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The singlet distribution function (SDF) and the first two sum rules of the dynamic structure factor in low-
density simple fluids are computed using the formalism developed in the first paper in this series. It is shown
that the correlation-function expression for the SDF reduces to the Chapman-Enskog and Choh-Uhlenbeck
forms in the low-density regime. The leading density dependence of the sum rules in nonequilibrium
stationary states (NESS), with and without convection is given, and explicit forms for “Maxwell molecules”
are computed. The results clearly show that local-equilibrium theories 'yield incomplete results for the sum
rules in the small-wave-vector regime. The fact that time-reversal symmetry is broken in NESS yields the
new result that the first sum rule is nonzero even in the absence of convection. Lastly, the validity of the
separation of time-scale assumption used in the formal analysis is examined.

1. INTRODUCTION

The purpose of this article is to implement (and
supplement) the formal theory presented in our
previous paper! (hereafter denoted asI). The im-
plementation includes two topics of considerable
experimental importance. The first is the non-
equilibrium singlet distribution function and the
second is sum rules for the nonequilibrium steady-
state (NESS) dynamical structure factor. Fur-
thermore, we supplement the theory presented in
I by examining at low densities the separation of
time-scales assumption used in the derivations
presented in I.

The singlet distribution function (SDF) has been
a center of research activity for the last hundred
years.? The solutions of the Boltzmann equation
(or the generalized one) furnish expressions for
the SDF in low-density systems. The well-known
Chapman-Enskog procedure gives the lowest order
in density solution, whereas the first-order cor-
rection has been obtained by Choh and Uhlenbeck.
A density expansion of the solution to the BBGKY
(Bogolyubov, Born, Green, Kirkwood, Yvon) hi-
erarchy of equations was performed by Ernst,
Dorfman and Cohen® thereby obtaining explicit ex-
pressions to, various orders of the density.

We show here that the formal theory of I may be
used to obtain a time-correlation function expres-
sion for the SDF that has no obvious density re-
strictions. We verify that the low-density form of
this general expression is identical to the Chap-
man-Enskog and Choh-Uhlenbeck expressions.

The singlet velocity distribution function in a
simple heat-conducting NESS was measured and
reported recently by Baas et al.* We demonstrate
that our theory agrees, in the appropriate density
regime, with their experimental results.

The second topic considered here is the lower-
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order sum rules of the dynamical structure factor,®
for systems at low density. The sum rules of the
dynamical structure factor are measurable in ra-
diation-scattering experiments. We consider them
here mainly to demonstrate explicitly the new sym-
metry properties of the structure factor that were
found formally in I. We calculate the explicit
forms of the zeroth.and first sum rule at low den-
sity for molecular systems with a simple repulsive
interaction, and obtain an estimate of the new
terms in the sum rule. This estimate can be taken
as a measure of the importance of the new term in
the spectrum of (say) light scattered from the
NESS. We find important differences from the pre-
diction of local equilibrium theories. In the small-
wave-vector regime we find that the first sum rule,
which vanishes in local equilibrium, depends on the
wave vector as 1/k?, which is an indication of long-
range order, as is discussed in detail in the com-
panion paper. This result is valid when % is smal-
ler than the inverse mean free path A, i.e., kr

<1, and when % is larger than the wave vector
which characterizes the macroscopic gradients in
the system. ‘

The analysis of the structure factor at low densi-
ty has another motivation, in that the very impor-
tant assumption of the separation of time scales
between the quantities (B(F)C(F')(~7)) and
K™I(T, |F,; 7) that is implied by the transition be-
tween Egs. (2.21) and (2.23) in paper I may be
checked. We obtain here an estimate of the relax-
ation time of (B(X)C(F')[(-7)) and show what
are the conditions that guarantee the needed sepa-
ration of time scales.

The organization of this paper is as follows: In .
Sec. II we treat the SDF. We consider it in non-
equilibrium states with temperature gradient and
velocity field and show in each case how at low
densities our theory reduces to previous well-
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known results. Section III introduces the sum rules
of the dynamical structure factor. We discuss the
various new contributions to the sum rules and set
the stage for their explicit calculation at low den-
sities. In Sec. IV we perform the density expansion
of the sum rules. To this end, we introduce a
binary-collision expansion of the resolvent opera-
tor and resum the resulting series to obtain an ex-
plicit result in terms of the linearized Boltzmann
collision operator that is valid to lowest order in
the density. In Sec. V we work out the resulting
classical scattering problem for the case of Max-
well molecules. We find a final result which is ex-
tremely simple and fulfills all the formal proper-
ties predicted in I. Section VI is devoted to the
question of separation of time scales. A slight
variation of the density expansion technique is used
to obtain the time-domain representation of

(N3 N_-3I.(-=7)). Section VIIcontainsa summary and
concludiﬁg remarks.

II. SINGLET DISTRIBUTION FUNCTION

A. Correlation function expression for the SDF

The generic singlet distribution function (SDF)
F(T,Dp; t) is defined by?
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any particle is found
f (@&, p; )dT dp = Prob| within a volume df around
r and dp around p, at time £]
(2.1)
At equilibrium,
foo@, D) =(NO(F=T,)6(p- B, ), (2.2)

where the choice of ensemble is unimportant for
the SDF. The nonequilibrium SDF is given by the
nonequilibrium average of the same quantity,

FED D =(N(T =T, (D=0, (M - (2.3)

As was discussed in I Sec. III, .the nonequilibrium
average can be written as

(N6 = F,()) 8(5 = B, ()
=(N6(F = T,)6(D - by ()

- f” AT (N6(T - 1,)6(p - p,)
0

F, =T () +VBR(F, ).  (2.4)

As was done in Sec. IV of I [cf. Eq. (4.10)] this ex-
pression may be expanded into a functional Taylor
series, finally yielding an expression which is a
local function of the & (T, £). The result is, to
first order in gradien?s of &,

(N&(F = T, () 8B = By () yy: =(NOF = T,)6(D = By V(T )
+(NS(T = T,)8(p = ) A (T')),0(T, ) % (F' = T) + Vﬁ@(r )

= [ arwsE- 006 - Bty - S0 F, 1), (2.5)

where the symbol ( )hon(r t) denotes an average in a uniform equilibrium system in which 8¢ =g¢ (T, t).
It is easy to see that the second term on the right-hand side of Eq. (2.5) vanishes when the A’s are hy-
drodynamic variable densities. Since the average is taken over a uniform system its dependence on T’ is

via |T-1'| only. Thus the implicit integral over all T/ yields zero. We can then rewrite Eq. (2.5) as
(NO(EF = 7, () 6 = Py () s =1, (F, D, 1) = f ar (N&(F = 1,)8(p = P p(=T ) ol ) VBR (T, 1), (2.6)
(V] .
r
where (No(T-T,)6(p— p1)> =pp(p-mv), (2.9)
fo(F, b, )= p(T, D= mV(T, e p Tty - (2.7)

The quantity £, (¥, D, ¢) is the usual local-equilibri-
um form of the SDF. The singlet momentum dis-
tribution function ¢(p) is given by

o(B) = @rmk ,T)¥?[exp(=p®/2mk 5 T)] 2.8)

and we have used the fact that

where the subscript v denotes an average in a sys-
tem moving with velocity v. i
The second term on the right-hand side of Eq
(2.6) is the subject of the rest of this section. We
will examine the contributions which arise in sys-
tems which are linearly displaced from equilibri-
um due to gradients in temperature and velocity.



Thus we drop the notation { ),..(T, #) from the dis-
sipative correlation function appearing in Eq.

(2.6). We shall carry out the calculations for these
terms in the canonical ensemble.

