte'? / Bx e ®Xf(x,p,t) . (172)

Taking the Fourier-Laplace transform of the kinetic equation, Eq. (170), we
find after some rearrangements:

1o(k)®(p) + it~ 'n(k,z)@(p)

{z ke itl} f(k p,z)

= (no(k) + it Tn(le2)) @(p) . (173)

Dividing by z — km;P + it~ !, we have:

U p,z) = (mo(k) +it"n(k,z)) % . (174)

We obtain a trap for the unknown density by integrating over all momenta:

n(k,z) = (no(k) + ifln(k,z)) I(k,z) , (175)
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where:
Ioz) = [dip—2®) (176)
k-p . q
zZ— =+t

Solving for the transformed density:

I(k,z)

nlkz) = (k) =7 51005

(177)
We can not invert this transform analytically but we can look at the relaxation
of the density in the hydrodynamic limit. It is left as a problem, 7.11, to show
that an expansion in powers of the wavenumber gives the result at second
order:

1 kTR

I(k,z) = S
(I, 2) z+it7l  om [z+it )3

o (178)

Expanding the coefficient of (k) in Eq. (177) in powers of k we obtain:

- Vlo(k) kBT k2

To this order in k, we can rewrite this in the form:

no(k
n(k,z) kBOT( ) - (180)
27w i
We can write this in the form:
1o (k)
kz)=—"" 181
n(k, z) T+ iDRE (181)
where we have a frequency-dependent diffusion coefficient:
keT 1
PE) == i (182

In the low-frequency limit zt < 1, and we are in the diffusion limit where we
can replace D(z) with D = D(0) and invert the Laplace transform to obtain:

n(k,t) = no(k)e DK, (183)
where the diffusion constant is given by D = kBWTI.

7.2.10
Steady-State Solutions

Let us look next at the case of a uniform applied force. If the system and the
associated average phase-space density is initially spatially uniform, then it
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will remain uniform and the kinetic equation takes the form:

O Fp )= —F()- Vpf (o)~ S [f(pt)~n@(p)] . (189

Let us assume that the force is initially zero and the system is in equilibrium:

flp,t=0) = fo(p) (185)

and we turn on the force in the fashion:

F(t) = (1 - e*f/fO) F . (186)
Let us write:
8(p,t) = f(x,p,t) — fo(p) (187)
with:
g(pt=0)=0 . (188)

The kinetic equation, Eq. (184), takes the form:

O (p )= —F()- Yy [folp) +8(p.0)] ~ g(pH) - (189
Introduce:
g(p.t) =e %o(p,t) , (190)
where:
o(p,t=0)=g(p,t=0)=0, (191)

into the kinetic equation as before. Again we can cancel off the term propor-
tional to t~! and obtain:

Z0(p.) = —E(1)- 7 [¢/*folp) + 0(p.1)] (192)

Let us first consider the case where the external force is weak and we can
determine ¢ as a power-series expansion in F. At first order in F we can drop
the second-order contribution, ¢ ~ F, in the kinetic equation to obtain:

2 0(pt) = ~F(1)- Ve fo(p) (193)

Remembering the initial condition, ¢(p,t = 0) = 0, we integrate Eq. (193) to
obtain:

ot ,
o(p,t) = — [ dt'e"E(H) - Vpfo(p) (194)
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The average phase-space density is given by:

f(p,t) = folp) = F(£) - Vpfolp) . (195)

where:
F(t)y=et/" /O t dt'e!/TE(t) . (196)
It is left as a problem (Problem 7.12) to show that:
FO=[c(1-e) = (v =g5") (e —e)]F . (97

For short times we easily find:

while for long times t > 7, t(, there is exponential convergence to the constant
result:

lim F(t) = tF (199)

t—o0

and the long-time solution at linear order is given by:

g(p) = f(p) — folp) = —F -V fo(p) . (200)

This agrees with the steady-state solution of Eq. (184) where we drop the time-
derivative and expand f = fo +g+....

7.3
Traditional Transport Theory

7.3.1
Steady-State Currents

A key application of kinetic theory is to transport theory: the nonequilibri-
um steady-state currents driven by external forces. Currents of interest can
be derived as momentum integrals of the singlet distribution function. The
momentum current, for example, is given by:

g(><,t):/d3;7 pf(p,t) . (201)

In this section we assume the system is spatially homogeneous and in steady
state. In a charged system, where the momentum and energy of the electrons
alone are not conserved, the charge current is given by:

J=aq[@pEre) 02)
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where the mobile particles carry charge g. For our model to make sense we
must maintain overall charge neutrality. Thus there must be an inert back-
ground of positive charge. This is known as a jellium model [17].

Another current of interest is the kinetic energy current:

= [@peolp)Er(p) (203)
where:
p>
&(p) = o - (204)
We will also be interested in the heat current defined by:
_ [ By (P
o= [ @penE s (205)
where:
~ 3
&(p) = eo(p) — ksT . (206)
Note that we can write:
- 3kgT
Jy=Jx— 570 207)

The relevance of the heat current will become clearer when we discuss systems
driven by temperature gradients.

Clearly, the average currents for a system in equilibrium, due to the sym-
metry ®(p) = ®(—p), are zero:

MNeo=Tx)eg=JgeQ=0 . (208)

These results are useful if we are interested in transport, where the average
currents are driven by the applied force. Suppose some average current is
given by:

x= [ @rxm)2fp) (209)

where X(p) = X(—p). Then for long times and at linear order we find, using
Eq. (200),

Tx(t) :/ &p X(P)% [fo(p) —TF - Vpfo(p)]

The leading order contribution to the current vanishes by symmetry and the
first-order contribution is given by by:

Je=—1LF [ @ X0 E9hfe) - (210)
]
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Integrating by parts we have:
I —rZF/ Ep folp) V) (X(p) L) 211)

For a case of particular interest we consider the application of an electric
field to a set of electrons, Fr = —¢E, and look at the average electric current,
X(p) = —e, then:

J' = Lo ) [ @1 fole) ) ((—02)

m

e
— GF; , (212)

where we write things in the form of Ohm’s law with the electrical conducti-
vity given by:

o=— . (213)

This is the Drude formula found in Chapters 2 and 4. This equation can be
used to empirically determine the relaxation time t. Using measured conduc-
tivities, one can estimate T as in Section 2.1.5. T is on the order of 10714 s at
room temperatures for metallic systems in the solid state.

It is appropriate to consider here the contrast between this method of deter-
mining a transport coefficient with the Green-Kubo approach we developed
in detail in earlier chapters. Here we must solve the kinetic equation before we
can identify the expression for the transport coefficient and there are various
approximations we make along the way. In the last portion of this chapter we
show how we can organize kinetic theory to be compatible with the Green-
Kubo formulation.

We can also determine the average kinetic-energy current. With X(p) =
p?/2m we have in Eq. (211)

I TZFj / d°p fo(P)v; (%%)
) TZF/fPfO ( 283+ plm)

2 p2
- TZF/‘”’fO <zmz+w>
_ RS [ s P
= 3] Py - (214)
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We have in the momentum average:

-3 p’ 5 3
[ @0 foe) i =n [ @ Poaoip) = nikr (215)
using the equipartition theorem in the last step. We have then:

i - th>
Jk= SIonkT (216)

Assuming an electric field coupled to a set of conduction electrons we have
the energy current:

Jk = _WEkT . (217)
This says that an applied electric field induces a flow of heat in a system of
conduction electrons. We will return to this later.

We can treat the nonlinear corrections to the linear response results just
discussed. Let us focus on the stationary solution where F is a constant and
one can drop the time derivative term in the kinetic equation to obtain the
steady-state result:

0=—F Vuf(p) ~ + [f(p) ~ folp)] - @19)

Let pp = TF so we can write:

(1+po-Vyp) f(p) = folp) - (219)
With pg = poZ then:
J
(1+m05r ) 56) = folp) - (220)
Next, we can assume:
f(p) =eP/Po(p) , (221)

so that the kinetic equation, Eq. (220), is reduced to:

Poaipz¢(P) — PP fy(p) (222)

Integrating this equation:

1 rp-
o(p) = o [ dze " folps,py2) (223)
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and putting this back into Eq. (221) we obtain:

1 (P ~
fo) = | dz e M foprpy2) (224)
Letting z = p, + poy we obtain:
0
flp) = /_Oo dy e’ fo(px, py, p= + poy) - (225)

Let y — —y in the integral to obtain the final result:

F©) = [ dye ¥ folps, o, pe —Fy) (226)

It is left to Problem 7.13 to check the normalization of f(p), recover the
linear response result for small F, and find the nonlinear contributions to the
electrical and heat currents.

7.3.2
Thermal Gradients

Besides the application of a direct mechanical force one can have thermal
perturbations corresponding to a weak thermal gradient in the system. This
is treated in the theory by using the idea of local equilibrium. This takes ad-
vantage of the fact that the steady-state solution of the nonlinear Boltzmann
equation are of the form given by Eq. (117) where 1, and T and u may be slow-
ly varying functions of position. With a temperature that is slowly varying in
space, we replace fj in the kinetic equation with:

- " —B(x)p?/2m
fle Tl = o T2 (227)

In the absence of applied external forces one has the kinetic equation:

0 p-Vx 1
(5 + B0 ) ftop) = L [xp) ~ ol TO] - (228)
Looking for a stationary solution, the kinetic equation reduces to:
° Vx 1
P f(x,p) = = [f(x, )~ folp, T()] - (229)
If we write:
gxp)=fxp) = folp, T(x)) , (230)

then the kinetic equation takes the form:

-Vy
g0up) = 22 f(x,p) (231)
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and for weak gradients we can treat g(x, p) as a perturbation. We have then,
to lowest order:

P Ve (x,p)

m

— <P'V"T(x)> aTa(x)fO(x,p) . (232)

gkx,p) = -t

m

We assume that the variation in temperature is small. In particular, the tem-
perature gradient is small. To linear order in the temperature gradient we can
replace the temperature by its average value, T(x) ~ T, with corrections that
depend on the gradient. Then, to linear order, Eq. (232) reads:

stup) = —¢ (2100 ) S fo(e)

m
2
(P V) 2, e
- T( m T(x)> oT " (2mmkyT)3/2

- . (p'TV"T(x)> fo(p) (_% + %#)
- o w0 ) () - )

= peto(e)v- (-1 ) o) 239)

Remember Eq. (200), that gives the linear change in the average phase-space
density for an applied mechanical force. We see Eqs.(200) and (233) are of the
same form if we identify the effective driving forces:

F.=E , (234)
VT (x
Fy = — "T( ) (235)

and the associated effective currents:

Ve = —ev (236)

vy =&(p)v . (237)
Then both types of perturbations can be written in the same form:

Sa = Btva - Fafo(p) (238)

where o0 = e and 4.
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Thus we can write the electric current:
J= [ dpvegalp) (239)
and the heat density current:
Jy= [ pvga(p) - (240)

This more symmetric notation will be useful to us later.
The average heat-current density due to a temperature gradient is given
then by:

Jy= [ (e (41)
where, setting o = g in Eq. (238),

8 = Prvg - Fefo(p) - (242)

Since F; is proportional to the temperature gradient we can write average
heat-current density in the standard form:

]117 = - Z?LIJV;T(X) ’
i
where the thermal conductivity is given by:

Aij = B—TT/ Ppej(p)owifo(p) - (243)

The remaining integral is evaluated in Problem 7.32 with the result:

where:
7 ik} T
=L 24
A > (245)
Thus we obtain Fourier’s law:
Jo=-AVT(x) , (246)

with the thermal conductivity given by Eq. (245).
If we use the mean-free time, Eq. (49), to estimate 1, we find that the thermal
conductivity is given by:

A=gE (247)
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where mv3 = kgT defines the thermal speed. This can be compared with the
lowest order result from the Boltzmann equation given by:

75 kB 0o
=22 248
64 /T 12 (248)

See Chapter 12 in Ref. [18].

If we compare our expression for the electrical conductivity with that for the
thermal conductivity we see that both depend on the relaxation time t. Thus
it is interesting to consider the ratio of the two where this dependence cancels.
This ratio is given in the single relaxation time approximation by:

A _ 7tkgTnm _ 7kgT (249)
c 2mren 2 e2 7

which is linear in temperature. If we plot the Lorentz number, % it should be
a constant. This is the old and famous Wiedemann-Franz (1853) result. If one
generalizes the results to include corrections due to quantum statistics one can

show [19]:
A w2 (kg2
=7 (7> , (250)

which agrees well with experiments.

It is interesting to consider the case where we have both an applied elec-
tric field and a temperature gradient. In this case the steady-state part of the
singlet distribution that contributes to the currents is:

P) = L&) = LBy Frfolp) (251)

Y Y

where we have used Eq. (238). The steady-state currents are given by:
Ji = [ @poig(p)
= /d3PU&ZBTVY -Fyfo(p)
=Y LLE (252)
o

where the response function is given by:

E,]W = Br/ d3pvavy o(p) - (253)
Assuming our system is isotropic we have:

Egy = 8z']'£(>cy , (254)
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Jo = ; LayFy (255)
and:
Loy = %/dB’PVoc'vao(P) : (256)
We have already shown that:
Lee=0 (257)
Log=AT | (258)

For the off-diagonal components we have:

EQZEW:%/ﬁmNMW) (259)

T (260)
m

and the momentum integral leading to the final result is worked out in Pro-
blem 7.33. The symmetry between off-diagonal elements of £ was discovered
[20] by Lars Onsager in 1931. Clearly our analysis here is much less general
than that we gave in our discussion of linear response theory in Chapter 2.

For a given temperature gradient we can adjust the applied electric field
such that there is no net electric current. This is known as the Seebeck ef-
fect [21], and gives the relation between the applied electric field and the
temperature gradient:

E=QVT . (261)
Setting Eq. (255), with o« = ¢, to zero, allows one to compute the Seebeck
coefficient as:

etnkg etnkgm kg
=_ =_ =_2B 262
Q mo mne?t e (262)

There are many variations one can play on this theme. One can for example
look for the form of the thermal conductivity for the case where the is no net
charge flow.

7.3.3
Shear Viscosity

We can also compute the shear viscosity within the single-relaxation time ap-
proximation. In this case an off-diagonal component of the momentum current

241



242| 7 Kinetic Theory

(stress tensor) is driven by a gradient of the (small) local inhomogeneous flow
velocity u(x). Thus we assume, in analogy with the assumption of an inho-
mogeneous temperature in treating the thermal conductivity, that we have
inhomogeneous flow velocity, u(x). In this case, the local equilibrium solution
for the singlet distribution has the form fy[p — mu(x)]. The induced current in
this case are the off-diagonal components of the stress tensor with the consti-
tutive relation:

Ju Jdu

defining the shear viscosity. We calculate the off-diagonal component of the
stress tensor using:

Gy = / d3p%f(x,p) : (264)

In complete analogy to Eq. (229), we have in the steady-state limit for the
single-relaxation time approximation:

-V 1
E - fxp) = =< [f(xP) = folp —mu(x))] . (265)
The solution for f can be expressed in the form:
S p) = folp —mu(x)) +gs(xp) (266)
where g; is treated as a perturbation. To lowest order we have:
-V
g% p) = B fo(p —mu(x)) . 267)

Using the chain rule for differentiation and expanding to lowest order in u:

g0 p) = =t LV [fo(p — mu(x))] Vi [p) — mniy (x)]
ij
=t Y piV)fo(p) Viuj(x) . (268)
ij

gs can be written in the same basic form as for the electric and thermal gradient
forces:

g(p) = =B Y pipifo(p) Vi,
ij
= —Bﬁ iZjPinfo(p) (Viuj + Vi)

0Vi0;
= —pmt) —'F; (269)
g
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where:
Fy = (Viuj+ Viu) (270)
An off-diagonal component of the average stress tensor is given by:

oy = / dsp% (fo(p —mu(x)) +gs(x,p)) - @71)

Itis left to Problem 7.21 to show that the local-equilibrium contribution, fo(p —
mu(x)), gives no contribution to the average stress tensor up to second order.
Therefore, to first order in the driving force, we have for the stress tensor:

or = [@pPPei(p)

= /d?)P%(—BmT) Y ?Fijfo(l’)

ij
" 1
= (—BT)/d3PPxPy§(Uny+vax)nyf0(P)
= —MNFy , (272)

where the shear viscosity is given by:

_ 3
n= -5 / & ppipyfolp

= P @7

Using the equipartition function (p2) = mkgT the shear viscosity is given by:
n = wkgT . (274)

The mean-free time determined earlier can be used to estimate t:

T 4nr%1/nl;f;T . (275)

Using Eq. (275) back in Eq. (274), the shear viscosity is given by:

1 [mkgT mug
=—\—=— 276
N 4r2 T 4y/mrd (276)

where mv} = kpT. Notice that the viscosity, like the thermal conductivity,
is independent of the density in the low-density limit. We will return to this
expression at the end of this chapter and compare with a more direct kinetic
theory calculation.
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It is shown in Problem 7.34 that the electric and thermal gradient diving
forces do not drive the off-diagonal components of the stress tensor at linear
order.

7.3.4
Hall Effect

Suppose we have applied steady electric and magnetic fields and have a steady-
state solution to the Boltzmann equation of the form:

f=f+g ., (277)
where:
g=—TF-V,f (278)
and F is the electric plus Lorentz force:
v
F—=%<E+EXB>. (279)
Writing out Eq. (278) in terms of ¢ we have:
v
8§ = ET(E+; xB) -V (fo+8g)
ex(E+ > xB)- [-BEfo+ V| (280)
c m P

Since:
(vxB)-v=0 , (281)
we have the equation for g:
v
g:wwE-VpUb+g)+er<E><B)-Vpg. (282)

The electric current is given then by multiplying by —ev; and integrating over
all momenta:

Ji = [ @p(-ev)g(p)
= —e IZE/d3 pr;f )—e rZE/d?’ V;g P)

-;/d%wwa%?ﬂ@)- (283)
In the middle term we have:

[ @ppiVige) = - [ @psige) = -8 [ Eplfp) - fop)]
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= —8,‘]‘(1/[ — Tl) =0, (284)

and we have the electric current in the form:
. —oE; + JV 285
Ji=oEi+ ], (285)

where 6 = ”%21 is the Drude result, and:

2t ,
L-(l) = _T/ #p v} ejviBVpg(p)
ikt
T o, j
= W/ p g(p) Y eixeVy (pirk) B
ikt
€2T : 3
= = B, (s S,
sz/ d pg(P)ﬂ(Zésjké ‘ (811pk+p16]k>

€2T 3
= Cw;sikaz/ 4’p pr g(p)
k

et
= — ) By <—&>
cm = e
et
= —— xeJkBe - 286
s %&ké]k i (286)
Putting this back into Eq. (285) we have the equation for the electric current:
et
=cE—-— —]JxB . 287
J=oE- jx 87)

Let us interpret this result in the context of the following system configu-
ration. Apply an electric field E, along the x-direction. This drives a current
along the x-direction:

Jx = GEx . (288)

Now apply a magnetic field B in the z-direction. The Lorentz force will cause
the electrons to move in the y-direction. Thus B induces an electric field in
the y-direction that balances the Lorentz force in the the y-direction. This is
known as the Hall effect [22]. Thus we expect:

Ey = RpJ<B , (289)

where the Hall coefficient Ry is the constant of proportionality. Applying this
geometry to Eq. (287) we find:

et
t = cE— —JxB
]xx ° chX
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et ..
oE — C—m]xB(x X Z)
= oE+ 2 J,Byg (290)
B cem <Y
The x-component reduces to Eq. (288) while the ¥ component is given by:
et
OF, = ——JiB . (291)

This gives the Hall coefficient:

E, e Tem 1

 JyB mco  mcne?t  nec

Ry (292)
Measurement of the Hall coefficient gives a method for determining [23] the
density of charge carried in the current.

If we introduce the cyclotron frequency:

eB
= 293
®c e (293)
and the dimensionless magnetic field:
H=YB=t0zs , (294)
mc

then Eq. (287) can be written in the simple form:
J=cE—-JxH . (295)

It is left to Problem 7.15 to show that one can solve for J with the result:

9

V=1

[E+HxE+ (E-H)H] . (296)
This can be written in the Ohm’s law form:

Ji= ZﬁijEj , (297)
j

where we have the conductivity matrix:

o

S =T 12 5ij+;€ije+HiHj : (298)

7.4
Modern Kinetic Theory

Having established the traditional approach to kinetic theory, we now want
to discuss a more modern and systematic approach. We will use the memory
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function approach developed in Chapter 5 to develop this theory. The ap-
propriate dynamical variable in this case, y in Chapter 5, is the phase-space
density given by:

. . N
fQ)=f0x,p1) =} 8(a—1)8(p1—pi) - (299)

i=1

The correlation function of interest in this case is the Laplace transform of the
phase-space correlation function:

C(12:2) = -ijgm’dteﬁf<af(z)5f(1;t)>
= (3f()R(2)8/(1)) , (300)
where, as before, the resolvant operator is given by:
R(z) = (z+L)7! . (301)

One of the motivations for computing C(12;z) is that we then determine
the dynamic structure factor that is measured in scattering experiments. The
connection to conventional transport kinetic theory developed in the first half
of this chapter is via linear response theory. Earlier we computed the nonequi-
librium average: f(1) = (f(1)) Q- Suppose we have a disturbance generated
by a potential U(1) that couples linearly to the phase-space density in the
governing Hamiltonian,

Hr=Ho— [d1fu(,n) (302)
then classically we have in linear response theory:
ot . .
f) = [ dup [ dx [ dprc12t - )UEL) - (303)

In our memory-function development in Chapter 5 we showed that C(12;z)
satisfies the kinetic equation:

2C(12;2) — / 3 K(13;2)C(32;2) = S(12) (304)

where [d3 = [ d3x3d°p; and the equal-time correlation function is given by:

S(12) = (8f(2)8f(1)) - (305)
The memory function in Eq. (304) is given by:

K(13;z) = K(xq — x3,p1, p3;2) = K (13) + K9 (13;2) (306)
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where the static part of the memory function is given by:

[ B3K9(13)5(32) = ~(8f(2)L8f(1) (307)

while the collisional part of the memory function is given by:

[ B3K(3;2)5(62) = ~([L8f(2)R(z)L8f (1))
+ [ asaa (B G)IRE)LE/ (1))
xC1(34;2)([L8f(2)]R(2)8f(4)) .  (308)

The elements of Eq. (304) can be worked out more explicitly. First let us con-
centrate on the static properties. The first thing is to compute the equilibrium
average of the field itself. We have from our earlier work:

(f(1)) = fo(1) = n®(p) , (309)

which is just the Maxwell result. Next we need the static correlation function.
We find:

>
>

A

S(12) = (8£(2)8f(1)) = (F(2)f(1)) — (f(2))(f(1))
N N
= <;5(X1 —1;)8(p1—pi) Z{S (x2 —17) 8 (p2— P])> — fo(1)fo(2)
1= ]:
N
= <Z%5(x1 —1;)8(p1 —pi) 8 (x2 — 1) 8 (p2 — Pi)>
N
+ <}7;15(X1 —1;)8(p1—Pi) 8 (x2 — 1) 8 (p2 — P])> — fo(1)fo(2)
i#j=
= 8(x; —x2) 8 (p1 — p2) fo(1)
+fo(1) fo(2)g(x1 —x2) — fo(1)fo(2) , (310)

where we show in Problem 7.22 that:
fo(1)fo(2)g(x1 — x2)

N

= < Y, 8(x1—1;)8(p1—pi)S(x2—1) 8 (p2— Pj)> (311)
i#j=1

and the radial distribution function is defined by:

N
n’g(xi—x) = (Y, 8(x1—1)8(xa—7x)) . (312)
i£j—1
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We write finally:
5(12) = 8 (x1 =x2) 8 (p1 — p2) fo(1) + fo(D) fo(2)h(x1 —x2) ,  (313)
where:
h(xg —xp) = g(x1 —x2) — 1 (314)

is the hole function, which vanishes for |x; — x,| large. For a brief discussion
of the evaluation of & in a low-density expansion see p. 299 in ESM.
We turn next to the static part of the memory function given by:

/d3 K©)(13)5(32) = —(8F(2)L8F (1)) . (315)

Using the identity derived in Chapter 5 we have:
[ B3K9(3)5(32) = ~ip~ ({F(1), F@)}) (316)

which requires us to work out the Poisson bracket between f(1) and £(2). This
is left to Problem 7.23, where we show:

{F(1),f2)} = (Vo - Vaa = Vi V) [3 (1 = x2) 8 (p1 = p2) f(1)] . 317)
We next need to take the equilibrium average of this result to obtain:

{f(1),F2)}) = (Vpy - Va = Vi, Vi) [8 (1 = x2) 8 (p1 — p2) fo(1)]
= —Vx - (Vps + Vp,) [8(x1 —x2) 8 (p1 — p2) fo(1)]
= —Vx - [8(x1 = x2) 8 (p1 — p2) Vp, fo(1)]

= BPLYN 15 - x2) 8 (p1 — p2) fo1)] G189
Our equation for the static part of the memory function is given by:
/d3x3d3r’3 K (x1 = x3; p1p3)S(x3 — X2; P3p2)
= PV 15 3 x0) 8 (py — p2) fo(1)] (319)

Because of the translational invariance it is useful to Fourier transform over
space and obtain:

[ @p3 KO pips) S ppa) = < PL3(py — po) fo1) - (320)

This is still an integral equation for K(5). The Fourier transform of the static
correlation function is given by:

S(k;p1,p2) =8 (p1—p2) fo(1) + fo(1) fo(2)h(k) , (321)
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where:
hk) = / Py e R () —x,) (322)

If we integrate S(k; p1, p2) over p; and p, we find that the static structure
factor is given by:

nS(k) = [ @pdps(pr,pa) = n+nh(k) (323)
Using Eq. (321) in Eq. (320) gives:
/ dps K1) (k; p1p3)S(k; pap2) = K (k; p1, p2) fo(2)
+ [ @ps KO G pipa) o) fo(2)h(K)

K Pig (b, — pa) fol1) (324)

m

Next we integrate this equation over p, and use the fact that:

[ &2 fo@)=n (325)
to obtain:
Fe () (1c- _k-ps
[ @3 KO (1 prps) fo3) 1+ mh(10)] = <Py (1) (326)
or:
B () (L. _kepr fo(D)
[ s KOs prps) fol3) = <P s (627)
Putting this result back into Eq. (324) we obtain:
k- k- h(k
KO (i pip2) = L3 (pr - pa) - L) U a9

It is conventional to introduce the direct correlation function [24]:
h(k)

o0 = T ] -

(329)

and obtain finally:

k- k-
KOG pipa) = =P8 (p1 —p2) = —ELfy(L)ep(k) . (330)

7.41

Collisionless Theory

Let us suppose that the collision part of the memory function is zero, K(¢) = 0,
and we can investigate the physics in the kinetic equation associated with
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the static part of the memory function alone. This development is relevant
during the short-time high-frequency regime or where the system is weakly
interacting. The kinetic equation in this case takes the form:

k- k
(Z - —mm) Clk prp2,2) + [ dps =-ELfy(1)ep (K)C(K, pap2, )
= S(k,p1p2) - 3

This is an integral equation in the momentum variables. Fortunately we can
solve this equation exactly because it is of separable form. To see this divide

Eq. (331) by z — <PL and integrate over p;. This leads to the equation:
/ d3p3 C(k/ P3pP2, Z) [1 +cp (k) L (k/ Z)] = Is(kr P2, Z) 7 (332)
where:
7 — Ps
and:
S(k, p3p2)
3p pP3p2
m

Putting the expression for the static correlation function, given by Eq. (321),
into Eq. (334) we obtain:

Kliopes) = LB @) (335)
where:
_ fo(3)
Io(k,z) = / d3p3@ . (336)
Notice that:
L(kz)=—-n+zlh(kz) . (337)

Putting Eq. (335) back into Eq. (332) we find:

/ d°ps C(k, p3p2, 2)

- 1—|—cD(lj)11(k,Z) (Zfo(f._lz +fo(2)h(k)lo(k12)> . (338)
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Putting this back into Eq. (331), we have:

S(k, p1p2)

k-p 1
m 1f0(1)cD(k)1+CD(k)Il(k,Z)

X<Lf>+fo(2>h(k>fo(k,z>> . (339)

C(k,pip2,z) =

‘P2

m

It is shown in Problem 7.24 that this can be written in a form symmetric in pq
and pa:

Clopip22) = ——¢573(P1—p2)

k- prk-
x+%%h(k)[o(k,z) . (340)

The solution for the density—density correlation function is given by integra-
ting Eq. (338) over p, to obtain:
1
k,z) = Ip(k h(k)Ip(k
Cnn( ,Z) 1+CD(k)11(k,Z) [0( ,Z)+Tl ( ) 0( /Z)]
Io(k, z)
= S(k ,

( )1 + CD(k)Il(k,Z)

(341)

where the static structure factor, from Eq. (323), is S(k) = 1 + nh(k). We must
still evaluate the integrals Iy and .

7.4.2
Noninteracting Gas

Let us look first at the case of noninteracting particles where cp(k) = 0 and
the phase-space fluctuation function is given by:

CO(k, pypy,z) = L 0(13,_2,1 S(p1—p2) - (342)

Then in particular, the density—density fluctuation function is given by:
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Cilo2) = [ @pid®paCO (K, prp22)
3 1)
— d3P1 fO (
= Iy(kz) . (343)
The correlation function (Fourier transform) is given by:

cOk o) = —2ImcQ(k o+in)
= 2Im/d3 foi
o+ in — <
. .
= -2 [ @i (-ms (0 21
00 . i k-
- / dt/d3p1f0(1)e”(“"%) . (344)

The integrals over momentum are separable. We need, for example,

/dpxe,gpg/mefithpx/m _ \/%eﬂkiﬂmﬁ , (345)

which leads to:

3
3/2 [
Cr(lgl)(k,m) N (271711) / dre ltm( 275%) e_tZ(k%Jrk}Z/Jrk%)/ZMB

_ n/ dteitoe—k203/2
—00

o
_ Y2 g (346)
kZ)O

where kgT = mv}. We see that the density—density correlation function is a
Gaussian in frequency for a system of free particles. This is to be contrasted
with the hydrodynamical spectrum, which consists of three Lorentzians. The
hydrodynamical spectrum is valid in the regime where k/ < 1 where / is
the mean free path. The free particle spectrum is valid in the opposite limit
k¢ > 1. This corresponds to probing regions =~ 1/k, sufficiently small that, on
average, the particles appear to be free.

743
Vlasov Approximation

Let us recall the collisionless solution for Cy,(k, z) given by Eq. (341):

S(k)Io(k,z)
1+cp(k)L(k,z)

Cun(k,z) = (347)
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This approximation is related to the linearized Vlasov approximation [25],
which is useful in treating charged systems. In the case of neutral systems
it leads to a discussion of collisionless sound seen [26] at high frequencies. For
a discussion of charged systems from this point of view see Ref. [27].

In order to go further we need some understanding of the direct correlation
function. This quantity was discussed in Chapter 4 of ESM [28]. In the low-
density limit it is easy to show that the pair correlation function is given by:

g(r)=e PV, (348)

where V() is the pair potential acting between two particles. The hole functi-
on is given then by:

h(r) = e BV() 1 (349)

and the Fourier transform:
(k) = / Pr e~ (r) (350)
- / Preier (e BV 1) (351)

We can evaluate this explicitly for a system of hard spheres where:

0 r>rg
V(r) = (352)
o r<ry ,

where g is a hard-sphere diameter. We find in Problem 7.25 that for this case:

4 .
h(k) = -3 [sin(krg) — krg cos(krg)] . (353)
We have from Eq. (329) that to lowest order in the density:
cp(k) =h(k) . (354)

We can also expand (see Problem 7.35) the direct correlation function as a
power series in the potential. To first order in V, independent of the density,

co(l) = h(k) = [ dr e (—BV(r)) = —BV (k) . (355)

As a final example, we have that in the case of a Coulomb gas, due to the
long range nature [29] of the interactions, that:

cp(k) = lim —BV (k) = —B4me? /K> . (356)
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Armed with this information, let us look at the denominator in Eq. (347) for
small wavenumbers. We have, expanding in powers of k,

Il(k,Z) = /d3pk_pLi)

z
= 2 [ (SR) A+ ok | 657)

It is shown in Problem 7.26 that:

. 2
/d3P (k—mp> fo(p) = kaBTT = (kvg)? . (358)

To lowest order in k,

Io(k,z):/d3p f‘)(ﬁ) . (359)

_XPpP z
z m

The density—density fluctuation function is then given by:

Cun(k,z) =

(360)

Since we have assumed large z and small k, the poles atz = £/ —cp (k)n(kvg)?
are unphysical. Remember, however, that for a plasma, for small wavenum-
bers the direct correlation function is given by Eq. (356). Putting this into Eq.
(360) we have:

Cin(k,z) = nS(k) 55— 361
7’11’!( /Z) n ()Zz—(l)l% ’ ( )
where the plasma frequency is given by:
dme’n
2 _
0p=— — . (362)

We can then write:

1 1

1

(363)

The correlation function is given by:

Cin(k, @) = —21Im Cpn(k, @+ im)
= nS(k)m [3(w— wp) + (0 + wp)] . (364)
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In a plasma the dynamics are dominated by plasma modes or plasma oscilla-
tions:

Cun(k,t) = nS(k) cos(wpt) . (365)

7.4.4
Dynamic Part of Memory Function

Let us now move on to discuss the dynamic or collisional part of the memory
function. We have from Eq. (308):

/ d3 K(©)(13;2)5(32) = —([L8f(2)]R(z)L&f (1))
+ / d3d4 ([3f(3)]R(z)L8f(1))C " (34;2) ([LSf (2)]R(2)5f (4)). (366)

We have, from Eq. (5.101), the identity:

L) = ~LWF() - [d LA i) (367)
where the kinetic part of the single-particle Liouville operator is:
I le
Lo(1) = = (368)
and:
LI(].].I) - ile V(Xl - Xl/) . (Vpl - Vpll) . (369)

We recall from our general discussion of memory functions that the linear
term —Ly (1) f(1) will not contribute to the dynamic part of the memory func-
tion, so:

/d3 K©)(13;2)5(32) = —/dldl’LI(ll’)LI(zz’)

xC~1(34;2)(3[f(2)f (2)IR(2)8f(4)) |- (370)



7.4 Modern Kinetic Theory

To simplify the notation we define the new correlation function:

G(11,22';z) = <5[f(2)f( NIR(2)8£(1)f(1")])
—/d3d4<[ 8f(3)IR(2)3[f(1)f(1")])
xC1(34;2)(3[f(2) f(2)|R(2)8f (4)) . (371)

The dynamic part of the memory function is written then in the form:
/ d3 K()(13;2)5(32) = / dUd2'L(11)L;(22)G(11,2252) . (372)

There is still an integral equation to solve for K(¢). Fortunately, we can easily
solve for K(¢)(13; z). Inserting:

5(32) = 8(32)fo(2) + fo(3) fo(2)h(x3 — x2) (373)
on the left in Eq. (372) we have:
/d3 K9(13;2)5(32) = K\9(12;2) fo(2)
+ / 43 K (13;2) fo(3) fo(2)h(x3 — x2) - (374)

We see that we must treat the integral [ d®psK(¢)(13;z)fo(3). This quantity
vanishes due to conservation of particle number reflected in the quantity:

/d3p2/d2'L1(22')G(11',22’;z) —0 . (375)
We have then:

K9(12;2) fo(2) = —/dl’dz’LI(11’)L1(22’)G(11’,22’;z) : (376)

We need to evaluate K(°) in some physically sensible approximation.

7.4.5
Approximations

One can evaluate the dynamic part of the memory function in perturbation
theory in the coupling and in the density. It is not difficult to show that in
these limits the correlation function G(11/,22’;z) has nice [30, 31] properties.
In particular, to lowest order in the potential (see Problem 7.30),

Goo(11/,22;2) = [z — Lo(1) — Lo(1)] ™ [8(12)5(1'2") + 8(12')8(1'2)]
xfo(1)fo(1') . (377)
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If we put this result back into Eq. (376), we obtain the dynamic part of the
memory function for a weakly interacting system studied in detail in Refs.
[32,33]. Here we move on to the low-density case. It was shown by Mazenko
[30] that one can develop a general and systematic analysis of G(11/,22';z).
One finds to lowest order in the density (see Problem 7.31):

Go(11,22);z) = [z—L(11")]71 [8(12)8(1'2") + §(12")8(12)]
x fo(11') (378)

where:
L(11") = Lo(1) 4 Lo(1') + L;(11") (379)

is the full two-body Liouville operator,

8(12) = 8 (x1 —x2) 8 (p1 —p2) (380)
and:
/ 2 B\ g
—_ L —BH>
fo(11)y =n <2nm> e , (381)
where:
Pl PD
H2(11 ) = ﬁ + ﬁ + V(X1 - X1/) (382)

is just the Hamiltonian for a two-particle system. We can rewrite this result for
Go, remembering:

L(11)f,(11") =0 (383)

Go(11,22';2) = fo(11')[z + L(22)] 7 [8(12)8(1'2") + 8(12)8(1'2)] . (384)
If we take the inverse Laplace transform, we have in the time regime:
Go(11,22;t) = fo(11')e!*L(2)
x [8(12)8(1'2") +8(12')8(12)] . (385)
If we then use the property that e/1(22) propagates particles 2 and 2’ forward

in time, then for any function of the phase-space coordinates of particles 2 and
2/ we have:

eitL(zzl)g(Z, 2/) _ g[Z(t),Z/(t)] (386)
and:

Go(11',22;1) = fo(11)
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x [3(12(£))8(1'2'(£)) + 8(12'(£))8(1'2())] . (387)

Go(11/,22'; ) has the physical interpretation as the probability of finding two
particles at the points 1 and 1’ at time ¢ given that the two particles are at 2
and 2’ at time t = 0. This amounts to solving the two-body problem given
the initial phase- space coordinates Xy, p2, Xo/, p2/- The low-density memory
function is given then by:

K9 (12:2) fo(2) = —/dl’dz’L,(11’)L1(22’)[z—L(11’)]*1
x [8(12)8(1'2") +8(12)8(12)] fo(11") . (388)

This expression has been studied rather extensively. Here we point out two
particular special cases. It can be shown [34] that:

lim_lim K§(k, pp’;2) fo(p') = iK(pp)fo(P) (389)

z—i0t k—0

where Kp is the linearized Boltzmann collision operator found earlier [Eq.
(125)].

A second interesting case, where we can investigate the low-density memo-
ry function, is the case of hard spheres. It has been shown [15] that for hard
spheres:

K (6, ppi2) folp) = K\ (k, pp’s2) folp)

+K (&, ppi2)folp') (390)
where:
c , . kep/ ,
KL (1, pp'32) folp') = el () fo(p) fo (B (391)

(0)

where ¢}’ (k) is the low-density expression for the direct correlation function
for a system of hard spheres, and we also have:

K pp'i2)folp) = i [ dpraoe B Pefs (p, p)
x fo(p)fo(p1) [3(p" — p*) —3(p' — p)
+elM3(p' — pi) —e R M3(p —py)| , (392)
where the post-collision momentum is given by:
p’=p—2i(-p) (393)

and satisfies (p*)? = p2. We see in this case that the dynamic part of the
memory function is explicitly frequency independent for hard spheres and
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low densities. This gives some justification for the use of the local time ap-
proximation in treating K @) in fluids. If we include higher order terms in the
density expansion, the memory function will become frequency dependent
even for hard spheres.

Next we note that the low-density memory function differs from the Boltz-

(c)

mann result (where 6 = 773 for hard spheres) only through the term K5 and
the phase factors e’* 70 in KY). In the small k limit they coincide, as they must.
The small k corrections are due to the finite size of the particles: the collisions
occur when the centers of the particles are separated by a distance 7.

Once we have an approximation for K(¢), we must still solve the associated
kinetic equation given by Eq. (304). For the approximation given by Eq. (390),
one can solve for the correlation functions using the method of kinetic models
introduced in Section 7.2.8. This calculation has been carried out by Mazenko,
Wei and Yip [15] and leads to results for Cy;, (k, ) valid over the whole k and
o plane, but restricted to low-density systems. These calculations compare fa-
vorably with neutron-scattering experiments on dilute systems and show the
transition from the hydrodynamical (k¢ < 1) to the kinetics of free particles
regime (k¢ > 1).

