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Abstract. We consider the thermodynamic pressure p(u,y) of a classical system of
particles with the two-body interaction potential ¢(r) + 7' K(yr), where v is the number of
space dimensions, y is a positive parameter, and u is the chemical potential. The tempera-
ture is not shown in the notation. We prove rigorously, for hard-core potentials g(r) and
for a very general class of functions K(s), that the limit y—0 of the pressure p(u, y) exists
and is given by
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where the limit and the supremum can be interchanged. Here £ is a certain class of non-

negative, Riemann integrable functions, D is a cube of volume |D|, and a°(g) is the free

energy density of a system with K = 0 and density ¢. A similar result is proved for the free

energy.

1. Introduction

Many authors have considered the equilibrium statistical mechanics
of a system of identical particles which have a two-body interaction
potential of the form

v(r, y) = q(0)+7"K(yr) (L.1)

where r is the vector distance between a pair of particles, y is a positive
parameter and v is the number of dimensions. The function ¢(r) is called
the short range or reference potential and the term y"K(yr) is called the
long range or Kac potential, whose range is proportional to y . Some
of these authors [1-4] have considered the limiting values of the thermo-
dynamic functions and correlation functions in the limit y—0; others
[3,5-7] have derived expansions of these functions in powers of y. We
shall be dealing with the former probiem. In particular, we shall generalize
the results of Lebowitz and Penrose [4] (henceforth referred to as LP)
to a wider class of Kac potentials. Both the paper of LP and the present
one are motivated to some extent by the work of van Kampen [8].
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The main result of LP was to prove rigorously, for a certain class of
Kac potentials (including, for example, non-positive Kac potentials),
that the free energy density a(p, y) of a system with the potential (1.1)
and density ¢ has the limit

a(p, 0+) = ]/i_r}(l)a(g, y) = CE[aO(Q) + %a@zj 1.2)

where! o = fdsK (s), a°(o) is the free energy density of a system (called
the reference system) with two-body potential ¢(r), and CE f(p), called
the convex envelope of the function f(g), is defined for arbitrary f as the
maximal convex function not exceeding f(g). They deduced that the
limit 7(p, 0+) of the pressure 7(g, y) = 00/0¢alg, y) —alg, y) is given by
the Maxwell construction (or equal area rule) [4] applied to the function
w(0)+ - %0’ (13
where 7°(g) is the pressure of the reference system. This strongly re-
sembles Maxwell’s modification of the van der Waals equation of state,
and is identical to it in the one dimensional case if the reference system
consists of hard rods [3]. Consequently, the limit y— 0 is known as the
van der Waals limit.
The result (1.2) can also be formulated in terms of the pressure p(u, y)
expressed as a function of the chemical potential x. We then find

. 1
p(p, 0+) = lim p(, 7) = mgX[#Q—a"(@)— —2—0692} (1.4)

To deduce this from (1.2) we use the general relationship 2
P, y) = max[pe —ale, )] (1.5)
and note (as can be seen from Fig. 1) that

max [pe — CE f(e)] = sup[ue — f(e)] (1.6)

for any function f. Now taking the limit y— 0 of (1.5) and using (1.2) and
(1.6) we obtain (1.4). The interchange of the maximum and the limit is
justified? by the fact [4] that a(p, y) tends uniformly to its limit on a
suitable interval of values of g. Alternatively Eq.(1.4) can be deduced
from first principles by using the method of LP in the grand ensemble.

! When the range of an integral is not specified, it is over all of v-dimensional space.
2 See Ref. [10], Section 10.
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Fig. 1. Both sides of (1.6) are equal to the distance x

For a more general class of Kac potentials, LP obtained upper and
lower bounds on a(g, 0+), but they did not prove for these potentials
that the limits a(p, 0+) and p(u, 0+) exist. In the present paper we
provide such proofs and obtain expressions for the limit functions. We
also include the effects of an external potential of the form y(yx).

I1. Definitions, Results, and Outline of Method

We confine our attention for the moment to the pressure p(u,?y),
since the method and the main result are considerably simpler for this
function. The free energy will be dealt with in Section VI.

The function p(y, y), called the pressure in the grand ensemble, can be
defined by the thermodynamic limit [10]

Pl y)= lim Plu Q.7) 2.1)
where Q is a cube of volume |Q| and
1
P(u, Q,y) = logZ(u, 2,7). (2.2)
w2 = g orlogZ(u ?)

f being the reciprocal temperature and = the grand partition function,
defined by

Ew Q= ) "NZIN, Q). (2.3)
N=0

Here, Z(N, Q,y) is the partition function for N particles in Q, defined
for N=0by Z(0,Q,y)=1 and for N =1 by

L jax, ... [dxy exp(— V) 2.4)

Z(N, Q)= 0w
NiAY )

19*



258 D. J. Gates and O. Penrose:

where A is the thermal wavelength [10], V, = yp(yx,) and
W= Y o =X, )+ Y wix,) 25)
1