B. Dissipative term in the SDF

The integral in the dissipative term in Eq. (2.6)
is

D=N [ (6= F)6@- B (=T) ar
0

=0 [ (0@ -B)p~TVar, (2.10)
0
where the second equality follows from transla-
tional invariance.
Introducing the propagator G () =e**, where
iL is the N-particle Liouville operator, we can
rewrite Eq. (2.10) in the form

D=p [ (4G=B)GH-TL) ar

=1lim lim pf (6(p- pl)GN(—T)ZT)e ST dt
s=0t N,V
N/V fixed

=lim Iim

s—0t NV
N/V fixed

(8B = B,)G W) , (2.11)

where we have used the usual method® to obtain the

resolvent operator
Gyls)=1/(s+iL). (2.12)

We proceed by using the notation of Hamer and

~ [ arvoE - 5,066 - B (-7 - 982 F, 1

()
=p lim
s—ot NV-o

N/V fixed

- (6= 506x(5)[3 TxiF) - 1(rr) - (2) 2 +(2

-

where in the second equality we used the explicit
form ofI and where the D’s are defined by Eq.
(2.11). Here D is the traceless part of D

We adopt the conventwnal notation?

YO@) =k, TAO®P) . (2.18)
It was shown in Ref. 7, Eq. (2.3), that
= 2 5\ p
©-_(__2 2)\.P
oA (2kaT 2) m’ (2.19)

=D, -VB(F, ) -L,: VBV(F, #)— 3 TrD,v - BV(F, 1),
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Oppenheim,” and rewrite Eq. (2.11) as

D=p [ db,8(6-5)9G.)¥ Gy, 0)=p9B)¥ G, 0),

(2.13)
where
(pl,p) lim lim dp¥t
s—=0t NV -ow
N/V fixed
N - .
x qu(p,w”(o [07G () |0), (2.14)

¥ is the N-particle coordinate space distribution
function, and

- - 1 N =T
(@¥lo]q") = =5 fdr”e ¥ pia®er ¥ (9 15)
for an arbitrary operator O.

In Ref. 7, it is shown that DX(BUP) can be density
expanded to yield

pY(Py, ) =Y OB ,) +pY D(B,)+ -+, (2.16)

where, for repulsive forces, Y(® and Y ¥ are sol-
utions to the appropriate integ_ral equanns (de-
pending on I,) of the Chapman-Enskog and Choh-
Uhlenbeck form, respectively. For attractive po-
tentials, the integral equation for ¥‘© remains the
same and the mtegral equation for ) Y™® is mod-
ified.”

The contributions to the dissipative term in Eq.
(2.6) arise from temperature gradients and veloc-
ity gradients. In order to make contact with pre-
vious work we rewrite this term in the form

lim  {(6@-5,)G y(s)j 1)+ VB, )= (6(3 = 56 y()T = & Tr(™]): VBV (F, 1)

) E] >$ BVE, D)
P

(2.17)

where the linearized Boltzmann collision operator
is defined by

2B, =- [ d, [ bdbj;n @b (5, Er;qﬂ_

x{B(®,)+B(®,) - BO}) - B@})},

(2.20)
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where B(p) is any function of p, b is the impact pa-
rameter, § is the azimuthal angle and the super-
script x denotes the value of the quantity before the
(12) collision which gives final momenta 51 and 52
Note that the operator £ defined here differs from
that in Ref. 7. There is an unimportant difference
in sign and in the location of ¢(p,) in the two opera-
tors. .

Again, we use the conventional notation?

YOP) = £, TBO®), (2.21)
and find from Eq. (2.21) of Ref. 7 that
BOYDY = pp - p* ‘)
£BO®) (kaT sF 1) (2.22)
Finally, we find that ‘
TrY{®=0 (2.23)

(see p. 224 of Ref. 7).
Combining the results of Eqs. (2.2), (2.6), (2.17),
(2.21), and (2.23), we find

f(;y 5, t)=fL(; 5! t)
. +Jeq( yp)(

-VInT(T, t)

B‘°’(p) _,’ t))

which is valid to lowest order in density and to
linear order in deviations from equilibrium. The
extension to all orders in @ and linear order in
333 is discussed in Ref. 7. The results are

F&E D, =1 (F,p, 1

o (1 . A0 -mx*z(f, £)) VInT(F, ¢)
p(r, t)

BB - mv(F, t))
+ -———-—-—-—
o(F, £)

which is valid to lowest order in density and linear
order in 332. In this expression, the tempera-
tures which appear in Eqs. (2.19) and (2.22) must
be replaced by T(r, ¢). Equation (2.25) is the
Chapman-Enskog form for f(T, p, ¢).

The extension of Eq. (2.25) to next order in the
density is readily carried out using Ref. 7. For
repulsive forces, the results are in agreement with
Choh and Uhlenbeck. For attractive forces, with
bound states, the integral equations for YV are
given in Ref. 7. .

As mentioned in the Introduction, the SDF has
been measured recently for a heat-conducting sta-
tionary state by Baas et al.* They report very good
agreement with the form of Eq. (2.25) in the ab-
sence of a velocity field.

In summary, we have shown in this section that
our correlation-function expression for the SDF

AOp)
P

(2.24)

VO (E, t)) (2.25)
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reduces to the usual kinetic theory expressions at
low density. We have demonstrated this explicitly
for the Chapman-Enskog solution and indicated how
the usual Choh-Uhlenbeck corrections appear. It
should be stressed that the correlation-function
method is not restricted to the low-density regime
and thus our result for the SDF does not have ap-
parent density limitations.

III. DYNAMIC STRUCTURE FACTOR: SUM RULES

We now turn to considerations of the dynamic
structure factor in stationary nonequilibrium sys-
tems. As was mentioned in the Introduction, this
is an experimentally measurable quantity and plays
a major role in the scattering of light, neutrons,
etc. from fluid systems.®

As was shown in I, the dynamic structure factor
can be written

St (F)=SENF) + SE,(F) + W, (7, (3.1)

where the various terms in the above expression
were defined in Eqs. (4.19a)-(4.19c) of paper I. As
was discussed in paper I, the first term is just an
equilibrium dynamic structure factor in a uniform
system where 3@ =B&(r). The second term is a
nonlocality correction to the first term and has the
same w symmetry.

The last term in Eq. (3.1) does not correspond to
any equilibrium like phenomenon, and represents
a coupling to the dissipative currents present in
our system.,

Many of the new features embodied in Eq. (3.1)
may be found by studying the sum rules, or mo-
ments of Sz, (¥). The jth sum rule is defined by®

P0) =5 [ dwliorsi @, (3.2)
SP) = (SEENDH(SFEN W), (3.3)

where the symbol P denotes the Cauchy principal
value of the integral and where each of the three
terms on the right-hand side of Eq. (3.3) arises
from the sum rule associated with the correspond-
ing term in Eq. (3.1).

Use of the definition of the time Fourier trans-
form and Eqs. (4.19) and (4.15) of paper I yields

- 1
(SEEND= = (NP ) (3-42)

(7

n ot T 3<N'. N. )hom .o =
(SPEN= g ;- (ML D) ),
(3.4b)
and
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W{;ﬁ( r)=- -2—117 dr ([N‘;“N-; +(=1)n;N 2]
0 -
X L(-7) - VB&(F).  (3.4c)
In this last expression,
»_(& . )
Ny (G Ni) (3.5)

and only linear deviations from equilibrium are
considered.
To this order

(SN D= o NN+ N g A Be(E).

(3.6)

Using equilibrium time-reversal symmetry, it
may be directly verified that for even j (SF (F))
is, to linear order, equal to the same equilibrium
moment in a System which is uniform, at rest, and
has chemical potential and temperature equal to
those of the system at point . For odd j the first
term on the right-hand side of Eq. (3.6) vanishes
and only couplings to momentum survive in the
second. In fact

om, > ) - -
(SEEN 0= L (v N B, 6. (3.7)
In particular, for j=0 o
Om,— 1 >
SF @)= 7NN DE T (@). (3.8)

Of course these odd moments vanish in the ab-
sence of flow, and are responsible for the Doppler
shifts associated with light scattering from moving
systems.

