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Preface to the Third Edition

Since the first edition of this work, kinetic theory has maintained its position as
acornerstone of a number of disciplines in science and mathematics. In physics,
such is the case for quantum and relativistic kinetic theory. Quantum kinetic
theory finds application in the transport of particles and radiation through
material media, as well as the non-stationary quantum—many-body problem.
Relativistic kinetic theory is relevant to controlled thermonuclear fusion and to
a number of problems in astrophysics. In applied mathematics, kinetic theory
relates to the phenomena of localization, percolation, and hopping, relevant to
transport properties in porous media. Classical kinetic theory is the foundation
of fluid dynamics and thus is important to aerospace, mechanical, and chemical
engineering. Important to the study of transport in metals is the Lorentz—
Legendre expansion, which in this new edition appears in an appendix. A new
section in Chapter 1 was included in this new edition that addresses constants of
motion and symmetry. A number of small but important revisions were likewise
made in this new edition. A more complete description of the contents of the
text follows.

The text comprises seven chapters. In Chapter 1, the transformation theory
of classical mechanics is developed for the purpose of deriving Liouville’s the-
orem and the Liouville equation. Four distinct interpretations of the solution
to this equation are presented. The fourth interpretation addresses Gibbs’s no-
tion of a distribution function that is the connecting link between the Liouville
equation and experimental observation. The notion of a Markov process is
discussed, and the central-limit theorem is derived and applied to the random
walk problem.

In Chapter 2, the very significant BBKGY hierarchy is obtained from the
Liouville equation, and the first two equations of this sequence are applied in
the derivation of conservation of energy for a gas of interacting particles. In
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nondimensionalizing this sequence, parameters emerge that differentiate be-
tween weakly and strongly coupled fluids. Correlation functions are introduced
through the Mayer expansions. Examining a weakly coupled fluid composed
of particles interacting under long-range interaction leads to the Vlasov equa-
tion and the closely allied concept of a self-consistent solution. Prigogine’s
diagrammatic technique and related operator formalism for examining the
Liouville equation are described. The Bogoliubov ansatz concerning the equi-
libration of a gas, as well as the Klimontovich formulation of kinetic theory,
are also included in this chapter.

The Boltzmann equation is derived in Chapter 3 and applied to the derivation
of fluid dynamic equations and the H theorem. Poincaré’s recurrence theorem
is proved and is discussed relative to Boltzmann’s H theorem. Transport coeffi-
cients are defined, and the Chapman—Enskog expansion is developed. Results
of this technique of solution to the Boltzmann equation are compared with
experimental data and are found to be in good agreement for various molec-
ular samples. Grad’s method of solution of the Boltzmann equation involving
expansion in tensor Hermite polynomials is described. The chapter continues
with a derivation of the Druyvesteyn distribution relevant to a current carrying
plasma in a dc electric field. In the last section of the chapter, the topic of irre-
versibility is revisited. Ergodic and mixing flows are discussed. Action-angle
variables are introduced, and the notions of classical degeneracy and resonant
domains in phase space are described in relation to the chaotic behavior of
classical systems. A statement of the closely allied KAM theorem is also given.

In the first half of Chapter 4, the Vlasov equation is applied to linear
wave theory for a two-component plasma composed of electrons and heavy
ions. Landau damping and the Nyquist criterion for wave instabilities are
described. The chapter continues with derivations of other important ki-
netic equations: Krook—Bhatnager—Gross (KBG), Fokker—Planck, Landau, and
Balescu-Lenard equations. A table is included describing the interrelation of
the classical kinetic equations discussed in the text. The chapter concludes with
a description of the widely used Monte Carlo numerical analysis in kinetic
theory.

Quantum kinetic theory is developed in Chapter 5. A brief review of ba-
sic principles leads to a description of the density matrix, the Pauli equation,
and the closely related Wigner distribution. Various equivalent forms of the
Wigner-Moyal equation are derived. A quantum modified KBG equation is
applied to photon transport and electron propagation in solids. Thomas—Fermi
screening and the Mott transition are also discussed. The Uehling—Uhlenbeck
quantum modified Boltzmann equation is developed and applied to a Fermi
liquid. The chapter continues with an overview of classical and quantum hier-
archies of equations connecting reduced distributions. A table of hierarchies
is included where the reader is easily able to view distinctions among these
sets of equations. The Kubo formula, described previously in Chapter 3, is
revisited and applied to the derivation of a quantum expression for electrical
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conductivity. The chapter concludes with an introduction to Green’s function
analysis and related diagrammatic representations.

Chapter 6 addresses relativistic kinetic theory. The discussion begins with el-
ementary concepts, including a statement of Hamilton’s equations in covariant
form. Stemming from a covariant distribution function in four space, together
with Maxwell’s equations in covariant form, a relativistic Vlasov equation
is derived for a plasma in an electromagnetic field. An important compo-
nent of this chapter is the derivation and compilation of a table of Lorentz
invariants in kinetic theory. The chapter continues with a derivation of the
relativistic Maxwellian and concludes with a brief description of relativity in
non-Cartesian coordinates.

Chapter 7 has been added in this new edition, and addresses kinetic and
thermal properties of metals and amorphous media. The first component
of the chapter begins with a review of the notion of thermopower, and the
Wiedermann—Franz law is derived. The discussion continues with a formula-
tion for electrical and thermal conductivity in metals (encountered previously
in Chapter 5), stemming from the quantum Boltzmann equation, in which
Bloch’s classic low-temperature 7° dependence of metallic resistivity and
canonical high-temperature linear 7 dependence are derived. In addition, the
formalism yields a residual resistivity at 0 K. The chapter continues with a
discussion of properties of amorphous media and related processes of local-
ization, hopping, and percolation. Bloch waves and the notion of extended
states are reviewed. Anderson’s parameter of the ratio of the spread-of-states
to the band width is introduced. Localization occurs at some critical value of
this parameter. At smaller values of the parameter, energies of localized and
extended states are separated at the “mobility edge.” Transition of the Fermi
energy from the domain of extended states to the domain of localized states
represents the Mott metal—insulator transition. Mechanisms of electrical con-
duction are discussed in three temperature intervals in which the notions of
thermally assisted and variable-range hopping emerge. The chapter continues
with the concepts of bond and site percolation. A number of percolation scal-
ing laws are discussed. The chapter concludes with a review of localization
in second quantization. Throughout the chapter, many discussions related to
material science are included.

Each chapter is preceded by a brief introductory statement of the subject
matter contained in the chapter. Problems appear at the end of each chapter,
many of which carry solutions. A number of problems include self-contained
descriptions of closely allied topics. In such cases, these are listed in the chapter
table of contents under the heading, Topical Problems. In addition to references
cited in the text, a comprehensive list of references is included in Appendix E.
Assorted mathematical formulas are included in Appendices A and B, includ-
ing a list of properties of Laguerre and Hermite polynomials (B4). Appendix
D, addressing the Lorentz—Legendre expansion in kinetic theory, is new to this
edition.
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Stemming from the observation that science and society are inextricably
entwined, a time chart is included (Appendix E) listing early contributors to
science and technology of the classical Greek and Roman eras. The reader will
note that a central figure in this display is the Greek philosopher, Democritus,
who, at about 400 BCE, was the first to propose an atomic theory of matter.
Readers of my earlier work [Introduction to the Theory of Kinetic Equations,
Wiley, New York (1969)] will recall that it, too, included a time chart describing
contributions to dynamics from the fifteenth to the nineteenth centuries. The
appendix on Mathematical Formulas has been expanded in this new edition to
include a list of properties of Laguene and Hermite polynomials (Appendix
B4).

Many individuals have contributed to the development of this work. I remain
indebted to these kind colleagues and would like here to express my sincere
gratitude for their encouragement, support, and constructive criticism: Sidney
Leibovich, Terrence Fine, Robert Pay, Christof Litwin, Kenneth Gardner, Neal
Maresca, K. C. Liu, Danny Heffernan, Edwin Dorchek, Philip Bagwell, Ronald
Kline, Steve Seidman, S. Ramakrishna, G. George, Timir Datta, William Mor-
rell, Wayne Scales, Daniel Koury, Erich Kunhardt, Marvin Silver, Hercules
Neves, James Hartle, Kenneth Andrews, Clifford Pollock, Veit Elser, Chuntong
Ying, Michael Parker, Jack Freed, Richard Zallen, Abner Shimony, Philip
Holmes, Lloyd Hillman, Arthur Ruoff, L. Pearce Williams, Lloyd Motz, John
Guckenheimer, Isaac Rabinowitz, Gregory Schenter, and Ilya Prigogine.

Some of these individuals are former students. It is due to my association
with these gifted and talented colleagues that the talmudic inscription for this
work is motivated.

Peace,

RICHARD L. LIBOFF

praben
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CHAPTER 1

The Liouville Equation

Introduction

This chapter begins with a review of the basic principles and equations of
classical mechanics. These lead naturally to the Liouville theorem, which to-
gether with the notions of ensemble and phase space, give rise to the Liouville
equation. This equation is perhaps the most significant relation in all of clas-
sical kinetic theory, and in the remainder of the chapter various techniques
of solution to this equation, as well as various interpretations of its solution,
are presented. Thus, for example, it is found that the Liouville equation is an
equation of motion for the N-particle joint-probability distribution, where N
denotes the number of particles in the system. Integration of this distribution
over subdomains in phase space gives reduced distributions whose equations
of motion (BBKGY Egs.) are developed in Chapter 2.

A discussion is included of the Chapman—Kolmogorov equation and the
closely allied master equation, which is applied to the random-walk problem.
The master equation emerges again in Chapter 5 in analysis of the quantum
mechanical density matrix.

The chapter concludes with a brief description of probability theory and a
derivation of the central-limit theorem. This theorem is applied to obtain the
long-time displacement of the random walk and yields the Gaussian distribu-
tion. This distribution is fundamental to diffusion theory and is encountered
again in Chapter 3. The central-limit theorem is likewise again encountered in
Chapter 3 in a derivation of the distribution of center-of-mass momenta of a
stationary gas of molecules. The discrete Poisson distribution is obtained from
random-walk results and applied to small shot noise.



2 1. The Liouville Equation

Classical mechanics and probability theory are the foundations of kinetic
theory. Consequently, a firm grasp of the basic principles and relations of these
formalisms will lead to a richer working knowledge of kinetic theory.

1.1 Elements of Classical Mechanics

1.1.1 Generalized Coordinates and the Lagrangian

The number of degrees of freedom a given system has is equal to the min-
imum number of independent parameters necessary to uniquely determine
the location and orientation of the system in physical space. Such indepen-
dent parameters are called generalized coordinates. Thus, for example, a rigid
dumbbell molecule free to move in three-space has five degrees of freedom:
three to locate the center of mass of the molecule and two (angles) to determine
the orientation of the molecule. A fluid of N such molecules has SN degrees
of freedom. A rigid triangular molecule has six degrees of freedom: five to
locate an edge of the triangle and an additional angle to fix the orientation of
the plane of the molecule about this axis.

For a system with N degrees of freedom, generalized coordinates are labeled
q1> 42, - - - » qn- These parameters may be taken to comprise the components
of an N-dimensional vector,

q:(‘]h‘hw--,CIN) (11)

The corresponding generalized velocities also comprise components of an
N-dimensional vector, and we write

g=1(1,92,---,4n) (1.2)

The composite vector (g, ¢) determines the state of the system.
Let the system at hand exist in a conservative force field with kinetic energy
T (g, q) and potential V(q). The Lagrangian of the system is then given by

L(qg.9)=T(q.q) = V(q) (1.3)

The dynamics of the system may be formulated in terms of Hamilton’s prin-
ciple. This principle states that the motion of the system between two fixed
points, (¢, t); and (q, t),, renders the action integral:

2
S:/ L(g.¢.t)dt (1.4)
1

an extremum.' That is,

2
5/ L(g,¢,t)dt =0 (1.5)
1

"More precisely, a minimum.
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.
) o

921+

} | —»-t
t1 t

FIGURE 1.1. End points g; and ¢, are held fixed in the variation (1.5).
where § denotes a variation about the motion of the system.? See Fig. 1.1

Lagrange’s equations

The dynamical principle (1.5) may be employed to obtain a differential
equation for L(g, g, t). That is, let g(¢) be the motion that renders S an
extremum.

Effecting the variation (1.5) and Taylor-series expanding the integrand gives

2 2
55:/ L<q+8q,q'+6q',z>dr—/ L. ¢, 0di
1 1

2 5L SL . P
- L+ —-8q+—-8q)dt— | L(g,q,t)dt (1.6)
1 1

8q 8q
Note that
oL d d (0L d (0L
o @q) = — | o= 8q) ) = — | o= ) - 8q
aq dt dt \ 9¢q dt \ 9¢q

Inserting this expression into the preceding equation gives

aL 2 219l d (9L
—.8q| + == (=)]| 8gqdt=0
aq pJ1 Ldg dt \9q

Since the end points of the trajectory are held fixed in the variation, the first
bracketed “surface terms” vanish. Insofar as the remaining integral must vanish
for any arbitrary, infinitesimal variation ¢, it is necessary that

d (0L oL
(=) =20 l=1,2,....,N) (L.7)
dt \ g, 9q;

2Furthermore, the variation is a virfual displacement, that is, on that occurs in
Zero time.
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Here we have returned to the component representation of (g.q). Equa-
tions (1.7) are called Lagrange’s equations.

1.1.2  Hamilton’s Equations

d (0L oL
(e (1.8)
dt \ 9q, Aq

Lagrange’s equations (1.7) reveal the following important observation: If the
coordinate ¢; is missing in the Lagrangian, the quantity d L /dq; is constant in
time. In this event, we say that the coordinate ¢, is cyclic or ignorable.

To better exhibit this symmetry principle of mechanics, we effect the
following transformation:

When written in the form

(g1, 91) = (qi, p1) (1.9)
where
oL
p=—-— (1.10)
99,

The variable p;, so defined, is called the canonical momentum or momentum
conjugate to the coordinate g;.

The transformation (1.9) is accomplished through a Legendre transforma-
tion (familiar to thermodynamics). This transformation carries the Lagrangian
L(q, g) to the Hamiltonian H(q, p) by the following recipe:

= Z_Clz (1.11)

99,

Equations of motion in terms of the Hamiltonian are obtained by forming
the differential of the latter equation.

oL aL oL oL
dH(q, p, 1) = d —dg, — —dg, — —dg, — —dt
(g, p,1) Z[ (aq>q’+aq qi o0, qi o0 @ =5 }

With Lagrange’s equations (1.7) and the definition (1.10), we obtain
oL
dH(q, p,t) = 71dp; — prdg) — — dt
(g, p. 1) XZ:(CH pi— pidqr) a7

Expanding the left side of this equation and identifying terms gives

. oH . oH (1.12)
p = -, q = — .
l 9 " o
together with 0 H/dt = —0dL/dt. Equations (1.12) are called Hamilton’s

equations.
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The Hamiltonian and the energy

An important theorem concerning the Hamiltonian is as follows. Consider a
system of particles with radii vectors {r;}. Consider that the transformation to
the set of generalized coordinates,

r, =ri(qi, ..., qn) (1.13)

is independent of time and that the Lagrangian of the system is not an explicit
function of time. Then, with Lagrange’s equations (1.7), we obtain

dL oL oL dg
at _ Z T+ aqi
dt 7 86]] Bql dl

3l (e ()]

=2 a (a_ql%)

d JaL d
- - =0=—H 1.14
r (Z 9, ) 0=—H.p) (1.14)

We may conclude that for such systems H is constant in time. This constant
may further be identified with the energy, E (see Problem 1.32).

H = E = constant (1.15)

It follows that

Electrodynamic and relativistic Hamiltonian

Two important Hamiltonians that emerge in physics are as follows. The
Hamiltonian of a particle of charge e and mass m that moves in an elec-
tromagnetic field with vector potential A and scalar potential @ is given by
(see Problem (1.22)

1
H=o- (p . —A) ted
mn (1.16)
p=mv+ —A
c
The electric £ and magnetic field B are related to the fields through the relations
1 0A
E=-Vdb———
c ot 1.17)
B=VxA

Hamilton’s equations applied to the preceding Hamiltonian returns the Lorentz
force law

:e(8+§xB) (1.18)
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The second example addresses a relativistic particle with rest mass m. It is
given by?+*

H = /p?c? +m?c* + V(r) (1.19)

The relativistic momentum has the form
) 1
1 - 8%
In the preceding expressions, c is the speed of light.
A transformation of the potentials & and A in which the fields £, B

are invariant is called a ‘gauge transformation.” Consider, for example, the
transformation

(1.19a)

p =ymy, 14

=
I
ale

10V
C

Substitution of these expressions into (1.17) indicates that the fields £, B remain
the same. (See Problem 1.22).

1.1.3  Constants of the Motion
If a dynamical function

W:W(qla"~7qNapla""pNat)

remains constant as the motion of the system unfolds in time, W is a constant
of the motion or an integral of the system.

How many such constants are there? For a system with N degrees of freedom,
integration of Hamilton’s equations (1.12) gives

) oH "9
p=—7——>pt)=p0)— | —dt
0q, 0o 9qi
(1.20)
. 0H "OH
=" g = q1(0>+[ AL
api o Opi

Thus we find that the state of the system is specified by 2N constants,
{g:(0), p:(0)}.> This conclusions may also be inferred geometrically.

In 2N + 1-dimensional space, 2N surfaces define a curve. For example, in
three-space, the two surfaces

fx,y,2)=C
gx,y,2) =G,

3 An alternative expression for H written in covariant form is given in Chapter 6.

4The Hamiltonian of an aggregate of N interacting particles is given by (4.27).

> Although initial values are constant, subsequent motion may grow chaotic. These
topics are further discussed in Section 3.8
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4
p

N

FIGURE 1.2. For a harmonic oscillator, the state of the system lies on an ellipse in
I"-space.

A\

define a curve. Only one of three variables x, y, z is independent. A curve is a
one-dimensional locus. Thus the intersection of the two surfaces written above
may be written in parametric form as

x = x(1), y = y(1), z=2z(t)

Before proceeding further with this geometric construction, we define I'-space.

1.1.4 T'-Space

For a system with N degrees of freedom. I"-space is a 2N dimensional Carte-
sian space whose axes are the {¢;, p;} variables. Thus the state of the system at
any given instant (g, ..., gy, P1, - - - » Pn) is asingle point in 2N -dimensional
I"-space.

Let the system be a single harmonic oscillator for which I'-space is two-
dimensional. The orbit of the oscillator may be written

q = acoswt, p = bsinwt

DG
)y £ (E) =1
(a b
Thus the state of the system (g, p) lies on an ellipse in I"-space. See Fig. 1.2.
This example illustrates that time is suppressed in I'-space. All we know
from the curve shown in Fig. 1.2 is that the particle has g, p values that lie

somewhere on the ellipse. We do not know what these values are at a specific
time.

from which we find



8 1. The Liouville Equation

A
t

System trajectory

2 N-dimensional I'-space
/

/ A/
/ /

/o

FIGURE 1.3. The system trajectory is a curve in I'-space. At any instant of time, the
curve intersects ["-space at a single point (¢, p).

Q.
&/u/“

X

Q

FIGURE 1.4. Dynamical trajectory of a harmonic oscillator in three-dimensional
(2 4+ 1) I'-space. Projection onto I'-space is an ellipse.

Time is exhibited explicitly in 2N + 1 ['-space. This Cartesian space is
comprised of I'-space and an additional orthogonal time axis. The system
trajectory or dysfunctional orbit,

[q:(®), ..., gn@); p1(2), ..., pn(D)]

is a curve in f‘—space. See Fig. 1.3. The system trajectory for the harmonic
oscillator is shown in Fig. 1.4.
A constant of the motion

Wi(g, p,t) = C,

is constant on the system trajectory. But W = C; is a surface in f‘—space (that
is, a2 N-dimensional locus). The intersection of 2N such independent surfaces



1.1 Elements of Classical Mechanics 9

The plane
Hg=x—vpl

Projected
. path in
|7 I-space

path

The plane

Po=p (The “energy surface")
p

FIGURE 1.5. Dynamical path of a free particle in three-dimensional I"-space.

(Wi, Wy, ..., Wy) determines a curve (one-dimensional locus) in f‘—space.6
This curve may be written
a=qm, p=pm, t=tm, [=1,...,N (1.21)

which is the system trajectory. So again we find that the dynamical orbit is deter-
mined by 2N constants of the motion. In practice, we are often more interested
in the projected motion in I'-space. This motion, we recall, is determined by
2N — 1 constants. See also Section 3.8.6.

These concepts are well illustrated by the simple example of a free particle
moving in one dimension. Since this system has one degree of freedom, it has
only two constants of motion:

Xog =X — vt
Po=7p
Intersection of these two surfaces in three-dimensional f‘—space reveals the
orbit
(
X = Xo + &[
m

See Fig. 1.5. These topics are returned to in Section 3.8.

1.1.5 Dynamic Reversibility

Consider a system whose Hamiltonian is invariant under time reversal. That
is, H(t) = H(—t). Suppose {g(t), p(t)} is a trajectory for this system. Then
another solutionis {g(—t), — p(—t)}. To establish this property first, sett’ = —¢

®Such constants that intersect the energy surface are called isolating integrals.
Constants such as f(H), where f is any smooth function, are evidently constant on
the energy surface and therefore have no intersection with it.
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P

P =
(a)

Po|—-

qlo ql' >

—Por—
(b)

—py

FIGURE 1.6. (a) A motion and (b) dynamically reversed motion.

in Hamilton’s equations (1.12). There results

dp BH dq oH
dr - aq’ dr - ap
So if we set p’ = —p, ¢’ = ¢, Hamilton’s equations (1.12) are returned.

It follows that, if {g(¢), p(¢)} is a solution to Hamilton’s equations, then
{g(—1), —p(—1)} is also a solution. This situation is depicted in Fig. 1.6.

1.1.6  Equation of Motion for Dynamical Variables
Let u(q, p, t) denote a dynamical variable. Then we may write
—Z o)+ o (122)
aq, i p NPT '

With Hamilton’s equations, the preceding equation may be rewritten

d ou oH 0H 9 d

_”:Z<_”————”>+—” (1.23)

t — \9q: dp1 g, Op, ot

Let us introduce the following Poisson bracket notation relevant to two
dynamical variables A and B:

A B]_Z(aA 3B 9B aA) (124
’ — \dq; 9p1  dq; dp '
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Then (1.23) may be written

du ou
— =[u, H] +

— 1.25
dt ot (125)

This is the equation of motion for the dynamical variable u(q, p,t). The
following properties of Poisson brackets are easily verified:

[A, B] = —[B, A] (1.26a)
[A,c] =0 (cis constant) (1.26b)
[A+ B, F] = A[B, F1+[B, F] (1.26¢)
[AB, F]1= A[B,F]+[A, F]B (1.26d)
[A,[B, F11+ [B[F, All+ [F,[A,B]]=0 (1.26e)
DA, 1= [%, B} + [A, ﬁ} (1,260
ot ot ot
[A,B(A)] =0 (1.26g)

The relation (1.26e) is called Jacob’s identity. In (1.26g), the function B(A) is
assumed to have a Taylor series expansion.

In the event that a dynamical variable u is not explicitly dependent on time,
then du /0t = 0 and (1.25) becomes

W) (127)
— =u, .
dt
If, further, u = u(H), then with the property (1.26e) we may write
du
=0 1.28
o (1.28)

So we may conclude that any dynamical variable that is function only of the
Hamiltonian is a constant of the motion.
With (1.25), Hamilton’s equations (1.12) may be rewritten

q=1lg, H] (1.29a)
p=I[p, H] (1.29b)

Note also the fundamental Poisson bracket relations:

(g1, gr]l = [pi, pr]1 =0, (g1, pr] = (1.30)

1.2 Canonical Transformations

1.2.1 Generating Functions

Consider the transformation of variables

q.p—>q.p (2.1)
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If these two sets of variables are to describe the dynamics of the same system,
then when

5/2L(q,q)dt -0 2.2)

we must also find
15}
8/ L'(q,¢)dt=0 2.3)
41

When this agreement is obeyed, the transformation (2.1) is said to be canonical.
The variational equality (2.3) will follow from (2.2) provided a function
G(q, q’, t) exists such that

. / /A dG(7 /7t)
L(m)zL(qu% (2.4)

Substituting this relation into (2.2) gives
8 / Ldt = O = 8 f L/(q/9 q/) dl + S{GI[Q7 q/(q)a t]tz - GI[Q7 C]/(Q)’ t]l]}

=4 / L'(q,§)dt 2.5)

We may conclude that the existence of a function G (g, ¢’, t) that satisfies (2.4)
guarantees that the transformation (2.1) is canonical.
The specifics of this transformation are obtained by casting (2.4) in terms
of the Hamiltonian of the system (deleting summational indexes):
dGl(q’ C]/, t)

Y= Hp.g)=) - H(g.ph)+— "= 26

Transposing terms gives
Y pdg—) pdq +(H —H)di =dGi(q.q.1)  (27)

With the left side of (2.7) written for the expansion of dG(q, ¢’, t), we may
conclude that

3Gi(q,q' 3Gi(q.q'
b= 1(61(1)’ p=— 1, 9) 2.8)

dq aq’

Here we have assumed that G; is not explicitly dependent on time.
Otherwise, (2.7) further implies that

3G,
—=H-H 2.9
o7 29)

Equations (2.8) indicate the manner in which G (g, q’) “generates” the
transformation (2.1). For G non-time dependent, (2.7) gives

Y pdqg-> p'dgd =dGi(q.q") (2.10)
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From the development leading to this equation, we conclude that if the dif-
ferences of differential forms on the left side of (2.10) are equal to a total
differential, then the transformation is canonical.

We wish to examine more carefully the nature of the generating function
Gi(q, q'). For a system with N degrees of freedom, (2.8) comprises 2N equa-
tions. Thus consider that (2.8) refers specifically to the components (gy, p;)
and g;, p;. The left equation of (2.8) is an implicit relation for obtaining
g, = q.(q, p). Such inversion is possible if and only if’

ZG]

det’ 0 £0 @2.11)

94;9q;
Once having obtained g, = ¢.(q, p), the right equation of (2.8) gives p, =
p.(q, p), thereby completing the transformation (2.1).

As an example of a continuous function of ¢, ¢’ that does not generate a
canonical transformation, consider

Gi(g,q9") = f(q)+ h(q")

where f(g) and h(q’) are arbitrary continuous functions. This function does
not satisfy (2.11) and does not give a canonical transformation. Thus, when it
is stated that the relations (2.10) guarantees the transformation to be canonical,
it is tacitly assumed that G (g, ¢’) obeys (2.11).

Exchange transformation

An instructive example of the relation (2.8) is given by the generating function

Gi(g.9) = —qq’
There results

pP=q. q'=-p
Save for a sign reversal, the roles of p and ¢ are reversed. Accordingly, this
transformation is called the exchange transformation.

Hamiltonian criterion

In the preceding description it was stated that, for a transformation to be canon-
ical, Hamilton’s principle must be obeyed in both coordinate frames [that is,
(2.2) and (2.3)]. Equivalently, we say that the transformation (¢, p) — (¢’, p’)
is canonical if and only if there exists a function H'(g’, p’) such that the
equations of motion in the new frame maintain the Hamiltonian form (1.12):

oH' ., OH

7 = — (2.12)
op

/ —_— e —
P = 36][’ g,

"For further discussion, see E. C. G. Sudarshan and N. Mukunda, Classical
Dynamics: A Modern Perspective, Wiley, New York (1974).
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1.2.2  Generating Other Transformations

It is possible through Legendre transformations of (2.10) to effect generating
functions that are functions of parts of “new” and “old” variables other than
q, q'. Thus, for example, rewriting (2.10) as

Y pdg—d (Z p’q’> +Y q'dp' =dGi(q, 4"

gives

Y pdg+) qdp' =d (Gl + ZP’(!)

It is evident from the differentials on the left side of this equation that the
variables of the functions on the right are ¢, p’. Thus we may write

Y pdq+Y_q'dp' =dGq, p) (2.13)

so that

9G,(q, p' G,(q, p'
b= 2(‘119), g = 2(q, p") (2.14)

dq ap’

where again, G, obeys (2.11) with respect to variables ¢, p’.
An instructive example of this transformation is given by the ordinary
transformation of coordinates:

QI/: ﬁ(ala-'-in)

This transformation may be effected by the generating function

Galg. P) =Y pifilg) (2.15)
1

With (2.14) we find

I 8 /
dx Bp,i szfl(f])
g, = filq)
d , . i
=g Z”lﬁ@ = ;plaqkﬁ@

The second of these three equations returns (2.15), whereas the third completes
the total canonical transformation:

(q,p)— (¢, p)

We return to the generating relations (2.14) in our derivation of Liouville’s
theorem (Section 1.3).
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1.2.3  Canonical Invariants

A canonical invariant is a dynamical quantity that remains invariant under a
canonical transformation. An important example of a canonical invariant is the
Poisson brackets of two dynamical functions A, B. That is, if

c / / /
Alg, p)— A(q', p)
C 7 ! /
B(q, p)— B'(q', p)
then
C 7 !
[A, B]qp > [A s B ]q’.p’ - [A, B]q,p (216)

A simple proof of this statement can be constructed if we keep in mind that
a canonical transformation is a change in variables related to a given system.
Consider that B is the Hamiltonian of the system at hand. Then by (1.27) (for
time-independent B)

dA
= =4 Bly

But the time rate of change of A can only depend on the properties of motion
of the system and not on a particular choice of variables. So d A /dt is the same
in all coordinate frames and (2.16) follows.

1.2.4  Group Property of Canonical Transformations

Let the canonical transformation

Cy ;o
(q.p)—(q. P) 2.17)
be associated with the generating function G(gq, ¢’). That is,
Y pdq - p'dg =dG(q.q) (2.18)
Similarly, let
/ / G " "
(¢.p)—(q",p) (2.19)
be related to the generating function K(gq’, ¢”) so that
Y pdq' =) p'dq" =dK(q'.q") (2.20)
Adding dG to dK gives
Zpdq - Z p'dq" =d®d(q,q") (2.21)
where we have set
dd =d[G + K]

The relation (2.21) implies that the transformation

(. p)—>(q". p") (2.22)
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is also canonical. Since the transformation Cj is obtained by first effecting C,
and then effecting C,, we may say that Cj is the product of C; and C,. This is
written as

CG=C R0 (2.23)

Thus we find that canonical transformations obey the group property; that is,
the product of any two canonical transformations is itself canonical.

1.2.5 Constants of Motion and Symmetry

Constants of motion of a system may be associated with symmetries of a
system. Consider a system described by the coordinates: (¢, g2, - - -, ¢,) and
suppose that 0 H/dq; = 0. With (1.2) we conclude that p; = constant. It
follows that if a system is symmetric with respect to displacements of a given
coordinate, the momentum conjugate to that displacement is constant. As noted
in Problem 1.2, such coordinates are called cyclic. Conservation principles
follow from this symmetry rule.

For example, consider an aggregate of N particles. The coordinates of the
system are (R, g1, g5 - - - g3y), Where {g/} are particle Cartesian coordinates
relative to the center-of-mass and R, P are coordinates and momenta of the
center-of-mass, respectively. The Hamiltonian for this system is obtained from
the kinetic energy form given in Problem 1.7, namely,

P2 2 /
ri; = v =]

where M is mass of the center-of-mass and V(r] ;) is interparticle potential.
Thus, with homogeneity of space, H is independent of R and one may conclude
that the momentum of the center-of-mass is constant.

In the study of conservation of angular momentum we write the angular
momentum of the system as [see (P1.9)]

J:JCM+{j/] +,]/2++‘]{\1} (2.25)

where Jcy = R x P is the angular momentum of the center-of-mass and j; is
the angular momentum of the i particle relative to the center-of-mass. We note
that rotation of all particles in the system about a given origin that is not coin-
cident with the center-of-mass, is equivalent to rotation of the center-of-mass
about this same origin. As space is isotropic if follows that the Hamiltonian of
the system is invariant to this rotation. The related conservation rule may be
obtained in the study of infinitesimal variation. Thus, consider the change in
angular momentum of the center-of-mass due to infinitesimal displacement of
the center-of-mass in the time interval, 8¢,

8Jem =R x MRSt o R x SR =R x R86 (2.26)
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where §6 is the angle swept out by 6R. The vectors (8Jcy, R, R§6) form an
orthogonal triad. Again, as space is isotropic, system dynamics are invariant
to changes in 6. With (2.26), we conclude that the angular momentum of the
center-of-mass is constant. (See also Problem 1.2)

Invariance of a Hamiltonian to a given variable may be examined through
Hamilton’s equations (1.12) or the Poisson-bracket equations (1.25). For the
latter case, if H is independent of a variable u that is not explicitly time
dependent, then

d_u =[u,H] =0

dt
and u = constant [see (1.27).] A similar situation occurs in quantum mechan-
ics. If u and H commute, (the Poisson brackets become the commutator) then
H is independent of u. In this event if u is not an explicit function of time,
then the expectation of u is constant. (See Section 5.1.)

1.3 Liouville Theorem

1.3.1 Proof

The Liouville theorem states that the Jacobian of a canonical transformation is
unity. For a system with NV degrees of freedom, we write (in various notations)

o P g1 Oq g g
(Lr)- e | -
q’ p 8(q, p) . ’ / ! !
S, O 9 Oy
dpn  Ipw apn pn
(3.1)
This is a 2N x 2N determinant. To prove the Liouville theorem, we note the
following:
1. Jacobians may be treated like fractions so that
g, p a(q,
7= [0(q", p")] [9(q, p)] (3.2)

~ 3G, p1 [ 13(g, p)]

2. When the same quantities appear in both partial derivatives, the Jacobian
reduces to one in fewer variables with repeated variables taken as constant. It
follows that (3.2) may be rewritten

_04'/3qly _ T

J = / il
ap/op’ly  Ja

(3.3)
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The subscript p’ on the “numerator” term J, denotes that all N of the p’
variables are held fixed in ¢ differentiation. The ik element of J, is

Jik — a_ql/
" g

Since (g, p) — (¢'p’) is a canonical transformation, we may employ the
generating equations (2.14) to obtain

w_ G
" 0piag

In a similar manner, the denominator term may be written

. ’G
=
0g;dp;
So we find
= 1y

and we may conclude that J, differs from J; by an interchange of rows and
columns, which as may be recalled, has no effect on a determinant. Thus (3.3)
gives

J=2=1 (3.4)

which establishes Liouville’s theorem.

1.3.2  Geometric Significance

This theorem has an important geometrical consequence. Under an arbitrary
transformation (¢, p) — (¢’, p’), a volume integral in I"-space transforms as

follows:
f/ dgdp = // 7 (%) dq' dp’ (3.5)
2 o qp

In this expression, 2 denotes volume in phase space.
If the transformation is canonical, then (3.5) becomes

// dgdp = // dq'dp’ (3.6)

Q 94

We may conclude that volume elements in I'-space are canonical invariants.
See Fig. 1.7.
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[
[

q

FIGURE 1.7. Volume elements in I'-space are canonical invariants. Q = €'.

1.3.3 Action Generates the Motion

We now come to an important relation that is a central point in connecting
dynamics to kinetic theory.

Consider the action integral corresponding to motion in the interval from ¢
tor+T.

+T
S, T)= / L(g,q)dr

:/OHT[ch']—H]dt—/Ot[qu'—H]dr 3.7)

Differentiating, we obtain

ds . ,
E:qu—quJr(H—H) (3.8)
Here we have labeled
p'=pat+T), ¢ =qa+T) 3.9
Assuming that H is time independent, (3.8) gives
dS =Y pdq =) pdg (3.10)

Three important conclusions are evident from this relation:

1. The action § is a generating function for the actual physical motion in
time.

2. The differential motion in time is a canonical transformation.

3. Because of the group property of canonical transformations, (2.23), the
extended motion in time is a canonical transformation in time.

These properties will come into play in our first derivation of the Liouville
equation to follow.
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A
p

I'-space

»
-

q

FIGURE 1.8. The ensemble comprises A/ points in I"-space.
1.4 Liouville Equation

1.4.1 The Ensemble: Density in Phase Space

As mentioned previously, the state of a system is a single point in I'-
space. As time evolves, the system point moves on the system trajectory:
[q1(D), ..., qn(D); p1(2), ..., pn(D)].

Now imagine a large number of independent replicas of the same system.
Such an abstract collection of identical systems is called an ensemble. Suppose
there are V' systems in the ensemble. Then at 1 = 0 the state of the ensemble
is A/ points in I'-space. See Fig. 1.8.

1.4.2  First Interpretation of D(q, p,t)

Let us introduce the function D(q, p, t), which is defined as follows. The
product

D(q, p,t)dqdp = D(q, p,t)dS2 (4.1a)

represents the number of system points in the phase volume d €2 about the point
(g, p) at the time t. We may write

dN

An important property of the ensemble is that trajectories of the ensemble
never cross in I'-space. This follows from the fact that for a system with N
degrees of freedom the system trajectory [given by (1.2)] is uniquely specified
by 2N pieces of data: [¢(0), p(0)]. See Fig. 1.9.

Consider that, at a given instant of time, ensemble points in a differential
volume of I'-space are contained within a continuously closed surface. As
time evolves, with the property that trajectories do not cross, we conclude that
points interior to the surface remain interior and that surface points remain
surface points. See Fig. 1.10.
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{5, Po)

»
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q

FIGURE 1.9. An impossible situation in I"-space. Only one system trajectory passes
through (qo, po)-

A A
P p

S @

ds” as”

J

t t+ dt

FIGURE 1.10. Interior points remain interior as time evolves. dN = dA.

If dN represents the number of enclosed system points, then we may
conclude that in the evolution of the system

dN — dN' = dN (4.2)

Let d<2 denote the volume occupied by these ensemble points. As established
by (3.10), the motion of these points comprises a canonical transformation.
Consequently, with the Liouville theorem (3.6), we may write

dQ — dQ =dQ (4.3)
Combining these relations, we find
d
% — <%/> = %[ 4.4)
Recalling the definition (4.1),
AN

D= -""
dQ
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we may conclude that D(q, p,t) is constant on a system trajectory or,
equivalently, that

ab =0 4.5)
dr '

on a system trajectory. This is the Liouville equation. It may be rewritten in
Poisson bracket form. We have found previously (1.25) that if u(gq, p, t) is any
dynamical variable, then

du ou
— =[u, H — 4.6
o (u, H] + P (4.6)

With (4.5) we may then write the Liouville equation in the form

9D D,H]=0 4.7
S 41D, H = 47

1.4.3 Most General Solution: Second Interpretation of D(q, p,t)

We wish to establish the following important theorem: g(q, p, t) is a solution
of the Liouville equation if and only if g is a constant of the motion.
1. Let g be a constant of the motion. Then,

d
4 _y
dt
But
dg 0g
s _ 25 JH
ar o Tle Al
Therefore,
g
— ,H] =0
” + (g, H]

and g is a solution to the Liouville equation.
2. Let g be a solution to the Liouville equation. Then

g
- JH]=0
m+k ]
But
dg 0g
5 _ 2% H
ar = o e Al
so that
d
-0

dt
and we may conclude that g is a constant of the motion.
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We may conclude that the most general solution to the Liouville equation
is an arbitrary function of all the constants of the motion. We may write this
most general solution in the form

D:D(gl7g27"'9g2N) (48)

Thus, knowledge of the most general solution of the Liouville equation is
equivalent to knowledge of all the constants of the motion:

g1=g(q,p,t)

& =gI(q,p,t)
(4.9)

gZN == gZN(q’ p? t)

Inverting these equations gives the dynamical orbits:

g1 =qi1(g1, ..., &n,1)
gy = qn(g1s ..., 82N, 1)
p1=Dpi(g1, ..., on, 1)
pn = DPn(g1s -, &N 1)

Thus we may conclude that knowledge of the most general solution to the
Liouville equation is equivalent to knowledge of all the orbits of the system.
This is our second interpretation of D(q, p, t).

1.4.4  Incompressible Ensemble

A second derivation of the Liouville equation stems from a fluid-dynamic
interpretation of ensemble flow in I"-space.

Since system points in an ensemble are neither created nor destroyed, the
rate of change of the number of system points in the volume €, [, DdQ2
is equal to the net flux of points that pass through the closed surface S that
bounds 2. Let u denote the velocity of system points in the neighborhood of
the element of surface dS, where, in general,

u:(q17q27--'an;pl’p2a"-7pN) (410)

Then the net flux out of the volume through the closed surface S is ﬁ u-DdS.
We conclude that

a
— DdQ:—E”;u-DdS:—/V-uDdQ
N



24 1. The Liouville Equation

d

Passing to the limit Q2 — 0, together with the mean-value theorem, gives the
equation

oD
—+V.uD=0 4.11)
ot

Consider the term V - u. With (4.10) and Hamilton’s equation (1.12), we find

v ul (3511 am)
«u :Z —+—

dq;  dp;
92 H 2 H
= Z ——)=0 (4.12)
3P13611 36113}71

Thus the fluid of system points is incompressible. Combining the latter two
equations returns the Liouville equation, which now appears as

oD
— +u-VD=0 4.13)
ot

Note that

u-v = Xl:(ql— p,i)

ap
oH 9 oH 9
—Z(—————) (4.14)
dpi 9q;  9q dp
which renders (4.13) in the Poisson-bracket form (4.7).

1.4.5 Method of Characteristics

The property (4.8) that the most general solution to the Liouville equation is an
arbitrary function of the 2N constants of motion may be seen in another way.
In 2N + 1 dimensional I"-space, the gradient of D(q, p, t) has components

oD 9D aD
VD= —, —,..., — (4.15)
Jat ~ 9q opn
In the notation, the Liouville equation (4.7) appears as
V.VD=0 (4.16)
where
oH oH
V= (1———) (4.16a)
ap dqn

_ The relation (4.16) says that the gradient of D is normal to the vector V in
I"-space. This will be the case if D is a function of orbits that are tangent at
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every point to the vector V. With (4.16a), we see that such orbits are given by

v _ _dg _ de __ dpy 4.17)
1 oH/dp, 0H/dp, 0H /dqy
These are evidently Hamilton’s equations (1.12), whose solutions in the present
context are called characteristic curves.

In general, the gradient of a function is normal to surfaces on which the
function is constant. If D is a function of all the constants of the motion, then
all orbits lie on a surface of constant D. Tangents to this surface therefore have
components in I'-space given by (4.17).8

So, once again, we find that solution to the Liouville equation is an arbitrary
function of the orbits of the system or, equivalently, the constants of motion of
the system.

1.4.6 Solutions to the Initial-Value Problem

In what follows, we present four approaches to solving the initial-value problem
for the Liouville equation.

Taylor series expansion: Case 1

Let the initial distribution be

D(q, p.0) = Do(q, p) (4.18)
Expanding D(q, p, t) about t = 0 at fixed values of (¢, p) gives

D, p. &) = D(g, p.0) + 2 | ar 4 LED
e T TS

Employing the Liouville equation (4.7), we find

oD
“~ =[H, D]
at

9°D 0 [ E)D}

— = —[H,D]=|H, —

ot? ot ot
=[H,[H, D]]

(At + -+ (4.19)
0

Inserting these relations into the expansion (4.19) gives the solution
(Ar)?
2

This solution may be viewed geometrically as the evolution of D in time at a
point in the hyper (g, p) I'-plane in I"-space. See Fig. 1.11.

D(q, p, At) = {1+ At[H, ]+ [H,[H, 11+---}Do(q,p) (4.20)

8The method of characteristics play a key role in the analysis of the wave equation.
For further discussion, see R. Courant and K. O. Friedrichs, Supersonic Flow and
Shock Waves, vol. I, Wiley-Interscience, New York (1956).
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A
t

At

v

q.p

v

FIGURE ~1.1 1. The series solution (4.20) gives D(q, p, AT) along a line of constant
(¢, p) in I"-space.
Solution from trajectories: Case 2.
In this method of solution, it is assumed that the orbits
g =qo+q()
p = po+ p()

as well as the initial distribution (4.15) are known. The functions g(¢) and p(¢)
vanish atr = 0, so

4.21)

q(0) = qo, p0) = po

Solution in this case is derived based on the property that D(q, p, t) is constant
along system trajectories. Thus, we write

D(q, p,1) = Dolg — q(t), p — p(1)] (4.22)
This function has the following properties:
1. Atr =0,
D(q, p,0) = Do(q, p) (4.22a)

which is the correct initial value.
2. For values of g, p on the system trajectory,

q—q) = qo
_ (4.22b)
p — p(®) = po
It follows that on the system trajectory in I'-space

D(g, p, 1) = Do(qo, po) = constant (4.22¢)
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FIGURE 1.12. Graphical display of the solution (4.22) with D(q, p,t) constant
along a system trajectory.

We may conclude that (4.22) is the solution to the Liouville equation corre-
sponding to the initial value (4.18). This solution may be viewed geometrically
as depicted in Fig. 1.12.

1.4.7 Liouville Operator

The Liouville operator emerges in writing the Liouville equation in the form
of the Schroedinger equation:

0D . -
Thus
N 0H 0 oH 0o
A =i[H, ]:iz —_— (4.23a)
dg dp  9p 9q
Properties of A.

We wish to show that A is Hermitian in the space Loy. A function ¥ (g, p) is
an element of L,y if and only if the norm of v,

I I? = (| ¥) Z/IP*lﬂdqu <00
An operator A is Hermitian providing

A =Af (4.24)

where AT is the Hermitian adjoint of A. The quantity AT may be defined in
terms of its matrix elements in £,y. Let

Ay :/u:f\ul dq dp (4.25)
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where u; and u, are elements of a set that spans £,y . The matrix representation
of (4.24) is given by

A = (Ap)* (4.26)
or, equivalently,
/uZAul dgdp = /ulf\*uz dgdp (4.26a)
We consider an N-body Hamiltonian

N 2 N
= Z 21)—’; + ZZ d(x;, Xj) (4.27)
=1

i<j

where @ is potential of interaction between particles. With (4.23a) and (4.27),

we obtain
Ay=i / u; (%—Z%—Z — 2—3%—;1) dgdp (4.28)
Writing
ou 9 duj
Up—— o @(ukuz) —u o
in the first term in (4.28) and
L oug 0 ouy
Up—— 0 @(ukul) —u 3

in the second term and dropping surface terms gives’

OH duj | dujdH
Au_zfm§:< k k——>dmw

9g Bp dg dp

9H 9 du OH *
_ i/MTZ OH Juy_ Owx O]\ 1o dp
dg dq  9dq Op

= A, (4.29)

We may conclude that A is a Hermitian operator. An immediate consequence
of this property is that (see Problem 1.15):

1. Eigenvalues of A are real.
2. Eigenfunctions of A are orthogonal.

These properties will be employed in Section 1.5 in construction of an
eigenfunction expansion for D(q, p, t).

“Here we are assuming that 9 H/dp is independent of ¢.
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Two points should now be made concerning the preceding derivation. First,
note that the property (4.24) is quite general. That is, in its derivation noth-
ing was said of the particulars of the interaction between molecules. We
merely assumed two-body conservative interactions. The second point is some-
what more pragmatic. Thus, if eigenvalues of A are real, then eigenvalues of
—iA = [H, ]are purely imaginary. With the structure of the Liouville
equation (4.7), it follows that there are solutions to this equation that oscil-
late in time. The reader may witness a common phenomenon that stems from
this property, sound propagation. Sound waves carry pressure-density distur-
bances. The manner in which these fluid-dynamic variables are related to the
Liouville equation is fully discussed in Chapter 2.

1.5 Eigenfunction Expansions and the Resolvent

1.5.1 Liouville Equation Integrating Factor

With the Liouville equation written as (4.20), our third (case 3) solution to the
initial-value problem may be obtained as follows. Multiplying (4.20) through
by the integrating factor (assuming A to be time-dependent)

t
exp (i / d t’A)
0
permits the equation to be rewritten

0 Y LA B
5[(expzﬁ th)D(t)]_O

Integration gives the solution
D(g, p,1) =e """ D(g, p,0) (5.1)
For short time intervals we may write
I .
/ dit' A >~ AtA
0
Expanding the exponential in (5.1) about At = 0 then gives
o 1 A
D(q, p,t) = |:1 —iAtA + 5(—1’AIA)2 + - j| D(q, p,0) (5.2)

With (4.20) this expansion may be written

(A1)
2

D(q,p,t)={1+At[ﬁI, 1+ [H,[H, ]]+---}D(q,p,0)

(5.3)
This relation was previously obtained (4.20) through Taylor-series expansion
of D(g, p, 1).
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For longer time intervals, we revert to eigenproperties of A discussed
in the preceding section. Again, we consider the initial-value problem with
D(q, p, 0) as given by (4.22a). Furthermore, it is assumed that the (orthogo-
nal) eigenfunctions and (real) eigenvalues of A are known. Here we are taking
A to be time independent. Thus we may write

[\wn = Wy wn (54)

Assuming that the set {1;,,} spans the Hilbert space containing D(g, p, 0), we
may write

Do(q, p) =Y D (5.5)
Vn

By virtue of the orthogonality of the functions 1, the coefficients D, are given
by

D, = (Y | Do(q, p)) (5.6)
Substituting the series (5.5) into (5.1), we obtain

D(q.p.0)=e""* " Dy,
Vn

which gives the solution!”

D(g.p.1)= ) Dye ", (5.7)
Vn

This completes our third method of solution for D(q, p, t).

1.5.2  Example: The Ideal Gas

As an example of the application of (5.7), we will construct the solution to
the Liouville equation for a collection of N noninteracting molecules (that is,
an ideal gas). The gas is confined to a cubical box of edge length L and of
sufficiently large size. The Hamiltonian is purely kinetic and is given by

N 2
HoS P
— 2m

s=

0<x? <L (5.8)

where x") denotes any Cartesian component of x;. Let us call the A operator
for this case Ag. Thus

N . oH 0 ) a
AQ = —1 Z 8p3 . axs = —1 ZVS . a—xs (59)

"Here we recall that, with f(x) denoting any continuous function, f ([\)wn =

Sl
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Here we have reverted to velocity vy = p,/m. Eigenfunctions of Ao satisfy
the eigenvalue equation

Aolﬂ(k) = wa V) (5.10)
where (k) represents a sequence of wave-vectors:
(k) = (ki.ka, ..., ky) (5.10a)
With (5.9), (5.10) becomes
. ol
—1 ZVs : gkﬁ(k) = wao Y (5.11)

Substituting the trial solution

Yy = Aexp (i > ks -xs> (5.12)

into (5.11) gives the eigenvalues

N
o =Y Vi - K (5.13)
s=1

Assuming that v, satisfies periodic boundary conditions gives (see Prob-

lem 1.17)
2
k, = L, (5.14)
L

where the components of the vector ny are integers. The constant A in (5.12)
is fixed by normalization. We obtain

1 .
Y = v SXP (l st . Xs) (5.15)

Substituting these eigenfunctions in the expansion (5.7) gives the explicit form:
D", p". 1) =" Duo(@"Wag(x")e ! (5.16)
(k)
where xV and p" represent 3N-dimensional vectors. To employ the initial
data (4.22a), we examine (5.16) at the time t = 0.

Do(x", p") =) Dao(@" )iy (x") (5.17)
(k)

With the orthogonality of the eigenfunctions ), (5.17) gives

1
Do) = 7537 / dx" [exp (—ist-xsﬂDO(x”,p% (5.18)
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Having obtained the coefficients Dy, the solution (5.16) is complete. Substi-
tuting (5.13) for wy and (5.15) for Y, into (5.16) permits the solution to be
more explicitly written:

1 .
D&M, pY. 1) = 7 D Dg(p)e! =k (5.19)
(k)

Thus we find that our eigenfunction solution to the initial-value problem for
the Liouville equation is a function of the 2 x (3/N) constants of the motion:

(P1, P2, - PN X1 — ViE,Xo — Vob, ..., Xy — Vi)

1.5.3 Free-Particle Propagator

Again consider the free-particle Hamiltonian (5.8) and related operator Ao
given by (5.9). The formal solution to the initial-value problemis given by (5.1),
which in the present case we write as

DX1,Xa, .o Vis e VD) = e Dx,, vy, 0) (5.20)

N
N d
—itho ==Y 1ve- — (5.20a)
s=1 Xy

As particle variables are mutually independent, the factors in exp(—i 1 Ag) com-
mute. Thus we may examine the evolution of the coordinates and momenta of
particle 1.

0
D(Xh Vi, t) - exp <_tvl : _> D(X]a Vi, O)
8x1

Expanding the exponential gives

0
exp (—tvl . 8_) D(xy, vy, 0)
X

1

TP PR 2+ D( 0)
— — vV, — — vy - — X1, Vi,
Voax, 2| ax b
= D(xy, —tvy, vy, 0) (5.21)

Repeating this construction for all N particles indicates that the value of
D(xV, vV, t)is the value it had ¢ seconds earlier on a free-particle trajectory.
Note also that

e px, pY,0) = fxN = vV pY, 0) = fxV pN. ) (5.22)

so that exp(—it[A\o) propagates variables backward in time.'! For this reason,
exp(—itAy) is called the free-particle propagator.

UThis operator occurs again in Section 2.4, where we label exp(—itf\) = /\,,.
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1.5.4 The Resolvent

Our last technique of solution (case 4) to the initial-value problem for the
Liouville equation stems from the Laplace transform defined by

D(s) = f Oodte"”D(t) (5.23)
0

To obtain an equation for b(s), we operate on the Liouville equation (4.20) as

follows
o oD "
/ dte " <i— = AD>
0 ot

Substituting the expansion

L0D 0
e—stﬁ — E(De—st) +se—stD

into the preceding equation gives

o0 3 o0 n o0
i/ (—De”) dt + is/ e Ddt = A/ e 'Ddt
0 ot 0 0

o0

iDe™" | +isD(s) = AD(s)

0
With Re s > 0, we obtain

—iD0) = (A —is)D(s) (5.24)
or, equivalently,

D(s) = —i(A — is)"'D(0)

. R (5.25)
D(s) = —iRD(0)
where
R=(A—is)!
represents the resolvent operator.
The inverse of (5.23) is written'?
1 y+ioo N
D)= — dse" D(s)
27 Jy i
where the line s = y in the complex s-plane lies to the right of all the

singularities of R. See Fig. 1.13.
As noted previously, since A is Hermitian, its eigenvalues are real. In this
event we may conclude that the singularities of R occur for s purely imaginary.

12The Laplace transform comes into play again in discussion of Landau damping
(Section 4.1.3).
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A\

FIGURE 1.13. Path of integration in inverse Laplace transform (5.22) lies to the right
of all singularities of R.

»
»

v

Re s

-

7

FIGURE 1.14. Closing the path of the inverse Laplace transform for singularities of
R corresponding to s pure imaginary and finite in number.

This permits us to close the path of (5.22) as shown in Fig. 1.14. Here we are
assuming that R has a finite number of singularities and that R is a bounded
operator for all nonreal s.'?

3The operator R is bounded in Ly, if for any element ¢ of £,y with finite norm,
[l ||, there exists a finite constant M such that | Ry || < m||y/]|.
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H=E + O0F
H=E
_ e
q

FIGURE 1.15. System points lie in the energy shell in I"-space.

1.6 Distribution Functions

1.6.1 Third Interpretation of D(q, p,t)

To this point in our discourse, we have discovered two interpretations of
D(q, p, t): (1) A density of system points in I"-space, and (2) a function whose
general form for a given system implies a complete description of the state of
the system in time.

In this section we come to yet another interpretation of D(q, p, t). We will
find that, apart from a multiplicative constant, it is the joint probability density
for the system.

The energy shell
Consider an isolated system with N degrees of freedom with Hamiltonian
H(q, p) = E = constant

The system lies on this surface in I"-space. Quantum mechanics prescribes an
uncertainty to E, so we consider a small spread of energies about the mean
value of E.'* This generates an energy shell in T'-space. System points of
the ensemble lie in the energy shell, which we take to be of volume 2. See
Fig. 1.15.

As previously noted (Section 1.4), we call the number of system points in the
ensemble A" and D(q, p, t) the ensemble density function. Since an individual
member of the ensemble is at a given point ¢, p in I'-space, and since such
points may be identified with the classical state of the system, we may write

N = [ D dq dp = total number of occupied states in 2 (6.1)
Q
YThus, for example, the smallest volume in six-dimensional phase space for which

the state of a single particle can be defined is 4*, where & is Planck’s constant. This
concept is further discussed in Section 5.3.2.
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It follows that in the volume AQ C ,

AN = / D dg dp = number of occupied states in AQ2 (6.1a)
AQ

Dividing these two expressions, we find

AN __ ratio of number of states occupied in A2 to the 62)

N total number of occupied states of the ensemble '
We may equate (6.2) to the fo the probability that an unspecified state is
occupied in AQ2."> We label this entity [, fv dq dp (each member of the
ensemble is comprised of N particles) so that

Ddqgd
fvdqdp = Jsg Ddadp (6.3)
AQ JoDdgdp
Taking A2 to be infinitesimal (6.3) gives
Ddqdp
dgdp = ————— 6.4
We may conclude that
fn(q, p.t) =CD(q, p,t) (6.5)
where C is a constant. It follows that fy(g, p, t) satisfies the Liouville equation
0
% ~[fy. H1=0 (6.6)

1.6.2  Joint-Probability Distribution

What does it mean to say that fy d<2 is the probability that a state is occupied
in the volume d<2? We have been writing (g, p) for (x;, Xz, ..., Xy P1s - - -
Ppn)- So if the state (g, p) is occupied, then particle 1 is in the state x;, py,
particle 2 is in the x,,p,, and so on. It follows that fy(g, p,t)dq dp is the
probability that particle 1 is in the volume dx; dp, about the point x;, p; and
particle 2 is in the volume dx; dp, about the point X,, p;, and so on, at the
time ¢. Therefore, we may label fy the N-body joint-probability density for
the N-body system. Thus, whereas D(g, p, t) is relevant to an ensemble of
system points, fy(g, p, t) addresses a single system.

Note that with (6.4), fy enjoys the proper probability-density normalization

f fydgdp =1 ©67)
Q

The integration is over the entire space accessible to the system. That is, the
energy shell.

5This interpretation is due to J. W. Gibbs. See Collected Works of J. Willard
Gibbs, Dover, New York (1960).
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If G(q, p,t) is any dynamical variable, then with fy a probability density
we may write the following for the expectation or average of G.

G) :/fNqudp (6.8)

The experimental meaning of (G) is given by

(G) = lim — 3 Z G; (6.9)
In this expression, G; represents the observed value of G in the i th experimental
run, each run performed under identical circumstances. '

The last equations say that if we solve the Liouville equation for fy and
with (6.8) calculate (G), the same value will be found if we perform the
experimental evaluation (6.9).

1.6.3 Reduced Distributions
Let us introduce the notation
dl = dX] dpl, d2 = ddepz, .

relevant, respectively, to particle 1, 2, .. ..

Consider a system of N identical particles. We direct our attention to the sub-
system comprised of s < N particles. The probability of finding this subsystem
in the phase volume d1d2---ds about the state (1,2, ...,s)is

f(, oo, 8)dl---ds

To construct f; from fy, we must integrate out information on the state of
particles s + 1, ..., N from fy(1,2,..., N). That s,

fx(l,...,s)=/fN(1,...,N)d(s+1)~--dN (6.10)

This relation is returned to in Chapter 2 in the derivation of the equations of
motion for the reduced distributions.

1.6.4 Conditional Distribution

In addition to the joint-probability distribution fy(1,2,...,N,t), we also
encounter conditional distributions. Thus, for example, the product

ANV12,3,..., N)dl

'Phase averages, as relevant to the ergodic theorem, are further discussed in
Section 3.8.1.



38 1. The Liouville Equation

represents the probability that particle 1 is in the phase volume d1 about the

phase point 1, granted that particles 2, ..., N are in the volume d2...dN
about the point 2, ..., N. If particles are statistically independent, then
AYV(112,3,...,N)= fi(1) (6.11)
More generally, Bayes’s formula relates V) to fy as follows:!’
,....N
a2,y = I V) (6.12a)
fna12, ... N)
l,....,N
AN1,213,...,N) = RLICEIT)R (6.12b)
Sn—2B3, ..., N)

and so forth. These distributions are returned to later in our discussion of a
Markov process.

1.6.5 s-Tuple Distribution
The s-tuple distribution, Fi(1, ..., s), is defined as follows: The product

F(1,...,5)dl---ds

represents the probable number of s-tuples of particles such that one of the
particles is in the phase volume d1 about the point 1, another in d2 about 2,
and so on, at a given time. Thus, for example, F;(1) d1 is the probable number
of particles in the phase element d1 about 1 at a specific time. The product
F, d1 d2 is the probable number of pairs of particles such that in each pair one
particle is in the state d1 about 1 and the other is in d2 about 2 at a specific
time.

The relation between the joint-probability s-particle distribution function f;
and the s-tuple distribution function Fj is as follows: The function f; relates to
the s-particle state of a specific group of s particles. The function F; refers to the
same s-particle state but is independent of the specific particles occupying this
state and independent of the manner in which these particles occupy this state.
Thus the function f,(1, 2) is a property of the configuration where particle 1
occupies the state 1, and particle 2, the state 2. The function F,(1,2) is a
measure of the number of pairs of particles that occupy these states. To find
the relation between F; and f;, we first note that the number of ways of choosing
s particles from the total number N is given by

N\ N!
(s) SN —5)!

7Explicit time dependence is tacitly assumed in all distributions.
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Assuming identical particles, each such choice gives the same value for f;.

Thus
_ N

Here we have used a bar over F; to denote that a given s-tuple state has only
been counted once in (6.13). The number of ways of distributing each subgroup
of s particles while still obtaining the same s-tuple state is s! This gives the
desired relation

NI
Fs:s'< )ﬁ_mf (6.14)
Thus, for example,
=Nf (6.14a)
=N(N-1)f; (6.14b)

Normalization is given by

N!
/Fsdl'--ds:s'( )/fsdl =N (6.15)

The average kinetic and potential energies of a collection of particles are best
written in terms of the F; functions. Thus, for example,

1 p2
E; = 3 Fi(x,p, 1)—dxdp
" (6.16)

1
Eo =3 / B x,p,p, NP, X)dxdpdx'dp’

where ®(x, X') is the two-particle interaction potential. These relations are
returned to in Chapter 2 in our proof of the conservation of total kinetic and
potential energy, Ex and E¢, respectively, from the equations of motion for
Fi and F>.

1.6.6 Symmetric Properties of Distributions

As the s-tuple distribution F; does not address the state of individual particles,
it must be a symmetric function of its arguments. Thus, in the relations (6.14)
and following, itis assumed that f; is properly symmetrized. Suppose f; isnota
symmetric function of its arguments; then a symmetric function is constructed
as follows:

1 -
f2 == Y B9 (6.17)

where the sum is over the permutations P of the numbers, 1...s and ]fs is the
given asymmetric distribution.
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Example

Consider the example that one molecule in anideal gas of N identical molecules
is moving with velocity v° and is at the origin at time ¢+ = 0. The remaining
molecules are stationary at given positions, (xg, R X?v). Let us construct a
symmetric distribution fy that describes this state of the system. From this
distribution, let us then obtain f; and the number density n(x, ?).

The symmetric distribution is given by

fN(l,...,N)=L D 8 = v0s(x; — v01)

X 8(v2) - 8(VN)8(Xg — X9) - - - 8(xy — X%)  (6.18)
The permutation operator permutes the phase variables (zi, ..., Zy), where
z; = (Xx;, v;). Note, in particular, that (6.18) may be written in determinant

form. Setting

D1 = 8(vi — v)8(x; — vit)

(6.19)
Di; =8(v)d(x; —x)),  j#1
we find
D“ Dg] D31 te DNI
Dy, Dy D -+ Dy
1
fu(l, .. N) = i 31 23 Ui N3 (6.20)
Din . . -+« Dpyy @

The symbol & reminds us that only positive signs are employed in the
expansion of the determinant. To obtain f;, we must evaluate

fl(l)z/fN(l,...,N)d2~--dN

All terms in (6.20) integrate to unity except for terms in the first column. The
minor of each such term is of dimension (N — 1). There results

1 N
Ai) = (N = D! ; Dy

] ; . i 6.21)
fi(l) = N[S(Vl — V)X — vit) + 8(v1)E(X) — X;)

4+ - 4+ 8(vDE(xy — X(l)\/)]
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This result is closely akin to a superposition state in quantum mechanics where
the particle in question has equal probability of being in one of a number of
states.'®

The macroscopic variable number density, n(X, t), is such that n(x, t) dx is
the number of molecules in the volume dx about x at time ¢. It is obtained from
f1(1) as follows."

n(x,t) = N/ fithdv, (6.22)

Returning to our example, inserting f;(1) as given by (6.21) into the preceding
formula gives

N
n(x, 1) =8(x— Vi + Y s(x—x) (6.23)
i=2

The number density is peaked along the trajectory x = vz and at the fixed
sites x°. Furthermore, note that

/ n(x,t)dx = N (6.24)

which is the correct normalization for the number density.

1.7 Markov Process

1.7.1 Two-Time Distributions
Let us introduce the phase vector
z=(1,2,...,N)

In terms of this variable, the two-time, or conditional, distribution functions
may be written [[(z, ¢ | zo, f). The product

[Gt1z20.10)dz (7.1)

represents the probability of finding the system in the state dz about the point
z at time ¢, granted that it was in the state z at f.

1.7.2  Chapman—Kolmogorov Equation

The two-time distribution has three fundamental properties:

18The superposition principle is discussed in Section 5.1.4.
YMacroscopic variables are more fully described in Chapter 3.
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2o

| i >

to t t Time

FIGURE 1.16. Summing over intermediate states in the CK equation.

1. The system undergoes a transition to some state in the interval (r — #).

/ H(Z,f | zo, t0)dz =1 (7.2)
V. allz

2. The system does not change its state in zero time.

[ G 10120, 10) =8 —20) (7.3)
3. The [ ] function obeys the Chapman—Kolmogorov (CK) equation:

[ 1112000 = / [l O[] 120 d2 (74

The integral in (7.4) represents a sum over intermediate states z’, as depicted
in Fig. 1.16. Note that the integral in (7.4) is independent of the arbitrary
intermediate time, ¢'.

Careful examination of (7.4) indicates that it contains an approximation.
That is, the integrand function should more accurately be written

[1G 1127520, 10) (7.5)

That is, this term should include the information that the system was in the
state zo at fo. The approximate form of the function (7.5) as written in (7.4)
is appropriate to systems with “short memories”. A process so characterized
is called a Markov process. In this sense property 3 is not an exact relation,
as opposed to the precise properties 1 and 2. Note further that in the situation
depicted in Fig. 1.16 it is uncertain which orbit passes from z; to z. In the
event that [ [(z | zo) is equivalent to the joint-probability function (6.4), which
satisfies the Liouville equation (4.7), then as we have found previously there
is only one orbit through z,. We may conclude that the CK equation is more
relevant to systems governed by probabilistic laws, such as occur in random
processes and quantum systems. Thus, the equivalent differential equation
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to (6.6), derived below for discrete processes [see (7.20)], is first applied to
the random-walk problem. It is returned to in Chapter 4 in the derivation of
the Fokker—Planck equation and in Chapter 5, where it is applied to quantum
processes.

1.7.3 Homogeneous Processes in Time

For systems whose behavior is homogenous in time, processes can only depend
on time intervals, not on initial or final times. In such cases we write

[[c otz )= []G sl —nD (7.6)
With |, — #;| = At and setting £y = 0, the CK equation (7.4) becomes

]_[(z I zO;t+At)=/]_[(z | z/;At)l_[(z/ | zost)dZ (7.7)

1.7.4 Master Equation

Our aim at this point is to obtain a differential equation for [ | appropriate to
the case where phase variables go over to a countable set:

{z} = {I}, [1=0,1,2,... (7.8)

The integral equation (7.7) then becomes

[Ja1ie+an=>Y"Tla1i;an]]G 10 (7.9)

vj

Conditions 1 and 2 become

ZH(Z [ lp;1) =1 (7.10)
Vi

[ ¢ 110:0) =6y, (7.11)
For [ # j, we note that
[[e1iian—0 asar—o0 (7.12)
SO we may write
[Je1isan=wyat+. ., [+ j (7.13)
From the property
[Je1:an—1  asar—o0 (7.14)

we may write

H(l | I; At) = 1 — (probability that there is a transition out of [ in At)
(7.15)
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Equivalently,
H(l [ ;A =1— Atzw,,, (7.16)
£l

Equations (7.13) and (7.16) may be combined to give (note that the summation
now includes all I’ values)

[Te1iian=w;at+s, (1 — At Zw”/) (7.17)

v

Let us check this equation. For j =/,

1_[(1 | l,At) = u)”At + 1-— AtZw”/ =1- AtZw”/
vi I'#l

which is (7.17).
Substituting the key result (7.17) into the CK equation (7.9) gives

[letie+an=3" {w,,Az + 8 [1 — Aty wn} } [1G 1100

j vl
(7.18)
Summing the §;; factor gives

]_[(1 | lo, t + Al)

=AYy wi[[G 1o+ ] sy =AY wi []d sty
J v’

Changing the dummy variable /' to j in the second sum gives

[0 i+ a0 ~ 101D _ 5~ it 16 Hosy = wy [T 11030
J

At

(7.19)
Passing to the limit Ar — 0, we obtain

O 10 [ lo:1) .
n—t‘) = ;[wﬂ [1G 11:0) = wy [Ta Lo (7.20)

0

which is a canonical form of the master equation. Its meaning is best revealed
again through a diagram. See Fig. 1.17. The w; coefficient in (7.20) represents
the probable rate at which transitions from j to / occur. The master equation in
a form closely allied to (7.20) comes into play in a number of instances in our
discussion of application of kinetic theory to quantum systems in Chapter 5.

1.7.5 Application to Random Walk

We wish to apply the master equation (7.20) to the random-walk problem in
one dimension. For this problem, time is replaced by the total number of steps,
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Gain Loss transition
transition
w wy;

I (/o)
lo

FIGURE 1.17. Geometrical description of terms in the master equation (7.20).

A
n

»
»

!

FIGURE 1.18. The random walk in one dimension (at n = 10, [ = 2).

n = t/At, with An = 1. Furthermore, we set

Pl,my =[] +1o | loinA)

which denotes the probability that the particle has moved through the displace-
ment / in n steps. (See Fig. 1.18.) Setting w;; = w;; At and with reference
to (7.19), we write

P(.n)—P(ln—1)= > [0yP(j.n—1)— i ;P(,n—1)] (7.21)

p—

The transition probability w;, has the value

_ 1

wj = 5[31‘.1+1 +6;j-1] (7.22)
Inserting this form into (7.21) and summing over j gives

P(l,n)—P(l,n—l):%[P(l—f—l,n—1)+P(l—1,n—1)]—P(l,n—1)
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There results
1
P(l,n):5[P(l+1,n—1)+P(l—1,n—1)] (7.23)

This equation states that step n follows step n — 1 and that the displacement /
comes from [ = 1 with equal probability. We wish to establish the following
key result for the random-walk problem:

(I*y «n (7.24)
To this end, we define the moments:

Mi(n) =Y 1P(I,n) = (I)
1

(7.25)
My(n) =y IPP(L.n) = ()
1
Stemming from the property P(l, 0) = §j it is readily shown that
Mi(n) =0 (7.26)
For M,, with (7.23), we write
1
M) = - YIPPU—1n—1D)+PP(I+1,n—1)] (7.27)
!

which may be rewritten
1
My(n) = 3 2,:[(1 — 1Pl —-1,n—1)—(1=2P1I—1,n—1)

+(d+1D?PU+1,n—D=0+2DPI+1,n—1)]

Settingk =1 —1, k =1+ 1 allows the preceding to be written

Miy(n) = % Y k2P(k.n — 1)+ 2kP(k,n — 1) + P(k.n — )]
k

+ Z[/EQP(/E, n—1)—2kPUk,n—1)+ Pk,n—1)]
k

We note that

Z2kP(k, n—1)=2Mmn—-1)=0
k

and

ZP(k,n—l):l
k
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There results

My(n) = K*P(k.n— 1)+ 1
k (7.28)
My(n) = My(n — 1) + 1

Since M,(0) = 0, we find
M>(n) =n (7.29)

which was to be shown. This relation, or equivalently (7.24), plays an important
role in the theory of diffusion and will be returned to in our discussion of
transport coefficients (Chapter 3).

1.8 Central-Limit Theorem

1.8.1 Random Variables and the Characteristic Function

In the preceding example we did not obtain an expression for the probability
P(l, n) relevant to the random-walk problem. That is, we did not obtain a
solution to the discrete equation (7.23).

This result is readily obtained from elementary notions of probability theory,
whereas the long-time behavior of P(/, n) may be found with aid of the central-
limit theorem. To obtain these results, we first describe some basic language
of probability theory.

A random variable (rv) is a mapping, &, from a sample space to the real
line. The sample space is a space of objects or outcomes of experiments. Thus,
for example, in a coin flip the sample space consists of two results, which we
may label H and T. The mapping £ maps H and T onto, say, the values 1,
2. For a sample space comprised of elements of the alphabet, & maps A, B,
C, ...onto, say, the numbers 1, 2, 3, .... See Fig. 1.19. These are examples
of discrete rv’s, in which case £ maps the sample space onto integers. For a
sample space comprised of a continuum of elements, § maps the sample space
onto the continuous real line.

We may associate a probability with such mappings, which we write P (&),
or P(¢ = x) (where x are elements of the real line) or, more simply, P(x).
Thus

Z P(x)=1  or / dxP(x) =1 (8.1)
1.8.2  Expectation, Variance, and the Characteristic Function

The expectation or average of £ is written

EE) = (&) (8.2a)
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{a) Coin Flip

Sample space

JF

" 1 >
1 2 Real line

{b) Choosing letters from the alphabet.

Sample space

I Y N RN N P
1 2 3. Real line

FIGURE 1.19. Examples of sample spaces.

whereas the variance is written

D(E) = £ — €G]
= (&~ €))
= (= (X)PW)
Vx

(8.2b)

The characteristic function ¢(a) of the probability function P(x) is given by

pla) = EE) =) P(x)e™
Vx

(8.3)

Thus we see that the characteristic function is the Fourier transform of P(x).

Inverting (8.3) gives

1 T .
Pe) = - / dag(@ye™™

g

. dlng¢
o= (7).,

_ d*In¢
po=-().,

From (8.3), we find

Consider the expression
Ing(@) =InY_ P(x)e*
Ing0)=InY P(x)=In1=0

(8.4)

(8.5)

(8.6)
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Product sample space:
S=5'®Ss"

Product real space:

ROR

» Real line

FIGURE 1.20. The random variable £ maps pairs of elements from the sample spaces
S” and S” onto the real line.

Continuing in this manner, we obtain the series expansion

. 1o
lnqb(a):O—{—lE(S)a—ED(S)a + - (8.7)

This expansion will come into play in the derivation of the central-limit theorem
in Section 8.5.

1.8.3  Sums of Random Variables

Let &’ have the probability distribution P’(x) and &” the distribution P”(x).
Let& = & + &”. Then £ is a valid rv because it maps pairs of elements from
a sample space S onto the real line. See Fig. 1.20. Let us obtain P(§ = x). If
& =k, then & =k, providing &” = x — k, [§' + &"] = & = x]. It follows that

P(x)=)  Pom(E =k& =x—k) (8.8)
Vk

where P, represents a joint-probability distribution. If &' and £” are
statistically independent, then

Pom(§', ") = P'(E)P"(E") (8.9)
Consider the characteristic function
$la) = E('™) = E[ D]
$la) = E[(" ) )]
If & and &” are statistically independent, then (8.10) reduces to
$(a) = EE“)EEE) = ¢'(@)$"(a) 8.11)

So the characteristic function of a sum of statistically independent rv’s is equal
to the product of characteristic functions related respectively to individual rv’s.

(8.10)
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More generally, we may write, for n statistically independent rv’s.

¢p@=[]o@ E&=)& (8.12)
r=1 r=1

The related probability that measurement finds the sum &, = x is given by (8.4).

Thus, for example, consider the following problem involving three slot ma-
chines. The first can show the numbers 1, 3, 5, and 7, the second the numbers
1, 2, and 3, and the third the numbers 0, 8, and 9. What is the probability that
the sum of readings is 4 in any single turn of the machines? To answer this
question, we note first that the respective probability distributions for the three
machines are P'(x) = i, P'(x) = % and P"(x) = % Thus

. 1 . ) . .
(P/(a) — §x :P/(x)ezax — Z(em + e3m + eSm + e7la)
. 1 . . .
" — P// iax _ _(,ia 2ia 3ia
¢ (a) EX (x)e 3(6 + e + e

. 1 . . .
(]5”’(61) — Z P///(x)ezax — g(68111 4+ e9za + eOza)

The answer to our problem is then given by

1 1 1 1 [~
PA)=-x-Xx=-x— —
4 3 3 27 ), 18
‘We turn next to application of the notion of a summed rv to the random-walk
problem discussed previously in Section 7.4.

2% da =

1.8.4 Application to Random Walk

Each step in the random walk is considered an independent event. The rv of
the rth step, &,, maps the sample space (L, R) onto the numbers —1, 4+1. The
probability distribution of &, is

PE =+1)=P(1)=p

PE =-1) =P =q (8.13)
P #+1)=0
It follows that in any single step
Y P =p+q=1 (8.14)
Vx

Here we are assuming that the random walk is biased so that p and g need
not be equal. For an unbiased random walk, p = q = % The characteristic
function for this process is

(@)=Y P(x)e™ = qe™" + pe' (8.15)
Vx
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so that

dIn ¢,
S(a):—i( ;¢) —p—q
a a=0

(8.16)
d*In ¢,

D@r):—( — ) — 4pq
a=0

The probability that the net displacement to the right is [/ after n total steps
is written P(/, n) [as in (7.23)]. The displacement rv after n steps, &, is given
by (8.12). As &, are statistically independent rv’s, and all ¢,(a) are equal,
with (8.12) we write

d(a) = [p.(a)]" = [pe' + qe ]" (8.17)
Recalling (8.4), we write
P(,n) = 1 f i dag(a)e (8.18)
27 J_,

From the binomial expansion, we may write
ia —ian — n m —iam n—m _i(n—m)a 8.19
[pe™ +qe™] ij(m)qe e (8.19)

Inserting this result into (8.18) indicates that the integrand contains the factor
expia(n — 2m — [) so that integration gives a nonzero result only when m =
(n — 1)/2. There results

n!

[(1/2)(n + DIN(1/2)(n — D]!
The meaning of the p and q factors are as follows. The net displacement to
the right is /. Remaining steps are n — [. Of these, (n — [)/2 must be to the
right and (n — [)/2 must be to the left. The total number of steps to right is
[+ M —1)/2 = (n +1)/2). For an unbiased random walk, p = q = % In
general, (8.20) is called the binomial distribution.

Simple substitution indicates that the distribution (8.20) satisfies (7.23)
rewritten for a biased random walk:

P(l,n)=qPl+1,n—D+pPIl—-1,n+1) (7.23a)
See Problems 1.26 and 1.27.

P(l, n) p(er)/ZcI(n—l)/Z (820)

Poisson distribution

An important distribution relevant to many applications may be obtained
directly from (8.20). Let

n—+1
2

\
ll
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denote the total number of steps to the right. Then (8.20) gives

P(ln) = ————p'(1 = p)"”’ (8.21)
rl(n —r)!

We may interpret this form to give the probability that an event with probability

p occurs r times in # trials.

Let us consider the limit n — oo, p — 0, with np = A < n, constant. The
meaning of this assumption is best illustrated by viewing the given process as
one in time so that n is the total number of subintervals (say, seconds) in a total
time interval. The probability p of an event occurring in one of the subintervals
will decrease if the number of these subintervals is increased. It is evident,
however, that in this process, the average, A = np = (r), remains fixed.

With the preceding assumption, we write

In(1 —p) >~ —p
1—p= e P
Thus we obtain
(1—p)" " e PO o o7Pr — o=
Furthermore,
n!

(n—r)!

~n"

=nn—-1)...[n—@r—-1)]

Inserting these results into (8.21) gives

(+3) = e

Plr,—)=—e"=P() (8.22)
P r!

This distribution gives the probability of finding a total number of events r in

A/p trials, where p is the probability of an event.

The distribution (8.22) is called the Poisson distribution. As it stems
from (8.20), it is relevant to spontaneous events with no memory, like rain-
drops on a roof or particles emitted by a radioactive sample or electrons by a
hot cathode.

Note that (8.22) is properly normalized. That is,

Ar
_ A _
dPry=et) =1
Furthermore,
)\’r
Er)=(r) =e_}‘2r— =A

r!
-

which agrees with our previous interpretation of A. In addition, the variance,

D(r)=((r = (r)’) = A



1.8 Central-Limit Theorem 53

so that
D(r)=E&(r) = A (8.23)

in a Poisson distribution.

Small shot noise

As an elementary example of these results, consider that a hot cathode emits
electrons to a collecting plate in an elementary dc circuit. We label

(I) = average emission current

(Q) = t(I) = total charge collected by anode in time t

Thus the average number of electrons collected in time t (which we identify
with (r)) is

where e is electronic charge. If we assume electrons are emitted in a Poisson
distribution, then with (8.23) we obtain?®

81 = =) (8.24)

Under ordinary circumstances,
81 Jejt
— = / <1
(1) (1)

and &1 is not readily observable. However, with careful observation, Hull and
Williams in 19252! were able to employ (8.24) to infer the value of electronic
charge e. They found

SI)?
o= T8I | ses 109 C
(I)

which is seen to differ from present-day values,

e=1.602x 107" C

by only 1%.

Noise stemming from fluctuations in the number of particles (or charges, as in
the present case) is termed shot noise. Noise stemming from fluctuations in velocities
is called Johnson noise (see Section 3.4.4).

2'A. W. Hull and N. W. Williams, Phys. Rev. 25, 147 (1925).
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1.8.5 Large n Limit: Central-Limit Theorem

The central-limit theorem addresses a sum of #n statistically independent rv’s,
{£,}, which all have the same probability distributions, P(&,), and same ex-
pectations, £(&,), and same variances, D(§,). Furthermore, it is assumed
that D(§,) < oo for all r. The theorem addresses the asymptotic domain
n — oo relevant to the displacement rv and related characteristic function
given by (8.12). We find that

__(dmg\ _ _(din[]e
g(é") B : ( da )a() B l ( da )a()

o (ding\
== <dal0—2&”

r=1

Likewise,

B d*In¢ B d’In ¢, B
D(sn) T ( da2 )a:O T Z ( da2 )a:O B Z D(gr)

It follows that if all £(§,) are equal and all D(§,) are equal, as in the stated
assumptions above, then

E&,) =n&&) (8.25a)

where &, denotes any of the rv’s of the process. The result (8.25a) reflects the
fact that &, is a sum of # statistically independent rv’s. To understand (8.25b),
we recall that D(&,) [see (8.2b)] is a measure of the deviation from the mean
of &,, which, we expect, should also grow with n. From the definition of the
characteristic function, we write

1 (" ,
P, =)= P(,n) = 7 / dae " ¢(a) (8.26)
T Jn
With our previous result (8.7), the preceding integral becomes
1 [~ ial . 1 )
P(,n)= o dae " exp|ial(&,) — ED(S,,)a + - (8.27)
T Jn

We have found [see (8.25)] that D(,) increases with n under the stated assump-
tions. Thus, as n — 00, only the a =~ 0 values contribute to the integral (8.27).
In this event, the limits of integration in (8.27) may be replaced by (—o0, +00)
without incurring gross error in the result. Setting

il—&=u
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permits (8.27) to be rewritten

1 o0 D u\?2 u\?2
P(l,n) = - da exp -5 (a + 5) - <B>
L 2pp [2 ‘/‘OO 52 1 29
=—e" — die R — L
2 D J V2n D

where A is the dummy variable as implied. Thus we obtain the key result of
the central-limit theorem:

(8.28)

B 1 —[l — EE)P
P(,n) = 27 D] exp DG, } (8.29a)
With (8.25), this result may be written
o [l - nE@F
P(,n) = DanDE)] exp 1D ) } (8.29b)

Here we have written £ for any of the n statistically independent rv’s, {£,}.
The central-limit theorem is employed in the following to obtain the asymp-
totic displacement in the random-walk problem. It comes into play again in
Chapter 3 in a derivation of the distribution for center-of-mass momentum of
a fluid.

1.8.6  Random Walk in Large n Limit

The result (8.29) is the widely employed relation of the central-limit theorem.
It gives the probability that the rv, &, has the value [ after n steps (withn > 1)
of the given process.
In applying this result to the random-walk process, we recall (8.16)
D(§,) = 4pq
Combining these results with (8.25) and substituting into the central-limit
formula (8.29), we find

P(,n)~

1 _ _ 2
[/ —n(p Cl)]} (8.30)

[87pqn]2 = F { 8npq

For an unbiased random walk, we setp = q = % and (8.30) becomes

1 I?

The continuum limit

For large n, we may assume that the displacement / grows large compared to
the unit step interval, which we label §. In this limit, it is consistent to introduce
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a continuous displacement variable x in place of the discrete variable / so that
x = [48. Let Ax be an interval that contains many § intervals, but sufficiently
small so that P(/, n) does not change appreciably over Ax. Then the probability
that the net displacement lies in the interval (x, x + Ax) at the nth step is

P(x’n)Ax — Z P(l,l’l) = P(Z,H)%

VieAx

where the integer Ax /4 is the number of intervals in the displacement Ax and
therefore represents the number of terms in the partial sum. Substituting (8.31)
into this equation gives

1 x?
POon) = ——exp | ——— 8.32
) = S eXp( 252n) (8.32)

Associating n with the time interval of the walk, n = ¢, and setting §° = A
gives the probability distribution

Prf)=— — L x 8.33
W0 = G oane P (_E> (8.33)

The function P(x, ¢) at any instant of time is a well-known distribution. That
is, with

(8.33) becomes

1 2 2
P(x) = —ﬂe"‘ 120 (8.34)
o

which we recognize to be the Gaussian distribution. Note in particular that
P(x) as given by (8.34) maintains normalization.

/‘00 P(x)dx =1

[ee]

Furthermore,

(x*) = foo x’P(x)dx = o? (8.35)

(x)=0

so that we may associate o> with the variance of the Gaussian (and o with
standard deviation). Note that the preceding result returns the fundamental
finding (7.24), now written as

(x?) o t (8.36)

This result, as well as the Gaussian distribution (8.34), will be encountered
again in our discussion of diffusion (see Section 3.4.3).
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Stemming from the central-limit theorem, the Gaussian distribution (8.34),
as well as the Poisson distribution (8.22), is relevant to independent events
with no memory.

Asymptotic values

Let us consider application of the Gaussian (8.34) to the problem of evaluating
the probability that observation finds x in the domain |x| < xy, where x¢ is
some constant value. This probability is given by

P(x| < xo) 2/x° P()dx = 2 /Wﬁ 7y F X0 (837)
x| < xp) = x)dx = — eV dy=er :
° 0 ﬁ 0 aﬁ

where erf is written for the error function. Thus, at x, = o, we find

1
P(x| <o) =erf — >~ 0.68 (8.38)
. V2

There is >~ 70% probability of finding |x| < o.
For large z, we note (see Appendix B, Section B.2)

e 1
erfz~1— l——+--
¢ zﬁ( 272 )

Thus, in the large x, domain, we find

X0 2 em100/o) 1
P(x| >xp)=1—erf — ~,/— <1— +> (8.39)
’ o2 T Xo/O (x0/0)?
This result will come into play in Section 3.3.12 in application of the central-
limit theorem to a fluid.

1.8.7 Poisson and Gaussian Distributions

The Poisson distribution (8.22) is relevant to discrete events with r = 0, 1, 2,
... ,whereas the Gaussian (8.34) is a continuous function of x. Furthermore, the
Poisson distribution gives the main value (r) = A > 0, whereas the Gaussian
gives (x) = 0. See Fig. 1.21.

We wish to illustrate a limiting transformation in which the Poisson dis-
tribution goes to the Gaussian distribution with unit variance, 0 = 1. The
transformation is

r—Aa

VA

in the limit that A becomes large. Note that in this limit the new variable x
grows continuous. Two approximations come into play in this transformation:
The first is Stirling’s approximation for large r,

r\’
rl ~~2mr (—)
e

(8.40)

X =
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A

P(r)

»

0 X

Poisson
distribution.
The parameter
ris discrete.

Gaussian
distribution
<x>=0

FIGURE 1.21. Collapse of the Poisson to Gaussian distribution under the transfor-

mation x = (r — )»)/«/X, A — 00.
or, equivalently,

1
Inr! ~ Eln(an) +r(nr —1)

The second approximation in the expansion

x2
ln(1+x):x—?+-~-
for x < 1.
We recall the Poisson distribution (8.22).

Ae™

P(r) =

We wish to transform this distribution under (8.40):
r=xvVA+ A
Let us call the new distribution P(x) so that
P(r)dr = P(x)dx
P(x) = P(r)j—: = P(r)Va

(8.41a)

(8.41b)

(8.42)

(8.43)
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NGRS

P() =~

with r = r(x), as given by (8.42). Taking the In of (8.43) gives

1
In P(x) = (r—l— 5) Ink—A—Inr! (8.44)
With (8.42) and (8.41), we write
T S
nr = In _ e
a2
and
Inr! =Inv2m + +1 In A+ al *
rl= r+ = — = | =
2 a2
Substituting these results into (8.44) and neglecting terms of 0(x/ V) gives
e—x2/2
P(x) = (8.45)
2w

which agrees with the Gaussian (8.34) for o = 1.

1.8.8 Covariance and Autocorrelation Function

Another important function entering in probability theory is the covariance of
two rv’s written cov(&’, £”). It is defined as

cov(§', §") = El(E — EENE" — EE"N]
More concisely, we may write
cov(§', £") = (&' — (ENE" — (")
= (§'8") — (§")(&") (8.40)

Note in particular that if £’ and £” are statistically independent or uncorrelated
then

cov(&,EMN =0 (8.47)
The correlation function of two rv’s is given by the dimensionless ratio
’ " COV(S/’ %-//)
CE.8) = ——rpmr (8.48)
VD(END(E")

where D(§) is the variance (8.2b).
The random variable of a stochastic process is a function of time. Thus, for
example, in a stochastic process one writes

EEM] =(E®)

(8.49)
DIE()] =(EX(1)) — (E(1))?
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FIGURE 1.22. The coordinates for Problem 1.1.

The autocorrelation function of a stochastic process is the image of the
covariance and we write

cov[§(t1), §(1)] = (§(1)E(12)) — (E(11))(E(12)) (8.50)
If (¢(r)) = 0, we may set t, = t; + 7 and the preceding becomes

cov[§(n), ()] = (E(tE(H + 1)) = (E(1E(F + 1)) (8.51)

In the limit of no correlation between the distinct stochastic processes,

(E@EE + 1)) = (@) + 1)) (8.52)

which vanishes by previous assumption.

The autocorrelation function is returned to in Section 3.4.4 concerning
analysis of transport coefficients and in Section 4.2.5 in derivation of the
Balescu-Lenard equation. In the quantum domain it may be reformulated in
terms of the Green’s function. See Problem 5.42.

Problems

1.1. A weightless rigid rod with a frictionless movable bead on it is constrained to
rotate in a fixed plane with one end fixed. The plane of rotation is parallel to
the gravity field. The bead has mass m.

(a) Choose a set of generalized coordinates and write down the Lagrangian
for the system.
(b) What are Lagrange’s equations for this system?

Answer

(a) Generalized coordinates are r, 6 (see Fig. 1.22).
(b) The r-equation
oL

— = mi®* — mgcosH
or

d (dL\ d
() = i)
dt (8r> dt
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This equation gives
d . -
—(mr) = mr6~ —mg cos6

dt

The first term on the right side represents centripetal force, whereas the
second term is the gravity force.
The 6 equation:

aL ) oL 0
— = mgrsiné, — =mr-0
a0 a6
d (mr?0) o
—(mr<0) = mgr sin
dt &
That is, the rate of change of angular momentum is equal to the applied

torque.

1.2. (a) What is the Hamiltonian for a free particle expressed in spherical
coordinates?
(b) What are the constant momenta of the particle in this representation?
(¢) What are the constant momenta in Cartesian coordinates?

Answer

(a) The Hamiltonian is given by

O A Ps
= —
2m  2mr?  2mr?sin’@
which may be rewritten
_p L
T 2m 2mr?

where L denotes the total angular momentum of the particle.
(b) Since ¢ is a cyclic coordinate, p, is constant. With

_0H
apy
we find
ps = mripsin® § = constant
Two remaining constant are H and L.
(¢) In Cartesian coordinates
it pi+ P
N 2m

H

Since x, y, z are cyclic,
p = constant

which again comprises three independent constants.
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1.3.

1.4.

1.5.

1.6.

1.7.

1. The Liouville Equation

Show that the Lorentz force law (1.18) follows from the electrodynamic
Hamiltonian (1.16).

An inductively coupled double-circuit network has the Lagrangian

1 ¢ Lo 2 & .
L= EZ [L,-Il. TR V,-(t)I,-:| +22Mﬂ,1j1k

i=1 i j#k

In this expression, [ is current, V is voltage, L is inductance, C is capacitance,
and M j; is mutual inductance.

(a) What are Lagrange’s equations for this system?
(b) What is the Hamiltonian for this system?

Establish (a) Jacobi’s identity (1.26¢), and (b) the relation (1.26g).
Answer (partial)

(b) Let B(A) have the Taylor-series expansion
B(A)=) b,A"
Vn

Then (1.26g) appears as
> bIA A=) bAlA, A"
— anAZ[A, A = ...
= b,A"V[A, A] =0
Here we have used the expansion (1.26d).
Show that [g, p] is a canonical invariant.

Answer

dg dp  dp dq
lg.pl=—F————=1
dg dp  dq dp
In the primed frame, we have
dqg dp  9p dq :J<pq):1
dq’ dp’  dq’ ap’ q'p

which proves the statement.

lq, p]q/p, =

Consider a collection of N mass points each of mass m. Let radii vectors to
these points be written r;. Then the radius to the center of mass is given by

DMt D MmiX;
R = =
Zi m; M

The summation runs over all N particles. Let

r=r,—R
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Problems

FIGURE 1.23. Coordinates relative to the center of mass.
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designate the particle radius vector relative to the center of mass. See Fig. 1.23.
Show that the kinetic energy of the system may be written

2T = MR* + ) mii?

1.8. A rigid weightless wheel of radius a carries a dumbbell of radius 2a. The
dumbbell rotates with its end points constrained to move on the rim of the
wheel. The arm of the dumbbell is weightless, but its end points each have
mass m. The system moves in three-space.

(a) How many degrees of freedom does this system have?
(b) Choose generalized coordinates for this system that include the coordi-
nates of the center of mass, X, Y, Z.
(c) The system moves free of gravity. What is the Lagrangian of this system
in the coordinates you have chosen? Hint: See Problem 1.7.
(d) Which momenta are conserved for this system in the coordinate frame

you have chosen?

1.9. (a) With the notation of Problem 1.7, show that the total angular momentum
of a system of N particles may be written

In this expression

N
J:RxP—{—Zr;xpf

i=l1

P = MR

is the total linear momentum of the system, and

/ ./
p; = mr;

P9.1)

is the linear momentum of the ith particle relative to the center of mass.
(b) For a finite rigid body with number density n(r), show that (P9.1) may

be written

J=L+S8
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where L = R x P and
S = /dr/n(r’)r’ x p'(r)
1.10. Show that the Poisson bracket relation

[P, ql=—1

is invariant under the transformation generated by

G,(q,p') =gsinp’

Answer
We find
sy q
p =sin p’, q=
cos p’
Thus

49 7
[p,q] — [smp, ]
cos p

.9 (4 9 q d o
= sin p - (sinp’) = —1
aq’ ap’ \ cos p’ dq’ \cosp' /) dp’

1.11. Is the transformation generated by

Gx(q. p) = Aln[f(@)h(p")]

canonical? The parameter A is constant and f and h are arbitrary but
continuous functions.

1.12. Show that the transformation

1
q’:ln(sinp), p =qcotp
q

is canonical.
1.13. Use the generating function

1.14. (a) Show that the equality
pxdx + pydy + p.dz = p,dr + pedf + pyde

follows from the transformation equations from Cartesian to spherical
coordinates.
(b) Argue that this transformation is canonical.
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1.18.

1.19.

1.20.

1.21.

1.22.

Problems 65

Show that if A is a Hermitian operator, then:

(a) Eigenvalues of A are real.
(b) Eigenfunctions of A are orthogonal.
(¢) What additional assumption comes into play in your answer to (b)?

Show that if

>
Il
=~

is Hermitian then:

(a) Eigenvalues of L are purely imaginary.
(b) Eigenstates of L are orthogonal.

(c) A and L have common ei genstates.
(d) What type of operator is L?

Assuming that v, as given by (5.12) satisfies periodic boundary conditions,

show that wave vectors have the values
2
ks == Tnx

where the components of n, are integers and L* is the volume of cubical
confinement.

Let a surface be generated by rotating a curve that passes through the points
(x1, y1); (x2, y,) about the y axis. Show that the curve that makes the surface
area a minimum is y = a cosh™'(x.a) + b.

If u and v are two dynamical functions that are both constants of the motion
for a given system, show that [u, v] is also a constant of the motion.

Show that the Poisson brackets of two Cartesian components of the angular
momentum L of a particle about a specified origin obey the relation

[Li» L j] = Lk
where (i, j, k) are the variables (x, y, z) in cyclic order.

Constants of the motion for a free particle moving in one dimension are

&1 =P
pt
= ——X
m

Show that
08>
— L,H]I =0
» + (g2, H]

This problem addresses generalized potentials, which come into play for cer-
tain nonconservative systems. Consider that the force F; in the direction of
the generalized coordinate ¢, may be written

U d U
Fo=—rt+——
dg,  dt g
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1.23.

1. The Liouville Equation

where U is the generalized potential. If this condition is satisfied, then the
dynamics of the system is still given in terms of Lagrange’s or Hamilton’s
equations with

L=T-U
AL
ST

HZZPiQi—L

Consider a particle of mass m and charge e that moves in an electromagnetic
field. The force on the particle is given by (cgs)

F=e|:8+i(v><B)i|

where c is the speed of light. Working with the potentials A and ® given by

1 0A
E=-Vd— ——
c Jt
B=VxA
10
V-A—}—fﬁ =0 (Lorentz gauge)
c

(a) Show that the generalized potential for the charged particle is

1
U:e(CD—V-A)
c

(b) Show that the canonical momentum of the particle is
e
p=mv+-A
c

(¢) Show that the Hamiltonian for the particle is given by(1.16).

(d) Show that the preceding defining equations for A and ® remain invariant
under the transformation ® — & = ® — 9y /cdt; A > A’ + V.

(e) What equations of motion for A and ®, respectively, do Maxwell’s
equations give?

Three identical particles move in one dimension and are confined to the interval
(0, L). At a given instant of time, the joint-probability distribution for this
system is known to be

f3(1,2,3) = [exp —a(p; + p5 + p3)]
X [sin bx; sin bx, sin bx; cos c(x;x, + X,X3 + x1X3)]
where a, b, and ¢ are constants.

(a) Is this distribution symmetric under exchange of particles?

(b) What is the value of the constant b

(¢) What is the pair distribution function F,(x, x”) for this system?

(d) What is the conditional distribution function F,(x, x”) for this system?
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In your answer to (c) and (d), integral expressions will suffice.

A collection of four identical particles moving in one dimension are known
to be in the following state at a given time ¢ > 0. One particle is moving with
velocity v and another with vJ. Both these particles were at the origin x = 0
at7 = 0. The remaining two particles are stationary at x? and x, respectively.

(a) Write down a determinantal joint-probability distribution that describes
this state.
(b) Obtain an expression for fi(x, v) from your answer to (a).

A student argues the following: It has been stated that the relation

> pdg =Y pdq

establishes the transformation (g, p) — (¢’, p’) to be canonical. He argues
that this is in violation of the criterion (2.11). Punch a hole in the student’s
argument.

Answer

Assuming that the given transformation stems from G,(q, ¢’) leads to incon-
sistencies. For with ¢, ¢’ as independent variables, the transformation gives
p = p’ = 0 On the other hand, G,(g, p") may be shown to be consistent with
the given transformation. Consider, for example (for one degree of freedom),

Ga(q, p") = p'f(q)
The given relation becomes
’ i /df i
pdq —p'dq ZPd*dC]—P df =0
q
which is seen to be consistent.

Show that the probability distribution (8.20), relevant to the random walk,
satisfies (7.23a).

Show that the difference equation (7.23) gives the diffusion equation®
dP(x,1t) 92
—— =D—P(x,t P27.1
a1 Ix2 (x, 7) ( )

where time ¢ and displacement x are related to the integers n and / through
the interval constants §, and J, as

and

62
D = lim I:Yi|
8.8c—0 | 26,

2Suggested by G. K. Schenter.
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1.28.

1.29.

1.30.

1. The Liouville Equation

is assumed to be a finite parameter.
Answer

Rewrite (7.23) as

Pl,n)—PU,n—1)==[PU+1,n—1)—2P(U,n—1)+P(—1,n—1)]

(P27.2)

1
2
Now note that
AP(n)= P(n)— Pn—1)
A[AP() = A[P(I+1)— P()]
=PI+1)-2PO)+PI-1)
Thus, with An = Al = 1, (P27.2) becomes
AP 1 A(AP/AD
An 2 (A2
or, equivalently,
AP 8 AP
At 2 Ax?
which, in the said limit, gives the diffusion equation (P27.1). Note in particular
that, with correspondence between the difference equation (7.23) and the

diffusion equation (P27.1) established, we may conclude that the diffusion
equation describes a Markov process.

t

(a) What is the equation of motion in I" space for the ensemble density func-
tion D that corresponds to the fact that system points are neither created
nor destroyed?

(b) How does this equation differ from the Liouville equation?

This problem concerns the integral invariants of Poincaré.

(a) Consider a dynamical system with N degrees of freedom. Prove Liou-
ville’s theorem for the subsystem comprised of s < N particles. That is

show that
J(mp)zl
q, P
where (g, p) — (¢’, p) is a canonical transformation for the s-particle
subsystem.
(b) What is the geometrical significance of this statement in I"-space?
(c) If we attempt a derivation of Liouville’e equation for the subsystem fol-

lowing the first derivation given in the text, where does the argument
collapse?

Consider an N-body system whose Hamiltonian is given by

N
H=Hy+ Y Mx; —ap;)’

i=1
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The function H, is given by (4.24) and A and a are constants.

(a) What are Hamilton’s equations for this system?
(b) Is the Liouville operator (4.20a) Hermitian for this Hamiltonian?

(a) Construct a generating function G,(¢", p'") that gives the transformation
@ =aq,  q,=q
’ 1 ’
py=—rl, Py = Pn
o

where 2 <n < N.
(b) Show explicitly that the Jacobian of this transformation is unity.
Show that the Hamiltonian of an N-particle isolated system with conservative
forces may be identified with the energy of the system. Hint: To establish this
result, recall Euler’s theorem which states that, if F(x,, x,, ..., xy)is a linear
combination of products of x; variables with the sum of exponents of each
product equal to n, then

(o5

F
=nF
Xi

o5

N
D
i=1

and employ the Hamiltonian-Lagrangian relation.
Show that the Gaussian distribution in three dimensions

n(r,t) = L exp (_,»2)
(4w D)2 4Dt
has the following properties:
(@ [n(r,t)dr =N,
(b) (8 — DVZ) n(r,t) =0

ot
(¢) n(r,0) = Nys(r)

If p(n) is adiscrete probability density for the rv &, and ¢(a) is its characteristic
function, then show that
(@) ¢(0)=1 a6 g
n

b) £&)=—i|— =—i
( ) (é) l <da)a—0 l ( d(l )a—O
(© [p@) =1 A

(In¢)
d) DE)=—
d) D) [ 1a2 lo

Consider the Poisson distribution for the random variable r,
Ae ™
r!

P(r)=

(a) Construct the characteristic function for this distribution as a sum over r.
(b) Use your answer to obtain £(r) and D(r). (Compare your findings with
values given in the text.)
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Answer (partial)
(@) Ing(a) = —A(l —€')

The faces of a six-sided cubical die are numbered 1 to 6, and the faces of
a four-sided tetrahedral die are numbered 1 to 4. Consider the numbers that
appear on the bottom faces of the dice in a random throw.

(a) What are the respective characteristic functions ¢’'(a) and ¢”(a) corre-
sponding to throws of the individual dice?

(b) What is the probability that the sum of numbers on the bottom faces adds
to 8 in a throw of the dice?

Do the canonical transformations on a system comprise a group? Explain you
answer.

Show that the discrete random-walk probability P(l, n) given by (8.20) goes
over to the asymptotic form (8.30) for large n.

