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The long-time behavior of space- and time-dependent correlation functions is obtained

including the ring contributions or correlated two-body effects.

The latter give rise to anoma-

lous hydrodynamic effects and persistent correlations in the nonhydrodynamic part.

I. INTRODUCTION

Attempts to establish the hydrodynamic equations
of continuum mechanics from the principles of
statistical mechanics have led in a variety of ways
to the Green-Kubo expressions for transport coef-
ficients in terms of time correlation functions of
appropriate microscopic fluxes. More precisely,
these expressions require time integrals of such
functions. Recently, a number of investigations®
have indicated that the long-time behavior of the
correlation functions may be proportional to 3/ e
much slower than an expected modulated exponential
decay. In particular, Dorfman and Cohen! have
come to this conclusion on the basis of a resumma-
tion of the divergent density expansion to account
for the most divergent terms of the series. This
selective resummation was suggested by Kawasaki
and Oppenheim,? and includes sequences of corre-
lated two-body collisions, or “ring events, ” as
well as the usual Boltzmann contributions. The
resulting time-correlation functions have a time
dependence determined by the linearized Boltzmann
operator, plus a “ring operator” arising entirely
from the correlated two-body collisions. The latter
is responsible for the anomalous long-time be-
havior. The correlation functions still decay fast
enough to be integrable, so that the Navier-Stokes
transport coefficients exist; however, the higher-
order (Burnett) coefficients are not well defined.

In this context it is then not clear in what sense
the linear Navier-Stokes equations are a correct
first approximation.

The correlation functions that determine the
transport coefficients are space independent and
do not directly reflect the hydrodynamic behavior
of interest. It is more appropriate, then, for the
investigation of hydrodynamics, to study certain
space- and time-dependent correlation functions.

In fact, under appropriate circumstances® these
are the Green’s functions for the macroscopic
variables (e.g., local number density, local tem-
perature, and local velocity). These correlation
functions, or rather their Fourier-Laplace trans-
forms, are calculated here in the ring approxima-
tion for hard spheres and for small k and € (K is
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the Fourier transform variable associated with the
space transform, and ¢ is the Laplace transform
variable associated with the time transform). The
conditions of small K and € correspond, respec-
tively, to small spatial gradients and long times,

i. e., the situation for which hydrodynamic behavior
might be expected. These calculations have already
been carried out by McLennan® for the Boltzmann
operator. His results show, for sufficiently small
K, the correlation functions can be written as the
sum to two terms. The first, or hydrodynamic
part, has simple poles at €= —p,(k), where p,(k)
are the eigenvalues of the linearized hydrodynamic
equations (Navier-Stokes equations). The second
or microscopic part, has singularities that are
bounded away from the hydrodynamic poles for
small K. The small € behavior is dominated by the
hydrodynamic part as expected, since the hydro-
dynamic poles lie closest to the origin. This means
the space-time correlation functions asymptotically
satisfy the linearized hydrodynamic equations, after
some characteristic time, and is usually described
as aging to hydrodynamics. The calculations of
McLennan have been repeated here to include the
ring operator, and qualitative differences appear.
The “hydrodynamic part” no longer has simple poles
but includes a branch cut as well.® The time de-
pendence of the hydrodynamic part is thus different
from the Boltzmann result, or that predicted by

the usual linearized hydrodynamic equations. In ad-
dition, the microscopic partalsohasabranch cut ex-
tending into the region of the singularities of the hydro-
dynamic part. Although the singularities of the
hydrodynamic part include a branch cut, there are
also poles approximating the hydrodynamic poles,
for small k. This is sufficient to give a long-time
behavior approaching the hydrodynamic modes.

The branch cut is more serious in the microscopic
part, since deviations from the corresponding
Boltzmann result increase for long times; for ar-
bitrarily small but fixed, finite density there are
times sufficiently large such that corrections to

the Boltzmann result dominate. These contribu-
tions persist for long times, so there is no longer
an exponential aging to hydrodynamics as in the
Boltzmann case. The Green-Kubo expressions for
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the transport coefficients actually depend on only
the microscopic parts of the appropriate correlation
functions,® so it is this anomalous long-time be-
havior which is responsible for the difficulties en-
countered in Burnett order.