7.4.6
Transport Coefficients

Given a kinetic equation like Eq. (304), how do we calculate the transport
coefficients? This is discussed in detail by Forster and Martin [32]. We will give
a brief overview of the method. This analysis is facilitated by the introduction
of a linear vector space spanning momentum space. We assume there exist
orthonormal and complete momentum states:

(p1lp2) =8(p1—p2) , (394)
where:
(p11Lo(K)lp2) = “~ 1 (py ps) (395)
K©®(k, pip2) = (p1|K*) (k)| p2) (396)
K (k, p1p2;z) = (p1|K') (K, 2) |p2) (397)
5(k, p1p2) = (p1/S(k)[p2) (398)

C(k, p1p2;z) = (p1/C(k, 2)[p2) (399)
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where Ly(k), K (k), K(¢)(k, z), S(k) and C(k, z) are now interpreted as ope-
rators. It is clear then that the kinetic equation can be written:

[ #papillz = Kl 2)][ps) (ps|Clk, 2) p2)
= (p1/S(k)[p2) - (400)

Since the momentum states are assumed to be complete,

/d3P3|P3><P3| =1, (401)
Eq. (400) can be written as an operator equation:
[z —K(k,z)|C(k,z) =S(k) , (402)
which has the formal solution:
C(k,z) = [z — K(k,z)]1S(k) . (403)

If we want to compute the shear viscosity, then we need to calculate the
transverse current fluctuation function:

Ci(k,z) = / &py / Epopip3Ck, pip2iz) (404)
where we assume that k is in the z-direction. This can then be written as:
Cillz) = [ 1 [ @papipilpllz — K(k,2)] 'S0)lp) - (405)

Looking at the quantity on the right-hand side,

[ pap3(pslsQ)lp) = [ @ paps [3(p2 = pa)fo(p2) + h(K) fo(p2)fo(p)
p3fo(p3) (406)

and Eq. (405) reduces to:

Cilkz) = [ @p1 [ Epapipsfolpa)(prllz — Kk ) Mpa) . (407)
We now need to compare this expression with the hydrodynamical result:

kgTmn

— b " 4
z+mk2/mn ' (408)

Ct (k, z )
valid for small k and z. The viscosity n can be extracted from the correlati-
on function using the limiting process we discussed in treating Green-Kubo
functions. As shown in detail in Problem 7.27 we have the identity:

N = lim lim _z

Ly i T2 [zCt(k,z) — mnkgT| . (409)
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Inserting Eq. (407) into this expression we obtain:

3 3
n= l%%lir(‘)kBTkZ/d pl/d P2
xpipifo(p2) < pilzlz — K(k,2)] "' —1[py > , (410)

where we have used the result:
/ &py / P papiv3fo(p2) < pilpy >= mnkpT . (411)

Next, if we use the operator identity:

z[z—K(k,z)] ' =1+K(k,z)[z— K(k,z)] !, (412)
we find:
n = limlim kBTk2/d3p1/d3p2
xpipsfo(p2)(p1lK(k 2)[z — K(k,z)] 'p2) . (413)

Using the operator identity, Eq. (412), one more time we obtain:

0= il [ e
x(p1lK(kz) [1+ 2= K(k,2) 'K(k,2)] Ip2) - (414)

We have then from the first term:

n = limlim kBTkz o [@p1 [ @ papipifolp) i Kk 2)lp2)

= Inlingre | ©n [ Crapivine)

X [ ;nplf‘)l’l —p2) —

cp(k) fo(p1) — KW (K, P1P2;Z)]

= limi £y [ & (K, p1pa; S @
lim lim = kBTkz / p1 | @ p2pipa P1p22)fo(p2) - (415)
This contribution is clearly of second order in the density and can be dropped
consistently in an expansion in the density at lowest order.

The second contribution to the viscosity from Eq. (414) is given by:

n, = limlim OkBTkz/d3p1/d3pzpi‘P§fo(pz)

z—0k—

x(p1/K(k,2)[z — K(k,2)] "'K(k,2)|p2) (416)
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To lowest order in the density we can replace the K’s in the numerator by
Ly (k). Since k is taken to be in the z-direction we have:

Ny = lim lim kBT , / dpy / dp2pipipipsfo(p2)

<(pallz ~ K(k2)] 2}
B kBTlmz/d3p1/ & pappip3psfo(p2)
x(p1|[K(0,i07)] 7 p2) (417)

From Eq. (389) we have that K(0,i0") = iKp to lowest order in the density. We
then find:

n="mn

1 7 ~ -
= T / d*py / AP papipipivifo(p2)(p1|(—Kp) lp2) . (418)

To go further one must develop methods for handling the inverse of the
Boltzmann collision operator. Let us rewrite our expression for the shear vis-
cosity in the form:

1

T TIKs) T fIT) (419)

n=

where we have used the completeness of the momentum states |[p > and
defined:

{Tlp) = p*p’ (420)

and:
folp) = fo(p)Ip) - (421)

It will turn out to be useful to deal with the symmetric operator:

I'p =Kgfo - (422)
As a first step in this process, let us define the operator:

A=K;'fo (423)
which enters the equation for 1. Multiply on the left by Kp to obtain:

KA = fy . (424)
We then write this in the form:

Kpfofy 'A=Tgfy ' A= fo . (425)
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Multiplying from the left by Fgl, then fj gives the symmetric form:

A=flz'fo , (426)
and:
1
N = T —— (T|foT5 " folT) (427)
_ 1 / 117
= =T ——(T'[Tz1T") (428)

where (T'[p) = p*p?fo(p)-
The next step is to construct the eigenvalues and and eigenfunctions of I'p:

Tpd) =Tofr) (429)

This has been accomplished for Maxwell molecules [16]. Assuming that this
set is complete and orthonormal we can write:

n= kTmzZ (T2 <x|T'>. (430)

The simplest approximation, accurate to about 5%, is to assume that |T) is an
eigenvector of I'g, and:

1
kB Tm?2

n= (T’|T> <T|T'>r (431)

where I't = (T|I'|T). The evaluation of the shear viscosity reduces to the
evaluation of momentum integrals:

(T|folT) = / d3p1/ @ papipipipifo(p2)d(p1 — p2) (432)
and:
(T|Kpfo|T) = / py / S papiripiriKe(pip2) fo(p2) - (433)

This evaluation of (T|fy|T) is not difficult and is evaluated in Problem 7.29.
The evaluation of the matrix element of the linearized Boltzmann collision
integral is involved and depends on the potential of interaction. If we restrict
ourselves to the case of hard spheres the analysis is discussed in detail in Ref.
[15]. The final result for the shear viscosity is given by:

_ bmuy
16y/nr3

Clearly this result is within a numerical factor of the result given by Eq. (276).
One can then proceed to compute systematic corrections to Eq. (434). Clearly

(434)
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we can carry out a similar analysis for the thermal conductivity and bulk
viscosity. It should be clear that the key building blocks in carrying out a
detained analysis of kinetic theory is the set of matrices (i|[K(°)fy|). These can
be used to numerically solve the associated eigenvalue problem or one can
adopt the kinetic model approach discussed earlier in this chapter. We also
see that a given approximation for K(?) implies not just a contribution from
Eq. (417) but the full set of contributions given by Eq. (414).

These methods have been extended [30, 35] to higher order in the density
where one generates long-time tails in the correlation functions that enter the
Green—-Kubo formulae. We will treat these long-time tails using less involved

methods in Chapter 9.
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Problem 7.1: Show that the singlet distribution function f(x, p), defined by
Egs.(1) and (6), is related to f(x, v), defined by Eq. (12), by f(x,v) = m3f(x, p)

where m is the mass and we work in three dimensions.

Problem 7.2: Evaluate the integral:

21

0 /2
a= n/ v3dv/ do sin® cos6 do ®(v) ,
0 0 0

giving the effusion rate for a dilute gas in thermal equilibrium. ®(v) is the
Maxwell velocity distribution given by Eq. (23).
Problem 7.3: Evaluate the average speed u in a classical gas using:

u:/hd?’vvcb(v) ,

where ®(v) is the Maxwell velocity distribution given by Eq. (23).
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Problem 7.4: Finish the calculation of the collision rate for a dilute gas in
thermal equilibrium by evaluating the velocity integrals:

I—/d3 /d301e 2B"”H'vl)|v1—v|

Problem 7.5: Starting with the phase-space density f(x, p,t), defined by Eq.
(1), and assuming that the individual momenta satisfy the equation of motion
given by Eq. (55), show that the equation of motion satisfied by f(x, p,t) is
given by Eq. (56).

Problem 7.6: Consider a collision process between two particles with initial
velocities v and v; that scatter into final velocities v/ and v}. Show that:

dPod®v; = d®0'd®0v]

Problem 7.7: Show how the change of integration variables given by Eq. (83)
follow from the two-body kinematics.
Problem 7.8: Show that the inequality:

(x —y)ln (%) <0

holds.
Problem 7.9: Show that the linearized Boltzmann collision operator, defined
by Eq. (125), obeys the symmetry:

Kg(p, p') fo(p') = Ke(p', p) fo(p)

Problem 7.10: Consider the set of polynomials given by Eqs.(140)—(144). Show
that the constants N; and & can be chosen such that the polynomials are
orthonormal, as in Eq. (138).

Problem 7.11: Show that the expansion of I(k,z), defined by Eq. (176), in
powers of wavenumber leads to the result given by Eq. (178).

Problem 7.12: If we turn on a time-dependent force of the form given by Eq.
(186), then in linear response theory we need to evaluate the integral:

ot ,
F(ty=e /7 [ areE(t)
0
Show that:

F(t) = [1: (1 _ eft/r) _ (Tfl _ tal) (eft/tg _ eft/t)} F .

Problem 7.13: Starting with f(p), given by Eq. (226), show that f(p) is proper-
ly normalized, leads to the correct linear response result for small F, and find
the nonlinear contributions to the electrical and heat currents.
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Problem 7.14: Evaluate the momentum integrals of the form:

& = [ e hlp)

forn=1,2,3.
Problem 7.15: Solve the transport equation:

J=cE—JxH

to obtain the current J as a function of E, H and G.

Problem 7.16: Show that the expression for the rate of effusion given by Eq.
(32) has the correct units.

Problem 7.17: Estimate the mean-free path and time assuming a temperature
T ~ 300 K, pressure p ~ latm and hard-core diameter rg ~ 4 x 10~% cm.
Problem 7.18: One can work out the general solution to the case where a set of
electrons is driven by a static inhomogeneous temperature. The appropriate
kinetic equation is given by:

PV f(x, 1) = —1f (0 b, 6)] ~ folp, T()]

Show that this equation has the general solution:

Fixp) = [ dsefolp, T(x— 22

Show that the number of particles is conserved in this quantity. Investigate
the perturbation theory expansion in a weak temperature gradient. If T(x) =

Ty + %(TL — Tp), then show that to linear order VT = (TL—ZTO), we recover
Eq. (246).
Problem 7.19: Given the solution :

Flxp) = [ dsefolp, T(x— 7))

in the problem for a system driven in local equilibrium by a temperature
gradient. Assume:

x
T(x) =To+ 7 (Tr — To)
in a system of length L in the x-direction. Write:
T(x)=T+3T(x) ,

where:

1 /L
T_Z/o dx T(x)
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is the average temperature, and expand f(x,p) in a power series in 8T (x).
Compute the averages:

nx) = [ Epfixp)
g(x) = / d>ppf(xp)
. p2
K(x) = [ dpErixp)

. 2
Ji(x) = [ @p2 s p) .

m2m

Problem 7.20: Starting with the single-relaxation approximation, Eq. (184), for
a system in an AC electric field find the frequency-dependent conductivity
o(w) relating the electrical current and the applied field.

Problem 7.21: In the case of a system with inhomogeneous flow, show that the
leading order contribution to the off-diagonal stress tensor,

PipP;j
o) = [@pPLfilp — mu(x)

i # j,is second order in the small flow velocity u(x) and does not contribute
to the shear viscosity.
Problem 7.22: Show that:

N
fo(1)fo(2)g(x1 —x2) = < Y 3(x1—1;)8(p1—pi)d(x2—17) 8 (p2— Pj)> ,
i#j=1
where the radial distribution function is defined by:
N
n2g(x; —xp) = < Z 8(x1 —1;)8 (x — rj)>
i#j=1

Problem 7.23: Show that the Poisson bracket between phase-space densities is
given by:

{F),F@)} = (Vo iy = Vi, V) [8x1 = 2) 8 (p1 — p2) f(1)]

Problem 7.24: Show that Eq. (339) can be put into the form symmetric under
exchange of p; and p».
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Problem 7.25: Show that for a low-density fluid of hard spheres that the Fou-
rier transform of the hole function is given by:

h(k) = —i—? [sin(kro) — krg cos(krp)]

Problem 7.26: Show that:

/d3p (%on(p) —ell,

m

Problem 7.27: Given the hydrodynamical form for the transverse correlation
function, Eq. (408), show:

n= ;111(1)]112(1) = Tk2 [zCr(k, z) — mnkgT)|
Problem 7.28: Write down the N = 6 kinetic model for the collision integral
Kp(p,p’) for the case where we preserve the five conservation laws. Put this
result into the kinetic equation and assume that the system is spatially uni-
form. Solve for f(p, t), assuming that initially f(p,t = 0) = fin(p)-
Problem 7.29: Evaluate the momentum integral:

(TIT) = (TIRIT) = [ @p1 [ @papivipspifo(p2)der —p2)

which enters the determination of the shear viscosity.

Problem 7.30: Evaluate G(11’;22’;z), defined by Eq. (371), for an ideal gas.
Note that terms cancel between the two pieces in Eq. (371).

Problem 7.31: Evaluate G(11';22’;z), defined by Eq. (371), in a density expan-
sion to first order in the density.

Problem 7.32: Evaluate the integral for the thermal conductivity given by Eq.
(243).

Problem 7.33: Evaluate the remaining integral for the off-diagonal response
functions given by Eq. (259).

Problem 7.34: Do the electric and thermal gradient forces induce a contributi-
on to the off-diagonal components of the average stress tensor? Explain.
Problem 7.35: Expand the direct correlation function to first order in a weak
interaction potential.
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8
Critical Phenomena and Broken Symmetry

8.1
Dynamic Critical Phenomena

8.1.1
Order Parameter as a Slow Variable

In our development in Chapters 5 and 6 we have established the typical or
conventional hydrodynamic picture. How do these ideas break down? One of
the most obvious places to look for a breakdown of conventional hydrodyna-
mics is near a second-order phase transition [1]. The key point in this case is
that there is a length in the problem, the correlation length &, which becomes
infinite as one goes to the transition. This length measures the correlations of
the order parameter associated with the phase transition. Since these corre-
lated regions can involve very many degrees of freedom we expect the time
evolution of the order parameter to be slow. Thus we potentially have a new
mechanism for introducing a slow variable into the dynamics of a macroscopic
system: the kinetics of the order parameter near a critical point. In this chapter
we analyze these kinetics using the linearized Langevin equation approach
developed earlier. This leads to a mean-field analysis of the problem. A more
sophisticated treatment of dynamic critical phenomena is given in Chapter 10
after we have discussed nonlinear Langevin methods in Chapter 9.

The first step in analyzing critical phenomena is to identify the associated
order parameter [2]. The order parameter field y(x) has the following proper-
ties [3]:

o The average of the order parameter vanishes at temperatures above so-
me transition temperature T;. The zero average of the order parameter
is usually due to some symmetry principle [4]. Below the transition tem-
perature the average value of the order parameter is nonzero:

0 T>T .
<W(x)>_MT<TC, ey
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Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4



272

8 Critical Phenomena and Broken Symmetry

where, near the critical point, M vanishes as (T, — T)B where B is one of a
handful of critical exponents [5] that characterize the analytic properties
of a critical point.

e The order-parameter equal-time or static correlation function is defined

by:
S(x—y) = (dw(x)dw(y)) - )

We are interested in the Fourier transform, the order parameter structure
factor S(g, T). This quantity becomes large as one approaches the critical
point and additional critical indices, n and v, are defined by:

SHqT) = > " 3)
and:

SO0, T)~|T—T.| " . ()

These expressions indicate the singular nature of the critical point as probed
by order parameter fluctuations. An important quantity in measuring the gro-
wing correlations as one approaches the critical point is the correlation length,
which can be defined by:

2= s ®
and § grows as T — T¢ as:

E~IT T . (6)

It turns out that in three dimensions the index 1 is typically small [6]. In the

approximation where we setn = 0, one is led to the Ornstein—Zernike result [7]:

c
—
7>+
for T near T,. Inverting the Fourier transform in three dimensions gives the
order parameter correlation function:

S(q,T) = 7)

e—\x—)’\/§

S(x—y,T) ®)

~ “anlx—y]

for T > T, where c is a positive temperature-independent constant as T — T.
Notice that Eq. (7) implies that:

5(0,T) = c&” )
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and y = 2v.

Since S(q, T;) diverges as q — 0, we see that one of our hydrodynamic
assumptions [8] breaks down. We note that  introduces a large length scale in
the problem and even if q is very small it is inappropriate to replace S(q) by
5(0) exceptif g§ < 1.

8.1.2
Examples of Order Parameters

One can identify, for essentially all known second-order phase transitions, the
associated order parameter [9]. Here we will concentrate on the variety of
order parameters associated with the Heisenberg model for magnetic systems.
It will turn out that many physical systems have order parameters that are
similar in nature to one of the order parameters in this model.

Suppose we have a set of spins S(R) setting on a lattice at site R. We assume
that the dynamics of these spins is governed by the Hamiltonian of the form:

H:_%Zzymm_wﬁﬂm&mﬁ, (10)
RR' k

where the exchange interaction, ], is assumed to depend on the distance bet-
ween the two spins. In the simplest models with short-range interactions it is
sufficient to consider only nearest-neighbor interactions and write:

H=- Y Y JWS(R)S(R') . (11)

(RR)NN K

There are then three important cases. First we have the case where the system
is isotropic and the exchange interaction is the same in all directions: J(¥) = J.
In this case one has the isotropic Heisenberg model with Hamiltonian:

H=- Y  JS(R)-S(R) . (12)

(RR')NN

When the system orders it will be equally likely along any of the directions in
three-dimensional space. For an isotropic ferromagnet the order parameter is
a three-dimensional vector. The second case is where there is an easy plane for
rotation:

S (2N (O (13)

In this case it is energetically favorable for the spins to line up in the xy plane
and the ordering will be in this plane. The associated order parameter is a
two-component vector corresponding to ordering in the plane. This model is
called an XY or planar model.
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Finally one can have the situation where there is an easy axis:
J@ > =) ) (14)

In this case, the order parameter is a scalar, and there is ordering parallel or
antiparallel to the z-direction. This corresponds to an Ising model. Thus we
can have order parameters with differing numbers of ordering components
denoted by n. For n = 3 we have the isotropic Heisenberg model, for n = 2
we have an XY model and for n = 1 we have an Ising model. We know that
the critical phenomena of a given system depend [10] on the value of #.

There are other considerations that enter into the selection of an order pa-
rameter that are more important in the case of dynamic critical phenomena
compared to static critical phenomena. Consider the simple situation of just
two Ising spins in one dimension governed by the Hamiltonian:

Hipp = —J515 . (15)

Let us assume that | > 0. There are then two possible energetically distinct
configurations:

e If the spins are parallel 1T or ||, then:

Hp, = —]$1S, <0 . (16)
e If the spins are antiparallel | T or T| then:

H{y = —J$15, >0 . (17)

Since a system, at low temperature, acts to lower its energy for | > 0 the
system wants to line up parallel. Clearly, if | < 0 then:

H, >0 , (18)

H{5 <0 (19)

and the spins want to line up antiparallel.

The case | < 0 corresponds to a system that aligns antiferromagnetically
at low temperatures. A possible alignment at zero temperature is shown in
Fig. 8.1. We see that there is now no net magnetization:

(Mr) = <ZS(R)> =0 . (20)
R

We note, however, that there is order at low temperatures. Let us define a
quantity called the staggered magnetization:

N(x) = ;n(R)S(R)B(x —R) . (21)
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Fig. 8.1 Zero-temperature ordering of an Ising antiferromagnet on a
square lattice.

For a square or cubic lattice, the n(R) are defined as follows. Divide the lattice
up into two interpenetrating sublattices. If a given spin is on one sublattice
then all of its nearest neighbors are on the other sublattice. Then arbitrarily
assign N(R) = +1 on one sublattice and n(R) = —1 on the other sublattice,
as shown [11] in Fig. 8.2. Finally we plot in Fig. 8.3 the value of n(R)S(R) at
the various lattice sites at low temperatures. The —1 values of n(R) flip the
orientation of the spin at that site and the staggered magnetization appears
ordered. It is then clear that there is a net total staggered magnetization:

(N7) = <Zn(R)S(R)> 70 . (22)
R

The staggered magnetization is the ordered or symmetry breaking field (order
parameter) for an antiferromagnet. Thus we have:

0 T>Ty

= (23)
N2 T<Ty ,

(N(x))

where Ty is the Néel transition temperature and near and below the transition
N = (T, — T)P. Note that ferro- and antiferromagnets may be in the same static
universality class and share the same values, for example, for P.

With respect to their equilibrium critical properties ferro and antiferroma-
gnets with the same symmetry of the order parameter (same value of n) fall
into the same universality classes. This need not be the case with respect to
dynamic critical phenomena. The reason has to do with conservation laws.
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e = Y.
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1 -1 +#1 -1 #

Fig. 8.2 One choice for the phase factors n(R) for a two-dimensional
square lattice.

1

- 5 > >
- - > —
- > > -
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Fig. 8.3 Ordered configuration for n(R)S(R) for an antiferromagnet on
a square lattice.

We have seen previously that for the isotropic case the magnetization is con-
served. If there is an easy plane:

[0 = v £ @ (24)

then only the magnetization in the z-direction is conserved. If there are three
unequal exchange couplings:

JO £ W) £ g=) (25)
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then the magnetization is not conserved. It is easy to see, even in the isotropic
case, that the staggered magnetization is not conserved:

{N,H} = ) J(R-R)n(R)-n(R)][S(R)xS(R)] . (26)
(RR) NN

Whether the order parameter is conserved or not will clearly matter in treating
dynamic critical phenomena.

8.1.3
Critical Indices and Universality

We have introduced above a number of critical indices that characterize the
properties of the order parameter near the critical point. Equations(1), (6), (3)
and (4) define B, v, n and Y. In the 1950s, 60s and 70s there was extensive
experimental, numerical and theoretical study [12] of the critical properties
(indices) of a wide variety of systems. One of the organizing ideas to come out
of this work is that there are similarities between systems with seemingly very
different microscopic interaction mechanisms. This idea can be summarized in
the hypothesis of universality [13]:

All phase transition problems can be divided into a small number of dif-
ferent classes depending upon the dimensionality d of the system and the
symmetries 1 of the ordered state. Within each class, all phase transitions have
identical behavior in the critical region; only the names of the variables are
changed.

As a first step one must find the appropriate values of 4 and n. The ap-
propriate spatial dimensionality is usually three, but some layered or surface
compounds are more appropriately [14] taken as two-dimensional. The n-
dependence tells one whether one has an order parameter that corresponds
to an Ising, XY or Heisenberg model. As an example, in superfluid helium
the order parameter is a complex creation operator that has two components
(n = 2). Therefore the critical properties of the A-transition are the same as for
an XY magnet. The liquid—gas transition and Ising magnets are in the same
universality class. There are additional classes beyond the O(n) symmetric
models. One can have systems with cubic symmetry, others with uniaxial
symmetry, etc., or more exotic symmetries as for certain liquid crystals [15].

8.1.4
The Scaling Hypothesis

Closely related to the proposition of universality is the idea of scaling. Univer-
sality implies that the microscopic details of a system are unimportant near
the critical point. The critical indices cannot depend on the lattice separation
a in a ferromagnet or the hard-core separation distance r( in a fluid. If these

277



278

8 Critical Phenomena and Broken Symmetry

lengths are to be removed from the problem, then there must be one length
that is much longer and which dominates these microscopic lengths. This
length is clearly the correlation length &, and it dominates all other microscopic
lengths in the problem, a/& < 1, near T. According to the scaling hypothesis,
due to Widom [16] and Kadanoff [17], the divergence of £ is responsible for
the singular dependence on T — T, of physical quantities, and, as far as the
singular dependence is concerned, & is the only relevant length. This scaling
assumption can help correlate a large amount of information.

Consider first the order-parameter correlation function. We note that this
quantity is a function, in general, of q , T and the temperature-independent
variables such as, for a magnet, the lattice spacing a4 and the nearest neighbor
interaction J. We can, in principle, eliminate the temperature in terms of the
correlation length and write:

§=5(q,84a]) . (27)

For simplicity, we assume that the field conjugate to the order parameter, like
an external magnetic field for a ferromagnet, is set to its critical value. Accor-
ding to the scaling hypothesis S(q, &, a, ]) becomes a homogeneous function
in the critical or scaling region:

5(q,8) =& f(q) , (28)

where the index x is unknown. Scaling laws of this type are particularly useful
in analyzing experimental data. First one collects scattering data as a function
of q for a given temperature T7. Then collect another set of data as a function of
q for another temperature T, and so on. According to our scaling assumption,
if we plot S(q) /&" versus q& then we can find a temperature-dependent length
€ and an exponent x such that all of the data collapses on a single curve.

The scaling assumption has immediate consequences concerning the critical
indices. If we hold & fixed and set q = 01in Eq. (28), we can use Eq. (4) to obtain:

5(0,8) =& f(0) = [T — T[T . (29)
If we remember Eq. (6), we can write:
IT-T|~& 'V, (30)
and, after inserting this in Eq. (29), identify:
x=vy/v . (31)
Similarly if we set T = T, then, for small g, Eq. (28) reads:

S(q,Tc) = éﬂ{}o Ef(g8) - (32)
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Since S(g, T¢) is finite for g # 0, the limit in Eq. (32) must exist and we require:
f(48,0) — (48) " (33)
as g€ — oo. This means that Eq. (32) reduces to:
5. Te) =q7" . (34)
If we compare this with Eq. (3) we can identify:
x=2-1m . (35)
Combining this result for x with Eq. (31) gives the relation:

Y=Q2-nVv . (36)

Thus, the scaling hypothesis allows us to find relations among the various
critical indices. This suggests that the critical indices are not all independent.

There is a simple set of approximate theories one can use to check the scaling
hypothesis. Mean-field theory [18] is a collection of theories like the Landau
theory [19], Curie-Weiss theory [20], and van der Waals’ theory [21]. These
theories all assume a certain level of analyticity near the critical point and
give forall (n,d),y=1,v =1/2andn = 0. It turns out that these results hold
in d = 4 dimensions for reasons that become apparent in a renormalization
group analysis, as discussed in Chapter 10. This set of indices do obey scaling.
Another important theory was Onsager’s solution [22] of the two-dimensional
Ising model where we know y = 7/4,v = 1, and N = 1/4. These values are
quite different from the mean-field theory values, but do also obey the scaling
relations.

While the scaling hypothesis played an important role in the development
of our modern theory of critical phenomena, it was still far from a complete
theory. It reduced the number of independent indices to two, but it did not
tell us anything about how to calculate them. More fundamentally, we did
not know how to establish the scaling hypothesis from first principles. The
renormalization group theory led to the solution of this problem.

8.1.5
Conventional Approximation

With this background on static critical phenomena we turn to the study of dy-
namic critical phenomena. Let us proceed with the assumption that the order
parameter  is the slow variable, which is not coupled to any other variable
and we can use our Langevin equation approach. We begin by assuming that
the order parameter is not conserved.

As usual in this approach, the first step after identifying the slow variables
is to determine their static correlations. We assume that in this case, the static

279



280 | 8 Critical Phenomena and Broken Symmetry

order parameter structure factor S(q) is given approximately by the Ornstein—
Zernike form expressed by Eq. (7).

We turn next to the evaluation of the static part of the memory function.
If we have a single-component order parameter there is no nonzero Poisson
bracket we can form and:

K (q)=0 . (37)

Turning to the dynamic part of the memory function, assuming that the order
parameter is not conserved, the simplest assumption, known as the conventio-
nal [23] or van Hove approximation, is that for small frequencies and wavenum-
bers :

r'(q,z) =KW(q,2)s(g) = ~iT , (38)
where I' is assumed to be a constant. The dynamic part of the memory function
is given in this approximation by:

K(q,z) = —iTs(q) , (39)

and the simplest assumption is that the kinetic coefficient I' shows a weak
temperature dependence near the critical point.

Inserting Egs. (37) and (39) into Eq. (5.121), the equation of motion for the
order parameter fluctuation function is given by:

[z +iTs™(q)]Cq,2) = S(q) - (40)

Inverting the Laplace transform, we obtain the order parameter time-correlation
function:

Clq,t) = S(q)e TS @t (41)

If we are at the transition, where T = T. and S(q) = c/g?, we have:

c _rp2

Clq,t) = 2° crt (42)

We are now in a position to see why we must treat the order parameter as

a slow variable. The order parameter time-correlation function, at the critical

point, looks as though the order parameter is conserved since its decay time
is given by:

Q) =15 (43)

which goes to infinity as g — 0.



8.1 Dynamic Critical Phenomena

If we are near T;, where the correlation length  is large, the static suscepti-
bility in Eq. (41) can be replaced by:

c
S5(q) = —= (44)
(q) e
and the relaxation time is given by:
c
T(q/ &) = L, -2\ (45)
(g +&7)
and at zero wavenumber,
2
c
w08 = = (46)

is large. The existence of this large time is known as critical slowing down [24].
More generally, in the critical regime, one has, using Eq. (35) in Eq. (28), the
scaling form:

S(q,8) =97 *"f(g8) - (47)
In the Ornstein—Zernike case, = 0, the scaling function is given by:
f) =+ (48)

In the case of dynamic critical phenomena, one can generalize the static
scaling given by Eq. (47) by taking into account the existence of the large
dominant time T given by Eq. (46). It is then conventional to introduce the
dynamic scaling form [25] for the order parameter fluctuation function:

5(q,8)
C(q,z) = Flz/o0:(q, , 49
(a:2) = o A Flz/0(q,8) )
where . is the characteristic frequency with the assumed scaling form:
@c(q,8) = 4°fp(48) , (50)

where z is the dynamic critical index and fp and F are scaling functions. In
our simple example, using Eq. (40), we have:

_ _ Sl
€2 = s T
_ S 1 51)

oc(q,§) [Q+1]

where the dimensionless frequency is given by () = z/,, and the characteri-
stic frequency can be identified as:

o = I'S7'(q,&) (52)
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r -
= ¢ —[1+ (%)~ (53)
and the dynamic critical index is given [26] by:
z=2 . (54)

The scaling function is given by:

fr) =+ (55)

This is the simple behavior that one expects from a nonconserved Ising sys-
tem.

If the order parameter is conserved, as for certain isotropic ferromagnets,
then for small g and z, Eq. (38) is replaced by:

rd(q,z) = —ig?D , (56)

where D is a diffusion coefficient, and the dynamic part of the memory func-
tion is given by:

K (q,z) = —iDg*S ! (q) . (57)

The order parameter fluctuation function, assuming again that the static part
of the memory function vanishes, then satisfies:

z+ig’DS™(q)]C(q,2) = S(q) - (58)

Inverting the Laplace transform,
Cla 1) = S(q)e P (97 (59)

The most interesting consequence of this result comes if we assume we are
precisely at the transition temperature T = T. where S(q) = c/4°. In this
limit,

C(q, t) _ qc_zefDq‘lt/C , (60)

and the Fourier transform becomes:

2Dg%/c

Clq o) = m (61)

Equation (58) can be written in the dynamic scaling form with characteristic
frequency:

wc(q,&) = DS™'(q)q
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= 2@ (62)
and we can identify the dynamic critical index:
z=4 (63)
and the dynamic scaling function:
F(Q) = - ! (64)
i+ 0

is the same as before in the nonconserved case.

What about our assumption, Eq. (38), that I'(q, z) is regular as g,z — 0?
This does not hold in general. There are strong nonlinear processes driven by
the large correlation length & near the critical point that lead to anomalous
behavior in T'(q,z) as & — o0, g4,z — 0. Thus, for example, the shear viscosity
in a fluid near its liquid—gas critical point shows critical anomalies. We can not
understand these effects using our linearized Langevin approach. In general,
as we see in Chapter 10, we must treat nonlinear fluctuations in the order
parameter, as well as couplings to other slow degrees of freedom.

8.2
More on Slow Variables

In the previous section we assumed that the order parameter is a scalar va-
riable that does not couple to any other slow variables in the system. This is
most appropriate to the case of a nonconserved Ising system. More generally,
we must allow for coupling between the order parameter and other slow
modes in the system. In this way, the universality classes in dynamic critical
phenomena are more diverse than for static critical phenomena.

At this stage we understand that slow modes exist for two basic reasons:
conservation laws and critical slowing down. In the next section we find ano-
ther source of slow variables: Nambu-Goldstone modes in systems with a
broken continuous symmetry. These variables must also be included in our
list of slow variables.

A key point is not just that we identify the slow variables but that we must
also be able to decide how they couple to other slow modes. This is tied up
with the construction of the static part of the memory function for the system
where we include all of the slow modes in our set y,. Slow modes y and
\(;qz is nonzero. From
our theorem from Chapter 5 for the static part of the memory function F‘(lf(g is
nonzero if the average of the Poisson brackets between y and ¢ is nonzero.
Thus generally we must construct the Poisson brackets among all of the slow
modes to see if they are coupled.

¢ are coupled if the static part of the memory function I
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To see how these Poisson brackets enter the discussion, let us look at a
magnetic system. Suppose our fields of interest are the magnetization density
M and the staggered magnetization density N. Notice that the definitions of
these quantities and their Poisson brackets are independent of the choice of
Hamiltonian and the explicit choice of an order parameter.

Starting with the fundamental Poisson brackets [27] for a set of classical
spins:

{Si(R),Sj(R")} = 8r ' )_&;kSk(R) (65)
k
and defining the magnetization density:
M(x) =) 8(x — R)S(R) (66)
R
and the staggered magnetization density:

N(x) =) _3(x—R(R)S(R) , (67)
R

then it is shown in Appendix D that:

{Mi(x), Mj(y)} = 8(x—y) ;SijkMk(x) (68)
{Ni(x), Nj(y)} = 8(x —y) ;SijkMk(x) (69)
{Mi(x), Nj(y)} = 8(x —y) ;eijka(X) : (70)

We will need these Poisson bracket relations as we go along.

When we turn to the static part of the memory function we see that it
depends on the average of the Poisson bracket [28] between the slow variables.
If we focus on the magnetization densities then we have from Eq. (5.205):

I (x—y) = B~ ({Mi(x), Mi(y)})
= iB18(x—y) }_eip(Mi(x)) - (71)
k

This vanishes unless the system has a nonzero average magnetization. Thus
we have new contributions to the static part of the memory function in the
ordered phase of a ferromagnetic or if we apply an ordering magnetic field. In
either case (M (x)) # 0 and certain components of I'®) are nonzero.
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8.3
Spontaneous Symmetry Breaking and Nambu-Goldstone Modes

Let us now turn our attention to the ordered ferromagnetic state where T < T¢.
In this case, the dynamics are more complicated, but also extremely interes-
ting. We must first discuss the static properties of the ordered state that breaks
a continuous symmetry. Thus, we consider cases where the order parameter
has at least two components.

The first thing we note is that in the ordered state the average magnetization
isno longer zero in zero external field. There is a net magnetization that points,
we assume, in the z-direction:

(M(x)) = Mz . (72)

Recall that, in an isotropic system, one has a system described by a Hamilto-
nian that is rotationally invariant - no direction is preferred. Nevertheless, at
some temperature (the critical temperature T;) the system chooses to be in a
thermodynamic state that breaks the rotational symmetry. This phenomenon
is known as spontaneous symmetry breaking [29]

We next have to say something about the static correlation functions in the
ordered phase. We first realize, once there is a preferred direction, that fluctua-
tions along and perpendicular to the direction of ordering may be different.
We define the longitudinal correlation function:

SL(x = x) = (3M*(x)d3M*(x)) , (73)

where we now subtract off the average value of M* explicitly, and the trans-
verse correlation functions are defined by:

Sr(x = x) = (M*(x)M*(x')) = (MY (x) MY (x)) . (74)

The cross correlation functions are zero by symmetry. We are interested in the
behavior of S; and St in the ordered phase. It turns our that the behavior of
St is largely determined by the existence of Nambu—Goldstone (NG) modes
in the system. We give first a simple argument leading to the identification of
NG modes.

Consider the thermodynamic free-energy density of an isotropic magnet
f(B) as a function of an applied conjugate external magnetic field B. Also
suppose the system is symmetric and f depends only on the magnitude of B
(See Problem 8.3). For a paramagnet this leads to the usual result:

f(B) = F(0) ~ 3xB*+ .. 75)

where y is the magnetic susceptibility. More generally, the average magnetiza-
tion density is given by:

My = _9f —f'Boy = MBq . (76)
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In this case, the magnetic susceptibility is a matrix:
_dmg 0 A
Xoap = aB; ~ 9B, (f'Ba)

/

= ﬁﬂaﬁﬁ—%(%ﬁ—aﬁm : (77)
The longitudinal part of the free energy can be read off as:

w=—f" (78)
while the transverse part has the form:

ir=-5=4 79)

In the ordered ferromagnetic regime, as B — 0 the average magnetization
density reduces to the spontaneous magnetization M — My and X1 blows up.
Since:

B~'xr = lim St(q) (80)
q—0

in the classical limit, we have that the transverse component of the static
correlation function blows up as B and g go to zero in the ferromagnetic phase.
One can show [30] rigorously that if the interactions are short ranged then:

A
O (81)
q
where A is a constant as g — 0. For our purposes here, we assume that in the
long-wavelength limit we can write:

1
Pog?

and to lowest order we can treat p, as weakly temperature dependent near the

phase transition. This is the famous Nambu-Goldstone boson or mode. Let

us see how this physics influences the dynamics. We will use our linearized
Langevin description.

St(q) (82)

8.4
The Isotropic Ferromagnet

Let us determine the magnetization—-magnetization time-correlation functions
in the ordered phase, T < T¢, in the conventional approximation for an iso-
tropic ferromagnet. We first summarize our results for the static correlation
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functions in the ordered phase T < T.. Assuming the magnetization is ordered
in the z-direction we have:

Sij(q) = 8;;Si(q) (83)

and:

for small g. The simplest assumption is that the longitudinal component of
the order parameter correlation function, Sy (q = 0) = S;(q = 0) is a weakly
temperature-dependent constant [31]. We next look at the static part of the me-
mory function. Using the theorem given by Eq. (71) and the Poisson brackets
given by Eq. (68) we have:

I (@) = X K @sila) = 87" Een(Mi(x) - (85)

In the ordered phase we have assumed:
(My(x)) = 8,z M. (86)
We can then solve Eq. (85) for K,

Kl-(]-s)(Q) = 'B_l?«z‘szsj_l(Q) . (87)

Turning to the dynamic part of the memory function, we assume, in the ab-
sence of any additional information, that we can use a form of the conven-
tional approximation, remembering that the order parameter in this case is
conserved,

ri¥(q,2) = YK (q,2)Si(q) = —iq?8;D; (88)
l
or, using Eq. (83),
KiV(q,2) = —ig?8;D;57(q) (89)

where the diffusion coefficient D; may be different in the longitudinal and
transverse directions. Armed with these results the fluctuation function:

oo oy )
Cij(q2) = —i / dt e+t / dhx e Y (M, (x, )M, (y,0))  (90)
0
satisfies, as usual, the kinetic equation:

;[zsﬂ ~KY(q) — K\ (q,2)]Ci(q,2) = Sij(q) - (91)
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Putting in the results for the memory functions, Egs. (87) and (89), we have:
zCij(q,z) — B 'MY_ 1.5, (q)Cik(q, 2) + i7°D;S; 1 (q)Cij(q, z) = Sij(q) (92)
1

Let us look at this first for the case of longitudinal fluctuations, setting i = z =
Lin Eq. (92) gives:

2C;j(q,2) +ig°D1S. ' (9)Cz(q, 2) = 8:251(q) (93)
or:
S1(q)9;
Coj(q2) = — 1 — (94)
z+ig?D1S; (q)

and one has, for the longitudinal component, diffusive behavior just as in the
paramagnetic phase. In some sense this is the continuation of the paramagne-
tic behavior into the ordered region. Dynamical scaling near T = T, gives
z =4 aswe found for T > T..