This problem addresses classical field dynamics and the Sine—Gordon equa-
tion. Consider a field ¢(x, ¢) with time and space derivatives denoted by ¢,
and ¢,, respectively, which has the Lagrangian

1
L = / |:2(¢f —ki¢?) — ky cos¢] dx
The field coordinate and its conjugate momentum are (¢, IT), where
SL
Mx,t) = —
¢
Variation on the right denotes functional differentiation.
(a) What is the form of IT for the given Lagrangian?
(b) What is the Hamiltonian for this field?
(¢) Write down Hamilton’s equations for a field (in functional form).

(d) From the relations found in part (c) obtain an equation of motion for the
field ¢p(x, 1).

Answer
1 2 ’ 1 2 ’
Y [(¢1 + 8¢[) — Bldx" — — [((f)t — Bldx
SL 2 2
(@ Hx,n=_—=
o 5S¢,
where B represents constant terms in the variation. There results

M(x, 1) = f(,‘b,(x') [iﬁs((i))] Ay’

= /¢,(X’)3(x —x)dx' = ¢(x,1)

Thus
M(x, 1) = ¢(x, 1)



Problems 71

(b) H =/n¢,dx—L
1

H= / [2(1'12 +k1¢f)+kzcos¢] dx
SH
v
5H _
S
(d) We must evaluate

H($ +8¢) — H($)
- f [;mz +ki(p + 8¢)}) + ks cos(¢ + 5¢>] dx

(o) Lo

t

1 2 2
_/[2(1'[ +kl¢x)+k2cos¢:| dx

= /(kl¢xx + k2 sin ¢)8¢ dx

There results
SH
3¢
Combining this finding with preceding results gives

¢tt - kl¢.\'x - k2 Sin¢ = 0

which is the celebrated Sine—Gordon (nonlinear partial differential) equa-
tion. Note:* The classical field ¢(x, t) may be viewed as appropriate to
a system with an infinite number of degrees of freedom. Thus, for exam-
ple, the Lagrangian given in the statement of this problem is related to
an infinite set of freely rotating pendula coupled to each other by springs
with force constant k;. The function ¢(x, t) is related to the angle of a
pendulum at x, ¢.

= _(kl¢xx + k2 sin ¢)

1.40. Chebyshev’s inequality states that, for an arbitrary probability distribution
with £(x) = x and D(x) = o2,

Px — x| > Ao) < =

Show that this inequality is valid for a Gaussian distribution.

1.41. A system with N degrees of freedom has coordinates {x;} and momenta
{pi},i = 1,..., N. Consider that {x;} is written as a column vector x. A

BFor further discussion, see P. G. Drazin, Solitons, Cambridge University Press,
New York (1983). The phase “Sine—Gordon” was coined as a pun on the Klein—
Gordon equation of relativistic quantum mechanics.
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transformation to new coordinates X is given by
X = MX
where the elements of the N x N matrix, A:/I , are constants.
(a) If we write
p=0p
what is the relation between é and 1\:4 that ensures that the transformation
is canonical? .
(b) Under what conditions will the transformation be canonical if Q = M?
Answer
(a) For a canonical transformation, in matrix notation, we write
x'dp =x'dp
whvere, in general, ZT is written for the Hermitian adjoint of jﬁ [Recall,

(A)y; = A7,.] Inserting the given transformations into the preceding
equation gives

(Mx)' d(Qp) = x' dp
x'M Qdp=x'dp

which implies that

o=

~il

or, equivalently,

= -1

0 =M
(b) If é —M , the preceding condition becomes
MM =1
That is, M must be unitary.
1.42. If fy(1,2,..., N)is translationally invariant,
v +a,pixe+a,po.. Xy +a, py) = fy(Xi, PiiXe, Pas - Xy, Py)
and rotationally invariant,
(X, P13 Xo, Pas--) = fv(Xy+ € XX, pi;Xo +€ X Xp, P2y - 2)
where € is infinitesimal, then show that

(@) fikxi, p1) = gpy)

and
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(b) fo(X1, P1: X2, P2) = (X1 — Xa|, P1, P2)
The functions g and & are arbitrary.

Answer

Consider an arbitrary transformation from variables (x, p) to variables (X, p)
such that (as in this problem)

SV, XN P e PY) = XL XN P s P)

Suppose further that the Jacobian of the transformation is unity, as in this
problem (show this). Then we have the following (for s < N);

fs(l,...,s):/d(s—l—l)...a’NfN(l,...,N)
:/d(s+1)...deN(i,...,N)

:/d(s+10...deN(i,...,N):fS(I,...,i)

Thus the translational and rotational invariance of fy is obeyed by reduced
distributions as well, and we may write

fix, p1) = fitxi +a,py)

which implies that

o _,
0X;
Thus
Sixe, p1) = g(p1)
which is property (a).

To establish (b), first we write

F(Xi, X0, p1, P2) = h(X; + X3, X5 — X5, P1, P2)

Translational invariance of f, then implies, with y = x; + Xx,, that

h(y, X — Xa, 1, P2) = h(y + 2a, X; — X2, P1, P2)
Thus
oh
— =0
ay
and the preceding becomes, with w = x; — X,
fo(X1, X2, p1, P2) = (W, Py, P2)

Let R denote the infinitesimal rotation

~

X—>X =Rx=Xx+exX
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Then rotational invariance of f, gives

h(W, py, P2) = h(RW, pi, p»)

Thus % is independent of the direction of w, whence it can only depend on
|w|, and we conclude

Fr(X1, X2, Pi, P2) = A(IX; — X3 [Py, P2)
which is property (b).
Show that for nonvelocity-dependent potentials, canonical momenta are de-
pendent only on the kinetic energy of the system at hand. Thus, in general,
canonical momentum may be considered a kinematic variable. (An exam-
ple where this property does not hold is the case of a charged particle in an

electromagnetic environment, for which the related “generalized potential” is
velocity dependent. See Problem 1.22).

A particle of mass m moves on a two-dimensional plane surface.

(a) Transforming from Cartesian to polar coordinates, obtain expressions
for new momenta (p,, py) employing the generating function G, given
beneath (2.15). State explicitly for p, and p, directly from the Lagrangian,
L, written in polar coordinates. State explicitly what the arguments of G,
are for this problem.

(b) Obtain expressions for p, and p, directly from the Lagrangian, L, written
in polar coordinates. State explicitly what the arguments of L are.

(¢) Do your answers to the preceding change if the particle moves in a
potential field? Explain.

A pendulum consists of a weightless rod of length a and a mass m at one end.
The other end is fixed and the pendulum moves in a fixed plane whose normal
is normal to the gravity field.

(a) Write down the Hamiltonian of the pendulum in polar coordinates (6, py)
(with & = 0 corresponding to the direction of gravity).

(b) Solve for the motion 6(¢) in quadrature.

(¢) Sketch the orbits of the pendulum in (6, py) phase space. Show that orbits
divide into sets: closed (vibration) curves and open (rotation) curves. The
orbit that separates these classes of curves is called the separatrix.

(d) Show that the separatrix [in & = (—m, +)] includes one fixed point
(ps = 0). Such orbits are called homoclynic as opposed to heteroclynic
orbits, which include more than one fixed point.

(e) Show that for motion on the separatrix it takes infinite time to reach the
fixed point.

Given that dL(q, g, t)/dt = 0, show that the null variation of

15) B
/ Ldt and / f(L)dt
1 1
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give the same Lagrange’s equations, where f(L) is any continuous function
of L.

(a) Suppose M is an arbitrary square matrix. If there exists a matrix C such

that

A=C"'MC

is diagonal, describe the matrices C and A.

(b) If A, B are two square matrices and A is nonsingular, then show that
exp ABA™' = A(exp B)A™!
(c) Consider the N-dimensional dynamical equation
v=Mv

where M is a time-dependent N x N matrix, a dot represents time differ-
entiation, and v is an N-dimensional column vector. Write the solution
of this equation in terms of (exp At) and v(0).

(d) If M is Hermitian, how is your answer to (c) simplified?

Answers (in part)

(a) The matrix C is comprised of columns that are eigenvectors of M, whereas
Ais comprised of the eigenvalues of M.
(©) v() = e’MV(O)
From (a), M = C AC" so that
v(t) = [exp t(CACH]v(0)
= [exp(CtAC™H)]V(0)

with (b) we may then write
v(t) = Ce'*C'v(0)

(d) The preceding form involves C-!, which may not be trivial to calculate.
However, if M is Hermitian, then A is real and C is unitary. In this event,
if C is known, so is C~! = C7.

The initial value of an ensemble density is given on the spherical surface in
[-space, Y p? + > q? = a*, tobe

Dy(q,0) =) g} expl—)_ p}l

System points of the ensemble are comprised of N independent harmonic
oscillators with potential V = ¢?/2 and unit mass. What is the solution
D(q, p,t) to the Liouville equation?

A canonical set of coordinates and momenta obey the fundamental Pois-
son bracket relations (1.12). Expressions for the Poisson brackets of the
components of angular momentum are given in Problem 1.20.

(a) Are the components of angular momentum valid canonical momenta?
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(b) The energy of a rigid molecule, free to rotate about its center of mass, is
given by
L2+ L L?
E=—">4+ %
21, 214
where moments of inertia, (1;, I,, I5) are evaluated in principal axis with
I, + I, and the origin at the center of mass. Is the preceding expression a
valid Hamiltonian form?

(¢) Write down the proper Hamiltonian for this molecule. Hint: Evaluate
[L,, L7].

Answers (partial)

(b) As L,, L,, L, are not canonical momenta, the given form is not a valid

Hamiltonian.
(¢) The appropriate Hamiltonian is given by
L2 _ LZ LZ
H — Z Z

21, 2L



CHAPTER 2

Analyses of the
Liouville Equation

Introduction

This chapter begins with a derivation of the sequence of equations called the
BBKGY equations (also called the hierarchy). These are equations for the
reduced distributions encountered in Section 1.6.3 and play a key role in the
kinetic theory of gases and fluids. The first two equations of this sequence are
employed in the derivation of the conservation of energy of a gas of interacting
particles. This description serves as a good example of basic techniques used in
kinetic-theory problems. A nondimensionalization procedure is introduced in
Section 2.2, which leads to the notions of strongly and weakly coupled fluids.
Correlation functions are defined through the Mayer—Mayer expansion, and
the Vlasov kinetic equation is found to result in the limit of weak coupling and
long-range interaction. This equation leads to the notion of a self-consistent
solution. The section concludes with a brief account of spatial correlation
functions important to the theory of the equilibrium structure of fluids. These
are the radial distribution and total correlations functions.

In the following two sections, techniques are described that attempt to de-
velop solutions to the hierarchy through perturbation-expansion techniques.
A diagrammatic representation of integrals occurs in the Prigogine technique.
Summing diagrams corresponding to the rare-gas limit gives the Boltzmann
equation. Diagrams relevant to a plasma are also discussed.

Temporal intervals are introduced in the Bogoliubov analysis, relevant to
the equilibrium of a fluid. Expanding in powers of inverse specific volume and
keeping leading terms again give rise to the Boltzmann equation.

The chapter continues with a description of the Klimontovich picture of
kinetic theory. This formalism involves phase densities that are delta-function
expressions of the state of the system. Moments of these phase densities are
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found to be related to multiparticle distribution functions. The discussion
concludes with rederivation of the first equation in the hierarchy.

In the concluding section of the chapter, Grad’s derivation of the Boltzmann
equation from the Liouville equation is presented. It is concluded that all three
techniques are given by Prigogine, Bogoliubov, and Grad contain procedures
for obtaining higher-order corrections to the Boltzmann equation appropriate
to denser fluids.

In Chapter 3 the very important Boltzmann equation is rederived more
directly and studied in detail.

2.1 BBKGY Hierarchy

The reduced joint-probability distributions fi(1,...,s), s < N, were intro-
duced in Section 1.6.3. It was noted that f; and f, determine the kinetic and
potential energy of an aggregate of particles. In Chapter 3 the extreme rele-
vance of these first two distributions to all fluid dynamics will be discussed.
Thus it is important to obtain equations of motion for these distributions. With
the definition of f;, as given by (1.6.10), we see that an equation of motion
for f; is obtained by integrating the Liouville equation over the phase volume
d(s + 1)...dN. Prior to so proceeding, we introduce a few key operators
important to obtaining the desired equations.

2.1.1 Liowville, Kinetic Energy, and Remainder Operators

First we rewrite the Liouville equation (1.6.6)

a
ﬁ—|-[fN,H]:0 (1.1)
at
in terms of a slightly modified Liouville operator
a "
%—Lm =0 (1.2)

Comparison of Ly so defined with A given by (1.4.23) indicates that il N =
A. With Problem 1.16, we find that Ly has purely imaginary eigenvalues
corresponding to oscillatory solutions of (1.2). [Recall (1.5.7))].

With (1.1) and (1.2), we find

Ly=H, 1 (1.3)
which for an aggregate of N particles gives

N

o dH 0 oH 0

Iv=Y (= -7 — 1.4
N = (axl Bxl) ( )
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Again, the Hamiltonian, H, is given by (1.4.27):

N 2 N
p,
H = — b, 1.5
= 2m +2i:<j2: ! (1)
where
P, = ®(x; —x;) (1.5a)

is the two-particle interaction potential. We obtain

m'axl ZZZ@X[ g E (1.6)

=1 i<j

~
=

Consider the operator

N 0 a
Oij = Z[: 8—XZ‘1>,']‘ - —

op
Terms in the sum are nonzero only when/ =i or/ = j. Thus
R bl a 0 a
Oij= - ®ij- o —+ - — i - -—
8X,‘ 8pl 8Xj 8p]
With the equality
a a
= Pij=——%;
8X,‘ an
we obtain
R d a
0;; = —G;j - (— — —) (1.7)
dpi  9p;
Here we have written
d

for the force on the ith particle due to the jth particle. With (1.7), (1.6) may
be written

e RRrIEe o

=1 i<j

or, equivalently,

ZK1+ZZO,] (1.9)

i<j

where K, the kinetic energy operator, is as implied. As we are interested in
an equation for f;, we partition Ly as follows:

Ly =1L+ Ly (1.10)
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A
N
N N
. z z :
7=/, /:sv1 j=s+1 OI/
. e {i<j)
/
s+1
s
s N
z
i=1 g=sel 7
O, terms in L
s s+ N /o

FIGURE 2.1. Enumeration of terms in the remainder operator R Nostl-

where, the s-particle Liouville operator, Ly, is given by
N N
Ls:—ZKl—l—ZZOU (1.11)
=1 i<j
The remainder operator, L N.s+1, 18 given by
A N A A
Lysii==)_ Ki+ Ry (1.12)
I=s+1
To delineate the @i ; terms in R ~.s+1, we refer to Fig. 2.1. Thus we find
. s N . N N R
Ren=2_2 05+ > 0 (1.13)
i=1 j=s+1 i=s+1 j=s+1
i<y
2.1.2  Reduction of the Liouville Equation

With these operators at hand, we are prepared to carry out the integration of
(1.2) as described above. Specifically with (1.10) and (1.12) substituted into
the Liouville equation (1.2), integration gives

(3 — Ay) fs = /d(s + 1)---dNZ/N.s+lfn

ot
N ~ A
:/d(s—|— 1)...dN <— Z K1+RN,s+1> Sy (1.14)

I=s+1
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Inserting (1.13) gives

RHS(1.14) = /d(s +1)...dN

'<_z=:lm'8xl IPIIDS Z%)fN

i=1 j=s+1 i=s+1 j=s+1

The first and third terms in this expression contribute only surface terms and
vanish. Thus we obtain

9 s .
<§—L>f3:/d(s+1)...dNZZ Oi; fn (1.15)

i=1 j=s+1

Inserting the representation (1.7) for [} ; gives

RHS(].IS):—/d(S-i-]) dNZ Z Gij - <8p f,.)fN
l J

i=1 j=s+1

As the p; derivatives run over j > s+ 1, they too are surface terms and vanish.
We are left with

a . K a N
(5—@) fS:—;a—m./d(Hl)...dN > Gyfy  (116)

Jj=s+1

This is a key equation in the present development for the following reasons.
First, we note that up to this point the mass of particles in our aggregate, written
m, many have been written with an index, such as m; in the expression for the
Hamiltonian (1.5). That is, in obtaining (1.16) it was not necessary to assume
that particles are of equal mass. Second, it is apparent from (1.16) that the
dynamics of the fluid partitions so that the interaction of the subgroup of s
particles, described by f;(1, ..., s), with the remaining particles in the fluid is
given by the right side of (1.16).

2.1.3  Further Symmetry Reductions

To further reduce (1.16), it is necessary to assume that the constituent particles
in the fluid are identical and that fi(1, 2, ..., s) is symmetric under interchange
of particle phase numbers. Thus, for example, in f;(1, 3, 2), particle 2 is in state
3 and particle 3 is in state 2. With the preceding assumptions, we may write

f(1,2,3) = f3(1,3,2) (1.17)

To examine the equivalence of the integrals under the j sumin (1.16), we must
show, for example, that

/d2d3...G12fN(1,2,3,...):/d2d3...G13fN(1,2,3,...)
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or, equivalently, that

/d2d3G12f3(1,2, 3):/d2d3G13f3(1,2, 3) (1.18)

Integrating the left side over d3 and the right side over d2 gives

/d2G12f2(1,2) = /d3G13f2(1’3)

Changing the dummy variable from 3 to 2 in the right integral establishes
the equality. This result may also be argued geometrically, as demonstrated in
Fig. 2.2. Thus, in (1.16) each term in the (N — 1)j summation gives identical
terms and we obtain

N 3
—— L) fi+ (N — — | Gig d 1)...dN =0 (1.19
(3 ) 5o DI [ G fudis +1) (1.19)
Here we have set j in G; ; equal to s 41 to facilitate further reduction. Thus, for
example, with this choice, integration of (1.19) over the volume d(s+2)...dN
leaves f;, in the integrand and we obtain

d A |
(E — Ls) fs +(N — S); apr / Gist1fs1d(s +1) =0](1.20)

1<s<N

The coupled N equations given by (1.20) are called the BBKGY equations.
This abbreviation is written for N. N. Bogoliubov, M. Born, G. Kirkwood, H.
S. Green, and J. Yvon. These equations are also called the hierarchy. We will
use the shorthand notation BY to denote the sth equation in the hierarchy.

We first note three basic properties of these equations:

1. They are a coupled sequence of N equations, the Nth of which is the
Liouville equation for fy.
2. Writing
Dfs  dfy -

= L.f. 1.21
Dt ot f ( )

relevant to a subgroup of s < N particles, with (1.20) we note that

Df;
Dt 70

This indicate~s that f;(1,2,...,s) is not constant along the subsystem
trajectory in I'-space. The term D f;/ Dt does not vanish due to interaction
of the s subgroup of particles with the remaining aggregate. As noted
previously, this interaction is represented by the sum of integrals in (1.20).
3. The third property is of special significance to the present work. It concerns
the first equation in the sequence (1.20), BY . This equation is the generic
form for all kinetic equations. A kinetic equation is a closed equation of
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A $
3? 2?
10« —~————— ? 10e¢——————~ ’
(8) Gif4(1, 2, 3) g ‘ {b)G1afs(1, 3, 2) g

FIGURE 2.2. Graphical representation of force terms in (1.16). Arrows represent
momenta; dashed arrows, interaction; and circles, position. Integrating over the phase
variables of 2 and 3 gives equal results.

motion for fi(X, p, t). The manner in which this occurs is as follows. Let
us rewrite BY| as

0 o
WP DA pa,2) (122)
dt m 8X]
where A is the operator implied by (1.20) with s = 1. A kinetic equation
results if we are able to effect the transformation

ALf(1,2) = T(f) (1.23)

where J, typically called collision integral, maps functions onto functions.
The simplest way to effect this mapping is merely to write f>(1,2) as
some functional of fi(1). Thus, for example in the Vlasov approximation
to be considered below, we set f>(1,2) = f1(1)f1(2). In the Bogoliubov
ansatz (Section 2.4), we assume that f,(1, 2) may be written in the general
functional form f(1,2) = f>[1, 2, fi]. Both these assumptions serve to
close BY and produce kinetic equations. The first assumption leads to the
Vlasov equation and the second leads to the Boltzmann equation.

2.1.4 Conservation of Energy from BY, and BY,
We turn now to the explicit form of BY; and BY;:

9 3
BY, : £+&-i+(N—1)— [Gufz(l,Z)dZZO (1.24)
81‘ m aXl
by, 01 0, - P Y,
2% ” P %, | 2 ap: _ 9p2 2

+(N—2){aipl~[G13f3d3+8%2-/G23f3d3} =0 (1.25)
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We wish to apply these equations to establish conservation of energy for an
isolated collection of N interacting particles.

Equations (1.6.16) relate kinetic energy density Ex and potential energy
density Eg, respectively,to the single and pair distributions F; and F, [see
(1.6.14)]. In the present discussion it is more convenient to work with velocities
in place of momenta. Thus we write (for a fluid whose mean macroscopic
velocity is zero)

1
Ex(x,1) = E/mszl dv (1.26)

1
Es(x, 1) = E/‘I’(X, X)VF, dvdv dx (1.27)

To obtain BY| for F}, we multiply (1.24) by N and remove particle labels.
To obtain BY, for F>, we multiply (1.25) by N(N — 1) and again remove
labels. There results

0F; 0 1 0 0
ot T 0x : m ov /(8){ > 2axav ( )

dF, 9 5 ) 9
__ < L . — | F — X4+ —-Y=0 1.2
ot +(V ox TV ax'> 2ty Aty (1.29)

where X and Y are implied interaction terms (which contain F3). To find the
equation for Ex, we we operate (1.28)with [ dv(mv?/2). There results

0 0 1 1 0 0
—EK+_'/—mU2VF] dv——/dvv2—~/ —® | F,dx'dv’
ot ox 2 2 av 0x

Now note that

1,0 d 2
2 =2 (%6)-Gv
2 0v av 2
Inserting this relation in the preceding equation and dropping the surface terms
gives
bt / L v dv+/dvdv’dx/v i) oy (1.30)
— — | —mv | — = .
o Tox ) 2 : ox )’
Operating on BY; as giving by (1.29) with
1
E/dx/dvdv’tﬁ(x, X))
and dropping the X and Y surface terms, we find
0Es 1 .y , 0 , 0
— 4+ = dvdvdxX®x,xX)|(v-—+V - — | F, =0 (1.31)
ot 2 X

ox’
Now note that
0 0

0
b—F =—(PF)—F—® (1.32a)
0x ox ox
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0 ad a
P —F=—(PFR)-F{L—® (1.32b)
ax’/ ax’ ax’
When the first of these relations is substituted into (1.31), the d(® F;)/9x term
remains, as X is not integrated. However, the corresponding term in (1.32b)

yields a surface term, and we obtain

0 19 .
EEQ—FE&_X '/dVdV dXVq)Fg
1 / / 8 / 8
——/dvdvdsz V:-—P+V.—®| =0 (1.33)
2 ox ox’

Equations (1.31) and (1.33) have the form

IE 3
azk +V.Qg +/dx/dv’dvF2v¢>F2v 2 =0 (134
X
IE 1 3 3
—‘I)—|—V-Qq>——/dx/dv/dvF2 V.—®+V.-—®) =0 (1.34b)
ot 2 0x 0x

where the flow vectors Qg and Qg are as implied. We label the total energies

EK(I):/EK(X, 1) dx
i (1.35)
E@(I):/E@(X, t)dx

Thus, operating on (1.34a,b) with | dx and adding the resulting equations
gives
d(EJrE)—l/dd/dd’F aq>+,a<1>
dr X ) XXVVZV&XVE)X’
(1.36)

, , oP
— /a’xdx dvdv F,v .- —
ox

Owing to the symmetry relations F»(z, z') = F»(Z, z), where z = (X, y), and
P(x, x') = P(|x — X'|) = (X', x), we find that all three integrals on the right
side of (1.36) have the same value. Thus we obtain the desired result:

d - _

—(Ex +Eg)=0
- d = - (1.37)
Ew = Ex + Eg¢ = constant

A more precise statement of conservation of energy in classical kinetic
theory may be obtained directly from the dynamic equation (1.1.25). Iden-
tifying the Hamiltonian H(x", p") with the energy of the system, we
find

dH oH

2 mH+ =0 1.38
T [ ]+8t (1.38)
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Here we have observed that H is not an explicit function of the time. The finding
(1.38) is a more exact result than (1.37) in that (1.38) identifies the total precise
energy (1.5) as being constant as opposed to (1.37), which identifies merely
the average of total energy as being constant.

2.2 Correlation Expansions: The Vlasov Limit

2.2.1 Nondimensionalization

In this section we introduce the correlation function representation of dis-
tribution functions. To motivate this representation, it proves valuable to
nondimensionalize BY; as given by (1.20), which, with N > s, we first
rewrite as

0 o "
. L szlss 2.1
(at )f St (2.1)
where
" ‘.9
I, =—N — | d DG; 2.2
;ap,. / (s + DGt (2.2)

With (1.11), (2.1) is more explicitly written

(% + Z ffz — ZZ Oij) fs= }sfs-'rl (2.3)
-1

i<j

where Oi ; 1s the momentum operator (1.7).

The fluid being considered is comprised of N particles, which we now
assume occupies a volume V. This permits us to introduce a characteristic
number density
N
Vv
We further assume that we may assign a mean thermal speed, C, and
corresponding temperature, 7', to the fluid, which are related as

mC? = kT (2.4b)

ng (2.4a)

where kp is Boltzmann’s constant.
The strength of potential ®, and characteristic scale length r, are defined
by
J— QO 2

G,‘j = sz (ZSC)
o

where G;; is nondimensional.
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Finally, we renormalize f; so that!
F,=Vif, (2.6)

For a spatially homogeneous fluid,

1
fix,p) = —Fl(p)

In general, number density, n(x, t), is given by

nx,t) = N/ fidp = no/ Fidp (2.6a)

To convert (2.3) to an equation for F, we multiply both sides by V* to obtain

(a;*ZKZ 220,,)F— S F @.7)

<j

The nondimensionalization scheme we introduce is given by the following
relations (barred variables are nondimensional):

X =roX, p=mCp

ro-

- 2.8
t=Gl  F=mCOF, @9

Note that a number of choices for characteristic length enter this analysis. We
may set 7y equal to the range of interaction or we may set

-1/3
ro = I’lo
or wé may set
ro = V1/3

These choices are noted by the following scheme:

range of interaction
7o V3 (2.9)
e

n,

Substituting the relations (2.8) into (2.7) gives

0 2
(5+ZK’ szzol,)F —<n0r(,)( )1 Fiu (2.10)

i<j

The factor rg stems from nondimensionalization of dx, whereas the V ! factor
in ny stems from the definition of Fj. It is evident that this equation suggest

"This F, distribution should not be confused with the s-tuple distribution
introduced in Chapter 1, which was also labeled F;.
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we identify the parameters
D, | 5
—_— = nor, 2.11
kBT 14 0"o ( )

Dropping bars over dimensionless variables, (2.10) becomes

<% + ikl _O[ZSZ Oij) F, = %isz-H (2.12)
=1

i<j

o

Consider the coefficient

3
o« norg (ON

—= —— 2.13
=T (2.13)
With the first choice for r, in (2.9), we obtain
-/\/O = n0r03

which is the number of particles in a range sphere. Inserting this result into
(2.13) gives

o N, _ (Eo)

y  NoksT ~— (E)

The numerator of this expression represents pair-interaction energy per range
volume, and the denominator represents thermal energy per range volume. We
take this ratio to be a measure of the ratio of average potential to kinetic energy
in the fluid. Note that if NV, is small than few particles in the fluid interact, and
(Eg) must likewise be small.

With (2.14), we may term the fluid strongly coupled when «/y > 1, and
weakly coupled when a/y < 1. Thus we write

(2.14)

aly 21, strongly coupled

o
= (2.15)
Y
aly <1, weakly coupled
A representation that well exploits this partitioning is that of correlation
functions discussed below.

First let us delineate coupling domains of the fluid generated by varying
the magnitudes of « and y in the coupling constant ¢«/y. These domains are
shown in Fig 2.3.2

>The g-ordering diagram appeared previously in R. L. Liboff, Introduction to
the Theory of Kinetic Equations, Wiley, New York, (1969). More recently, it was
employed in an analysis of galaxy correlations: M. A. Guillen and R. L. Liboff,
Mon. Not. Roy. Astr. Soc. 231, 957 (1988), 234, 1119 (1988).
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A
a=dykgT
i
Strong Zc:up ing (e € € 1) € e
low temperature
1 (1, ¢ (1,1 (1,7
Weak coupling
or
high temperature
ghteme (s, €) (e, 1) fe,e )
» v =norg’
£ 1 e
Short range Long range or
or dilute dense

FIGURE 2.3. Coupling domains in a fluid. In the (*) boxes, «/y = 0(1).

2.2.2 Correlation Functions

If particles in a gas are statistically independent, the conditional probability
(see Section 1.6.4)

I,...,N
rMA12, ... N) = % — A1) (2.16)

This follows since the state of particle 1 is in no way dependent on the state
of the remaining particles in the fluid. For (2.16) to hold for all particles in the
fluid, we must have, in general,

fx(l,2...,s):li[f1(i), I1<s<N (2.17)
i=1

Another way to say that particles in the fluid are statistically independent is to
say that they are uncorrelated. Let us define the correlation function between
two particles, C,(1, 2), according to the relation

£(1,2) = fi(1) /1(2) + C(1, 2) (2.18)

Thus, when C, = 0, particles are uncorrelated and the preceding returns (2.17).
Continuing in this way gives a transformation of distributions:

(fl’ f27 f31"'7f/\/)_) (f],CZ,Cj,,...,CN)
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These relations are given by [repeating (2.18)]°

£(1,2) = fi(1) /1(2) + C(1, 2)
£1,2,3) = i) /1(2) /1(3) + Z f[DC(2,3)+ C5(1,2,3) (2.19)

P(1,2,3)

where P(1, 2, 3) denotes permutations of 1, 2, 3.
We may represent these equations with the aid of diagrams. Thus, the
equation for f5, say has the representation

fs=00000+ Zoo—o—o—0+ Zo—o 0—0—0 + Zooo—o—o
P P P
+ Z 0—000—0 + Z 0-0 0 0 0 + 0—0—0—0—0 (2.20)
P P

where, for example, o—o represents C, and o o represents f; f; and P is written
for P(1,2,3,4,5).

2.2.3  The Vlasov Limit

We wish to consider the limit ®,/ kT <« 1 with long-range interaction so that
norg > 1. We may describe this limit by settingoe — eaandy~' — (1/¢)y !,
where ¢ is a parameter of smallness (see Fig. 2.3). Note that «/y is of order
unity. As kg T > &, we suspect that correlation between particles in the fluid
is small. This condition may be described by attaching an ¢ factor with each

coupling bar in the corresponding diagram equation. In this manner we find

= hHi+eC
f=HAAfi+e) fIC+eCs 2.21)
P

Substituting these equations into (2.12) and keeping terms of O(¢), we obtain
[reverting to Fg distributions defined by (2.6)]*

(3 +fel> Fi = ~ 1L [F()F(2) + £C(1,2)]
ot y

(% + iy — 806012) [Fi(DF1(2) + eCx(1, 2)]

o A
= ;Iz[F1(1)F1(2)F1(3) + e Fi(DHC1(2, 3)
+eF1(2)C2(3, 1) + e F1(3)Cx(1, 2)]
: (2.22)
®]. E. Mayer and M. G. Mayer, Statistical Mechanics, Wiley, New York (1940).

4Here we have assumed that (2.21) is written in nondimensional form, in which
case f, = F,.
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where

K

XS: K; (2.22a)
i=1

Keeping lowest-order terms in (2.22) gives

(3 n /21> F() =21 F(FQ) (2.232)
ot y
3 .
<5 + kz) Fi()F(2) = %IZFI(I)FI(Z)FI(?’) (2.23b)
8 K ' o s+1
(— + x) [[FO=-L]]RG (2.23¢0)
8t i=1 V i=1

These equations compromise N equations for the single unknown Fi. For this
sequence to be logically consistent, it follows that these N equations must be
redundant.’ To establish this redundancy for the sequence (2.23), we note the
following two equalities:

a s s
(5 +xs> [[rO=> FR®)...FC-1
i=1 =1

x Fy(l+1)...F(s) (% + f<l> Fi(D) (2.24)

s+1 K

LT[R =Y FR1)...Fl-1)
i=1 =1

x Fy(l+1)... Fi(s)I' Fy(1)Fy(s + 1)
where we have written
d
[l=——. / d(s + 1)G; 44 (2.25)
opr
Substituting (2.24) into (2.23c) gives

s 9 .
ZFI(I)"'FI(Z — DR+ 1) Fi(s) (5 + Kz) Fi()
=1

2
= —% Y R Fi = DR+ 1) I F(OFi(s + 1)
=1

>The problem of redundancy in BBKGY expansions was critically examined by
R. L. Liboff and G. E. Perona, J. Math. Phys. 8, 2001 (1967).
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or, equivalently

2 IR [(% + f<z) Fi() - %isFl(l)Fl(s + 1)] =0 (226

With reference to (2.23a), we see that the bracketed term vanishes. Thus, if
F(i) satisfies (2.23a), it also satisfies (2.23c), and we may conclude that the
sequence (2.23 is consistent.

2.2.4  The Vlasov Equation: Self-Consistent Solution

We have found that the equation that emerges from the BBKGY sequence
in the limit « = 0(¢), y = 0(1/¢) is (2.23a), which we now write in fully
dimensional form (deleting the subscript on Fi):

d d d
—+v.-— | F(x,v,t) = _MZ / dx' dvGx, X YF(x,v,)F(X', Vv, 1)
ot 0x m ov

(2.27)
[Here we have recalled the equality F(p)dp = F(v)dv.] Equation (2.27) is
the Viasov equation. Its physical significance is revealed when cast in terms
of the number density [see (2.6a)],

nx',t) = ng / FX,v,t)dv (2.28a)
and the mean force field

G(x, 1) = /n(x/, HG(x, x')dx’ (2.28b)
The integral in (2.27) then becomes

d
8—F1(x, v, 1) - nO/Fl(X/,V/,t)dV//G(X, xX)dx’
v

ad
= B—Fl(x, v, t)‘/n(x/, HG(x, xX') dx’
v

= iFl(x, v,1)- G(x,1) (2.29)
v
Thus (2.27) may be written
<3+V-E+E-E)F(X,V,t):0 (2.30)
at X m 0dv

where G is given by (2.28). The preceding equation indicates the following:
F(x, v, t) develops under a force field that is the instantaneous average of all
two-particle forces in the fluid, as given by (2.28). This force field is sometimes
called a “snapshot” field. As this cumulative force changes slowly, we may
except particle trajectories in a Vlasov fluid to likewise change smoothly. See
Fig 2.4.
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Trajectory

FIGURE 2.4. Snapshot total force in the Vlasov equation gives a smoothly varying
trajectory.

The Vlasov equation (2.30) bears a striking similarity to the one-particle
Liouville equation, which is relevant to a single particle moving in an externally
supported force field. The Hamiltonian for this system is given by

p2
H=—+4®&x)
2m

where
~ 0
Gx)= ——Pd(x)
0x

is the externally supported force field. The Liouville equation

dF
5 TIFHI=0 (2.31)

for this system returns (2.30) with G replaced by G. That is,

3 3 G 9
O v 24" Y rxivi=0 2.30
(ar+v ox T m av) (X, v, 1) (2.302)
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The solution to both (2.30) and (2.30a) is obtained by solving the
characteristic equations

_dx _ mdv (2.32)
v G '
(where a/b = a,/b, = a,/b, = a./b;). These are equivalent to the orbit

equations

dt

dx _dv
V= o =m_
which give
md—2X =G(x) = _ao (2.33)
dt? x
These equations have the integral
=" <d—x)2 + d(x) (2.34)
2 \dt
Thus any function of the form
[+ o]
F=F|—+ &) (2.35)
2m

is a solution to the one-particle Liouville equation (2.30a). In this case, ®(x)
is a given known function.

Returning to the Vlasov equation, we see that for (2.35) to be a solution to
this equation ®(x) must satisfy (2.28):

0
ox
Sointhis case knowledge of ® demands knowledge of the distribution function.
An additional requirement for (2.35) to be a solution to the Vlasov equation is

that any explicit time dependence of ® be negligible. Consider, for example,
the force equation (2.33). Multiplying this equation by x gives

= —nO/ F(X', v, )G, x)dx dv (2.36)

mx-i—kk‘i@:O (2.37)
ox
If ® = &(x, 1), then
d—q):'-icb-i-@ (2.38)
dt ox ot
which does not allow (2.37) to be integrated. However, for
E L X- i@ (2.39)
ot ox

(2.37) returns the integral (2.34).
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@ Construct

Guess d(x). N e
Flo— +ox]

2m

/
4
@ Compare @ Construct ¢:
with ¢ (x) <

a = ’ ' ’
in step(3), 3% ® = no [ FG (x,x') dx’ dv

FIGURE 2.5. Flow chart illustrating the notion of a self-consistent solution to the
Vlasov equation.

Another important distinction between the Vlasov and one-particle Liouville
equations is that the former is nonlinear. That is, when writing the Vlasov
equation in the form (2.30), we must keep in mind that the force field G is a
functional of the distribution F'. Thus we may write

Gix, 1) =G[F(x,v,1)]

which exposes the nonlinearity of (2.30).

Let us return to the condition (2.36). This is a statement of self-consistency,
which is demonstrated by the flow chart for the construction of a solution to
the Vlasov equation shown in Fig 2.5.

The Vlasov equation is returned to in Chapter 4 where applications of this
equation are made to a plasma.

2.2.5 Debye Distance and the Vlasov Limit

We have found that the VIasov equation results in the limit

Yy~ =nor = 0(1/e) (2.40a)

0= o (2.40b)
kgT

ay~'=0(Q1) (2.40c)

Inaplasmacomprised of electrons in aneutralizing, fixed, positive background,
the strength of the interaction potential between electrons is the Coulomb form

62

by = — 241
Y (2.41)
where we have set the range of interaction ry equal to the Debye distance A,.
For y !, we write
y = =dmngr; (2.42)

Note that, in the present case, weak coupling corresponds to the limit
4ngr3 > 1. Substituting the latter two relations into (2.40c) and solving
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for A4, we find
4nk§ = — (2.43)

This characteristic distance comes into play a number of times in the text.®

2.2.6 Radial Distribution Function

In concluding this section we return to the theory of correlations introduced
in Section 2.2. An important correlation function that often comes into play
in the theory of the equilibrium structure of liquids is the radial distribution
function.” This is a two-particle spatial correlation function that, for a fluid in
equilibrium, is defined by

£2(1,2) = fo(p1) fo(p2)g(r) (2.44)

where g(r) is the radial distribution function.
In (2.44), we have labeled

r=|x; — x|
and have introduced the Maxwellian distribution®

_ ! r’
Jo(p) = m exp (—m> (2.45)

where V is the volume occupied by the fluid, and the thermal speed C is defined
by (2.4b). The Maxwellian (2.45 has the normalization

/ / Jo(p)dpdx =1 (2.46)
The total correlation function h(r) is defined by
h(iry=gr)—1 (2.47)
which, with the first to the sequence (2.19), gives the relation
C(1,2) = folpo) fo(p2)h(r) (2.48)

Thus g(r) is directly related to f>(1, 2), whereas h(r) is directly related to
C»(1, 2). For a fluid with no spatial correlation between molecules, i(r) = 0

Thus, for example, the Debye distance is encountered again in Section 3.9 in
application of the diagrammatic approach to a plasma and in Chapter 4 in application
of the KBG equation to a plasma. Numerical values of A, as a function of 7 /n are
given in (4.1.37). Note: With 22 and C? /2.2 taken as constant, (2.40) et seq. is referred
to as the Rosenbluth-Rostoker limit. (See Phys. Fluids, 3, 1, 1960.)

"For further discussion on this topic, see D. L. Goodstein, States of Matter,
Prentice-Hall, Englewood Cliffs, N.J. (1975).

8The derivation of this one-particle equilibrium distribution is given in Section
3.3.
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and g(r) = 1. As two molecules in a fluid that are separated by a distance large
compared to their interaction length may be assumed not to be correlated, we
write

g(00) = 1 (2.49)

Furthermore, as two molecules cannot occupy the same position in space,
fo(r = 0) = 0, which, with (2.44) gives

g0)=0 (2.50)

These latter two statements are standard boundary conditions in studies of the
radial distribution function.

An important property of these correlation functions is their Fourier
transform, the structure factor:

Sk)=1+n / h(r)e™ " dr (2.51)

where k is the Fourier transform wave vector and 7 is the number density of
molecules in the fluid. The function S(k) serves to relate data from scattering
experiments to the correlation functions. For an ideal gas, there is no interaction
between particles, and (2.44) gives g(r) = 1, which, with (2.51), gives the value
Stk) = 1.

Two key relations involving the radial distribution function, which may be
obtained either from the partition function of equilibrium statistical mechanics’
or BY, (see Problem 3.44), are as follows:

E _3,._n / " o)yt dr 2.52)
nkBT 2 2kBT 0

P _,__n f " o/ (g dr (2.53)
nkBT 6k3T 0

The first of these gives the energy density of the fluid. The second gives the
equation of state of the fluid, where P is scalar pressure.'? Note that the integral
in (2.52) gives the interaction potential contribution to fluid energy, whereas
the integral in (2.53) gives the interaction potential contribution to pressure.

2.3 Diagrams: Prigogine Analysis

In this section we offer an introduction to a perturbation technique of solution to
the Liouville equation. A diagrammatic representation of interaction integrals

°D. A. McQuarrie, Statistical Mechanics, Harper & Row, New York (1973). See
also T. M. Reed and K. E. Gubbins, Applied Statistical Mechanics. McGraw-Hill,
New York (1973). See also Problem 2.12.

1The notion of scalar pressure, as well as other dynamic variables, is discussed
in Section 3.4.
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occurring in the perturbation expansion is given. It is found possible to associate
the topology of these diagrams with the order of interaction between particles
(that is, two particle, three particle, an so on). Application of this formalism is
made in derivation of the Boltzmann equation and the temporal evolution of a
plasma.

2.3.1 Perturbation Liouville Operator

Let us recall the Liouville equation (1.2):

ofy
— =1L 3.1
o NS (3.1
where i,N is given by (1.3).
Ly=I[H, | (3.2)

The operator L ~ has the explicit representation [see (1.9)]

Ly= Z K+ Z >0 (3.3)

i<j
We rewrite this operator in this form
Ly=Lo+65L (3.4)
where Ly is the free-particle, kinetic-energy operator and
=Y Lo, [ 22 (3.5)
oX; i 8p, ap,
l<j J

represents the perturbation to Lo.
Eigenfunctions of L are given by (see Section 1.5.2)

Loy = —iwgay
Yo = L7V exp i Y kx| = (k) (3.6)

W) = Zk[ Y]

where v; = p;/m. Here, as in (1.5.10a), we are writing (k) for the sequence

kK) = ki, ka, ..., ky) 3.7
K = 2 3.7
=M (3.7a)

where, with (1.5.14), the components of n; are integers.
We wish to employ the basis functions (3.6) to solve the Liouville equation
(3.1), with Ly given by the general form (3.3). Following (1.15.16) relevant
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to the free-particle case, we write
fv( N =) agg (Y DY (xY e ! (3.8)
(k)

Terms in this series may be regrouped so that coefficients in this new series
bear special physical significance.

2.3.2 Generalized Fourier Series

The regrouped series is given by

1 1 & ' '
=5 [“O(p D+ % > Zal(kj, pY, p)ekiN it

Jj=1

Z Z Z([l — Ok, 41 + S4k)

j<l k;k
x ay(K;, ky, pV, )tk xithislgmiont 4 } (3.9)

The coefficients in this series have the property that a, (K", pV, ), for exam-
ple, contains only n nonzero k vectors. Thus the coefficient a, contains only
two nonvanishing k vectors. The Kronecker symbol

Sk =1, k=0
S =0, k#0
Thus the bracketed terms in the second sum in (3.9) contains no contributions
with k; + k; = 0. The volume V = V/(2r)*.
Terms in the second summation of (3.9) with k; +k; = 0 are relevant to the
homogeneous limit. This may be seen as follows. If the system is homogeneous,

then fy is invariant under translation of coordinates, (x;) — (x;) = (x; + b).
Thus, for a typical term in (3.9), we have

Za(k)eizk/-xl — Za(k)eizkl-meibzkl
(k) (k)

This equality is satisfied for all k; and x;, providing >k, = 0 for all (k)
sequences.

2.3.3 Interpretation of a; Coefficients

Integration of (3.9) overall x" gives

1 KX, —itr
/deX / |:00(P t)+§ZZa1(kj,pN,t)e’kl ie f’+-~-:|
J Kk

(3.10)
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The meaning of the double sum in this equation is that for each value of j the
vector K; is summed over all values given by (3.7a).
In the limit of large volume,

%Xk: N /dk (3.11a)

Furthermore, in this same limit
1
2y
so that the second term in (3.10) gains a §(k) factor upon spatial integration.

Thus the only terms that enter this sum are those for which k; = 0. But
a;(0, pV, t) = 0 by definition. It follows that

/ e**dx = §(k) (3.11b)

ag(p", 1) = f frdx” (3.12a)

/ao(pN, Hdp" =1 (3.12b)

represents the N-particle momentum distribution.
Let us introduce the momentum integrals of ¢;:

él(kj’t)E/deal(kjv pN’ t)e_iw/t

ark;, ki, 1) = / dp"ar(k;, k;, p", t)e " (3.13)

The number density n(x) is given by
ni(x) =n(x) = N/ fudpVdxidx, - -dxi_ydxpy-dxy  (3.14)
whereas the pair distribution is given by
ny(x, X') = na(Xy, X,,) (3.15)
= w / fn de dxy...dxX; 1dX;pq...dX,_1dX, 1 ...dXy

We turn first to evaluation of n;(x). Integrating (3.9) in accord with (3.14)
gives

N
ni(x,) = W/dp” [ ] 4x
i#s

1 & B
: [cm(pN, n+= DO ik, pNpeitreny 4 } (3.16)
k;

j=1
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In the limit of large volume with (3.11) and (3.12), we see that all terms in
the j-sum except for the j = s term give a,(0, pV, t), which vanishes by
definition.

Each term in the sum over a,(k;, k;, p", t) contains either a §(k i) or 6(k;)
factor, which stem respectively from [ ds; or [ dk; integrations. It follows
that all terms in this sum vanish since

ax(0,k;) = ax(k;,0) =0

again by definition. The same argument applies to all higher-order terms. There
results

N - ik-x
ni(x) = v 1+ | ai(k, )" dk 3.17)
In the limit of spatial homogeneity, a; = 0 and
n; = v (homogeneous case)

Next we turn to evaluation of n,(x, x’). Integrating (3.9) over

NN -1
(T)/‘“’N/def

J#s.n
gives
( ) NN-1 [1 nl(xs,t)+n1(xn,t) 1
ny(Xy, X,) = — S
2 2 % N N %
1 ’ A
iz [/ a(ky, Ky, £)eex el gk gk,
V2
+ / az(ks,—ks,z)el“‘s“f—"n)dks]} (3.18)

The prime on the first integral stipulates that the value k; +k; has been deleted.
Returning to (3.18) and passing to the homogeneous limit gives

N(N —1)
2v?

The integral term represents the deviation from the state of no two-particle

correlation and is seen to be a function of |x —x'|. In the state of no two-particle
correlation, a, = 0 and

ny(x,x) =

[1 + / a(k, —Kk, 1)e* ) dk} (3.19)

NN — 1)

nay(x, x') = V2

(3.20)

which has the normalization
, , NIN-1)
n(x,x)dxdx' = — (3.21)

This is the total number of pairs of particles in the system.
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Having obtained the key relations [(3.17), and following] connecting a; and
a, to the fluid variables n; and n,, we return to formulation of equations of
motion for the general a, coefficients.

2.3.4 Equations of Motion for ay, Coefficients

Substituting the series (3.9) into the Liouville equation (3.1) gives

o Z agere” ' |(K)) = (Lo + L) Y (K )agne " (3.22)
(k)

Differentiating the left side and then operating from the left with ((k)| and
noting the orthogonality of these eigenstates and the eigenvalue relation (3.6),
we obtain

a

oA = ) e (IIBLIKD) (e age) (3.23)

(k')

The operator SLis given by (3.5). Fourier expanding the interparticle potential
we obtain

1 A
Dy = — Y ByeT (3.24)
V K

so that

SL = = ZZZCDKIKE’K(XI Xn) 0
<

A ad 0
B, = -
apl 8pn

Inserting this form into the equation of motion (3.23) gives

da / iwg
(k) v ;XK:Z/ZWW ()™ O (1)) DK - By (agere )
(3.26)

(3.25)

Let us evaluate the matrix element
()| K™= |(K')) = VIN / dxN o= Zhex oI K-xi—x,) i KX, (3.27)
For sufficiently large but finite volume, we introduce the representation
/ 3 dxe™™ = V§(k) (3.28a)
I%

Note that
Vlim X_/S(k) = (27)*8(Kk) (3.28b)
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We partition terms in the exponential of (3.27) as

[ij-(k}—k,»)} +x -kl -k +K)+x, - (k, —k, — K)
J#ln

With the representation (3.28a), we obtain

N
()N (Kk)) = 8K — k; — kpd(k, —k, —K) [ 6/ —k))
j#n
= Aan (329)

2.3.5 Selection Rules for Matrix Elements

The preceding finding implies a very important result: nonvanishing matrix
elements occur only for (k), (k') sequences that satisfy the relations
k =k —K
k =k, +K (3.30)
K, =k, jJ#Ln
We may conclude that in any nonvanishing matrix element the sequence (k')

is the same as the sequence (k) except for two k’ vectors. Furthermore, these
two vectors satisfy the conservation equation

k +k =k +Kk, (3.31)
Equation (3.26) now has the explicit form
da 1 ’ . A o
-0 = z ; 0 DK - 0y, (€' A o) (3.32)

The summation Y, , is written for
=200
InK I<n K (&)
For the case of weak interactions, we set
b, — Py,
where ¢ < 1. Equation (3.32) then assumes the form

daq,
dt

= eGagy = £ Y _ ((K)I8 L1k |(K)) (1) (333)

nK

where we have written

/ (b’( iw, . f i
(K|S Lyk |(K))ag) = 76 WK - Oy, (e Apkagy) (3.34)
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Note that this matrix element now carries an explicit time dependence.
Substituting the perturbation expansion
()] 2.(2)
axy = a(k) +eay) +e7ay) (3.35)

into (3.33) and equating coefficients of equal power in ¢ gives the following
series of coupled equations.

da da’y) N dal
(k) k) _ 0) (k) (¢))
ar , 3 = Ga(k), 7 Ga(k), e (336)

These equations are simply integrated to obtain
(D ©0)
Ay = /0 dr'G(t’ )4 ey

t v
ag) = / di’ / di"G(t) ® G(t")al), (3.37)
0 0

Setting ¢+ = 0 in these expressions and in (28) indicates that a(k) is the initial
value of a); that is, a)(0). The symbol ® reminds us that, since Gisa matrix,

intermediate summation must be made in effecting the product G(t)f}(t”).
Thus, the explicit form for a(k) is given by

ag) = /0 /0 dr/dr”Z”«k)wim(k’»ﬂ(z <<k/)|3L1nK|<k“>>,wa(k,))

nK K
(3.38)
We may represent the sum

> (KIS Link | (K)e (3.39)

nK

by a diagram as described in the following section.

2.3.6  Properties of Diagrams

As noted above, we may represent the matrix element (3.39) by a diagram.
Due to the section rules (3.30), such diagrams have one of the six forms shown
in Fig. 2.6. These diagrams have the following four basic properties:

1. Each dot or vertex of a diagram represents an interaction in which two
particles with given k values interact with each other and emerge with two
different but conserved k values.

2. Two lines must always enter and emerge from any vertex.

3. If only three lines are connected to a dot as in the vertex —(, then one
of the “emerging” k vectors is zero.
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\\\ //, O
(a) ¥ : k'=k,=0

3
1l

(b} = k;=k,=0

(c)

1l

YAV

ki=k;=0

(d)

(e)

{f)

k, k,, k/, k,=0

n n’

FIGURE 2.6. Six diagrammatic representations of the matrix element (3.39).

4. Since diagrams connect the initial a(ﬁ??) state to the present a((]?/) state, we
may associate the right ket side of any given diagram with an earlier time
than the left bra side. Every vertex is a function of k;, k,,, K and times.

As an example of the use of these diagrams, consider that at ¢ = 0 the only
ag, coefficient that is different from zero is the a; coefficient. Then in equation
(3.38), for the second-order coefficient a(%, the initial Fourier coefficient a((g,))
becomes aio) and its adjacent matrix element has only two possible diagrams,
shown in Fig. 2.7. Due to the matrix product form |(k”)){((k”)| in (3.38), these
two diagrams can only couple to the five terms shown in Fig. 2.8. We thus

obtain five possible contributions to a® (). If we ask for a'*(¢), then only two
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FIGURE 2.7. Diagrams coupling a((i; to a,(0).

e

FIGURE 2.8. Coupling diagrams of those in Figure 2.7.
diagrams contribute.

P S S R W

Summation over (In), (I, 1) is tacitly assumed. Each diagram in (3.40)
represents a second-order interaction. For example, consider the diagram

k—-K

k, +K

— <k,,0‘8i

k —K k +K\ [k -K k +K si
2 72 ’ 2 7

k.0)
o

Consider the example of a homogeneous gas for which fy(1---N) is
independent of x". We may write

fv®N. 1) = ae@". 1)
which is seen to be consistent with (3.12) [setting fy(x", pY = V=" f(py)].
The equation of motion for g, or equivalently a, is given by (3.33). Let us
assume that the only a, coefficients that are not zero initially are the ay
coefficients. In the expressions (3.37), matrix elements serve to couple the
state (0| to the state |0). Some fourth-order diagrams that come into play
in this coupling are shown in Fig 2.9. These terms contribute to the a((f)(t)
approximation. The meaning of the first diagram is shown in Fig. 2.10.
The meanings of the four segments of Fig. 2.10 are as follows:

~ K+k K+k
SL K+k - K+k .0
2 2 \

D:<0,0,0
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Y 5 ooo

FIGURE 2.9. Fourth-order diagrams.

D
A3
AN
\\
N K+ k
2I
/ K+ k
y _nTR
y; 2
/
¥
~
L~
-~
/
&~

FIGURE 2.10. Interpretation of a diagram.

((57) - (7)o (537) % (557),
o((5). 5 (555 fo e xeo)

A (K, _Ka 0|8L|0’ Ov 0>t4

The time integration of this term is

t hH 5] 4]
[anf o[ [ o
0 0 0 0

This term is of order ¢*. Note that each strip (A, B, C, D) involves the interplay
of three particles. Thus, of the four fourth-order interaction diagrams shown
in Fig. 2.9, only the term ¢ _¥_% s represents a fourth-order interaction that
includes exclusively two-particle interactions.

2.3.7 Long-Time Diagrams: The Boltzmann Equation

If we restrict our discussion to rare gases, we expect that only two-body in-
teractions are pertinent. Thus, in the homogenous, rare-gas limit, we consider
diagrams like

<O OO OO
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Let us consider the second-order approximation to ay. In the stated approxi-
mation, (3.38) becomes

al(t) = / dr’ / dt" € » ag(0)

:/dz// dr" ) "(00]8L| — K, K), (—K, K|8L|00),a0(0)

nK

:/dﬂ/ dt”Z<00|5i|—K, K), (00|81 — K, K)%ao(0) (3.41)

nK

Here we have written a complex conjugate equality for matrix elements, which,
we recall, are operators. Thus, for example,

~ @ n ) ,
(006 L;nk| — K, K}y = 7KiK . 0,8k

—igin-Kt”

(0018 Ly,x| — K, K), = — ®_.iK -6, (3.42)

where, since only two k vectors enter these matrix elements,
a)(k):K~V[—K-Vn :K-g/,,

Substituting these values into (3.41) gives

1 e
a5 () = = // dr'di" " 1@ (K - 0,)e8 KK - §,a0(0)  (3.43)

nK

2.3.8 Reduction of Time Integrals

The time integrals in the preceding expressions may be reduced in the following
manner. First note that the time integral in (3.43) is given by

t t
(1) = / dr’ / di" e =" (3.44)
0 0

The triangular domain of integration is shown in Fig. 2.11. To evaluate the
integral, we change variables to (z, T).

r=¢ —¢"
T=l/+l‘//

This transformation carries the Jacobian

] t',t" _1
.,T) 2
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»

¢ T

FIGURE 2.11. Domain of integration for (3.44).

A
A

7 = 0 the 7 axis

7 =0, the r- axis

~
V2t
g

- >
FIGURE 2.12. New domain of integration for (3.44).

The new domain of integration is shown in Fig 2.12. There results

1 t 2t—1 ) t )
I(t) = —/ d‘L’/ dTe'’™ :/ dte'™({t — 1)
2 0 T 0
t

d .
I(t) = (t +i—>/ e'"dt
o 0

In the limit ¢t — oo,

(3.45)

It)=m |:t5(oz) + 318(01)] =nté() (3.46)
o

As volume grows large, we may set the sum over K equal to an integral over

K in accordance with (3.11a). Thus (3.43 becomes

nt ~ A
ag' (=% / dK| D, (K - 0,)(3(gs - KK - ,a0(0))  (3.47)
In

Having obtained this explicit form, we conjecture on the form of a(¢) fo all
orders in ¢. For weak concentrations, we expect the relaxation of the system
to go as exp —(¢/t,), where t, ~ n~!, the inverse of the number density. So ¢,



110 2. Analyses of the Liouville Equation

decreases as n increases. Thus

PN
ao(t) ~ e — Z ( lt'n)

This form suggests the following. In the sum (3.35), keep all terms that contain
(tn)' amplitudes, irrespective of order in ¢, but discard terms like n" (nt). From
the expression (3.47) for a(()z)(t), we find the nt dependence (note that this is
not a dimensional statement):

t tN?
a(t) ~ = >~ —5 ~ N

In

Note in particular that the integral term cannot contribute any other V, t or N
dependence. In like manner, we find that the density time dependence of the

third-order term

also goes as Ntn. In this interaction, two particles start with momenta k; =
k, = 0, then gain wave numbers K and —K, respectively, then through a
second interaction gain wave numbers K’, —K, and through a third interaction
reassume the values k; = k, = 0. The diagram is therefore called a two-body
diagram. On the other hand, the three-body diagram

has the density time dependence Ntn?. The fourth-order product two-body

diagram

has time dependence N2(¢n)?. Continuing in this way, we find that only two-
body diagrams must be retained in the low-density limit. It follows that in the
expansion (3.35) of ay(¢), terms giving density time dependence which goes
as (tn)', may be grouped in the following manner (with summations over K,
[, n understood). Note also that explicit time dependence has been extracted
from diagrams.

Long-time limit
ao(t) = ao(0) + 1| € 3+€ X »+€ X ¥ »+ - - -]ao(0)

RS IR s P ST s
L (3.48)
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Let us call
§ =O+OO+OO0+ (3.49)
Then the above terms may be collected and rewritten
ao(t) = e ag(0) (3.50)
Differentiation gives
3610([) A
= Say(t 3.51
a7 ao(t) (3.51)
Keeping only the O(g) terme_sgives
da
5 =0 (3.52)
dap(t) m / v A ;
—_— == dK|®,.|°K - 6,,6(K-g,)K -6,
o VZ,Z @K - 0,6(K - g,)K - 0,0
T ad a
= — dK|®, ’K - | — —
m2V 2,;”2:/ ] (8V, an)
0 d
xSK-(vi —v)IK-| — — ao(t) (3.53)
av; 9V,

Note that these terms have the correct dimensions. With V! = dK, the
dimensions of the right side of (3.53) may be written

-\’ 111 2 1
dKK-0®, ) s(K-g)=(———-VE) t =~
VLp t

To obtain an equation for the one-particle distribution, we operate on (3.53)
with

/dV] .. .dVr_l dvr+l . .dVN

The contributions from the /, n summations may be listed in a triangle as shown
in Fig. 2.13. All terms except those on the hatched lines are surface terms and
give no contribution. The remaining terms give the summations

SYE 9 d 3 No/d 3 3 9
— = = =+ Z — e —
—~\dv, OV, av; 9V, Bewrd av, 09V, v, 9V,
where the three dots represent between the explicit 6 operators. In the / sum,
the lead 0/0v; derivatives give surface terms, as do the lead 9/9dv,, derivatives in

the n sum. (Only the lead derivatives in these sums correspond to divergence.)
So we are left with

r—1 N

Z 0 d d Z d d d
(_ ) o <_ a ) + < ) o < a )

= av, v, v, 5 v, av, v,

—_
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n—->mp
v2, . . r=trr+t, . .., N [/
1 l
n=r
[« {/=1,, r-1 |2
3
{/:r
n=r+1, .. N .
r—1
(AT S
/<n P
Diagonal .
terms .
absent .
N

FIGURE 2.13. Triangle for enumerating terms in (3.53).

Changing the dummy variable n to / in the n sum gives
d 9 9 3 Nod 9 9
() (i) 5 60 ()
= av, av; oV, v av, av, 9V,
B ZN: 9 I
- = av, av, av;

In this manner we obtain

afl(vr 2
= 2VZ[dv,[dK|¢K| K-

0
xK- <8V, - 8_w) fa(vy, Vz)> (3.54)

where f; and f, are now normalized with respect to velocity. The presence of
/> in the integrand stems from the fact that v, and v; have not been integrated
out. The above equation may be rewritten
) Ao
2(V, V
av’

0w _ zv/dv//dK|¢>K|2K-—8 <8(K-g)K.< 9
ov ov
(3.55)

ot m2V
With molecular chaos, f>(v, V') = fi(v) fi(v'), we obtain the Boltzmann equa-
tion. Corrections to this equation may be obtained incorporation third-order
diagrams€_%_» The Boltzmann equation is discussed at length in Chapter 3.

—_

<5(K (Vi —v,))
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Balescu - Lenard
l Vlasov (bare potential) Landau (shielding)

1 PN »

1 Time
Wy A

1
| t=t=w, Fokker — Planck t=t=

FIGURE 2.14. Time intervals and equations for a plasma.

2.3.9 Application of Diagrams to Plasmas

A plasma is a collection of ions and electrons maintained in separation by
sufficiently high temperature. There are two fundamental times for a plasma:
The plasma response time, ¢, and the dielectric time, #,.

If an extraneous electron is introduced into the plasma, the response time of
the plasma to this disturbance is a);l, where (in cgs)

4 2
o? = e (3.56)

P m

The parameter w, is called the plasma frequency. So we write
t,=— (3.57)

A shielding occurs about the foreign particle in what may be termed the
dielectric time,

o=t (3.58)
N wp A '
Here A is the plasma parameter:
_ ! (3.59)
 dandd '
where A, is the Debye distance.'' We note the relation
kgT
Mol =C= 2~ (3.60)
m

At high temperatures and low densities, A < 1, and the plasma is said to
be weakly coupled. At low temperatures and high densities, A > 1, and the
plasma is said to be strongly coupled.

The relevant kinetic equations that come into play in these intervals are listed
in Fig. 2.14, appropriate to the weakly coupled domain.

So for early times, ¢ < t,, we look for decay behavior like

—w.t)
et — oot — Z ((;)—(;) (3.61)
- !

The Debye distance was encountered previously in Section 2.5.
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=

t=x t=0

FIGURE 2.15. Diagrams contributing to long-range interactions.

The terms correspond to diagrams with (e"nt)! dependence.

For problems concerning the relaxation of an inhomogeneous plasma to a
homogeneous plasma, the initial a;(¢) coefficient that comes into play is a;(0),
[ # 0. Due to the long-range nature of the unshielded Coulomb potential, many
particles interact and relevant diagrams are of the form shown in Fig 2.15. Sum-
ming such diagrams with proper e’nt dependence gives the Viasov equation
encountered in Section 2.2.

For longer-time behavior, we look for decay like

I
)ty —to,A _ (twp )
e =t = —

4 4 2\ 2

w w w 4mne 1

wph = -5 = —F~ :—P:( ) — ~e'n (3.62)
niy;  nijed  nC? m 3

Thus, dependence of relevant terms in this interval is (e*nt)’. The kinetic equa-
tion for a homogeneous plasma in this time domain stems from diagrams that
couple the initial interaction )e to a final interaction .Cl; Predominance of
“grazing” collisions indicates that k = 0 terms dominate the development of
the plasma. Separation of terms with common (e*nt)’ dependence gives the
series:

(3.63)
This is called the ring approximation and leads to the Landau equation.
Equations describing more general long-time behavior stem from summa-
tion of diagrams that carry dependence like (e?n)”(e*t)?. Summation of these
terms leads to the Balescu-Lenard equation. This equation includes a shielding
kernel in its interaction integral.'?

"2For more extensive discussion of the diagrammatic technique and its applica-
tions, see 1. Prigogine, Non Equilibrium Statistical Mechanics, Wiley-Interscience,
New York (1963); and R. Balescu, Statistical Mechanics of Charged Particles,
Wiley-Interscience, New York (1963).
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All these kinetic equations relevant to a plasma are discussed more fully
in Chapter 4. The Landau equation is derived in Section 4.2.4. The Balescu-
Lenard equation is derived in Section 4.2.5. The plasma parameter and the
notions of strongly versus weakly coupled plasmas are more fully discussed
in Chapter 4. Recall that the concepts of weakly and strongly coupled fluids
were discussed earlier in the present chapter (Section 2.1).

2.4 Bogoliubov Hypothesis

2.4.1 Time and Length Intervals

In this section we turn to the Bogoliubov hypothesis for the equilibration of a
nonequilibrium gas.!*!* The hypothesis addresses an enclosed gas and defines
three time intervals, which we label 1, 75, and 3. In the interval ;, two
molecules are in each others interaction domain. The interval t, is the mean-
free-collision times, which is the mean times between collisions. The time 73 is
the average time taken for a molecule to traverse the container in which the gas
is confined. For a mole sample of a gas confined to a macroscopic container,
we may write

1K KT

We may relate three respective displacements to these three time intervals,
which we label A1, A», and A3. The displacement A, is the range of interaction,"
A, is the mean free path,'® and A; is the edge length of the confining container.
Typical values of these parameters are listed in Table 2.1.

2.4.2 The Three Temporal Stages

The Bogoliubov hypothesis addresses the functional dependence of the N-
particle distribution function, fy(1,..., N) relevant to three stages in the
temporal development of the gas toward equilibrium. These stages are defined
in Table 2.2.

The hypothesis relevant to the initial stage in well described by the following
example. Consider that initially one of the N molecules in the gas is moving

BBN. N. Bogoliubov in Studies in Statistical Mechanics, vol. 1, J. de Boer and G. E.
Uhlenbeck, (eds.), Wiley, New York (1962), See also E. D. G. Cohen in Fundamental
Problems in Statistical Mechanics, E. D. C. Cohen, (ed.), Wiley, New York (1962).

4 An extension of the Bogoliubov hypothesis to dense fluids was made by R. L.
Liboff, Phys. Rev. A 31, 1883 (1985); A32, 1909 (1985).

5The range of interaction was introduced previously in Section 2.1, where it was
labeled ry.

The mean free path is discussed at length in the description of transport
coefficients in Chapter 3, where it is labeled /.
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TABLE 2.1. Bogoliubov length and time intervals for a gas with mean molecular
speed of 300 m/s at standard conditions (container edge length is A; = 3 cm)

Al Az A3
cm | 3x107% | 3 x 107 3

151 T T3

sec 10712 10~° 10~

TABLE 2.2. Epochs in the Bogoliubov Hypothesis

0 <t < 1; | Initial stage

7) <t < 1, | Kinetic stage

o<t Hydrodynamic stage

in free flight (between collisions) at a speed greatly in excess of the mean
speed of the remaining molecules. The N-body distribution function for this
nonequilibrium configuration is given by (1.6.7).!7 In the initial interval there
is no collisional exchange between molecules, and the initial nonequilibrium
state experiences no equilibrating force. Thus it is hypothesized that in the
initial stage no less than the full N-body distribution function is required to
describe the state of the gas.

In the kinetic stage, molecules experience collisions and there is a ten-
dency toward equilibration. It is hypothesized that in this interval all s-particle
distributions are functionals of f;(1). That is

fo= 08 ) (4.1)

with explicit time dependence of f; contained entirely in f;. An example of
the functional dependence of (4.1) is given by the case where molecules are
statistically independent. For this case, we write

f=]]ro (4.2)
i=1

In the hydrodynamic stage, it is hypothesized that all distributions depend
only on the hydrodynamic variables n, u, and 7', where n is number density,
u is macroscopic fluid velocity, and 7 is temperature.'®

Thus we have the following description. As the system passes from the initial
nonequilibrium state to the finial equilibrium state, there is a diminishment in

Note, however, that in (1.6.7) remaining molecules in the gas are at rest. A more
correct distribution would include finite but small speeds of remaining molecules.
18Fluid dynamic variables are defined and more fully discussed in Chapter 3.



2.4 Bogoliubov Hypothesis 117

the level of description appropriate to the state of the fluid. In the initial stage,
the full N-body distribution is required to describe the state. In equilibrium,
the far less informative macroscopic variables n, u, and T suffice.

2.4.3 Bogoliubov Distributions
Again we turn to the F; distribution defined by (2.6):
Fo =V 4.3)

Note that, for a homogeneous fluid, F; is dependent only on momentum.
Rewriting BY; (1.20) in terms of these distributions gives

0 ~ _
(E - L ) d Z/ zs+1Fs+1d(S +1)= 4.4)

where @,-j is given by [see (1.7)]

N 0 B
' op; 0p;

and we have recalled the steps (1.15) and (1.16).
In the thermodynamic limit,

. N —s ) N 1
lim < ) = lim (—) = - 4.6)
N—o0 1% \% v

V—o0

where v, the specific volume (mean volume occupied per particle) is a finite
parameter. In this limit, (4.4) becomes

a
<$—L>F__Z/ 13+1F3+1d(s+1)_ “.7)

2.4.4  Density Expansion
In the kinetic stage, (4.1) is relevant, and we write, equivalently,
F,=F,...,s;F) (4.8)
Since the explicit time dependence of F; is contained entirely in Fi, we write
or. (o5 o1
ot SF, ot
The bracket notation denotes an inner product over all F functions. As a simple

example, again consider the case of statistical independence of molecules. In
this event we write

4.9)

F=[1R0) (4.100)
=1
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Substituting into (4.9), we obtain

Z Fl(k) [1r® (4.10b)

k Ik

As noted previously, the Bogoliubov analysis is relevant to a rare gas. With
this motivation, we introduce the expansion

1 1
F(l,....siF)=F)+-F" 4+ SF? +... 4.11)
v v
Substituting (4.11) into BY [obtained from (4.7)], gives

oF oF 1. 1
on P1__1+5112[F<0)+ “FO 4. ]

at m 8X1
1
=AO 4 ZAO 4 ... 4.12)
v

2125/(12@12

which serves to identify the A coefficients. Substituting the preceding two
expansions into the inner product (4.9), gives

aF, SF© 1 (/sFD SF©
Lo (= AO) ¢ — (=, A9 ¢ LAV 4o (413
ot < 8F, v |\ F SF @19
This expansion may be written in the alternative operational form
oF, & 11a A
s _ popo L [D“’)F“) n D“>F(°>] .. (4.14)
ot ' v ' ' '

where the D® operators are as implied.
Now we return to (4.7) and, inserting the expansion (4.11), obtain

aEv T

or s [ FP+ 5 F(l) } lem[ ;3)1+ F(1)+ }
(4.15)

with this equation at hand, we note that, together with (4.14) [which stems

from (4.19) and BY ], it comprises two equations for d F;/d¢. Setting

(4.16)
and equating terms of equal power in 1/v gives the sequence
DOF® = [ F© (4.17a)

DOFD + DOFO = [ FO + Z L FQ ds +1)  (4.17b)

i=1
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n S
SLLVERETNEED Sy S LI L
k=0

i=1

Equations (4.17) are self-contained functional equations that, in principle,
determine the sequence {F™} in the expansion (4.11). A key element of this
analysis, as will be found below, concerns the operator L,. We recall that this
operator, as given by (1.11), pertains to a collection of s particles that interact
with each other but are otherwise independent of the remaining aggregate.

We will not apply the sequence (4.17) to find a closed kinetic equation for

F in the low-density limit valid to order v—1.

2.4.5 Construction of FZ(O)

Our program for obtaining the said kinetic equation is as follows. To 0(%), the
relation (4.12) becomes

8F1 P 8F1 1/ ~ )
— 4+ —.— =— | d20,,F 4.18
ot + m 00Xy v 1252 ( )

Thus, if we obtain Fz(o)(F 1), a closed kinetic equation for F; is established. To
these ends, we recall (4.17a) and with s = 2 write

DOF” = L,F{" (4.19)

We must solve this equation for FZ(O)(F 1) subject to an appropriate boundary
condition. We take this to be the condition that, when carried sufficiently far
back in time, particles in a given aggregate are uncorrelated.

The Liouville operator, Ly, was introduced in (3.1). For an isolated system
of s we may write

oF,
ot
whose solution is given by

= [H,, F,] = L,F, (3.2a)

F (1) = ¢B F,0) = AY)F,0) (4.20)

We have found previously in Section 1.5.3 that exp tlA,S propagates particle
phase variables back in time!® through the interval ¢ to values determined by
the Hamiltonian for the s-particle system. So we label the operator A(_S; Here
are some properties of this operator:

Ao =1 (4.21a)

“With reference to Section 1.5.3, we note that [\S = il:r. Recall also that is
operates on the phase variables of F.
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A A, =AMy (4.21b)
A, .. .
P =LA, =A_; (4.21c)

Let us employ the A, operator to express the boundary condition on Fj
described above:

lim AY)F,(1,..., 5, F) = lim A®) ]_[ Fy(k) (4.22)

=00

Since this boundary condition holds for all Fj(k), it also holds for F| =
lim,_, Aﬁl)F 1 (k). Substituting this value into (4.22) gives

lim AV, (1, s A§1>Fl) lim A" ]_[ AV F (k) 4.23)

t—00 —>00

As A relates to a one-particle system, it operates on free particle phase
variables. Thus

RHS (4.23) = lim AG T Fi (% + P, )

s Pr s
_[lingol—[Fl [Agz (Xk+ ) A( Pk ]
= ]"[ A, p) (4.24)

where X(S) and p(‘) are phase values of the kth particle traced back in time to
t = —oo, under the interaction of s particles from respective starting values
X + (px/m)t and py.

With these expressions at hand, we return to (4.19) and with the identification
of (4.13), 4.14 write

n 5F(0) 3F(0)
DOFOT, . s F)= AO(F <L F) 425
s ( 55 F) <5F (F )> < 5F, ] (4.25)

A tractable representation of the functional derivative in the preceding equation
is obtained as follows. Again we note that since (4.25) is true for all F) it is
also true for A" F,. This permits us to write

. A SFO . .
DO E® [1, s A(_l,)Fl] - <—] [LIN_‘{FI]> (4.26)
5 [Ai}Fl]
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With the property (4.21c), the preceding may be rewritten

A
R SFO ad [A_,Fl]
DOF® = < T i (4.27)
5 [Aim] t
which gives the desired representation
N A d A
DOF® [1, ...,s;A(J,’Fl] = - F [1, s A&‘ZFI] (4.28)
Substituting this relation into (4.17a) gives
0 ~ A N
2 Fo [1, ...,s;A(_l,)Fl] — L,FO [1, ...,s;A(_l;Fl] (4.29)
ar - :
With (4.20) it is evident that the solution to (4.29) is given by
FO [1, L s;A(J?Fl] = AYFO(1, .. s B (4.30)
Equivalently, we may write
FO[,... 5;F] =AY FO [1, s Ag”Fl]
As this solution is valid for all 7 intervals, the limiting form
FO[,....s:F]= lim A FO [1, ...,s;A§1>F1] 431)
—00

is likewise a solution. Incorporating our previously stated boundary-condition
relations (4.23) and (4.24) gives the final desired solution:

FOU,....s: ) =[] A [ng>, p<;>] 4.32)
k=1

Thus, the lowest-order solution F(? in the Bogoliubov analysis is given by a
product of one-particle distributions with phase variables (x*), p**) displaced
back in time and coupled through the subspace s-particle Hamiltonian.

2.4.6  Derivation of the Boltzmann Equation

The final step in our program for obtaining a closed kinetic equation is to obtain
a consistent representation for the L, operator in (4.19).
To these ends, with (1.11) we write
Ly =0, (4.33)
where, we recall,

. P9 p 0

)= — - — - . —

m 00X m 0Xy
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and @12 is given by (4.5). With (4.33) we write
OnF” =ity F” + Ly F” (4.34)

We now find separate expressions for the two terms on the right of (4.34).
With these expressions at hand, we return to (4.18) to obtain the desired kinetic
equation. We start with L, FZ(O).

Returning to (4.19) and employing (4.13) gives

. . SF
L,F” = DVF = <—5F2 ,A<°>> (4.35)
1
where with (4.12) we write
dF (X,
A0 _ P R&p) (4.36)
m 0x

Employing the solution for FZ(O) given by (4.32) in the inner product in (4.35)
gives

N & @ o] 9 @ @
LyF, ——?Fl X .0 | b |X7. P

ax?
P, @ @] 9 @ @
_Pk g [x p ]—F [x p ] (4.37)
m LU H ax§2) H R

We wish now to find an alternative expression for the operator . Introducing
the transformation of variables (xi, X,, p1, p2) — (1, X1, g, p1), Where

r =X, —Xj
g7 M 4.38)
m
permits £, to be written
N a a . A
ar m 0X

The subscript B on the operator Kp= g - d/0r denotes Boltzmann.
Inserting this expression into (4.34) and substituting the resulting form into

(4.18) gives

oF oF 1 A 1 R A

CLAR TR _/ A2k PO + —/ (L2 - K,) FOd2  (4.40)

ot m 00X v v

If Fz(o) is homogeneous (that is, independent of x; and x,) over the interaction
domain, the second integral on the right side of (4.40) vanishes and the collision
integral reduces to

N d
/ 2Ky P = / dx;dpag- [ Fi (01) Fi (p)] (441)
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Before collision:

ger

g before z2= 5 <0

After collision:

gafte\ z:g.r>o
g

X2

FIGURE 2.16. Asymptotic z values in the Bogoliubov derivation.

where g is the relative velocity defined in (4.38). The spatial integral in (4.41)
may be evaluated as follows. We work in cylindrical coordinates with the
cylinder axis parallel to g. For the projection of r onto this axis, we have

gr
8

The cylinder radius b and azimuthal angle ¢ complete the description, and the
spatial volume in (4.41) becomes

dx, =dr =bd¢pdbdz

z (4.42a)

(4.42b)
0 B 0
ar gaz

Integrating the right side of (4.41) over z gives

[ o[ ) R )] 7 () ) s

The value z = 400 corresponds to the domain after interaction (see Fig 2.16).
If p; and p; are traced back to the interval prior to collision, they assume values
that give p; and p, after collision. Let us label these values of momenta p}
and p),. The value z = —o0 corresponds to the domain prior to collision. What
values do p; and p, attain if traced back to the infinite past from this domain?
As particles are assumed not to be in each other’s interaction domain prior to
collision they move as free particles and the answer is p;, p,. Thus we write

8

+00

F(P) A ()| =) F(p) - AGOF() (444

Substituting these values into (4.41) and then into (4.39) (with the I:z - K 5
integral neglected and dp, = m dg) gives the standard form of the Boltzmann
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equation:
0F; Pi aF 2 ’ ’
— + — - — =— [ dpy | bdbg [Fi(p)Fi(p}) — Fi(p1) Fi(p2)]
ot m  0Xg v

(4.45)
This equation is in a more canonical form than the previously obtained Fourier-
structured equation (3.55). Again it is noted that a more direct derivation of the
Boltzmann equation together with a full discussion of collision terms is given
in Chapter 3.

As with the Prigogine technique, the Bogoliubov analysis also provides a
recipe for generating corrections to the Boltzmann equation to higher density
configurations.?

Bogoliubov’s hypothesis relevant to the hydrodynamic stage finds strong
corroboration in discussion of the Boltzmann H-theorem in Section 2.5. Here
it is found that the one-particle distribution of a fluid in local equilibrium is
a functional of n, u, and 7', as stipulated by the Bogoliubov hypothesis. This
important distribution is called the local Maxwellian and is discussed in detail
in Section 3.3.10.

2.5 Klimontovich Picture

In this section we turn to an alternative description of kinetic theory formulated
by Klimontovich.?! In this formalism, phase densities are introduced, moments
of which are found to be related to multiparticle distribution functions intro-
duced earlier. Moments of deviations from the mean of these phase densities
are similarly found to be related to previously encountered correlation func-
tions. Applying these algorithms to an equation of motion for the first moment
of the phase densities is found the first equation of the hierarchy (BY ).

2.5.1 Phase Densities

The Klimontovich phase density for a system comprised of N particles is given
by the following delta-function expression:

N
N {zh) =) sz—2) (5.1)

i=1

where

z; = [x;(), pi(1)] (5.2a)

2See, for example, E. D. G. Cohen, Acta Physica Austriaca, Suppl. X, 157 (1973);
J. R. Dorfman, Physica 106A , 77 (1981).

2'yu L. Klimontovich, Statistical Theory of Non-Equilibrium Processes in a
Plasma, MIT Press, Cambridge, Mass. (1967).
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represents the phase point of the ith particle and
8(z—2z)=08(x—x;)é(p — i) (5.2b)

The phase variable z = (x, p) is a point in six-dimensional (for point particles)
-space.
The normalization of A (z, {z;}) (dropping the {z;} notation) is given by

N
/N(z)dz:Z/é(z—zi)dz:N (5.3)
i=1

Integrating over an infinitesimally small domain, Az, of p-space and recalling
the mean-value theorem gives
N@)Az = AN (5.4)

where AN is the number of particles in the infinitesimal phase volume Az.

2.5.2 Phase Density Averages
The average of N(z) is given by the rule (1.6.8), and we write*

N
N(z) = /dzl codzy fn(@y, ..., Zy) Z(S(z —1z;) (5.5
)

=/dlzdly"fN(Z,Zz,---)+/dlldl3"'fN(Zl,Z,Z3,---)+"'

Collecting terms gives
N(2) = Nfi(z) (5.6)

To obtain a parallel relation for the second moment,>* N(z)N (z'), we first
effect a division of double-sum delta functions as follows:
N N

> 8z —2)8( —z;)

i=1 j=1
= Z Z 8z —2)8(2 —2;)+ 6 Z 8z —12)8z —z) (5.7)
i J i
i#]
Again, with (1.6.8) we write

N@N(2) = /dzl coday fv@i, ..., Zy)

x [Z D 8z —2)8E —2))+8; Y 8z —12)8(z — z):|

i#]

2Time dependence of distributions is tacitly assumed.
BThat is, moments with respect to the N-particle distribution.
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=N(N-1) f dz; dz; f>(2;,2;)8(z — 2;)5(2' — z;)

+ Né(z — 7)) / dz; 1(2))8(z — z;) (5.8)
In the last equality, z; and z; represent two arbitrary terms in the summations.
Integrating gives the desired result:
N@N (@)= NN - 1) fo(z, ) + No(z — Z) fi(2) (5.9)
Continuing in this manner, for the third moment of N (z) we find
N@N@)N(z")
N / 7z N / 1
=3!(3>f3(z,z,z)+2!(2>[3(Z—Z)fz(z,z) (5.10)

+8(z—2")fo(z,2) + 8(z —2") f>(z,2") |+ N8z — 2)8(z — 7) f1(z)
Equations (5.6), (5.9), and (5.10) may be concisely written in terms of the
s-tuple distributions (1.6.14). There results
N(z) = F(z) (5.62)
NN () = Fx(z,7)) + 8(z — 7)) F,(z) (5.92)
NIN@N(z') = Fy(2,7,2") + 8(z — 2)Fy(2,2") + 8(z — 2") Fa(z, 7))
+8( — 2V (2,2") + 8z —2)8(z — 2")Fi(z) (5.10a)

Continuing in this way, we obtain a mapping between the moments of A/ (z)
and the s-particle distribution functions.

2.5.3 Relation to Correlation Functions

Let us introduce the deviation of the phase density N (z) from its mean, which
we label

SN (z) = N(z) — N(z)
With N (z) = 0, we obtain
N@N (@) = N@)N @) + SN (2)SN(Z) (5.11)
In the limit N >> 1, (5.6) and (5.9) give

N(z) = Nfi(2)
N@N@) = N fr(2,7) + N5z — 7)) f1(2) (5.12)

Recalling the first equation in the sequence (2.19), which defines the corre-
lation function C(1, 2) (written in terms of the z, z’ variables), and comparing
with (5.11) and (5.12), we obtain

SN@)SN (@) = N*Cy(z,7)) + N8(z — 7)) f1(2) (5.13)
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In similar manner, equations may be obtained connecting the higher-order
correlation functions with higher-order mean products of deviation from the
mean of the phase functions.

2.5.4 Equation of Motion

Finally, we turn to an equation of motion for the phase density (5.1). With
arguments leading to the Liouville equation (1.4.7) taken to be appropriate to
N(z) in p-space, we obtain
IN(z ON(@) . N(z
W@ | N@ N
ot ox ap

0

(5.14)
p= /,/\/(z/)G(X, x')dz

The two-particle force G(x, X') is assumed to be of the symmetric form
Gx,x)=G(x —X|) (5.14a)
Combining the latter two equations, we obtain
ON(z) ON(z)
+v-
at ox
Taking the average of this equation gives
ON(z) ON (z)
+v-
ot ox
With (5.6) and (5.9), (5.16) gives (in the limit N >> 1)

0 a
h@ o 1@ 3 / G(x,X) fo(z,2)d7 = 0 (5.17)
ot 0x ap
Here we have dropped the delta-function term in the integral owing to assumed
symmetry (5.14a) of the interaction force (see Problem 2.8. Comparing (5.17)

with the first of the hierarchy (1.24), BY, reveals them to be the same.

4 % . / Gx, X)N@N@)dZ =0 (5.15)

+ % ' / G(x, x)N(@N(z)dz =0 (5.16)

2.6 Grad’s Analysis>*

2.6.1 Liouville Equation Revisited

To this point we have encountered two derivations of the Boltzmann equation
stemming from the BBKGY hierarchy. In the present section, Grad’s derivation

2*H. Grad, Hand. d. Physik, vol. 12, Springer, Berlin (1958).
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oX; X3—X,
1#1 ’ o X, — Xy

(a) (b} {c}

FIGURE2.17. Configuration domain in Grad’s derivation of the Boltzmann equation:
(a) domain D; (b) domain D;,; (c) domain D,.

is described. The starting point is the Liouville equation written in the form
of v e
m+2 i)+ = Z v ©.1)
The following formulas are needed in the derivation.

0
/ - A(X, y)dy_/ divAdy = — # A-dS (6.2a)
ly—x|>A 3y [y—x|>A

ly—x|=A

0
—/ A(x,y)dy:/ — - Ady — # A - dS (6.2b)
0x ly—x|>A ly—x|>A ox

ly—x|=A

2.6.2 Truncated Distributions

The derivation is further based on the introduction of the truncated distribution
flA(zl), where z; = (X1, v;). This function is the probability of finding no
molecules within a distance A of particle 1, with particle 1 in the state z. To
obtain the equation f{* satisfies, we integrate the Liouville equation over the
domain D. This domain contains all states of particles (2, ..., N) in which no
particle is closer than A to particle 1 (see Fig. 2.17). There results

df v L&, afw]|
[ a2 { iyl i+ )G =0 63)

A =/ fxd2...dN (6.3a)
D
D={x; —x|>A; |xj—x31>A,...,[x; —xy| > A}
If D, denotes the domain |x; — X,| > A, then we may write

D =Dy x D3 x---Xx Dy (6.4)
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From these equations we obtain

o Z/{ ot GfN}dZ AN =0 (65)

m 0V;
Let S; be the sphere |x; — x;| = A. Now consider the first term in the sum
N
Z — - Vifn (6.6)
perl
whose integral gives
[ oz ’ <sz>+i/9§EfA<1 Wi - dSd
\4 _— , 1)V, - V;
ax, N Toax, T & 2
Si
6.7)

Here we have employed (6.2b), identifying the integral on the left of (6.7 with
the first term on the right of (6.2b). The remaining terms in the sum (6.6 may
be similarly integrated to obtain [with (6.2a)]

N
/ fndsan ==Y [df rraim - dsav 68)
i=2 S;

In the force term in (6.5), all save the d/9v, term reduce to surface integrals
that vanish. The relevant factor in the remaining term is integrated to obtain

N
/Gldez... dN=Z/ Gi(x1,X)fvds ... dN
D i=2 YD

=N—-1 [ Gpx,x)[f(1,2)d2 (6.9

D,

The domain D, contains all states of particles 1 and 2 in which they are not
closer than the distance A (thatis, |x; —X;| > A). The two-particle truncated
distribution f* is defined through the integral

fZA(l,z):/ fv(,...,N)d3...dN
"
D/:D3XD4X"'XDN (610)

The domain D’ contains all states of molecules (3, ..., N) in which no particle
is closer than A to particle 1.

2.6.3 Grad’s First and Second Equations
Combining (6.5) and (6.9) gives Grad’s first equation:

9 8
g; fl +(N_1)/#f2 dS - (v —vy)dv,
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g- dS<0
{before collison)

[sdsdg)

Every such element
of area has a
projection on
S; and S§7

g-dS$>0

‘/(after collison)

FIGURE 2.18. The S, sphere in Grad’s derivation of the Boltzmann equation.

N-1 3
N _/ Gufid2=0 (6.11)
D,

m 8V1

In obtaining this form, the surface integrals on the right side of (6.7) and
(6.8) were recognized to be N — 1 identical terms. This identity is made for
much the same reasons as were employed in obtaining the N —s identical terms
in BBKGY sequence (1.20). The domain D, in (6.11) includes [x; —X;| > A,
while the surface integral in this same equation is over the surface [x, — x;| =
A. Suppose that G, = 0 for |x, — x| > A (such as for rigid spheres of
diameter A). We then obtain Grad'’s second equation (see Problem 3.51).

afA K
Jac; + v f1 :—(N—1)f9§6f2 ds - (vi —v)dv, (6.12)

The left side is the total time derivative of the function f{*. The surface integral
indicates that the rate at which a set of particles in a given phase element
changes is due only to the loss and gain of a pair of particles as they enter and
leave each other’s sphere of influence. Here we are interpreting A to be the
range of interaction, previously labeled r in Section 2.2.

2.6.4 The Boltzmann Equation

Grad’s second equation is a precursor to the Boltzmann equation. To establish
this property, we consider the sphere S, shown in Fig. 2.18. The points on S,
are mapped onto the meridian disk by simple projection. Points on the disk
have the radial coordinate (impact parameter) s and azimuth ¢. To make the
mapping one-to-one, the two hemispheres are distinguished according to

SS:g-dS>0 (after collision)
S, :g-dS<0 (before collision)
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The relative velocity g is given by
g=Vv,—V (6.13)
For fixed g,
S, =S5 +85

The point on S5 that projects onto (s, ¢) is called X5 (s, ¢), and the point on S
that projects onto this point is called x; (s, ¢). There results (see Problem 2.16)

(Vi — V) - dS = —gsdsdy onS;

~ (6.14)
(vi—vp) - dS=+gsdsdy on S,

If 2* denotes (v», X2+ )and 2~ denotes (v», X, ), then, in the previously described
coordinates, (6.12) appears as

A A
U L, AT —(N—l){/ +/} (6.15)
ot )¢ Sy Ny

=(N-1 f (21,27 — f2(1,27)]gsds dg dv,

At this point the following constraints are imposed:

1. Replace the arguments in f5*(1,2%¢) by the values they must be at the
start of a binary collision (say 1,2, 7) in order that they have the values
(1,27%) at the time ¢.

2. Set

1,20 = A fFR2-)
1,2 = FADEQ)
which is the assumption of molecular chaos.

3. In the four functions fA(1,1), fAQ7, 1), fA(,7),and fA(2,1)replace
X,, X1, X, by X; and 7 by ¢.

Inserting these changes into (6.15) and neglecting one compared to N gives
the Boltzmann equation (recall F; = Nf)):

aF; aF;
_ Vi —— =
Jat 8x1

This completes the Grad derivation of the Boltzmann equation. As noted
previously, the Boltzmann equation is discussed in greater detail in Chapter 3.

Note in particular that as (6.12) is a precursor to the Boltzmann equation, the
neglected force integral in Grad’s first equation (6.11) is a measure of the error
associated with the Boltzmann equation. However, we may easily envision
a perturbative technique of solution to Grad’s first equation (6.11) in which
Grad’s second equation (6.12) [and resulting Boltzmann equation (6.16)] is
the lead term. Thus, all three techniques as given by Prigogine, Bogoliubov,

/[Fl(‘_'l)Fl(‘_’Z) — Fi(vi)Fi(vy)] gsdsdedv, (6.16)
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and Grad offer a means of obtaining higher-order corrections to the Boltzmann
equation appropriate to denser fluids.

Problems

2.1.

2.2.

2.3.

24.

2.5.

Establish the following antinormalization properties for the correlation
functions C, given by (2.21).%

/Cs(l,...,s)dl=/Cx(1,...,s)d2:---=/C_T(1,...,s)ds=0

(a) Write down BY;. Define terms.
(b) Integrate BYj; to obtain BY,.

Write down the explicit form of the Liouville equation for a two-component
gas that contains N /2 molecules of mass m and N /2 molecules of mass M.
The interparticle conservative forces are labeled G,,, G, and G, relevant to
m —m, M — M and m — M interactions, respectively.

A dumbbell molecule comprised of atoms with respective masses m; and m,
that is in a uniform gravity field has the Lagrangian

. . koMo
L= %(aze2 + a7 sin’ 0) + S8 + = (X + 12+ 2) - MgZ

The center of mass of the molecule is X, Y, Z, and £ is the displacement from
equilibrium separation of the two atoms.

(a) Obtain expressions for the canonical momenta py, pys, ps, Px, Py, and
pz in terms of generalized velocities.

(b) What is the Hamiltonian of the molecule?

(c) A gas of N noninteracting identical molecules of this type occupy a
cubical volume V = L*. What is the one-particle Liouville equation for
f1, the one-particle probability density of the gas?

(d) Let the molecules interact through the potential V(R;;), where R;; is the
intermolecular center-of-mass separation. What is the explicit form of the
Liouville equation for the gas? Leave triple sums intact.

Consider a system that contains N particles in equilibrium whose Hamiltonian
is given by

HxY, p") = K(") + (")

Kinetic and potential energy terms have been written as K and ®, respectively.
Show that if the distribution function is of the product form

frnx™,pY) = Xx")P(p")

ZFor further discussion, see R. L. Liboff, Phys. Fluids 8, 1236 (1965); 9, 419
(1966). See also Problem 2.23.
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FIGURE 2.19. Prigogine diagram from Problem 2.6.

where
N
P") =Y 2(p})
i=1
then the Liouville equation implies the canonical distribution
fex¥,p") = Aexp[-BH (X", p")]

where A and B are constants.?

2.6. Consider the diagram in the Prigogine analysis of the Liouville equation shown
in Fig. 2.19.

(a) What is the order of this diagram?

(b) How many particles come into play in this diagram?

(c) Calling the perturbation Liouville operator 8L, write down the product
matrix element (in Dirac notation) that this diagram represents.

(d) What is the integration in time that accompanies this diagram (list only
differentials and limits of integration)?

2.7. Consider a system whose ensemble fluid occupies a simply connected domain
R of I'-space. A domain R is simply connected if any two points in R may
be connected by a path contained entirely in R. Show that in the motion of
the system R remains simply connected. That is, R does not separate into
disconnected segments.

2.8. In the Klimontovich formulation, show that BY, as given by (5.17) follows
from (5.16). Justify all steps.

2.9. A space is said to be a metric space if for any two points (x, y) in the space a
“distance” function d(x, y) exists that maps pairs of points in the space onto
numbers and has the following properties:

@) d(x,y) > 0;d(x,x)=0;d(x,y) > 0if x # y (positivity)
(2) d(x,y) = d(y, x) (symmetry)
Q) d(x,2) < d(x,y)+d(y, z) (triangle inequality)

Introduce a distance function for 2/N-dimensional I"-space. Show that your
choice satisfies the preceding properties, thereby establishing that I'-space is
a metric space. (Hint: Recall that I"-space is a Euclidean space.)

%This theorem was previously discussed by R. L. Liboff and D. M. Heffernan,
Phys. Letts. 794, 29 (1980).
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2.10.

2.11.
2.12.

2.13.

2.14.

2. Analyses of the Liouville Equation

(a) What is the Bogoliubov boundary condition on the state of particles at
t = —o0? In what sense is this condition included in the Boltzmann
equation?

(b) Establish the properties (4.21) relevant to the time-displacement operator
A

What is the structure factor, S(k), for an ideal gas?

Show that the equation of state of a fluid comprised of rigid sphere of radius
a is given by
P _1+27ma3 (@)
nkB T - 3 gl

where g(a+) is the value of g(r) at r = a + €, ¢ — 0. (Hint: Recall that the
derivative of a step function is a delta function.)

For low-density fluids, the following form is found to be a reasonably good
approximation for the radial distribution function.

g(r) = exp[—®(r)/ksT]

Consider that the interaction potential ®(r) has a rigid repulsive core and
a long-range “attractive tail.” What are the corresponding values g(0) and
g(00)?

Show that the total correlation function /(r) has at least one zero on the open
r interval (04, 0o).

Answer

It follows from Problem 2.1 that
/Cz(l, 2)d1d2 =0

Inserting the defining relation (2.48) into this equation gives

/ Jo(p1) fo(p)h(r)d1d2 =0

Introducing the transformation
r=x, —X
2R =x, + X,
(which carries a unit Jacobian), we find
dx,; dx, = dr,dR
and the preceding integral gives

/ Anr’drh(r) =0

0
Here we have assumed a sufficiently large volume permitting the upper limit
of the integral to be set equal to infinity. As #(0) = —1, the above integral
implies that i(r) is zero at least once on the said open r interval.
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2.15. What is the radial distribution function g(r) corresponding to the structure
factor
S(k) = e~

where a is a constant length.
2.16. Establish the validity of (6.14).

Answer
The relation
g-dS=gA*dcosfdpcosh
together with
s> = A’sin’ 0

gives the desired result. Note that the angle 6 is inscribed between A and the
polar axis in Fig. 2.18.

2.17. A Lie derivative is defined as the form

N d
L=AX) —
0x
where A(x) is a vector function of x. Show that Lie derivatives have the
property
et fX) = f(e"x) = fIX(x. 1)]
where
aX(x, t
%0 _ A, 1)
ot
X(x,0) =x
2.18. (a) Show that the s-particle (s < N) distribution function satisfies the
equation
of
- Vs U Js = 0
Y + u, f,

where V| represents the gradient in s-dimensional I'-space. In your
derivation of the given kinetic equation, what does u, represent?
(b) What is the physical interpretation of the given kinetic equation?
(¢) Is the ensemble fluid for this subsystem incompressible? That is, does
V, -u, = 07 If not, what is an appropriate expression for this term?
2.19. In the Bogoliubov analysis, we encounter the functional inner product (4.9).
What is the explicit representation of the form
SFH(DFAQ2) p 0
<8F1 7E'37XF1(X7 P)>
2.20. (a) Issymmetry of the N-body distribution function in its arguments assumed
in the derivation of the Liouville equation? If so, where?
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(b) Is this property assumed in the derivation of the BBKGY sequence? If
so, where?

Answer

(a) This assumption was not made. Recall that it was found that any arbitrary
function of the constants of motion of the system is a solution to the
Liouville equation.

(b) This assumption was made. Thus, for example, if f3(1, 2, 3) is a symmet-
ric distribution, then [ f3(1,2,3)d1d3 and [ f3(1,2,3)d1d2 give the
same functional dependence on the remaining variable.

2.21. In BY, (1.20), discuss the difference between the force terms in the sum on
O;; and the force terms in the integral.

2.22. Obtain BY, within the Klimontovich formalism. Hint: Write the equation
of motion for V' (z)V(z) in twelve-dimensional (z, z') phase space, take the
ensemble average, assume that (z # z) and introduce appropriate forms for
terms containing p and p'.

2.23. The correlation normalizations of Problem 2.1 as well as those implied by
Problem 2.14 and equation (2.47) are valid for systems with vanishingly small
fluctuations. More generally,?” for the radial distribution function, one writes

/[g(r) —1]dr + % =kgTkr

1 (Vv
kr=——=\|—
vier),

is isothermal compressibility.

where

(a) What relation for k7 is implied by the preceding integral equation for an
ideal gas?

(b) In what limit is the normalization on the radial distribution implied by
Problem 2.14 valid?

Answers

(a) For an ideal gas, g(r) = 1 and we obtain, nkzTkr = 1.
(b) For a dense medium in which number density, 7, is very large for which
Kr = 0.

2D. L. Goodstein, State of Matter, Prentice Hall, Englewood Cliffs, NJ (1975);
F. Mohling, Statistical Mechanics, Wiley, New York (1982).



CHAPTER 3

The Boltzmann Equation, Fluid
Dynamics, and Irreversibility

Introduction

This chapter begins with a review of scattering concepts important to deriva-
tion of the Boltzmann equation. Collisional invariants are then introduced that
aid in obtaining fluid dynamic conservation equations and the H theorem.
This theorem in turn leads to the well-known Maxwellian distribution. The
central-limit theorem encountered previously in Chapter 1 is employed in the
evaluation of the distribution of center-of-mass velocities of a finite stationary
gas of molecules. A derivation of Poincaré’s recurrence theorem stemming
from the Liouville equation is given and is contrasted with the irreversibility
of the H theorem of the Boltzmann equation.

Transport coefficients are introduced in the context of response to gradient
perturbations of fluid variables. Maxwell’s elementary mean-free-path esti-
mate of transport coefficients is presented, as well as a brief account of their
relation to autocorrelation functions. These notions serve as an introduction to
the Chapman—Enskog expansion of the Boltzmann equation. Values obtained
for transport coefficients through this method are shown to be in good agree-
ment with experiment. The theory of the linear Boltzmann collision operator
is discussed, and spectral properties of hard and soft potentials are noted. The
chapter next turns to application of the Boltzmann equation to an electron gas
immersed in an ionic fluid in the presence of a dc electric field. The result-
ing Druyvesteyn distribution is then employed in the derivation of an integral
expression for electrical conductivity.

In the last section of the chapter the notion of irreversibility, previously
discussed in reference to the H theorem, is reintroduced, and more recent
contributions to this subject are noted. Ergodic and mixing flows are described
and Birkhoff’s contribution to the theory is reviewed. Action-angle variables
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are introduced together with Bruns’s theorem on a limited number of constants
of motion and the closely related concept of an integrable system. Numerical
results relevant to a two-dimensional anharmonic oscillator lead to the concepts
of resonant domains, chaotic motion, and the closely allied, often quoted, KAM
theorem.

3.1 Scattering Concepts

3.1.1 Separation of the Hamiltonian

Basic notions of scattering theory are prerequisite to derivation of the Boltz-
mann equation. The theory of two-particle collisions is best formulated in the
center-of-mass frame.
First we note that the Hamiltonian of two particles interacting under a central
potential V (), in the “lab frame,” is written
P2
H(ri 12, pip2) = 5 - 4oL V() (1.1)
my
Particle masses are m and m,, respectlvely, and r is the relative displacement
r=[r —n

Transformation to the center of mass is effected through the mapping

p= mpy —nmypy L
my + my
r=r,—r
(1.2)
P=p +p
R — miry + mor;
my + my
Substituting (1.2) into (1.1) gives
P2 p2
HR,P, =—4+—+4V 1.3
( r,p) = 2M+2 + V(r) (1.3)
where [as in (1.12)]
is the momentum of the center mass,
nminiy
o ng + nop
is the reduced mass, and
P2
Hoy = — (1.4)

2M



3.1 Scattering Concepts 139

is the kinetic energy of the center of mass. The remaining part of the
Hamiltonian,

2
p
He=—+ V(r)
2u

represents the Hamiltonian of a particle of mass p in the potential field V (r).
H, is the Hamiltonian of the two-particle system relative to a frame moving
with the center of mass. With this notation, (1.3) becomes

H = Hcwm + Hyel (1.5)
Since H is cyclic in R, we may conclude that P is conserved, whence
Hcy = constant

This constant may be absorbed in V (r) without affecting resulting equations
of motion. Thus we may write

»?
H=H,=—+V({) (1.6)
2u

So we find that the original two-body problem is reduced to a one-body
problem of a particle of mass ¢ moving in the field of a central potential, V (r).
Since the force on this particle is radial, angular momentum is conserved, and
we may conclude that the particle moves in a plane of constant orientation.
See Fig.3.1. Thus the u particle has two degrees of freedom, which we label
r and ¢. The angle ¢ is the inclination of r to an arbitrary axis in the plane. In
terms of these coordinates, the Hamiltonian becomes

P,

P
2 VO (1.7)

2
H=—"
2M+

Since ¢ is a cyclic variable, p, is constant, and we set

pp =L

Furthermore, H is constant and may be identified with the energy of the system
measured in the center-of-mass frame. Thus we write
2 2
E=2 4
2 2ur?