- From Eq. (3.4b) it follows that

. (€2
a (.‘)=_z- —.-. -a—sI-l—ﬂe 7 r
Sk (NP=y Vi [( Y )e,;vVB ()
(€2
- oS¢ eq) o, b b
( 28 B“’vvﬁ =(T)

+ (NN 3B, -ﬁV(F)?z] , (3.9

where St is the equilibrium jth sum rule. The
first two terms in Eq. (3.9) vanish for odd j where-
as the last is zero for even j. When j=1 this last
expression becomes

(SN0 =- 5 (;E (PeN-tPp) -;asme)
= o Fp - KNEN.D T, G -TED] . (3.10)
Noting that ¥ -7(¥) =0 in the steady state, and that
AN = [ dFyy explif - s ){0®() - 0} 40,
‘ £+0, (3.11)

where p®(T) is the equilibrium pair distribution
function. Equation (3.10) becomes

SE@NV==V(E& V) V7 LIEZ_JYI};Q

(SF @YD =T [E-TD)] - [ dF,, explik -y

x ?12{0(2)(512)‘ Pz}- A
(3.12)

Since p®(t,;) - p? vanishes for I, larger than some
microscopic correlation length x_,, we see that the
contribution of Eq. (3.12) to the first sum rule is of
order k0% and is thus negligible. One may pro-
ceed in a manner analogous to that used above to
verify that all the contributions of Eq. (3.9) to the
lower-order sum rules will be at least of order
p2kx, and may therefore be neglected. The physi-
cal reason for this is that the low moments are
characteristics of short-time phenomena and there-
fore probe only small distances. Thus the effects
of the gradients are not felt.

The analysis of the W‘ij)(f) does not proceed in the
above manner, since they do not correspond to any
of the usually studied correlation functions. How-
ever, they can be density expanded and this is the
subject of Sec. IV,

We may, however, again use symmetry under
inversion to show that the contributions of (3.4c)
to the various sum rules are the following: when
j is even,- coupling only to fE need be considered.
When j is odd, only the correlations involving fp
survive. Thus the analysis of the contributions of
Eq. (3.4c) separate naturally to the cases with and
without a velocity field. In the next sections we
evaluate the contributions to the low sum rules
that arise from Eq. (3.4c) for systems at low den-

sity.

IV. DENSITY EXPANSION OF W{’(?)

In this section, we evaluate the moments W‘;j)(F)
at low density, Since they involve equilibrium
time-correlation functions, any of the standard
techniques for generating the density expansion
may be used. We will use the resummation tech-
nique first developed by Zwanzig® for the density
expansion of the self-diffusion constant.

In what follows, many of the technical details are
similar to those appearing in Kawasaki and Op-
penheim’s®*!? treatment of the shear viscosity. As
will soom become apparent, calculation of all the
moments is beyond the scope of this work and thus
we restrict ourselves to the first two.
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A. Temperature-gradient term
From Eq. (3.4c) we find that

1
W‘;{’EE—V-[ dr (NN +(=1)NgN'E ]

XIE(—T)) - VB(F). (4.1)

For even j this term vanishes by symmetry (cf.
Sec. IV of I). Since it contains the equilibrium
average of a vector, the term is odd in k under in-
version, On the other hand, by inspection, it is
even in kK when j is even, and thus must vanish.
The contribution to the first sum rule does not van-
ish. As before we write it in the form

(1)

- ik . - .
Wi s ()= o f dr (BN 4G (=g, 5) - VB(F)
0

>

- lim m—kv (BiN_3C y(s)p, 0 - VB, (4.2)
where again GN(s) is the resolvent operator de-
fined in Eq. (2.12).

It is to be understood that in Eq. (4.2) and suc-
ceeding equations, the thermodynamic limit
(N ~o, V=, N/V fixed) is to be taken before the
limit as s~0*. Using the fact that the particles
are identical, and the definitions of N% and Py
gives
Wi p@)= lim 2 . [(V5,6

s—ot mV

N(S)-fr ,E>
+H(N = 1) B, 712G (s, )] - VB(E) .

(4.3)

The first term in the last expressmn vanishes be-
cause Np, is equivalent to PT in the average and
this is both conserved and orthogonal toI For.
k #0 we may replace the grand canonical average
by a canonical one. This gives

W (r) lim LpN 1)« [ ar¥ dp” p¥(x¥)

s—o*

x Y1o®)Bre'™ s (s, 51+ 96,
(4.9)

where
P”(F”)se'B”‘?N’/fd-f”e'B”‘;N’. (4.5)

In addition, to leading order in the density we may
take

. .
Ip,e= ;P;/m[ﬁ/m— 2kpT]. (4.6)

As is usually the case the explicit potential terms
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appear only in the first density correction. Noting
that

p¥(FN) =V~ ”Ze 1N NGy 4.7)
where
M= [direl o),

61+.62+"'+6N=:61 (4.8)
we find, by using (4.4), that

Kp(N - 1 e
Wi p(F) = lim "p(m )-nydp”p”(q”)
q

s—>0*
x 1T 66)5:(@ - K, & +E,316,4(s) | 59
=1
X(1+@,+(N=-2)¢,;)
B (p] s .Sa(F
X[m (Zm $koT) |- VBE),  (4.9)
where we have used the notation of Eq. (2.15) and
introduced the partlcle exchange operator, ®,,
which replaces p, by pj

For convenience we define the operator G(s), an
operator on the momentum space of particle 1, by

S(s)=(N-1) Zjdpzv 15N

x ﬁ 0BG K, & +E, 877G y(s) [0
=3

X [1+ @p+(N-2)@,,)], (4.10)
which allows us to rewrite Eq. (4.9) as
W (r) lim 22 dp; ¢(B,)D, 8(s)
s—o* .
5 -
x[%(—é’—; - ]S
(4.11)

‘At this point the binary-collision expansion for
the resolvent is introduced,® that is,

G x(8)=Gyf S)—ZGOT Go"‘ Z GoToGoTyGo= """,
&Ly

(4.12)

where the sums are over all possible pairs of par-
ticles with the proviso that consecutive identical
pairs are forbidden. The reader is referred to
Zwanzig® for a discussion of the properties of the
binary-collision operator and of G,(s), the free-
particle resolvent operator. The important prop-
erties of these two operators are as follows:

(i) Any matrix element of Ty, i.e., (§"|7,/q"¥)
is proportional to V™! in the thermodynamic limit,



19 STATISTICAL MECHANICS OF STATIONARY STATES. II. ... 1313

(i) @ T,,la'M ~a@" % - §'¥2)a@,; +q,- 4} - q)),
where A is.a multidimensional Kronecker 6 func-
tion, '

(iii) (@¥Golq"™) = gl@™)a(@” - q'¥), where

£@") =(s+igq" -p¥/m)™*. (4.13)
(iv) The following equation holds
£=-lim [dp,p@,) 0| VT, |0)1+6,), (4.14)

s—>0+

where £ is the linearized Boltzmann collision op-
erator defined in Eq. (2.25);

(v) The matrix elements (q¥|7;,|q’") are opera-
tors on the momentum space of particles (ij). They
give zero when they act on any quantity conserved
in an (#7) collision.

