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The general theory of a Gibbs ensemble representing a system in contact with its surroundings is applied
to several concrete situations of interest. By an appropriate choice of heat reservoirs a simply modified
Liouville equation is found to describe a heat conducting system. The stationary nonequlibrium I-space
ensembles which describe such a system are found explicitly for some cases. In the simplest cases these
ensembles turn out to be canonical with a temperature that is a weighted average of the reservoir tem-
peratures. For other systems, such as Brownian particles inside a fluid whose temperature is not uniform,
we find the stationary ensemble to terms linear in the temperature gradient. From this we are led to
discuss ensembles that will approximately represent an arbitrary heat conducting fluid. A more general
proof than previously given for the asymptotic approach of the I'-space distribution to its stationary value

is also presented.

I. INTRODUCTION

HE theoretical investigation of the nonequilibrium
properties of macroscopic systems has proceeded,
with varying degrees of success, along the lines used for
the treatment of systems in equilibrium: thermo-
dynamics, kinetic theory, and statistical mechanics.!
However, only in the case of equilibrium are the rela-
tionships between these methods, and hence their con-
sistency, completely established. In the domain of
nonequilibrium processes only the kinetic theory method
of Boltzmann has been exploited extensively. The appli-
cation of statistical mechanics and irreversible thermo-
dynamics has been confined mostly to systems not far
from equilibrium. In this paper we continue our effort
to develop a general Gibbsian statistical mechanics of
nonequilibrium processes. We try to find TI'-space
ensembles that will represent systems not in equilibrium
in the same way that the microcanonical, canonical,
and grand canonical ensembles represent systems in
equilibrium. There is of course no a prior: assurance
that such a parallel can be made. After all, the class of
nonequilibrium states is richer and much more varied
than that encountered in equilibrium. Our main interest
however lies mainly in those systems which though not
in equilibrium are yet in a steady state, i.e., systems
through which stationary currents are flowing or
which, subject to externally imposed periodic forces,
respond periodically. Since experimentally the behavior
of a large class of such systems is describeable by a few
characteristic parameters such as conductivity, vis-
cosity, etc., we hope there may exist general Gibbsian
ensembles representing these systems.

In practice it is not usually necessary to know the
detailed I'-space distribution of a system in order to
find its macroscopic properties. These are mostly ex-
pressible in terms of the reduced single particle and two
particle distribution functions. However, even aside

* This work was supported by the Air Force Office of Scientific
Research.

! For review and bibliography see E. W. Montroll and M. S.
Green, Ann. Rev. Phys. Chem. 5, 449 (1954); also D. ter Haar,
Revs. Modern Phys. 27, 289 (1955).

from the theoretical importance of the Gibbs ensemble
it might happen that, as in equilibrium, it will be more
convenient to first find the N-particle distribution and
then by integration the lower order distributions.

Our approach has been described previously?? and
we shall give only a very brief review here. We consider
an arbitrary system in contact with several heat reser-
voirs. The reservoirs are idealized models which have
the following properties: (1) They consist of an infinite
number of identical noninteracting components. (2)
Each component may interact with our system but
once. (3) This interaction is impulsive. These idealiza-
tions permit us to describe the time evolution of the
Gibbs-ensemble representing our system if we know the
stochastic kernel K (x,x’). K (x,x")dxdt is the conditional
probability of a system located at the point x’ in its
I'-space at time ¢ to have a collision with a reservoir
component, causing it to make a transition to the
volume element (x, x+dx), in the time interval (¢, +df).

The equation governing the time evolution of the
ensemble density u(x,f) is a generalization of the
Liouville equation for isolated systems, taking account
of changes in u due to collision with reservoir com-
ponents. It has the form

op (x7t)

+ (u,H) = f LK (o)1) — K (o) (o) 1o

K(xx") =2 Ka(x,5), (1.1)

where K, represents the effect of the ath reservoir
which in the cases we have considered is some kind of
temperature bath at temperature 7.

The remainder of this paper deals with a system
placed between two specified reservoirs for which the
kernels K, can be explicitly written. Section II
describes these reservoirs and finds the stationary
ensemble when their temperatures are equal. In Sec.

2P. G. Bergmann and J. L. Lebowitz, Phys. Rev. 99, 578
(195;); J. L. Lebowitz and H. L. Frisch, Phys. Rev. 107, 917
(1957).

3 J. L. Lebowitz and P. G. Bergmann, Ann. Phys. 1, 1 (1957).
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III we simplify the right side of the generalized Liouville
equation changing it from an integral to a differential
operator. In Sec. IV we solve this equation to yield
stationary nonequilibrium ensemble for some very
simple systems. The stationary ensemble for a general
heat conducting system is treated in an approximate
fashion in Sec. V. Appendix I extends the proof of the
ensembles approach to a stationary state under the
influence of the reservoirs, previously given, and Ap-
pendix II is an extension of the theory developed in
Sec. IV.