With (1.7), Hamilton’s equations (1.1.12) gives

+ V@) (1.8)

p. dr 2 L?
S= =S E-V) -
dp L _ Lat

dt  ur?’ ur?
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AL

e

./
m,

/ m
r
//Tra]ectory of

/ center of mass

FIGURE 3.1. The radius vector r moves in a plane of constant orientation in the
center-of-mass frame.

Substituting d¢ for dt in the first expression gives
Ldr/r?
V2UIE — V()] = (L2/r?)
Note in particular that we are addressing scattering or unbound trajectories.
With the convention that V(co) = 0, an unbound orbit is characterized by
E > 0, where E is the energy as given by (1.8). A bound state corresponds to
E < 0 (see Problem 3.1).

+ constant (1.10)

3.1.2  Scattering Angle

We wish to apply (1.9) to obtain the angle of scatter that two particles suffer in
collision. A scattering event is divided into three epochs: before, during, and
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m2

Interaction
domain

m

(ug/rm)

—(ng’imy)

(b)

FIGURE 3.3. (a) Relative radius vector r before and after collision in the center-of-
mass frame. (b) Scattering in the center-of-mass frame illustrating relative velocities
of masses m; and m,.

after the interaction. Both before and after collision, particles are free and do
not interact with one another. A typical scattering in the lab frame is depicted
in Fig. 3.2. The situation in the center-of-mass frame is depicted in Fig. 3.3.

The meaning of before and after collision is given in terms of the potential
of interaction V(r) or the range of interaction ry. Before collision denotes
the interval in which the particles are approaching one another and r > ry,
or, equivalently, V(r) = 0. After collision denotes the interval in which the
particles are receding from one another and, again, V(r) = 0 and r > r.

It proves convenient in discussing scattering events to introduce the relative
velocity vector before and after collision. Assuming that the interaction occurs
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Q&ZG(G’Q)
p g =g —2ala-g)
N\
o b
m >

. s Fmin

<
Foetore T

FIGURE 3.4. Scattering in the frame of the relative vector r. Note that we may write
g = Sg, where S is the scattering matrix § = I — 2aa.

in an interval about t = 0, we write

g=r, t = +o00 (1.11)
In that V = O before and after collision, with (1.8) we find
L, 1 5
— = —ug' 1.12
SHE = 5n8 (1.12)

and conclude that the magnitude of relative velocity is conserved over a
collision.

A scattering event in the frame where the origin of the relative vector r is
fixed (equivalent to the center-of-mass frame) is depicted in Fig. 3.4. The unit
vector o bisects the angle between —g and g’. The impact parameter s is such
that the angular momentum of the system in this frame has magnitude pgs.
The impact parameter s as well as the relative velocity vectors g and g’ are
properties of the asymptotic collision states. The speed g and impact parameter
s are both preserved in a given collision, and these two scalar quantities may
be termed properties of a collision.

The scattering diagram (Fig. 3.4) is symmetric about the apse, Iy, so that,
at I'nmin, 7 = 0. This symmetry is a consequence of the conservation of angular
momentum L = ugs = ug's’ and the relative speed g = g/, so that s = 5.
Inasmuch as 7 vanishes at the apse, it follows from (1.9) that at this point
the denominator of the integral (1.10) vanishes. However, the integral remains
bounded.

The angle y depicted in Fig. 3.4 is obtained by integrating (1.10) from ry;,
to co. There results

[} 2
P(roc) = $lrmin) = ¥ = G/ (1.13)
run v/ 2W(E — V) = (L2/r?)
The scattering angle 6 is related to ¢ as shown in Fig. 3.4.

0+2¢ =7 (1.14)




3.1 Scattering Concepts 143

A better representation of the integral (1.13) is given in terms of the inverse
radius u = r~'. Furthermore, the angular momentum L = ugs is related to
the energy E = 1ug? through

12
= e (1.15)
Substituting these relations in (1.13) gives
V= f V1 —s2 sufu— (V/E)
(1.16)
- = YWy
For potentials of the form
Vir)=K@r) N = Ku? (1.17)
(1.16) becomes
v = / s du (1.18)
V1 —s2u?> — (KuV/E)
Substituting the nondimensional inverse radius
B =su (1.19)

and the nondimensional impact parameter
E\YN
b=s (E) (1.20)
in (1.18) gives

B dp
b) = 1.21
e /o [—F —B/b) e
IB N
1-8%— (E) =0 (1.21a)

This general result is employed below.

3.1.3 Cross Section

Differential scattering cross section is defined in the following manner. Imagine
a uniform beam of particles of energy E and intensity / number/s-cm?), which
is incident on a scatterer located at the origin. The number of particles scattered
into the element of solid angle d2 about €2 is proportional to the incident
intensity / and the element of solid angle d€2. The proportionality factor is o,
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the differential scattering cross section (see Fig. 3.5). That is,
1o (2)d2 = number deflected into d<2 about €2 per second (1.22)

This number is the same number that passed through the differential of annulus,
sds dg, so that

IodQ =1d¢sds (1.23)

The azimuthal angle ¢, which locates a section of the incident beam, is the
same angle that appears in a spherical coordinate frame fixed with origin at
the scatterer. That is, d2 = d cos d¢. Inserting this equality into (1.23) gives
(E.0) = s, ) 2L 0) (1.24)
o 5 =S 5 BT .
sin6 d6
This is the classical formula for the differential scattering cross section. The
functional form s(E, ) stems from the scattering integral (1.16).
Whereas o pertains to the number of particles scattered into a specific
direction, the total scattering cross section,

0T=/ GdQ:an (1.25)
4

relates to the total number scattered out of the incident beam. The range of the
interaction is ry, so particles with impact parameters s > r, are not scattered
out of the beam. The total cross section o7 represents the obstructional area
that the scatterer presents to the incident beam. For a uniform beam of cross-
sectional area A > o, the quantity o7 /A is the fraction of particles scattered
(in all directions) out of the beam.

An important factor that enters the Boltzmann equation is god cos 8. With
(1.24), we write

godcost = gsds (1.26)
Recalling the nondimensional parameter b (1.20) permits (1.26) to be written
2K 2/N
godcosf = (—) gV YNpab (1.27)
n

It is evident that the case N = 4 merits special attention. Molecules that
interact under this potential are called Maxwell molecules.' For such molecules,
the scattering weight go d cos 6 is independent of g. This property greatly
facilitates calculations related to the linearized Boltzmann equation. These
topics are fully discussed later in this chapter.

"For Maxwell’s introduction of this potential, see Scientific Papers of James Clark
Maxwell, W. D. Niven (ed.), Dover Publications, New York (1952).
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dQ=sin 8 d6 d¢

A\

Incident beam

FIGURE 3.5. Coordinates for a scattering experiment .

The Coulomb cross section

Let us calculate o for the Coulomb potential

K
V=—
p

Integrating (1.21), with N = 1, gives

1
b* = — tan®
1 an” Y
In terms of 6(6 + 2y = m), this relation appears as
1 0
b = —ctn*=
4 2

Inserting this result into (1.27),

K\* bdb
o=\|—
E dcost

gives

(5%) s
P o
4E ) sin*(6/2)

dcosyK?

odcosf) = ——
4 cos® Yy E?
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(1.28)

(1.29)

(1.30)

(1.31)

This is the well-known Rutherford cross section for Coulomb scattering. The
divergence at & = 0 stems from the long-range nature of the Coulomb force.

Cross section for rigid spheres

The calculation of the scattering cross section for rigid spheres proceeds
directly from geometry. If the two spheres have diameters oy, and oy, re-
spectively, then interaction does not occur for r > (0¢; + 0¢2)/2, where r is the
displacement between sphere centers. A sketch of the scattering is depicted
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FIGURE 3.6. Scattering of rigid spheres.

in Fig. 3.6. The cross section is obtained directly from the triangular insert in
Fig. 3.6, according to which

001 + 002
o1 = —
S =012 sinl// (132)

2
sds :olzzsinx//coswdw = %sin@d@

With (1.24), we find

2
Oy

0(0) =2 (1.33)

So the scattering is isotropic in the center-of-mass frame. The total cross section
or is

1
or = 271/ odcost = moi, (1.34)
-1

the area of a disk of radius o,.

3.1.4 Kinematics

Two particles with respective momenta p; and p, collide. After collision
the momenta are p, and p) collide. Conversation of momentum and energy
equations for this event are

P +p2 =P, +P;
p_% p_% _ PP p2 (1.35)
2my  2m, 2my  2m,
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In the event that m; = m,, these conservative equations become

/ /
V1+V2:V1+V2

2 2 ” ” (1.36)
vy + v, = v + v,
Solving for v} and v}, gives
vi=vi+ala-g)
(1.37)

V,=V, —a(a-g)

The unit apsidal vector « is shown in Fig. 3.4. Subtracting these equations,
we find

g =g—2a(a-g) (1.38)

which, as noted previously in Fig. 3.4, may be written in the scattering matrix
form

g = (1 — 2aa)g = Sg (1.384)

Inverse and reverse collision

Two symmetry properties of collisions are important in kinetic theory. In de-
scribing these symmetries, it proves convenient to speak of a collision in terms
of two-particle momenta before (p,, p») and after (p}, p5) collision. Thus we
characterize a collision by the form

[(p1, p2) = (P}, PY);

The subscript s indicates that an impact parameter is a property of the collision.
The inverse of a collision [(p;, p2) — (P}, P3)]s is a collision containing the
final state (p;, p2). We see that if [(p;, p2) — (P}, P5)]; satisfies the conserva-
tion equations (1.35) then [(p}, p;) — (P1, P2)]; also satisfies them (read the
conservation equations from right to left).

Symbolically, we may write

inverse of [(p1, p2) — (P, PY)]s = [P}, P2) = (P1, P2)]; (1.39)

See Fig. 3.7.

The second type of collision that is important is the reverse collision. The
reverse of a collision [(p;, p2) — (P, P5)]s is a collision containing the final
state (—p;, —P2)- Again referring to the conservation equations, we conclude
that (—p}, —pj), are the desired initial momenta (see Fig. 3.8). That is, if
(—p). py) interact with the impact parameter s, they will yield (—p;, —p2);.
Symbolically, we have

reverse of [(p1, p2) = (P}, Py)Is = [(—p}. Py) = (—pi. p2)ls  (1.40)

We recognize the reverse collision to be the time-reversed orbits of the original
collision (see Section 1.1.5).
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Original collision

P;

FIGURE 3.7. A collision and its inverse.

Original collision

Reverse collision

P2 ,

4———-Time

FIGURE 3.8. A collision and its reverse.

inverse collision

Due to their kinematic equivalence, we may conclude that the differential
cross sections for the original, reverse, and inverse collisions are the same.
These equalities relevant to the lab and center-of-mass frames are graphically

depicted in Fig. 3.9.

The equality of these cross sections may be related to fundamental opera-
tions. Thus, equality of cross sections for the original and reverse collisions is
due to invariance of physical laws under time reversal. Equality of cross sec-
tions for the original and inverse collisions is due to symmetric properties of

the scattering matrix S (1.38a). Thus, for example, § = S~!, so thatif g’ = Sg

then g = Sg’ (see Problem 3.2).
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FIGURE 3.9. Scattering cross section is the same for all three collisions.

3.2 The Boltzmann Equation

The Boltzmann equation is an equation of motion for the one-particle distri-
bution function and is appropriate to a rare gas. Various efforts have attempted
to derive this equation from first principles. Three of these, due respectively
to I. Prigogine, N. N. Bogoliubov, and H. Grad were described in Chapter 2.
An assortment of assumptions come into play in all such derivations, which
renders the analyses somewhat ad hoc.

In the present discourse, we revert to a more heuristic derivation, which
follows the spirit of Boltzmann’s work, that is physically revealing and equally
ad hoc to more fundamental derivations.

3.2.1 Collisional Parameters and Derivation

In the limit of no interactions, particles are mutually independent and F (X, v, ¢)
(normalized to the total number of particles, N) satisfies the one-particle Liou-
ville equation. This equation states that the net number of particles that enter
the phase element §véx following a particle’s trajectory, in the time interval
dt, is zero. Let us denote this number by § R. Then we may write
oF K 9F ) —0

oF
8R:6x5v5t(¥—|-v.—+ i

2.1
0x m 0V 2.1

where K is an externally supported force field. Consider now that particles
interact. Specifically, let 7y denote the range of interaction. This parameter is
defined so that, for interparticle displacement r > ry, interaction vanishes.
When particles enter the interaction domain (r < ry), they experience a colli-
sion. Let the mean distance between collisions be /. This distance is also called
the mean free path. Our first criterion for the validity of the derivation of the
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Boltzmann equation to follow is that
I>r (2.2)

This constraint ensures rectilinear trajectories between collisions. If C is
thermal speed, then we may introduce the times

[ ro (2 3)
T=—, )= — .
C °TC
An equivalent criterion to (2.2) may then be written
> 17 2.4

Collision terms

If interactions are turned on then the one-particle Liouville equation changes
by virtue of collisions between molecules in the fluid. A measure of this effect
is given by the interaction term in BY, (2.1.24). In the present model, this
phenomenon is represented by the net rate at which collisions increase or
decrease the number of molecules entering the phase volume §x§v. Thus in
(2.1) we write

SR =S8R, — 8R_ 2.5)

The number of particles injected into §vdx due to collisions in the interval §¢
is § R, while those ejected is R _.

First we consider § R_. The velocity of all particles in the gas may be divided
into two groups, the small band of velocities that fall into the interval §v about
v and all other velocities denoted by the variable v,. The number of particles
that are removed from the phase element 6x3v in the time §¢ is simply the total
number of collisions that the v particles have with all other particles (that is,
the v, particles) in the time §¢. It follows that to calculate § R_ we must account
for all collisions between pairs of particles that eject one of them out of the
interval §v about v, in other words, in every pair with the following properties:

1. One particle is in the phase element §véx about (v, X) and the other is in
the phase element §v5x; about (v, X;).

2. The v, particles in §x; undergo a collision with the v particles in §x in the
time &¢.
By definition, the number of such particles is given by

6R_ = sz(z, Z1)8vy 6X; 6VOX (2.6)
1

To construct §x; so that it has property 2, we view a scattering event in the
frame of the v particle (see Fig. 3.10). In (2.6) we have reintroduced the phase
variable z = (x, v). Furthermore, recall that F, is normalized to N(N — 1),
where N is the total number of particles.

With the aid of Fig. 3.10 we note that all v, particles in the cylinder shown
of height g ¢ and base area s ds d¢ undergo a collision with the v particle in
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v, particle has
velocity g in
v particie frame

s ds do

FIGURE 3.10. Scattering in the v-particle frame.

the time &7. Here we are writing

g=1Ivi—v
It follows that
dx, = gét sdsd¢ 2.7)
and (2.6) becomes
SR_ = (/ Frdv,gsds d(/)) 3v §x 8t (2.8)

To calculate § R, we must account for all two-particle collisions that send
one particle into the velocity interval §v about v in the time 6z. But this is just
the inverse of the original collision

(v, v)) = (v, v))
That is,

v, v) = (v,vy)
It follows that

5R+:/Fz(z/,z’l)8v18x/18v/8x/ (2.9)
1/

Here it is understood that primed variables refer to the inverse collision of
unprimed variables in (2.8).
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The next point in our derivation is to recall the integral invariants of Poincaré.
These include the phase volume §x§véx;v; relevant to an N-particle system
That is, we may write

5X8VEx 8V = 8X'8V'8X| V] (2.10)
Substituting these results into (2.5), (2.1) gives
DF 0F oF K BF
— = —+v + [Fy(Z', 2))— Fy(z,2))]dV,gsds dp (2.11)
DT ot ox

We now assume that F; is homogeneous over the dimensions of the collision

domain and write
Fy(z,2,) = F>(v, vy)
o . (2.12)
F(z',z)) = Fa(v, v))

Finally, we impose the assumption of molecular chaos, which states that
particles in a rare gas are not correlated. That is,

N -1
F(v,v) = TF(V)F(Vl)
(2.13)
o N —1 / /
F(v,v) = TF(V)F(VI)

Substituting (2.13) into (2.12) and neglecting 1 compared to N gives the
Boltzmann equation:

=/f dv,go dQUF|F' — F\F] (2.14)

Here we have recalled that s ds d¢ = o d<2 and have introduced the notation
Fi = F(v), F' = F(), F| = F(V)) (2.14a)
Note also that, with the conservation solutions (1.37),

vVi=vi+a(a-g)
(2.14b)
V=v—oala-g)

These latter three equations, (2.14, 2.14a, 2.14b), comprise the Boltzmann
equation.

Key assumptions brought into play in the derivation of this equation are as
follows:

1. Range of interaction/mean free path < 1.

2. Particle trajectories are rectilinear before and after collision, as depicted
in Fig. 3.10. This assumption is called the stosszahlansatz.

3. F(x, v)is homogeneous over the range of interaction.

4. Molecular chaos: F>(1,2) = F(1)F(2).
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3.2.2  Multicomponent Gas

Generalization of (2.14) to N species is accomplished with aid of the following
notation. First we rewrite (2.14) as
P8 _ir 1 py (2.15)
Dt '

where

J(F|G)= f/ dvigo dQ(F'G| — FGy) (2.16)

Then for a gas comprised of N species we have

DF. ..
——L=N"J(F | F; 2.17
o ; (Fi | F)) (2.17)
Note in particular that
J(F | Fj) = // dv;gi;oi; d%;(F/F| — F;F}) (2.18)

The set of N coupled equations (2.17) comprises the generalization of the
Boltzmann equation to N species. These relations are returned to in Section 3.7
in the derivation of the Druyvesteyn distribution relevant to electron transport
in an ionic medium immersed in an electric field.

3.2.3 Representation of Collision Integral for Rigid Spheres

Consider a gas comprised of rigid spheres of diameter o;. With (1.33), we
recall

2

o(0) = % (2.19)

We wish to work with the angle ¢ in place of the scattering angle 6 (see
Fig. 3.4).

O+2¢ =m
so that
cosf =1 —2cos’
and
dcosf = —4cosyrdcosy
and

dQ2=—d¢pdcosd =4cosydcosydeo (2.20)
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The collision integral is a function of v and angles may be defined with respect
to this vector. Thus, with v as the polar axis, v, is given the polar angle A and
azimuth x. Combining results, we write

J(F | F)=0021/gvfdvldcoskdx/coswdcosx/fdd)[Fl’F’—F1F]

(2.21)
Recalling the definition of g,
g=vi—vVv (2.22)
we obtain
g2 =v*+ vl2 — 2vv cos A (2.23)

Referring to Fig. 3.4, we see that
a-g=gcosy (2.24)
This permits (2.14b) to be rewritten
V) =V +acosy
V=v—agcosy
so that
F| =F[v; + ag cos V]
Fl' =F[v— agcosy] (229)

To measure o, we choose the polar axis g. The azimuth ¢ is measured with
respect to the plane specified by the vectors v, v, (see Fig. 3.11). The Cartesian
components of « in this frame are

o = (sin ¥ cos ¢, sin ¥ sin ¢, cos V) (2.26)

In the spirit of this representation, we integrate over i, holding v, and g fixed
prior to integrating over v;.

Explicit representation of F”’ and F| as given by (2.25) requires knowledge
of o - v and «x - v;. With the aid of Fig. 3.11 and the addition law of cosines,
we find

o+ v =1v[cos Y cos A + sin Y sin A cos @]

o - v = vi[cos ¥ cos(A + y) + sin ¥ sin(A + y)y cos ¢]
where
v —v? + g2

cosy = g
1

This completes our representations of J(F | F) for the scattering of rigid
spheres. Note that, in the more general case, in place of o given by (2.19)
we have 0 = (6, g), in which case ¢ remains in the integrand of the cos ¥
integration.
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/

FIGURE 3.11. The coordinates of the apsidal vector cx.

It should be noted that the preceding derivation addresses smooth spheres.
Such types of spheres exchange no angular momentum in collision (see Prob-
lems 3.53 and 3.54). We note also that Grad’s second equation (2.6.12) is better
suited to the study of interacting rigid spheres than is the Boltzmann equation.?

3.3 Fluid Dynamic Equations and the Boltzmann 'H
Theorem

3.3.1 Collisional Invariants

We wish to derive the fundamental fluid dynamic equations from the Boltz-
mann equation (2.14). Such equations express the basic conservation principles

2As has been previously noted, the assumption of Maxwell molecules greatly
simplifies the collision integral [see (1.27)]. With the additional assumption that
go = constant, the Boltzmann equation has been solved exactly for a spatially
uniform fluid: A. V. Bobylev, Doc. Acad. Nauk. SSSR 225, 1296 (1975); M. Krook
and T. S. Wu, Phys. Fluids 20, 1589 (1977). See also R. M. Ziff, Phys. Rev. A 24,
509 (1981).
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of physics: mass (or number) of particles, momentum, and energy. Thus a nec-
essary requirement for a kinetic equation to be a valid physical relation is that
it imply these conservation equations. To show that this requirement is sat-
isfied by the Boltzmann equation, we introduce the notion of collisional (or
summational) invariants.

Toward these ends, we recall the collisional integral of (2.14):

J(F) = //adevlg(F{F/ — F\F) (3.1)

Let us identify the linear operator:

Ilp(w)] = / / J(F)p(v)dv

= / / / o dQdv, dvg(F|F' — FiF)$(v) (3.2)
Changing variables,
(v, vi) = (V1, V)
gives the equality
1¢) =141 (3.3)

Consider next the integral

1(¢) = / / / 0 dQ2dv, dvgp(V)(F|F' — F\F) (3.4)

The change of variables
v, v)) > (v, v})

carries a unit Jacobian due to Liouville’s theorem for a two-particle system.
Therefore,

dvidv =dv;dv

The measure go dS2 is also invariant under this change in variables and (3.4)
becomes

1(¢) = / / / o' dQ dv,dv'g'¢'(F\F — F|F')
= —1(¢) (3.5)
Finally, exchanging variables (v, v') — (v, v}) gives
(¢ = T(¢) (3.6)
Combining (3.3), (3.5), and (3.6) gives
A1) =1@) + 1) — 1) — 1(¢))
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A

u Co-moving
—_— frame
u
Fixed
tab frame
Tube fixed
in lab frame
(a) (b)

FIGURE 3.12. (a) The absolute frame is fixed in the lab frame. (b) The relative frame
moves with the local mean velocity of the fluid.

Due to the linearity of the 1 operator, this latter result may be rewritten

7 1. ’ i
I(¢)=Zl(¢+¢l_¢ —¢1) (3.7)
A function ¥ (v) is a summation (or collisional) invariant if
i+ Y =Y+ (3:8)

That is, ¥(v) is a property of a molecule that is preserved in a collision, such
as mass, momentum, and energy.
If ¥ (v) is a collisional invariant, then with (3.7) and (3.8) we see that

1) =0, ¥ = collisional invariant (3.9)

The three fundamental collisional invariants described above correspond to
¥ =1, % =v,and ¥ = v?, and we write

IM=1v)=10»=0 (3.10)

3.3.2  Macroscopic Variables and Conservative Equations

Prior to learning the manner in which collisional invariants come into play in
obtaining the conservation equations, we turn to the definition of fluid-dynamic
variables and the equations they satisfy. Fluid dynamic (or macroscopic) vari-
ables are commonly defined in one of two frames: the absolute and relative
(or co-moving) frames. In the absolute frame the fluid moves with respect to a
coordinate frame fixed in the lab frame. In the relative frame, fluid variables are
measured with respect to a coordinate frame that moves with the local velocity
of the fluid (see Fig. 3.12).
Conservation equations typically appear in the form
0A

—+V.T,=0 3.11
8t+ A ( )
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where I'4 is a flux vector corresponding to the quantity A. Integrating this
equation over a small volume V and employing Gauss’ theorem gives

9
—/Adx=—5EﬁrA.ds (3.11a)
at Jy g

This equation says that the quantity fv A dx can change only by virtue of the
net flow out of the volume as measured by the flux integral over the surface S.

Consider the number density n(x, t) [encountered previously in (1.6.12)]
and macroscopic mean velocity u(x, ). These variables are defined by (with
F=Nf)

n(x,t) = / Fdv (3.12)

nu(x,t) = / Fvdv (3.13)
and obey the continuity equation
on

E—FV-nu:O (3.14)

This equation is an expression of the conservation of matter. It says that the
mass in a given volume can change only by virtue of a net flux of mass out of
the volume.

Note that with (3.13) we may write [recall (1.6.8)]

[ Fvav _ 113
ll—m—(V) ( a)

Thus u is appropriately termed mean macroscopic velocity.

Next we consider the pressure tensor p, heat flow vector q, and kinetic
energy density ek, all measured in the absolute frame. These are given by the
integrals®

;:/Fmﬁdv:mmﬁ) (3.15)
I, |

q= | F=mu*vdv =n{-mv’v (3.16)
2 2
r, L,

ex = Fzmv dv = n(imv ) (3.17)

The pressure component p,,, say, represents the transport of x momentum per
second across a y surface (the unit vector ¥ is normal to a y surface). Evidently,
q represents a flux of kinetic energy.

3The energy density ex was previously introduced in (1.6.16) where it was labeled
Ex.
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Conservation of momentum gives
0 =
E,ou—I—V-p:pK (3.18)

Here we have written m K for an externally supported force field that permeates
the fluid, where m is molecular mass and

p(x,t) = mn(x,1t) (3.18a)

is mass density.
The conservation equation for energy is given by
0
%.}.V.q:p[{.u (319)

which, together with (3.14) and (3.18), constitutes the three fundamental
conservation equations of fluid dynamics (in the absolute frame).

3.3.3 Conservation Equations and the Boltzmann Equation

To obtain the conservation equations (3.14), (3.18), and (3.19) from the
Boltzmann equation (2.14), first we rewrite the Boltzmann equations as

DF

— =J(F 3.20
Dr (F) (3.20)
DF oF + oF (3.20a)
—=— 4V — .20a
Dt at 0x
First note that the left side of (3.20) gives
on 4V
JR— nu
1 ot
DF mv dpu -
dv— = — 4+ V. 3.21
f D1 2 a7 +V.p (3.21)
— dek
2 — 4V
ot +
The right side of (3.20) gives
1 1(1) 0
/ avipy| mv | =| mivm | =| o (3.22)
m 2 m A 5
— — 0
S U 107

Equating (3.21) to (3.22) reproduces the three conservation equations (3.14),
(3.18), and (3.19). We may conclude that the Boltzmann equation satisfies the
required property of implying the conservation equations.
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Relative macroscopic variables

We turn next to rewriting these conservation equations in terms of more
physically pertinent relative macroscopic variables defined in terms of the
deviation-from—the-mean microscopic velocity ¢ given by

c=v—u=vV— (V) (3.23)

The velocity ¢ is that of a fluid element measured in a frame moving with

the mean velocity of the fluid, u. The relative pressure tensor P, heat flow
vector Q, and (kinetic) energy density Eg are given by the parallel equations
to (3.15), (3.16), and (3.17), with v replaced by c. There results

P / FFmeede = p(ee) (3.24)
1, 1,
Q= | F-mc*cde = p(=c’c (3.25)
2 2
E —/Fl 2de = L2 (3.26)
K= 2mc =p 2C :

Substituting ¢ as given by (3.23) into these expressions gives

5 =P+ puu (3.27)
= ) = pM2
q=Q+p-u+ulex — pu )=Q+P-u+uEK+uT (3.28)

2
ex = Ex + % (3.29)

The relation (3.27) says that absolute pressure is greater than relative pressure
by the flow energy puu. Consider water flowing in a pipe with u = (u,, 0, 0).
Thus pﬁ = pu?. If p is measured, the fixed pressure meter measures this
additional momentum flux due to the macroscopic flow of the water in the
pipe. This is not what we mean by pressure. We measure pressure in a frame

moving with the fluid. The meter that measures P does not see the macroscopic
flow velocity v.

Inserting the relation (3.27), (3.28), and (3.29) into the macroscopic equa-
tions (3.14), (3.18), and (3.19) gives the normal form of the conservation
equations:

9 =
p(g—l—u-V)u—l—V-P:pK (3.30)
B =
—Ex+V-(WEg)+P:Vu+V.-Q=0 (3.31)

at
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(see Problem 3.3). The tensor notation of the double inner product I:’ : ﬁ is
as follows:

P:Vu = Tr(I:’ﬁ) = Pijaiui
X

The right side of the preceding equations is written in the Einstein convention
in which repeated indexes are summed. *

Equations (3.30) and (3.31) will be returned to in Section 3.5 in our
discussion of transport coefficients.

3.3.4 Temperance: Variance of the Velocity Distribution

The temperature T of a fluid comprised of molecules with no internal degrees
of freedom is given by

m? 3
Ex = F(c); de = EnkBT (3.32)

where
kg =1.381 x 10 ®erg/K

represents Boltzmann’s constant.

The significance of defining T as given by (3.32) in the relative frame is as
follows. Consider a distribution of molecules that are all at rest. Now let the
fluid move as arigid body with a speed u. With (3.32), weseethat T o« Ex = 0,
but that ex as given by (3.29) is greater than zero. So had we defined 7" with
respect to absolute variables we would obtain the erroneous result that the
temperature of a gas of stationary molecules is greater than zero, by virtue of
the macroscopic motion of the whole body of molecules.

Note that, (3.23), (3.32) may be rewritten

3kgT

m

= ((v—(v))%) (3.32a)

which, recalling (1.8.2b), indicates that 3kz T /m is a measure of the variance
of the velocity probability density. Thus, in general, T is a measure of the
spread of this density about the mean. Thus a wide distribution (many velocities
contribute to F') corresponds to a high temperature. If the distribution of speeds
is sharply peaked about the mean (v), then temperature is small (see Fig. 3.13).

Having defined the fundamental fluid-dynamic variables (n,u, T, Eg, Q,

and P) as velocity moments of F(X, ¢, ) it is evident that such relations may
be generalized to define additional macroscopic variables. Thus consider the

“Tensor notation is reviewed in Appendix A.
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FIGURE 3.13. In (a) most molecules move with mean speed (v) corresponding to low
temperature. In (b) the variance of F(c) is large, as is the temperature. Measurement
of v in this instance finds large fluctuations about the mean, (v).

tensor form
nA,‘],,‘z’m’i" = /dCF(C, X, t)c,-]c,-z .Gy (333)

The fluid variable A(x, ¢) is an nth-rank tensor in three dimensions.’® The
indexes i; run from 1 to 3, corresponding to the Cartesian components of c.

The preeminence of the lower-order variables (n,u, T, Ex, Q, and 13) is
due to their presence in the three conservation equations.

3.3.5 [Irreversibility

Preparatory to our discussion of the H theorem, it is appropriate at this point to
discuss the concept of irreversibility. Consider that 1 mole of gas is comprised
of identical inert molecules save for the fact that half of the sample molecules
are labeled color A and the remaining half color B. The entire gas is confined
to an isolated enclosure with A molecules and B molecules separated by a par-
tition located at the midplane of the enclosure. The entire gas is in equilibrium
at some given temperature. The partition is removed (ideally, without incurring
any other perturbation on the system). After sufficient time, the gases mix and
the A and B molecules become uniformly distributed over the entire enclosure
(see Fig. 3.14).

It is universally observed that the starting state of this process does not
reoccur. Why is this observation peculiar to the laws of nature? In Section 1.1.5,
we found that if a system’s Hamiltonian has a trajectory [¢(¢) p(¢)] then it also
has a trajectory [g(—t), —p(—1)]. It is evident that we may view the starting

>Thus we have the quip, “A distribution function is worth a thousand macroscopic
variables.”

Grad’s method of moments takes advantage of the tensor quality of (3.33). See
Section 5.10.
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FIGURE 3.14. (a) Confined gases. (b) Gases expand to fill the whole interior region.
For mole concentrations, state (a) is not observed to reoccur.

state (a) in Fig. 3.7 as the time-reversed state of (b). Thus, for example, say
that in the state (b), at a given instant, the momentum of all particles in the
gas is reversed. Then, as depicted in Fig. 1.5, the motion should reverse itself,
thereby restoring the initial coordinate configuration. However, such reversal
does not occur and we conclude the motion is irreversible.

More generally, an irreversible law is characterized by an equation that
has a solution peculiar to a particular direction of time. This is a quality of
irreversibility, because if the motion corresponding to this solution is observed,
we may conclude that time is flowing, say, in the forward direction. A reversible
law on the other hand implies no such distinction.

3.3.6 Poincaré Recurrence Theorem

The evident irreversibility of the process described in Fig. 3.14 also plays havoc
with a theorem due to Poincaré. This theorem states the following: The system
trajectory of a bounded isolated system of finite energy will, after sufficient
time, return arbitrarily close to its initial location in I"-space.

To establish this theorem, we consider that the initial state zo = (qo, po) is
contained in the set of phase points €2y. That is, z € €29. Due to the preceding
description, the system point moves on a surface of finite measure in I"-space. It
follows that after sufficient time the path swept out by the set 2y must intersect
itself. Let us show this. Let 7" denote an operator that displaces €2 in unit time.
Then, due to Liouville’s theorem

Qo, TQ0, T2Q0, . ...

all have the same measure. If these sets did not intersect, the surface on
which they move would have to be of infinite measure. This contradicts our
assumption.

Therefore, we may write

T"QoNT'QQ=Q+0 (3.34)

for some value of the integers k and n. The empty setis &. Due to uniqueness of

trajectories, as previously described in Chapter 1, T is a one-to-one mapping.
This property permits us to write

T(ANB)=T(A)NT(B) (3.35)
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FIGURE 3.15. Shaded domain represents the intersection 7'°Q, N Q.

Operating on (3.34) with T gives
T (T*QNT'Q) =T"Q +o
With (3.35), the preceding equation becomes
TE"QyNQy # @ (3.36)

Thus, after kK — n units of time, the set 2y has a finite intersection with itself.
Taking the measure of €2, to be arbitrarily small establishes the theorem. The
process described by (3.36) is depicted in Fig. 3.15. (The group property of the
T operators is discussed in Problem 3.4). Applying this result to the process
described in Fig. 3.14 indicates that, after sufficient time, the system point
returns arbitrarily close to configuration (a).

Another approach to the question of irreversibility is offered by the
Boltzmann H theorem, which is described in the following section.

3.3.7 Boltzmann and Gibbs Entropies
The Gibbs entropy, Hy, is given by

Hy =/fN In fydl...dN (3.37)

To discover how this function changes in time, we first recall the Liouville
equation

dfy  dfw B
—r =t HI =0 (3.38)

Operating on this equation with

/dl---dN(l-anN)
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reveals that’

dHN fN

ﬂu&hy—m -dN =0 (3.39)

Thus Hy obeys a reversible equation [that is, if Hy(?) is a solution to (3.39),
so is Hy(—1)] and is constant.
The Gibbs entropy is related to thermodynamic entropy through the formula

S = —kgHy (3.40)

This is the kinetic prescription for the entropy of an isolated N-body system.
The second law of thermodynamics stipulates that, for any process of an iso-
lated system, AS > 0, the equality holding for reversible processes. Since the
Liouville equation is reversible, the fact that it implies S = constant is seen to
be consistent with the second law of thermodynamics.

For vanishing correlations,

N
v = l_[fl(i)
i=1
and
N
= Z/]"[fl(j>1nf1(i)d1-~-dzv
=1 1
N
=Z H(@i)=NH (3.41)
where
H:/ﬁmﬁw@ (3.42)

denotes Boltzmann entropy and with (3.40) gives the Boltzmann formula
S =—NkgH (3.43)

We will find later that, away from equilibrium, Boltzmann’s equation implies
that dH/dt = H < 0. This is an irreversible equation because, as noted
above, it implies one distinct motion with the positive flow of time, that is,
a decaying solution. On the other hand, a reversible equation that implies a
decaying solution must also imply a growing solution. That the laws of nature
are reversible indicates then that there is no experiment to discern if time is
flowing in one direction. On the other hand, the law H < 0 does imply a
preferred direction in time, since with time flowing in the forward direction,

"Note that this same result occurs for any functional v ( fy) with a bounded
derivative |[d{¥/dfy| < o0o. See Problem 3.58
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H(z) decreases. If we were to observe H(#) increasing, we could conclude by
virtue of the statement H < 0 that time was flowing backward.

With this background, we turn to derivation of the  theorem (put forth by
Boltzmann near the turn of the century).

3.3.8 Boltzmann’s H Theorem
This proof begins with the Boltzmann equation (2.14)

of _of K of
vt ; =1 (3.44)

where J(f) has been written for the collision integral on the right side of
(2.14). (Note also that we are working in velocity space.) Operating on (3.44)
with

/dxdv(l—an)
gives
%/dxdvflnf—k/dxdvj—x~V1nf+%~/dxdvaa—vflnf
- /dxdvj(f)(l +1n f)

_ / axi(1+1n f) (3.45)

where I is defined by (3.2). Passing to large volume and dropping surface
terms in (3.45) gives

- d[H f dxI(1 +1n f) (3.46)

With the property (3.7), we may write
4104+ f)y=1(04+Inf)+ I +1In fi) = I(1+1n f') = I(1 +1n f;)

=1 <ln fl—f> =1 (ln M) (3.47)
f ff

Thus we may write

411 +1n f) = /dv/dv,gadQ(flf flf)1n<];j]}>

Setting X = f| f' and Y = f; f, this equation may be rewritten

—/dv/dvlgUdQ(X—Y)ln (;)

= —/dv/dvlgadQL(X, Y) (3.48)
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Here we have defined
X
LX,Y)=(X—-Y)In (?> (3.49)

With X and Y positive, we examine X = Y, X > Y, and X < Y. For all three
cases, L > 0. It follows that

Id+Inf)<0 (3.50)

since dvdv,go dS2 is a positive measure. The equality in (3.50) corresponds
to X =Y, thatis, f| f' = fi f. Inserting (3.50) into (3.46) gives

1d

—H = /dx1(1+1nf)<0
m dt

or, more simply,

dH
<0 3.51
dr ( )
which is Boltzmann’s H theorem.® The relation (3.51) states that, for arbitrary
initial f(x, v, t), H decreases until

L =nr (3.52)

whereafter it remains constant.

Source of irreversibility

Equation (3.51) is evidently an irreversible statement. What is the source of
this irreversibility? To answer this question, we recall that (3.51) stems from
the Boltzmann equation (3.44), which is irreversible. To see this, consider
the transformation, the left side of (3.44), which is irreversible. To see this,
consider the transformationx — X' = x,v - vV = —v,andt — t = —.
Under the transformation, the left side of (3.44) changes sign, whereas the
collision integral on the right side maintains its sign. This is so because the
integration measure of J (f) is positive and f > 0.

3.3.9 Statistical Balance

The statement (3.52) is sometimes called statistical balance. At this value,

R, = 8R_ in (2.5). That is, this rate of gain of particles into the volume

element §x48V is equal to the rate of loss of particles from this volume element.
Note in particular that with

1dn = %/dxdvflnf = /dxdv%(l +In f) (3.53)

m dt

8 An H theorem relevant to quantum systems is derived in Section 5.4.3.
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the condition of equilibrium, df/dt = 0, implies that dH/dt = 0. We have
found above that this latter condition is satisfied only when

ff=nr (3.54)

Thus the conditions (3.54) is necessary for equilibrium. For a force-free
spatially homogeneous fluid, this condition is evidently also sufficient for
equilibrium, and we may conclude that statistical balance is necessary and
sufficient for the equilibrium of such a fluid.

3.3.10 The Maxwellian

To find the equilibrium distribution that is a solution to (3.54), we first take the
In of both sides. Labeling the solution f; gives

In f3, +1In f5 =1In fo; +1n fo (3.55)

This equation asserts that In f; is a collisional invariant [see (3.8)]. Thus we
may write

In fo(v) = —A(V —vo)> +In B (3.55a)
or, equivalently,
fo(v) = Be AC—Y (3.56)

The constants A and B are determined through the relations (3.12), (3.13), and
(3.26).

n=N / Be A0’ gy (3.57a)
na=N / Bve A0 gy (3.57b)

2
%nKBT =N / B%e—f“v—“ﬂz de

With these equations, we obtain

2
\ “)> (3.58)

n
Fo(v) = Nfo(v) = QG RT)" exp (— RT

where’

k
R=-2
m

The distribution (3.58) is quite important in kinetic theory. It goes by either
of the names the Maxwellian, the Boltzmann distribution, or the Maxwell—
Boltzmann distribution.

°In kinetic theory, the symbol R often denotes the gas constant kg N,, where N,
is Avogadro’s number.
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Although the Maxwellian (3.58) is a solution to the statistical balance equa-
tion, (3.54), there is another more general and physically relevant solution.
Thus we observe that the distribution (3.58) remains is a solution to the sta-
tistical balance equation, (3.54), there is another more general and physically
relevant solution. Thus we observe that the distribution (3.58) remains a solu-
tion to (3.54) with the constant values of , u, and T replaced by corresponding
functions of x and ¢. The resulting equilibrium distribution is called the local
Maxwellian and is given by

t - 1))?

Fo(x, v, 1) = L ex _w (3.59)

[27 RT (x, 1)]?/? 2RT(x,1)

With the normalization conditions (3.57), we find
n(x,t) = / FO(x, v, t)dv (3.60a)
n(x, Hu(x, t) = / F(x, v, t)vdv (3.60b)
3 0 mc?

En(x, HkgT(x,t) = | F°(x,c, t)T dc (3.60c)

In the Maxwellian given by (3.58), the parameters n, u, and T are constant
in x and ¢. To distinguish this distribution from (3.59), it is called the absolute
Maxwellian. To recapitulate,

Fy(v) :absolute Maxwellian, n, u, T = constants
F O(X, v, t) :local Maxwellian, n, u, T = functions of x, ¢

We recall that H(F®) = H(F,) = 0. Thus both these distributions may be
termed equilibrium distributions. However, thermodynamic equilibrium for
a force-free fluid implies constant values of all macroscopic variables. This
equilibrium is better described by Fy(v). Prior to this state, the fluid is in
a local equilibrium described by F°(x, v, t). This sequence of states in the
approach to equilibrium of a fluid is well described in a sketch of H(#) (see
Fig. 3.16).

We may speculate on the forms of the relaxation times 7; and t4 shown in
Fig. 3.16. Let the fluid be confined to the volume V = L3, and let [ denote the
mean free path of molecules between collisions. For n >> 1, it is evident that
| < L. With the thermal speed given by (3.32a),

 3ksT

(c?) =3C? (3.61a)

we write

L
T, =X —Tp X E (361b)
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FIGURE 3.16. The approach to equilibrium of a fluid.

Having found that the local Maxwellian (3.59) is an equilibrium solution
to the Boltzmann equation, we momentarily return to the Bogoliubov hy-
pothesis (Section 2.4). We recall that this hypothesis states that, in the final
hydrodynamic stage of a fluid’s approach to equilibrium, distributions become
functionals of the fluid variables n, u, and 7. It is evident that this conjecture
finds corroboration in the structure of the local Maxwellian given by (3.59),
which is seen to be a functional of the said fluid dynamic variables.

Local equilibrium and macroscopic variables

We have found that the local equilibrium (3.59) satisfies statistical balance
(3.55) and therefore renders the collision integral of the Boltzmann equation
zero. However, when substituted into the Boltzmann equation (2.14), it is
evident that, in general, the left side of this equation does not vanish. As space
dependence of F° is contained entirely in the macroscopic variables 7, u, and
T , it suffices to find their dependence on space to obtain a complete equilibrium
solution. For non-force-free fluids, this may accomplished directly from the
Boltzmann equation as demonstrated in the following section.

As we will find in Section 3.5, the local Maxwellian also comes into play
in the Chapman—Enskog expansion of the Boltzmann equation. In this proce-
dure, F° emerges as the lowest-order solution with 7, u, and T occurring as
functions of (x, t). Accompanying lowest-order conservation equations serve
to determine these macroscopic variables, thereby establishing F’ Ox, v, 1) as
the corresponding lowest-order solution to the Boltzmann equation in the
nonequilibrum limit.

3.3.11 The Barometer Formula
Consider that an externally supported conservative force field K permeates a
fluid. We may write

P

ox
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Let us call the equilibrium distribution for this configuration Fy, so that

dF(/dt = 0. The remaining terms in the left side of the Boltzmann equation
(2.14) give zero, providing

3F, 3dd 9F,

vV: — — — « ——

ox ox  0v

A more general solution to the statistical balance equation (3.55) is given by

(3.62a)

— _ 2 _
In Fo — A(V—vy) +InB —2AY(x) (3.62b)

m

Substituting this form into (3.62a) indicates that ¥(x) = &(x), providing
Vo - VO = 0. With this constraint imposed, (3.62b) is the desired equilibrium
solution.

Fitting F to the constraints (3.57) gives

0 { —[m(v — up)?/2 + P(x)] }

- n
Fo(x,v) =
o(X, V) OnRTy- exp Tt

(3.63)

where ny, ug, and T, are constants and ug is normal to V®(x).
The equilibrium number density that follows from (3.63) is given by

<I>(x)i|
kT

n(x) = / Fo(x, v)dv = ngexp [— (3.64)

so that ny is the value of n(x) where ®(x) = 0. The equilibrium temperature
is given by

_ ) d(x)
3n(x)RT = | Fo(x,c)c"de =3ngRTpexp | — T (3.65)
B
so that T = T = constant. Thus we may write
- n(x) (v — ug)?
Fo(xX,v) = ———— —_— 3.66
V) = S Ry [ 2RT (3.66)

where T = Ty and n(x) is given by (3.64).
For a stationary column of gas in a gravity field, we have

®(z) = mg(z — z0)

where g is acceleration due to gravity and z is vertical displacement. Inserting
this potential into (3.64) gives

mg(z — Zo):| (3.67)

n(z) = ngexp [— T
B

This exponential decay in number density is commonly called the barometer
formula (also, the law of atmospheres).
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3.3.12 Central-Limit Theorem Revisited

We wish to apply the central-limit theorem (Section 1.8 to the problem of find-
ing the probability distribution of the total momentum of a fluid of N molecules
in equilibrium at temperature 7. As P denotes probability, to avoid confu-
sion in terminology, we will call total momentum K and individual molecular
momentum K;. Thus

K=>)k (3.68)

i=1

If we assume that individual momenta are uncorrelated, then K as given by
(3.68) may be viewed as a sum of statistically independent random variables,
and the central-limit theorem is appropriate.

The characteristic function for the random variable k; is (deleting the
subscript i)

¢o(a) = / dke™? P(Kk) (3.69)

where P (k) is single-particle probability density. Expanding ¢(a) abouta = 0
gives

¢(a)=1+i(k)-a—%(ﬁ):ﬁ+--- (3.70)
from which we obtain'”
ln¢(a):i(k)-a—%(kk—(k)(k)) T (3.71)

If the fluid is at rest, then (k) = 0, whereas if the fluid is isotropic, we may
set

_— 1 =
(Kk) = 5<k2)1 (3.72)
which gives the consistent statement
fr— 1 2 = )
Tr(kk) = Tr §<k Y = (k%)
Substituting these results into (3.71) gives
12 o
In¢(a) = —g(k ya (3.73)

Comparing this finding with (1.8.7) gives
Ek)=0

o, (3.74)
D(k) = 3 (k)

OLet¢ =1+ . Then, withyy < 1,In¢p =In(1 +¢) =¥ — (Y?/2) + - -.
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With these results at hand, we turn to the central-limit theorem. The gen-
eralization of (1.8.29b) to three dimensions for the present problem is given
by

P(K,N) =

K _ 2
[K NS(k)]} (3.75)

1
2z ND)P2 P { IND(K)
Substitution of our findings (3.74) into the preceding gives

1 K>
POK. N) = 1o S [— (—%Mkz))} (3.76)

With the equipartition theorem, we write
(k*) = 3mkpT (3.77)

With M = Nm representing total mass of the fluid, substitution of (3.77) into
(3.76) gives the desired result:

1 K?
PK)= ———— — 3.78
®) = i rye P ( 2MkBT) (378)
This finding may be written in a more concise form in terms of the variable
k* = MkyT
which permits (3.78) to be written
] K’l 2
_ —K*/2k
P(K) = —(271/<2)3/2e (3.78a)

With reference to (1.8.29), we see that the latter distribution is Gaussian (in
three dimensions) with normalization

/ P(K)dK = / drK*dKe K/ = |
0

(2mK2)3/2
and variance
o2 =«? (3.79)

(which has dimensions of squared momentum).
Consider that the fluid has a mass of 1 g and is at room temperature (300
K). We find

o ~2x 1077 g-cm/s

Referring to (1.8.38), the preceding result indicates that there is a 70% prob-
ability that the center-of-mass speed (K /M) of the fluid is less than 2 x 107
cm/s. Furthermore, with the asymptotic relation (1.8.39) we find the probability
that this period is in excess of 1 cm/s is given by

2 M2 1
P(K/M > lem/s ~ | = l—-—+-)«1 (3.80)
T A A2
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where A = 0.5 x 107. Thus there is an immeasurably small probability that
the fluid surges in a given direction with a macroscopic speed.

Statistical and dynamical pictures

The preceding example indicates that there is a finite probability that measure-
ment finds K # 0. This is an evident contradiction of the law of conservation
of momentum as the system was assumed to be at rest. This situation arises
as a result of the probabilistic nature of the analysis. Molecular momenta are
viewed as random variables with given expectations and variances. This is
the statistical approach. In the dynamical picture, we calculate momenta as a
function of time from dynamical equations. In this representation, there is no
uncertainty in the outcome of measurement, and momentum is conserved.

3.4 Transport Coefficients

3.4.1 Response to Gradient Perturbations

Consider that a fluid is in equilibrium (or steady state) at given uniform values of
n,u, and T. Gradients of these variables develop under perturbation. The fluid
responds to these gradients in a manner to restore equilibrium (Le Chatelier’s
principle). Thus, with R written for “response” we may write

R[Vn] = nu (4.1a)
R[Vul=S (4.1b)
RI[VT] =Q (4.1¢c)
RIVP] =] (4.1d)

That is, fluid motion will develop in response to gradients in density; compo-
nents of the strain tensor will develop in response to gradients in fluid velocity;
heat flow will develop in response to gradients in temperature, and currents
will develop in response to a gradient in electric potential.

The coefficients that relate gradients of the perturbation to response motions
are called transport coefficients, which are defined as follows.

Diffusion coefficient
This coefficient stems from the response relation (4.1a). It reads
nu=—DVn “4.2)

The specific configuration that this equation describes is as follows. Consider
a two-component gas. Let us call atoms of one component, 1-particles and
atoms of the other component, 2-particles. These components have respective
densities n; and n,. In equilibrium, species 1 and 2 are homogeneously in-
tersperse. Let the gas suffer a perturbation in density subject to the constraint
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n, + n, = constant. Then velocities will develop in the gas to restore the
homogeneous state in accord with (4.2).

In a one-component gas, one may conceptually label a certain subset of
particles with 1 and the complement, 2. The resulting motion of the con-
ceptually labeled subgroup of particles is called self-diffusion. Diffusion in a
two-component system is called mutual diffusion.

Thermal conductivity
This coefficient stems from (4.1c) and we write

Q=—«VT (4.3)
In the event that internal energy is proportional to 7', (4.3) indicates that heat

flow will emerge in response to gradients in internal energy.

Coefficient of viscosity

It is conventional to partition the pressure tensor in the following manner:

~||

—Ip—5 (4.4)

In this expression, p denotes scalar pressure and S represents the component
of P that emerges in response to gradients in velocity. The following two
properties are assumed for S:

1. S contains no terms other than Vu terms since S = 0 if Vu = 0.

2. § = 0 if the fluid is in a state of uniform rotation. Rigid-body rotation of
a fluid is characterized by a constant rotational frequency vector, €2, such
that the macroscopic motion of an element of fluid at r is

[leall

u=Qxr

Thus, property 2 states that S = 0 if u = € x r. This property is satisfied
by the tensor

ou;  Juy
al—+ — | +bsV-u
a.Xk 8x,~
where a and b are arbitrary constants. With this form at hand, we write
R T T T * o, '

In this expression, 7 is the coefficient of shear viscosity and ¢ is the coefficient
of bulk viscosity. Recall that a fluid is incompressible, providing V - u = 0.
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The expression (4.5) may be written in terms of the symmetric strain tensor:'"

1 /0u; Juy
Ap=—-—+—7 4.6
¢ Z(Bxk+8xi> (4.62)
TTA=V-.u (4.6b)

This permits (4.4) to be written in vector form:

P=Ip-29(A—1IV-u)—¢(IV-u @7

1
3
Note that this form has the property

TrP =3p—29[(TtA) =V -u] —3¢V.-u=3p—3¢V-u

For an incompressible fluid,
Tr ? =3p

The term in (4.7) containing the coefficient of shear viscosity n should, by
arguments surrounding (4.1), enter as a response force that tends to diminish
gradients in fluids velocity. Let us consider a simple example that illustrates
this property.

The force on a fluid element stems from the pressure tensor P. For an
incompressible fluid, (4.7) reduces to

P=1 p— 277/:\
Consider further that the fluid is in a state of shear given by the fluid velocity
u = [u,(2), 0, 0]

The force on an infinitesimally thin slab of fluid of area Ax Ay that lies normal
to the z axis at a specific value of z is given by

ou,
F, = P.AxAy = —naiAxAy
Z

We see that the force F, is opposite to the gradient of u,. It slows down the
slab, thereby diminishing the gradient in u,. A molecular mechanism for this
viscous, frictional force is described in Section 4.2.

Momentum equation

An important consequence of transport coefficients is that their defining rela-
tions serve as additional equations that contribute to closing the conservation

"Multiplying A by At gives the symmetric strain tensor relevant to solid-state
physics. For further discussion, see R. P. Feynman, R. B. Leighton, and M. Sands,
Feynmann Lectures on Physics, Vol. II, Addison—Wesley, Reading, Mass. (1964),
Chapters 38 and 39. In general, strain is the deformation of a medium that occurs in
response to stress.
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equations. Thus, for example, with (4.7) inserted into the momentum equation
(3.30), we find

ad
p|:a_‘tl+(u.V)u] +Vp—nV2u—<§+g>V(V'“):O “4.8)

This vector equation represents three equations in five unknowns. The conti-
nuity equation that relates p and u together with a remaining scalar equation
in these variables closes the system. With ¢ = 0, (4.8) is part of a system of
fluid dynamic equations called the Navier—Stokes equations, which are more
fully described later in this chapter.

Electrical conductivity and mobility
We recall Ohm’s law,
J=0& 4.9)

where o, is conductivity. The mobility coefficient p is defined through the
equation

u=(v)=ué (4.10)

Drude model

The Drude model permits a simple relation between o and u to be found. We
adopt the following Langevin equation:

m(v) = e&E — vm(v) 4.11)

where the second term on the right side represents a friction term. In
equilibrium, (v) = 0 and (4.11) reduces to'?

u= LS
vm
! (4.12)
w=—
vm
and
e*n
J=enu=—¢& 4.13)
vm
e*n
0y = — =enu (4.14)
vm

Values of these parameters for some typical metals are listed in Table 5.1 in
Chapter 5.

12This topic is returned to in Section 3.7 of the present chapter and in Chapter 5.
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Electrochemical potential

Suppose a gradient in density is present in an aggregate of charge, in addition
to an electric field. In this event, two driving forces act on the charges, one due
to electric force and the other due to diffusion. To describe this situation, the
Langevin equation (4.11) is generalized to read

m(v) = ee — vm(v) + (Fp)
An expression for the diffusion force (Fp) is obtained from (4.2). Thus

Vn
(Fp) = —vm(xX)p = vmD—
n

Combining the latter two expressions, together with (4.13), in steady state we
find"?

en

J=—e+eDVn 4.15)
vm

Introducing the electric potential

e=-Vo
and recalling (4.14), we obtain
J= %V(wl)ecb) (4.152)
where
Yp = eZGDn

and ¥p — e® is called the electrochemical potential. Note, in particular, that
if Yy = ed+ constant, electric force is balanced by diffusion force and there
is no current flow. The notion of electrochemical potential plays an important
role in the theory of the diffusion of ions through semipermeable membranes.'*

3.4.2 Elementary Mean-Free-Path Estimates
Basic notions

This formulation of transport coefficients rests on two key concepts. First,
consider a small volume of a fluid in equilibrium with number density of

BThe relation (4.15) is often employed in the study of charge carriers in a semi-
conductor where it is termed the drift-diffusion equation. For further discussion, see
S. Selberherr, Analysis and Simulation of Semiconductor Devices, Springer Verlag,
New York (1984).

“See A. Katchalsky and P. Curran, Non-Equilibrium Thermodynamics in
Biophysics, Harvard University Press, Cambridge, Mass. (1965).
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FIGURE 3.17. A flux of nC/6 particles passes through the upper face per second.

particles, n. We introduce the mean speed C,'°
() =c?
For point particles, equipartition of energy gives the relation'®
mC?* = 3kT

If particles have the mean speed C, what is the mean flux of particles, I'
(number/cm?-s) that move in any of six Cartesian directions at any instant of
time? To answer this question consider a cylinder of height C and unit cross-
sectional area (see Fig. 3.17). Since particles have the mean speed C, on the
average, one-sixth of the particles in the cylinder will pass through the upper
surface per second. If we call this direction the z direction, we have
1
r,=-nC (4.16)
6
The second concept that comes into play in this analysis is the mean free
path, [. It is assumed that the only means for transport of information in the
fluid is via collisions. Thus, for example, equilibration of a gradient in n will
be made through collisions that carry particles from domains of large n to
domains of small n.
Another relation important to transport phenomena relates total scattering
cross section!” o to particle number density and mean free path. It appears as

nol >~ 1 “4.17)

5More accurately, C here represents the rms molecular speed. In other parts of
the text, for purposes of writing the Maxwellian in concise form, we set mC?* = kzT
[see (3.61a) and Problem 3.57].

!Each degree of freedom of a fluid in equilibrium has kT /2 units of energy.

"Previously labeled o;. See (1.25). Recall also that o, denotes electrical
conductivity.
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this volume.
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FIGURE 3.19. A particle that has a collision at z — [ has no further collisions until
it reaches z.

The argument that supports this relation is that, on the average, one particle
will be found in the volume /o (see Fig. 3.18).

Self-diffusion

Here we are speaking of the self-diffusion of a conceptually labeled subgroup
of particles of a single species. Let the density of such particles be n, and let
there be a gradient of n of these particles in the z direction (see Fig. 3.19).
The flux of particles in the 4z direction that crosses the z-plane is equal to
the number that reach the z plane from (z — /), minus those that reach it from
(z +1). That is,

Fz = szl - FZH
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With (4.16), we have

I, = éC[n(z —D—niz+1D)]

r o 20C [n(z—=1) —niz+1)
6 21
1
', =nu, >~ ——lCa—n
3 0z
Comparing with (4.2), we may conclude
1
D+ EIC (4.18)

Mutual diffusion

We consider two distinct gases with respective densities n; and n,. The gas
occupies a cylindrical volume with unit cross section. Labeling the midplane
of the cylinder z = 0, the system is initially constrained so that particles 1
occupy the domain z > 0 and particles 2 the domain z < 0. This constraint
is removed, and the two species diffuse across the midplane subject to the
previously mentioned conditions:

n; + n, = n = constant 4.19)

Thus we require that the net flux of particles 1 across the midplane be balanced
by the flux of particles 2 across the midplane.

' =nu, 'y = nauy
(4.20)

Signs in this equation denote direction of flow. With this constraint and the
defining equaltities

dl’l] dn2

'=-Dp—, [h=—Dy— 4.21a
1 27 2 217 ( )

we find that the mutual diffusion coefficients are equal:
Dy, = Dy (4.21b)

Furthermore, in the limit that the two species become identical, D, must
reduce to the coefficient of self-diffusion (4.18).

Let us consider the force exerted on gas 1 due to transfer of momentum
between the two components.'® First, let M, denote average z momentum
transferred from gas 1 to gas 2 per unit volume per unit time due to collisions.

8This derivation follows that of J. C. Maxwell, Phil. Trans. Roy. Soc. 157, 49
(1867). An account of this approach may also be found in R. D. Present, Kinetic
Theory of Gases, McGraw—Hill, New York (1958).
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With the law of partial pressures for ideal gases (thatis, p; = n1kpT), we may
write this force as

dpl = kBT dl’l] = —M12 dZ (422)

We will calculate M, for the case of rigid spheres. As was shown in Section 3.1,
the scattering of rigid spheres in the center-of-mass frame is isotropic. So the
average velocity of a molecule in the lab frame after collision is equal to the
velocity of the center of mass. We may conclude that the average decrement
in momentum suffered by a type 1 molecule per collision is

Apy =my(uy —ue) = p(uy — uz) (4.23)

where 1 is reduced mass and u. is the speed of the center of mass."”

Let o represent the total scattering cross section for the interaction of these
two types of particles. Then the related collision frequency per unit volume is
given by

Vi = n1n20'C12 (424)
where
3kpT
c2 = : (4.25)

is an effective two-particle thermal speed. Thus the average rate of momentum
transfer per unit volume is

My = vpAp,y
(4.26)
My, = niny(uy — usz)kpp
where
k12 = puCiao
Recalling the equality (4.20) permits (4.26) to be rewritten as
M12 = nF1K12 (427)

where n = n; + n, is total particle density. Inserting (4.22) into the latter
equation gives

dl’l]
kBT— = —M12 = —nF1K12
dz
whence
kgT d d
r,=_=24__p, & (4.28)
nKip dz dz

YRecall (1.2); R = u, = (myu; + mous)/(my + my).
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This gives the desired symmetric expression

_ (kpT /31)'/*

12 (4.29)
no
The cross section for scattering of rigid spheres is given by (1.34):
2
o=nm (m) = o} (4.30)

where oy and oy, are respective particle diameters. The result (4.29) then
becomes
kT /3)'/?
Dy, = M 4.31)

2
nmwoy,

which is seen to be independent of the proportions of the mixture. In the limit

that the two gases become identical, o, — 0y, the diameter of a sphere, n,

becomes the particle density of a single species (with n; = n, = n/2), and
kgT N 2kgT %Cz

3 3m 9
Thus, with (4.18) we may write

D122D

in the said limit. The approximate form of the equality reflects the rough
estimates made in obtaining these coefficients.

As will be found later in the text, a more accurate form of the mutual diffusion
coefficient compared to the form (4.31) is given by
_ 3 (ks T/2)'"

Dy, p
8 nwop,

(4.31a)
Setting 4 = m /2 and o1, = oy gives the related self-diffusion coefficient.

Viscosity
We consider a spatially uniform fluid in a state of shear such that
u= [Mx(z)a Oa O]

The fluid velocity that is only in the x direction varies only in the z direction
(see Fig. 3.20). Note first that for this configuration (4.7) (for an incompressible
fluid) reduces to

ou,
9z

Each particle at z — [ that suffers a collision and moves in the 4z direction, on
the average, carries an x component of momentum from the region at z — [,
that is, mu,(z — [). The flux of particles carrying this momentum, again, is

P, = _sz =-n (4.32)
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z+/ ¥

on this surface

z-1/

FIGURE 3.20. The state of shear in a fluid.

given by (4.16). Thus, the mean x component of momentum flux across the z
plane due to transport of particles in the z direction is the difference between
the gain term

L1
)= gnCmux(z )

and the loss term

1
r-= gnCmux(z +1)

p

The net force per area on the z plane (in the x direction) is*

P.=T}-T,
1 (z—=D —u, )
P = Lpcy |G D —uet])
6 21
P — 1 Claux
xz — 3/) 97

Comparing with (4.32) gives Maxwell’s classic estimate:

1
n=30Cl (4.33)

With (4.17), we see that our expression for 7 is independent of fluid density.

This force is akin to the retardation of a moving train due to loading of heavy
parcels from rest onto the train.
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Thermal conductivity

Continuing in this manner, and assuming a gradient in energy per particle
ex(z), we find (with 'y = %nueK)

1 deg
0, = —gnC la_z
With
deg
cv=or
written for the specific heat per particle, the preceding equation becomes
0, = —lnC ley g
0z
With (4.3), we may then write
K = %nClcv (4.34)

Setting p = mn and comparing with (4.33) gives the relation

K Cy

n_m

Cy (4.35)
A compilation of the preceding expressions is given in Table 3.1.

Kinetic-theory parameters

The preceding relations suggest that certain ratios of transport coefficients are
constants. Thus we find

—~1 (4.36)

A closely related parameter, called the Prandtl number, is given by

c Cy C
p=l% 1V (4.37a)
K K Cy
Here y is written for the ratio of specific heats, ¢, /cy, which for monatonic
ideal gases has the value %
Another closely allied parameter in kinetic theory is the Schmidt number,

n
=— ~1 4.37b
oD ( )
Values of 7, x, and the ratio k/ncy for some common gases are listed in
Table 3.2. Values of P and L are listed in Table 3.3. In Table 3.2 we see that
the ratio x /ncy is closer to 2.5 than 1 for monatomic gases. As we will find
in the following section, a more detailed kinetic analysis gives the value %
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TABLE 3.1. Elementary Mean-Free-Path Expressions of Transport Coefficients

Coefficient Expressions
1
Self-diffusion D = glC
kpT/310)'?
Mutual-diffusion D, = M
no
1
Viscosity n= ngl
Heat conductivity K = gnClcV
Ratio Lo Cy
n m
. . e’n
Electrical conductivity | 0. = —
vm
- e
Mobility n=—
vm
) "w e . .
Ratio — = (Einstein relation)
D kgT

TABLE 3.2. Observed Values of Viscosity and Thermal Conductivity

nx 107 K x 10%, 9y —5

glem-s  callcm-s-K  «/ncy 4
He 1875 0.344 2.44 2.49
H, 840 0.416 2.06 1.92
CO, 1377 0.034 1.64 1.70
CH, 1027 0.072 1.75 1.70

for this ratio.?! The last column of Table 3.2 suggests that a uniformly good
approximation for this ratio is the value (9y — 5)/4.% In Table 3.3 we see that
‘P and L lie close to unity for all materials listed. A more detailed kinetic study
gives the values P = 2 = 0.67 and £ = 2 = 0.83.%2

3.4.3 Diffusion and Random Walk

In Section 1.7.5, we found that, relevant to the displacement / in n steps of
a random walk, (/%) = n. Equivalently, with displacement written x and n
replaced by time ¢, (x?) = t. We wish now to show the relation between this
result and diffusion.

2ISee Table 3.4.
22For further discussion see A. Isihara, Statistical Physics, Academic Press, New
York (1971).
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TABLE 3.3. Observed Values of the Schmidt and Prandtl Numbers
L P
Ne 0.73 0.66
Ar 0.75 0.67
N, 0.74 0.71
CH, 0.70 0.74
0O, 0.74 0.72
CcOo, 071 0.75
H, 0.73 0.71

Combining (4.2) with the continuity equation (3.14) gives the diffusion
equation

0
M pvin (4.38)
ot
Consider that, at time t = 0,
n(r, 0) = Nys(r) (4.39)

The solution to (4.38) corresponding to this intial value is the Gaussian
distribution [recall (1.8.34)]

__ M r 4.40
0= G~ (3 e

Note that this distribution maintains the normalization
o0
/ dramr’n(r, t) = N (4.41)
0

We may identify
Arr’n(r, t)dr
Ny

as the probability of finding a particle in the shell dr about r at the time ¢. This
probability density permits calculation of the mean square displacement

= P(r,t)dr (4.42)

2
e8] 47Tr4e r</4Dt

2\ > 2 _ _
(r >—/0 P(r,t)r*dr _/O @D dr = 6Dt “43)

(r*y = 6Dt
which is relevant to a three-dimensional random walk? and is seen to maintain
the fundamental relation (r?) o ¢, with 6 D playing the role of a proportionality

constant. This result was found previously (1.8.31) employing the central-limit
theorem.

Random walk in various dimensions is discussed by R. L. Liboff, Phys. Rev.
141, 222 (1966).
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3.4.4 Autocorrelation Functions, Transport Coefficients, and
Kubo Formula

Self-diffusion

In this section we present a brief description of an alternative approach to the
evaluation of transport coefficients. We begin with the diffusion coefficient.?*
Our starting equation is (4.38).

With the Fourier transform

ik, 1) = / dre™n(r, t) (4.44)
we find that the transform of (4.38) is given by
on >
— = —k“Dn (4.45)
ot
which has the solution
ik, t) = exp(—k*Dt) (4.46)
We wish to recapture the result (4.43). From (4.46), we find
0%n
W‘H = —2Dt (4.47)
whereas differentiation of (4.44) gives [with n(r, t) isotropic]
0%n 1 [~
W|k=o =3 /0 drr*n(r, t)dr (4.48)

Assuming that

/ Azr’n(r,t)dr = 1
0

again permits us to interpret n(r, ¢) as a probability density. Thus (4.48) gives
0°n 1,
— =——(r<( 4.49
3 |, = 3O (4.49)
Equating this result to (4.47) recaptures (4.43):

(r’(1)) = 6Dt

If the particle begins its random walk at r( instead of at the origin we obtain
(Ir(#) — xo|*) = 6Dt (4.50)
We wish to express this result in terms of a time correlation function.
24 An extensive review of these techniques is given by R. Zwanzig, Ann. Rev. Phys.

Chem 16, (1965). Our presentation follows that of E. Helfand, Phys. Fluids 4, 681
(1961).
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Suppose that the velocity v(¢) of the particle in question is known. Then we
may write

r(t) —roy =/ v(t)dt'
0

and it follows that

[r(t) — ro)* = / dr’ / dr’ / dr'"v(t") - v(t')
0 0 0

Taking the ensemble average of both sides of this equation gives

([r(2) — rol?) :/ dt// dt"{(v(t") - v(t")) (4.51)
0 0

Assuming the process to be homogeneous in time, we write
(v(@") - v(e")) = (v(t" = 1") - v(0)) (4.52)

Introducing the variable 7 = ¢’ — " and T = ¢’ + t” (see Fig. 2.12) gives the
integral equality

t t 1 ; B B
/ dt// dt'git’ —t") = 2t/ (1 - —) g dt
0 0 0 !

This relation permits (4.51) to be written as

([r(t) — rol?) =2t /l (1 - ;) (v(0) - v(?)) df
0

whence, with (4.50),

6D = 2/’ (1 _ ;) v(0) - v(P)) dF
0

Assuming rapid decay of the time correlation (v(0) - v(¢)) permits the
preceeding to be written (with 7 replaced by ¢) as

D= % f oo<v(0) V(1)) dt (4.53)
0

which is the desired result, expressing D in terms of the velocity autocorrelation
function (see Section 1.8.8 and Problem 3.63 addressing “long-time tails”).

Recalling the Einstein relation in Table 3.1, which relates mobility and
diffusion coefficients, the preceding equation permits us to write?

I /00<v(0) -v(1)) dt (4.53a)
0

T 3kT

2 As noted in Section 1.8.4, fluctuation in the number of particles is termed shot
noise. Fluctuation in velocities, such as included in (4.53), is termed Johnson noise
(named for J. B. Johnson).
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As a simple application of (4.53), consider that
v(t) = v(0)e /"
where 7 is a relaxation time. Substituting this result into (4.53) gives
1 oo
D=- / (v*(0)e"'") dt
3Jo
Taking the integral inside the ensemble average gives

D—1 20
—g(fv())

Assuming that the relaxation time, 7, is independent of the starting velocity,
we find

D=1 (v*(0)) Lec?
= -7V =37
3 3
1
D =-IC
3

in agreement with Maxwell’s result (4.18). Proceeding in a manner similar
to that in obtaining (4.53), time-correlation expressions for other transport
coefficients, such as viscosity and thermal conductivity, may also be so
expressed.?®

Linear response theory

The preceding development may be generalized to arbitrary Hamiltonian sys-
tems in the following manner. Let A(g, p) be a dynamical function that is not
explicitly dependent on time. With (1.1.25), we write

dA R
— =—[H,A]l=—-LA (4.54)
dt
whose solution may be written
A(r) = e L A(0) (4.55)

The Liouville operator, L, was introduced previously in the Liouville equation
(2.1.3), whose solution in turn may be written

f@) = el £0) (4.56)

The expectation of A at the time ¢ is given by

(A) = f AQO) £ (1) dq dp @57)

*See, for example, D. A. McQuarrie, Statistical Mechanics, Harper & Row, New
York (1973).
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Here we have introduced the notation
A0) = A(q, p) (4.57a)
With (4.56), (4.57) may be written

) = [ Ao rondg dp (458)
Consider that the Hamiltonian, Hy, of a given system is perturbed so that
H=Hy—¢HF(t) (4.59)

where ¢ is a parameter of smallness, H(q, p) is time independent, and F(r) is
independent of ¢ and p. The distribution is likewise perturbed and we write

f=rfO+enf (4.59a)

Substituting the latter two relations into the Liouville equation gives the
following O(¢) equation:

aaitf — LoAf —[f©, HIF(t) =0 (4.60)

where L, is the Liouville operator corresponding to Hy. Operating on (4.60)
with exp —¢ L, gives

%[e*’“ Af1=e PO, HIF ()
Integrating, we find
Af = / N[O F1E i (4.61)
0
The average of a response B to the perturbation is then given by
(B) = / BAf(t)dqdp

where we have assumed that (B) = 0 in equilibrium and have dropped the
bookkeeping parameter €. Substituting (4.61) into this relation gives [in the
notation of (4.57)]

(B) = f B(0) / OO FNF(tydt dg dp (4.62)
0
or, equivalently,
(B(1)) :/ ot —tHF(@)dt (4.63)
0

where the function ¢ is as implied. As (4.63) is a convolution integral, the
Fourier transform gives the following widely employed result:

(B(w)) = (@) F(w) (4.64)
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The term F(w) is the transform of the perturbing force, B(w) is the transform
of the response to the perturbation, and ¢(w) plays the role of the transform of
the related transport coefficient.

A concise form of ¢(t — t') = ¢(7) is obtained as follows. With (4.62) and
(4.63), we write (with 7 replaced by 1)

o(t) = / BO)e'™[f©, H)dq dp

A single parts integration gives, with (4.55),

P(t) = / B[ f", Hldg dp (4.65)

Again integrating by parts, we find

(1) = / LT, B)]f© dg dp
or, equivalently,

o) = ([H, B()]) (4.66)

which is the desired result. The zero subscript reminds us that the average is
calculated with the equilibirum distribution, f©.
The quantum analog of (4.66) is given by

¢(t) = %Tr{ﬁ(o)[fi B (4.67)

where p is the density matrix and Tr denotes the trace.?’ The preceding relation
is often referred to as Kubo's formula. 3

Electrical mobility

Let us apply (4.64) in the calculation of the Fourier transform of electrical
mobility. We identify the electric field, e£, as the perturbing force, and particle
velocity v is the response. We will make our calculation with respect to the
Cartesian coordinate x;. In the notation of (4.59), we then identify

H = x;, F; = g€
and the response B = v;. With these relations, (4.64) gives
(vj(@)) = wji(w)&(w) (4.68)
where 1 j; is the mobility tensor:
wji(w) = edji(w) (4.69)

Y’"These quantum concepts are fully developed in Section 5.2.
BR. Kubo, J. Phys. Soc. Japan 12, 570 (1957). For further discussion, see R.
Kubo, Statistical Mechanics, Wiley, New York (1965), Chapter 6.
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The Fourier transform ¢(w) is obtained from (4.66). That is, with our
identifications,

@;i(t) = ([xi, v;(D])o (4.70)
Again assuming a simple relaxation model, we write
v(t) = v(0)e /"
where 1 is a constant relaxation time. Thus (4.70) becomes
Gji(t) = ([x;, v;1e™")o

where, in the spirit of (4.57a), we have set v(0) = v. The preceding equation
gives

8ij
Gji(t) = —Le'I 4.71)
m
Introducing the Fourier transform
oji(w) = / dtgji(t)e'™
0

and inserting (4.71), we obtain

bilw) = 2 1 (4.72)
= e '
which is the desired result. In the DC limit, we set w = 0 to obtain
(S,'jl'
$;i(0) = —
m

Inserting this result into (4.69), we find
et
wji(0) = 8ijz

which with (4.68) gives

et
(V) = —e¢ (4.73)
m
These latter two relations agree with our previous mean-free-path estimates
listed in Table 3.1.

With these elementary notions of transport coefficients behind us, we turn
to one of the more powerful techniques of solving the Boltzmann equation.
As will be demonstrated, an integral component of this method of solution
addresses the calculation of transport coefficients.
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3.5 The Chapman-Enskog Expansion

3.5.1 Collision Frequency

The collision integral of the Boltzmann equation (2.14) may be written
j(FlF)E—FffangdvlF(V1)+//angdvlF/F{ (5.1)
It is evident from Fig. 3.10 that the quantity
v(v) = //GngdvlF(Vl) 5.2)

represents a collision frequency.?
Let us rewrite the Boltzmann equation as

DF .
- = //ang dvi(F'F/—F —FF)=1F (5.3)

which serves to define the collision—integral operator 1. With (5.2), we see that
I has dimensions of frequency s~'. Thus we may write

~D

1=1 (5.4)

where I is nondimensional and v, has been written for a constant with
dimensions s~ In this notation, (5.3) appears as

DF _ iF (5.5)
— = .
pr 0

The Chapman-Enskog expansion is relevant to the domain of large collision
frequency. With C taken as thermal speed, we write
C>~lv (5.6a)
or, equivalently, with (4.17),
v>~noC (5.6b)

The relation (5.6a) indicates that large collision frequency is equivalent to
small mean free path, whereas (5.6b) indicates that such extremes are attained
in the limit that the product no C grows large.

Discussion of this parameter is returned to in Section 4.2.1 in derivation of
the Krook-Bhatnager—Gross equation and in Section 6.4 relevant to the distinction
between hard soft potentials.
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3.5.2 The Expansion®

The first step in the Chapman—Enskog expansion is to write the Boltzmann
equation as

0 A 14
(—+D)F:—1F 5.7)
dt £

where the dimensionless parameter ¢ < 1. This parameter may be thought of
as a bookkeeping parameter in that it is eventually set equal to 1. With (5.5),
we see that the form (5.7) is equivalent to stipulating that the gas is dominated

by large collision frequency. The parameter Din (5.7) is given by

N B d
D=v. —+K.— (5.7a)
ox ov

Step 2 in the Chapman—Enskog procedure is to introduce the expansion
F=F%4eFO+F% ... (5.8)

The normalization of F follows (1.6.14a). Furthermore, F satisfies the moment
relations (3.12), (3.13) and (3.32):

3 mc?
n=| Fdv, nu= | Fvdyv, EnkBT = TFdV 5.9

Step 3 in the Chapman—Erskog expansion stipulates that the variables
(n,u, T) are all 0(1) quantities and stem from F©, whereas terms in the series

(5.8) corresponding to F@, i > 0, contribute to the higher moments Q and P.

Thus we write
1 n
/F“”( )dv:( nu ) (5.10a)
3nkBT/m

1 0
/F@ < v) dv = (0), i>0 (5.10b)
c 0
1
= QY = = sl/F(l)cmc2 dc 5.10c
Q Z Q 2; (5.10c)

= =) —
P=Y &P = Zsl / FOmecde (5.10d)
1 1

<

9}
[S]

¥}

3This technique was developed in a series of independent papers by S. Chapman
and D. Enskog over the second decade of this century. See references. This method
of solution is also described in S. Chapman and T. G. Cowling, The Mathematical
Theory of Non-Uniform Gases, 3rd ed., Cambridge University Press, New York
(1970).
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Expansion of Dand J

Substitution of the series (5.8) into DF gives
DF =DF© 4 ¢DFV 4 ... (5.11)

For the collision integral, we obtain

o0 o0 o0 o0
IE =T (Z O ZsﬂFw) _SOS e Ir | p)
=0

n=0 =0 n=0
(5.12)
It proves convenient to introduce the ordered operator
JOFO, FO, L FO)y =3 "N "J(FY | F®) (5.13)
n I
(n+l=s
The expansion (5.12) may then be written
J(F | F)=JOF®)+eJO(FO, FD)
+ 2 JO(FO, FO FOy 4 ... (5.14)
Thus, for example,
JOFO, FOY = J(FO | FD)+ J(FV | FO) (5.14a)

Expansion of the time derivative

The fourth step in the Chapman—Enskog expansion addresses the time deriva-
tive in (5.7). It stipulates that the time dependence of F is solely dependent on
the hydrodynamic variables n, u, T so that

oF 9Fon 0F du 0FJT

— =t — — 4+ —=— 5.15
at 8n8n+8u 8t+8T at (5.13)
The time derivatice is expanded as
d 0 a 0
= pet 4224 (5.16)

ar ot ot ot

The physical meaning of this expansion is that lowest-order terms vary most
rapidly, whereas higher-order terms are more slowly varying. Explicit ex-
pressions for the time derivations in (5.15) follow from g-ordering of the
conservation equations (3.14), (3.30), and (3.31). We obtain [recall (3.31) for
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notation]

0

Ln:_v.nu’

ot

on
=0, r>0

ot

dou 1 = (0)

2= _@u-Viu+K-—-V.P

ot Jo

Jgu —1 =(r) (.17
=—V.-P r>0

at P

00T 21 =0 =

2= . L :Vu +V-QU]

ot 3nk B

o.T 2 =(r) —

= P :Vu+V.Q", 0

0 = k| wEv-Q >

When written in terms of the symmetric strain tensor A (4.6a), the last two
equalities in (5.17) appear as

3T 2
- = VT———[V QU4+ A:P ]
ot 3 nk B
(5.17a)
0T _ 2 v.qoii: B, 0
= >
9t 3nkg "

Substituting the preceding expansions for F, d F/dt, d/dt, DF, and j(F | F)
into the Boltzmann equation (5.7) gives

0 0 . A
[(82 +€3t )(F(O)+eF“)+---)+(DF<°>+5DF“)+~-)]
+IOFEN) +edOFOFD) 4] (5.18)

where, with (5.16), we write

QF" BF(’) 0 aF" 3 AF" 3T
SR Oz (5.18a)
ot oan ot Ju 0t oT ot

Equating coefficients of equal powers of ¢ gives the desired series of coupled

integral equatins for F):

0= JOF (5.19a)

P R ~
(a_(; + D) FO = JOFO FO) (5.19b)

% A 9 .
(a(; D) FO 4 8ltF“”:J<2>(F<°>,F“),F@)) (5.19¢)
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The first-order solution is obtained by solving (5.19a):
JFO | FO) =0 (5.20)

First-order solution

Recalling our discussion of the Boltzmann H theorem (Section 3.4), the
solution to (5.20) is the local Maxwellian F° (3.58):

FO—p =" —c 521
= T arrryr P\ 2rT (5-21)

In this manner we find that the first-order solution in the small mean-free-path
approximation is the local Maxwellian F°. This solution may be used to obtain
a first-order set of hydrodynamical equations for the purpose of evaluating n,
u, and 7T'. To construct these, we first calculate the heat conductivity Q and the

stress P. From previous definitions (3.24) and (3.25), we write

ngfcchdc

P=m / CcF dc
Substituting F° into these two formulas gives
Q¥ =0 (5.22a)
=(0) = =
=1, =InkgT (5.22b)

To lowest order, there is no heat flow and the pressure tensor is diagonal.
Substituting these values into the conservation equatins (3.14), (3.30), and
(3.31) gives the first-order approximation to these equations, which are called
the Euler equations:

on
T4 Vonu =0 (5.23q)
o1
5
p(g—ku-V)u—i—Vp =pK (5.23b)
9 p
(E +u- V) (55) =0 (5.230)

The adiabatic quality of flow (5.23c) in this approximation is seen to be con-
sistent with the property that there is no heat flow (5.22a). Equations (5.21)
to (5.23) constitute the first-order solutions to the Boltzmann equation in
the Chapman—-Enskog procedure. Solving the Euler equations (5.23) gives
n=n(x,1),u=ux,t),and T = T(x,t), which when substituted in (5.21)
completely determines F(x, v, 1).

Each successive iterate in the Chapman—Enskog expansion yields a more
detailed set of hydrodynamic equations, better suited to higher-order spatial
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fluctuations in the fluid. As noted above, the first iterate gives the Euler equa-
tions (5.23). Equations stemming from higher-order approxiamtions are named
as follows. The second iterate gives the Navier—Stokes equations [of which (4.8)
is the momentum equation]. The third iterate gives the Burnett equations.

3.5.3 Second-Order Solution

The second-order solution is obtained from (5.19b):
0 A -
(8—‘; + D) FO = JO(FO Fh) (5.24)

We introduce the function &,
FY = F'® (5.25a)
and [with (5.14a)] the O operator

. IS 1o 5
00 = IO, FO®) = 5 [I(F° | F°®) + J(F°® | V)]

(5.25b)
// 0 dQgdv\F'(v)[®) + &' — &, — D]
The starting equation (5.24) may then be written
I (0  ~\,0 =~
—|\=+D)F =0¢ 5.26
- ( i ) (5.26)

Note in particular that [ is a linear operator. Terms on the left of (5.26) give

1 9yF° 10 0 3\ 1 0,T
0 :[_Ln_|_2§.0_u+(2__)_0 ]

FO 3t n ot at 2) T ar
(5.27)
1 oF° Lon e U (o 3\ 107
—V:— =V .| —-—— . — — ) -
Fo X n 0x ox 2/t ox
where?!
2 2
) c c
= = — 5.28
§ 2RT C? ( )

and & - du/0x is summed over parallel components of £ and u. Replacing time
derivatives in (5.27) by related expressions in (5.17) gives (with K = 0)

V2RT <g2 _ ;) £-VInT +2 (ﬁ— %gﬁ) Vu =010 | (5.29)

31Tn most of the text, mC? = kT (save for Section 4.2, where C was used to
denote rms molecular speed). To avoid confusion here, we set mC? = 2k, T .
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which is seen to be a linear inhomogeneous integral equation for the
distribution ®.
If this equation is solved for @, then F is known to second order:

F = F[1 + @] (5.30)

The general solution to (5.29) is a linear combination of homogeneous, &/,
and inhomogeneous, ®;, solutions, where

O, =0 (5.31)

and ®; is a particular solution of (5.29).
From the structure of [, it is evident that @, is any linear combination of
the three summational invariants.

1
d, =o&—|—ﬁ-mc—}—§ymc2 (5.32)

where «, 3, y are arbitrary constants. To arrive at the particular solution to
(5.29), we note that the left side is in the form

LHS (5.29) = X(£) - QRT)>VInT + Y (£) : Vu (5.33)

Since [J is a linear operator and @ is a scalar, (5.33) suggests that we take the
particular solution to (5.29) to have the form??

®; = A(€)- QRT)>VInT +2B(£) : Vu (5.34)

Thus, to find the inhomogeneou_s solution ®;, we must obtain the vector func-
tion A and the tensor function B. Inserting this form into (5.29) and equating
coefficients of the different components of VIn 7" and Vu gives the following

equations for A and B :

CA = ¢ (gz — g) (5.35a)
1B = (E _ -5 1) _Ff (5.35b)

Note that the only variables in A are &, n, and T'. The only vector that can
be formed from these elements is £ itself. Thus we write

A = bsA(EHE (5.36)

where A is some scalar function.
The linearity of (5.35b) and the form of its inhomogeneous term imply that

Bisa symmetric, traceless tensor. Again B depends only on &, n, and 7. The

2Note that the dimension of [ is frequency and that of A and B is time.
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only symmetric traceless tensor that can be constructed from these variables
is €€ — 1£%1, so

B = B <§ - %gﬁ) (5.36a)

The scalar functions A and B satisfy the integral equations
DA = ¢ (52 - g) (5.37a)
(] [(E - %527) B] - (E - %gﬁ) (5.37b)

Returning to the homogeneous solution (5.30), we note that the constants o,
B, and y contained in @, are determined by the constraint conditions (5.10b).
Inserting

F, = F'[®, + @] (5.38)

into these constraint equations yields the three integral conditions (see
Appendix B, Section B.1):

/ F° (a + y%mc2> de =0 (5.39a)

/ FTAEDVInT +mBlmc*de =0 (5.39b)
0 1 2 1 2

/F o+ Emc y Emc de=0 (5.39¢)

Equations (5.39a) and (5.39¢) imply that
a=y=0 (5.40)

whereas (5.39b) implies that 3 is in the direction of VIn T, so it may be
absorbed into the VIn T term in ®;.

The total solution of the Boltzmann equation to terms of second order then
appears as

F=F[l +(2RT)'?A-VInT +2B : Vu|

— FO [1 + QRT)AE)E-VInT + BE) (E - %52?) : ﬁ}

(5.41)
where A and sB are particular solutions to integral equations (5.37).
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3.5.4 Thermal Conductivity and Stress Tensor

With the form of the second-order solution (5.41) athand, it is possible to obtain
expressions for corresponding nonvanishing second-order contributions to Q

and P. These are obtained by inserting (5.41) into the defining equations (4.3)
and (4.7) (with ¢ = 0).

Q= %m(zm)”2 / E2¢F de = 0+ QW (5.42a)

P = m2RT / €Fde=1p+ PV (5.42b)

Coefficient of thermal conductivity
Substituting (5.41) into (5.42), we find

~4

Q=""S"VInT . FEEEAE de (5.43)

(Recall that [ F°dc has dimensions of number density.) With reference to
(B.B1.3), the preceding reduces to

2k3T
Q= g—VT / FO&* A(E%) dc (5.44)
With [ FOAE?)E? de = 0 [which corresponds to setting 3 = 0 in (5.39b)],
the preceding equation may be rewritten

2
Q= %lﬁw / EAED - F° <g2 - §> £dc (5.45)
3 m 2
With (5.35a), we find
2
Q= (2 il / FA DA dc) (5.46)
3 m
or, equivalently,
2
Q= %k—(A | DAYV (5.47)
m

Note, in particular, that the bracket symbol (|) in (5.47) includes the local
Maxwellian and an inner product. The latter expression implies the following
form for the coefficient of thermal conductivity:

2k3T

K = ———(A | DA) (5.48)
3 m
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Viscosity

To obtain the related expression for viscosity, we recall (5.42b) and write

PO = / Fmicc de = m/F‘)cbﬁdc (5.49)
With (5.41), the latter equation may be written (deleting the superscript 1)

pu— & pr——

P = 4kT / FOB(E*)(E€ : Vu)E€ de (5.50)
Employing the results of Problem 3.6 permits (5.50) to be written

= 4kgT
P — BT

/ FOBE?)EE : £6)de (5.51)
4k3

Vu / Fosg Bde
With (5.35b), we write

= 4kgT== 0= A
P = s Vu | F'B:0Bdc

(5.52)

Note that the inner product (|) now includes the trace operation, which renders
it a scalar. Note that we have written [recall (4.6a)]

The shear stress component of (4.7) may then be written

= —o
P =-2nVu

which with (5.52) gives

n=—=ksT(B|CIB) (5.53)

3.5.5 Sonine Polynomials

In this manner we find that transport coefficients depend on the matrix elements
of the interaction operator [1. To evaluate these expressions, we work with
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Sonine polynomials,* defined as follows (see Problems 3.7):

e N (m+m)l(=x)?
S0 = 2 et ook — i 34

p=0
Some leading values are
SOy =1, SP@)=m+1—x

m

1 2 2
sO) = WHVED oy D
2 2
The orthogonality of these polynomials is given by
/ x"e* 8" (x)SW(x)dx = 0, n#gq
0
!
- ("%”) n=gq  (5.54b)
Expansions of A and B are given by
A= "aSHENE=) " aA” (5.55a)
r=1
B=) b5, E)EE=> bB" (5.55b)
r=1

Note that A” and B® are dimensionless.

First approximation for A

To find the a, coefficients, we multiply (5.35a) by F°A® and integrate:
A 5
(AY | DA) = / F° <g2 — 5) £-AVde =no (5.56)

Note that «;, as well as A?, is dimensionless and n denotes number density.
Inserting (5.55a) into (5.56) gives

ney =Y a, (A |OAV) =) " Aa, (5.57)
r r=1

3N.J. Sonine, Math. Ann. 16, 41 (1880). First introduced in the present con-
text by D. Burnett, Proc. London Math. Soc.. Ser. 2, 39, 385 (1935). Subsequently

shown by C. S. Wang Chang and G. E. Uhlenbeck to be eigenfunctions of the [
operator for Maxwell molecules. Univ. Michigan Engr. Rept. CM-681 (1952). This
topic is discussed in the present work in Section 6.5. We note further that, apart
from a multiplicative constant, Sonine and Laguerre polynomials are identical. La-
guerre polynomials come into play in the solution of the Schroedinger equation for
the hydrogen atom. See R. L. Liboff, Introductory Quantum Mechanics, 4th ed.,
Addison-Wesley, San Francisco, CA. (2002).
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The o; are known parameters (5.56) as are the A functions (5.55a). Thus
(5.57) comprises an infinite-dimensional matrix equation for the coefficients
a.

Varying orders of solution (within the second-order Chapman—Enskog ap-
proximation) are obtained by cutting off the A;, matrix. Thus, for example,
keeping only the leading terms in (5.57) gives

nogy
a = —
A
Substituting into (5.55a), we find
A= @A(l)
Aqy
whence
A n’a?
<A | DA) = d?A =~ (5.58)
A
Evaluating o from (5.56), we find (see Problem 3.8)
. 15%\ n?
<A | DA> (2 )= (5.59)
4 A

Substituting into (5.48) gives the following generic form for the lowest-order
approximation to the coefficient of thermal conductivity within the second
Chapman-Enskog approximation:

25 ¢,kpTn?
4 All

Here we have written ¢y for cy/mass, which for particles with no internal
structure has the value 3kp/2m. The A;; element contains specifics of the
particle interaction. However, a very explicit form of this term may be written
in terms of integration over scattering parameters. We obtain

A = —4n*Q%? (5.61)

where, in general (for study of one-component gases)

[AnkgT [® [® _.
Qo = |2TEBL / / e y¥ 3 (1 —cos' O)sds dy (5.62a)
m 0 0

where

(5.60)

K =

e

2C2  4kpT

With (1.16) and following, we recall that the scattering angle 6 = 6(s, g). Thus
(5.62a) may be rewritten

[AmkgT [ _.
QU@ — HTB/ e y2q+3 Q(l) dy (5.62b)
0

y



206 3. The Boltzmann Equation, Fluid Dynamics, and Irreversibility

where Q) is the weighted cross section.?*

o = f (1 —cos' O)s ds (5.62¢)
0

Note that the dimensions of Q) are the same as v/n.
Substituting (5.62a) into (5.60) gives

 25¢yksT

K= 16 0t (5.63)

First approximation for B

To find the b, coefficients in (5.55b), we multiply (5.35b) by F 0B® and
integrate.

(BY | CIB?) = f FO¢€ : BV de = ng, (5.64)
Introducing (5.55b) gives

> b.(B” | IB) = npy

nﬂl = Z Blrbr

Again we obtain a matrix equation of infinite dimension for the coefficients
b,. Keeping the leading term in (5.65) gives

(5.65)

np
by = — (5.66)
"By
With (5.55b), we find
_ 202
(B | CB) = b2B,, = 01
B
Evaluating ,8]2, we find (see Problem 3.9)
FoE =2 (5.67)
4 By '

Substituting this expression into (5.53) gives the following lowest-order ex-
pression for the coefficient of viscosity, within the second approximation of

3*Comparison of notation for Q© as given by (5.62c) [that is, Q% here ] with
that found in Chapman and Cowling (CC) and Hirshfelder, Curtis, and Bird (HCB)
is as follows: Q% (here) = 27)"'QPHCB) = g~'Q¥(CC). Note also that: {|)
(here) = —n?[, ],(CC).
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the Chapman—Enskog expansion.

5 kpTn?
n= —3 B (5.68)
Further reduction of By; gives
By, = —4n’Q®*? (5.69)
and we find
n= g% (5.70)
Comparison with (5.63) gives
Kk 5_
PR

Note that our earlier elementary mean-free-path calculation (Table 3.2) is in
good agreement with this more detailed finding.

3.5.6 Application to Rigid Spheres

We wish to evaluate the integrals (5.62) for the case of a gas of rigid spheres
of diameter op. Recalling (1.32), we write

o2
sds = Zodcose

Substituting into (5.62b) gives

oV = /(1 —cos' 0)s ds

2 1
:=@/Y1—MMM

4 )
2
0, 1 .
=20~ (g
o]
2
= JZOH(I) (5.71a)
Note that we set i = cos 0. For Q¢9, we obtain
2 knT 172
Qo = % (” 5 ) H()(q + 1! (5.71b)
m

Thus for interactions of rigid spheres we find |H(2) = %]

ks T\ "2
Qe = 202 (222 (5.72)
m
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Substituting into (5.63) gives
_25¢y (kaT>1/2

K_ﬁ;oz

T
751 (BT o
= 64 of \ mm
With (5.70) we find
5 1 (mkgT\"?
0

3.5.7 Diffusion and Electrical Conductivity

As discussed previously, mutual diffusion is a property of a two-component
medium. In this case, coupled Boltzmann equations come into play as described
in Section 3.2.2. Following a procedure similar to that described above, we find
that the interaction integrals (5.62) again emerge with the modification

v = (—M >g2
2kyT (5.75)

g=VvV2—V

where, we recall, u is reduced mass. The relation (5.62b) becomes

z kpT\'*
Qho =72 (222 ) gy + 11 5.76
12 4 2 D@+ 1) (5.76)
For interacting rigid spheres, (5.71b) becomes
2 1/2
.9 o 7TkBT
Q" = f (T) H()(g + 1! (5.76a)
Specifically,
kT \'"?
)" = 0122< > ) (577)

where, we recall,

1
op = 5(001 + 002)

The lowest-order estimate within the second Chapman—Enskog approximation
for the coefficient of mutual diffusion is then given by

3kpgT

= (5.78)
16n;LSZ(112’1)

12
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For spherical molecules, there results

3 2T\ '?
Dy, < B ) (5.79)

~ 16no} \ mp
n=n;+n,

This finding was previously cited in (4.31a). In the limit that n; = n, = n/2
and oy, = 0¢y = 0y, (5.79) gives the coefficient of self-diffusion:

T\ /2
D= (kB—) (5.79a)

8n002 Tm

Electrical conductivity

Again stemming from the study of a two-component gas comprised of ions
of charge Ze and electrons of charge e, we find that conductivity is directly
related to mutual diffusion as
00 = 22 (Zem — eM)? D, (5.80)
,OszT
where p is mass density and M is ion mass. In the limit that m/M < 1, this
relation reduces to

neng
o, =

o kBTl’ll'

D;. (5.80a)
For singly chargedions, n, = n;. Further setting i =~ m in (5.77), the preceding
relation reduces to

3 ¢

Oc = S Mol (5.81)

Comparison with the Drude model result (4.15) indicates that Q" takes the
place of collision frequency times volume per particle. These results relevant
to rigid spheres are listed in Table 3.4

3.5.8 Expressions of QU9 for Inverse Power Interaction Forces

Consider the interaction potential between molecules to be given by (1.17),
V=Kr"% (5.82)
corresponding to the radial force of magnitude

F=KNr~ ™D
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TABLE 3.4. Transport Coefficients in the Chapman—Enskog Expansion for Rigid-
Sphere Interaction®

Coefficient Value
751 (kBT
K, thermal 2< B )
conductivity 6405 \ mm
cosit 51 (mkyT\'"?
, viscosi ——
7 Y 1602 \ =
3 2kT\ "
D,,, mutual 3
diffusion lonoi; \ mp
3 (ksT\"?
D, self-diffusion 3 ( 5 >
8noy \ mm
. nin.n >
o,, electrical > (ZeM — eM)°D,,
conductivity ~ P*ksT
(/M < 1) n.ne*
O, m ie
kB Tf’li

aWith ¢y = 3kp/m, these results give k /ncy = % = 2.5,
P =2 =067 and L = I = 0.83, which are seen to
be in reasonable agreement with measured values given in
Table 3.3.

Then, for Q¥, with (1.20) and following, we find

oV = / (1 — cos' 0)s ds
0

2K\ %
= (-) g_4/N/ (1 —cos' 0)bdb
0

%
2N (5.83)
0] 2K —4/N
0V=|— g T AIN)
%
Ai(N) E/ (1 —cos' @)bdb
0
Inserting this result into (5.76) gives
QU9 _ﬁAl(N)(ZK)z/N(ZkBT)(N74)/2N * oV y2t3=@/N) 4
- M]/z 0 y y
2/N (N—4)/2N (5.84)
ity _NTAN)K)N ks T) flosn 2
212 q

where I'(x) is the gamma function. Note in particular the simplifying property
for Maxwell molecules, N = 4.
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Nature of approximation

Having come to this point in the Chapman—Enskog expansion, it is evident that
the technique of solution involves nested approximations within each iterate
(5.19) of the expansion. As we have seen, the second approximation yields
the integral equations (5.35). To solve these equations, an additional approx-
imation comes into play: casting these equations in matrix form permits an
approximation corresponding to the order of the truncation of the related in-
finite matrices. In the results presented above, related approximation within
the second Chapman—Enskog iterate involved the lowest approximation, 1 x 1
matrices.

3.5.9 Interaction Models and Experimental Values

Combining preceding results with various models of interactions between
molecules gives the following list for viscosities to lowest-order results within
the second Chapman—Enskog approximation.

1. Rigid elastic spheres of diameter oy.

T\ 12
p= (kB"’ ) (5.85)

T 1602 \ 7

2. Repulsive potential, V = Kr—V.

5 (mkgT\'"? (ksT\" 2

3. Sutherland model*® Attractive spheres of diameter o and interaction
potential V = —K /r".

5 (mkpT\'? S
= 1+ 5.87
1 1603( 7 ) /( +kBT> 57

In (5.87), S is the temperature-independent Sutherland constant®®
I(N)K
S = ( 13 (5.88)
%o

Note that S is proportional to the potential energy of the molecules in contact.
The function /(N) is given by

1 B
I(N) =4 / BN@2p* — D1 — pH'? / BN (1 — pH 7t dpdp
0 0

3W. Sutherland, Phil. Mag. 36, 507 (1893); 17, 320 (1909).

%S. Chapman and T. G. Cowling, ibid., Sec. 10.41. In this work, the Sutherland
constant is written as (5.88) divided by k5. In the present work, S carries dimensions
of energy.
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TABLE 3.5. Viscosity of CO, and N, in the Sutherland Model
CO,
n x 107 n x 107
T (°C) (observed) (evaluated)

—-20.7 1294 1284
15.0 1457 1462
99.1 1861 1857

182.4 2221 2216
302.0 2681 2686
N,

n x 107 n x 107
T (°C) (observed) (evaluated)

—76.3 1275 1269
-379 1465 1469
16.1 1728 1728
51.6 1880 1884
100.2 2084 2086
200.0 2461 2461
250.1 2629 2633

Some leading values of I(N) are as follows:

N I(N)

2 H(m?—8)=0.2337
3 {3In3-2)=0.2118
4 210 —7?) =0.1956
6 (97 —88) =0.1722
8 L =0.1556

45

In applying (5.87) to experimental observation, it proves convenient to re-
move the dependence on numerator coefficients of this expression by rewriting
it in the form

(5.89)

T\ S +ksT'
T’ S+kyT

n(T) = n(T") <

With values,

n(T = 273K, CO,) = 1388 x 107" gem™'s™!
n(T = 273K, N,) = 1654 x 1077 gecm™'s™!

and
S(CO,) = 239.7kgp, S(N») = 104.7kp

the expression (5.89) gives the values shown in Table 3.5, in very good
agreement with experiment.
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3.5.10 The Method of Moments

In this concluding portion of the present section, we present a brief description
of an alternative solution to the Boltzmann equation due to Grad,*” which has
come to be known as the method of moments.

We begin by defining another nondimensional microscopic velocity, ¢,
closely related to & introduced above: ¢ = ¢/C = V/2€. The nondimensional
distribution function f(Xx, ¢, ) is given by

F(x, & 1) = %f(x, & 1) (5.90)

The Maxwellian (5.2) may be written

f (©) = —w(c) (5.91a)
_ 1 2
w(C) = 7 ¢ 2 (5.91b)

Tensor Hermite polynomials

In the method of moments, the distribution function ]_”(x, ¢, 1) is expanded in
a series of tensor Hermite polynomials, Hi(")(é). The double index of Hi(")(é)
reflects the fact that it is a tensor polynomial of rank # in three-dimensional
space. The subscript i denotes a sequence of n indexes (iy, ..., i,), where
ir may have any of the values (1, 2, 3) corresponding to the three Cartesian
directions.