1<a<bsN <asN
for N =2, with v(r,y) defined by (1.1) and y(yx) a periodic external
potential whose period is proportional to y~!. The potential y provides,
among other things, a way of calculating the correlation functions in
the van der Waals limit by functional differentiation; we hope to present
this calculation in a future publication.
The conditions to be satisfied by the interaction potentials g and K are

qr)=q(—r1), K(s)=K(-s), (2.6)
qry=o0 for [rl<r,
g < Clr]™>7% for |rj=r, } 2.7)

IK(s)| <k(s) <K foralls, (2.8)

K is Riemann integrable over any any bounded region of

v-dimensional space, (2:9)

where K, C,r, and ¢ are positive constants, and k(¢) is a non-increasing
function such that {dsk(Js|) < co. Condition (2.7) implies that the particles
have a v-dimensional spherical hard core of diameter r,. The function
y satisfies the conditions

p(y) is periodic over an infinite cubic lattice with unit cell J, (2.10)
lw(y)l<p, a positive constant, for all y, (2.11)

p 1s Riemann integrable over any bounded region of

v-dimensional space. (2.12)

In the case p = 0 it was shown by Dobrushin [9] that the conditions
(2.6, 7, 8) ensure the existence of p(u, 7). It is not difficult to extend the
argument of Dobrushin and prove that the thermodynamic limit also
exists if a periodic external potential, bounded below, is present. We
shall not give this proof here.

Our first result is

Theorem 1. Under conditions (2.6—12), the van der Waals limit p(p, 0+)
of the pressure p(u, y) exists and is given by

p(, 0+)= lim supF(n, u, D) (2.13)

|D|> w0 neZ
or equivalently by

p(u, 0+) = sup F(n, p, ). (2.14)
ne®
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The convergence of p(u, y) to p(u, 0+) is uniform on any closed interval of
values of u. The functional F(n, u, D) is defined to be

ﬁ;j@Umm—wmmw—wmwm
b 1 (2.15)
- W f dy J dy' n(y)n(y)K(y —y')
D D

and F(n, u,o0) is defined by

F(np,0)= lim F(n, . D) 2.16)

The limits in (2.13) and (2.16) are taken over any ascending® sequence of
v-dimensional cubes D (of volume |D|) whose sides are multiples of and are
parallel to those of J. The set R comprises all functions n which are Rie-
mann integrable on every bounded region of v-dimensional space, satisfy
0 = n(y) £ o, where ¢, is the close packing density [13] for spheres of
diameter r, and are periodic*, with a unit cell that need not be J.

All the integrals in (2.15), and henceforth, are taken as Lebesgue
integrals. The formal similarity between the result (2.14) (in the case
p = 0) and the equation of state (1.4) is apparent. In particular they are
identical if there is a function n independent of y which maximizes
F(n, u, o).

Our method of proof of Theorem 1 is similar to the method used by
LP. Starting from (2.4), we divide the cube Q into a number of cells of
volume w, obtain upper and lower bounds on P(u,y, 2) in terms of
Q, y and w, and then take the succession of limits (called the LP triple
limit)

first |Q|—o0, then y—0 and finally w—o0 (2.17)

of these bounds. We also use an additional operation which consists of
restricting the density ¢ of the particles thus:

’

0=9o where o <g,, (2.18)

and finally taking the limit ¢’ — g, after the LP triple limit. When this
sequence of limits has been taken, the upper and lower bounds coincide
and are given by (2.14) or (2.13).

3 A sequence of sets E, E,, E5 ... is ascending if E, CE, CE; ... .
4 Le. we can find v linearly independent vectors k; ... k, such that n(y +k;) = n(y) for
Z=1...vand for all y.
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II1. Properties of F(n, u, D) and F(n, u, )

Before proving Theorem 1, we derive some properties of the func-
tionals defined therein. We prove firstly that F(n, D) and F(n, o) exist?
(or have value —o0), and that they both have a supremum for ne %.
Secondly we prove the equivalence of (2.13) and (2.14). Finally, for Jater
use in the proof of Theorem 1, we show that F(n, D) is continuous with
respect to n in a certain sense.

To show that F(n, D) exists, we note from (2.15) that it is the sum of
four integrals. The first, second and last integrals exist because products
of integrable functions are integrable. To study the third integral we
define, for any ¢’ satisfying 0 <o’ < g,

0 ’
e W 31
a’(¢) for ¢'=o=o,.

Since a9 (o) is a uniformly continuous function [10] of ¢ in the closed
interval [0, ¢ ], it follows [11] that aJ[n(y)] is measurable. Consider,
for a given n, the sequence of functions

fo¥) = ag[n(y)] —a(eo) (3.1)

where g, is a value of ¢ where a°(p) attains its minimum. The functions
[y are non-negative, measurable and, since a® is convex, form a non-
decreasing (as ¢’ increases) sequence for ¢’ = ¢,. Now defining

S)= lim £,() = a®[n(y)] - a’(eo) (33)

we deduce from Lebesgue’s monotone convergence theorem [11] that
[ dy f(y) either exists or is infinite, and hence that jdyao [n(y)] either
D D

exists or is infinite. We have proved that F(n, D) either exists or is equal
to —oo (depending on the choice of n) for all ne #. In particular, F is
finite if n(y) is bounded away from g..