(vi) The following equation holds:

Tyy==0;1;+04;GoT;==0y;+T;Goby; (4.152)
where
U(T, - T,) ( 9 0 )
9, == ——t 47 ~ . 4.1
i1 aF,-T) \oB, ob; (#.158)

Note that property (vi) imples (v). As a final re-
mark, we note that for systems interacting via
shor(tl-)range forces, the leading density dependence
of Wi, z(r) can be found by neglecting all statistical

correlations. That is,
p¥(EN) =V ¥,

or
pY@") =a@"). (4.16b)

Substituting Eqs. (4.12) and (4.16b) into (4.10) al-
lows us to rewrite the latter as

(4.16a)

-_— > N - - - > > - > )
g(s) = LNTL) f e 111 (,,(pj)(_ (=K, B |Gy Ty | 0)(1 + @) + (N = 2)[(-E, E ]GOTuIO)% 07,101+ @)

>

- =1 - -
+(-k,k I GoTy2 ,O)‘; (OI Tos IO)((Plz +G}13)

+ ("E’ k: 6' GoTzs I _Ey 6’ k)("l-;’ 67 E’GoTls I 6)(1 + (P]_s) - ') s

where we have not written out any of the terms con-
taining more than two T operators or three par-
ticles. In obtaining this expression use was made
of the conservation rules assgciated with the 7" and
G, operators [cf. properties (ii)-(iii) above] and
the fact that the right-most 7" must involve parti-
cles 1, 2, or 3 [this follows from Egs. (4.15)].

Examining Eq. (4.17) we see that each term di-
verges as s—0*, Further, property (i) shows
that a term containing » particles is of order p""!
in our expansion of G(s), in the thermodynamic
limit. Special attention must be given to the last
four terms appearing in Eq. (4.16). For example,
using property (iii) gives

p%(-K,K, 0|VG,T,, | K, K, 0)
X(-K, K, |G VT, |0)(1+@;,)
=028, (-K)(0| VT4, [0)
X g (K)O0| VT, |0)(1+6,), (4.18)

>

0l
6' GOT13 ' 0’ k’ - E)(a, k’ -E,GoTzs ' 6)((913 +6>12)
0/GoTys| K, K, O)(-K, K| GoT15 [ 0)(1 + @,5)

>

(4.17)

where for ka <1 (a is the range of the potential) we
may neglect the 2 dependence of the T matrix ele-
ments and

g, &) =(s +iK - (B, - p,)/m)*. (4.19)

Equation (4.18) and (4.19) show that, as s—0*, the
fourth term in the expansion of G(s) is roughly
speaking O(p2/sk?). For high &, this is a weaker
divergence than the other s™! term in Eq. (4.17).
On the other hand, as k-0 the “strength” of this
term increases, and it may be larger than the
terms with the same s dependence. In this work
we are interested in both the high- and low-%
regimes and thus we are forced to keep all the
terms which appear in Eq. (4.17).

Let us examine some of the other terms which
occur in the binary-collision expansion of g(s).
One of the three T terms is
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("E, E, VGolecoVTmGole !6)

_.pz
s
2 ->
s glz('k)z 7
q
X(alVTlala)glz(a_E)(6|VT12’6)
~0(p?/sk), as s=0*,

(61 VT12 I—G)‘glz(a" E)

(4.20)

This is an example of a correlated collision term.
The sum over q “protects” the g,,(q—K) and a
weaker divergence results (see Refs. 6 and 12 for
a more detailed discussion). To leading order in
density we may thus neglect the correlated colli-
sion terms (i.e., terms containing sums over in-
termediate wave vectors).

A second class of terms is that beginning with a
T,;; not involving either particle 1 or 2. Using
property (iv) and the fact that the kinetic energy is
conserved in a completed collision, it follows that
these terms have a weaker s divergence than those
which begin with 1 or 2 and thus do not contribute
to leading order in density.

The remaining terms in the binary-collision ex-
pansion of g(s) contain no intermediate wave-vector
sums and begin with a 7 involving 1 or 2. A given
term will factorize into two parts. There will be a
series of G,T matrix elements in which the wave
vector k appears on both sides, such as in
(-k OlGoTlsl—k k,0). _Then there will be a fac-
tor ( —kIG T, |0) followed by factors in-
volvmg only 0] Ty |0 As was discussed above,
for small &, all of these terms are non-negligible.
The terms involving 2 matrix elements are known
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as “ring collision terms” and have been extensive-
ly studied'® within the context of the long time tails
and the logarithmic terms in the density expansion
of transport coefficients. The methods used there
to resum these terms may be used here. In what
will follow we use the method outlined by Kawasaki
and Oppenheim.!?

By introducing the operators A, (i), A,(i), defined
as

A(DA Efd;’)S(p(ﬁ?,)VGoTwA (4.21)

and

AD)A= [d, 6BIVGT E A, i=1,2,  (4.22)

one can show' that any term in EBq. (4.17) is equiv-
alent to a term of the form

fodoi

XA, (@)VG,Ty, | 01 +@,)
x@[a,,(1)--A, (1)]0),

where

(__ e 41

st —E,EIA,‘I(Q )

(4.23)

u,v;=lord, i=1,...,n, or1l,...,n’,

a;=1or2,
and where the terms with # or »’=0 are included
(i.e., those without A’s in either factor). Summing

over all possible values ofn, n’,{u}, {v}, and {a}
gives

g(s)=_pfd52 B)(=K, K| [1+pGo(A,(1) +A,(1) +4,(2) +4,(2)] VG, Ty, | 0)

x (1 + 6’12)(51 [s+ps(A,;(1)+A,(1))]? 10).

Defining a Boltzmann collision operator for par-
ticle ¢ by

£y= lim — [ df, 9@)0| VT, 01+ €,),  (4.25)

s§—>0
neglecting the 2 dependence of the T matrix ele-
ments appearing in Eq. (4.24), and using Eqgs.
(4.21), (4.22), and (4.19) shows that

- - 1
§(s)==0 [ a6 @) SR e
x (ﬁlvrm,[m(lwm»—;%)z— . (4.26)
1

In arriving at this last result, we have used the

(4.24)

fact that to leading order in p the s dependence of
the T matrix elements may be neglected. This
corresponds to dropping partially completed colli-
sions, a higher-density correction.

The phys1ca1 significance of the operator
(s= & (D, — B,)/m—p&, +pL,) ! is clear. It is
simply a free particle propagator for particles
(1, 2) which is modified by collisions with other
fluid particles. As we shall demonstrate below,
the appearance of the pg, +pg, in this operator ac-
counts for the collisional damping associated with
a collective motion of wave vector kK. For small
wave vectors this can be quite important. On the
other hand for large k, that is, k greater than the



inverse mean free path, the collision terms are
_ unimportant and Eq. (4.26) becomes
s=ik (p,-p,)/m

S(s)=—p f db,
- - 1
x@©O|lvr,, |0)1+®,,) ——
O|VTy, |01 +6y,) s—pL, ’
k>>pa2 (4.27)

where the correction introduced by neglecting the
bath collisions is of higher order in density.
Combining Eqs. (4.26) and (4.11) yields

(1)

lk. - - > - -
Wip=+ 2= -fdpldpzpl¢(pl)¢(pz)
o 1
0%~k - (p, — p,)/m = pL, = pL,
X Fg(Pyy By) (4.28)
with

Fp®,,0,) = =p(0| VT, [0)(1 + @y,)
1 b (B3 =
— 1 B(P; s .
x 0" = pgL, m(2m 2k3T) vB(r)
(4.29)

and where the s -0 limit has been taken. Note
that T g is orthogonal to the conserved variables
(collisional invariants), and thus £; i » is well de-
fined. Proceeding in the manner®:*? used to show
Eq. (4.14) one may easily verify that

~0|VTy, [0)(1+€,)f(B,)
- BBl [T [T ay (56 +r )

-F®r =761,
(4.30)

where £(p,) is any function of p, and the notation is
as in Eq. (2.25). Using this fact and Eq. (2.19)

shows that
kT f bdb
(V]

FolBy, )= Bo e
xf dap [A9(,) +AO(p,)
0

- Ko@) - K pn)- (),

(4.31)

where A(p) appears in the correction to the SDF
in the presence of a termperature gradient. For a
given molecular interaction, the functions K“”(B)
can be computed using a variety of techniques. In
Sec. V we shall carry this out for Maxwell mole-
cules.