Here are some fundamental properties of these polynomials. They are
defined with respect to a)(c) given by (5.91b). Thus

H" . (©=(-)— (ii ! ) o= Lvio (592
01,0240y a)(c) aC,'l 86‘,’1 . aCl w .

These polynomials also follow from the generating function:

1

(5.93)
o=c—c
The orthogonality of the tensor Hermite polynomials is given by
[ 2 e de = mal (594
where
A =1

3TH. Grad, Comm. Pure and App. Math. 2, 331 (1949).
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for {i;} a permutation of {j;} and zero otherwise.
The first four polynomials of this set are

HO%c) = 1 (5.95a)
He) = ¢; (5.95b)
Hff)(c) = cicj — 8 (5.95¢)
Hﬁ(c) = cicjcx — (€8x + ¢;j0ki + Cidij) (5.95d)

Here are some recurrence relations among these polynomials [deleting the
subscript on Hi(")(c)].

9
—H" =LH""Y (5.96a)
Bcl

¢H" = H"™ + [ H"™V (5.96b)
d

¢i a—H<"> =nH"™ +2IH"™? (5.96¢)
Ci

Here we have written I for the identity matrix. It is such that the expression I; A
represents the sum of all products in which i is attached to I. This operation is
demonstrated in application of (5.96b) to the case n = 2:

2 3
=+ ()
HS = cHY — 85 H" + 8, H")
= ci(cjcr — 8k) — 8ijck — Sikc;

which agrees with (5.95d).

The expansion

The distribution f(x, €, ¢) is expanded in Hermite polynomials as follows:

- > 1
Fxen=7"@)  —a"x nH"@© (5.97)
= n!
which in explicit form appears as
- 1 1
f=/r° [a(O)H(‘)) + afl)Hi“) + Ea;j)Hi(jZ) 5413,21-1[?,3 4. ] (5.97a)
Inverting the series (5.98) gives
a(x,1) = / fx, & nH"(€)de (5.98)
Since Hi(")(é) are polynomials in the velocity ¢, the coefficients ai(")(x, t) are

moments of the distribution f. Each such moment corresponds to a macro-
scopic fluid dynamic variable [recall (3.33)]. Thus, for example, we may make
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the following identifications:

a® =1
a — 0
ij — PSij =
(@=Lt P o pze g (5.99)
P
@ _ 20

a.., =
tjj pm

(a repeated index gives the trace).

Macroscopic equations

With (5.97), we see that construction of the distribution ]_‘(x, ¢, t) depends on
knowledge of the tensor coefficients a(”) These coefficients are obtained as
follows. The series (5.97) is substltuted into the Boltzmann equation (2.14).
Following this substitution, we operate on the equation with | dEHi(")(E) to

obtain (with, we recall, C = ~/RT)

(r+1)
Da'™ 4 8_11 a® + o _DCZ a®™ + Ca
Dt axi ! 2C2 Dt axi

+ Ca(nJrl) " 1I1(,0Cn+1) -C Ea(n 1)

1 Du 1 /aC?
- - C 1 Cn+l (n—1) - 1a (n+1)
[ + E Il(,O :| + C 8x1

(éz DDCt I+ 3 ) R (ECZ) 8a" = J™  (5.100)

Note that all terms in this equation have dimensions of t~! and the nth-order
tensor polynomials. [The coefficient n in the third term of (5.100) is tensor
order, not number density.] Subscripts on tensor terms are tacitly assumed
save for repeated indexes, in which case products are summed. Indexes of the
I term are unequal to remaining indexes of a term. Thus, for example, consider
the term

C2 (n+l) C 8lka(n 1) — Tk(ln)
Bx, 8)(, imro- mro-

where T™ is written for an nth-order tensor.

The convective derivative is D /D¢, while the symbol E represents the
symmetric sum of gradients. For instance,

2 2
9a? aa](j) Ba;k)

Ea@ ” ot (5.101)
j i
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The collision term J® is written for

JW = g f F@©) F@E@DI™(, &) dede, (5.102)
where

"= / go dQIH™]
(5.102a)

[H"]=H"@)+ H" @) - H"@©) - H" (@)

Nature of approximation

The technique of solution is to approximate the series (5.97) with a finite
amount of terms. Inasmuch as the leading term in the expansion is the local
Maxwellian, the closer the has is to the equilibrium state, the less terms suffice
to describe the state.

The simplest approximation is the “second-order” one, where we set

.- 1
f=r [1 + Ea,?f)HFf)} (5.103)

Dropping all terms containing a® in (5.100) gives

d ou ; ou ;

ij @, @94 @04

ar gy G Tl g g
dx;  dx; e+l ey = G109

If all terms beyond a® are neglected in the calculation of J®, then this

last equation involves {p, u, T, aff)} or, equivalently, {o, u, T, P;;} Inasmuch

@ . . .
as a;;" is a symmetric, traceless tensor, there are only six relevant components

of a®. These, together with the five variables {p, u, T}, constitute eleven
scalar quantities. These eleven variables define the state of the system in the
second-order approximation.
Equation (5.104) comprises six scalar equations. These equations together
with the continuity equation
ap

—4+V.pu=90
ar TP

the momentum equation

Ju
P E+U-Vu +V.-P=0

and the condition Tra® = 0 are eleven scalar equations, which serve to close
the system.
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3.6 The Linear Boltzmann Collision Operator

We return to the linear collision operator (5.25) introduced in the Chapman-
Ernskog solution of the Boltzmann equation.

Od = // o dQg dv,FO(u))[®) + &' — & — D] (6.1)

As evidenced by the expressions (5.53) and (5.56), this operator plays a key
role in evaluation of transport coefficients. In this section a number of basic
properties of the [ operator are derived.

3.6.1 Symmetry of the Kernel
Let us label

dp = F'(v)dv (6.2)
Then (6.1) may be written

O = —/dplf((v, v)P(v)) (6.3)

where the kernel K is as implied. We wish to show that K is symmetric; that
18,

K, v)) = K(v,v) 6.4)

Let ¢ and i be any two elements of £, space. The matrix element of the
operator [] with respect to these two functions is given by

Oos = [ dugtiv
__ /f dpdp pW)R v, vy (v)

=—///dudu10d98¢[¢1+w—¢{ -yl (6.5)

We first wish to establish that [,y is a symmetric matrix; that is,

Repeating arguments described in Section 3.1 on collisional invariants, we
obtain

1
Dgy = —Z///dudu10d§2g(¢1+¢—¢i—¢’)(W1+1/f—1/ff—1/f’) (6.7a)

This may be rewritten

oy = — f / / dpdpno dgy@ +é— ¢ — ) =0ys  (67)



218 3. The Boltzmann Equation, Fluid Dynamics, and Irreversibility

which establishes the validity of (6.6).
With (6.7a), we may conclude that the diagonal elements [, are negative
except when ¢ is a linear combination of summational invariants. That is,

Opp =0  onlyif¢p =a+8-v+yv? (6.8b)

Proceeding with our derivation, we consider the difference

0=Dw—Dw:i0ﬁuMu@kw—wk@) (6.9)

Interchanging v and v, in the second integral permits (6.9) to be written
0= f/ dpy dplK (v, vi) — K(vi, V)Ip(V)p(v1) (6.10)

Here it is understood that K (x, y) operates only on functions of y.
Introducing the operator

T(v,vi)=K(v,v)) = K(vi,v) (6.11)
permits (6.10) to be written

// dpd T (v, V)GV, v) =0
G(v,vi) = d(WY(vy)

Suppose T is not identically zero. This means that a function G exists such
that 7G # 0 over a domain of v, v; phase space. It follows that there is a
subdomain D of this domain in which 7G does not change sign. Let G = G
in D and G = 0 elsewhere. Then for this choice of function f TG # 0, which
violates (6.12). We may conclude that the only way to ensure that | f"lﬁqb

vanishes for all ¥ and ¢ in L, is for 7 to vanish identically. Thus K isa
symmetric operator.

6.12)

3.6.2 Negative Eigenvalues

Let us suppose that the collision operator (J has a discrete spectrum. Then we
may write

(W, = v, (6.13)

Due to the symmetry of 0 (6.6), the eigenfunctions 1, comprise an orthogonal
sequence. Thus we obtain

Dnm - /dHWnljl”m - Vm/dHWnWm
= VS |V I (6.14)
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where ||, || represents the norm of v,,. The diagonal elements of ] obey the
properties (6.8), and we may write

0> Oy = vn/duw,f = ol

so that
v, <0 (6.15)

The equality in this relation occurs if ¥, is any of the five independent scalar
summational invariants. Thus the [J operator has a fivefold degenerate eigen-
value as the origin on the real v line. All remaining eigenvalues are negative.
We conclude that the eigenvalues of [J lie on the negative real axis with a
fivefold degeneracy as the origin.

The significance of the negative quality of these eigenvalues is seen from
the following discussion. Let a spatially homogeneous gas suffer a small

displacement from equilibrium in velocity space. We recall the perturbation
(5.30)

F = FO 4+ @) (6.16)

Substituting this form into the Boltzmann equation (2.14) and keeping terms
linear in ®, we obtain

IO NN

— =0 (6.17)

ot
With this equation at hand, we may conclude that the nonpositive spectrum of
[ implies that ® decays in time and that consequently the system returns to the
Maxwellian state. This conclusion, stemming from the linearized Boltzmann
equation (6.17), is seen to be consistent with our previous finding concerning
the decay of Boltzmann H and accompanying reduction to the Maxwellian
state, stemming from the nonlinear Boltzmann equation (Section 3.8).

3.6.3 Comparison of Boltzmann and Liouville Operators

It is interesting at this point to offer a brief comparison of properties of the
Boltzmann collision operator (both linear [J and nonlinear J) with those of
the Liouville operator L ~ (2.1.3). The Liouville operator contains the full
N -particle Hamiltonian, and the related Liouville equation is reversible. That
is, if Fy(x",p",t) is a solution, then so is Fy(x", —p", —t) [recall Sec-
tion 1.1.5]. We also found that eigenvalues of Ly are pure imaginary (see
Section 2.3.1), which evidently permits oscillatory behavior of the N-particle
distribution function. Furthermore, by virtue of the Poincaré recurrence theo-
rem [Section 3.6], we may conclude that for a bounded system, solutions to
the Liouville equation exist that, after sufficient time, return arbitrarily close
to their initial values.
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The Boltzmann collision operator, on the other hand, accounts only for
two-particle interactions. Furthermore, owing to the assumption of molecular
chaos [F>(1,2) = Fi(1)F1(2)], we may say that particles in collision lose
memory of this collision after interaction. This property evidently contributes
to irreversibility.

Distinctions between J (f)and L ~(fn) were also evident in our preceding
discussion of the H theorem (Sections 3.7 and 3.8). There we found that the
Gibbs entropy, as implied by the Liouville equation, is constant, whereas the
Boltzmann entropy, as implied by the Boltzmann equation, increases with time
(recall that S o< —H).

3.6.4 Hard and Soft Potentials

We may distinguish between hard and soft interaction potentials in the
following manner. Consider the set of potentials (1.17)

V(r)=Kr™" (6.18)

where in general the constant K is dependent on the number N. We have found
previously (1.27) that for Maxwell molecules (N = 4) the integration measure
go d cos 6 is independent of the relative speed g. Let us adopt the convention
that potentials with N > 4 be labeled hard and those with N < 4 be labeled
soft.

The separation potential with N = 4 corresponding to Maxwell molecules
permits exact evaluation of the spectrum of the 0 operator. Results of this
calculation are prescribed in the following section.

3.6.5 Maxwell Molecule Spectrum

As noted above, for Maxwell molecules the integration measure go d cos 6 is
independent of relative speed g. For this case, the eigenvalue spectrum of the
[ operator is discrete. Eigenvalues and eigenfunctions for this case were first
discovered by S. C. Wang Chang and G. E. Uhlenbeck.?®

Working in spherical coordinates (£, 8, ¢), eigenfunctions of the [ collision
operator are given by

Vuim (. 0, 0) = Nuw {1 0y EDEY (0. ¢) (6.19)

3C. S. Wang Chang and G. E. Uhlenbeck (1952), ibid. These reports are reprinted
in J. deBoer and G. E. Uhlenbeck, Studies in Statistical Mechanics, North-Holland,
Amsterdam (1970). A concise description of these findings may be found in G.
E. Uhlenbeck and G. W. Ford, Lectures in Statistical Mechanics, American Math.
Soc., Providence, R. 1. (1963). See also L. Waldman, Hand. der Physik XIII, 295
Springer-Verlag, Berlin (1958).
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where Y"(0, ¢) are the spherical harmonics,®® N, are normalization
constants, S,(i)(l /2)(x) are Sonine polynomials, encountered previously in Sec-
tion 5.5 and defined by (3.54). With the integration measure dp (6.2), the
sequence (6.19) is an orthogonal set and is a basis of £, space.

Eigenvalues corresponding to the functions (6.19) are given by

A ™ 0 0
(Wi DNVt ) = vy = 27 / do sin F(0) |:cos2”+l EPZ (cos E)
0

0 0
+ sin>**! 5P, (sin 5) —1- 5,,03,0] (6.20)

where P;(x) are Legendre polynomials (see Table 3.6) and F(0) is given by

[recall (1.27)]
2K bdb
go(g.0) = ,/—F(G), F©) = (6.21)
7 dcos0

Since the azimuthal m number is absent from v,,;, we see that each eigenvalue
is 2/ + 1 degenerate.*

As is evident from (1.23), all classical total cross sections corresponding to
potentials with unbounded range are infinite. This singular behavior resides
in the eigenvalues (6.20) through their dependence on F' (), whose properties
are now discussed.

The function F(0) was first evaluated by Maxwell.*! It is given by

(cos 20)'/2

1
FO)=7—————— —— (6.22)
4 sin @ sin 20[cos2 O K (sin ) — cos 20 E(sin )]

where
T —0

V= = (c0s20)"*K (sin §) (6.22a)
and K (x), E(x) are, respectively, complete elliptic integrals of the first and
second kind.*?

- m/2 _ /2 d
E(k):f (1 — k*sin’ ¢)/* d¢, K(k):f
0 0

(1 — k2 sin® ¢)1/2

¥ A concise list of properties of these functions may be found in R. L. LibofT,
Introductory Quantum Mechanics (2002) ibid., Chapter 9.

40This degeneracy corresponds to the rotational symmetry of the [J operator with
respect to ¢. Such degeneracy is often encountered in quantum mechanics; see R. L.
Liboff, ibid.

4 Scientific Papers of James Clerk Maxwell, W. D. Niven, (ed.), Dover, New York
(1952). See Chapter XX VIII.

“2E. T. Whittaker and G. N. Watson, A course of Modern Analysis, Cambridge
University Pres, New York (1952), Chapter 22. See also M. Abramoxitz and 1. A.
Stegun, Handbook of Mathematical Functions, Dover, New York (1965), Chapter 17.
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Evaluation of F(6) as given by (6.22) indicates that it is a monotonic
decreasing function of 6. For small 6, we obtain

Bm)'? 35
FO) ~——07(14+—0O+--. 2
) 16 + S + (6.23)
At0 =m,
1
F(7)= —— = 0.0727
AK2(m/4)

The result (6.23) indicates that F'(6) diverges at small 8, which, as noted above,
is related to the unbounded range of V (r). With the property (6.23), we see that
the eigenvalue (6.20) likewise diverges at & ~ 0. Resolution of this singular
behavior is discussed at the close of this section.

3.6.6  Further Spectral Properties

We return to the notion of hard and soft potentials introduced above. Our
discussion involves the collision frequency (5.2) now written relative to a
Maxwellian state.

v(v) = //angdvlFO(vl) (6.24)

We first evaluate v(v) for a gas of rigid spherical molecules of diameter o.
Recalling (1.33), we write

2

o(0) = % (6.25)

where o is the diameter of a molecule. Inserting this value into (6.24) and
performing the integration, we find (see Problem 3.12)

2 1 T

v(§) = vy [6_5 + <2§ + g) %

where erf(£) represents the error function (see Appendix B):

2 (F .
erf(é) = ﬁ e_x dx
0

erf(§ ):| (6.26)

with £ given by (5.28) and
vo = no’2nRT
At large &, (6.26) gives
V(E) ~ s, §>1 (6.27)
whereas at £ >~ 0
£

2
erf<s>=ﬁ(s—?+---)
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A

Vir) Vir)

» »
> »>

Hard Soft

FIGURE 3.21. Sketch illustrating the eigenvalue spectra of —[J for hard and soft
potentials, respectively. For hard potentials, the fivefold degenerate null eigenvalue
is seen to be isolated from the continuum.

which gives
v(0) = 2y (6.28)

We may attribute this persistence of collision frequency for a stationary particle
to the fact that the particle is situated in a gaseous medium at finite temperature.
Note in particular that, as 7 — 0, v(0) — 0.

The preceding results demonstrate that for a gas of rigid sphere molecules
v(£) ranges from v(0) = 2vy > 0 to infinity.

A similar property for hard potentials, in general, has been established by
Grad.*® These properties address the spectrum of the linear collision operator,
. They are as follows:

1. For hard potentials the null eigenvalue, v = 0 is isolated from the rest
of the spectrum of [J. In addition to v = 0, the spectrum of —[J includes a
continuum, which is the values of the collision frequency v(§) and, consistent
with our finding above, ranges from a minimum v(0) to infinity. For soft po-
tentials, the eigenvalue continuum ranges from a maximum v(0) to zero. These
properties are sketched in Fig. 3.21.

“H. Grad, Phys. Fluids 6, 147 (1963), “Asymptotic Theory of the Boltzmann
Equation, II,” in Rarefied Gas Dynamics Symposium, vol. I, J. Laurmann (ed.),
Academic Press, New York (1963).
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We have noted previously that the eigenvalue v, contributes a term like
exp(—v,t) to the solution of an initial-value problem. The same is true for a
continuous spectrum, where the exponential term contributes to an integral in
place of a sum. Thus, for hard potentials, where v is bounded away from zero,
the slowest decay of the distribution goes as exp[—v(0)t]. For soft potentials
(such as for the Coulomb or Newtonian interaction), v is not bounded away
from zero, and we may expect long-time nonexponential decay for such cases.

2. Write [ in the form
O=K—v) (6.29)
where v(§) is given by (6.24). Then

(a) The operator K is bounded. That is, for any v in £, a constant M exists
such that IIlel = M|jy|l.

(b) The operator K is completely continuous. A bounded linear operator K
is completely continuous if, for any bounded sequence {,} of elements
of £, (that is, ||¥,|| < R for some R and all n), the sequence {I%lﬂ,,}
contains at least one convergent subsequence. As a consequence of this
property and the spectrum theorem* K has a discrete point spectrum
with the origin as the only accumulation point.

3. In Section 6.5, we found that the unbounded range of the Maxwell
molecule force law gave rise to singular eigenvalues. This singular behavior
is circumvented if the force law is cut off at some finite range. The resulting

. . . . (n) ..
eigenfunctions are tensor Hermite polynomials, H;’, encountered earlier in

Section 5.10. Eigenvalues of the collision operator O may then be written
v = (H" DI H") (6.30)

Tensor Hermite polynomials are relevant to expansion of the velocity compo-
nent of the distribution function in Cartesian coordinates. Sonine polynomials
[as seen in (6.19)] are relevant to expansion in spherical coordinates. Thus,
for example, working with the nondimensional distribution, (5.90), these
respective expansions appear as

- !

fxen=y" WH”—W@M(X, e~ S\ oy @E YO, $)(6.31a)
n,l,m

fxen=>" %ai(")(x, D@ H" () (6.31b)
n=0 """

4This theorem and related topics are discussed by H. H. Stone, Linear Transfor-
mations in Hilbert Space and Their Application to Analysis, American Mathematical
Society, New York (1932); I. Stakgold, Boundary Value Problems of Mathematical
Physics, vol. 1, Macmillan, New York (1967), Section 2.10.
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In either representation, coefficients of expansion, a, are related to fluid dy-
namic variables. Factorial factors and weight functions in (6.31) are related to
orthogonality properties [recall (5.54b) and (5.94)].

3.7 The Druyvesteyn Distribution®

3.7.1 Basic Parameters and Starting Equations

To this point in our discourse, we have considered only the kinetic theory
of one-component fluids. As an application of the kinetic theory of a two-
component fluid, we turn to an important problem related to the theory of
conduction of electrons through a medium consisting of heavier ions or neutral
particles.*¢

Our two basic assumptions are (1) electron—electron collisions may be
neglected compared to electron—ion collisions, and (2) the background in
distribution is given by the Maxwellian

M \? Mv?
F<U1):n(27‘[k3T> exp <_2kBT> (7.1)
/F(vl)dvl =n (7.1a)

Here we have written M and v, for ion mass and velocity, respectively, and n
is ion number density.

Our starting equation is the Boltzmann equation (2.17) for a two-component
fluid comprised of ions and electrons in the presence of an electric field .
Neglecting electron—electron collisions, only one collision integral remains in
(2.17) and, passing to the equilibrium limit, we obtain

e€ 0 L
—-—f:f/(fFl—fFl)ongdvl (7.2)
m 0v

where f(v) is the electron distribution function and e/m is electron charge-
to-mass ratio. In this discussion we take f(v), as F(v) [see (7.1a)], to be

normalized to n.

4Named for M. I. Druyvesteyn, Physica 10, (1930). For further discussion of this
topic, see S. Chapman and T. G. Cowling, The Mathematical Theory of Non-Uniform
Gases, (1974) ibid.; L. B. Loeb, Fundamental Processes of Electrical Discharges in
Gases, Wiley, New York (1947); W. P. Allis, Hand. d. Physik vol. XXI, Springer-
Verlag, Berlin (1956); M. J. Druyvesteyn and F. M. Penning, Rev. Mod. Phys. 12, 87
(1940).

4We will in general call these particles “ions.”
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Writing
m
a=
m+M 73
M (1.3)
a) =
m+M
so that
at+a =1
and
v n mv 4+ Mv, (7.4)
=av+t+avi=—"—¥—¥— .
1V1 M

is the velocity of the center of mass of a colliding electron—ion pair of particles.
The kinematic relations connecting these velocities may be written

(¥)=( )0 73

g\ (1 -1
()= a6 759
vy [(a 1 g
()=(% D) 731
vV [(a 1 g
(v)=( (&) 739
Energy conservation gives
g=2¢g (7.6a)
whereas conservation of momentum gives
V=V (7.6b)

The Jacobian of these transformations (7) are all seen to be unity. Thus, for
example, we may write

dvdv, =dgdV 7.7)
From the defining relations

g=V—u (7.8a)

g =v -y (7.8b)

V =avav (7.8¢)

V =av +av, (7.8d)

we obtain

g—g=vV-vi—v—y (7.9a)

0=av' +avy —av—av, (7.9b)
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Multiplying (7a) by a and —ay, respectively, and adding to (7b) gives

V-v=a/(g —g (7.10a)
Vi—vi=—a(g - g (7.10b)
From the relations
V=V+ag (7.11a)
v=V+ag (7.11b)
we find

v?=V*+2a,V-g +ajg”? (7.12a)
v =V?+2aV-g+alg’ (7.12b)
Subtracting these equations and recalling the conservation equation (7.6) gives
v? —v?=2a,V-(g —g) (7.13)

Our third assumption concerns the electron-to-ion mass ratio m /M. We set
%zl—al =g’ (7.14)

where ¢ is a parameter of smallness. Finally, we assume thermal equilibrium
between electrons and set

3 1 1
kT = <§Mv12> = <§mv2> (7.15)
With the preceding relations we find
V] &V (7.16)
a =g’
a=1-¢ (7.17)

And with (7.10) and (7.14) we obtain the order-of-magnitude relations

g =v+0(e) (7.18a)
g =v +0(e) (7.18b)
V =v, =V, =0(%) (7.18¢)

See Fig. 3.22. Having obtained these kinematic relations, we turn next to the
Legendre expansion of f(v).

3.7.2  Legendre Polynomial Expansion
Let € and ¥ denote unit vectors. Then we define

p=E&.% (7.19)
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}9

g=v
FIGURE 3.22. Approximate vector equalities in the scattering diagram for m/M <

1. Note that the scattering element of the solid angle, d<2, lies in the direction of g'.

With u so defined, toward the end of solving (7.2), we introduce the following
expansion of f(v) in Legendre polynomials P;(j1) (see Table 3.6).47-48

f) =" P(w) fi(v) (7.20)
=0

In the present study, £ is taken to be a moderate field, in which case we expect
small departure from isotropy of f(v). Accordingly, we keep terms only to
[ = 11in (7.20) and obtain

Fv) = folv) + ufi(v) (7.21)
Substituting this expansion into the left side of (7.2), we find (see Problem 3.13)

For the collision terms, we obtain
3. = [[ ' = rrjeg sy
=/ (foFi — foF)ogd2dv,
+/ (W fiF| — pnfiF)ogdQdv, (7.23)

#"This expansion for an anisotropic distribution function was first introduced by
H. A.Lorentz, The Theory of Electrons, B. G. Teubner, Leipzig (1909). See Appendix
D.

“The convergence of such expansions is discussed by W. P. Allis in Electrical
Breakdown and Discharges in Gases, E. E. Kunhardt and L. H. Leussen (eds.),
Plenum, New York (1983).
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TABLE 3.6. Properties of the Legendre Polynomials

Generating formulas:
oo

(1=2us +57)72 =3 PGy’

=0
t

2 4y =pn=l
W=D {l=0,1,2,3,...

1 d
P(p) = W dd

Legendre’s equation:
d*Pi(p)
1—u? —
(I —u) A
Recurrence relations:
(+DPp(p) = QL+ DpP(p) — 1P (1)

d
a- MZ)@PI(M) =P () + 1P (1)

2

dP
LB g D RGy =0
dp

Normalization and orthogonality:

1
2
PP, (w)du = —— | =
/1 1 () P () d e T (I'=m)
=0 (I #m)
First few polynomials:
Py=1 P=13@u*-1 Py = :(35u* —30u +3)

Pi=p  Py=30G5p>=3u)  Ps=4(63u° — 700 + 151)

Special Values:
P((=D'P(—p)  P(1)=1

where

A
o/

w=&E-v

A note of caution is in order here: we should keep in mind that f; in (7.23)
denotes the first-order correction to f as given in (7.21) so that (as opposed
to Boltzmann notation) f{ = fi(v). However, in keeping with Boltzmann
notation, F, = F(v;) and F' = F(v)). In parallel form to (7.23), we set

I 1VFY=Jo(fo | FY+ 1(fi | F) (7.24)

where
Jofo | F) = f (fiF! — foF )ogdSdv, (7.250)

I L F) = f (W f{F| — whiF)og dv, (7.25b)
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v

™~

FIGURE 3.23. The angles of g’ and £.

Combining (7.2), (7.22), and (7.24) gives the expanded form
el dfe 1 /dfi 2f

= [“E +3 (E + 7)} = oo | )+ I(fi | ) (126)

We turn next to reduction of the jl( f1 | F) collision integral. With (7.6a)
and (7.18a, b), we may write

v+ 0(e)| = [v' + 0(e)]

whence
v="10 +0(¢)
and
[iw) = fi(v) +0(e) (7.27a)
With (7.18c), we write
F| = F, +0(¢) (7.270)
Thus (7.25a) becomes
Ji(fi | Fy=nfi f (W — wogd+ 0(e) (7.28a)

To further reduce this integral, we go into a representation where g is taken as
the polar axis (see Fig. 3.23). We note [recall (7.19)]

Il
<

" LE= g E+0(s) = cosa + 0(e) (7.29a)
W=v-£€=g§-E+0%) (7.29b)

I
<>
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From Fig. 3.23 we note the Cartesian components of & and g,

&= (sina, 0, cos @)
8 = (sinf cos ¢, sin @ sin ¢, cos §)

where
g - =cosacost + sina sinb cos ¢ (7.30)

Substituting this value into (7.29b) permits the Q2 integral of the ©’ component
of (7.28) to be written

/,u’dQ:///sin9d9d¢(cosacos9+sinasin900s¢)+0(8)

which reduces to
/p/a’Q:/ucostQ-i—O(e) (7.31)

Substituting this result into (7.28) gives

JW(f | F)= —nflu/(l — cos0)ogd2 + 0(e) (7.32)

This finding may be written in the more serious form:
Ji = —nfipvQ 4+ 0(g) (7.33)

where Q is the weighted cross section,

Q= /(1 — cosf)o dQ2 (71.34)

[compare with (5.83)].
Further introducing the relaxation time T and mean free path / [recall (2.2)
and following],

1 ; 1
nQ’ nQ

allows (7.33) to be rewritten

T =T (7.35)

L F) = —’“‘Tﬁ +0(e) (7.36)

With this result at hand, we return to the starting equation (7.26). Equating
terms of equal Legendre polynomial order and keeping terms of O(1), we find

ef (%

3m \ dv

2 A
+ %) = Jo(fo | F) (7.37a)

dh __h (7.37b)
m dv T '
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3.7.3  Reduction of fo(fo | F)

It is evident from the preceding two equations that elimination of f; would lead
to a second-order integrodifferential equation for f,. However, an alternative
path leads to a simpler relation. We note that (7.37a) may be rewritten

e 1 d

2an A
3_mﬁﬁ(v = Jolfo | F) (7.38)

We wish to integrate this equation from v = 0 to a finite value, which we label
v. Introducing the notation
/ dv = / /dvvde
v<? 0
there results
e€ 1 d

I =— ——[Wfitw)ldv = //f(féF{—foFl)angdvl dv (7.39)

" 3m J,_; v2dv
Switching primed and unprimed velocties in (7.39) gives

/f f(;F{angdvldv:// foFiogdQdv, dv (7.40)

Here we have noted the invariance of the measure o g dS2 dv; dv under the said
transformation. Now note that with

vV=v—Av
the condition v’ < v becomes
vV<U+ Av (7.40a)
where Av is to be determined. Writing
dv =v*dvd<,

together with the preceding equation, we find

+Av
I = f// U fOFlagvzdv:| dQdS2, dv, (7.41)

To evaluate Av, we recall (7.13)
v —v*P=2a,V-(g — g
and (7.18)
V=v, =0(%)
To keep this order of magnitude in mind, we write

vV, — €V,
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(and eventually set & = 1). To this same order, we find
v? —v? =2a1ev, - (V = V)
=2(1 —eHev, - (V —V)
v? =02+ 2ev, - (V — V)
vV =v+4ev - (V —9)+0(e)
Thus the condition v" < v is equivalent to
vtev - (V —V) <
or
v<U+ev-(V—V)
which, with (7.40a), implies that
Av=¢v; - (V—V)

That is, Av is an O(e) quantity. Recalling our previous rule, we set ¢ = 1 to
obtain

Av=v-(F—V) (7.42)

3.7.4  Evaluation of 1y and I, Integrals

Having obtained this expression for Av, we return to (7.41) and expand f,(v)
about v = v. As the integral is evaluated over a small interval about v, we
write

d
Folv) = Fold) + (v — md—f

v

Substituting this expansion into (7.41) gives corresponding [, and /; integrals.
We first examine I;.

1+Av
Iy = fo(f))/// [/ Flagv2dv:| dQdS2, dv,
5 (7.43)

Iy = o0y (V)

where ¥/ (), as implied, is independent of electric field £.
Next we turn to evaluation of I, given by

U+Av _ dfO s
I, :/// / (v—v)%Flogv dv | dQd2, dv, (7.44)

where we have set

afy
dv

_dhy
S dy

v
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Note that with (7.18)
gvt = v’ +0(¢e)
Furthermore, we write

o(g)=o(v,g)+0(e)

and expand the v-dependent part of ¢ about v = 0.
.., do -
o) = 0 (@) + 2w =)+
dv
There results
+Av v+Av
/ (v —0)lo(g)dv = o(f))/ (v =) dv

d U+Av
+ ad (v — )3 —D)dv
dv b5

However, note that over the interval of integration
v—0 < Av

Thus
U+Av U+Av
/ v =} —D)dv < Av/ (v —10)dv

And we may write
U+Av U+Av
/ (v — lo(g)dv = o @) / (v — D)’ dv + 0(e)
v {);
~ U(D)?(Av)z (7.45)
providing®
1920 < o
— o
dv= —
Substituting the result (7.45) into (7.44) yields
d
dfo /f/ Fio(@, 8)[vi - (3 — V)2 dQdS, dv, (7.46)
Now note that we may write

Vi (=¥ =v](F =) - 919 - (T =)

“'Note that this condition fails for the Coulomb cross section (1.31) atlow energies.
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With the relation (see Problem 3.15)

/‘71‘71 dV] = de]
(7.46) may be rewritten

d 2
I :53d—Jf)//f Flo%(v—v’)-(V—V’)deQUdV]
v

d 2
- v3ﬁ/// Fio (1 —-9)dQdQdy,
dv 3

A A

V.V =g.8+4+0()=cosd + 0(¢)

M, 3
dQv F](U])?vl dV] =4 5 nkBT

W | ~ll

Noting

and writing

gives, finally,

d kgT
5= 54T [0 cosoyag
dv M
which, with (7.34), may be written
dfonkgT
I = pdonksT,
dv M
Recalling (7.35), Q = 1/nl, the preceding relation becomes
kgT v d
I, = 4 kBT U dfo
M [ dv
With (7.39) we write
4 e€ _, . . o ksT ¥° dfo
—_— =+, = 4 ————
3 Y H@) = 1o+ L = fo(0)y (V) + 4x w1 do

235

(7.47)

(7.48)

(7.49)

Let us find an expression for 1 (v). In that this function is independent of &,

we may evaluate it at £ = 0. At this value

m 3/2 mv?
fo®) =n <27rkBT> P <_2kBT)

so that
d mv
th__m
dv kB T
With this value substituted into (7.49), we find
- m v*
YD) =dn——

Ml

(7.50)
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Inserting this value into (7.49) with £ # 0 gives the desired equation (replacing
v with v):

1 ee kBTvdfO
——fl=— 4 —— 51
Smfl M 1 dv fo (7.5D)

which is equivalent to the integration of (7.37a).

3.7.5 Druyvesteyn Equation

Having reduced (7.37a) to (7.51), we are now prepared to obtain a single
equation for fy. Substituting (7.51) into (7.37b) gives

eE kgT v | dfy 2
- - = 7.52
|:3v(m>+Ml:|dv+le 0 (7.52)

where we have written, with (7.35),
[
v=—
T

Introducing the speeds

kT I M [eE1\*
c=tl o= (T)

permits (7.52) to be rewritten

df;
(C3+ChH)—2 =0 fy

With the mean free path / given by (7.35), we may not, in general, assume that
it is independent of v. Integrating (7.53) gives the Druyvesteyn distribution

v’ dv
Jo(v) = K exp (—/ m) (7.53)

where K is a normalization constant.
The Druyvesteyn equation (7.52) may be cast in still simpler form when
written in terms of the nondimensional electric field

M [ €&\’
= (= (7.53a)
6m kB T
and nondimensional energy
2
muv
= 7.53b
2k T ( )
With these parameters at hand, (7.52) becomes
dfo

(s +0)— 2 +xfo=0 (7.54)
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folx)

»
»

X

FIGURE 3.24. Sketch of the variation of the Druyvesteyn distribution with varying
electric field (s).

which, assuming / to be independent of velocity, is simply integrated to yield
that which we term the absolute Druyvesteyn distribution:

fox) = K(x +s)'e™™ (7.55)

A sketch of this distribution is given in Fig. 3.24 at various values s, illustrating
the manner in which the spread of the energy distribution increases with electric
field. This behavior evidently stems from acceleration of electrons due to the
electric field.

Review of assumptions

A brief recapitulation of the assumptions that led to the Druyvesteyn
distribution (7.53) is in order at this point. These are as follows:

1. Neglect electron—electron collisions.

2. Background ions are in a Maxwellian distribution (7.1).

3. m/M < 1(7.14).

4. Moderate electric field. Small anisotropy in f(v) (7.21).

5. Introduction of phenomenological coefficients t and [ (7.35), with v ~
l/z.

6. Electrons scatter elastically from ions.

3.7.6  Normalization, Velocity Shift, and Electrical Conductivity

The normalization of fy(x) is obtained as follows. Returning to (7.21) and with
(7.37b), we write

e€ df()

f) = fo(v) = pr——— (7.56)
m dv
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n—// (fo(v) m—i) V2 dvdSQ

The second term vanishes and we obtain

Thus

n=4r / fow)v? dv (7.57)
0
Converting to x notation, (7.53b), we find
3 12 m \"? 2
- d 3v°d
2x X+ (2kBT) v-av
so that
4 (2kgT\?
n— ?’T ( B ) /fo(x)fdx (7.58)

With (7.55), we write

n=2m (2]‘3 ) / (x + s)e " /x dx (7.59)

which determines the normalization constant K. At s = 0 (no electric field),

(7.59) gives
2 T\Y?
n=2r ( B ) Kﬁ
m 2
<2nkBT>3/2
n= K
m
_ N
 QukgT/m)3?

which is the correct normalization for the Maxwellian [see (7.1)].

Finally, we turn to the shift in electron drift velocity and closely allied
electrical conductivity due to the presence of the electric field. With (3.13), we
write

nu:/f(v)vdv (7.60)

Substituting the form for f(v) as given by (7.56) into the preceding gives

As fy is rotationally symmetric, the first term in the preceding equation
vanishes, and we obtain

< 00 d 1 2 A
nu = 2 thUSd_fO/ dcos@cos@/ de(Vy, vy, V)

m Jo vV J 0
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Here we have taken £ to lie in the z direction. [Recall (7.19).] All but the z
integral vanish, and we obtain

2meE [ d !
nu = — e / rdvv3ﬁ dup?
m 0 dv 1
So we find
N 47 e d
u=E&u nu __ree tdvv3ﬁ (7.61)
3 m dv

Integrating by parts and dropping surface terms gives

dreE [
nu = 2¢ / T fov? dv (7.62)
m-Jo
Substituting the expression for t given by (7.35), we obtain
drell [
nu = e f fovdv (7.63)
m 0

Thus we may conclude that a nonvanishing mean speed of electrons is incurred
due to the presence of the electric field.
In the Drude model of conductivity [see (4.11) and following], we write

J =enu =0

where o, is electrical conductivity. With (7.63), we obtain

251 0o
o = 4n < / Fov d
mC 0
where (7.64)
n - _
Jo= Efo, v=_Cv

With
C
V= —
/
(7.64) becomes
o, = omc(o) (7.65)
where « is the Druyvesteyn correction factor,
o =4dn / fovdv (7.65a)
0
and
e’n
oV = —— (7.65b)
mv

is the Drude conductivity as given previously in (4.15).
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H=E

FIGURE 3.25. The normal displacement §n between constant energy surfaces varies
asdH/|VH|.

3.8 Further Remarks on Irreversibility

In this final section of the present chapter we return to the problem of irre-
versibility encountered earlier in Sections 3.5 and 3.8. First, a brief review of
ergodic and mixing flows is presented. We then pass to a description of action-
angle variables in preparation for a discussion of more recent developments in
the theory of irreversibility.

3.8.1 Ergodic Flow

Prior to discussion of ergodic theory, it is necessary to introduce the follow-
ing geometrical notion. As noted in Chapter 1, volumes in phase space are
invariant under a canonical transformation or the natural motion of the system.
In keeping with this property, an energy shell was introduced in I"-space to
describe the motion of an ensemble relevant to an isolated system. However,
the language of ergodic theory addresses an energy surface. Accordingly, a
measure-preserving element of surface must be introduced. Let the energy
shell be defined by the surfaces H = E and H = E + S E. The displacement
between constant energy surfaces varies as 6 H/|V H|. Thus, if d S represents
differential surface on the energy shell, invariant differential volume of the en-
ergy shell dS2, varies as d EdS/|V H| (see Fig. 3.25). This description permits
identification of

ds

= vl (8.1)

as the invariant measure of the element of surface dS.°° Thus we have two
differential elements in I"-space that are invariant under the natural motion of

%A quantum version of this construction is given in Section 5.3.
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the system:
dQ — dQ =dQ
(8.2)
dY - d¥' =dX

The invariant measure of a set, A, of points on the energy surface is given by

w(A) = / ﬁ (8.3a)
ace |[VH|
The measure of the set of points E comprising the whole energy surface is
(E) = / 45 (8.3b)
e IVH|

Let the natural motion of the set A be governed by the operator T [introduced
in Section 3.6], which we now write as 7' (¢). Then, if in the interval 1, A — A’,
we may write

A— A =THA (8.4)
By virtue of the Liouville theorem, it follows that
p(A) = pu(A) (8.5)

We are now prepared to discuss the ergodic hypothesis.

Ergodic hypothesis

This hypothesis states that almost all orbits (that is, except for a set of measure
zero) on the energy surface pass through every domain of positive measure and
remain in these regions for an average time equal to the ratio of their measure
to that of E.

An equivalent statement may be made in terms of the average of a dynam-
ical variable g(z). It is evident that the ergodic hypothesis implies that all
domains on the energy surface of equal measure are equally probable. The
corresponding distribution function is’!

f(@) = ﬁ, forzon H = E (8.6)

which has the normalization
f@dz =1 (8.6a)
H=E

With (8.3), the phase average of g(z) is given by

(8)r g(z)dx (8.7)

- W(E) Ju=k

S'In equilibrium statistical mechanics, (8.6) is called the microcanonical
distribution. This distribution is further discussed in Section 5.2.1.
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In equilibrium, we may also define a time average of g(z) as

1 o+t
(8)e = Jim — | gla(n)di (8.8)
1]
The ergodic theorem seeks to establish the equality of (g)r and (g).. For
this equality to be valid, it is evident that (g), must be independent of the initial
time f, and its phase point z(0).

Birkhoff’s theorem

Birkhoff’s theorem addresses these questions.? The theorem rests on the as-
sumption that the displacement transformations T(t) for the system at hand
are metrically transitive (or, equivalently, that the energy surface is metrically
indecomposable). The transformation T(r) on the energy surface is metrically
transitive if the only sets left invariant under f(t) are the whole set or sets of
measure zero.” Alternatively, we may say that the energy surface is metrically
indecomposable if it cannot be divided into two invariant parts each of pos-
itive measure. An invariant part of phase space means that all points in this
part remain in that part during the motion of the system. With this assumption,
Birkhoff’s theorem states that the limit (g), exists everywhere on the energy
surface, except for a set of measure zero, and that (g), is independent of the
initial time #, as well as the initial phase point z,.
Furthermore, the theorem implies that

((g)edr = (&)r (8.9)
Since (g). is independent of z, it is constant on the energy surface:
(g): = A = constant

Thus

and we obtain

({(g)o)r = (&)« (8.9a)

32G. D. Birkhoff, Proc. Nat. Acad. Sci. U.S.A. 17, 656 (1931). For a more ex-
tensive discussion of these topics, see 1. E. Farquhar, Ergodic Theory in Statistical
Mechanics, Wiley-Interscience, New York (1964).

31. Oxtoby and S. Ulam suggest that almost every group of continuous transfor-
mations is metrically transitive: Ann. of Maths. 42, 874 (1941). M. Kac indicates
that it is virtually impossible to decide if a given Hamiltonian generates metrically
transitive transformations: Probability and Related Topics in Physical Theory, Wiley-
Interscience, New York (1959). G. Sinai has argued that this property is satisfied by an
aggregate of colliding hard spheres: Statistical Mechanics, T. Bak, (ed.), Benjamin,
Menlo Park, Calif. (1967).
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With (8.9), the latter relation gives the desired result.>*
(g): = (&)r (8.10)

The significance of this relation to irreversibility is as follows. First note that
(8.6) is an equilibrium distribution.>® It follows that in writing (8.10), we assert
that, independent of initial conditions, the time average goes to the equilibrium
average (8.7). This result identifies (8.6) as a preferred state, which is an alien
notion to reversible dynamics.

The following property is important to subsequent discussion. A bounded
system with no integral of the motion other than the energy is ergodic.’® The
reason for this is as follows. Let there be an additional constant of the motion,
B, other than the energy for the given system. Then the system point moves
on the hypersurface which is the intersection of the surfaces B = constant and
H = E. This intersection is a subdomain of the energy surface that the system
point is constrained to move on, and the motion is nonergodic. Ergodic motion
results if this constraint is removed.

We may conclude from these statements that, for an ergodic system, points
move about the energy surface visiting all domains of equal measure with
equal frequency with no preference given to any single domain. Whereas
this description suggests that a given distribution will spread with time to
cover the whole energy surface, counterexamples®’ exhibit distributions that,
although ergodic, retain their initial geometrical shape and do not approach an
equilibrium distribution.

3.8.2 Mixing Flow and Coarse Graining

Mixing flow causes any initial distribution to spread throughout the energy
surface. Note in particular that mixing flow is ergodic but ergodic flow is not
always mixing. A system is mixing if for any two functions /4(z) and f(z) in
L,,and definedon H = E,

o [ h@d= [,_, f(@)ds
1 - h dE — H=E H=E
Am o /., e [W(E)P

An immediate consequence of this definition is as follows. In the above equal-
ity, let f(z) be a nonequilibrium distribution with normalization (8.6a). Then

8.11)

34Birkhoff’s theorem does not imply that the system point passes through every
point in the energy surface. Thus, whereas (g), involves a single trajectory, it is
known that a curve that cannot intersect itself cannot fill a surface in two or more
dimensions.

3In equilibrium statistical mechanics (8.6) incorporates the principle of equi-a
priori probabilities; that is, all states on the energy surface are equally probable. The
corresponding distribution is called the microcanonical distribution.

5For further discussion, see N. G. Van Kampen, Physica 53, 98 (1971).

57See, for example, L. Reichl, A Modern Course in Statistical Physics, Chapter 8,
University of Texas Press, Austin (1980).
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with (8.11) we may write

(h) :/ h(z) flz(t)]|dY —> h(z)dx (8.12)
H=E !

—xo0 W(E) Jy—g
Thus, for mixing flow, (h) approaches an average with respect to the
equilibrium distribution (8.6): f = [w(E)]'.

However, the following should be borne in mind. For either ergodic or mix-
ing flow, the ensemble density does not change in the neighborhood of a moving
phase point. This is a consequence of the Liouville equation, which, in addition
to incorporating the incompressibility of the ensemble fluid, further implies
an unchanging Gibbs entropy (3.39). The mixing flow of an initial ensemble
distribution in phase space with time is often compared to the mixing of water
and oil. After sufficient stirring,’® the fluids appear to be homogeneous. How-
ever, more precise observation reveals that the oil and water have remained
separate. Furthermore, we may envision a careful stirring that reestablishes
the original configuration.

Irreversibility in classical mechanics my be attained under coarse graining.
Coarse graining begins with dividing the energy shell into subdomains {E,}
such that the nth subdomain has volume €2,,. If D(z, ¢) is the ensemble density
at the time ¢, then the coarse-grained density is given by

1
[l(z,t) = Q_/ D, t)dz (8.13)
z€E,

n

We note that I1(z, t) is constant over each cell and has the same normalization
as D(z, t).
The Gibbs’s coarse-grained entropy is defined by

(6 =Yy ,1,InT, (8.14)
which may alternatively be written n
n() = / I(z,t)InT1(z, t)dz
= / D(z,t)InTl(z, t)dz (8.14a)

Consider the special case that D(z, t) is initially constant over each cell.’
Then D(z, t) = I1(z, 0) and we may write

n(t) —n(0) = / () In I1(t) dz — / D0)In D(0)dz

3For consistency of this model, the oil must not separate into disconnected
segments at any time during the stirring. See Problem 2.7.

*In this event, D is a simple set function. For further discussion, see R. L. Liboff,
J. Stat. Phys. 11,343 (1974).
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= f[D(t)ln I(t)dz — D(t)In D(¢)] dz (8.15)

where we have employed (8.14a). Adding

/Ddz—/l'[dz:o

to the right side of (8.15) gives

T IT
Mﬂ—nwﬁj/D[M(5)+1—<5>]m (8.16)

Since 1 +1Iny > y and D > 0, we may write
n() —n0) <0 (8.17)

We may conclude that, with D initially constant over individual cells, if n
changes, it decreases. Furthermore, it ceases to increase when I1(z) is uniform
(see Problem 3.16).

It is evident that the irreversible statement (8.17) is a consequence of the
coarse-graining definition (8.12). In going into this representation, the level
of information on the state of the system is reduced. It is further evident that
I[1(z, t)is less informative than D(z, t) is about the state of the system. It appears
to be a general rule that irreversibility occurs when working in a representation
that is less informative than the Liouville picture.

3.8.3 Action-Angle Variables

In this section, we consider finite systems that occupy a bounded region of
phase space and that undergo periodic or nearly periodic motion. A system
of coordinates and momenta particularly well suited to periodic motion are
action-angle variables. These variables are closely related to a formalism called
Hamilton—Jacobi theory. In this formalism, we seek to discover a canonical
transformation that renders all new coordinates (¢’) cyclic. As all new momenta
are then constants of the motion, Hamilton’s equation (1.1.12) is simply inte-
grated to yield the orbits in the new coordinate frame, that is, ¢" = ¢'(¢). The
dynamical problem is then reduced to algebraically transforming the ¢" = ¢’(¢)
motion to the original g = ¢(t) frame.

Such a canonical transformation may be obtained from an appropriate gen-
erating function. Consider specifically the function G,(g, p’) (introduced in
Section 1.2.1) relevant to a system with N degrees of freedom. For uniformity
with commonly adopted notation, G, is relabeled S. Recalling (1.2.14), we
write

aSi N, IN
= 98i(q™. P"™) (8.18)
9g;
3Si N, IN
g = 25aP7) (8.19)

ap;
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We assume that this generating function renders all momenta constant. Let us
call these constant momenta ', in which case S = S(g", ). Assuming the
motion to be separable, we write

S(g", ey =" Si(gi, a™) (8.20)

The relation (8.18) gives
N dSi(gi, o)

8.21
dq, ( )

or, equivalently,
S; :/p,- dg; (8.22)

The motion is periodic if p;(g;, ™) is a periodic function of g; (rotation) or is a
closed orbit in the (g;, p;) plane (vibration). In either event, the integrals (8.22)
about cyclic orbits are evidently constant and are taken as the new momenta.
These are assigned the symbol J; and are called action variables.

AS; == fpi dq, (8.23)
With the new Hamiltonian cyclic in new coordinates, we write
H =H(,...,Jy) (8.24)

Coordinates conjugate to action variables, J;, are called angle variables,
labeled ®;. With (8.19), we write

@iZBS(qN,JN)’ [pizaS(qN,JN)] (8.25)
aJ; aq;
Hamilton’s equations for the new coordinates are given by
0, = M _ vi(Jis ooy IN) (8.26)
aJ;
which are simply integrated to yield
0, =T + 6;0) (8.27)

To discover the physical meaning of ®;, we evaluate §;®;, the net change
in ©; due to carrying ¢; through a complete cycle.

00, RN
8i0; = % —*dg; = 995 dg;
Bq,- Bq,BJJ

which, assuming separability (8.20), reduces to

d d
80, = ﬁfpi dg; = ﬁji = d;i (8.28)
j j
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So ®; changes by unity if ¢; goes through a complete cycle, but remains
unchanged otherwise.
Let 7; be the period of oscillation of g;. Then with (8.27) and (8.28) we have

Oi(t) — 0;(0) =y, =1 (8.29)

Thus we may identify v; as the frequency of oscillation of ¢;. Angular frequency
is given by w; = 2mv; so that, with (8.27), 6; = 27 ®; may be identified with
angular displacement of the periodic motion. When written in terms of these
angular variables, (8.26) through (8.29) become

. oH’
0, = Y wi(Ji, ..., In) (8.26a)
0, = w;t + 6;(0) (8.27a)
8;0; = 2md;; (8.28a)
01(ti) — 6,(0) = wit; =21 (8.29a)

In (8.26a), H' was written for 2r x H' of (8.26).

A note of caution is in order at this point. In the canonical mapping
(g, p) — (J,0), the variable 6 is a many-valued function of old variables
so that the transformation (g, p) — (J, ) is not one to one and € is not a
well-defined dynamical variable. This situation is easily remedied for peri-
odic motion. Consider that the 6 interval corresponding to (g, p) periodicity
is 27r. The mapping is rendered one to one either by introducing the function
6 mod 2 or by working with any trigonometric function of 6. The function
6 mod 2r of, say, 6 = 6, + n2m, where n is an integer and 0; < 2w, is ;.

It is evident that a well-defined canonical transformation must be a one to
one mapping between old and new variables. Thus, for example, if the mapping
(g, p) < (0, J) is not one to one, then knowledge of a constant in the (9, J)
frame does not determine an image constant in the (g, p) frame.

As described in Section 3.1, the two-body problem is reduceable to the
motion in a plane of an effective particle with reduced mass p. It might be
thought that action-angle variables are relevant only to interactions that give a
closed orbit in the plane of motion. The fact is that of all attractive interactions
of the form V = Kr" only n = 2 (harmonic oscillator) and n = —1 (Kepler
problem) give closed orbits.®® However, for nonclosed orbits, 7(¢) and (¢) may
still be periodic but with incommensurate frequencies, in which case action-
angle variables remain appropriate. (See Problem 3.17.) We now turn briefly
to the technique of obtaining the generating function S, which renders all new
coordinates cyclic.

V1. Arnold, Mathematical Methods of Classical Mechanics, Springer-Verlag,
New York (1978).
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3.8.4 Hamilton—Jacobi Equation

For all generating functions previously discussed, old and new Hamiltonians,
H and H’, respectively, are related through H' = H + 9S/9¢. With S not
explicitly dependent on time, we obtain H = H’. We may identify the constant
H' with, say, the first of the ordered constant momenta of the system. Calling
this constant £, we obtain

N N
Hlq,....9v,—,..., — | =FE (8.30)
g dgn
This equation is called the Hamilton—Jacobi equation for Hamilton’s charac-
teristic function S. The solution to this first-order partial differential equation
in N independent variables is a function of N constants. Thus we may write

S:S(ql,...,qN;Ol],...,C{N) (831)

This is the desired structure of S with {«;} identified as the new constant
momenta and new coordinates given by g; = 9.5/d«;. As previously assigned,
the new Hamiltonian H’' = «;, which, as sought, is cyclic in all g/. Note in
particular that

., 8H/ 8061
pi:—a—q/:—aq/ :0
: : (8.32)
, oH’ 8051
qi = =—-—=2b
ap; o
which give
, 0S
g =7—=t+h
30[1
(8.32a)
) .
Gi= =k (#D
a;

Harmonic oscillator

Let us apply the Hamilton—Jacobi equation (8.30) to the problem of finding
the orbit ¢ = ¢(¢) of the harmonic oscillator with the Hamiltonian

2 2

P kq
H=-+ +—— 8.33
2m+ 5 (8.33)

where m is mass and k is the spring constant. The relation (8.30) becomes

1 [0S\* kq?
— =) +—=—=E
2m \ 9¢q 2

S(q, E) = M/ dq,/ZTE —g*+ A (8.34)

which gives
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where A is a constant of integration. Differentiating, we find, with (8.32a),

as 1 dq
oE w /QE/k)? — ¢2
! K (8.35)
= —sin~ .
w q 2F
where we have set
k
W =— (8.352)
m

Inverting (8.35) gives the desired solution:

[2E .
q= - sin w(t + B) (8.36)

In action-angle formalism,

2F
J—f—dq—x/mkqu,IT—cﬂ

271E

w Vv

(8.37)

The new Hamiltonian is
H(J)=vJ (8.37a)

which on differentiation returns (8.27) for angle variable ®(%).

3.8.5 Conditionally Periodic Motion and Classical Degeneracy

We return to the discussion of Section 8.1 relevant to systems that are separable
(8.20) and whose independent coordinates execute periodic motion.

Consider a dynamical function of the state of this system, F(g”", p"). When
expressed in terms of action-angle variables, this function is periodic in the
angle variables with the period of each 6; variable equal to 27. Thus the
function F(g", p"), when expressed in terms of action-angle variables, may
be expanded as a multiple Fourier series:

FUY0M)y= 3" oo 3" Ay explim6y + -+ nyy)]  (8.38)

np=—00 nNy=—00
where {n;} are integers. The time dependence of this function is obtained from
(8.26) and (8.27). Again, setting H' = E gives

o =2E, | (8.39)
YA '
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where ¢; is a constant. Substituting these value into (8.38) and absorbing {a;}
into the Fourier coefficients Ay, gives the time-dependent form

F@t) = Z . Z Appny explit(nio; + -+ + nywy)] (8.40)
where, with (8.26a), we have labeled
oE
W = — (8.40a)
aJ;

Thus we see that each term in the sum (8.39) is a periodic function with
frequency

Wy =MW1 + -+ +nyoy (8.41)

Since these frequencies are in general not commensurate, the sum (8.40) is not
in general a periodic function. However, with Poincaré’s recurrence theorem
(Section 3.6), we may conclude that after a sufficient time the system, in
developing from a given initial state, will return arbitrarily close to the initial
state. Thus the dynamical function F(¢) is said to be conditionally periodic.

Degeneracy

In the event that two or more frequencies are commensurate (for example,
nyw; = nyw,, where n and n; are integers), the system is said to be degenerate.
For complete degeneracy, all frequencies are commensurate, and we may write

Wy = 010 + n2122 + n3l€3 + -+ nKlEN) = sw (8.42)

where k; and s are rational numbers and o, represents the minimum of the
values {w; }. In this event, F', as given by (8.40) is periodic. Let us calculate the
frequency of this periodic oscillation. Toward these ends, we set s = n,/ny,
where 1, and n, are integers, to obtain

Onpoomy = Tl <ﬂ> (8.42a)
np

So, for complete degeneracy, we may associate a frequency with each term in
the sum (8.40), which is equal to either the fundamental, w, /n;, or one of its
harmonics, n,(w; /n,). Thus the angular frequency of the function (8.40) for
complete degeneracy is w; /1, < w;.

Consider the specific example of twofold degeneracy with w; = kw,, where
k is a rational number. Again we set k = n,/n;. The frequency sum (8.41)
becomes

w
w = _—ln +n3w3+ -+ nywy (8.43)

np
where n is an integer that replaces the n; and 7n, integers in the multiple

Fourier series (8.40). Thus degeneracy leads to reduction in the number of
independent frequencies for the system. As we will find immediately below,



3.8 Further Remarks on Irreversibility 251

a similar property pertains to the number of independent constants of motion
on which the energy depends.

Again considering the case that only two frequencies are commensurate [see
(8.40)], we write

_0E _ 0FE
ny——m=ny——
daJ, daJ,
This relations yields E = E(n,J; + nyJ3). Thus
E=EmnJ,+nJ, 55, ...,JN) (8.44)

and we may conclude that, when degeneracy occurs, there is a reduction of the
number of independent constants on which the energy depends.5!

In addition to the preceding properties concerning degeneracy, we note the
following. With (8.39), we see that the form

A _08E GaE (8.45)
12 =0 YA 28]1 .
is a constant of motion. With degeneracy, n;w; = n,w,, the preceding gives
1, A
B =222 _ 50, — iinhs (8.46)
w1

If either 8, or 6, changes by 27, B, changes by an integer x 2. So replacing
the right side of (8.46) with its value mod 2 gives a single-valued integral of
the motion. On the other hand, for nondegeneracy, it is evident that (8.45) does
not yield a single-valued integral of the motion.

An example of an additional constant for degenerate systems occurs for the
Kepler problem. In this case the additional constant is the Laplace-Runge—
Lenz vector®?

A=pxL—purV®) (8.47)

where L = r x p is angular momentum, yu is reduced mass, and the potential
V(r) = — K /r. With the Hamiltonian of the system given by

2
H=2_Lve
2p

6! A similar situation occurs in quantum mechanics. The Hamiltonian of a particle
moving in a central potential is invariant under rotation about the origin. This in-
variance is a twofold symmetry. Consequently, eigenenergies are dependent only on
the principal quantum number and are independent of orbital or azimuthal quantum
numbers.

2Properties of this vector are discussed by R. J. Finkelstein, Nonrelativistic
Mechanics, Benjamin, Menlo Park, Calif (1973). See also H. Golstein, Classical Me-
chanics, 2nd. ed., Addison-Wesley, Reading, Mass. (1980). An additional example
of this degeneracy property is given in Problem 3.17.
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FIGURE 3.26. Angular displacements lie on the surface of a torus, which is a two-
dimensional hypersurface in four-dimensional phase space.

the equation of motion (1.1.25) returns A = 0. Incorporating relations among
the constants A and L and the energy E indicates that only one scalar property
of A is independent of L and E as, for example,

A’ = u’K* +2mEL? (8.48)

This observation permits the following conclusion. The constant A” is an
example of a dynamical function that commutes with the Hamiltonian but
that, nevertheless, is not a function of the Hamiltonian. When coupled with
(1.1.26g), the preceding remarks indicate that whereas G = G(H) =
[G, H] = 0 the converse is not in general a valid statement.®®

Invariant tori

Consider a system with two degrees of freedom with coordinates ¢, g,, which
individually execute periodic motion. The related angular displacements 6,
6, (mod 2r) lie on a constant toroidal surface, which may be identified with
the constant actions J; and J, (see Fig. 3.26). If the motion is degenerate,
then nyw; = nyw,. It follows that in the time interval 2w n,/w,, over which
0, makes n, revolutions, 8, makes n; revolutions, resulting in a closed orbit.
As the (8, J) <> (¢, p) mapping is one to one, a closed orbit likewise results
in (g, p) space, with which we may associate a new constant J value. Again,
degeneracy leads to an additional constant of motion.

%The same rule applies in quantum mechanics. For a particle moving in a central
potential, [L,, H] = 0, which givesd(L,)/dt = 0. The degeneracy of the eigenstates

of H stems from rotational symmetry, which infers that H isinvariant under operation
by L,. This is the reason for the null commutation property, and notthat L, = L (H).
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3.8.6 Bruns’s Theorem

The three-body problem refers to the following configuration: three bodies
of given masses interacting under attractive potentials and executing bounded
motion. This system has 9 degrees of freedom and, in general, trajectories are
given in terms of 18 constants of motion. Ten such constants are given by

P:
P, ——R, L, E (8.49)
M

where R, P, and M are center-of-mass displacement, momentum, and mass,
respectively, L is total angular momentum, and E is energy.

In 1887, Heinrich Bruns showed that the only algebraic integrals for the
three-body problem are the ten known integrals (8.49).** We may conclude
that, in general, the three-body problem is nonintegrable so that the N-body
problem is nonintegrable for N > 3. [See Problem 3.61.]

Integrable motion may be defined as follows. If a canonical transformation
to a representation exists in which all coordinates are cyclic, then the motion
of the related system is said to be integrable. For bounded integrable systems,
we may identify new momenta with action variables so that the transformed
Hamiltonian appears as

H=H,...,Jy)

Therefore, in general, a bounded system is integrable providing a canonical
transformation exists in which the new Hamiltonian is given as above. As
discussed in the previous section, when such constants are expressed in terms
of angle variables, they are referred to an invariant tori (see Fig. 3.26).

3.8.7 Anharmonic Oscillator

We may gain deeper insight into the preceding discussion through study of
certain anharmonic oscillator systems. Thus, for example, consider a system
with two degrees of freedom with the Hamiltonian®

1 1
H= 5(1712 +p+ai+ @)+ — 56113 (8.50)

%H. Bruns, Berichte der Kgl. Séichs. Ges. der Wiss. (1887). See also H. Poincaré,
Les Method Nouvelles de la Mechanique Céleste, Gauthier-Villars et fils, Paris (1892,
1893, 1899). Reprinted by Dover Publications, New York (1957), Vol. 1, Chapter
V; E. T. Whitaker, A Treatise on the Analytical Dynamics of Particles and Rigid
Bodies, 4th ed., Dover, New York (1944). Note: Special solutions to the three-body
problem were shown to exist for restricted motion on a plane by Lagrange (1772).
This configuration was cast in a symmetric more revealing form by R. Broucke and
H. Lass, Celestial Mech. 8, 5 (1973). For further discussion, see D. Hestenes, New
Foundations for Classical Mechanics, D. Reidel, New York (1986).

%M. Hénon and C. Heiles, Astron. J. 69, 73 (1964). A closely allied problem was
examined by E. N. Lorentz, J. Atmos. Science 20, 130 (1963).
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FIGURE 3.27. Development of chaotic motion corresponding to the Hénon—Heiles
Hamiltonian (8.50). From M. Hénon and C. Heiles, Astron. J. 69, 73 (1964). Used
by permission of Carl E. Heiles.

Trajectories lie on the surface H = E = constant in four-dimensional I'-
space. We may obtain a two-dimensional image (that is, a Poincaré map) of
the trajectory in the following manner. Observe the trajectory each time it
passes through the ¢, = 0 surface with p, > 0 in the ¢;, p; plane. (We will
refer to this plane as the g;p; plane.) If the energy is the only constant of
motion, then the projection of the system point is free to roam about the g; py
plane corresponding to the surface H = E. However, if an additional integral
of motion exists, then the system trajectory lies on the three-dimensional hy-
persurface which is the intersection of this constant and the energy surface.
The intersection of this hypersurface and the g p; plane is a smooth curve.
So if plots of trajectory points in the g; p; plane show no systematic order,
we conclude that the system has only one constant of motion, H = E. If,
however, the trajectory points follow a smooth curve, we may conclude that
an additional constant of the motion exists.

Three numerical readouts due to Hénon and Heiles are shown in Fig. 3.27. At
lowest energy, E = 0.0833, the existence of a smooth curve in the g; p; plane

d
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implies, to within computer accuracy, an additional constant of the motion.
Each closed loop in these figures corresponds to one trajectory (that is, one set
of initial data). As energy is increased, at E = 0.125, there is disintegration of
the smooth curves. The random dots correspond to one trajectory. At slightly
higher energy, £ = 0.167, nearly all motion is chaotic, and the additional
constant of motion is lost. Note in particular that these numerical data indicate
a fairly abrupt transition to chaos.

3.8.8 Resonant Domains and the KAM Theorem

The loss of a constant of motion with the change in a parameter in the Hamil-
tonian, as in the preceding example, is well described as follows. With aid of
the transformation

pi = —(mw; J;)'* sin 6;

27\ /2 (8.51)
qi = (—l> cos 6;

maw;

The Hamiltonian of a general two-dimensional anharmonic oscillator may be
cast in the form

H(Ji, 2,601, 6,) = Hy(J1, J2) + AV (J1, J2, 01, 0,) (8.52)

where A is a coupling constant. The potential V is periodic in 6, and in 6,,
whereas Hy has a polynomial dependence on J; and J,. At A = 0, in accord
with (8.39), we find®® (fori = 1, 2)

0 = wi(J1, It +a;

G I = 9 H, (8.53)
wilJy, J2) = 97
Before proceeding further, we introduce a more definite perturbing potential
in the form of a multiply periodic series [see (8.38)]:

V=22 Vunl, J)cos(mb +n6y) (8.54)

n na

The sum runs over all positive and negative integers ny, n,. Note that this form
of potential maintains periodicity in 6; and in 6.

Let us attempt the construction of a generating function S(J/, J3, 61, 62),
which renders J| and J, constants of the motion for sufficiently small values
of the interaction parameter . We choose the form

S=J00+ 10+ By, sin(n 6y + ny62) (8.55)

ny  n

®Note that w; entering the present discussion is not relevant to the entire
Hamiltonian (8.52) but only to the unperturbed term, H,.
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and determine the coefficients B, ,, to give the desired cyclic property. With
the preceding expression, we obtain

aS

hi=gg =i ZZ” By, €08(n161 + n26;) (8.56)
3
=7 8.56
Y/ (8.56a)

where J/, 6] are new canonical variables.
Substituting the potential (8.54) into the Hamiltonian (8.52) and first
expanding the resulting form about J; = J/, we obtain
dH, 0 Hy
H = Hy(J{, J;) + — AT + =2AL 4+ AV
aJ, a.J,

With AJ; inferred from (8.56) and keeping terms to O(A), we find
H = Hy(J{, ;) + Y Y [(n11 + 1n302) By, + AV, 1 0821601 + 1265)

n ny
(8.57)
Thus, to lowest order in A, J{ and J; are constants, providing we set
)“annz

By, = ——"7—"— (8.58)
- niwy + nyw;

in which case
H = Hy(J], J3) + 0(A?)

Expansions for the new action variables are obtained by substituting the
coefficients (8.58) into (8.56). There results

gV,
J = 6 6,) + 0(A2 8.59
+Zz(mwl+nzw2) cos(n10; + ny0,) + 0(A%) ( )
It follows that the choice of S as given by (8.55) with coefficients (8.58)
has the desired property of rendering J{ and J; constants for sufficiently small
A. However, note that with (8.53) w; = w;(Ji, J»), and it is possible that
nyw; + n,w, may vanish. In general, the series (8.59) diverges if

[niwi(Jy, J2) + nowr(Jy, )| < An; 'V, (8.60)

The region of phase space where (8.59) is obeyed is called the resonance zone,
and ny@; + naw, = 0 is the resonance condition.”’” In the resonance zone, J;
as given by (8.59) ceases to be a well-defined constant and chaotic behavior
ensues.

Suppose, in the expansion of J’ given by (8.59), we exclude small regions
in phase space about each resonance given by (8.60). In this event, we obtain

112

"This resonant condition is evidently equivalent to degeneracy of H, previously
described in Section 8.3.
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a well-behaved expansion for J|. For smooth potentials, the amplitudes V,,,,,
decreases rapidly with increasing n; and n,, and we may expect that, with
larger n,, n,, smaller regions of phase space are excluded, thereby extending
the domain of convergence of the series (8.59).

In three independent works, A. N. Kolmogorov,® V. I. Arnold,% and
J. Moser”® (KAM) established the following: In the limit A — 0, and pro-
viding H, has a nonzero Hessian (or, equivalently, that w; has a nonvanishing
Jacobian)

02 H,
3Ji0J;

w;

det | —
aJ;

#£0 (8.61)

=det‘

then the measure of excluded phase space approaches zero, or, equivalently,
we may say that the invariant tori of Hy are conserved.”! In this event, we may
expect orbits to remain well behaved in the limit A — 0 over most of phase
space. Note that this theorem is consistent with (8.60). In the opposite case
that A grows away from zero, the theorem states that not all invariant tori of
H, are destroyed. The ensuing motion of the system is a consequence of the
remaining and lost invariant tori.

Two significant properties of resonance zones are as follows: Consider two
points in phase space with arbitrarily small initial relative displacement. For
chaotic motion, the subsequent displacement of trajectories stemming from
these initial points grows exponentially with time.”? This property is relevant
to points within a resonant zone.”> As this property maintains for arbitrarily
small initial displacement, we may conclude that there is no finite-difference
integration accuracy that suffices to retrace a trajectory back to its initial point
in a resonant zone.

Second, it has been ascertained’ that, as the number of resonances grow
dense in phase space, integrals of the motion become nonanalytical or patho-
logical, as do their intersection. As this intersection represents the system

% A. N. Kolmogorov in Foundations of Mechanics, R. Abraham (ed.), Benjamin,
Menlo Park, Calif. (1967). See Appendix D.

V. 1. Arnold, Russian Math. Surv. 18,9 (1963); 18, 85 (1963).

0J. Moser, Akad. Wiss. Gottingen II, Math. Physik KI. 1 (1962).

"' For further discussion of this theorem, see G. M. Zaslavsky, Chaos in Dynamical
Systems, Harwood Academic Publishers, New York (1985); and H. G. Schuster,
Deterministic Chaos, Physik-Verlag, Weinheim (1984).

"The log of this exponential displacement is called the Liapunov exponent. For
further discussion see: S. Chandra (ed.), Chaos in Nonlinear Dynamical Systems,
SIAM, Philadelphia (1984).

This behavior was demonstrated for the Hénon—Heiles system by C. H. Walker
and J. Ford, J. Math. Phys. 13,700 (1974).

1. Prigogine, From Being to Becoming, W. H. Freeman, San Francisco (1980).
This work includes a descriptive overview of irreversibility and a comprehensive
reference list.
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trajectory, it is evident that neither the trajectory nor its time reversal are well
defined for this situation.

Problems

3.1.

3.2

3.3.
34.

For the Hamiltonian given by (1.7) and potential of interaction given by (1.17),
with K = —|K|, offer a geometrical argument that illustrates that orbits are
bound for £ < 0 and (conditionally) unbound for E > 0. Hint: Introduce the
effective potential

2

Ver(r) = V(r) +

2ur?
and make a sketch of V() versus r.
(a) Show that the scattering matrix
S=1-2aa

has the following properties:

(b) What consequence do these properties have on the collision statement
g = Sg?
Show that the external force K drops out in the derivation of (3.31).

This problem addresses the group property of the time-displacement operator
T (¢) introduced in Section 3.6 (where they were labeled 7") and in Section 8.1.
Show that these operators satisfy the group property T(t,)T (t,) = T (¢, + ).

Answer

Consider the form f‘(Atz)f"(Atl)Qo, where At and At, are small time inter-
vals and €2, represents a volume in I"-space. Let (go, py) € €2. Integrating
Hamilton’s equations (1.1.20) over At gives

q1 = q(An) = qo + H,(qo, po)Aty = qo + H,(0)Ar,

with a similar equation for p,. We have written H, for 9 H /0p. For the second
displacement, we find

¢ =q1 + H,(q1, p)At,
Substituting for (¢, p;) in H, gives

q> = q + Hp[q() + H]}(O)Atlﬂ Po — Hq(O)Atl]AtZ
g = q, + H,(0)At, + 0(A1; Aty)

Dropping the last term and substituting for ¢; gives

q: = qo + H,(0)(At; + At)
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3.6.

3.7.

3.8.

Problems 259

with a similar relation for p,. These are the same forms that result for f"(Atl +
A1)2.

The value of viscosity for liquid D, at 20K is n >~ 370 x 10~® g/cm-s.”
How does this value compare with that obtained from Maxwell’s formula
(4.33)? The diameter of a D, molecule may be taken to be ~ 3.5 A. Offer an
explanation for this (good/bad) agreement.

Show that the following five integrals represent identical tensors. In these
expressions, G is a tensor independent of ¢, and F = F(c?).
(1 / Fe(ee : G)de ) / Fee(e : G)de
— o o —
3 G f Fctde 4) / Fee(ee : G)de

1= o o
®) gGS /(& :cC)Fdce
We have written
2 = 1 = =
A=A — g(Tr Al

which is traceless and

=< 1 ~ 1 = =
A, =—-(A+A)— =(TrA)I

which is symmetric and traceless as well. The transpose of A is written A.

i

Hint: See Appendix B, Section B.1. Note that if Ais symmetric then A = A,.
(a) Show that the Sonine polynomials

. (m +n)l(—x)?
(n) —
Su (x) = Z (m + p)!(n — p)!p!

p=0

occur as coefficients of expansion of the generating function
S(X) — (1 _ S)—m—le—xx/(l—.v)

where s is a positive number less than unity. That is, show that
o0
S(x) =Y SW(x)s"
n=0

Show that the coefficient « in (5.58) has the value —15/4.
Answer

First note that
F° 4 2
—dec=——£%dte*
. = §°d§

H. M. Roder et al., NBS Technical Note 641 (1973).
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3.9.

3.10.
3.11.

3. The Boltzmann Equation, Fluid Dynamics, and Irreversibility
With (5.56), we then obtain
4 <o 5 o~
o = ﬁ/(; et <§2 - 2) £- Ss/z(éz)fszdg
With the values of S (x) given beneath (5.54a), we note

5
Sy = 3 £

Thus
4 > —£2car o) (£2412
Q= —ﬁ e § [53/2(5 )" d§
0
Let x = &7 so that 2§% dé = /x dx, whence
2 o0
@=-—— e xSy (0T dx
0
2 (5/2)! 25 3 1
U 1 Jm2 2 2ﬁ
s
4
Show that the coefficient 8 in the equation preceding (5.67) has the value %
Answer
From (5.64),
4
B = €£ 6655/2(52)%‘2615
Nz
g €€ = (s,s, R ) (sls, = )
1 1 1
Y = S BT P2
gk
g;’:“

7 / sg/z(x) *x72dx
15
7 ( ) 3f VT
5
2
Establish (5.61). That is, show that A;; = —4n>Q®?.
A vial of radioactive O'? breaks. Employing mean-free-path relations, estimate

the velocity (cm/s) with which the O diffuses through air.
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3.14.

3.15.

3.16.

3.17.
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Show that the collision frequency v(£) for interacting rigid spheres is given
by (6.26).

Show that substitution of the Legendre expansion (7.21)
FV) = fo(v) + nfi(v)

into the left side of the equilibrium Boltzmann equation (7.22) yields the right
side [keeping terms to P;(u)]:

6(‘: df() 1 df 1 2f 1
m |:'udv +3(dv * v
(a) Obtain an integral expression for the normalization constant K in the
absolute Druyvesteyn distribution

So(x) = K(x +s)e™
mv?
kBT

in terms of n, T, and m. Hint: Recall the normalization

/f(v)dv:n

and the connecting formula

_ teedfy
Siv) = 75

(b) What does your expression for K reduce to in the limit of no electric
field?

Establish the equality

/g(vz)ﬁdv - %/g(vz)dv

where ¥ is a unit vector, / is the identity operator, and g(v?) is any scalar
function. (A generalization of this result is given in Appendix B, Section B.1).

Show that the coarse-grained entropy n(f) as given by (8.14) is minimum
when I1(z) is uniform. Hint: Let I1(z) be uniform. Introduce a variation IT —
IT" = IMexp «, where « is an arbitrary function of z. With IT and IT" obeying
the same normalization, obtain

én = [(Ke” +1—e9I(z)dz

Then show that this form is greater than or equal to zero.

Show that for two-particle potential motion, periodic in r, the angle variable
6(t) satisfies the relation

0t+T)=0)+A

where T is the period of r and A is a constant.
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Answer

With L, = ur6, we obtain

L t
0(r) = —*’/ r2(t) dt
n Jo
It follows that
L2 t+T
0 +T)—0() = ;/ r2(t)dt = A

Note in particular that

0t+T) 0(+T)
]9 = / Do do = sz do = LZA
o) 0(1)

which is constant.
3.18. A two-dimensional harmonic oscillator has the Hamiltonian

H(1,2) = H + H,
1
Hy, = 5(pi + @iq7)

1
H, = E(P; + ®343)
Another constant of the motion, independent of H, is given by
A =H 1 — H2

(a) What is the Poisson bracket of A and H(1, 2)?

(b) Demonstrate a dynamical form that for degeneracy 1,0, = n,w, gives
a third constant independent of A and H, but that in the event of
nondegeneracy, is not constant.

Answer (partial)
(b) Introduce the complex phase variable
z;j(t) = p;(t) +iw;q;(1), J=12
The dynamical trajectory may be written
z;(t) = z;(0)e"
Consider the form
_ Z?l B Zl(o)ﬁleiﬁlwlt
& za(0yernen

In the degenerate limit, we find that B is constant.
Note that H and A may be written

1
H= E(le){ + 2223)

l * *
A= E(lel — 2,25)
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With these relations, it is evident that the modulus of B is a function of
H and A, but that the phase angle of B is independent of H and A.

3.19. Show that the differential measure of the cross-collision integral of the
Boltzmann equation for a two-component fluid may be written

ogdQdv, :/ 08(AE)dqdv,

0
Here q is the momentum increment,
mi(vi —v) =my(V —v)=q=Mu=ug —g)
mynm,

M =m, + m,, =

and AE is the energy increment,

Ko, /.
AE = (" — g

2

The integration is over the scalar component of q.
Recall

h(y)

h(y)8 —aldy =
/ MSLf(y) —aldy df/dy] | =
fOo
Answer
First note that
dg = g”dg dQ

(See Fig. 3.4) and recall

grz_gz 1 ,
8( > )=,5(8 -g)
8

It follows that

ngQ:/ 0d(g' — g)g'dg' dQ2
0
o) g/2_g2 ,
= S| ———)d
o)

M
dg’zd(g/—g):;du
o0 2 _ 52 M
ngQ:/ oé <g2g>udu
0
Y Ko n
—/0 oS[z(g g)]Mdu

= [oo[b -] da

Now

so that
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Note that
.,
AE=7Z("—¢)

and we may write
0gdQ2dv, = /oS(AE)dVI dq

which was to be shown. Inserting this finding into the cross-collision integral
gives the form [see (2.16)]

I F) = / (f'F — fF)o8(AE)dv, dg

A point particle of mass m with speed v moves inside a spherical cavity of
radius a with perfectly reflecting walls. Initial normal displacement of the
particle trajectory from the origin (that is, impact parameter) is s.

(a) What are the constants of the motion for this system? Is angular
momentum of the particle constant? Why?

(b) Consider the coordinate components of the energy surface in I"-space for
this system. Is the particle motion on this surface ergodic? Why? Describe
the exact motion of the particle.

(¢) How do your answers to the above change if the cavity is a rectangular
parallelpiped?

Answers (partial)

(a) In addition to the kinetic energy of the particle, angular momentum, L,
is also a constant. The reason for this is that the force due to the wall is
radial.

(b) Since there is a constant other than energy, the motion is nonergodic. The
motion sweeps out an annulus that lies in a plane of constant orientation
and has inner radius s.

(a) Employ (3.40) to calculate the change in entropy corresponding to the
expansion process depicted in Fig. 3.14. Assume that the process occurs
with both gases in Maxwellian states at fixed temperature 7. Let the
number of A and B molecules be N, and N, respectively, with Ny = N,
and call the total volume V.

(b) How does your answer change if labels in the molecules are removed
(Gibb’s paradox)?

Establish the following properties of the symmetric strain tensor (4.6a).

(a)

?:Vu :?:X
(b) If%:?p, then?:i: pV - u, where

p:%Tr?
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(¢) Evaluate the Tr f

Relevant to the Chapman—Enskog expansion [see (5.44)], show that
f FA(E»E de =0
Show that the functional operation (3.2)

1¢)= f J(Hgv)dv
has the following properties:

@ 1) =1 /@ + ¢ — & —d)[figodQdvay,
®) 1) = [(¢' = $)ffigo dQdvay,

Show that the stress tensor
= = l:
S =2 <A—3IV-u> +¢V-u

vanishes if u = © x v, where €2 is a constant angular velocity vector and A
is the symmetric strain tensor (4.6a).

(a) The equipartition theorem assigns k37 /2 units of energy on the average
to each degree of freedom for a system in equilibrium. Using this rule,
obtain the value of cy, the specific heat per molecule, for a gas of rigid
diatomic molecules.

(b) For gaseous N, at room temperature, viscosity n = 1.78 x 10~* g/cm-s.
Employing elementary mean-free-path estimates, obtain the value of
thermal conductivity « for a gas of N, at these conditions.

Consider a collection of N noninteracting particles confined to cubical box

of edge length a, with perfectly reflecting walls. The speeds of the particles

have values {vy;}, | <i < N.Express the motion {x;(¢)} of this aggregate of

particles in action-angle variables.

(a) Construct a simple kinetic model to show that the xx component of stress
interior to a gas at rest is

Pxx = zm/dvlf dU.xUEF(V)
0

where v, = (v,, v,).

(b) The working definition of p,, is that it is the force exerted on a unit area
within the gas whose normal is parallel to the x axis. State a property of
F(v) at the surface of the test area that permits the preceding integral to
be written

Dxx =m/de/ dv,v2F(v) = mn(v?)

Employing the continuity equation, together with the energy equation (3.31),
derive the adiabatic law (5.23c¢).
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Answer

Our starting equations are

a
<at+U'V> Ek—l—EkV-u—l—pV-u =0

d
(—|—u-V) n+nV.u=0
ot

Substituting

2
pP = nkBT = gEk

into the first of these relations gives

5; 3P)+3pV-u=0

whereas the continuity equation gives
D
Veu=——1Inn
Dt

Eliminating V - u from these latter two equations gives the desired result:

D ! P _
D \wr) T
Under what conditions is a dynamical system with N degrees of freedom
integrable?
The orbits of a dynamical system with two degrees of freedom are given by
q1 = q:(0) cos wt
q2 = q2(0) cos w,t
(a) If w, = 2w, what is the nature of the motion in the ¢; — ¢, plane?

(b) What is the minimum frequency associated with this motion?

A fluid is in a state of shear. A narrow slab of the fluid moves in the x direction
with the velocity profile

a
v (y) = —;Se’wz/z

where a and 7 are characteristic length and time intervals, respectively, and
w = y/a. The slab is centered at w = 0. The related xy component of stress
in the fluid has the value

2
S,y = 2.6p (3) e
T

where p is the mass density of the fluid. If = 2.4 A, and the thermal speed of
molecules C = 1.5a /7, estimate the value of the mean free path of molecules,
[, in the fluid. What are the assumptions of your estimate?
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Employ the Hamilton—Jacobi equation (8.30) to solve for the orbit of a particle
of mass m in the one-dimensional potential well

2
Vix)=« (2 + ax)

where a and « are constants.

Repeating the development leading to the Fourier transform of electrical con-
ductivity (4.72), derive a parallel expression for viscosity for a fluid in a state
of shear. Identify all terms in your derivation. Show that your finding returns
Maxwell’s expression (4.33) in the mean-free-path estimate.

For attractive potentials (1.21a), the nondimensional inverse minimum

displacement appears as
- B
2 — 1 ~
Pt (4

Show that this equation has no positive solutions for N > 2, b < 1, and
E > 0.

Consider the scattering of two particles with respective masses m; and m,.
The angle of scatter in the lab frame of particle 1 is the angle between p|
and p;. Calling this angle 6, and the corresponding angle of scatter in the
center-of-mass frame 6, show that

N

m, sin 6
tanf = ——
my + m,cos6

Calling the cross section in the lab frame o, and that in the center-of-mass
frame o, obtain the equality

o.(0))dcost, = oc(0)dcosb
What is o(6) for:

(a) Scattering of rigid spheres with respective diameters oy, and o, ?
(b) Scattering of Maxwell molecules of mass m?
(c) Coulomb scattering of particles with charge g and mass m?

Show that BY [the first equation in the sequence (2.1.20)] implies the three
conservation equations (3.14) (3.18), and (3.19). Note that the pressure tensor
P and heat flow vector q must be redefined to obtain these equations. See, for
example, (2.1.34).

Show that the Q79 cross section integrals (5.62) satisfy the equation

ToQ"0 3
- Q(Lq) — Q(l.qH)
+<q+2>

aT

(a) Equilibrium values of a fluid at rest are n = ny and T=T,. Working with
the Euler equations and assuming one-dimensional motion, obtain linear
equations of motion for the perturbation variables n, u, and T, where ,
after a small disturbance, n = ny +n,u =0+ u, and T = To+T.
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(b) From your equations, show that the sound speed a is given by the
isentropic derivative

a
2o
ap
where p is mass density.

A bomb containing 1 mole of argon atoms at pressure p = 3 atm and temper-
ature T = 300K has a release valve of circular area 10~*7cm?. The valve is
open for 10~*s. The gas cools and then returns to the ambient temperature of
300 k.

Data: Atomic mass of argon = 40 amu. 1 amu = 1.66 x 107 g. 1 atm = 10°
dyn/cm?.

(a) Let the gas be ideal prior to the valve being open. What is the volume of
the bomb in cubic centimeters?

(b) Write down the Maxwellian distribution function f for the gas prior to
the valve opening. [The units of f are cm~3(cm/s)~%].

(c) Consider the flux J,, of particles that pass through the valve opening. We
may write

The superscript denotes the fact that we are looking for the average veloc-
ity of particles in the v, > 0 direction. Use this expression to obtain the
mole fraction of particles that escape the bomb while the valve is open.
Sketch the function f(v,) immediately after the valve is shut.

(d) Approximate the immediate drop in temperature, §7', of the bomb. Hint:
Assume (v?) is constant and guess the value of (v)? from your answer to
part (c). Introduce the speed C* = 2k, T /m.

Let A denote an eigenvalue of the K operator defined by (6.29). Imagine circles
of varying radii drawn about the origin in complex A-space. What may be said
about the number of eigenvalues of K in each domain described by these
circles?

In Section 2.2 an equation of state was given (2.2.53) for a liquid in
equilibrium, which we now rewrite as

P=P+P
PK = nkBT

n?
Py = a3 / ' (r)g(r)dmr® dr

Derive the latter expression for Py from BY, (2.1.24). That is, take the appro-
priate moment of BY; to obtain the momentum equation and put the resulting
collision integral in gradient form to identify Pg.
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Answer

Operating on BY, with ['deme and performing a parts integration ont he
collision integral, we obtain

d =
p(a[ +U°V) U+V'PK —szdcldC2dX2G12f2(l,2):0
We may write this equation in the form
a = =
(8[ +u- V) u+V.(Px+Py)=0

where we have set
V. ?q; = —N2 / dcl dCQ dXzG]zfz(l, 2)

(Note that V is written for V,). For a nonequilibrium fluid, we assume
anisotropy in the fluid and write the following generalization of (2.2.44):

fo(1,2) = foler) foler)g(xy, X3)

Substituting this relation into the preceding equation and integrating out the
velocities gives

N2
V.-Py= W / dx, G, (r)g(Xy, X2)

Recalling the transformation introduced in Problem 2.14 from x;, x, — r, R,
we write g(x;,X;) — g(r,R) and, with r = x, — x|, set dx, = dr. In
equilibrium, the radial distribution function goes to the isotropic form g(r),
which causes the preceding integral to vanish. To obtain a finite result, we
return to the form g(r, R) and expand about R = x;. There results

r
g(r,R) = g(r,x;) + 3" Viglr,x)+---

(Note that r and x; are new independent variables.) Further setting G,(r) =

F d®(r)/dr and substituting these relations into the preceding equation gives

NZ 2

V|°Pq>: V2 dl’qD(r)l‘g(l‘ X]) W

As the fluid becomes isotropic, g — g(r) and the first integral vanishes. There
remains

T
Vv, / drdJ’(r)?g(r, X))

= N2
Py = ~3vz /drCID (r)—g(r)

Taking the trace and passing to the thermodynamic limit gives the desired
result:

1 — 2 =3}
Py=-TtPy= —"—f dramr ®(r)g(r)
3 6 Jy



270

3.45.

3.46.

3. The Boltzmann Equation, Fluid Dynamics, and Irreversibility

(a) Write down an expression for the force F on a small Voklme of fluid in

terms of a closed surface integral of the pressure tensor P.
(b) What form does your expression for F reduce to if the fluid is in
equilibrium and at rest.

Answer

(@ F=fP-ds

(b) F= ¢ pl-dS=0

(a) Anideal gas of N molecules is in equilibrium at temperature 7 for which

(E) = %kBT and (E—)E))?) = kzT(E), where E is single-particle

energy. Using the central-limit theorem, obtain the probability density
P(E, N) for this system, where E represents total energy.
(b) What are the assumptions that make this theorem relevant to this system?
(¢) What is the variance o2 of the distribution you have found? In what
manner does o/(E) make (E) a good thermodynamic variable in the
limit N — oo?

Answers
(a) From the central-limit theorem, we obtain
[E — NEGE)P
= — exp{— =
[2mr ND(E)]'/? 2ND(E)

Inserting the given information, we find

P(E,N)

PE. N — 1 [E — NksT]?
EN =Nt P NG Te

(b) Assumptions that permit use of the central-limit theorem are:
i) E=Y",E,N> 1.
(ii) (E,-)~are all equal.
(iii) (D(E))) are all equal.
(¢) From our answer to part (a), we write

3
E) = =NkT
(E) = SNks

3
Uz = EN(kBT)Z

so that

o 1 ]

@ = JapN <
Thus the Gaussian is sharply peaked about E = (E) so that E is effec-
tively constant and therefore may be taken to be a good thermodynamic
variable. Note: For the system at hand, E must be positive. However, from
part (a) there is a finite probability that measurement find £ < 0. The
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central-limit theorem addresses the case N > 1, in which case (E) grows
large and P(E < 0) ~ 0.

3.47. (a) Obtain the expression for viscosity that the repulsive-core model (5.86)
gives for N = 4 (Maxwell molecules). Set K = V,a*, where V, and
a are constant energy and length, respectively. [Hint: You should find
n(T) = constant.]
(b) What value of viscosity does your formula give when applied to a gas of
argon atoms at room temperature? Take a = 1 A and V, = 10 eV. Give
your answer in cgs units. [Hint: You should find n(T) = AT ~'/3]

3.48. Employing fluid dynamical equations derive the following:
Dol Fe.s v-Q)
—_— = — u —_ .
Dt ’ n
Du 1_ =
b) m— +Vh—-TVeo — -V.S=mK
Dt n

where mK is an applied force field and o, &, and n~! are entropy, enthalpy,
and volume per particle. The heat flow vector is Q (3.25).

(a T

(c¢) For o = constant and K conservative and S symmetric, show that

D
Vx<u>:O
Dt

[where D/ Dt is the conservative derviative given by (3.20a)]. From this

result, show that
% u-dl=0
C(t)

where C(t) denotes a closed loop moving with the fluid (Kelvin’s
theorem).”®

Hint: Recall the energy equation (3.31), the defining relation for the stress
tensor (4.4), and the first law of thermodynamics

dEy =T do — pdn™
Enthalpy per particle, £, is given by
h=Eg+ L
n

and E denotes kinetic energy per particle.

3.49. Using the moment expansion (5.103), show that for the special case of
Maxwell interaction [see (1.27)] the related collision integral (5.102) reduces
to

3
(2) (2)
Jij = —Eblnaij

"For further discussion, see L. D. Landau and E. M. Lifshitz, Fluid Mechanics,
Section 8, Addison-Wesley, Reading, Mass. (1959).
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where
by=m / go sin® 6 cos® 0 do
0

Determine if the following equations are reversible. That is, show that, if y(¢)
is a solution, then so is y(—t). (Primes denote time derivatives.)

(a) y’=/ y(x)dx (c) y/=/ y(x)dx
0 0

(b) y/=f xy(x)dx (d) y’=/ y(x — t)dx
0 0
Answer

In part (a) we question whether y(—t) is also a solution. Substituting y(—1)

for y(t), we obtain
dy(—1) /
= —x)d
R | y(—x)dx

or, equivalently,

dy(r) ™
It —/0 v(2)dz

which is not Eq. (a), so y(—¢) is not a solution and Eq. (a) is irreversible.
Alternatively, we might have shown that the given equation is not invariant
under the time-reversal transformation, t — ¢’ = —t¢. In a manner similar to
the first, we find that (b) is irreversible, (c) is reversible, and (d) is irreversible.
Note that differentiation of (a) gives a reversible equation.

Is the Boltzmann equation (2.14) reversible? That is, if f = f(x,v,?) is a
solution, is f(x, —v, —t) also a solution?

Is Grad’s second equation (2.6.12) reversible. That s, if fi(vy, t); f2(vy, V2, 1)
is a solution, is fi(—v;, —t); fo(—Vy, V5, —t) also a solution? If your answer
is yes, explain this result in light of the fact that Grad’s second equation is
approximate.

Derive an expression for the Hamiltonian of a freely moving rigid sphere of
radius a and mass M in terms of the kinetic energy of its center of mass and
the spin angular momentum S. State explicitly what the variable S is written
for.

Answer

From Problem 1.7 we know that the Hamiltonian of the sphere may be written

2

H = P + H,
_2M rel

where the subscript rel denotes motion relative to the center of mass. This
relative motion is purely rotational, and for a rigid sphere we may write

I . .
Hog=T = 5(qsz sin® 0 + 6%)
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where [ is the moment of inertia, which for a sphere is %M a®. Angles (0, ¢)
specify the orientation of the rotational frequency vector of the sphere, w, in
terms of which T = Iw?/2. Taking derivatives of the preceding gives

oT

— =16=
30 Do

T _ Isin®0)

—- = I(sin =

P Py
which gives the Hamiltonian

H, 1 = pfg + 7175) = iz
© 21 2rsin’e 21
This problem concerns “rough” and “smooth” hard spheres, where the quoted
adjectives refer to the nature of surfaces of respective spheres. As noted in
Section 2.3, smooth spheres do not exchange angular momentum in collision.
Let all spheres have volume T = 4mwa®/3, mass M, and moment of inertia
1. Consider a gas of N smooth spheres confined to a volume V > Nt in
equilibrium at temperature 7.

(a) Write down the Hamiltonian for this fluid.

(b) Write down an integral expression for the pair distribution function for
this fluid, f>(x, X; S, S,).

(c) If spheres in the fluid described above are rough, is your answer to part
(a) maintained? If not, why not?

Answers

(a) With reference to Problem 3.53, we write

n P‘2 S2 N
H({,...,N)= Z(ZM + 21) +Y ) 00y —2a)

i=1 i<j

where
r; =X, —X;
and
6(x) = oo, forx <0
6(x) =0, forx >0

(b) The equilibrium N-body distribution function (see Problem 2.5) for this
fluid is given by

[ H(l,...,N)]
fN(l,...,N):ANexp I S

kBT

where Ay is a normalization constant.
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Thus, with r = ry,, we obtain

H{,...,N
fz(Pl,Pz,Sl,Sz,r):/d3"'dNANeXp [—H]

kT
Integration over P, and P, gives the desired result. See Appendix B,
Section B.3.

(c) For rough spheres there is interaction between angular momentum of
spheres in collision, and the above expression for Hy is not appropriate.

3.55. (a) Which dynamical systems corresponding to the following Hamiltonians
satisfy the criterion for the KAM theorem?
(b) What is the consequence of the failure of a dynamical system to satisfy
this theorem?
(c) Are any of the orbits corresponding to these systems homoclynic (see
Problem 1.45)?
(i) Harmonic oscillator:
2 2
p kx
H=—+—
2m + 2
(ii) Pendulum:
P
2ma

H =

S — mgacos 0
where 8 = 0 corresponds to the gravity direction.
(iii) Anti Hénon—Heiles Hamiltonian:

1 q;
Hzi(q12+p12+q22+19§)+§1+qlq22

where we have written

_n

2 -2 2
q; = kix;, Pi
m;

with X and p denoting physical displacement and momentum,
respectively. Hint: In part (iii), introduce the change of variables
01 =q + g Pr=pi+ p:
0)=q1 — g2 P,=p —p
to obtain
2H = H(Q:, P) + Hy(Q3, P»)
1 2 2 1 3
H, :E[Q1+Pl]+§Ql
1 2 2 1 3
H, = §[Q2+P2]+ ng
3.56. Show that the Sonine polynomials S (x) satisfy the equation (deleting
subscripts and superscripts)

xS"+m+1-—x)8+nS=0
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With f, denoting the Maxwellian,
1 e—v2/2C2
Jo(v, x) = VW
where mC? = kT and V is the volume of the fluid, show that:
(a) (v) =3C?
(b) () =tc?

Show that the generalized Gibbs entropy

H, Efw(fN)lnl//(fN)dl...dN

is constant in time, providing the functional () has a bounded derivative.
Answer

First note that

(I —=Iny)———=

DyIny dy Df
Dt df Dt

Operating on the Liouville equation with

/d1~~~dN(1+lnw)%

establishes the result.

(a) What is equilibrium distribution f; for a gas of N identical molecules of
mass m and temperature 7 confined to a volume V? Assume that f; is
normalized to unity.

(b) The gas described in part (a) adiabatically expands to a volume 2V and
comes to equilibrium at the same temperature 7. What is the new distri-
bution, f;? Employing the Boltzmann  function, calculate the entropy
change of the gas, AS, due to expansion.

Answers (partial)

(a) With R = k/m,
1 2
— —v°/2RT
filx, v) 7V(27TRT)3/28

(b) Calculating

AS:—kBNU filn f, dxdv—/f1 In f, dxdv]

gives the result
AS =kgN1In2

Three particles move on a plane and interact through conservative forces.
In general, are there sufficient constants of motion to render the system
integrable? Justify your answer.
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3.61. The Liouville theorem”” (concerning integrability of system) states that for a
system with N degrees of freedom, if N independent constants, including the
Hamiltonian, exist, each of which has zero Poisson brackets with each other,
then the motion of the system may be reduced to quadratures. (See top p. 244.)

(a) Consider Problems 1.1 and 1.8. In each case verify the preceding theorem
and reduce the second to quadrature.

(b) Do the 10 constants for the three-body problem (8.49) satisfy criteria
for the Liouville theorem? How many of these constants do satisfy the
criteria?

Hint: In Problem 1.1 note than p,(r, 0) is constant. In Problem 1.8 consider
motion relative to the center of mass.

Note: Previously we have noted that 2N constants are required to specify the
trajectory in I" space. The Liouville theorem states that N constants satis-
fying certain conditions, are sufficient to reduce the problem to quadratures.
A quadrature is an integral which, for each degree of freedom, implies an
added constant bringing the total to 2. In action-angle formalism, these 2N
constants are [J;; ®;(0)]. See (8.24) et seq.

3.62. (a) Consider a force-free spatially homogenous fluid at rest. Employing the
equipartition theorem, the conservation equation (3.19) and the definition
of the coefficient of thermal conductivity, derive the heat equation,

—= —aV?
at K

(b) What is your expression for o?
(c) What property of the structure of molecules in the fluid does your
expression for « assume?

Answer (partial)

2K
®) o= <3nk3>

3.63. (a) Thediffusion coefficient is written in terms of the autocorrelation function
in (4.53). This relation is more formally written

D=L lim / Cdre v(0) - v(1))
0

3 §—00

Write down the corresponding autocorrelation function definition of the
coefficient of viscosity, n [see (4.7) et seq.], related to shear force in the
x direction due to y-momentum transported by x velocity components.
In this construction introduce the momentum transfer component I',, =

DaDy/m.

"For further discussion see, V. 1. Arnold, Mathematical Methods of Classical
Mechanics, Chapter 10, ibid (1978).
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(b) Write down a component force equation in which this expression for n
enters. What are the dimensions of the expression for  you have written
down. [Check your answer with Maxwell’s result (4.33)]

Answer (partial)

n = |im kyT
where the average is taken with respect to an equilibrium distribution.
Note: Numerical simulation calculation® of the velocity autocorrelation func-
tion has observed short-time exponential decay (over a few collision times)
and a slower 17*? long-time delay. This secular long-time decay of the
autocorrelation function is labeled “long-time tails.””

/ N dte™ (T, (0)T,, (1))
0

8B. J. Adler, and T. E. Wainwright, Phys. Rev. Lett. 18, 988 (1967).
M. H. Ernst, E. H. Hauge and J. M. J. van Leeuwen, Phys. Rev. A4, 2055 (1971).



CHAPTER 4

Assorted Kinetic Equations
with Applications to
Plasmas and Neutral Fluids

Introduction

The notion of a plasma was considered previously in Section 2.3 in describing
fundamental plasma intervals and kinetic equations relevant to these intervals.
The present chapter begins with applications of the Vlasov equation to an
equilibrium charge-neutral plasma.

The plasma frequency and Debye length emerge in construction of the
Fourier-transformed dielectric constant. The Debye parameter appears as a
shielding length in the construction of the perturbed Coulomb potential due
to the presence of an extraneous charge in the plasma. The dielectric constant
further permits analysis of unstable and damped modes. Landau damping of
an electric wave in a plasma is described, and the section concludes with the
Nyquist analysis of unstable modes.

Various kinetic equations relevant to the description of a plasma are de-
rived. Interrelations between these equations are obtained and illustrated in a
flow-chart diagram (Fig. 4.9). The Fokker-Planck (FP) equation is obtained
in expansion of the Boltzmann equation about grazing collisions. Equivalence
between the FP and Landau equations is demonstrated. The Balescu-Lenard
equation is obtained from an expansion of the hierarchy equations incorpo-
rating construction of the E-field auto correlation function. Divergence of
plasma kinetic equations is discussed, and techniques for removing related
singularities are reviewed.

The Krook-Bhatnager-Gross equation is applied to shock waves in a neutral
fluid, and the chapter continues with a rederivation of the FP equation from the
Chapman-Kolmogorov equation. This derivation illustrates the application of
the FP equation to systems other than plasmas.
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Due toits present-day widespread application, the final section of the chapter
addresses the Monte-Carlo technique in kinetic theory. The discussion con-
cludes with a flow chart for determination of the distribution function of a
fluid immersed in an external force field.

4.1 Application of the Vlasov Equation to a Plasma

In this first section we employ the previously derived Vlasov equation in ap-
plication to various wave and particle problems in plasma physics. Thus we
consider a charge-neutral plasma comprised of electrons and ions in equilib-
rium at a given temperature. The plasma suffers an infinitesimal perturbation,
and the resulting electric field and electron distribution are examined, which
gives the very important plasma response dielectric function. When applied
to perturbation in the form of an extraneous charge, this function yields the
Debye potential, which reveals that the Coulomb field in a plasma is exponen-
tially attenuated with a scale length equal to the Debye distance. The dielectric
function is next applied to waves in a plasma, and the dispersion relation for
long-wavelength longitudinal waves is found, which reveals that dispersion of
waves grows with temperature. It is then shown that single-peaked electron
distributions (in velocity space) are stable to infinitesimal perturbations.

The Vlasov equation is returned to and, working with a Laplace-Fourier
transform, itis concluded that waves in a plasma experience (Landau) damping.
An expression for the damping rate is obtained, and a physical description is
included, which ascribes the damping of the electric-field wave in a plasma to
increased kinetic energy of electrons.