Consider next the transverse case. Taking the xx matrix element of Eq. (92)
we find:

[z +iq?DrS7'(q)|Cxx(q,2) — B~ MS7'(@)Cyx(q,2) = ST(q) . (95)
which couples Cyy to Cyx. Taking the y — x matrix element of Eq. (92) gives:
[z +ig*D1S;"(q)]Cyx(2) +iB ' MS;'(q)Crx(z) =0 . (96)

Thus Egs. (95) and (96) form a closed set of equations. The determinant of
coefficients for this coupled set of equations is given by:

D(q,2) = [z +ig*DrS7 (@) — B *M*S7%(q) - (97)
One therefore has poles at the complex frequencies:
z=+B'MS;'(q) —ig’DrS7'(q) - (98)

Since the transverse correlation functions support NG modes,

1
Sr(q) = —5 (99)
Poq?
we have the dispersion relation:
z = +cq® —ig*Drpy (100)

where:

c=p"Mp, . (101)
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The fluctuation function is given then by solving Egs. (95) and (96) to obtain:

Cxx(q,z) = Cr(q,2)

_ St(q)(z +ig*pyDr)
(z — cq* +iq*poDr)(z + cq* + ig*po D)
S 1 1
_ 51l ] . (102

2 ‘z—cq?+igtpgDr + z+ cq? +ig*py D1

The associated correlation function is just the imaginary part and given by:

Cr(q o)

_ St(q) q7*poDr n q'poDr . (103)

2 |[(@—cq?)2+ (poDrg*)? (@ +cq?)? + (pgDrg*)?

We see that below the transition temperature the transverse correlation functi-
on is characterized by two spin-wave peaks. The spin-wave frequency is given

by:
0s(q) = cq” = MB~'pog” (104)
while the spin-wave damping is given by:

W(q) = ¢*DrS:'(q)
= Drpog* . (105)

If we use s as the characteristic frequency used in dynamical scaling, we
have:

os(q) ~ Mg* . (106)

If we assume M ~ |T — T, | ~ &’B/ ¥ and use the reasonably accurate values
for ferromagnets of B = 1/3, v = 2/3, then we have:

ws(q) ~ &2 = 47/ / (qE) (107)

and z = 5/2. This is a pretty good estimate of the measured [32] index for
a ferromagnet. The damping contribution to the characteristic frequency has,
as for the longitudinal component, a dynamic critical index z = 4. The dis-
crepancy in values of z calls into question the conventional approximation,
which assumes that Dr and D) are regular in temperature as T — Tc. In
Problem 8.9 we discuss the temperature dependence required for Dr if cg?
and ¢*Drp, have the same scaling index. Clearly these results require Dt
(and Dy) to show a strong temperature dependence. The source of this strong
temperature dependence is discussed in Chapter 10.
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The structure of the correlation function is changed qualitatively by the
broken symmetry. An important comment is that the spin-wave spectrum is a
property of the ordered phase, not just a property of the critical point.

8.5
Isotropic Antiferromagnet

We now want to turn to the dynamics of isotropic antiferromagnets. The order
parameter, the total staggered magnetization N, is not conserved. Thus abo-
ve Ty there is nothing particularly special about the staggered magnetization
autocorrelation function. In the conventional approximation we obtain (see
Problem 8.5):

B 2Ty
@ + (TnSyt(q))?

Cn(q, o) (108)

where I'y is a kinetic coefficient. It is left as an exercise to show that the
dynamic scaling analysis of Eq. (108) as T — Ty, leads to a dynamic scaling
index z = 2.

Let us move on to the interesting case of the ordered phase, T < Ty. We will
concentrate on the possibility of NG modes.

Following the treatment for the ferromagnet (now the field H4 conjugate to
N is unphysical) we again argue that for small 4 we have the NG mode:

1

NT(q) = —
(a) Pog?

, (109)
where p, is assumed to be weakly temperature dependent near the transition.
Thus the transverse component of the staggered field shows the NG mode
behavior. The transverse correlation function for the magnetization does not
show a g2 behavior below Ty! It is regular for small wavenumbers:

1

lim ST/ (q) = — . (110)
q—0 Pm

For simplicity we assume that (see Problem 8.6):

1in55j{m(q) =0 . (111)
q—>

Let us now turn to a discussion of the dynamics for T < Ty. The first
order of business is the choice of slow variables y; to be used in the Langevin
equation. We said previously that we should include in w; all of the slow
variables. In our problem here, the magnetization is conserved and is certainly
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a slow variable. We also want to include the staggered magnetization in our
set. We therefore analyze our generalized Langevin equation in the case with:

W V() (12)

where i is a vector label and o« = N or M. Remembering Eq. (111) we have for
the slow variable structure factor:

Sup(q) = 8;3upS(q) - (113)

Next we need to evaluate the static part of the memory function. From our
general theorem we have:

» /d3z1<s>”‘x—z>syﬁ< y) = B {0 . (19)

The Poisson brackets among the various fields are worked out in Appendix
D:

{M;i(x), Ni(y)} = ; &Nk (x)3(x — y) (115)
{Ni(x), Nj(y) } = ; &M (x)8(x — y) (116)
{Mi(x), M;(y)} = Zk: gijMi(x)8(x —y) . (117)

Since (M) = 0, we see that T'®) is zero unless o # B and i and j are not equal
and in the set x, y. Therefore the only nonzero elements are:

Ky (@)Sh(q) = — BN (118)
KGN (q)Sie(q) = + BN (119)
Kynl(q)sY(q) = — BN (120)
K (@)S§(q) = + BN (121)

where N = (N ). We can rewrite these equations in the compact form:

KIS (q) = — iB 1 eN(1— 84g) [Sh(q)] ! (122)
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We assume the simplest forms for the dynamic parts of the memory function
compatible with the conservation law satisfied by the magnetization density:

Ki"(a) = = idogd; Th(a) (Sh(@) ! (123)
T'u(q) = 4°Diy (124)
Miv(q) =T - (125)

Our kinetic equation takes the form:
2Cyp(q,2) — Zk Ki(q)C(q,2) = Sg(q) - (126)
L

Let us focus here on the transverse components that we expect are influenced
by NG modes. Taking the xx matrix element of Eq. (126), we obtain:

2Cap(az) + B INSTa(a) ' g (a,2) +iTa(@)Sala) " Co5(a2)
— 5u5L(a) 1)

where —oo means M if &« = N or N if o« = M. Taking the NN matrix element
of Eq. (127) gives:

zCXN(q,2) +iBTINSL(q) ' Chin(a,2) +iT5 (q)SK (@) ' Ciiv(q, 2)
=S4(q)
or:
(z 4TSN (@) )CRin(q,2) +iB 7 NS{(q) ' Chin(a,2) = Sh(q) - (128)

So CXX, is coupled to Cj;y. An equation for this quantity is given by taking
the MN, yx matrix elements of Eq. (127) to obtain:

X

zChiy(a,z) —iBINSL(q) 'Cii(a,z) + T3 (q)Shi(q) ' Chiy(a,2) =0
or:
—iB NS (q)T'Ciiv(q,2) + (z +iD LS E(@) M) Chiy(a,2) =0 . (129)

Equations (128) and (129) form a simple 2 x 2 set of equations. The pole struc-
ture is determined by the zeros of the determinant:

D = [z+iTksk(@) ] [z+iDja*Sti(@) ]
~B NSy (@) S(a) ™ (130)
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Setting this to zero gives:
2+ iz (Thsk(a) ™" + Dh?shi(a) ™)
~T D" Sia(q) " Sk(a) ™ — B2N?5K(q) " 'Sh(q) ™" = 0. (131)

Substituting the small wavenumber forms for the structure factors gives the
result:

22 +izq? (T{Po + Diipar) — 4*TND 1oy — B Npopy® =0 . (132)
Let us define:
I =T3Py + DiPm (133)
and:
*(q) = B2N?popys + TN DigPoPM (134)
then Eq. (132) takes the form:
22 +izlg* — 2(q)g> =0 . (135)

Solving this quadratic equation, we find that the poles are located at complex
frequencies:

1

1 1/2
= _ZiTg?+ = 2 202
z= zzrq :I:z[ I'q” +4c (q)q}

(136)
We can rewrite the argument of the square root as:
4 ()~ T2q* = 4(0)q> +44°T;Dhrpoprs — (Thpo + DATAPM)Z q'

= 4¢ — (T~ Dlyow) ¢* (137)

where ¢ = ¢(0). We can then evaluate the pole positions as g — 0:
—¥ = % <4C2‘72 - (FKIPO - DKAPM)z ‘74> -
. 1/2
= _lzrq +eq ( L (Tlpo — DATAPM)2>

4c 2
—1Fq q2
= +cg (1 3@

(rlpo — DMpM)2 ¥ ) . (138)

The spin-wave spectrum corresponds to poles at:

2
z=+cq— il“% +O(P) , (139)
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where the spin-wave speed is given by:
c=B7'N(popa)'? (140)
and the spin-wave damping by:
['=T3py+ Dy - (141)

Inverting the matrix equation given by Egs. (128) and (129), we find after some
algebra the fluctuation function for the transverse staggered fields:

(z+iDjqP )

Cin(a,2) = Si(a) , T (142)
(2= + )z +eq + 1)
Then, near each pole we can write:
1 1 1
Can(a:2) = S\(a)3 + (143)

2 lz—cq+iTg?/2  z+cq+iTq?/2

plus terms higher order in g. It is clear that the transverse magnetization cor-
relation functions also shows a spin-wave spectrum (the two correlation func-
tions C}; and CI; share the same denominator and therefore the same poles).
It is interesting to note that the spectrum of CJ; now looks very much like that
for the Brillouin peaks in the density—density correlation function in a fluid.
In the fluid one has a dispersion relation:

z = +cq+ilq?/2 , (144)

where c is the speed of sound and I’ the sound attenuation. In the spin-wave
case, things look identical. Remember, however, that the sound wave spec-
trum was generated by the conservation laws (the density and momentum
is conserved). The staggered magnetization is not conserved. We see then
that the Nambu—Goldstone mode associated with the spontaneous symmetry
breaking has the dynamical effect of simulating a conservation law.

If we look at dynamic scaling in the case where we are near the critical point,
we have, assuming I' is regular in temperature near Ty,

_ Sn(a)1

. 1 1
CNN(q/Z)_ mc(q)E |:Q—1+Q—|—1:| 7 (145)

where the characteristic frequency is given by:

oc(q) =cq =B 'N/Popmq -

1/2

Using the result N ~ &~
we have:

, which is the same as for the ferromagnetic case,

3/2

oc(q) ~ & g~y (146)

é"H
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and we can identify the dynamic critical index as z = 3/2. This result is in
good agreement with experiment [33] for isotropic antiferromagnets. Howe-
ver, it disagrees with the conventional theory, z = 2, found for T > Ty and for
the longitudinal component C ;.

We must conclude, as for the case of the isotropic ferromagnet, that the
conventional theory is not a quantitative theory near the critical point. We
need a self-consistent theory for all the exponents, z, B, and v. We know that 3,
and v require a nontrivial treatment of critical fluctuations, so also z requires
a renormalization group treatment of fluctuations. This is developed in Chap-
ter 10.

8.6
Summary

One can associate with every broken continuous symmetry, when there are
short-range interactions in the disordered state, a set of Nambu—Goldstone
modes (variables) that must be included in the set of thermodynamic state
variables and the set of hydrodynamic variables. Typically these variables
generate traveling modes like spin waves in magnets, second sound in he-
lium and transverse sound in solids. These modes also form the lowest lying
excitations [34] in the low-temperature quantum analysis of such systems.
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Problem 8.1: Consider the anisotropic Heisenberg Hamiltonian given by Eq.

(10). If there is an easy plane:

](x) — ](y) £ ](Z) ,

show that only the magnetization in the z-direction is conserved. Show, in the
isotropic case, that the staggered magnetization is not conserved.

Problem 8.2: Take the inverse Fourier transform of the Ornstein—Zernike re-
sult for the order parameter static correlation function:

S(9)

. C
P+E?



8.8 Problems for Chapter 8

to obtain S(x) in d dimensions.
Problem 8.3: After minimizing the Landau free energy density:

f= £m2+%m4—m-B ,
where r, u are positive, m is the fluctuating magnetization density and B the
applied external magnetic field, show that f = f(B). Expand f in powers of B
in the paramagnetic phase and identify the magnetic susceptibility.
Problem 8.4: Find the magnetization—-magnetization correlation functions for
the case where the classical Hamiltonian is of the form:

H= / a'x [ZM2(x) - M(x) - B]

where r is a positive constant and B an applied constant magnetic field. Use
the Poisson bracket relations given by Eq. (68) to generate the dynamics.
Problem 8.5: Using the conventional approximation, find an approximate so-
lution for the staggered magnetization fluctuation function in the disordered
T > Ty regime. From this, find the correlation function Cy(q, ®). Write your
final result in dynamic scaling form and extract the dynamic critical index z.
Problem 8.6: Suppose an antiferromagnet can be described by the Landau free
energy density:

fF=1 &M+ 2N2—|— 4N4—|— 2N2M2 M-H ,
where 7y, u and v are positive. Compute within Landau theory the cross-
susceptibility:

oN;

XMNZW
j

in zero external field.

Problem 8.7: Starting with Eq. (126) for an antiferromagnet, work out the lon-
gitudinal and transverse correlation functions for the magnetization density.
We expect the transverse components to share the spin-wave spectrum with
that for the staggered field.

Problem 8.8: Suppose one has an effective Hamiltonian governing the behavi-
or of an n-component vector order parameter, Mo, & = 1,2 - -, n, of the O(n)
symmetric form:

M= [ d'x [ SV 2 ZVMa ,

where r = ry(T — T;) and 1y, c and u are temperature independent. Determine
the average order parameter and the fluctuation spectra in the approximation:

OH

WW:MZO
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&H
-1 . _ ~
CocB (X Y) SMOL(X)SMOL(Y) |M:M

Work in the ordered regime where T < T, and determine Cr(q) = 1/pyq* and
obtain an estimate for p; in terms of the parameters of the model.

Problem 8.9: If the spin-wave speed and damping contributions to the isotro-
pic ferromagnet’s characteristic frequency scale in the same manner, what is
the dependence of the transverse diffusion coefficient Dt on &. Assume p;, is a
constant.

Problem 8.10: One can also include the conjugate field B in the scaling relati-
ons and write the free energy in the form:

FrEMf(BE")

where x and x; are constant exponents. Noting the definitions of the critical
indices for the magnetization:

M(B, T,) ~ B'/3
and:
M(0,T) ~ b,

find expressions for x and x; in terms of indices 9, 8, Y and v. Find a relation
connecting v, B, and 3.
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9.1
Historical Background

From our work in the previous chapter we discovered that linearized hydro-
dynamics breaks down near a second-order phase transition or in the ordered
phase of a system with a broken continuous symmetry. In these systems there
are long-range correlations and the hydrodynamic assumption that there are
no large lengths in the problem breaks down. It turns out however that the
validity of linearized hydrodynamics can be questioned even in the case of
systems, like normal fluids, where there are no broken symmetries or large
correlation lengths. In the hydrodynamic description of fluid flow, one can
have large flows that take the system out of the linear regime. In this case
we know that there are convective nonlinearities that enter into a nonlinear
hydrodynamic description. Even when one is not externally driving such sys-
tems one can look at the nonlinear response to internal fluctuations. Let us
review some of the history in this area.

It was appreciated through the pioneering work [1] of the 1950s that a cohe-
rent theory for the dynamics of fluids can be conveniently organized through
the study of equilibrium-averaged time-correlation functions. In particular,
the Green—Kubo formula related transport coefficients, A, to time integrals
over current—current correlation functions:

r= [ OB - )

For almost 100 years there was a single theory [2], developed around the Boltz-
mann equation, which described the dynamics of strongly interacting fluids.
The basic ingredient of this theory was, of course, short-ranged uncorrelated
two-body collisions. Such processes lead to correlation functions that decay
exponentially with time:

(I(5)1n(0)) = (J3(0))e /™, 2)

and transport coefficients are simply related to the decay rate 1) through the
Green—-Kubo formula. Putting Eq. (2) into Eq. (1) and doing the time integral
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we find:

A= (Jz(0)m, - 3)

During the 1960s, more careful studies of these time-correlation functions
went beyond the Boltzmann approximation and led to several surprises.

e One of the theoretical developments inspired by the newly discovered
Green—-Kubo equations was to develop a low-density, 11, expansion [3]:

A=Ap(1+An+Bn*+...) , (4)

where A is the Boltzmann expression for the transport coefficient. It was
found via direct calculation [4] that the coefficient of the second-order
term, B, blows up. It was only after resuming higher-order terms [5] in
the expansion that it was understood that we should write:

B(n) = By + By In(nc®) , (5)
where 6 is a hard-sphere diameter.

e The pioneering molecular dynamics simulations of Alder and Wainw-
right [6] found that the time correlation functions were not exponential-
ly decaying with time but showed power-law decays known as long-time
tails. A typical current—current time-correlation function was found to go
for long times as:

(MO(0)) =~ At=4/2 (6)

where d is the spatial dimensionality of the system. Putting this result
back into the Green—-Kubo formula for the transport coefficient A in the
long-time regime where it is appropriate, one obtains:

T
M) = Ao+ / dtA, /2
T

24, [ 1 1

- ’ (7)
i_2 ,c(()dfz)/z <([@-2)/2
where A is the contribution to the transport coefficient from times less
than ty. Then, for d > 2, as 1 increases A(t) approaches the physical
transport coefficient:

A= lim A(T) . 8)

T—0

We then obtain the remarkable result that for 4 < 2 that the transport
coefficient and conventional hydrodynamics do not exist. For d = 2,
A1) = In (t/19). Thus the effect producing the long-time tails grows
stronger as one lowers the spatial dimensionality.



9.2 Motivation

Remarkably, after careful study [7], it was found that the origins of both
effects, divergence of the coefficient B and long-time tails, is due to related
collective or hydrodynamic effects on a semimicroscopic level. Such effects
have since come to be called mode-coupling effects. We discuss the theoretical
origins of mode-coupling theory at the end of this chapter and see how long-
time tails come out of the theory.

9.2
Motivation

The basic assumption of linearized hydrodynamics, as indicated above and in
previous chapters, is that the dynamic part of the memory function is propor-
tional to g° (in almost all cases for a conserved slow mode) with a coefficient
that is regular in the small q and ® limit. We have developed the important
idea that in this picture we have identified all of the slow variables [8] in our
set ;. This picture held intact for nearly 100 years. Eventually, however, as
discussed in the previous section, in the mid 1960s it became recognized that
it is not always sufficient to identify the slow variables (in terms of conserved
variables, order parameters or Nambu-Goldstone modes) and write down
the linearized Langevin equation as we have discussed in detail previously.
What can go wrong with our picture? It has now been recognized in a number
of different contexts that nonlinear interactions can lead to a breakdown of
conventional linearized hydrodynamics. If y(x) is a slow variable, should not
w2 (x) also be treated as a slow variable? If, roughly speaking, the slow mode
goes as:

_Dg?
qut

v(qt) = wv(q) , ©9)

then the Fourier transform of y?(x, t) is:

. d
[atxerivin = [ %w(k,t)w(q—k,t)
ddk -D kZ 7k2t
= | Gmavovia— ke PRI ag)

Let us look at the long distance behavior and let ¢ — 0 to obtain:

/ dhx 2 (x ) = / %qﬁ(k)ewsz . (11)

The point is that the contribution to the integral is dominated by the contribu-
tions at small wavenumbers k and we can write:

. A
/ddx \|!2(X, t) _ Kd W2(0)/ kd—ldke—szZt , (12)
0
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where A bounds the low-wavenumber behavior from above, and:

= "~ dQ)y,
Ka = / (2m)d 13

is proportional to the d-dimensional angular average. Making the change of
variables from k to x = v/2Dtk we easily obtain:

2 _ [V2DiA
/ddx v (x,t) = L(O)K / 2 1dxe
0

(2Dt)d/2
2 .
v (0) 7 /oo d—1 —x?
= /K d
@rDri2? fy e
2
y(0) »
— (ZTE))MKd%r(d/z) , (14)

where the last result holds in the long-time limit and we notice that it is
independent of the cutoff A. We see that the Fourier transform of y?(x) decays
algebraically with time, not exponentially as expected for variables that are
not part of the slow set. Thus it seems wise to treat all products of y(x) as
slow wvariables. These nonlinear quantities are slower in lower dimension. We
shall see that there are situations where these nonlinearities qualitatively affect
the long-time and distance behavior of our system.

9.3
Coarse-Grained Variables and Effective Hamiltonians

In order to develop a method for treating the nonlinear dynamics of a set of
fluctuating fields, we need to develop a bit of formal structure. We again con-
sider a set of variables y; (y; = {n,g,q} for a fluid, M for a ferromagnet and
M and N for antiferromagnets.) We want to derive Langevin-like equations as
before, but we want to allow for all possible nonlinear couplings among the
y,’s. The end result of this development is a set of nonlinear field theories with
many of the same technical difficulties (renormalization, etc.) found in other
field theories. We shall avoid some of these problems by defining our fields
on a lattice. This means that all of our fields can be labeled by a set of discrete
labels. Thus in the microscopic realization of our model, we assume there are
a set of slow variables y;(t). A variable that keeps track of these variables
and their products is:

8o(t) =T T8[0: — wi(t)] = 80 — w(t)] . (15)

Here, g4 (f) maps the dynamical variables y;(t) onto the set of functions ¢;. If
we take the thermal average of g, (t) over the space that includes the variables
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y;(t), then we have a quantity:

Wo = (8(1)) (16)

which gives the equilibrium probability distribution governing the variables
;. It is useful, when doing multiple integrals over ¢, to introduce the notation:

- (Hdm) (17)
and:

| P@)go(t) =TT [ dodlo; —wi(t)] =1 . (18)

This result guarantees that W, is normalized:

/ DO)Wy =1 . (19)

Note that the variable gy(t) can generate all nonlinear equal-time couplings
among the variables ;. We see, for example, that:

[ D@)0i30(8) = wilH)w (1) - (20)
We shall also deal with the equal-time correlation functions:

Soor = (808¢) = (0 —0")(go)
= 80— )Wy - -

Clearly there is no new information in S

In principle, we must carry out a detailed microscopic analysis to obtain W.

Since we expect W; to be positive, we can write:
We— & 2
o = 7 4 ( )
where H, is a coarse-grained or effective Hamiltonian or free energy. In prac-
tice, in a variety of situations one can write down the effective Hamiltonian
from general considerations [9] without having to carry out a detailed micros-
copic calculation. Let us discuss a few examples.

In the case of a normal fluid or thermodynamic systems with no long-range
correlations, Landau and Lifshitz [10] have shown that the fluctuations are
governed by a Gaussian probability distribution or a quadratic effective Ha-
miltonian:

=3 dde», Mio;(x) (23)
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where the matrix M;; consists of thermodynamic derivatives. It is easy to see
that this matrix can be determined from the standard relation for Gaussian
integrals [11]:

Sij(k) = (¢;(—k)9;(k)) = kBTMl-}l- (24)

We explored this statement in detail in Chapter 6, where we showed that
Snn(0), Sng(0), and S44(0) could be written in terms of thermodynamic de-
rivatives. Thus we constructed (M’l)i]- for the set of variables n and g. If
one chooses as fundamental variables the fluctuating temperature T(x) or the
particle density n(x) then the matrix M is diagonal and one has:

_ 1 fa |Cy 2, 1 2
Ho= 5 [ x[VT BT + o —[n(0P| (25)
where Cy is the specific heat at constant volume and xr is the isothermal
compressibility. One also has a diagonal form if one chooses pressure and
entropy density as the independent fluctuating fields:

Ho= 3 x| (5) @p00)+ (et 26)

Nonlinear models in the case of critical phenomena are well developed. In
Wilson’s original [12] renormalization group treatment of second-order pha-
se transitions he focused on the evolution of effective Hamiltonians as one
coarse-grained or integrated out short-distance information to obtain +, where
the order parameter ¢ was restricted to small wavenumbers. A key idea that
came out of this development was that the details of the effective Hamiltonian
were not crucial, but its general form could be determined from principles
of symmetry and analyticity, as in the original development of Landau [13].
Many critical systems could be understood in terms of the Landau-Ginzburg-
Wilson (LGW) effective Hamiltonian:

Ho= g [ x| S(VER V@) @7)

where c is a positive constant and V is a potential of the general form:

V(E) =36 + 767, 8)
where u is positive but 7 is proportional to T — TC(O) and changes sign at the
mean-field theory [14] transition temperature TC(O). It is crucial that u > 0. If
u = 0 then we have a Gaussian probability distribution and a quadratic ef-
fective Hamiltonian that leads to mean-field or linear critical properties. Terms
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cubic or higher order in the effective Hamiltonian are called nonlinear, since
they make nonlinear contributions to the conjugate force 87 /3¢.

In the case of simple fluids, where one wants to include flow in the descrip-
tion, the slow variables are the mass density p, the momentum density g and
the energy density €. In the simplest circumstances we can ignore the energy
density and work [15] with the effective Hamiltonian:

Hip,gl = [ d'x E X

g?
B o Ao (29)
where the first term represents the kinetic energy.

In the case of more complex fluids, one introduces effective Hamiltonians
almost out of necessity, since a more microscopic treatment is very unwieldy
and probably unnecessary if one is interested in long-time, long-distance be-
havior. In the case of a nematic liquid crystal it is the director field 7(x) that
corresponds to the Nambu-Goldstone (NG) mode in the ordered phase. It is
widely accepted [16] that the appropriate effective Hamiltonian is the Frank
effective Hamiltonian:

HA] = %/ddx [Kl(v AV 4 Ko(A- (V x A))2 4 Ka(A x (V x ﬁ))z} , (30)

where the K; are elastic constants. In the case of smectic A liquid crystals
[17] the NG mode is the displacement field u(x) and the Landau effective
Hamiltonian in this case is given by:

My = % / dix {BE[u] +K1(V2u)2} , (31)

where B is a constant and:
ou 1

Elu] = =~ + E(Vu)z : (32)

In the case of solids one has the elastic contribution [18] to the effective Ha-
miltonian:

1
Hy = / dxCoppUnallyp (33)

where the matrix C is the set of elastic constants appropriate for the symmetry
of the lattice and the U are the strain fields:

1 /0ug | duy

Finally we have the case of the Ginsburg-Landau free energy [19] for Su-
perconductors, where y(x) is the complex order parameter governed by the
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effective Hamiltonian [20]:
1/ d h2 . 2
Hiw Al = 5 [dx|Viy(o] + 5 —|(V ~ igA(x)v(x)|
+Hem[A, 9] (35)
where g is the charge, A and ¢ are the electromagnetic potential and Hgj, is the
associated effective Hamiltonian that generates the macroscopic Maxwell’s

equations in the static case. Neutral superfluids are described by H |y, A] with
qg=0.

9.4
Nonlinear Coarse-Grained Equations of Motion

9.4.1
Generalization of Langevin Equation

We want to work out the equation of motion satisfied by g, (t). Our analysis
will follow the same procedure [21] used in Chapter 5 for the set of variables
y;(t), except now we replace y;(t) with g4(t). Thus one again has a linear
theory, but now linear in g (f), which treats all equal-time products of y;(t).
This is not the most general set of nonlinearities, but appears to be sufficient
for our purposes.

The first step in writing a generalized Langevin equation for g4(t) is to
introduce the Laplace transform:

80(2) = —i [ dretgy(n
= R(z)gy (36)
where R(z) is again the resolvant operator,
R(z) = [z+L]7!, (37)

with L the Liouville operator governing the system of interest. In complete
analogy with our work in Chapter 5, we can immediately write down the
generalized Langevin equation of the form:

28¢(2) — Kyp(2)85(2) = go +iNo(2) (38)

where we introduce the notation for repeated barred labels:

Kps(2)g5 = [ D@Kyg(2)g5(2) (39)
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and Ny(z) is the Laplace transform of the associated noise. Again we demand
that the noise satisfy:

(8¢ No(z)) =0 (40)
or:
(8¢ No(t)) =0 (41)
for t > 0. The correlation function:
G¢¢’(Z) = <g¢1R(z)g¢> (42)
then satisfies the kinetic equation:
ZG¢¢/ (Z) — K‘M)G(T)‘D/(Z) = S¢¢/ , (43)

where the memory function is, as before, a sum of two parts:
— g (d)
Koy (2) = K¢¢’ + K¢¢’ (z) , (44)

where the static part of the memory function as usual is given by:

K950 = —(8yL3s ) (45)
and the dynamic part of the memory function is given by:

d
Kyt (2)85¢ = —((Lgy)R(z)(Lgs))

+((Lgy)R(2)85) Gy (2) (g R (2) (Lgo)) - (46)

All of this seems impressively complicated. Let us see how it can be simplified.

9.4.2
Streaming Velocity

We have the now familiar sequence of steps developed in Chapter 5. We have
chosen our set of slow variables, g4(f), and its equilibrium average is given

by:
Wy = (go(t)) = e PHe/z, 47)

where this equation defines the effective Hamiltonian H,, up to a normalizati-
on constant given by Z,. Next, the static structure factor for these variables is
given by:
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Consider now the static part of the memory function given by Eq. (45). Since
L is a linear operator we have the very useful chain-rule identity:

d
Lgo ==} 90,50k (49)

which leads to the result:

Ké:)),Wq)/ = ; a%i@q)’%hl’i)
= ¥ 55 50~ 0ol - (50)
We can use the result from Chapter 5, Eq. (5.205), that:
(wiLw;) = =B ({w, v }) (51)
to obtain:
(goLwi) = =B ({wigo}) - (52)

Since in the Poisson bracket we have a linear operator acting on g, we again
use the chain-rule to obtain:

0
{virge} = -1 aT,ng\vi, v} (53)
]
and:
K¢¢ W = Z a¢l (0" —0)(ip~" ; a— <g¢{\|ll,llf]}> (54)
Let us define:
Qijl0] = (2o {wi wi})/Wo (55)

If we have the explicit result for the Poisson brackets expressed in terms of the
slow modes:

{vivj} = fil(w) (56)
then:
Qij[o] = (Sofij(w)) /W

fii(0){(go) / Wo
= fij(9) . (57)
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Putting Eq. (55) back into Eq. (54) we have:

Ké;)’ww = lzaq, [ (0" —9) —B "W, Q0 ]] (58)

= ’gaﬂ l5(¢' —0) (%) B Qij[0] + 8(¢/ —¢)W¢Bf %, Qz][¢]] :

Using the definition of the effective Hamiltonian:

oH, 1 0
=—— — W, , 59
aq)]- W aq)j (59)

we can then cancel a common factor of W¢/ to obtain:

Ky = 129%[ ¥ - 00s10] G 56 015800 1]
= —lzaq)l 3(0—0)] . (60)
where:
Vilo] = ;<Qz,[¢] qu’ —p1 Qz,[¢]> : (61)

Vi[0] is a streaming velocity in function ¢ space. It satisfies the important diver-
gence property:
L a5 O] =0 6
90;

Proof: if we insert Eq. (61) into Eq. (62) we find:

Zaq)l [Z. <Q1] o) e _ g1 2 Ql][qﬂ) ]

= —ZBT)Z [Qij[‘b]ﬁ %, — W + Wy B! Z Q;;N’]}

Zaq)l 8¢] [B Qz][ 0w, } . (63)

Since Qjj is antisymmetric,

Qijlo] = —Qyilo] , (64)
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the double sum vanishes and the theorem is proven. The usefulness of this
theorem will become apparent later. It is left to Problem 9.1 to show that the
average of the streaming velocity is zero:

(Vilo]) =0 . (65)

9.4.3
Damping Matrix

Let us turn next to the dynamic part of the memory function given by:

Koy (2)Wy = —{(Lgy)R(2)(Lgo)) + ((Lgy )R (2)85) Gggh (2) (g R(2) (Lgo)) -

Using the identity given by Eq. (49), we see that this can be written in the form,

K9 () d 0 i

o0’ ( Z 20, aq) Tor(2) (66)

where T&, (z) is a symmetric but complicated functional of ¢ and ¢’. We know

that any part of Ly; that can be expressed in terms of ; , or products of y; at
the same time ¢, will not contribute to K(¢). The fundamental assumption at

this point is that only fast variables contribute to Kéi? (z) and it can be replaced

by its Marko f fian-type approximation for T;{D, (z):
Toy(2) = = TG (0)B718(0 — )W, (67)
where Fg (0) is a set, in general, of field-dependent bare kinetic coefficients.

We discuss the consequences of this approximation in some detail. Putting
Eq. (67) back into Eq. (66) gives

Ki)(z) = Z aq,l a¢,B T (0)3(0 — ¢')W

; 1 9
= 2 a¢lB r ] lW a¢ 3(0— ¢)W¢
1

i7 / / aW/
= —iZ—a¢.B_1T0](¢)—w¢, [W¢f—a¢48<¢—¢)+8<¢—¢) aqj]
i 1 ]

_ 1l () [ =2
- T )| 50— PR o))

(d) _ T /
K@)(z) = Zaq)lBl )| 59 +Ba¢]1 8(0—0) - (69)
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9.4.4
Generalized Fokker—Planck Equation

Putting these results for K(®) and K@) together we obtain, from Eq. (38), the
Langevin equation satisfied by g¢(t):

d s ;o (d
<80 (1) + Ky g5 (1) +1 K 2a() = No(t) - (69)
The contribution from the static part of the memory function takes the form:
Ksa(t) = g | M018(6 - 9si(t)
= 5 [Vlalssto)] (70)
1 1

while the contribution from the dynamic part of the memory function can be
written as:

Doy _ e[ 2 aHﬂs e
iKW g5 (1) Z%fl*[%+a%<¢@mw
r ] oH
- Z%B” a5 8 5t o) 7

Combining the effects of K(®) and K(¢) we can define the generalized Fokker—
Planck operator [22]:

j 9 M,
- Tl (o)) o

then we obtain our primary form for the generalized Fokker-Planck equation
(GFPE):

P)
5780(1) = Dogy(t) + No(t) - (73)

This is a fundamental and important equation. Let us check a few of its nice
properties. First we require, by integrating over all ¢’ in Eq. (41), that:

(No(t)) =0 . (74)
However we have not required (g4(t)) = 0; instead we must satisfy:

2 (36(6)) = Dalso(0)) 75)
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Since the equilibrium probability distribution is time independent,

(8o(t)) =Wy (76)
we must have:
DyWy =0 . (77)

We can show this explicitly. We have:
d
DoWo = — Z o [Vi [0] W¢}
~ 00;
9 oH, }

1 l]
L T Lw] P30,

The first term vanishes due to the divergence theorem, Eq. (62), proven earlier.
So:

(78)

, oW, oH
Since:
1 8W¢ 8H¢
— P —=_p2 80
W aq)]» aq)]- (80)

Eq. (77) is satisfied. Therefore the equilibrium distribution is stationary un-
der the application of the Fokker-Planck operator. It is also found that when
treated as an initial-value problem, then the Fokker-Planck equation, Eq. (75),
drives a wide class of initial states, Py(¢) = (g¢(to)) to equilibrium, e PHoyz7,
as time increases to infinity.

9.4.5
Nonlinear Langevin Equation

The GFPE:

P)
5780() = Dogo(t) + No(t) (81)

can be used to generate an equation of motion for the field y;(t). The asso-
ciated field y;(t) must now be viewed as a coarse-grained field satisfying an
effective dynamics. If we multiply Eq. (81) by ¢; and integrate over all ¢, we
immediately obtain the nonlinear Langevin equation:

N [ D(0)o,Dagolt) +&:(1) )
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where:

= [ D@l (53)

and the moment of the noise Ny (t) generates the nonlinear Langevin equation
noise:

= [ D@oNy(t) - (84
If we look at the middle term in Eq. (8.109), we have:
| P@0Dgg(t)
' J [, ik 0 oH,
- [P@ L V- BTl e 850 se(t) 69)

After integrating by parts we obtain:

/D 0)0,Dag(1) /D [ e’w(aj,k )]s
vy aHW , )
: RAETAG

and the nonlinear Langevin equation takes the form:

a‘l’i(t) _ I
D~ vy +Za\., LR

— Y T w(t)] WH“’ FE() . (87)

k

In a typical case where the bare kinetic coefficients are independent of the
fields, then we have:

allgt(f) = Vilw(t)] - ;FO aw (1)

This is a key result and we will come back and discuss the various parts of
this equation after discussing the noise contributions &;(t) and Ny(t).

So 7 Hv &) - (88)
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9.5
Discussion of the Noise

9.5.1
General Discussion

We derived the second fluctuation-dissipation theorem in Chapter 5 and in
the present context it takes the form:

(No(H)Ng (') = Kég)(t— S5y
A GO , /
= Koy (t =)Wy t>1 . (89)

We have, from our Markoffian approximation, Egs. (66) and (67), that:
KDt~ tyw, = 2871} — O YWeS(t—t) 90
Ot —)w, %;a¢la¢] BT (0)3(0 — ) Wed(t— ) , (90
so, for self-consistency, we expect:

(No(t) > aq)la_(p]zﬁ "TJ(0)8(0 — ¢ )Wed(t ) . (OD)

We have immediately, using Eq. (84), that the autocorrelation function for the
noise &;(t) in the nonlinear Langevin equation is given by:

G5 () = [ D) [ DE)0djNy(ENg (¢))
[ Do) [ D(e)28 'Y ()36 — 8" Wed(t — ¢)
2 lol)8(t — ) - ©2)

We see, then, that the noise for the nonlinear Langevin equation has the same

autocorrelation as for the linear Langevin equation for the case where Fg is
independent of ¢;.

9.5.2
Gaussian Noise

Let us suppose that the kinetic coefficients Fg [0] are independent of ¢, which is
consistent with the assumption that the noise &;(t) is Gaussianly distributed.
This means that in an average over the noise of the form:

~ [DEPEANG) 93)
the probability distribution governing the noise is given by:

P[] = zlg 15 7S A (0BT i) (94)
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and Zg is chosen such that:

[ p@rE=1 . ©5)

The first step in establishing this as a consistent choice is to show that the
variance is in agreement with Eq. (92):

(&(1)g; (') = 2B7'Tg8(t ) 96)
This follows from the functional identity:
S
| POgg PEAMWE) =0 . ©7)
Taking the derivative of the distribution given by Eq. (94),
S
T = 5P (98)
Eq. (97) reduces to:
L S uena®) = (e ) 99)
If we matrix multiply on the left by 28T we obtain:
_ g1y ik / 84(8)
G0A®) =267 Eri (o) (100
Let:
AE) =§(t) (101)
then:

&) = 27 T < % )) >
= 25*1r35(t—t) , (102)

in agreement with the result derived directly from the second fluctuation-
dissipation theorem.

9.5.3
Second Fluctuation-Dissipation Theorem

It is shown in Appendix E that the noise N, is related to the nonlinear Lange-
vin noise, &;, by:

No(t) = ¥ i[&( i+ -

BT 1Flk] go(t) - (103)
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It is further shown in Appendix E, by explicitly doing the average over the
Gaussian noise §;, that indeed the second fluctuation-dissipation theorem holds
in the form:

( Ny(t) 2[3 TU8(0 — ¢ )Wed(t—t') . (104)

2 30; 90

9.6
Summary

We have constructed a new self-contained dynamics characterized by the set
of Poisson brackets, the bare kinetic coefficients Fg and a driving effective
Hamiltonian. In terms of a generalized nonlinear Langevin equation this is
given by:

Iy;(t)

; d
e Vilw(t)] - ;rokWHw +&(t) (105)

where the streaming velocity is given by:
Vilwl =) | Qijlvl =t — B =—Qiilv]| (106)
]

where Q;;[y] is the set of Poisson brackets among the slow variables. In this
case the noise &;(t) is Gaussian with variance:

(Ei(1E; () = 2kpTTS(t— ') . (107)

This description is equivalent to working with the Fokker—Planck equation:

J
5780() = Dogo(t) + No(t) (108)

where the Fokker—Planck operator is given by:

i (2, g
Zaq)l ZB <a¢]+Ba¢j>} . (109)

Let us move on to discuss the application of these results to various physical
systems.

It is key to understand that these models stand on their own as complete
dynamical systems. We gave a derivation starting with a microscopic sys-
tem that has dynamics governed by Liouville operator. If we work with less
isolated, more complex systems, it may be more accurate to start with these
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coarse-grained equations for the slow variables, accepting the crucial role of
the noise.

