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Abstract. Robertson has found a projection operator which, applied to the Liouville equation, yields an
exact equation for a(gﬂ, t), the information-theoretic phase-space distribution. If the Robertson equation is
multiplied by a set {F;} of functions representing physical fluxes, odd under momentum reversal and even
under configuration inversion, a set of evolution equations is obtained for time-dependent ensemble averages

1; = (F;) which are variables of extended thermodynamics. In earlier work, a perturbation calculation was
developed, assuming just one variable 7, for an operator T occurring in the Robertson equation. This
calculation is extended here to the case where there are v > 1 variables. The coefficients in the evolution
equations depend on {n;} and explicitly on time ¢ at short times. It is shown here that these coefficients
exhibit Onsager symmetry at long times, after the transient explicit ¢-dependence has disappeared, to

Oo(n).

PACS. 05.70.Ln Nonequilibrium and irreversible thermodynamics — 05.20.Jj Statistical mechanics

of classical fluids — 05.60.Cd Classical transport

1 Introduction

Robertson [1] has obtained an exact statistical deriva-
tion of non-equilibrium thermodynamics from the Liou-
ville equation. If the latter is satisfied by the phase-space
distribution p(zx,t), one can find an operator, PR, such
that Prp = &, where o(x,t) is the information-theoretic
distribution [2].

o(z,t) = Z Vexp [ﬁﬁ' — inﬁi(x) (1)

which maximizes the information-theoretic entropy sub-
ject to matching conditions for the set {7;} of thermody-
namic state variables:

A
A

m={F}) = / ol )E(@)de  (1Si<y) (2)
where we integrate over phase space. The set {);} are de-
termined to satisfy (2) identically. 3 = (kT)~! character-
izes a heat reservoir with which the system is in thermal
equilibrium, although it will not be in internal equilibrium
unless the {\;} vanish. Z is a normalizing factor. By op-
erating on the Liouville equation with PR, one obtains an
exact equation for 9o /0t, with o given by (1). Multiply-
ing this equation by the functions {F}(z)} and integrating
over phase space, one gets exact evolution equations for
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the set {n;} in the form of a sum of powers of the {\;}.
As we shall see, these evolution equations can be cast in
the form

-
A
IA

= 3" Liy({Ap 1 O (1)

j=1

sv). )

In a non-uniform system, the kinetic equations such
as (3) are taken together with the hydrodynamic equations
of energy, mass and momentum conservation to constitute
“generalized hydrodynamic equations”. Here the system is
uniform and the particle number fixed. To conclude that
T is fixed, we invoke the conventional definition of “heat
bath” which is a system large enough so that its temper-
ature is constant which exerts vanishingly-small forces on
the molecules of the system with which it interacts. These
forces induce an exchange of energy and momentum be-
tween system and heat bath at an unobservably slow rate
during relaxation of the variables {n;}. The observed re-
laxation process therefore occurs with energy and centre-
of-mass effectively fixed. The extremely weak interaction
with the heat bath does not perturb the system dynamics,
permitting us to use the Liouville equation which applies
to a system of fixed size and neglects interactions with
the surroundings. Accordingly, for a system interacting
with such a bath, the hydrodynamic equations trivially
equate to zero the rates-of-change of densities of conserved
quantities momentum and energy. In thermodynamics, in
both equilibrium and non-equilibrium, temperature is op-
erationally defined [3,4] as the reading of a thermometer
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with which the system is observed to be in thermal equi-
librium or, failing this, by some other empirical procedure.
Here, the heat bath plays the role of a thermometer, and
the temperature of the system is the constant tempera-
ture T' of the bath. The probability that during a given
observation of relaxation of the set {7;} the energy is F
is then proportional to exp (—BFE) with 3 = (KT)~!. In
a situation where a system is not in thermal equilibrium
with a thermometer, e.g. a sound wave where T varies
sinusoidally, the time-dependence of T is still inferred ex-
perimentally by comparing with absorption and disper-
sion measurements the result of postulating a sinusoidal
time-dependence of T'. Since T is fixed and the conserva-
tion equations trivial, equations (3) suffice to describe the
observed relaxation of the system.

Equations (3) are phenomenological equations of non-
equilibrium thermodynamics, relating fluxes 7; to ther-
modynamics forces. One can see that the {\;} are propor-
tional to thermodynamic forces by inserting (1) into the
information-theoretic entropy [2],

S:fk/alnadx. (4)

The result obeys a Gibbs equation,

TdS =dE+» Nf~ " dn, (5)

so that ;371 is the thermodynamic force associated with
the flux 7;. Work terms or a term proportional to the
chemical potential are absent because the system bound-
aries are fixed as is particle number N. Driving terms,
proportional e.g. to a macroscopic temperature gradient
are absent in (3) because the system is uniform.