II. DESCRIPTION OF THE RESERVOIRS

We consider an arbitrary physical system contained
in a cylinder whose ends are closed by two movable
pistons. The state of the inner system is specified by
the variable y= (11, - - ,rx,p1,* - -,pn~) that of the two
pistons by (Q1,P1) and (Q,Ps) and the whole system
by x= (,01,P1,02,P2), 01<Q:. To the left of Qy there
is an ideal gas (heat reservoir) of particles having mass
m1, density ci, and temperature Ty, while to the right
of Q. there is a similar reservoir of particles having
masses ., density c;, and temperature T%. It is clear
that the only system variables which will change discon-
tinuously during a collision with a component of
reservoir one or reservoir two are P; and Ps, respec-
tively.. We shall thus have Ki(x,a")=K1(P1,P!)
X8(Q1—Q1)8(y—9")6(Q2—Q2)8 (P2— P;’) and a similar
expression for Ks(x,x"). Hence our basic equation, Eq.
(1.1), will assume the form

Op (x’t)

+ (u,H)
f[Kl(Pl’Pll)# (y,QhPl’:Q?’P?:t)]dPll
- le (Pl’,Pl),u,(x,t)dPl’

+f[Kﬂ(P%Pz')#(y,Ql,Pl,Qz,P2',f)]dP2'

- [ Ku(PsPautiars, 2)
where
Hx)=Hs(y)+U(r," - 15,01,09)

+P2/(2My)+ P2/ (2M). (2.2)

We now assume that prior to collision the particles of
each reservoir have a Maxwellian distribution of
velocities with their respective temperature 7'; and 7',
and that the density of the particles is uniform every-
where outside the pistons. These assumptions are cer-
tainly not satisfied exactly by any real gas and neither
is it possible to find a rigid piston, whose state is com-
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pletely specified by its position and velocity, in nature.
As was stated however in the introduction it is known
experimentally, and we hope that it is possible also to
prove mathematically for our model, that all the
important features of the stationary state of a system
conducting heat are independent of the details of the
interaction with its surroundings.

Using the laws of conservation of energy and mo-
mentum during a collision,* we get

Acama (M ~+my)*
T Qamdk T (2mM.)
X[ (—1)*(Ps/ = Po)]| Pa— P |
L(Pa—Pa')+ (ma/ Ma) (PatPo') P
8makT '

K(Pa,Pd)

Xexp{ — (2.3)

where a=1,2, 4 is the area of the piston and e is
Heaviside unit function

e(z)=1,
=0,

2>0,
2<0.

The presence of the unit function is due to the fact
that during a collision P; can only increase and P,
decrease.

This model can be made much more realistic if we
imagine each piston to consist of N, parts which are
held tightly together by strong forces but are not rigidly
fixed. The state of the ath piston would then be specified
by (Qd,Pa) = (Qd,) ne -,QaNa’Pal,. o )Pde,zd) where zq
stands for all those variables not affected during col-
lisions. The momentum of each part of the piston would
now change independently during a collision with a
reservoir component. The stochastic kernel K,(P,,P.’)
will now be a sum of N kernels K,® (P, P,"). When
the area ¢ and mass m, of each part of the pistons is
held constant then the total area and mass, 4 and M,
are proportional to V.. Such a piston will approximate
a physical wall when the structure of the wall molecules
is unimportant in collisions with reservoir components.
We shall however not consider this more complicated
model in detail but shall sometimes indicate how our
formulas are to be modified to apply to this model.

When the temperatures of the two reservoirs are

~equal, T1=T,=T, we expect the stationary state of the

system to be one of true equilibrium. We can indeed
find the stationary solution of Eq. (2.2) for this case.
It has the form

o= (Z 1) BlH+PAQp14Qa] (2.4)

where p,=c.kT is the pressure of the ath reservoir and

Z(T,P17P2)=f e BlH+PAQ— pidQldy,  (2.5)
r

4 See appendix of reference 3.
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In order that Z be finite, i.e., us normalizable, the system
must be confined to a limited region of physical space.
This is accomplished if there is some term in H which
prevents Qi, when $:<p,, from assuming infinitely
large negative values. If piston two has no external
forces acting on it then the pressure inside the system,
9, equals ps and p, has the form

po= (Z1) e BUH+PV+(r—p) AQ1] (2.6)
where V=4 (Qs— Q1) is the volume of the system.

When ps=p1, or when Qy, is held fixed, u, has the
form usually assumed for an ensemble representing a
system at fixed pressure.® It is gratifying that we get
this ensemble, approached asymptotically in time for
arbitrary initial conditions. The fact that only the
temperature and pressure of the reservoirs enter into
the description of the stationary state of the system
lends strength to our belief that the details of the
interaction between system and reservoir are not im-
portant for the final state.$

It is interesting to note that the quantity

"
W=fp. ln(—)dx
2]

which we show in the appendix to decrease mono-
tonically until the stationary state is reached is simply
related to the Gibbs free energy G(7',p). We have

W= f u[Inp+B(H+pV)+InZldw=[G— o (kT)
2.7

This is completely analogous to the monotonic decrease
of the Helmholtz free energy for a system whose sta-
tionary state is represented by a canonical ensemble.?3

III. SIMPLIFICATION OF KERNELS

The solution of the time independent part of Eq.
(2.2) becomes much more difficult to find when the
temperature of the two reservoirs is not the same. Even
the form of the solution will now necessarily depend
somewhat on H. To take a very extreme example; let
the system consist of two separate parts, each inter-
acting with but one reservoir, i.e.,

H=H:(y,,01,P1)+Hz(y2,0:,P2), y=(y1,92).

The stationary ensemble would now be a product of
two equilibrium ensembles,

ws=(Z Ve PHIp1AQ (7,7 1) g FalH2tp24 Q2]

5E. A. Guggenheim, J. Chem. Phys. 7, 103 (1939); see also
T. L. Hill, Statistical Mechanics (McGraw-Hill Book Company,
Inc., New York, 1956), p. 60.