The procedures for specifying a model in a given physical situation are very
similar to our linearized Langevin approach. First choose the slow variables
y;(t). Next address the equilibrium correlations. In linearized hydrodynamics
this involves constructing S;; = (y;y;), while in fluctuating nonlinear hydro-
dynamics (FNH) one chooses the effective Hamiltonian Hy,, from which one
can determine [23] all equal-time equilibrium correlation functions. Next one
determines the Poisson brackets among the slow variables:

Qiilw] = {wi v} . (110)

In linearized hydrodynamics, the average of Q;; gives, essentially, the static
part of the memory function, while in FNH they determine the streaming
velocity and the reversible part of the dynamics. It is clear that it is desirable
to choose the set y; such that the Poisson bracket relation Eq. (110) is closed.
Finally one must specify the damping matrix 1"6] in each case. In linearized
hydrodynamics, these are the physical transport coefficients, while in FNH
they have the same symmetry but are bare transport coefficients that are mo-
dified [24] by nonlinear interactions.

9.7
Examples of Nonlinear Models

9.7.1
TDGL Models

Let us turn now to the nonlinear Langevin equation,

Iy (t) =V Z ro

ot - a\|l H‘V—'—g ( ) (111)

and discuss the various terms. The most straightforward case is where one has
ascalar field y(x, t) that does not couple to any other variables. In this example
the label i maps onto the continuous spatial label x. In this case we have a field
theory that must ultimately be regulated at short distances. One could think
in terms of an Ising-like magnetic system where the order parameter is the
z-component of the magnetization density or an antiferromagnetic where the
order parameter is the z-component of the staggered magnetization density.
Since the Poisson bracket of a scalar field with itself is zero, we find that the
streaming velocity vanishes. The resulting equation:

ay;(t)
ot - ZFO

aw ( )H‘I‘_Fé;( ) (112)
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is known as the time-dependent Ginzburg-Landau (TDGL) Model. This mo-
del [25] plays a central role in the treatment of dynamic critical phenomena
and growth kinetics for dissipative systems where the order parameter is not
coupled to other slow modes (like energy). This model also plays a central role
in a discussion of ordering systems as discussed in Chapter 11. Such models
allow one to treat, for example, temperature quenches and field flips.

The TDGL equations were actually first written down to describe the beha-
vior of superfluids [26] and superconductors [27] near their phase transitions.
In these cases, the order parameter y is complex and the TDGL equation of
motion takes the form:

awglt) Toggmn VOV D +E0t) (113)

where the noise is complex.

In the area of dynamic critical phenomena these models where a field y(x, t)
is driven by purely dissipative terms are known, in the classification scheme of
Hohenberg and Halperin [28], as models A (nonconserved) and B (conserved)
and have been extensively investigated. Other models of this type can be
written down for the n-vector model and, for example, a nonconserved order
parameter (NCOP) coupled to a conserved field. The conserved-scalar order
parameter case is also known as the Cahn-Hilliard model [29] due to its use in
treating the ordering kinetics of alloys.

In treating critical phenomena, it is now conventional and reasonable to
assume that the effective free-energy or Hamiltonian can be written in the
form of the LGW free energy functional:

iy =[x [2v2+ Lvi+ S (Vw?] (114)

where 1 and c are positive constants and a phase transition is characterized by
a change of sign in the coefficient r = a(T — T?).

The final step in specifying the model is to choose the matrix of kinetic
coefficients that has the form, in this case, of Ty[x, x']. There are two important
cases. In the simplest case the order parameter is not conserved (NCOP case),

To[x,x'] = Txd(x — x') (115)

and Iy is a bare kinetic coefficient. The second important case is where the
order parameter is conserved (COP case): we write:

To[x,x'] = DoV -V'3(x —x)
= —DyV%3(x —x') (116)

and Dy is a bare transport coefficient. We can treat both cases by writing:

To[x,x'] = To(x)8(x — x) , (117)
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where T is a constant for the NCOP case and —DyV? for the COP case. The
TDGL equation of motion then reads :

W) .. My
TRk ey

+E(x 1) . (118)

If we insert the usual LGW effective Hamiltonian into Eq. (118), we obtain the
nonlinear Langevin equation:

oy(x, t .
Dt = e 0| ) . 19)
The only nonlinearity is the w3 term. If we set u = 0 we are back to our
linearized equation:
Iy(x, t)

= ——fo{(r—cvz)w(x,t)}+<";(x,t) . (120)

We review here the calculation of the associated correlation function. Equation
(120) is diagonalized by Fourier transforming over space and time to obtain:

[—im+ro<q>xol<q>}w<q, 0) =£(q0) (121)

where x,'(q) = 7+ cq?, and Ty(q) = T for a NCOP and Dygq? for a COP.
Equation (121) expresses Y in terms of the noise. Since we know the statistics
of the noise, we easily find:

(w(q,0)y(q, o)) = (20)**'8(q +q)8(0+o)Co(q ) ,  (122)

where the multiplicative §-functions reflect translational invariance in space
and time and:

2kgTTo(q)
Co(q @) = - (123)
@ + [To(q)xq ' (9)]2

Inverting the frequency Fourier transform we obtain in the time domain:

Colq t) = So(q)e—ro(ﬂ)xal(ﬂ)lf\ . (124)
The equilibrium static structure factor is given by:
"do kgT -1

= [ = = = 125
So() = [ 2z Colaw) =707 =B %(a) (125)

which is just the expected Ornstein-Zernike result. Notice that the dynamics
is relaxational. One has exponential decay of fluctuations.
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Nonzero u leads to the corrections in critical phenomena associated with
moving from the mean-field universality class to the class associated with
physical systems with nontrivial critical indices. We discuss the nonlinear
corrections in detail in Chapter 10.

9.7.2
Isotropic Magnets

Let us next consider the case of an isotropic ferromagnet. In this case the
order parameter, or slow variable, is just the magnetization density M(x, t).
We again assume that the effective Hamiltonian or free energy can be written
in the LGW form:

/dd l (M2 4 & ZVMa , (126)

io

where again ¢ and u are positive and r changes sign at the mean-field transiti-
on temperature. In this case, the Poisson brackets close upon themselves,

{Mu(x), Mg(x') } =Y €opyMy(x)8(x — X') (127)
Y

and the streaming velocity can be written as:

/ n_9H
= %/ddx [Q(lﬁ[xlx ]aMB(X/) aMB( )B Q(lﬁ[x X] 4 (128)

where Q is defined by Eq. (55). Clearly the derivative acting on the Poisson
bracket term is zero due to the antisymmetry of €4y, so:

o

x| =) eupMy(X) ==——H . (129)
] % ofy Y( )SMB(X)
If we define the ef fective magnetic field:
OH
then:
Va(x) = =) eapyMy(x)Hp(x) , (131)
By

or in vector notation:

Y=MxH (132)
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and our Langevin equation is of the form [30]:

oM 2
7:M><H—r0v2H+§ , (133)
where we have assumed that the magnetization is conserved. In addition to
the dissipative terms there is a spin-precession term M x H,

If we insert the explicit form for the LGW effective Hamiltonian into this
equation we obtain:

oH

H=—o=-rM— u(M*)M + cV’M (134)
and:
Mx H=cM x V’M , (135)
SO:
M _ M x V2M - I'V2H +C . (136)

ot
In this equation of motion we have reversible terms reflecting the underlying
microscopic equation of motion and dissipative terms reflecting the influence
of the fast variables in the problem. We discuss this model in detail in Chap-
ter 10. It is important to point out that the reversible terms are nonlinear and
are very important in treating the dynamic critical behavior of this model.
In the case of an antiferromagnet [31], where we keep the conserved ma-
gnetization M and the order parameter, the staggered magnetization, N, we
obtain the equations of motion:

oN

gzMxHN—i—NxHM—I“NHN—i—EN (137)
aM 2 =2
szXHM—FNXHN-FFMVHM-FCM , (138)

which is written in term of the effective fields:
OH
Hy = —— 1
N SN (139)
OH
Hy = — 5 (140)

and the driving effective Hamiltonian is taken to be of the form:

u

H[M,N] = /ddx [AN?+ 2

(N2)2 + E(VN)Z + %MMZ] . (141)
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where r); > 0. The simple dependence of the effective Hamiltonian on M
reflects the fact that the magnetization is not the order parameter for an anti-
ferromagnet.

9.7.3
Fluids

Let us turn to the case of a coarse-grained description of fluid dynamics. This,
of course, is just the fluctuating nonlinear hydrodynamics. This is in some
ways more complicated than the magnetic examples. While we can treat the
coupled set of variables, the mass density p, the momentum density g and the
heat density g, it is a bit more involved to include the heat mode, so we will
not [32] include it for simplicity. Thus we have y; — {p(x),g(x)}.

The first step in constructing our nonlinear model is to make some state-
ments about the effective Hamiltonian governing the equilibrium fluctuati-
ons. We want to determine:

o PHIpgl — (g0) (142)

where ¢, maps the microscopic mass density:

N
p(x) = Z md(x — r;) (143)
i=1
and particle current:
N
=Y pid(x—r) (144)
i=1

onto classical fields p(x) and g(x). In general this is a complicated procedu-
re because of the interactions in the system. However, with the microscopic
Hamiltonian of the form:

N
2 P -V, (145)
one can coarse grain [15] and obtain Eq. (29) quoted above:

ol =[x [1E2 4 o] (116)

where f(p) is some functional of p(x). There should also, in general, be terms
depending on the gradient of p. The main point here is that the dependence
of H on g can be made explicit [15]. This term seems sensible physically if we
write:

g=pV (147)
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and identify:
L> 1 2
Z — 2oV
78 /p=5pP (148)
as the kinetic energy density.
The Poisson brackets for the set p and g are worked out in Appendix B,

starting with the microscopic definitions of p(x) and g(x). They close on them-
selves and the nonzero brackets are given by:

{P(),g'(X)} = =VilB(x =x)p(x)] (149)
{8i(x), gi(x)} = = VAB(x = X)gi(x)] + Vis[8(x = x)g;(x)] . (150)
The streaming velocities in this case are given by:
<) OH
=L [ 100081000} g (151)
and:
_ 3./ , ) 57'(
Ve;(x) = /d x [{gl(x }5p +2{81 S0 | (152)

Vp and Vg, are worked out in Problem 9.7 using Eq. (146) with the results:

Vo(x) = =V, -g(x) (153)

: af
Ve(x) = —pV' = ZV (8igi/p) - (154)

Vp is consistent with conservation of mass. We can put the expression for Vg
into a more convenient form. We can write:

V[ Z)[ f} = (V'p) a£+pV gg agvip

of
— i
= pV 5 (155)

so we have:
; 0
Ve = -V [ s }—Zvj(gigj/p)
]

= — Z vjcg (156)
]
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and we can identify:

Gf} = §;j [P% —f} + 8i8i/P (157)
as the reversible part of the stress tensor. Notice that it is symmetric. What is

the physical interpretation of the diagonal part? Remember that in thermody-
namics that the pressure can be written in the form [33]:

oF
—(3),,
If we express the free energy in terms of the free energy density, F = fV, then:
_ of
p=—f-V <W>N,T , (159)
where:
@) = (&), (&)
WV /)Nt /N1 \V /N
_ P (Y
and:
_ of
p=—f+py (161)

If we identify f as a fluctuating free-energy density, then p can be identified
with the fluctuating pressure. The reversible part of the stress tensor can then
be written as:

of = Sip+pViVj . (162)

We turn next to the specification of the damping matrix Fg where each index
can be associated with p or g;. Clearly, as in the case of normal fluids treated
earlier, there is no damping if either index equals p. Thus there is no noise or
dissipative term in the continuity equation:

0

P y,=-V.g. (163)
ot
Thus we can label I'y with the vector index associated with g, nggj = Fg . Since
this matrix is symmetric we have:

) = ;vkv;nijkls(x —x) (164)
]
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and since the system is isotropic the viscosity tensor n must have the form:
Nijkt = M19ij8k + M28ikdji + M38idjic - (165)

Since l"g is symmetric under exchange of i and j, and the gradient terms
should be invariant under exchange of k and  we see that 1, = 13 and:

Nijki = M16i0k + M2 [8iSj + 88| - (166)

Putting this result back into the expression for I'y we obtain:
= — |:n181‘]‘v2 + ZT]ZVIV]} S(X - Xl) . (167)

Inserting this result back into the dissipative contribution to the equation of
motion for the momentum density:

Zr

oH
150" = ~M0VVi— (G +0/3) ViV, (168)
where we have introduced the useful notation for the local velocity:

oH
V= 3% Si/p - (169)

M = Mg and 21, = ny/3 + {, where ng and {, have the interpretation of
bare shear and bulk viscosities. Eq. (168) can be interpreted in terms of the
derivative of the dissipative part of the stress tensor :

Zr

JaH Zv] . (170)

We then find that dissipative part of the stress tensor (which should be sym-
metric) is given by:

2
o = Mg ViVj+VjVi = 38V - V| = {8; V-V . (171)
The momentum equation can then be written:
9G&i _ \vé Zv( gi/p)
g—_zp_‘ i\&i&j/ P
]

+(Mo/3+ ) ViV - (8/p) +MoV3(8i/pP) + 6
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= —Vip =L V;(pViV)
]
+(M/3+ ) ViV -V+ngV?Vi+6; (172)
where the noise satisfies:
(0;(x, t)ej(x ! t/)> = ZkBTZVkV;S(t — t/)S(X —X /)
kl

% [Mo8ij8k + (Mo /3 + Co)didj1] (173)
In the absence of noise, Eq. (172) is the usual Navier-Stokes equation supple-
mented with the identification of the fluctuating pressure:

_ .
P—Pg—f : (174)

The nonlinearities in this case come from the pressure term and the convective
term pV; V.

Including the energy in the development is complicated by the need, as
explained in Ref. [34], to include multiplicative noise.

We now have several important examples of nonlinear hydrodynamical
equations. We could go on and describe more systems. In particular the fluc-
tuating nonlinear hydrodynamics of smectic A liquid crystals is of particular
interest [35] because of the strong fluctuations in the smectic A phase. Instead
we move on to ask the question: how do we go about analyzing these equa-
tions? We discuss here one approach that has been very useful and that gives
one some perspective on the structure of the general theory. Another method
is discussed in Chapter 10.

9.8
Determination of Correlation Functions

9.8.1
Formal Arrangements

Now, suppose we want to compute the time-correlation function:

Gij(t) = (wjwi(t)) (175)

using our nonlinear models. There are several useful methods. We develop
here a method that is somewhat more direct and that builds on our previous
work.

Let us start with the generalized Fokker—Planck equation (GFPE):

d
Z20(t) = Dygolt) + N (1) (176)
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Let us multiply the GFPE by g = gy (t = 0) and average over the Gaussian
white noise &;(t). Since, for t > 0, due to causality:

(gyNo(t)) =0, (177)
we obtain:
0
§G¢¢’(t) = D¢G¢¢/(t) , (178)
where:
Gy (1) = (8¢ 8o(t)) - (179)

We have the formal solution to this equation in terms of the GFPE operator
Dy,

Goy (1) = eP'Syy
= ePo! (§(0 — 0" )Wy) . (180)

Remember, however, that the order parameter correlation function is given

by:
Cy(t) = (wpwi(t) = [ D()0] [ D(©)oilgyge(t)
= [ D)} [ D@)0; P[50 — ¢ )Wy]
— [ Di0)os e (W) - (181)
Let us define the adjoint operator Dj via,
/.D(¢)A¢D¢B¢:/)D(¢)(D¢A¢)B¢ . (182)

We can identify D, after an integration by parts, as:

. ii oH
Dy = X [vlo) - £p'r] (‘a%ﬁ Wfﬂ% . asy
j 1

1

After a sufficient number of integrations by parts, we can rewrite Eq. (181) in
the form:

Ci(t) = [ D@)Wotye'o; . (184)

Looking at this, one should be reminded of the microscopic expression we had
for the time-correlation function:

—BH
Cii(t) = TrE ' yetithy, (185)
1 Z ] [
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Indeed they are very similar with H playing the role of the Hamiltonian and

—iD, the role of the Liouville operator. Clearly we can treat this problem using

the same memory function methods as used in treating the microscopic case.

Since all of this should be rather familiar we need only present the results.
The Laplace transform of Eq. (184) gives the fluctuation function:

Cij(z) = —i /O " et Cy(t)
= (ViR(2)y;) , (186)
where the resolvant operator in this case is given by:
R(z) = (z—iDy)™! . (187)
Again we have that C;;(z) satisfies the kinetic equation:

Y (285 — Ki(2))Cij(z) = Sij (188)

k

where S;; = (y;y;) is the static structure factor and the memory function can
be defined by:

Y KiSij=Tjj , (189)
k
with the static part given by (See Problem 9.9):
rie =il Qi) —ip'Ty (190)
while the dynamic part can be expressed (See Problem 9.10) in terms of:

rl(f)(z) —(I'R(z +Z ViR - (Z)kz<Ij+R(z)wk> . (191)

where the vertices are defined by:

. oH
1i(0) = Dyt = Vilé] - L Td 56 (192)
k
and:
. OH
I7(0) = —Vilo] - YT =2 . (193)
k aq)k

We can show, as we found previously, only the nonlinear contributions to I;
and I;" contribute to I*l(]’»i) (2).
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9.8.2
Linearized Theory

The conventional approximation in this approach corresponds to dropping
K@) (z). The resulting theory is identical to linearized hydrodynamics in the
Markoffian approximation since, on inspection of Eq. (190), we obtain:

TGy =T +11 (194)

where the subscript LH stands for linearized hydrodynamics and where the
physical transport coefficients are replaced by the bare transport coefficients.

9.8.3
Mode-Coupling Approximation

In general the analysis of Kl-(]fi) (z) is complicated and its evaluation requires the
introduction of sophisticated calculational techniques. In a number of interes-

ting cases the nonlinear interaction of interest is quadratic in the fluctuating
fields:

=) Vid0x - (195)
k

Then, to lowest order in the nonlinear couplings, the dynamic part of the
memory function is proportional to:

-
M) = i [ dre ™ Y Vi Vi, (5040, 5(00,))0 , (196)

Im kn

where qu) is the Fokker—Planck operator in the absence of nonlinear interacti-

ons and () means an average over e P0. This assumes that:
LV (3(0cb)e PH5(¢;)0 = 0 (197)

at lowest order and we have:

(8(0¢0,)”'8(019,))0 = (W (0)w,, (0w ()W, (£))o
=W (0w, (0)) 0w ()W, (£) o

In the decoupling approximation we factorize the four-point correlation func-
tion into a symmetric product of two-point correlation functions:

(W (0w, (0w, (D, (D)o = C(0)CIY(0) + CY (1) Cion(t)
+cO ) (198)
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This approximation is explored in Problem 9.19. Putting this result back into
Eq. (196) we find:

() [T +izt + 0 0
@) = —i [ dte ™ DY ViV, [Ch(CH (1

Im kn

+ CR, ()T (1) (199)

The evaluation of Fl(].d) (z) involves the sums over the indices [, m, k, and n and
the time integral; this is a typical mode-coupling expression.

9.8.4
Long-Time Tails in Fluids

As an example of this development, let us consider a relatively simple but
important example: an incompressible fluid. An incompressible fluid is cha-
racterized by the condition that the density does not change; there is only flow.
Thus we require p = p, be constant in time and space:

9o
ot
These constraints are used to simplify Eqs. (163) and (172). The continuity

equation for the mass density reduces to the condition on the momentum
density:

=0 and V;py=0 . (200)

V.g=0 . (201)

Thus the longitudinal degrees of freedom are frozen out. The momentum
constraint simplifies the equation of motion given by Eq. (172). This equation
simplifies greatly in this case since we can drop all terms proportional to V;:

)
58 = —Vir =} V;(8i8j/po)
]
+(Me/3+8) ViV - (8/pg) +MoV(gi/Po) +6; . (202)

The equation for the transverse part of g;, g7, is given by:

d
g&r = 2—§V2g?+9f—zk:Tiij(3k3j/Po) , (203)
j

where Tj; is a projection operator that picks out the transverse part of a vector
depending on the vector index j. Things are a bit more transparent if we
Fourier transform Eq. (203) over space:

9 0T t) = ~MR2eT (1, 1) + 07 (k, )
ot Po
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k - qd .
R CUC R

and:

T;

ij(k) = 8; — kik; (205)

is the Fourier transform of the transverse projector.
It is then clear that the zeroth-order solution to our problem is given by the
linear equation:

( aa LV k2> g/ (k) =6 (k) , (206)
where vy = 1g/p is the kinematic viscosity. Then, since:
(8/°(~k,008] (I 1)) =0 (207)
for t > 0, we have:

(% +v0k2)c§f°(k, =0 t>0 (208)

and this has the solution:
C(k,t) = B pqTyj(k)ie 0! = C(k, ) Ty (k) (209)
where the initial condition corresponds to the transverse structure factor:
Sij(k) = kgTpoTij(k) . (210)

Notice that T;;(k) insures that CZ’O is purely transverse. In this case the static
part of the memory function is proportional to vy.

The nonlinearity that contributes to the nonlinear vertex IN and the dyna-
mic part of the memory function comes from the nonlinear vertex:

. gl
_Z Tzk(k) (ikj)/ (gn)d efzk-xgk(x)gj(x)

ik Po

. Tix(k)

ik pO

. diq
(i) [ Gmas@siic—a) - @
This has the interpretation in terms of the mode-coupling vertex:

dk dk
Y Viktjoe = 1 / 7 Vi ke ka)gy (kagilla) /- (212)
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where we can identify:
ik;
kabx@:—Mméum%&—m—m>. (213)

It is shown in Problem 9.3 that the equilibrium average of the right-hand side
of Eq. (212) vanishes. The kinetic equation for the fluctuation function takes
the form in this case:

(z n iv0k2> 2 K (k,2)Cii(k, 2) = Sij(K) (214)

and the static structure factor is given by Eq. (210) of Chapter 8. We can sim-
plify this equation by looking at the equation for the dynamic part of the
memory function:

ZK (k,z)S;i(k) = ZK (k, z)pokpTT}(k)
(d) (k,z) . (215)
Since }; lchTl]-(k) = 0 we have from Eq. (215) of Chapter 8 that }; IchFl(;i) (k,z) =
0. Since Fgf) (k, z) is symmetric we can write:
i (k,z) = T (k,2)T;; (k) . (216)

Putting this result back into Eq. (215) of Chapter 8 we obtain:

K (1, z) = @) (1<,z)7;-]-(k)pE . (217)
0

This means that we can write the correlation function as the product:
Cl‘]‘ (k, Z) = CT(k, Z) Tl‘]‘(k) (218)

and the kinetic equation can be written in the simplified form:

(z + ivok? — r<d)(1<,z)E

p)—Cﬂk@—%@T- (219)
0

We can then define the renormalized viscosity:

VR(k,z)—vo—i—zB '@ (k,z) (220)

Pok2

and we can rewrite the kinetic equation in the form:

(z + ivR(k,z)kz) Cr(k,z) = poksT . (221)



9.8 Determination of Correlation Functions

We now focus on the mode-coupling contribution to the dynamic part of
the memory function. From Egs. (199), (212) and (213) we can read off:

400 )
ffoz) = =i [ dte™ ¥ Ty(0)T; (1)kikn
0 kslm
dd
< [ Gmalci @ nc] a0
+Cin (@)C (k= q,1)]/p5 - (222)

Let us further focus on the long-wavelength regime where we can write:

0 n) = o T Kk Talk) (00 )
0 Imks

oo dt +izt ddq CT,O t CT,O _ t
X 0 e (zn)d[ ks (q’ ) lm( q’ )

+Ci (@, )G (—q,1)]
Itis shown in Problem 9.13, using Eq. (218) and the isotropic nature of C (TO) (
that Eq. (223) can be reduced to:

qat),

. ) 2 400 +izt
1002 = T 00 1G4 g | [ e
0

where we have the remaining integral:

d
10 = [ Ghichg P (229

This is of the anticipated form and putting this back into Eq. (220) of Chapter 8
we obtain for the renormalized viscosity,

2 2 too
VR(Z) =V + (1 — E + m) A dte—HZtI(t)% . (226)

Inserting Eq. (210) of Chapter 8 in Eq. (225) for I(t) we obtain explicitly that:

VR(Z):V+( ;/ dt*th/dqﬁl‘zvﬂq
) B

d(d+2 (2m)? po

(d?> -2 diq 1
. 227
dd+2) py J (2m)d —iz + 2voq? 227)

The angular integral can be carried out explicitly [36] with the result:

. [do, 21
Ri= | 2n)? ~ ®r(d)) (228)
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and we are left with:

2_ 5yl
Vr(z) = vo+ % Bp—oKdId (2) (229)

and the frequency-dependent integral:

A -l
q*dq
L(z)= [ 1T 2 2
2(z) /0 —iz 4+ 2voq? ' (230)

where A is a large wavenumber cutoff. This result is most transparent in the
time regime where we can write:

VR (t) = 2vod(t) + %Bp—_lkd]d(t) , (231)
where:
Ja(t) = /O * i ldge2rt (232)
At short times:
Ja(0) = %d , (233)

which depends on the cutoff. The interpretation of the form for vg(t) is clear.
The leading term, proportional to vg, corresponds to the contribution to the
physical transport coefficient from the Boltzmann equation. The second term
is the mode-coupling contribution that dominates at long-times.

If we make the change of variables g = v/x/2vt in the integral for J;, then:

(p— P /21 (234)
Ja(t) = 2(2v0t)d/2/0 xx/2 e

For long times, 2votAZ — oo, the integral reduces to a I'-function and:

T(d/2)

2(2vo1)4/2 (235)

Ja(t) =

independent of the cutoff. We have then that vg(t) ~ t~%/2 at long times.
Thus, via the Green—Kubo relation, we have that current—current time-correlation
functions decay algebraically in time:

q) -~ (236)

These are the long-time tails [37] discussed at the beginning of this chapter.
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Going back to the frequency regime we see that the physical transport coef-
ficient is given by:

d>-2)p !
VR(0) = vo + Wﬁp—olﬂﬂd(o) (237)
and I, is given at zero frequency by:
A d-1
Y |
1 Ad-2

This is well behaved only for d > 2. The physical transport coefficient does
not exist in two or fewer dimensions. It is left as a problem to show in three
dimensions for small frequencies that:

VR(Z) :VR(O)-FA\/E—F... , (239)
where the constant A is to be determined. In two dimensions for small z:
VR(Z) :VR(O) [1+bo In (b1/Z)] , (240)

where the constants by and b; are to be determined. Clearly the correction
term diverges as z — 0 logarithmically. Conventional hydrodynamics does
not exist in two dimensions.

9.9
Mode Coupling and the Glass Transition

The mode-coupling theory of the liquid—glass transition asserts that this is a
dynamic ergodic-nonergodic transition. This idea grew out of work in kinetic
theory on the divergence of transport coefficients and long-time tails. Building
on the work of Dorfmann and Cohen [38], Mazenko [39] showed, using kine-
tic theory, how one could connect up with the more phenomenological mode
coupling calculations of fluctuating nonlinear hydrodynamics. This microsco-
pic work was extended by Sjogren and Sjolander [40] and others. In a dramatic
leap, Leutheusser [41], motivated by the kinetic theory work proposed a
simple model for dense fluid kinetics that leads to an ergodic-nonergodic
as the system becomes more dense. The model describes many of the glassy
properties observed experimentally. Leutheussar’s model was followed by a
more realistic model from Bengtzelius, Gotze and Sjolander [42]. Later Das
and Mazenko [43] showed that there is a mechanism that cuts off the ideal
glass transition implying that the glass transition is at lower temperatures and
higher densities. For reviews and simple introductions see [44—46].

335



336

9 Nonlinear Systems

9.10

Mode Coupling and Dynamic Critical Phenomena

Mode-coupling theory also made an important contribution to dynamic criti-
cal phenomena before the more rigorous renormalization group method was

developed. As reviewed by Hohenberg and Halperin [47], these methods were
successful in treating dynamical behavior near critical points of simple fluids
and binary fluid mixtures. In particular it explained the divergence of the

[48-54].
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New Concepts, New problems, New Ap-

9.12
Problems for Chapter 9

Problem 9.1: Show that the equilibrium average of the streaming velocity,
given by Eq. (61), is zero.

Problem 9.2: If we have a system driven by Gaussian white noise with varian-
ce:

(Ei(1)E;(t)) = 2kpTTYS(t — 1),

evaluate the average over the noise (§;(t)g4(t)) directly for the case t > 0.
Problem 9.3: Show that the equilibrium average of the nonlinear interaction,

= - ZkTiij(gkgj/Po) ,
j

is zero.

Problem 9.4: Derive the fluctuating nonlinear hydrodynamical equations for
isotropic antiferromagnets using as basic dynamical fields the magnetization
M and the staggered magnetization N. Assume one has the Poisson bracket
relations given by Egs. (8.68), (8.69) and (8.70).

Problem 9.5: An effective Hamiltonian for fluids is of the form:

/d3 (P—po)+ p+g2
0 2p

Assuming x, lis large and p ~ p, determine the static structure factors:

5(q) = (p(a)p(—q))

Sij(q) = (gi(q)g;(—q))

Problem 9.6 : Consider the GFPE for the case of zero spatial dimensions:
o B <% TR
where the effective Hamiltonian is given by:

r
Hq) = §¢2
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Assuming the initial probability distribution function is given by:
Poo) = Ne ™",

where N is a normalization constant and a is a constant, solve for P[0, t]. Look
in particular at the long-time limit.

Problem 9.7: Starting with Egs. (151) and (152) for the streaming velocities for
a fluid and assuming an effective Hamiltonian of the form given by Eq. (146),
show that they reduce to Egs. (153) and (154).

Problem 9.8: Show that Eq. (168) can be written in the form of Eq. (170) and
extract the expression for the dissipative part of the stress tensor given by Eq.
(171).

Problem 9.9: Show that the static part of the memory function for the GFPE
system is given by:

;KS)S@ =T} = (6iDy0;)
Given the GFPE operator, Eq. (183), show:
T =i (Qy) — BTy

where the Q;; is the Poisson bracket between y; and v and the Tg are the bare
kinetic/diffusion coefficients.

Problem 9.10: Show that the dynamic part of the memory function defined by
Egs. (188) and (189) is given by Eq. (191).

Problem 9.11: Consider a zero-dimensional mode-coupling model for a time-
correlation function C(t). In terms of Laplace transforms it obeys the kinetic
equation:

(z+iT —TW()C(z)=1 ,

where T is a bare kinetic coefficient and the memory function I'%) is given by
a mode coupling expression:

T (2) = V2(—i) / dte™2C2 (1)
0
Determine the physical kinetic coefficient T%d) (z) to second order in the nonli-
near coupling V.
Problem 9.12: Show in detail that Eq. (216) is true.
Problem 9.13: Show how to go from Eq. (223) to Eq. (224).

Problem 9.14: Starting with Eq. (227), show in three dimensions for small z
that the physical viscosity for a fluid is given by:

VR(Z) :VR(O) —I—A\/E—f—
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Determine the constant A. In two dimensions for small z, the physical visco-
sity can be written in the form:

VR(Z) = VR(O) [1 + byIn (bl /Z)]

Determine the constants by and b.
Problem 9.15: Consider a dynamic model with two fluctuating scalar fields y
and ¢. The system is described by an effective Hamiltonian:

: r C
My, o = [ ax[ Sy + 242+ (V)2 + 2(T6) + hov]
where ry, 14, ¢y, and ¢, are positive. These fields satisfy the TDGL equations:

ay  _OH

o~ oy S
3  _ _,5H

where the noise is Gaussian and white with variance:

(E(x, (X, ') = 2kgTTS(x — x')8(t — t)
M, (X', t') = 2kgTDVy - V1 8(x — x")8(t — ')

Ex tm(xX,t') =0 .

I is a kinetic coefficient and D a transport coefficient. Find the dynamic struc-
ture factors: Cyy(q, ®), Cyo(q, ®), and Cyy(q, ®).

Problem 9.16: Assume we have a system with a complex order parameter
y(x, t) governed by an effective Hamiltonian:

GIVATES / d%x[oy|? + §|\If|4 +cVy* -y ,

where o, B, and c are real. Assuming a NCOP relaxational dynamics, with
complex noise, write down the simplest TDGL equation of motion. Solve this
model for the order parameter dynamic structure factor for the case = 0.
Problem 9.17: Consider the original Langevin equation for the velocity of a
tagged particle (for simplicity in one dimension) in a complex environment:

du(t) oH

af ool AU
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where the effective Hamiltonian is given by:

M
H:702

with M the particles mass and we have Gaussian white noise with variance:

(m(tn(t')) = 2kpTY3(t — t')

Derive the Fokker—Planck equation satisfied by the velocity probability dis-
tribution:

PV, t) = (3[V —v(1)])

and solve it to obtain the equilibrium velocity probability distribution.
Problem 9.18: Consider the coarse-grained equation of motion for a ferroma-
gnet given by Eq. (133):

aa—l\t/[ =MxH-T,V2H+ .
Assume that we have an applied uniform external field h = hZand u = c = 0
in the effective Hamiltonian given by Eq. (126). Using Eq. (130) we have the
effective external field:

H=h-rM

and the equation of motion:

aa—l\t/[ =Mxh+TyVM+C .
Compute the time evolution of the average magnetization m(t) = (M(t)),

given m(t = 0) = M.
Problem 9.19: In treating the mode-coupling approximation we assumed that
the four-point correlation function:

G () = (8(00,)e'8(0,0,0) )0

is given in the decoupling approximation by:

Guujen (1) = Ciy (DT (1) + Cly (DT (8) (241)
where:
0
Cl (1) = (80,e™0'80,)0 - (242)

More specifically, assume a model where:

(0) _y~Tti2
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i
Iy =35Iy ,
and the adjoint Fokker-Planck operator is given by:

- 0 )
DY~ rop ™ (5~ o)

1. Evaluate Cé,?) (t) explicitly.

2. Evaluate Gyy, x, (1) explicitly,
3. Show that Eq. (241) is satisfied.
4. Finally show that for this model:

(5(040,)e”5'8(9,))0 = 0 .

Problem 9.20: Show in the case of an isotropic ferromagnet that the spin pre-
cession term in the equation of motion can be written in terms of a gradient of
a current:

HXM:—ZVI‘L' ’
i

where H is defined by Eq. (130). Identify the current J;.
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10
Perturbation Theory and the Dynamic
Renormalization Group

10.1
Perturbation Theory

10.1.1
TDGL Model

In the previous chapter we introduced a set of nonlinear models relevant in
dynamic critical phenomena and nonlinear hydrodynamics. We gave one me-
thod for analyzing these models at the end of the chapter. Here we introduce
some simple perturbation theory methods that have been useful in treating
dynamic critical phenomena and hydrodynamical processes. We show that
the results for the order parameter time-correlation functions strongly depend
on the spatial dimensionality and are not directly useful in three dimensions
without interpretation coming from application of the renormalization group
method. These methods are developed in the final sections of the chapter.

There now exist a number of sophisticated methods Refs. [1-5] for carrying
out perturbation series expansions for nonlinear dynamical models. Some of
these methods are discussed in FTMCM. Here we discuss a direct brute-force
approach that is sufficient for many purposes. These methods [6] can serve as
an introduction to more sophisticated perturbation theory approaches.

We discuss two important model in this chapter: the scalar TDGL model [7]
and the isotropic ferromagnet [8]. The methods developed here have been
applied to essentially all of the models characterizing dynamic critical pheno-
mena universality classes.

Let us begin with the TDGL model for the scalar order parameter y(x, t):

oy(x,t)

008 (g el (8 M)

Sy (x, t)

where the Fourier transform of the bare transport coefficient I'y(g) is a con-
stant, I'y, for a NCOP and Doq2 for a COP. We choose the LGW form for the
effective Hamiltonian:

Helv] = /ddx'/ddy%w(X)xa Hx=y)w(y)

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4
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+ [ at vt - [ dteh(x, Hux) @

where initially we need not specify the zeroth-order static susceptibility x,
and h(x, t) is an external time- and space-dependent field. The noise n(x, t) in
Eq. (1) is assumed to be Gaussian with variance:

M(x, (X, ) = 2kpTT(x)d(x — x")d(t — ') . 3)
After taking the functional derivative in Eq. (1) we have the equation of moti-
on:
oy (x,t ' _
YO~ roo) | [l - y)wl ) + )~ G )|
+n(xt) )

Taking the Fourier transform over space and time we obtain:

—ioy(q,0) = ~To(q) [x5" (7)¥(q,©) — uN(q,0) ~ (q,0)|
+n(q o) , )
where the nonlinear contribution can be written as:

. dd " do’ dd " dw
Nm&ﬁ:/(ﬁ%i?@%dznwm_¢_q%m_d_d”

<y(q', o )y(q", 0") . (6)

If we define the zeroth-order response function:

Golg,0) = [~ 0+ To(g)g ()] Tola) @)
we can write Eq. (1) as:
v(q,0) = y’(q,®) + Go(q, (g, ®) — Go(q, ®)uN(q,0) , @®)
where:
Go(q,
N S TRIC ©)

W is the zeroth expression for y in the absence of an externally applied field.

10.1.2
Zeroth-Order Theory

If we set u = 0 in Eq. (8), the equation of motion reduces to:

Vo(q,0) = y’(q,0) + Gy(q,0)h(q,0) . (10)
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If we average over the noise we obtain the linear response result:

(Wo(q, )) = Go(q, ®)h(q, ®) (11)

and we see that Gy is indeed the linear response function at zero order. If we
take the zero frequency limit in Eq. (7) we find:

Go(q,0) =xo(q) (12)

and Gy(q, 0) is the static zeroth-order susceptibility.
In zero external field we can compute the zeroth-order correlation function
using Eq. (9) twice and the double Fourier transform of Eq. (3):

(wo (a1, ©1)Wp(qz, @2)) = (v0(q1, @)y’ (qz, @2))
(

2/
To(q2)
~ Go(q1,01) Go(q, )
- Oro(iﬁh)1 Oro(zqz)2 M(q1, @1)n(q2, @2))

_ Gor(oq(lcil")’l) Gl (O‘zz“)’” 2Kk TTo (1) (27)18(qu + 42)8(@1 + )

= Co(q1, 1) (2m)"™8(q1 + q2)8(w1 + @) (13)

n(q1, @)

where:

_ 2kgTT(q)
“la ) = o @ (@)

It is left to Problem 10.1 to show that the zeroth-order response and correlation
functions are related by:

(14)

2
CO(qr (0) = kBTalm Go(qr (0) . (15)

10.1.3
Bare Perturbation Theory

It is clear that we can generate corrections to the 1 = 0 results by iterating Eq.
(8). It is convenient to carry out this iteration graphically. We represent Eq. (8)
as shown in Fig. 10.1 where a wavy line stands for , a dashed line for y’; a
solid line with an arrow stands for Gy, a line terminating at an external field
is represented by a directed line followed by an x, and a dot represents the
interaction vertex (—u). Note that at a vertex the wavenumber and frequency
are conserved. If we assign, for example, a frequency to each line entering a
vertex, then it is easy to see that the frequency entering the vertex via Gy must
equal the sum of the frequencies leaving via the wavy lines.
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\/\/\/\/\/\:————+—>—X+4>—§EA

Fig. 10.1 Graphical representation for the equation of motion Eq. (8).

A direct iteration of Eq. (8) (or Fig. 10.1) correct to second order in u and to
first order in h, as discussed in Problem 10.2, gives the graphs in Fig. 10.2. In
the fourth term on the right-hand side, for example, we get a factor of 3 since
the vertex is symmetric under interchange of the wavy lines. We eventually
need to carry out averages over the noise. In these averages one has products
of dashed lines each of which is proportional to a factor of the noise. We have
postulated, however, that the noise is a Gaussian random variable. This means
that the average of a product of noise terms is equal to the sum of all possible
pairwise averages. Since y? is proportional to the noise, the average of a pro-
duct of y’s factors into a sum of all possible pairwise averages. Algebraically
we write, with a general index i labeling each field, for a product of four
zeroth-order fields,

(WwDwud) = (wdwd) (wwd) + (W) (W)wD) + (W) (wvl).  (16)

Graphically we introduce the following convention. If before averaging we
have four zeroth-order parameter lines as shown in Fig. 10.3, then on avera-
ging we tie these lines together in all possible pairs and obtain the graphs in
Fig. 10.4. In these graphs correlation functions are given by:

(W0 (qi, 0:)¥°(q;, 0))) = Co(qs, @) (2m)"'8(q; + qj)8(w; + @) (17)

o /

Fig. 10.2 lterated graphical representation for the equation of motion
Eq. (8), keeping terms up to O(h?) and O(u?).
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i ko

Fig. 10.3 Lines representing y° with labels i, j, k and £.

and are represented by lines with circles in the middle as shown in Fig. 10.5.
With these simple rules we can produce a perturbation theory expansion for
any correlation function to any order in the coupling u.