The section concludes with a derivation of the Nyquist criterion, which,
stemming from a theorem of complex analysis, offers a geometrical construc-
tion for the number of unstable modes in a plasma. Application of this result
is made to multipeaked electron distributions.

4.1.1 Debye Potential and Dielectric Constant

We consider a charge-neutral plasma of electrons and ions in equilibrium at
some temperature 7. Ion (+) and electron (—) distribution functions are given
by (assuming singly ionized atoms)

oM o[- (1.1a)
O T QxR T2 P ToR, T '

2

Fy=—— exp|—— (1.1b)
Q7 R_T)y" 2R.T

Ri:kB/mi, /F()idV:n()
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We assume that distribution functions satisfy the Vlasov equations [see
(2.2.3D)]:
DF. oF
+ + ig Rl
Dt my av
DF_ e oF_

- E. 220 (1.2b)
Dt m_ ov

where e is written for |e| and we have set
D ] ]

Dt = ot v ax
Gauss’s law links the distribution functions to £.

V.-E=4meln, —n_] =4me [/ F+dV—/FdV:| (1.3)

=0 (1.2a)

The equilibrium value of the electric field is zero, and n.. represent number
densities.
We assume that the plasma suffers a small perturbation away from

equilibrium. Variables assume the form!
F_=F; +sg, F,=F/
‘ T (1.4)
E=0+4¢E

Due to their large mass, the ions are assumed to remain in their unperturbed
state. Substituting the forms (1.4) into (1.2) gives the 0(¢) equations (deleting
the superscript on F|, ):

g ad e aFy
— -—g——E.-— =0 1.5
o TV T m T oy (15
V-E:—4ne/gdv (1.5b)
Substituting the transforms?
= L ik [ dog,k verre (1.6a)
g_(27r)4 wg(w, Kk, v)e .6a
_ 7 i(kx—of)
= ) / dk dwE(w, k)e ! (1.6b)
into (1.5), we find
_ .e- 0K
(w—k-v)ig=i—E-— 1.7)
m v

'The present discourse is restricted to linearized theory. For further discussion,
see R. C. Davidson, Methods in Nonlinear Plasma Theory, Academic Press, New
York (1972).

*Here we are assuming a response that persists indefinitely.
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We may decompose the E vector as
_ k(k-E) (kxE)xk
E= k2 + k2

Assuming that only longitudinal waves emerge in the perturbation, (1.7)
gives

(1.8)

i(e/m[(k - E)/k*]k - (3 Fy/dV)

= 1.9
8 oK. v (1.9)
With
Fo = ng fo(v)
we find
IF,  dfo
_ = no_
av ov

and (1.9) assumes the form
ieny, k-E)k  0f
m k*(w—K-v) 9v

We assume that the perturbation is due to an extraneous electron. The
corresponding charge density may be written

g = (1.10)

where
ps = —ed(X — vot) (1.12)

represents the electron source and p, denotes the charge density of the

remaining plasma:
pp=—¢ [ gdv

The transform of the delta function (1.12) is
sk, w) = —e / 8(x — vot)e XD dx dt (1.13)

Integrating first over X, we obtain
sk, w) = —e / eI kvo—oX gy

_ (1.14)
ps(k, w) = —2med(w — K - vy)

The generalization of Gauss’ law to account for the extraneous test charge
(1.12) appears as

V-E =4n(p, + pp) = —4mwed (X — vot) — 4ne/ gdv (1.15)
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With (1.16) and (1.14), the transform of this equation becomes
ik-I_E:—68n28(w—k-vo)—47re/§dv (1.16)

With (1.10), we obtain

ik - E=—e87%(w—Kk-vo)—i

k-E [Kk-97
w), / d fo/ovdv (1.17)

k2 w—k-v
where w,, represents the plasma frequency® (deleting the subscript on n):

, 4dmwne?
w, = (1.18)

P m_

Solving (1.17) for k - E gives

_ _8nleS(w—K -
ik-E— ’T; (“’kaf/a :0) (1.19)
1+ k_; w(lk-v

The response of the plasma to the test charge may be given in terms of the
dielectric response function defined by

e(k, w) = ps(k, w)/ p(k, ) (1.20)
The transform of (1.15) then gives
. 4np(k, )

ik-E = (1.21)
ek, w)
Rewriting (1.19) in the form [see (1.14)]
= 47 py(k,
ik -E= ;p‘ (ka;"/)a - (1.22)
1 + k_g wo—k-v
permits the identification
) [ Kk-3fy/dvd
e, ) = 14 2o [ K:9fo/ovdy (1.23)
k? w—Kk-v

which is our explicit expression for the plasma response dielectric function.

The response electric field

With the decomposition (1.18), the transform integrals of the electric field
assume the form
‘E

Ex, 1) = L /f dkda)e"(k"““’”k—k (1.24)
Q2m)* k2

3Encountered previously in Section 2.3.9.
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Substituting the expression (1.21) into (1.24) gives

i dk da)ST[Zek(S(a) —k- Vo)ei(k-x—wt)
Eix, 1) = (1.25)
(27T)4 k2€(k’ Cl))

Integrating first over w gives

Ex, 1) = - / kel 2k (1.26)
X,t) = .
2m)? ) k*e(k,k - vp)
With the plasma dielectric constant (1.23), and mC? = kgT, and
- exp(—v?/2C?) 3 fo v - /
= =77 L= ——f, dv=1 1.27
fo RISl By o2 fo fodv (1.27)
we find
w? k- V]‘ dv
kK- vo) = 1 P 2 1.28
&( Vo) +C2k2/k~(v—v0) (1.28)
If the extraneous charge is stationary, vy = 0, then
o) - o)
eky=1+ e fodv=1+ o (1.29)
Thus (1.26) becomes
2e ike™®* dk
Exx) = 1.30
M= / e (1.30)
Here we have introduced the Debye wave number
2
w
k= C—g (1.31)
Setting
Ex)=-V®=-V (ke ™ dk
(x) T / (k)e
1 - A
=— k®(k)e'™™ dk 1.32
) / ik®(k)e (1.32)
and comparing with (1.30) gives the transform
= 2
P(k) = -2 1.33
) = ~2er— 0 (1.33)
Solving for ®(x) gives the response potential
P(x) = (ke ™ dk
) = G / (k)e
_ 2e / e’** dk (134)
e ) KR4k '
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A

Vir)

Coulomb potential

Debye shielded potential

\/

FIGURE 4.1. Bare Coulomb and Debye shielded potentials.

In spherical coordinates with x taken as the polar axis, we find

eik~xdk 1 oo dkkzeikx cos 6
— =27 dcos6 —
k> + k2 o o K+K

_ 2m (% 2ksinkx 277
Cox o B4 x

ekad

Substituting into (1.34) gives the desires result (writing r in place of x):

B() = —e expr(—kdr) ’

5 (1.35)

V() = (—e)®(r) = ‘}exp(—kdr)

where V() denotes potential energy (see Fig. 4.1). This is the Debye potential
that surrounds a charge in a plasma. The distance

1

=%

is called the Debye distance and represents a shielding length of the Coulomb
potential. [Recall (2.2.43).] With (1.18) and (1.31), we find

C? kT kgT
- B _ 7B (1.36)

- 2 2 2
wy, mao, dmne

Ad

ra



4.1 Application of the Vlasov Equation to a Plasma 285

This is an important parameter in plasma physics. We note, in particular,
T\ /2
rle =69 <—) cm (T in K)
n

T\ /2
rqg = 740 <—) cm (T ineV) (1.37)
n

4.1.2 Waves, Instabilities, and Damping
Waves in a warm plasma

We next consider the response of a plasma to an arbitrary perturbation. Thus,
omitting the point-charge delta function in (1.16) and (1.17), the result (1.21)
may be rewritten

ek, w)k-E=0 (1.38)

The plasma dielectric constant (k, w) is given by (1.23).
Equation (1.38) indicates that a finite longitudinal electric field will be
present in the plasma, providing

k- afo/avdv
kkowy=1+—- | ———=0 1.39
ok ) +k2 w—K-v (139

With (1.27), we obtain

1+

o) /‘k-vfodvz (1.40)

C2 )] k-v—ow
To reduce the integral, we choose k to lie along the Cartesian z axis. We may
then integrate fy(v) over v, and v,. There results

00 [e'e} » efuz/Z
/ / dv, dv, fo(v) = C

where*
== (1.41)
=c .
which permits the dispersion relation (1.40) to be written
du ,ue —1*/2
=0 1.42
C2 k2 o / (1.42)
Here we have set
p="2 (1.422)
= A2a
Ck

*Recalling the nondimensional velocity £ (3.5.28), we note £ = u?/2.
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We consider the limit 8 >> 1 corresponding to w/k/ >> C. Rewriting (1.42)
as

e/ ! (1.43)
T c 2k2 Var 1 —(u/B) ’

then permits the Taylor series expansion

Fed ] e [l+<%>+<%>2+<%>3+~-]

(1.43a)
Only the even integrands contribute to the integration, and we obtain to terms
of 0(8™%),
w, [1 3
_ %
= oz [E + E} (1.44)
This equation may be rewritten
3w?(Ck)?
=) + —L—— (1.45)
1)
Again expanding about small k£ gives
o’ = w, +3C°K* (1.46)

This is the dispersion relation that governs the propagation of longitudinal
waves in a plasma at finite temperature and in the said w — k domain.

A theorem for unstable plasma modes

The transform equation (1.6) indicates that the growth of waves in time (insta-
bility) corresponds to Im(w) > 0, or equivalently, ImB > 0. Thus, to examine
unstable modes, we set

B=o-+irt, >0 (1.47)

Our theorem states that an arbitrary single-peaked, one-dimensional equilib-
rium distribution f(u) gives no unstable modes. Retracing steps leading
to (1.42), we find that the generalized dispersion relation appears as [the
one-dimensional velocity W is defined by (1.41)]

duf] I -
= 1.48
Czkzv /oo:u B 27thl ¢ )

where a prime denotes differentiation.’ In a Maxwellian state, }”1 =
exp(—u?/2). Substituting the form of B given by (1.47) into (1.48) and

SNote that f; is the one-dimensional analog of f, as given in (1.27).
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A

Hp—u> 0
f7>0

287

FIGURE 4.2. In either case, (u,, — u)j‘l’ > 0 for a single-peaked distribution.

rationalizing the integrand gives

By [®  du(u—a+it)f]

1 =
V21 oo (W —a —iT)(n —a +it)
L= P [T Arfle - o) tir]

N A/ 2w —00 (/-’L - Ol)2 + TZ

Here we have set

B = (&>2 = !
P \Ck k222
Equation (1.49) gives the two equations
L B [T dufi -
\/277,' —00 (/,L—()[)2+T2
_ IBZT dp fi
V2r ) (u—a) + 12

(1.49)

(1.50)

(1.51a)

(1.51b)

Let f(i4,,) be the maximum value of f,. Multiply (1.51b) by 7~ !(r — 11,,,) and

add the result to (1.51a). There results

B[ A — W]
\/E —00 (M_a)2+r2

If f] (w) has only a single maximum, then

(o — W) fl(11) > O

1=

(1.52)

(1.53)

and the integrand of (1.52) is always positive, whence it has no solution. We
may conclude that an infinitesimal perturbation of a single-peaked distribution

results in no unstable modes (see Fig 4.2).
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4.1.3 Landau Damping®

If we assume that the perturbation g(¢) initiates at# = 0, then g(¢ < 0) = O and
E(t < 0) = 0. In this case it is appropriate to work with the Laplace-fourier
transform, and we write

2(w, k) = / dxe kX f dte' g(x, v, 1)
0

o (1.54)
E(w, k) = / dxe™'k* f dte' " E(x, t)
0
The inverse of the time component of g(w) is given by’
w400
8t = = / g@e ' do (1.55)
2t iw]—00

with a similar expression for E(¢). The line w = iw; in (1.55) lies above the
singularities of g(w) in the @ plane. This condition ensures® that g(f < 0) =0
(see Fig. 4.3).

Multiplying (1.5a) by the exponential operator in (1.54) gives

o B B dF,
/ dx/ dte' @k (a_f +v o —g— K. —0) =0 (1.56)
0

0x m av

Integrating the first two terms by parts and neglecting surface terms, we find

L. 9% 4 jg(0
g, k) =1—N——— s (1.57)
w—k-v
where the initial distribution g(0) remains a function of v. Inserting this
expression into the divergence equation

ik-E:—4ne[§dv

and recalling (1.8) gives

g0 dv
Ck-E— dme [ & (1.58)
ek, w)
with e(k, w) given by (1.23).
If this form is substituted into the companion equation to (1.55) for the
transform of the longitudinal component of E, again we find that its time
development is determined by the zeros of ¢(k, w) (that is, the poles of k - E).

L. Landau, J. Phys. (USSR) 10, 25 (1946).

"The Laplace transform was encountered previously in the discussion concerning
the resolvent operator (Section 1.5.4).

8Consider the pole, Imw > w,. Fort < 0, exp(—iwt) gives convergence in (1.55)
for Ime > 0. Thus, completion of the contour in (1.55) in the upper half-plane would
give a finite contribution to g(t < 0).
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FIGURE 4.3. The line w = iw; lies above the singularities of g(w).
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FIGURE 4.4. The analytic continuation of the integral in (1.42) for Im 8 < 0.

Here we envision that the contour of (1.55) shown in Fig. 4.3 is closed in a
semicircle in the lower-half @ plane.

So once more we are led to the dispersion relation (1.42). With the Laplace
transform (1.54), we see that convergence now demands that Imew > 0. Thus
we realize that the integral in (1.42) is defined with Img > 0.

However, with (1.55) we note that decaying modes correspond to Im8 < 0.
The integral in (1.42) for this case is evaluated by analytic continuation. This
is effected through distortion of the contour of (1.42) to that shown in Fig. 4.4.
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There results

o, 1 © du pet )
— )4 .
BN [/_OO B— 1 +2ntf1(ﬂ)} (1.59)

Where we have set fl = exp(—u?/2). For weakly damped modes, 8 hovers
just beneath the Re p axis, and the pole in the integration is well represented
by one-half the residue at that point. For Im 8 < Re S, we obtain’

2 © g —u?/2 B
1= Z—n[ / e +inf{(ﬂ)} (1.60)

In this same limit, the expansion (1.43a) applies and (1.60) may be written

1_’32[52 +—+ [fl(ﬁ)} (1.61)

Assuming f{(8) < 1, in the first approximation we neglect the imaginary
contribution, which again yields the solution (1.46), which we now write as

=843 (1.62)

This is the first-order solution to (1.61). The second-order solution is con-
structed by reinserting this solution into the imaginary term in (1.61). We

obtain
2 =
o iB S FB) (1.63)

By
[ -igyzr]”

Expanding the radical about small f{ gives

B [ -
B=B,|1+ iip\/;f{ (1.64)

To within this approximation, we find
Imp = B, \/7f1(ﬁ) (1.65)

°This equation is exact for Im 8 = 0. We assume that it is also appropriate to
the said limit with finite Im . Note also that the integrals in (1.59) and (1.60) are
principle values.

or, equivalently,

ﬂ:



4.1 Application of the Vlasov Equation to a Plasma 291
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FIGURE 4.5. Variation in f; due to Landau damping in linear theory.

which, with the assumed Maxwellian form for fl, gives the desired result:

) 1

Y

The exponential form of the solution as given by (1.55) indicates that, at a given
frequency, perturbation fields decay as exp —I't, where I, the decay constant,
is defined by (1.66).

The form of the solution as given by (1.65) suggests that damping will occur
for f{ < 0. Thus, with f] negative for 4 > 0, we expect the perturbation to
be damped for v = Cu = vy = w/k > 0. Here vy denotes phase velocity.
At these values, the E wave is damped and electric energy is lost to particle
motion. This situation is depicted in Fig. 4.5, which illustrates the manner
in which the perturbation alters the equilibrium distribution function. At the
phase speed vy, the electric field loses energy, and electrons are driven to higher
speeds, thereby depleting the region v S v, and increasing the region v 2 v.
For vy = w/k < 0, B, < 0. Since ]‘{ > 0 for v < 0, again (1.65) indicates
wave damping.

Unstable modes

A brief recapitulation is in order: We have solved (1.60) for 8 through an
approximation scheme in which its is assumed that Im § < Re §. The first-
order iterate in this solution (1.62) gives the real part of 8. This leads to Im S
as given by (1.65).

From this result, we many conclude that damping results if ,3; ]‘{(,B )< 0.If
the reverse of this inequality holds, then we may expect the mode at 8 = f8 to
be unstable. (Unstable modes are discussed in the following section.)

For a single-peaked distribution, we find ,32}‘1’(,3) < 0 for all B, thereby
recapturing our previously stated result that single-peaked equilibrium distri-
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bution functions are stable. A double-peaked distribution may or may not be
unstable.

4.1.4 Nyquist Criterion

This criterion is a scheme for determining the number of unstable modes as-
sociated with a given unperturbed distribution function. The criterion stems
from the observation that, for an arbitrary analytic function v (z) with isolated
poles

1 1// (2)

=N,—N,
2ri Je 1//(2)
where N, denotes the number of zeros of y(z) within the contour C and N,
denotes the number of singularities within C.
From (1.39), we infer that the zeros of the dielectric constant e(k, w) are
solutions to the plasma dispersion relation. With (1.48), we may write

w1 d
=t o [
e(B) =1+ B.F(B)
where the function F () is as implied.
It £(B) has no singularities in the upper-half B plane,'° then, by (1.67),
1 dpe'(B)

i Jo B T
represents the number of zeros £(8) has in the upper-half 8 plane. But by
previous argument, each such value of 8, with Im 8 > 0, corresponds to an
unstable mode. The contour C includes the entire real 8 axis and an infinite
semicircle in the upper-half 8 plane (see Fig. 4.6).

Convergence on the semicircular contour A demands'! that B¢’/ — 0 with
increasing 8. With (1.68) we find that this is the case and we may proceed with
the evaluation of (1.69).

Now

(1.67)

(1.68)

(1.69)

1 dpe’ 1 d
JS— —ﬁez— —SZN

. 1.70
27i Jo € 2ni Jé & - (1.70)

In the ¢ plane, the function ¢! has a simple pole at the origin. So the right
equality in (1.70) indicates that N is equal to the number of times the contour
C encircles the origin in the € plane.

19Tt is conventional in the Nyquist analysis of a plasma to label £(8) as H(B). The
present description stays with &(8).

ISee, for example, I. Sokolnikoff and R. Redheffer, Mathematics of Physics and
Modern Engineering, 2nd ed., McGraw-Hill, New York (1968).
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FIGURE 4.6. The contour C in (1.67) has a circular contribution A and a line
contribution B.

B

We may use (1.68) to define a mapping from the S to the ¢ plane. Specifically,
we wish to discern what curve C the contour C becomes in the ¢ plane. Let
us perform this exercise for the single-peaked distribution described following
(1.59).

As discussed above, the contour C for the § integration in (1.69) and (1.70)
has two components. An infinite semicircle, which we have labeled A, and the
real axis, labeled B (see Fig. 4.6).

With the single-peaked distribution inserted in F(8), as defined in (1.68),
we see that F'(8) — O on A.

On B, with g real, we recall (1.60), which may be rewritten as

F(B) =P :F(B)+ i\/gﬁe‘ﬂz/z (1.71)

where P: denotes “principal part.”
Thus the dielectric constant (1.68) along B becomes

e(B)=[1+B,P: Fl+ iﬁj\/gﬂe—ﬁz/z (1.72)

so that

Ime(B) = ﬁﬁ\/gﬁeﬁz/z (1.73)

which is an odd function of 8. Furthermore, £(0) > 1 and real. In this manner
we obtain a sketch of the mapping of C into C as shown in Fig. 4.7.

So we find that the curve C in the & plane does not encircle the origin for
single-peaked distributions, and we again conclude that such equilibrium states
are stable.
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FIGURE 4.7. Inferred sketch of C for a single-peaked distribution

A Nyquist analysis for a double-peaked distribution was performed by J. D.
Jackson'? and was further described by T. H. Stix.!® The results of this study
are summarized in Fig 4.8. From these sketches, we see that the inner loop
widens in the ¢ plane and drifts toward the origin as the peaks of f separate.
We may conclude that a sufficient separation of the two peaks is necessary for
instability to occur. The related phenomena is called the two-stream instability.

4.2 Further Kinetic Equations of Plasmas and Neutral
Fluids

In the discussion to follow, we find that certain limiting forms of the Boltzmann
equation lead directly to kinetic equations relevant to neutral fluids and plas-
mas. The first equation derived in this scheme is the Krook-Bhatnager-Gross
equation, appropriate to near-equilibrium states.

For gases dominated by long-range interactions or, equivalently, grazing
collisions, we obtain the Fokker-Planck equation. With the aid of some tensor
properties of the kernel of the Fokker-Planck equation, we obtain the Landau
equation.

Returning to the BBKGY sequence, we finally obtain the Balescu-Lenard
equation appropriate to the “long-time” limit of a plasma. This equation is
found to include a shielding factor in its interaction integral representative of
the Debye shielding discussed previously. In the limit of large number, the
Balescu-Lenard equation is found to reduce to the Landau equation.

12]J. D. Jackson, J. Nuclear Energy C, 1, 171 (1960).
BT. H. Stix, The Theory of Plasma Waves, McGraw-Hill, New York (1962).
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FIGURE 4.8. The loop C encircles the origin in the & plane for sufficient separation

of two maxima of f;. Reprinted with permission of J. Nuclear Energy CI, J. D.
Jackson, “Longitudinal Plasma Oscillations,” copyright 1960, Pergamon Press, plc.

Logarithmic singularities of terms in plasma kinetic equations are discussed,
and a review of various techniques of removing these singularities is included.

Connecting routes between the various kinetic equations derived in this
section are graphically described in Fig 4.9.

4.2.1 Krook-Bhatnager—Gross Equation'*

We recall the form of the Boltzmann collision integral (3.3.1):
so= [ rsiam = [ shdu
dp, =odQgdv,

Near equilibrium, the fluid is close to a local Maxwellian state. The primed
component of J( f), relevant to the after-collision interval, describes a situation
closer to equilibrium than the unprimed component of J(f). Thus we set

[ dwsir = [ dwsr s @)

14P. L. Bhatnager, E. F. Gross, and M. Krook, Phys. Rev. 94, 511 (1954).
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BBKGY "

Kirkwood expansion
Bogoliubov expansion
Grad expansion
Prigogine expansion

Since

KBG

Diagram
expansion,
short-time

limit

No correlations

Markov BE Near N
process equilibrium
Grazing
collisions
y Y
CcK > FP
VE
A
3
LE
4
BBKGY
elk, w)»1 Correlation
expansion
BL
Key: Diagram expansion,
long-time limit
BE: Boltzmann equation
BL: Balescu--Lenard equation
CK: Chapman-Kolmogorov equation
FP: Fokker-Planck equation
KBG: Krook-Bhatnager—Gross equation
LE: Landau eguation
VE: Vlasov equation

FIGURE 4.9. Relations among kinetic equations.

30 = [ ap (05" = 506°)

we may write (2.1) as

/ dﬂlfl/

x~ / dﬂlflofo

2.2)

13J. G. Kirkwood, J. Chem. Phys. 15, 72 (1947). N. N. Bogoliubov, Problems
of a Dynamical Theory in Statistical Physics, E. Gora (trans.), Providence College,
Providence College, Providence, R.1. (1959). See also Section 2.4. H. Grad, Hand.
der Physik, vol. XII, Springer Verlag, Berlin (1958). See also Section 2.5. 1. Pri-
gogine, Non-Equilibrium Statistical Mechanics, Wiley, New York (1962). See also

Section 2.3.
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Turning to the unprimed component of J( f), we note, in general,

/dﬂlflf:f/dulfl (2.3)
Next we recall that £ and f have the same first five moments. That is,
1 1
/ Ol v |dv= / fl v |dv (2.4)
v? v?

This common property motivates the final step of our derivation: in (2.3) we
set

[ dusi= [ awse 25)
With the relation (2.2) and substituting (2.51) into (2.3), we find
I = ( / dulff)) [F* - £] (2.6)
which gives the KBG equation:
DD—J: =v() [f°() = f(v)] 2.7

In this expression, we have written v(v) for the collision frequency:

v(v) = //angdvlfO(vl) (2.8)

Conservation equations

Owing to the moment equalities between f° and f as given by (2.4) and the
defining relation (2.8), it may be shown that the KBG equation returns the
conservation equations (3.3.14), (3.3.30), and (3.3.31). Specifically, consider
the case that v is velocity independent.

Bn_{_V
— -nu
1 ; ot
D adpu =
Nflav| ™ |ZL=]| P,y
/V mo? | Dt o TVP
— one
2 LT v AN
o V4
I 0
:vN/dV "™ol-n=]0 |29
mv 0



298 4. Applications to Plasmas and Neutral Fluids

It should be noted that, although the KBG equation appears simpler in form
than the Boltzmann equation, it still maintains a strong nonlinear quality. That
is, we note that the local Maxwellian, f 0 is a nonlinear function of the first
five moments of f.

Time behavior of f

For a spatially homogeneous gas, the KBG equation becomes

af
a—f+vf:vf0 (2.10)
Multiplying through by the integrating factor "’ gives
afel)f
ot

— vaeut
Integrating, we find

f@) = fOe™ + f(1—e™) (2.11)

Thus, the KBG equation parallels the conclusion of the H theorem and indicates
that the fluid approaches a Maxwellian equilibrium state.

4.2.2 KBG Analysis of Shock Waves

We found previously (Problem 3.41) that relatively small disturbances in a
fluid propagate at the sound speed. This process is isentropic. For disturbances
of larger magnitude, the process becomes nonisentropic and the velocity of
propagation exceeds the sound speed. Such phenomena are called shock waves.

A parameter important to the description of shock waves is the Mach number,
M. This dimensionless parameter is the ration of the local fluid velocity u to
the sonic velocity a:

u

M= —
a

If M < 1, the flow is called subsonic. If M >~ 1, the flow is transonic. If
M > 1, the flow is supersonic, and if M > 1, the flow is hypersonic.

Whereas fluid dynamic equations provide a good description of changes in
macroscopic variables across a shock front,'® a kinetic theory must be called on
to examine corresponding changes in the distribution function. In the following
analysis, we offer a brief description of application of the KBG equation to a
one-dimensional shock wave. The fluid on either side of constant values of the
macroscopic variables: p, u, and T.

We imagine a very long straight pipe filled with fluid that is at rest with a
piston at one end. The piston undergoes a momentary acceleration carrying

SH. W. Liepman and A. Roshko, Elements of Gas Dynamics, Wiley, New York
(1957).
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Downstream Upstream
U
u=20 u;=Ma «4— u=U pr—
M=>1
Shock front
(a) Lab frame
Upstream Downstream
Up=Us ug=us — U
—_—
x <0 Shock front x>0
at rest

(b) Shock-wave Frame

FIGURE 4.10. Steady-state shock-wave configuration. Analysis is performed in
frame (b) where the shock front is stationary.

it from zero to finite speed. The information that the piston has suffered this
acceleration moves ahead of the piston in the form of a shock wave. In the
subsequent steady-state configuration, the piston moves with constant velocity,
pushing fluid ahead of it with the same speed, up to the shock front. Ahead
of the shock front, information that the piston is moving has not yet reached
the fluid and the fluid ahead of the shock remains at rest (see Fig. 4.10). It is
conventional to view this steady-state configuration in the frame of the shock
front. We call this speed u, (“upstream™).!” The speed on the downstream side
of the front we label u,. Thus we have the boundary conditions

at x = 400, u = uy = constant
(2.12)
at x = —o0, u = u, = constant

Since a steady-state condition maintains in this frame, the KBG equation
reduces to

a

v f = ("~ f) 2.13)

Assuming a Maxwellian distribution for velocities normal to the macroscopic
flow, we set

_ ! vl \_
fx,v) =g, vx)anT exp <_2RT) =gf1L
(2.14)

1 v?
ﬁ@ﬂZQWWEMTW«—L>Efﬁ

"These labels refer to flow in the frame of the shock wave. Labels are reversed
in the lab frame (see Fig. 4.10).
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Thus

/ dv, f(x,v) = g(x, vy) (2.15a)

nux:/fvxdv:/devlfguxdvx:/gvxdvx

Substituting (2.14) into (2.13), with (2.15a) we find

and

—+-g=- (2.16)
0x v v

Here it is important to recall that g° is a local Maxwellian that contains actual
values of macroscopic variables. Such variables change in value across the
shock front.

Before examining (2.16), we more carefully consider the collision frequency
v. With Maxwell’s expression for viscosity (3.4.33),

n= %pCl
and [ ~ C/v,mC? = 3k T, we find
nkgT
n

Thus v = v(n, T'), and we may conclude that in the present application v varies
with x. This property must be kept in mind when integrating (2.16).
Multiplying (2.16) by the integrating factor

exp/ Yax
Y

where a is an arbitrary length, gives

d v, v\ VY
— | gexp —dx" ) = [exp —dx' | —g (2.16a)
dx ) a v v

In the microscopic velocity domain: v > 0, we integrate (2.16a) over the
interval (—o0, x) to obtain

x d X x X
/ di— (g exp/ de’) :/ dx (exp/ de’)
—00 dx a V —00 a U
oy - x _ x v
g(x) exp/ —dx' —g(—oo)exp/ —dx’' :/ dx (exp/ —dx’)
a N a v —00 a VU

For v > 0, exp fa_oo(v/v) dx’ — 0, and we obtain

L ) X _ X v N\ v 0
gx,v) =|exp— —dx dx | exp —dx' | —g
a VU —o0 a VU v

gO

gO

e <<
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which gives, for v > 0

X _ X v ) v 0
g.i(x,v) dx | exp— —-dx' | —g (2.17a)
—00 i U v
For v < 0, we integrate (2.16a) over (0o, x). There results for v < 0,
X _ X v ) v 0
g_(x,v) dx | exp— —-dx' | —g (2.17b)
00 i VU v

Number density and fluid velocity are contained in the equation
0

n(x)u(x) = /OO dvvg,(x,v) = f dvvg_(x,v) (2.18)
0

—00
Boundary conditions ar given by the relations
[} 0
Rally = / g+(v, +oo)vdv —|—/ g—(v, +oo)vdv
0 —a
N o (2.19)
npUp = / g.(v, —oo)vdv + / g_(v, —oco)vdv
0 —00
Since g° contains n, u, and T, which in turn are moments of g, (2.17)—(2.19)
are integral equations for the distribution function. This formalism was applied
by Leipmann et al.'® to an argon gas. Equations were solved through numerical
iteration, giving good agreement with results of the Navier-Stokes analysis at
moderate Mach number (M = 1.5). At higher Mach number (M = 5.0),
deviation from the Navier-Stokes equation was found to occur in the high-
density side of the shock wave.'

4.2.3 The Fokker-Planck Equation®

Owing to the long-range nature of the Coulomb potential, we find that grazing
collisions dominate in determining the kinetic properties of a plasma. The
kinetic equation that best incorporates this collisional property is the Fokker-
Planck equation. This equation may be obtained through expansion of the
Boltzmann equation about small-angle, grazing collisions.

The cross section for the Coulomb interparticle force,

82

'8H. W. Liepmann, R. Narasimha, and M. T. Chahine, Phys. Fluids 5, 1313 (1962).

Y For further discussion, see W. G. Vincenti and C. H. Kruger, Jr., Introduction to
Physical Gas Dynamics, Wiley, New York, (1965).

2 A. D. Fokker, Ann. Physik 43,912 (1914); M. Planck, Sitzungsber. Preuss. Akad.
Wiss., p. 324 (1917). See also S. Chandrasekhar, Revs. Mod. Phys. 15,1 (1943). The
present derivation is due to H. Grad (unpublished).
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is given by [see (3.1.31)]

k% dcosyr
godcost) = —— (2.21)
(gcos )
2 2
== (2.21a)
m

The interparticle force given by (2.20) describes repulsion between two par-
ticles of charge e and reduce mass m /2. This description is relevant to a
one-component plasma (OCP), which is a collection of like charges in a neutral-
izing background.?! Substituting (2.21) into the Boltzmann collision integral
gives

A o do¢dcosydv

R R 2.22)

(g cos )
where, we recall, ¢ and ¢ are the polar angles of the apsidal vector .
With the kinematic relations
AV =V — v = —al(a-g)
SR (2.23)
Av=V —v=ca(a-g)

we conclude that for grazing collisions, a(ca - g) may be taken as parameter
of smallness. Consider first

=10 = flv+ala- gl

Taylor series expanding this form about £ = a(a - g) = 0 gives
1
f=epE V)f = f+(E-V)f +5(E- V) f 4o

1
:f+(a~g)(a~V)f+E(a-g)z(a-V)zf—i—---

1
=f+gcosy(a-V)f + Egzcoszlﬁ(a VPf 4+ (224)
For f/, we find
fi=fOD=flvi+ ol g)]
f'=exp(=& - Vi)f = fi —gcosy(a-Vi)fi (2.25)
1
+ 587 cos” Yla- Vi fi 4o
In these expressions we have written
a
V=— Vi=—
av 3V1

2l An extensive review of the theory of one-component plasmas is given by S.
Ichimaru, Revs, Mod. Phys. 54, 1017 (1982).
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<
I
nla
|
m

\i

FIGURE 4.11. For grazing collisions, ¥ >~ 7 — ¢, at which value cos ¢ = e.

The Cartesian components of the unit vector o are
o = (sin Y, cos ¢, sin ¥ sin ¢, cos V)

with g taken as the z axis [recall (3.2.26)].
Substituting (2.16) and (2.25) into the collision integral (2.22), keeping terms
of 0(¢?), and integrating over ¢ gives

27
/0 Ao f — fif)

1 = — _
= 7 cos? w!zg (V-=V)+ E[sin2 V(I1g* —gg) + 2cos’ Ygg] :

[ViV, —2VV, +VV ]}fﬁ (2.26)
Here we have set
2
/ doga -D = 27'rgcoswlA)Z =2cosyg-D
0

where D is written for V or V. Integrating over cos Y, we encounter the
forms

1
f dcosy (cos® ¥, cos® ¥ sin® ¥, cos* ) (2.27)
0

cos3yr

At grazing collisions, v = /2 — ¢, where ¢ is an infinitesimal angle (see Fig.
4.11). This value of i corresponds to the lower limit in (2.27) and gives rise

to the singularity:
/l dcosy = —Incos (z —8)
cosy, COSY 2

= —Insine (2.28)
1

=lng”
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For weakly coupled plasmas, we choose ¢ to be given by

1 n'/?

X — 2.28a
dmnid T3 ( )

The plasma parameter A was defined previously in (2.3.59). Having completed

the angular integrations in (2.22), a final integration over v; completes our

derivation. Integration by parts reveals the form [keeping only the singular

terms in (2.26)]

8:A:

e -l ap s L T  (br) (229)
P==5 %+ 35vy - \0f '

In this expression, o represents the friction coefficient and b the diffusion
coefficient. They are given by

=27’ Ing”! / L frav, (2.30a)
"

- 2] _ %8
b=nk’lng" / (gg—3gg) frdv, (2.30b)

In the absence of an external force field, the Fokker-Planck equation then has
the form

Py

1 =
29vov

ot af =

bf=0 2.31)

of of 0
V.8X+8v.

To discover the physical significance of the o and b coefficients, we consider
them separately and choose the simplest forms. Among the simpler forms we
may choose for the friction coefficients « is that corresponding to Rayleigh
dissipation:

o = —Vv (2.32)

With b = 0 and assuming spatial homogeneity, the Fokker-Planck equation
(2.31) then reads

af 0

- —y—- =0 2.33
TR (2.33)
Choosing a local velocity frame, v = (v, 0, 0), and setting 2 = vf, (2,23)

becomes (with v and ¢ as independent variables)
— —uv—h = (2.33a)
v

The general solution for this equation is an arbitrary function of the solution
to the characteristic equations
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A A
flo) fit > 0)

» »
L »

v \4

FIGURE 4.12. The friction coefficient causes particles to cluster near the origin in
velocity space.

Thus £ is constant on the curves vy = v exp vt, and we write
h(v, t) = h(vy, 0) = h(v exp vt, 0)

We conclude that the friction coefficient (2.32) causes particles to slow down.
Thus an initially square distribution in velocity space would tend to peak toward
the origin (see Fig. 4.12).

The simplest form we may choose for the diffusion tensor b is that of a
diagonal matrix with equal elements. That is,
b=1Ib
With a = 0, the Fokker-Planck equation becomes

of _ 1,
or =0V (2.34)

where V? represents the Laplacian in velocity space. For the initial distribution
given by

f(v,0)=V'5v) (2.35)

the solution to the diffusion equation (2.34) is given by the Gaussian
distribution?

n= Y"1 v 236
T D = Gy P < 2bt> (230

In these expressions, V represents the volume of the system. So the diffusion
coefficient causes a distribution function initially peaked at the origin to flatten
out (see Fig. 4.13).

Combining both the a and b coefficients gives (with a = —av and again
working in a local velocity frame)
af _ o 1 9*f
— =a— —b— 2.37
o~ Y90 20w 3D

ZEncountered previously in (1.8.7) and (3.4.40).
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A
flv)

»
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v

FIGURE 4.13. The diffusion coefficient causes a flattening of f(v) in velocity space.

At equilibrium, this equation becomes

9 (Ezvf + lbﬂ> =0

av 2 av

Thus

1
avf +-b— =A (2.38)
2 av

where A is independent of v. At v = oo, we have

vf =0 o g
av

It follows that the constant A = 0. Multiplying the resulting form of (2.38)
through by the integrating factor

2av J
ex —dv
P b
reduces the equation to

d  -a
= (,av/b =0
P D)

which gives the Maxwellian distribution
f — Be—ﬁvz/b

Thus incorporation of the friction coefficient that tends to peak f(v) about the
origin and the diffusion coefficient that tends to normalize f(v) leads naturally
to the Maxwellian distribution.
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4.2.4 The Landau Equation®

The Fokker-Planck equation (2.31) may be cast in a more symmetric form
known as the Landau equation. To demonstrate this transformation, we must
first establish some tensor properties of the relative velocity

g=V,—V
and the tensor
T=gl—38 (2.39)

which enters the Fokker-Planck diffusion coefficient given by (2.30b).
These are as follows:

0
—g, = =8, 2.40
vy, g " ( )
Vg =g =3 (2.41)
&= v, i = '
0 0 1 _ 0 2g, 0g, g
8= — () =) —g8 = =-2 (242
v, v, 2 v, 2g dv, g
a , gy
—g = 2g,— =2
8vﬂg 8 ov, 8u
If f(g) is any scalar function, then
0 0
f(8) _ _3f(s) 043
v, AU
Next we turn to the calculation of V - ;
0 0 0
—T, v = —4 v R v
dv, " v, & Bvug“g
9, 0 0
o avug g"avug” g"avug“
= _zgv + 8v + 3gv = Zgu
Combining results, we have (see Problem 4.10
V.T =2¢g (2.44)
g. T =0 (2.45)
V(T =f@V-T (2.46)

BL. Landau, Z. Eksp. i Teoret. Fiz. 7, 203 (1937)
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An illustrative exercise involving these properties concerns the Fokker-Planck
« and b coefficients (2.30). Let us establish the relation

V.b=
or, equivalently,

(2.47)
9

v gV
8_K/ AMAT =2Kf—3f(V1)dV1
v, g

(2.47a)
K =ni’lng™!
With (2.44) and (2.46), we find
T 1 = 2
V.(7> RN
8 8

3 (2.48)
8
which establishes (2.47).

Finally, we turn to an explicit representation of T. Specifically, letus discover
the matrix representation of 7' in a form in which g is parallel to the z axis
thatis g = (0, 0, 2).

In general, we have

] g —8& —&s8
T =

—88 & —&

—8z8x —&z8y

—8x8z
—8y8z
2 2
8 — &
In the said coordinate frame, T is seen to reduce to the simple form

g2 0 0
r=| 0 g o (2.49)
0O 0 O
This form will be returned to in our discussion of the Balescu-Lenard equation
Symmetrization of the collision terms
We rewrite the Fokker-Planck equation in the form
1 Df
K Dt

il 8v 1 0 d lefldVl
28vvff_3fldv+§ —f/—3
= |: f-/gvfldvl-l-

8vv

f/ ’”fl dv1:| (2.50)
The second term within the brackets may be expanded to give
1 T, 9 T
3 [ o (gerero

v 1 T, 0 2fg,
M ) — / dV]f] ( I + fg )
3 2 g3

AV, g’

v, g
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The second term in this expression combines with the first term within the
brackets in (2.50), and we are left with

1 DF 1 9 /d wa f Iy ad T;w
—-—— = vy — — dv
K Dt 2 9v, g3 i 'y w8 !

The second term may be transformed as follows:

/fl ( ) dVl B -/fl < MU> dVl
8U1M
LT, T, 0
- / ( 3 ) dVl a / : fl dV]
AU g g’ vy

Dropping the first surface term and collecting remaining terms gives the
Landau equation:

2Df 9 /‘
K Dt du,
Thus we find an alternate symmetric form of the Fokker-Planck equation whose
nonlinear collision integral more closely resembles that of the Boltzmann
equation.

The question arises as to whether a Maxwellian distribution is an equilibrium

solution of the Landau equation. Setting f = A exp(—v?/2C?), we find that,
after differentiation with respect to v, and v, ,, the integrand contains the factor

f o } 2.51)

|:f1——f

v, vy,

T g, which by (2.45) vanishes. Thus we find that the Landau equation shares
this additional property with the Boltzmann equation.

4.2.5 The Balescu—Lenard Equation®

In Section 2.3.9, we noted that the Balescu-Lenard equation is relevant to the
time interval where shielding comes into play (see Fig. 2.14). This equation
is now derived in a correlation expansion of the hierarchy relevant to a high-
temperature rare-density plasma.

We return to the nondimensionalized BBKGY equation (2.2.12) and the
BY, write

0 A A
<_ + Ies - a®s> Fv = _EISFYJrl
ot y

*A. Lenard, Ann. Phys. 10, 390 (1960); R. Balescu, Phys. Fluids 3, 52 (1960).
The spectrum of the linearized Balescu-Lenard equation was examined by A. H.
Merchant and R. L. Liboff, J. Math. Phys. 14, 119 (1973).
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where «; is given by (2.2.22a), and we recall that the interaction term iy Fi
has the form

~ 00
I, = ZI: v, / d(s + DG

and G; ; represents the two-particle interaction force for particle j on particle i.
We examine a one-component rare plasma with

1 3
— =nory, = 0(e)
14
and weak coupling (or high temperature)
2~ 06e)
a=——=0(
kT

where ry is the range of interaction [recall (2.2.9) and ¢ is a parameter of
smallness. As particle coupling is small, the correlation expressions (2.2.21)
for F, and F5 are written

Fy(1,2) = Fi(DF1(2) + ¢Cx(1, 2)
F3(1,2,3) = F(WFIQ)Fi(3) + ¢ Z Fi(i)Cy(j, k) + £2C5(1, 2, 3) (2.52)

P(ijk)

The variables P(ijk), we recall, denote permutations of (1,2,3).
The equations BY, and BY, then appear as

(% + fq) F = szgil [Fi(DF(2) + £Ca(1, 2)] (2.53a)

0 o A
(5 + Ki(1)+ K41(2) - 8@92) [Fi(DF1(2) 4+ eCy(1, 2)]

= 82322 [Fl(l)Fl(Z)F1(3) +e Y Fi()Ca(j, k) +&2Cx(1. 2, 3)} (2.53b)
P

To terms of O(e), we find (returning to dimensional variables)

(% + fq) A =0 (2.54)

ad S A G, 0 d
|:8_ + Ki(1) + K1(2):| C(1,2) + —— - (— - —> Hf(2)=0
t m vy avy

(2.54b)

The technique of solving these equations is as follows: (1) Solve (2.54b) with
the aid of (2.54a) to obtain C, = C,(t). (2) Insert this solution into (2.53a) to
obtain a kinetic equation that is valid to O(&?).
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The solution to (2.54a) is the streming solution, which contains only free-
particle trajectories with vi = v, = 0. Thus, in this instance,

d d d d
—C(1,2) = (E Vi — 4V —) G (1,2)

dt 0x 0x;
0 A N
= [5 + Ki(1) + Kl(Z)} Cy(1,2) (2.55)
It follows that (2.54b) may be rewritten
dc, 1 0®(1,2) 0
—_— = — - — DA
dr om o <8V1 )fl( ) 1(2)
= A(1,2,1) (2.56)
Integrating this equation, we find
t
Cr(1,2,1) = / A@"dt' 4+ Cy(1, 2, —00) (2.57)

If we assume that particles are uncorrelated at r + —oo, then C,(—00), then
C,(—00) = 0. Changing variables to

T=t—1t, dt = —dt’

gives
Cy(1,2,1) = / A(t —t)drt (2.58)
0

Proceeding with our solution prescription, we substitute (2.58) into (2.53a).
There results

a o0
[3 +K, - _Ilfl(z)] H) = =1 f At —1)dt (2.59)
t J/ 0

The left side of this equation is identical to that which appears on the left side
of the Vlasov equation (2.2.30). Thus (2.59) may be rewritten (setting f| = f)

of 8 f 1 0 0P (x1,) *

8t+ I f - 8v1 ma‘,l-/dxzfdvz ox, |:/0 A(t ‘L’)d‘[:|
(2.60)

where e£ is the Vlasov self-consistent force field. It the two-particle separation

is Xy, at ¢, then in the straight-line approximation, at f — 7, its value is X;, — 7.

Thus, with the identification (2.56), and writing Df/ Dt|y for the left side of

(2.60), this equation becomes

D_f = / dXz/ dv, {—eE(Xlz)/ |:— eE(x; — g7)
m 8V1

Dt |,
a

(_ - —) fA,t—1)fQ2,t — r)dt]} (2.61)

3V1
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where ¢E here represents the two-particle force field.
Assuming that f(1) f(2) is uniform over the X,, T integration domain, we
find

Df _[eN? a _ 9
o =) / v, (EE). [f(Z)—f(l) F- f(z)] (2.62)
where

(ﬁ> = /dxz /00 dtE(x2)E(x12 — g7) (2.63)
0

represents the E field autocorrelation function in the straight-line approxima-
tion. We may rewrite (2.62) in a form that strongly resembles the Landau

equation (2.50):
d = ad 0
= P / 0 - (E — 8_> fV) f(vy)dv,

bf
e 2 o0 R —
0= (—> / dx1/ dTE(X — x)E*(X — X| — g7)
m 0

Dt
VL (2.64)

where we have changes notation: x|, v — X, V; X3, V; — Xj, v;. Note that the
complex conjugate has no effect on the real E field.
Inserting the Fourier transform [see (1.32)]

eE(x) = —VB(x) = / dkike™*® (k) (2.65)

@2r)y

into the autocorrelation function Q gives

= 1 dkk [ dK'K -
- d ‘I) k ‘I’* k d ix;-(K'—Kk) zx(k —k) zkgr
¢ m2/ ’/(271)3/(2 p POE )/ e
(2.66)
With
/ dx; ™ %9 = 27)*8(K' — k)
integration of (2.66) over kK’ gives
= 1 = - e :
=——— | dkKKk|®(K)|* | dre™*
0 m2(27r)3/ | (k)] | dre
which gives, finally,
= 1 — -
0= W/ dk kk$(k - )| ®(k)|? (2.67)

Recalling (1.21), we reintroduce the dielectric constant e(k, ), obtained
from linearized perturbation theory of the Vlasov equation, and set

®(k)
ek, w)

(k) — (2.68)
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where (k, w) is given by (1.23):

k- afo/avdv
kyw)=1+ L2 [ L7778
ek, @) +k2 w—k-v

Substitution of the form of ®(k), so augmented, into (2.67) gives the Balescu-
Lenard Q tensor.

. 1 dkﬁl@(kﬂza(k )
On. = 55 / 8 (2.69)
T m ‘ k(dfo/r)v)dv

kv—o

The Fourier transform ®(k) is that of the bar Coulomb potential energy
[compare (1.33) with k; = O]:

4772
2

®(k) = (2.70)

With é gL substituted into (2.64), we obtain the Balescu-Lenard equation:

Df
Dt |,

0

T
-2 / O - (a_ - —)f(v)f(vl)dV1 @71)
v v

Note that this equation includes the effects of shielding as contained in the
Qg coefficient.

Reduction of éBL to éL

An instructive example at this point concerns the reduction of éBL as given by
(2.69) to the corresponding Landau form (2.51). First note that this equation
may be written

Df 8 [z (@

D 3y / O <E - Tl) fifdv, (2.72a)
= K T

0, = E; (2.72b)

Atk > )»;1, &(k, w) — 1. In this limit, (2.68) and (2.69) give

Bn— O = 25 [ a5 g)
— e _ .
BL BL = 5 . g

We obtain the Cartesian components of this matrix through evaluation of the
integral in spherical coordinates. With g taken as the polar axis, there results
Q: 26 © dkk?
m2 0 k4

1 2 P
/ d cos 6 f dpkks(kg cos @)
-1 0
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_ 2 [dk [
‘W/7/¢/

Here k represents a unit k vector. The Kk matrix is given by
sin’# sing cos¢ sinf cos b cos ¢
sin 6 cos 6 sin ¢

314

dcosb ==
kké(cos )
8

sin® 0 cos’ ¢
sin® 0 sin® ¢

ﬁ = | sin’6 cos¢sing
cos@sinfcos¢p cosb sind sin ¢ cos’ 0
Integration over cos 6 leaves
cos’ ¢ singpcos¢p 0

/ kks(cos@)dcos® = | cos¢sing  sin¢p 0
0 0 0

Completing the ¢ integration gives
2
0 0
= omet fak [ 500
OpL=— -1 0 ¢ 0
m k g
0 0

With the identification (2.49), the latter equation may be written

- 2ret T(g) [ dk
B = —— — 2.73
Co =" g /k k @7
Here we have introduced the cutoff parameters
e’n
(2.73a)

kgT\>
k0_< 2 ) ) kd_4nkBT

corresponding, respectively, to the wave number of closest approach and the

Debye wave number, introduced previously in (1.31). It follows that
- (2.73b)

ko (kgT)*? 3

E = = dmnk; = X I3
The plasma parameter A was introduced previously in (2.3.59). We recall that,
for a weakly coupled plasma, such as is presently considered, A is a small

parameter. We write

/’f@ dk »
— =1In¢
vk

d
and Q:’BL reduces to the form
2 4

™% In el) (2.74)

0w = (25

| X
%wl ~n
Il
Qu
~

°°w| ~Nn
|
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We recognize this to be the Landau kernel given by (2.72b). This reduction was
obtained in the limit £ > A;l, & — 1, relevlant to a plasma with no shielding
effects, such as described by the Landau or, equivalenty, the Fokker-Planck
equations.

This finding brings our analysis around full circle. As illustrated in
Fig 4.9, the Landau equation follows both from the Boltzmann equation (Sec-
tion 2.3) and, as shown immediately above, from the Balescu-Lenard equation.
This connecting loop indicates that, as previously described, the Boltzmann
equation too, rests under the aegis of the BBKGY hierarchy.

4.2.6 Convergent Kinetic Equation

It is evident that the kinetic equations we have discussed relevant to plasma
dynamics all suffer divergence. In deriving the Fokker-Planck equation, we
found that the Boltzmann collision integral exhibits divergence at small-angle
collisions or, equivalently, at large impact parameter collisions [see, for exam-
ple, (2.28)]. When written in terms of impact parameter, this singularity has
the form [ ds/s.

In the limit of large k, the Balescu-Lenard collision operator (2.69) exhibits
an~ f dk/k divergence. Since ¢(k, w) = 1 in this limit, the Landau equation

exhibits a like logarithmic divergence. At small k, Qp, is nonsingular, whereas
the Landau equation remains logarithmically singular.

The regular behavior of Qp; at small k is due to the inclusion of dielectric
shielding in its kernel, thereby lessening the effects of long-range collisions.
Its remaining singularity at lark k reflects the fact that the equation does not
incorporate effects of wide-angle collisions. This conclusion follows from
our derivation of the Landau equation from the Boltzmann equation at small-
angle collisions and the demonstration of the equivalence of the Landau and
Balescu-Lenard equations at e(k, w) = 1.

Resoultion of these divergent forms was considered by Hubbard,?® Frieman
and Book,?® Gould and DeWitt,?” and Aono,?® among others.

We first write the convergent kinetic equation in the form

Df

=L I =I+1-1 2.75
Dr o+ 0 ( )

where the collision / terms denote the following:
Iy = Boltzmann collision integral, s < s

1 = Balescu-Lenard integral, k < 1/sq

23], Hubbard, Proc. Roy. Soc. A261, 371 (1961).

%E. A. Friedman and D. C. Book, Phys. Fluids 6, 1700 (1963).
2TH. A. Gould and H. E. DeWitt, Phys. Rev. 155, 68 (1967).
80. Aono, Phys. Fluids 11,341 (1968).
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Iy = renormalization term cancels singularities in [ and /

The inequalities on the right denote domains of convergence, with s
representing an intermediary value of the impact parameter.
We may write /; as an integral over impact parameter:

Iy = /00 B(s)ds (2.75a)
0

For s > s¢, small-angle collisions are predominant and the Fokker-Planck
expansion is relevant, which in turn yields the Landau equation (2.51). In
developing this equation, the related singularity was absorbed in the coefficient
K (2.47a). Rewriting this coefficient as an integral over the impact parameter,
, [ ds

K =nk
s

indicates that

A
B(S) ~ ?

relevant to the large s, grazing-collision domain. The integral A is written for
the Landau form:

Lo T (9 9
TS (av av1> JWfv)dv,
Similarly, we write
1= / G(k)k (2.75b)

where G (k) is the implied Balescu-Lenard form. For large k, (x, ) — 1 and,
as shown above, the Balescu-Lenard equation reduces to the Landau equation.
Thus, in this domain, 7 suffers the same logarithmic singularity as the Landau
collision form. That is , we may write

Gk)~é
( k

For I, to cancel the s singularity in I, and the k singularity in I, it should have
a dual form. This property may be satisfied with the aid of the Bessel function
J1(x) by virture of its following property.

/‘00 Jix)dx =1
0

0 ds [™ d
ds / Tiks)dk = 22 / Tiks)d(ks) = 22
0 0 N

s
o0 dk [ dk
dk/ Ji(ks)ds = —/ Ji(ks)d(ks) = —
0 k Jo k

Accordingly, we write

70:A/ / Ji(ks)ds dk
0 0
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= A/SO ds /‘00 dkJ(ks) + /Oo dk /m dsJi(ks)
0 0 0 0
I = /SO B(s)ds + /00 |:B(s) — A/oo dk]l(ks)] ds
0 S0 0

+ /OO [G(k) - A/SO ds]l(ks)] dk (2.76)
0 0

so that

The integral over k in the first bracket leaves A/s, which cancels the B(s)
singularity for large s. In the singular domain of G(k), that is, kso > 1, the
integral over s in the second bracket cancels the A/k singularity of G (k). So
we find that the combination integrals (2.76) gives a reasonable model for a
convergent plasma kinetic equation.

4.2.7 Fokker—Planck Equation Revisited

Of the various kinetic equations described in Fig 4.9, the Boltzmann, KBG, and
Fokker-Planck equations are relevant to neutral fluids as well as to plasmas. To
exhibit this property for the Fokker-Planck equation, we revert to the Chapman-
Komogorov equation (1.7.7) relevant to scattering processes homogeneous in
time.

Let [[(v, Av) denote the probability that in the interval Az, v — v + Av.
The Chapman-Kolmogorov equation (1.7.7) may then be written

f(v,t) = / f(v—Av,t — Av) H(V — Av, Av)dAv 2.77)

If we assume that only small velocity changes Av contribute to this integration
then [ [(v— Av, Av) will be sharply varying in its second variable but smoothly
varying in its first variable. This permits expansion of the integrand in (2.77)
about v— Av = vand t — At = t. There results

fv,1)= / d(AV){ fon] o AV)—At% [[v.av)  278)

— Av AVAV

v 2 ' avav

9f (v, ) [T(v, Av) n le—x=0[f(v. O[], AV)]}

Dividing this equation through by At and then integrating over Av, with

/l_[(v, AV)dAv =1

of 9 ([Av 1 82 ([AvAv
5—‘5'<<E>f>+zavav'(< At >f) (2.79)

we obtain
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§> = / <%> n(v, AV)dAv
<A2?v>:/(AvAV> H(V Av)dAY

Identifying (Av/Ar) with the friction coefficient a and (AvAv/At) with the

diffusion coefficient b, permits (2.79) to be recognized as the Fokker-Planck
equation (2.31). However, the present derivation indicates that the Fokker-
Planck equation has wider use than mere application to plasma physics.

A more tractable form of the average quantities (2.80) may be obtained as
follows. With (2.23), we may write

Here we have set

(2.80)

Av =oa(a-g)

for velocity change due to collision. For the remaining factor in (2.80), we
write

H(v, AV)d(AV) = AtSv 2.81)

Here §v represents the increment in collision frequency in which a v, particle
collides with a v particle, causing the change v — v+ Av. This factor is given
by

dv =0dQgdvyf(vy) (2.82)
Completing the integral in (2.80) gives
Av
a— <E> = f/ odQdvigala-g)f(vy) (2.83a)
Repeating this contruction for the second integral in (2.80), we obtain
= AVAV y—
b= odQ2dvig(a- g aa f(vy) (2.83b)

Let us employ these expressions to show that, for a plasma, a is given by
(2.30a). With (2.21),

2
go dS2 = k“dcosy d¢ (2.84)
(g o)
Then (2.83a) becomes
k% dcosyrde
a= /// (gcos )’ af(v)dv, (2.85)

Again, choosing g as the polar axis for the v, ¢ integration gives the Cartesian
components

o = (sin ¥ cos ¢, sin ¥ sin ¢, cos V)
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Thus only the z component of a survives integration, and we may write

a =27k’ / f dcf)zs w‘” if(vl)dvl (2.86)

which with (2.28) returns (2.30a). The same identification follows for the dif-

fusion coefficient b. Thus we find that the generalized Fokker-Planck equation
(2.79) reduces to the plasma Fokker-Planck equation when the Coulomb cross
section (2.84) is employed.

4.3 Monte Carlo Analysis in Kinetic Theory

In this concluding section of the present chapter we turn to a computational
method in kinetic theory that has experienced wide use in the recent past. It is
known as the Monte Carlo technique.

4.3.1 Master Equation

Primary use of this analysis addresses a spatially homogeneous fluid in an
externally supported constant force field K. The distribution function for this
fluid, f(v, t), obeys the masterlike equation?

g

a- % = /dv/[w(v/, VWV, 1) —wv, V) f(v, D] 3.1
ot av

where w(V’, v) represents the probability rate for scattering®® from the velocity
v tovanda=K/m.

An important parameter that enters this analysis is the total scattering rate
from the velocity v to all other velocities:

A(v):/w(v, v)dv (3.2)

To simplify (3.1), we introduce
w(v, V)= wv, V) + [ = AV)]s(v =V

(3.3)
WV, v) = wl,v)+ [[ — AV)]SV — V)

»The master equation was encountered in Chapter 1 (1.7.20). Itis used extensively
in Chapter 5 for problems in quantum kinetic theory; see (5.2.28), (5.2.86), and
(5.3.58).

% For inelastic scattering, we cannot assume w(v, v') = w(v', v). In an inelastic
scattering, initial and final scattering constituents are not the same. Such is the case,
for example, in ionizing collisions or collisions where an atom undergoes transition
to an excited state.
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where I' is an arbitrary constant. The delta function component in these ex-
pressions permits no change in velocity in scattering and is referred to as a
self-scattering mechanism.>!

Note that the integration corresponding to (3.2) gives

V) = / W(v,v)dv =T (3.3a)
Substituting (3.3) into (3.1) gives
af of o ,
—+a-—:/de(v,v)f(v,t)—Ff(v,t) 3.4
at av

In order for the probability scattering rate w to be positive, as the constant I"
is arbitrary, we choose

I' = max[A(V)] (3.4a)
Equation (3.4) may be rewritten in the purely integral equation form

f(V, l) — f/ dV, dv/// dt'f(v’, t)&)(v’, V”)a[V, _ v// _ ([ _ t/)a]efr‘(fft/)
0

3.5)
It is the interpretation of terms in (3.5) that forms the basis for the Monte Carlo
analysis in kinetic theory

4.3.2 Equivalence of Master and Integral Equations

Prior to offering an interpretation of terms in the integral equation (3.5), let
us demonstrate the equivalence of this equation to its precursor, the master
equation (3.4). Towards these ends, we first set

T=t—1t
and integrate (3.5) over v'. There results
1
fv, 1) = / av' / dtf(v,t — )W, v —rta) '’ (3.6)
0
Now note that
a _ a _
a-—w,v—ta)=——w(v,v—rT1a)
av at

Operating on (3.6) with a - (3/9dv) then gives

a- if(v, 1) = —/ dv’/ dtf(v,t — 1) [iw(v/, v — ra)] e '
av 0 at

3'H. D. Rees, J. Phys. Chem. Solids 30, 643 (1969). For further discussion, see C.
Jacoboni and L. Reggiani, Revs. Mod. Phys. 55, 645 (1983).



4.3 Monte Carlo Analysis in Kinetic Theory 321

Integrating the right side of the latter equation by parts (over t), we obtain

a- aa—vf(v, 1) = —/ av' f(v, 0)w(v,v —ta)e "
—|—/ dv'f(v’,t)ﬂ)(v’,v)—/dv’/drﬁ)(v’,v—ta)

0
X [re“f(v’, t—1)— e’“a—f(v/, t— r)]
T
=I+0+II+1V (3.7)
where the Roman numerals stand for corresponding respective integrals. Now

recall that for any integrable function g(z),

t '
= /0 h(t — )g(t)dT = hO)g(r) + /0 SOk —Ddi (8)
We are now prepared to reconstruct (3.4). First we note that from (3.6)
Il =—-Tf(v,1)
Next we employ (3.8) with # = f(v,t) and ¢ = w(v,v —1t) and g =

w(v', v —ta)e”"" and obtain

3 ! 3
[+1IV=—— f/ fOV t =D, v—rta) " dvV = ——f(V,1)
ar J Jo ot

the last equality following from (3.6). Collecting terms (with II) remaining
intact) returns (3.4). Thus we find that (3.5) is equivalent to (3.4)

4.3.3 Interpretation of Terms

We wish to interpret the terms in (3.5). First we note that the probability of a
particles of velocity v undergoing a collision in the time Af is

P(At) = A(V)At

It follows that probability, P, that the particles has no collision in the interval
At is

P(At) =1 — A(V)At
Over a finite interval t = N At,
P =[1-iwnar][1=Amar]-[1-Zewmar] (39
where
v, = v(nAt) = v(0) +anAt (3.9a)
andn = 1,..., N. With (3.3a), the preceding becomes

P: 1:—
N
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A

Time

v

T I I v
v v v
FIGURE 4.14. A particle undergoes a collision at ¢ and changes velocity from v’ to

v’(—). In the interval (+ — t'), the particle undergoes free-flight acceleration from v”
tov (—).

v

FIGURE 4.15. Three scattering free-flight events.

which in the limit N — oo gives

P=c¢T (3.10)
Thus, the exponential factor in (3.5) represents the probability that the particle
drifts with no collision for the time (¢ — ¢’). The delta function tells us that
during this collisionless flight the particle undergoes an acceleration due to the
external field from velocity v” to v. The factor f(V/, t)w(v’, v") describes a
particle with velocity v’ being scattered to the velocity v”. This series of events
may be described in a v — t diagram as shown in Fig. 4.14. The continuation
of this collision-free flight process to three such events is shown in Fig. 4.15.

It is evident that the integration (3.5) carries this process over all v/, v’ and
0 < t' < t. In the Monte Carlo analysis the distribution product f(v)Av is
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constructed by measuring the time a typical trajectory spends in the interval
Av about the value v, and we write

FV)AV & Z At (3.11)

v—bin

The summation is over all time intervals At that the trajectory spends in the
velocity interval, v, v+ Av, which is termed a velocity bin (v-bin).

4.3.4 Application of Random Numbers

As noted above, in this Monte Carlo process the computer follows the trajectory
of a single particle. The intervals of free flight in this trajectory are related to a
sequence of random numbers in the following manner. Consider that we have a
distribution of random numbers, x, in the interval (0, 1) with a uniform proba-
bility P(x) = 1. With (3.10), we note that the probability that the particle drifts
for a time ¢ and then suffers collision in the interval d¢ is equal to the product

(e "I dt
With ¢ also considered a random variable, we write
P(x)dx=Te""dt = d(1 —e™")
Thus [recalling P(x) = 1] we find

t = —% In(1 — x) (3.12)

which is the desired mapping from the random variables x to the free flight
intervals ¢.

Another step where random numbers come into play concerns the scattering
rate w(v, v') dv’ (dimensions, s~!). Consider now that there is at our disposal
a distribution of three sets of random numbers [all in the interval (0,1)]. Let
us call a triplet of such values the vector y. Viewing the final velocity v’ as a
random variable permits us to write

w(v,v)dv = P(y)dy

where again P(y) is taken to be uniform. The preceding equation implies the
relation

vV =V/(v,y) (3.13)

which effects a mapping from the random variables (v, y) to the random
variables v'. [As we are constructing f(v), the velocity v is a known vector]*?

321t is this use of random numbers that motivates the gambling label ofthe analysis.
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Store:a, v, T
' Pix), Ply)
Prepare velocity 2
mesh {Av}
3
Prepare bins —
over velocity mesh Initialize
for storage of Atin »| time: 4
corresponding Av 0— T
(3.11)
5
Pick x; get drift time t from (3.12)
[use Pix)]

T+t—T 6

Print out velocity
histogram flv) from | 'S
storage in bins
in8
no

‘_.1 oy 7
Sample velocities Av. viar—v J

and times Atin A
interval ¢ and store in
bins prepared in

3 »{ Scatter from v’ to v";

obtainv' from7and| 9

with rv y find v' (3.13)
[use Ply)]

!

10 vi—v

FIGURE 4.16. Flow chart for Monte Carlo determination of distribution function.
Starting given values are constant acceleration o; starting velocity v,; random vari-
able distributions P(x), P(y); final time 7,. Elapsed time of trajectory in any given
loop is 7.

4.3.5 Program for Evaluation of Distribution Function

Having interpreted the terms in (3.5) and described the manner in which random
numbers enter the analysis, we are now prepared to construct a flow chart for
the determination of the distribution function. Such a flow chart is shown in
Fig. 4.16. The algorithm command x — y (also written x = y in FORTRAN
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\ ;
Total time \ |
in each :
velocity
bin \

/.

* _»=
T

\/ _ S . .

0 Av  2Av ... 10 Av

2 Atlus) tm.s[ 9 \ 8.5 [ 9.5 I 76 | 6.0 [ 7.5 [ 55 [ 35 ] 2.0 ]

v-bin

(AVIAV] o> 3 At
v-bin
FIGURE 4.17. Typical bin storage histogram for one-dimensional Cartesian dis-
tribution component, f(v), for force-free fluid. Velocity mesh is 10Av units long.
Smooth solid curve represents the distribution exp —(v/10)>.

and BASIC or y := x in PASCAL) means “replace y by x.” Recall also that
the probability distributions P(x) and P(y) are uniform.

Note that the procedure displayed in Fig. 4.16 is directed at the construction
of an equilibrium distribution. Furthermore, owing to the stochastic nature of
these processes, it is assumed that f(v) is independent of the starting velocity
vy for sufficiently large 7. If this is so, then the distributions f(v; v, Ty) and
f(v;vy + v, Ty) are equal for arbitrary velocity v. To verify the equilibrium
property of the distribution, we compare f(v;vy, Ty) and f(v; vy, Ty + ),
which for equilibrium are equal for arbitrary time interval t.

The manner in which f(v) is constructed from time-interval storage in
velocity bins is illustrated in Fig. 4.17.

Problems

4.1. (a) With F(8)in (1.71) given by

1 /voo d/L Me—)12/2
0

F =
» V2r n—p
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4.2

4.3.

44.

4.5.

4.6.

4.7.
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show that
2B F2 [ 2, [sinh By
P:FB)=1—-"—— dye " ? | ———
A/ 2 —00 ﬂy

Hint: Introduce the variable
y=un—48
(b) With the preceding result, what is the explicit form of ¢(8) for a

Maxwellian plasma?
(c) Establish the following rules concerning principle value:

P /‘“ fox)dx = 2111%/” fo(x)dx

P / £,(x)dx =0

where f,(x) and f,(x) are even and odd functions, respectively, and are
regular in the open interval about the orgin.

What is the explicit form of the response dielectric function e(k, Kk - vy), as
given by (1.28), for vy # 0?

What does the static Debye potential ®(r), given by (1.35), become for
extraneous charge velocity vy # 0?

Show that the derivation of the Landau decay constant I', preceding (1.66),
remains valid providing I' < w,,.

Can the contour in (1.69) be closed in the lower-half 8 plane? Explain your
answer.

(a) Show that

fflnf"dv:ff"lnfodv

(b) With the preceding property, show that the KBG equation implies an H
theorem.
Hint: Multiply both sides of the KBG equation by f dvIn f and note that,
with part (a),

f (f°— fInfdv= f (FO = F)In(fy)dv

A longitudinal electric wave with phase velocity vy = 0.8w,/k and wave-

length A = 1um propagates through a plasma at 7 = 20,000 K and electron

density n = 4.2 x 10" cm=.

(a) What is the plasma frequency, ,, of this plasma?

(b) What is the Debye distance, A4, for this plasma?

(¢) In how many seconds will the amplitude of the electric wave decay by
the factor e~! due to Landau damping?
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4.9.

4.10.

4.11.

4.12.

4.13.

4.14.
4.15.

4.16.
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Consider the following one-dimensional plasma distribution:
Silw) =0, Il > 1
1
fl(M):Ea lul <1

where p is the nondimensional velocity given by (1.41). Employ the Nyquist
criterion to determine the number of unstable modes corresponding to this
distribution.

Determine whether or not the Fokker-Planck equation (2.79) implies the
conservation equations.

Establish the validity of (2.46),
V- (T =f(@V-T

where f(g) has continuous first derivatives, the V operator represents single-
particle velocity differentiation, and T is given by (2.39).

Show that the Fokker-Planck coefficients a and 1:7 (2.30) satisfy the relation
V. l:7 =a

Show that the Maxwellian distribution reduces the Landau collision integral
[see (2.51)] to zero.

Show that the matrix 7 lies in a plane normal to g. That is, show that
g- T=0

Write down an explicit expression for the integrand G (k) in (2.75b).

What is the physical significance of e(w, k) — 1 for a plasma, in the limit of
large k. That is, what is the behavior of a wave in a plasma at such k?

Show that the electric-field auto correlation tensor in the straight-line
approximation bay be written
o B 1 00
EE) =272 | 0 1 0
8 0 0 0

or, equivalently

Hint: Recall that

EE) = / dx, f " d BBk — g7)
0

Use cylindrical as shown in Fig 4.18. Introduce cutoff parameters in the s
integration at the distance of closest approach, k; ', and the Debye distance,
Ag.
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FIGURE 4.18. Configuration for Problem 4.16.

4.17. Relevant to the Monte-Carlo numerical procedure, write a flow chart cor-
responding to the output shown in Fig. 4.17. Assume three-dimensional
scattering.

4.18. Determine if the KBG equation [(2.7),(2.8)] satisfies the conservation
equations. Discuss your answer.



CHAPTER 5

Elements of Quantum
Kinetic Theory

Introduction

This chapter begin with a review of some basic principles of quantum mechan-
ics important to the formulation of quantum kinetic theory. In the following
section the density operator is introduced and applied to problems involv-
ing beams of spinning particles. The Wigner distribution is described, and an
equation of motion is derived for this function, which is found to reduce to the
Liouville equation in the classical limit. The Wigner-Moyal equation and the
notion of Weyl correspondence are described as well.

In the third section of the chapter, different manifestations of the KBG
equation are applied respectively to the kinetic theory of photons interacting
with a gas and electron transport in metals. In the former case, the canoni-
cal criterion for lasing is obtained from the relevant photon kinetic equation.
In application to electron transport in metals, expressions are obtained for
electrical and thermal conductivities and their ratio, the Lorentz number. The
phenomenon of Thomas—Fermi screening is described, and forms for the re-
lated screening length and static potential are obtained. Dispersion relations
for waves in quantum plasmas are discussed, and the close similarity between
these equations and their classical counterparts is noted. A quantum modifica-
tion of the Boltzmann equation due to Uehling and Uhlenbeck is introduced.
This quasi-classical equation is found to give the correct quantum equilibrium
distributions. The chapter continues with an overview of classical and quan-
tum hierarchies, which includes a description of second quantization. With this
formalism at hand, a quantum analysis of electrical conductivity is discussed,
stemming from the Kubo formula derived earlier in Chapter 3. The chapter
concludes with a brief introduction to the Green’s function formalism relevant
to quantum properties of many-body systems. Included in this description are
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diagrammatic representations of equations of motion for Green’s functions.
The discussion concludes with a derivation of the lifetime and energy of a
particle interacting with its surroundings.

5.1 Basic Principles!

5.1.1 The Wave Function and Its Properties

In quantum mechanics, information concerning a given system is obtained
from its wave function. Such information is derived from expectation values.
Let

VX, ... Xy, 1) =YY, 1)

be the wave function of a system comprised of N particles. Then, if A(x
is some dynamical property of the system, the expectation of A in the state
Y(xV, 1) is given by

M)

(A) = / vV, DAY Y, 1) dxV (1.1

Here we have written A for the operator corresponding to the observable A.
The quantity (A) is interpreted as an ensemble average.
In Dirac notation, (1.1) appears as

(A) = (Y|Ay) (1.2)

Another important manner in which information is derived from the wave
function is through the Born postulate. This postulate indicates that the
configurational probability of the system is given by

P, 1) = y&x", 0 (1.3)

This probability density is defined in the same manner as that obtained from
the classical N particle distribution function fy(x", pV, t):

P(XNit):ffN(XvaN’t)de

The wave function evolves in time according to the time-dependent
Schrodinger equation,

at

where H is the Hamiltonian operator of the system.

Hy (1.4)

"For further discussion, see P. A. M. Dirac, The Principles of Quantum Mechanics,
4th ed., Oxford, New York (1958); E. Merzbacher, Quantum Mechanics, 2nd ed.,
Wiley, New York (1970); R. L. Liboff, Introductory Quantum Mechanics, 4th ed.,
(2002), ibid.
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Dynamic reversibility

Reversibility in quantum mechanics is given by the following description.

With # (1) = H (—t), we see that setting ¢t — ' = —t and taking the complex
conjugate of (1.4) gives
o™ (x, —t N
lﬁ% = Hw*(xa _t)

This is the same equation as (1.4). We may conclude that if W(x, ¢) is solution
to the Schrodinger equation then W*(x, —¢) is also a solution.

Time development of expectations

With (1.1) and (1.4), we obtain

d(A) A A 0A
h—— =(|A, H ih— 1.5
" <[ ] T ot > (1)
Here we have introduced the commutator
[A,H]=AH - HA (1.6)

The list of properties (1.1.26) obeyed by the Poisson brackets are also obeyed
by the commutator.

Suppose A is not an explicit function of time. Then (1.5) indicates that if
A commutes with A then the expectation of A is constant in time. This is the
quantum mechanical analog of the classical theorem discussed in Chapter 1
which states that if a dynamical variable has a zero Poisson bracket with the
Hamiltonian then it is a constant of the motion.

Measurement and operators

A fundamental postulate of quantum mechanics concerns measurement. Thus,
if A is the operator corresponding to the observable A, then measured values
of A, which we will call a, are eigenvalues of A. The eigenvalue equation for
Ais given by

Ag, = ag, (1.7)

where ¢, is the eigenfunction corresponding to the eigenvalue a.

The operator corresponding to energy is the Hamiltonian so that energy
values of a given system are obtained from the time-independent Schrodinger
equation:

Hyp = Epp (1.8)

These eigenstates are called stationary states for the following reason.
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The solution to the time-dependent Schrodinger equation (1.4) C(erespond-
ing to the initial value ¥/(x", 0) is given by (for time-independent H)
YN, 1) = Iy, 0) (1.9)
Suppose ¥ (x", 0) is a solution to (1.8). Then
e, 1) = e (xY)
= g (xN) (1.10)
Forming the expectation (E) as given by (1.2), we find
(E) = (ye|HYs) = E (11D)

We may conclude that in a stationary state (E) is constant in time.

5.1.2 Commutators and Measurement
An important rule concerning measurement involves the commutator. Thus, if
[A,B]1=0

then A and B share common eigenstates.
As a simple example of this theorem, consider the configuration comprised
of a single free particle whose Hamiltonian is

A2
a=2 p=_inv
2m
It follows that
[H,p] =0
Eigenstates of p and H are given by
1 ik-x
o(X) = —=e

V2r

(PE(X) — Aeik-x + Be*ik-x

corresponding to

Pox = kgy

. H2k>

Hop = —o¢k
2m

Thus p and H share common eigenstates. That is, any eigenstate of the form
Cexpik - x is an eigenstate of both p and H.

Note, however, that ¢g(x) as given above is an eigenstate of H but
not of p. This property results from the degeneracy of free-particle energy
eigenfunctions. A Venn diagram well illustrates this situation (see Fig. 5.1).
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m Eigenstates of A
(///////] Eigenstates of p

FIGURE 5.1. Venn diagram depicting the eigenstates of H and p for a free particle.

A simple example serves to illustrate the consequence on measurement that
the commutator theorem has. Consider that the free particle is in the state

Yax) = A

Measurement of the momentum of the particle in this state is certain to find
the value p = /ik. Such measurement” leaves the system in the state W (x).
Subsequent measurement of E is certain to find the value E =ik /2m.

We conclude that there are states of a free particle in which E and p may be
prescribed simultaneously. There is no uncertainty related to measurement of
these observables in states that are common eigenstates of H and p.

Uncertainty in quantum mechanics

The uncertainty of measurement of an observable A in quantum mechanics is
given by the variance of A [recall (1.8.2b)]:

(AA) = ((A — (A)?) (1.12)

For the example of the free particle considered above, in the common eigenstate
Cexpik - x,

AE=Ap=0
Clearly, this result is a consequence of the fact that for a free particle [ﬁl Pl =

0. More generally, the Robertson-Schriodinger theorem tells us the following:
Suppose two operators have a nonvanishing commutator. That is,

A

[A,B]=C (1.13)

The theorem then states that

AAAB > %|<c>| (1.14)

’Here we mean measurement in the ideal sense, that is, measurement that least
perturbs the system.
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The most famous application of this result follows from the fundamental
commutator relation

[%, p] = if (1.15)

Here we are writing x and p for parallel components of x, p. With the preceding
relation, we conclude

h
AxAp > 3 (1.16)

That is, states do not exist in which x and p may be prescribed simultaneously.
Another important illustration of (1.14) concerns the Cartesian components
of angular momentum, whose commutator relations are given by

[T, Jy] = ifiJ.

[Jy, J.] = iiJ,

(7., ]]: 1, (1.17)
(72,31 =

From the first commutator we obtain
h

Thus, in general, J, and J, cannot be simultaneously designated in any quan-
tum state. However, from the last of the four relations (1.17) we find, for
example, that

AJ*AJ, =0

So states exist in which J? and J* may be simultaneously designated.

5.1.3 Representations

Consider that the eigenstates of A comprise a discrete sequence. We may then
write

Alay) = ay |a,) (1.18)

where n is an integer. In this notation, |a,) represents the eigenstate of A
corresponding to the eigenvalue a,. The eigenstates |a,) may be taken to be
the basis of a Hilbert space H. That is, {|a,)} spans the Hilbert space H. Let
the operator B operate on elements of H. We may represent B by a matrix
with elements

a,)

These are the matrix elements of B in a representation that diagonalizes A.
This description is due to the following. Consider the matrix elements of A in

Bnn’ = (an
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this same basis. With A taken to be Hermitian, its eigenstates are orthogonal,
and we find

A = (an| A |a;l> = a;, (anla;>
Ay = @b, (1.19)

which is a diagonal matrix.

Suppose the three operators A, B, and C compromise a complete set of
commuting operators. This means that no other independent operator exists that
commutes with A, f?, and C. Recalling the commutator theorem stated above,
we may conclude that such commuting operators have common eigenstates,
which may be written |abc). As such states cannot be further resolved, they
are maximally informative and comprise quantum states of the system.

Consider, for example the angular momentum operators (1.17). For a

particle with spin S and orbital angular momentum L, we write

J=L+S, I =L +85
JP=0*+8+2L-§S (1.20)
Commuting operators for this system are
(72,7, L2, 8% (1.21)

Common eigenstates of these operators may be written |jm;ls) with
eigenvalues

7 G+ 1)

}z . 2 mj/h .

i |jm;ls) =h 10+ 1) |jm;ls) (1.22)
52 s(s+1)

It is quite clear that the four operators (1.21) are diagonal in a representation
comprised of the basis {|jm ls)}.

5.1.4 Coordinate and Momentum Representations®

It is instructive at this point to include a brief review of the coordinate (x) and
momentum (p) representations and their interplay. Thus let |x’) represent an
eigenket of X. Then with (1.18) we write

Xx"y = x'|x) (1.23)
Eigenstates are orthogonal and obey the relation

(x'|x) = 8(x — x") (1.24)

The relations developed here play an important role in Section 5.2.3 on the
Wigner distribution and in Section 5.7 concerning the Green’s function formalism.
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appropriate to continuous eigenvalues spectra. Matrix elements of X are given
by

(x|x|x"y = x"{x|x') = x'8(x — x) (1.25)
The coordinate representation of the ket vector [1/) is given by
(x'y) = /(X/IXHXIW)dx = / 3(x" — )P (x)dx = Y (x') (1.26)
The matrix of the momentum operator p in the coordinate representation is
a
(x|plx"y = —ih—8(x — x) 1.27)
ax

This relation allows us to calculate an explicit representation of the inner
product (x|p):

pixlp) = (x|plp) = de’(XIiJIX’HX/Ip)

With (1.27), this integral reduces to
! o a ! /
plalp) = [ dx [—zﬁ—au—x)} W)
= —zﬁ—/ dx'8(x — x"){x'|p)

= —lﬁ—(XIm
ox

Solving the differential equation gives

1 .
(xIp) = Z—nﬁe””‘/h (1.28)

Let us show that (x| p) is unitary. That is,

/(p|x>*<p|x’>dp = /(xlp)(plx’) dp
=8(x —x')

which indicates that (x| p) is unitary. We may employ the transfer matrix (1.28)
to reestablish (1.27).

(x| plx’) = /(XIﬁlp/)<P|x/)dp

= (.X| )( |X d _/ (il),/ﬁ)(x—x')d
[ = [ e p

3 (1 9
= —ih— —/ P gyt ) = —i—§(x — x')
dax \ 2mh ox
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Here are some simple examples of the preceding formalism. First let us find
the coordinate representation of p|yr).

(x|plyr) :/ dx'(x|plx’) (x"1¥)

(o]

= —ih /OO dx’gS(x — xHYr(x)

= —iﬁiw(x) (1.29)
ax

Next consider the matrix elements of [x, p] in the coordinate representation.
First we calculate

(x|xplx’) = / / / dx"dp"dp{(x|x|x")(x"|p") ("I PIp)(p|x")
X o ) ,
== dp pexplip(x — x)/h]
2mh J_o
9 /
= —ihx—34&(x — x")
0x
Similarly, we find
0
—{(x|px|x’y = —ihix'—8(x — x")
0x
Combining results gives
0
(xI[, plIx) = —ifi(x — x')==8(x — x')
0x
= +ihd(x — x") (1.30)

which is the continuous coordinate representation of the fundamental
commutator relation (1.15).

5.1.5 Superposition Principle

Suppose a system is in an eigenstate |a,) of the operator A.If A is measured,
we are certain to find the value a,. Suppose the operator B corresponding to
the observable B has a nonvanishing commutator with A. That is,

[A, Bl #0
Then, with (1.14), outcome of measurement of B is uncertain. In this case, it

is meaningful to ask of the probability that measurement of B finds the value
b,. The answer to this question is simply obtained by writing the given stage,

la,), in a superposition of the eigenstates of B:

lan) = Y 1be) (belan) (1.31)
k
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Clearly, the coefficients (b, |a,) represent the projections of the state |a,) onto
the state |b,,). The probability P(b;) of finding b, in measurement of B is given
by the square of the projection:

Pby = |(bila,)|® (1.32)

The expansion (1.31) is the essential statement of the superposition principle.
We may describe the state |a,) as being partly in the various eigenstates of
B. The degree to which |a,) contributes to one of the specific states of B
is a measure of the probability that measurement of B will find the value
corresponding to this specific state. The measure of this probability is given
by (1.32).

An informative example of this principle concerns spin 1/2 particles, such
as electrons. Eigenvalue equations for this case are given by

W@ 2 3 h
Sca, = Zﬁ o, S,a, = Ea
(1.33)

o 3 A h
S2I31 = Zﬁzﬁzv Szlgz = _Eﬂz

Working in a representation in which $2 and §, are diagonal, we have the

matrix forms
h ( 1 0)
2\0 -1 (1.34)

NM)
|

oo ()0
4 \0 1)

(o) r = ()

Let a beam of electrons be polarized with spins in the +x direction. Measure-
ment of S, is made. What values will be found and with what probabilities will
these values occur? .

In the given representation, eigenstates of S, corresponding to S, =//2 are

given by
1 ( 1 >
o = —
V2 \1

To answer the said problem, we must expand «, in accord with the
superposition statement (1.31). There results

o

Ay

1 1
- Eaz + ﬁﬂz

ps=+2)=1 ps.=-")=!
co2) 2 o2) 2

It is equally likely that measurement finds either of the two values S, = 441 /2.

Thus
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5.1.6 Statistics and the Pauli Principle

In quantum mechanics, identical particles are indistinguishable. As a con-
sequence, probability densities cannot change under exchange of particles.
Consider, for example, the two-particle state ¥ (X;, X;). Then we must have

W (xi, x2)” = [¥(%2, X)) (1.35)

Consequently,

Y (X1, X2) = Y (X2, X)) (1.36)

The + sign corresponds to a symmetric wave function, whereas the — sign
corresponds to an antisymmetric wave function.

The Pauli principle state the following. Particles with spin quantum num-
ber equation to one-half an odd integer are described by antisymmetric wave
functions, whereas particles with integral spin quantum numbers are described
by symmetric wave functions. Particles in the first class are called fermions,
and particles in the second class are called bosons. Electrons and protons are
examples of fermions. Photons, [ ], and K mesons are examples of bosons.

For a system comprised of /N identical particles, properly symmetrized wave
functions may be put in the form of Slater determinants. Let v, denote the
quantum numbers for the kth particle in the aggregate. For fermions, we write

1

val,...,N) = — (=D, (DY, (2) -+ (N) - (1.37)
N! P(VI,VZZ-»VN)
The summations run over the permutations of (v; - - - vy). The symbol |P| is

zero or one depending on whether P is even or odd, respectively, and “1”
represents X;, “2” represents X,, and so forth.

Since 1,4 is a determinant, it changes sign under exchange of two rows or
two columns. So particle exchange in the wave function (1.37) carries a sign
change.

Furthermore, 14 vanishes if two rows or columns are the same. This occurs
it, for example, we set v; = v;. Thus, in an aggregate of N fermions, no two
particles can be in the same quantum state. This property of fermions is called
the Pauli exclusion principle.

The wave function for an aggregate of N identical bosons may be written

1
Ys(l . N) = P(;”ww(l)---www) (1.38)

This function remains unchanged under exchange of any two particles, so
bosons do not obey the exclusion principle.

5.1.7 Heisenberg Picture

In addition to change in representation through transformation of basis in
Hilbert space, as described in Section 1.3, we also speak of alternative “pic-
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tures” in quantum mechanics. In the Schrodinger picture wave functions obey
the Schrodinger equation (1.4) and evolve in time through (1.9).
Consider the unitary operator

. itH
U = exp <—) (1.39)
h
with properties
=0
U'U =1 (1.40)

With U so defined, we may rewrite (1.9) as

Y(t) = Uity (0) (1.41)

In the Heisenberg picture, wave functions are related to their Schrodinger
counterpart through the equation

Yu(t) = U0y () (1.42)
With (1.41), we obtain the important result

Yu(t) = U@y@) = 00U 1)y (0) = ¥(0) = ¥4 (0) (1.42a)

That is, in the Heisenberg picture wave functions remain fixed at their initial
values.
Operators in the Heisenberg picture.

Aut) = UAU (1) (1.43)

are seen to vary in time. That is, an operator that is stationary in the Schrodinger
picture varies in time in the Heisenberg picture.

An important result that emerges in the Heisenberg picture concerns the
equation of motion for an operator. In the Schrodinger picture, this equation is
given by (1.5). To obtain the corresponding equation in the Heisenberg picture,
first we calculate the time derivative of (1.43).

dAy dU .. , ..dU"' . 0A.
AU+ UA U—U"!
dt dt * dt * ot
With (1.39), we find
au . .
—ith— = HU
dt
avt ..
—ii— = HU'
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FIGURE 5.2. The whole system has the wave function V¥ (x, y). If ¥(x,y) #
Y1 (x)¥(y), then system X does not have a wave function. In this event, X is said
to be in a mixed state.

Inserting these relations into the preceding equation gives the desired equation
of motion:

dAy  ~ - Ay
h =[Ay, H ih 1.44
L 7 [Ag, H] +i a7 ( )
where we have written®
dAy  ~BA A,
—=U—U (1.44a)
ot ot

Equation (1.44) plays an important role in the interpretation of the correspond-
ing equation of motion for the density operator described in Section 5.2.°

5.2 The Density Matrix

Mixed states

Consider a system that is coupled to an external environment, such as a gas of
N particles maintained at a constant temperature through contact with a heat
bath. If x denotes coordinates of the gas and y coordinates of its environment,
then, whereas the closed composite of system plus environment has a self-
contained Hamiltonian and wave function ¥ (x, y), this wave function does
not, in general, fall into a product ¥, (x)1,(y). Under such circumstances, we
say that the system does not have a wave function (see Fig. 5.2). A system that
does not have a wave function is said to be in a mixed state. A system that does
have a wave function is said to be in a pure state.

It may also be the case that, owing to certain complexities of the system, less
than complete knowledge of the state of the system is available. This situation
arises for systems with a very large number of degrees of freedom, such as,
for example, a mole of gas. The quantum state of such a system involves
specification of ~ 10> momenta.

“For further discussion, see R. L. Liboff, Found. Physics 17,981 (1987).

SAdditional concepts in basic quantum mechanics appear below. Thus, for
example, second quantization and closely allied Fock space are introduced in
Section 5.5.
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5.2.1 The Density Operator

For such cases as described above, in place of the wave function, we introduce
the density operator p. If A is some property of the system, the density operator
determines the expectation of A through the relation

(A) = Tr(pA) (2.1)
and
Trp=1 (2.2)

Let us calculate the matrix elements of p for the case of a system whose
wave function v is known. In this case we may write

(A) = (Y| Ay)

Let the basis {|n)} span the Hilbert space containing yr. We may expand i in
this basis to obtain

) =Y Imn | )

Substituting this expansion into the preceding equation gives

(A)=D> "W ladg | Aln)in|y)
q n

= pugAu =TrpA=TrAp
q n

Have we have made the identification

Png = (g 1) n | ) = aga, (2.3)

The coefficient a, represents the projection of the state 1 onto the basis vector
|n). The nth diagonal element of p is

Pnn = |(W | n>|2 - a:an - Pn (24)

which we recognize to be the probability P, of finding the system in the state
|n). Thus the diagonal elements of p are probabilities and must sum to 1.° This
is the rationale for the property (2.2), Tr p = 1.

We note in passing that the representation of o given by (2.3) refers to the
basis {|n)}. Suppose these states are eigenstates of the Hamiltonian. As noted
previously, we would say that p as given in (2.3) is written in a representation
in which energy is diagonal or, more simply, the energy representation.

Now consider that the system is in a mixed state. Thus we may assume that
the projections a, are not determined quantities. In this case we define the

The off-diagonal elements of p relevant to a given system have been shown to be
related to the long-range order of the system (this phenomenon carries the acronym
ODLRO). For further discussion, see C. N. Yang, Revs. Mod. Phys. 34, 694 (1962).
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elements p,, to be the ensemble averages:

Png = a3an 2.5)
The diagonal element

Pun = @0y (2.6)

represents the probability that a system chosen at random from the ensemble
is found in the nth state.

Equation of motion

Suppose again that a system is in a pure state and has the wave function .

Again, let N be a measurable property of the system with eigenstates {|n)}.
Expanding 1 in terms of the projections a, gives

W) = au®)ln)
From the Schrodinger equation for v, we obtain
. aan -
il Z S = Xn:anHln)
Operating on this equation from the left with (/| gives

. 3a1 o aa* k %k
m¥=;mW —w4—;%% 2.7)

ar

We may use these relations to obtain an equation of motion for the matrix
elements of p

= mnm—-

ot at

Substituting the expressions (2.7) for the time derivatives of the projections a,
and setting H;; = Hy,, together with forming the ensemble average, gives

i 2Pt _ ;914 :iﬁ(aa’* a*aaq> 2.8)

. 8/Oql
lﬁw = Xk:(qu/Okz — pgkHi) (2.9)
or, equivalently,
00~
zﬁa =[H, p] (2.10)

As p depends only on time [the projections a,, in the defining relation (2.5)
are spartially independent], the partial derivative in the preceding equation is
understood to be a total time derivative [as is the case for (2.12) et seq.].
In the Heisenberg picture, wavefunctions remain fixed [see (1.42a)] so that
Oy 1s constant and we write
nPr _ @2.11)
dt
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which, again, is in the form of the Liouville equation (1.4.7). Whereas these
resemblances are very strong, we should not lose sight of the fact that in
classical physics fy(x", pV, t) gives information of both x" and p" at the time
t. In the quantum domain, simultaneous specification of x" and p" cannot be
made. However, soon after the emergence of quantum mechanics, E. P. Wigner
developed a theory which gives a formal connection between the density matrix
and the classical distribution function. We return to this topic in Section 2.2.
Some elementary examples

Given the form of the equation (2.9) some elementary solutions are evident.
Thus, as with the classical Liouville equation, any operator of the form

p=p(H) (2.12)
gives
dp o~ .
_— = H’ = O
g7 = L./l
so that the form (2.10) may be termed an equilibrium distribution. Two
important examples of this distribution are relevant to statistical mechanics:
1. Canonical distribution:
p = Ae P (2.13)

This distribution is relevant to a system in equilibrium with a temperature
bath at temperature 7 = 1/kpp.
2. Microcanonical distribution:

p=AS(H — E) (2.14)

This distribution is relevant to an isolated system of total energy E.
Let us consider these operators in the energy representation. Energy
eigenstates obey the eigenvalue equation

H|E,) = E,|E,) (2.15)

With these eigenstates at hand, diagonal elements of p in the canonical
distribution are given by [recall (2.4)]

P(E,) = (E,|p|E,) = Ae” ™
whereas, in the microcanonical distribution, we find
P(E,) = AS(E, — E)
All energy states are equally probable in this distribution.
Initially diagonal density matrix

Consider a quantum system whose density is initially diagonal:
Pni(0) = Pudy (2.16)
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The density matrix evolves according to (2.8). For the case at hand, we find
thatatr = O,

dpy
l.ﬁl)l
dt

= Z(anpkakl — Pné,Hy)
0 k
Summing over k gives

dpn
in 2ot

= nl(Pl - Pn) (217)
0

Forn =1, we find

oy
dr |,

So diagonal elements have zero slope in time initially. For n # [, (2.17) indi-
cates that if P, # P,, off-diagonal elements of p develop and (2.16) cannot be
termed an equilibrium distribution. If, however, all states are equally probable,’
then (2.16) becomes

Put = Pody (2.18)
which gives /0t = 0 so that (2.18) is a valid equilibrium distribution.

Random phases

An important case in which p is diagonal enters in the assumption of random
phases. Consider the matrix elements of p (2.5):

Pnm = CZ;; ay
The indeterminacy of the state of the system may be manifestin a corresponding

indeterminacy of the phases {¢,} of the projections {a,}. These phases are
defined through

a, = c,e'?

where ¢, and ¢, are real. Consider the matrix element
Pnm = C;Cn exp[i(¢n - ¢m)] = C;ch [COS(¢n - d)m) +i Sin(d)n - ¢m)]

If phases are random, then in averaging over the ensemble cos(¢, — ¢,,) oc-
curs with positive value equally often as with negative value and similarly for
sin(¢, — ¢,,), so that

COS(d)n - ¢m) = Sin(d)n - ¢m) =0

except when n = m. In this case

Pnn = C:cn COS(¢n - d’n) = C;';Cn

It follows that for the case of random phases p is diagonal

"The condition of equal a priori probabilities.
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5.2.2  The Pauli Equation

We wish to examine how an initially diagonal density matrix evolves under
the influence of a perturbation. Matrix elements of p and the Hamiltonian of
the system at r < O are given by

Pnl = ptll(0)8n17 (t < 0)

o . (2.19)
H = H,, [Ho, p] =0

The vanishing commutator ensures that the system is in equilibrium prior to
t=0.

A harmonic perturbation is turned on at # = 0 and the Hamiltonian of the
system becomes

H=H,+ H, >0 (2.20)

The probability for transition from the nth to the kth state of the system, in
short interval At after H’ is turned on, is given by

_ At|H), |

- 2.21)

Whk

Taylor-series expanding the density matrix about t = 0 gives

_(dp o\ (A1)
p) — p(0) = (5)0 At + (m)o — t

With (2.9), this equation may be rewritten

At (At)?
p(Ar) = p(0) = E[H’ p(0)] — W[H’ [H, p(O)]] + - - (2.22)

With the commutation property (2.19), (2.22) may be written

p(At)—p(0) 1 At :
— = %[H , p(0)] — %[Ho, [H', p(0)]]

At ,
~ Sl H T pO)T] -

Taking diagonal elements and passing to the limit At — 0 gives

dpun
dt

At—0

. | At /
= lim E[H s p(o)]nn - %[H()a [H s p(o)]]nm

0 (2.23)

At ,
- ﬁ[H [H p(O)]]nn}
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Consider first the leading term:

[(H', p(0)]un = Z[(an’quqlp(O)ln) — (nlp(0)lq){(q|H'In)]

- Z[ qpnn (O)Sqn Pnn (O)an qn]

=m©wfﬂﬁzo
Similarly, we find
[(Ho, [H', p(O)]]sn = 0
With the first two elements on the right side of (2.23) vanishing, there remains

dpun(0)
dt

= — tim 2L HTH O
= — lim S TH'[H p(O)]),
A
= —lim %—Z{H’, [H', p(0) — p(0)H'] — [H'p(0) — p(0)H']H'} .,
A , ,
= lim Qﬁ—i[—H 2p(0)+ H'p(0)H' + H'p(0)H' — p(0)H *1,,
: At / ’ 2 2
= lim 3 2H'p(O)H' — Hp(0) = p(O)H ] (2.24)

Expanding products in terms of basis states gives

d nn At 4 /

P tim =35 3N 240l H' k) (k1 p(O)g) (g | H )

dt 0 4
— (n|H'lk) (k| H'|q){q]p(0)In)
— (nlp(0)lg) (q| H'|Kk) (k| H'|n)] (2.25)

With (2.19), we find
dpun ,
" nm—zzpmkMMwm
- HyikH]:qpqq(O)Sqn - pnn(o)gnq quHk,n] (226)

Summing over g gives

dpm, , — -
mm—Zmumm@ H,\ ], pun(0) = pun(0)H,, HY, ]
ﬂm—Znum©|mmmm
With (2.21), we obtain

dpnn

ZmM@)wm (2.27)
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Since the left side of this equation represents the derivative of p,, att = 0, we
may generalize this finding to the form

dun
dt = Z(pkkwkn - pnnwnk) (228)
k

Here we have further made the identification wy,, = w,; corresponding to the
hermiticity of H'. The latter equation is called the Pauli equation or the Master
equation [compare with (1.7.20)]. An H theorem for this equation is derived
in Problem 5.48. Application of (2.28) follows.

Density matrix for spinning particles

Spin matrices for a spin % particle are given by

S_Fz 1 0 S_ﬁ 0 1 S‘—iﬁ 0 -1
2\ 0 -1)° T2\1o0)’ YV 2\1 0
. A (2.29)
Once again we are working in a repesentation in which S? and S. are diagonal.

These matrices may also be written
A~ h
S = 5& (2.30)

The components of o are called the Pauli spin matrices. Thus

. (10 . (01 (0 Y ean
“\o 1) L1 o) 271 o '

Eigenvectors of S’z (or, equivalently, .) are given by (1.33). We repeat,

(! (" 2.32
e (1) a=(") -

A h - h
S, = Eau S.B; = _Eﬂz (2.33)

Consider a beam of electrons whose spins are isotropically polarized. The
corresponding density matrix is

s (1O 234
p_§<01) (234)

where

Since this is written in a representation where S . is diagonal, diagonal elements
of p give probabilties relevant to the components of S,. For the matrix (2.34),
these probabilities have the values

AN
P(S.=+- )=~
(=23)=
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Furthermore, we find
(S0) =TrpS, =0
(8y) =(S;) =0

These values are relevant to an isotropic beam.

Elementary application of the Pauli equation

Consider an electron beam with the density matrix

. a 0

P=\0 1-a
The beam enters an infinitesimal region of space that contains a uniform B
field that points in the z direction.

B = (0,0, By)

Let us find the z-component spin populations when the beam emerges from
the field.
The perturbation Hamiltonian is given by

H=-4-B
The electron’s magnetic moment is given by
b= —puo

where 1, is the Bohr magneton. Thus we may write

H' = 11,6, By = 1, Bo Lo
N 0 -1

The Pauli equation for the case at hand gives

dp

d_t” = Z Wy1(Pgq — P11) = w21(p22 — p11)

i 4 (2.35)
22

= Xq: Wy2(Pgq — P22) = Wia(p11 — P22)

With (2.21), we have
At
Wi = Wy = 7= |H,|

Since p is calculated in the basis («, 8), we find
H{, = uyBo(a|6;18) = —pBol| B)
H,=0

Thus, with (2.36), we see that p;; and p,; remain constant under the given
perturbation.



350 5. Elements of Quantum Kinetic Theory

More generally, under an arbitrary perturbation, we note that the Pauli
equation (2.28) indicates that the Tr p remains constant.

The projection representation

As noted previously, an ensemble description is relevant to a system in a mixed
state. Let the states i of the ensemble be distributed with the probability P,.
In this event, we may write the density operator as the following projection
sum over states of the ensemble:

p=Y_1¥)P (¥ (2.36)
14

Consider, for example, that the probability of finding the energy E, in
measurement on a given system is P,. For this case, (2.36) gives

p = |E)Pi(E,|

where |E,) are energy eigenstates for the given system. As these states com-
prise and orthogonal sequence, it follow that p is diagonal with diagonal
elements equal to P,.

The projection representation of the density matrix given by (2.34) is

NN 1
p = I()lz>5((lz| + |:8:>§<:8z|
Again we find

S, =TrpS, = (. |pS.la.) + (B.15S.18.)

—_

A

1 o
= _<az|Sz|az> + E(:B:|Sz|.61> =0

[\

If a system is in a pure state, the wave function exists, and we write

o =)yl (2.37)
In a representation with basis {|n)}, matrix elements of p are then given by
Png = (0¥ ) (Y lq) = aya,
in agreement with (2.3).

The projection representation comes into play again in Section 5.5 in
consideration of generalized hierarchies.
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5.2.3 The Wigner Distribution
Coordinate representation of p

Another important form of the density matrix is found in the coordinate
representation. The related density matrix appears as®

p(x, X)) = X[y) (Y x) = yX)P*(x) (2.38)

(x and x” are viewed as the indices of the matrix of p.) The basic property (2.2)
is written

Tr p = /B(X —x)px, x)dxdx =1 (2.39)
For the property (2.1), we write
(A) = Tr(pA) = Tr(Ap) = [ Ax, X)p(X, X) dX' dx (2.40)

where A(x, X) is the coordinate representation of A:
A(x,x') = (x]A[X) (2.41)
In a pure state, (2.40) becomes [recall (2.37)]

Tr(Ap) = f (x| AIX')(X'|¥) (¥ [x) dX dx (2.42)

Here we have written (X'|vr) for the coordinate representation of i, more
commonly written simply as 1 (x’) (recall Section 1.3).
The last relation may be rewritten

Tr(Ap) = / (WIX)(x|AX) (X ) dX dx = (Y|AY) = (A)  (243)

One further preparatory remark is in order prior to our discussion of the
Wigner distribution. This concerns the momentum representation of a wave
function:

e(p) = (plY) = /(pIXHXIK/f)dX (2.44)
The transfer (p|x) is given by (1.28):°
1 —ip-X
P = o e (2.44a)

8This is the form of p as originially put forth by J. von Neumann, Mathematical
Foundations of Quantum Mechanics,R.T. Beyer, (trans.), Princeton University Press,
Princeton, N.J. (1955).