Next we show that F(n, oo) exists, and if n has the unit cell I

F(n,00) = % J dy{un(y)—a‘)[n(y)]— —;—n(y) J dy’n(y/)K(y—y’)}
r

(3.4)

, 1
- })}i‘;ﬁ jdyn(y) P(y).

D

> We omit the dependence of F on u in this section.
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To prove this we note firstly that the limit on the right side exists because
of the periodicity of n and . Secondly, we consider the difference

5(D) = T;T f dyn(y) J dy n(y)K(y—y)

1 (3.5)
~ D0 den(y)J yny)K(y~-y)

D

between the quadratic terms in the expressions (2.15) and (3.4) for
F(n,o0). Now D can be expressed as a union of regions congruent to the
unit cell I' together with a region ¢ whose volume || is of order [D|! ~1/*
(proportional to the surface area of D). Hence we can, by (2.8) and the
periodicity of n, replace I by D in the first term on the right side of (3.5)
if we add a correction of order |D|~!”*. This correction has the upper
bound ¢?|a| |D| ! jdle(s)[. We now have

[6(D)| = IDI jdyn(y)fdy n(y)K(y —y)|+0(D|~'")

(3.6)

<oi—[dy 5Cdy IK(y —y")I+0(D|~'")

IDI

where D¢ is the complement of D. By the argument applied by LP to
their Eq. (2.15), the first term on the right side vanishes when |D|—c0.
Thirdly, we note that the terms in (2.15) involving un and a°(n) tend to
the corresponding terms in (3.4) because of the periodicity of n. This
completes the proof of (3.4).

The fact that F(n, D) and F(n, o) have suprema follows from the
inequality

_ 1
F(n, D) < o lul + 0.9 — a®(0o) + ~2~Q?§dstK(S)l, (3.7

which in turn follows from (2.15) and (2.11).
To prove the equivalence of (2.13) and (2.14) we need

Lemma 1. If % is the subclass of X consisting of functions with unit
cell T', and I is a cube whose sides are parallel to and are multiples of those
of J (the unit cell of ), then we can find an ¢(I')> 0 such that &(I')—0
as |I'l— o0 and

|[F(n, I')— F(n,c0)] < &I (3.8)

for all ne . Here |I'| means the volume of I
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Proof. The terms involving un and a°(n) in the expression (2.15) for
F(n, I') are identical to the corresponding terms in the expression (3.4)
for F(n,00). By an argument like that leading to (3.6), we deduce that
difference between the quadratic terms in F(n,I') and in F(n, o) is
bounded by an amount ¢(I') independent of n and tending to zero as
|I'}—co. Also, because n(y)w(y) has unit cell I', we deduce that

1 1
lim — | d =—\1d , 39
P j Y =5 f yn(y)w(y) (3.9)
D r
i.e. the terms involving y in F(n, I') and F(n, c0) are equal. This completes
the proof of (3.8).
It follows from (3.8) that
sup F(n,I') < sup F(n, 0)+¢(I). (3.10)
ne Ar ne Ar
We can replace Z by £ on the left side because F(n, I') depends only
on the values of n(y) for y in I', and on the right side because ZC Z.
Taking the limit [I'] > oo of the resulting inequality gives
lim sup sup F(n, D) < supF(n, ) (3.11)
|[D|=o0 neZ neR
provided that every D is related to J as specified in Theorem 1. The
reverse of this inequality also holds because F(n,o0)= 1ilr)n F(n, D)

< limDinf sup F(n, D) for all n. This proves the equivalence of (2.13) and

(2.14) and the existence of the limit on the right side of (2.13).
Finally, we show that the functional F(n, D) is continuous in n. For
any o' satisfying 0 < ¢’ < g, let #(¢') be the subclass of # consisting of

functions n which are bounded above by ¢". We then have

Lemma 2. The functional F(n, D) is continuous with respect to n, for
ne R(Q'), in the following sense: for any ¢>0 we can find a 6 >0 such
that, for n; € #(9") and n, € (o),

L {dyln, () = () < (3.12)
ID|
implies
\F(ny, D)— F(n,, D)l <¢. (3.13)

Further, the continuity is uniform in both n and D. (In the language of
modern analysis, F is continuous on a subspace of the metric space L,.)

Proof. From (3.12) we have

|
T])TIS)dy[nz(y)~n1(y)]u <lulo (3.14)
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and from (2.11)

[ dy[n,(y) —n (y)1w(y)| < 76 (3.15)
ID!

We also have

ny(Y)no(y') — ny (y)ny (y)

3.16
= [n,(y) — ny ()] [n,(y) + i ()] + ny () o (y) — i (y) na(y) - ( )

Multiplying by K (y — y) and integrating we find, since n, (y) + n,(y) < 2¢.,
that

2li jdy §dy K(y—y') [ny(y)n,(y )”H()’)VH(Y/)]‘
(3.17)

dy’ | K(
|D| y)lf Y IK(y—y)l

<Qcéjdle(S .