The long-time effects of correlated two-body col-
lisions appear as a coupling of ordinary hydrody -
namic modes in the spectrum of the (linear) colli-
sion operator. A similar coupling occurs in a
perturbation solution to the ordinary Navier-Stokes
equations if nonlinear convective terms are in-
cluded. Results like those given here for the hy-
drodynamic part of the correlation functions have
been obtained for more general systems using
semiphenomenological arguments to include mode
coupling through nonlinearities.” Many of the latter
have been directed at the study of transport near
the critical point and, while the ring approximation
here is limited to low density, the qualitative simi-
larity may be noteworthy. Correlation functions are
related to hydrodynamic variables in Sec. II by lin-
earizing in the initial deviations from equilibrium,
a convergent procedure under reasonable condi-
tions. This is sufficient to show deviations from
solutions of the usual linear hydrodynamic equa-
tions, but comparison with solutions of modified
linear equations or the nonlinear hydrodynamic
equations is not considered.

A number of qualifications must be added to
these comments. First, there is no assurance
that the ring events give the most significant cor-
rection to the Boltzmann operator for long times.
However, Dorfman and Cohen have included in ad-
dition certain “Enskog” contributions and found
these do not change the long-time behavior in any
qualitative way. Second, a perturbation theory
used to calculate eigenfunctions and eigenvalues is
known to have a finite radius of convergence for
the Boltzmann operator, but nothing is known as
yet about convergence when the ring operator is
included; in addition, a variational principle is
used to estimate the eigenvalues, the accuracy of
which is firmly established again only for the
Boltzmann case. Agreement with Dorfman and
Cohen is maintained in the appropriate limits, but
the results must be considered tentative.

II. CONNECTION WITH HYDRODYNAMICS

To motivate the study of space- and time-de-
pendent correlation functions and aid interpreta-
tion, their role in the special case of initial local
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equilibrium will be considered. For sufficiently
small deviations of the initial thermodynamic pa-
rameters from equilibrium, the correlation func-
tions appear as Green’s functions for the hydro-
dynamic variables, as follows:

A formal solution to the Liouville equation for
initial local equilibrium is®

p<t>=exp{— [qj ax (s(i,mu(i, f

- Zr)l (R, 0) - smp[, 0) ULX, 0)n° X, t)
- 56, 006 0)* 56 1) | } e

where T=1/kg 8 is the initial local temperature,
u’=v°/B is the initial local chemical potential for
the oth component, and U is the initial local veloc-
ity. The phase functions #(X, t), »(X, t), and p(X, ¢)
are, respectively, the local energy, number, and
momentum densities, as functions of the phases at
an earlier time —¢. The constant g is determined
by the condition that p(¢) be normalized to one.

The average local densities are obtained by
averaging n(%X), «#(X), and p(X) over the ensemble
p(#). Nonequilibrium thermodynamics may be de-
fined by requiring that the average local densities
depend on the nonequilibrium thermodynamic vari-
ables in the same way as in equilibrium. The aver-
age flow velocity is defined as the average local
momentum density divided by the average local mass
density. For simplicity, the independent hydro-
dynamic variables will be taken as the average en-
ergy density, number density, and flow velocity
denoted by, respectively, («(X);t), (n(X); t), and
U, 9.

If the initial values (%, 0), v(%,0), and U(, 0)
deviate only slightly from the final equilibrium val-
ues of the system, p(¢) may be expanded in these
deviations to give

013 [ 1- {4 (006,06 ) - )
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Here f; is the equilibrium distribution function and
quantities with subscript e denote equilibrium val-
ues. Only linear terms have been shown, and U,
has been taken to be zero. The linear contribution
to the hydrodynamic variables is then
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The brackets ( ), indicate an equilibrium average.

Equations (2. 3) show that, in the linear approxima-
tion, appropriate correlation functions of the locally
conserved phase functions #(X), u(X), and p(X) serve

as Green’s functions for the hydrodynamic variables.

In particular, if the linear hydrodynamic equations
are correct for long times, the correlation functions
must reflect the familiar hydrodynamic modes for
long times. Convergence of the expansion leading
to (2. 3) is discussed in Appendix A.