The relation (1.28) is relevant to one dimension, whereas (2.44a) is written in
three dimensions.
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Thus (2.44) becomes

v(p) = / e "Xy (x) dx (2.45)

1
(27h)3/?

This function is the amplitude of the momentum probability density, |¢(p)|>.

The Wigner distribution and its properties

To apply the following formalism to kinetic theory, we extend the analysis to
N-particle systems. With p written in the coordinate repesentation, the Wigner
distribution is given by!'”

1 3N )
FxV,pV, 1) = (%> / AP o xN XN ) dyV (2.46)
where
xY=x"£y", oV, xV, )= x"pixY)

Note that in a pure state (2.46) becomes

3N
F&xN,p¥, 1) = (%) / Y My (x Ny (xV) dy™ (2.47)

The inverse of (2.46) is given by

—2i N  gN
px xN 1) = / Fx",p", 1yexp (%) ¥ (48)
The Wigner distribution serves as a bridge between quantum and classical
kinetic theory. Four key properties that demonstrate this connection are as
follows.!!

1. Integration over momenta gives the configurational probability density:

/ F", pY, ydp" = [y (x, D) (2.49)

2. Integration over spatial coordinates gives the momentum probability
density:

/F(XN,I)N, ndx" = |pp", nl* (2.50)

OE. P. Wigner, Phys. Rev. 40,749 (1932). In this paper we are informed that (2.46)
is due to a joint efford of Wigner and L. Szilard. Note in particular that, as F(x, p, t)
is not positive definite, it cannot be view as a probability density.

"For further discussion, see Studies in Statistical Mechanics, vol 1., J. de Boer
and G. E. Uhlenbeck (eds.), North Holland, Amsterdam (1962); and B. Kursunoglu,
Modern Quantum Theory, W. H. Freeman, San Francisco (1962).
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. The expectation of a dynamical function, A(x", pV), is given by

(A) = / AN, pV, 0 F"Y, p", t)ax", dp" (2.51)

The preceding three properties indicate how the Wiegner distribution
bears a striking resemblance to the classical N-particle joint probability
distribution.

. The derivation of a dynamical equation for F(xV,p",t) begins with
Schrodinger’s equation written for an N-body system with an interaction
potential V (xV):!2

8 KN 52
l//(;z : [% > e " V(XN)} Y1) (2.52)
k

Assuming the system to be in pure state, and with the identifications (2.52),
(2.38), and (2.47) in mind, we obtain

88—]; = <%)3N/dyN exp <2iPA;'yN)
il CRV 2
(DRI

[V(X+)— v)lpe, x} } (2.53)

Next we replace x differentiation with y differentiation once and then
perform a single parts integration over y. Combining this operation with
replacement of p(x}, xV) with its inverse (2.48) and noting that

0y _ ial/fi
Xy ALY
gives
IF(xV, N,t BF )
ot m Bxk ﬁ nﬁ

k

N . [—
xexp|:2ly (I; P )][V(X_’X —V(X?)]F(XN,p’N,t)

(2.54)
This is an integrodifferential equation for the Wigner distribution function.
[The hierarchy equations for this distribution are given in (5.33).]

ZNote that 32/9x? = V, - V.
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5.2.4 Weyl Correspondence'?

A note of caution is in order concerning the rule (2.51) for obtaining averages
of dynamical variables: For consistency, this expression must agree with (2.1).
Such agreement is quaranteed if the dynamical variable A(x", pV)in (2.51) is
appriopriately related to the operator Ain (2.1.)

Without loss in generality, we work in one dimension and introduce the
Wigner counterpart of A, written (A)W, and given by the linear operation

(A = 2/&"1’” (x — X|Alx + %) dx (2.55)

where (A)W is a function of (x, p). Note that the matrix element of Ain (2.55)
is written in the coordinate representation. When written in the momentum
representation, (2.55) appears as

G =2 [ @77 (p + plAlp - ) dp (255
When the dynamical variable A(x, p) in (2.51) satisfies the correspondence

(Aw = Ax, p) (2.56)

Weyl correspondence is obeyed and the expectation of Ais given by (2.51).
Let us establish this rule. Again consider (2.51)

(A) :nl—ﬁ / / / dxdpdy A(x, p)e¥P " p(x_, x4) (2.57)

Working in the coordinate representation, we insert (2.55) for A in (2.57).
There results

~ 2 . _ ~
(A)=%////dxdfcdpdyez”’(”x)/ﬁ(x—)'clAlx—i—)_c),o(x—y,x—i—y)
(2.58)

Integrating over p and recalling the delta-function normalization (2.3.11b), we
obtain

A 22m) (h _ _ oA _
(A)= - (5)//fdxdxdy8(y +xX)(x —x|Alx +X)p(x—y,x+Y)

= 2// dx dx (—xX|Alx 4+ %) (x + X|p|x — X)
= /[ dx_dx, (x_|Alx ) (x,|plxy) = TrAp = Tr pA (2.59)
BFor further discussion, see N. L. Balazs and B. K. Jennings, Phys. Repts, 104,

347 (1984); and M. Hillery, R. F. O’Connell, M. O. Scully, and E. P. Wigner, Phys.
Repts. 106, 121 (1984)
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which is seen to agree with (2.1). Note that in the last step the change in
variables x, X — x_, x, carries a Jacobian of % Thus we see that if the rule
(2.56) is obeyed the average given by (2.51) agrees with that given by (2.1)

Correspondence forms

Here we wish to list some relations relevant to Weyl correspondence. First let
us establish that operators of the form f(X) or g(p) obey Weyl correspondence.
That is,

LfD]w = f(x), [g(P)lw = g(p) (2.60)

Consider the first relation for f(x).
LF Gy =2 / P (x — | F(3)Ix + F) d
= 2/ eXPEM f(x — X)(x — X|x + X)dXx

=2 / e*P M £ (x — X)8(2x%) dx
= f(x)

A similar argument applies to g(p). An important operator in this discussion
is given by

where 9 /dx operates to the left, and so forth.

With [A, B ] written for the commutator (—) and anticommutator (+), we
may then write

A A -
([A, Blo)w = (A)w (21’ sin 50) (B)w (2.61a)
A A h-
([A, Bl w = (A)w (2 cos 50) (B)w (2.61b)
Thus, for example,
1 5. 5] . 2 ﬁ(~)
iﬁx,p_w_x hsmz p
= x6p =1

whereas

hio
([, IA’]+)W =2x (COS 50) p =2xp
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Thus

. ih
xpw =xp+ B
We may conclude that the operator x p does not obey Weyl correspondence,
whereas the symmetric form [X, p], does.
Stemming from (2.61), we write

-

n n N 0\ -
(AB)y = (A)w (CXP 7) (B)w (2.62)
Here are some additional relations:
A oA dxdp .
(A) =Tr(pA = / —— (Ow(A)w (2.63a)
27th
riae [dxdp . -
Tr(A'B) _/ ok (A)y(B)w (2.63b)
(BYYw = (B);, (2.63c)

Let us establish (2.63c¢).
(BN = 2/ APl (x — %|B|x 4+ X) dx

- 2/ HP (x4 ¥ BT|x — X)* dx

= (z/emmx + %|Blx — X) di)

=By
In the last step we employed the change in variables: x — —Xx. Additional
properties of these correspondence froms are left to the problems.

The classical limit

Let us see how (2.54) reduces to the Liouville equation in the classical domain
h = 0. With the change of variables

we may write
1
x) =x"+ Ehé N
and the integral term in (2.54) becomes

OF i1\ ,
! (—) /dSNde
m B \27

ot
x expli&" - (p" —p"IVEY) — VEDHIFEY, pV, 1) (2.64)
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In the limit/i — O, there results

N N _ N _ pgN
VIXY + (/2] = VIXY — BEVD) e D
h oxN
and (2.64) reduces to
9F 3N
o= (5) g [ [aven
x expli€™ - (p¥ —p™IF(x", p™, 1) d&" dp™
9 ) 9 p N N 'N
= i /a SVMspY JF™,p™, 1)dp
:aiNH(x .pY) - iF(x Nob) (2.65)
Combining (2.65) with (2.54) gives
E =[H, F] (2.66)
ar ¢ '

where C denotes the classical Poisson bracket. We may conclude that the
Wigner distribution function satisfies the Liouville equation in the classical
domain/ = 0.

5.2.5 Wigner—Moyal Equation

The Wigner-Moyal equation in quantum kinetic theory is the analogue of the
particle Liouville equation in kinetic theory. To derive this equation we examine
the Wigner equation (2.54) for the case N = 1.

Three results

DF i (1)’ 2iy-(p—p) Py
br i (m) / dy dp’ exp (T) [V )-V (xOIF(x, P 1) = 0
(2.67)

DF ad p 0
(4P 2)\p 2.67
Dr <8t+m ax) (2.672)

where

We wish to reduce (2.67) to a more concise form. Noting the relation

exp (a'i) fx) = fx+a)
0x

permits us to write

V(x) = V) = Vx+y) = Vx —y) = [0 — o0y (x)

= —2isin (ly ;) V(x)
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Thus (2.67) becomes

R — —_— e _—
Dr ki \h yap exp I
0
X sin (iy . 8_> VX)Fx,p,t)=0 (2.68)
X

where d/0x operates on V (x) only. To further reduce (2.68), we note the relation

ivp' 8 ivp' / /
f 7 iyF(p'ydp' = / (a—p/el”’) F(p)dp

Thus, if g(y) is a regular function, we obtain
ivp' _: ’ ’ iyp' 0 / ’
/e’”’ gy)F(pHhdp' = /e”’g (—8—p,> F(phdp
Incorporating this property into (2.68) gives

DF 2 /(1 3/dd, 2iy - (p — p')
Dr i \h yap exp I
o 9
1 —— — | VX FX,p,t) =0 2.69
x sin (2 P 8X) (x)F(x, p, 1) (2.69)
Recalling the delta function representation

1
(2n)
and setting z = 2y /hi gives

DF21323ﬁ3d,8 .
E_E(%)(n) (5)/ ps(p—p)

Y V(X)F( t)=0
xsin| -— - — X)F(x,p,t) =
20p° ox P

/ dze™®?) = 5(p — )

Performing the final p’ integration gives the desired result:

8+p 0 Zgn (M0 .2 V)| F( t)=20 (2.70)
—+— - —)—=sin|=-— - — X X,p,t) = .
or m ox) h "\ 29p ox P

where, again, we recall that d/0x act only on V(x). The relation (2.70) is
sometimes called the Wigner-Moyal equation. It is instructive to note that for
Hamiltonians of the form

2
H=2 1 vy
2m
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(2.70) may be rewitten'* (see Problem 5.8) as

oF 2 [h (0 0 a 0
_+_51n —_ —_—— = — .« — FH: (271)
at h 2\0x Jdp dp OXx

Here it is understood, as in its classical counterpart, that the right operators in
the two products operate on H, whereas the left operators operate on F.

The classical limit of the Wigner-Moyal equation as given by (2.71) is par-
ticularly simple. Setting/Zi — 0 and keeping the leading term in the expansion
of sin[ ] returns the classical Liouville equation (2.66).

Note that all the above analysis can be generalized to an N-body problem
with interaction potential V (x") by setting x — x" and p — p" [see (5.33)].

Let us return to the quantum one-particle Liouville equation (2.70). An
ad hoc kinetic equation may be obtained from this relation by inserting an
appropriate collision form on the right side which, in the Boltzmann formalism,
is written J (F). In the KBG approximation, for example, we write

DF 2  (hd 0 P P F
Dr R sin (5% : 8_X> VX)F(x,p, 1) = v[Fo(x,p, 1) — F(x,p, )]
(2.72)
where Fy(x, p,t) is an appropriate equilibrium distribution and v~! is
relaxation time.

An additional note is in order concerning the Wigner-Moyal equation (2.71).
As x and p cannot be simultaneously specified in quantum mechanics, we
expectsthe quantum distribution F' (X, p, ¢) to be defined for volumes in I"-space,
Q2>n.

The Wigner-Moyal equation has found wide application in the analysis of
charge carrier transport in a semiconductor.'

5.2.6 Homogeneous Limit: Pauli Equation Revisited

In this section we employ the equation of motion for the Wigner distribution
function (2.70) to derive a kinetic equation for the matrix elements of the
density matrix in the limit of spatial homogeneity. With this motivation and with
reference to (2.46), we write the single-particle Wigner distribution function in
momentum representation, which, together with the change in variable 2y —
k, appears as

F( ) = : 3/dk”‘"‘/ﬁ +k
P U=\ ¢ \PT3

A hierarchy of equations for reduced Wigner distributions stemming from the
Wigner-Moyal equation in N dimension is given in Section 5.5.4; see specifically
(5.33).

15See, for example, The Physics of Submicron Structures, H. L. Grubin, K. Hess,
G. J. Iafrate, and D. K. Ferry (eds.), Plenum, New York (1984).

b

E 2.73
p—2> 2.73)
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Note that k has dimensions of momentum. Let us call

k
s

2,0

k
p— 5> = p(k, p) (2.74)

With these identifications,taking the Fourier transform of (2.70) (and recalling
the convolution theorem) yields

9 ip k 2 ik 9 -

24 B skp)— [ akZsin (S L) Vad)pk — K, p) =

(aﬁm n)""p) K h““(z ap)V( ple—lem =0
2.75)

where V (k) represents the Fourier tansform of the interaction potential V(x).

We wish to obtain an equation for the density matrix relevant to the
homegeneous limit. This is performed through a process of iteration. In the
homogeneous limit, the k = 0 contribution to the integral (2.75) dominates,
and we write

0 A _
gp(p) = / dk'S(k)V(K)p(—k', p) (2.76)
where

p(0, p) = p(p) (2.76a)

is written for the diagonal elements of the density matrix and S(k) represents
the operator

S(k) = 2 gin (K. 9 (2.76b)
=z sin > op .
Changing variables k' — —Kk’ in (2.76) gives [with V(—k) = V*(K)]
0 LN (1 /
E'O(p) = —/ dk'S(KHV*(K)p(K', p) (2.77)

This equation contains two distributions, one relevant to k = 0 and the other
relevant to k £ 0. We assume that the k # 0 distribution, p(k, p), varies in
time as exp(i wt), where the interval @ ™' may be associated with characteristic
times of the fluid. The time dependence of the k = 0O distribution p(p) is
determined from its equation of motion (to be derived). For p(k, p), we return
to (2.75) and write!'¢

1 o
k,p) = dk'V(K)SK)p(k — K,
p(k, p) o+ (p/m) - (/)] (K)S(k)( 1)

!Note that the time dependence of p(p), as well as the w dependence of p(k, p),
is tacitly assumed.
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Expanding the integrand about k = k" and then keeping the first term with
p(k — K, p) =5k — Kk')p(p), we obtain

1 _ .
k,p) = V(k)S(k
Pk B) = o T (03000()

Inserting this value into (2.77) gives

d A _ 1 - .
— =— [ dK'SK) | V*(K V(K)SK'
8t,O(l)) / ( )[ ( )i[w+(p/m)~(k’/ﬁ)] (k)S( )p(p)}
(2.78)
Now we note
hi oA . ik 9 k 0
ES(k) = sin 5 % i sinh > 3
ol ) el 5
2P 2 op
whence
" Sk ! ( k ( k) 2.79
F8®pp) =5 1p(pt5)—pr(P—3 (2.79)
Employing this relation in (2.78) gives

d __g 1 N2 O,
0 = | VORS00 s

i Kk’ K’ 5 20
X§|:,0<P+E>—,0<p—3>:| (2.80a)

Performing the remaining S operation gives

o +k)—p(@)]  [p(®) — p(p—K)] }

[0+ - @+5] il @-5)]
(2.80b)

d 1 ,
—P(p) = /dk V&) {
Changing variables in the second term, k' — —K/, gives

d 1
o) = / K (7)o + K) — o))

1 1
- ~T s ; g (2.81)
{l[wﬂ%(w"a)] l[w—h"—m’(w'%)]}
We may view kK’ as a momentum transfer in a scattering from the potential
V(x). The change in particle energy in this scattering is given by

(p + k/)2 p2 k/ k/
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Thus (2.81) may be written

a 1 _ 1 1

—p(p) = = [ dK'|VEK)*[p(p+K)— +

o) = = [ dKITEOPpE+K) ~ )] L PR R
(2.83)
As K’ has been identified as momentum transfer in a collision, it follows that
fi/ A E is a measure of the corresponding collision time. Assuming this interval

to be short compared to characteristic times of the fluid, we write

h 1
— L —
w

n

To incorporate this property into the analysis, we set
iw—>¢>0

where ¢ is a parameter of smallness. We may then write

N 1 S
i(0x5E) ~i(—iexE) i (55 Fie)

Recall the representation (Plemelj’s formula)

. 1 1 .
() () o

where P denotes principal part. Inserting these relations into (2.83) gives the
desired result:

Ip(p) _ 27w
ar  h

This completes our derivation of a closed kinetic equation for the diagonal
matrix elements of p relevant to the homogeneous limit.!”

The kinetic equation (2.84) may be cast in a more physically revealing form
by virtue of the following observation. We note that the factor

/dk/l‘_/(k/)l2 S(AE)p(p+ k) — p(p)] (2.84)

’ 2r - N2
w(p,p+k)= 7IV(k)I S(AE) (2.85)

that appears in (2.84) is an expression for the rate of scattering from p to p+k’
(or the reverse) (see Fig. 5.3).

With the relation (2.85) at hand, (2.84) may be identified with the Pauli
equation (2.28). In the present case, the kinetic equation (2.85) is the momen-
tum representation of the Pauli equation for which the scattering rate (2.85) is
the continuum form of the discrete rate (2.21).

For further discussion, see P. Carruthers and F. Zachariasen, Rev. Mod. Phys.
55,245 (1983); and W. Kohn and J. M. Luttinger, Phys. Rev. 108, 590 (1957).
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wip, p+k’) wip+k’, p)

FIGURE 5.3. Diagrams for scattering by the potential V. For elastic interactions,
the rate for collision and its reverse are equal.

Owing to the symmetric property of the scattering rate w(p, p + k'), (2.84)
may be written

ap(p)
ar

The first factor in the integrand contributes to scattering into momentum p states
and represents again, whereas the second factor contributes to scattering out of
momentum p states and represents a loss. The latter equation is returned to in
Section 3.6 in the derivation of the relaxation time for charge carrier-phonon
interactions.

f dk'Tw(p + k', p)o(p + k') — w(p, p + k) p(p)] (2.86)

5.3 Application of the KBG Equation to Quantum
Systems

5.3.1 Equilibrium Distributions

One of the more significant problems in statistical mechanics concerns the
distribution function for an appregate of particles in equilibrium at a given
temperature 7. There cases important in this study relate, respectively, to (1)
classical particles, (2) bosons, and (3) fermions.

For aggregates of noninteracting particles, equilibrium distributions for
these cases, giving mean occupation number per energy level, are given by

folE) = ﬁ 3.1
B=eT)"!
where
a =0 corresponds to classical particles
a =1 corresponds to fermions (3.2)

a = —1 corresponds to bosons

8For further discussion, see K. Huang, Statistical Mechanics. Wiley, New York
(1967); and D. A. Mcquarrie, Statistical Mechanics, Harper & Row, New York
(1976).
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and the variable y is the chemical potential."®
Note that quantum distributions reduce to the classical distribution in the
limit
PET > 1 (3.3)

or, more simply, fo(E) < 1. That s, the classical distribution occurs when the
mean occupation number per energy level is small compared to unity.?
The condition (3.3) may be shown to be equivalent to the criterion®!

A< v (3.4)
N

where
h

A= — 35
C T QamkyT)2 3.5)

is the thermal de Broglie wavelength, V is volume, and N is total number of
particles. The condition (3.4) states that the classical picture results when the
de Broglie wavelength is small compared to interparticle spacing.

We wish to apply the distributions (3.1) to two key problems: (1) an
interacting gas of atoms and photons, and (2) electrons in a metal.

Planck distribution

Photons are bosons, so the related distribution is given by (3.1) with a = —1.
Furthermore, for photons we may set?? u = 0. With E = /iw, the appropriate
distribution is given by

1
folw) = —o— (3.6)
We wish to obtain the number of photons per frequency interval, per volume,
F (). The distribution (3.6) gives the mean number of photons per frequency
mode. Thus we may set

F(w) = g(w) f(w) (3.7

In this equation, g(w) represents the number of normal modes per frequency
interval, per unit volume. An expression for the density of states, g(w), may be

“The chemical potential enters the first law of thermodynamics for cases involving
varying number of particles: dE = T dS— P dV +p dN. Here S represents entropy.

2 For bosons with 11 = 0, the classical limit occurs for small 8. See, for example,
(3.68).

2R, K. Pathria, Statistical Mechanics, Pergamon Press. Elmsford, N. Y. (1978).

22This is a consequence of thermodynamics. Consider a gedanken process in
which the number of photons in a monoenergetic field at frequency w is doubled as
w—> w/2. WithdE =dS =dV =0,and dN > 0, we obtain u = 0.
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obtained in the following manner. First recall that the momentum of a photon
of angular frequency w is

pP=— (3-8)
c

It follows that the volume in momentum-coordinate phase space containing
photons with frequencies in the interval w, w+dw is equal to the product of d°x
and the momentum volume corresponding to values in the interval p, p+dp or,
equivalently, 47 p? dp d*x. The number of states in the said interval is obtained
by dividing this latter volume by the minimum of volume per state, 4. Since
photons have two possible polarizations, this minimum volume becomes /3 /2.
Thus we may write

Axp*dp d’x
12
_ o*dodx

w2c3

gw)ydow d’x =

(3.9

which gives the desired form for the density of states (Rayleigh’s formula):

>
8(©) = — (3.10)
2c?
Combining (3.7) and (3.10) gives the Planck distribution:
Fo(w) = 1€ 3.11
o(lw) = Pio _ 1 (3.11)

Here we have inserted a zero subscript to denote that (3.9) is a thermal
equilibrium distribution.

An immediate result that follows from the Planck radiation law (3.11) is the
total radiant energy density, U(T'), of a radiation field in equilibrium at the
temperature 7.

U(T):/Fo(a))ﬁa)da) (3.12)

Introducing the nondimensional parameter

x = fhw

vy =1+ (e /w xdx
2 Jy e 1

kg 4
- ()

gives

(3.13)
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FIGURE 5.4. Three radiative collision processes are included in (3.18): (a) resonant
absorption, (b) stimulated decay, (c) spontaneous emission.

[see (B2.23)]. The power radiated per unit area by the radiation field is given

by
1 24
P:—cU(t):(n B )T“

4 60h° 2

(3.14)
P=oT*

Here c is the speed of light and o if the Stefan-Boltzmann constant, which has
the value

o =0.567 x 10~* erg/s — cm® — K* (3.15)

5.3.2  Photon Kinetic Equation

We consider a radiation field interacting with a gas of hydrogenic atoms whose
excited states are characterized by the outer atomic electron. The density of
the atoms in the ith excited state is written ;.

In our kinetic model we discuss photons that are either entirely absorbed by
an atom or give rise to stimulated decay of an atom. Furthermore, phontons
may be generated through spontaneous decay of atoms. Thus the model does
not included, for example, scattering of photons by atoms (see Fig 5.4).

The momentum of a photon of (angular) frequency w is given by (3.8),
which we now writes as

h
p= ¢ (3.16)
c
where s is the unit vector
s=2 (3.17)
p
Our kinetic equation is then written?
0
— f(x, s, s-Vfx,s, o) = A, 3.18
S xS o) +s Vixso)=3 A (3.18)

I<n

BD. H. Sampson, Radiative Contributions to Energy and Momentum Transport
in a Gas, Wiley-Interscience, New York (1965). See also D. M. Heffernan and R. L.
Liboff, J. Plasma Physics 27, 473 (1982).
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The collision term A;, is defined below.

Let us first concentrate on the distribution function in (3.18). It is normalized
with the differential measure (3.9). The quantity

2fdpdx
h3

represents the number of photons in the phase volume dp dx about the value
(p, x). In the present description the distribution function f relates to photons
progagating in the direction p with frequency cp/hi. As previously described,
the factor 2 in the above expression is included to account for two possible
polarizations at any given frequency.

Returning to (3.18), first we note that the double sum on / and » runs over
all atomic states, and we have written

A = Nyow(0)[1 + f(w)] — Nioy (o) f () (3.19)

The first two terms in this expression represent spontaneous and induced decay,
respectively. The third therm represents resonant absorption, and oy, is writ-
ten for the absorption cross section at frequency v corresponding to atomic
transition from the /th to the nth state.

Writing g; for the degeneracy of the /th atomic state and recalling the
symmetry relation®*

810in = 8nOni (320)
permits (3.18) to be written in the KBG form:
1 Df(w) 2
- = - 3.21
- k(fo— 1) (3.21)
The parameters « and f, are written for
81 Nn)
K= Ni(1-— Oin (3.22)
; : ( gnN/ :
< 1 81
= - N, >0}, 3.23
fo=—>2 i (3.23)

l<n
The distribution f, appears explicitly as
]_c — Zl<n N,(81/8n)01n
Zl<n Ni[1 — (giN,./guND)]

Let us examine this distribution for the case of monochromatic radiation, which
is resonant with two atomic states. That is

how=E, — E, (3.25)

(3.24)

24H. Bethe and E. Salpeter, Quantum Mechanics of One- and Two-Electron Atoms,
Springer, New York (1957).



368 5. Elements of Quantum Kinetic Theory

Cross sections in (3.24) are peaked about his value of w, and the expression
(3.24) reduces to the simpler form

h=N0 - ifggf\/ffng')]ob
i ) (3.26)
1= NN — 1
With atomic states taken to be in a Boltzmann distribution,
Ny = gae P (3.27)

the relation (3.26) is seen to return the Planck equilibrium distribution (3.11).
Thus (3.23) may be interpreted as a generalized Planck distribution relevant to
the dynamics of an electromagnetic field interacting with an atomic species.

Lasing criterion

Consider a laser beam of radiation interacting with a gas of atoms. Let the
radiation be resonant with two atomic states as described by (3.25). In this
case, the absorption coefficient « given by (3.22) becomes

N
K =N, (1 _& ”) O (3.28)
nga

and f; is given by (3.26).
In steady state, our kinetic equation (3.18) reduces to

0 _
af(s, o)+ kf(s, w) =k fo(w) (3.29)

Here we have written s for displacement in the direction of s. The homogeneous
solution to (3.29) gives the spatial dependence

f(s,w)= f(0,s)e™ (3.30)

It follows that the number of photons with the resonant frequency w propagat-
ing in the direction s will grow, providing « < 0. With (3.28), this gives the
canoncial lasing criterion®
N b N, a
— > — (3.31)
8b 8a
So, in fact, radiative gain demands something more than simply an excess of
atoms in the higher lasing state than in the lower state.

BA. Yariv, Quantum Electronics, 2nd ed., Wiley, New York (1975).
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FIGURE 5.5. (a) Free-particle spectrum. (b) Energies corresponding to a periodic
potential. Band energies occur at k = nm/a, where a is the lattice constant and n is
an integer. (c) Related band-gap spectrum of energies.

5.3.3 Electron Transport in Metals

In Section 5.1, the following energy spectrum was obtained for free particles:

Rk
Ed) = 2m
When plotted as a function of k, this expression describes a parabola. If particles
are not free, but propagate through a periodic potential, not all energies are
allowed. The resulting E (k) curve exhibits gaps that affect a band structure as
illustrated in Fig 5.5.

The lattice of a metallic crystal presents a periodic potential to conduction
electrons. Consequently, the energy spectrum of these electrons exhibits a bad
structure containing forbidden and allowed bands. In a metal the band of highest
energy is called the conduction band and is only partially filled. An applied
electric field may therefore increase the energy of topmost electrons without
violating the exclusion principle. The band structure of the metal sodium is
shown in Fig. 5.6.

In semiconductors, the conduction band is empty at low temperature. How-
ever, due to the relatively small value of the energy gap separating valence
and conduction bands, at higher temperatures, statse in the conduction band
are populated, thereby increasing the conductivity of the sample. Vancancies
left in the valence band due to promotion of electrons to the conduction band
affect the presence of positive charge and are called holes. Such holes may
act as charge carries and contribute to the net current, and we write for the
conductivity

o = lel(nu, + pu,)

where n and p and hole concentrations (cm™), respectively, and w, and 4,
are related mobilities.
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FIGURE 5.6. The band structure of sodium as a fuction of internuclear spacing.
Note the overlapping of bands with (extreme) increase in density. Quantum states of
atomic levels are also shown [J. C. Slater, Rev. Mod. Phys. 6, 209 (1934)].

The quasi-classical description

For many cases of practical interest, a quasi-classical description of conduction
in solid-state materials proves adequate. Since the presence of band gaps is a
purely quantum mechanical effect, it is important to the self-consistency of a
classical description that electron motion be confinded to a single band.

Let K (k) denote the energy spectrum of a given band. Two parameters play
an important role in the semiclassical model. These are the velocity,

v(k) = %VkE(k)

and the effective mass tensor

< 1 > 02 E/dk, ok,

_ =

m* v h

For motion in one dimension, the effective mass tensor becomes a scalar, which

is labeled m*. For free-particle motion, m* reduces to the classical mass, m.
As with our preceding analysis for photon kinetic theory, the following

quantity is written for the number of electrons in the phase volume dp dx (in
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the conduction band) about the phase point (p, x) (in the quasi-classical limit).

dpdx 2fh°dkdx
oo w
In (3.32), the factor 2 stems from the two possible spin projections relevant
to electrons. Since dk dx/4m? represents a density of states, we may identify
f(k, x) as the mean occupation number of electrons per state.
The Fermi-Dirac equilibrium distribution for an aggregate of electrons at
temperature 7 is obtained from (3.1) and is given by

2f(p,x)

dk dx

SolE(k)] = (3.33a)

ePIE®—n] 1 ]
With the relation
2 x dxp>dp 4w (2m)*?EV? dE
T R
the preceding two equations give
N 2dp ® 47 (2m)*?EV?dE
- = folp)—5 = YT
1% h o M(ePE-W 4 1)

This relation serves to relate the chemical potential u to the number density
of N free electrons confined to the volume V. At 0 K, u = Ep, the Fermi
energy, and the preceding relation gives

3/2 Er
n:M/ £ g
Wy

(3.33b)

h2

Er =
B om

3\ K2
e B ek (3.34)
8 2m

where we have written n for particle number density. The preceding expression
may be written in terms of the Fermi momentum pg.

/”F2dp 2 4
n = —_— = — X =77
. B 3T
_ P
2m

Values of E for some typical metals are listed in Table 5.1.
Working with the distribution function f (K, x, t), the KBG equation assumes
the form?®

Er (3.34a)

af of . of 1
o PV g Tk = o1 (3.35)

*In the most solid-state works, this analysis is referred to as the relaxation-time
approximation.
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TABLE 5.1. Properties of Characteristic Conducting Metals: Resistivity, Relaxation
Times and Fermi Values

o(u2 —cm) kr Vp
Element Z n(10%*/cm?) 273 K 7(107%s) Ep(eV) (x10%cm™!) (x10%cm/s)
Li 1 4.70(78 K) 8.55 0.88 4.74 1.12 1.29
Na 1 2.65(5K) 4.2 3.2 3.24 0.92 1.07
K 1 14005 K) 6.1 4.1 2.12 0.75 0.86
Rb 1 1.155K) 11.0 2.8 1.85 0.70 0.81
Cs 1 0915K) 18.8 2.1 1.59 0.65 0.75
Cu 1 8.47 1.56 2.7 7.00 1.36 1.57
Ag 1 5.86 1.51 4.0 5.49 1.20 1.39
Au 1 590 2.04 3.0 5.53 1.21 1.40
Be 2 247 2.8 0.51 14.3 1.94 2.25
Mg 2 8.61 3.9 1.1 7.08 1.36 1.58
Ca 2 461 3.43 2.2 4.69 1.11 1.28
Sr 2 355 23 0.44 3.92 1.02 1.18
Ba 2 315 60 0.19 3.64 0.98 1.13
Nb 1 5.56 15.2 0.42 5.32 1.18 1.37
Fe 2 17.0 8.9 0.24 11.1 1.71 1.98
Zn 2 132 5.5 0.49 9.47 1.58 1.83
Cd 2 927 6.8 0.56 7.47 1.40 1.62
Hg 2 8.65 Melted 7.13 1.37 1.58
Al 3 18.1 2.45 0.80 11.7 1.75 2.03
Ga 3 154 13.6 0.17 10.4 1.66 1.92
In 3 115 8.0 0.38 8.63 1.51 1.74
Ti 3 10.5 15 0.22 8.15 1.46 1.69
Sn 4 14.8 10.6 0.23 10.2 1.64 1.90
Pb 4 132 19.0 0.14 9.47 1.58 1.83
Bi 5 14.1 107 0.023 9.90 1.61 1.87
Sb 5 16.5 39 0.055 10.9 1.70 1.96
where
Ik = e& (3.35a)

and & represents electric field strength. The relaxation time 7 is in general
a function of k [see, for example, (3.81)]. Assuming steady state and spatial
homogeneity, (3.34) reduces to

e€ of 1

=L = (f— 3.36

T (fo—1) (3.36)
For short relaxation times, we may set T — et, where ¢ is a small bookkeeping
parameter. Repeating the Chapman-Enskog expansion (3.5.8),

F=fO4ef® 2@ . (3.37)
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TABLE 5.2. Thermal Conductivities and Lorenz Numbers

273 K 373K

K k/oT K k/oT
Element (W-cm/K) (W-Q/K?)  (W-cm/K)  (W-Q/K?)
Li 0.71 2.22 x 1078 0.73 243 x 1078
Na 1.38 2.12
K 1.0 2.23
Rb 0.6 2.42
Cu 3.85 2.20 3.82 2.29
Ag 4.18 2.31 4.17 2.38
Au 3.1 2.32 3.1 2.36
Be 2.3 2.36 1.7 242
Mg 1.5 2.14 1.5 2.25
Nb 0.52 2.90 0.54 2.78
Fe 0.80 2.61 0.73 2.88
Zn 1.13 2.28 1.1 2.30
Cd 1.0 2.49 1.0
Al 2.38 2.14 2.30 2.19
In 0.88 2.58 0.80 2.60
Tl 0.5 2.75 0.45 275
Sn 0.64 248 0.60 2.54
Pb 0.38 2.64 0.35 2.53
Bi 0.09 3.53 0.08 3.35
Sb 0.18 2.57 0.17 2.69

Source: N. V. Ashcroft and N. D. Mermin, Solid State Physics, Holt, Rinehart,
and Winston, New York (1976); and G. W. C. Kaye and T. H. Laby, Table of
Physical and Chemical Constants, Longmans Green, London (1966).

and inserting into (3.36) and equating powers of ¢ gives

£ = fo
e 0 _
h ok
Thus, with (3.37), we find, to 0(¢g),
te€ 0 te&
F&) = f, —7'8—{32fo<k—7) (3.38)

Here we have recognized that the middle expression represents the first two
terms in a Taylor series expansion of the function on the right about re&/h = 0.
This finding indicates that the Fermi sphere has been displaced by the amount
te&/h in k-space (see Fig. 5.7). It is evident from this figure that only electrons
atthe top of the Fermi sea contribute to conduction. Electrons sufficiently below
the Fermi surface cannot be accelerated to nearby higher-lying levels. Such
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I

FIGURE 5.7. The Fermi sphere in k space suffers a displacement in the presence of
an electric field. Electrons in the darkened area contribute to conduction.

promotion would violate the exclusion principle as these levels are already
occupied.
We may use (3.38) to calculate conductivity. Current density is given by

e
J= m/v(k)f(k)dk

Inserting (3.38) into this expression gives

62 af()
J= = / t(k)v(k)E ™ dk (3.39)
Here we have noted that f;, has a vanishing first velocity moment. Let us picture
the Fermi surface, E = EF, in k space. If dS is an element of area on this
surface, then a differential of volume dk generated by a normal, displacement
Sk is |8k| dS.?” The related change in energy is given by dE = |5k||VE|.
Thus we may write for the volume element

dSdE
= (3.39a)
IVKE]
At 0 K, the Fermi-Dirac distribution (3.33) gives
dfo
— =—-8(E—E 3.39b
Yo ( F) ( )
Thus
ofo dfgdE
— =——— =—-ViS§(E-E 33
ok~ oE ok~ VIOE—Er) (3:3%)

2" A similar argument was given previously in Section 3.8.1.
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and (3.39) becomes

J ¢ / ®VEK)E - v(K)S(E — E )dE a5 (3.39d)
=— [ (kv -V - .
473 "IV E|
Integrating over energy gives
2 k)v(k)E - v(k
J=— TEVEE V) 4 (3.40)
43 Je_g, |V E|
Writing Ohm’s law in tensoral form,
JM = Guvgu
and comparing with (3.40) implies the following for the conductivity tensor:*®
2 kv, (kK)v,(k
o= 2 [ = TWubu®) (3.41)
43 Jg, |V E|

Here, we recall, dS is an element of area in k space. Only electrons near the
Fermi surface contribute to conductivity. (See Problem 5.52.)

Weidemann-Franz law

If a temperature gradient is present in the solid-state plasma, then the space
gradient term in (3.35) is written

af of oT
V: —=V. — —
ox 0T ox
The analog of (3.36) becomes

af oT 1
a—TV'a—X:;(fo—f)
Writing the heat conductivity equation (3.4.3) in tensorial form,
a
Q/L = —Ku a_va

and following the procedure that led to (3.41), we find
kiT kv, (k)v,(k
P LLLALSLILYPR (3.42)
127 Je—k, IVKE|

Providing relaxation times in (3.41) and (3.42) are equal, we may conclude

2 /k 2
KT (5B 2y = 2.445 x 10°W—Q/K? (3.43)
oT 3 e

Electrical conductivity in Chapter 3 was labeled o,. A generalized tensor form
for o is given in Section 5.6. See also Section 7.1.2, 7.1.6, 7.2.3.
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where L is the Lorenz number (see Tables 5.1, 5.3). The relation (3.43) is the
Weidemann-Franz law. An expression for the relaxation time 7(k) is obtained
in Section 3.6.

5.3.4 Thomas—Fermi Screening

In this section we consider the repsonse to an extraneous electron placed in
a charge-neutral degenerate Fermi gas. The analysis parallels the calculation
(Section 4.1.1) relevant to a classical plasma. Converting from velocity to
momentum, together with the transformation relevant to the quantum domain,

dp
fow)ydv — 2f0(P)ﬁ

permits (4.1.23) to be written (in the static limit) as

8 2 (k-3fy/opd
g — 1= _1me / fo/9p dp (3.44)
k2 k-p #n
Here we have written f; for the Fermi-Dirac distribution (3.33). With
o _ B3
op moiE
and
dp =27 (2m)**E'? dE
(3.44) becomes
16w%e*(2m)*? [ 9
8_1:_”6—(’“)/£E1/2dE (3.45)
k2h3 oE
For sufficiently low temperature, again we write
dfo
— =—8(E — E
Yo ( F)
and (3.45) may be written
6mne’/E krr\’
8_1:M: rE (3.46)
k2 k
where EF is given by (3.34) and
6mne? 1
k%'F = E—F, )\%"F = E (3463)

are the Thomas—Fermi screening wave number and screening distance, respec-
tively. It follows that the static dielectric constant for a degenerate plasma, in
the quasi-classical limit, is given by

2

k
e=1+-7 (3.47)



5.3 Application of the KBG Equation to Quantum Systems 377

Repeating the analysis leading to (4.1.35) gives the static potential

—eexp(—krpr)

o) =—"—"— (3.48)
Whereas this form greatly resembles the classical result (4.1.35), a more

detailed quantum mechanical description?® indicates that, at relatively large
distance, the interparticle potential oscillates as

1
¢(r) ~ — cos2kpr (3.49)
-

Here kf is written for the Fermi wave number, Er = Fzzk%/ 2m.

Nonstatic limit

In the nonstatic, long-wavelength (k> <« w?/vy) limit, we obtain® the
following dispersion relation for a degenerate plasma:

3v2k2
W = o} (1 42k ) (3.50)

2
Sa)p

This relation bears a striking similarity to the parallel relation for long-
wavelength waves in a classical plasma (4.1.46):

3C°K°
o’ =w) (1 + ) (3.51)

2
wl’

However,as T — 0, C — 0 and (3.51) gives nonpropagating standing waves,
whereas in the quantum domain v persists at 7 = 0K . Progagation of waves
at 0 K in a degenerate plasma have been compared to the phenomenon of
“zero sound” relevant to a fluid of uncharged fermions at 0 K (discussed in
Section 4.2). Furthermore, longitudinal waves in a degenerate plasma (3.50)
also suffer Landau damping.>!

The similarity in relations of parallel quantities in classical and degenerate’?
plasmas is illustrated by the following:

2J. Linhard, Kgl. Danske Videnskab. Selskab. Mat.-Fyd. Medd. 28, No. 8 (1954).
The behavior (3.49) is often referred to as Friedel oscillations.

L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Physical Kinetics, Pergamon
Press, Elmsford, N. Y. (1981).

3P, M. Platzman and P. A. Wolf, Waves and Interactions in Solid State Plasmas,
Academic Press, New York (1973).

2Degenerate here refers to the quantum domain.
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Classical
L O Wt eV e, o
K2 d_a)f,_4nne2’ ya 2 c?
(3.52)
Degenerate
1 1 U% EF ® 2 3 v%kZ a)2
G =Mp=i 5=, <_):1+_ o K<
k2 3wl G6mne w, 5 w; Vg
(3.53)

5.3.5 Mott Transition>>

An instructive application of the Thomas—Fermi potential (3.48) comes into
play in the derivation of the criteria for what is commonly called the Mott
transition. Consider a conducting lattice with one free electron per atom, such as
is the case with the alkali metals. The band structure typical to such conductors
is shown in Fig 5.6. Let the crystal undergo an ideal expansion at O K. The
question we wish to consider is, at which point in the expansion does the sample
become an insulator? We will assume that the change of state, termed a Mott
transition occurs when a conduction electron of the metal forms a bound state
with an ion in the lattice.

At reasonably good expression for the potential of interaction between a
conduction electron and an ion in a metal for the present model is given by the
Thomas—Fermi potential (3.48) (now written as potential energy)

€2 exp(—kTFr)

V() = (3.54)

r

It has been shown®* that an electron and ion interacting under this potential
will permit a bound state providing

1
krp < — (3.55)
o
where a is the Bohr radius. With (3.46a), we may rewrite

2 _6mne® 4 (3"’
e Er _ao T

3Named for N. F. Mott.
34]. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics, p. 55, Wiley, New
York (1953).
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The criterion (3.55) may then be rewritten

T \?2 6
— 3.5
n<(3) m (3.56)
where
ny = Zyrag

is the number density corresponding to one atom per “Bohr volume,” 47 a; /3,
which is relevant to a hydrogen-like lattice. Thus n represents both electron
and ion densities. The relation (3.56) indicates that in the present crude model
the Mott transition occurs for ion number density < 0.179.%

5.3.6 Relaxation Time for Charge-Carrier Phonon Interaction

For temperatures in excess of >~ 100K, one of the more important scat-
tering mechanisms of charge carriers in a semiconductor is that of phonon
scattering.’® Recall the phonons are quantized lattice vibrations. The disper-
sion relation for phonons contains two branches corresponding to acoustic and
optical phonons, respectively.?’ For relatively small phonon wave number ¢,
acoustic phonons satisfy the dispersion relation

w > uq (3.57a)

where u is constant wave speed, whereas optical phonons in this same domain
satisfy the relation

w >~ wy (3.57b)

where w, is a constant frequency.

For elemental semiconductors (for example, silicon and germanium), charge
carriers interact with phonons through what is commonly termed the defor-
mation potential interaction or, more simply, the strain interaction. Thus one
speaks of strain-acoustic and strain-optical interactions.

3>Whereas experiments are presently underway, the monatomic metallic phase of
hydrogen has not been observed in the laboratory. It has been estimated that solid
H, undergoes a transition to the metallic phase at approximately 3 Mbar. For further
discussion, see B. I. Min, J. F. Jansen, and A. J. Freeman, Phys. Rev. B. 33, 6383
(1986); and D. Ceperely and B. Alder, Phys. Rev. B. 36, 2092 (1986).

% Atlower temperature, scattering is dominated by interaction with impurity atoms
in the lattice. For futher discussion, see K. Seeger, Semiconductor Physics 3rd ed.,
Springer-Verlag, New York (1985); and R. L. Liboff, J. Phys. Chem. Solids 46, 1327
(1985).

3For further discussion, see J. M. Ziman, Principles of the Theory of Solids,
Cambridge, New York (1964).
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hk' hk’

hk hk

\
Yy

hq

(a) w. (k, k') (b) w_ (k, k')

FIGURE 5.8. Diagrams corresponding to (a) absorption of a phonon, and (b) emission
of a phonon.

In this section we derive an expression for the relaxation time t(k), in-
troduced in (3.35), appropriate to the acoustic strain interaction® for a
semiconductor in the presence of an applied electric field £.

Neglecting spin, the collision integral for this scattering proces may be
written [compare with (2.86)]

5 14 / ’ / /
J(f)= 2y ;/[wi(k K f(K) —wi(k, K) f(K)]dk (3.58)

where V is the volume of the sample and with (3.32) we have written ik
for the momentum of charge carriers. The probability rate or charge carrier
scattering from the k to k’ state accompained by the absorption (+) or emission
(—) of a phonon is written w. (K, k). We may associate diagrams with these
interactions, as illustrated in Fig. 5.8.

The rate coefficient w. (K, k') may be written in terms of matrix elements
of the perturbation Hamiltonian H’, as follows [recall (2.85)]:

2
wa k. K) = | Hy P 2E8(A,) (3.59)

Here Hy,, is the matrix element corresponding to the transition k — k’. The
delta function factor in (3.59) ensures conservation of energy where, with m
written for effective mass of charge carriers,

27,2

R k2
AEi:[z

:Fﬁw(q)} o (3.60)
m

m

Our plan is to convert the right side of (3.58) to that of (3.35). To incorporate
the anisotropy of the distribution function to the applied electric field, we recall

]t has been demonstrated that for cubic semiconductors the acoustic strain inter-
action dominates in the quasi-classical domain. See G. K. Schenter and R. L. Liboff,
J. Appl. Phys. 62, 1977 (1987).
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(3.7.21) and write

fK) = folk) + ufi(k) (3.61)

where, again, u is the cosine of the angle between £ and k. If we identify fy(k)
as the equilibrium distribution, then by statistical balance (Section 3.3.9) we
may set

w+(k, K) fok) = wi(K', K) fo(k') (3.62)
Substituting (3.61) into (3.58) and incorporating (3.62), we obtain

A Vv
J(f) = @y Xp:m /[w:t(k/’ k) fikHw' — w,m(k, k) fi(k)ul dk’

4 k
= 2n)y dom / [ﬁ)( )fn(k’)u’ - fl(k)u] w,m(k, k') dk'(3.63)
p

2 Jo(k")
In the high-energy limit, E >> liw(q), we may further assume
fo(k") = fo(k)
fitk) = fi(k) (3.64)

Substituting these relations into (3.63)gives

o 1% w N o
J(f)= ~ Gy ;Mfl(k)/ (1 - ;) wy (k, K" dk (3.65)

Recalling (3.61), we note
—pfilk) = folk) — f(k)
Thus (3.65) gives the desired expression:
1 \% w
-—=— 1-—— k, k') dk’ 3.66
(B e
Explicit formula for 1/t

To further reduce the integral in (3.66), we cite the specific form of the transition
probability rate (3.59) for strain-acoustic interactions.*

, 2w Ag
Z wi(k, k') = ; [n,8(AEL) + (ng + 1DS(AE_)] (3.67)

pm

¥E. M. Conwell in High Field Transport in Semiconductors. Solid State Physics,
Vol. 9, Suppl., F. Seitz, D. Turnbull, and H. Ehrenreich (eds.), Academic Press, New
York (1967).
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where n, is the Bose-Einstein distribution (3.6)* relevant to phonons, and
AE. are given by (3.60). The coefficient A is given by

_ EW
-~ 2Vou
where p is crystal mass density and E,/V is the shift in band edge*! per unit
dilation of the lattice. Note that E; has dimensions of energy and A that of

energy squared times length.
For sufficiently large crystal temperature, we may write

(3.67a)

kgT > hqu
This permits the Bose-Einstein distribution to be expaned** as
kgT 1
N 3.68
ng fug 2 +-o> (3.68)

which in turn allows (3.67) to be collapsed, and we obtain
, 2w Aq
Z wi(k, k) = an[S(AE+) + 8(AE_)] (3.69)

We turn next to the delta functions §(AEL). Substituting the dispersion
relation (3.57a) into AE. given by (3.60) permits us to write
i 212
AE; = 5 [(k+q)" — k7] Fhug
m

h? _
= 5-la* £ 2K Q1) Fhug

h’kq q mu
- ]
[ TR
where we have written
i=k-q
Taking the delta function of AE,m gives
2m 1 _ mu q
S(AE :——5[ —(— —)] 3.70
(8B = 58| (G 7 o (3.70)
Here we have recalled the delta-function relation
1
S(ax) = H(S(x) 3.71)
a

““That is, n, (here) is written for fy[w(q)] in (3.6).

“For a one-dimensional lattice, band edgers occur at k = nm/a, where a is the
lattice constant (see Fig. 5.5).

“Neglecting % in (3.68) gives the phonon equipartition theorem: kzT = njJiw =
energy/frequency modes.
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A
k

k'

FIGURE 5.9. The angles 9, €', «, and B for reduction of (3.66).

Finally, in our evaluation of the integral in (3.66), we seek a relation between
w and w'. To these ends we refer to Fig. 5.9. Vectors are defined with respect
to k taken as the polar axis. With this figure at hand, the cosine addition law
gives

w' = pcosa + sind sina cos B (3.72)
Furthermore,
¢* =k —K|>=k>+k?* - 2kk' cosa (3.73)

At high energy, k >~ k’, and the preceding relation gives

e

=1-—— 3.74

cos o e ( )

Substituting this relation into (3.72) and neglecting the cos 8 term owing to
the dB integration in (3.66), we obtain

’ 2
L B (3.75)
W 2k?
With the relations (3.68) through (3.75) at hand, we return to (3.66) and
write (with dk’ = dq)

%zg;/dqqs - (= )] (3.76)
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where
VAkgT
I (3.76a)
2(2m)Fiu
With k taken as the polar axis, we write
dp =2nq*dgdj
and (3.76) gives
27rB q
- Td d 5[ - | 377
aq’ | din T - T 2k) (3.77)

Integration over i leads to bounds on the dg integration, and (3.77) reduces

to
27B qv(i)
_Z il / (3.78)

q1(£)

where g (%) are the two solutions at the bounds of the inequalities

mu q
-1 < —F—<+1
= kTS (3.78a)
g = 0
There results
2mu
qi1(£) =0, gr(£) =2k + a (3.78b)

(see Problem 5.9). Substituting these values into (3.78) and integrating yields
1 87 B 4
= Xp:m s ik £ mu)

In the limit 4 < /ik/m, the preceding reduces to

1
— = 16 Bk
T

Substituting the value for A (3.67a) into B (3.76a) gives

1 ( s W)k (3.79)

This result may be cast in a more revealing form if we identify

7l pu?
= —7 (3.80)
n kB T El
as the acoustic phonon mean free path. Thus we may write
1 hk/m
P (3.81)

T l
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This finding is often employed in the literature.*
Here is a brief recapitulation of assumptions leading to (3.81): (1) £ >
ho(q), k' >~ k, (2) kgT > hw(q), (3) hk/m > u. These inequalities are
satisfied in most practical cases.

5.4 Quantum Modifications of the Boltzmann Equation

5.4.1 Quasi-Classical Boltzmann Equation
Normalizations

In the preceding analysis of photon (boson) and electron (fermion) kinetic
theory a general rule was found describing the transformation of classical to
quantum distribution functions. In the quasi-classical limit, it reads as follows:

dxd
fer(x, V) dXdv = fom(x, p));l—2p 4.1)

Here we recall that dx dp/ h? represents the number of available states in the
phase volume dx dp. Note that fom(X, p) is dimensionless. In the pure quantum
domain, x and p may not be prescribed simultaneously, and the preceding rule
becomes

d
fo()dv — fw(p)h—f 4.2)

(This transformation was used previously in Section 3.4.) In our preceding
examples, the density of states dp/h® was increased by a degeneracy factor,
which we now label G. For photons, G = 2, corresponding to two degrees
of polarization, whereas for electrons, G = 2, corresponding to two spin
projections. Thus, for photons, we found (3.9)

dp 2dp o*do
wW TR a

whereas, for electrons (3.33b),

dp 2dp 4n(2m)*?E'?dE

woR h3
These notions play an important role in Uehling and Uhlenbeck’s quantum
generalization of the Boltzmann equation.**

#See, for example, L. Reggiani (ed.), Hot-Electron Transport in Semiconductors,
Springer-Verlag, New York (1985).
“E. A. Uehling and G. E. Uhlenbeck, Phys. Rev. 43, 552 (1933).
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Collision integral

We concentrate on the collision integral in the Boltzmann equation (3.2.14)
(reverting to dimensional form):

i = [ [usi= s agav

Here we recall that f’ f{ relates to a collision in which particles are restored
to velocity volumes dv about v and dv; about v, respectively. Suppose these
particles are fermions. Then we must ensure that the exclusion principle is
not violated when particles enter respective phase volumes. The number of
available states in the volume dx dp is
dxdp m?
=
(Here we are writing dx for the collision-domain volume.) Thus, if f =
Gm?/ h3, the phase volume is filled and there can be no further reentry of
fermions. This property can be incorported in the Boltzmann equation through
the change in collision phase volume relevant to the term f f”:

h3f(v)} [1 )

G

dxdv 4.3)

dx,dv, — |:1 ~am G’

:| dX] dV[ (44)
A similar argument applies to the direct collision product ff;. Inserting these

changes into the derivation (3.2.1) et seq. yields the quasi-classical collision
form

() = / f LF FI+E)A+E )= FA4ES)A+ESDgo d2dv; (4.5)

Here we have labeled

h3
E=96 G (4.6a)
where
+1 for bosons
§ = 0 for Boltzmann statistics (4.6b)
-1 for fermions

The enhancement value § = +1 for bosons stems from a statistical affinity
that identical bosons have to be in a common domain.*

“@G. E. Uhlenbeck and L. Groper, Phys. Rev. 41, 79 (1932). See also K. Huang,
Statistical Mechanics, ibid.
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Equilibrium distributions

The condition for statistical balance that follows from (4.5) is given by

() () - () (Fa) o
e ) \ren) " \tver )\,

Taking the log of both sides reveals the collisional invariant:*®
ln( / )Zﬁ(M—E)—lnlél (4.7b)
L+&f

Here B = (k, T)~', E is written for single-particle energy, and x is a constant
that may be identified with the chemical potential. Inverting the preceding
relation gives

1 1
gl = PE- _§  ePE-W T | (@.70)
With our definition of £ and taking |§] = 1 gives the correct quantum
distributions [Bose-Einstein (—), Fermi-Dirac (+)]:
Gdp/h®

In the following section, an equation closely allied to the Uehling-Uhlenbeck
equation is discussed relevant to a Fermi liquid.

5.4.2 Kinetic Theory for Excitations in a Fermi Liquid
Elementary excitations

In quantum mechanics, a weakly excited state of a macroscopic body may be
considered as an aggregate of individual elementary excitations. Such excita-
tions are a consequence of a quantum mechanical description of the collective
motion of the system and should not be identified with individual atoms.
Excitations behave like quasi-particles with definite momenta p and energy
e(p). We may introduce a nondimensional distribution function for quasi-
particles such that £2 dp/ h* represents the number of quasi-particles per unit
volume with momentum in the volume dp. In the quasi-classical limit, f may
be written as a function of both x and p. In the present case, the quasi-classical
domain is characterized as follows. Let L be the length over which f varies
appreciably. Writing k ~ 1/L for the equivalent wave number, the condition

4We may assume that the scattering potential is x dependent. It follows that p
does not commute with the Hamiltonian and cannot be specified together with E in
(4.7b).
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becomes

hk < pr

where pr is the Fermi momentum (3.34).
When the liquid suffers a small displacement from equilibrium, we write

f&x,p) = fo(p) +8f(x, bp) (4.9)

where fy(p) is the equilbrium distribution. In like manner, we write

&(x, p) = &o(p) + d&(x, p) (4.10)

where g¢(p) corresponds to the equilibrium state. The change in excitation
energy is given by

2dp’
3

se(x, p) = / K(p. )5S (x. p) @.11)

where K (p, p’) is the quasi-particle interaction function.
Let the liquid occupy the volume V. For the total energy of the liquid we
write UV so that U is energy density. The variation of U is then given by

2d
SU = /safh—_f’ (4.12)

The quantity e(x, p) plays the role of the Hamiltonian of a quasi-particle in
the field of other particles, and its as well as (4.12) are employed below to
construct an equation of motion for the distribution f.

Kinetic equation

A Kkinetic equation for quasi-particles in a Fermi liquid was presented by
Landau in 1957.#7 It is given by*

af de df de af
at  dp Jx 0x Jp

4L. D. Landau, J. Exp. Theor. Phys. (USSR) 32, 59 (1957). Repringed in, D.
Pines, The Many-Body Problem, W. A. Benjamin, Menlo Park, Calif. (1961).

“Note the resemblance between (4.13) and the Uehling-Uhlenbeck form (4.5).
See also, F. Bloch, Z. Physik 58, 555 (1929); 59, 208 (1930).



5.4 Quantum Modifications of the Boltzmann Equation 389

j(f)Z/w(p, PP POLS fI( = A = fi] (4.13)

— A = fHA = IS+ —& — &)
s(p+p1 —p —p))dp: dp dp;

Delta functions indicate that momentum and energy are conserved over a col-
lison. The function w gives the collision probability and obeys the symmetry
relation

w(p, p1; P, p; = w@’, pisp, P1)

That is, the probability of a collision and its reverse are equal.

As with the Uehling-Uhlenbeck collision term (4.5), the Landau form (4.13)
likewise ensures that collisions satisfy the exclusion principle relevant to
fermions. Note also that f in (4.13) is dimensionless.

The condition of statistical balance obtained from (4.13) again yields the
Fermi distribution (3.33a).

Conservation equations

Equations of motion for macroscopic variables in a Fermi liquid are obtained
by taking moments of (4.14). Integrating over momentum gives the continuity
equation

on
§+V-n(v):0 (4.14)
where n represents quasi-particle number density,
2dp
n= /f(X, P)F (4.15)
and
2dp
n{v) = fVF (4.16)
is particle flux, where we have set
d
v=— (4.17)
op

for quasi-particle velocity.
Multiplying (4.13) by p;, and integrating gives

a af de af ode \ 2dp
—nip)+ [ pi| o - ) S5 =0 (4.18)
ot an Bpj Bpj ij h3

The integrand in this expression may be rewritten

0 de de 0 e
2 (p= L (p = 4.19
ax; <p ap; f) - faxi ap; (p ax; f) @19
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Integration removes the last term. To transform the middle term, first, with
(4.12), we write

oU of 2d
v _ / O 2dp (4.20)
0x; ox; hd
It follows that
ae 2dp
= — - U 421
/ fox T = % (ntey — U] (4.21)
where we have set
2dp
n{e) = efF (4.22)

The relation (4.21) permits the middle term in (4.11) to be recast and (4.18)
becomes

Kl
n{p;) +—]_[ 0 (4.23)

Here ]_[ represents the momentum flux (or stress) tensor
[[=npivy) +8;inie) — U] (4.24)
ij
Finally, we multiply (4.13) by ¢ and integrate. In like manner to (4.20), we
write

U of 2d
oY / L 2dp (4.25)
ot ar W3
There results
oUu
— 4+V.q=0 (4.26)
ot
where
2d
/ p 4.27)

represents the energy flux vector.
In this manner, we obtain the classical-like*’ conservation equations relevant
to a Fermi liquid:
on

—+V. =0
oy TV v

—n{p)+ V- l_[ = (4.28)

“The similarity of macroscopic equations in classical and quantum physics is
discussed in J. H. Irving and R. W. Zwanzig, J. Chem. Phys. 19, 1173 (1951).
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d
—U+4+V.q=0
TR
In the quantum equilibrium state, all three flux vectors in (4.28) vanish.

Zero sound

We wish to apply the kinetic equation (4.13) to small perturbations away from
equilibrium of a Fermi liquid at 0 K. If the frequency of the perturbation far
exceeds the collision frequency of quasi-particles, then we may neglect the
collision integral in (4.13). With this condition at hand, we obtain

a8 dey 96 28ed 9

98f | dey 98f 888 dfo _ (4.29)

at ap 0x ox  Jp
The quantitities §f and ¢ represent variations away from equilibrium, as in
(4.9) and (4.10).
At T = 0K, we have

oo
ap

where n is a unit vector in the direction of p. We seek a wave solution in the
form

= —né(p — pr) = —Vvé(e — Ep) (4.30)

8f = 8(s — Ep)a(m)e'®V=o) 4.31)

where n is a unit vector in the direction of p, and a(n), which is to be de-
termined, represents displacement of the Fermi surface in the direction of n.
Combining the last three equations and recalling (4.11) for §e, we find

2dp’
(w—vpn-K)a(m) =v- k/ K(p, p)am)s(e — EF)h_3p
where we have set
i 880
=
Again transforming to surface area in p-space [see equation following (3.39)],
_dSp,de  dS,de p*dQde
N |Vpel v v

\72

dp

permits the preceding equation to be written

2k

= | KO@am)de

(w —vpn-Ka(n) =n-k

Here we have written 6 for the angle between p and p’. With k taken as the
polar axis and setting

N

w
kUF
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gives
(N / / dQ/
(s —cosO)a(f, p) = cosb / K@)a(g', ¢ )4— (4.32)
T
where we have set
- 22
k="ark (4.32a)

Let us examine the case that K is constant and equal to the value K ,. We may
then assume that the interaction integral in (4.32) is likewise independent of
angle. This gives the solution
cos 6
al@) =A— (4.33)
s —cos 6
where A is an arbitrary constant. The Fermi surface corresponding to this
solution is elongated in the direction of wave propagation.
Substitution of the trial solution (4.33) into (4.32) gives the condition

- T cos® 2msinfdo
Ko =1
0

s —cosf 4

Integration gives

As s varies from 1 to infinity (corresponding to undamped waves), the left side
of the last equation varies from infinity to zero. It follows that waves exist only
for Ky > 0. In the limit of vanishing interactions, Ky — 0 and s tends to unity
corresponding to the zero sound speed w/k = vp. For a moderately nonideal
Fermi fluid, the zero sound speed is vy /~+/3.%

5.4.3 H Theorem for Quasi-Classical Distribution

In this section we return to the quasi-classical Boltzmann equation (4.5) and
present a derivation of the related H theorem. The appropriately generalized
expression for entropy, S = —kpH, is given by>!:>2

S
o= Y ail(fi £ DIn(1 + £;) = fiIn fi] (4.34)

In this expression, the sum is over all quantum states, g; denotes of the ith state,
and the + sign is relevant to bosons and the — sign is relevant to fermions.

9Yu. L. Klimontovich and V. P. Silin, Zh. Eksper. Teor. Fiz. 23, 151 (1952).

SIK. Huang, Statistical Mechanics, p. 196, Wiley, New York (1967).

S2A. Akhiezer and S. Peletminskii, Methods of Statistical Physics, p. 134,
Pergamon, Elmsford, N.Y. (1981).
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In the quasi-classical limit, the sum over discrete quantum states reduces to
an integral accordng to the rule

Z g — dp (4.35)

Here we are assuming a spatially homogeneous system confined to the volume

V. Employing the preceding relation, (4.34) becomes
S 2V
iy dpl(f £ DIn(1 £ f) — fIn f] (4.36)
B

With this expression at hand, we recall the generalized Boltzmann equation
(4.5) and the relation (4.1):

F—J 4.37
—-=I() (4.37)

A o dQg dp

J(f) = / —1[f [AENHAx )= fAAE HA £ )] (4.38)
The distribution functions in these equations are dimensionless.

Employing the relation

9l )it f)] = [1+In(a £ 12 (4.39)
ay dy

where a is a constant, indicates that to obtain an equation of motion for S, as
given by (4.36), we must multiply (4.37) from the left by

2V

o /dp{ (1+1Inf)+[1+In(1 + f)]}

There results

b S 2Vd11if} 4.40
Diky I (T) N (4.40)

Recalling the 1 operator (3.3.2),
i61= [ Jremap (441)

[with J(f) given by (4.38)] and repeating the symmetry operations (3.3.3 et
seq.), again we find

I(p) = 1(p) = —1(¢)) = —1(#}) (4.42)
which gives
n 1 - n n n
1) = U@ + 1) — 1(¢) — 1(¢))]
R I, (4.43)
19)= 116+ ¢~ )
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Substituting this result into (4.40) gives

DS VvV N AEY 1+ fi
Eﬁ_zh»*/dp“f)_l“( 7 )Hn( f >

—1In (1 if/) —1In <1i—,f{>} (4.44)
I S

V[ T (TSN (LAY (S £
‘szd‘”(f)_l“( 7 )( 7 ><1if’><1if{)}

Substituting (4.38) for J (f) and labeling

dpdp,o dQ2g
Tzdu
we obtain
D S . V d / /1:': 1:': 1:|: ! l:l: !
Dric = i | RO E DA E f) = SAAE 0 D]
_1n|:(1:|:f>(1if1)( I )( U )] (4.45)
f fi L+ f7) N1+ f
Setting

fAaEHa£f=Xx
FAAE HAE fH=Y
permits (4.45) to be written as
) V/d (X Y)1X>0 (4.46)
—— = —Y)ln— .
Diks 213 ) M Y =
which establishes the 7 theorem in the quasi-classical domain. Note also that
the implied equilibrium solution, X = Y, returns (4.7), which gives the correct
quantum equilibrium distributions (4.8).

5.5 Overview of Classical and Quantum Hierarchies>>

5.5.1 Second Quantization and Fock Space

Consider the wave function relevant to N identical particles. In accord with
the Pauli principle, the appropriately symmetrized wave function is given by

XX N) = Y (@) XL xy) (5.1)

3 An expanded presentation of these topics is given by G. K. Schenter, Thesis,
Cornell University, Ithaca, N.Y. (1988). For further discussion, see L. E. Reichl, A
Modern Course in Statistical Physics, University of Texas Press, Austin (1980).
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The ket vector |Xy, ..., Xy) on the right side of (5.1) is of arbitrary symme-
try. The sum is over N! permutations of (1,..., N). The + and — signs are
appropriate to bosons and fermions, respectively.

Let the wave function relevant to n, particles at x, n; particles at x’, and
so on, be written | ..., ny, ...)r. The subscript F' denotes that this wave func-
tion exists in Fock space. This is a space whose independent variables are
occupation numbers. The relation of this wave function to that given in (5.1)
is

(5.2)

The only occupation numbers in the right ket vector of (5.2) which are nonzero
are those with x-values equal to those in the left ket vector. The wave function
(5.2) may be generated by the field creation operator ¢(x). Thus

1
VNI

where |0) r denotes the vacuum state. Note in particular that

ST ng =T Eng]...,(1£ny,..)r

G (xy). .., d'(x1)I0) (5.3)

|X11"'7XN;N>:

(5.4)

GX) ..y hgy N =Ny (FlEny), .. ) F
The operator dAﬁ(x) creates a particle at X, whereas ¢(x) annihilates a parti-
cle at x. These operators are appropriate to the representation called second

quantization.>* For fermions, ny, = 0 or 1, whereas forbosons,ny =0, 1,2, ...
Commutation relations of field operators are given by

()" () F ' W] = [(x), $' (N5 = 8(x — y) (5.52)
where the upper sign corresponds to bosons and the lower sign to fermions.
The wave functions of (5.4) carry the following normalizations:

(X1, XN [X] X)) = 8(x) — X)) -+ 8(Xy — X)) (5.5b)

PR
Tx, M

5.5.2  Classical and Quantum Distribution Functions

To this point in our discussion, we have encountered: (1) the classical
distribution function, fy(x",p",?), (2) the quantum mechanical density

*An overview of quantum kinetic theory in second quantization is given in T.-J
Lie and R. L. Liboff, Annals of Physics (1971).
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matrix

o,y 0 = (xV|ply") (5.6)
and (3) the quantum mechanical Wigner distribution, Fy(x", p¥, 1).
With the preceding description of second quantization operators ¢'(x) and

&(x), we may introduce a fourth distribution-like form: (4) the N-particle F-

space operator G y(x", yV, 1), where F-space denotes Fock space. It is given
by55

GV, ¥V, 1) = ¢}, (y) - - f (YWD (XN) - - P (1) (5.7)
where (;bH(x) has been written for
B (x, 1) = 1A ()~ (5.7)

which is the Heisenberg representation of ¢A>(x) and H is the corresponding
N-body Hamiltonian in Fock space.

The equation of motion for &H(X) is given by the Heisenberg equation of
motion (1.44):%°

¢H = [¢u, H] (5.8)

It should be noted that, whereas the distributions fy, p,, Fy are defined with
respect to a given number of N particles, Gy is defined for unbounded N.

To obtain a relation between the F-space operator G,(x’,y*, ) and the
density matrix p;(x*, y’, t), we first note that reduced density operators obey
the relation

ps = TrN=9 p (5.9)

where Tr = denotes a trace over the (N — s) dimensions (s + 1,..., N).
Thus, for example in the coordinate representation,

ps(X*,y) = /de dys1 - dxy dynS(Xes1 —Ysi1) - - - S(xy —yn)onx", y")

The presence of the delta functions in this relation indicates that the integral
is a trace operation.

At this point we introduce an s-particle observable equivalent operator. First
we recall that the N-body potential is written

N
Vv = Zzuij(lxi —X

i<j

33This operator is closely allied to the N-body Green’s function described in
Section 5.7.

%Note that in (5.8), the partial time derivative is used to distinguish between x
and ¢ differentiation. It is not the same as that occurring on the right side of (1.44).
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where u;; are two-body potentials. Motivated by this form we introduce the
s-particle operator

N
AD =" A, (5.10)
i<--<iy
The time-dependent expectation of A® is given by

(A, =TIV [y (1) AW

N N
= <S ) Tr(S) ﬁ.YAl.“S

N N
= (s) /dx‘Y dy’ (Y’ | A1 X ) ps(X°, ¥°, 1) (5.11)

Here we have taken advantage of the symmetry of the system so that Al
operates only on the first s particles of the N-particle sample.
In Fock space, the analogy of (5.10) is given by

~ 1 2 ~
A® = o /dx“ dy’G,(x*, y*, 0)(y’|Aq..,|x%) (5.12)

Stemming from the first equality in (5.11), we write
(AV), = TrV [Py (HAY]
= TiV [py () ™AV = TV [py(0)AR] (5.13)

Here we have recalled that Tr[AB] = Tr[f?A]. Inserting (5.12) into (5.13) and
recalling (5.7) gives

2 1 ~ 2 ) S S I S
(AV), = 5 / dx* dy’ TV [py(0)G,(x*, y', OIY' |A1Ix°)  (5.14)

Comparison of this latter result with (5.11) indicates that

o N —s)! N o Bs s
ps(X°, ¥, 1) = %Tr(N)[pN(O)G(X*, y', 0] (5.15)

which is the desired relation between the density matrix and G,. Note, in

particular, that G, determines the density matrix p,, but the converse is not
true.

As an elementary example, consider the problem of obtaining p;(x, y, 0) for
a system of N particles in the pure state | ..., ny, ...). Writing py(0) in the
projection representation (2.37), we obtain

1 R 2
,01(X, ya O) = N Tr(N) [ION(O)G] (Xa yv O)]

1 A
— NTr(N)[l e ) g L (VPR ()]
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1 n u
N“’ N G AL T1C | I NN Y (5.16)
A nonzero result occurs only if x = y. Thus we find

Ny
,01(X, )’) = N‘Sx,y

This result has the proper normalization

nx
Trpi(x,y) = Tr [ o, | = Z =1

As a second example of this formalism, let us apply (5.14) to evaluate the
average total two-body interaction potential

N
V=22 @ —a)
i>]
Here q; represents the coordinate operator. Thus we must evaluate
(y1y2li(@r — Q)Ix1X2) = 8(y1 — X1)3(y2 — X)u(X; — X2)

Substituting this result into (5.14), and with reference to (5.7), we find

1
(V),:Effffdxldxzdyldszr(m

[on(O)s (Y1, sy (Y2, 1)br (X, )r (X, 1)]
X 8(y1 — X1)8(y2 — X)u(X; — Xa) (5.17)

Again, as in (5.16), let py(0) be relevant to a pure state. Substituting this form
into (5.17) gives

(V) = %dxl dxo (-, ng, ...|
bl (X1, D), (X, DXy — X2)by (Xa, NP (X1, )] ..., Ny, .. §5.18)

This integral may be further reduced by setting t = 0. With (5.4) there results

(V) = %// dX[ dX2 I’lx]l’leu(X| — X2) (519)

which has a self-evident interpretation. Had we not worked in a pure state,
an additional probability factor would have appeared in the preceding integral
[see (2.36)], together with a sum over ny, and ny,.

Let us consider calculation of (H),. With (5.13) we write

(H), = Te[p() H] = Tr[p(0)e! 1 He M = Te[p(0)H] = (H)o

Thus we find that (H) is constant in time.
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5.5.3 Equations of Motion

We recall that the density operator and classical distribution function satisfy
similar equations, the Liouville equation (1.4.7) and its quantum analog (2.11),
[see (1.44)]

v

B = —[fn, H] (5.20)
iﬁaaLtN —[pw. H] (5.21)

The classical Hamiltonian for our system is given by

H(l.....N) = Z +ZZ uy(xi —x)=Ky+Vy  (522)

l<j

where Ky and V,, are respective kinetic and potential energy terms. Substituting
the quantum analog of (5.22) into (5.21) and forming matrix elements gives

donxV,yV) 1 e . .
AT = R ) = Ry ]+ ™) = Tl y)
(5.23)
The operators in (5.23) are give by
A N A
Knx™) =Y Ki(x)
i=1
N h?
Ki(x;)) = ——V?x; (5.24)
2m

UnGaM) =D uy(lxi — x;1)

i<j
The equation of motion for the Wigner distribution, Fy, is given by the
Wigner-Moyal equation (2.70):
dFy p" 9Fy 2 (F 3 D
_ = 1mn .
ot m  oxN B 20p apY  axN
As noted previously, momentum and space derivatives in the sine function
operate, respectively, on Fy and Vy.
To obtain the representation of the Hamiltonian (5.22) relevant to Fock

space, we note the following second quantization rules: With F (x)and L(x, v)
representing one- and two-particle functions, respectively, we write

) Vy(xV)Fy (5.25)

N

> Fx) — / dxe;(X)F (X (x)

= (5.26)
ZZL(xl,x» — / / dx dyg ()¢5 V)L, Y)bu(y)bn(x)

i<j
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where g?bH(x) is the time-dependent operator (5.7a). There results

. . N 1 fi s N
H = /¢L(X)K(X)¢H(X)dx+ 5//¢L(X)¢h()’)u(x, Y)ou(Y)¢u(x)dx dy

(5.27)
As an elementary example of the workings of these operators, consider that
the double integral potential-energy operator in (5.27), which we label 2 Q,
operates on the ket vector

0...,15,0...,1y,0---) = |1y, 1y)

v Axo

There results
-~ 1 /oo 1 rool
Q|1X’7 1y’> = |:§M(X Yy ) + Eu(y » X ):| |1X’7 ly/>
= M(X/, y/)|1x” 1y’>

We turn next to construction of equations of motion for $u(x) and G . With
the Hamiltonian (5.27) at hand, we employ (5.8) first to obtain an equation of

motion for (2),,, (x). With the commutation relations (5.5), there results (see
Problem 5.46)

i du(x) = ROOG(x) + f 3 NI Idy  (5.28)

Employing this equation and the defining relation (5.7) gives the following
equation of motion for G y(x", y", t) (see Problem 5.47):
Gy
ot

Whereas this equation is equivalent in form to (5.23), we should bear in
mind that (5.29) is relevant to Fock space, where, as noted previously, N
is unbounded.

| BN A A . 2
= %{[KN(XN) — Kyl + [V = Vi™IIGy  (5.29)

5.5.4 Generalized Hierarchies

In the following, we write z; for the single-particle state (x;, p;). Thus
Dy = Dy(zy,2,, ..., 2y) = Dy(x")

where Dy is written for any of the preceding distributions. Reduced
distributions are given by

Dy(z') = /dum -~ dpy Dy (2") (5.29a)

where the integration measure dp is specific to the distribution at hand. In
the following, we assume that Dy (z"), as well as the Hamiltonian H(z"), is
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symmetric with respect to z;, z; interchange. Furthermore, we take
/ [Dy, Kildp; =0 (5.30a)

[t i1 iy =0 (5.30b)

With the preceding relations at hand, hierarchies stemming from the Liou-
ville equation (5.20), the density matrix equation (5.23), the Wigner—Moyal
equation (5.25), and the equation for the Fock space operator (5.29) are
obtained. We list first the hierarchy for the classical distributions:

8fY

+ Z[fs, K]+ Z > Lo uif]+ (N —s) Z[fm, i1l dzy =0

i <j
(5.31)
[compare with (2.1.20)]. This equation poses as a generic form for quantum
heirarchy equations as well. Thus, with D; representing any of the distribution
functions considered, we write

af? +Zﬂ,D +ZZ%,D +Z(N —S)/[Dsﬂ,ulsﬂ]dﬂsﬂ =0

l<_]
(5.32)
The «;, B, vij, and d gy terms are listed in Table 5.3 relevant to the specific
case at hand. Here are some comments concerning the various hierarchies in
Table 5.3.
In the equation for F;(x*, p*), first note that

9 ol 0 0 0 ol ol
8p,~ 8Xi 8p] an 8p, 8X,’ BX,'

This relation gives the correct correspondence between case (a) and (c) in the
classical limit,i — 0. As in the example following (5.9), the delta functions
in d g4 stem from the trace operation in (5.9).

For a specific example from Table 5.3, we consider the hierarchy equations
for the Wigner distribution. It appears as

0 n 0 0
—_ Sl —_— . ————
8p, L ox; op; 0x;

X Mij(|Xi - Xj|)Fs(Xss p’) + Z(N =) /[Fs+lv Ujsy1] dXgy1 dpsyr (5.33)
i=1

oF, p: oF,
ot m  0X;

Asin (2.71), in the double sumin (5.33), the d/dx operators in the sine function
operate only on u;;.

In obtaining the hierarchy for és, the equation of motion (5.29) was applied
to G, as given by (5.7).



TABLE 5.3. Elements of Classical and Quantum Hierarchies with Reference to the Generic Equation (5.32)

Case D, B; Vij dpg
| d Buij d d
(X, pf LAl -7 = - = dx,..dp;
a f:(x*, p*) m ox, o, o, op, Xs+1aPs+1
1 4 - A ~
b ps(X*, ¥*) _%[Ki(xi) - Ki(y)l [ (i, X;) — (¥, ;)] dXs1 dYis1 (X1 — ¥st1)
p, 0 2 [Rfia 0 9 9
F,(x*, p* Ll _Z — . _ y dx,,,dps
c x’, p*) m o, 7 sin [2 op, Ox, + ap, %, Ujj X +10Ps+1

dX, i1 dYcy1 06Xy — Y1)

N 1 . o R A
d G,(x',y") _%[Ki(xi) - Kf(yi)] [uij(xi» Xj) - u,‘_,‘(Yis Yj)] s

(a) Classical distribution; (b) density matrix; (c) Wigner distribution; (d) s-particle F-space operator

(4014

K109y [, oreury] wnjueng) Jo SIUSWI[T *C
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As noted above, the hierarchies for p, and G, are nearly identical in form.
However, as seen from the generic relation (5.32), at s = N a closed equation

for py results. This is not true for the Fock-space operator G. The particle
number N is unbounded in this case, as are the number of equations in the
hierarchy for this operator.

5.6 Kubo Formula Revisited

Having discussed second quantization in Section 5.1, we return to Kubo’s
formula (3.4.67) and develop a quantum expression for electrical conductivity.

5.6.1 Charge Density and Current

The Hamiltonian for a particle of charge e and mass m in an electromagnetic
field is given by [recall (1.1.16)]

=L [,3 ~CAx t)T +ed(x, 1) 6.1)
2m c

Working in coordinate representation, together with the time-dependent
Schrédinger equation, we obtain

ap _
o +V.-J=0 (6.2)
where
p=eP*y (6.3)
eh . " e "
J= T(W VY =4 Vy) — —AY™Y 6.4)
mi mc

We may view (6.1) as consisting of an unperturbed free-particle component
H, and perturbed component V so that

H=H,+V (6.5)
where

e
HO = — (653.)

2m

. —e . R e?
V=—I((p A+A-D)+ AZ + ed (6.5b)
2mc 2mc?

In second quantized coordinate representation appropriate to Fock space,
(6.5a,b) become

N ATE 5
Hy=— | v'—V-¢dx (6.6a)
2m
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Y+ edy w}
(6.6b)
where
V=90, ¥=9®

Recall that the wave functions for these operators obey the properties (5.4).
Stemming from (6.4), we write

2
j=jo— %Afﬂ& 6.7)
where
A i ~. A A
JO = %wf‘(wf) — (VY Y] (6.8)

This latter expression permits (6.6b) to be written

A

V= / (——J(O) A+ 5 A ARV, +ed>1//) (6.9)

5.6.2 Identifications for Kubo Formula

With these expressions at hand, we return to the Kubo formula and identify
terms for the purpose of obtaining an expression for electrical conductivity.
Employing (3.4.63) and (3.4.67) and assuming that (B), # 0, we write the
quantum version of the Kubo formula:

| N
(B) = (B)o = / %Tr{,?)(o)[H, B(t — I} F(t)dt' (6.10)
o 1
where E(r) is given by the quantum analog of (3.4.55),

B(t) = exp <lf—};[f10, ]) B= exp(—t§)1§ 6.11)

which serves to identify the superoperator $.57 The exponential commutator
operator in (6.11) was defined previously by (1.4.20).
The following three relations allow (6.10) to be written in a more concise

form. First we note that with [, Hy] = 0 we may write
e p0 = pO (6.12)

The second relation is given by (see Problem 5.31)

Te{e " A)e S B) = Tr{AB) (6.12b)

57Superoperators operate on operators.
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and the third by
e S1A, Bl = [A@). B1)) (6.12¢)
Applying the latter three relations to (6.10), we obtain
(B) = (B)o = /Ot %Tr{ﬁ(o)[lfl(t/), B F(t)dt (6.13)
With the identifications

HOF (@) — 7 — haV(t)

. . (6.14)
B(t) — J()

(6.13) becomes

()= U= %/ Tr{p[J(1), V(e"1}dt’ (6.15)
0

where (L), represents current flow in equilibrium.

5.6.3 Electrical Conductivity

Substituting (6.7) through (6.9) for J and V into the preceding expression, we
find

t 2
T = Ty = — / ar Tr{ﬁ“’)[j“”(x, 0 — S Ax DT x OFx, )
ih Jo mc
1A
% / dx’( B ;J“”(x/, ") - AX, t)

2
+ A, O, O, 1)
2mc

+ e, YT (X, (X, t’))“ (6.16)
Working in the Coulomb gauge,
V-A=0, d=0 (6.17a)
with
10
E=———A, B=VxA (6.17b)
c ot

and neglecting terms of 0(A?), (6.16) reduces to

W= = o [ ar [ ax TRV 0. TP DA ) 6.18)
0

where subscript 8 represents Cartesian components and is summed from 1 to
3. We note that the time integral of the « component of (6.18) may be rewritten
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as
(Jo) — (Ja)o = hl—/ dt’/dx’@(t — 1) Tr{--}0()Ap(x', 1) (6.19)
CJ-
where
0t>0)=1 and 6(r <0)=
To bring (6.18) closer to the form of Ohm’s law, we assume that
h’—e(t — O Tr(pOIO, 0, IPE )]} = Qup(x =Xt — 1) (6.20a)
c
and that
O(AX, 1) = A(x, 1) (6.20b)
Inserting these values into (6.19) gives

(Ju)(X, 1) — (Jo)(X, 1) = /00 dt’ / dx' Qup(x — bx', t —thAs(x', 1) (6.21)

We recognize this to be convolution integral, in which case the transform of
(6.21) becomes

(Jo)(@,K) = (Jy)o(w, K) + Qup(w, K)Ag(w, K) (6.21a)
where
dkdw —za)t+ik-x
Ax, 1) = // o) € Ao, k)

With (6.17b), we may write
iw
E(w,k) = —A(w, k) (6.22)
c
Substituting this transform into (6.21a) gives
c
(Jo) (@, k) = (Jo)o(w, K) + EQaﬁ(a), K)&s(w, k) (6.23)

The first term on the right may be further reduced as follows. Recalling (6.7),
we write

2
Do = Tr{pO T} = Tr{p) ¥} — ;—c Tr{poAY )

2
= (JO)y — % Tr{poAy ) (6.24)

It is evident for (6.7) that (J) is the equilibrium value of current with fields
turned off. Without loss in generality, we may set this term equal to zero.
Consider the remaining term in (6.24), which contains the form

Tr{poAY ¥} = n(x, 1)
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where n(X, t) represents particle number density. The remaining term in (6.23)
may then be written

&2
—n(x, HA(X; 1)
mc

The transform of this product is the convolution integral
e? dkdw , , L
— ——n(w— o',k —K)A(o', K')
mc Q2m)*
In the homogeneous limit
n(w— o,k —Kk)=Q2n)'n(— )3k — k)

Recalling (6.22), the preceding expression then reduces to

e* e’
—noAK, w) = —no€(w, k) (6.25)
mc mic

Substituting (6.24) in (6.23) with (J®), = 0 and the remaining term transferred
as given by (6.25), we obtain

2
(Ju)(@. k) = [% Qup(@. K) — Bp me—icno} S k)  (6.26)

This relation is a tensor form of Ohm’s law,

J) =€ (6.27)
[compare with (3.41)], and we may write
Oup = 6‘0,,3 + 5a/30‘0 (628)

The terms in (6.26) may be identified by comparison with (6.24), with Q.
given by (6.20a).

5.6.4 Reduction to Drude Conductivity

The relation (6.26) may be reduced to the Drude formula (3.4.14) as follows.
First we neglect the off-diagonal Qg terms in (6.26). To incorporate collisions,
we set

iw—iw—v (6.29)

where, again, v represents collision frequency. In the dc limit, ® = 0, and
(6.28) reduces to
ezl’lo
o=— (6.30)
vm

in agreement with (3.4.14) [as well as with (3.7.65)].%

8In these formulas, conductivity was labeled o,
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5.7 Elements of the Green’s Function Formalism

The quantum mechanical Green’s function comes into play in two classes of
problems:

1. In constructing solutions to the Schrodinger equation for an isolated
collection of few particles.””
2. In calculating average properties of many-body systems.®

As well be found below, for case 2, a significant property of the Green’s function
is that it gives few-particle properties of a many-body system. Out discussion
begins with a brief review of topic 1.

5.7.1 Schrodinger Equation Green’s Function

This Green’s function enters in constructing solutions to equations of the form
Ry(x,1) = I(x,1) (7.1)

where R typiclly is a linear differential operator and /(X, ¢) is a given inho-
mogeneous term. The Green’s function corresponding to (7.1) satisfies the
equation

Rx,HG(x,1:x,1") = 8(x — X)8(t — 1) (7.2)

If G is known, then the solution to (7.1) is given by

P(x, 1) = // G(x, t;x, tHI(bx', t)dx' dt’ (7.3)

which is readily seen to be a solution if this expression is substituted into (7.1).

Application of the Green’s function to quantum theory is chiefly perturva-
tive. Consider the Schrédinger equation for a single particle in a potential field
V(x):

2
(z’ﬁi + ﬁ—Vz) Y(x,t) = VX)Y(X,t) (7.4)
ot 2m

¥See, for example, E. Marzbacher, Quantum Mechanics, 2nd ed., Wiley, New
York (1970).

8 For further discussion, see P. H. E. Meijer, Quantum Statisical Mechanics, Gor-
don and Breach, New York (1966); L. P. Kadanoff and G. Baym, Quantum Statistical
Mechanics, W. A. Benjamin, Menlo Park, Calif., (1962); E. Em. Lifshitz an dL. P.
PEtaevskii, Physical Kinetics, Pergamon Press, Elmsford, N.Y. (1981); and A. L.
Fetter and J. D. Walecka, Quantum Theory of Many Particle Systems, McGraw-hill,
New York (1978).
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For weak interaction, the lowest-order solution to (7.4) is given by the free-
particle equation

i 9 + i V2 ) Yo(x,1) =0 (7.5)
ih— + — X, 1) = )
ot 2m 0
The second-order solution satisfies the equation
S I N
h—+ ——V7 ) Y(x, 1) = V(X)Yo(x, 1) (7.6)
at  2m
which has the structure of (7.1). Thus we may write
. 0 ﬁz 2 . ) /g ’ 1
ih—+—V tie|Gyx, ;X ,1)=6x—Xx)8(t — 1) 7.7
ot 2m A

where ¢ is an infinitesimal parameter of smallness that is evertually set equal to

zero and, as we will see, ensures the boundedness of the transform of G(x, t).

We have also written G g, G 4 for the retarded and advanced Green’s functions

and corresponding to +ie and —ie in (7.7), respectively. This terminology

is motivated belwo. The zero superscript on G indicates that it is the free-
A

particle Green’s function.

Transformed Green’s function

The Fourier transform of G(,? ) is given by

do dk , N~
G(O) t: ¢ // —zw(t—t ),»k<(x—x)G(I9) K, 78
)= [ [ 2 Vo) 8

Taking the transform of (7.7) gives (where the limit ¢ — 0 is understood)
R*k? -
<ﬁa) -—+ ie) GVk, w) =1 (7.9)
2m A

Separating solutions and subtracting, we obtain

~ 1 1
(G} — G} = lim [ . }(71@
hw— G k2/2m)+le w— @"k?/2m) —is
Now recall the relation [preceding (2.84)]
) 1
llgtl)x:l:is —P( )q:zmS(x) (7.11)
where P denotes principal part. Employing this relation in (7.10) gives
- B ﬁ2k2
ﬁmﬂnzncy—cyp:hs@w—3—> (7.12)
m

This form is generally known as the spectral function as it displays the
dispersion relation of w and k.
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5.7.2 The s-Body Green’s Function®

The s-body Green’s function G, relavant to a many-body system is given by
the following form written in second quantization:

PRG(1, ... 551, sy = (Tlou(1) - du(s)pi () - - ¢, (1) (7.13)

where
(J) =X, ;) (7.13a)

and 7 is the time-ordering operator:

(?511(11)43202) I >0h
i&j—[(&)‘%H(tl) I > 1

which ensures that operators in (7.13) are chronologically ordered with the
earliest operator acting first. We recall that by satisfies the equation of motion
(5.8). The signs + and — refer to bosons and fermions, repectively. The latter
relation may alternatively be written

T(ut)Ph ()] = 0(T) — t2)p(1)dj; (1) £ Oty — 1)hy (12)Pu(r1)  (7.15)

where 6(x) was introduced previously [beneath (6.19)]. Note that the
dimensions of iG, are (volume)™.

The average in (7.13) is written with respect to an N-body system in the
Heisenberg representation and is given by (5.13):

T(hu(t)dh ()] = { (7.14)

([) = T [Hy(O)T] (7.16a)
Working in Fock space, we obtain
(F) =" (0] py(0) [’} {n'| " |m) (7.16b)

where |n) represents the many-body ket vector on the right side on (5.2).

5.7.3 Averages and the Green’s Function

In this section we wish to obtain a relation between the average of a s-particle
dynamical variable and the Green’s function (7.13). Toward these ends, we

note that the Fock-space operator, G,, defined by (5.7), is closely allied to the

1The many-body Green’s function was originally formulated for relativistic quan-
tum field theory where the use of multiple times is well motivated. See S. S. Schweber,
An Introduction to Relativisitic Quantum Field Theory, Harper & Row, New York
(1961). This analysis has found use in nonrelativisitic many-body theory as well.
See, for example, H. Haken, Quantum Field Theory of Solids, North Holland, New
York (1976); and C. Kettel, Quantum Theory of Solids, Wiley, New York (1963).
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Green’s function (7.13). The average of an s-particle dynamical variable is
given by (5.14). This expression involves the form

TNy 0)G,(X, ¥, 0] = (G, (X, ¥, 1)) (7.17)

To relate this to the Green’s function (7.13), first we make the notational change
X; = X,, ¥; = X, and let variables include time so that (5.7) becomes

Go(x, ") = Bl (1) - (s Nbu(s) - (1) (7.18)
where again we have set (j) = (x;, ¢;) with
H=th=-=t=t=thh=-=t
The form (7.18) can be made congruent with (7.13) if in the latter we set
N>t > >t >1>->1 =t

Let LIM represent the process

ti, = ti/Jrl +e
) =t +e¢
lim| * °
e—>0 =t_1+e¢&
Hh =t

this limiting process brings the ordering of variables in (7.17) in agreement
with those in (7.13), and we may write

RLIM G,(x*, X*, 1)) = i'hGy(x’, X", 1) (7.19)

Note in particular that averages of one-body observables such as particle mo-
mentum stem from G;(1, 1), whereas averages of two-body observables such
as pair potential stem from G,(1, 2, 1, 2’), and so on.

Combining the preceding results, we write [recall (5.14)]

1 ’ ’ ’
(AV) = —'/ dx’ dx*iI'hGy(x*, x*, 1)(x*|A; - - - 5|X°) (7.20)
S

Note in particular that the s-dimensional summation in (5.10) is absorbed in
the integral of (7.20).

Let us employ (7.20) to calculate (1) the total momentum and (2) the total
potential energy of an N-particle system. For total momentum,

and (7.20) gives

(P) = /dxl dx\ihG (X, X5, £)(X| [P1]X;) (7.21)
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The coordinate representation of p; is [recall (1.27)]
VAT . a /
(xIp11x1) = —th—08(x} — X1)
8X1

Integrating (7.21) by parts we then obtain

<f’> = —(lﬁ)Z/dXI dX,1 (iGl(Xh X/17 t)) S(X/l - Xl)

aXl

9
= —(iﬁ)Z/dxla—)_(Gl(i, X, 1) (7.21a)
1

X=X
Our second example addresses total potential energy:
R N
V= Z Z uij(Xi, X;)
i<j

Again employing (7.20) and dropping the subscripts on u;;, we find (with
s =2)

] / !+ / / /o A A
(V) = 5/dxl dx; dx| dlezﬁG2(x1,x2,x1,x2,t)(x1X2|u(x1,x2)|x1x2)

h
=-3 /dx1 dx, dx| dx5G> (X1, XoX], X5, Du(X], X5)8(X| — X1)8(X; — Xz)
(7.22)
which reduces to

h
(V)= —5/ dx, dx, G(X1, X2, X1, X, Du(X;, X2)

Substituting the defining relation (7.19) into the preceding gives

1 - "t A A
(V)= E/dxl dXo (@ (X1)Py (X2) P (X2)Ppy (X1))u (X1, X2) (7.23)

which agrees with our previous finding (5.18).

The preceding two example illustrate the manner in which the Green’s
function determines one- and two-particle properties of a many-body system.
Compilation of relations
One also defines the Green’s functions (dropping the subscript on G)

G(1,1N=G~(1,1", fort; >ty
( /) <( ,) 1> (7.24)
G(1,1=G6(1,1), fort; <ty
Note in particular that number density may be written
(n(x. 1)) = lim (d, (x. 1 + ) (x. 1))

=4iiG=(1, 1) (7.25)
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Here is a compliation of relations among the assorted Green’s functions
introduced to this point.

1~ .
G (1,2) = %(¢H(1)¢L(2)) (7.26a)
1 ne
G=(1,2) = i%(¢2(2)¢ﬂ(1)) (7.26b)
G(1,2) = 0(t; — )G (1,2) 4+ 0(, — 1)G=(1,2)  (7.26¢)
1 . R
G™(1,2) + G'1,2) = %([%(1), o1 (2)]x) (7.26d)
1 . .
G (1,2)-G~(1,2) = %([qﬁy(l), o1 (2)5) (7.26¢)
GR(1,2) = 0(t, — b)[G7(1,2) — G=(1,2)] (7.272)
GA(1,2) = 0(t, — 1)[G=(1,2) — G (1, 2)] (7.27b)
G™(1,2) — G<(1,2) = GR(1,2) — G*(1,2) (7.28)

5.7.4 The Quasi-Free Particle

In this and the following section we see how the Green’s function is related
to distribution functions of momentum. Consider the operators ¢(x) and ¢'(x)
given in (5.4). Fourier analyzing these operators gives

~ dk .
o(x) = / (Zﬂ)Se’k"‘&(k) (7.29a)
dk
o'(x) = / melk'xa*(k) (7.29b)

where, with (5.5a), we write
[a(x),a" (K)].p = 27)*8(k — K) (7.30)

The signs (—, +) refer respectively to bosons and fermions.
Note that in this representation the Hamiltonian of a free particle may be
written
A dk h*k*

— TR At0a
Hy = oy o k)a(k) (7.31)

For a quasi-free particle, we write

i = / K it kack) (732)
= (27[)3 a a .

which is a good approximate Hamiltonian for the actual system.
Stemming from the Heisenberg equation of motion (5.8), the relation (7.32)
gives (see Problem 5.32)

. dk . .
du(x, 1) = / me_(’/ﬁmk)”’k"‘a(k) (7.33)
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We recall that (a'(k)a(k)) represents the number of particles with momentum
k. For a spatially uniform system, we may write

(@' ®a)) = 2m)*sk — k') f(k) (7.34a)
from which, with (7.30), we obtain
(@ma'(k)) = 2r)’ sk —K)[1 £ f(k)] (7.34b)

where f (k) represents the one-particle distribution function in k space. These
findings are used below.

5.7.5 One-Body Green’s Function

To obtain the related one-particle Green’s function, we recall (7.13) with s = 1
and (7.15) to obtain

BGX, X, 1) = 01 — 1) (b (X, NPy (X', 1)) £ (' = D)y (K 1) (x. 1))
(7.35)
Substituting (7.33) into this equation, together with (7.34), we find

hG(x, ;% , 1) = dk ik ! iEkt !
ihG(x, t;x, )_/Wexp:z -(X—X)—ﬁ (k)( —t)}
x 0@ — )1 £ fK)]£60(" — 1) f(Kk)} (7.36)
Now note the repesentation of 6(t — t') = 0(7):
eiwt

O(£7)eTHEDN — | :l:h/ P — 7.37
(E)e mGER) | e T Exie (7.37)

Substituting this representation into (7.36), we find

dw
Gk, ;xX,t) = //(2 )32 exp{ik-(x—x') = iw( —1')}G(k, w) (7.38)

(7.39)

G(k, ) = lim [ 1+ f(k) f (k) }

o — E(K) +ic | ho— E(k) — ie

This equation gives the desired relation between the one-body Green’s function
G(k, w) and the one-body distribution function f (k) with normalization.

%4 k dk =N 7.39
/f( )m— (7.39a)

where N is total number of particles and V is volume.
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5.7.6 Retarded and Advanced Green’s Functions

Retarded and advanced one-body Green’s functions are given by

I . Ay
Gr(1, 1) = 0(t; — tr) - A[Bu (D), $1 (1w p)

| (7.40)

GA(1,1) =6(t, — 1) (—%> ([&H(l)a &L(l/)]mm
where, again, averages are with respect to an N-body system and are given by
(7.16). For the quasi-free-particle problem considered above, we find

1

Gr(w,k)=1lim| ——————— 7.41

2@ K) Hon—Emytw> (7.41)

which, for a free particle, agrees with (7.9) relevant to a single-particle system.
Note that the Green’s function (7.41) obeys the equation

fiw — E(k)]Gk, w) =1 (7.42)
Again, for a free particle, with

Rk
Bl = 2m
the Fourier inversion of (7.42) returns (7.7).

Let us return to the motivation for advanced and retarded terminology intro-
duced above. With (7.37), we see that 4+ie, —i¢ in the integral representation
of the 6 function corresponds to ¢ > 1" and ¢ < ¢/, respectively, in the Green’s
function expression (7.35). If we revert back to (7.7), it is evident that ¢ may
be associated with a source. Thus the Green’s function in the interval 1 < ¢’
describes a response prior to the source being turned on and is called advanced.
For the case t > ¢/, the Green’s function obeys causality and the response is
retarded in time with respect to the source.

5.7.7 Coupled Green’s Function Equations

In this section we construct an equation of motion for the one-body Green’s
function, which, we will be seen is dependent on the two-body Green’s func-
tion. The analysis begins with (5.28) [dropping the hat and H subscript on
&H(X, t)]; we write

0
(i’ig) (1) = /dXz¢T(2)u(X1,Xz)¢(2)¢(1) (7.43)
1

h=h

where, again, we are using the notation of (7.13a).
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Now we note the relation (see Problem 5.34) relevant to differentiation of
time-ordered products:

0
8_t1[T¢(1)¢ (1D]

=81 = 1) £6(ty —11)p" (1) ¢( )+9(1—t1) ¢()

¢) (1) (7.44)

where again the + sign refers to bosons and the — sign to fermions, and we
have set

51— 1)) = 8(x — x)8(t — t')

Employing (7.43) for the time derivative terms in (7.44), after some
rearrangement we obtain

(zﬁai +K )[f¢(1)¢*(1/)] = irs(1 — 1)
1

+ / dxa u(x1, )T $(HP2)¢ (2 )" (1] (7.45)

h=h

The time t, of ¢ is infinitesimally greater than 7, in order to maintain the
order of operators in (7.43). From the defining relations (7.13), we write

G (1,1 = (Top()p' (1))
—hGy(1,2,1,2) = (Tp()p2)p 2o (1)) (7.46)

Constructing the average of (7.45) and substituting the preceding definitions
gives the desired result:

ad N
<iﬁ§ + K1> G(,1) =81 —1)%i / dx u(xy, x2)G(1,2;1',2%)
1 =

(7 47)
Note in particular that when particles become isolated, u(x;, x,) — 0, and
(7.47) returns (7.7) relevant to a free particle. Note further that carrying out
the LIM process defined in (7.19) returns the first equation in the hierarchy for

G,, as given in Table 5.2 (see Problem 5.35).

5.7.8 Diagrams and Expansion Techniques

We continue this section with a brief discussion of diagrammatic represen-
tations of equations of motion for Green’s functions. Toward these ends,
(7.57) must be rewritten in a form that better lends itself to diagrammatic
interpretation.
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Consider first that the interaction in (7.47) is turned off. The resulting free-
particle equation may then be written

/Gol(l, 1"G,(17,1)d1" =81 = 1) (7.48)
where G(1, 1') is the solution to the free-particle equation and
-1 " . 0 > ”
G, (1,1") = zﬁg—i—K, 8(1—1") (7.49)
1

Let us further define
U, 2) = u(xy, X)8(t; — 1) (7498.)

