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In this paper we continue the investigation of a model for the deseription of
irreversible processes which we had proposed in an earlier publication. This
model permits the construetion of Gibbs-type ensembles for open systems
not in equilibrium, The internal dynamies of the system that is engaged in a
nonequilibrium process is assumed to be deseribed fully by its Hamiltonian. Its

| interaction with its surroundings, i.e. the driving reservoirs, is deseribed in
terms of impulsive interactions (collisions). The reservoirs themselves possess
definite temperatures, are inexhaustible, and are free of internal gradients (i.e.
they are temperature baths). The ensemble obeys an integro-differential
equation in D-space, containing both the terms of the Liouville equation and a
stochastic integral term that describes the collisions with the reservoirs. It is
shown in this paper that, under very general assumptions, all distributions
approach each other in the course of time. If there exists a stationary solution,
it will be unique and will be approached asymptotically by every time-de-
pendent solution. In general the stationary state does not represent thermo-
dynamic equilibrium; the ensemble remains unchanged only because its sur-
roundings maintain temperature gradients inside the thermodynamic system.
Only if these surroundings are all at one temperature, i.e. if the system is in con-
tact with but one reservoir, then the stationary state will correspond to the
eanonieal distribution. As a result, the stochastic integral kernel that describes
the effect of collisions with the reservoir will satisfy certain symmetry condi-
tions. A detailed investigation of our micro-model shows that these conditions
are indeed satisfied if the reservoir components are themselves in a canonical
distribution prior to collision. In the presence of several reservoirs at slightly
different temperatures, the Onsager reciprocal relations are satisfied by the sta-
tionary distribution. In our model the Onsager relations are thus obtained
without an appeal to fluctuation theory, and without the assumption that de-
tailed balancing holds for the elementary stochastic processes, i.e. for the
interactions between system and reservoir. In the latier part of the paper,
finally, we consider reservoirs that maintain thermodynamic potentials in
addition to the temperature, including chemical potentials. Tt turns out that
our prineipal results are unaffected by this generalization.
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1. INTRODUCTION

In a previous paper (1), we have proposed a statistical-mechanical model for
nonequilibrium processes which permits the use of Gibbs-type ensembles for
open systems not in equilibrium. We consider a system, with canonical variables
= (@, " qv; p1, - Py), in contact with inexhaustible reservoirs, “tem-
perature baths.” These reservoirs maintain temperature gradients within the
system. Because of the infinite size of the reservoirs, the I'-space ensemble repre-
senting the system can approach in the course of time (and remain in) a sta-
tionary nonequilibrium state. In order to eliminate the infinite-dimensional phase
space of the reservoir from the description of the system, we let the reservoir
consist of an infinite number of independent, identical components, each of
which is to interaet with the system but once. We further assume an impulsive
interaction between system and reservoir component. Thus at the beginning of
an interaction the state of the reservoir component is independent of the previous
history of the system. Subsequent to the collision, such a dependence exists but
is to be disregarded, because by assumption there is no further interaction. Hence,
the effect of the reservoir on the system can be completely deseribed if we specify
the time-independent distribution of the reservoir components in the y-space of
the reservoir before collision; we never have to deal with the total phase space
of the reservoir. We shall call the phase space of one reservoir component T,
(this is the p-space of the reservoir).

Each collision results in the discontinuous transition of the system and a
reservoir component from some initial state (2/, ') to a final state (x, y). The
over-all motion of the system in its own phase space I', will be continuous most
of the time and determined by its own Hamiltonian H,(z); this continuous mo-
tion will be interrupted from time to time by jumps corresponding to collisions
with the reservoir. These jumps are not uniquely determined by the position of
the system in I'» but depend also on the position of the reservoir component in
T, prior to collision. Hence from the point of view of the system we can only
specify a contingent probability K(z', x) dx’dl. This expression represents the
probability that the representative point of the system, known to be at the
location z in I';, will be thrown into the volume element dx’ within the time
interval dt as the result of a collision with some reservoir component.

This contingent probability is the result of averaging over the initial (pre-
collision) states iy’ and of summing over the final states y of the reservoir com-
ponent. Because of the nature of our reservoir the stochastic kernel K(x, 2') is
independent of time £,

The ensemble density of systems at some point x in T, w(z), will change
because of the natural motion of the system and because of collisions with the
reservoir. The equation for g will have the form

WD 4 (o, ), H@) = [ K, 29, 0 = K@, e, 0] e’ (LD
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The Poisson-bracket on the left side represents the effect of the natural motion,
whereas the right side describes the effect of collisions. When the system 18
isolated there are no collisions, K = 0, and Eq. (1.1) reduces to the usual Liou-
ville equation. In T it had been assumed that the distribution of reservoir com-
ponents prior to collision was canonical and corresponded to some definite tem-
perature. Such a distribution has the form

wly) = (2™, 8= 1/kT (1.2)

On the grounds of microreversibility it was claimed in I that, for a system
in contact with a reservoir of this kind, the kernel K(x, ) should have the sym-
metry property

K(z', r) = exp {p[H.(z) — H.2")]} K(%, 2'); Hiz)' = H(Z) (1.3)

where # is that point in I', which corresponds to x under time reversal, ie. it
has the same coordinates and the opposite momenta as x. The “time-reversed
symmetry” condition (1.3) was found to be insufficient to insure that the en-
semble density u(z, {) approach the canonical distribution in the course of time,
a result to be desired, because in the Gibbs formalism the canonical ensemble
represents the equilibrium state of a system in contact with a temperature bath.
Hence, if our model was to represent a physical situation it had to lead to canon-
ical equilibrium in the course of time, i.e. K(x, 2') must have properties such
that under Eq. (1.1)

pe() = lim e fu(z, O} = (ll_,-'Z)f—ﬁHu]

for any initial conditions. Accordingly we went a step further and assumed that
microreversibility, i.e. equality of cross sections, holds not only as regards the
transition # — 2 and the “time-reversed” transition & — %, but also for the
“directly reversed” transitions x — 2’ and &’ — z. This assumption implies the
“direct symmetry relation”

K(z', z) = exp |B[H(x) — H(x")]} K(z, z) (1.4)

This additional assumption was shown to assure the monotonic decrease of the
Helmholtz potential of the system in contact with a single temperature reservoir
until the ensemble density becomes eanonical. The “direct symmetry” condition
(1.4) is equivalent to detailed balaneing in the canonical ensemble as regards
stochastic transitions: As many systems pass from 2’ to x as make the reverse
transition from z to 2. In I we were unable to decide whether the assumption
of “direct reversibility” (1.4) is necessary (as well as sufficient) for our results
to hold, nor whether it can be justified in terms of our micro-model.

When the system is in contact with several reservoirs, each with its own
temperature and its own peculiar coupling to the system, then the kernel of Eq.
































