III. RING APPROXIMATION

The correlation functions will be calculated for a
monatomic gas of hard spheres, although the re-
sults are expected to be similar for other short-
range repulsive interactions. A general space-
time correlation function of phase functions A and
B is defined as

C.s(F, )= (A, O)BF, 1)), (3.1)

where B(T, ¢) is the phase function B(¥) at an earlier
time — ¢, as determined by Hamilton’s equations.
The dependence of A and B on the positions and
momenta of all the particles has not been made ex-
plicit, although dependence on the space point ¥ has
been indicated. The phase functions of principal
interest are the locally conserved number density,
energy density, and momentum density,

L -
(r)=Z)1 6(F -da) ,

N pza

2m

u(f)= 6(F_aa) ’

=

a=

=

p(F)= El B0 -d,),

respectively (actually, only the kinetic part of the
energy density has been included above for simplic-
ity). Their associated fluxes, e.g., energy and
momentum fluxes, will not be considered. In gen-
eral, the phase functions A and B will always be
taken to be sums of single-particle functions:

N
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The correlation function simplifies to

Cu5(T, t)=nffdv1dq1

X fo (V) alm¥,) 6(@,) @5 (F ~ Gy, vy, £), (3.4)

with
3p(F-qy, vy, )= lim  fgt (F)m®/?
Ne o, Quw
X[ dpsdqs- - dpydqy QBF, t)py . (3.5)

Here, pg is the equilibrium canonical distribution
function, nf,(V) is the Maxwell-Boltzmann function,
Q the volume and # is the density.

It is convenient to consider, instead of Eq. (3. 4),
its Fourier-Laplace transform,

Cas®, €)= ["at [ dF %% ¢, F, 1)

=n [ v, fo@1) alm¥,) @5 &, ¥y, €) , (3.8)

with
QB(E’ F). ’ €)= fow at f df eiivi-et ‘I’B(i:: 61. ’ t) .

The “kinetic” equation satisfied by @B(E, vy, €) can
be determined only by a detailed analysis of the col-
lision processes in the gas. We assume now that
the relevant contributions for small ¢ (or long
times) at sufficiently low densities are given by the
ring approximation, for which &,(K, v, €) satisfies®

-nB)&,(K,V,, €)=,k v,,2=0),

(3.7
where nl; is the usual linearized Boltzmann opera-
tor,

(€ +i1_<.'i;1 +7l11

[g]=n [ dvsfolvs) (0,0 |20, 0) [g(F,) +2(¥F,) ]
(3.8)

-nly
and nB is the ring operator,

dk’ N
nB [g]=nj§;;)—s—jdvafo<va><o,o |t]0,0)
X [e+ik -V +i@ ~K') - Vo+nly+nly ™0

x(0,0[£0,0) [g(Fy) +g@,)]. (3.9)
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The definition of the two-body ¢ operators is given
in Appendix B, with a discussion of the ring ap-
proximation. The dependence of B on K, ¢ has been
left implicit.

One final simplification will be made. The ef-
fects to be investigated are dynamical rather than
statistical, so the initial condition &, (K, v, #=0)
will be evaluated only to lowest order in the den-

sity,

&, (&, vy, £=0)=b(mv,) . (3.10)
It is convenient to introduce the following notation:
(g, )= [ d¥1fo ) g *F)n ) . (3.11)

The correlation function (2. 6) becomes, with Egs.
(2.7) and (2.10):

CAB(E, €):n(a) R(E, €)b) )

R, €)=(e+iK-Vy+nl; —nB)?* .

(3.12)

The singularities of C,,(K, €) are therefore deter-
mined from the spectrum of the operator (;k- v,
+nly — nB).

IV. SELF-DIFFUSION

The correlation functions just introduced involve
sums of single-particle functions and describe
many-particle correlations. The basic ideas will
first be illustrated with the simple case of single-
particle correlation functions, of interest in de-
scribing self-diffusion. The simplification is due
to the fact that there is only one locally conserved
single-particle function »y(f)=6(F - §;). The aver-
age of »,(¥) may be interpreted as the probability
density for the position of the diffusing particle,
and is thus the only “hydrodynamic variable. ”

The modifications of Egs. (3.12) for single-particle
correlations are

Cp=1imQC,5(k, €)= (a, R'(k, €)b),

R'(, €)=(e+ik 'V +nd; -nB])™?,

-ndy [g]=nj dvs, £40,0¢]0,0)g(,) ,
(4.1)

, dk’ -
nB [g]znj(zﬂ)s J-dvzfo(vz) (0,0 |t|0, 0)
X [s+iE’-‘71+i(E—E')‘72+nJ1+nIg]'l

x(0,0¢/0,0)g(,),

where nJ is the linearized Boltzmann-Lorentz op-
erator. The subscripts 1 and 2 indicate that the
domains of the operators are functions of ¥, or v,,
respectively.