With the preceding identifications, (7.47) may be rewritten (see Problem 5.37)
/d2 Gal(l, G2, 1Y =81 -1)%i /d2 U(1,2)G(1,2;12%) (7.50)
Operating on this equation with [ d1 Gy(3, 1) gives

//dl d2Go(3, DG;'(1,2)G(2, 1)
= /dl Go(3, )d(1 — 1)+ /d1d2 Go(3, HU(1,2)G(1,2;12")
which, with (7.48), gives the desired relation (exchanging 1 and 3):
G(1,1) = Go(1, 1)+ // d2d3 Gy(1,3)U(2,3)G(3,2;1',2%) (7.51)

This equation is the starting point for our description of diagrammatic rep-
resentation of terms, which is described in Table 5.4. Note that in the box
diagram a dashed line represents the interaction U(1, 2) and implies integra-
tion. The direction of an arrow is associated with the order of arguments in
the related Green’s function. With these rules at hand, (7.51) has the following
diagrammatic equivalent:

A

-~

1 = e i

1

e

N

2+
(7.51a)
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TABLE 5.4. Fundamental Green’s Function Diagrams

Term Diagram
1 1
G(1: 1)  C—
Go(1;1") e

/
[d1d2U(1,2)G(1,2;1,2%) I"
2\ 2*

The diagrammatic representation for the equation of motion for G(1,2; 1',2')
is given by

1 7 1 1 '

3 3
(7.52)
The equation corresponding to this representation is given by

G(1,2;1,2) =hGo(1,1)G(2,2) £hGy(1,2)G(2, 1)
+i // d3d4Goy(1,HU(3,4)G4,2,3;1,2',3%) (7.52a)

The explicit equation of motion corresponding to the preceding equation [in
analogy with the structure (7.47) is obtained by operating on (7.52a) with
[d1G,'(5,1). There results

/dl Gy'(5. DG(1,2;1,2) =h8(5 — 1)G(2,2)) £h8(5 — 2)G(2, 1)

+i / d3U3,5)G(5,2;1',2',3%)

With (7.49), and changing 5 — 1, the preceding reduces to the desired
equations of motion:

0 N
(iﬁg + K1> G(1,2;1,2) =h8(1 —1)G(2,2) £h8(1 — 2)G(2, 1)
1

:I:i/d3U(3, DG(1,2,3;1,2,3%)

Approximations

Let us return to (7.51a). For weak interaction it is consistent to expand the
equations in powers of the interaction or, equivalently, expand the correspond-
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ing diagrms in terms of the dashed element. Thus, to lowest order, (7.51a)
gives

) , ,
" - e——— (7.53a)

1 1 1 & 1 1 1

2 2’ 2 —————y 2 2 (7.53b)

Employing these diagrams in (7.51a) gives the following first-order diagram-
matic equivalent for the equation of motion for G(1, 1'):

. 3‘ ' '
— - “in ! i !
|\ \
——— \,
2

2 2 z
(7.54)
which has the topological equivalent
O,
|
! —-
1 1, 1 d \\
T - e——  ihe—e—— i 4—1344—1
1 3 7 1 3 2
(7.54a)

In this latter representation, we have joined 2 and 27 as they represent the same
space—time point. The equation corresponding to (7.54) is

G(1,1)=Go(1,1")+ih // d2d3 Gy(1,3)Go(3, 1')U(3,2)Gy(2,2")
+ih // d2d3Go(1,3)Gy(3,2)U(3,2)Gy(2, 1) (7.55)

The full equation of motion, in diagrammatic form, for G(1, 2, 3, 1,2, 3)
appears as

1 1 1 v 1 2 1 3 1 5 1
-— -— -— -
7/
2 2 2 1 2 2 '/” "
2¢ 44— ¢2' =P h +h ) U]
< <« - \3 13
A}
\
3 3 3 3 3 3 3 1 4 4+
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Furthermore, note that the integration in the final term in (7.56) over 4 and
5 leaves a function of (1,2, 3;1’,2,3) in accord with the left side of this
equation. To lowest order, employing the decomposition (7.53b), (7.56) gives
(keeping order of 1’, 2/, 3’ on the right of each diagram).

1 e—— P S—
2 2’
2 ¢ 4 92 =filh 2¢———2' +p
3e—3
3 3 - 3 & —
— 1 1 1 17
oy 2
“Hln >< h 2
2 yX
3 g3 .
| 3 3_] (7.57)
— 1 1 1 1"
+hin o, 2t 2
L. 3 3 3 3 _

The corresponding functional relation may be written in the following
determinant form:

Go(1, 1) Go(1,2)  Go(1,3)
Go(1,2,3;1,2,3) =i*| Go2, 1) Go(2,2)  Go(2,3) | (7.58)

Go(3, 1) Go(3,2)  Go@B3.3) |,

It may be evident at this point that the equations of motion (7.56), (7.56),
and (7.56) follow a general pattern given by the following rule: In the equation
of motion for the N-body Green’s function, the first N terms are products of
the free one-body Green’s function and the (N — 1)-body Green’s function
with the 1’ variable of Gy(1, 1) exchanged in each product with one of the
primed variables of the (N — 1)-body Green’s function. In the last term of
the equation, the free one-body Green’s function attaches to the (N + 1)-body
Green’s function via interaction. This last term contains the factor &i. The sth
term (s = 1,..., N) in the sum of products contains the factor (£1)**'.
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Following these rules of construction gives the following diagrammatic
representation of the equation of motion of the N-body Green’s function:®

1 1 1 me—— 1’ 1 4——rn 2’ 1 ¢#——— N’
2 2’ 2 2 2 1 2
. ‘_‘_ . - - . .
. =f o o 4R e D o 040 A
- - -
N N N N’ N N N

(7.59)

(N+1)"

As noted previously, in each column of variables on the right side of the
first N terms of the preceding equation, 1’ is exchanged with an element of the
right column of a box diagram with the order of the remaining variables main-
tained. Note also that the space—time coordinate 1 is preferred in the preceding
equation due to the fact that this equation includes implicit differentiation with
respect to Xy, f;.

5.8 Spectral Function for Electron—Phonon Interactions

5.8.1 Hamiltonian

We conclude this section with a derivation of an approximate form of the
spectral function [see (7.12)] relevant to electrons interacting with phonons in
a lattice (described previously in Section 3.6). The first step in this derivation
is the construction of the related Green’s function which in turn is obtained
from its equation of motion. With (5.8) and (7.13) we see that formulation
of this equation stems from the Hamiltonian of the system. Thus, with lA)T(q)
representing the creation operator of a phonon with momentum/iq and energy

62 An alternative development of (7.56) follows from Wick’s theorem, which ad-
dresses the appropriate expansion of time-ordered product of operators. G. C. Wick,
Phys. Rev. 80,268 (1950). See also A. L. Fetter and J. D. Walecka, Quantum Theory
of Many Particle Systems, McGraw-Hill, New York (1971).
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hw(q), (7.32) is extended to read

; —/ dk E®)a" (K)a(k) + b (@)b(q)
= | Gy EMa' k) Qb(q

dk .
n) n )3 [C(q)a’ (k + qak)b(g)

+ C*(@a'Kak + @b’ (q)] (8.1)

The coefficient C(q) represents the strength of the electron—phonon interaction.
The interpretation of the interaction terms in (8.1) is as follows. Consider, for
example, the third integral on the right side of the equation. In this interaction, a
phonon of momentum/iq is annihilated in scattering with an electron, which in
turn suffers momentum change from/i(k) to 7i(k4-q). A diagram corresponding
to this process was sketched previously in Fig. 5.7a.
In the Heisenberg picture [recall (5.7a)], we write

ap(k, 1) = eTHM G (K)o~ GHDM (8.2)

This operator has the equation of motion [recall (5.8)]

iﬁ%&H(k, 1) = lan(k, 1), H] (8.2a)

with parallel relations held by &L, b i, and l;L As a(k) relates to fermions and
b(q) to bosons, recalling (7.30), we write

[ak),a’' (k)] = 2n)’s(k — K) (8.32)
[b(k), b'(q)]- = 2n)*8(q — q) (8.3b)

All other commutators are equal to zero.
Combining the preceding relations and recalling the expansion

[A, BC]. =[A, B].C ¥ B[A, Cl+

gives the following four equations of motion:

0, . dq . o

ih—ap(k, 1) = E®ayk, 1)+ | —5[C(Qank —q,)by(q. 1)

a1 ()
+ C*(q)an(k + q, Dbl (g, )]
. d A o INAT Y q ~ / INT /
i K1) = ~ B0 — [ @& +a.bua. 1)
+ CH(QanK — q, )b} (q, 1)] (8.4)

0 ~ ~

ifi—bu(q, 1) =ho@bu (@, 1) + C*(@ /

dk . .
(2 )f;aH(ki t)aH(k + q7 t)

0
i ba. 1) = @bl a. 1) - C@ [ Sk +a.and. )



5.8 Spectral Function for Electron—Phonon Interactions 423

5.8.2 Green’s Function Equations of Motion
As in 7.13 we introduce [dropping the tilda notation of (7.8)]

Gk, t:K, ') = (Tlank, Ha, &, 1)]) (8.5)

With the property (7.44), we obtain the equation of motion

a
iﬁgG(k, t:k t) =Qr)sk —K)s(t — ')+ EK)GK, t: K, 1)

dq
———[C*(q)E'(k 5K gt
+/(Zn)3[ @Sk +q a1
+C(Ek —q,1;k', t';q, 1)] (8.6)
where
iRk, 1K, 1';q, 1) = (Tlag(k, Dal, &, by (q, 7)])

A ~ Nt (87)
mE' Kk, ;K t';q, 1) = (Tlapk, )a, K, tby(q, 7)])

With (8.6) we note that in order to determine G(K, t; K/, t) it is necessary
to know E and E’. Equations of motion for these variables follow from the
defining relations (8.7) and the equations of motion (8.2a). There results
]
iﬁa— E'k, ;K. t';q, 1) = (@ 'k, t: K, 1';q, 1) (8.7a)
T
. dK ’o +
+i| ——=CQGk, 1, K, ;K 1", K+ q,77)
Q2n)}
0
iﬁa— Ek, ;K. 1';q, 7) =ho(qQ) Bk, ;K. ';q, 7) (8.7b)
T
dK
- i/—C*(q)Gz(k, 1, K+q, ;K. 1", K, )
(2m)?
For differentiation with respect to ¢, we find
ih 9 Ek, ;K 1 )
mnm—uo , L5 ,13q, T
o1 q
= 2m)*8(k —K)8(t — ) {by(q. 1)) + EK)EK, ;K. 1':q, 7)
dQ [C*(Q) At
+/—{ = (Tlan(k + Q. Nay K, )b (Q. Hbu(q, 1)

2m)3 ih
CQ) » At s NG N
+T(T[ ag(k —Q, t)ay (K, 1)by(Q, t)bu(q, 7)]) (8.8a)

The equation of motion for E'(k, ¢; k', t’; q, ) is the same as the preceding
with b u(q, t) replaced by lAfH(q, 7). [We will refer to this implicit equation as
(8.8b).] Thus the equations of motion for E and &’, (8.7) and (8.8), involve ad-
ditional unknowns and, with (8.6), do not comprise a closed system. To remedy
this situation, we set t = t and assume a homogeneous phonon distribution
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and write
<A2<q’)13H<q>> (2m)*8(q — q)n(q)
(b (@bl <q>>=(2n>36<q q)[n(q) + 1]
(bu(@bu(q)) = (8.9)
(b (@b} (q) =

(bu(q) = <bL(q’>>

where n(q) is phonon number density. Assuming further that the time-ordering
terms in (8.7) factor into products such as

(TTan(k +Q, Naj k', )by, (Q, Dby (g, H))
= (Tlan(k + Q, Nay &', ) (b}, (Q. Dby (g, 1) (8.10)
and neglecting the two-body Green’s functions in (8.7), we obtain
ihg Bk —q,:K,t;q,1)
Dt

~ Bk —q,t:K,1;q,Dio(q) + Ek — )] + C*(Qn(q)Gk, 1;k', 1)
(8.11a)

D
ih—2'(k 5K gt
hr k+q q. 1)

~ B'(k+q, ;K 1 q, D[ Hio(Q)+ EK+q@)]+C(@n(@+ 111Gk, 1K', 1)
(8.11b)

Here we have set

and, after differentiation, set t = 7.
Introducing the time transformation

Gk, ;K1) = / j—:e*iw“*’/)c(k, K, )
Gk, K, w) = f dit —1)e "Gk, 1,K, 1)
into (8.6) and (8.11), we obtain
oGk, K, ) = 27)’8(k — k) + EK)G(k, K, »)
+/ (2d 7 [C*(@E'(k+q.k, q, )

+ C(@EKk — q.k, q, 0)] (8.12a)
hotk —q,K, q,») =~ [io(q) + Ek — @]Ek — q.K, q, »)
+ C*(@n(q)G(k, K, w) (8.12b)
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hoZ'(k +q,K, q, 0) ~ [fio(q) + Ek+ @IE' Kk +q.K, q, ®)
+ C(qQ)[n(q) + 11G(k, K/, w) (8.12¢)

5.8.3 The Spectral Function

These equations comprise three equations for G, E, E'. Solving for G, we
obtain

[ha) —E®) - Y (K, w)] Gk K, ») = 21)’5(k — k) (8.13)
where
dq
Y koo)= / Ty IC(q)I? (8.13a)
5 [ n(q) + 1 N n(q) ]
how — EK+q)+ho(q) ho— EK—q)—fho(q)
In the homogeneous limit, we integrate (8.13) over k' to obtain
[ﬁa) —Ek) - (k. a))] Gk, ) =1 (8.14)
In analogy with (7.39), we write
_ 1 £ f(k) SK)
Gk o) = TR =Sk w i T o= ER) =S (K o= i)
(8.15)

and note that in the limit  — 0, G(k, w), as given by (8.15), is a solution to
(8.14). Furthermore, in the limit that interaction is turned off, C = 0, whence
> =0and

Gk, w) = Gok, w)

the free-particle Green’s function.
We now make the identification

lim > (ko +in) = Ak, ) Fil(k, o) (8.16)

where A and I" are real parameters and I > 0.
With (8.16), (8.15) may be written

Gk, w) = 1+ f(k, q) .
fiw — E(K) — Ak, w + iT(Kk, o)
1+ f(k)
s : (8.17)
ho — E(K) — Ak, w) —iT'(k, w)
In analogy with (7.41), we write
1
Gk o) = k. w) — Ak, o) £ Tk @) (8.18)
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which, in the limit C — 0, returns the free particle functions GY as given by
A
(7.41). With (8.18), (8.17) may be written

Gk, o) =[1£ f(K)IGrk, o) F f(K)Gak, 0) (8.19)

Explicit time dependence

To revert to the time-dependent Green’s function, we write
do _,..
Gk, )= | —e "Gk, w)
2

Noting that G g(k, w) has no poles in the upper-half w plane and that G 4 (k, w)
has no poles in the lower-half w plane, we write

do _, .
Gk, =00 P e[l £ fK)IGrK, w)

LH <7
d )
+o(—1) 2—“’e—'w’[¢f<k)]GA<k,w> (8.20)
UH <70

Here we have written LH to denote a path that includes the real w axis and
a great semicircle in the lower-half w plane, whereas UH includes a great
semicircle in the upper-half o plane.

To recapture the spectral function, with the property

dw dw
— Gk, w) = —Gr(k,0)=0
LH 2w UH 27

we write

d ,
Gk, 1)=06(r) ﬁf”‘”[l + fI)IGr(k, @) — Gk, w)]

LH

do _.
=0(=) P ——e ' [EfKIGrk, w) — Gak, )] (8.21)
UH 27

With (7.27), this expression permits the identification

G™(k, o) =[1 £ fIRIGrK, ®) — Gk, w)]

G (k, ) = £fKIGr(K, @) — Gk, w)] (8.22)
Furthermore, we note that (8.21) implies that the time dependence of G(k, w)
is contained in the spectral function [recall (7.12)]

Ak, w) = i[Grk, w) — G4k, w)] (8.23)

5.8.4 Lorentzian Form

We conclude this discussion with a derivation of an explicit expression for the
spectral function (8.23). From (8.18), we write

1
ho — E(k) — Ak, w) +iT(k, w)

i[Gr(k, ) — Ga(k, )] =i [
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1
o — E(k) — Ak, w) — i[(K, a))j|
which gives the main result of the preceding analysis:

2I'(k, w)
liw — E(k) — Ak, 0)]> + T2(k, w)

Ak, w) = (8.24)
This Lorentzian form is the desired generalization of the free-particle spectral
function (7.12). Note that with (8.18a), Y (k, w) [or, equivalently, A(k, ®)
and I'(k, w)] contains the specifics of the phonon—electron interaction for the
problem at hand. Thus, to recapture the spectral function appropriate to no
interaction, we consider the limit

2I'(k, w)
I, A*)O

liw — E(k) — AJ? + I'2(k, w)} = 278w — E(K)] (8.25)

which agrees with our preceding free-particle expression (7.12), with the free-
particle energy /i>k? /2m replaced by the quasi-free-particle energy E(K).

To gain deeper physical insight into these results, first we substitute the
general form (8.24) into the Green’s function (8.21) to obtain

Gk, 1) = (1) / %e—m[l + FAIAK, )
LH 471

+ 0(—1) %e"’“’t[:l:f(k)A(k, )] (8.26)
UH 4701

Again consider the limit of no interaction. With (8.25) substituted in (8.26)
and integrating over w, we find

E
Go(k, 1) = (h) ( exp — o >[1if(k)]
- Ek
% (exp ( )t> [£/(K)] (8.27)

We note that this form is identical to that obtained from the Fourier inversion
of (7.36). Thus (8.27) is a representation of the quasi-free-particle Green’s
function.

For further interpretation of the variables A and I in the interaction ) _ [see
(8.16), let us assume that both these variables are frequency independent. In
this event

2 (k)

Ak o) = G ) — AR 1 T2k

(8.28)

With

2 _ o — E(k) — AK)P
z 2
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the inverse frequency transform of A(k, w) is written

®d ) 1 E At 00 ﬂ'ztd
Ak, 1) = / e A, @) = E(exp_iu) / yedz

oo i o T FY?
(8.29)
where y = I' /i. Thus
s (E+ M)t ® yeitdz
Consider the integral
B ye”z’dz 1 ye ¥dz
e z“ry B (z—iy)z+iy)

1 )
:/—( . )e_thdZ
2wi \z —iy Z+zy

1 efizt 1 efizt
UH Zmz—ly W 2wiz — iy

(1<0) (t>0)

That is, the first integral in the last equality is evaluated on UH [defined below
(8.20) with ¢ < 0 (for convergence), whereas the second integral is defined on
LH with ¢t > 0. Thus we obtain

(E + A)t
h

Substituting this result into (8.26) and recalling the property 6(t)0(—t) = 0,

we obtain
Gl 1) = “ 21 & 7o) ( %) T

A, 1) = % (exp —i ) [O(=1)e™ " 4 0(r)e "M (8.31)

+0(=1) f(K) <exp —i(-;—A)t> el (8.32)

5.8.5 Lifetime and Energy of a Quasi-Free Particle

To discover the meaning of the expression (8.32), we assume that the system
at hand is in the pure state |®). Consider that at time + = 0 an electron with
momentum /K is added to the system. The initial state of the new system is
then given by

lpx(0)) = ay(k,t =0)|P) (8.33a)

With the electron now contained in the system, we view it as a quasi-free
particle with energy E(k) + A(k). Att > 0, (8.33a) becomes

ok (1)) = afy(k, 1) |®) (8.33b)
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Now we ask the question, what is the probability density for finding the particle
with momentum/k’ at ¢ > 0 if it had momentum/k at + = 0? This probability
is given by

P(1) = [y (t) | Y1(0))
= [(®lan (K, Nay k, 0)| @) (8.34)

With (8.5), we may then write
P(1) = |iiG(K', 1:k, 0)1* (8.35)
For a system homogeneous in space and time, we write
G, 1k, 1) =(2n)*8(k —k)GKk,t' —1) (8.36)

Substituting G(k, ) as given by (8.32) into this equation, for ¢ > 0, the latter
two equations give

2

h
= ¢ 2T®1/ p () (8.37)

3 , i k)t
P(t) = |(27)8(k — K)[1 £ F(K)]exp {—ﬁ[E(k) + AK)]t — }

With k = K/, P(¢) gives the desired expression for the probability density that
the particle remains with momentum/Kk at time z. In this sense, the lifetime of
our quasi-particle is given by /i/2I.

With reference to (8.17), we may conclude that the poles of the Green’s
function in the complex w-plane give the lifetime/i /21" and energy E + A of
a particle interacting with its surroundings.

Problems
5.1. (a) Integrate Heisenberg’s equation of motion (1.44) for a free-particle
Hamiltonian to obtain g(7) and p(¢) as a function of §(0) and p(0).
(b) Show that in this case
TR il
[q(1), q(0)] = ——1
m
Answer (partial)

Inserting

m>
Il
5=

into (1.44), we find

ih— =0,  p=p0)
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5.2

5.3.

54.

5.5.

5. Elements of Quantum Kinetic Theory

dg . - p
h— =[§, H) = iFi =
ih— g, H] in-

a0 =4+ 2
m

A homogeneous beam of electrons has the density matrix

. [ a 0
P= 0 1—a

in a representation where 3‘ and $? are diagonal. If (S,) = 0.754, what is the

value of a?

(a) If a density matrix is initially diagonal, what are the values of the
derivatives dp,, /0t att = 0?

(b) Is your answer to part (a) consistent with the Pauli equation (2.28)? If
not, explain this discrepancy.

(a) Show that, in a pure state, p* = p.

(b) Show that for spinors this property is obeyed by the matrix
) cos’ 0 €' sin cos 6
P=\ e sin6 coso sin” 0

providing the phases ¢, and ¢, are equal.

In a representation where $? and 3‘ are diagonal, the density matrix for a
neutron in a homogeneous beam is
> 0
p=|*
0 =
4

The beam enters a region of space containing a magnetic field B = (0, By, 0).

(a) What are the values of (S,), (S,), and (S,) before the beam enters the B
field?
(b) The Hamiltonian for a neutron in a B field may be taken to be of the form

H=—-/, B
where f1, is the magnetic moment of the neutron. Employing the Pauli

equation (2.28), determine the probabilities of finding S, = 4+ /2) and
S. = —(1/2) after the beam leaves the B-field domain. Data:

CSE

where
wy = 0.505 x 10" >erg/gauss
and

g =2(—1.91)
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1=A+x
(Xmax = 1 — A)

(o

\/

—-1=A-x
(Xmax=1+A}

/

FIGURE 5.10. Graphical solution to Problem 5.9. Recall that the relevant domain is
x >0.

5.6. Show that integration over momentum of the Wigner distribution gives the
spatial probability density. That is, establish the equality (2.49).

5.7. Show that the integral of the Wigner distribution function over coordinate
space gives the momentum probability density. That is, establish (2.50).

5.8. Show that the Wigner—Moyal equation (2.70) goes to the form (2.71) for the
canonical Hamiltonian given between these two equations.

5.9. Show that the inequalities (3.78a) relevant to the relaxation-time integral
(3.78) imply the solutions (3.78b). Hint: Employ a graphical technique.

Answer
First label
x=1L >0
2k
mu
A= —
hk
We must find the minimum and maximum of x (that is, g) corresponding to
—l=¢: =+
where
¢.=A+x

This function is plotted against x in Fig. 5.10, from which we see that
Xmin = 0= qmin = 0
Xmx = 1 £ A=
Gmax = 2k(1 £ A) >~ 2k
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5.10. Employing the expression for the relaxation time 7 (k) obtained in Section 3.6

5.11.

5.12.

5.13.

and assuming free-particle motion near the Fermi surface, with (3.40) obtain
an expression for electrical conductivity o, in terms of mean-free path, /, and
kr = pr/h, the Fermi wave vector.

Answer
Substituting
ds = kidQ
Rk?
E~—
2m
together with (3.81)
Im
k) = —
T(k) Tk

into (3.40) gives

e’l /Vg.vki‘dﬁ

T 4w ) 2
21k2 =
=¢ F5~/vde
4mh

Recalling Problem 3.15 (see also Appendix B, Section B.1) we write

— I 4
s-feedsz el
3 3
which gives the desired result:
> — k2
3nh

Employing the rule (2.51) show that the first three moments of the Wigner—
Moyal equation (2.71) return the classical fluid dynamical equations (3.3.14),
(3.3.18), and (3.3.19).

Show that the s-particle density matrix (5.15) may be written as

5 5 (N - s)! A = 5 5
os(X', Y’ 1) = N TrV [y ()G (x Y, 0)]

Employing results of Problem 5.12, show that in a pure state, with py =
[n) (n:
(a) Nﬂl(xa Y) = 5)()'”)(
(b) N(N - 1)/02(X1’ X2, ¥1s y2) = (8X1Y16X2}’2 + 8X1}’28X2Y1) |: nen
x1 7%y

In part (b), the top term and + sign are relevant to bosons and the bottom
term and — sign to fermions.

nx1 (nx2 - 5xlxz)j|
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(¢) Show that (for x; # X,)

pi(X1,y1)  pi(X1,y2)

(X1, X2, Y1, ¥2) =
P1(X2,¥2)  pi1(X2,¥2) N

where (4, —) are relevant to bosons and fermions, respectively. Hint: For,
part (b) note that for fermions we may write

n’ =n
n(l—n)=20
n2—-—n)=n

5.14. Show that the Fock-space Hamiltonian (5.27) remains invariant under the
change

$u(x) = $(x)
Hint: Note that, in U s H is the Fock-space Hamiltonian in the Schrodinger
representation.

5.15. Obtain a quasi-classical kinetic equation valid to 0¢z*) from the Wigner—Moyal
equation (2.71).

5.16. Write down the specific form of the first equation (BY ) in the hierarchy (3.33)
for the Wigner distributions. In what limit does this relation become a closed
equation?

5.17. (a) The thermodynamic properties of a system comprised of N molecules

in equilibrium at temperature 7 and confined to a fixed volume V is
contained in the partition function®

where the sum on r is over all states of the system, and g, is the degeneracy
of the rth state. Establish the following relations:

B — d0lnZ P_Z)an
(E) = — B BP = 5V
_ g (L
S = —kzp o (ﬂan)

(b) The grand partition function, Q, is relevant to an equilibrium fluid under
the same constraints that hold for Z, but whose total number of molecules

may vary. It is given by
0=y 'z,
N

More generally, Zy = Tr exp(—,BIA{ ). The expression given for Zy in the
problem assumes a representation in which H is diagonal.
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where

z=exppu
is fugacity and p is chemical potential. Show that

d

(N)=z—InQ
0z
2 2 d
(AN)"=((N = (N))) =z—(N)

a9z

5.18. Consider a two-dimensional gas of noninteracting spin 1/2 fermions confined

to an area A at temperature 7' and chemical potential p.

(a) WhatisIn Q forthis system written as a sum over single-particle momenta
p? (In Q is defined in Problem 5.17.)

(b) Convert the sum in your answer to part (a) to an integral employing the
following rule:

»
where g is spin degeneracy.

(c) Obtain an expression for the average number of particles (N) as a function
of fugacity z and inverse temperature 8 = (k7).

(d) Obtain an expression for the Fermi energy E from your answer to part
(c) in terms of ng = (N)o/A, where the zero subscript denotes zero
temperature. Recall that £ = u (0 K).

Answers
(a) InQ = Zln(] + zeiﬂpz/zm)
P
2A o —Bp2 /2,
(b) an:ﬁ/ 2xpdp In(1 + ze P />m)
0
mA [ ze “dx
(c) (N) = 3 —
aprt Jo (1+ze™)
(N) = 22 (1 + )
= —— In 4
h B ¢
mA In(1 + e PEF)
d N)roo=(N)y=lim — ————=
() (N)r—0 = (N)o ﬁ1—>n01071ﬁ2 B
mA
=
Thus we find
EF _ ﬂﬁzl’lo
m

5.19. Show that in a mixed state

1~ &
AAAB > §|<[A,B]>|
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where A A is the uncertainly
(AAY = (A —(A))
and A and B are heritian.
Answer
Define
S=A+izB

St=A4—izB

where z is a real variable. It follows that
§*8 = A> +iz[A, Bl + 2B

For a mixed state, with (2.36), we write

/3 - ZPM |1/I)L><¢/L|

so that
(§78) = > Pu(Sy, | §91,) = 0
%

Choosing the value

we find

1~ &
AAAB > E'([Av B])|

5.20. Show that the uncertainty relation Ax Ap > //2 is consistent with the Wigner
distribution function.

Answer

From Problem 5.19, we obtain

AxA >1|([ ])I—;z
xAp = Sl phl = 5

where
(Ax)” = (x%) — (x)’

However, as established in (2.61a), both x2 and x obey Weyl correspondence so
that averages may be written with respect to the Wigner distribution function
as given by (2.51).
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5.21.

5.22.

5.23.

5. Elements of Quantum Kinetic Theory
A system is in an eigenstate of its Hamiltonian. Show that the Wigner
distribution is constant in time for this state.
Answer
For an eigenstate, with (1.10), we write
Y(x, 1) = @) E~"

Substitution of this form into (2.47) indicates that the Wigner distribution is
constant in time for an eigenstate of the Hamiltonian. Note that this conclusion
also follows from (2.51):

(A) =fA<x,p>F<x,p,r>dxdp

For a stationary state, (A) is constant, so F(x, p, t) must be stationary.

Show that the Wigner distribution is real.
Answer

We refer to the defining relation (2.46). Deleting vector notation, we write

F(x, p,t) x /eZi”—"/hp(x,, Xy, 1)dy

Taking the complex conjugate, we obtain

F*(x, p, 1) x / eI p*(x_, xy, 1) dy

PO, xp, 1) = (x_| p lxy)”
= (x| plx-)
=& +ylplx—y)
Changing variables in the above integral expression for F*(x, p, t) from y —
—ygives F* = F.
A student argues that the Wigner distribution function is not consistent with

quantum mechanics for the following reasons. In the absence of interactins,
the equation of motion (2.54) reduces to

i + L F( t)=0
. - A X? 9 =
or " m ox P
As was discussed in Chapter 1, the general solution to this equation is given
by
F = F(X— EI—XO,po)
m

In particular, we may take F to be a delta function for which F # 0 only on
the system trajectory, in which case x and p may be specified simultaneously
in violation of quantum mechanics. Is the student’s argument sound? Why?
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5.25.

5.26.
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Answer

It was established in Problem 5.20 that the Wigner formalism is consistent
with the uncertainty relation between x and p. This finding disavows solutions
(2.54) that imply a classical trajectory.

Show that
X+ fO)Pw =[x+ f(p)I

Answer

First note that

| P N2
E[A’ Al, =A
Then employ (2.61b)
1~ - A Ae\ A Ay
5[ AL = (A)w | cos EO (Aw = (A)W
w
Show that the Wigner distributions given by (2.46) is normalized to unity.

Answer

Working in one dimension, we find

1 )
/ / Fer, prdxdp = — / / / dy dx dp @™ (x_| p |x;)

Integrating over p gives

/ / F(x. p)dx dp = f f dx dy () (x_| p Ixs)

:/dx(x|,6|x):Tr,6:l

In quantum mechanics the continuity equation is given by
a
Piv.y=0
ot
where p is particle density
p=yY

and J is particle current

h
J= 5 VY -y VYT
ni

Working in a pure state, show that J and p may be written
I= [ a2 Fexp)
m

p= /dpF(& p)
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where F(x, p) is the Wigner distribution function.

Show that the z component of angular momentum
Lx = Xﬁ» - yi’x
obeys Weyl corrrespondence.

Employing the projection representation (2.36), derive the following expres-
sions for the density matrix p(x, x”) for a canonical distribution [see (2.13)]
of (a) free particles of mass m, and (b) particles of mass m confined to a
one-dimensional box of length L.

1 -
@) p(x,x) =~ / o k) g

1 o0
®) p(x,x)=— ) e g, (0p.(x')

n=1

where

E,=n’E E—1<ﬂh>2
n — 1 1 —

) 2 . nmwx
X) = — S1in ——
¢ VL

and Z is a normalization factor that ensures that Tr p = 1 (that is, the
partition function).

Write down the eigenvalue equation that the Fock-space ket vector given on
the right side of (5.2) obeys.

The quantum mechanical s-body Green’s function is given by (7.13) and
(7.14). With s = 1 we obtain

1 o A
Gi(x. 1.y, 1) = —0(t = 1) du(x, D} (y. 1)
1 ’ I N2
£ 00 = (i (Y, 1) (x, )
With t' = t + &, where ¢ is an infinitesimal, show that

1 =2
G(X! Y, t) = i%<Gl(X7 Y, t))

where the F-space operator 61 is given by (5.7).
(a) Show that

e S A = o~ WimHy } ot/ iH

where § is defined by (6.11).
(b) With the preceding result, establish (6.12b), that is,

Tri(e S A)e s B)} = Tr(AB)
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Employing the fundamanetal time-development equation (5.8), show that
(7.33) follows from (7.32).

If the operator R in (7.1) is nonlinear, is the Green’s function integral (7.3)
still a solution of (7.1)? Explain your answer.

Employing the relation (7.15) for a time-ordered product, establish the
differentiation rule (7.44).

Show that (7.47) coupling the first two Green’s functions may be transformed

to the first of the hierarchy for the G, functions as given in Table 5.3. The
specifics of this tranformation are given in the text.

This problem addresses composite bosons; that is, bosons comprised of two
coupled fermions. Consider such a two-component composite system with
respective creation operators @' and b" with the model Hamiltonian®

H=E)Y @ a+bb>+g22b(a‘ab (P36.1)

where E, and g are constants and a; and Bi both satisfy fermion anticommu-
tation relations. Let

Z a;b;, Al = lev_o Z bial (P36.2)

and
Hy= Ey Yy (@a; +b]b:) (P36.3)
where N, is the number of free-particle states.

(a) Show that (P36.1) may be written

H = H,+ gN,A"A (P36.4)
(b) Show that
[AT,A]l=1— ﬁ (P36.5)
k] - NO .

where N is the operator H, /Ey.
(c) Given the above findings, what may be said of the bose quality of
composite bosons with strong coupling (g > E)?

Answer (partial)

(¢) The noncanonical form of (P36.5) indicates that Afisnota pure creation
operator and in this sense invalidates the interpretation of A™A in (P36.4)
as representing a quasi-particle number operator. Thus we may conclude

For further discussion on this topic, see A. K. Kerman, Annals of Physics 12,
300 (1961).
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that to within the consistency of the stated model the composite boson
does not satisfy boson properties.

5.37. Show that (7.50) is equivalent to (7.47).

5.38. Obtain the explicit time-dependent equation of motion for G(1, 2, 3;1’, 2/, 3)
[in a form parallel to (7.47)] corresponding to (7.56).

5.39. Write down the diagrammatic equation of motion for the four-particle Green’s
function G(1,2,3,4;1',2,3,4).
5.40. Write down the lowest-order diagrammatic expansion for the equation of

motion for G(1, 2; 1’, 2'), as given by (7.52), in the topological form given by
(7.54a).

Answer

«—a | =" th ><
< o) P
+h [tiﬁ Q + i :l tﬁ[fiﬁ +if :]
) z ‘\‘

- ——— — e O

4’ ’
+ Ez + 42 ( - 42 +h2 ><
-— —— -—

The last six diagrams in this expansion stem from the three-body interaction
term in (7.52). Consider, for example, reorientation of the term

A

A

A
}

1 4 1
/

!
'
i
\
\2 2'

‘—————
3 3

Maintaining the format of (7.52) gives the topologically equivalent form
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which is the third from the last diagram in the given expansion.
The Green’s function for a quasi-free electron propagating through a medium

is given by (with I denoting a constant length)
i0(k — kr)
fio — (”2“ + A) + 2k

2ml

Gk, ») =

(a) What is the single-particle distribution for the medium? What is its
significance?

(b) What is the energy of the quasi-free particle?

(¢) What is the lifetime of the quasi-free particle? Why is this so?

(d) What is the minimum excitation energy of a quasi-particle described by
the Green’s function above?

(a) Show that
T(du(t)dl (1)) = T} (1) (1))]

(b) Does Vahdlty of the precedlng equation depend on the commutation
properties on ¢H and qb I

(a) Write the correlation function for velocity operator (v(z)v(0)), corre-
sponding to particles of mass m, in terms of an integral over Heisenberg
operators aj,(k, t), ay(k, t).

(b) Show that this correlation function may be written in terms of a two-
particle Green’s function.

Answer

dk,dk,
(@) (F()3(0) = / / 2y @n) m2

X k|k2<fl;(k1, Nayk, f)fl;/(kz, 0)ay (k,, 0))
(b) First recall

MGy (1,2;1,2) = (T[an(Dan(2)a;2)aj; (1))
with the results of Problem 5.42, the right side of the preceding equation
may be rewritten as
RHS = (T [ay(1)aj,(1an (2)aj2)))
= (Tlay(1Nan(Day(2)au(2)])

Now choose 1" = (k;,t7), 1 = (k;, 1), 2 = (k,,0%), 2 = (k,, 0) to to
obtain

dk,dk,
FO0) = / / @ry Q) mZ

X klkzi HGH[(ki, 1), (Ka, 0); (Ky, 1), (Ko, 07)]

which is the desired relation.
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5.44. We have seen that in both the Chapman—Enskog expansion [see (3.5.37)] and

in the study of electron—phonon interaction [see (3.58)] integral equations of
the following form typically emerge (for elastic interactions):

R(v) = /[f(V) — fM)]w(v, v)dv’

R(v) =K f(v) (P44.1)

These relations define the integral operator K. With R(v) taken to be a known
function, the preceding is a linear inhomogeneous integral equation. Let us
work in Dirac notation with the inner product given by

@l = [oumay
(We assume that all functions are real.) Given that w is a symmetric kernel:
(a) Show that K is self-adjoint. That is,

(BIKY) = (Ko | ¥) = (¥ | K¢§)
(b) Show that K is a nonnegative operator. That is,
(¢1K¢)=0
(¢) Consider the equation
(@1 Kp) =11 R) (P44.2)

Not all solutions to this equation are solutions to (P44.1). (Two distinct
vectors can have the same projection onto a third vector.) Show that of all
solutions, ¢(v), to (P44.2), the solution that satisfies (P44.1) maximizes

(¢ | Ko).
(d) Show that solutions to (P44.1) render the functional
K
1ig) = 21 K9} (P44.3)
[{¢ | R)]
minimum.
Answer

(a) We may easily establish
A 1
(@1 Ky) =7 //[¢(V) — ¢ w(v, V)Y (v) — ¢y (V)ldvdv

from which the self-adjoint property of K follows. Setting ¥ = ¢ into
the preceding representation [with w(v, v') positive and multiplicative]
establishes part (b).

(c) Let ¢(v) be a solution to (P44.1) and let ¥ (v) be a solution to (P44.2) but
not to (P44.1). Then

0<(¢—v) | K@—)
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= (¢ | Ko)+ (WIKy) — (¢ | Ky) — (¥ | Kg)
=(p | K¢) + (WIKy) —2(y | Kp)

= (¢ | Ko)+ (WIKv) —2(¢ | R)

= (¢ | Ko) + (¥IKy)

Thus
@ | Kp) > (¥ | Ky)

which was to be shown.
To show this, we consider the functional variation

SI[¢] = I1$ + 561 — 9]
(8¢ | Ko) + (¢ | Ksp)  2(¢ | K§)(5¢ | R)

(o | R)? (o | R))

2 . R
= e TR0 K R)— (¢ | K$p)(8¢ | R
(¢ | R))3[< O KoY o | R)— (& | Ko)(3¢ | R)]

Thus, for 1 [¢] to be stationary, we must have
(8¢ | K)o | R) = (3¢ | R)($ | Kop)

Viewing this equation in function space, with |[§¢) an arbitrary infinitesial
element of the space, the preceding equality implies that

K¢)(¢ | R) = IR) (¢ | K¢) (P44.4)
We wish to show that this equation implies that
|K¢) = c|R) (P44.5)

where ¢ is a constant. First note that substituting (P44.5) into (P44.4)
gives an equality. Now assume that (P44.4) does not imply (P44.5). Then
we may write

K |¢) =alR)+15) (P44.6)
where (8 | R) = 0. Substituting this form into (P44.4) gives

18) (¢ | R) = |R) (¢ | 6)

which implies that (§ | R) # 0, whence the assumption (P44.6) is incon-
sistent, and we may conclude that (P44.4) implies (P44.5). Inserting the
solution (P44.5) into (P44.3) indicates that /[¢] is insensitive to the con-
stant ¢, and we may conclude that /[¢] is stationary when K |¢) = |R),
in which case

I[¢p] = % P44.7)
(9| Ko)
As we have shown, (¢ | IA{¢) is maximum for K |¢) = |R), so we

conclude that (P44.7) is minimum, which was to be shown. Note: The
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fact that (P44.3) is minimum affords a means of obtaining an approximate
solution to (P44.1): Choose a trial function comprised of known functions
and a number of arbitrary parameters. Insert this trial solution into (P44.3)
and vary the parameters until a minimum of this form is obtained. If the
trial solution was a good guess, then the solution so obtained is a good
approximate solution to (P44.1).%

Show that
p(t) = U'pOT
where U is given by (1.39).
Answer
Working in a pure state, we write
p(t) = 1) (1|
Recalling (1.41), it follows that
p6)=U"10) (01U = U'p(OT

Employing the Fock-space Hamiltonian (5.27), derive the equation of motion
(5.28).

Answer

With (5.8), we write
0 ~ A~ A
ih— = ,H
l Py du(x) = [¢n, H]

Consider the kinetic energy term in H given in (5.27). Forming the
commutator gives

Pu(x) / dx' ¢ (XK (X )by (X') — / dx' ¢, (XK (X ) (X ) (%)
_ / AX [P — $(x)Dr IR X ) (x)
_ / AX8(x — X)R (X)) = R®)$u(x)

which is the first term in the right side of (5.28). A similar construction gives
the potential integral of (5.28).

Obtain the equation of motion for Gy given by (5.29) and expressions for
K y(x")and Vy(xV).

%This technique has been employed in the calculation of electrical and thermal
conductivity in metals. For further discussion, see A. Haug, Theoretical Solid State
Physics, vol. 2, Pergamon, Elmsford, N.Y. (1972).



Problems 445

Answer

Consider the case N = 2. Dropping the subscript on by, we write
. a9 2 At ~ N ~
lﬁEGz = ilil$ (y)§'(y2)p(x2)P(x,)

+ 4508 (1)P0)Dx)
+ 0" (yP! (v2) + d(x2)p(x))
+ 0" (y)d' (¥2)h(x2)p(x))]
With (5.28), we obtain
g 2 ~ ~ ~ N
=Gy = [-K"(y) = Q") — K'(y) = 0"(32)
+R®) 4 0'x) + K (%) + 0" %] G,

where Q(X) is written for the integral operator in (5.28). Generalizing this
finding indicates that

Knx) =) K(x)
i=1

N
B = Y [ . xodrax

5.48. Show that the master equation (2.28) implies the H theorem.
Answer

We label p,,, = P, and define
H=) PP,
Operating on (2.28) with
Y (+Inp)
gives

dH
- = Z 2(1 +1n P)(Powy, — Paw,g)
k

n

With
Z Z Pkwkn = ZZ P)lwnk
n k n k

the preceding reduces to

% = Z Zln P, (Pewg, — Pow,y)
k n
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To obtain the H-theorem, first exchange indices in the second term on the
right. This gives

dH P,
a0 Powg, In [ =2
i =X (5)
Now we exchange indices in the first term on the right to obtain
dH Py
@ =TT rman(y)
Adding the latter two equations and setting w,; = wy, gives

dH 1 P,

—_— == E E P.—P)In| —

df 2 - - wnk( k n) n (Pk>
Noting that [recall (3.3.49)]

P,
(P — P,)In (P) <0

k
gives the desired result
dH
<
dr —
(a) Show that the Master equation (2.28) implies that Tr p is constant in time.
(b) What is the physical significance of this result?

(¢) What property of the perturbing Hamiltonian does you proof of part (a)
depend on?

0

(a) Asystemcomprises N identical, interacting particles. Write down relation
(5.1) and (5.2) in the energy representation, in which ny represents the
number of particles with energy E, and E; denotes the energy of the ith
particle.

(b) What is the coordinate representation of the (unsymmetrized) wavefunc-
tions for this system if the particles are non-interacting? Give your answer
in terms of the single-particle energy states, ¢, (X;).

(c¢) What is your answer to part (b) if it is known that all particles of the
system are in the ground state?

(d) Under the conditions of part (b), what is the coordinate representation of
the Fock-space vector, |...,ng,...)p?

Answer (partial)

1 P
(a) |E1,...,En,N>=ﬁXPj(i> |Ey, ..., Ey)
Izn
|E,,...,E;;N) = ;!E|...,n5,...>p

ZnE:N
E
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(b) (X, .., Xy | Ep, o Ey) = YE, (Xl)(PEz(Xz) gy (Xy)

Again consider a system of N interacting, identical particles. Wavefunctions
for this system exist in a Hilbert space spanned by products of 1-body func-
tions, {@,.(x;)}. In this representation, field operators, ¢(x), ¢'(x) may be
expanded in the form

PX) = a,9,(x)

(In the preceding and following, hats over operators are omitted.)

(a) What is the representation of the number operator N in this representa-
tion?

(b) What are the companion commutator relations to (7.30)?

(¢) Employing this representation, write down the form of the N-body
Hamiltonian (5.22) in second quantization.

(d) For which basis functions ¢,(x), does the kinetic energy term in your
answer to the preceding question, reduce to a diagonal sum?

Answer
(a) N = Zanzatl
(b) [Cln, an’j;ﬁ = ann’

(c) H = ZZ/dxantwnT%an’(pn’

n n'

+>3 Z > / dxdx' a,"," (X)a, g, (XX, X)a, g, (X)ar @ (X)
n n' A

(d) Plane waves.

Show that if the collision time, 7(k) is constant, then the expression for
conductivity (3.41) reduces to
el S
0c=——
270"

where [ = tvy is mean fee path on the Fermi surface, and Sy = 4mwk;>.
Answer

We return to (3.40) and assume that the electric field is in the x-direction. It
follows that
1
e'V(E V)], = vl = gvz
Note further that
hikp
|VkE|EF =— =VUf
m

There results
e’tuy _ e’l
" 127

o =
12730

Sk
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which was to be shown.
Consider a dense fluid with zero isothermal compressibility (recall Problem
2.23).

(a) What is the normalization condition of the radial distribution function
under these constraints?

(b) Establish a relation between the radial distribution function, g(r), and the
quantum mechanical two-body wavefunction, ¥, (X, X,).

(¢) What is the physical meaning of g(r)? What does your statement reduce
to for an isotropic fluid?

(d) Write down an expression for the number of pairs of particles in the
volume element Av < V, in terms of g(r), where V is the volume of the
whole system.

Answer (partial)

(b) We note that the function |1/,(x;, X,)|* is a joint probability density. It
follows that the normalization of this wavefunction is given by

/ 1Yo (X, Xo) |2 dX, dx, = 1

With the unit Jacobian change in variables (see Problem 2.14)
r=x, —Xx
2R=Xx;, +x,

the preceding normalization becomes

/Iwz(r, R)|%drdR = 1

The radial distribution function is then given by

g(r) = V/ [¥(r, R)]* dR

which gives the correct normalization (under the said conditions)

fg(r) dr=V

(c) The factor g(r)dr/V gives the probability of finding a pair of particles
with one particle at the origin and the other at r + dr, where dr represents
a volume element. For an isotropic fluid, the preceding probability factor
is given by g(r)4mr’dr/V which represents the probability of finding a
pair of particles with one of the particles at the origin and the other in the
sperical differential shell of volume 47 r2dr.

(d) The number of pairs of particles, AN,, in AV is given by

AV
AN, = N27g(r)

where r’ is a radial measure of AV.



CHAPTER 6

Relativistic Kinetic Theory

Introduction

This concluding chapter addresses elements of relativistic kinetic theory.! This
component of kinetic theory plays a significant role in areas of astrophysics,
free-electron lasing, and certain approaches to controlled thermonuclear fu-
sion. The chapter begins with elementary notions of relativity including
postulates, Lorentz transformation, covariance, and invariance. Hamilton’s
equations are written in covariant form. With these preliminaries at hand, the
discussion turns to a covariant description of relativistic kinetic theory. This
formalism is employed to obtain a covariant one-particle Liouville equation,
which when integrated yields the relativistic Vlasov equation for a plasma
in an electromagnetic field. A covariant Drude formulation of Ohm’s law is
given in relation to a relativistic monoenergetic beam. The following section
addresses Lorentz invariants in kinetic theory and a compilation of these forms
is presented in a table. The chapter continues with a derivation of the relativis-
tic Maxwellian. Relativity in non-Cartesian coordinates is discussed in the
concluding section. Here the reader is introduced to the metric tensor and the
notion of contra and covariant tensors. Lagrange’s equations are derived, from
which a one-particle Liouville equation is obtained relevant to non-Cartesian
space—time.

'For further discussion, See S. R. de Groot, W. A. van Leewen, and Ch. G. van
Weert, Relativistic Kinetic Theory: Principles and Applications, North-Holland, New
York (1980); and P. G. Bergman, Introduction to the Theory of Relativity, Prentice-
Hall, Englewood Cliffs, N.J. (1955).
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A

ct

>

X

FIGURE 6.1. The world line of a particle moving in one dimension.
6.1 Preliminaries

6.1.1 Postulates
There are two postulates of special relativity. These are as follows:

1. The laws of physics are invariant under inertial transformations.
2. The speed of light is independent of the motion of the source.

The first postulate states that the result of an experiment in a given inertial
frame of reference is independent of the constant translation motion of the
system as a whole. An inertial frame is one in which a mass at rest experiences
no force. Thus there is no absolute frame in the universe with respect to which
motion of an arbitrary inertial frame is uniquely defined. Only relative motion
between frames is relevant.”

Concerning the second postulate, consider a light source fixed in a frame
S. The frame moves relative to the observer in a frame S’ with speed v. The
observer measures the speed of light ¢, independent of the speed v. This situ-
ation is evidently equivalent to one in which S’ moves relative to S with speed
v. Thus the speed of light is independent of the motion of the receiver, as well
as that of the source. This conclusion is alien to our intuitive picture of either
wave or particle motion.

6.1.2 Events, World Lines, and the Light Cone

Einstein defined an event as a point in space—time coordinates. The locus of
events of a particle is called the world line of the particle. For one-dimensional
motion, the world line of a particle is a curve in (x, ct) space, where c is the
speed of light (see Fig. 6.1).

Of particular interest in the study of relativity is the concept of the light
cone. This is the world line of the leading edge of a light wave stemming from

2Unless otherwise stated, frames referred to in this description are inertial.
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ct Future

Elsewhere 0 Elsewhere

/ N

FIGURE 6.2. Light pulse is initiated at 0. Points in the domain marked “elsewhere”
cannot be reached from 0 at speed less than c.

a source switched on at a given instant at a given location. The notion of past
and future may be defined with respect to the light cone (see Fig. 6.2).

6.1.3 Four-Vectors

An event at a given location x and time ¢ may be described by the four-
dimensional vector?

X =(x,ict) (1.1)

which is called a four-vector. The momentum four-vector is given by
iE

=(p, — (1.2)
c

E = ym02 =mc*+T (1.3)

g =]

Here we have written

for the total energy of a particle (in the absence of potential) of rest mass m,
with kinetic energy 7. The parameter y is written for [recall (1.1.19a)]

1 v
2
, = - 1.4
T " (1.4)
Note that y increases monotonically from 1 to 8 = 0 to oo at § = 1. The
relativistic momentum three-vector is given by
dx

T dr

14

p=ymv, v (1.5)

3An alternative formalism in terms of the metric tensor avoids use of imaginary
time. See Section 6.4.
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FIGURE 6.3. The frame S’ moves at velocity v with respect to the frame S.

where ¢ is time measured in the lab frame.
Let us write p, for the components of the four-vector p. Thus
iE
Ps = - —pic2 = E* = p*c® + m*c* (1.6)
In this notation we may write

Py = muy, (L.7)
where u,, is the velocity four-vector,
pu dx, .
=== 1.8
i m dt i (1.8)

and t denotes proper time. This is the time measured on a clock attached to
the moving particle (described in Section 1.5).
Three other important four-vectors are*

J=@,icp) (1.92)
A=(A,id) (1.9b)

k = (k, i—‘“) (1.9¢)
Cc

In these expressions, J is current density, p is charge density, A is vector
potential, ® is scalar potential, k is a wave vector, and w is frequency.

6.1.4 Lorentz Transformation

Consider that a frame S’ moves at constant speed v in the z direction with
respect to a frame S, as shown in Fig. 6.3. It is readily shown from the two
postulates above that if A, is a four-vector in S an observer in S’ observes the
components

Al =LA, (1.10)

“The manner in which electric and magnetic fields are related to vector and scalar
potentials is described in Problem 1.22. See also Section 2.3.
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where
1 0 0 0
0 1 0 0
L= 0 0 y iyp (1.11)
0 0 —iyB vy
Note that L is orthogonal; that is
L=L" (1.12)
where L is the transpose of L. Note further that
detL =1 (1.13)

(see Problem 6.1). Thus L effects a rotation in complex four-dimensional
space. Consequently, the “length” of a four-vector is preserved under a Lorentz
transformation. That is

AA =AA, (1.14)
Let us show this formally:
ALA = LiyAyLi Ay = LinLinAA;, = L Ly AA; = 68,,A,A; — A A,
For example, consider the length of the momentum four-vector,
DuDp = y2m2v? — yim*ct = —m?y2 (1 — Y = —m*c? (1.15a)
This returns the useful relation
E* =c*p* +m*ct (1.15b)
For x, we find
XXy = x2 = c*? (1.16)

Such entities, which remain invariant under a Lorentz transformation, are called
Lorentz invariants. Note in particular that the Lorentz invariant x,x, as given
by (1.16) is a reiteration of the second postulate stated above that the speed of
light is ¢ in all frames.

The Lorentz matrices (1.11) have the following group property.

L(BOL(B) = L(B1) (1.17)
where
B+ B
= = 1.18
B2 5 B ( )

(see Problem 6.2). Note that (1.18) precludes the speed of any object from
exceeding c. Consider that one of the frames moves with relative speed c, so
that, for example, 8; = 1. Then (1.18) returns the value §;, = 1. Furthermore,
in that L(0) = I, the identity operator, and L™ = L, we see that the Lorentz
transformations comprise a group, called the Lorentz group.
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6.1.5 Length Contraction, Time Dilation, and Proper Time

With relative interframe motion again confined to the z direction, Lorentz
transformation of the even four-vector gives

7\ 1 iB i
(icﬂ) =7 (—iﬁ 1 ) (ict) (1.19)

7 = y(z — Bct) (1.20a)
ict = iy(—Bz +cf) (1.20b)

We find

Let arod of given length Az’ lie fixed in a frame that we label S’. The frame S’
moves with speed Sc relative to the frame S. At a given instant, the length of
the rod is measured in the S frame. This means that the locations of the ends
of the rods are measured simultaneously in S. Calling the length so measured
Az = zp — 24, With t, = 1, (1.20a), gives

Az = ! A7 < A7 (1.21)
14
The rod moving past the frame S is measured to be shortened by an observer
in §. This is the phenomenon of length contraction.
Consider next a clock that is at a fixed location in the moving S’ frame
(z, = z.,). To find the manner in which intervals 7’ on this clock are observed
in S, we write the inverse of (1.20b):

ict =iy(B7 +ct)
There results
=yt >7 (1.22)

Thus an observer in S concludes that intervals on his clock, 7, are longer than
those on the S’ clock or that the S’ clock is “running slow.”

An important parameter in relativity is that of proper time. The proper time
of a particle is the time measured on a clock that moves with the particle. Thus,
if ¢t denotes time in the lab frame and t proper time, we write

dt = ydrt (1.23)

Comparison with (1.22) reveals that we have identified proper time with the
single clock fixed in §’.

6.1.6 Covariance, Hamiltonian, and Hamilton’s Equations

It is important to the first postulate that laws of physics be written in a manner
that guarantees that invariance under Lorentz transformation. Relations so writ-
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ten are said to be covariant.’ For example, the covariant forms of Hamilton’s
equations are given by®

d)C)L 81:1 dpA 81:1
—_— =, _— = (1.24)
dt Bpx dt 8x,\
For a free particle, the covariant Hamiltonian is given by
7 (1.25)
2m
For a charged particle in an electromagnetic field,
i— [pn — (e/)Aullpu — (e/c)A,] (1.26)

2m

where A, is the four-vector potential (1.9b).

In three-vector form, the relativistic Hamiltonian is given by (1.1.19). When
working with this form, Hamilton’s equations must be written with respect to
the lab time ¢, as in (1.1.12)7 (see Problem 6.3).

6.1.7 Criterion for Relativistic Analysis

Prior to our discussion of relativistic kinetic theory, let us ask the question,
when is it necessary to use this formalism? The answer to this question is
given in terms of a simple rule of thumb. Compare the rest-mass energy of
particles whose kinetic theory is being studied to their kinetic energy. Thus,
with (1.3), the criterion for nonrelativistic theory is written

T =(y— Dmc? < mc? (1.27a)
or, equivalently,
I<y<«2 (1.27b)

or, more simply, v < c. The left inequality in (1.27b) stems from the definition
of y.

SNot to be confused with covariant and contravariant vectors discussed in
Section 6.4.

For further discussion, see H. Goldstein, Classical Mechanics, 2nd ed., Addison-
Wesley, Reading, Mass. (1981).

’See, for example, A. O. Barut, Electrodynamics and Classical Theory of Fields
and Particles, Dover Publications, New York (1980).
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6.2 Covariant Kinetic Formulation

6.2.1 Distribution Function®

We consider a distribution F(x,,, p,) with the following properties:

F=>0 (2.1a)
F —0asp, — o0 (2.1b)
It has the normalization
/ /fuudcrﬂd“p = constant 2.2)
2

where X, is a hypersurface in four-dimensional Xx-space, with differential
element do,.
The definition of F(x, p,) is as follows. The product

F(x, puu, do, dp (2.3a)

represents the probability that the world line of a particle intersects the
hypersurface element do,, at x,, about the point p,,. Furthermore, the product

F(xp, pu)pydé, d*x (2.3b)

represents the probability that the world line of a particle intersects the hy-
persurface element d6,, at p, about the point x,, where dg, represents an
element of hypersurface in four-dimensional p-space. As in (1.8), the dot in
(2.3b) represents differentiation with respect to proper time.

In (2.3a), the inner product

u, do, = ui(dxy dxs dxg) + - + us(dx; dx, dxsz) 2.4)

where, for example, dx, dx; dx4 is the element of the hypersurface do,
parallel to u;.
The relation of F(x,, p,) to the classical distribution f(x, p, t) is given by

Frup) = / Fdp, 25)

With the normalization condition (2.2), we write®
/ ////]—"uﬂdaﬂ d’p dp, = constant
5, J1J2J3 J4

8B. Kursunoglu, Nuclear Fusion, 1 (1961). This formulation takes the four com-
ponents of p, to be independent. An alternative description that directly incorporates
the constraint (1.15a) was given by Y. Klimontovich, JETP, 37, 524 (1960).

Choosing %, to be a plane normal to the time axis (2.6) gives [ yf d*xd’p =
constant, which in the nonrelativistic limit returns the classical normalization
[ f d*x d*p = constant.
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A
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 J

X — space p — space

v

FIGURE 6.4. A three-dimensional depiction of four-dimensional X and p spaces and
closed X, and X, hypersurfaces. The net number of world lines entering the closed

hypersurfaces X, and X, is zero.

:/ ///fuﬂdaucﬁp:constant
= J1J2J3

6.2.2 One-Farticle Liouville Equation

(2.6)

Consider that the hypersurface ¥, in the normalization (2.2) is a closed hyper-
surface. In this case the net number of world lines entering X, is zero. With

the definition (2.3a), we find

/d4p§£ Fu, do, =0
DN
See Fig. 6.4.
Gauss’s theorem in four dimensions permits (2.7) to be written

/d“p/d“xi(fu )=0
0x,, .

A similar argument stemming from the definition (2.3b) gives

0
/ d4xy§ Fhydé, = / d'x / dp = (Fip) =0
s, Pu

Since F = F(x,, p,), we may write
dF . OF v oF
_— =X, — _
v "ax, P ap,
With Hamilton’s equations (1.24), the preceding equation becomes
dF  30Fx, 0Fp,
PER— 4+ —"
dt ax, op,

2.7)

(2.8)

(2.9)

(2.10)

@2.11)
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Integration of this equation gives

9 Fu OF]
il d4 dp= | L patp 4 | P aty 212)
0x, apy

With (2.8) and (2.9), the right side of (2.12) vanishes, and we obtain

/—d“xd“ =0

Passing to zero volume gives

dF
— = 2.13
I (2.13)

or, equivalently, with (2.10)

oF . 0F

- —~ =0 2.14
i 0x, +Pu opu ( )

This equation represents a covariant one-particle Liouville equation. The term
following p,, will be related to electrodynamic field variables, which in turn
will be related to the distribution through the current. With these substitutions,
the preceding equation is more properly termed the Vlasov equation.

6.2.3 Covariant Electrodynamics

To apply the above finding to a plasma, we must first write Maxwell’s equations
in covariant form. To these ends, we introduce the electromagnetic field tensor
F,;. For l, j running from 1 to 3,

Flj = SijBk (2153)

where By represents the kth component of magnetic field and g;;; is the Levi-
Civita symbol [see beneath (A.10")]. With £; written for the jth component of
the electric field, we write

F4j = - j4:igj (215]3)
These terms correspond to the matrix

0 By —-B, —i&
— B3 0 B, —i&

Fw=1 8" _B 0 -i& (2.16)
i& & i& 0
The covariant form of (2.15) is given
0A, 04,
F,, = — (2.17)

o 0x, dx,
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where A, is the four-vector potential (1.9b). In these variables, Maxwell’s
equations assume the form (cgs)

9F,, 4
P T (2.18)

0x, c

where J, is the four-current (1.9a). The preceding covariant relation gives the
two Maxwell equations:

V.E=4mp, VxB——-——=—] (2.18a)

The covariant structure of the remaining Maxwell equations is

OFu , OFy , 3Fy

=0 (2.19)
0X), dx, ax,
which gives
190B
V-B=0, VxE+-——=0 (2.19a)
c ot
The covariant form of the Lorentz force law is
. e
Pu=—"—"FwpPv (220)

mc
(see Problem 6.4).

6.2.4 Vlasov Equation

Combining the Lorentz force law (2.20) with the equation of motion (2.14)
gives

oF e aF
M;L_+_F;wpv_20
dax, mc opu
or equivalently,
oF e oF
— 4+ -F,p,— =0 2.21
pﬂaxu—}_c Mpapu (2.21)
This scalar equation has the explicit form
oF aF oF oF
oavio ot (e+SvxB) 4 lw =0 @2l
ot ox c p c op4

Integrating over p, and recalling the connecting relation (2.5) gives the desired
form (with components of p taken to be independent):
af

9 e of
Ty 2 e+¢vxB).- Lo 222
ar T axf+(e TV ) op (2:22)
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(see Problem 6.5). Note that the sole difference between the form of (2.22)
and the classical Vlasov equation (2.2.30) is contained in the presence of p in
(2.22), which is the relativistic momentum (1.5).

One further note is relevant to (2.2). For this equation to be properly termed
the Vlasov equation, the fields £ and B must be self-consistently defined.
That this is so in the present case follows from the fact that (2.22) includes
the force equation (2.20), with field variables coupled to the current density
through (2.18). The picture is made complete if current and charge densities
are expressible as functionals over the distribution function. These relations
are given by

J(x, 1) = eN / P & p)p (2.23a)
my

icp(x, 1) = eN / P4 r(% p)dp (2.23b)
my

where N is the total number of particles in the system. Recall that p/my =v,
the velocity in the lab frame. It will be shown that f(x,, p) and dp/y are both
relativistic invariants.

6.2.5 Covariant Drude Formulation of Ohm’s Law

A monoenergetic beam of electrons of number density n and velocity v with
respect to the lab frame has the current density

J =env (2.24a)
If ny is density measured in a frame moving with the beam, then
n=yng (2.24b)

due to length contraction along the direction of motion as given by (1.21). With
(1.7), we may write

u=yv
and the current (2.24a) may be rewritten
J =enou (2.25)

With (1.7), the preceding expression for current may be written

J=—p (2.26)
m
which is the vector component of the four-vector [see (1.9a)]:
engp

This form gives the invariant

JuJy = —e’nic? (2.27a)
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We may write down a covariant form of Rayleigh dissipation (4.2.32) in
terms of proper frequency vy. This is frequency measured on a clock moving
with the beam. The equation appears as

dpy
— =— 2.28
dT VOpu ( )
Combining this relation with Lorentz force law (2.20) gives
dp e
d_M = F;wtpot —VoPu (229)
T mc

The fourth component of this equation reads

dE
— =cu-&—E (2.30)
dt
That is, in a frame moving with the beam, energy increases at a rate at which
the electric field does work on the particles and decreases due to collisions at
a rate proportional to the energy.

To obtain the covariant form of Ohm’s law, first we assume steady state and
setdp,/dt = 0. Combining (2.29) and (2.27) then gives the desired relation:

Iy = 0 Fypo® (2.31)
C
where we have written
2
o= (2.31a)
Vom

The vector component of (2.31) returns the standard form of Ohm’s law,

J:a(£+VXB) (2.32)

c

which, we see, is a relativistically valid equation. Note in particular that J,
£, and B in this equation are lab-frame values and that o contains rest-frame
parameters.

The fourth component of (2.31), with J4 given by (2.27), returns the energy
balance equation [right side of (2.30)]

WE =eu-& (2.33)

6.2.6 Lorentz Invariants in Kinetic Theory

First we note
F(p)d’p = d3p/ F(x, p)d’x (2.34)
v

represents the number of particles in the spatial volume V' and in the momentum
volume d° p about the point p. [Note that F(x, p) is normalized to total number
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of particles.] As this is a pure number, it is the same in all reference frames
and thus may be termed a Lorentz invariant.
The same argument leads us to conclude that

F(x)d’x = d’x / F(x,p)d’p (2.35)

is likewise a Lorentz invariant.

Consider next how the volume element d°p transforms under a Lorentz
transformation. To answer this question, we note a general rule of invariance: '’
if C,, and D,, are two four-vectors, then the ratio of two parallel components,
C,/ D, is a Lorentz invariant.

With (1.15a), we see that d° p is an element of surface on the hypersurface

E\?
PuPu = p2 — (?) = —m2c2
Thus we may write
dp.dpy,dp, = doy (2.36)

where doy is a differential of hypersurface in four-dimensional p-space. With
the above-stated rule of invariance, we conclude that

d3 d3
_fP_<p (2.37)
P4 ps  IE/c

is a Lorentz invariant. That is, under a Lorentz transformation we find

dO’4

d2 d3 ’
2P _ZF (2.38)
iE/c iE'/c
or, equivalently,
A
d’p' = 7d p (2.38b)

The invariant d° p/ E may be cast in four-dimensional form as follows. First
we write (see Problem 6.8)

d3
P_ / S(p2 +m>A)d* p (2.39a)
P4

iE/c

which is evidently a Lorentz invariant. In this expression we are treating the
four components of p, as independent. As in (2.22), the delta function in
(2.39a) maintains the constraint (1.15a). As the integration in (2.39a) is only

L. D. Landau and E. M. Lifshitz, Classical Theory of Fields, 4th ed., Pergamon
Press, Elmsford, N.Y. (1975).
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(x'.p")

S (x, p)

Lab

\ 4
i)

Rest

FIGURE 6.5. Particles described by (2.41) are at rest in S°.

over p4, we obtain the alternative form

d*p
— d3 5 2 2.2 d
iE/c p/ (p,, + m°c*)dps
With the invariants (2.34) and (2.37) at hand, we write

dzp

E
This equality indicates that E F(p) is a Lorentz invariant. That is, under a
Lorentz transformation

F(p)d’p = EF(p)

F'(pE' = F(p)E (2.40)
In addition to the distribution invariants (2.34) and (2.35), it is evident that
F(x,p)d’xd’p (2.41)

is likewise a Lorentz invariant. To discover the manner in which F(x, p) trans-
forms, we must examine the manner in which d°x transforms in kinetic theory.

To these ends, we note that in relativistic kinetic theory it is necessary to dis-
cern between three frames of reference. The independent variables of F(x, p)
are defined with respect to the lab frame, S. An inertial frame, S’, moves rel-
ative to the lab frame, where measured variables have values x’ and p’. An
additional frame, S, is introduced such that particles with momenta defined
by (2.41) are at rest (see Fig. 6.5). The proper volume d*x° lies in this frame.
Recalling the description leading to (1.21) indicates that the primed frame of
that expression is the frame of the proper volume in the present discussion.
Since both S and S’ move relative to S°, where the differential of particles
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(2.41) are at rest, our previous result (1.21) gives the relations

1
d’x = —d*x° (2.42a)
14
1
&x' = — d’x° (2.42b)
14
Thus we find
yd’x = y'd°x’' (2.43)

so that yd>x is a Lorentz invariant. With (2.41) and (2.43), we obtain
Fx,pd’xd’p = FF(xX,p)d’x' d*p' = F'(x,p)d’xd’p (2.44)
We may conclude that both the distribution
F(x, p)
as well as the phase volume
d’xd’p

are Lorentz invariants. A compilation of these Lorentz invariants is given in
Table 6.1. The time dependence of these distributions is tacitly assumed. Recall
also that F is normalized to total number of particles in the system at hand.
The volume elements d*x and d* p are invariant due to the orthogonal property
of the Lorentz transformation, det L = 1 [see (1.13)].

6.2.7 Relativistic Electron Gas and Darwin Lagrangian

Let us consider a collection of N charges interacting with each other through
the Coulomb interaction. Charge and current densities due to the jth particle
are given by
PO, 1) = g8 — x,(1)] (2.45)
JOx, 1) = q;v;(1)8[x — x;(1)] (2.46)
where x;(¢) and v;(¢) are written for the coordinate and velocity of the jth

particle of charge g;.
We work in the Coulomb gauge'! defined by the condition

V.-AY =0

where A is the vector potential due to the jth particle. In this gauge, potentials
are given by
. (J) X/, t
pV(x,1) = / ax 20 (2.47)

Ix — x|

'The Lorentz gauge was defined in Problem 1.22.
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TABLE 6.1. Lorentz Invariants in Kinetic Theory

A. Distribution Functions and Volume Elements
Fx)d’x; F()d’p; Fx,pd’xd’p
F(p)E;, F(x,p)

d*p

d*x; d'p; dxd’p; R Edx
d*p
— 8 2 22d4

B. Invariants for N-body Systems

- N E?
2oL

or, equivalently,”

N

N

I _ 22
§ Pi Pip = — E :mic
im1 i=1

With

N
Piotal = E Pi

i=l

N
Ega = E E;

i=l

we may write

N N E2
{Z pllli| |:Z p./l‘-} = ptzolal - Cl.(;lal = _M2C2
i=l Jj=1

where M is called the invariant mass.

C. Collisional Invariants

N N
D =) P,
i=1 i=1
With N = 2, we find®

(P + pZM)Z = (p/m + péﬂ)z =5
(Pru— P = (P, — 5 = —t
(Pru — Pa)’ = (P, — P’ = —u

2 Contra and covariant notation is described in Section 6.4.

> The terms s, ¢ and u are called Mandelstam variables. Note
in particular that only two of these variables are independent
since s + 1 + u = 2c*(m? + m3) (see Problem 6.24).

465
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AV, 1) = /dx’dt/ S —r - {d/olx—x)

Ix — X/I
J(j)(xf, t’) 1
X —_— [
c  dmcar

Ve (Xt )i| (2.48)

With these parameters at hand, the relativistic Lagrangian is written

N 2N
L(XN,VN,t):Z{—mcz _C_;_Z

i=1
xpwwmo—%wwmnwmﬂ}@@>

We wish to obtain the form (2.49) to 0(1/c?). Toward this end, as is evident
from (2.49), it is necessary only to obtain the vector potential to 0(1/¢), which
in turn is obtained from (2.48). With x written for x;, we write

j 5(t—1) 1 9 . 1
o = () _ / () / 4 R
A](X,t)—/d dt ————— | —y |:J]( ) at,V(ﬁj(X,t)]—l—O(cZ)

Performing the ¢’ integration, we find

AV (x, 1) = /dx’—l w [J(”( 1) — L V/¢>(-’)(x’,t):| + 0 <c1—2

clx 4 ot
(2.50)
Let us evaluate ¢(x, t). Inserting (2.45) into (2.47) gives
j qj
PV(x, 1) = —— 2.51)
Ix —x;(7)]

Substituting this expression together with (2.46) for J¥” into (2.50), we obtain

. vt 1 0 1 ) 1
AV = WO L8[ v(—2L 1o
c|x —x;(t)| 4mcot |x — X/| [x' —x;(1)] c?

(2.52)

Now note that

9 ( 1 )Z v,(t) - [X' —x;(1)]

o \|x' — x;(1)| X —X;(1)[3

Substituting this result into the integral term of (2.52) (labeled I) gives

4dmc X — X/| Ix' —x;()]?

Changing variables,

y=x— X;(1)
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and integrating by parts, we obtain
1= —ﬁ v / dy %mq—iy'
Here we have labeled
r; =x—X;(t) (2.52a)
Integrating the preceding expression gives

1=-4y <—Vf(t)'rj>

2c r;

which when differentiated gives

I= _4j v;(1) _ l'_/'(Vj%' r;) (2.53)
2c rj r}.
Substituting this result into (2.52), we obtain
AV, 1y = | WO B0 (2.54)
2c| rj r;

Combining this result with (2.51) and substituting into the Lagrangian (2.49)
gives

N 2
LxV. vV, 1) = —me? 1 — 255
&V, vV, 1) ; me > (2.55)

qi4; qgiq;j | Vi " V; (Vi - 1i)(Vj - 1)
+ — + +
Z{ rij 2C2 |: rij I'3

i<j ij

where v; = v;(¢) and r;; is given by (2.52a) with X rewritten X; [asin (2.49)]. The
preceding expression is the desired structure of the Lagrangian of an N-charged
particle gas valid to O(1/c?). It was first obtained by C. G. Darwin.!?

6.3 The Relativistic Maxwellian!?

6.3.1 Normalization
With (1.1.19), we write

H = cy/m2c? + p?

12C. G. Darwin, Phil. Mag. 39, 537 (1920).
13J. L. Synge, The Relativistic Gas, North Holland, Amsterdam (1957).
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2
=mc* 1+ 122 =mc*\/1 + pu?
m2c

I'LZ = p2 — ﬂ—z

m2cz 1 — B2
With (3.1), the Maxwellian may be written
fow) = Ae 0T

mc?
= Aexp [—— V1+ ;ﬂ]

kT

where

The normalization of f; may be written

/ﬁfu=1

2

47TA/ djuu® exp [—E 1+M2:| =1
0

or, equivalently,

kgT
We wish to evaluate the normalization parameter A. Let us define
s2=1+p?
sds = udu

so that (3.4b) becomes

% mc?s
47 A — 2 _DHVsds =1
T /; (exp kBT>(s )/ sds

Noting that

1
/(s2 —D2sds = 5(s2 —1)?

permits (3.5) to be integrated by parts. There results
% /1‘00 (exp—tﬁ?) (s* = 1)*%ds =1
We recall the integral expression for the Bessel function K, (z)'
_ &/2rrd/2) [~
v+ 1/2)1 /;

R +1 0 | | il
‘) — —
e 5 > 0, argz<2

K,(z) e (= 1) Pdr

(3.1

(3.2)

(3.3)

(3.4a)

(3.4b)

(3.5)

(3.6)

(3.7)

1. S. Gradshteyn and 1. M. Ryzhik, Tables of Integrals, Series and Products,

Academic Press, New York (1965), Eq. (3), section 8.432.
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The asymptotic value of K, (z) for large 7 is given by'>

v~ [Tefi Ly .
v(2) 2 ¢ [ 2% } (3.8)

Employing (3.7) permits the normalization (3.6) to be written

A mc? |: 1 :| (3.9)
" kgT | 4 Ky(mc?/kpT) ‘

Our complete relativistic Maxwellian then appears as

2 2
fouy = —m ke T p( C\/1+M2) (3.10)

exp [ — =
47 Ky(mc?/ kpT) kT

6.3.2 The Nonrelativistic Domain
With the definition (3.2), we see that

B’ 1
l+u>=1 =
+u + R I-p
which, in the nonrelativistic domain, gives
l+pu>~14p
w? ~ g2 (3.11)
/32
\/1—1—,u2:\/1+ﬂ2:1+7
Setting
_ mc?
T T
permits (3.10) to be rewritten
=L e 3.12
Jo(w) K@) e (3.12)

Inserting the asymptotic formulas (3.8) and (3.11) [corresponding to kpT <K
mc?] into the preceding result gives

N Z —z —2B%)2
Jouw) A /2ze7 7 ¢
3
_ ¢ —mv?)2ksT

Ibid., Eq. (6), section 8.451.
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In this same limit,

and d3ufo(n) — d>vfy(v), where fy(v) is the classical Maxwellian (3.3.58).
The relativistic Maxwellian (3.10) may be employed with velocity differen-
tial through the transformation
(me)’d*n = d*p = m*y’d>v
(see Problem 6.10).

6.4 Non-Cartesian Coordinates

We close this chapter with a brief introduction to relativity in non-Cartesian
coordinates.

6.4.1 Covariant and Contravariant Vectors

Vectors that transform as the gradient are called covariant vectors and are writ-
ten with a subscript, for example, B,. Vectors that transform as displacement
are called contravariant vectors and are written with a superscript.'® Thus, for
example, coordinate components are written x“.

Consider the transformations of coordinates

x™ = x"(x%) 4.1)
For differential of displacement, we write
w
dx" = dx® 4.2)
ax¢
Thus contravariant vectors transform as
ax'™
ar =2 pe 4.3)
ax¢
For the gradient of a scalar function ¢, we obtain
0 dp 9x®
¢ _ 99 ox (4.4)
ax’™  9x* dx'™
Thus covariant vectors transform as
B =2"p 45
nw Bx_“‘ o ( . )

1SIn the following section, we find that a contravariant vector may be transformed
to a covariant vector, and vice versa. A more basic definition of these vectors is given
in terms of the transformation equations (4.3) and (4.5).
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A contravariant second-rank tensor A% (with 16 components) transforms
as

ax™ ox'P
AP — — AM (4.6)
dxH* 9xV
A contravariant second-rank tensor transforms according to
, ax™ ax"
W e oxp @7
whereas the mixed second-rank tensor K g‘ transforms as
ax’™ 0xY
o n
BT 9xm gxP K, (4.8)

We take the inner product of two vectors to be defined as the product of their
contravariant and covariant forms

B-A=B,A" 4.9)
Note in particular that the inner product
ox« ax™
= o 9xv
ox®

= — B,A" = 8,,B,A"
axV

B,A"=B-A (4.10)

v
a

B - A

is a Lorentz invariant.

6.4.2 Metric Tensor

In (1.16), we wrote the invariant internal

(ds)* = (dx)* — c*(dt)? (4.11)
This expression is a special case of the more general relation
(ds)* = gupdx® dx” (4.12)

Here we have introduced the metric tensor g,5 = g4, In Cartesian space, such
as employed in the earlier components of this chapter, g, is diagonal with (no
summation)

8ap = gaa&xﬂ (4133)

where

gn=g8n=gn=1, gas = —1 (4.13b)

The contravariant four-vector event is then given by (x, ct), whereas the
covariant event four-vector is given by (x, —ct). Thus

2 2.2

Ry —x2_—
xtx, =x"—ct
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An additional property of the metric tensor for flat space is given by
87 = gup
More generally,
gung"’ = 8% (4.14)

where 87 is the four-dimensional Kronecker delta symbol.

The procedure for changing an index on a tensor from contravariant to
covariant, or vice versa, is obtained by contraction with the metric tensor.
Thus, for example,

AY — gaﬂAﬂ
Fo = g™ Ay (4.15)
Faﬂ — gowgﬂyAUy

6.4.3 Lagrange’s Equations

With the preceding preliminaries at hand, we return to the relativistic action
integral [recall (1.1.4)]. In arbitrary geometry, it is given by

S=/—mc,/—ga5(i)xaxﬁ dx (4.16)

where A parameterizes the curve

x* = x*(A) (4.16a)
and
o 4 (4.16b)
== .

The effective covariant form implied by (4.16) is given by (see Problem 6.23)

L = —mc,/ —gapxexP 4.17)

As noted previously, any function of L (satisfying conditions described in
Problem 1.46), when substituted into the action integral returns Lagrange’s
equations. Thus, in place of (4.17), we work with

= _mo g
L= > 8upX*x (4.18)
Elements of Lagrange’s equations are then given by
L
Py mgapx” (4.19a)
x(){
aL m( 0
=— ¢f %" 4.19b
e 2 (8)6"‘ gﬂu) XX ( )
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d (oL T 2868 i (4.19¢)
—_— =mg, x m —m— x . C
dr \ oz St D
Inserting these into Lagrange’s equations gives
19g 08a \ oy
B Bu . af neB 4 20
mgupX” =m (2 Py 8x“>x X 4.20)

This is the equation of motion for a free particle in a geometry described by
the metric tensor gq4. In flat space, components of g,z are given by (4.13), and
(4.20) reduces to

mgaﬂ)'éﬂ

=Mmguex* =0
(no sum over «). We obtain
mx; = mx, =mixz =0, —mxs =0

If in the last equation we choose the constant of integration to be mc, then we
find + = A, and the first three equations return conservation of momentum.

6.4.4 The Christoffel Symbol

The equation of motion (4.20) may be cost in a more symmetric form. First
note that it may be rewritten

8 8 «, a o . B .
mgupi’ = D (8w _ S8 C8am ) ipin
x® xt oxP

Multiplying this equation by g“¥ gives

B lgow (agﬂﬂ _ 08ap _ 8gau> PP

P — 8y =
8" gupk 2 ox¢ AxH oxP
There results
V4T, iP5 =0 (4.21)

where I'}

g 18 the Christoffel symbol:

1 080 08y a
l-\v = g v( g B + g ne gﬂﬂ) (4218.)

2 oxH dxh oxY

The relation (4.21) is the equation for a “free” particle in a geometry described
by the Christoffel symbol. We may also view it as an equation for the geodesic in
the given geometrical environment. A geodesic is the shortest internal between
two points in the space-time continuum. This may be seen from the fact that
(4.21) follows from rendering the action (4.16) stationary.
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6.4.5 Liouville Equation

With the effective Lagrangian (4.18), we may construct the corresponding
Hamiltonian. First note that canonical momenta are given by

aL
g
where, we recall, a dot represents differentiation with respect to the parameter
A. Thus we obtain

= mg,px” (4.22)

Pa =

- op
H=pyi®—[ =P Pb (4.23)
2m
[Note that the preceding reduces to (1.25) in flat space.]
The one-particle Liouville equation is then written
d
— o AN =|[H
oy f & pp 2) =1H. f]
0H 9 of oH
= S (4.24)
0x% dp,  0x% dpy
Inserting the Hamiltonian (4.23) into this expression gives
a “$pg 3 «Pp 98 3
of . 8"pp 3f _ pupp 38" Of _ 4.25)

oA m  0x® 2m dx? dp,

which is the one-particle Liouville equation appropriate to non-Cartesian
space. As noted in Section 1.4.5, the most general solution of the preced-
ing equation is an arbitrary function of solution to its characteristic equations.
These are given by

op IH
=8P (4.252)
m )2
Papp 98 dH
_ _ a7 4.25b
v 2m  dxY ax” ( )

As the inserts on the right of these equations indicate, they are Hamilton’s
equations derived from the Hamiltonian (4.23).

The formalism introduced in this section finds application in general
relativity, where space-time curvature derives from large energy—mass
concentration.'’

Problems

6.1. Show that the determinant of the matrix L of a Lorentz transformation is unity.

For further discussion, see C. W. Misner, K. S. Thorne, and J. A. Wheeler,
Gravitation, W. H. Freeman and Co., San Francisco (1973).
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If i(ﬂl) and i(ﬁz) represent two Lorentz transformations with respect to a
common reference frame, then show that

LBOL(B) = L(Br)
B+ B>
Bo=——7—+
1+ BiB
Note that this example establishes the group property of Lorentz transforma-
tions.

With the relativistic Hamiltonian for a charged particle in an electromagnetic
field given by (1.26), show that Hamilton’s equations give

Show that the vector components of the covariant form (2.20)

dp, e
== FA.U v
dt me P
return the Lorentz force law.

(a) Show that (2.21) and (2.21a) are equivalent.
(b) Integrate (2.21a) over p, to obtain the relativistic Vlasov equation (2.22).

Show that J, as given by (2.31) is the same as that given by (1.9a).

What is the relation between the conductivity parameter with proper values,
e’n,
Oy = —
Vom

and o with lab-frame values, o = ¢?n/vm?

Show that

d%p =i d%p/S(pi + m*c*)dp,
Answer
First write

E 2
p, +m’c’ = p’+m’c’ + p; = <C> + i
With the expression
1
8(y* —a*) = % [6(y —a)+8(y +a)]

the preceding integral over p, gives

. EN' o, 1
1/5[(c> —(1P4):|dp4—E/C
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6.9.

6.10.

6. Relativistic Kinetic Theory

Obtain an expression for the relativistic Maxwellian for a gas of noninteract-
ing particles of rest mass m confined to a volume V that is immersed in an
externally supported potential field ®(x).

Show that
d3p — m3y5d3v
Answer!'
With
pi =ymy;
we obtain

Introduce the matrix

which has the properties

We may then write

R=ynll+ @ =10]

Thus
det R = y’m’ det[] + (> — 1)Q]
Now define
K =In[l +(* - DO]
so that
- =D A
K=Y (-1 IT 9)
n=1
e L= .
— _1 n—1xr -7 — 1 2
QZ¥ ) . QOlny
Note that

det R = y’m® dete®

3Due to C. Litwin.
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Now use the identity
dete’ =™ ¥

But

Tr K =Iny’Tr Q =Iny?
We conclude that

det R = y’me™” = m’y”
An electron plasma exits at temperature of 10°K. Is it necessary to use
relativistic kinetic theory for this plasma?
A student argues that relativistic kinetic theory for a many-particle system
is inconsistent because proper time can only be defined with respect to one

particle. Thus the notion of a relativistic distribution function is not well
defined. Is the student’s argument valid? If not, why not?

Answer

This problem is obviated if we work with distribution functions with variables
defined with respect to the lab frame. The time that enters this distribution is
the single lab time ¢. The distributions f and F = Nf encountered in this
chapter were so defined.

For the monoenergetic beam described in Section 2.5, show that J,J, =

—e*ndct.

If A, is a four-vector, then show that d*A is a Lorentz invariant.

(a) What is the value of the relativistic Maxwellian f,() at v = c.

(b) Why is fy(u) physically unrealistic at v > ¢?

(a) Argue that an electromagnetic wave that is a plane wave in a given frame
is a plane wave in all inertial frames.

(b) With property (a), argue the existence of the four-wave vector (1.9c).

(c) Letthe frame S" move with velocity v relative to S. If a stationary oscillator
in § emits a wave of frequency w, then show that the observed frequency
in §' is

[1—Bcosf]w
14

where cos 6 = k - v/kv. The preceding formula for «’ is the relativistic

expression of the Doppler effect. At0 = /2, this phenomenon is referred

to as the transverse Doppler shift.

/

Show that the Lorentz transformation is orthogonal. That is, establish (1.12).

Derive the form that the relativistic Maxwellian (3.10) assumes in the
nonrelativistic limit, 8 <« 1.

The relativistic Lagrangian for a neutral particle of rest mass m in a potential
field, V (r) is given by

L=—y'mc*=V()
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6.20.

6.21.

6.22.

6.23.

6.24.

6. Relativistic Kinetic Theory

(a) Show that in the nonrelativistic limit this form reduces to the classical
expression (1.1.3).

(b) Employing Lagrange’s equations, show that the given relativistic La-
grangian leads to

d( u) vv
= (mu) = —
dt

Show that Lagrange’s equations applied to the N-body Lagrangian (2.49)
return the Lorentz force law.

In the vicinity of a black hole, the differential interval in spherical coordinates
is given by
(ds)* = a™'(dr)* + r*[(d9)* + (sin@ d¢)*] — a(cdt)
2mG

c2r

a=1

where M is the mass of the black hole, G is the gravitational constant, and c is
the speed of light. From this expression, write down the Schwarzchild metric

gtxﬂ'
What equations do the fourth components of the left equalities in (4.25)
correspond to for the case that the parameter A = 7, proper time?

In flat space, the single free-particle Lagrangian is given by (see Problem 6.19)
L=—y'mc

(a) Does the effective Lagrangian L given by (4.17) reduce to the preceding
form in the flat-space limit? Explain your answer.
(b) How can your finding to part (a) be corrected?

Answer

(a) In the flat space limit we find

7 e e dx2+2dt2
YT \an) T \an

which is not the desired form.

(b) The canonical action integral is written S = [ Ldr. So, to bring L to
canonical form, the integral (4.16) must be multiplied by dt/dt, resulting
in the flat-space canonical Lagrangian

Establish the relation
—s —t —u=—=2mic* — 2myc*

where s, t and u are Mandelstam variables discussed in Table 6.1.



Problems

Answer
With given definitions, we write
—s —t —u=3(p,)’ + 1(p,)" + (p)’ + (p3,)
+2p1uPo = 2P Py, — 2P Py,

with

(P = (p),)" = —m’c?

(p2)* = (p5,)* = —m*c?
and

2p1u (P, + Po) = 2P0 (Pr + Pap)

the result follows.
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CHAPTER 7

Kinetic Properties of Metals
and Amorphous Media

Introduction

Solid state matter falls into the categories: metals, semi-metals, semiconduc-
tors and insulators. Structures of solids may be separated into the groups:
single crystal, polycrystal, and amorphous. A sample of single-crystal ma-
terial comprises a periodic array of molecules (simple cubic, body-centered
cubic, hexagonal, etc.). A sample of polycrystalline material is composed of
single-crystal “grains” of material separated by “grain boundaries.” An amor-
phous (“without form”) material does not have a regular array of molecules.
The single-crystal phase of alumina, Al,O3, with Fe impurities, is the gem
sapphire, and with Cr impurities, it is the gem ruby. In polycrystalline form,
this material is employed as a high-temperature resistant ceramic. Window
glass is amorphous SiO, (fused silica). A common crystalline form of silica is
quartz (the dominant component of sand).

A graphical means of distinguishing between these solid-state phases is
given in terms of the radial distribution function defined in Section 2.2.C. The
radial distribution function for a single-crystal sample is sketched in Fig. 7.1a,
that of a polycrystalline sample in Fig. 7.1b, and that of an amorphous material
in Fig. 7.1c.

A homogeneous mixture of two or more metals is called an alloy. The
symbol for a “binary” alloy comprising metals A and B, is written A;_,B,
which indicates that in the alloy, x mole fraction of B atoms replace x mole
fraction A atoms. Alloys are grouped into two classes: ordered and disordered.
For example, the alloy brass, Cu—Zn, has an ordered phase, “f brass,” which
has a simple cubic lattice with a cesium chloride crystal structure. The alloy
bronze is a multicomponent alloy composed of copper and a number of other
elements, including, tin, aluminum, silicon, and nickel. Other alloys, such
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FIGURE 7.1. Sketches of the radial distribution for: (a) single-crystal, (long-range
order) (b) polycrystal (partial order) and (c) amorphous material (short-range or-
der). Characteristic intermolecular displacement a, is defined with respect to the
displacement, r. The value g(r) = 1 is relevant to a perfect gas. Note that case (b) is
dependent on the choice of origin-site. As g(r) is an average entity, one may expect
distortion of this curve, beyond a few intermolecular displacement.

as Cu—Pb and Zn—Cd are heterogeneous mixtures of grains of nearly pure
single-metal components.

In the present chapter we are concerned with kinetic properties of met-
als and amorphous media. In the first of these descriptions, expressions for
temperature-dependent electrical resistivity and thermal conductivity are de-
rived for a class of metals with spherical-like Fermi surfaces. In the second
part of the chapter, concepts are discussed relevant to amorphous media. Such
notions include hopping, percolation, localization, and the related concept of
the mobility edge. The chapter begins with a general discussion of the phe-
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nomenon of thermopower, which relates to the electric field developed in a
metal due to a temperature gradient across the material.

7.1 Metallic Electrical and Thermal Conduction

7.1.1 Background

A number of processes contribute to metallic resistivity: electron scattering
from impurities and lattice imperfections, electron—electron collisions, and
electron—phonon collisions. This latter interaction has both umklapp and nor-
mal contributions.! In this section of the present chapter, metallic resistivity
of a pure metal will be described, for which electron—phonon collisions are
dominant. Umklapp processes are negligible at low temperature and are ne-
glected in the discourse. Expressions for electrical and thermal conductivity in
a metal were described briefly in Section 5.3.3. In the present discussion we
are concerned with temperature dependence of these parameters.

Domains of thermal and electrical properties of a metal divide according
to the Debye temperature of the metal, ® . The Debye temperature partitions
classical from quantum behavior of a given material. Classical properties occur
in the domain 7T > ®p, and quantum properties in the T < ©Op interval.
As was first derived by Bloch,? low-temperature electrical resistivity, p, of
a pure metal (with a spherical, or nearly spherical Fermi surface) at 7 <
©®p, varies as T°. A rough derivation of this dependence may be obtained
employing mean-free-path estimates. At low temperature, electron dynamics
is restricted to the Fermi surface. Let /; denote mean-free-path displacement
in k-space on the Fermi surface and let v denote the electron—phonon collision
frequency so that one may define an effective speed, u o v/[;. One may then
write, kpT o< hiul,. Recalling (3.4.18) for the diffusion coefficient, we write
D, « Liu l,fv relevant to diffusion in k-space on the Fermi surface. At
lower temperature it may be shown that® electron—phonon collision frequency,
v o¢ T3, which gives D; o< T?. For electrical conductivity we recall (3.4.14),
o = e’n/vm o e’nvpt/pr where T is the time for an electron to diffuse
a distance pp on the Fermi surface. In diffusion motion, the mean square
displacement is proportional to time (1.8.36) and we may write, p% o< D;T.
There results o « ne’p%/mDy, so that low-temperature metallic resistivity,
p=1/0 xT>.

In the high-temperature domain, 7 > ©p, it is generally observed that
p varies as T. This increase in resistivity follows from the behavior of
the Bose—FEinstein distribution for phonons at high temperature. As note in

"W. A. Harrison, Solid State Theory, Dover, New York (1979).

2F. Bloch, Z. Phys. 59, 208 (1930).

SE. M. Lifshitz and L. P. Pitaevskii, Physical Kinetics, Pergamon, New York
(1981).
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(5.3.68) one finds that the number of phonons at high temperature is given by,
ng < kgT /liw(g). Since this number of scatterers increases with T so does the
resistivity.

Here is a summary of these findings.

T «<Op pxT?
T>0p pxT (1.1)

Whereas electrical conduction in a metal is due only to electron transport,
both electrons and phonons contribute to thermal conduction. However, a sim-
plifying property comes into effect. Heat transfer in a metal is due primarily
to electron transport, owing to relativity high electron speeds (Fermi speed)
compared to phonon speeds. Likewise, at low temperature, specific heat due to
electrons exceeds that due to phonons. For pure metals, thermal and electrical
conductivity are related according to the Weidemann—Franz law (5.3.43)

2 2
K - (k
— === (1.2a)
oT 3 \e
where k denotes coefficient of thermal conductivity. This relation is valid over a
wide temperature domain,* whereas in the low-temperature domain, T < ©p,

the Lorenz equation®
7 \2
LT = A (@—) (1.2b)
o D

is appropriate, where A is a constant. With (1.1) and the preceding relations
we note the following characteristic values of «.

T «Op kol/T?
T > ®p « = constant (1.2¢)

Measurements of « indicate that at low temperature, ¥ behaves linearly in T
and reduces to zero at OK. This behavior is attributed to impurity scattering.

The main thrust of this component of the present chapter is to derive an ex-
pression for electrical conductivity in a metal relevant to the entire temperature
range. Before doing so, we discuss a closely related phenomenon in metals for
the situation when a gradient of temperature is present.

For future reference we note the following properties of the Fermi—Dirac
distribution (5.3.1). We define

_ (T (3
ann!/o (E M)( 8E>dE (1.3a)

“N. W. Ashcroft and N. D. Mermin, Solid State Physics, Holt, Rinehart and
Winston, New York (1976).

3J. M. Ziman, Principles of the Theory of Solids, Cambridge, New York, (1964),
Section 7.8.
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Then
k T n oo l’ld
G, = k1) / S (1.3b)
nt ] e+ D1 —e)
[ 2b,(kgT)", neven
G,,_( o nodd) (1.3¢)

Values of the constant b, are readily calculated, e.g., 2by = 1, 2b, = 72/6.
[See Problem 7.1 and recall (5.3.39b).] The following integrals are also noted.

B, 3h//rvv(E ,u)"( 8—ﬁ))7dE (1.3d)

where B, is a tensor and f dS represents an integral over the Fermi surface.
With (1.3) we obtain,

o) (~ 20 aE — ok kT ore 1.3
/()( > (F)+_(B)|:8E2:| +oee (1.3e)

Employing (1.3e) we find

B. — 11 —dS (13
0= 15 TVV . .
B~ Ty | 2B (1.3g)
I GE ], 8
73
B, = 5 (kyT)*By (1.3h)
In the preceding we have recalled the relation (5.3.39a)
dSdE dSdE
dk = = (1.31)
|VLE| hv

where the right equality is relevant to a spherical energy surface and, we recall,
dS is a surface element on the Fermi surface in k-space.

7.1.2  Thermopower

Thermopower refers to the electric field developed in a metal due to a tem-
perature gradient present in the material. (A closely allied phenomenon,
electrochemical potential, was discussed previously in Section 3.4. We recall
that in this phenomenon current flow occurs in a medium in which a density
gradient exists in addition to an electric field.) Consider a long, thin metal bar
along which there is a temperature gradient. Due to resulting charge flow, an
electric field is generated in the direction opposite to the temperature gradient.
At equilibrium there is an electric field with no charge flow. This electric field
is called the thermoelectric field. One writes

£=0QVT (1.3))
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where Q is labeled the thermopower. In typical metals, observed values of Q
are of order uV /K.

Relaxation-time approximation

We wish to study thermopower in the relaxation-time approximation (5.3.35).
The equilibrium distribution for conduction electrons in a metal in which there
is a temperature gradient and an electric field is given by the (k, r)-dependent
Fermi-Dirac distribution

1

E(k), T(r), u(r)] = 1.4
JolE(k), T (r), pu(r)] xpl(E — ) knTT £ 1 (1.4)
In this model one is concerned with the change in the distribution due to
diffusion effects for which one writes, (3fy/dt)pir = —V - V f, etc.’ The
corresponding steady-state version of (5.3.35) is then given by
e€ ot 1
—(v-V —— | ==1fo— 1.5
<V f+h 8k) r[fo /1 (1.5)
where € denotes electric field. We introduce the perturbation distribution
fr. k) = fo +g(r, k) (1.6)

and the relations [see equation above (5.3.32)]
10E afo 5 afo

k)= -——, = 1.7
YO=5a k- VaE (172)
where v is group velocity. We note the derivative
3fo dfo
Vfo=—-—VT +—V 1.7b
Jo 3T + oL s (1.7b)

Substituting the latter three equations in (1.5), and keeping O(1) terms, one
obtains

afo afo afo 1
v-(a—TVT—i—@VM) +65-V8—E—mg(k,l‘) (1.8)
With
2 _
dfo _ _ Jo expl(E — w)/(kgT)] (1.92)
oE kgT
we find
oo _ _ (u) o (1.9b)
aT T 0E
o _ _3o (1.9¢)
ou 0E

3J. M. Ziman, Principles of the Theory of Solids, Cambridge, New York, (1964),
Section 7.8.
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Substituting these findings into (1.8) gives
afo E—pun 1 1
Dy = vT E— -V = ——g(k, 1.10
9E [ ( r ) +e< e M>] T(E)g( o (10

For future reference this equation is rewritten as

gk, r)=av- |:% I'(—VT)+e (5— %VM) ] (1.10b)
(xzr%, '=FE—pu (1.10¢)

To calculate thermal conductivity in a solid one imagines a small region
over which temperature is effectively constant. Recalling the thermodynamic
relation between a differential of heat, d Q and a differential of entropy, dS

dQ =TdS

permits one to write the corresponding relation between thermal and entropy
current densities, Jo and Js

J=TJs (1.11a)
(Jo was previously labeled Q). With the entropy relation
TdS=dE — udN

one writes
TIs=Jg — pndy (1.11b)
where J is particle current density. With (1.11a) it follows that
Jo=Jg—uly (1.11¢c)
Local energy and particle current-density are given by [with r-dependence of
S tacitly implied]
(i’j) =/$<E§k)>V(k)f(k) (1.12)

With (1.11c) we may then write

dk
Jo =/—F(E)v(k)f(k) (1.13)

43

As fy (1.4) is an even function of k, only the perturbation distribution g enters
in the preceding integral. With (1.10b) we obtain

Jo = / — Ta(E)vk)vK) - | =T(-VT)+elE—-Vpu (1.14)
473 T e
Electric current density is given by [recall equation preceding (5.3.39)]

dk
J= e/ — v(K) f(K) (1.15)
4
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Again with reference to (1.10b) we find

dk — |1 1
J= e/ a(E)v(k)v(K) - [— '(=VT)+e (8 - - V,u) i| (1.16)
473 T e

It may be assumed that in measurement of electric field in a metal, gradients in
chemical potential are subsumed in the field. Consequently this term is ignored
in the following relations. With (1.14) and (1.16) we write

J=LE+L(—VT) (1.17a)
JQ = L21£+L22(_VT) (117b)

where the L;; coefficients are as implied and are, in general, tensor forms. In the
absence of a gradient of temperature, L, is electrical conductivity, whereas in
the absence of an electric current, Ly, is the coefficient of thermal conductivity.
Here one assumes, |Lj,| > |L21LfllL12|. The off-diagonal elements relate to
the interplay of these two effects when both fields are present. Note that in
general, L,; = TL,.

For L;; we find
0
L, = ——//dkt 5 (1.182)
which with (5.3.39b) and (1.3i), may be written
e’ 1 —dS
Lll = mﬁ/ 'CVVT =e BO (118b)
so that
o =¢e"By (1.18¢c)

which is in accord with our previous finding (5.3.41).
For L, we find [with (1.3d) and (1.3i)]

1
Ly=r=—B = Tr’k3B (1.18d)

which, with (1.18c¢) returns the Wiedemann-Franz law, (1.2a).

7.1.3  Electron—Phonon Scattering Matrix Elements

The analysis of the following sections addresses temperature-dependent elec-
trical resistivity in monovalent metals. These include a subset of the alkali
metals: Na, K, Rb, Cs, which each have bcc structures, and the noble metals:
Cu, Ag, Au, which have have fcc structures. Alkali metal atoms include a sin-
gle electron outside a closed shell noble-atom electron configuration. Thus,
for example, potassium has the electronic configuration, [Ar] 4s'. Noble metal
atoms include a single electron exterior to closed shell composed of a corre-
sponding noble atom electronic configuration and a closed d'° shell. Thus, for
example, copper has the electronic configuration, [Ar] 3d'%4s!. The metallic
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FIGURE 7.2. Fermi surface for a noble metal showing necks at contact with Bragg
planes of the first Brillouin zone (truncated octahedron). Also shown are de Hass—van
Alphen electron orbits due to an imposed magnetic field, H, in the [111] direction.
(Reproduced with permission of N. W. Ashcroft and N. D. Mermin.)

state of both classes of elements is characterized by tightly bounded bands that
lie significantly below conduction electron levels of the metal.

The Fermi surfaces for the alkali metals are spheres and lie, respectively,
within the first Brillouin zone (regular rhombic dodecahedron). The Fermi
surfaces for the noble metals are spherical except for “necks,” which extend to
the Bragg planes of the first Brillouin zone (truncated octahedron) in the [111]
directions (Fig. 7.2). As noted earlier, temperature dependence of phenomena
in solid materials separates according to weather temperature in less than or
greater than the Debye temperature. Our analysis will rediscover this property
as well as a residual resistivity, which comes into play near OK.%-7 Characteristic
low-temperature alkali-metal resistance is shown in Fig. 7.3.

Interaction Hamiltonian

Our study begins with the derivation of an expression for the interaction Hamil-
tonian between electrons and ions in the lattice, in which ion displacement from
equilibrium is incorporated in the analysis. Working in second quantization,

8Components of this analysis appeared previously in R. L. Liboff and
G. K. Schenter, Phys. Rev. B54, 16591 (1996).