6 If the pistons are tied down to some equilibrium positions by
very strong forces, then our system would in effect have a constant
volume and the stationary solution would be the canonical
ensemble appropriate for such systems.
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and no heat would be conducted across the system.
This is of course not the kind of system we are interested
in. To tackle the true nonequilibrium situation we
simplify the structure of the right side of Eq. (2.2).
First we make the hypothesis that the mass of the
pistons is much greater than the mass of the reservoir
particles, vo= (m./M,)<<1. We now use the known
result that the integral operator on the right of Eq.
(2.2) is equivalent to a differential operator of infinite
order.” That is, for an arbitrary K,

[x@ Pk @ pueyir

w 1 d»
=2 — —[a™(PwuP)], G.1)
n=1p! dP"

where

@ (P)= f K(P'P)(P—P)"dP".

The change from the integral to the differential operator
can be made separately for each K,. We have

@@ (P) =Z @a(m (P)
-y f Ko(P P (Pu—P.)"dP,

and for the kernels considered here

Qa™ (Po) = [cadva"1/4(21kT M P)*]

% f_ 5] o (— 1)e] p(_m)
X[l-{-;—v@%—O(va)]dz. (3.2)

When only terms of O((y4)?) arekeptin the differential
operator® above, then Eq. (2.2) assumes the form

(1) o o
+(u,H) = — prd——+ prd——
ot JdP; oP,
0 2
+ 5 [ oupart 0] 6
a=1,2L 9 P, P2
where

Na=Cad (8vakTo/TM )3, Do=NMkT,.

The right side of this equation has a structure
similar to the usual Fokker-Planck equation where p;:4
and (—p24) is the average force exerted by the reser-

7J. Keilson and J. E. Storer, Technical Report No. 33, Cruft
Laboratory, Harvard University (unpublished), or see M. C.
Wang and G. E. Uhlenbeck, Revs. Modern Phys. 17, 323 (1945).

8 These are the lowest order terms which contain the essential
features of the reservoirs.
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voirs on pistons 1 and 2 and A, is the friction coefficient.’
Note that if the ath reservoir were on both sides of the
ath piston then the average force term would vanish
and the friction constant would be 2\,. The average
forces can be included in the Liouville term by defining
a new Hamiltonian H', H'=H+ psAQs— p14Q1. The
fundamental equation whose stationary solution we
want is then

a}l, d _Bapaz
Zrwt)= £ [ Deen( )]
at a=1,2 0 P, 2M,,

e G 1 | I

where use has been made, in the last expression, of the
relation between A and D. After this simplification of
the kernels the total entropy production ¢ can be
written down easily. The entropy produced in the first
reservoir is o1=— (J1'/T1) where J1'=J1— p1Ad{Q1)/d}
is the heat current flowing into the system from that
reservoir; Ji being the energy flux. Similarly for the
second reservoir

d(Q2)
g9= — (]2’/T2) = Tznl['—]g—‘PzA d: ],
while
d(H) d(H')
—dt—z 1 ]2; =]1’+]2'-

The rate of entropy change in the system is
as; d du
=—k— fu Inudx= -kf — Inudx.  (3.5)
dt dt at
We find from Eq. (3.4) that

]a,:‘)\a[kTa_ <Pa2>/Ma])

aS;
0’=01+0'2+E= k Z Daf{ exp(—BaP.,2/4Ma) (/J,)"'%

a 2
x[—[exp (ﬂaPaZ/zMam]] 520, (3.6)
0P,

In the stationary state

is,  d®>)
=0; =0=J 475 J.=J., (3.7)
dt dt
so that
o=~ (J/T1)— (Jo/T3)=J1(T1—T5)/(T1T:) >0,
and, 1f T1> Tg,
T =Tim MR T1— (P2 M) =N (P22)) My— ET3) >0,
3.9

9 S. Chandrasekhar, Revs. Modern Phys. 15, 1 (1943).
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is the heat current in the stationary state. We expect
the following relation to hold in general T:>7T,®
> Ty >Ty where M kT,® =(P,2) is the wall tem-
perature. The physical meaning of the expression for
J’ is obvious. J' is proportional to the deviation of the
mean kinetic energy of the ath piston from the equi-
librium value it would have if it were only in contact
with the ath reservoir. It is a further consequence of
Eq. (3.9) that, in the stationary state,

Z NeTo ™ =Z AT o= (Z )‘a) T:

«

(3.10)

where T is the weighted average temperature of the
two reservoirs.

It also follows from the definition of A that J and o
are proportional to the area of the piston so that a heat
flux per unit area, j, can be defined. The quantity
(A/A) plays the role of a heat conductivity across the
interface between piston and reservoir. In the more
realistic case described after Eq. (2.3), of a piston con-
sisting of IV, parts, the mass of the piston M, is replaced
by m.™ the mass of one segment of the piston, in the
expression for the heat flux.

IV. SIMPLE STATIONARY ENSEMBLES

We consider here some very simple systems for which
exact stationary nonequilibrium ensembles can be found.
First we consider the case of one piston between two
reservoirs. The position and momentum of this piston
are designated by (Q,P), and its Hamiltonian is
r(Q,P)=P2/2M+V (Q). Equation (3.4) will now have
the form

ou(Q,Pyt 9
L(Q__Z—l- (l‘,h/) =Z E D, eXPE_ ('B“P2/2M)]

d
x—[expwapz/zM)uJ}, (4.1)
oP

where #'=h+ (pa— p1)AQ. Equation (4.1) has the time
independent solution

Ms= (Zﬁl) CXPE"ﬁh'(Q;P)]; (42)
where
B= (Z Daﬂa/z Dﬂ) = (kT)—l‘
T="er(m T Hco(moT5)]/
Cer(maT)ca(maTo)¥].  (4.3)

The stationary heat flux J and the entropy production
o are, (for T1>T»)
J=)\1k(T1"— T) =)\2k(T— Tz)(Tl—" Tg)
=[Ao/ AtHN) JR(T1—T2),
0’=](T1“‘ T2>/T1T2
=L (\Nek)/ \iA-Ng) T1T 2 |(T1— To)2.