If a driving force such as —L,T'VT is added to (3)
when 7; is component of Q = heat flux, positive defi-
niteness of the irreversible entropy production calculated
from (5) requires that (2) be written

Q=-V'LB N+ (6)

where the ellipsis refers to terms proportional to other
forces. There is thus an anti-symmetric Onsager coupling
between the driving forces and the rates {7;}. This assures
that if only low-frequency disturbances are propagating,
so that the {7} can be neglected, equations (3) reduce
to the classical phenomenological equations for coupled
fluxes of e.g. heat and diffusion [5]. If L;; = Lj; obtains
in (3), reciprocity will still obtain in the classical limit
when the {n;} can be neglected. Reference [6] gives a his-
tory of applications of reciprocity in extended thermody-
namics. (See pp. 225-233.) Extended thermodynamics, in
which the dissipative fluxes of classical non-equilibrium
thermodynamics appear as variables, reduces to the clas-
sical formalism in the low-frequency limit in such a way
that Onsager symmetry is preserved, assuming the classi-
cal form [6,7] with a new set of coefficients Lj;.

We shall suppose in what follows that the variables
{n:} are indeed the dissipative fluxes of classical non-
equilibrium thermodynamics [7], e.g. components of Q or
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of the diffusion flow, and, accordingly, that the {£}} are
odd under reversal of particle momenta. The original rea-
son [6] for introducing these variables is that reciprocity
relations among the {L;;} can relate quantities suscep-
tible of calculation from molecular models to others less
readily calculable from models. In a steady state induced
by constant driving forces, if reciprocity can be used in
calculating the A-dependence of the {L;;}, we can predict
non-linear effects in transport when the rate equations are
solved for the {n;} in terms of the driving forces. There
are a number of recent examples [8-11] of the use of ex-
tended thermodynamics to estimate non-linear effects in
transport and chemical reactions. The emphasis in these
works on reciprocity and molecular models diverges from
the main stream in this field [12] which has been con-
cerned more with the derivation of wave equations whose
parameters can be fitted to experiment.

Our aim in the present paper is to determine condi-
tions under which L;; = Lj; in (3) when the A-dependence
of these coefficients is taken into account. For simplic-
ity, all the {#;} are taken to be odd under time-reversal
and the {F;} odd under reversal of particle momenta.
Robertson [1] was unable to prove reciprocity when the
L;; depend on the {\,}. A specialization of his work [13]
to equations having a structure typical of extended ther-
modynamics [6,12] including variables both odd and
even under time-reversal, showed that symmetric reci-
procity holds in general only if we neglect O(\,) in the
L;j-coefficients coupling forces of the same parity, whilst
anti-reciprocity holds to all orders in coeflicients coupling
forces of opposite parity under time-reversal. We consider
here the Robertson formalism for terms in rate equations
such as (3) which exhibit symmetric reciprocity in linear
approximation to see whether at later times reciprocity-
violating contributions to the {L;;} do not disappear.
Typically Q in a simple liquid will relax in less than a
nanosecond over which we do not actually make obser-
vations, and so non-linear reciprocity will be seen to hold
over time scales of actual measurements and in the steady-
state limit.

Physical examples of operators {E} have been given
previously for heat flux [14], diffusion [15], and inelastic
strain-rate [9]. These are discussed in the references cited,
showing how the rates-of-change of the variables may be
cast in the form (3). In a non-uniform system, they are
coupled to gradients in such a way that they reduce to e.g.
Fourier’s law in the classical limit. In all these examples,
F; is even under configuration inversion, and so all our
{E} will have this property, as well as being odd under
particle momentum reversal.

We proceed to summarize the derivation of (3). Defin-
ing [1] Pr by

v

Fux =Y (00/0n;) [ F5xda (7)

j=1
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for arbitrary x(z), we find [13] that the equation for &
assumes the form:

o(t) = —iPr(t)Lo(t) + / t dt' Pr(t')iLT(t,t")
0
x [1— Pr(t)]ilo(t') (8)

where L is the Liouville operator. T(t, ) is defined [1] to
be the solution of

aT(t, ')/t = T(t,t')[1 — Pr(t)]iL (9)

with T'(¢,¢) = 1. Multiplying (8) by Fj(z) and integrating
over phase-space, we obtain [13]:

t
on; | Ot = — / dt’ / da iLE{9T(t,t") /0t }o(t')
0
(1<isv). (10)
The first term on the right in (8) gives zero because the
{F;} are even under configuration inversion, causing the
integrand in (7), viz. F;iLo, to be odd.
Equation (8) belongs to a family of exact equations
derivable [16] by projection operators from the Liouville