In order to compute the integral appearing in Eq.
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(4.28) we introduce an auxiliary function,
Qz(Dy, D,), which satisfies

[ e Iji. . (EL;;—pz')— Pfq - pecz]QE(Eu 52)
7 =FE(51-’ 52)

where Qg also depends on p and K. Postponing the
actual solution of Eq. (4.32) for a moment we see
that

(4.32)

(1)

Wig= 22 [ G5, db, 65,055, Qs(B1rBa), (4.33)

where Eq. (4.28) was used. This shows that once
the solution to Eq. (4.32) is known the calculation
of the first sum rule in the presence of a tempera-
ture gradient reduces to evaluating an integral.
Before turning to Eq. (4.32) we analyze the velocity
terms.

B. Velocity-gradient terms

The analysis of the V terms proceeds along the
same lines as the VT ones. As was discussed in
the preceding section, only even moments arise
from the velocity gradients. The contribution to
the zeroth sum rule is nontrivial and may be writ-
ten

0 1 « - -
Wi === fo dr (NN 1T, 3(=7) : (BV(F)

==p lim (N- 1)(e”‘ ’12G,,(srr 0 Vﬁv(r)

s—o+

where we have used particle identity in obtaining
the last equality.
As was shown in Sec. II, we may take

7, 53 (Be - 220)

'I'.F y m 3m (4034)

at low densities. Proceeding as in the case of the
temperature gradient, we find

Wi s =-p lim ]‘dﬁlrp(ﬁl)s(s)
50

(4.35)

<[BE - 4 v,

Using Eq. (4.27) for G(s) allows us to rewrite Eq.
(4.35) as:

Wi @) =—p [ db, db, 9(5,)9(5,)

X[0* = 4k - (
><F§(p1,p2),

pz)/m pLy - pLy )™
(4.36)

where
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- - > - 1
FF(pl,pz)E“P(olTuV'O)(l+(P12)m:
BB _ 21 7). zens
x( el v 1). vBV(T) (4.37)
=-\——?~pl'p f bdb
m ()

x [ "W BOG,)+BOG,)
- BO®G¥) - BORGE)]: W(F).
(4.38)

The last equality follows from Eqs. (2.22) and
(4.30). Introducing the function Qz(p,,p,), defined
by

(0" -k - (51 - Ez)/m" pL,; - Pucz)Qﬁ(Bv 52) =FF(51’ 52) ’
(4.39)

allows Eq. (4.36) to be reexpressed as
wis==p [ db, b, 9F)9 G 6orB) . (4.40)

Again, @ depends on p and K. Thus, as was seen
in the case of a temperature gradient, the contri-
bution of the velocity gradient to the zeroth sum
rule involves the solution of an inhomogeneous in-
tegral equation, Eq. (4.39). Once this is accomp-
lished, the evaluation of the sum rule reduces to
performing some integrations.

The remainder of this section is devoted to solv-
ing Eqs. (4.32) and (4.39). '

C. Functions Q.(d,,B;)

The remaining nontrivial step in obtaining the
sum rules is to solve Eqs. (4.32) and (4.39). That
is,

(S_ ik.'(ﬁl—52)/m_p£1_p£2)Qu(519 52)
=F,(py,0,), @=E,P, (4.41)

where for a later application, the Laplace trans-
form variable s has been reintroduced. In any of
the sum rules, the limit s—0" is to be taken once
Eq. (4.41) is solved.

The exact solution of Eq. (4.41) for any 2, s, and
interaction potential is, if possible, an extremely
difficult task. Fortunately, approximate solutions,
valid for the high-and low-% regimes, are not too
difficult to find. By high- and low-% regimes, we
mean those where the streaming or collision terms
on the left-hand side of Eq. (4.41) are more im-
portant. Roughly speaking, the parameter which
determines the regime is k(k,T/m)Y2/px, where
is one of the nonzero eigenvalues of the linearized
Boltzmann collision operator. When % is larger

than the inverse mean free path, k(k,T/mY2/px>1
and the effect of collisions is small (in fact it is the
same size as the higher-density corrections to the
sum rules). On the other hand, for k’s typically
found in light scattering, this parameter is small.

As we shall now show, the size of 2 determines
whether a hydrodynamic (small-%) or kinetic
(large-%) behavior is found.

When % is large, the collision terms in Eq. (4.41)
can be omitted, and the resulting equation is then
trivially solved:

Qu(Dy, Dp) = (s =K - (B, = ) /M) *Fo(By,D;),  (4.42)

[cf. Eq. (4.27)]. For a given interaction potential,
Fo(p,, ;) can be found [cf. Eqs. (4.31) and (4.39)]
and the sum rules computed using Eqs. (4.33),
(4.40), and (4.42). This procedure is carried out
in Sec. V for Maxwell molecules.

When % is small a different approach is used. We
consider the eigenvalue problem.

(é s—ik- 51/7’”‘ P£1)‘I’j(51) = (% s+ w/)‘yj(ﬁl) . (4.43)

In Appendix A, we show some of the formal prop-
erties of the operator 3s— ik -p,/m— pg,. The
most important property is that the eigenfunctions
{¥,} are orthonormal in the sense that

fd§1 ¢(B:) T B, (5, =4y, (4.44)

where the symbol * denotes complex conjugation
(not to be confused with the value before a colli-
sion).

Writing

Qu®1rB,)= 2 Qulis DY, (B,)¥H(E,), (4.45)
3.1

and using Eqs. (4.41), (4.43), (A2), and (4.44)
gives

(s+w,+0)Qu(f, D= [ dby B, 6(F,)9(:)

X W¥(P,)¥ (D, Fo By, D)
=F.(4,10). (4.46)

Thus solving (4.46) for Q,(74, 1) and using Eq. (4.45)
yields

Q)= 2 STl WEIVIG) @D
which may be used in either of Eqs. (4.33) or
(4.40) to compute the appropriate contribution to
the sum rules.

While being an exact result, Eq. (4.47) is not
useful unless the eigenfunctions and eigenvalues
are known. Since we now consider the small-&
regime, the term proportional to % in Eq. (4.43)
can be handled using perturbation theory. That is,
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the eigenfunctions and eigenvalues are expanded in
a series in k:

=W+ WP +REWP + - o (4.482)
and
T,(0,) =¥ 7(p,) +-¥ (B, + - - - (4.48b)
The lowest-order terms satisfy
PL ¥ O(P,) = —w T, (4.49)

which shows that to leading order the {¥{”(p,)} are
eigenfunctions of the linearized Boltzmann colli-
sion operator, or

TOp,) =S,(p,), @i¥=—px,; (4.50a)
where
£5,(0,)=1,5,®,). (4.500)

The eigenvalues 2, of the linearized Boltzmann
collision operator have the property that they are
real and nonpositive. In fact, unless S,(p,) is a
collisional invariant they are strictly negative.

For the collisional invariants, A;=0. This is an
extremely important point, since it means that the
terms in Eq. (4.47) where both j and I correspond
to collisional invariants go at least like k™! as &
-0 (s = 0* having already been taken) and should
thus dominate in the small-% regime. As we shall
show below, the most divergent terms are propor-
tional to 22 and give a nonvanishing contribution
to the sum rules.