(4.4)
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From the expression for \ given in Eq. (3.3) we get for
the heat current per unit area

j=J/A= 8k /xM*) (T:1—T5)
X[erca(mamoT1To)¥]/[ (c2maT ) (ca*msaTo) Y],

The magnitude of J will be determined primarily by
the reservoir with the lower value of \. It is that reser-
voir which imposes the limit on the transport of heat.

The stationary nonequilibrium ensemble found here
for a simple pistion can be extended immediately to a
piston consisting of V parts. The Hamiltonian of such
a piston is

(4.5)

2

3= Z (4.6)

1—~1 m(

—I_ U(Ql) JQN7Z)7

where z stands for all those pairs of canonically con-
jugate variables which do not change during a collision.
The equation governing the time evolution of this
system’s ensemble is similar to Eq. (4.1),

ot ool ()

i=1 a=1,2 9 P;

Xa_j;i (Zmi( )) )] *7)

where in order to get the right side of this equation we
had to assume m.<<m;™. Equation (4.7) again has the
stationary solution

= (Z7) exp[— (B35e)],

with B8 given by Eq. (4.3). This average temperature is
the same for all parts of the piston being independent
of the mass m;™ and the area a; of each part. The heat
flux 7 across this piston will be proportional to

o
_+ (NJ
at

(4.8)

[§ as(m )Y o]

but will not depend otherwise on the structure of the
piston.

The stationary ensembles found here for these simple
systems may have some relevance to the kind of en-
sembles we may expect for a fluid between two tem-
perature reservoirs. They suggest that, as a starting
point, we might isolate (mentally) a narrow cylinder of
fluid perpendicular to the temperature gradient and
consider the fluid to the right and left of this cylinder
as two temperature baths. These baths will tend to
bring this cylinder of fluid into a canonical distribution
with a temperature intermediate between those of the
sides. Thus a kind of local equilibrium can exist in the
fluid. This similarity will be clarified by treating a
system whose surroundings have a continuously varying
temperature.

Our system consists of a dilute concentration of large
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spheres, i.e., Brownian particles, embedded in a gas,
treated as a reservoir, whose temperature varies with
position. Since the concentration of the Brownian par-
ticles is assumed dilute we shall neglect the interaction
among them and only consider the ensemble density in
the T-space of a single such particle w(R,P);

= (X,Y,Z). This distribution will change under the
influence of the system Hamiltonian H(R,P) and due
to collisions with the gas particles. Such a collision will
occur whenever the distance between the centers of the
Brownian particle and some reservoir particle is equal
to o, the sum of their radii. The velocity distribution of
the gas particles just prior to a collision is again assumed
to be Maxwellian with a temperature 7, and concen-
tration ¢, that depends on their position during a col-
lision, i.e., on the surface of a sphere of radius o centered
at R. In accordance with the approach of this article
we shall not consider how such a reservoir could be
maintained.

In order to treat this syetm by the methods de-
veloped before, we divide up the surface of the collision
sphere of radius o into small elements of area
dA,=d%dw,, where dw, is an element of solid angle.
All the gas particles which during collision, with a
Brownian particle located at R, have their centers in
dw, will form one reservoir with temperature T,(R)
=T(R+on,), where n, is a unit vector in dw,. Evi-
dently collisions with the ath reservoir will affect only
the component of the systems momentum in the
direction of n,, i.e., P-n,. We may now immediately
write down the generalized Liouville equation for

w(R,P5).

e}
* =% f [K=(R: P,P)u(R,P")
ot a

—K*(R:P",P)u(R,P)1dP’, (4.9)
where

=P/2M+U(R),
K*R:PP)=K,(R:P-n,, P’ n,)6(PXn,—P'Xn,),

and the summation is over all solid angle elements. The
stochastic kernel K, is essentially the same as the one
in Eq. (2.3)

a*dw.m(m~+M )% (R)
~ QamkTL(R)) 2mi:
L(P—P")-n,+ (m/M)(P+P')-n,
8mkT(R)

L (P—P) n. ]| (P—P)-n,]

Xexp{ — , (4.10)

where  is the mass and ¢,(R)=C(R-+ona) is the con-
centration of the gas particles.

When we convert the integral stochastic operator
into a differential one and keep only the lowest order
terms in (m/M), we get the following equation for
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/-‘(Ryl))t);

u _
_+ (/-‘)H/) = Z a Uzdzva{)\aVP ( 11 * nanaﬂ)
a¢

+D,Vp,Ve(n.nu)}, (4.11)

where
:H+Z°‘ PH(R)UQde(R'na)7
Poe'__ CakTa, Da: MkTa)\a7

and A, is the friction constant for a plane piston per
unit area given in Eq. (3.3),

Na= (Ca/ M) (8MET o/ 7)*.

If it should happen that the temperature and con-
centration of the gas are the same everywhere then the
summation over «, or integration over dw, can be
performed explicitly, yielding the well known Fokker-
Planck equation for a Brownian particle,®
O
E-{— (u,H) = METV p

[en(- oG

with ¢=(4/3)me®\ the friction constant for a large
sphere in an ideal gas also found by Green.!* For com-
parison, the friction constant of a Brownian particle in
a liquid is related to the viscosity of the liquid n by the
well known Stokes relation ¢ =6mon/M, but Eq. (4.12)
is otherwise unchanged. The stationary solution of this
equation, for constant 7" and ¢, is evidently the canonical
ensemble at temperature 7.