Eigenfunctions and eigenvalues of (K -V, +nJ;
—nB’) will be obtained by perturbation theory,
treating ;K- V; as the perturbation, in a manner
analogous to Ref. 4. The unperturbed operator has
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an eigenvalue 0 with eigenfunction 1 [the Fourier-
transform of »,(f)]. There are other (unknown)
points in the spectrum of nJ, —#B’, so the correla-
tion functions will be written as the sum of two
parts—a hydrodynamic part arising from the per-
turbation of the zero eigenvalue, and a microscopic
part due to the remaining spectrum. This termi-
nology is justified when the Boltzmann-Lorentz
operator alone is used, as mentioned in the Intro-
duction, because the perturbed zero eigenvalue is
smallest and determines the long-time behavior.
(The perturbed zero eigenvalue and eigenfunction
determine the Chapman-Enskog solution to the
Boltzmann equation.) This dominance of the hydro-
dynamic part for long times is no longer assured
here due to the ¢ dependence of #B’. Denoting the
perturbed zero eigenvalue by » (&, ¢) and the cor-
responding eigenfunction by g(&, ¢), the first-order
results are (for fixed ¢)

2, €)=1-7K V(e),

p(&, )= Dle, DA, .2
where V (¢, k) satisfies (1, V(e, £))=0 and

(ndy=nBy) Ve, k) =¥,; (4.3)
D(e, k) is defined by

D(e,K)=5(v;, Vi(e,K)) . (4.4)

The correlation function becomes

(a: g) (g, b)

Cus(k, €)= e+ D(e, )L

+ (au R,(E, €)bl) )

(4.5)
where g, and b, are the projections of ¢ and b or-
thogonal to g:

b,=b-g(g*,b).

The relevant correlation functions for self-diffusion
are those formed from the locally conserved m(f‘)
and the associated flux V,(¥)=v,5(F -§). In the
above approximation these are

Enlnl (E’ 6): (€+Dk2)-1 - %kz( Vi ’ RI(E’ €)Vi) ’

a,=a-glg*,a),

~ —ikyD . -
C:qvl &, €)= c+DR? + %lki(vj} R'(k, €)‘Uj) ;
4.6)
e —kik,; D? ~ (
Cilo, & €)= —Ej:‘blkg— +(v;, R' K, €)v,)

The K, € dependence of D(e, K) has been left implicit.

In the Boltgmann case the functions correspond-
ing to D and V can be estimated using a variational
principle. A similar estimate will be used here.
First, direct calculation shows that nJ —nB’ satis-
fies, for real f, n:

(f, wJ —nB')n)=(h, 0 =nB")f) . (4.7)

Let F(V)=(V,, [20; - (nJ —=nB') V, ] for a real func-
tion V; with (V;,1)=0. Varying F(V) with respect
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to V locates the extremum,
F(V)=0=(V,, [2v, - wJ-nB")V,])
- (7, s (nJ-—nB')éVi)
or
6V, [v;,-wJ-nB)V,])=0.

Therefore, F(V) is an extremum when V;=V,. As
a trial function choose

(4.8)

where « is determined by the condition § F(av;)=0.
The result is

3
Bm

V,=av;,

(v;, mT-nB" )v,) ", B=(T)™.

(4.9)
Here, kj is Boltzmann’s constant. T is the tem-
perature, and # is the mass. Use of Eq. (4.8)
in (4.3) and (4. 4) gives the desired approximations,®

(4.10)

o=

p=@Bm)ta, (nd-nB)v;=av; .