equation. The Pr have been so defined that the informa-
tion theoretic o, provided the {;} are solutions of (10),
is an exact solution of (8). In addition, 7; satisfies the
result of replacing ¢ — p in (2). We thus have an exact
closed set of phenomenological equations. The variables T',
7; chosen for the set should include all those whose values
can be extracted from data to be analysed [16]. Alterna-
tive approaches, e.g. the one based on Zwanzig-Grabert
projection operators [17], yield an equation for a distribu-
tion which would give the same set of {n;} exactly if we
could find an exact solution to the equation corresponding
to (8), a solution dependent on the moments. In general,
to use such an equation, one needs a closure approxima-
tion in the form of an ansatz which, in some cases [18] has
been calculated from o(x,t) Since non-linear effects are
small, one can then not be sure that any predictions are
not artifacts of the closure approximation. Since o(z,t)
solves exactly equation (8), its use in closure is not an
approximation.

In order to investigate reciprocity, we seek to expand
the right-hand member of (10) in powers of the {\;} which
correspond to thermodynamic forces [13]. If only linear
terms are kept, previous work [1,13] has shown that we
extract (3) with L;; = L,;. Apparently [13] the higher
terms in the expansion cannot be regrouped to preserve
reciprocity when L;; is A-dependent, but we want explicit
expressions for these terms to see whether non-linear reci-
procity does not hold approximately or become valid un-
der suitable conditions, e.g. at long times.

The perturbation expansion of (10) in powers of the
{),} is effected by expanding 9T /dt' and o with 8T}, /dt,
on, and PA’I({") the respective contributions which are
O(A\™). thus, from (6):

OT(t,t) /0t =3 Toos(t,t) [5k0 — PPk, (1)
k=0

431

These equations can be solved successively [19], starting
with

Tt —t') = exp[Fi(t — ) {1 — POYL]  (12)

as we show in the following section. The higher-order plgk)
are found by substituting the A-expansions of d\x/0n;,
and o into (7). Once the A-expansions of the operators
have been obtained, we have:

t
{on; Jot} P = — / dt’ / dx iLFE;
0

k—1
x Y {OT(t,) 0t} V(). (13)

=0

By carrying out the procedures sketched above to eval-
uate (13) for k = 1,2,3, we can consider whether the
non-linear terms on the right can be regrouped to exhibit
symmetric reciprocity, particularly in the long-time limit.

The perturbation solution of (11) has been developed
in detail [19] for the case v = 1 where there is just one vari-
able. In the following section we shall summarize the ex-
tension to v > 1 and give explicit expressions for oTy, /ot
for 1 £ k < 3. This permits investigation of the O(A3)
terms in (10) which are the lowest order non-linear con-
tributions and the lowest order [13] in which we may find
violations of reciprocity. In Section 3, we examine in detail
the right-hand member of (13) for k£ = 1,2, showing that
it vanishes for k¥ = 2 and exhibits reciprocity for k = 1.
In Section 4, we examine several O(A®) contributions to
On; /0t. These involve integrals of time correlations of the
{FL} which have a transient explicit time-dependence, i.e.
in addition to their dependence on A(t), at short times.
At times exceeding the relaxation times of fast variables,
and therefore on the time scale of actual measurements,
the transient ¢-dependence will disappear, and reciprocity
will apply. In Section 5, a summary and discussion will be
given. A comparison is made there with earlier approxi-
mate calculations which use different projection operators.

2 Perturbation calculation of the operator
T(t,t)

The leading term in the A-expansion of T, as given by
Robertson [1] is Ty (£) with £ = t—t', as given in (12). Eval-
uation of the integral obtained by substituting 7 into (10)

has been given earlier [20]. To consider higher terms T} in

the A-expansion of (9), we need o and Pé{k) . A straight-
forward expansion of (1) yields, with p.(z) the equilibrium
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canonical distribution:

00 = pe (14a)
o1 = —pe (14b)
72 = 304 = (42)) (140
03 = —~(1/6)pel® + Spc (A0 (14d)

(14e)

The subscript zero on an angular bracket denotes an equi-
librium canonical average calculated using p., and oy is
O(NF).