In general the temperature and concentration of the
reservoir gas will vary but little over the distance o.
We may therefore expand these quantities about their
value at the point R,

dlnT
Ta(R)=T(R)+on,- ——+o( ]

)

and keep only the terms linear in the gradients. When
this is done in Eq. (4.11) we find the following equation
for u(R,P,!) to term linear in ¢ |d InT/dR]|,

d Inc

ca(R)=c(R)=on,- ——+o( S

I
E+ (1,50)=¢ (X)MET (X) Ve

X[e (—6(X>P“’)V (e BX)P2) )]
xp———— Vel exp———u } |,
P p )
(4.14)
p? P? 4
=—F+V(X)=——4UX)+-7re3X—
2M 2M 3

10 J, G. Kirkwood, J. Chem. Phys. 14, 180 (1946).
11 M. S. Green, J. Chem Phys. 19 1036 (1951).
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where we have assumed for simplicity that the external
forces are along the X-axis, the direction of the tem-
perature and concentration gradients.

We shall now find the stationary solution of Eq.
(4.14) for the situation in which the change of the
reservoir temperature is very small in one “mean path”
of the Brownian particle. In effect we will expand the
stationary nonequilibrium ensemble density, which is a
solution of Eq. (4.14), in powers of |rv-dInT/dR]|
where 7(R)=[¢(R)]? is the relaxation time and v is
some characteristic velocity of the Brownian particle.

We first write the stationary ensemble density u(R,P)
in the form

w(R,P)=n(R)EF(R,P); fF(R,P)dP=1, (4.15)

where #(R) is the density and F(R,P) the momentum
distribution of the Brownian particles. Letting ® stand
for differential operator on the right side of Eq. (4.14)
we may rewrite the stationary part of Eq. (4.14) in the
form

7(R) (nF,3C) = n® (F—Iy), (4.16)

where Fo=[2rMET (R) [ * exp[ —B(R)P%/2m . Here F,
is the locally canonical distribution which is the zero
order solution of Eq. (4.16). Writing in general

F=3 (1)'F;, n=3(7)'ni, p=nF=3 (), (4.17)
=0 =0 =0
we find
F1 = G)L_II:F() (ll’l,u.o, 3@)], Moo= %()F(). (4 18)

The functions 7; as well as the integration constants
appearing in Eq. (4.18) can be determined by con-
sistency requirements. In particular we must have

f FdP=0, Vg f PFdP=0, i>0. (4.19)

This leads to the following expressxons for the stationary
ensemble density to first order in the gradients

dg
.U'=l10+ (7/3)“0{ [P2/2M_ %kT(X)]I)X/ME} ;

av
1= BB(X) exp[——fﬁ—dX].
ax

where B is a normalization constant. This # represents
a balancing of the external forces by the pressure
gradient of the Brownian particles, u clearly reduces
to the canonical distribution when the temperature
gradient vanishes.

The form of the stationary ensemble (4.20) is re-
markably independent of the detailed properties of the
reservoir and its interaction with the system. Thus we
would obtain the same stationary ensemble, (to first

(4.20)
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order), if we had started [instead of Eq. (4.14)] with a
relaxation type equation

op Ho—u
"“"+ (p,ﬁ'@) = ’
at

7= (r/3)=(3)"1. (4.21)

’
T

We shall use this fact to guide us in the construction of
approximate stationary ensembles for a general heat
conducting fluid which we shall do in the next section.

V. APPROXIMATE STATIONARY ENSEMBLE

In this section we will discuss some ensembles which
we believe to be similar to the true stationary ensembles
representing a system conducting heat. Restricting
ourselves to a one component monatomic system, the
Hamiltonian H(x) [or H'(x)] has the form

H(x)=§ —%‘F% 2 V(i) +£(wi— Q1) +£(Q2— 1)

=112 77

+hl(Q1)P1)+h2<Q27P2)> (51)
where £ is the interaction potential between particles of
the system and the pistons. Both £ and V are assumed
to have a range which is very small compared to any
distances over which there is a variation in the bulk
properties of the system. We always have 01 < x; <(Q»;
(x; is the coordinate along the cylinder axis).

We have seen in Sec. III that when only piston 1 or
piston 2 is in contact with its reservoir, then the system
ensemble will appraoch and remain in a canonical dis-
tribution with temperature 7'; or 7. The way in which
this canonical distribution is approached will of course
vary with the type of potentials £ and V, the density
and size of the system, as well as the form of the
ensemble at t=0. However, except for a rarefied gas
(Knudsen gas) where the mean free path is of the same
length as the system, we may expect the evolution of
the system to proceed as follows. First, collisions
between the molecules will tend to set up a kind of local
canonical distribution in each region of the system.
These local distributions gradually become more exactly
canonical at the temperature of the reservoir, as the
effects of the reservoir are propagated via collisions
between the molecules.

When the two pistons are in contact with different
reservoirs, there is a competition between the efforts of
eachreservoir tobring the system to its own temperature
This will lead to some new kind of stationary ensemble.
The results of the last section suggest that if we look
at some narrow region of our system, its distribution
should be almost canonical with a temperature inter-
mediate between those of its neighbors. The tempera-
ture gradually changing from nearly 71 to nearly 7
as we cross our system from left to right.