The response function G(g, ) is defined in general as the averaged linear
response of the field y(x, t) to an external field h(x, t):

v(q,0h))—(y(qoh=0)
Gla, @) = ;lfi%< >h(q<,co) )

(18)

It is clear from Eq. (2) that Gy is the linear response function for u = 0.

The graphical expansion for G is relatively simple. We take the average over
the noise of the graphs in Fig. 10.2. All terms independent of i vanish since
they have an odd number of noise lines. We keep only those terms with one
external field, x. We therefore obtain (see Problem 10.3), to second order in u,
the graphs shown in Fig. 10.5. It is also left to Problem 10.3 to show that these
graphs lead to the analytic expressions for the response function given by:

G(q,0) = Go(q,®) + Go(q, ®)Z1Go(q, ®) + Go(q, ®)X1Go(q, ®)Z1Go(q, ®)

+Go(q, ®)Z2Go(g, ®) + Go(g, ®)Z3(q, @) Go(q, ®) (19)
where:
ik dO

N TN
i kI
N,
i ko
VPN
i ko

Fig. 10.4 Three ways of tying the lines in Fig. 10.3 together after
averaging over the Gaussian noise. Lines with circles in the middle
represent zeroth-order correlation functions.
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G(qw)h (qw) = +3 @
R ONG

+18 N
N

+18 EE

Fig. 10.5 Graphical perturbation expansion for the response function
defined by Eq. (18) including terms of O (u2).

+3

Fig. 10.6 lterated graphical representation for the order parameter in
the absence of an external field up to O(u?).

K Ao .,
dk d

- d% dQ 4%’ dQ

_ )2 e s
Za(g,0) = 18(-u) / (2n)7 2n (2m)? 21
xCo(k, Q)Co(K, Q) . (22)

Golq—k -k, 0—Q—0Q)

Note that the contributions from > and X, are independent of g4 and . It is
left to Problem 10.4 to show that both % and %, are real.

Besides the response function, we can develop the bare perturbation theory
for the correlation function:

(w(q,0)y(q, o)) = C(q,0)(2r)"'5(q + q)8(0 + o) . (23)

We do this by setting 1 = 0 in Fig. 10.2 to obtain Fig. 10.6. Then multiply
the graphs for y times those for Y’ and then average over the noise. It is left
to Problem 10.5 to show that one obtains the collection of graphs given in

Fig. 10.7. Note that one has many more graphs at second order for C than for
G.
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C(q,w)=—o—+3T
OO0
TO0OTTTO0

+18? h ?

w6l e N
N

N
+184—@—<—

Fig. 10.7 Graphical representation for the perturbation expansion for
the correlation function including terms up to O (u?).

10.1.4
Fluctuation-Dissipation Theorem

We showed earlier that the zeroth-order correlation function and response
function are related by:

2
C%(g,0) = —ksT Im Go(q, ®) . (24)

It has been shown in Ref. [8] that this fluctuation-dissipation theorem (FDT)
holds for the class of nonlinear equations defined by Eq. (1) for the full corre-
lation function and response functions:

Clg,0) = %kBTlm G(q,0). (25)

Thus, if we can calculate G(g, ®), we can obtain C(g, ) via the FDT.

We will be satisfied here with showing that the FDT holds up to second
order in u in the bare perturbation theory analysis. Higher order terms are
discussed by Ma in Ref. [9]. Here we show how the contributions in Fig. 10.5
lead to those in Fig. 10.7. We have already shown the FDT at zeroth order,
which we represent graphically in Fig. 10.8. Next we consider the left-hand
side of Fig. 10.9. Since X, the loop given by Eq. (20), is real, we need only
consider,

Im G> =2G'G" = (G+G*)G" (26)
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keT

27y

|m —_— = —o0—

Fig. 10.8 Graphical representation of the fluctuation-dissipation
theorem (FDT) at zeroth order.

and:
2T
TBIm G>=(G+G"C . 27)

Since G*(0) = G(—o) we represent G* with a line with an arrow pointing to
the left. We then find the graphical identity shown in Fig. 10.9 and a matching
of contributions between Fig. 10.5 and Fig. 10.7.

2k8lm 3 0 =3—cO =3 Q.

Fig. 10.9 Graphical representation of the FDT at first order.

Let us turn to the left-hand side of Fig. 10.10. It is easy to show (see Pro-
blem 10.4) that the two-loop insertion given by X, is real. Therefore we can
again use Eq. (27) to obtain the right-hand side of Fig. 10.10 and again map
one graph in Fig. 10.5 onto two graphs in Fig. 10.7.

The following identity:

Im ABC = ABC"” + AB"C* + A"B*C* (28)
is proven in Problem 10.6. In particular we have:
Im G® = G*G" + GG"G* + G"G*G* (29)
and:

2kpT
TBIm G® = GGCy + GCyG* + CyG*G* . (30)

This leads immediately to the results shown in Fig. 10.11 where one graph in
Fig. 10.5 is mapped onto three graphs in Fig. 10.7.

Fig. 10.10 One contribution to the graphical representation of the FDT
at second order.
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2%6Tim o O o =9 O <>o—+9 O O +9—co o

Fig. 10.11 Another graphical contribution to the FDT at second order.

S e

+2 kBTIm

Fig. 10.12 Another graphical contribution to the FDT at second order.

Finally, we turn to the left-hand side of Fig. 10.12. In this case we need Eq.
(28) expressed in the form, suppressing the wavenumber dependence,

Im [G(0)Z3(0)G(0)] = G(0)X3(0)G"(0) + G(0)L5(0)G" (o)
+G"(0)Z5(0)G (o) , (31)
where X3 is given by Eq. (22) and we use the fact that the correlation function
lines are real. We then obtain the right-hand side of Fig. 10.12. We still have to

look at the last term on the right in Fig. 10.12. We have that the imaginary part
of X3 is proportional to:

2kpT
TB/ Co(q1, @1)Co(qz, )G (qs, @3)

2kgT
=B /Co CI1/wl)CO(q2/032)C0(Q3/033)2k3T

== / Co(q1, 01)Co(q2, @2)Co(qs, 3) 5 (03 + @1 + 02)

QOIH QW[

== / Co(q1, 01)Co(q2, @2)Co(qs, 3) ;@

3 /5CO(ql’ml)CO(q%")z)Co(%,OJa) ,

where we have used the shorthand notation for integrations:

d(2m)d 2n 21 2m
><5(q Uh Q2 —q3)8(0 — 0] — ) — @3)

/ / ddql ddqz ddl]3 d(l)l d0)2 d(D3 (zn)dJrl

Clearly we are left with the mapping of the term on the left-hand side of
Fig. 10.13 onto the three graphs on the right-hand side of Fig. 10.13. Clearly
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ksT
W

2

ol N OO N
S NS

1
+§H—@—<~

Fig. 10.13 Refined final graphical contribution to the second-order
FDT.

this is a mapping of the final terms between Fig. 10.5 and Fig. 10.7 and to this
order the FDT is proven.

10.1.5
Static Limit

The linear response function has an interesting feature. If we note the spectral
representation [10] for the response function:

_ [do ImG(q0)
G0 = [ o i 2

and use the FDT, we obtain:

do’  C(g, )0
kpTG(q ) = E% (33)

If we set ® = 0 we find:

wTG(5,0) = [ SoClg, o)) = Cla) = kaTa(a) - 649

Therefore we can obtain the static susceptibility from the linear response func-
tion simply by setting ® = 0. We have, from Eq. (19), in the analytic expression
for the response function, the result at zero frequency:

x(@) = %) +x%0(@)Z1%0(9) + %0(9)Z1x%0(9)Z1%0(4)
%0 () Z2x0(9) + %0 (7)Z3(9, © = 0)xo(q) - (35)

The X’s appearing here must be purely static quantities that are independent
of I.
Itis clear that ¥, defined by Eq. (20), is a purely static quantity given by:

%1 = 3(—u) /ﬂk Too(K) (36)
1 — ' (Zn)d B XO .
The quantity ¥, defined by Eq. (21), can be written as the product:

2o =621] , (37)
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where:

d
1= (1) [ a3 ok )Gl Q) @9)

One can perform the frequency integral rather easily. Let us consider the more
general frequency integral:

K(k,q,0 /—co (k,Q)Colg,0— Q) . (39)

It is convenient to write Eq. (7) for the zeroth order response function as:

_ilo(q)
Go(q, (l)) = m ’ (40)
where:
Y(q) =To(@)x " (9) (41)

and rewrite Eq. (14) for the correlation function:

Co(q, ) = ikgTxo(q) [m +1iy(q) a co—liv(q)} ' )

Substituting these results into Eq. (39) gives:

B 1 1 iTo(q)
Kk g,0) = / 25 " Tho(k [Q +iv(k) 0 - iv(kJ o-0+iy

d 1 1 1
—kg Ty, (k)T ‘ - . .
[ ST | i~ ) o
One can then carry out the () integration using the calculus of residues and,

closing the contour in the lower half-plane where there is a single pole at () =
—iy(k), we find:

Kk q,0) = %kBTXO(k)FO(q)—iy(k)— —iy(q)

_ikgTyg(k)To(q)
= o+ ) )] “)

Note that if we let 3 — —) in Eq. (38) we obtain:

- gd
= () [ Gk ko)

B ~ d% ikgTyq(k)To(k)
B (—u)/ (2m)d : z'Zoy(k)O
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u - d'k
= kT [ () 45
which is purely a static quantity.

We turn finally to X3, given by Eq. (22), evaluated at zero frequency. For
general frequency ® we can write:

d% dQ d%' doY

_ — )2 /s 77

(g, 0) = 18(-u) /(ZTE)d 2n (2m)? 2m
XCO(k,Q)Co(kI,QI)

ST dy/ /

~ 18— )2/ d%k d%’ dQ

(2mn)d (2m)? 2m

Go(gq—-k-K,0-Q-0Q)

S (K, Kk q—k —K,0— Q)

Using Eq. (44) this reduces to:

d dyt !
ZkBT 0( )Fo(q k-k')
o — Q' +i[y(k) +v(q —k - )]

. d dp’
= 18u2(—1)/ (gn’)c (C;Tc’;d O(q k— k)kBTXO(k)Kl ’ (46)

where:
o’ .., 1
Ko = [ 5 Colic, )Q’—m—iy(k) —iy(q—k—K)
-dQY . 1 1
= | 2z HeTo(ic) [Quriy(k/) Q- iy(K)
1
O o —iyk) - inq-k-I) #7)
Again, closing the integration contour in the lower half-plane we obtain:
1
o _4 . /
o = TR0 S0y o A0 — ia — k- 1)
= —kgTyo(k') ! (48)
— R o i) (k) (g - k- K]
Putting this result back into Eq. (46), we find:
- d% 4
Zs(q,0) = 1802() [ = k — K/ )k Tto (K) kg T (K’
3(‘7 0‘)) u (l) (275) (zn)d O(q ) B XO( ) B XO( )
1

* o+ ify(k) +¥(K) +1(q -k —K)]
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. d dr/
= 18iu?(kgT)? / (gnl){ (Cle:; dXo(k)Xo(k’)
" To(q —k—-K')
o +i[y(k) +v(k') +v(q — k — K')]

d?k  dK’ p
= 18u2(kBT)2/(2n) (Zn)dXO(k)XO(k)

« To(q—k—K)
—io +y(k) + (k') +v(q -k - K/)

Notice that this can be written in the more symmetric form:

Za(g,0) = 183 (ksT)? [ x0(k1)o(ke)t0(ka)

Y(k3)
—io + y(ky) + v(k2) + v(ks)

where:

dk ddk d?k
)= | Gy oy (e @)K b )

We can then symmetrize with respect to the labels 1, 2 and 3 to obtain:

Za(g.0) = 182 (kaT)? | ok (ka)to(k3)

3 [v(k1) + ¥(k2) +v(k3)]
—io +y(k1) + v(kz) + v(ks)

If we use the identity:

—m+a_1 —iw+a
then we have:
%3(q,0) = Z3(q,® = 0) + iw6u*(kgT)*J3(q, ®) ,

where:
E3(g,0 = 0) = 62 (ksT)? [ xo(k)t0(k2)o(Ks)

which is clearly a static quantity. We also have:

1
—io+ y(k1) +v(ky) + y(k3)

Jalg.0) = [ x0(k0)xo(k2)x(ks)

(49)

(50)

(61)

(52)

(53)

(54)

(55)

(56)
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= +3Q+QQQ+98+6

Fig. 10.14 Graphical perturbation theory expansion for the static order
parameter correlation function to second order in the quartic coupling.

Thus we have the perturbation theory result, Eq. (35), up to second order in
u for the static correlation function. We have the static results for the self-
energies:

- d9k
£1 = -3u / (e H(0 (57)
d
5y =631 (~2kT) | %X%(k) (58)

and X3(g, ® = 0) is given by Eq. (55).

This static result can be obtained directly from the function integral over
the effective Hamiltonian and is shown graphically in Fig. 10.14. This is an
expansion for:

Clq) = (lw(q)*) = ksTx(q) . (59)

where the thick line is the full correlation function, thin lines are bare corre-
lation functions, and the four-point vertex in this case (see Problem 10.7) is

—Bu.

10.1.6
Temperature Renormalization

The method developed in this chapter will generate all of the terms in the
perturbation theory expansion for both the statics and dynamics. One must
be careful in interpreting the result of this expansion, however. It is always
essential to have some idea of the underlying physics governing the behavior
of some quantity before carrying out an expansion. We can demonstrate how
problems arise with a simple example in the static limit.

We believe that the static susceptibility at zero wavenumber is given appro-
ximately by:

1(0) = C(T)(T = Te) ™" (60)

for T > T,, where the constant C is regular as T — T.. The zeroth-order
approximation for x(q) is given by the Ornstein—Zernike form:

1

" 1
e (61)

Xo(q) =
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where:
6 (0 =ro=n(T-T") , (62)

and y=1.
The expansion for y(gq), including terms up to first order in perturbation
theory, is given by:

- dk
(@) = %ala) + %0(a)(30) [ kT (ala) (©3)
Let us introduce the integral:
© dk
Ij= | —=%o(k 64
= [ ) (64)
and evaluate it first in three dimensions:
I/'d3k 1 74_n//\2 1
37 ) 2npPro+ckd 8w Jo ro + ck?
1 ro
= kl1— —%
anc/o a { ro—i—ckZ}
1 ro 1 c
= — |A— —A
e {A roctan < "o )} , (65)

where we have introduced a large wavenumber cutoff, A. It is useful to write
I3 in terms of the bare correlation length:

g=— (66)

&y blows up as rp — 0. Writing I3 in terms of &, we have:

Iy = mj—cgo [Ag — tan!(A%)] (©7)

Then at zero wavenumber, from Eq. (63), the susceptibility is given by:

1 (—3ukgT)

Tl A% —tan T (Ag) | i . (69)

r Ex(q:O):ro_l—f—rO_

Thenas T — TC(O), ro — 0, &y — oo and our perturbation theory result goes
over to:

_ L, Bukg TV A
1 2 GukeTe A e )| (69)

There are many problems with this result:
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e Clearly, in general,

Clq) = (@) ?) =ksTx(q) 20 , (70)

while our result from perturbation theory is negative.

2

e The first-order correction is larger (r,= > ry 1) than the leading order

contributions.
e It appears that (g = 0) is blowing up at the wrong temperature.

The resolution of this disaster is to realize that while a direct perturbation
theory expansion of a resonant quantity may be ill advised, the expansion of
its inverse may be well behaved [11]. Let us write:

x ) =% (@) —Z(q) (71)

where the self-enerqy ¥.(g) depends on the nonlinear interaction. We can iden-
tify the perturbation theory contributions to %(q) by assuming %(g) has a
leading term of order u and expanding;:

1
% (@) —Z(q)
Xo(q)
1—2(9)%0(q)
= %0(q) + %0 (@D Z(D)x0(9) + %0 (DE(@X0(DE(9)%o(q) + ... (72)

Comparing this result with the expansion in Fig. 10.14, it is easy to see
that the self-energy has the expansion shown in Fig. 10.15. The first-order
contribution to the self-energy has already been worked out in the case of
three dimensions and is given by:

(—3ukBT)

=(g) = TR, [A% - tan_l(/\go)] - (73)

x(q) =

In this case, if we set g = 0 in the inverse static susceptibility and use Eq. (71)
with ¥ = =) we have:

(3ukBT)

Wg=0)=pr = B
X (q 0) r ro + 27526&0

A% —tan~! (%) (74)

Z=3Q+98+6@

Fig. 10.15 Static self-energy graphs associated with the expansion
shown in Fig. 10.14.
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30=3Q+98

Fig. 10.16 Resummation of graphs contributing to the full (thick line)
static correlation function in the self-energy to first order in u.

Z=30+6@

Fig. 10.17 Static self-energy expansion in terms of the full static
correlation functions.

Suppose A&, > 1, then we have:

0 BukgTA
r=r (T T ))JrTBzc (75)
If r vanishes as T — T this reduces to:
BukgA
(71 +t- ]23 > T.=nT"
T2C
(0)
. n Te
Te= Bukg A (76)
rn+ 2n2¢

The nonlinear interaction generally acts to reduce the transition temperature
from its zeroth-order value. Note that there is still a bit of an inconsistency
in our development. We assumed on the right-hand side of Eq. (74) that we
could take A&, > 1. However §; does not become infinite as T — Te. Self-
consistently, it makes sense that the correlation functions appearing in the
expansion are the full correlation functions. Thus one would like to rearrange
the expansion such that it is  and not ¥, that appears in Eq. (20). This invol-
ves an additional resummation of graphs. Thus it is shown in Problem 10.8
that the sum of first two graphs on the right-hand side in Fig. 10.15 can be
combined to give the single graph as shown in Fig. 10.16. Indeed at second
order in perturbation theory we have the expansion for the self-energy given
by Fig. 10.17 where all of the lines are full correlation function lines. It is shown
how to justify this expansion to all orders in FTMCM.
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10.1.7
Self-Consistent Hartree Approximation

After these sets of resummations we have, keeping the first-order contribution
to the self-energy, the self-consistent Hartree approximation [12] given by:

dik
17Y(q) = ro + cq? + 3ukgT / Wx(k) . 77)

We want to solve self-consistently for y(g). Since the first-order self-energy,
the Hartree contribution, is independent of wavenumber, it is pretty clear that
we have a solution of the form:

X ) =r+of (78)

where:

. d
r:r0+3ukBT/ (dk L (79)

2n) r + ck?
which is a self-consistent equation for r.
The first step in determining the behavior of r as a function of T — T, is to
self-consistently determine T as that temperature where r vanishes. At the
physical T¢, ¥ = 0 and Eq. (79) becomes:

0 - Ak 1
0=ry(T.— T ))+3ukBTc/ i (80)
We can carry out the d-dimensional integral:
/ d%k 1 RgAi—? 1)
(2m)dck? ¢ d—2

for d > 2 where K, is given by K;! = 29-129/2I'(d/2). We then obtain the
generalization of Eq. (76) to d dimensions:

r Tgo)

3ukgK A4—2
(n+*E5=)
This result reduces to Eq. (76) for d = 3. We now subtract Eq. (80) from Eq.
(79) to obtain:

T, = (82)

d% 1 - dlk 1

=TT ST | g ST | e
d% 1 - d%k 1
= rl(T—Tc)+3ukB(T—Tc+Tc)/ WW—MB:@/ i e
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= 1(T — T,) — BukgT-Wy(r)r , (83)
where:
dik 1
and:
—Wy(r)r —/ dk 1 (85)
AT ) en)d |r+ck T ok
W;(r) is given by:
Cdk 11
W) = | G e (86)
Then Eq. (83) is of the form:
r (14 3ukgTWy(r)] = ra(T —Te) . (87)

It is left to Problem 10.9 to show that in the limit of large &% = ¢/, to leading
order in this quantity, we have:

Ad—4
I d>4

W, — % In(AE)  d—4 (88)
ntt d<4

2 cos[(d—3)m/2]

Thus we have for d > 4 and small u, W is a small perturbation that corrects
the value to the transition temperature and amplitudes. The zeroth-order re-
sult is essentially correct. For d = 4 W, is growing logarithmically as r — 0 and
W canno longer be treated as a small perturbation. For smaller dimensionality,
W diverges faster and the perturbation theory breaks down badly. In order to
handle the regime d < 4, we need an even more powerful technique beyond
perturbation theory. We need the renormalization group method, which will
be discussed later in this chapter.

10.1.8
Dynamic Renormalization

The same ideas used to reorganize the static perturbation theory can be ge-
neralized to the dynamic case where we can write a Dyson’s equation of the
form:

G (q,0)=G;'(q0) —L(q0) , (89)
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2= 3 O

3= 18 @

Fig. 10.18 First-order, %1, and second-order, X3, self-energy
contributions.

where the self-energy can be expressed, at this order, in terms of the full corre-
lation functions and response functions as shown in the graphs in Fig. 10.18.
These graphs, at the bare level, were treated previously in the static limit. In
the renormalized case we have:
dig’ dof
z =3(— —
a0) =3(-) [ ZhTrc,o) (90)

and:

d4¢ do’ 490" dw
_ _ 2 q q Y A A
Ta(q.0) = 180w [ G GG -a - qe o~ o)

xC(q, 0")C(q", 0") . ©1)

Note that the contribution at O(u) is independent of 4 and . In particular,
this term only serves to change the static ¢ = 0 susceptibility. Suppose we
keep only the O(u) term, then:

G q0) =G, (q0) -2

= +x 'q) . 92)
To(q) (@
where:
@) =% (@)~ %1 - (93)
Equation (93) can be rewritten as:
1 @) =r(T) +eq* (94)
where:
r(T)=ro—24 (95)

was introduced above. The temperature where r(T) = 0 is the new transition
temperature, correct up to terms of O(u?). In this case, the response function
can be written in the dynamical scaling form:

1 — 1 _1‘7(0
G Hq0) = x '(q) |1 To(q)x (q)
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=x q1-iQ) , (96)

where the dimensionless frequency is given by:

Q)
= — (97)
s(q)
and the characteristic frequency is given by:
5(q) =To(q)x ™" (q) - (98)

The correlation function is given in this case by using the FDT, Eq. (25), and
Eq. (96) to obtain:

C(q, o) zk%TIm G(g,®) _sz_TIm< x(q) )

[0 1-i0)

L ksT 1+iQ\  kgT (@)
= X(q)lm(lJrQZ) =2 M
%(q)
= 2kgT F(Q)) , (99)
B ws(q) ( )
where the scaling function is given by:
1
F(Q) = 702 (100)

The dynamic scaling index z is determined by writing the characteristic fre-
quency in the form:

os(q) =To(q)x "(q) = 4°f(q€) -

We easily find:

0s(q) = To(q)c(q* + &%) (101)
and z = 2 for the NCOP case, z = 4 in the COP case and the scaling function
is given by:

f(x) =To(g=1)c(1+x%) , (102)
as for the conventional theory.
Let us go back to the more general expression for G (g, ®):
6 (g.0) = >+ 15 (9) ~ Z(g,0) . (103)
To(q)

It is convenient to write this in the form:

G (g 0) = OO X Haq) (104)

I'(q,®
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where y(g) is the full static susceptibility and I'(g, ®) is a frequency- and wave-
number-dependent kinetic coefficient. Since, in general,

%' (@) = %5 (9) —Z(q,0) (105)

we easily find, after some algebra, that:

-1
[(q,0) = To(q) [1+ To(q) ((q,0) = X(9,0)) /iw| . (106)
In the TDGL model only X3 contributes to T'(g, ®) to O(u3) and we find:

r(g.0) = o)1 - 2P 5(g,0) - 23(,0)) + 06H] . (07

We have from our previous work, Eq. (54), that if we replace the zeroth-order
propagators and response functions with those with temperature renormali-
zation rg — r, then:

3(q,0) = Z3(q, @ = 0) + iw6u(kgT)?J3(q, ®) (108)
where:

5(q,0 = 0) = 612 (kgT)? /S (e (k)x(ks) (109)

which is clearly a static quantity. We also have Eq. (56):

1
—i0 +y(ky) + v(kz) + v(ks)

ha,0) = [ alk)xke)n(c) SR

where 7 1(q) = cq® + .
Let us consider the case of a NCOP, I')(g) = I'¢. In this case we can look first
at the case of high dimensionality. If we set r = g = 0 we obtain:

101 1 1
0,® :/ 5 T T ) 1
J5(0,) 5 ck? ckZ ck2 [—io + Toc(k2 + K2 + K2)] )

If we use simple power counting, we see for d > 4 that J3(0,0) is just some
well-defined number that depends on the large wavenumber cutoff. For d < 4
we find (see Problem 10.10) that [3(0, ®) blows up algebraically in the limit
as o goes to zero. The dividing line is for d = 4. As a practical example of
perturbation theory calculations, we carry out the determination of J3(0, ®)
for d = 4 in some detail.

In evaluating X3(g, ®) it is easier to work from Eq. (49):
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Z3(g,0) = 183 (ksT)? [ x0(k1)0(ke)
Iy
" Zio+ (k) +1(k2) + (k)

(112)

The interesting case here is for § = r = 0 where we focus on the frequency
dependence and evaluate:

2 2
23(0,03):18”("%")5(0) ) (113)
where:
" d4k1 " d4k2 11 1
SO :/ / -2 . (114
(@) 2m)t ) (2r) K2 13 (—iQ + K2 + 3 + (kg + ko)?) 4

where Q) = ®/(cIp). Wilson [13] has discussed the extension of integrals of
this type to d dimensions. In four dimensions we have:

4
s@) = [Lh K3/ k3dk2/ d65sin2 6 L !

(2m)4 2n k3 k3 —iQ) + 2k3 + 2k3 + 2kqky cos ©
R (AR A
= K dk dk kq, k 115
o 10 2J (k1 k2, Q) -, (115)
where:
. . 2
I:/ 46— L . (116)
0 —iQ) + 2ki + 2k5 + 2k1ko cos 6

Ifweleta = —iQ) + Zk% + Zk% and b = 2kqky then [14]:

]7/”119 sin“"6 T
Jo Ta+bcos® g2 12

I —)
:nuzl@—\/ﬂ—bz) : 117)

a2 —a24+b> b?
We have then:

5(0)

~ Kg A A T . 2 2
K;—= kydk kodkr ——= | —1Q) + 2k 2k5 — ¢(Q)
4275/0 1d 1/ 2 24k%k% ( i)+ 2ky + 2k; — g( ))

. K3K4 Ad_kl/ dk2
T8 Jo ko Kk

( i0 + 212 + 2K — g(O )) . (118)

where we have defined:

9(Q) = \/(~iQ + 283 + 203)2 — 4K . (119)
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Eventually we are interested in subtracting off the ® = 0 contribution and so
we consider:

AS(Q) = S(Q) — 5(0)

_ K3K4 /A dky /A 2 i - g()+50) . (120

The next step is to let k1 = \/5y1 and kr, = \/5y2 to obtain:

K3K4Q/A/m%/‘\/m dy,
0

AS(Q) = - (—i—g1+g) , (121)

8 1 Y2
where
g1= /(i + 28 +213)2 — 4313 . (122)
and:
82 =/ (23 +213)2 — 4433 . (123)

The Q) dependence is confined to the overall factor of () and to the large y
cutoff. It is left as a problem (Problem 10.11) to show that the small y; and y»
behavior is well defined and the leading behavior comes from large y; and y».
We can then write to leading order:

K3K4Q/A/Wdyl /A/\dezp(
1

AS(Q) =
() = —3 n h

yll yZ) ’ (124)
where:

Flyny2) = —i—g1+8 - (125)

Since any anomalous behavior as a function of frequency is for large y; and
Y2, We can write:

F(yll yZ) - FL(yll yZ) + F(]/l/l/z) - FL (yll yZ) 7 (126)

where F; is the expression for F for large y; and y; given by:

_ il (vi+v3)
FL(y1,y2) = ll [(y1+y2§ yy2)]1/2] . (127)

We then write:

K3K4Q/A/‘/—dy1 /A/\/_dy E
1

AS(Q)) =
() 8 n Y2

(yl/yZ) ’ (128)
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and the remaining integral over F — Fy is regular as (2 — 0. We have then at
leading order:

AS(Q) =

Ry (i) /A/\/ﬁ dy1 /A/\/ﬁ dy,
8 1 vi N Y2

IR ] (129
(v +y2)> —yivd)]'/2 ]

plus terms that are linear in (2 as () — 0. Next let y» = uy; in Eq. (129) to

obtain:

AS(Q) = K38K4(—iQ)K(v) , (130)
where:
"1/v d]/l 1/vy1
kW) = [ T dupw) 131
= [ [ (131)
_Va
V= (132)
and:
1 (1+u?)
=4 {1 - (1+u2+u4)1/2} ' (139
In going further it is useful to note the property:
f/u) =P f(u) . (134)
One integration in Eq. (131) can be carried out by writing:
1/v dy; d "1/vyq
kW)= [ (i) [ duf(u 135
0= [ g ntn) [ dufw) (135)

and doing an integration by parts. It is shown in Problem 10.12 that:

-1 1/v
K(v):ln(v_l)/v duf(u)—i—/l du In(u) [vf(vu) — f(u)] . (136)

Further manipulation (see Problem 10.12) gives:

K(v) =2 1n(v—1)/01 duf(u)—i—/ol 2du In(u) f (i) (137)

plus terms that vanish as v — 0. Only the first term proportional to In(v—1)
contributes to the anomalous behavior of K(v). It is left to Problem 10.12 to

show that:
1 1. /3
/O duf(u) = 5 1In <Z> (138)
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and to leading order:

K(v)=In(v HIn (Z) (139)
and:
AS(Q) = K38K4(—i0) In(v"")In @) : (140)
Since K3 = 1/2n% and K4 = 1/872 [15] we have:
—i0) 3
AS(Q) = (12;754) In(v~1)In (Z) . (141)

Putting this back into the appropriate self-energy, Eq. (113) and remembering
Eq. (120), gives:

2
AZ5(0, 0) = 18¢ <”kCBZTC> AS(Q) (142)

and the correction to the kinetic coefficient, Eq. (106), can be written in the
form:

_ [ ToAZ3(0, ) _ AY5(0, 0)
1 _ 11 0823 _ -1 3
r'o,m =T, _1+ = } I, {1+ el
r 2
I ukgTe \* AS(Q)
=T, 1+18(—C2 > 5
[ ksT.\? (1) 3
— 1l f1g1s (HEBLe) N v (2
0 +8( c2 > 125 MV ) In{ g
0 Q
= Iy' |1—udbyln (F” , (143)
where:
MkBTC
Uy == (144)
and:
9 4

If we compare with Eq. (10) in Ref. [7] we find agreement. Notice that our 1,
defined by Eq. (144), corresponds to their uy.

Again, as in the static case, we have that d = 4 serves as a crossover dimen-
sion between regimes where the conventional theory is appropriate (d > 4)
and where (d < 4) there are strong nonlinear corrections.
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As it stands we can not complete the analysis for d = 3 without further
input. The renormalized kinetic coefficient diverges algebraically for d < 4
and logarithmically in d = 4. To obtain a useful estimate in three dimensions
we need to appeal to renormalization group methods. These methods are
discussed in Section 10.3 (this chapter) and we return to this problem there.

10.2
Perturbation Theory for the Isotropic Ferromagnet

10.2.1
Equation of Motion

We next want to develop perturbation theory for a slightly more involved
system: the isotropic ferromagnet [8]. This case differs from the TDGL case,
since one has reversible terms, and, as we shall see, nontrivial corrections to
the conventional theory enter at lowest nontrivial order in the expansion. As
discussed in Chapter 9, for the isotropic ferromagnet the order parameter M,
is a vector satisfying the Langevin equation:

Mo (x1,t1) SHE[M] » SHE[M]
— 2TV =AY eggMp(x1, ) — " 4+ DyVi——
atl % ofy B(Xl 1) SM'Y(XL tl) 01 SMQ(XL tl)
+fa(x1,t1) (146)

where Hg[M] is the LGW effective Hamiltonian given by:

3 3 1
He[M] = /ddxl/ddXQZEMa(Xl, tl)xal(xl—XQ)Ma(Xz,tl)
o

u
+/ddx1 [ZMAI(XLM) — Y ha(xi, t1)Ma(xi, t1) |, (147)
o

where M? = ¥, M2, h is an external magnetic field and the bare susceptibility
is assumed to be of the standard Ornstein—Zernike form:

%o (x1—%2) = (rg —cV])3(x1 — x2) . (148)

The order parameter is conserved in this case and the noise is assumed to be
Gaussian with the variance:

(fa(x1, t1) fp(X2, t2)) = 2DokgTV1 - Vadopd(x1 — x2)8(t1 — t2) . (149)

Finally A is a nonlinear coupling constant and Dy a bare diffusion coefficient.
Putting the effective Hamiltonian into the Langevin equation gives the equa-

tion of motion:
oM

8t1

= A’ZSQBYMB [(7’0 — CV%)MY + MMZMY — hy}
By
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+DoV? [(ro — V) My + uM My — ha} + fo (150)

or, in vector notation,

oM

S =AM (cviM+h)

+DV2 [(ro — V)M + uM2M — h} e (151)

There are several comments to be made. First, there are two nonlinear terms:
a quadratic term proportional to A and a cubic term proportional to u that ap-
peared in the TDGL model. The external field also appears in two places and
we must be careful to properly treat the —AM X h term. This term generates
nonlinear contributions in an expansion where we treat both A and h as small.

10.2.2
Graphical Expansion

If we set A and u equal to zero we obtain the same zeroth-order theory as for
the TDGL model with a conserved order parameter. The zeroth-order respon-
se function is given again by:

Gy'(g,0) = —%&)

where I'y(q) = Dog?. We know from our previous work that the conventional
theory in this case corresponds to a dynamic index z = 4.

Let us move on to treat the contributions of the nonlinear terms. The first
step is to set up the appropriate notation. This is quite important if one is to
develop an efficient diagrammatic method. Let us look first at the contribution
in the Langevin equation due to spin precession. We have the vertex:

V(1) = =AY eqpyMp(x1,t1)cViMy(x1, t1) (153)
By

+%'(q) (152)

For reasons that become clear as we go along, we want to introduce the com-
pact notation where a single index includes all of the other indices labeling a
field. We write:

M(1) = Mg, (x1,t1) . (154)
With this in mind we rewrite V(1) in the form:
V(1) = —Ac Y €a000; Moy (x1, 1) ViMa, (x1, ) (155)
0 Ol3

Going further, we can insert the identity:

/. ddXthQS(Xz — X1)8(t2 — t1) =1, (156)
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twice to obtain:

V(l) = —Ac Z €0 ap05 / ddX2dt28(X2 — X1)5(t2 — t1)

0 0l3

X / ddX3dt38(X3 — X1)5(t3 — tl)M(xz(xl/ tl)V%M% (Xl, tl)

-y / dhxydty / dhxadis Vi (1;23) M(2) M(3) (157)
= V(1,23 M2)M(3) , (158)

where:
Vl(l,' 23) = —\c Salaz(lSS(Xz — X1)8(t2 — tl)v%S(Xg, — X1)5(t3 — tl) . (159)

In this form we see that we can symmetrize the expression with respect to the
summed indices:

V(1) = V(1,3 M2)M3) | (160)
where:
7(1;23) = % VA(1;23) + V4 (1;32)]
= —%Salazogs(b —t)8(t3 — 1)
X [8(x2 = x1)V38(x5 — x1) = 8(x3 — x1) V38(x2 — x1)]
— V(1;32) . (161)

It is left as an exercise (Problem 10.14), to show that the spatial Fourier trans-
form of this vertex is given by:

Voasas (K15 ko, k3, 11, ta, t3) = V (k13 k2, K3)€ay0,058(t2 — £1)8(ts — t1) (162)

with:

Ac

V(ki; ko, k3) = Y

[k% - kg} (2m)%8(k1 + kp + k3) (163)
We also have the vertex due to the external field:

V(1) = =AY e, kM (x1, 1) (xa, 1) (164)
I

This can be clearly written in the form:

V(1) = V" (123)M(2)h(3) , (165)
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where:
Vh(1;23) = —A Salaz(lSS(Xz — X1)8(t2 — tl)S(Xg, — X1)5(t3 — tl) . (166)
The Fourier transform of this vertex is given by:

V(illuz(xg, (kll k2/ k3/ tl/ t2/ t3)
= Vh (kl,' kz, k3)8a1u2a38(t2 — t1)8(t3 — tl) , (167)
where:
Vi (ki; ko, k3) = —A(21)48(kq + ky + k3) . (168)

We can, of course, include the four-point coupling in the analysis, but for
reasons that will become clear, we treat the problem # = 0 and focus on the
coupling A. The Langevin equation can then be written in the form:

aM(1)
ot

= To(1)xp ' (12)M(2) + To(1)h(1) + f(1)
+V(1;23)M(2)M(3) + V" (1;23)M(2)h(3) . (169)

If we multiply by T; ! (1) then we can write:

o' ) 5 - 15 (M) = (1) + )
+V(1;23)M(2)M(3) + V"(1;23)M(2)h(3) , (170)
where:
F) =T () f(1) (171)
V(1;23) =T, (1)V(1;23) (172)
Vi(1;23) =T, (1) V" (1;23) . (173)

Clearly, a generalization of the zeroth-order response function that carries
vector indices is given by:

d

Fa%)a

8(12) — x5 ' (12) | Go(22) = 8(12) (174)

where:

8(12) = 8(X1 - Xz)S(tl - tz)salaz (175)
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Go(1T)\V(1;:23)MERMB) —> +{

Go(1T)VN(T;23)M(2)h(3) — g

Fig. 10.19 Graphical representation for the oriented three-point
vertices: V(1;23) and V' (1;23).

WAV = —>—X + — — —— + +—>—f‘);rr

Fig. 10.20 Graphical representation for the order parameter given by
Eq. (177).

and:
%o 1(12) = (ro — cV$)3(12) . (176)
With these definitions the Langevin equation can be written in the form:

M(1) = Go(1T)h(T) + My(1) + Go(11)V(1;23) M(2) M(3)
+Go(11)V(1;23)M(2)h(3) , (177)

where:

Mo(1) = Go(1)f(1) . (178)
This is then the most convenient form to use to develop a graphical approach
to perturbation theory. In this case the three-point vertex V(1;23) is repre-
sented by a dot as shown in Fig. 10.19. The part of the dot with an entering
response line is associated with the first index, and the other two indices
labeling the dot are symmetric under interchange. We can then iterate the
graph shown in Fig. 10.20 just as for the TDGL case. At first order in A we
have the result for M(1) shown in Fig. 10.21. It is left to Problem 10.13 to show
that the graphs contributing to M(1) at second order in A, and up to first order
in h, are given in Fig. 10.22. Next we average over the noise. The surviving
contributions up to first order in A are shown in Fig. 10.23. Clearly the first-
order contribution is given by:

GM(12) = Go(11)V(1;23)Co(23) . (179)
MAAVA = —>—X + ———— + —>—< + —)—«x +2_)_.L>_,<

Fig. 10.21 lterated solution to Fig. 10.20 to first order in the three-point
interaction.
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I < S 4
+ ——'X

Fig. 10.22 Second-order iterated solution to Fig. 10.20.

<\/\AM/\>=—>—X+~>—Q

Fig. 10.23 Graphical perturbation theory expansion for the average
order parameter to first order.

Since Cy(23) o g0, and V(1;23) « €q;0,0, We see that GM(12) = 0.