Since a°(g) is uniformly continuous in the closed interval [0, ¢'], it
follows that for the given é we can find a positive number 0(6) such that
(1) for all g; and ¢, in [0, 0'], |0y — 05| < 1/inmplieS la®(o,) — a®(g,)| < a(d),
and (i) 6(6)—0 as 6 —0. For a given n, and n,, we can express D as the
sum of two parts D_. and D., where |n; —n,|< V for yeD_. and
ln, —n,| =1/6 for ye D.. Then we have

o) for yeD.
0 _ 0 < a(
@®[n, ()] - @m0 < {2 S for yeD.. (318)
where
S= sup [a°o)l. (3.19)
0sese
But (3.12) implies
ID.|/6< | dyln —ny| < [ dyln, —ny| <ID|S (3.20)
D> D
so that [D.| < |D|}/3. It follows from this and (3.18) that
[ dyla®[n, (y)]— a°[n,(1)]| < [0(8) +25]/31 D] (3.21)
D
Finally, from (3.14, 15, 17, and 21) we have
\F(n,, D)= F(ny, D)| (3.22)

<[+ P+ 0.0 [ds|K(s)| + () +2S5]/ -0 as -0,
which proves the lemma®.

© The same argument proves that F(n, D) is upper semi-continuous for ne .
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IV. Lower Bound on the Pressure

The main part or the proof of Theorem 1 now consists of proving
the statement (2.13). To do this we show in the present section that the
right side of (2.13) is a lower bound on p(u,0+), and in the following
section that it is an upper bound.

Finding a lower bound on P(u, £, y) is equivalent to finding a lower
bound on the partition function Z(N, Q,y). To obtain such a lower
bound, we follow LP and divide Q into M smaller cubical regions
Wy ... Wy, €ach of volume w, so that 2] = M w. We shall find a succession
of lower bounds, firstly in terms of the occupation numbers of these
cells, secondly in terms of step functions and finally in terms of functions
in . Let w; be a subcube of w;, concentric with and similarly oriented
to w; and of volume o' where @’ <. Now, following LP, we obtain
from the definition (2.4)

A—vN

Z(N,Q,y)> —— dx, ...dxye PVv  (4.1)
NI! NM' (w/lj;Nl (wM{NM L N

where N; ... N,, is any set of integers whose sum is N and which satisfy
0 <N, < N,(w) @2)

where N,(w’) is the maximum number of spheres of diameter r, whose
centres can be contained by one cube w;. The notation in (4.1) indicates
that the first N; volume integrations are over wj, the next N, over w5,
and so on. It follows that

M
Z(N7 Q’ V) > |: ZO(Ni’ w/)} CXP( - BQ;;lax - ﬁWmax) (43)
i=1
where Z° is the partition function of the reference system; Q... is an
upper bound, for all x, ... xy and all N, on the total energy of interaction
due to ¢(r) resulting from pairs of particles that are in different cells w};
and W,_,. (N, ... Ny is an upper bound on the total potential energy
due to y"K(yr) and p(yx) for configurations specified by the integral
in (4.1).
To estimate W,,,, we define

Wi = supp(yx) Z sup p(yx). (4.4)

X €W, X €W

Then y contributes Y, Ny to W,,.. Next define

K= sup K(x—yx). 4.5)

xew, x € w,
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Then K contributes to W,,, the term %yv Y. N;N;Kj; due to particles
i#j

in different cells w;, and the term %yvz N;(N; —1)K7; due to particles

in the same cell. Consequently we have

M
Wmax: %YVZZNNK11+ Z(wa - '%" vNiK-iFi>‘ (46)

The grand partition function, defined by (2.3), has a lower bound
given by

Elu, 2,7)>exp(BuN)- Z(N, Q,7) 4.7)

for any N. It follows from (4.3, 6 and 7) that the pressure P, defined by
(2.2), has a lower bound given by

1 -
P, Q,7)> = Qo /1921 = 77142 'Y NiNKG;
Y { 4.8)
+ieIm Y [Ni# —N! + 7" log Z°(N;, ) + > V”NiKZ-]

i

for any set of integers 0 < N; < N (’). (Their sum is now arbitrary.)

The quantity Q..,./IQ] = ¢, say, vanishes in the LP triple limit (2.17)
for a suitable choice of ', as shown by LP”. Also the final term in (4.8)
satisfies

1 -
ST INKHIZ - 5 P RN()o=—5 say,  (49)

from (2.8). Then ¢, vanishes in the LP triple limit.
It is convenient to replace Kj; in (4.8) by

K;= inf K(@yx—yx). (4.10)

X€w,. X' €w,

We can make this replacement if we also subtract from the right side
of (4.8) the correction term

2 — "2 xZNN KJr K3)
- 4.11)
< [N@)o)* Y P oK) - Ky =&, say,

7 Since our Q.. is an upper bound for all N, we must replace ¢ by g, in the estimate
of this quantity given by LP.
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o

where the sum Z is over an infinite lattice of w,’s. But from (2.8) and (2.9),
jds K (s) exists as a Riemann integral and is finite. Hence, as shown by LP,

lir%Zy”wK?j =[dsK(s), forall j. (4.12)
7m0

It follows that &5 vanishes in the LP triple limit. Similarly we can replace
w7 in (4.8) by

p; = inf p(yx) (4.13)