The various corrections terms in Eqgs. (4.48) are
found by expanding

¥§0= 3 SuBIC ), (4.51)
where it should be remembered that the zero-order
eigenfunctions {S,} satisfy the orthogonality re-
quirement, Eq. (4.44). Using Eqs. (4.51), (4.48),
and (4.44) in (4.43) gives, on equating the coeffi-
cients of each order in k&:

1
(@@ +pA,)CLM(5)+ Y, Wi CLH ()

i=1

+ ZU"' cyiTi(j)=0, (4.52)
n =0
where C{(4)=0 for 1<0 and
ik e
Upm = 2+ J @B 9BISEGIBS, B) . (4.59)

This is completely analogous to perturbation theory
of degenerate states in quantum mechanics.

As was mentioned above we require only the cor-
rections to the collisional invariants since this
yields the most divergent part of @,. In fact, in
order to find the leading & dependence, it is suf-

ficient to compute w to second order and only the
C(j).

The collisional invariants are chosen in the usual
fashion:

So(By) =1 (4.54a)

S,(By) = —%;,:—’;BT—) (4.54b)
and

52,3,4(51) E51/(kaT)1/2 . (4.54c¢)

In addition, the x axis is chosen to lie along k.
Using Eq. (4.52) for the collisional invariants
yields

w®=0, C(j)=0, n>4, j<4,

and

w<1>c<°> Z UpnCiXj)=0, n<4. (4.55)
Equation (4.55) is an eigenvalue problem. Using
Egs. (4.55), (4.54), and (4.53) gives for the five

solutions of Eq. (4.55)

wg=0, C€*(0)=[0,0,0,1,0], (4.56a)
w®=0, C(1)=[0,0,0,0,1], (4.56b)
wgh=0,C™(2)=(3)2[-(3)2,1,0,0,0], (4.56¢)
and
wgn ilco (0)(3 4)= _‘/i_z_ [(%)1/2’ (3)1/2’5:1’0,0] ,
(4.56d)
with
co=(% kyT/mV? . (4.57)

Note that Eq. (4.57) is the low-density form of the
adiabatic sound speed, and that the eigenfunctions
given by Eq. (4.56) are orthonormal. The first two
are just the transverse velocity modes, the third
the heat mode, and the last two the longitudinal
sound modes as are found in the hydrodynamics of
simple fluids, at low density.

By examining Eq. (4.52) for /=2 one may easily
show that

4 © 4 1
WF= 3 33 CRNn n, 53 Unan CUI)s
=0 ;=5 g=0 ny

j<4 (4.58)

where the zero-order coefficients are given by
Eqs. (4.56). Returning to Eqs. (4.47) we see that
the leading k dependence is found by taking
4
¥,(6,)=) CO5)S,B,) (4.59)
n=0

and using Eqgs. (4.58) and (4.56) for w,. This gives
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Qa(BUBZ) = i: (s+w;+wf)™*

Fal=
x [ db; a5 BB FoBY, B2)

X

M-
Mi&

CRHC LA S, B)S, (Br)

3
5
1
o
ISy
W
o

e
M

o o e
c,§3 >(z)c;4’(l)s"3(p2 )s,,s(pz) .

1]

[}

b):
1
o
b:

(4.60)
Using Eq. (4.60) in Eqs. (4.33) and (4.40) gives

(O piE

4
ke= (w; +wf)™ Z: (mk 5T )/?

7.1=0 ny oty =0
x [ d, b, $B)oBIF5 ., B)

x snl(B 18, ( B, )CX ACEAD)

x CLO(H)cNl), (4.61a)
2 \J)bo

and

© 3 *)-1
Wk,p--z (w;+ w¥)
1,1=0

4
x 3> | dby dbs 65)¢@)Fs By, Br)

My ang=
XS, (P, )8"2(52)
X c:,g)( j)c:,";(z)cg,"’( HCEA), (4.61b)

where we have again used the orthonormality prop-
erties of the S;(p). This form is valid for small &.
Alternatively for large 2 Eq. (4.42) is used in Egs.
(4.33) and (4.40), thereby obtaining

&)

- ~ = pyo(D)o(D.
f,E:pzk'fdpxdpz Op (2,)9(E,)

& (s By) Fz(py, z)

(4.62a)
and

(0)

W‘ﬁ,i?:—pm fdﬁldsz ¢(P1)¢(p2)F§(p}_,Dz)

0*— Z'E‘(Ef'pz)
Equations (4.61) and (4.62) depend only on the fact
that the density is low, and that the interaction po-
tential is short range. Unfortunately, one still
needs to consider the details of the scattering prob-
lem and the spectrum of the collision operator for
each choice of interparticle potential. In Sec. V we
carry out this task for Maxwell molecules.

. (4.62b)

V. SUM RULES FOR MAXWELL MOLECULES

In this section we shall compute the value of the
sum rules at low densities. We choose a particu-
lar form for the interparticle potential?:

Ulr,;)=e/?y;, €>0, (5.1)

which is often referred to in the literature as a
Maxwell molecule potential.?®’This choice is mo-
tivated by the simple solutions of the linearized
Boltzmann equation which result for this potential.
The qualitative features of the low-density proper-
ties of molecules which interact via other poten-
tials are known to be similar.?

The main advantage of Maxwell molecules lies
in the fact that the eigenfunctions of the linearized
Boltzmann collision operator have a very simple
form. In fact, they are given in terms of Sonine
polynomials.? Further, the eigenvalues are known
exactly. For our purposes we require only the col-
lisional invariants and the eigenfunctions corres-
ponding to two other eigenvalues:

2/ b »2 ___5_)
(2)V2 (kaT)llz(zkaT 3/ (5.2a)

with eigenvalue 1, ;, and
pxpy’pxpg’pypz
GPapi- 190, 202 -p0) P

with eigenvalue A, ,. The eigenvalues ), , and A, ,
are

(mkgT)™2 (

A1 =—4mA®(4)(e/m)V? (5.3a)

and
N2 ==BTAP4)(e/m)V? . (5.3b)

The quantity A®(4) is given in Refs. 2(a)-2(c) and
equals 0.308. Note that the eigenfunctions given in
Eqs. (5.2) are orthonormal, both to themselves and
to the collisional invariants.

Since the tensor (pp - 4 p*1) is a linear combina-
tion of the eigenfunctions in Eq. (5.2b), it is a
simple matter to use Egs. (5.2) to solve (2.19) and
(2.22) with the result

o) 1 p2  BE,T\ b

O Ve = [ P1 _ ORpl) Dy

A®py) kBT)\l,l(Zm 2 )m (5.42)
and

=0y 1 B;p 1 pi ")

OB Y= — = (BB 1 P37

B®(p,) kBTAO.z(m 3 m 1).  (5.4b)

Using this last result, we show in Appendix B,
that

FE(ﬁl’ 52) ="(3ﬁ c.m /mz) * (512512 - %P?z I) * —Vbﬁ (5.53.)
and
F3(By, B;) =~ (4/m)B,0, - § 1p2%,): VBV, (5.5b)

where the (1, 2) center of mass and relative mo-
menta are defined by

Ec.m‘ EE1 +§21 512 E%(El - Ez) . (5.6)
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As a final preliminary remark, we note that
Dy Sa(x), n<4 can be written as a linear combina-
tion of the eigenfunctions given in Eqs. (4.54) and
(5.2). This allows the matrix elements U, ,.,

where z or n’ <4, to be evaluated in a straight-
forward fashion using orthonormality and Eq.
(4.53). Combining this with Eqs. (4.56) and (4.58)
yields

1/)\0'2, j=0
w®=— kpT 1/7*0,2, j=1 . (5.7)
TR 1/, =2

?ls'k1,1+%xo,z, j=38,4

Noting that the shear viscosity  and thermal con-
ductivity « for a low-density Maxwell molecule gas
are given by?

n=-tal ,
myy, 2

Yoz

(5.8)

and the low-density forms of the heat capacities at
constant pressure and volume per particle (5, and
C,, respectively) gives

__keT _ _n , (5.92)
MPAg mp

‘ 3/2
Idﬁl dsz ¢)(51)¢(§2)5"1(51)8"2(52)FE(51: @) = (zm,; T)
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kBT K
— = == = F N 5.9b
mpA,y pCy T ( )
and
kT ([ 1 2 1f/cC K 4 q
-y )= (= S —_
mp (3>»1.1 * 37\0,2) 2 [(Cv 1) oC, © 3 mP]
=Ty, (5.9¢)

where the sound and heat damping constants, I',
and [, are the same as are found in the hydro-
dynamics of simple fluids. Equations (5.9) show
that the small-% collisional damping times are hy-
drodynamic as was expected.