Since the {\;} depend on {n;}, we can expand )\; in

powers of the n-variables and then invert to obtain n(k)

the O(AF) term in the inverted expansion. This can be
used to obtain /\,(f;-), the O(AP) term in the expansion of
Akj = OA/On;. This is done for p = 2 in Section 4. With
this notation, we obtain from (4), for arbitrary integrable
phase function x(z):

X = *chZ/\( Fk/ jxdz (15a)
j=1k=1
POx =S (= AV By + pA® n,j)}/ Fyxdz  (15b)
.k
POx =Y {020 B+ oA
7,k
—pC/\,(fj)Fk}/ijdx. (15¢)
With these results, we can seek a solution of (11) in the
form [19]:
n
= 0k( Kt (n=1).  (16)

k=1

Substitution from (16) into (11) yields a family of
equations which may be solved successively for 01, bs,...
subject to 6 = 1 and éj(t,t') = 0 for j > 0. The solu-
tions [19] take the form:

t
Bu(t,t') = / To(t, ) BO (10)SLT (1 1) de (17a)
t/

t
bo(t, ) = / dty To(t. 1) [PO (4 )iET (1, 1)
t/

— P @OILT ()00 (8, 1) - (17b)
Substitution of (17a, b) into (16) yields Ty and T. These,
in conjunction with (10), give 871/8t and 9T,/dt'. We
do not need 873/’ which does not appear in (13) when
k = 3. Its absence in (13) stems from the fact that

iﬁoo = 0. Therefore, we do not evaluate é3.
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3 Linear and quadratic terms in the evolution
equation

Equations (12, 16), and (17a, b) give us Ty, T1, and Ty
which, with (11), permit us to expand On;/0t in (10) to
O(A3). The O()) term in (10) is, from (13) with & = 1:

{omi/otyV) = /Otdt / de iLF{0Ty(t,t) /ot You (¢ ) =1.
(18)

There is no additional term involving (97} /dt')oyg, since
this is proportional to iLoy = 0. Introducing o7 from (14b)

and A from (14c), we have:

t
L= / dt’ / da iLF;pe(0Ty/0t') > Fi)(t)
0 -
J

(19)

pc commutes with L and with ]51&0), in the latter case be-
cause the average of F} is zero in equilibrium.

The evaluation of I; in (19) has been discussed at
length in earlier work [20] which we summarize here. The
term involving P}({o) in the square racket in (11) vanishes
when we substitute from (11) into (19) because this term
is proportional to integrals of the type f F;iLF; dx whose
integrands are odd under momentum reversal. We are left
with:

t
I — / av / A ALy pTot, L S By ()
0 N
J

To simplify the calculation without loss of generality,
we shall choose the operators {F}} to be the particu-
lar set {F}(x)} which diagonalize the O(\?) terms in the
A-expansion of the Helmholtz free energy, . When the
{F;} are used, all related quantities will have a tilde. We

(20)

have
Z Mg (21a)
f(A<0>),, = (F;F})o (21b)
Z FmF (21c)
Z Liij. (21d)
The matrix I5; diagonalizes )\,EJQ) so that, by (21b),
v = (B F)o =0 (i #j) (22a)
(B0 = wijhid (22b)
4,
We shall use the model
CN'M (t) = (F;exp (—if/t)ﬁ’j>0 = U exp (—vit)di;.  (23)
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The exponentially relaxing model for Cy;(t) agrees [19]
with the Onsager fluctuation-regression hypothesis. It
does not give correctly lim;_,00C;;/0t in accord [19] with
a widely perceived picture which requires a very short time
before phenomenological irreversible thermodynamics can
take over. In a dense fluid, C;;(t) can be evaluated via
molecular dynamics. However, for analytical investigation
of the t-dependence of I, we need [19] a model which
is equivalent to specifying a mechanism for breaking the
time-reversal symmetry. The diagonal character of (23)
facilitates expression of the Fourier transform of (20) as
a summable power series, as we shall demonstrate.

With the foregoing notation and the model (23), one
can use an operator identity [20] to expand Tp(f) in the

operators iPI;O)IA/, so that we get
C(t) = GLETo(8)iF;)o = (LE; exp (—iLt)iLF;)o
+ (LF /0 t d¢ exp (—iL&)iP L
x exp {—iL(t — E)HLF;)o + . .. (24)

Each term in the right-hand member of (24) is a convo-
luted product of time integrations. This causes the Fourier
transform of (f (t) to be proportional to a geometric series
in powers of

wzww%fw%@mwma

= —(1/03) {3 +iwCis (w)} (25)
where we have used the model (23). The model gives us
a sum of powers of 7; rather than powers of a matrix.
Summing the geometric series, we get for ¢(w), the Fourier

transform of {(t) [19,20]:

C(w) = iwimii (w) /{1 + 03 (w) }dij = Piividiy.  (26)
On taking the inverse transform of ((w), we get:
(2m)~! / CW)e“idw = B6(®5;  (27a)

t+ 5
{omi/otyV) =1, = / Db (t — )N (At (27b)

= UviAi().