10.2.3
Second Order in Perturbation Theory

The contribution to the propagators to second order in A is given by the gra-
phs in Fig. 10.24. The terms with contributions proportional to V (1;23)Cy(23)
vanish as in the first-order contribution. The remaining terms contributing to
the propagator are given explicitly by:

G(12) = Go(12) +4Go(11)V(1;23)Co(24)Go(35)V (5;46) Gy (62)
+2Go(11)V(1;23)Co(24) Gy (35) V" (5;42) . (180)

As for the TDGL case, we introduce the self-energy. In this case it has contri-
butions:

»((12) = 4V(1;23)Cy(22) Go(35)V(5;42) (181)
and:
2 (12) = 2V(1;23)Co(24)Go (35) V" (5;46) G5 1(6,2) . (182)

If we insert the zeroth-order expressions for the response and correlation func-
tions, we can evaluate these quantities explicitly. The first step in evaluating

Fig. 10.24 Graphical perturbation theory expansion for the response
function to second order.
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these quantities is to treat the internal vector sums. Since the response and
correlation functions are diagonal in the vector indices we see that we have
the vector sums in £()) and (%)

2 oy os05€a5050p = — 2 €0y 0505 E0p 0505 = —20ay0, - (183)
0303 0303

It is left to Problem 10.15 to write the remaining contributions in terms of
Fourier transforms with the result:

iy (4, 0) = 8y, = (g,0) (184)
where:
z(i)( ®) = _zﬁ/ﬂ/@ {kZ_( _k)Z}
VO g ) eyt ) a
xCo(k, Q)Go(q — k Q—m)M (185)
S RO
while:
20 (q,0) = 80,2 (q,0) (186)
where:
” Ac di  dQ
Z(”) - _p - —1 o ues k2_ _kZ
(10) = 2556 00) [ oo [ 5 [P - @k
1
We earlier considered the quantity:
dQ
Kk g 0) = /ECO(k,Q)GO(q,co—Q)
kpTxo(k)Lo(q)
= - , 188
“io 1K) + (@) (189
where:
q) = To(@)xo ' (9) - (189)
Equation (185) then takes the form:
) 7&2C2 ddk (kZ_qZ)
(g 0) =22 [ — KX = (q—k)*| K(k,q — k, 0) ——— L
@0) = <2505 [ G [F = (=107 Kiba — ko) s

WP ddk ksTxo(K)To(q—k) (K —¢%)
T W/ (2m)d [kz_( _k)z} [—iw+(;((k)+7(q—k)]1"o(q—k)
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_ _Zﬁ / d;dk [kZ - (q o k)Z} kBTXO(k) (kZ - q20190)

To(q) / (2m)d —io +y(k) +v(q — k)
and:
- 2, . ad
20(g0) = 256 g 0) [ 55
1
x K= (a— k)| K(kq— ko)
Mo ddk
= _ZWGO 1(‘%0’) / W [kz —(q— k)z}
ks Tyo(k)To(q — k) 1
[—i® +v(k) +v(q — k)] To(q — k)
Ve d9k
= 255G @) [ i [~ (a1
" kg Ty (k)
—io+y(k) +v(q — k)
= G;'(q,0)Q(q,0) , (191)

where we define:

2
Qg o) = 2 [ L o qip] BTl ___ o)

To(q) J (2m)d —io +y(k) +v(q — k)

; B A2 o ddk kg Ty (k)

U )__ZW/W [kz_( _k)z} —iw+v?k)iv(q—k)( o)
A2c d? 1 kg Ty (k) , _

25 ] G P~ @] i g % 0 1 @)
A g d% g 1 kT (k) ~
=207 | [ - @907 o g ®

% 1 (7)Q(q, ®)
Me rd%k oo ksT
5 ) T [~ Y o
% (9)Q(g,0) . (193)

Notice that the first term changes sign on letting k — q — k and therefore
vanishes and:

2(gq,0) = —x, 1 (9)Q(g, ®) . (194)

We can then conveniently combine the two contributions to the second-order
self-energy:

2 (g, 0) = 20(g,0) +2(g,0)
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= [65'(a.0) ~ % ()] Qlg.0)
—i®
= WQ(‘% ®) . (195)

This means that we have for the response function that:

GHg0) = Gy'(g0) ~P(g,0)
= gy 1 Qo)+ (0

_ o iw 1

where the physical damping coefficient is given by:
(g @) =To(q) 1 +Q(q,0)] - (197)

Let us focus on the evaluation of Q(g, w) given by Eq. (192). The integrand
can be put in a more symmetric form if we let k — k + q/2 to obtain:

A2 o dik
Qo) = 25 | o [~ a/2) ~ (ke + a/27]
kgTyo(k+q/2)

“ ot 1k +q/2) + 1k —q/2) (196)

Letting k — —k in the integral, adding the result to the original contribution
and dividing by two, we easily find:

ZC . d
Qgo) = T [ o [0e-a/27 — (a2
Xo(k+q/2) —xo(k—q/2)] (199)

—io+y(k+q/2) +y(k—q/2)

It is straightforward to see that this can be written as:

kgTA2c2 1 di
Qg 0) = 222 /(

To(q) J (2m) (<= a/2 - (k+q/2)2]z

Xo(k+q/2)xo(k —q/2)
—io+y(k+q/2) +v(k—q/2)

(200)

In this form we see that the limit @ — 0 is a well-behaved constant:

kgTA>c2 [ A%k ,  x3(k)

= 4(k-p5)2—20V 7

Q(0, ®) Do / i v S
kgTA*c*4 [ d% ,  x3(k)

- "Dy d (2n)dk —io+2y(k) (201)
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Starting with Eq. (197) we see that the temperature dependence of the diffusi-
on coefficient is given by the limits:

D= lim P(LZ"’) = Do [1+Q(0,0)] , (202)
q,0—0 q

where:
kgTA’c2 4 1 d% %3k
Q(0,0) = L > d 2 O( )
Dy dJ (2rm)4" 2y(k)
2kgTA>c? [ d%
-~/ ni o
0

(203)

If we insert the Ornstein—Zernike form for (k) we find in Problem 10.16, for
AE > 1, that:

{}Igédr(d/z)r(g_d) d<6

2kp T-K A2

Q(0,0) = =5t

{én(Ag) —3/4 d=6 (204)
{ AL ro((ag) ) d>6 .

Then, in three dimensions, for example:

kB Tc
48nc

D =Dy, [1 + ( ) 8y 0(7»4)} (205)

We can see immediately that the usefulness of perturbation theory is strongly
coupled to the dimensionality of the system For dimensions d > 6 pertur-

bation theory works. For small f = kBCTC M 7 (the dimensionless coupling
constant) we have that the expansion,
2f*K4 4
D = Dy(1 2
of +d(d_6)+0(f)) (206)

makes sense. In six dimensions the correction is logarithmically divergent:

K
D = D, (1 + ?6 FIn(AE) — 3/4]) (207)
and for dimensions fewer than six, the perturbation theory expansion,

2Ry
4d

D = D, (1 + T(d/2)T (6 > d) (AE)~ d) +O(fY).. (208)
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does not make sense as it stands, since no matter how small f is, eventually,
as T — T, (AE)®~7f2 will become large. We see from out naive perturbation
theory expansion that:

e The reversible terms in the equation of motion are very important near
the critical point.

e Six dimensions is the cutoff dimension for a ferromagnet between con-
ventional and nonconventional behavior.

We also see that our direct perturbation theory approach (where the pertur-
bation is large compared to the zeroth-order term) is dubious. The situation is
formally identical to the case in treating statics where we carry out a direct
perturbation expansion of ) in Eq. (83). The resolution of the problem — a
well-defined method for interpreting perturbation theory — is offered by the
renormalization group.

10.3
The Dynamic Renormalization Group

10.3.1
Group Structure

Let us turn next to the dynamic renormalization group. This is a rather di-
rect generalization of the static renormalization group developed in Chap-
ters 3 and 4 of FOD. Here, we assume that the reader is familiar with this
static development where one determines recursion relations for the parame-
ters characterizing the effective Hamiltonian governing the order parameter.
In the TDGL case, one develops recursion relations for the parameters, @ =
{ro,c,u, Ty}, characterizing the associated Langevin equation. Once one has
recursion relations one can use all of the renormalization group (RG) phe-
nomenology concerning fixed points, stability, crossover and scaling. We shall
return to this later. First we develop the steps in the RG for dynamic problems.
We shall see that in some senses the explicit implementation of the dynamic
RG is simpler than in the static case.

The implementation of the RG is again a two-step process.

1. Average over the large wavenumber components of the order parameter
y(g,t) in the wavenumber shell,

A/b<g< A, (209)

from the equation of motion.
2. In the resulting equation of motion for y(g,t) with ¢ < A/b, replace
(g, t) — b'™"/2y(gb,tb=%), rescale wavenumbers, § — ¢’ = bgq, times t —
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t' = tb~*. This is the same as step 2 in the static RG except that we rescale times
with a factor b=*. The new exponent z plays a role in scaling times similar to
that played by n in scaling distances. 1 and z must be adjusted so that we
reach a fixed point.

The new equations of motion are then written in the old form. The new
parameters are identified as entries in p’ = R,u. We will discuss the imple-
mentation of these steps for both the TDGL and ferromagnet cases.

10.3.2
TDGL Case

Itis not difficult to see how to carry out the average over the high-wavenumber
components of the order parameter. This is most easily done graphically. The
TDGL equation of motion can be represented as shown in Fig. 10.25 using the
same notation as in Fig. 10.1. The point is that we can then divide the das-
hed zeroth-order contribution into low- and high-wavenumber components
as shown in Fig. 10.26:

¥o(9,0) = 5 (7,0) + vy (,0) , (210)
where:
5 (7, 0) = 6(A/b—q)wy(q, ®) (211)
and:
vg (7,0) =8(7 — A/b)w(q,0) . (212)

Next observe that an iteration of the equation of motion is shown graphically
in Fig. 10.27. This result is exact. If we work to second order in the nonlinear
coupling we have the result in Fig. 10.28. Now, in this figure replace y, by
its high- and low-wavenumber components as in Fig. 10.26 and average over
the high-momentum components. This is easy to carry out since Yy, (g, ®) is a
Gaussian variable with independent Fourier components.

Let us take the high-wavenumber average of the three terms in Fig. 10.28
in turn. First we have the result in Fig. 10.29 showing that at zeroth order the
low-wavenumber result survives. For the first-order contribution we have the
result shown in Fig. 10.30.

W=____++{M

Fig. 10.25 Graphical representation for the order parameter in the
time-dependent Ginzburg—Landau (TDGL) case in the absence of an
external field.
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—_—_—— = Y [ — + _H__

Fig. 10.26 Graphical representation for the zeroth-order contribution
to the order parameter divided into high- and low-wavenumber
components.

Fig. 10.27 Graphical iteration of Fig. 10.25.

VANV = — — — — + +3

Fig. 10.28 Expansion of order parameter in terms of bare order
parameter lines to second order.

Turning to the average over the high-wavenumber components for the third
graph in Fig. 10.28, we see that this can be broken up into the averages over
the three contributions in Fig. 10.31. These can in turn each be broken up into
three contributions shown in Fig. 10.32. Taking the average over the high-
wavenumber components gives us the results shown in Fig. 10.33. Putting all
of these results together, we have for the coarse-grained average of the order
parameter the graphical representation given in Fig. 10.34. These terms can be
grouped together in terms of a new equation of motion shown in Fig. 10.35.
In this new equation of motion we find that the low-wavenumber zeroth-order
lines are now given by the sum of graphs shown in Fig. 10.36. The new four-
point coupling is shown in Fig. 10.37. A six-point interaction is generated as
shown in Fig. 10.38, and the propagator is renormalized as shown in Fig. 10.39.

Let us look at the analytic implications of our coarse-grained equation of

motion. Working to first order in the coupling we have for the low-wavenumber

order parameter the first two terms on the right-hand side of Fig. 10.36:

1 1
v (g, 0) = Go(q,©) 5:-1(q,0) + Go(g, ®) 25 Go(q, ) 7-M(g, ) (213)
0 0
and the renormalization of the response function is given by Fig. 10.39:

GV (q,0) = Go(q,0) + Go(q, ) E5Go(g,0) (214)
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c-H-- = = -

Fig. 10.29 Average over high-wavenumber components of the order

parameter at zeroth order.
X X H X Qf
£ = Cofs 4+ 3

x

o 3
< %, *

-

+3

+
.
1}

X
3

Fig. 10.30 Average over high-wavenumber components of the order
parameter at first order.

) @ ®

Fig. 10.31 Setting up the average over high-wavenumber components
of the order parameter at second order.

XX X X XX X X
@ =3 £ +9 S 49 Sk +3 oot
SIS & % &% & %
XX X X X X X X
@ = s b+ 18— + 18—t + 6 oot
% & K A % % X
XX XX XX XX
@ = 3 t- +9 it + 9 o<t +3 i
« % % % 2 %
Fig. 10.32 Continuation of the average over high-wavenumber
components of the order parameter at second order.
where, in both:
A @ik dO
sL— _ / AE B k) . (215
H AJb (ZTE)d o ( ) )
Inspection shows that since:
1 1 1
v(g.0) = G4 0) 5 (00) (216)

the noise is not directly coarse grained. We can then write Eq. (214), consistent
to first order in the coupling, as:

-1
(6") (@o) = Gi'(a0) ~Th

0 _
= —r—0+xO1(q)—2h : (217)



10.3 The Dynamic Renormalization Group

<@>H = 9 @ @i +18 2 £ +3 @ ::’x;L
H %
@ = 18V +18 LN
<., <«
B> = 3 — @ fo < ot
&, SN N
Fig. 10.33 Continuation of the average over the high-wavenumber
components of the order parameter at second order.
H X
<tp> = f + 3 @ f + Cofe 4 QML
<«
+18 = 1 ok 4+ 18 oefeee
\-o/\'\/ x{ﬁ\
RS N O# ~ X
+18 fE +9 = 35 3 = '
S « <« &,
Fig. 10.34 Summary of terms contributing to the average over high-
wavenumber components of the order parameter up to second order.
VANV = e +
Fig. 10.35 Graphical structure of new equation of motion after
averaging over high-wavenumber components.
Then at this order Iy is not renormalized:
1
i =1, (218)

and:

() @) =" @) -z (219)
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(1)= e O,L +9 O, O-(.’_

7]

+18 @L+18 ot

Fig. 10.36 Graphical contributions to the zeroth-order contribution
to the equation of motion after averaging over high-wavenumber

components.
+18 'j;:@:::

Fig. 10.37 Graphical contributions to the new four-point interaction
after averaging over high-wavenumber components.

Fig. 10.38 Graphical contributions to the new six-point interaction after
averaging over high-wavenumber components.

RN

Fig. 10.39 Renormalization of propagator in new equation of motion to
first order.

We see that in the long wavelength limit we can still use the LGW paramete-
rization:

r) ¢ c(l)qz =r+cg® -2k (220)

and, since X}, is independent of wavenumber, we can identity:

M =c (221)
and:
A —ZIL{
A ddk
= . 222
r3uf amate® (22)
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Turning to the renormalization of the four-point coupling, shown in
Fig. 10.37, we have, taking the small 4 and ® components:

A dik dO

1) — 5 — 1842 - =
! ! " s (2m)d 2m

Co(k, Q)Go(k, Q) . (223)

The frequency integral was worked out in Egs. (38) and (45) with the result:

A ddk 1
)=y 2/ 22(k) 204
u u—18u /b (20)8 ZXO( ) (224)

It turns out, as expected, that r(1) and u(!) depend only on static parameters.
Next we come to the rescaling step in the RG procedure. We carry this out
on the coarse-grained equation of motion given by:

E;_\lf — 1M (r(”\v— cDv2y 4 u(l)q,s) in, (225)
where:
v =yD(x,1t) (226)
and:
n=nM(x1) . (227)

The next step in the RG is to rescale space and time coordinates using:

x = bx (228)
and:
t=b*t . (229)
Defining:
¥ =y (X, b7t) (230)
i =nW(x,*t) (231)

the equation of motion takes the form:

b‘z% =1V (r(l)fp — cWp2v2y u(l)\T13> 7 . (232)

Next, let:

VX, E) = b, (233)
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then the equation of motion can be put into the form:

/
W _ iy (r(l)\Tl _ 292y 4 u(l)bfmqﬁ) 0, (234)

ot/
where:
N, ) =" . (235)
If we assume that:
ry =vor) (236)
then the equation of motion retains its form with the rescaled parameters:
r' = b0 (237)
¢ =p*° 20 (238)
u = pro 20 (1) (239)

We must still consider the renormalization of the noise. We have for its
determining variance:

(n'(xy, 1)’ (x5, 1)) = 2kp T8 (x1 — x3) 8 (1 — 1)
= b2 (b, b (bx), b7 1))
= b 20k TTVb=428 (x) — xb) 8 (1 — 1) (240)
From this we can identify:
T'T) = b 20p =421V (241)
If we choose T’ = T then:
I} = b=t20-drl) (242)
Comparing Eq. (242) with Eq. (236) we identify:
c=z+20—d . (243)
It is conventional to choose:

oc:%(d—2+n) , (244)

where the 1 will now turn out to be the usual standard static critical index.
With this new notation, we have:

C=z—-24+M1n . (245)
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In summary, the recursion relations are given by:

r =2 (246)
¢ = b el (247)
u = pra-my () (248)
I} = b= 2 (249)

where r(1) is given by Eq. (222), ¢V by Eq. (221), u(!) by Eq. (224), and 1"(()1) by
Eq. (218). We then obtain the final form for the recursion relations:

d
=0 (r+3u b dh (k) (250)
/b (2m)7 0
d=b"c (251)
e A ddk 1
4 = pAd-m <u—18u2 /A M (Zn)dEX%(k)> . (252)
Iy =b*21, . (253)

Our goal, as discussed in detail in the next section, is now to find the stable
fixed-point solutions to these recursion relations. Clearly at this order, to find
a fixed point we need to choose,

n=0 (254)
and:
z=2 . (255)

Then the recursion relations reduce precisely to those governing the static
critical behavior at first order:

. A qik
Y =b <r+3u /A/b on(k)) (256)

_ A k1
u =pt1 (u—lSuz/A/b (2@@"5“‘)) . (257)
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The analysis of the static recursion relations for » and u was treated in
Section 4.5.3 in FOD. One finds a Gaussian fixed point u* = r* = 0 for dimen-
sionality greater than four and a nontrivial fixed point for d < 4. Expanding
in € = 4 — d we have to lowest order in &:

() =
and:
it = (%) - 877‘28 . (259)

The linear stability of this fixed point is given by:

&7 = & b1 + Sﬁ%bz (260)

5i' = da b2 (261)

where the stability exponents are given by:

y1:2—§>0 (262)
yo= —£<0 . 263)

This says that r is the only relevant variable with y; > 0.

10.3.3
Scaling Results

Next we discuss the scaling implications of the dynamic RG. We have the
relation between the original time-correlation function and the coarse-grained
version (in terms of the longer wavelength degrees of freedom):

C(x1 —xp,t1 —t;n) = <\|’(1)(X1/ tl)‘l’(l)(x2f t2))
= b2 (31 /b, b /B (x2/b, 1 /b))
= b2C((x1 —x2)/b, (1 — 1) /b5 1) , (264)

where | represents the original set of parameters and n’ the RG-transformed
parameters. Fourier transforming over space and using Eq. (245) gives:

Clq, t; ) = > "C(qb, %), (265)
If we Fourier transform over time, we obviously obtain:

Clg, ;1) = b* "F2C(q, b, 0b%; ). (266)
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Using the FDT given by Eq. (25), we easily obtain for the response function:
G(q,o;p) = B> "G (qb, 0b%; ') . (267)

Suppose we can find a fixed-point solution of our dynamic RG recursion
relations:

n' = Rbu* . (268)
We can then write, for situations where we are near the fixed point,
BLL/ = t1bY%e1 + O(byz) (269)

and y, < 0.y need not be the same as in the static case. We find then, if we
are near the critical surface, that:

b 1/2
C(g,o;u(T)) = b*>"T=C (qb,(obz;u* + (E) e1+ (’)(byz)) . (270)
If we set b = A, then:
C (g, 01(T)) = (AL 1C (,6, 0(EA)5 0" + A2y + O(AE)2) . (271)

If terms of O[(A&)Y2] can be ignored, then we have:

C(qou(T)) = E " f(gE, f) , (272)

which is a statement of dynamic scaling. We also have from Eq. (267) with
b= A&

G(g, o;p) = £ "f5(qE, wf7) . (273)

We see that while ¢ is naturally scaled by & as T — T, o is scaled by &.
Alternatively if we let T = T, we can write Eq. (270):

C (g, 0;1(T,)) = B*>""2C[gb, ob?; u* + O(b¥2)]. (274)

If we then choose b = () ! we obtain the scaling result:

C (g, 0u(T)) = (%)“‘“c <A,m(%)_z; u*>. (275)

If we choose for b = (m%)%

and A, then:

(2-m+z2)/z i
C(qon(Te)) = (3> C (k (%) mmu*) (276)

, Where @ is some frequency constructed from I'y

o
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and:

C (0, ;u(Te)) ~ 2 H2)/z, (277)
It is convenient to define, as we did in the van Hove theory, a characteristic
frequency. One convenient definition is:

0 =7 0) 5576 )] - @78)

0=0

If we remember Eq. (7), we are led to identify:

oc(q) =x" 1 (9)T(q,0) , (279)

and I'(g,0) has the interpretation of a wavenumber-dependent kinetic coeffi-
cient. Note that this definition for a characteristic frequency agrees with that
used in the conventional theory. Starting with Eq. (267), it is shown in Pro-
blem 10.17 that:

oc(g; 1) = b (qb; ). (280)

Following now-familiar arguments, if we let b = A& and ignore terms of
O[(AE)¥2] we obtain the scaling result:

oc(q; 1) =& (q8) - (281)

Clearly one of the first orders of business in dynamic critical phenomena is to
determine the dynamic index z.

10.3.4
Wilson Matching

In his treatment of the static LGW n-vector model, Wilson [13] argued that
the scaling properties of the order parameter structure factor can be obtained
directly from the perturbation series in four dimensions, provided one chooses
the fixed-point value for the coupling,

2ne
(n+8) ’

uy = (282)
where € = 4 — d, and then exponentiates the logarithmic terms appearing in
the expansion. The authors of Ref. [7] assert that the same procedure will yield
the correct form for the dynamic correlation functions. Let us see how this
works for the scalar TDGL case. We have generally for the response function:

G (g 0)=- +x '(g) - (283)

I'(q, )
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With T = T, and g = 0 this takes the form:
o

R O

(284)

We previously [Eq. (143)] determined, using perturbation theory in d = 4,
that:

_ - (@)
r 0,0 =1," [1 — ufbyIn (E)} , (285)
where Q) = o/clj and:
9 4
Exponentiating the logarithm in Eq. (285) we obtain:
714%%10
I10,m =1," (%) (287)
and:
G 10, 0) ~ ol 1% (288)

We can use this result to estimate the dynamic critical index by using scaling
arguments. From dynamical scaling we have from Eq. (273):

Glg,0) =& " f(g5 o) - (289)
Thenasg — 0 and T — T, we have:

1

~ —(2-1)/
ey e (290

G(0,0) ~ &N

Comparing this to Eq. (288) we identify for n = 1:
(2-m)/z=1—udby . (291)

Noting from the static calculation [13] | = €2 /54, we can write, using Egs. (282)
and (286),

z=2+4n[-146In(4/3)] (292)
in agreement with Ref. [7].

10.3.5
Isotropic Ferromagnet

To see how the RG works in the ferromagnetic case let us, for simplicity, set
u and 7, equal to zero [16] and investigate how the parameters Dy and A
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M (a’w) ERRV.VV.V .V .\

A

oo (@@= )

Fig. 10.42 Graphical representation for the order parameter, Eq. (293).
M>(q,w) = vk
M<(q,w) = WWiarn

Fig. 10.43 Graphical representation for high- and low-wavenumber
contributions to the order parameter equation of motion.

change under the group transformation. Our Fourier-transformed equation
of motion, Eq. (177), with i = 0, can then be written as:

dg’ do’ A
M(q,0) = Mo(q,w)+Go(q,w)/ (z,j)d 21 2Do?

x[(d')* = (q—q')*M(q, o) x M(q— q’, 0 — ) . (293)

It will again be useful to use a graphical technique. If we identify, as in Fig. 10.40,
the lines as before, and the three-legged vertex as in Fig. 10.41, then the equa-
tion of motion can be written as Fig. 10.42. In carrying out step 1 in the RG we
write:

M(q,0) = O(|q|> A)M(q,0)+0(| g |< A)M(q, ©)
= M7 (q,0) +M~(q0) . (294)

We can then break up wavy lines into the high- and low-wavenumber com-
ponents, (Fig. 10.43) and similarly for response functions (Fig. 10.44). We are
then led to the coupled set of equations (Figs.10.45 and 10.46). We need to solve
for a wavy line with an H in Fig. 10.45, put it into Fig. 10.46 and then average
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Gy(q.w) = —H>—
G;(q,(ﬂ) =L

Fig. 10.44 Graphical representation for high- and low-wavenumber
contributions to the response function.

Fig. 10.45 Graphical representation for high-wavenumber contributions
to the order parameter.

over the noise associated with high wavenumbers. We will work this out to se-
cond order in A. Note that on iteration, we obtain the graphs in Fig. 10.47. Put-
ting this result for a wavy line with an H in Fig. 10.46 we obtain Fig. 10.48. This
looks complicated. However, we must average over all the high-wavenumber
components.

All of the graphs with an odd number of Mg vanish. When we connect up
two M lines we obtain a factor shown in Fig. 10.49. It is also useful to note
that graphs with contributions like Fig. 10.50 vanish due to the symmetry of
the three-point interaction. We are then left with the result shown in Fig. 10.51.
The first two terms are those we would obtain by ignoring a wavy line with
an H altogether. It is shown in Problem 10.20 that the last term in Fig. 10.51
gives no contribution for small enough g due to a noncompatibility of step
functions. We are then left with the equation,

1
M= (q,0) = G&(qrw)wfﬂq,wHGé(q,w)

- d%k dO A
(2m) 2m Dog?
x [kz ~(q— k)z] M<(k, Q) x M<(q —k,0— Q) , (295)

X2(4,0)M"(3,0) + G5 (0,0) |

where £(q, ), defined graphically in Fig. 10.52, is the same as £ q, 0), given
by Eq. (185), except there are internal wavenumber restrictions. We can bring
the Gy ZM*< term to the left-hand side of Eq. (295) and then solve for M<:
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Fig. 10.46 Graphical representation for low-wavenumber contributions
to the order parameter.

X
Wk = ---H -+ —H—>—':\
,S(\

+2—H—)—‘:§r+

>S(\

Fig. 10.47 lterated graphical representation for high-wavenumber
contributions to the order parameter.

+2

e

e

+2 = 1+ {:

+2 t—_ +4

5
-
I

Fig. 10.48 lterated graphical representation for low-wavenumber
contributions to the order parameter.

—Ho— =(Mg(q.w) My (-G-w)) = Cy(q.w)

Fig. 10.49 Graphical representation for high-wavenumber contributions
to the zeroth-order correlation function.

O

Fig. 10.50 Graphical representation for high-wavenumber contributions
to the first-order self-energy.
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Fig. 10.51 Iterated graphical representation for low-wavenumber
contributions to the order parameter to second order.

Fig. 10.52 Graphical representation for high-wavenumber contributions
to the second-order self-energy £(g, ).

ME(1,0) = [1-Gi (3,0)2(0,0)] G5 (0) 5 2t (0,0

-G ot@o)] 6o

A dkdQr,, 9
>ﬁ%¥/(mﬂ§%%"m_kx
x ((M<(k,Q) x M<(q -k o— Q) (296)

We then note, using Eq. (217), that:

- -1 1 1 1
1-Gi(g0)2(,0)] Gilg0)5—=
Dnag? -1 _ Dnag?
" (G5 w) —S(ge)
= 11 - : (297)
—io+ Dog? (15" (7) — £(9,0) )
It is left to Problem 10.18 to show in the small g and ® limits that:
_ N A
E(q.0) = %o (kT (5-)"la (298)
where:
2 dk 4 A
=5/ ROk = T)O(A k). (299)
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Our new equation of motion can then be written as:

MV (g,0) = M (g,0) + G (4, )

/- d% dO

Dél)qz J (2m)? 2m

x[k2 - (q — k) MDD (k, 0) x MY (q - k,0—Q), (300)

where:
(1) <
RO [T
Dy q? —io+ Dy %y (q)
—im B ~1
6@ = [+t @] (302)
D, g
Comparing Egs. (296), (297), (298) and (301), we have:
—io+ Dy (9) = —io+ Do (15" () ~£(g.0)) . (303)

(1)

From this we can identify D, as:

2
(1) _ ksT (A \" 3
Dy’ =Dy <1+ ; <D0> cId>. (304)

We see that the full effect of step 1 of the dynamic RG is to simply take Dy —
Dél) and A is unchanged for small g and w. Higher-order corrections in powers
of g and ® are found to be irrelevant [8] in the sense discussed earlier. If we
carry out step 2 of the RG and rescale we obtain the recursion relations:

2
D}y =% Dy <1+kBTT (%) c31d+---> (305)
M= b1

We can use these equations to write a recursion relation for the dimensionless
coupling:

Fo (ksT) , (@-6)/2 2
C

D (306)

given by:

fr=072F (1= AR, 4 O(f)). (307)
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Remembering that we have set 1y = 0, we can, as shown in Problem 10.19,
evaluate I; explicitly to obtain for d # 6:

2K 1
3r _28a L nd-6(q _16-d
Cla= gt (1 b ) (308)
and ford = 6:
Al = % Inb . (309)
For d > 6 the recursion relation (Eq. 307) can be written for large b as:
—(d— 2f2K
1 p—(d—6)/2¢(1 _ d
=0 f(l d(d_6)+...) (310)

and f scales to zero for large b. The conventional theory is correct. If d < 6
then:

2R ) @311)

f17 =150 (14 1T=0)

and we see that for large b the perturbation theory expansion breaks down.
If we compare the analysis here with that for the static case we see that we
obtain consistency with perturbation theory and a fixed point if we assume
that we are very near six dimensions and assume (f*)?> ~ (6 —d) = . Then
we can evaluate I; in six dimensions and write our fixed-point equation, Eq.
(307) with f = f*, as:

fr=plo- D/ 2 (1 - %(f*)zlnb + O(ez)> . (312)
Since (f*)? is very small by assumption, we have after exponentiation:
1 = p(6=d)/2=Re(f*)*/3 (313)
or:
* 2 _ 3 (6_ d) 2

Substituting Ks = (64n3)~! [15], we obtain the fixed-point value [8]:
(f)> =96(6 —d)m> + - - - (315)

If we then go back to our recursion relation Eq. (305) for Dy, we see that a
fixed-point solution requires:

D = b* %D} <1+%(f*)21nb+---> : (316)
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Exponentiating the logarithm we are led to:

. %(ﬁyzo (317)

Thus to first orderine = 6 — d:

=14+ -+0() . (318)

This is compatible with a fixed-point solution for Eq. (315). If we are bold and
lete = 3 and d = 3, we find using Eq. (318) that z = 5/2, in agreement with
experiment. It has now been shown that this result for z holds to all orders in
€ due to certain symmetries of the equation of motion. This does not mean,
however, that (f*)? is unaffected by high-order terms in &.

Combining these results with those we found previously for the static para-
meters, we see that we have found a dynamic fixed point. We could go further
and show Ref. [8] that this fixed point is stable. The analysis is along the same
lines as in the static case. Instead we note how, once we know the structure of
the fixed point, we can make our perturbation theory analysis useful. Let us
go back to the expression we had for the transport coefficient resulting from a
direct perturbation theory analysis given by Eq. (207). If we assume that our
expansion is in powers of f* and we are near six dimensions, we can write Eq.
(207) as :

D(0,0) = Do(l + % [zn/\a - ?ﬂ + (9(82))
with € = 6 — d. Since f*? is small we can rewrite this as:
D(0,0) = Dy(AE) (f*)2K6/3(1 - % + 0(82)). (319)
Remembering Eq. (314) we can rewrite Eq. 319 as:
D(0,0) = Dy(AE)? (1 - % + (’)(82)> . (320)

This divergence of the transport coefficientas T — T is just the result we need
to reconcile the spin-wave definition of the characteristic frequency found in
Chapter 8 with the spin-wave damping contribution.

We could go further and calculate D(0,0) to higher powers in € or, in fact,
calculate the complete correlation function Ref. [17], C(g, ®) using € as a small
parameter. This would take us far afield.



10.4 Final Remarks

While we can groan over the fact the small parameter for ferromagnets in
€ = 6 — d, this is not the case for essentially all other models. It appears that for
the dynamics of helium [18], planar ferromagnets [19], isotropic antiferroma-
gnets [19,20] and fluids [21], d = 4 is again the crossover dimension between
conventional and nonconventional behavior.

104
Final Remarks

In this chapter we have introduced the basic ideas behind the modern theory
of dynamic critical phenomena. These are, of course, the ideas of scaling,
universality and the nonlinear interaction of long wavelength degrees of free-
dom. These ideas lead to a renormalization group analysis of semimacroscopic
nonlinear equations of motion. There are by now a number of elegant methods
for carrying out perturbation theory calculations and these methods will be
discussed in FTMCM.

Substantial progress has been made in identifying all of the dynamic uni-
versality classes: models that share the same critical surface of a fixed point.
We seem to have established that dynamical fixed points are characterized by
the underlying static fixed point, the conservation laws governing a system
and the Poisson bracket algebra satisfied by the slow variables in the system.
Hohenberg and Halperin [22] give an excellent review of the various nonlinear
models.

In this chapter we have emphasized dynamical behavior above the pha-
se transition in the disordered state. Very interesting things happen in the
ordered state, as indicated at the end of Chapter 8. For example, one has
the breakdown in hydrodynamics in the ordered phase of isotropic antifer-
romagnets [23]. These methods can also be used to explore the breakdown of
hydrodynamics in fluid systems [24].
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10.6
Problems for Chapter 10

Problem 10.1: Show that the correlation function, Eq. (14), and the response
function, Eq. (7), are related by the FDT Eq. (15).

Problem 10.2: Starting with the graphical expression shown in Fig. 10.1, Eq.
(2), iterate in powers of the interaction u, keeping terms up to order u? as
shown in Fig. 10.2.

Problem 10.3: Starting with the graphs shown in Fig. 10.2, average over the
noise and obtain the graphical expression for the response function shown in
Fig. 10.5. Show that these graphs lead to the analytic expressions given by
Egs. (19)—(22).



10.6 Problems for Chapter 10

Problem 10.4: Show that the self-energy contributions given by Egs. (20) and
(21) are real.

Problem 10.5: Starting with the graphical expression for y shown in Fig. 10.6,
find the expansion for (y(q, ®)y(q/, ®')), shown in Fig. 10.7.

Problem 10.6: Prove the identity:

Im ABC = ABC" + AB"C* + A”B*C*

Problem 10.7: Starting with the effective Hamiltonian given by Eq. (2), show
that to second order in the quartic coupling u, that the static correlation func-
tion,

Clr—y) = 7 [ Dwe Pey(xwty) |

where Z is the normalizing partition function, is given graphically by Fig. 10.14.

Problem 10.8: Show that the sum of the first two graphs on the right-hand side
of Fig. 10.15 can be combined to give the single graph shown in Fig. 10.16.
Problem 10.9: Evaluate the integral:

cd%k 11
Walr) = / (2m)4 ck2 1 + ck?
as a function of d in the limit of large & = ¢/r.

Problem 10.10: Show that the integral:

B0,0) = [ 55 :
ST s o2 o2 ok [—io + Toc (kK2 + K2 + K2)]

diverges as a power of w and ® — 0 for 4 < 4. Find the exponent.

Problem 10.11: Show that the small y; and y, behavior in the integral Eq. (121)
is regular and the leading behavior for small (2 is governed by large y; and y»
behavior. Show therefore that AS(Q)) is given by Eq. (124).

Problem 10.12: Show how one goes from Eq. (131) to Eq. (136) and Eq. (137).
Finally do the integral:

/du_[ (1+12)

1 + M2 + M4)1/2

Problem 10.13: Show that the graphs contributing to M at second order in A
and up to first order in & are given in Fig. 10.22.

Problem 10.14: Show that the spatial Fourier transform of the three-point
vertex defined by Eq. (161) is given by Egs. (162) and (163).

Problem 10.15: Show that the ferromagnetic self-energies ©() and £("), given
by Egs. (181) and (182), reduce to the results given by Eqs. (185) and (187).
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Problem 10.16: Evaluate the integral:

Q(0,0) =

2kgTA*c? [ dk
]ilD% / (2n) % (k)

as a function of d using the Ornstein—Zernike form for (k). Find the leading

behavior for AE > 1.

Problem 10.17: Starting with Eq. (267) and using Eq. (270), show that charac-

teristic frequency satisfies:

oc(g;n) = b oc(qb; 1)

Problem 10.18: Show that Eq. (298) for (g, ®), defined by Fig. 10.52, holds
with I; defined by Eq. (299).
Problem 10.19: Evaluate:

= 2/ %xg(k)@ (k— %) O(A — k)

explicitly for ry = 0 as a function of 4.

Problem 10.20: Show that the graph corresponding to the last term in Fig. 10.51
gives no contribution to the low-wavenumber M for small enough g due to a
noncompatibility of step functions.

Problem 10.21: Starting with Eq. (107), show if AX3(0, ®) exists, then I'(g, ®) =
I'o(g) to leading order in g in the conserved order parameter case. Therefore
there is no correction to the conventional theory result at this order.

Problem 10.22: Consider the anharmonic oscillator governed by the effective
Hamiltonian:

.
Hely] = 2w + 2w — v,

where /1 is an external field that couples to the displacement field y. Assume
that the dynamics are governed by the Langevin equation:

v _ _FaHE \
ot oy

+n ,

where the Gaussian noise has variance:

(n(tn(t')) = 2kgTTS(t — 1)

Develop perturbation theory for the response function G(®). Write down
the graphs contributing to G(®) to second order in the coupling v. Find the
corresponding susceptibility x = G(0) to first order in v.

Problem 10.23: Evaluate the zeroth-order response Gy (g, ®), Eq. (7), and corre-
lation function Cy(gq, ®), Eq. (14), in the g, t domain. What form does the FDT,
Eq. (15), take in this regime.
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11
Unstable Growth

111
Introduction

In this chapter we discuss the problem of the growth of order in unstable
thermodynamic systems. For general reviews, see Refs. [1,2] . Let us begin
with the conceptually simplest situation. Consider the phase diagram shown
in Fig. 11.1 for a ferromagnetic system in the absence of an externally applied
magnetic field. At high temperatures, above the Curie temperature T, the
average magnetization, the order parameter for this system, is zero and the
system is in the paramagnetic phase. Below the Curie temperature, for the
simplest case of an Ising ferromagnet, one has a nonzero magnetization with
two possible orientations: the net magnetization can point in the up-direction
or the down-direction. There are two degenerate equilibrium states of the
system in the ferromagnetic phase. Now consider [3] the experiment where
we first prepare the system in an equilibrium high-temperature state where
the average magnetization is zero. We then very rapidly drop the temperature
of the thermal bath in contact with the magnet to a temperature well below the
Curie temperature. In this case, the magnetic system is rendered thermody-
namically unstable. It wants to equilibrate at the new low temperature, but it
must choose one of the two degenerate states. Let us look at this problem from
the point of view of the TDGL model. Let y be the continuous coarse-grained
magnetization density and V(y) the associated driving potential, shown [4]
schematically in Fig. 11.2 before and after the quench. Assume, initially in
the paramagnetic phase, ¥ is nearly uniform and small in amplitude. Clearly,
after the quench, the potential and the associated effective Hamiltonian are
minimized by a uniform magnetization with values 4y, or —,.

For a quench to zero temperature, [5] the system wants to change the square
of the average order parameter ((y)?) from 0 to \u%. Right after the temperature
quench, the local value of the order parameter will be near zero [6] and the
system will be unstable with respect to the two degenerate states. In practice,
the system will respond to fluctuations that locally pick out one of the two
final states and generate a pattern of ordered domains. Locally, the system

Nonequilibrium Statistical Mechanics. Gene F. Mazenko
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40648-4
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coexistence
curve

Yo

M —M(Tf) 0 M(Te) M

Fig. 11.1 The phase diagram of a ferromagnet. T is the temperature
and M = (y) is the average magnetization, the order parameter in
this system. The quench is from T} in the paramagnetic phase to Tr in
the ferromagnetic phase where there are two coexisting degenerate
equilibrium states. We assume that the zero temperature value of
M(T = 0) is .

will take on the values +y, while the global average remains zero, (y) =
0. However, as time evolves, competing domains grow inexorably larger, so
locally it appears that one has long-range ordering: the longer the time the
longer the range.