L. LEBOWITZ

This idea can be made very precise when dealing with
the lower order distribution functions. It forms the
starting point of the Chapman-Enskog solution of the
Boltzmann Equation,”® of the Bogoliubov? virial ex-
pansion and the Born-Green* “normal solutions” for
the n-particle distribution functions f,, #<KN. These
authors were interested in the evolution of the general,
even if not the most general, time dependent state of a
system. They could therefore not say anything about
the higher order, particularly the N-particle, or I'-space
distribution. These could be expected to depend sensi-
tively on the initial conditions for very long times.
Since our interest here lies in the stationary distribution
which we have shown to be independent of the initial
conditions we shall take for the zero order form of u(x)
something that corresponds to local equilibrium u;(x).
The corrections to u; we have to get in a very rough
way, but are probably qualitatively right. They are
proportional to the temperature gradient. If the tem-
perature of the two reservoirs is kept fixed while the
length of the system and the number of particles in it
are permitted to increase indefinitely, then we expect
that u; will approach the true stationary distribution.

To represent explicitly our assumed local equilbrium
solution, we write H as a sum of N42 parts

N+1

H=3 hi(psrV,01,0s), (5.2)
where B
hi=pi/2m~+3 ]L; V(rip)+&(wi— Q1)+ £(Qe—x2),
1<i<N, (5.3)
o=l (QuPY), ha=l*(Qa,Ps), TV=(ry,- -~ 1x).

h; represents the energy of the ¢th molecule in the field
of all the other molecules and the walls. Thus the mean
internal energy per molecule at the position r is simply

Ul<r>=[ Jitop—nis| / [ [ #(x)ﬁ(rl—r)dx]-

(5.4)

The local equilibrium ensemble y; is of the following
form:

(@)= <Zr1>[f:11<2mkr<ri>>~%]

Xexp{—glm(ri>hi+¢<ri>3}, (5.5)

where Z; is a normalization factor and ¢ is related to

2 5. Chapman and T. G. Cowling, The Mathematical Theory of
Nonuniform Gases (Cambridge University Press, London, 1939).

18 N. Bogoliubov, J. Phys. U.S.S.R. 10, 265 (1946).

“H. S. Green, T'he Molecular Theory of Fluids (Interscience
Publishing Company, Inc., New York, 1952).
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the density in physical space #(r)

n(ry) = e‘¢<’1)f expl — E g (@_:6—(11)) V(ri;)

+§: ¢(l'i)“dfz' : -drN/

=2

fenl-LE(22) e

N
+Z ¢(l’t):| ldl’l' . 'dl‘N, (56)

g=1

where, for simplicity, the boundary terms have been
omitted from the last expression. We will choose B(r,)
and ¢(r,) later to satisfy certain consistency conditions.

We write now u=u;+u;1 and substitute this into Eq.
(3.4), giving us

Ie) 1 2 ﬁa_ﬁ( @
%r () = | () +5° [——Q)]

a=1

[

a

2 a —BaPa2 9
+ 2 Dy ‘ exP( —
a=1 9P, 2M, 793P,

s el o0

The stationary solution ui(x) of Eq. (5.7) is

a

() = f dt f dx’P(x,x’[t)m(x’){(H(x’), Inga('))

o]

a=1,2

, (5.8)

_BHPS” ] }

a

where P(x,4'/t) is the solution of Eq. (3.4) for t>0
with the initial condition P(x,x’/0)=68(x—«). “For-
getting” about the surface terms, we can rewrite the
above equation as

() =3

i=1

i dtf dx'[P(x,x’lt)m(x')
0 r

ag deo
><{*m')[hxx/)—%kT<r¢'>]+—
dr/ dl'i’

LTI

m

+3 ‘./_I;[B(r/)—ﬂ(rk')]
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What we have done so far has been completely
formal and rigorous. We now make the drastic assump-
tion that in tke integral of (5.8) where very small weight
is given to exceptional initial states x’, we may approxi-
mate P(x,%"/t) by some “relaxation time” type Pr(x,x't).
P,(x,%'/t) represents a system which forgets its initial
state exponentially,

Pr(wa /)= 3 (x—o')H (),  (5.10)
¥ (x,t) can be arbitrary as far as we are concerned since
it makes no contribution to (5.8). The time 7 must be
related to the macroscopic ‘“‘relaxation time” of the
system (i.e., mean time between collisions for gases and
the reciprocal of the Kirkwood® friction constant for
liquids.) This relaxation time is a local property and
depends on the temperature and density in each region
of the system. We shall therefore assume ad hoc a
7:(8(x;), n(r;)) for each term in the sum in Eq. (5.9).

These 7; have no direct relation to the properties of
the reservoirs. The reservoirs establish and maintain
the stationary ensemble but, we believe, do not influence
its actual form except near the boundaries. Their role
is somewhat, but not completely, analogous to that of
walls all at the same temperature in equilibrium.
However, the distinction between the boundaries and
the rest of the system can have meaning only for those
properties of the system which can be associated with
a definite position (or small region) in physical space.
These include the lower order distributions f,, after
suitable subtraction of their asymptotic values. It is for
the calculation of such quantities that our approxi-
mation might be valid.

Putting in our relaxation assumption in Eq. (5.9) we
find to terms linear in the temperature gradient, which
are the only ones we shall consider,

N dp dn(B(ry)
() = (@D 7 { [hﬁ"—d;}—](pi/w

=1 dr;

+1 §<rk~u>[al;(”’°) 21 6

I; m

where n=¢(r;))—3% InB(r;)=n(B) to first order in the
temperature gradient. The term u; will give rise to
small correction terms for the macroscopic properties
of the system whenever |7v|<|dInT/dr|, v being a
representative molecular velocity. For a gas this
amounts to having a very small change in temperature
within one mean free path.