"For a review of these topics see: J. Bass, W. P. Pratt, Jr. and P. A. Schroeder,
Revs. Mod. Phys. 62, 645 (1990).
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FIGURE 7.3. Characteristic relative resistance as a function of temperature for an
alkali metal in the low-temperature domain atrelatively small impurity concentration.
For further discussion see D. K. C. MacDonald and K. Mendelssohn, Proc. Roy. Soc.
(London) 202, 103 (1950); J. S. Dugdale, Electrical Properties of Metals and Alloys,
Edward Arnold, London, 1977 Chap. 10; J. L. Olsen, Electron Transport in Metals,
Interscience, New York (1962), Chap. 2.

the potential Hamiltonian component for the system may be written
= / dx i (x)pr(x) Y lx —y — iy)] (1.19)
y

where @ is electron—ion interaction potential, @T is electron creation operator,
x denotes electron position, y denotes ion equilibrium position and z(y), ion
displacement from equilibrium. For small ion displacements we write

N A A Ay A 0
HINT=H—H(2=O)=/dX W'(X)W(X)ZQ(Y)-gq)(X—Y) (1.20)
y

Fourier expanding electron operators
- dk A
WT(X) — / ﬁe—zkz.xww‘(kz)
A Ak, . (1.21a)
Y(x) = / me”‘“"w(kl)

and quantizing ion displacements

. h . v N P
23 =)\ v (8@ Ve (@ + &~ a@]  (121b)

q, 1
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gives
N dk,dk
Hine = / dx / (2‘”)62 ZZZ — () [ (k)Y (k)]
+ qu

x [ZTEM (Fiqexpilq -y — K - X +k; - XDOx —y) (1.22)
i

where €, is a phonon polarization unit vector, ¢ denotes phonon wave vector,
® = uq, N represents total number of free electrons and M is ion mass. The
column vector notation in (1.22) is such that the upper a,(q) term corresponds

to the (+) phonon absorption mode and the lower 21; (q) term corresponds to
the (—) phonon emission mode. In these expressions,
n N

,OM:MI’lM, I’lM:E, I’l:V (1223)

where py, is ion mass density, 7, is ion number density,  is electron number
density, Z is atomic valence, p is polarization index and w is phonon frequency.
Now we note that, withu=x —y,
D eI P(x —y) = —e* Z TP () = i"“‘cb(:lzq) (1.23)
S

where V is total crystal volume and

d(q) = f dx eI P(x) (1.24)

is the Fourier transform of the potential. The preceding combines with the
exponentials (1.23) to give

dk,dk; h
Hnr = 3(£q -k, +k 1.25
INT / 2n) Xi: Zq: (+q —k; +k)y/ o (1.25)

N N 7, y a
y {:Fl-q &) O [§ o) k)| [Zﬁgﬂ}
"

With this equation we see that only longitudinal modes contribute so we may
set

Fiq - €,(+q) = Fig
Thus, rewriting (1.25) in the form

dk,dk A N b
o = [ [ G )62Zcqsucq—kz+k1>w*(k2>w<k1>[gﬁgg] (1.26)

gives the coefficient

. N -
ig—w, d(£q) (1.27)

C, =
1= T omuNe 1Y



7.1 Metallic Electrical and Thermal Conduction 491

For the shielded Coulomb potential one writes
A Ze?
9% + qir

where grr is the Thomas—Fermi shielding wavenumber

5 4\ (3n\'"?
qtr = % ; (1.28a)

and g is the Bohr radius. With w = ug we obtain

MY g

®(q) = (1.28)

C,I” = 1.29
where €2 is the ion plasma frequency
4 Ze)?
2 _ dnny(Ze)” (1.292)

M

As we will see below, the expression (1.29) comes into play in electron—phonon
scattering matrix elements.

Scattering-rate matrix elements

Electron—phonon scattering-rate matrix elements are written Sl(f‘lz (with

dimensions of inverse time) and are given by

(@) I 227
S = I{K', n'| HinrlK, m)| 75(AE) (1.30a)
S(AE)=8(E' — E — ohiw) (1.30b)

where E is electron energy, Hinr is given by (1.26). [Sl(j(? was previously labeled
w(k, K) in (5.3.59).] The equality

R (1.30¢)

corresponds to symmetry of the electron—phonon interaction under time re-
versal and « = (4, —) corresponds to phonon (absorption, emission) in an
electron—phonon scattering event. Momentum conservation in a collision is
given by

kK =k+aq (1.31)
where /iq is phonon momentum.
In the relation (1.30a), |n) denotes the many-phonon state
n) = |ng, ng,...) (1.32)

where
1

"= elkT

(1.33)
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is the Bose—Finstein distribution. For the dispersion relation for phonons we
write

w = uq (1.34)
An estimate of the phonon speed u is given by the Bohm—Staver relation
2 ZE
2 F
== 1.34
u BY; ( a)

Fast relaxation of phonons to the distribution (1.33) is assumed in the analysis
(the so-called “Bloch condition”).
For metals, the matrix elements (1.30a) have the value?

@ 5 1 1\ 27
Sk =1CgP (ng + 5 —a 5 ) 2= B(AE) (1.35)
where with (1.29)

|Cq|2 = RG(q) (1.36a)

q/V
G@)=———5 (1.36b)

(q* + gi5)?

R(MQ2)?
R=—— (1.36¢)

20puz?

Note that R has dimensions of (energy)z, G, is dimensionless and C, has
the units of energy. The quantity 7i€2/2 may be identified with ion zero-point
energy.

With (1.33) we see that phonon occupation numbers, n, = 0, at T =
OK. Nevertheless, from (1.35) we note that the phonon emission (¢ = —1)
matrix element persists at this temperature. Thus, inelastic electron—phonon
scattering maintains at 7 = OK. The fact that phonon absorption scattering
matrix elements vanish in this limit is consistent with the OK limit. That is, as
the ground phonon state at 7 = OK is the state of lowest energy, no energy
may be extracted from it in any interaction. The phonon emission at 7 = 0K
is due to zero-point fluctuations which induce an electron to decay, consistent
with (1.30b). As will be noted below, this phenomenon gives rise to a residual
resistivity in a pure metal at 7 = OK.

Assumptions

Here is a brief review of assumptions included in following analysis. In the
absence of an electric field, it assumed that conduction electrons in the metal
are in the Fermi—Dirac distribution

1
= 1.37
T = A pl(E — En)/ KT (13

8F. Sietz, The Modern Theory of Solids, Dover, New York (1987); J. M. Ziman,
Electrons and Phonons, Oxford, New York (1960).
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with normalization

dk
/fo(k)m =n (1.38)

where Er is the Fermi energy.
For metals with a spherical or nearly spherical energy surface we may write

2nVE dE
dk = 4nkldk = Y242 (1.39)
(i /2m)*>
and (1.39) may be rewritten
/ fo(E)WE dE = nQ2m)*Bi*/2m)*? (1.40)

With w written for phonon frequency, the following relations are assumed
ho <hop K EF ~ E (1.41)

where wp is the Debye frequency. Furthermore, as electron wave vectors lie
predominantly on the Fermi surface, we also conclude that: ¢ <« kr and
electron scattering is predominantly small angle, or, equivalently, k - q < kgq.
Scattering matrix elements (1.35), (1.36), are employed in construction of
the quantum Boltzmann equation presented in the following section, relevant
to derivation of the distribution function for conduction electrons in a metal.

7.1.4  Quantum Boltzmann Equation

Our starting equation is the quantum Boltzmann equation
0 eE a
o |, e€ of
8t hak

Ih=3 / S A= PSR = fA =57 14

=J(f) (1.42)

which is noted to have the generic form of (5.4.5). As noted above, the sum over
a = +1, —1, corresponds to emission and absorption of a phonon, respectively,
in an electron-phonon scattering event. The electric field is £ and

fr=f&, o, etc. (1.44)

represents the electron distribution function where K’ corresponds to “after”

collision. We recall that the term, (1 — f) in the “birth” term on the right side

of (1.43) is a quantum inhibiting factor relevant to fermions (Section 5.4).
Substituting (1.35), (1.36) into (1.43) gives

(= Zf[f(l—f)<n +l—|—oz1> f(l-f)(n +l_alﬂ
) 1272

(1.45)
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where
dq
(2m)?
In this expression, with (1.31), we have set dk’ = dq and
FK) = fK) = f(k+aq) (1.45b)
so that f'(Kk) is «-dependent.

|C,I*8(AE)p.(q) (1.45a)

Llpa(@l=V /

Lorentz-Legendre expansion’

To account for anisotropy of the distribution function due to the imposed &-
field, we employ the Lorentz expansion

F&) = folk) + pufi(k) +--- (1.46a)
u:ﬁ-é:cos@ (1.46b)

F&) = fok)+p/ fi(k)+--- (1.46¢)
w=k-& (1.46d)

where hatted variables are unit vectors.
Keeping terms to O () in (1.46) and substituting the resulting form into the
collision integral (1.45) gives

JLF] = Jo(fo) + Ti(fo, f1) (1.47)

where

j i [ 1 1, ,
Jo(fo) =1 [(fo - f) (nq + 5) o (fo+ fo) - afofo] (1.472)
~ / 1 1 f
hfo = w2l [(% fi— fl) (nq + 5) +ag (% fi+ fl)

—a (% ffo+ f(;fl)}
(1.47b)
Note that
/ ! ﬁa)
f(E)Ef(E):f(E—i—a—) (1.47¢)
kT

Substituting these expressions into (1.43) and passing to the steady-state limit,
with the orthogonality of Legendre polynomials, we obtain the two equations
(see Appendix D)

2¢€ 0

A Jo(fo) (1.482)

°H. A. Lorentz, The Theory of Electrons, B. G. Teubner, Leipzig (1909).
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2e& 0

wo Espfo= J(fo, f1) (1.48b)

It is assumed that f,(E) is the Fermi-Dirac distribution (1.38). In that ]0( fo)
vanishes for this choice of f, (1.48a) corroborates the fact that the Fermi-Dirac
distribution is relevant to the zero-field situation, £ = 0. The relation (1.48b)
suffices to determine the correction fi.

Reduction to integrals

To reduce the integral (1.47b) occurring in the right side of (1.48b), we first

note that
qp 2 1
/dq:/ dqqZ/ dg | dcosy (1.50a)
0 0 -1
where
(1.]2:(;05)/ (1.50b)
Furthermore, we note that
S(E'— E — aliw) = —— 5 9,k (1.51)
—FE — =——34|cosy — | —a — — .
Y= 24E 4 Yo% T2

where we have set

(1.51a)

The delta function in io, restricts the domain of integration. With (1.51) we
write

9 4.k (1.52)
COS = —0 — & — .
YT Ty

Noting that
—1 <cosy < +1

and that ¢ is infinitesimally small, we obtain the upper (U) and lower (L) limits
on the ¢ integration:

k
qu = 2k + % + 0@ (1.53)
qr =0+ 0(&?)
Thus, (1.45a) reduces to
g = L& /%d I, 2 (1.54)
a@a—47[ﬁE A q4q1Cq| Cu .

where ¢p represents the Debye wavenumber,

ap = 22 = (6% (1.55)
u
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Inserting the preceding expression into (1.47b) and summing over «, we
obtain

o = Tng{{w £ [0 = f + ] = uhi [ 57+ = 15]).
w10 o+ (1= fo] = whi [0 = 5+ 17]) )

(1.56)
where ( ). correspond to « = +1 and
h h
y=0 M _ 9 (1.562)
kgT  kgT  Q
kT
0=-2- (1.56b)
u
and, with (1.47¢)
& = f(E £hw) (1.56¢)
Note further that Q has the dimensions of wavenumber.
In (1.56) we introduced
R Vk 4qp
1= dqqlC,? 1.57
I E /0 991Gyl (1.57)
With (1.36), the preceding is written
j = KRV qud G(q) (1.58)
"~ 4nhE J, 197 '

Since most of electron scattering occurs on the Fermi surface, we may write
k' ~ k. With (1.31) we then obtain

2 2.,2
. q”\ _ Oy

Substituting this expression into (1.56) permits the starting equation (1.48b)
to be written

o o VRmQ® /“’ dy yG(y) (L1 % Lz)
0

9E  AmER e —1 22

(1.60)

where
Li= P10 = fo) + fol = file! A = fy )+ £37]
+ 71 fo+ (= f)l = filed i + A = fe™] (L.6D)
Ly = Pl = fo) + fol + £l fo+ (1 — fo)] (1.62)

7.1.5 Perturbation Distribution

The relations (1.60), (1.62) comprise a self-contained integro-difference
equation for the perturbation distribution, fi(E). When written in terms of
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nondimensional variables (x, y) the definition (1.56c¢) is given by

[P0 = faxxy) (1.63)

x =E/kgT, y=hw/kgT
With (1.41) we note
x>y (1.63b)
Thus, in this same limit, (1.56¢) becomes
O = f) (1.64)

(both for fj and f)).
Substituting (1.64) and (1.61), (1.61), reduces to L to zero. For L, there
results

Ly= fi(e"+ 1) (1.65)
Defining
E)/E
F(E) = —M (1.66)
dfo/0E
and
Rm
=—— 1.67
Amh? (1.67)
(1.60) becomes
e ow
— =——F(E 1.68
5= 5@ FE) (1.68)
where W is the dimensionless integral
YD y 1
W(T) = Q3V/ dyy3G(y)<e + ) (1.69)
0 ey — 1
or, equivalently,
Yo d 4 y 1
W(T):/ Y 2<e i > (1.69)
o (y +yTF) e’ —1
O1r Op
= —, = — 1.69b
YTF T Yp T ( )
kpO1p = hugrr, kp®p =hugp (1.69¢)
It follows that
—16mwe£E*dfy/dE
fi(E) = —LOmeEE 0] (1.70a)

RK(T)
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where the temperature-dependent term
K(T)= QW(T)= QTW(T) (1.70b)
Q = kg /liu (1.70¢)

Note that K (7) has dimensions of wavenumber.'® With (1.38) and (1.46), the
expression (1.70a) gives the corrected electron distribution to the given order

in u.

7.1.6  Electrical Resistivity
Current density is given by [recall (1.15)]

ehk
J= /(2 S s (1.71)

Substituting (1.69) into the preceding we obtain
dk ehk .

Qr)y m
S R 1.72
_m(2n) f Si(k) (1.72)

1

~3 m(271)3

— k- Efik)

£-1 / dk fi(k)k

where 7 is the unit matrix. A double-barred variable represents a dyad. [See
(B.1.1) et seq.] There results

B 1 eh
 3mQ2n)?

£ / dk fi(k)k (1.73)
With (1.39) we write
2m
kdk = 4nk’dk = 27 (ﬁ ) EdE

It follows that

em
In estimating f; it is further assumed that
3fo
— =—-6E—-FE 1.74
Yo ( F) (1.74a)

Since kpT K EF, fo is sharply peaked in the temperature range of interest
(OK < T < 300K) and (1.74a) remains a good approximation. Substituting

The relation (1.70a) contradicts Bloch’s principal assumption, fi(E) =
adfy(E)/0E, where « is a constant. See: F. Block, Ref. 2.
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the preceding relations in (1.70) gives the desired solution for the perturba-
tions distribution f;(E). When substituted into (1.74) this solution gives the
conductivity (o); resistivity (o) expression

1 16 e*mE; e*mE; 16/u
o=—=— — . (1.75)
p  37h*RK(T) 3nh°R ) \kgTW(T)

whose temperature dependence is contained entirely in 7 W(T') [see (1.70b)].
As will be shown below, the preceding expression for p gives both Bloch’s T
dependence at (T/®p) <« 1 as well as canonical T dependence at (7/®p) >
1 in addition to a residual resistivity at 7 = OK.

Properties of W(T') and S;(\)

The function W(T) is singular at 7 = OK. To expose this singularity first we
note the relation
e +1 ! 2

ey —1 e’ —1

so that [recall (1.69)]

W(T) _ /,VD dyy4 (1 N 2 )
R AT

= Wi(T) + Wx(T) (1.76)

The W,(T) contribution corresponds to the exponential term and is finite at
T = OK. The singularity of W(T) lies in W(T'). To obtain the T-dependence
of this singularity we introduce the variable

z=Ty

There results (relabeling zp, = ®p, etc.)

1 (%  *d OpS

m:_/ L2 Zoo (1.77)

T Jo [22+ 0] T
where S is the implied nondimensional temperature-independent integral. The
relation (1.77) indicates that W(T') has a simple pole at T = OK. Evaluating
the integral S; gives

3

Sl(k):1+—2(l+)»2) 0
_9 _@ _ap _
O  ©rF  gF  YIF

The parameter grr is given by (1.28a), g by (1.68¢) and we have set tan~!(0) =
0.
The function S () is a positive monotonic function with properties
$1(0) = 5;(0) =0
Si(A) ~ 1, Si(x) ~ 0, A1 (1.77¢)

tan~! A (1.77a)

(1.77b)
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For A « 1, one obtains

)‘44
S = 5 +00% (1.77d)

Values of (1) pertinent to the problem at hand are obtained as follows: First

we note
. (3N a1
v=(Tg) @ (?) (1.78a)
or, equivalently (with Z = 1)
A =143 x107*n!/° (1.78b)

where 7 is electron density in cm™>.

Among the alkali and noble metals, n is maximum for Cu, for which we
obtain Ac, = 0.96. In this group n is minimum for Cs, for which we obtain
Acs = 0.66. We may conclude that the expansion (1.77d) is appropriate to
the metals addressed in this analysis. A more accurate description of S;(1) is
obtained by curve fitting this function to a parabola in the A-domain of interest.
There results

S1(A) = —0.042x + 0.11A2, 0.60 <A <1.00 (1.78c)
Thus
Si(Acs) >~ 0.020
1(cs) (1.78d)
Si(Acw) >~ 0.061
Combining (1.77b) and (1.77¢c) we obtain
10*S; (%) = —0.06n'° 4-0.16 x 10~*n'/3 (1.78e)
values from which are seen to agree with (1.78d).
We note that W; as given by (1.76), with (1.70b) gives
- kz®
Ki(T) = 00pS = == 5(2) (1.78f)

which is independent of temperature. The temperature dependence of the
distribution fi, resides entire in W,.

Temperature dependence of the W, integral
To examine the finite integral W, we revert to y dependence and write
oo/t 2dy y* 1
W2:/ B UL (1.79)
0 [y? + O/ T)) (e = 1)

With these results at hand, we consider first the high temperature limit.
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Case (a) T > Op: In this limit, expanding the integral (1.78a) about yp, = 0
we obtain

)\‘2
W, = ot log(1 4+ %) + O(yp) (1.79b)

14+
In the limitof A < 1,
1.y 6
W, — EA + O(A°) (1.79¢)
With the preceding, in the said limit, (1.75) gives the result
3r ( F’R kpT\ (A ©pS At [ RR kT
p=Tc\ o= )\ 7 )\ 5T S\ )\ F
16 \ e?mEj. hu 2 T 32 \e’mE; hu

(1.80)

which is noted to have the canonical form p o T.

Case (b) T « ®Op: In this limit we obtain

T \* [ 2dyy* T \*
W, = (—— =(—) s, (1.81)
Orr/) Jo e —1 Orn

where S, is the implied non-dimensional, temperature-independent integral
with the value

% S, =T'(5)¢(5) = 24.886 (1.81a)

and I" and ¢ are Gamma and Zeta functions, respectively (see Appendix B).

General resistivity expressions

Employing results from the preceding sections we now obtain explicit expres-
sions for the residual and Bloch components of resistivity. With (1.69a), (1.75)
we write

_K(T)  OTW

1.82
1 " (1.82)
Note the relations
- w
00p = 2= qp
u
- [0
Q0 = % = 4qTF (1.83)
16¢*>mE>
A= 2k (1.84)
3nh°R

The parameter A has dimensions of wavenumber, so that K /A has the cor-
rect resistivity dimensions (cgs): time. The parameter R is defined in (1.36¢).
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Collecting results we write

4
K(T)= 0 [% + (@i) sz} (1.85a)
TF
K(T) = Ky + Kz(T) (1.85b)

where K is independent of T and K(T') heads to the Bloch result. Inserting
this finding into (1.53) gives

Q OpS +6 Ty S (1.86a)
== R — .86a
1Y n D91 TF O 2
= po + pa(T) (1.86b)
where
Si(A
0o = "DTI() (1.86¢)

is the component of resistivity due to electron—phonon scattering that survives
at OK and pp is the Bloch contribution. We note that pp may be written in the

more canonical form
5 5
WTF ®D T
=—[— — 1.86d
pr uA ( O ) ( Op ) ( )

where, with (1.28a), (1.55) one notes that

a»
qT1F

6
(®D/®TF>G=( ) = (37 /16)(agn3y /n) (1.86¢)

The relations (1.57) indicate that py dominates over pp for temperatures

T\  ASi(A)  ASi(h)
- ~ 1.87
(@TF> <7s 250 (1.87a)
or, equivalently
T S5 77
- =1(h 1.87b
0, < [250%*] *® (1.87b)

For Cs we find T = 0.25. For Cu we find 7 = 0.20. Thus, one expects p, to
come into play at

Yp >S5 (1.87¢)

for the class of metals considered.
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7.1.7  Scale Parameters of py

We wish to obtain the manner in which py scales with basic metallic parameters.
To these ends we write

Po = PoS1(2) (1.88)
First, consider the py factor. With (1.86c) we write
3n? kz®phiQ2)?

By = 22 keOph(D) (1.892)

8 mu®> E;

To find the manner in which py scales with metallic parameters, in (1.89a) we
set all parameters that are constant with respect to change of metallic samples
(e, m, kg, etc.) equal to one. There results
ny ® D Z
4
Ep

Bo o (1.89b)

To further reduce this relation recall (1.22a) and note that
Er x n?/?
Op o n¥3Z16 12
It follows that

po o< ZV /nM1/? (1.89¢)

Large-mass consistency limit

As ion mass grows large, 2 — 0, and electrons do not interact with the lattice
[see (1.29)]. It follows that in this limit one should find that oy — 0. To
explore this situation we examine the limit, M — oo, at otherwise fixed ion
parameters: ny, and Z. With these constraints we note that

® 2 92
po ox —2 @ = Ib°7 (1.902)
u u
We recall that u « /Z/M, q3, nif, Q? o nyZ?/M, and that
®
=2 =0 oy (1.90b)
Orr qTF
which together with S (1) are constant under the said constraints. There results
_ constant
Po X R —- 0 (1.90c)

This property agrees with the preceding observation that in the given limit,
electrons do not interact with the lattice so that py — 0. In this same limit,
pp — 0,as T — 0, providing T/M < 1 [as follows from (1.86)].
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7.1.8 Electron Distribution Function

Returning to the expansion (1.46) and inserting the solution (1.70) gives the
electron distribution

Dy O

f(E, u) = fo(E) + XD E S E (1.91a)
32¢&€
D= R (1.91b)

where fy(E) is the Fermi-Dirac distribution (1.37) and R is given by (1.36c).
Consider the function K(7) as given by (1.85). Let us suppose that there
is no residual term and set Ko = 0. Then as T — OK, K(T) — 0 and
the perturbation term in (1.91a) grows singular at all E thereby violating the
Lorentz expansion (1.46). At T = OK, afy/9E is zero except at E = Ep.
However, with K, = 0, this zero is divided by Kz(0) = 0 and the distribution
(1.85) is indeterminate. For the case K, > 0, as found in the present analysis,
this pathological behavior of f(E) is circumvented and, save for the singular
point E = Er at T = OK, a well-defined distribution results for all E.

Reduced resistivity
We note that the reciprocal of the right side of (1.75) may be written

W(yp, A
p = H(®p, Op) 00 Y (1.92a)
Ybp
where the coefficient H(® p, ©1g) is an implied and dimensionless “reduced”
resistivity is given by

P _WGp,») _ Wilp, 1) " Wa(yp, A)

= (1.92b)
H(®p, O1) Yp Yb Yp

o=
and we have recalled that

(Orr/T)* = yp /A

The term W, includes the residual resistivity result whereas W, includes both
Bloch’s T? result as well as the linear T high-temperature dependence. When
o is plotted vs temperature (1/y), the preceding result (1.92) exhibits the
characteristic behavior depicted in Fig. 7.3.

It should be borne in mind that the resistivity results presented above are
relevant to ideal monovalent metals free of defects, dislocations and impurities.

7.1.9 Thermal Conductivity

It has been noted that the thermionic properties of metals are complex and not
well explained by standard analyses.® With the preceding results at hand we
return to the problem of metallic thermal conductivity and describe a model
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which gives agreement with characteristics of the coefficient of thermal con-
ductivity for a metal over three basic ranges of temperature. We recall that
the Weidemann—Franz law for k /o T as given by (1.2a) is valid over a wide
temperature range. Having found a residual resistivity at T = 0K, we revert to
this law, which when taken with the preceding results (1.86¢) returns the ex-
perimentally correct low-temperature thermal conductivity linear-temperature

dependence!”

2 k 2

. 3”7 (f) T (1.93)
0

Application of this relation to specific metals is derived from the A-dependence
contained in py. At higher temperatures but still beneath the Debye temperature,
where W, [see (1.92b)] comes into play, one reverts to the augmented Lorenz
relation (1.2b) which returns the correct 72 thermal conductivity behavior.
Above the Debye temperature, we return the Weidemann—Franz relation and

write
7T2 T kB 2
=— | — 1.94
T3 p(T)(e) (159

where p(T') again includes the W,(T) component but is now relevant to the
limit, 7 > ®p. At these conditions (1.94) gives the correct behavior (1.2c¢),
k = constant.

The preceding results imply a thermal conductivity vs. temperature curve
which rises linearly from the origin and then decays as 72 from a maximum
value and levels off to a constant at T << ®p, in agreement with characteristics
of measured values (Fig. 7.4).

To assist the reader in this analysis, a list of key parameter-relations and
definitions is presented in Table 7.1.

7.2  Amorphous Media

7.2.1 Background

As noted in the introduction to this chapter, the amorphous structure is a com-
mon form of material. We recall that window glass is a fused alloy of Na,O and
Si0;. Other types of glass that are of interest because of their semiconducting
properties are compounds of S, Se, and Te with elements such as As and Ge.
Such compounds are called chalcogenide glasses (compounds of any of the
group 6 elements of the periodic chart, excluding oxides). Common liquids
are amorphous. Liquid crystals are composed of rodlike molecules (length >
diameter). In the smectic phase, liquid crystals have long-range order along the
molecular axis, as well as molecular orientational order, but are disordered in
the plane normal to the molecular axis. At higher temperature, in the nematic
phase, the liquid crystal remains only with molecular orientational order.
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T

FIGURE 7.4. Sketch of observed temperature dependence of the coefficient of ther-
mal conductivity of a metal. At low temperature k =~ T whereas at T > Op,
Kk ~ constant. At intermediate temperature k ~ T 2. The central peak of the graph
is observed to rise with increased purity of the metal. Fur further discussion, see
J. M. Ziman, Electrons and Phonons, ibid., Chapter 9; H. M. Rosenberg, The Solid
State, 3rd ed., Oxford, New York (1992), Chapter 8; G. K. White, Proc. Phys. Soc.
(London) A66, 559 (1953).

As shown in Fig. 7.1, the radial distribution function of ions in an amorphous
material has short range order, and is void of long-range periodicity. In what
manner may one expect to find properties of crystal structures in an amorphous
sample? As noted in Fig. 5.5, the energy spectrum of crystalline material has
a band structure. The fact that window glass is transparent to visible light is
indicative of a quasi band spectrum with an effective band gap of the order of
several eV. Liquid mercury, as well as other molten metals, have high electrical
conductivity, again indicative of a quasi band spectrum with a partially filled
conduction band.

An assortment of phenomena are relevant to amorphous materials. These
include the nature of the band structure and related concepts of: localization,
mobility edge, hopping, percolation, and the metal-insulator transition.

Extended states

The notions of extended and localized states play an important role in the study
of electrical properties of amorphous material. Here is a brief review of these
concepts. Consider the Schrodinger equation for a particle of mass m moving
in a periodic potential, V (x) = V(x + a), where a is the lattice constant of the
array.

¢"(x) = Wo(x) + K*p(x) = 0 2.1)
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TABLE 7.1. Key Parameter-Relations and Definitions for Section 1.3 et seq.

n N
pMZMnM, nM:E, n:v (1228.)

4\ (3n\"?
qrp = (%) (f) (1.28a)

o _ Arny(Ze)?

(1.29a)
2 ZEM
ur=22"F (1.34a)
3 M Iy
q
G =53 (1.36b)
(‘1224; ‘I%F)z
(M
R = M) (1.36¢)
szMZZ
ap = % = 672113 (1.55)
h h
y=_2 M _49 (1.56a)
ksT ~ kyT ~ Q
kgT
0=-2" (1.56b)
hu
)CEE/kBT, y:ha)/kBT
p= Rm (1.67)
= 4%,%2 . .
ViF = % yp = 7’) (1.69b)
kg Orr =hugrr, kp®; =huqp (1.69c¢)
_ b _® _ 490 _ Yp (1.77b)
Orr al)};F qTF  YTF
375\ " n\1/3
2 _ (2 _
A= < 16) ao(zz) (1.78a)
— wp
00p = 7 =d4p (1.83)
- w
Q®TF = % = qTF
16e’>mE3.
A=——" (1.84)
3nh’R ]
(©p/O5)® = ("—D) = (37°/16)(agny, /n) (1.86¢)
4qTF

(Orr/T) = yp/2*

2m R*K?
WE_ZV’ E =
h

2m

Substituting the periodic function ¢(x) = ¢(x + a), into (2.1) returns the orig-
inal equation, indicating that any periodic function with period a is a solution
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to this equation. To gain further information on the eigenvalue problem we set

o(x) = e u(x) (2.2a)
The following equation results for u(x).
u” +2iku’' — (K> + W — K*u =0 (2.2b)

It follows that u(x) is also periodic and dependent on k.

The solutions (2.2a) are called Bloch waves. Each such wavefunction is
present throughout the periodic array and is an example of an extended state.
As depicted in Fig. 5.5, allowed k-values comprise a band structure. Electron
wavefunctions in valence or conduction bands are Bloch waves. An example
of localized wavefunctions is given by electronic states of unionized n-type
impurities in a host semiconductor, such as, for example, antimony atoms
in crystalline silicon. After bonding to the silicon host, one electron remains
weakly bound to the antimony atom, and is in a localized state. Energy levels
of this electron are discrete and hydrogen like. On promotion to the conduction
band, this electron goes into an extended state. If disorder is introduced into
the regular crystal, localization of the wavefunction occurs and k is not a good
quantum number.

As first discovered by P. W. Anderson,'! the wavefunction of an electron
in a lattice of sufficient disorder, is localized. The real part of an extended
wavefunction is shown in Fig. 7.5a and that of a localized wavefunction is
shown in Fig. 7.5b. Note that the envelope of the localized wavefunction decays
exponentially. The exponential coefficient « is called the inverse localization
length. As will be denoted below, Anderson localization is relevant to intrinsic
type material.

7.2.2 Localization

Consider the array of quantum wells shown in Fig. 7.6. For the regular array,
(Fig. 7.6a) the band width is labeled B, whereas for the disordered array,
(Fig. 7.6b), the related width of the spread of states is labeled W. We consider
the parameter

r'=Ww/B

In the limit ' <« 1, extended states prevail. We work in the tight-binding
approximation in which the overlap of atomic wavefunctions is considered
negligible except for nearest neighbors. This approximation is consistent
with Fig. 7.1c, which indicates short-range order in an amorphous material.
Approximate solutions of the time-independent Schrodinger equation, relevant

"P. W. Anderson, Phys. Rev. 109, 1492 (1958). See also: J. M. Ziman, J. Phys.
C2, 1230 (1969); D. C. Herbert and R. Jones, J. Phys. C4, 1145 (1971); N. F. Mott
and E. A. Davis, Electronic Properties in Non-Crystalline Materials, Oxford, New
York (1979); P. A. Lee and T. .V. Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985).
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FIGURE7.5. (a) Real part of a Bloch extended-state wavefunction of a single-particle
in a periodic potential. (b) Real part of a localized wavefunction of a particle in a
disordered potential array, exhibiting an exponentially decaying envelope. From:
R. Zallen (1983). Reprinted by permission of John Wiley and Sons, Inc.'?

Eeypyyint

Anderson
Transition

{b)

FIGURE 7.6. Energy of states of a particle in a one-dimensional quantum-well array.
(a) For the periodic array the band width is labeled B. (b) For the disordered array the
width of the spread of states is labeled W. Localization occurs in the limit W/B > 1.
From: R. Zallen (1983). Reprinted by permission of John Wiley and Sons, Inc.

to electrons in a given band, at I' < 1, are given by

W= exp(ik-a,)y(r —a,) (2.3)
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where a, are atomic sites and 1 (r) wavefunctions are centered at these points.
The width B is given by

B =2z1 (2.4a)

where z is coordination number and / is the transfer integral

I = / (e —a,NHy(r — a,41]) (2.4b)

where H is the Hamiltonian of the system. For a lattice composed of hydrogen
atoms, for S-like wavefunctions, one obtains

1 =2[1 + (p/ag)] exp(—p/ao) (2.4¢)

where [ is measured in Rydberg units (R, = e?/2ay), ay is the Bohr radius and
p is atomic separation. This expression exhibits a sharp decay of the overlap
integral with increase in separation, which is consistent with the tight-binding
approximation.

To examine the disordered case for which I' 2 1, as noted above, one
introduces a random distribution of potential depths at each site, with variance
W. In this limit, the wavefunction (2.3) loses phase coherence in passing from

one atomic site to the next and assumes the form

V=" "cyexplign)y(Ir —a,)) 2.5)

where ¢, are random phases and ¢, are constants.

The primary finding of Anderson is that as I' is increased, at some critical
value, wavefunctions become localized. Let us call this critical value, I"... For
coordination number 6, Anderson found I, = 5. Edwards and Thouless'?
obtained the value I'. = 2. More recently, Elyutin et al.,'* found the value
r.=1.7.

Localized wavefunctions have the form

¥ = exp(—|r —ro|/§) ch exp(ign)¥ (Ir — a,|) (2.6)

Each such wavefunction is localized about a point ry in space. The parameter
& is called the localization length and decreases with increasing disorder, W,
thereby increasing the rate of decay of W away from atomic sites.

Metal-insulator transition

As was shown by Mott,'3 if the value of I is insufficient to give localiza-
tion throughout the band, at band edges, energies of localized and extended

12R. Zallen, The Physics of Amorphous Solids, Wiley, New York (1983).
3], T. Edwards and D. Thouless, J. Phys. C5, 807 (1972).

P. V. Elyutin, et al., Phys. Status Solidi B124, 279 (1984).

5N. F. Mott, Adv. Phys. 16, 49C (1967).
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M-I Transition
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FIGURE 7.7. Density of states vs. energy depicting the metal-insulator transition
for an amorphous material. Shaded areas represent localized states. Valence and
conduction mobility-edges are labeled E, and E, respectively and E,,,, E., denote
respective tail-edges of localized states of valence and conduction band-edges. Fermi
energies of respective semiconductor and metal phases are written E3°, E¥. Tran-
sition of the Fermi energy from E¥ to the domain of localized states corresponds
to the metal-insulator (M-I) transition. As noted in the text, widths of tail edges of

localized states are greatly exaggerated in this figure.

states are separated at critical respective energies, E, and E, labeled “mobil-
ity edges.” For crystalline metals the Fermi energy, EF, lies in the conduction
band. For crystalline semiconductors (in the “nondegenerate limit”), E lies
in the band gap. These properties are roughly maintained in amorphous ma-
terials, so that again, for an amorphous metal E lies in the conduction band.
However, in an amorphous metal, the band-edges have tails, composed of lo-
calized states (Fig. 7.7) and properties of the sample are critically dependent
on the location of Ef relative to E.. The region between E, and and E. is
called the “mobility gap.” In typical amorphous materials, tail edges extend to
a very small fraction of the mobility gap.

If Er > E.,the material acts as ametal. If Ep < E, electrical conductivity
of the material decreases, with transport of charge carriers limited either to
hopping or excitation of carriers to E.. In this case the material may be con-
sidered an insulator. Consider that the value of Ey can be varied, (Fig. 7.7)
and be made to fall from a value in excess of E. to a value below E.. In this
event there is a sudden change of the material from a metal to an insulator.
This transition is called the metal-insulator transition. The value of Er may be
made to change in a number of ways. Thus, for example, Er will change value
by altering the allow composition, by applying external stress to the sample,
or by the application of electric or magnetic fields. In Fig. 7.7 we have recalled
that the Fermi energy of an intrinsic semiconductor lies near the midpoint of
the energy gap. As noted previously, this type of localization is relevant to
intrinsic conduction materials.

7.2.3  Conduction Mechanisms and Hopping

A number of experiments indicate that at low temperatures, conductivity of
amorphous alloys does not fall beneath a temperature-independent minimum
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value of 5 x 10° Q! m~'. With (5.6.30) and Problem 5.52, we write
e’l

0 =—

1273

where S is a measure of the Fermi surface. The preceding relation is relevant
to extended states in a metal sample. In this event, the mean free path, [ 2 a,
where a is atomic spacing, or the distance over which the wavefunction loses
phase memory. As [ reduces to a, states become localized. At the Ioffe-Regel

minimum,'® k/ = 1 and 1 = a where k denotes wavevector. Substituting these
relations into (2.7a) gives the conductivity

Sk (2.7a)

62

3m%ah
This value of ¢ is the minimum on the delocalized side of E.."”
Mechanisms for conductivity in amorphous media separate according to
temperature. Three basic intervals are: high, lower and very low temperature,
relevant to the respective degrees to which thermal energy can excite electrons
to domains within or above regions of localized states. For conductivity due to
motion of electrons within domains of localized states, the primary mechanism
is that of hopping. This mode of conductivity depends to a large degree on
thermal excitation. In the event that thermal fluctuations are insufficient to
supply hopping activation energy, a fourth mechanism for conductivity may
be available which depends on electrons tunneling to states at nearby or distant
sites of similar energy. (We recall that activation energy refers to the energy
required to carry a particle above a given potential barrier.)

(2.7b)

Omin =

High temperature

For temperature sufficiently high, thermal energy excites electrons above E.
to extended states in the conduction band and standard ohmic current flows in
response to a potential gradient. In this event conductivity is given by

o =opexp{—(E. — Er)/kpT} (2.8)

where oy is a constant. Such conductivity applies to Ge and Si at room
temperature.

Lower temperature

At lower temperatures, thermal energy is sufficient only to excite electrons
if the interval of localized states (E.,,, E.) to the conduction-extended states

®A. F. Ioffe and A. R. Regel, Progress in Semiconductors, Heywood, London
(1960).

For further discussion see, N. F. Mott and E. A. Davis, Electronic Properties
in Non-Crystalline Materials, ibid; S. R. Elliott, Physics of Amorphous Materials,
Longman, New York (1983).
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domain £ > E.. For conductivity to occur, electrons must absorb sufficient
energy, AWy, to enable hopping from one localized state to the next. Activation
energy is, E.,, + AW, with related conductivity given by

o = 01 xXp{—(Eepm + AW, — Ep)/kyT) 2.9)

The constant o is approximately one thousand times smaller than oy. This
mode of conductivity is called, thermally assisted hopping.

Very low temperature

In semiconducting materials the Fermi energy typically lies in the band gap.
In an amorphous semiconductor the same is true and it is argued that there
is a high concentration of localized states in the vicinity of the Fermi energy.
Thermally assisted hopping may still occur for transitions to states close to the
Fermi energy with resulting conductivity

o = orexp(—AW,/kyT) (2.10)

where AW, is approximately half the spread of the distribution of localized
states about E'r. The constants o and o, both depend on the hopping frequency
of electrons.

Variable-range hopping

At still lower temperature, for which thermal fluctuations are insufficient to
supply hopping activation energy, (kg T << AW,), there is an additional mech-
anism which permits electrical conductivity. In this mechanism, electrons in a
given energy state tunnel to nearby, or possibly distant sites, to states of sim-
ilar energy. This process is called, variable-range hopping. The temperature
dependence of this mechanism was first derived by N. F. Mott.'®

Since electrons are in localized states, their wavefunction varies with dis-
placement R, as exp(—a R), where « is a constant. It follows that the probability
of hopping to a site at R, is given by exp(—2« R). Again it is assumed that states
are concentrated at Er. With the density of states written g(EF) the number
of states in the interval d E about Er is Vg(Eg)dE, where V is volume. To
obtain the energy of hopping, we assume that V contains one state, and write

Ve(Ep)dE = 1 @2.11)

in which case d E is the spread between one state and the next. It follows that
the average separation (in energy) between neighboring states, A W3, is

AW; = 1/[VE(EF)] (2.12)

8N. F. Mott, Conduction in Non-Crystalline Materials, Oxford, New York,
(1987).
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If we concentrate on states in the volume V = 47 R3/3, the latter expression
becomes

AW; = 3/[4n R g(Ef)] (2.13)

This expression indicates that the farther an electron tunnels, the greater is
the probability that it finds a site with small AWs;. The probability of a given
value of AWj is exp{—AW;/kgT}. It follows that the probability of hopping
through the displacement R to a nearby site at AWj is

P(R, AW3) = exp{—2aR — (AW;/kpT)} (2.13a)

Substituting the value AWj from (2.13) into the preceding relation gives the
probability

P(R) = exp{—[2aR + (3/4n R*g(E )k T)]} (2.13b)
This probability is maximum at the minimum of the exponent. There results
R = (9/8mag(Ep)ksT)"* = (1/wag(Ep)ksT)"* (2.14a)

On substituting this value of R into (2.13) and then inserting the resulting value
of AW; into the generic form

o = o3exp(—AW;/kgT) (2.14b)
gives
o =ozexp(—B/ T (2.14c)
3 1/4 ()[3 1/4
=2(5) ()

This T ~!/* behavior of conductivity has been observed in amorphous Ge film. !

With the preceding discussion it is noted that a plot of logo versus T~}
should reveal four distinct regions, three of which should display straight-line
behavior with respective slopes (E. — Er) [see (2.8)], (E, + AW, — EF) [see
(2.9)], and AW, [see (2.10)]. This behavior has likewise been observed?® for
conductivity in the amorphous alloy, (As;Ses)o.05Tly 05 With slight curvature at
large T~! due to variable-range hopping.

7.2.4  Percolation Phenomena

Consider a network comprising a random array of independent resistors. Each
component either has a finite resistance (probability, p) or an open-circuit in-
finite resistance (probability, 1 — p). A voltage source is placed across the
network. Current flows providing there is a connecting path of finite resis-
tance elements between terminals, which occurs at some critical value of p.

M. H. Gilbert and C. J. Adkins, Phil. Mag 34, 143 (1976).
20M. F. Kotakata, et al., Semicond. Sci. Tech. 1,313 (1986).
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TABLE 7.2. Applications of Percolation Theory

System Critical Phenomenon
Mobility edge in amorphous Localized to extended
semiconductors states
Dilute magnetic allows Para-ferromagnetic transition
Resistive-open circuit array No current-current transition
Liquid flow in porous media Static to continuous flow
Supercooling of molten glass Glass transition
Polymer gelatin Liquid-gel transition
Disease spread in a population Containment-epidemic transition
Composite superconductor-metal ~ Normal-superconducting transition
materials
Variable-range hopping No current-current transition
Hydrofracturing of a rock Generation of a crack
Neural networks No current-current transition

The event of current flow at the critical value of p is an example of the phe-
nomenon of percolation. Another example of this phenomenon is that of the
phase transition of a dilute magnetic alloy from a paramagnetic to a ferromag-
netic state, with p now denoting the fraction of magnetic atoms in the alloy.
The occurrence of a phase transition to the ferromagnetic state depends on
the existence of a sufficiently large connected cluster of interacting magnetic
atoms. This transition configuration occurs at a critical value of p. The phrase
percolation was first used by J. M. Hemmersly?! in the study of the passage of
a fluid through a network of channels, some of which are blocked, and some
of which are open. Numerous other examples of percolation are described in
the literature.?"-?*> (See Table 7.2.)

Bond and site percolation; clusters

Percolation divides into two categories: bond and site percolation. In site per-
colation sites are either occupied or unoccupied. In bond percolation, bonds in
an array are either connected or disconnected.

Occupied sites fall into a cluster if any two sites belonging to that cluster have
achain of occupied states connecting them. A measure of the size of a cluster is
given by the number of occupied sites in the cluster. Consider a uniform infinite
square array of lattice points with site occupation probability, p. Three finite
rectangular subsections of this array are shown in Fig. 7.8, with respective p-

21J. M. Hemmersly, Proc. Cambridge Phil. Soc. 54, 642 (1957).

22D. Stauffer, Introduction to Percolation Theory, Taylor and Francis, London
(1985); J. W. Essam, Percolation and Cluster Size, in Phase Transitions and Crit-
ical Phenomena, Vol. 2, ed., C. Dumb and M. S. Green, Academic, New York
(1972); H. L. Frisch and J. M. Hemmersly, J. Soc. Indust. Appl. Math. 11, 894
(1963); G. Grimmett, Percolation, Springer, New York (1989); M. F. Thorpe and
M. 1. Mitkova, eds. Amorphous Insulators and Semiconductors, Kluwer Academic,
Dordrecht (1997).
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FIGURE 7.8. Rectangular subsections of infinite-two-dimension arrays illustrating
site percolation on the square lattice. Cluster size (s) is shown for three clusters, and
occupation probability (p) is for the three lattices. For the square lattice, percolation
(s = 00) occurs at p = 0.59. From: R. Zallen (1983). Reprinted by permission of
John Wiley and Sons, Inc.

values: 0.25, 0.50, 0.75. It is evident that the cluster size for case (c) is infinite
and percolation has occurred. One may conclude that percolation for the two-
dimensional square array occurs at p-value, 0.50 < p. < 0.75. The critical
value if p. = 0.59.2! If p# and p3 represent, respectively, critical p-values
for bond and site percolation, respectively, then it may be shown that p5 <
p5.2 Examples of this property are shown for four periodic two-dimensional
configurations and the Bethe lattice in Fig. 7.9. (At every branching of a Bethe
lattice a stem bifurcates into two branches.)

BJ. W. Essam, Percolation and Cluster Size (ibid).
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Triangular Square Kagomeé Honeycomb Bethe Lattice
z2=6 z=4 z=4 z=3 z=3

pt = 03473 p2nd = 0.5000  pLond = 0.45 pd = 0.6527 p&°" = 0.5000

pste = 0.5000 pEte = 0.59 pite = 0.6527 pste =0.70 pg'te = 0.5000

FIGURE 7.9. Critical site and bond percolation p-values, and coordinate number (z)
for four two-dimensional periodic arrays. Also shown in the Bethe lattice with effec-
tive infinite dimensionality (no closed loop exists for this lattice). From: R. Zallen
(1983). Reprinted by permission of John Wiley and Sons, Inc.

‘We wish to obtain a relation for the mean size of a finite cluster, with site
probability p. (For bond percolation, p represents edge probability.) To this
end we introduce the number of clusters of size s, per lattice site, ny(p). It
follows that the probability that a given site in a cluster of size s is occupied
in sny(p). (In a lattice of 100 sites, which at a given value of p has, say,
three clusters of size s, ny(p) = 0.03. If s = 10, then sn,(p) = 0.3.) Let
P(p) represent the fraction of occupied sites for the infinite cluster. Note that
P(1) =1 and P(p) = 0, for p < p.. The probability that a site is occupied
for the infinite cluster is p P(p). The probability p, that a site is occupied is
the sum of occupation probabilities overall cluster sizes. That is,

Y sn(p)+ pP(p)=p (2.152)

Since sn;(p) represents the probability that a given site in a cluster of size s is
occupied, it follows that the mean size of finite clusters is given by

> s*ny(p)

S =
2 > sny(p)

(2.15b)

7.2.5 Pair-Connectedness Function and Scaling

Percolation is closely akin to critical phenomena in statistical physics which
is characterized by the behavior of thermodynamic variables as a function of
the temperature-displacement variable, t = (T — T.)/T. where T, is criti-
cal temperature.”* A universality of such behavior is present in which such
thermodynamic variables scale with ¢, near the critical point, independent of

K. Huang, Statistical Mechanics, 2nd ed. Wiley, New York (1987); M. Plischke
and B. Bergersen, Equilibrium Statistical Physics, Prentice Hall, Englewood Cliffs,
NIJ (1989); H. E. Stanley, Introduction to Phase Transitions and Critical Phenomena,
Oxford, New York (1987).
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material, but dependent on dimension, d. The exponents of these scaling terms
are called critical exponents and are conventionally labeled: (¢, 8, v, n, v, o).
Of these six critical exponents, only two are independent.

In a similar vein, percolation phenomena likewise exhibits critical behavior
with related scaling relations.”* To demonstrate these relations the following
analogues with variables of statistical physics are noted. The total number of
clusters per site is analogous to the free energy per site.

G(p) =) _ny(p) (2.16)

A parameter relevant to a given cluster is the pair connectedness function,
C(p, r), which is the probability that occupied sites a distance r apart are in a
common cluster. This function is analogous to the pair correlation function of a
statistical physics.?>:2® The mean size of finite clusters is analogous to the sus-
ceptibility parameter in magnetic systems. Itis then implied that these variables

have the following power-law singularities at the percolation transition.?®
G(p) = |p— pl”™ (2.17a)
P(p)=~(p—p) (2.17b)
S(p) =~ (p—pc)™” (2.17¢)
_expl—r/E(p)]
Clp.r) = — o0 — (2.17d)

where d is dimension and the correlation length &, which, with comparison to
known physical systems, is expected to diverge as

Ep)=(p—p)" (2.17e)

Universality of critical exponents for the percolation phenomenon indicates
that the percolation exponents «, 8, etc., should depend only on the dimen-
sionality of the system, not the lattice specifies nor whether the percolation is
site or bond type.

Rushbrooke, Fisher, and Josephson scaling laws

The basic premise of percolation scaling theory®® is that for given correlation
length, &, for p near p,, a cluster size s¢ exists which is the dominant contri-
bution to the percolation functions (2.17a), (2.17b), (2.17¢c). The cluster size
s¢ diverges as p — p. and is assumed to have the power-law behavior

se = |p— pel ™7 (2.18)
which defines the critical exponent o. It is further suggested that
A
ns(p) = ns(pe)e <S—) (2.19)
&

BR. L. Liboff, Phys. Rev. A39, 4098 (1989).
*D. Stauffer, Phys. Rev. 54,1 (1979).
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where the function ¢(x) — 0, as x — oo, and ¢(x) — 1, as x — 0 but is
otherwise unspecified. Simulation calculations indicate that for large cluster
size, s, the probable number of occupied sites at the critical percolation state
behaves as, n,(p.) >~ s~ 7, where the parameter t depends on the dimension, d,
of the system. Inserting this behavior of n,(p), together with (2.18) into (2.19)
gives

ny(p) = s "P(s|p — pl'’?) (2.20)

With (2.17a) and (2.20) we obtain for the total number of clusters per site,

G(p) =Y s " ¢(slp — pel"*)

=1|p—pIC5) f dx xTp(x) (2.21a)
where
X = S/Sg (2.21b)

and x is as implied and is the analogue of zero-field susceptibility. Assuming
a convergent integral, with (2.17a), we obtain

T—1
o=2— (2.22a)
o
In like manner there results
y=08-1)/o, B=(—-2)/o (2.22b)
These equations give Rushbrooke’s scaling law?’
a+28+y =2 (2.23)

Another relation among these exponents may be obtained as follows. Integra-
tion of the pair-connectedness function over the volume of the sample gives a
measure of the mean cluster size, S(p), in dimension, d

S(p) = 1p— pel 7 = f drr! (%) ~|p = p O (224)

which gives Fisher’s scaling law?®
y=v(2-mn) (2.25)

Lastly, assuming a slowly varying integrand (2.18) and (2.21) give for the
concentration of clusters of dominant size,

/o

ng(p) = |p — pcl™

¥@G. S. Rushbrook, J. Chem. Phys. 29, 842 (1963).
M. E. Fisher,Phys. Rev. 180, 594 (1969).
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Assuming that this concentration is inversely proportional to the volume, £4(d),
(in dimension d) occupied by these clusters, gives

lp— Pc|t/a =|p— pc|Vd
which gives Josephson’s hyperscaling law?
vd=2—«a (2.26)

Equations (2.22), (2.25), and (2.26) are coupled relations for the six critical
exponents relevant to percolation scaling theory.

7.2.6  Localization in Second Quantization

Working in second quantization, the Hamiltonian of a one-dimensional
potential array may be written®

H ==Y ticle;+clen+ ) ecie; (2.27)

i#] J
relevant to an electron in a given band. In the preceding, ¢; is the energy of
an electron at j sites, with a corresponding Wannier wavefunction centered
at these sites. The #;; matrix couples the ith and jth sites, and c; and c; are
operators which create and annihilate an electron at the jth site, respectively.
[#;; matrices are also called: the transfer integral, the overlap energy integral
or the hopping integral, cf., (2.4b)] Sums in (2.27) are over the sites of a
perfect lattice with disorder introduced by taking either or both of the ¢; and
1;; coefficients as random variables subject to a given probability distribution.
We recall the following fermion anticommutation relation rules:
[C,i, =l ]y =0 (2.272)
[C,- , Cj]+ = 5ij

Note also that
c 0y =iy,  cli) =10) (2.27b)

where |0) includes the empty ith site and the ket vector, |i), describes an
electron at the ith site.

In the tight-binding approximation of (2.27) one sets f;; = ¢, for nearest
neighbors and zero otherwise. Energies ¢; are set equal to €4 with probability
P,, of e with probability Py independent of the site j. This labeling provides
a one-dimensional model of a disordered binary allow.

»B. D. Josephson, Proc. Phys. Soc 92,269 (1967).
%A review of one-dimensional disordered systems is given by: K. Ishii, Prog.
Theor. Phys. Supplement, 53,77 (1973).
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Extended states for the uniform case

Let us show that for the uniform case, for which either P, = 1 or Pz = 1, and
in the tight-binding approximation, one does not obtain localization. In this
event the Hamiltonian (2.27) reduces to

H=—t Z(C:"HC’” + c;cmﬂ) +ea.8 Z cj-c_,- (2.28)
m J

We consider a lattice of length Na, corresponding to a chain of N atoms and
lattice constant a. The Hamiltonian (2.26) may then be diagonalized through
the transformation

1 -
4= 7= Xk:bke_’k’“ (2.29a)
1 -
T T ikja
cl = —— b, e (2.29b)
J «/ﬁ Xk: k
I — 2wn
(Na)
n=0,+£1,£2,...,£[(N/2)—1],£N/2 (2.29¢)

Note that the latter sequence corresponds to periodic boundary conditions.
There results

H =Y el =Y ek (2.30)

k k

where n; is the occupation number of the kth site, O or 1. Eigenenergies are
given by
e(k) = &4 — 2t coska, for Py = 1

231
(k) = e5 — 2t coska,  for Py =1 (2.31a)

For either case energies lie in a band of width 4¢. The eigenfunction corre-
sponding to e(k) is obtained by operating on the state |0) with the creation
operator b; . There results

. 1 .
|ke) = bi10) = NG 2}: b explik. ja)|0) (2.31b)

The coordinate representation of this eigenstate is given by the Dirac product

(xlke) = Y (x|m)(mlke) (2.31¢)

m

This relation permits one to identify the probability amplitude of finding the
site m occupied as the product

(mlke) = exp(imk.a) (2.31d)

L
JN
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It follows that the probability of finding an electron on the mth site is the con-
stant 1 /N, independent of m or k.. We may therefore identify the wavefunction
(x|k.) as an extended state.

Disordered One-Dimensional Lattice
Transfer-matrix method

As noted above, to describe the disordered situation one sets energies ¢, =
£4 with probability P4, and &, = ep with probability Pg, for all m. We
outline the transfer matrix method®' for examining eigenfunctions and related
eigenenergies, E, of the Hamiltonian (2.27) in the tight-binding approximation.
Eigenfunctions are written in the form

N N
k) =) Auln) =) Anchl0) (232)
n=1 n=1
so that (m|kg) = A,,. With (2.27a) we obtain
(m|Hlkg) = EAy = €Ay — 1(Apy1 + Apr) (2.33)
where m = 1, 2, . ... To satisfy periodic boundary conditions we set Ay, =
A; and Ay = Aj. Introducing the two-component column vector
Y = (AX:> (2.34a)
gives the recursion relation
Y = Tutn (2.34b)
n m—E 1
T (em, E) = ( i 0 ) (2.34¢)
Note that det TA"_j = 1, so that eigenvalues, u®, of T satisfy the relation
Uy =1 (2.35a)
which gives the forms
ny = e* (2.35b)

In the transfer-matrix method, solution for eigenenergies E is reduced to
finding solutions to the equation

Uy = [Tn(ey, EYIy_1(ex_1, E) ... Ti(e1, E)lYry (2.36a)

31J. Ziman, Models of Disorder, Cambridge, New York (1979), Section 8.2:
M. Plischke and B. Bergersen, Equilibrium Statistical Mechanics, ibid; M. L. Mehta,
Random Matrices, Academic, New York (1991).
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or, equivalently,
N A A
> Tuew E)=1 (2.36b)
m=1

where 7 is the identity matrix.

Band gap for the uniform array

We wish to demonstrate the existence of a gap in the spectrum of energies for
the case of a uniform array. In this event, ¢; = ¢, for all m. With (2.34c) and

(2.35) it follows that the eigenvalues of T are given by

Uy =R+iK =e" (2.37a)
u-=R—iK=¢"
—F
R="2 k=J1_r (2.37b)
2t
Addition of equations (2.37a), with (2.37b) gives
E =¢&4—2tcosb (2.38)

Periodic boundary conditions (1" = 1), imply the discrete f-spectrum, 6,, =
2nm/N.
The condition

lea — E| > 2t (2.39)

implies that K is purely imaginary, in which case eigen w-values are real. For
K purely imaginary, K = i|K| and u,u_ = —1 which violates (2.35a). We
may conclude that for real eigen p-values, eigenenergies do not exist. This
corresponds to the existence of an energy gap for the uniform potential array.

Disordered chain

For the disordered case, in the product (2.36b), transfer matrix components are
either of the form 7,, = T, or T, depending respectively on whether site m is
occupied by atom A or atom B. To examine this situation we recall the Saxon-
Hunter theorem which states that any spectral region that is a spectral gap for
both a pure A-type chain and a pure B-type chain, is also a gap for any mixed
lattice of A- and B-type atoms.*> Consider the case that an eigenenergy lies
in such a forbidden domain. In this case, with real eigen p-values, one again
encounters a violation of (2.35a). However, let us consider for the moment that
solutions for this situation do exist.

32J. M.Luttinger, Phillips Res. Repts. 6,303 (1951).
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Let W. denote eigenvectors of T corresponding respectively to the eigen-
values, p.. The column wavefunction i/, may be written, in general, as a
superposition of these eigenvectors and we write

Up = aOW, +aOW (2.40)

(&)

where o,

are n-dependent parameters. It follows that
Y1 = T = oD W + ol W_ (2.41a)

Returning to the situation of real eigen u-values, we examine the case that
l+| > || so that

sl = Ul | > 1> || (2.41b)

Consider that a wavefunction of the form (2.40) starts at the beginning of the
chain and passes through p such forbidden cells. In this case

Vp = (1) = ()" Wy + a7 (u )" W (2.41c)

The larger eigenvalue quickly dominates and v, grows as (exp y p) where the
growth coefficient y = In |u | This hypothetical analysis hints at the existence
of localized states in forbidden domains of the energy spectrum.

Extensive numerical work of Ishii* indicates that solutions do in fact exist in
such domains, and that corresponding solutions are localized. This conclusion
is akin to our previous observation that in a disordered material, localized states
occur at the edges of the forbidden band gap (mobility edge). In a closely
allied, fundamental work by Matsuda and Ishii** it was demonstrated that all
one-dimensional disordered systems are localized.

Problems

7.1. Show the equivalence between the integral relations (1.3b) and (1.3a). Hint:
Introduce the parameter I' = E — u.

7.2. Derive the Fermi—Dirac integral series representation (1.3e).

7.3. Establish the Fermi—Dirac vector coefficients (1.3f)—(1.3h).

7.4. Establish validity of the time-reversal scattering-rate symmetry relation
(1.30c).

7.5. Working in second quantization, write down the total Hamiltonian for an
electron-phonon system, incorporating the potential Hamiltonian component,
(1.19). Hint: See (5.6.6b).

7.6. For each of the cases listed in Table 7.1, indicate if the related transition site
or bond percolation.

3H. Matsuda and K. Ishii, Prog. Theor. Phys. Suppl 45, 56 (1970).
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Problems 525

Employ the transformation equations (2.29) to obtain the diagonalized
Hamiltonian (2.30) and related eigenenergies (2.31a).

Show that in the tight-binding approximation, the Hamiltonian (2.27) reduces
to the Hamiltonian (2.28).

Derive the eigenenergy relation (2.33) from the wavefunction (2.32) and
Hamiltonian (2.27) under the said conditions.

What is the width of the energy gap for the uniform array described in (2.37),
et seq.?
Show that Griineisen’s* integral for metallic resistivity
s ®/T x5 d.x
p = AT P TV I
o (=D —e™)

reduces to Bloch’s form at T < ©, and has the correct linear T dependence
at T > © where O represents the Debye temperature.

(a) Describe conditions under which extended states exist in an amorphous
material.

(b) Describe conditions under which an amorphous metal does not conduct.
In both answers, define parameters.

A student argues that tearing a piece of paper is percolative. Is the student

correct. Explain your answer.

Answer

Tearing a piece of paper is a local and not a global event. For this reason the
process is not percolative.

*E. Griineisen, Ann. Physik 16, 530 (1932).
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Location of Key Equations

Name

Balescu-Lenard equation

BBKGY equations

Boltzmann equation

Chapman—Kolmogorov equation
Conservation equations (in absolute variables)
Conservation equations (in relative variables)
Density matrix, N-body, equation of motion
Euler equations

Fock-space function, equation of motion
Fokker—Planck equation

Grad’s second equation

Green’s function equation, coupled one- and two-particle
Green’s function, N-body, equation of motion
Hamilton’s equations

Hierarchies of classical and quantum distributions
Kinetic equations, connecting relations
Krook—Bhatnager—Gross equation

Kubo formula, classical

Kubo formula, quantum mechanical
Lagrange’s equations

Landau equation

Landau equation, Fermi liquid

Liouville equation

Liouville equation, quantum mechanical
Liouville equation, relativistic

Master equation

Location
“4.2.71)
(2.1.20)
(3.2.14)

(1.7.4)

(3.14, 3.18, 3.19)
(3.14, 3.30, 3.31)
(5.5.23)
(3.5.23)
(5.5.29)
(5.2.31)
(2.6.12)
(5.7.46)
(5.7.59)
(1.1.12)

(Table 5.2)
(Figure 4.9)
“4.2.7)

(3.4.66)
(5.6.10)

(1.1.7)

“4.2.51)
(5.4.13)

(1.4.7)

(5.2.9)

(6.4.25)
(1.7.20, 5.2.28)
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Navier—Stokes equation

Pauli equation

Photon kinetic equation

Plasma convergent kinetic equation
Relaxation-time model kinetic equation
Uehling—Uhlenbeck equation

Vlasov equation

Vlasov equation, relativistic

Wigner distribution, equation of motion
Wigner distribution, hierarchy
Wigner—Moyal equation

(3.4.8)
(5.2.28)
(5.3.18)
(4.2.75)
(5.3.35)
(5.4.5)

(2.2.30)
(6.2.22)
(5.2.54)
(5.5.33)
(5.2.71)



List of Symbols

(See also Table 7.1, page 487)

A A Vector and scalar functions in Chapman—Enskog
expansion (3.5.36a).

A Vector potential.

Ak, w) Spectral density function (5.7.12, 5.8.23).

(A)W Wigner counterpart of A (5.2.55).

A® s-particle operator (5.5.10).

a Acceleration. Friction coefficient in Fokker—Planck
equation (4.2.30).

at,a Creation and annihilation operators.

ay, ag; Operators @ and a' in the Heisenberg representation.

ag) Fourier coefficient in Prigogine expansion (2.3.8).

B,B Tensor and scalar functions in Chapman—Enskog
expansion (3.5.36b).

B Magnetic field.

BE Boltzmann equation.

BL Balescu-Lenard equation.

BY, sth equation in BBKGY hierarchy.

b Nondimensional impact parameter.

b Friction coefficient in Fokker—Planck equation (4.2.30).

C mC? = kgT in most of text. mC? = 3kzT when C is
thermal speed (3.4.2).

Cy(1,2) Two-particle correlation function (2.2.18).

Cp Effective two-particle speed (3.4.25).

C(q) Coefficient of electron—phonon interaction (5.8.1).
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C? =2RT (3.5.28).

Chapman—Kolmogorov equation.

¢ = v — (v). Deviation from mean microscopic velocity.
Nondimensional microscopic velocity (3.5.90).
Speed of light.

Specific heat per molecule (3.4.34).

Specific heat per molecule per mass (3.4.35).
Self-diffusion coefficient (3.4.2). Density of points in
phase space (Chapter 1).

Variance of rvé.

Mutual diffusion coefficient (3.4.29).

Convective time derivative.

Differential operator in Boltzmann equation (3.5.7a).
Energy.

Fermi energy.

Perturbative electric field (4.1.4). Two-particle electric
field (4.2.61).

Fourier transform of E (4.1.6b).

Expectation (1.8.2a).

Relative kinetic energy density (3.3.26).

Elliptic integral (3.6.22).

Absolute kinetic energy density.

Time-dependent component of perturbation Hamiltonian

(3.4.59).
Term in collision cross section (3.6.212).

Number of photons per frequency interval (Chapter 5).
Integral in dielectric constant (4.1.68).

s-tuple distribution function (1.6.12).

F; =V f;. Bogoliubov s-particle distribution.
Distribution function normalized to total number of
particles.

Relativistic distribution (6.2.1).

Classical one-particle distribution function in most of
text.

Nondimensional distribution function (3.5.90).

Local Maxwellians.

Absolute Maxwellians.

Exponential component of Maxwellian (4.1.27).
Arbitrary single-peaked one-dimensional distribution
(4.1.48). One-particle distribution function.

Velocity component of f; (4.1.48).

Equilibrium occupation number per energy level
(Chapter 5).

Equilibrium distribution for number of photons per
frequency mode (Chapter 5).
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s-particle distribution function normalized to unity in

most of text.
Truncated distribution in Grad’s analysis (Chapter 2).

Generating functions (Chapter 1).
Two-particle force (2.1.7a).

Two-particle force (2.2.27).

Mean force field (2.2.28b).

Green’s function, retarded and advanced.

s-particle Fock space operator (5.5.7).

Constant of motion (Chapter 1).

Radial distribution function (2.2.44).

Number of normal modes per frequency interval
(Chapter 5).

Metric tensor (Chapter 6).

Relative two-particle velocity.

Hamiltonian.

Tensor Hermite polynomial (3.5.92).

Time-independent component of perturbation

Hamiltonian (3.4.59).
Total correlation function (2.2.47).

s-particle conditional distribution function (1.6.10).
Enthalpy per particle (Problem 3.48).

Boltzmann H function (3.3.42).

Hilbert space [beneath (5.1.18)].

Collision term in BY, (2.2.2).

Collision term in BY, (2.2.25).

Identity operator.

Integral [above (6.2.52a)]. Tensor term (3.5.100).
Collision integral.

Current density.

Externally supported force field (3.2.1). Acceleration

(3.5.7a). Momentum of center of mass (3.3.68).
Constant in Coulomb interaction (4.2.7a). Constant in

inverse radial potential (3.1.7).

Kinetic energy operator of sth particle (2.1.9).
Collision-integral kernel operator (3.6.3).
Quasi-particle interaction function (5.4.11).
Quasi-particle interaction function and constant
(5.4.32a).

Elliptic integral (3.6.22).

Wave number of closest approach (4.2.73a).
Debye wave vector (5.3.52).

Boltzmann’s constant.

Thomas—Fermi wave number (5.3.46).
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Ly

LIM
L(g.q.1)

Ly

SL

M

M,(n), M>(n)
M12

N(z)
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Momentum of ith molecule (3.3.68).

Momentum (5.2.73, and following).
Krook-Bhatnager—Gross equation.

Operator in Boltzmann collision integral (3.6.29).
Mean free path (3.2.2).

Space of square integrable functions.

Limiting process [defined above (5.7 to 5.19)].
Lagrangian (1.1.3).

N-particle Liouville operator (2.1.3).

Perturbation Liouville operator (2.3.4).

Mach number (Chapter 4).

Moments of probability distribution (1.7.24).

Rate of momentum transport per unit volume (3.4.26).
Phase density (2.5.4).

Number of ensemble points in phase space (1.4.1b).
Total number of particles.

Number of zeros (4.1.67).

Number of poles (4.1.67).

Particle number density.

Operator in Liouville equation (2.1.7).

Pressure tensor in lab frame (3.3.15).

Scalar pressure (3.4.4).

Probability of step to right (1.1.8 to 1.1.14). Momentum
(3.4.23).

3 N-dimensional momentum vector relevant to N point

particles (5.2.46).
Fermi momentum (5.3.34a).

Four-momentum (Chapter 6).
Momentum four-vector (6.1.2). Momentum three-vector,

Problem 1.40.
Momentum.

Relative pressure tensor (3.3.24).
Probability.

Principal part (4.1.71).

Probability of step to left (1.8.14).
Heat flow vector in lab frame (3.3.16).
Relative heat flow vector.

Kinetic energy flow vector (2.1.34a).
Potential energy flow vector (2.1.34b).

Landau collision tensor (4.2.72).

Collision form in derivation of the Balescu—Lenard
equation (4.2.64).

Balescu-Lenard collision term (4.2.69).
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Landau collision term (4.2.72).

Interparticle displacement vector. Radius vector.
Total number of events (1.8.21).

Random variable.

k B / m.

Radius to center of mass (Problem 1.7).
Momentum operator (5.2.76b).

Action integral (1.1.4).

Structure factor (2.2.51).

Sonine polynomial (3.5.54a).

Spin operator (Chapter 5).
Superoperator (5.6.11).

Response component of pressure tensor (3.4.4).
Impact parameter.

Temperature. Kinetic energy.

Tensor of products of relative velocity, g (Chapter 4).
Integral-kernel operator (3.6.11). Time ordering operator
(Chapter 5).

Total radiant energy density (5.3.12).

Generalized potential (Chapter 1).

Single-time interaction potential (5.7.49a).

Unitary operator for Schroedinger equation (5.1.39).
Macroscopic fluid velocity (Chapter 3).

Downstream fluid speed (4.2.12).

Upstream fluid speed (4.2.12).

Renormalized volume (2.3.9).

Vector in I'-space (1.4.16a).

Fermi velocity [beneath (5.4.31)].

Microscopic velocity (Chapter 3).

Probability scattering rate (4.3.1), (5.3.5).
Augmented scattering probability rate (4.3.3).
Scattering rate (1.7.20).

Transition probability (1.7.22).

Transition probability (5.2.20).

kth particle position vector (5.2.55).

3N particle position vector relevant to N point particles.
Four-displacement (Chapter 5).

Displacement four-vector (6.1.1). Displacement

three-vector (Problem 1.40).
N-body partition function (Chapter 3).
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Greek and Other Symbols

o B3,y Constants in homogeneous distribution (3.5.32).

o Nondimensionalization parameter (2.2.11).

o, Matrix element in Chapman—Enskog expansion (3.5.56).

«a Apsidal vector (3.1.38).

a(n) Displacement of Fermi surface in direction of n (5.4.31).

o, etc Components of spin eigenvector (5.1.33).

B., etc Components of spin eigenvector (5.1.33).

B Dimensionless frequency (4.1.42).

B Matrix element in Chapman—Enskog expansion (3.5.64).

By Dimensionless plasma frequency (4.1.50).

Sk Kronecker symbol (2.3.9).

8;j Kronecker-delta symbol.

8(r) Three-dimensional delta function.

I3 Dielectric constant (Chapters 4 and 5). Parameter of
smallness,

e(x, p) Quasiparticle energy (5.4.10).

£ Electric field.

P(x;, X;) Interaction potential (1.4.24).

(i3 Fourier transform of interaction potential (2.3.24).

&ST Field creation operator (5.5.3).

&H Field operator in Heisenberg picture (5.5.7a).

ee(xM) Stationary energy eigenstate (5.1.8).

y Relativistic parameter (Chapter 6).
Nondimensionalization parameter (2.2.11).

r Flux vector (No./cm?-s) (3.3.11).

r Maximum total scattering rate (4.3.4a).

I Christoffel symbol (6.4.21).

n Coefficient of viscosity Chapter 3.

n(t) Coarse-grained entropy (3.8.12).

K Coefficient of thermal conductivity (3.4.3). Constant in
Coulomb cross section (4.2.21a). Absorption coefficient
(5.3.28).

Ky Kinetic energy operator (2.2.22a).

K12 Coefficient in mutual diffusion expression (3.4.26).

Ky Coefficient of thermal conductivity tensor (5.3.42).

A(V) Total scattering rate (4.3.2).

(V) Maximum scattering rate (3.3a).

A Thermal de Broglie wavelength (5.3.5). Debye distance
(4.1.36).

ATE Thomas—Fermi wavelength (5.3.46a).

A Plasma parameter (Chapters 2 and 4).

A Liouville operator (1.4.20).

A Symmetric strain tensor (3.4.6).
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Reduced mass. Mobility (Chapter 3). Chemical potential

(5.3.1). Relativistic parameter (6.3.2).
Measure of set A (3.8.3a).

Collision frequency (3.5.2).

Collision frequency for mutual diffusion (3.4.24).
Element of collision integral in Chapman—Enskog
expansion (3.5.62).

Plasma frequency (4.1.18).

Maxwellian (3.5.91)

Wavefunction (5.1.1).

Electrochemical potential (3.4.15a).

Momentum flux (5.4.23).

Two-time distribution (1.7.2).

Coarse-grained entropy (3.8.13).

Mass density (3.3.18a).

Density operator (5.2.1).

Density matrix (5.2.3).

Stefan—Boltzmann constant (5.3.15).

Molecular diameters (3.4.30).

Sum of molecular radii (3.4.30).

Electrical conductivity tensor (5.3.41).

Scattering cross section (3.1.24).

Scattering cross section (3.1.31).

Scattering cross section for rigid spheres (3.4.30).
Total scattering cross section (3.1.34).

Pauli spin operator (5.2.39).

Element of hypersurface in X space (6.2.2).
Element of hypersurface in p space (6.2.3b).
Element of surface area (3.8.7).

Relaxation time (5.3.35a; 5.3.79). Proper time (6.1.23).
Dimensionless velocity (Chapter 3). Quantum parameter
(5.4.6a).

Time-ordering operator (5.8.7).

Collision operator (3.6.1).

Symmetric sum of gradients (3.5.101).

Collision term in photon kinetic equation (5.3.19).
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APPENDIX A

Vector Formulas
and Tensor Notation

A.1 Definitions

The vector function of position A(r) is a set of three functions A,;; u = 1, 2, 3.

These represent the projection of the vector A onto the Cartesian axis, so that

A=A, Ay =A,, A3; = A,. The tensor notation of the vector Ais A,,.
More generally, the set of 3" functions

Wiigei, ()

in which each of the n indexes {i,} run from 1 to 3, is called an nth-rank tensor
in three dimensions. A scalar carries no indexes and so is a zeroth-rank tensor.
A vector is a first-rank tensor.

In the text the vector notation for a second-rank tensor ¢,,,, is

¢

A popular second-rank tensor has as its nine components the products of the
components to two vectors, A and B and is call a dyad.

D =AB (A1)
D, =A,B, (A.2)

A second rank tensor v, is symmetric if
w;w - wuu (AB)

It is antisymmetric (or skew) if

v/;w = _1/Ivu (A4)
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a symmetric or antisymmetric tensor can always be constructed from an
arbitrary tensor in the following manner:

Vo) = (wmw + Yu) (A.5)
‘/f(a) = (V/muv - wvu) (A6)

The trace of a tensor is the sum of its diagonal components:
3
Tr v = Y VY (A7)
n=1

A tensor of zero trace can be made from :

©) 1z
‘/f = 1ﬁ,uv - E(Tr ¢)8MV (AS)
(Repeated indexes are summed.) The second-rank Kronecker delta symbol §,,,
is defined as
8w =1 forpu=v

A9
8w =20 otherwise (A.9)

A symmetric tensor of zero trace is

Yo =y <Tr<?>)8,w (A.10)

In vector notation, equations (A.8) and (A. 10) appear as
=(0)

b =¢- %(Tr«Zﬁ (A8")
3" =" - %(Tr $)1 (A.10%)
The third rank Levi—Civita symbol ¢;,,, is defined as
ey = +1if lvp is an even permutation of 1, 2, 3
= —1if /vu is an odd permutation of 1, 2, 3
= 0if any two indexes are equal
The vector or “cross product to two vectors is defined by
i j Kk
AxB=| A, A, A (A.11)
B, B, B,
The triad of unit vectors (i, j, k) lies along the Cartesian axis with i in the x

direction, j in the y direction, and k in the z direction. In tensor notation the
cross product appears as

(A x B), = £,,,AB, (A.12)
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The inner or dot product of two vectors is defined by

A-B=A,B,+A,B,+ A.,B, (A.13a)
A-B=A,B, (A.13b)
The del operator V is written for

V = 0 + 0 +k 9 (A.14a)
=i—+j— — .14a

ox 5y e

0
V=— (A.14b)
0x,

The gradient of a scalar function ¢ is defined by

0
grad ¢ = Ve¢(grad ¢), = W(b (A.15b)
I

The curl of a vector is defined by

curlA=V x A (A.16a)

0
(curlA), = ey —A, (A.16b)

8)(7/

The divergence of a vector is defined by
divA=V.A (A.17a)
d
divA= —A4, (A.17b)
0x,

A.2  Vector Formulas and Tensor Equivalents

Some useful vector formulas together with their tensor-notation equivalents
are given below:

2 ¢A —¢(V-A)+(A-V)op (A.182)
0 0
—¢Az ¢p—A+A—¢ (A.18b)
8x1 0x X 0x X
VXxpA=¢pV xXA—-—AxV¢p (A.19a)
ol 9 0
80[,5\) ¢A - Saﬁv(p A + 8aﬂvA _¢ (Algb)
VAxB_B VxA A-VxB (A.20a)
0 d d
—&uwrAvBr = €0 Ay — B + €, Br — A, (A.20b)
dx, ax,, 0x,
VA-B)=A-V)B+B -V A+Ax(VxB)+Bx(VxA) (A2la)
a 0 a

A,B,=A,—B,+B,—A

G AuBe = Aug Bt Bug A, (A.21b)
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V x (Vo) = 0
d 0
gluvaa_xl)d):()

V- (VxA) =0
%SMIP%AP:O
Vx(VxA)=V(V-A)—(V-V)A
0 a a 0

Eptk = Eknp —— Ap = EukErnp —— T
oax, M ox, T MY ox, 0x, T

ExplEknp = 8/4115[[9 - 5;Lp81n

(Use equation A.25 in A.24b to obtain A.24a.)

V.r=3
a R
axu—?)
Vxr=0

Ek[pa—x[xp = 8k1p81p =0

A-Vr=A
a
Aﬂax, = Aﬂaﬂl = A[

Vx(AxB)=-BV-A—A-VB+AV-B+B-VA

0 0

Ein
Pax, 0x, 0xy

ad
(BaAl - Aa Bl)
0x,

V x (A x B) = V(BA — AB)

AxB)x(CxD) =A-CO)B-D)—-A-D)B-C)
8uklAkBl<9;Ldede = A¢C¢Bka — AnDnBjCj
AxB)x(CxD)=[A-BxDJC—-[A-BxO)ID

0
Epen Ak By = — B,Aj — —A4B;

(A.22a)
(A.22b)
(A.23a)
(A.23b)
(A.24a)
(A.24b)

(A.25)

(A.26a)
(A.26b)
(A.27a)
(A.27b)
(A.28a)
(A.28b)

(A.29a)

(A.29b)

(A.30a)

(A.30b)
(A.31a)

Ehppuki€onp Ak BICy Dy = €ipg Ai ByD,Cl, — €j40.A; B4C, Dy, (A.31b)

The symmetric sum of gradients operator z is defined by

(Z ¢> _ Lo n dPuk + Gl

kpv axk 8)(711 axv

(A.32)
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Mathematical Formulas

B.1 Tensor Integrals and Unit Vector Products
Let

Ajriyiy = / R N Al A (BL.1)
where ¥;, are Cartesian components of the unit vector ¥ so that the index i

runs from 1 to 3. Then

A =0, for N odd

iigein

whereas, for N even,
1
Ai1iz~-i1v = m XP: 81‘11‘281‘31‘4 e aiN—liN / f(vz)dv (B12)

where the summation is over the P permutations of the integers i - - - iy and
(N + 1)!! denotes the skip factorial
(N+DII'=(N+1)(N —1)(N —3)---

With these formulas, the case N = 2 gives
1
Airi = 38 f f@dv (B1.3)
For N = 4, we obtain

i1i2i304

1
E[5i,i23i3i4 + 8i,i58i4iy T+ 801 0inis ] / fHdv (B1.4)
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B.2 Exponential Integral, I' Function, { Function,
and Error Function'

B.2.1 Exponential Integral

The definition of this function is
00 -t
z

where | arg z| < w. E(z) has the expansion

0 —1)rn
Ei@) = —y —nz =y TF

n=1

(B2.2)
nn!

where y is Euler’s constant, which is given by

2 3
= 0.5772157

. 1 1 1 <
y=Ilm (l+z4+-+---+——Inm) =— dte"Int
m—00 m 0

Here are a few other integral properties of E(z):

o0 —at
/ b: di = ¢ E\(ab) (B2.3)
0

N
/ ; dt = Ei(z)+Inz+y
0

o (B2.4)
/ E;(t)dt =21n2
0
E\(z) is a member of the set of integrals
o0 e—z’,t
E,(z) = / " dt, n=0,1,2,... (B2.5)
1
with Re z > 0. These functions have the recurrence relation
1
En+1(Z) = ;[e—z - ZEn(Z)], n=1,2,... (B26)
Furthermore,
dE,(z
@) =—E,1(2) (B2.7)
dz

'For additional properties, see M. Abramowitz and 1. A. Stegun, Handbook of
Mathematical Functions, Dover, New York (1970).
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and
1
E,(0) = T n>1
n- (B2.8)
Eo(z) = —
and
00 1)yt n—l —Dkak
f e*‘”En(t)dt:( ) ln(1+a)+Z( ya , a>—1
0 a =1 k
(B2.9)

The asymptotic expansion of E,(¢) for large z is given by

E.(2) ~ i [] 4 n(n ‘2|‘ 1) n(n + l)z(n +2)
< Z z 7

4. :| (B2.10)

for (Jarg z| < 3m/2). Two functions closely related to the exponential integral
are given by

i ®© —e ' dt *oedt
Ei(x)=-P ; =P (B2.11)
for x > 0, where P denotes principal part, and
. tdt .
lix)="P — = FEi(lnx) (B2.12)
0 Int
for x > 1. Expansion of Ei(x) is given by
Ei(x) = (B2.13)
“ nn!
for x > 0. We note also that
|
/ ¢ —di = Ei(x) = Inx —y (B2.14)
0
* e dt E(ab
/ g _ b Fitab) (B2.15)
o tFib —FEi(ab)+im

In the latter relation the — sign on the left side corresponds to the + exponential
and top member of the column anda > 0, b > 0.

I'-Function
The I is defined by

I'(z) 2/ et dt, Rez >0 (B2.16)
0
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For z = n, an integer,
'n)=m—-1)! (B2.17)
so that
'(n+1)=nl({n) (B2.18)

Here are some typical values:

r(-) =J7, T=1

()-tr()-%

Stirling’s asymptotic expression for z — oo in the domain |argz| < = is
given by

(B2.19)

1
[(z) ~ e 27D 0m/2 | | S B2.20
(z) ~ ez (2m) t st t ( )
Riemann ¢ Function
This function is defined by
= v B2.21
{(z) = 1?—1 e (B2.21)

for Re z > 1. First we note that

t@=]] ( L 1) (B2.22)
P

p

where the product is over all primes p. We may also write

(o) = —— / REEARN (B2.23)
I'z) Jo e —1
Here are some special values:
72
¢(1) =00 @) = 3
¢ (§> =2.612 ’(4) = n—4
2 90
5 78
¢ (5) = 1.341 £(6) = o5



B.3 Other Useful Integrals 545

Error Function

The error function is defined by

A
erf 7z = —/ e "dt (B2.24)
NN
We also define
erfcz =1 —erfz =27 / e di (B2.25)
Z
The error function has the series expansions
2 ( l)n 2n+1
fz = B2.26
erf 7 = onV(2n+1) ( )
Asymptotic expansions are given by
< 1:erf 2 ! + ! + - (B2.27)
X erfx ~ — (x — =x> + —x° .
JT 3 10
e 1
l:erfx ~1— - — B2.28
x> 1:erfx xﬁ(x 2x2+ ) ( )

Some integral relations for this function are as follows:

~ 1 a? a
/0 e “erfbtdt = " exp <m) erfc (%> (B2.29)

oo 1 _ 2
/ sin(2ar) erfe bt di = 5 [1 —exp <—“)] (B2.30)
0 a

b2
© 1 [ b
e erf Nbrdt = — | —— (B2.31)
0 aVa+b
< ' b 1 —2+/ab
/ e Yerfc,/—dt = —e V¢ (B2.32)
0 t a
B.3 Other Useful Integrals
/ e dy =1 (B3.1)
En) = / e x" dx, n>0,a>0 (B3.2)
0
1 1
E(n)= 3T (" ; )a_("+l)/2 (B3.3)

1 1
E(0) = Eﬁa—‘ﬁ E(3) = Ea_z
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E(1) = Lo E@4) = Eﬁa—w
2 8
EQ) = %ﬁa—m ES)=a"’

oo .n—1
/ XAX o)
0

00( l)kl
P i

e* +1

A1) =1n2,  A(4) = s
720
=" we=T
12 30,240

Green'’s Identities

Green’s First Identity

/(¢V2¢+V¢'V¢)dV2/(¢V1ﬁ)-dS
Vv N

Green’s Second Identity

f 6V — YV)dV = f VY — V@) - dS
\% S

Other Identities

/VxAdV /deA
/q&dl /dequ

(B3.4)

(B3.5)

(B3.6)

(B3.7)

(B3.8)

(B3.9)

(B3.10)

B.4 Hermite and Laguerre Polynomials and the

Hypergeometric Function

Hermite polynomials

These polynomials are defined by the relation

n

d
Hy(2) = (~1)'¢" (dzn

e*), n=1,273,...

(B4.1)



B.4 Hermite and Laguerre Polynomials and the Hypergeometric Function 547

They satisfy the differential equation

T o) H =0 (B4.2)
de Zd n n\Z) = .

and have the generating function
Sn
exp (—s> 4 2s2) = Z ;Hn(z) (B4.3)

Recurrence relations are given by
d
dz

d
<2Z 3 _) H o= H_ (B4.4)
dz

2zH, = n+1 T 2nH,_,

H, =2nH,_,

Here is a list of the first few polynomials
Hy=1 H, =2z
H,=47" -2 Hy =82 — 12z (B4.5)
= 167" — 4877 + 12 Hs =327 — 160z° + 120z

Tensor Hermite polynomials are discussed in Section 3.5.10.

Laguerre Polynomials

These polynomials are defined by the relation

10— ;"ﬂ (e )

= (= 1)k Ly

k,n=0,1,2,... (B4.6)

These functions satisfy the differential equation
d2
|:Zd—2+(k+1—2)_+n:| Lk—o (B4.7)
and have the generating function
efzt/(lfs) x n

- = k
(=5~ & n +k)!L”(Z)’ Is| <1 (B4.8)

Orthogonality relations for these polynomials are given by

0 ! 3
/ M LELE d7 = _ |+ O, (B4.9)
0

n!
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Hypergeometric Function

These functions are defined by the series (for |z| < 1)
ab z a(a+Dbb+1)z7*

Fa,b,c;z2) =14+ ——
@hea=l+"Tnt vy o
1 2)b(b + 1)(b +2) 73
L dat D@+ b+ DG g
clc+1)(c+2) 3!
and are related to the differential equation
d? d
(1 —2)—+(—(@+b+1)z)— —ab|p =0 (B4.11)
dz? dz

where ¢ # —n, (n = 1,2, ...). The function F(a, b, c;z) is the solution of
(B4.11) for ¢(0) = 1.
The general solution of the differential equation (B4.11) is given by
o =AF(a,b,c;2)+ Azzl_CF(a +1—c,b+1—-c,2—c;7) (B4.12)
for [z] < landc #0, 1, £2,....
For large z,
re)r'tb —a r'e)I'a —»b
Flab.cio)~ ~OTC =@ 0 | TOT@=D) g gy 43
I'b)I'(c —a) I'(a)I'(c — b)

The relation of these functions to associated Legendre polynomials is given
by [for |arg(z + 1)| < 7]

Frd+m+1) (-2 11—z
P"(2) = : Flm—Im+1+1, 1,
" (2) Tl—m+1) 27T +m) m m+Il+1,m+ >
(B4.14)
whereas the relation to the Legendre polynomials is given by
1—
Pz(z)=F<—l,l+1,1;TZ> (B4.15)

Confluent Hypergeometric Function

These functions are defined by the series (convergent in the whole complex
plane)

az ala+Dz2 a@+Da+2) 7

Pa,c;z)=14+-—— — —+.-- (B4.16
@ed=It T aerna Taernerpa T B9
and stem from the differential equation
d? d
— — ) — = B4.17
[zdzer(c 9 a}fp 0 (B4.17)

The general solution of (B4.17) is given by (for ¢ noninteger)
0=A1P@, c;2)+ Ax"Pla—c+1,2—c;2) (B4.18)
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The relation of these functions to the hypergeometric series is given by
o, c;z) = lim F (a, b, c; 5) (B4.19)
b—o00 b
For large z

—ima F(C) —a F(C) Z.,a—cC
—_— —eZ

Te— a)Z @) (B4.20)

d(a,c;z) ~e
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Physical Constants

Velocity of light in vacuum

Planck’s constant

Avogadro’s number
Boltzmann’s constant

Gas constant

Volume of 1 mole of perfect gas, at
normal temperature and pressure

Electron charge

Electron rest mass

Proton rest mass

No

R = N()k/,

2.9979 x 10% m/s
2.9979 x 10'° cm/s
6.6261 x 1073* J s
6.6261 x 1077 erg sec
41357 x 1075 eV s
1.0546 x 10734 S
1.0546 x 10~*7 erg s
6.5821 x 107 eV s
6.0221 x 10?* atoms/mol
1.3807 x 1072 J/K
1.3807 x 107'® erg/K
8.6174 x 1073 eV/K
8.3145 J/mol K

8.3145 x 107 erg/mol K
1.9870 cal/mol K
22.241 liters

1.6022 x 10 C
4.8032 x 1070 esu
9.1094 x 103! kg
9.1094 x 1072 ¢
0.511 MeV

1.6726 x 10727 kg
1.6726 x 10724 g
1.0073 amu

938.27 MeV



Neutron rest mass

Bohr magneton

Ratio of proton mass to electron

mass
Charge-to-mass ratio of electron

Stephan-Boltzmann constant
Rydberg constant

Bohr radius

Triple point of water
Atomic mass unit
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M, 1.675 x 10727 kg

1.675 x 107** g

939.57 MeV
e = 5= 2273 x 107! erg gauss™
M

— 1836.1

1

£ 1.7588 x 10! C/kg
5.2730 x 107 esu/g

o 5.6697 x 1075 ergecm™2 s~ K—*
R, 109,737.32 cm™!
ao 0.52918 A
273.16 K
1 amu 1.6605 x 10724 g
931.5 MeV

Useful Conversion Constants and Units

Constants, mks units

1 electron volt

1 coulomb

1 weber per square meter
1 eV/molecule

1 entropy unit = 1 eu
1 poise (unit of viscosity)
1 bar (unit of pressure)

&0 8.8542 x 102 F/m
wo 4pi x 1077 H/m
eV 1.6022 x 1072 erg
1.6022 x 1071 7J
3.829 x 1072 cal
11.605 K
0.1 abcoulomb (emu)
2.9979 x 10° statcoulomb (esu)
10* gauss
96.485 kJ/mol
23.06 kcal/mol
N()kB = 2 cal/K
1 dyne-s/cm?
10 dynes/cm? = 0.9869 atm.



APPENDIX D

Lorentz—Legendre Expansion

In this appendix we wish to outline the precursor relations leading to (7.1.48).
The expansion (7.1.47) is formally written

FE 1, ¢) =) &' lE, )P() (D1.1a)
=1
nw=~& k=cost (D1.1b)

where hatted variables are unit vectors and P,(i) are Legendre polynomials.
The variables (k, 6, ¢) in (D1.1) are spherical coordinates of the k vector
(Fig. D.1). These unit vectors have the following Cartesian components:

k = [cos py/1 — pu2, sinpy/1 — pu2, ] (D1.2a)

L

0

Co>

\\/r¢

FIGURE D.1. In this diagram, é, R, and 0 lie in a plane and &5 lies in a plane normal
to £.

~
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=[mcose, using, —/1 — u?] (D1.2b)
& = [—sin¢, cos ¢, 0] (D1.2¢)
Furthermore,
0 0 0 A 0
— = |k— + 60— —_— D1.3
ok [ ok e TPk sm0)8¢:| (D1.32)
We choose £ to lie in the z direction so that
d ~ 0
E- —=€&|z- 60— D1.3b
dk [Z ok T2 0 T2 ¢(k s1n9)8¢} (D1.36)

With (D1.2c¢) the third term in (D1.3b) vanishes and one is left with
d 0
— = — — 1= D1.3

£ K g[“ak # kae} (D1.3¢)

With the given orientation of £ one may take f; = f;(E) in the expansion
(D1.1a). With

0 2E 0
—_—= (D1.4a)
ok k 0E
0 0
— =1 - pur— (D1.4b)
a0 ou
one obtains
d 2E 0 1—u?\ 9
E —=—|uE— — D1.5
dk k[“ 8E+( 2 >3,J (D1.52)
It follows that
d 2& 0 1—p?\ 0
E — = —|uE— — D1.5b
dk(foJerl) X |:U« 3B +( 7 )au](fO‘f'ﬂfl) ( )

or equivalently,

d 28 b b 1—pu?
g'ﬁ(fO‘Fﬂfl):?[MEﬁ-i—Min-}—( 2“ )f,] (D1.5¢)

oE oE

where it was noted that dufi(E)/0u = fi(E) and that dfy/du = 0. The first
few Legendre polynomials are given by

1
Po(w)=1, P =pn, Pp= 5(3M2 -1
) | (D1.5d)
2
=-P —P,

W=z 2 () + 3 ()

Keeping Legendre polynomials up to order [ = 1, we note that u? = %Po(M).
The relation (D1.5¢) reduces to

d 5[1 A(Ef1) afo ]+

. — =222 P+ E2p
a’ = % |39 D EGED

This relation gives rise to (7.1.48).

(D1.6)
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Fokker-Planck equation, 304, 308,
315,317, 327

Four-current, 453
Four-vector, 451

covariant and contravariant, 471
Four-vector potential, 453, 459
Four-wave vector, 453
Free energy, 518
Friction coefficient, 304, 327
Friedel oscillations, 377

Gamma function, 543
Gauss’ equation, 280, 281
Gaussian distribution, 56, 59, 173
Generalized coordinates, 1
Generalized potential (See Potential)
Generating function, 11
Goldstein, H., 455
Grad’s first and second equations,
129, 262
Grad’s method of moments, 213
Grains, 480
Grazing collisions, 301, 303
Green’s function equations, coupled,
415, 422
Green'’s functions:
and averages, 410
diagrammatic representation, 416,
440
retarded and advanced, 415
s-body, 410, 438
and Schroedinger equation, 408
Group property:
canonical transformations, 15
Lorentz transformations, 475

Hamiltonian, 4, 61, 66, 139, 254,
262,272,274, 396, 399
relativistic, 5, 455, 467
Hamilton-Jacobi equation, 248
Hamilton’s equations, 4
covariant, 455
Hamilton’s principle, 2, 76
Hard potential (See Potential)
Heisenberg picture, 339, 396, 422,
429
Hénon-Heiles Hamiltonian, 254
anti, 274
Hermite polynomials, tensor, 213, 546



568 Index

Hermiticity, 27
Hessian, 257
Heteroclinic orbit, 74
Hierarchies, quantum and classical,
table of, 402
Hillery, R. E,, 354
Histogram, bin storage, 323
Hole mobility, 369
Homoclinic orbit, 74
Honeycomb lattice, 517
Hopping, 506
thermally assisted, 513
variable range, 513
H-theorem, 166, 392, 446
Hydrofracturing of a rock, 515
Hypergeometric function, 548
confluent, 548
Hypersonic flow, 298

Ideal gas, 30, 270

Impact parameter, 142

Incompressible phase density, 24, 136

Inelastic scattering, 319

Insulators, 480

Integrable motion, 254

Integral invariants of Poincaré, 68

Integral of motion (See Constants of
motion)

Inverse scattering, 147

Toffe-Regel minimum, 512

Irreversibility, 162, 167, 240

Jacobian, 17

Jacobi’s identity, 11

Jennings, B. K., 354

Joint probability distribution (See
Distribution functions)

Kagomé lattice, 517

KAM theorem, 257, 274

KBG equation (See Krook-

Bhatnager-Gross
equation)

Kinetic equation:
convergent, 315
definition, 82
photon, 366
table of, 296

Klimontovich picture, 124, 136

Kronicker-delta symbol, four
dimensional, 472
Krook-Bhatnager-Gross equation,
96, 194, 295, 328
Kubo formula:
classical, 192
quantum, 404
Kursunoglu, B., 456

Lagrange’s equations, 3
covariant, 472
Lagrangian, 2, 60, 62, 132
relativistic, 466, 472
Laguerre polynomials, 204, 547
Landau damping, 288, 326, 377
Landau equation, 309, 315
Laplace-Runge-Lenz vector
Large-mass consistency limit, 503
Lasing criterion, 368
Lattice:
Bethe, 517
Honeycomb, 517
Kagomé, 517
one-dimensional, 522
Legendre expansion, 227, 261
Legendre polynomials, 229
Legendre transformation, 14
Length contraction, 454
Levi-Civita symbol, 538
Liapunov exponent, 257
Lie derivative, 135
Light cone, 450
Liouville equation, 22, 78, 344, 399
in non-Cartesian coordinates, 474
one-particle, 93
relativistic, 457
Liouville operator, 27, 98
resolvent, 33
Liouville theorem, 17, 276
Localization, 508
length, 510
in second quantization, 520ff
Localized states, 506
Logarithmic singularity, 295, 303
Long-time limit, 110
Long-time tails, 189, 277
Lorentz
expansion, 494
force, 5, 62



gauge, 66, 464
invariants, 453
in kinetic theory, table of, 465

transformation, 452, 475

Lorentzian form (See Spectral
function)

Lorenz

number, 373, 376

relation, 483

Mach number, 298
Macroscopic variables:
absolute, 159
relative, 160
Magnetic alloys, dilute, 515
Mandelstam variables, 465, 478
Markov process, 41
Master equation, 43, 319, 446
Maxwellian, 96, 225, 275, 306, 327
absolute, 169
local, 169
relativistic, 467, 475
Maxwell interaction, 144, 219, 221,
271
Maxwell molecules (See Maxwell
interaction)
Maxwell’s equations, 66, 459
Mean-free-path, 179
acoustic phonon, 384
estimates, 178
Measurement:
and commutators, 332
and operators, 331
Measure of a set, 241
Metal-insulator transition, 506, 510
Metals, 480
electron transport in, 369
Method of moments, Grad’s, 213
Metrically indecomposable sets, 242
Metrically transitive transformations,
242
Metric space, 133
Metric tensor, 471
Microcanonical distribution, 344
Mixed states, 341, 434
Mixing flow, 243
Mobility
edge, 506, 511
electrical, 177, 192

Index 569

electron, 369

gap, 511

hole, 369
Monte Carlo analysis, 319, 328
Mott, N. E., 510
Mott transition, 378

Navier-Stokes equations, 199
Neural networks, 515

Neutron, magnetic moment, 430
Nitrogen, viscosity, 212

Noble metals, 487
Non-Cartesian coordinates, 474
Nyquist criterion, 292, 327

Occupation numbers, 395
O’Connell, M. O., 354
Optical phonons, 379

Pair connectedness, 518
Partition function, 432
grand, 433
Pauli principle, 339, 394
Percolation, 506, 514ff
bond, 515
cluster, 515
site, 515
Periodic motion, conditional, 249
Phase average (See Averages)
Phase density averages, 125
Phonon polarization, 490
Phonon scattering (See Relaxation
time)
Planck distribution, 364, 379
Plasma:
dielectric function, 282
frequency, 113, 282, 326
parameter, 113, 304, 314
Plasma waves, 285
stable modes, 286
unstable modes, 291
Plemelj’s formula, 362
Poincaré map, 254
Poincaré recurrence theorem, 163
Poisson brackets, 10, 64
Poisson distribution, 52, 58, 69
Polycrystalline material, 480
Polymer gelatin, 515
Potential:



570 Index

Potential: (continued)
generalized, 66
hard, 220
soft, 220
Prandt]l number, 185
Pratt, W. P,, 488
Pressure tensor, 175
Prigogine analysis, 97
Principal part, 326
Projection representation, 350, 438
Proper frequency, 461
Proper time, 454
Proper volume, 463
Pure state, 341, 397, 398, 432

Quantum distributions (See
Bose-Einstein distribution;
Fermi-Dirac distribution;
Planck distribution)

Quantum-modified Boltzmann
equation (See Boltzmann
equation)

Quantum statistics, 386

Quartz, 480

Quasi-classical kinetic equation,
433 (See also Boltzmann
equation)

Quasi-classical limit, 386, 392

Quasi-free particle, 413

energy, 428
lifetime, 428

Radial distribution function, 96, 135,
448, 480
Radiation field, 366
Random numbers, 323
Random phases, 345, 510
Random variables:
definition, 47
sums of, 49
Random walk, 44, 50, 55, 187
Range of interaction, 86
Rayleigh dissipation, 304
Rayleigh’s formula, 365
Reichl, L. E., 394
Relativistic Maxwellian (See
Maxwellian)
Relativistic Vlasov equation (See
Vlasov equation)

Relativity, postulates, 450
Relaxation time approximation, 485
phonon scattering, 379
Representations:
coordinate, 335
momentum, 335
Resistivity, metallic, 481
Bloch component of, 501
electrical, 498, 501
low-temperature, 483
reduced, 504
residual, 488, 501
Resolvent of Liouville operator (See
Liouville operator)
Riemann zeta function, 544
Rigid spheres:
collision integral, 153
transport coefficients, 210
Rosenbluth-Rostoker limit, 96
Rough spheres, 273

Sample space, 47
Saxon-Hunter theorem, 523
Scattering:

angle, 140

inelastic, 319

matrix, 142, 258, 488, 493

rate, 362
Scattering cross section (See Cross

section)

Schenter, G. K., 394, 488
Schmidt number, 185
Schroeder, P. A., 488
Schwartzchild metric, 478
Scully, M. O., 354
Second quantization, 395
Self-consistent solution, 92
Self-scattering mechanism, 320
Semiconductor, 369, 480
Semimetals, 480
Shock front, 298
Shock waves, 298
Sine-Gordon equation, 70, 71
Single-crystal material, 480
Small shot noise, 53
Smooth spheres, 273
Sodium, band structure, 370
Soft potential (See Potential)
Solids: categories of, 480



Sonine polynomials, 204, 221, 224,
259, 266
Sound speed, 268
Spectral function, 409, 425
Lorentzian form, 426
Spectral theorem, 224
Spherical harmonics, 220
Spin, 338
and density matrix, 348, 430
and density of states, 371
Spinor, 430
Spontaneous decay, 366
Stable modes (See Plasma)
Statistical balance, 167, 381, 387
Stefan-Boltzmann law, 366
Stimulated decay, 366
Stirling’s approximation, 57, 544
Stosszahlansatz, 152
Strain, 176
Strain-acoustic interaction, 379
Strain-optical interaction, 379
Strain tensor, symmetric, 176
Stress tensor, 175, 203, 265, 266
Structure factor, 97, 135
Subsonic flow, 298
Superposition principle, 41, 337
Sutherland model, 211
Symmetry properties of distribution
functions, 39, 66, 73, 75
Synge, J. L., 467

Temperature, 161
Tensor:
covariant and contravariant, 472
equivalents, 539
integrals, 471
metric, 471
Thermal conductivity, 175, 185, 202
coefficient of, 483, 487, 505
Thermal speed, 169, 179, 275
Thermopower, 484
Thomas-Fermi potential, 377, 378
Thomas-Fermi screening:
distance, 376, 377
wave number, 376, 377
Thouless, D., 510
Three-body problem, 253
Tight-binding approximation, 508,
520

Index 571

Time dilation, 454

Tori, invariant, 252, 257

Transfer integral, 510

Transfer matrix method, 522

Transonic flow, 298

Transport coefficients, 174
Chapman-Enskog estimates, 210
mean-free-path estimates, 186

Uehling-Uhlenbeck equation, 388

Uhlenbeck, G. E., 204, 220

Umklapp process, 482

Uncertainty, in quantum mechanics,
333,334

Unstable modes (See Plasma waves)

Van Leewen, W. A., 449
van Weert, Ch. G., 449
Variance, 48, 161
Variational technique, 442
Vector potential, 66, 452, 466, 475
Velocity autocorrelation function,
441
Viscosity coefficient, 175, 184, 204,
211
observed values, 212
Vlasov equation, 92
for a plasma, 279
relativistic, 459, 475
Vlasov fluid, 92

Walker, C. H., 257

Wang Chang, C. S., 204, 220

Wave number of closest approach,
314

Weidemann-Franz Law, 483

Weyl correspondence, 354, 435, 438

Wigner distribution, 351, 396, 435,
436, 437, 438

equation of motion, 353, 396

Wigner-Moyal equation, 358, 399,
431

World line, 450

Zallen, R., 510

Zero-point energy, ion, 492
Zero sound, 377, 391
Ziman, J. M., 508
Zwanzig, R., 188
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