XEw,

if we subtract the correction term

M
(o Z Niwi =) S Nol@) 1171 Y (Wi — i) =24, say. (414)

From conditions (2.10, 11 and 12) we deduce that y(y) is Riemann
integrable over its unit cell J, and hence

lim 4.15
lim lim |Q| Zw, lJ! [ dyw(y). (4.15)

It follows that ¢, vanishes in the LP triple limit. The inequality (4.8)
now reduces to

P(u, @,9)> 12171 Y [Nip— Noyy — A°(N,, 00)]

1 v -1 — (416)
_77IQI ZNiIVjKij—-gl...___84
t

where A°, the free energy of the reference system, is defined by
A°(N, Q= —p " 10gZ°(N, Q).

The next step is to replace 4°(N;, @) by wa®(N;/w) plus a correction,
where a°(9) = Ifglim A%01Ql, Q)/12|. To do this, we note that (4.16) holds

if we impose any additional restriction on the N;’s. In particular, it holds
if we specify that N; < o'w where ¢’ is chosen to satisfy 0 <o’ <p,. But,
if ¢ lies in the closed interval [0, 0] and A°(N, Q) is defined for non-
integral N by linear interpolation [10], then the sequence of functions
A°(ow, ')/w converges uniformly in ¢ to a°(g) as w— o0 and w/w’ -1,
[10]. Hence, we can find a positive function &5(w, '), independent of
N; (but depending on ') such that

A°(N,, w')jw < a®(N;/w) + &5(w, @) (4.17)

for all N; £ o'w, where es(w, w)—0 as w—o0 and w/w'—1. It follows
that ¢; vanishes in the LP triple limit. We can now replace A°(N;, »') in
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(4.16) by a°(N,jw)w, if we subtract the correction, &5 from the right
hand side.
The next step is to replace the N;’s in (4.16) by the step function

Nyep(y) = N/ for ye®; andalli, 4.18)

where @; is defined as the set of points y such that y/y € w;. Thus @, is a
cube of volume @ = 7y w. It follows from (4.10) and (4.13) that

wi = Inf p(y) (4.19)
and
K;= _inf K(y—y). (4.20)
YED,, Y €3,
Let us also define ©Q as the set of points y such that y/y € Q. The set Q is
a cube of volume 9”|Q| and is filled by the cells @, ...@,,. Now sub-
stituting (4.17-20) in (4.16) we obtain, for any ng.,,

P(u: 'Q’ ?) > F(nstep> S—?-) —& &5 (421)

where F is defined by (2.15).

The next step is to use Lemma 2 and replace ng,, by a function
n' e Z(g), where Z(g") was defined just before Lemma 2. Firstly, for such
an #', let us define the step function

n(y) = —01;0— {dyn'(y) for ye@, andalli. 4.22)
We can find an ng,, such that
M(y) — nyep(Y)I <1/ for ally. (4.23)

Secondly, if I is a unit cell of the periodic function n', we dissect the space
of vectors y into an infinite lattice of cells I'; congruent to I'. Then we have

k

1 —
ﬁj dyln'(y) — n,(y)l = Z J dyln'(y) —ny(y)l +0(Q7'")  (4.24)
Q

I

where I ...T, is the set of I';’s which lie entirely inside Q. Although n’
is periodic over the I',’s, n/, is not since each I, is subdivided differently
by the @;’s. However, the theorem of Darboux [12] shows that

rj dyln’ —n|<6@) for all 1, (4.25)

where 6(w) is independent of 4 and tends to zero as @—0 and hence
as y—0. It follows from (4.24) that

lim lim sup—=- j dyln' —nl)| = (4.26)

=0 19 (0] 5
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Combining this with (4.23), we deduce that for any »n' € %Z(¢), we can
find an ng.,(y) (which depends also on y and w) such that

IQ‘r—I i dy'n/ - nstepl
Q

vanishes in the LP triple limit. Since ., belongs to %(¢’), we deduce
from Lemma 2 that

IF(n', Q) — F (e, Q)| < &6 (4.27)

where g4 vanishes in the LP triple limit. From (4.21) and (4.27) we con-
clude that for all n' e (o)

P(u, @,9)> F(n, @) — ¢, - —6. 4.28)

The next step is to show that n’ may be replaced by any function
ne . For such an n, let us choose

(4.29)

7

< <o
() = {n(y) where 0<n(y)<o
o elsewhere,

which clearly belongs to %(¢’). Hence (4.28) holds for this n'". Eq. (4.29)
implies that |n(y) — n'(y)| < o, — ¢ for all y, and also, since a°(p) is convex
that a°[n'(y)] £ a°[n(y)] for ¢’ = ,, where g, is a value of ¢ where
a°(p) is minimum. Therefore, by an argument like that of Lemma 2 with
o replaced by g, — ¢, we find that, provided o’ = g,