In order to make Eq. (5.11) definite, we have to
determine B(r) and #(r) [or n(r)] within our approxi-
mation. We find #(r) by requiring that the pressure p
be uniform inside our system. [ We shall see later that
this also makes the mean flow velocity u(r) calculated
from Eq. (5.10) vanish.] The temperature 7'(r) must
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be such as to make the heat flux j constant. This flux
is equal to the energy flowing from the reservoir at
the left into piston 1 and from this piston to the mole-
cules adjoining it, flowing out again into the second
reservoir through the second piston. These conditions
are sufficient to determine the temperature (mean
kinetic energy) of the pistons and the system inside.

It is easy to see from symmetry considerations that
neither the density #(r) nor the two body position dis-
tribution #9(ry,r:) can have any terms linear in the
temperature gradient. Hence, they will not depend on
u1. We then have for the pressure tensor IT*

H(Tl) =n°(r1)kT(r1)1

/

—-%f[nf(rl—-%r, r1+3r) )rrjd3r=p1, (5.12)

r

where the superscript zero designates quantities cal-
culated from y; only to terms of zero order in the tem-
perature gradient. We shall usually omit the super-
script on those quantities which have no terms linear
in the gradient. It follows further from symmetry con-
siderations that the pressure tensor will be equal to
its equilibrium value at 7'=T7'(r), n=n(r)

(1) =T (n(r), T(r1))=pe. 1. (5.13)
The density is therefore determined by the equation
dn(ry) ap /9p AdT(rl) dn ar

dry T (E/:?;)eq dr; B (Ei:)p -—-const.d_rl‘

(5.14)

The relation between the different order configura-
tional distributions #,(ry,- - +,¥,), calculated from g,
can be expressed by integro-differential equations of
the type derived by Bogoliubov for equilibrium. This
leads to an explicit equation for 7

d
—n=——U1(n,T)—[)(n,T)/n. (5.15)
98
which together with Eq. (5.13) determines 5(8). These
integro-differential equations also permit a virial ex-
pansion of the #, in powers of the average density 7.
It is interesting to note that for a gas of hard spheres
the configurational part of u; is equal to what it would
be if this gas were in equilibrium at a temperature 7'
in an external force field derivable from a potential &

N

=1

(5.16)

The single particle distribution fi(ry,p;) is found in
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our approximation = f%4 1!

SP=n(r) [ 2xmET (1)) 1% exp[—B(r)p2/2m],  (5.17)

ar on
fii= forCn(rymhT(r) T — { [p12/2m+—]n(n)
dn 6ﬂ

1
—f‘g f”2(r1,r2)v(7’12)dr2

1 D1
—= fm(rh rl—l—r)rV’(r)drl—.
6 m

For a gas the potential energy terms are negligible and
f1is equal to that gotten from the solution of Boltz-
mann’s Equation by a relaxation method.

The requirement that there be no net mass flow in
the stationary state gives

fplfl(rhpl)dpl
d 1 a
=— 1'1: —@kT)+— | —V (riz)ns(ry,r5)dr,
1 2 ary
dp (
——r—=0. (5.18
1dr1 )

where we have used the integro-differential relations
between 7, and 7, mentioned before. Hence, the re-
quirement that the pressure be constant insures that
there is no mass flow.

The two particle distribution function fy(ry,r,,p1,pe)
is symmetric in the indices 1 and 2. It is given to first
order in the temperature gradient by f"+ fy!

J0= [ (e, p1) 20 (x2,02) g0 (712,8,72),

where go is the equilibrium radial distribution at a
temperature and density which is a symmetrical average
between their values at r; and r,,

(5.19)

S =1(r1,x2,p1,p2) +1(12,11,p2,D1),

ag
I=f(ns) lei‘—[ { [P12/2m1+%V(712)

I

amB(r 1
+l[ﬂ_£]”2+ﬁ fV(hs)nso(rhr?’m)dra
98 2

1 d P1
+“f(I'Z‘rl)—V(1’1s)n3°dr3}—~
2 ar

m

+2(r2——r1)ainV(rw)[p ljn-m]m]. (5.20)

From this expression we can calculate the heat flux
j and hence determine 7T'(r). We can also find from u
the higher order distributions f, but we shall not give
any details of those calculations here.
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APPENDIX I

It was shown in reference 3 that the quantity W,
defined as

W ()= f (o) Ing () () = () s (),
’ (AL.1)

where u, is a stationary solution of Eq. (1.1), is greater
than zero when u(x,?) #u, and has the property that

g=—ffK(x,x’)u(x',t)

@7 @)
x MZ ;,5,]{;1}

The integrand in (A1.2) will be zero only for those
pairs of points x,%" for which either K (x,x”) vanishes or
¢(x)=¢(x'). This implies that W will continue to
decrease towards its minimum value until ¢ is constant,
or u(x,t) is proportional us(x), inside those regions 4;
of I'-space where K (x,x") #0 for x,2’ both in the same
A;. This by itself is clearly insufficient to show an
over-all asymptotic approach of u(x,f) towards u,(x)
when, as in the case considered in this paper, the sets
A; are of a much lower dimensionality than the whole
T-space (i.e., of measure zero). It was therefore argued
there that W should continue to decrease until ¢ is
constant inside all regions B;, defined by the property
that a system starting at a point in some B; can reach
any other point in the same B; region under the combined
action of its natural motion and collisions with reservoir
components. In this appendix we formalize and make
more rigorous the arguments given in reference 3.

The proof given here will also apply directly when
the stochastic operator on the right side of Eq. (1.1)
reduces to a Fokker-Planck type differential operator.
For the kernels considered in this paper Eq. (1.1) is
then transformed into Eq. (3.4) and (A.2) assumes the
form, after some integration by parts,

dW—‘ D, -1 i 2d <0. (Al3
— =2 D, [0 | | ax<0. (a1

a

—l}dxdx’ <0. (Al.2)

This quantity will vanish whenever d¢(x)/dP.=0.