In order to gain some feeling for the situation (see Problem 11.1) consider
the results of a numerical simulations shown in Fig. 11.3. One has a set of Ising
spins set on a two-dimensional 64 x 64 lattice. Initially, panel a, at each site the
spin has been randomly chosen to have the values +1 or —1. The spins with
value +1 are represented by a + sign in the figure. The spins with value —1 are
left blank. It is then assumed that at time ¢t = 0 the system is quenched to zero
temperature and then propagated forward in time. Using a standard Monte
Carlo algorithm [7, 8], one first selects a spin at random. Then it is flipped
if, on average, that flip pushes the system toward thermal equilibrium. After
carrying out this process a number of times equal to the number of spins in
the system, one has progressed in time one Monte Carlo step per spin (MCS).
This choice for a unit of time is sensible, since it is well defined as the number
of spins is increased. In Fig. 11.3c one has a typical configuration after 20 MCS
where the system is evolving toward the zero temperature state, where the
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T>T, : > T<T,
quench
V(yp) V()
Y Yo
0 (1] 0 (1]

Fig. 11.2 The potential governing the order parameter y. As the
system is quenched below T, the potential goes from having a single
minimum at y = 0 to having two degenerate minima at y = £y,. As a
result, locally, the system must choose one of these ground states.

spins will all have one or the other of the two possible values. Clearly, as
time evolves one can see segregation of like-signed spins into domains. The
domains are separated by walls and as time proceeds, the curvature of these
walls decreases and they tend to become straighter. There is a ramified domain
structure where compact objects disappear with time to reveal compact objects
on larger scales that, in time, dissolve. The key point is that the size of the
domains is growing with time.

There is a close correspondence [9] between the simplest models for Ising
magnets and binary alloys. A ferromagnetic transition in an Ising magnet
corresponds to phase separation in a binary alloy where like particles want
to be near one another. An antiferromagnetic transition in an Ising magnet
corresponds to an order—disorder transition in a binary alloy. In an antifer-
romagnet spins alternate signs in adjacent sites in the ordered phase. In a
binary alloy that undergoes an order—disorder transition, like CusAu, it is
energetically favorable for unlike particles to be close to one another. Time-
resolved ordering in alloys is experimentally more accessible than in pure
magnet systems because of the large difference in time scales. As indicated
below in Fig. 11.9, the phase ordering in alloys takes place on a time scale
of minutes. In the case of pure magnetic systems the ordering occurs over
microscopic times.



406| 11 Unstable Growth

W S i
(c) (d)
Fig. 11.3a—c. Ising spins evolving under a Monte Carlo algorithm. a

The initial state with the spin value at each site randomly chosen. b The
system after 5 Monte Carlo steps (MCS). ¢ 20 MCS. d 60 MCS.

There are many important physical examples of phase-ordering kinetics
beyond simple magnets and alloys. Phase separation in fluids is different from
that in solids, since it involves flow that complicates the process. There are a
variety of different fluid systems that undergo phase separation, called spino-
dal decomposition, which are of interest: liquid-gas, binary mixture, polymer
mixtures, block copolymers, soap froths, and modulated phases.

We have distinguished between the case of pure magnets and systems with
impurities because quenched magnetic impurities can strongly change the
ordering properties. It is well known that diluted antiferromagnets in a field
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and spin glasses [10] order over very long time scales. The discussion here is
limited to systems without quenched impurities.

In the examples above, we have emphasized the case of a scalar order para-
meter where the disordering agents are domain walls. For those cases, where
ordering consists of the breaking of a continuous symmetry, [11,12] the dis-
ordering defects are vortices, strings, monopoles, dislocations, disclinations
or other more exotic objects. The simplest model for looking at these higher
order symmetries is the n-vector model [13]. Important examples include: XY
magnets (n = 2), superfluid He* (n = 2), and Heisenberg magnets (n =
3) . More complicated systems involve superconductors, liquid crystals, the
growth of crystals and polymers.

One of the interesting aspects of phase-ordering kinetics is that the simple
model descriptions of the problem produce the growth patterns observed ex-
perimentally. In Fig. 11.4 we show the phase-ordering pattern from a binary
mixture as a function of time after quench. Note the time scale of hundreds of
seconds. The early time evolution in this case produces a ramified structure
similar to that seen in the simulation shown in Fig. 11.3. At later times, the
system phase separates into compact structures.

The ultimate phase-ordering system corresponds to the evolution of the
early universe. It seems clear that many of the ideas we have established in
a condensed-matter setting will be useful in understanding cosmology [15].

11.2
Langevin Equation Description

407

Early theoretical work on growth kinetics focused on spin-flip and spin-exchange

kinetic Ising models [7], similar to the model used to produce the data in
Fig. 11.3. These models were appealing because of the discrete Ising arithme-
tic, but the associated dynamics is not particularly physical and it is difficult to
generalize to more complicated systems like the n-vector model. Most work
has centered around the treatment of field theoretic Langevin models [16],
like the TDGL equation governing the dynamics of a nonconserved order
parameter (NCOP):

) )
SV = T +E ) m

where y(x, t) is the order parameter field and H is the LGW effective Hamil-
tonian:

He = [ d'x [S(T9)? + Vv )
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Fig. 11.4 Experimental realization [14]

microscope) of phase separation in a polymer mixture. The time after
the quench is indicated at the bottom right of each picture.
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Here, c > 0 and V is the potential, typically of the form:

r u
v="ywitA
SVt gV 3)

with u > 0. The simplest nontrivial form for r is r = ro(T — T?) < 0 for
unstable growth [17]. §(x, t) is Gaussian thermal noise with variance:

(E(x, )E(X, ) = 2TkgTd(x — x")8(t —t') , 4)

where I' is a bare kinetic coefficient and T is the final equilibrium temperature.
The physical situation of interest is a quench [18] from a disordered state
T > T, at t = 0 where:

(y(x,0)) =0, (5)

(w(x,0)w(x',0)) = €/8(x — x) (6)

to a state T < T¢. Much of our attention will be focused on quenches to T = 0.
Quenches to nonzero T (< Tc) do not typically lead to qualitative change [19]
in the basic findings. If we quench to T = 0, we can set the thermal noise to
zero and Eq. (1) takes the form:

Dyt = T [y 1)+ (% 1) — eV2y(x )] )

where the potential V is given by Eq. (3). The important ingredient is that this
nonlinear partial differential equation is supplemented with random initial
conditions given by Egs. (5) and (6). Assuming r < 0, which is necessary for

|| c t
unstable growth, we can rescale y — /-y, x — /mx, and t — \/E' to

I|r|
obtain the dimensionless equation of motion:

9
V=V Vi t)

Notice that there are no parameters left in the problem.
The stationary uniform solutions of this equation of motion are given by:

y=0and +1 . 9)

Since V[+1] = —Z—i while V[0] = 0, we see that the nonzero values of y are
the thermodynamically stable solutions.

The equation of motion given by Eq. (8) corresponds to a NCOP. In pro-
blems like phase separation one has a conserved order parameter (COP). One

409



410| 11 Unstable Growth

Fig. 11.5a—c. Numerical simulation [20] of the conserved order
parameter (COP) TDGL model. a + = 150 (time in dimensionless units).
b t = 600. ¢ t = 2200.
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then has the dimensionless partial differential equation for quenches to zero
temperature given by:

dv=v[yrv -] (10)
which is again supplemented with random initial conditions. An example of
the patterns generated by Eq. (10) is shown in Fig. 11.5.

The TDGL model includes only dissipative terms. There are many systems
where reversible terms [21] must also be included. In the case of fluids, for
example, one must include the coupling of the order parameter, the mass
density p, to the momentum density g. We will focus on the simpler systems
without flow here.

11.3
Off-Critical Quenches

In the quench shown in the phase diagram in Fig. 11.1, the average value
of the order parameter is zero along the entire path of the quench. One can
think of situations where this is difficult to implement in practice or where
one is interested in the case where at t = 0 (y) = m > 0. In this case, it
makes a qualitative difference whether the order parameter is conserved or
not. If the order parameter is not conserved, then the initial condition breaks
the degeneracy between the final states and the system orders locally in the
biased +, orientation. This can be treated quantitatively, since the average
of the order parameter is nonzero and we can write:

v ) = m(t) +o(x 1) , 11)

where by assumption (¢(x,t)) = 0. The equation of motion for the uniform
part of the order parameter is given by substituting y(x, t) = m(t) into Eq. (8):

1d 2

st =m(t) [1-mP(B)] (12)
where ¢, treated as a perturbation, does not enter at lowest order. It is shown
in Problem 11.2 how to solve this equation as an initial-value problem. It is

not difficult to show that for long times this equation is satisfied by:
1—m~ e 2, (13)

This case is not a problem of degenerate competing states and the system
equilibrates over a rather short-time scale. The situation in the COP case is
quite different. The way of thinking about this is to imagine that one has a
mixture of A and B particles. For a critical (symmetric) quench the number
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Fig. 11.6.a—d Numerical simulation [22] of the COP TDGL model for
off-critical quenches. The system with m = 0 at t = 500 (a) and ¢ = 5000
(b). The system with m = 0.4 at + = 500 (c) and t = 5000 (d). Shaded
regions correspond to y < 0.

of A is equal to the number of B particles. An off-critical quench corresponds
to having more, say, A particles than B particles. This breaks the symmetry,
but because of the conservation law one can not eat up the minority phase
of B particles. The system must again break up into domains. There is now
a minority and a majority phase and the minority phase may form compact
structures, as can be seen in Fig. 11.6, which is again a simulation using Eq.
(10) but now with (y) # 0.
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at
=0
V(p) h— —h V(y)

413

0 (1] 0

Fig. 11.7 The potential governing the order parameter vy in the case of
nucleation. For t < 0 the system is in the lower energy equilibrium state.
At t = 0 the field & is flipped and the system finds itself in a metastable
state. For t > 0 fluctuations cause the system to nucleate the state of
lower energy.

11.4
Nucleation

Nucleation theory [23] usually refers to a physical situation where one has
metastable rather than unstable growth, as shown schematically in Fig. 11.7.
One can prepare a magnetic system in a metastable phase by putting the
system in an ordered state in the presence of an applied field and then flipping
the field as shown in Fig. 11.7. Then the problem is to kinetically surmount a
free energy barrier to access the thermodynamically stable state.

The simplest example is where one has a potential:

A

and prepares the system in the equilibrium state aligned with . Then at time
t =0, flip h — —h. The system is then in the wrong equilibrium state. How
does it grow or nucleate the new equilibrium state? This depends strongly on
initial or temperature fluctuations.

Examples of metastable systems include supercooled vapor and the ordered
magnetic systems in a reversed field mentioned above. With proper care, the
vapor can remain supercooled for a long time. Eventually the stable equili-
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brium liquid phase will show itself via nucleated bubbles of liquid that grow
to produce the final liquid phase. These systems are metastable because only
droplets larger than some critical size will grow. Droplets smaller than this
critical size shrink back into the gas. The question is: given a metastable state,
how long on average will it take to produce a growing droplet that leads to
the ordering of the system?

The nucleation rate can be written in the form [24]:

I = Ipe PAF | (15)

where AF is the free energy barrier that must be overcome in order to nucleate
the stable state. This is the dominant factor in I. The prefactor Iy, which is
associated with an attempt frequency, is both much less sensitive to the under-
cooling and much more difficult to compute with precision. The calculation of
AF is not difficult.

The free energy of a droplet is the sum of a surface term, proportional
to the surface tension of the droplet and a bulk term corresponding to the
condensation energy [25] of the droplet. These terms balance since the surface
term is positive while the bulk term is negative, reflecting the lower energy of
the minority phase in the metastable state.

Let us see how we can construct these two contributions to the free energy.
Droplets are just compact interfaces. In Section 12.2 of FOD we found the
interfacial solution for the Euler-Lagrange equation:

SHE

Sy (x)
where HE is of LGW form with the potential given by Eq. (14). More explicitly,
Eq. (16) takes the form:

=0, (16)

~Vy—y+y —h=0, (17)
where, for i = 0, we have the interfacial solution:
Z—2Zp
=\, tanh , 18
v =y tan (22 (18)

where for our choice of parameters Yy, = 1 and z; is arbitrary. We need to
generalize this to the case of spherical interfaces (droplets) for the case of a
small applied field /. For small /1, the radius of the droplet is large and the flat
approximation is accurate:

wolr) = 5 (v +w_)+%(W+—w_)ta“h<r?/§o> : (19)

where, to first order in /1, the two competing solutions are:

h
Y =Eyp+ 7 (20)
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and Ry is the radius of the droplet. The droplet profile satisfies the boundary
conditions:

vp(0) =y_ (21)

Yp(oo) =y, . (22)

The free energy of the droplet is given by:

Fp = He(vp) — He(vy,)
= F+F+ 00 , (23)

where F; is the contribution from the square gradient term in Hg and Fp is
from the potential term in HE. It is easy to show (Problem 11.4), that:

FS = GZd(Ro) , (24)

where the surface tension is given by:

e (dv(x))?
G—/oodx< e (25)
and y(x) is the interfacial profile. The surface area of a droplet is given in d
dimensions by:

2 d/2
24(Ro) = %Rﬁ* - (26)

The potential contribution can be evaluated analytically if one works to linear
order in /i. As shown in in Problem 11.5 in the sharp-interface limit we have:
Fp = =2y, V|| , (27)
where /1 is negative if the down state is preferred and the volume of the droplet
is given in d dimensions by:
/2
Vi=-—==R 28
47 4r(d/2) 0 (28)

We have then, remembering that we have flipped the field and h = — |,
Fp = —2\|I0Vd|h| +0oX; . (29)

We find the maximum value for Fp, which is the activation energy AF, by
taking the derivative with respect to Ry and setting the result to zero:

dFp d—1

d
it 0= —2\|I0Vd|h|R—0 + czd—RO (30)
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In Problem 11.6 we show that this leads to a maximum. The critical droplet
radius is given by:

o(d—1)
Roye = —F+ 31
¢ = 2y oy

and the associated free energy:

(d—1)%1 ot
dr(d/2) [2yg|h|]d-1 ~

AF = Fp(Rg,) = 2n%/? (32)

thus we find that the activation energy is a very sensitive function of the
flipped field h.

To go further and compute the prefactor in the nucleation rate is much more
involved [23,24].

11.5
Observables of Interest in Phase-Ordering Systems

What are the physical observables we should use in order to quantify our
analysis of the growth of order in unstable systems? For the case of critical
quenches in an infinite system we have:

(y(x,t)) =0 (33)

for all times. Therefore, the average of the order parameter carries little in-
formation except as a check in simulations that finite size effects are not im-
portant. Instead we must look at the equal-time order parameter correlation
function:

Clx 1) = (W Hw(0, 1)) (34)

where the average is over the noise and initial conditions. We are also interes-
ted in the Fourier transform:

C(q.t) = (|w(q.t)*) , (35)

which is a time-dependent structure factor. C(q, f) is measured in neutron
and x-ray scattering from alloys and in light scattering from fluids. The si-
gnature of growth and ordering is the growth of a Bragg peak at ordering [26]
wavenumber(s) qo. The basic phenomenology for the case of a scalar order
parameter is that the structure factor is the sum of two pieces:

ksT

_fBC 36
P+E? %)

C(q/ t) = Cpeak(q/ t) +
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C(a1)

9 q

Fig. 11.8 A schematic picture of the structure factor for the
nonconserved order parameter (NCOP) case at a late time when

there are well-formed domains. There is a Bragg peak contribution
whose width is proportional to L~! and an equilibrium Ornstein-Zernike
contribution with a width proportional to &~

Here Cpeak(q, t) is the Bragg peak contribution, which is evolving to the final
form:

Cpeak(a, 1) = W§(21)78(q — qo) - (37)

The equilibrated component on the right of Eq. (36) is approximately of the
Ornstein—-Zernike form. The basic form of the structure factor is shown in
Fig. 11.8 for the case of an NCOP. The important point is that there are two
peaks characterized by two inverse lengths. The equilibrated piece is cha-
racterized by the equilibrium correlation length &, while the evolving Bragg
peak contribution has a width that is inversely proportional to a characteristic
domain size L(t). This can be seen in the x-ray scattering results shown in
Fig. 11.9.

In the COP case, Cpeak(q,t) — 0 as g — 0 because of the conservation
law. One expects, except for uninteresting terms that depend on the initial
conditions, that for small wavenumbers y(q, t) ~ g2, so that:

Clqt) ~ (4°)> (38)

Thus one has a structure factor as shown in Fig. 11.10 for a COP. In this case
the position of the maximum and the width of the peak in the structure factor
are proportional to L™ 1.
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Fig. 11.9 X-ray scattering data [27] for CuzAu showing the equilibrium
Ornstein—Zernike form and the Bragg peak corresponding to the

growing domains. As time passes the Bragg peak becomes taller and
sharper.

Cpeak( q! t )

q* q 9

0 Qmax q

Fig. 11.10 A schematic picture of the structure factor for the COP
case. The conservation law is responsible for the g* behavior at small
g. One has Porod’s law q’“*d) behavior at large g, (see text) a result
of scattering from sharp interfaces. The position of the maximum in the
structure factor is proportional to L. For L >> &, the length scale L
dominates the problem and one finds that the width of the peak is also
proportional to L.

11.6
Consequences of Sharp Interfaces

As indicated above, it is important to realize that there are two characteristic
lengths in the growth kinetics problem, L and &. For long times, L > £ and
one has sharp interfaces [28]. Let us consider a method for estimating the
contribution of sharp interfaces to the order parameter averages. We assume
that the order parameter profile of a domain wall at z = zy of width & can be
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written in the form:

¥(z) = yotanh [(z — 20) /§] . (39)

Then, if there are no other walls around, one can estimate the contribution to
the correlation function by averaging over the position of the interface:

L
[ dmwe)vE)
f EL dZo
While this average can be worked out explicitly, it is useful to realize that for

sharp interfaces with L >> & and for separations |z — 2’| > &, we can use the
approximation:

C(z,2) (40)

v = Wosgn(z — z) - (41)

Inserting Eq. (41) into Eq. (40) we can do the integrations (see Problem 11.7)
and obtain:

o
Cz,2') = ¥ {1—|ZL—Z|+---}. (42)

While this argument is crude and one-dimensional in nature, it can be ge-
neralized [29] to three dimensions and for a collection of sharp interfaces to
obtain:

Clxt) = v2 {1—&'—2'4—--'} , (43)

where § < x < L and L can be identified with a typical domain size and o
is a number that depends on the precise definition of L. Notice that the term
linear in x represents a nonanalytic correction to the leading term. In terms
of the structure factor one obtains (see Problem 11.8) for large wavenumbers
that:

Clqt) ~ g 1+, (44)

which is known as Porod’s law [30]. An extension of the result Eq. (43) is that
only odd powers of x occur in the expansion of C(x,t) beyond the leading
term. The absence of a term of O(x?/L?) is known as the Tomita sum rule [29].

Another simple consequence of sharp interfaces is the estimate [31] one can
give for the order parameter autocorrelation function.:

S(t) = (W2 (x, 1))
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We know that for long enough times, the order parameter field is equal to
+y, except where it is equal to zero at an interface. The volume over which
the order parameter is zero can be estimated to be proportional to:

A—E , (45)

where A is some positive time-independent constant. We can then estimate
that S(t) is given by:

S(t)_\|f3<1—ATE"+-~-> , (46)

whatever the time dependence of L. This is a nontrivial result from a theoreti-
cal point of view that is easily checked numerically.

11.7
Interfacial motion

There is an interplay between the approach that emphasizes the behavior of
isolated defects [32] and the statistical approach where one thinks in terms
of averaging over many defects. Let us start by looking at the motion of an
individual interface. In this case, after specifying the shape of an interface, we
are interested in its subsequent motion: an initial value problem. Consider a
spherical drop with an interior with an order parameter with value —y, em-
bedded in a sea where the order parameter has the value +,. Let us consider
the dynamic evolution of this assumed initial state. It evolves according to the
TDGL equation of motion rewritten in the form:

d .
Lot = ~Tulv)] )
where the chemical potential is given by:

 SHe
- dy(x 1)

Equation (47) is subject to the boundary condition at time #y that there is a
sharp spherical drop with profile:

=V'(y) - Vy . (48)

H(x, t)

W(x, to) = g[r — Ro(to)] , (49)

where ¢’(r) is peaked at r ~ 0 and:

g[—Ro(to)] = —wy (50)
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and:

g(o0) ~ 4y . (51)

We are interested in how the radius of the droplet Ry(t) evolves in time. Near
the interface, where the order parameter goes through zero as it changes sign,

V' (y) = V" (0)y = —Vog[r — Ro(t)] (52)

and:
vty = @D Ry + "l - Ro(1)] (53)

so the chemical potential takes the form:

u(r) = ~Voglr — Ro(0)] - gl — Ro(0)] ~ "~ Ro(B)].  (5%)

Multiplying this equation by ¢’[r — Ro(#)] and integrating across the interface
we obtain:

[ ueazg@) = v [ et Lee - U Mager
[Tl e (55)

where Ry(t) > € > &. We can manipulate each of the four terms:

)
[ h@zg @) = wo) [ dzg'(2)
= o) ( ) — 8(=&)] = 2you(0) (56)
1d 1
dZ—d—gz( 2) = 5[g%(e) —g*(-8)] =0 (57)
+& =)
[ Caly@F ~ [ alger 68)
and finally we have
d / /
Mg SR EF = 55 - (-0 =0 (59)
These results together reduce Eq. (55) to the Gibbs-Thomson relation [33]
_Kos
n(0) = v, (60)

where K = (d — 1) /Ry(t) is the curvature and:

os= [ alg)P 61
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is the surface tension.
In the NCOP case the equation of motion, Eq. (47), takes the form:

S50 = g [R = Ro(0)] (R0 =T (©2)

Multiplying by ¢/, integrating across the interface, and using Eq. (60) we ob-
tain:
d (d-1)Tr

GSaRO(t) = —T(t)cs . (63)

Canceling the common factor of 65, we can easily integrate to obtain:
R%(t) = R*(0) —2(d — 1)Tt. (64)

Thus, if we have a spherical droplet it will shrink with a radius decreasing
with time as given by Eq. (64). This result was checked numerically in Ref. [34].

Let us turn to the COP case, which is more involved. The equation of motion
is given by:

2w(x,1) = Vuly(x 1) (65)

and assumes that all of the time evolution of the order parameter occurs near
the interface. Therefore we assume we have a boundary value problem where,
away from the interface,

Vu=0 (66)

and U(R) is specified on the surface of the sphere by the Gibbs-Thomson
relation Eq. (60). The solution is shown in Problem 11.9. to be given by:

20 205
R)= ——=>—0O|Ry(t) — R| — O|R — Ry(t)]. 67
This yields the result:
265
Vi = ——=8[R — Ro(t)] , (68)
2y Rj(t)
which can be substituted back into the equation of motion to obtain:
d 20

'[R=Ro(t)] [ —=Ry(t) ) = Dy—=—2—8[R — Ry(#)]. 69
FIR = Rol0)] (~ 5 Rol0)) oy IR Rolt) (©9)

Again, integrating this equation across the interface results in the equation for
the radius:
d 2D06 S

a) =~y R 70)
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which has the solution:
6Dyost
(2wp)?

Thus the droplet radius decays as t'/3 for the conserved case.

Ideas of this type can be used to develop a theory [35-38] for the evolution
of alow-density set of minority phase droplets immersed in a sea of a majority
phase. One finds a scaling result and that the characteristic size of the minority
phase droplets increases as t!/3.

R3(t) = R3(0) — (71)

11.8
Scaling

Scaling is the most important statistical property of coarsening domain struc-
tures. Scaling was established by Marro, Lebowitz, and Kalos [39] in their
numerical simulations of evolving alloy systems and asserts for the ordering
contribution to the structure factor that:

Clq,t) = L(t)w§E[gL(t)] (72)

C(x,t) = WgF[x|/L(t)] (73)

where L(t) is the growing characteristic length or growth law. Experimentally,
confirmation of scaling in a phase-separating binary alloy is shown in the
neutron-scattering results of Hennion et al. [40] in Fig. 11.11.

This scaling is a manifestation of the self-similarity of the morphological
structure of the system under a spatial rescaling. This reflects the comment
above that compact structures appear at every length scale as time evolves.

As first emphasized by Furukawa [41], there is an interesting two-time sca-
ling:

C(X/ f1, t2) - <\|I(X/ tl)\|f(6, t2)>
= WF[x/L(t1),L(t1)/L(k2)] , (74)

and one finds that the autocorrelation function is governed [42] by the none-
quilibrium exponent A:

A
Vas1%) :| , (75)

C(Ol tl/ tZ) ~ |: T

where T = 1(t; + ;) and one of the times t; or t; is much larger than the
other.
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Fig. 11.11 Neutron-scattering data [40] from a binary alloy supports
scaling. Here the scaling function for the structure factor, F(x), is plotted
against scaled wavenumber x. See Eq. (72).

One of the consequences of scaling is that we can combine it with the droplet
calculation described above. In the NCOP case we typically do not have a
collection of droplets, but we can talk about the local curvature near an inter-
face with a characteristic inverse curvature Ry, which we showed in Eq. (63)
satisfies:

Ry = —r(dTgl) = —TK. (76)

If there is a single characteristic length, L(t) then we argue, essentially by
dimensional analysis, that:

L(t) ~TK ~T/L (77)
or:
LL ~ constant , (78)
which leads to the result for the growth law:
L~t/2 (79)

which is known as the Lifshitz-Cahn—Allen growth law [43].
In the COP case, using similar arguments, we estimate:
1

RO ~ W ’ (80)
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which gives the Lifshitz-Slyozov-Wagner growth law [35]:
L~ /3, (81)

To summarize, for a given system undergoing phase order kinetics, the ques-
tions of importance include:

e What is the time dependence of the growth law L(t)?
e What is the nonequilibrium exponent A?

e Is there universality? That is, do different physical systems share the
same L(t), A, F(x), and F(x,y) ?

11.9
Theoretical Developments

11.9.1
Linear Theory

We now need to construct a theory to answer the questions posed at the end
of the previous section. Let us start with a brief review of the early work on
this problem, beginning with the Cahn-Hilliard—Cook theory [44]. We work
with the TDGL equation of motion:

%_‘f:_f[_wqﬁ—vzwhn , (82)

where [' = 1 for an NCOP and [' = —V? for a COP. In this simplest theory the
nonlinear term in the equation of motion is dropped because it can be assumed
to be small at early times. The resulting equation of motion (including the
thermal noise) [45],

o _ ¢ 2
aw_—er+vaH1, (83)
is linear and can be solved by first Fourier transforming over space:

2w(gt) = (@) [-1+ 2] g+ | (54)

Next multiply by y(—g, t) and average, using the fact (see Problem 11.10) that
Mg, H)w(—q,t)) =T(q)kgT, to obtain:

S 2C(at) = ~T(q) [-1+ 4] Cla.t) + Tlg)keT. (85)
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The solution to this equation is:

C(g,t) = e 2Dic(g,0) + % [1 - e—AW} , (86)

where A(q) = 2T'(q)[~1 + 4] and C(g,0) is the initial value of the order
parameter structure factor. This treatment gives exponential growth for small
g, which is almost never seen except for very early times. This theory basically
allows one to see that the system is unstable on the longest length scales. One
must do better if one is to understand scaling, obtain sharp interfaces, and
physical ordering.

11.9.2
Mean-Field Theory

A more sophisticated approximation is mean-field theory [46]. In this theory
the nonlinear term in the equation of motion, Eq. (82), is linearized by making
a Gaussian approximation for y by writing:

v =3y . (87)
The equation of motion, Eq. (82), then reads:

Dy=t[ay-v] 0, (88)

where:
At) = =1+ 3(y?). (89)

We must determine (y?) self-consistently. Let us focus first on the case of a
quench to T = 0 . Following the same steps used in the Cahn?Hilliard—Cook
case and integrating the resulting first-order differential equation in time we
obtain:

Clg,t) = Clq,0)e 2o dT@I*+AG] ©0)
We then need to specify the initial condition. It is convenient to choose:
C(q,0) = Cre 2" . (91)

If we assume that the system has a NCOP so I'(q) = T, then Egs. (89) and (90)
lead to the self-consistent equation for (y?):

d
W) = [ GeaCla
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- qd
= e A | A orgt - tog?

(2m)4
B —oT [fdrA(z
- (2T[t + £0)]772° Hlpdedld. (92)
where B = K;I'(d/2)Cy,
g L
Ri= [ Ggada-1) ©93)

is proportional to the surface area of a unit sphere and fy = a/4I. We then
have, after using Eq. (89) in Eq. (92), the self-consistent equation for A(t):

1 B t
lasnye B orfduam .
3 AT = Grr e ©4)

Taking the derivative with respect to time, we find an equation for A as a
function of time:

1. d (A+1) 1
§A_ 3t 1 to) 3 ZFAg(A—i—l) , (95)
which reduces to:
A=—(A+1)——+2TA)| . 96
A+ 1) (g +204) 6)

It is shown in Problem 11.11 that for large times Eq. (96) has a solution of the
form:

Aq Ay
A= e 97
(t+to)+(t+t0)2+ ©7)

where:

d
Ay = I (98)

_d(1—d)
4y = S (99)

We can solve Eq. (96) for A numerically for different initial conditions for A.
These initial values are constrained by Eq. (94), which reads:

1 B
=(Ag+1) = ——%
5(Ao+1) (2T'ty)d/2

One finds that each initial condition drives the system to the asymptotic state
given by Eq. (97). Using Eq. (97) in Eq. (89) gives:

1 d
oy _ 1 d
W) =3~ o

(100)

(101)
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The structure factor given by Eq. (90) can then be written in the form:
C(q,t) = C(g,0)xLe(t)e 1L (102)
with L(t) = (2I't)!/2 and (see Problem 11.12):
o—2T [y dA(7)
(2T (¢ + t)?/2)

is a constant. We see that the structure factor does obey scaling. However, the
prefactor depends on the initial conditions as does the constant factor k.

At first sight this theory is appealing but, unfortunately there are many
problems with this approach:

(103)

K = lim
t—o0

e It gives the wrong ordering values:

(y?) — % not 1 (104)

e It does not include sharp interfaces since one has:

(w?) — % ~ 0 (%) not O (%) (105)
as suggested by Eq. (46).
e One does not obtain Porod’s law, C(q) ~ g~ (@+1),
e The scaling function depends multiplicatively on the initial conditions.

e If we include the noise in the development we find the equation of mo-
tion takes the form:

d
SCla,t) = —20(g) [A(H) + 2] Cla,t) +20(@KT . (106)
Looking for the long time stationary solution, A — 0, we find:
kT 1
C(a,0) = Cpeala ) = 5 +0 (5] - (107

This is not the correct Ornstein—Zernike form given by Eq. (36).

A theory that resolves these problems requires a rather different approach.

11.9.3
Auxiliary Field Methods

Significant theoretical progress has been made in the theory of phase-ordering
kinetics [2,47,48] using methods that introduce auxiliary fields. These theories
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well describe the qualitative scaling features of ordering in unstable systems.
We develop one such approach [49] here for the case of a scalar order parame-
ter. These ideas can be generalized [50] to the case of the n-vector model and
systems with continuous symmetry in the disordered state.

Our goal is to solve for the order parameter scaling properties for an unsta-
ble dynamics governed by the equation of motion in dimensionless units:

d
=V + Vi (108)
with initial conditions where y is Gaussian with (y) = 0 and:
(W(r1, to) (12, to)) = go(r1 —12) . (109)
We can put Eq. (108) in the form:
AMV() = ~Vw(1)] (10)
where the diffusion operator:
9 2
Al) = — — V2 (111)
ot

is introduced along with the shorthand notation that 1 denotes (11, f1).
Suppose we decompose the order parameter into a sum of two parts:

y=06+u . (112)

The idea [51] is that 6 represents the ordering degrees of freedom and give rise
to the Bragg peak in Fig. 11.8, while u is associated with the equilibrated de-
grees of freedom, and, in the presence of noise, leads to the Ornstein—Zernike
peak in Fig. 11.8.

We then need to construct equations of motion separately for ¢ and u. We
first show that we can consistently construct equations of motion for ¢ that
are ultimately compatible with Eq. (108). The first step [48] is to assume that
G is a local function of an auxiliary field m and o[m]| is the solution to the
Euler-Lagrange equation for the associated stationary interface problem:

o
dm?

In this equation m is taken to be the coordinate. It will generally be useful to
introduce the notation:

= V'(o[m]) . (113)

d'c
or=— . 114
14 dm? ( )
A key point in the introduction of the field m is that the zeros of m locate
the zeros of the order parameter and give the positions of interfaces in the
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system. Locally, the magnitude of m gives the distance to the nearest defect.
As a system coarsens and the distance between defects increases, the typical
value of m increases linearly with L(t). From a scaling point of view we can
estimate m ~ L. For the usual double-well potential:

V(x) = —%x2 + %x‘* , (115)

we have an analytic solution to Eq. (113) given by:

m
6 = tanh (\/E> . (116)
More generally 6, as a function of m, is defined by Eq. (113) with the boundary
condition associated with an interface. The field u is defined by Eq. (112). We
still must assign a dynamics to both ¢ and u, starting with Eq. (108)

Let us substitute Eq. (112) into the equation of motion, Eq. (108), for the
order parameter, use the chain-rule for differentiation, and find:

AMDu(1) + oy (DA(D)m(1) = =V'[6(1) + u(1)] + 62(1)(Vm(1))? . (117)

This can be regarded as an equation for the field u. We then have the freedom
to assume that m is driven by an equation of motion of the form:

A)m(1) = E(m(1), t) . (118)

& is undetermined at this point except that it must be chosen such that the
auxiliary field equation of motion, Eq. (118) leads to scaling. The key idea is
that m should scale with L(t) for large t. We return to this point later.

Using Eq. (118) in Eq. (117) for u gives:

A1) = —V'[6(1) + u(1)] + o2 (D)[Vm(D]? — oy (VEQ) . (119)

Consider the special case where we have the potential given by Eq. (115). The
equation for u is given then by:

Au+ (36> ~1)u+ 30w +1° =~ [1= (Vm)?| 018 . (120)

In the limit of large |m| the derivatives of ¢ go exponentially to zero and
the right-hand side of Eq. (120) is exponentially small in |m|. Clearly we can
construct a solution for u where it is small and we can linearize the left-hand
side of Eq. (120). Remembering that 6> = y3 = 1 away from interfaces in the
bulk of the ordered material we have:

Au+2u=—cy(1— (Vm)?) —ciE . (121)
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In this regime we can use dimensional analysis to make the following esti-
mates: (Vm)? ~ O(1) ,,0p =~ O(L72) ,E ~ O(L™") ,61E ~ O(L72?) , and
Au =~ O(L™*). Notice on the left-hand side of Eq. (121) that u has acquired
a mass (= 2) and in the long-time long-distance limit, the term where u is
multiplied by a constant dominates the derivative terms:

2u=—0y[1— (Vm)?] —c1E . (122)

That the u field picks up a mass in the scaling limit can easily be seen to be
a general feature of a wide class of potentials where g3 = V" [c = +y,] > 0.
In the case of the potential given by Eq. (115), 43 = 2. We have then, on rather
general principles, that the field u must vanish rapidly as one moves into the
bulk away from interfaces. From a scaling analysis we see that u ~ L2

The explicit construction of correlations involving the field u is rather in-
volved and depends on the details of the potential chosen. If we restrict our
analysis to investigating universal properties associated with bulk ordering,
we will not need to know the statistics of u explicitly. If we are interested in
determining interfacial properties then we need to know u in some detail.
Thus, for example, if we want to determine the correlation function:

Cyp(12) = (W (1) — w3l lw*(2) — wg)) (123)

we will need to know the statistics of the field 1. However if we are interested
in quantities like:

C(12..1) = (Y()y(2) - y(n)) (124)

where the points 12...n are not constrained to be close together, then we do not
need to know u in detail. Why is this? Consider, for example,

C(12) = (w(D)w(2)) = ([o(1) +u(1)] [6(2) + u(2)])-

Since u(1) vanishes exponentially for large |m(1)|, the averages over the u’s
are down by a factor of L2 relative to the averages over the field 6(1). Thus
(6(1)6(2)) =~ O(1) as L(t) — oo, while (c(1)u(2)) and (u(1)c(2)) are of
O(L72) and (u(1)u(2)) of O(L™*). Henceforth we focus on the ordering cor-
relations where:

C(12) = (s(1)6(2)) . (125)

The ordering component of the order parameter correlation function is given
by Eq. (125) where 6(1) = 6[m(1)]. The strategy is to assume that the statistics
of the field m are simpler than for y and the equation of motion for m given
by Eqg. (118) can be developed using simple assumptions. We show this in the
next section. For a fuller account see Ref. [49].
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11.9.4
Auxiliary Field Dynamics

The dynamics of the auxiliary field are governed by a nonlinear diffusion
equation of the general form given by Eq. (118). The simplest choice for Z
is that it is linear in m. This assumption leads to the equation of motion for the
auxiliary field:

AM)m(1) = Q(t)m(1) , (126)

where Q)(#) is to be determined. From dimensional analysis m ~ L, A ~ L2,
so Q(t1) ~ L~2(t1). The auxiliary field correlation function,

Co(12) = (m(V)m(2)) , (127)
satisfies the equation of motion:
<£ - v%) Co(12) = Q(1)Cp(12) . (128)
1

Fourier transforming over space we find, assuming (2 is a function only of
time,

d
(E)_tl T q2> Colg, tity) = Q(t1)Co(q, ita) (129)

We can integrate this equation to obtain:

Colq, tit2) = exp < /; de(—q* + Q(r))) Co(q, tat2)
= R(h, b)e T1=2Co(q,1aty) (130)
where:
R(t1, t2) = exp ( :2 dr Q(r)) . (131)
.

To go further we must evaluate the equal-time correlation function. One can
easily show, using Eq. (129), that this quantity satisfies the equation of motion:

(% + 2q2> Co(q, tt) = 200(t)Co(q, tt) . (132)

This can be integrated much as for Eq. (129) and we find:
Co(q, tat2) = R3(ty, to)e =27 (12=0)Cy (g, totg) (133)

where we must then give the initial condition Cy(q, totg) = §(q). Putting Eq.
(133) back into the two-time expression, Eq. (130), we obtain:

Co(q, t1t2) = R(t1, tp)e T2 R2 (1, tg)e 20" (2 ) g (g) . (134)
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Since R(t1,t2)R(ta, t1) = 1, this takes the form:
Co(q,tit2) = R(t1, to)R(b, t)e T+ =20)g(g) -, (135)

which is properly symmetric. Inverting the Fourier transform we obtain:

dlg o )
Co(r, t1t2) :R(h,to)R(tz/to)/ (z;)ldelq (g, (136)
where it is convenient to introduce:
r=lbith (137)

2

While we are primarily interested in the long-time scaling properties of our
system, we can retain some control over the influence of initial conditions and
still be able to carry out the analysis analytically if we introduce the initial
condition:

§(g) = goe 21" (138)
or:

e % (r/ﬂ)z

g(r) = 80 anyi2 (139)

Inserting this form into Eq. (136) and doing the wavenumber integration we
obtain:

— L2002
CO(T’, tltz) - R(tl, tO)R(tz, to)me 27 /([ +4T)

In the long-time limit this reduces to:

e—r2/8T

e (140)

Co(r, t1t2) = R(t1,to)R(t2,t0)80

Let us turn now to the quantity R(t1, ;) defined by Eq. (131). For consisten-
cy, we must assume for long times:

. w
Tttt

Q) , (141)

where ® is a constant we will determine and ¢, is a short-time cutoff that
depends on details of the earlier-time evolution. Evaluating the integral:

t t
_m1n<1+“> , (142)
t2+tc

oh ot
dtQ(1) = dtt
ty ty ct7T
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we obtain:

t +tc>“’ (143)

t2+tc

R(t, t2) = (

Inserting this result back into Eq. (140) leads to the expression for the correla-
tion function:

B4t \© [ty @ e /8T
Colr, tity) = . 144
o(r, tita) = 8o (t0+tc> (t0+tc> GO (144)

If we are to have a self-consistent scaling equation then the autocorrelation
function (r = 0), at large equal times t; = t; = t, must show the behavior
(m?(t)) = So(t) =~ L? ~ t. Thus Eq. (144) gives the result:

N1
Sa)) = G0 t) = o0 ()

1
_ 20—d/2 80 _

where Ay is a constant to be determined. For a solution to Eq. (145) we see the
exponent ®» must be given by:

1 d
and the amplitude by:
Ag= — 1 80__ (147)

(tO + tC)Zm (87‘C)d/2

The general expression for the auxiliary correlation function, Eq. (144), can
be rewritten in the convenient form:

Co(r, t1ta) = 4/ So(t1)So(t2)@o(trtp)e 2"/ (PHT) (148)

where:

d/2
o= (LEEED)"

The nonequilibrium exponent is defined in the long-time limit by:

QL) (VETEGRTE )" (150)
So(F)So(k2) [ttt
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and we obtain the result [2] for the exponent:
A = — . (151)

We put the subscript m on A to indicate the exponent associated with the m
field. In general Cy(12) and the order parameter correlation function C(12)
need not share the same exponents.