The latter equation indicates that v; is an approxi-
mate eigenfunction of nJ —nB’ with eigenvalue
o'k, €). Further, for small kK, the streaming
term ik V in R’(K, €) may be neglected in calculat-
ing the microscopic part. This enables Eq. (4.6)
to be further simplified to

5 & o= 1 _ __BmD*e, B

m & €= " D(e, R)EP e+[pmD(e, k)]
i e —ikD(e,K) ikD(6,K)
Co®, = ~ 0, B0 T e+ [BmDle, O]
S _ —kiijz(i,E) (Bm)—léii
Col = — D rE T crlpmDle, B0

(4.11)

The evaluation of D(e, k) from Eq. (4.9) requires
(v;, nB'v;) with B’ defined in Eq. (4.1). The opera-
tor B’ in turn contains [e+iKV; +i(R -K')* Va+nd;
+nl,]™'. For small ¢, only the small eigenvalues
of iK'+ Vy +i(k— k') Vy+nJy+nl, are required, and
these are just the sum of the hydrodynamic eigen-
values of (K’ -¥,+nJy) and [i(K —K'): V5 +nl,] (the
latter are given explicitly in Sec. V). The re-
sulting expression is found to be

2

’ e
(v;, nB'v;)= WDA G

i -1
xj—%% (<+Dok’2+7n°’;(1€—ﬁ’)z> , k<R,
3
= TomP Dy Ak, €) (4.12)

where D, is the diffusion constant determined by
the Boltzmann-Lorentz operator and 7, is the vis-
cosity determined by the Boltzmann operator. The
K integration is cut off at some k,, since only the
small k2 part of the integrand has been calculated.
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The function D(g, ) is now
D(e,K)=Dy[1 -A(e, B) ] (4.13)
The contribution from the correlated two-body
collisions, A, becomes asymptotically

. (e + k¥t ®
lim A(g)~C -
51.0 (©) 6nm18mDq (Dy + 1o/ nm)

372
(4.14)
C is a constant depending on %,. For small %2 and

€, D(e, B) is
D(¢,K)~ D - 8mD? a(e + a k%)Y 2,

a=[(BmDy)? 6mn(Dy+no/nm)¥ 21, (4.15)

a =1y Dy (nmDy+7,)" .

D is proportional to the Boltzmann diffusion con-
stant D;, and 7, is the Boltzmann sheer viscosity.
The first terms on the right-hand side in Eqgs.
(4.11) are the hydrodynamic parts and the second
terms are the microscopic parts. The Boltzmann
result is regained on setting a=0, D=Dy. There
are two essential modifications of the Boltzmann

result in Eq. (4.11). The hydrodynamic part no
longer represents a simple diffusion mode, due to
the € dependence of D(¢, k). In addition, the mi-
croscopic part, as well as the hydrodynamic part,
has a branch cut extending to — ak?. The singu-
larities of the two parts are then not well sepa-
rated, and contributions from the microscopic part
persist on the same time scale as those from the
hydrodynamic part. As a specific example,

C,.(K, ¢) for small k, € is

1
€+ DR® - BmaD¥(c + ak?)/?

Con&, €)=

BmDE?
€+ (BmD) "+ ale + ak?)!/?

(4. 16)

For long times, the inverse transforms of the hy-
drodynamic and microscopic parts are, respec-
tively,

—n -r2 /4Dt
Con (7,; H~ Ta-nA32 »
(4nDi) (4.17)
_ 3a(8mD)3 o/ ? 2
‘m ~ DT e “ré/4at
c nn (77 t) ZnZ(Zat)4 e .

Therefore, while Eq. (4.11) shows the hydrody.-
namic part is not in general a solution to the usual
diffusion equation, it approaches one for long
times. However, the microscopic part also re-
flects a diffusion mode and decays only as t™.

Finally, the velocity autocorrelation function,
from which the usual diffusion constant is deter-
mined, is

(F-v@) .. 1

= 1
0% w0 27

Lg”jdee”agg (&) .
(4.18)
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The hydrodynamic part of C }!(e, &) does not contrib-

ute in the limit 2~ 0, and the correlation function
T

is
(V-?(t)) _ a(BmD) ?