(=)

(27¢)

The upper integration limit in (27b) is chosen because
it leads to the expected physical result that ~y; is the
relaxation frequency of 7;, in accord with the Onsager
fluctuation-regression hypothesis [20], as we proceed to
show. A different choice of upper limit would produce an
unphysical result.

From the matching condition (2), we have

Ni = — (i) M+ O@@),
and so

{0m; )0t} V) = I = —;if + O(77°)
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where O(7?) provides for the fact that a term linear in A
can be non-linear in 7. (29) shows that 7); has the same
relaxation time as Cj;(t).

Since I is diagonal, 97;/0t (1 £ i < v) from (27)
obviously exhibits Onsager reciprocity to terms linear in
the {\;}. We have (cf. (21c):

Z NF; = Z \iF}
[ [
A=Y "T;'N

where I is symmetric because it diagonalizes the sym-

(30a)

(30b)

metric matrix )\Eg). To transform (27b) into the equation
relating dn; /0t to the set {A\;}, we multiply —v;d;; from
the right and left by I"~!, obtaining a symmetric matrix
of linear phenomenological coefficients. This conclusion
agrees with earlier results [1,13] which found that the phe-
nomenological equations for {On;/0t} exhibit symmetric
Onsager reciprocity to terms linear in the forces {\;}.

We have still to consider {9n;/9t}) which, from (13)
obeys:

{om; )0t} = — /0 t dt’ / dziLF{(0Ty /0t o1 (')
+ (8T /0t oo (')} (31)
where from (11):
oTy /ot = Ty(t,t')[1 — PO (W)Ll — Ty(t, ') PLL. (32)
Consider

pl;({l)ifzdl = 7?1;({1)112 (Pc Z )\kﬁk> .
k

(33)

This is a sum of terms, each proportional to an integral of
the type

/ FuiL(pcFy)dz =0 (34)

which vanish because the integrand is odd under momen-
tum reversal. The integral in the contribution to (31)

which involves 97} /Ot’ reduces to
/ dziL B (t, ) [OTo(t ¢) /0t Yo (¥)
t
:/mmﬂ/ﬂ@wﬁwm”.@&
t/

From (14b), we see that the factors multiplying the in-
tegrals [ Fjydz in 151;1) are even in the {F;}. As shown
in (24), Ty can be expanded in the operators iFA’P({O)I:. When
this operates on ]51;1) .-+, we get integrals involving odd

powers of the {E} which vanish unless there occur in the
same integrals odd numbers of L-operators. These are odd
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under configuration inversion, and so the integral in (35)
is zero. We are left with

(001} = — /O Car / dz ALF{0Ty/0¢ You(t'). (36)

From (14c), o9 is even in the {F};}. Thus Plgo)iﬁag =0
because it is proportional to integrals of the type
S FjiLoydz = 0. We are left in (36) with an integral hav-
ing the same structure as the one discussed in (35) which
vanishes for the same reason. Accordingly,

{om;/ot}® = 0. (37)
In deriving (37) we have shown that if L;; in (3) is ex-
panded in powers of the A; with L,Ei) the O(NP) term,
then Lz(.g) = L,(g) = const., whilst L,E,? = 0. L,Eg) exhibits
no explicit dependence on ¢, and so p = 2 denotes the
lowest order in which such a ¢t-dependence will appear.

4 Cubic terms and explicit time-dependence

Having examined the O(A) terms in (10) and shown
that Lz(-g) = L,(cg), we proceed to calculate {9n;/0t})
from (13). We shall find, in agreement with [1] and [13],
that L,Ei) #+ L,(fi) at short times. However, the initial ex-
plicit time-dependence of L,Ei) disappears at times greater
than the relaxation times of fast variables. At t — oo, the
terms in {9n;/0t}® can be grouped in such a way that
Lz(.,z) exhibits symmetric reciprocity in this limit.
From (13), we have:

{on; )0t} = — /0 t dt’ / da iLE;{(0Ty/0t") }os(t')
+ 9Ty /0t Yoo (t') + (OT2 /0t Yoy (')} -
(38)

The curly bracket has no term proportional to og(t') be-
cause 9Ty /0t = (---)iL and iLoy = 0. Designating by
Iz (0 £k < 2) the integral in (38) involving 8T} /dt’, we
shall take up each of these three integrals in turn.