Looking at equal times, Eq. (148) reduces to:

o) = S = (152)

where the scaled length is defined by x = r/2+/f . This result for fo(x), the
scaled auxiliary correlation function, is originally due to Ohta, Jasnow and
Kawasaki [47].

11.9.5
The Order Parameter Correlation Function

We still must relate C(12) to Cp(12). In the scaling regime the order parameter
correlation function is given by:

c(12) = (o[m(1)]o[m()]) - (153)
C(12) can be written in terms of the two-point probability distribution:
Po(x1,x2,1,2) = (8[x1 —m(1)}8[xa —m(2)]) , (154)
c(12) = / dx, / dxs 6(x1)6(x2) Po(x172,12) . (155)
We can evaluate Py by using the integral representation for the § function:
Py, x212) = [ 51 il dkz eitimg-itars (gH(12)) (156)

where H(12) = ikym(1) + ikom(2). Equation (126) is consistent with m being
a Gaussian variable. We can then show in Problem 11.13 that [52]:

(eM(12)y — @3 (#2(12)) _ o2 [FiS0(1)+K380 (2)+2kikaCo (12)] (157)
where:
So(1) = C(11) . (158)

Putting Eq. (157) back into Eq. (156), and doing (see Problem 11.14) the Gaus-
sian integrals over ky and k, we obtain:

ﬁ X% + x% _ 2x1x2f
2 Sp(2) 50(1)So(2)

e

21y/50(1S0(2)

Po(x1,x2,12) = (159)
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where:
B Co(12)
1= e % (o0
and:
1
Y= ﬁ . (161)

Putting Eq. (159) back into Eq. (155) and letting;:

x1=1/So(1)y ' (162)

X2 =1/So)v 'y (163)

the structure factor is then given by:
1 7 _ _
ct2) = 5 | dndvao (5ot ' ) o (/5o 'v2)
we 2 [ita-2nvaf] (164)

For late times, where S is arbitrarily large, we can replace:
o (/Sy} = wasgnn) (169)
and obtain:
v ' P22 0
c(12) = 5% [ dyr [ dya sgn(yn)sgn(z)e A )

Evaluation of the remaining integrals is left as a problem (Problem 11.15). One
has the simple final result:

C(12) = %q;% sin! f(12) . (167)
Combining Eq. (148) with Eq. (167), we obtain the scaling result [47]:
F(x,t1/ty) = %Sin_l [¢0(t1,t2)€_%x2} , (168)

where:

Ao
DPo(ty, ) = ( v tTlt2> (169)
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Fig. 11.12 Numerical test labeled MC, of the equal-time scaling
function given by Eq. (167), labeled OJK. See Fig. 12 in Ref. [2].

and A9 = d/2. Note that the final result is independent of the initial conditi-
ons and of the form of the potential V. This result for the equal-time scaling
function has been checked against numerical results in Fig. 11.12.

Looking at these results for C(12) one can see that the autocorrelation func-
tion C(xq, X1, t1,t2), for t; > t; is proportional to Cy(x1, X1, t1, t2) and gives the
nonequilibrium exponent A = Ay = d/2 in this simplest nontrivial approxima-
tion. Corrections to this Gaussian approximation are developed in Ref. [49].

11.9.6
Extension to n-Vector Model

Thus far in this chapter there has been an emphasis on systems with scalar or-
der parameters and order disrupting interfaces in two and three dimensions.
For the case of an n-vector order parameter, , as discussed in some detail
in Chapter 12 of FOD, one has different defect structures depending on the
value of n and the spatial dimension d. Thus for the case of n = d one has
point defects, for n = d — 1 one has line defects and for n = d — 2 wall defects.
Examples of point defects correspond to kinks for n = d = 1, point vortices
for n = d = 2, and point monopoles for n = d = 3. For line defects one has
line interfaces ford = 2 and n = 1 as in the two-dimensional Ising model, line
vortices for d = 3 and n = 2 in superfluids, and domain walls for d = 3 and
n = 1. In terms of examples, one has vortices disrupting the pathway to orde-
ring in superfluids [53-55], superconductors [56-59], and XY magnets [60-66].
Also of interest are dislocations in solids [67], disclinations and monopoles
in nematic liquid crystals [68-73], and vortices in Bose-Einstein condensed
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systems [74-76]. There has been considerable exchange of ideas between the
study of defects in phase-ordering kinetics and the role of defects as density
seeds [77-80] in galaxy formation in the evolution of the early universe [81].
The dynamics of this set of defects can be understood in terms of dynamics
generated by the n-vector nonconserved TDGL model driving the vector order
parameter
9 SHE

— = 20 v — (U 2y =
5 V= Vv — () 5y (170)

The TDGL model generates a dissipative dynamics. There is also interest in
reversible dynamics driven by the nonlinear Schroedinger equation (NLSE)
[82]:
SHE
doy*
where the order parameter y is complex. The NLSE generates a quite different
dynamics compared to the dissipative TDGL case, which drives a system to
equilibrium. Note that the quantity [ d%xy* (x)y(x) is conserved for the NLSE
(see Problem 11.16).

The theory for the order parameter correlation function given above for a

scalar order parameter can be generalized [83,84] to the n-vector case. One
again has a mapping in terms of an auxiliary field:

.0
_Z_

=V =V +y— vy = - , (171)

Y =6(m) , (172)

where ¥ represents the ordering part of the order parameter. The mapping
6(m) satisfies the Euler-Lagrange equation determining the defect profile for
isolated defects:

02 0

n
0(;1 amaama(’“ - EV[G] ’ 173)

where V is the usual wine-bottle potential. Thus for the vortex case (see Secti-
on 12.6.1 in FOD) the single vortex profile has the form:

o = f(m)iy (174)

where f(c0) = 1 and for small m f is linear in m. Then, in close analogy with
the development in the scalar case, we have for the scaling contribution:

c(12) = (¥(1)-9(2)) (175)
~ @m(1)]-8m(2)) , (176)

which, as for Eq. (155), is a function of:
Co(12) = (m(1)-m(2)) . a77)
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Much as for the scalar case one can show [50] in the simplest approximation
that Cp(12) has the form given by Eq. (152). In the limit where Sy (1) = Co(11)
is large, where the auxiliary field is taken to be Gaussian, one again has sca-
ling:

C(r,t) = 3F[r/L(t)] , (178)

where the scaling function is given by [84]:

nfo 1 n+1] f1(1—22)n-1/2
F(x) = "p {E’ - }/0 T (179)

where B(a,b) =T'(a)['(b)/T(a+b), fo(x) is given by Eq. (152), and the growth
law obeys L(t) a t!/2. An interesting result, due to Bray and Puri [84], is that
the generalization of Porod’s law to n > 1 is simply that the Fourier transform
of the order parameter scaling function for large Q = gL goes as:

f(Q) = QM (180)

for general n.

11.10
Defect Dynamics

Theoretical descriptions of defect structures go back, at least, to Lord Kelvin
[85] and his theorems concerning conservation of vorticity in fluids. The invis-
cid and incompressible equations of hydrodynamics are the simplest model
for producing vortices. From a more modern point of view, our understanding
of defects is carried out in terms of an order parameter [11, 12] field. The
nature of the defect in a given system depends on the symmetry of the order
parameter (1) and the spatial dimensionality (d).

Our understanding of defect structures is developed at three different levels
of description. These levels are associated with three characteristic lengths:
(a). L is the typical distance between defects, (b) £ is the length characteristic
of a vortex core or interfacial width, and (c) a is some microscopic length like
a lattice spacing. At the longest length scale L(>> & > a), the hydrodynamic
length scale, one can formulate a coarse-grained continuum theory that is
largely independent of the model details and where defect cores are treated as
point or line singularities. Examples are the elastic theory of dislocations [86]
in solids and disclinations in nematic liquid crystals, the London theory [87]
applied to vortices in superconductors, the phase-field models for superfluids
[88] and the Landau-Lifshitz equations [89] for magnetic systems. In those
cases where one has topological defects there has been a prejudice [90] that
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the behavior at large distances from the core is independent of the details of
the core. We will refer to such descriptions as phase-field theories.

There is a vast literature on the equations of motion satisfied by defects.
Much of it, for obvious reasons, is devoted to the phase-field equation des-
cription, which holds very nicely for a system of well-separated defects. For
the case of classical fluids the inviscid and incompressible equations of hydro-
dynamics offer a good example. The nature of the dynamics of the vortices
described by these equations has been understood for some time. Consider
the comments of Sommerfeld [91] about the strangeness of vortex dynamics in
fluids: “The dynamics of vortices...is indeed a very peculiar one and deviates
decisively from the dynamics of mass points.” To begin with, Newton’s first
law is altered. “The isolated vortex... remains in a state of rest. A uniform
rectilinear motion can only be acquired by association with a second vortex
of equal strength but opposite sense of rotation or under the action of a wall
at rest.” The modification of the second law is even more remarkable. The
external action originating in a second vortex does not determine the accele-
ration but the velocity. The content of the law of motion of the mass center is
shifted accordingly: “not the acceleration, but the velocity of the mass center
vanishes.”

The conventional pathway from the more microscopic field equations to
the phase-field equations is well established. The first step is to work out the
stationary single-defect solutions for the field equations that give the classical
defect profile solutions for points, lines and walls as discussed above. These
solutions are parameterized by defect positions. In the phase-field approxima-
tion, working for example with a complex order parameter y = Re’®, we can
establish [92] that the influence of the vortex at large distances is governed
by the associated Nambu—Goldstone mode, the phase 6. Thus the amplitude
R is assumed to be constant. The equations satisfied by 0 in this regime are
typically linear and one can use superposition to look at the phase of a set
of N vortices in two dimensions at positions r; = x;£ + y;7 with charge or
circulation m;:

01, t) = %mi tan~! <m> . (181)

i=1 r—X

It is then not difficult to work out the associated equations of motion satisfied
by the r;(t) generated by the original equation of motion. For the case where
one has the inviscid equations of hydrodynamics one is led to the conclusions
of Sommerfeld discussed above. There is a substantial literature [35, 37, 43]
of work along these lines in the case of phase-ordering kinetics. As long as
the defects are well separated this description is sensible and one can look
at the motion of isolated vortices and the interactions among small sets of
vortices [38].
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There are several major drawbacks to this phase-field approach. The first
is that it does not allow one to follow the setting up of the evolving defect
structures and therefore the initial conditions are not known. This is nontrivial
because the correlations that are associated with properties like scaling may
already be present at the time when a well-defined defect structure has deve-
loped. Thus, one has a serious problem knowing how to take averages and
this could clearly affect the results at the longest length scales, which involves
many defects.

The phase-field method is not a complete description since it breaks down
when the cores of defects begin to overlap. Traditionally, the approach has
been to assume that one can introduce some short-distance cutoff into the
theory that can be handled phenomenologically. More recent work shows
that this approach can be misleading and miss some of the general physics
of the problem. As an example, consider the relationship between the vortex
velocity v and a constant driving phase gradient k =< V8 > in the case of
the TDGL model for n = d = 2. It is now understood [93-96] that to obtain the
mobility connecting these two quantities, one must match up the inner phase-
field solution with the outer core solution to the field equations. This leads to
the nontrivial result, for weak driving gradients, that:

ko = 5In () Zeaﬁvﬁ , (182)

where €40 = 0 and €y, = —&,x = 1, and m is the charge of the vortex and for
|m| =1, and vp =~ 3.29...1in dimensionless units.

In work on phase-ordering kinetics one [97] is interested in answering the
question: What is the probability of finding a vortex a distance r from an
antivortex? Or, what is the probability of a vortex having a velocity, v? A mo-
tivating factor in the development is the realization that in treating statistical
properties of the defects, we do not want to go over to an explicit treatment
in terms of the defect positions. That would lead back to the problem of spe-
cification of initial conditions. Instead, one can look for a way of implicitly
finding the positions of the defects using the field V itself.

Let us consider the case of point defects where 1 = d. The basic idea is that
the positions of defects are located by the zeros [98-100] of the order parameter
field y. Suppose, instead of the positions r;(f) we want to write our description
in terms of the zeros of y(r, t). It is not difficult to see that we can write:

=

3(y) = D) 8[r—ri(t)] , (183)

=1

441



442

11 Unstable Growth

where in the denominator on the right-hand side one has the Jacobian associa-
ted with the change of variables from the set of vortex positions to the field :

1
D= Heumzn#n Evivy..vy vLl1\|IV1 V”ZWVZ T Vu"wvn 4 (184)

where g, 1, is the n-dimensional fully antisymmetric tensor and summa-
tion over repeated indices is implied. The quantities on which we will focus
here are the signed or charge density:

N
MLO:5WHJHDOJ%=Z¥ﬁh—nUH/ (185)

where g; = D(r;)/|D(r;)|, and the unsigned scalar density n(r,t) = |p(r, t)|.
In order to interpret the quantity g;, we can use a simple model for a vortex
with charge m near its core for the case n = d = 2. In this case, the order
parameter is given by:

v, = yor™l cos (mo + ¢g), w, = wor™lsin (m +¢g) (186)

where r and ¢ are the cylindrical coordinates relative to the core at the origin. It
is then a simple calculation (see Problem 11.17) to work out D = | |r2(I"-1)
v}, and q; = sgn(m;). For systems where only unit charges are present m; =
+1, then p is the topological charge density. Notice that q; = sgn(m;) is well
defined even for system like classical fluids where m; corresponds to the cir-
culation associated with vortex i.

The dynamical implications of this approach are simple. If topological char-
ge is indeed conserved then we would expect the charge density, p, to obey a
continuity equation. It was shown in Ref.( [101]) that p satisfies a continuity
equation of the form:

ap=-V-(pv) , (187)
where the vortex velocity field v is given explicitly by:

1 .
Dug = _ms%z---ung\/Wz---val VHZWVZ Vi Wy, (188)

where D is defined by Eq. (184) and we must remember that v is multiplied
by the vortex core-locating & function. Equation (188) gives one an explicit
expression for the defect velocity field expressed in terms of derivatives of
the order parameter. This expression for the defect velocity seems to be very
general. Notice that we have not specified the form of the equation of motion
for the order parameter only that the order parameter be a vector and n = d.
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Does the expression for the velocity agree with our expectations for known
cases? To answer this question we need to restrict the analysis to a particu-
lar set of field equations. A highly nontrivial test is to look at the complex
Ginzburg-Landau equation:

Iy = bVy+ (1—uy'y)y (189)

where b and u are complex. Our expression for the velocity reduces in this
case, using complex notation (n = 2), to the result:

i * * *
Dvg = —5 Y eqp (bvzwvﬁw —b*V2y VB\v) : (190)
B

Let us assume that we have a vortex of charge m at the origin of our two-
dimensional system and write the order parameter in the form: y = Re’®, R =
rlmle® and 0 = m¢ + 0, where again r and ¢ are the cylindrical coordinates
relative to the core at the origin. It is then a straightforward bit of calculus to
show that the velocity given by Eq. (190) reduces to:

Vo = 20" Vueg—i—ﬂZsaBVBw
] &

m
—20 <Vaw Tl %euﬁv593> . (191)

If we ignore the contributions due to the variation in the amplitude, w, this
equation reduces to vy, = 2b"Vy0p + V' ﬁ‘ Yp €apVpOp. The first term is the
only contribution in the NLSE case and states that a vortex moves with the
local superfluid velocity [102]. The second term is the Peach-Koehler [103]
term first found in this context by Kawasaki [104]. These are the results from
the phase-field approach and lead, for example, to the interaction between
two vortices of the type discussed above by Sommerfeld [91]. If one looks at
the velocity of a single isolated vortex it is zero. For a set of two isolated vor-
tices one has the expected behavior for the TDGL and NLSE cases. Thus, the
velocity given by Eq. (191) reproduces the most sophisticated results obtained
using other methods [105].

The expression for the defect velocity, Eq. (188), reduces to conventional
forms in the case of a few defects and reproduces results for the phase-field
models in the appropriate limit. It can be used to determine the point-defect
velocity probability distribution function defined by:

(MP(V, ) = (n8(V ~v[§])) , (192)

where n = |p| is the unsigned defect density. P(V, t) gives the probability that
a vortex has a velocity V at the time t after a quench.
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Fig. 11.13 The vortex speed distribution probability density VP(V)
from numerical simulation (solid line) versus scaled speed x = V /4.
The dashed lines are fits to the form VP (V) = 2ax/(1 + ax)?. The inset
shows the same data in the logarithmic scale. See Fig. 3 in Ref. [107].

While the analytic evaluation of P(V,t) looks improbable because of the
complicated dependence of v on y in Eq. (188), it turns out that there are
several factors working to help one in this calculation. If one makes a local
mapping from the order parameter § onto some auxiliary field m, § = (1),
and the two fields share the same zeros, it is easy to see that one can evaluate
p using ¥ or m, similarly (see Problem 11.18) v]y] = v[m]. If we can make a
transformation to a field m, which can be treated as Gaussian, then the average
in Eq. (192) can be worked out explicitly [101] in the case of the TDGL model
with the result:

1 1 n/2 —(n+2)/2
P(V,t) = r(%) <n—(t)> (1 + V2/52(t)> (193)

72

where the characteristic velocity (t) is expressed in terms of derivatives of the
normalized auxiliary field correlation function f(r,t) (f(0,t) = 1) evaluated
atr = 0. One way of determining this auxiliary field correlation function [106]
f(r,t) is to satisfy the continuity equation Eq. (187) on average. This leads to

the remarkably simple final result: f(r,t) = e_% where x = r/L(t) is the
scaled length and L(t) ~ v/t where t is the time. The characteristic velocity (in
dimensionless units) is given then by 4> = 2n/t. This result given by Eq. (193)
has been tested numerically in Ref. [107] for the case n = d = 2. The excellent
agreement between theory and simulation are shown in Fig. 11.13.

The result for P(V,t) given by Eq. (193), indicates that the probability of
finding a vortex with a large velocity decreases with time. However, since
this distribution falls off only as V= (n+2) for large V, only the first moment
beyond the normalization integral exists. This seems to imply the existence
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of a source of large velocities. Assuming the large velocities of defects can be
associated with the final collapse of a defect structure (vortex—antivortex pair
annihilation for point defects), Bray [108] used general scaling arguments to
obtain the same large velocity tail given by Eq. (193).

One can also look at the spatial correlations between defects [97] and the
analysis for point defects can be generalized [109] to the case of line defects
n=d-1

11.11
Pattern Forming Systems

In another class of equilibrating systems one has pattern formers. The equili-
brium structures of some such systems are discussed in Chapter 13 of FOD.
Examples of such systems are magnetic systems that form patterns of Bloch
walls [110], including arrays of magnetic bubbles [111,112]. In superconduc-
tors we have the domain walls separating the normal and superconducting
phase in the intermediate phase [113,114] and the flux lattice formed in type
II superconductors [56-58]. There is considerable current interest [115-119] in
the variety of structures formed by diblock copolymers.

The simplest Langevin model generating such patterns is the Swift-Hohen-
berg model [120]. This is a model describing the growth of stripes or layers in a
50/50 composition of a diblock copolymers in the weak segregation limit. The
equilibrium properties of this model were discussed in Chapter 13 in FOD. In
treating the dynamics we have the Langevin equation:

oy = —FS;—(—WE +n (194)
where the effective Hamiltonian H is given by Eq. (13.86) in FOD. Here we
use the standard notation for dimensionless variables:

" 1 1
H = / d9x [5[(V2+1)\v]2 - §w2+ Z\v‘* , (195)

where the wavelength of the generated stripes is A = 2w and ¢ is a control
parameter. For quenches to zero temperature and in time units of I' we have
the equation of motion:

Iy =ey—y — (V> +1)7%y . (196)

Starting this system with random initial conditions one can look at the set of
defects generated as the system evolves toward an ordered striped system. As
shown in Fig. 11.14, in two dimensions one finds [121] a complicated defect
structure including disclinations, dislocations, and grain boundaries.
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Fig. 11.14 Typical configuration for the Swift-Hohenberg model for a
quench to zero temperature. The black points correspond to v > 0. See

Fig. 5in Ref. [121].

Experimentally there has been significant progress on this problem. In Ref.
[122] they have observed the ordering of diblock copolymers with a characte-
ristic growth law L(t) = t1/4 and the eventual disordering agents, consistent
with this growth law, are annihilating quadruples of disclinations. The various
models studied numerically have not yet seen the annihilating quadrupoles.
Analytic theory is far from giving a satisfactory description of this system.
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11.13
Problems for Chapter 11

Problem 11.1: Write a Monte Carlo program for evaluating the phase-ordering
kinetics of a one-dimensional nearest-neighbor Ising model. Assume the Ha-
miltonian for the system is given by:

N
H=-]) 0i0i:1
i—1

with periodic boundary conditions 641 = 67 and | > 0.
Construct the kinetics in the following fashion: repeatedly carry out the
following steps.

1. Randomly select a site j.
2. If 0j+10j-1 = 1, set Gj =0jt1 =0j—1

3. If 6j416;1 = —1, generate a random number w between 0 and 1. If
w < 0.5, flip Gj, otherwise do not flip Gj.

Starting with a random initial distribution (6; = £1 at random) compute
the number of kinks (6;6;47 = —1) in the system per site as a function of
Monte Carlo steps per spin. Average your results over 40 runs.

Problem 11.2: Solve as an initial-value problem the equation of motion:

%%m(t) = m(t) [1 - ()]

governing the time evolution of the average magnetization after an off-critical
quench.

Problem 11.3: Assume a potential V(y) given by Eq. (14). Show, to first order
in the applied field #, that the minima:

V() =0

are given by Eq. (20).

Problem 11.4: Show that the square gradient term in the effective Hamiltonian
in the nucleation problem leads to the surface energy given by Eq. (24).
Problem 11.5: Show that the coefficient of /1 in the activation energy, evaluated
in the sharp interface limit, is given by:

1
FY = 2y Valn|
where the volume of the droplet is given by:

2qd/2

d = J1737/9)

dr(d/2) Ry
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Problem 11.6: Show that the extremum as a function of droplet radius Ry of
the droplet free energy difference:

Fp = =2y, Vy|h| 4 oy

is a maximum.
Problem 11.7: Insert the interfacial ansatz:

v = Ygsgn(z — zo)
into the correlation function:

[ dzv()

C(z,7))
f_LL dZO

and do the integrations.
Problem 11.8: Show that the Fourier transform of the short-distance expansion
of the equal-time order parameter correlation function:

C(x,t) = 3 {1—&%4—---} ,

leads to Porod’s law, given by Eq. (44), for large wavenumbers.
Problem 11.9: Solve Laplace’s equation:

Vzu =0,
together with the condition that p is given by the Gibbs—Thomson relation:

- Ko,
2y,

on the surface of a sphere separating two phases as described in Section 11.7.
Problem 11.10: Show, for the TDGL model, remembering from Chapter 9 the
result:

that:

(n(a H)w(-q,t)) =ksTT(q) ,

where n(x, t) is gaussianly distributed white noise.
Problem 11.11: Consider the equation:

A:—(A+1)< +21"A> ,

2(t+tg)
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which arises in the mean-field theory treatment of phase-ordering kinetics.
Show that for large times this has a solution of the form:

Aq A

A= (t+ to) + (t+1t)2

+ .. ,

where:

d
Al = ——
! 4T

(1 — d)

A =
2 82

Problem 11.12: As part of mean-field theory treatment of phase-ordering ki-
netics investigate numerically the dependence of the constant:

02T Jy drA(x

= lim
ST ares to)d/z

on the initial conditions.
Problem 11.13: Assuming m is a Gaussian field and:

H(lZ) = iklm(l) + ikzim(Z) ’
show that the average over m gives:

(eM(12)y — o2 [k§S0(1)+k350(2) +2k1k2Co (12)]

where:
Co(12) = (m(1)m(2))
and:
So(1) = Co(11)

Problem 11.14: Carry out the integrations over k1 and k; giving the joint pro-
bability distribution:

Po(x1, x2,12) / dky / dky o k131 g—ikaxa o= 3 [K3S0(1)+K3S0(2)+2k1kz Co (12)]
Problem 11.15: Evaluate the integrals defined in Eq. (166) and verify Eq. (167).
Hint: Use the integral representation for the sgn function:

" ds 12,2

e_is Y
vl 7 Van
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Problem 11.16: Show that the quantity [ d%x y*(x)y(x) is conserved in the
NLSE.

Problem 11.17: Show that the Jacobian defined by Eq. (184) is given by D =
m|m|r?(M=1yZ and q; = sgn(m;) for an order parameter given by Eq. (188)
near a vortex core.

Problem 11.18: Consider the defect velocity defined by Eq. (188). If the order
parameter is a local function of an auxiliary field m, which shares the same
zeros, show that:

v[y] = v[m]

Problem 11.19: Evaluate the ordered energy of the Swift-Hohenberg effective
Hamiltonian in the single mode approximation:

Yy = Acosqpz .

Choose the amplitude A such that this energy is a minimum.
Problem 11.20: Solve the self-consistent equations:

A(t) = =1 +3().

Clg,t) = C(q,0)e~2 b AT @IF+A()]
with the initial condition:
C(g,0) = Cpe 297"

in the case of a COP. First determine (y?).
Problem 11.21: Evaluate the integral:

I:/ dzldz2ef%[z%+z%72zlzzf] _
2n
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Appendix A
Time-Reversal Symmetry

The reversal in time of a state |y) changes it into a state |y’) that develops in
accordance with the opposite sense of progression of time. For the new state
the signs of all linear and angular momenta are reversed but other quantities
are unchanged. Time reversal is effected by a time-independent operator T :

Tly) = ')
Time-reversal invariance means that if |y;) is an energy eigenstate:
Hly;) = Eily;)

so also |y’) is an eigenstate of H with eigenvalue E;.

Consider now a pair of evolution operations that we can perform on |y;)
that are expected to lead to the same physical state. In case A we allow the
state to propagate to time t and then let t — —f. In case B we reverse time at
t = 0 and then allow the reversed state to propagate with the opposite sense
of progression of time, that is, to time —t¢.

In operation A we allow the state |y;) to first evolve forward in time:

e MM y;) = e M) (A1)
and then we apply the time-reversal operator:
Te "M y) = [wi)a - (A2)

For operation B, we first apply T and then let the system evolve backward in
time:

eF Ty = [y,)p . (A3)

We require that these operations prepare the system in the same quantum
state:

Wi)a=lvi)e (A4)
SO:
Te 't/ |y;) = Bt/ T|y;) (A.5)
Nonequilibrium Statistical Mechanics. Gene F. Mazenko
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Appendix A Time-Reversal Symmetry

We see from this relation that T is not a linear operator. The time-reversal
operator is: antilinear

T(a1|wy) +azlw,)) = aiTlyy) +a3T|y,) - (A.6)

Suppose we construct a complete and orthonormal set of energy eigenstates

),

H|n) = Ey|n) (A7)
(m|n) = 6m,n (A.8)
Y In)(n] =1 (A9)
n
and we assume that these states remain orthonormal after time reversal:
|n") = T|n) (A.10)
(m'|n") = 8un . (A.11)

We can then expand two states |y) and |0) as:
W) =Y [m) (nly) (A12)
n

and:

10) =) _[n)(nlo) . (A.13)

n

When we apply T to Eq. (A.12) we obtain:

V) = Tly) =} (n|y)" T|n)

n

= ;<\|f|n>Tln> = ;<wln>ln’> : (A.14)
Similarly:
10") = T|¢) = ;<¢|m>|m’> : (A.15)
Taking the inner product:

(@) = Y_(mlo)(m'|n) (wln)

m,n
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= Xyl
~ Ltvln) ol
WIV) = (vlo) . (A16)
The two properties:
T(artw) +a21vs)) = aTI) + a3T o) (A17)
(@) = (wlo) = (olw)" , (A.18)

where [y') = T|y), |¢') = T|0), specify that T is an antiunitary operator.

We can also derive the appropriate transformation law for matrix elements
of operators. Consider the states |o) and |B) = B|p), where B is some operator.
We have in general from Eq. (A.18) that:

(afB) = (B'[a) (A.19)
where:
o'y = T|a) (A.20)
and:
B) = TBlw)
= TBT'T|u)
= B , (A.21)
where we see that operators transform as B’ = TBT~!. We have then the
relationship between matrix elements:
(a[B) = (ofBlw)
= (W(B)e)
= (W[(TBT H)Te) . (A.22)

If we look at an average of an operator A over some probability operator, p,
(A) = TrpA (A.23)
then we can write:

(A) =) (iIpAli) (A24)
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Using Eq. (A.22) for the matrix element gives:

(A) = Y (UTPAT DY) (A.25)

i
where |i") = T|i). Since the set |i’) is also complete,
(A = Tr (TpT'TAT HT . (A.26)
If the probability operator is invariant under time reversal:
T '=p , (A.27)
we have:

(A = Tr (pTATHT . (A.28)

(A = Tr (TAT Y)Tpt . (A.29)

Since the probability operator is hermitian, p* = p, we can use the cyclic
invariance of the trace to obtain the invariance principle:

(A) = <(TAT‘1>+> . (A.30)

We can build up the properties of various quantities under time reversal
using the fundamental relations: if p is a momentum operator,

Tp(HT ' = —p(—t) , (A31)
while if x is a position operator:
Tx(H) T = x(—t) . (A.32)
Clearly, from this one has, if L is an angular momentum operator:
TL()T ! = —L(—t) (A.33)

We see then that Hamiltonians that depend on p? and x are time-reversal
invariant:

THT '=H . (A.34)
Consider Maxwell’s equations, :

V -E = 4mnp, (A.35)
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cwszaa—fﬂ , (A.36)

where p, is the electric charge density and J is the charge-current density. Since
p. is even under time reversal and J is odd under time reversal, the electric and
magnetic fields transform as:

TE(x,t)T~! = E(x, —t) (A.37)

while:
TB(x,t)T~' = —B(x, —t) . (A.38)
Observables A(x, t) typically have a definite signature € 4 under time reversal:
Al(x,t) = TA(x, ) T = g4 A(x, —t) , (A.39)

where € = +1 for positions, electric fields, and € = —1 for momenta, magnetic
fields and angular momenta.
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Appendix B
Fluid Poisson Bracket Relations

We are interested in the Poisson brackets:

0JA 0B 0A OB
{A B} = Z(E)rl a_Pz_a_Pza_rz> ’ (B.1)

where A and B are certain fluid densities. In particular A and B are taken to
be the particle density,

X) = Z d(x—r) , (B.2)

and the momentum density:

Zp X—r) . (B.3)
Using the results:
J B
—5 n(x) = —Vyd(x —r;) (B.4)
or;
iﬁ n(x) =0 (B.5)
op;
i 0(( — vB S(x — 1) p% B.6
538 x) = ¥ 8(x — ;) p; (B.6)
or;
a o
—58 (x) = SQ,B d(x—r;) , (B.7)
ap;

we easily evaluate the Poisson brackets among n and g:

{n(x) 2 2 [—VR8(x — £,)8(y — 1,)8¢,p]
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= —VIB(x—y)n(x)] . (B.8)

{n(x),n(y); =0 (B.9)

90 (x) 9g8(X))  dga(x) 9gp(X
{ga<x>,gﬁ<y>}—;< ) M) S g§fﬂ>

—Z( VL8 (x — 1) pY3(y — 1)y + V33(y — 1) pP3(x — 1:)30cy )

— (VEB(x—y)ga()]) + Vi (3(x—y)gs(y)) - (B.10)
We can also explicitly work out the Poisson bracket between the energy den-
sity,
g(x) = K(x) + V(x) (B.11)
p?
K(x) = ; ﬁB(x —1;) (B.12)
V(x)=3Y V(r—1)d(x—r) , (B.13)

and the particle density:

{n(x),e(y)} = {n(x),K(y)}

_ on(x) dK(y)  an(x) oK(y)
B %( ot b P af ) (519

1

1 1 1

p
= ZB (—VES(X - r?)) %5()’ — 1)
V. (3(x—y)g(x)/m) . (B.15)

The other Poisson brackets between the energy density and the momentum
density are not very illuminating.
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Appendix C
Equilibrium Average of the Phase-Space Density

Here we compute the canonical ensemble average of the phase-space density

fxp):

folp) = (F(xP))EQ
(Hfil fd3rid3pi> e PHf(x,p) _ Num

, (C1)
(l—LNzl fd37id3pi) e PH z
where the Hamiltonian is assumed to be of the form:
N p?
H=K+V = L4V . 2
+ l; o +V(ry,1,...,1N) (C2)
Taking the partition function first:
N
Z = H/d3rid3pi e BH
i=1
= IN/d31’1 NN d3rNe_BV
= INQy , (C3)
where:
= / Pp; e PP/ — s Tm)?/? (C.4)

The numerator is then given by:

N N
Num = Y (H/ & p; eﬁplmm) /dgrl . drne PV8(x —1))8(p — p))
j=1 \i=1

N
= Z IN—le—sz/Zm / d31’1 cee d3rNe_BV6(x - l‘])

j=1

N
_ _ 2
= INTle PP/2mOy (Y 8(x — 1j)) k@
=
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= N P2y (n(x))pg = N le P2 Qun (C5)
and we have finally, dividing Eq. (C.5) by Eq. (C.3),

—Bp2/2m —Bp2/2m
folp) = n° =1
O = T T kg Tm)372

(C.6)

which is the Maxwell velocity distribution.
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Appendix D
Magnetic Poisson Bracket Relations

Let us consider the Poisson bracket relations for a magnetic system. Suppose
our fields of interest are the magnetization density:

=) 8(x—R)S(R) (D.1)
R
and the staggered magnetization density.:

x) =) _3(x—R)n(R)S(R) , (D2)
R

where the S(R) are magnetic moments or spins that satisfy the fundamental
Poisson brackets for a set of classical spins:

{Si(R),S;(R")} = 8 ' )_&iikSk(R) . (D.3)
k

We can then work out the Poisson brackets among the components of the
densities. For the magnetization density we find:

{Mi(x), Mj(y)} =} 8(x—R)d(y —R'){S;(R),S;(R")}

R,R’
= ) 3(x—R)3(y—R) SRR/Z:el]kSk R) , (D4)
R,R’
or:
{M;(x), Mj(y)} = 8(x —y) ;SijkMk(x) : (D.5)

The Poisson brackets among the components of the staggered magnetization
are given by:

{Ni(x), Ni(y)} = }_ 8(x—R)3(y - R)n(R)n(R"){Si(R), 3;(R")}

R,R’

=) 3(x—R)3(y — R)N(R)N(R")Sg ' ) _ &k Sk(R) - (D.6)
RR/ X
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Since n(R)? = 1, this reduces to:
{Ni(x), Nj(y)} = 8(x — Zez]kMk x) . (D.7)

Finally we have the cross Poisson bracket:

{Mi(x),Nj(y)} = ) n(R)3(x—R)d(y — R){S;(R), S;(R") }

RR/

= ) n(R)3(x—R)3(y — R)dg r/ Zgijksk(R)
RR/

= Zﬂ 6 y R Zsz]ksk )

= 6 — Zeijka ) . (D8)
k
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Appendix E
Noise and the Nonlinear Langevin Equation

The nonlinear Langevin equation,

d
aw()

oy (t)
of Zr

Hy +&i(t) (ETD)
where ;(t) is white Gaussian noise with variance given by Eq. (9.77), forms a
complete dynamical system. We show here, starting from Eq. (E.1), that we can
derive the GFPE, Eq. (9.81), with an expression for the noise Ny (t) in terms of
&;(t). We show that the noise Ny (t) satisfies the usual properties, (g, Ny (t) =0
and the second FDT Eq. (9.104)

We can regain the GFPE and a direct relationship between N, and ; by
using the chain-rule for differentiation:

0 8 l

5:80(1) Z 3,8t - ( : (E2)
and the nonlinear Langevin equation, Eq. (E.1), for y;:
d 0
arse(t) = — L ag-8e(t) Vilw(t)]

g ikpy1 V()]
+ L gy, P T —;ro ROl )
0 i OH
= ~L g |Vl LB 5 rak o] = LIS Iol 507 +&(0) | sol1)

Comparing this with the GFPE, Eq. (9.73), written out:

tg¢ = _Zaq)l [

oM
(a%)k%—ﬁwf)]gq,(t)%—Nq,(t) . (E4)

- ;B”rékm
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we find:
) Z% Z[(% "0 )so()+ - (@(t)gq)(t))]
i a
=L a¢ll3 T 0] 55-80(5) + No(1) (E-5)

Solving for Ny(t), we obtain the basic relation between &; and Nj:

ik
N = ~Tog [ 5 R i ¢k]g¢<t>

= Z aq) l 1k+£ bk[(P]

Let us restrict ourselves to the simple Gaussian noise case where T¥ is
independent of ¢. We can then check some of the statistical properties of the
noise Ny (t).

We have first:

_ 0 9 ik
(No(t)) = — % 3%, < lﬁi(t)@k + T F013¢(t)> . (E.7)
We need to evaluate:
_ ; )
(&i(t)go(t)) = 2P 1;Tok<m3¢(t)> - (E.8)
We have, using the chain-rule:
8 _ v 9 Ow(t)
Sﬁk(t)gq’(t) ; a(ngq)(t) Sﬁk(t) : (E.9)
It is self-consistent to assume:
Sy, (t) 1
S (1) ESgk , (E.10)
then:
) 10
m&(t) = _§mg¢(t) (E.11)
and:
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= —B~ Zro a¢ (8ot
Putting this back into Eq. (E.7), we find as required that:
(No(£)) =0 .
Next we consider:
(8o No(t) Z a¢ (8o [&;( )ik + %Blrék] go(t)) -
i k

This requires that we evaluate the average over the noise:

&yse(t)) =287 LT 5@ 5 lgvse(®)])

Consider first:

8 a  dy;(0)
ORI

then clearly, because of causality,

BW]'(O) _
(1)
if t > 0. Then 8g, /8 (t) vanishes for ¢ > 0, and:
d By;(t)
(&i(H)gyge(t)) = 2B~ Zfo 8y ( Z aT,qu»(t) S&Z(t) )

S
= 2 aq)] 1rlk 8¢’g¢(t) 5\;1(1’) > .

= —p Zroaq) Sy8o(t))

Putting this back into Eq. (E.14) we find:

(8o No(t)) =0 fort >0

(E.12)

(E.13)

(E.14)

(E.15)

(E.16)

(E.17)

(E.18)

(E.19)

(E.20)

Next we want to evaluate (Ny(t) Ny (t')) where the average is over the noise

&;. Using Eq. (E.6) twice and assuming t > t/, we have:

(No(t)N -y 30; 30, <[ By

ijkl
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a¢ 1rl]} 8ot ){gk(t/)skl + a%;ﬁ_lrlél}gd(t’)>
28(1)1 307 [ (D& () go(t)gy (1))
+<§i(t)g¢(t>2 ,B T gy ()

+(8 Z Blrogtb (1))

+Za¢l 39; ngrgl<g¢,(y)g¢(t)>] : (E.21)

Using Eq. (E.19) we see that the second and fourth terms in Eq. (E.21) cancel.
We note that the first term in Eq. (E.21) has a factor that can be written as:

(Gi(1)&(t)go(E)gy (') = 2B~ Zfo 5@ k(£)808¢ (t'))

=2p" ZF Sed(t — t')(go(t)gy (£)) + (&(t)gy ()

The derivative of g, (') with respect to (¢) vanishes unless ¢t = #/, in which
case it is swamped by the term proportional to 8(+ — ') and can be dropped.
Next we can use Eq. (E.11) to obtain:

(Ei(DE(t)gs(t)gy () = 287" ;Tél

B8t~ )3(0 — )Wy 330 E()gg(gelt) | - (22

Notice that the second term on the right in Eq. (E.22) cancels the third term on
the right hand side of Eq. (E.21) and we have the final result:

(No(t) Zaq)zaT)sz Td(t—)3(0 — ¢ )Wo

which agrees with Eq. (104) of Chap. 9.
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