F(n,Q)2F(n,Q)— 4 forallQ, (4.30)
where
A=[lul+p+e fdsIKs)] (e~ 0)- (4.31)
Substituting (4.30) in (4.28) gives
P(u,2,9) ZF(n, Q) — ¢, - —gs— 4. (4.32)

Since this holds for all ne 4, it follows that

P, Q,p) ZsupF(n, Q) —¢ - —gs— 4. (4.33)
ne

Finally, taking the LP triple limit followed by the limit o' — g, gives

lim infp(u, y) = l|im sup F(n, u, D) (4.34)
y—0 |D|—> o ne

where the right side was proved to exist in Section III. This takes us half
way in our proof of the statement (2.13) of Theorem 1.
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V. Upper Bound on the Pressure

To find an upper bound on the pressure, we need an upper bound on
Z.We use the same construction of cells w; as before and a similar method.
Then, with the notation of (4.1), we have

N /1 —vN -
Z(N, Q,7)< —_— dx,...dxye 'Y (5.1)
N ”ZNM N Nyg! o (Q,M{NM LN
N
where the sum )_ is over all integers N; whose sum is N and which satisfy
0 < N; =< N,(w). 1t follows that

N M
Z(N,Q,7) <exp(—Qmi) Y. [ 1ZO<Ni,w)]

Ni...Nm

“exp[— AW (N ... Ny)]

where Q. is a lower bound, for all x, ...xy and all N, on the total inter-
action energy due to g(r) resulting from pairs of particles in different
cells w;. Also W, is a lower bound on the potential energy due to
7" K(yr) and y(yx) for configurations specified by N,...N,. As in the
derivation of (4.6) we deduce that

(5.2)

i=

1 1
Win = ‘i‘yvaiNjKi—j‘FZ(NiIP? “‘Z‘VvNiK:i> (5.3)
ij ;

where K;; and vy; are defined by (4.10) and (4.13).
It follows from (2.3) that

B Q) <e Fomn Y [H Z°(N,, w)eﬂum] e~ FWmin®Vi-.Na) (5 4)

Ni...Npm i

where the restriction that the N;s sum to N no longer applies. Since
N; £ N(w), there are at most N,(w)™ terms in the summation in (5.4),
so that

o) =B 0min M ~BWmin T oBuNi 7O(N.
E(u, Q7)< e PominN (@) max {e [Tz (N,,w)}. (5.5)
Then (2.2) gives

1 0
P @9 < 1o Np;ng{; [N — A°(N,, w)] - Wmm}

= Oin/ 191~ (B) ™" log N(@0).
This inequality still holds if we allow the maximum to range over non-

integral values of the N;, where A°(N,, w) is defined by linear interpolation
[10] for such N;.

(5.6)
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The term Qmin/|Q| = ¢} say, vanishes in the triple limit as shown by
LP. The term (Bw) 'logN.(w)=¢, say, also vanishes in this limit
because, from LP, 1 < N,(w) < g (' +2r,)". Put &5 =¢,, ¢, =¢; and
&5 = &4, Where ¢,, ¢; and ¢, were defined in the previous section and
shown to vanish in the LP triple limit. Then (5.6) becomes

P( )))<_]_}2‘_ max {Z [N,[l N‘P: -—-AO(N”(,O)]
(5.7)

2 y ZNNK }+8'1--~+s’5

where we have replaced y; and K;; by y; and Kjj, and added the
appropriate correction terms.
The next step is to replace A° by a°. To do this we first define

N if NZ2ow,

f(N)E{ . (5.8)

odw if N=Zjw,
where 0 < ¢’ < g,. Using the inequality of Penrose [13],
Z°(N +1,0) < Z°%N, ) A 2P [0 + 27)/N —1/0],  (5.9)

where @' is a certain positive constant, we deduce that A°(N,w)>A° (N, )
for all , N and N’ such that N > N’'> g, (' + 2r,)", where

or=[1l/g.+ e 2P?] 1 <g,. (5.10)
Since N; = f(N,), it follows that
AN, 0) 2 A°Lf(N), @] for o' Z o/l +2r0 ')

Also, since N;— f(N;) £ w(g.— ¢'), we deduce by an argument like that
leading to (4.32) that

P(u, &, )<~l;—2—| max {Z[f Ju— f(N)yi — A°(f(Ny), )]

1 (5.11)
- 7v”‘;f<Ni)f(Nj)K;} bt

where 4 is defined by (4.31). Let us put N/ = f(IN,). Then (5.11) is un-
changed if we replace the f(N;) by the N/, and maximize with respect to
the ;. Since N/ <¢'w we have, by an argument like that leading to
(4.17), that

A°(N, w)/w < a®(N; Jw) + 5(w) (5.12)
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where &g(w) is a positive function which vanishes when w—oo. Thus
¢ vanishes in the LP triple limit. Now (5.11) reduces to
!