Since Eq. (1.1) is of first order in time and H and K
are time independent the probability density u(x,f)
behaves like a Markoff process. Hence the conditional
probability P(x,x'/t)dx of finding the system in
(x, x+dx) at time ¢ if at {=0 it was known to be at
x’ will satisfy the Chapman-Kolmogoroff equation

P(xx'|t)= f P(xx |t—)P(«” &' |t)dx", t>¢>0.
(A1.4)
P(xx'|) >0, fP(x,x’[t)dx=1.
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We further have from the linearity of the equation
for u that

u(x,t)=fP(x,x']t-—t')p(x’,t')dx’, t—t'>0. (A1.5)

and by definition, u,(x) must have the property

o) = f Pl | Do (). (AL.6)
Let us define a new function:
W= [uwdotas (ALT)

The difference between W o1 =W (tny1) and W,,=W (£,
for £,41>> 14, can now be written in the following form.

Wn—i—l_ Wn

= [ st (ot f HETAYIOTRIS
—2 f f P b )i (8)h ()b (0 i
- f f Pt by o) ()t ) !

—f rP(x,x'|tn+1—tn)us(x’)&(x',tn)dxdx’

— [ [Pl tu)
<0 XI:d’(x:tﬂrl-l)_d’(x,ytn)jzdxdx,

The integrand will vanish only if ¢ (x,£,11) is constant
and equal to ¢ (x,t,) in each set B, for if x, 2" and x”’ are
all in the same set B; then for some value of ({np1—1¢s)
P(x, ' |tppa—tn) and P(x”, & |tns1—t) are both
greater than zero and we must have ¢ (x,t,11) =¢ (2/,1,) =
(& fny1) if Wopr is to equal W,. This shows that
W () will continue to decrease until u(x,f) = a;u,(x), a;
constant, in each B;. In general we expect there to be
only one set, By, consisting of the whole phase space.
When that happens the constant of proportionality will
be unity because of normalization. When there are
several B; there will be a different stationary ensemble
for each different initial distribution of systems over
the B;. Inside each B; the different densities will be
proportional to each other.

APPENDIX II

In this appendix we consider in more generality than
done in Section IV, the problem of a simple system,
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like a Brownian particle, interacting with several
reservoirs when the effect of the reservoirs on the time
evolution of the distribution function of the system is
expressible as a Fokker-Planck type differential opera-
tor. A possible example of such a system might be an
atomic particle moving in a plasma of ions and electrons
which have different temperatures for times sufficiently
long for this particle to come to a stationary state. A
different example, may be found in the case where the
different degrees of freedom of the molecules of the
medium through which our particle is moving are not
in equilibrium with each other.

Consider a particle moving in such a three dimen-
sional isotropic medium. Calling the distribution
function of our system, (particle), f(Q,P) and its
Hamiltonian %, 2(Q,P)=P2/2M+V(Q) we will have
the following equation for f

af P af av of
e =3 Vo [Aa [+ Ve (Daf)]. (A2.1)
a M aQ 0Q oP @

where (Aa)zi=No(P2%,Px;), i=1, 2, 3 and D,=D,(P?)
have essentially the same interpretation as the quan-
tities defined in Eq. (3.2) except that we now permit
them to depend explicitly on Q and P. Further we do
not require that the reservoirs themselves be in true
equilibrium, it is sufficient that they have a stationary
(or approximately stationary) distribution.

In many cases the Liouville term in Eq. (A2.1) is
zero because there are no external forces and f is spa-
tially homogeneous. In any case, let f,=e %« be the
solution of the equation

Ve [g‘af+VP(Daf)]=0: fa=fa(P2,Q).

This implies, by the condition of isotropy and nor-
malizability, that

Q\vafa: —VP(Dafa)-

Hence the right side of Eq. (A2.1) can be written in the
form

(A2.2)

(A2.3)

52 { Z[Darw—a—(ewf)]}. (A24)
i=1 QPr;l Pz;
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It is now our result, which is a generalization of Eq.
(4.2), that the curly bracket in the above equation will
vanish for

f= eXp(—qDa

¢= f [Z Dadtf) / = Da]d(zm). (A2.5)

a

when

The constant of integration can depend on Q. We
therefore have that when ¢ can be chosen to be a
function of / only, or if the Liouville term vanishes, and
D, is independent of Q, then exp(—¢) is the stationary
solution of Eq. (A2.1).

When % (P)=)\,P then ¢.=pB.k+constant, and Eq.
(A2.5) reduces to the stationary solution y, of Sec. IV,

ps=(Z™) exp[—BR(Q,P)]. (A2.6)
The heat fluxes J, are now given by

Jo= 3)\11[(.301)—1_ (5)—1]7 Z Jo=0. (A27)

The Onsager relations for the type of flows encoun-
tered here were discussed in reference 2. It was proven
there that, in the stationary state,

3T 3,
Liy=— -

0By |all pa=8 05

From Eq. (A2.7) we get for the case considered here

"_17:.3_"1{ [gio‘“'_ﬂ“)_i]fﬁbrf}; A=3 A, (A2.9)

EL‘WS)
all By =B

v5.  (A2.8)

B A A Bs19Bs  Bs
which, when all 8, are set equal to some B3, gives
AN
= = Ls,. (A2.10)

We see from (A2.9) that in the nonlinear region, where
the heat fluxes J,, are not proportional to the thermo-
dynamic driving forces, (8—Ba), then 8.J,/38:5 3.5/ 9B,
so that the J, cannot be derived from a potential, which
has sometimes been suggested as a generalization of the
Onsager relations.