With these results the calculation of the sum
rules can now be completed.

A. Small-wave-vector regime

When the wave vector is small W%’E and W{;o,);
are computed from Eqs. (4.61). The calculation is
straightforward, although tedious, and we omit
many of the details.

For the VT terms, using Eqgs. (4.61a) and (4.56),
we see that only terms with j,7=2, 3,4 in Eq.
(4.61a) are nonzero. Of these terms, the most di-
vergent ones are those where j=1=3,4 [cf. Egs.
(4.48a), (4.65), and (5.7)]. Lastly, note that
(ny,m, =0, 1,2)

15
4m?

9B

ox

, (n,m)=(1,2)0r (2,1)
(5.10)

0, otherwise

which follows directly from Eqs. (5.5a) and (4.54).
Combining Egs. (5.10), (5.7), (4.61a), and (4.56)
yields -

W = pkpT)* ik 8B()
Wi = Srr 5 e, t O (la)
_. PkpT ik - v Ing(r) , (5.11b)

2T k2 m

where we have used Eq. (5.9¢) and where the sec-
ond equality is valid to linear. order in displace-

ments from equilibrium. Thus using Egs. (3.8),
(3.11), and (5.11) in (3.3) gives for the low-% low-
density form of the first sum rule

kT

@ B
2T k%m

S (F)=pik - (‘7(?)+ 61@(?)) . (5.12)
We postpone the discussion of this result until the
end of this work. ©

The calculation of W¢ 3(r) proceeds exactly as
above except for the fact that now Eq. (4.61b) is
used. Using Eq. (5.5b) we find (n,,n,=0, 1, 2)

20° 2
L ox _?V.V’ n=n,=2
[ b, B, 66 ,)6(E0)S,, S B F By, B2) = (5.13)
0, otherwise

’
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As was done in the first sum rule, Eq. (5.13) is
used in conjunction with Eqs. (4.56) and (4.61Db) to
give

W5 () = 2F8k2(5 (B - 419 v(r»)
+0(k™Y). (5.14)

Combining Eqs. (5.14) and (3.11) gives for the

zeroth sum rule
) =p(F) (1 - T KE: (F9)- 3 -7(D)
k IOFsk4 . 3 .

(5.15)

The result is valid for small 2 and p and close to
equilibrium.

B. Large-wave-vector regime

When % is large, the sum rules are obtained by using Eqgs. (5.5) in (4.62). That is,

_(,” >\ _ 3[)11?_[ > > 51¢(51)¢(§2)50m~(§12§12_Bizi’)'—V.B(;)
Wi m ap, dp, s—2iK Py, ’

/2
_p(mk T)l ik - -
4(——5—7” Y v InB(r)

s—0*

Using this last expression and Eqs. (3.8) and (3.11) shows that for large %

/2 3 +
s{:‘,’E(?>=p(¥)zﬁ.[v<f)+—i (zar}™ V"I‘f(r)] :

As was discussed above, this result is valid when ka <1 but still in the kinetic regime.
Proceeding in a similar manner, shows [cf. Eqs. (5.5b) and (4.62b)]

0)

s—2ik - p,,

B am \V/2 K- 3?1 = -
_—'O(kaT) E :vv(r).

This in turn gives

12 g > - T
S(f))(r) =p(7)|1- L —kf (vv(r) -3V -v(r)l)] .
woT) %

(5.19)

The new contributions to the sum rules have some
common features [cf. Eqs. (5.19), (5.17), (5.15),
and (5.12)] in that they are proportional either to
VInB(F)/k or kKK : (W(F)- 1 v -v(P)1). Aside
from this, the similarity between the high- and
low-£ results ends. The significance of this differ-
ence is discussed in Sec. VII. As a last comment
we note that for systems in NESS, v-v(F)=0,
thereby simplifying the results somewhat.

VI. ASSUMPTION OF SEPARATION OF TIME SCALES

The formal analysis of I depended strongly on the
separation of the time-scale assumption. As was
discussed there, this means that the correlation

-> - - > _l’ 2 .
wi 5(t)=4p fdﬁldﬁz 9(0,)$(P;)(PygPyz = 5 1p ):Vﬁv(r), s—0*

(5.16)
(5.17)
(5.18)
I
function
(AT A (=) ' (6.1)

decays on a time scale which is short compared to
the macroscopic time scale. By macroscopic time
scale, we mean the time scale of fluctuations
whose characteristic length equals that of the ma-
croscopic nonequilibrium phenomena. To be more
specific, we want Eq. (6.1) to decay faster than .
(Az(T)A.7) where K’ is of the order of the inverse
macroscopic length scale.

~ Using the density expansion technique, we can
investigate the separation of time scale assumption
for low-density systems and thereby determine its
range of validity. In this section we do this for
Maxwell molecules. For concreteness we shall
examine the correlation function.

B, 7)== (NN (6.2)

Its Laplace transform is defined as
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ﬁ(k', s)= lm dre sT % (NﬁN-I;’.I.‘I;(—T)) . (6.3)

We can again introduce the resolvent operator (cf.
Sec. IV) to obtain the leading order in density.

- . 5 5 _Bi_ .

A&, 5)=p [ db, B8 ((2R - £L1), (6.0
where §(s) is given in Eq. (4.10). Using the low-

density form for G(s), Eq. (4.26), allows Eq. (6.4)
to be rewritten as

O, $)=—p* [ db, db, $(6,)6 ()
« 1
s =K - (b, By)/m— 0L, - pL,
X0 VT, 0)1+@,)
1 (p,p, 1 -
X — (2t 2).
s—p£1( B 1p1> . (6.5)
For Maxwel}_)molecules, as was discussed in Sec.
V, [p.p, - 31p?] is an exact eigenfunction of £,

with eigenvalue A, , [cf. Eq. (5.2b)]. Referring to
Eq. (4.37) we see that

- _ -\ pz - - -
QE, s)= P fdp1 ap, ¢(p,)¢(p;)
1
s—ik - (B, — p,)/m— p€, - pL,
XF#(EnBz) (6'6)

where the prime implies that the VAV(F) factor of
the right-hand side of Eq. (4.37) should be omitted.
For high % the s dependence of the integral appear-
ing in Eq. (6.6) may be omitted (it is of the same
importance as the higher-density corrections) and
thus

Q(E, ) ~exp(=prg 1) (6.7

The decay given by Eq. (6.7) is on the kinetic time
scale. On the other hand, the time scale of the
correlation function ( A3/(#)A.%) is hydrodynamic
and thus an excellent separation of the time scales
exists.

When % is small, it is the s dependence of the
integral in Eq. (6.6) which is important. From our
discussion in Sec. IV [cf. Eq. (4.47)] we see that
the decay of ﬁ will be governed by the real parts
of the characteristic frequencies w;,. As was shown
in the last section, these decays were also hydro-
dynamic, having decay constants proportional to
kI, k*T'y, etc. For small &/, (A%(H)A-3)
evolves on a time scale governed by 2T, E*T,,
etc.!®!! Thusthere will be a separation of time scales
as long as k >k’, that is, providing one is not in-
terested in NESS fluctuations with macroscopic
wave vectors. Since k’ is extremely small this

requirement is easily satisfied.