P, 2,7) <-5r max <Y [Nip—Niy! —a’(Nj/w)w]

1l Ni.. N |5
1 (5.13)

—~2-y“ZN,-’Nj’Ki+j} +ep o Fegt+ 4.

ij

Let &), be the class of step functions which are of the form (4.18) in
Q, and are periodic with unit cell Q. Then from (5.13) we have

P(u, 2,y)< sup F(n,Q)+¢| - +ex+ 4
eI (5.14)

SsupF(n, Q) +¢ - +e+4
ne®

since S C #. Finally, taking the LP triple limit, followed by the limit
9’ — ., we have
lim supp(u, y) £ lim supF(n, D). (5.15)
y=0 |Dj|—= 0 ne
Combining this with (4.34) we deduce that p(u, 0+) exists and is given
by the statement (2.13) of Theorem 1. The alternative statement (2.14)
follows from Lemma 1, as shown in Section III.
To prove that p(u, y) tends to p(u,0+) uniformly on any interval,

we note that for |u| < m, our correction terms can be made to depend
on m and not on u. This completes the proof of Theorem 1.

VI. The Free Energy

In this section we derive results for the free energy, corresponding
to those given in Theorem 1 for the pressure. The free energy of a system
of N particles in a cube Q is defined by

AN, Q,7) = —B " 1ogZ(N, Q,7y) (6.1)

for integral N and by linear interpolation [10] for non-integral N. The
free energy density is defined by

alg.) = lim Aol 2, 7)/12| (6.2)

which exists [9] because of conditions (2.6—12) (see the discussion just
before Theorem 1). The van der Waals limit of the free energy density
is defined by

ale, 0+) = limale, ). (6.3)

20 Commun math Phys, Vol 15
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The second main result of this paper is

Theorem 2. Under conditions (2.6—12), the van der Waals limit a(g, 0+)
of the free energy density exists and is given by

ale,0+) = hm 1(21f( G(n, D) (6.4)
—w neéplo)
or equivalently by
a(p,0+)= inf G(n, o0) (6.5)
ne% (o)

where €(g) is the subclass of # consisting of functions n which also satisfy

Ig}-‘*oo [D] [ dyn(y) (6.6)

% p(0) is the subclass of %(o) comprising functions with unit cell D and
G(n,D) is def ned as the functional

lDl [ dy{a® [n(y)]+w(y)n(y)}

6.7)
2|D] jdyjdyny)n( YKy —y)
and
G(n, o0) = u%i_@ G(n, D). (6.8)

Further, the convergence of a(gp, v) to a(g, 0+ ) is uniform in ¢ for 0 <9 <o’
if ¢ <.

The limits (6.4, 6 and 8) are taken over an ascending sequence of
similarly oriented cubes D, as in Theorem 1. The existence of all the
limits involving |D|—occ and the infima follows from arguments like
those of Section III.

Before proving Theorem 2, we note that if =0 and the minimal
function in (6.5) happens to be n=p, then a(o,0+)=a’(e)+ Fa0?
where o = [dsK(s). This formula was shown by LP to hold for all ¢
and all temperatures if K has a non-negative Fourier transform, and
for restricted ranges of ¢ and of temperature if K is a more general
function.

Theorem can be proved from first principles by a method similar
to that used for Theorem 1. Instead, we give a simpler proof using
Theorem 1 together with the standard formula [15]

ale, y) = max[pe —plg, 7)1 (6.9)
Taking the limit y—0 of this gives

ale, 0+) = max[uo—plu, 0+)] (6.10)
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where the interchange ? of the limit and the maximum is justified because,
by Theorem 1, p(u, ) tends to p(u, 0+ ) uniformly in . From the Eq. (2.14)
for p(u, 0+) we deduce that

p(,u,0+)—sup sup F(n, u, o)

ne%(e)

o ne¥(g) [D|—w D
=su — inf G(n, o0)|.
QP[#Q Jinf G( )]

Substituting (6.11) in (6.10) gives

=sup sup lim [ 7 [ dyn(y)— G(n,D)] (6.11)

a(o, 04 ) = max inf {(Q —o)u+ inf G(n, o0 ] . 6.12)
un o ne¥é (o)

To proceed further we need two lemmas.

Lemma 3. The function®

fl@)= inf G(n, o0) (6.13)

ne % (o)
is a convex function of @

Lemma 4. If g(p) is convex then
max min[(e—¢)u+g(@] =900 (6.14)

To prove Lemma 3 it is sufficient [ 14] to prove that f(g) is bounded
above in some subinterval of [0, ¢.], and that

1 1 1 1
f<‘5@1+792)§—2‘f@1)+ ?f(Qz) (6.15)

for all ¢, and g, in [0, ¢.). An obvious upper bound on f(g) is

1
Glo, 0)=a’(e) + mjdyw(Y) ZJdSK(S),

which is itself bounded above in [0,97] for 0<g <g,. To prove
the statement (6.15), consider a cube D which is divided into 2" identical
subcubes D, ...D,,. We choose D so that its sides are parallel to and
are even integral multiples of those of J. Then the sides of each D, are
parallel to and are integral multiples of those of J. The definition (6.7)
implies

2

~ Y G(n,D,)+ A(D) (6.16)

A=1

8 Note that inf G(n, D) is not necessarily convex (see Eq. (7.3)).
ne%éple)

20*
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where

2
A(D)= & > JdedY’lK(y—Y’)l (6.17)
|D| 1<i<p<2v
Di D,

The quantity A(D) is an upper bound on 1/|D| times the interaction
due to K of particles that are in different subcubes and, like 6(D) in (3.6),
it tends to zero as [D|— co.