Substituting for o3 from (14d) into (38), we let Isg, be
the term in I3g whose integrand is proportional to AP, so
that Isg = I301 + I303. We see immediately that

1
I301 = *§</12>0 I (39)

where I; has been evaluated in (29). We have seen that
I can be expressed to O(\) as a sum of terms whose
coeflicients exhibit symmetric reciprocity which continues
to hold if we multiply I1 by (A2)g. The remaining term in
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130 is:
t A A A
1303 = (1/6)/ dt'/dx iLE; (0T /0t A% pe
0

_(1/6)mzk /0 dt / dz iLE;TyiLE, F; Fy
X pedp(t)A; (E) Ak (t')
)Y [ oot
pik 70
X Ap (YN () AR (E) + -+
CiPIF(4) = (Fy exp (—iLt) E, Fj F)o.

(40a)
(40Db)

The ellipsis in (40a) represents higher terms in the ex-

pansion of Ty which has previously been used in (24).
The contribution of these higher terms not given explicitly
in (40a) can be evaluated by Fourier transformation in the
manner illustrated in (24-26). Once again we can work in

terms of the set {F}} and cast the Fourier transform of
the integrand in (40a) in the form:

o)== [ @ oo aar
[l () + 7 =]

(o)
= f/ eiwt(a/ai)cgm’“(% —iw)dt (41)
0
where C’épjk is obtained by putting F; — Fj; in (40b). On
inverting the transform, we get:

(2m)~ 1 i {(w) {exp (—iwh) bw = —7,0C5 (1) /0t
+ 02Ciri% jor?.  (42)

Using the result (42) for the integrand in (40a), we have:

Tos = (1/6)%; /0 at' [~voCi* @) for
+aZO§pJ”f/afﬂ MM () AR(E).  (43)

CP7% (£) is invariant under a change of sign of £ because the
odd powers of t involve odd powers of L so that the phase-
space integration of these terms gives zero. Therefore, the
first term in the square bracket changes sign under ¢ — —t,
and so the coefficient relating 7;(¢) to A;(¢') will not have
Onsager symmetry as defined in previous work [1,13] and
seen in the terms linear in the {\;}. If we let ¢ — oo and
set A\p(t') = Ap(t — t), we can replace A\, (t —t) — Ap(t)
on the assumption that C5(f) rapidly approaches zero as
t increases. Large t makes a negligible contribution to the
integral in (43). Then

I308 ——— (1/6)’Yizé§pjk(0)5\p(t)5‘j () Ak (t)-
pik

(44)
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C’é”jk(O) = (Eﬁpﬁjﬁk>o is symmetric under permutation
of any pair of indices. If we regroup the terms in (44), we
can set:

I303 = Ziﬁi’?’m)f\k (45a)
k
L™ = (1/6)(y: + ) Y CH(0)A,),
p.J
—(1/6) ZC”’J’“W. (45b)

Then igi’?’%) = E}(j,go:g)_ Using the transformation (21d)
together with (30b), we continue to get Onsager symmetry

in the I3¢ contribution to the matrix Lz(-i) relating 7; to

the set {A;} (with no tilde over the symbols).
Next we take up the contribution to Lz(-i) from the

terms proportional to 73/t in the integrand of (38).
Substituting from (14c), we put these contributions in the
form:

— {(4%)0)pe
(46)

t
0
= I310 + I312.

Again, the integrand in Is1, is proportional to AP.

From (11), 811 /0t' = (---)iL and iLp. = 0. Thus

1310 =0. (47)

In the calculation of I312, it is seen that oty /Ot involves

operators proportional to P( )if, and P( )il.. Since these,
in operating on A2p,, yield factors of the type

/ FjiLA?p.dz = 0, (48)

which vanish because the integrand is odd under
configuration-space inversion, we are left with:

t
I3y = f%/ dt’/dx ALE,0, (¢, ) To(t, ) {A(t)}? pe.
0
(49)

Using (17a) for 0, and the expansion for Tj introduced
n (24), we find that all the terms in (49) have factors
whose integrands are odd in either configuration or mo-
mentum space. Therefore,

I312 = 0. (50)

The third and final contribution in (38), when we sub-
stitute for o from (14b), takes the form:

t
Iyy = / dt’ / dz iLE;(9T2/0t") Ape. (51)
0

Terms in 97, /Ot" proportional to Plgk)iﬁ yield integrals
with one L-operator which vanish for the same reason as
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does the integral in (48). Thus

t A A A A

Iso :/ dt'/da: iLE;To(t,t')iLApe
0
t A A A A A
:Z/ dt’Aj(t’)/dx iLF;0(t,t")To(t, t")iLE} pc.
—~Jo
J
(52)

The term 6,7} in Tb gives zero because it involves inte-
grals of the type which cause the vanishing of I3;. Refer-

rlng to (17b) for 0, we find that the term in 92 1nvolv1ng

0, vanishes for the same reason as the term 617} in TQ,
and so

132 = Z/ dt /\ /dI lLF dtlTo(t tl)

x P (t1)i LTy (ty, t') iLE; pe. (53)

Into (53), we put Plg) from (15¢). This expression involves
77,(:) and )\,(é) which satisfy (cf. 14b, 22a and 28):

> oA = (54a)
k
2 1.0 _
AP =~ §A§,,j (AN Ay — A A
T,
0 mprw 0
+ = ZAg,QLC P O)AAALY) (54b)
mpr'w

These equations will continue to hold if we add a tilde to
each symbol.