(V%) T
o * P 1/2 e-vt/BmD
0 vy (v = 1)%+ BmDa’y

For short times the integral behaves as e/ #"?,

which is the Boltzmann result. For asymptotically
long times the velocity autocorrelation function is

(V-¥(t))/(v?)~ (BmD)% a/2n"/ 2 /2 (4.19)

which agrees with Dorfman and Cohen.
|

ik
g1=(Bm)2e® (Ui -

2 vy

si (ky €) - 5 kB

g3=(2)"2 [Bu - g"’g‘ ik,

e 47 -
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V. CORRELATION OF LOCALLY CONSERVED QUANTITIES

The calculation of correlation functions con-
structed from the locally conserved number density,
energy density, and momentum density is similar
to that for the self-diffusion problem. Returning
to Eq. (3.12), the eigenvalues and eigenfunctions
of ((K-V,+nl, —nB) resulting from lowest-order
perturbation on the zero eigenvalue of nl; —nB are
sought. The latter is fivefold degenerate with the
two-particle summational invariants as eigenfunc-
tions. The resulting perturbed eigenfunctions
24(K, €) and eigenvalues P, (&, €) are formally the
same as those found by McLennan, except for the
€ and k dependence:

> ik >
—L Dij(k, 5)) ’ gzz(Bm)l/zei(S) <vi_ 177;11_ :fo(k’é)> ’

A (&, s))] ,

(5.1)

—m—B- A (K, ()) vi:l}

Y ik - - Tm - 2m -
() e [0 - 0~ 2 260) - 22 a ],
and
. 3 . L (& O . , N
P& o= 189D @ o, BEo-2EWE b E-sikesTE . (5. 2)
nm Snkg

(1)

The vectors &'V, &2, and &® are an orthonormal set with ¢/’ along the direction of k.

Also, 8,(¢, k) and

D; j(e, k) are orthogonal to the summational invariants and satisfy,

(I-B)®,;;=D;;=m(v;v,~50%,,), (I-B)S;=S;=[u—-(5/29 v, . (5.3)
Finally, we have
A R)=5kB%(S,, 8) us=smo®, c=(5/3pm)%. . 4)
= -_ 2 1 (e, B)m
(e, K)=15 By, Dy), T(e,B)= Eo— (77(6, )+ 5 T) ,
To this order in E, the various correlation functions of the conserved local densities are found to be
- ¢ 3 e+t (p+p) 4 K - )
_ 5 S 3T\ + Py 2 i3 (5.5)
Con (& €)= (€+P3 "5 (e +B) (e + Ps5) T3 (Bm)? g )
>\ 15p €+4EPL 5k%n - (5. 6)
Culk, €)= 48 (e+Py)(e+Ps)  2mp® sk )
- kik,\ [ nmB™r En
CZ{: K €)= <5ij - kia j)( <+ P, - [k g2(K, €)
kiky (nm €+2p, 2 mPnPir 4k%n
TR < B (eiP)(erPy 5 exp,  ~3gz &&9), 6.7
_ 3 _€+3P+P
Cruls )= 35" TP (er Py) (5.8)
2 mPk? 1 1-2¢kBmP;, 4 K . )
i =—ikm (2 —=2 ~ : CR. S .9
Chy(k, €)= —ikn (5 < P, + 5 (cr Py (e Py 3 T g, €) |, (5.9)
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5n  1-%ek2BmP,

Cl, (k€)= =ik, 2% (i Py) (s Py (5.10)
The microscopic parts, g;(&, €) and g,(K, €) are defined by
gi® =i+, i=1,2 (5. 11)
and
71(¢, K)= (Bm/n) (2/5kp) A (€,K) ,  T4(e, K)= (8/n) (¢, ) . (5.12)

The correlation functions are fully determined when X (e, E) and n(e,ﬁ) are known. The small ¢,k be-
havior is found to be

Me, B) = A {1 = BmDy [ ay(e + k)M 24 ay(€ + STy kP + ick) 2 +ap(e+ T ok? —ick)/ 2]}

’

(5.13)
1 1/2
1€, k)= { ‘% [% <€+ 3 _U_Q-nm k2> +ay (€+3Tok%+ick)? +ay(e+3Tok% - ick)”z} ,
with
-1 2 3/27 -1
- oMo 2 2qm - (Mo, 2 N —[79VT 2, 3/271
a, nkp (Tlo+ 5 ks y Iy BmDry ) 6nm o +5 nkn ,  @=[12V2(BmDyp)naly 2],
(5.14)
[120V2 [Bny \2 Mg 3/27-1 _ B 2 3/2 | -1
O e v R b B R i o K S S
[
The constants x and n are proportional to, respec- 5(8 U)(«'), and 6q. Expansion to lowest order in
tively, the Boltzmann thermal conductivity 2, and the deviations leads to Eq. (2.2). For simplicity,
the Boltzmann sheer viscosity 1,. The proportion- it will be assumed T,=U(x’,0)=0=6v(x"); analy-
ality constant depends on an undetermined cutoff sis of the more general case is similar. Let
such as that used in Eq. (4.12). Finally, we state A=max |68(x",0)| and define 58(x", 0)=2158" (,0).
without proof that evaluation of the flux-flux cor- The average of a phase function A(p,** * py,
relation functions occurring in the Green-Kubo ex- qy ¢+ gy) is then