For any g, let €,(0) and %, () be the subclasses of €(g) consisting
of functions with unit cells D and D, respectively. The conditions on
D imply that G(n,D;)=G(n,D,) for all 4, u and ne %) (). Also let
%p(01,0,) be the subclass of # consisting of functions » having unit
cell D and satisfying

1 . for 1=1,2,..2v7!
= |1)1|de”(y)‘{g2 for s=2-tyr,. . ©1®

D,

[~}

These conditions imply

1 1
Wjdyn(yb 3(91+92) (6.19)
D

so that %€p(0,,0,) is a subclass of €p(30,+ 30,). With (6.16) this gives

inf.  GmD)< inf G(nD)

neép(ke1+3e2) ne €p(e1, €2)

2v
! Y inf G, D)+A4(D)  (6.20)

v
2 2=1 ne¥p,(na).

Y inf  G(n D,)+ A(D)

1
2 i=1,2 neépy(e)

Now take the limit |D| — oo of (6.20) over an ascending sequence of cubes
D all related to J as before. By an argument like that given in Section 111
to prove the equivalence of (2.13) and (2.14), we can interchange limits
with infima in the resulting inequality. This gives (6.15) and completes
the proof Lemma 3.

To prove Lemma 4, we write M(g) for the left side of (6.14). Since

rrzi/n [le—0)u+gl@)]=glo) (6.21)
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for all u, we see that M(g) = g(o). Also, since g is convex, its tangent at
any point ¢ never lies above the curve [14]. Taking u to be the slope
of this tangent, we have g(9') + (¢ — @) = g(o) for all ¢/, so that

minf(e—¢)u+9@)]z9(- (6.22)

It follows that M(g) = ¢g(g), and the proof of Lemma 4 is complete®.

Using Lemmas 3 and 4 in (6.12) we obtain (6.5). We can deduce (6.4)
from (6.5) by using the analogue of Lemma 1. That the convergence
of a(g, y) is uniform in ¢ can be deduced from (6.9) and the fact that the
convergence of p(y,y) is uniform in u. This completes the proof of
Theorem 2.

As a corollary, we note that a(g,0+) is convex in ¢. This follows
from (6.5) and Lemma 3, or alternatively from the fact that a(p, 0+) is
the limit of a sequence of functions a(g, y) which are known [10] to be
convex.

VII. Discussion

Our main results are Theorems 1 and 2 which prove the existence
of and give expressions for the van der Waals limits p(y, 0+) and a(g, 0+)
of the pressure and free energy density.

These results are fairly general, being easily extended to classical
lattice gases and other lattice systems that are isomorphic to these gases.
A more difficult generalization would be the replacement of the hard
core condition (2.7) by the condition ¢(r) > constant.|r|”" "¢ for small
Ir|. It may be possible to do this by using a result of Dobrushin and
Minlos [16]. It may also be possible, in a more sophisticated treatment,
to replace the conditions on », and possibly those on K and v, by the
condition of Lebesgue measurability. The only place where we require
Riemann integrability of n is in Eq. (4.25).

The result (2.13) raises the question of the significance of the function

P, D)= iugF(n, D). (7.1)
One can show by our methods thate'

2 (u, D)= 113}3) P(u, D, y) (7.2)
where D, is a cube of volume y ~*|D|, defined as the set of points x such
that yx € D. The limit (7.3) is thus a combined van der Waals and thermo-

dynamic limit in which the sides of the container grow at the same rate
as the range y ! of the Kac potential. One can also define a free energy

° The same argument proves that supinf[(o—o)u+ f(¢)]=CEf(e) for any f,
[

where CE f was defined in Section L.
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density ./ (o, D) like (7.1) and prove the analogue of (7.2). One finds that
2/ is not necessarily convex in g (but is probably differentiable), and is
not related to £ by an equation like (6.10); i.e. the canonical and grand
canonical ensembles are not equivalent in this limit. For example, if
K(s)=C, a constant, for |s| < IDII/VI/; (the diagonal of D) and y(y)=0
for all y, one finds that

/(. D)=a(@) + 5 CIDIe? (1.3)

which is not convex at low temperatures if C is negative. Possibly, .7 re-
presents a finite system of volume |D|, which is, roughly speaking, small
enough to be thermodynamically unstable but large enough to behave
like a continuum. This may have practical application.

It is possible to rederive the results of LP [4] using our Theorems 1
and 2, and also prove that there are some functions K for which (1.2, 3
and 4) do not hold. Theorems 1 and 2 can also be used to evaluate certain
correlation functions in the van der Waals limit. We hope to present this
in a future paper.
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