We proceed to collect the various contributions to Iss
stemming from terms in Pl(f). Denoting by I35, a contri-
bution from the term in o, in the curly bracket of (15¢),
we have, after introducing the set {F}} and using Fourier
transformations as is done in (24-27b), four contributions
to 1321

t
—~Jo
X ZA(Q)
- —Z/ de\J(t
j 0

— 1) Fyij;;

— t_)D“f/jj’W’YJXE?) (t — ﬂ (55&)

t
oy =Y [ diy(e- D) [ dn BT
~ Jo
J
X Z Fp;\ppc Z 5\§2) Drr%"/\r(srj
p T

t
- Z/O dEAP) (¢ — D)pumyviv it — ) (55b)
J
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§322) Z/ A ( t—ﬂdt/dx LESTY(E)(A%) 04—z

x> NG By
¥

IR NS ~
— _§A /\j (t — adt Z l/jj/\? (t — E)Vii'%z (55C)
J

1 b o .
12, :52/0 thj(t—f)/dx LET(D) S Mt — )
7 k,r

X At = ) FiFrpe Fud0)557;
1 - 5 5 ~
=-3 Z/O diA; (t — E)ZAk(t — DAt = 1)
J

(07000 ) 2 C3I0) + ).

(55d)

Here Iézzz)v with ¢ = 0,2, represent, respectively, contri-
butions from the 0(A*) terms in oy.

Inspection of (55b, c¢) shows that in a steady state
where external forces not included in (8) and (10) cause
the set {A;(t)} to become constant as ¢ — oo, the time
integrals in (55b, ¢) will exhibit a secular divergence in
this limit. However, if we substitute from (54b) for 5\5)
in (55a), the terms exhibiting secular divergences are
found mutually to cancel on addition of (55a-d). After
the addition, we are left with the result:

132___ /dt/\ (t = DA (t = DA (E =Dy
jpr

x {(9/00)CF™" () + 7:C5" ()} - (56)
Remembering that ¢ = ¢t — t/, we see, as in (43) that the
derivative (8/81)C&"" (f), which changes sign under £ —
—t, spoils the Onsager symmetry of the coefficient relating
71;(t) to A(t'). As t — oo, since C&/*" (f) is assumed to
decrease rapidly with increasing ¢, we can replace ;\j (t—

t) — A;(t). Then
o[ e

X X (DA (A (1)

I3 ——
t—o0

Z 7j|: ’LJpT

Jpr

(57)

C¥P"(0) is symmetric with respect to permutation of any
pair of indices. We can interchange r < j, causing the
contribution of this term to the coefficient multiplying ~;
on the right to have i «» j symmetry. The remaining terms

The European Physical Journal B

in (57) can be regrouped, giving:

1 ~irpj > ~ijpr
e = =5 3 (GO = [ (i)

jpr

+

%G (0)dt + 77 / G ()t
0

iApAr] (t — 00)

yz

(58)

where the terms have been re-arranged in a manner re-
sembling (45b), followed by the interchange j < r in the
first integral on the right and j «<» p in the second integral.
If we pull out \; in (58), the coefficient of this factor
has i < j symmetry which is retained if we use (21c).
Taking into account (39, 44, 47, 50) and (58), we get after
adding all these contributions to I3,
LY =1 (t - ). (59)
Thus the non-linear Onsager symmetry, which is violated
at short ¢ in (56), holds at times greater than the time for

CYP"(t) to relax to zero, if the relaxation times for Cy;(t)

and C&/P" () are comparable, the time for establishment of
Onsager symmetry is the relaxation time for fast variables.
this is generally short compared with the time of actual
measurements, and so non-linear reciprocity should apply
to phenomenological descriptions of measurements.