pressions for the transport coefficients leads to (A; t)=e™™ (4 exp(-1) f A% 68 (", 0)ulx’, Yo

)\GkE lim lim )\(Ey €) ’ nGkEIim hmn(ﬁ’ €) ’

0 £=0 =0 k=0 and the following theorem holds:
) - Let (A; t) denote the average of the phase func-
with (¢, K) and n(¢, K) given by Eq. (5.13). tion A over a solution to the Liouville equation with
ACKNOWLEDGMENTS initial local equilibrium for a system with repulsive
o interaction. Further, let the partition function Z
The author is indebted to Pro‘fessc.)r E.G.D. and the equilibrium average of |A | by analytic in
Cohen for encouraging interest in this problem and Bin some finite interval. Then (A; ¢)(\) is ana-
providing many stimulating conversations. He is lytic in A about zero, and the expansion converges
also indebted to Professor J. A. McLennan for uniformly in time ¢.
helpful discussions and correspondence. Pyvoof. Since the product of two analytic func-
APPENDIX A: CONVERGENCE OF EXPANSION ABOUT tions is analytic, it suifices to show ™™ and
LOCAL EQUILIBRIUM (A exp[— by fdx, GB'(x')u(x', t)] >c
The formal solution to the Liouville equation for are each analytic in A. Consider first ¢®®
initial local equilibrium, Eq. (2.1), may be written From normalization of p(t),
as
ba (M) PRI (! ’
- - e =(exp(—A[dx x'u(x", t
0(6)=7o By, vy, To) exp{ - 840) - f 4R’ 56N (", 1 Cexpl=2f dx8"(:"yu (', )]

—[ov(x") =3 mo(BUD) (x') [n(x") =i————(_')\)n (ary,
n0 N2
—5(80) (x')- B(¥, )},

where 68 (x")=[ 8(x’, 0) - B,) is the deviation of the
initial value B(x'0) from the final equilibrium value < A" AW "
By, Wwith similar definitions for 5v(x’), 6(8U?) ('), " neo n! 0

A= jdx' &R (x"u(x")

©
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_E (H")o =Z(B=2).

The expansion is bounded by that of the analytic
function Z and is analytic. Since ¢*® =1, %™
is analytic for sufficiently small A, Similarly,

(Aexp-x j ax' 68 W, 1Yo

3 ( ”" <AUd§’5B'(§’) w(®, t)]">o

"o =(|A|e™Y,

D’,l

which shows convergence under the assumption
that (| A |}, is analytic in . The bound is
independent of time, so the expansion converges
uniformly.
APPENDIX B: RING APPROXIMATION
The ring approximation is discussed in detail in
J

B(€)= —f(1)n [ dxytis(1, 2)(1+Pp)Ry(1, 2) -

X Ro(123) + £55(123)Ry(123) (1 + Pyy) |

where
Ry(12)=[e +3¢ (1) +3cM(2) |,
Ry(123)=[e+3c (1) +3¢ D (2) + 5 1(3) ]!
and the ¢ operators satisfy,
ti5(15) =045+ ;;Ro(i5)O 4y,
tiy( k) = © 4+ 13, R(i jR)O 5

o o w(F, -Tl) /8 8
4 3T, 3p; op, )’

Also, dx; denotes dp, dq; and P,, is a permutation
operator, P,,g(1,2)=g(2,1). Rearranging the ex-
pression for B(¢) gives

B(e)=-n [ dxyf (2)T15(1+ Pyp)
—n [ dx, £(2) ole +36M(1)
+3eD(2) - L(L, 2)] £y
= -n [ dxof(2) o1+ Pyp) -nB®(By, 4y, €)
with
L(1,2)=n [ dxsf(3) [725(123) (1 + Pyg) + T15(1 + Py3) ],
Fy=r @) () by £ F() -