A separation of time scales is also expected at
high densities although the situation may be some-
what complicated by the presence of long time
tails. Should long time tails be important, the
standard techniques for circumventing this diffi-
culty may be used.!?

A more careful analysis of Eq. (6.6) could be
used to compute the correction to the light-scatter-
ing spectrum due to Vv(F¥). We do not offer this
consideration here but will present a method for
finding the full spectrum in the next paper. This
method will not depend on the low-density re-
striction and/or choice of Maxwell molecules.

VII. DISCUSSION

We have shown in this paper how the formal the-
ory of I, when applied to low-density systems,
brings about well-known results as well as new
predictions.

We first generated a correlation-function expres-
sion for the SDF, and demonstrated that at low
densities the classical results of Chapman-Enskog
and Choh-Uhlenbeck are recaptured. We stress,
however, that our starting expression, Eq. (2.4),
has no apparent density limitation.

New predictions were obtained when we consider-
ed the sum rules of the dynamic structure factor.
T aking the density-density correlation function as
a typical example of fluctuations in the NESS Eqgs.
(5.12), (5.15), (5.17), and (5.19) allow us to draw
clear cut conclusions about the validity of local-
equilibrium theory for the computation of fluctua-
tions. As long as k is large, the new terms are
not important. Taking Eq. (5.17) as an example,
we see that the new term is proportional to
(VInT)/k. This is the ratio of the microscopic and
macroscopic length scales and is negligible for
large k. As k becomes smaller, we must use Eq.
(5.12) to compute the sum rule. The main differ-
ence in the new term at high and low & is the ap-
pearance of an additional factor, (2/T k)(kgT/
7m)Y2, in the latter. This number is typically
0(10®) for light-scattering 2’s and dramatically in-
creases the size of the new term. As we make &
even smaller the new terms can be made arbitrar-
ily large, (as long as k>k’, the macroscopic wave
vector) the size growing as k™%. A similar analy-
sis holds for the Vv (%) terms.

Thus it is clear that if one is interested in sko#t-
wavelength phenomena, the ideas of local equilib-
rium are sufficient. The coupling between the ma-
croscopic flux and the fluctuations in the local
properties is not felt on the short-wavelength
scale. If, however, k is small, and thus one is
interested in long-wavelength phenomena, such as
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those characterizing hydrodynamic modes and

light scattering, the importance of the second term
grows, and one cannot in general compute correla-
tion functions with local-equilibrium techniques
alone. The difference between the low- and high-
wave-vector regimes lies mainly in the appearance
of a factor ¢,/T";k in the low-k expressions. In
hydrodynamics, this factor is a measure of the ef-
fectiveness of the damping mechanisms in the sys-
tem. Thus the poorer the damping the larger is the
new term in the sum rules.

From the results of Sec. V we see that the pres-
ence of a temperature gradient causes the first
sum rule to be nonzero even when convection is
absent. This is quite different from what is nor- -
mally found in equilibrium systems and may facil-
itate an experimental observation of this effect.
This point will be amplified in the next paper.

(See also paper1.)

As a final remark concerning the fluctuations,
we reiterate that aside from the quantitative as-
pects of the new terms, they have a striking qual-
itative difference from the equilibrium terms.
They have reversed symmetry compared to the
corresponding equilibrium terms, and reflect the
breaking of time-reversal symmetry that arises
from the coupling to the dissipative fluxes.

The analysis presented above allowed us also to
examine the separation of time scales embodied in
the derivation of Eq. (2.23) in paper I. We have
shown in what sense this separation exists and
justify the use of Eq. (2.23) (paper I) for the com-
putation of NESS correlation functions.

In the companion paper we evaluate the density-
density time-correlation functions for dense sys-
tems. We show there that the results obtained
here are not particular to Maxwell molecules or to
low-density systems. We stress that the new qual-
itative aspects of the corrections to the local-
equilibrium sum rules are not an artifact of the
Maxwell molecule potential or of the low density,
and are a direct consequence of the underlying
properties associated with the NESS. We shall also
show that the new features found here are present
in other correlation functions, and in fact lead to
considerable changes in the light scattering spec-
trum.

sin®20 cos?y

Efzs’fz - 512512 =p§22 | sin*2¢ sinpcosy

cos20 sin29 cosy sin26 cos26 siny

sin?29 cosy sing

sin?20 sin®y
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APPENDIX A

In this Appendix we consider some of the formal"
properties of the eigenvalue problem

(&K - By /m = pL,) ¥ ,(B,) = w,(K) ¥ ,(p,). (A1)

Taking the complex conjugate of Eq. (A1) shows
that

w, (&) = wi(-K). | A2)
The inner product of any two functions of 51 is de-

fined as

(o f) = [ db, @) 3B foBy) (43)

which is the usual definition employed in studies of
the Boltzmann equation. With this choice the col-
lision operator is Hermitian. Using (AS) we see
that

(¥ ,,(K - B, /m = pL,)¥,))
([~ By fm— p2,]¥,, )
or from Eqs. (A1) and (A2)
(@,&) - @, @) ((¥,,%,)=0. (A4)

Thus unless w,; =w, the eigenfunctions are ortho-
gonal. Further even when w,=w, we can choose
¥,, ¥, to be orthogonal.

APPENDIX B

In this Appendix we prove Eq. (5.5). Before doing
this we need to evaluate the following integral:

o 2T
f bdb f dp[ Piabrz — PEPE] - (B1)
(o] (o]
Let T be the unitary matrix which gives

_7_73 =512/P12 ’ (B2)

where [, is the unit vector in the z direction. Let
26(d, p;;) be the scattering angle, i.e., the angle
between p,, and p¥,, Then

sin26 cos29 cosy
sin26 cos26 siny | - T7'. (B3)

cos?20 -1
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Substituting in Eq. (B1) we perform the ¢ integra-
tion and obtain
rs s
dp (P%P% = P12P12)
(o]
=0 O
=p2%,Tsin?20{ 0 7 0 |T°*
0 0 -27
==37 sinz( 29(512’ b»’[ﬁlzﬁm - é Ipﬁz] . (B4)

The remaining b integrat’ion is performed after
changing the integration variable to

y=(m/16€)4(py,/u)?b, (B5)

where we are considering only Maxwell molecules
[cf. Eq. (5.1)]. Noting? that for Maxwell molecules
the scattering angle 6 depends only on y gives

o am
f bdb f ayp [p12p12 - pfzpikz]
o

o]

=12w(—6)1/2(i)[5 bi-1p%]Aa®@4), (BS)
m Plz 12M12 3 12 ’

where

A®(4)= [ " yay[1 - cos?(20(y)] . (B7)
0

The quantity 4®(4) equals 0.308.2

Having'Eq. (B6), we can proceed with the proof
of Egs. (5.5). Consider first Eq. (5.5a). Using
Eqs. (4.31) and (5.4a) shows that

o0 2T -
Fpy,b)=—22— [ avb f Ap[p3p, + 30 — PI*PY
HM,l 0 0 .

VB(¥)
2m?

'pg*sz] :
(B8)

Transforming to center of mass and relative mo-
menta [cf. Eqs. (5.6)] allows us to rewrite Eq.
(B8) in the form

FE(§1’§2)= '—pla— f bdbd
UAyy %
T = o= . VB(E)

X [ app, .’ [042Dy2 — p;kzpikz] " TmE (B9)
where we have used the facts that p., and p2, are
conserved in a collision. Finally using Eqs. (B6)
and (5.3a) yields

->

' - - 3p. - - -
Fg(pppz):""_fn%n"(puplz—%pizl)'vﬁ(r)

which is Eq. (5.5a).
The proof of Eq. (5.5b) follows in the same fash-
ion.
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