5 Summary and discussion

The present work follows earlier papers [19,20] which de-
velop (11) as a perturbation approach to the calculation

of T'(,t'). Robertson [1] gave only an expansion of 7' in
powers of ¢ which is not useful in the steady-state t — oo
limit which is often the goal of transport theory. In [20]
there has been developed the linear O(\) approximation
to (10). The expression for {9n;/0t}*) for the case where
v =1 and 7 is the only fast variable has an integral in-
volving Ty defined in (12). This integral is evaluated in [20]
via the operator expansion used in (24) plus Fourier trans-
formation, as discussed in (25-27b). This calculation was
extended [19] to include n = 1,2 in (11), again assuming
just one variable 1. One could see that the explicit time-
dependence of phenomenological coefficients disappears as
t — oo. Thus the usual extended thermodynamic formula-
tions [12] which depend on time only through their depen-
dence on the relaxing variables, will hold at long times, at
least when there is just one fast variable.

The present paper extends the previous one [19] by
taking v > 1, making it possible to cast (10) in the
form (3). The coeflicients L;; in (3) can be expanded in
powers of the {\;}. In order to use here the methods of [20]
to calculate ng), the lowest order in A, we have utilized
the variable transformation (21c) and the model (23) for
the time-dependence of C'” This facilitates the calcula-
tion sketched in (25-27b). With this model, we find no
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explicit t-dependence in LZ(.Z), whilst Lz(-g) = Lz(-g) so that
reciprocity holds.

Having shown that L,E,? =0, i.e. that the contribution

to L;x linear in A vanishes, we go on to calculate L,Ei),

the O(A\?) term. The latter is expressible in terms of in-

tegrals over finite time of correlation functions Cj;(¢) and
C¥P" (). These integrals depend explicitly on ¢ and vio-
late reciprocity save in the ¢ — oo limit. In that limit, the
terms can be regrouped to make Lz(.i) =12,

It is of interest to compare this result with an earlier
use [18] of the information-theoretic o(z) (1) as an ap-
proximation for p(t) in evolution equations for the {r;} de-
rived via Zwanzig Grabert projection operators [17] from
the Liouville equation. The work of Grabert [17] modified
the original formalism of Zwanzig [21], which assumed a
microcanonically, distributed, isolated, closed system, so
that the canonical distribution p. could hold in equilib-
rium after the Grabert modification. Via projection op-
erators, the Zwanzig-Grabert procedure derives from the
Liouville equation a kinetic equation for a distribution giv-
ing correctly a limited number of moments, as does the
Robertson o which satisfies the matching conditions (2).
The Zwanzig kinetic equation is exact. However, to ob-
tain a closed set of equations such as (3) for a finite set

of moments corresponding to {F‘Z} in the present paper,
one must have an approximate solution (closure) of the
kinetic equation which is a function of the moments of
the finite set. Such a closure can be used to express higher
moments in terms of moments belonging to the set. With-
out such a closure, one can obtain only a hierarchy of
coupled equations for an infinite set of moments. Whilst
Zwanzig with his projection operators may be said to have
pointed the way, Robertson produced a kinetic equation
for o to which the information-theoretic distribution (1)
and the associated moment equations constitute an exact
solution, and so the moment equations for the variables
{n;} may be characterized as exact. In the Zwanzig for-
malism, there is no exact closure which can be used to
express higher moments in terms of lower ones, although
the information-theoretic function (1) has been used [18]
to effect an approximate closure. The problem is then that
a prediction via such a procedure of non-linear reciprocity
at longer times may be an artifact of the closure approxi-
mation used.

Although the information-theoretic distribution (1)
is not a solution of the kinetic equation obtained [17]
via Zwanzig-Grabert projection operators, it may still
give a good representation of higher moments in terms
of lower ones. In the work of Grad [22], an ansatz
was substituted into moments equations obtained from
the kinetic theory Boltzmann equation [23] to express
third- or fifth-order tensors in terms of pressure and
heat flux. The Grad ansatz may be regarded [24] as a
linearization of the information-theoretic distribution (1).
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This kind of closure works well in linear kinetic theory.
Its use [18] in the Zwanzig-Grabert formalism leads to a
prediction of reciprocity which holds to all orders in A
provided ¢ is long enough so that the {L;;} depend on the
{Ap} but not explicitly on time. the result [18] agrees with
the present paper to O(A3) which is as far as we go here.

Since the Robertson evolution equations (8) are exact,
one should be able to give an exact proof of the symme-
try of the coefficients {L;}. It has been possible to show
that the L;; are given in terms of time-correlation func-
tions which are calculable in principle in dense systems
via molecular dynamics. In practice, for analytical results
valid at short times, we need models like (23). Use of these
is equivalent to specifying a model for breaking of time-
reversal symmetry. If methods of Grad [22] or Chapman-
Enskog [23] are used to evaluate the relaxation frequen-
cies {7;}, the present approach provides an extension to
non-linear transport in dilute gases without solving the
non-linear Boltzmann equation.
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