Use has been made of the fact that [ dx,t15Rq t12
vanishes for hard spheres. The equation satisfied
by &M (py, dy, €) is now
[e+3¢™ —n [ dxy £(2) f15(1 + Pyp) —nBR(®,, dy, € ]

X &Py, 4y, €) =00, d1) -

DUFTY 5

Ref. 8 (althougp in a slightly different context) and
is only briefly summarized here. The “kinetic
equation,” Eq. (3.7), for %’ is obtained from an
exact equation of the form

[E+JC(1)+B(€)]¢(1)(plr q1 €)=b(p1y ql) ’

where 3¢ = (p,/m) (8/8¢,) and B(¢) is an operator
on functions of p;, q;. If B(€) is expanded in a
power series in the density, the leading term is a
Boltzmann operator. Terms cubic and higher in
the density (four-body, or more, terms) diverge
in the limit € -0, so convergence, at best, is not
uniform. Since it is just the small € behavior that
is required to determine long-time behavior, the
density expansion is not applicable. The ring ap-
proximation consists of a partial resummation,
containing most divergent terms of each power

of the density as ¢~ 0. This leads to®

n [ dxytya(1, 2) E {n [ dxs[t,5(123) (1 + Pyy)

(3)}"t2(12)R(12) F (1) £ (2)

I
Fourier transforming this equation leads to, after
some lengthy computation,

-n [ dby f(2)(k, 0| fyp(1+ Pyy) |k, 0)
-nB*(k, €) ] &(By, k, €)= (D1, k) .

Here, the notation is that of Ref. 3:

(kiks | b | R R3) = [ dd,dd, erifrtitaley, RS

and

[e+ik-Dy/m)

dr’ - -
BX(py, &, 6)55(2_103 AP f(2) (k, 0 [Ty | K/, = E")

-

-1
X <e+i1? B +iE-F)- ;’1 —L(k’,k—k’)

x (k' k=k |F|k0),
L', k=E")= [ dp,

XfB) (k' b~k ,0 |Tps(1+Py) [,k =k, 0)
+(k' k=F ,0|ts(1+Py) K, k=F",0)].

The dependence of (I#;,1) on k and ¢ for small
k, € is weak and may be reasonably neglected (this
neglects space and time variations over distances
of the order of the force range and overtimes of
the order of the two-body collision time. With this
approximation,

J b5 £(2)0, 0| T15(1 + Py5) |0,0)

becomes the usual Boltzmann operator, and the
resulting B® is that used in Sec. IIL.
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Perturbation-theoretic calculations are carried out for the lowest five states of the helium
atom using a Hamiltonian which is not symmetric in the particle indices such that the zeroth-
order spatial functions can be written as simple products of hydrogenic orbitals. The per-
turbation expansions are reasonably convergent except for the fifth state which is divergent
as expected. By 19th order in the expansion the energies of the first two excited states are
accurate to 2x 10~ and the expectation values of 3(1+ P) are accurate to 1x 107,

I. INTRODUCTION

It is general practice to perform perturbation-
theoretic calculations using spatial functions @,
which possess the exact many-electron symmetry.
Thus, for example, the energies of the first two
excited states of helium have been calculated with

BoP- 15 (1) 25(2) £25(1) 15 (2) )

as the unnormalized singlet and triplet zeroth-order
functions constructed from hydrogenic 1s and 2s
functions. '3 The splitting between the two energies
is called the exchange energy since in lowest (first)
order it is given by

Jy=2(s(1)2s(2) |7, |25(1)1s(2)) @)

although, in fact, J; is larger than the exact J it-
self by a factor of 3.

There are, however, some advantages to choosing
the functions ®, to be simple products of atomic or-
bitals as was first discussed by Heisenberg® and
later by Hartree, * but further attempts have been
discouraged by the generally accepted view®'® that
a systematic treatment of perturbation theory is im-
possible unless the exact permutation symmetry is
incorporated into @, itself. The contrary view was
expressed by Musher”® in a discussion of the hy-
drogen molecule where the rather obvious point
was made that if perturbation theory converges then
the particle symmetry will be introduced order by
order by the action of the nonsymmetric perturba-
tion. A necessary requirement for such a procedure



