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The partition function of the classical imperfect gas is approximated by means of a generalized cell model
in which the number of particles in a cell is taken as the statistical variable. The limiting free energy per
particle exhibits critical phenomena, and, for temperatures less than the critical temperature, the p-v isotherm
is a nonanalytic function of » consisting of three pieces. These properties depend only on the interparticle
potential energy having the general features usually assigned to it. However, the condensation pressure
is not constant, and, for temperatures sufficiently low, the isotherm shows thermodynamic instability.
The model allows the calculation of the limiting free energy per particle for all values of the temperature

and specific volume.

1. INTRODUCTION

T is believed that the partition function of classical
statistical mechanics is capable of completely
describing the equilibrium behavior of an imperfect gas
from its ideal gas behavior at large specific volumes,
down through the liquid-solid transition. It is never-
theless true that a theoretical description of the whole
mechanism of condensation does not exist.

Several aspects of the condensation problem seem
clearly established. (1) All gases condense. The essential
molecular property involved here is the general shape
of the potential energy of interaction between a pair of
particles. (2) The p-visotherm is a nonanalytic function
of 9, the specific volume, for temperatures below a
critical temperature. Condensation occurs at a constant
value of p. Above the critical temperature, $ is an
analytic function of . For all (T, v), dp/dv <0. (3) The
nonanalytic behavior of the isotherm can only appear
as the result of a limiting process. The process con-
sidered is V, N—w, V/N=v fixed, where N is the
total number of particles in the volume V.

The established difficulty of an exact approach to the
condensation problem justifies the consideration of
models. We have therefore devised an approximation
which retains some of the pertinent physical features of
an imperfect gas and which is capable of representing a
good part of the behavior just described. The model
is described by a partition-like function which is sus-
ceptible to analysis. We believe that the model is of
interest in that the limiting partition-like function has
the following properties: (1) It exhibits critical phe-
nomena ; (2) for temperatures below the critical temper-
ature, the p-v isotherm is a nonanalytic function of v
consisting of three pieces; (3) these properties depend
only on the intermolecular potential energy having the
general features usually assigned to it. The model is,
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of course, not without drawbacks. The disadvantages
are: (1) The condensation region is not characterized
by constant pressure; (2) for temperatures sufficiently
low, the isotherm shows thermodynamic instability.
The most serious disadvantage is the lack of a constant
condensation pressure. In fact, the model is unable to
suggest to us how the constant pressure part of the
isotherm comes about.

2. THE CLASSICAL PARTITION FUNCTION

The configurational partition function for an im-
perfect gas is

1
=.—Z.\—]__.;f .o .fd’fl- . .dTN exp[;ﬂW(rl. . 'rN)], (21)
: 14

with W the total potential energy of a configuration of
particles and B8=1/kT. The total free energy of the
system, supposed to consist of a single type of particle is

exp[ —BY )= (2am/Bh*)3N2Z y. (2.2)

Suppose that the volume V is divided into K cells of
equal volume 7, K=V, and that the cells are numbered
from 1 to K. Let #; denote the number of particles in
the jth cell. We may then write

Hn,)f fdn

Xdry exp[ —BW],

1
Iy=—— ¥ (
N! i}

(2.3)

where, in the integral, #; particles are confined to cell j.
The sum is over all sets of integers {#;}, #; >0, subject
to the restriction

In principle, the specific subdivision of the space into
cells is irrelevant for the final result if a consistent
calculation is carried through. Therefore, we make the
choice 7=v the specific volume, so that K=N. Then
(n;)=1 for all v, 8. This specific choice of 7 is discussed
in Sec. 7.
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The limiting free energy per particle is defined by

¥(v, )= Lim ¥(N,v,6)/N.
V,N—>w
V/N =v

(2.4)

Furthermore, the thermodynamic quantities are sup-
posed to be defined in the usual way. For example,

=—0y/d; ” 17\71900 (E)/N=0a(By)/98, (2.5)
V/N =y

where E is the total energy of the system.

3. AN APPROXIMATION TO THE IMPERFECT GAS

The model is derived by approximating (2.3). We
will proceed to list the assumptions and their direct
consequences for (2.3). Each of the assumptions will be
discussed in Sec. 7.

(1) W(l'], Z U(Tij),

1i<i KN

(3.1)

. ..rN)-::

where 7,; is the distance between particles 7 and 7 and
U(r) is the potential energy of interaction between a
pair of particles.

(2) When two particles 7 and 7 are in different cells &
and m, we assume that U(7;;)= U (Ryn), where Ry, is
the distance between centers of the kth and mth cells.

The total interaction energy with respect to particles
in different cells is

Z ﬂkﬂmU(ka) .

1<k <mgN

3.2)

This energy is now independent of the coordinates of
the particles and it can be taken outside of the integral.
We define an average interaction energy within a cell

by

R g P

Xdrnyg exp[—BW(rl, . l’nk] (33)

W is a function of v, 8, and ny.
(3) Let W, be defined by

Wi=gni(ne—1)Wo. (3.4)

In general W, will be a function of v, 8, and n;. It is
assumed that the dependence of W, on 7, can be
neglected so that it is independent of the cell number &.

The consequence of assumptions (1), (2), and (3) is
that

N
ZN= Z 7)N Hnj')
=1

{ni}

Xexp[3NBWo—B 2 apnm], (3.5)
ik
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where
ax=3U(Rj),

— 1
aji=3W,,

J#k,
J=k,

and Y, is over all cells.
(4) The sum over the set {#;}, where the n; are
integers >0 and

N

Z nj=N,

=1
is a sum over lattice points, in an /N-dimensional
Euclidean space, bounded by an N—1 dimensional
figure, a ‘“hyperhedron.” The center of the hyper-
hedron is the point (1, 1, -+, 1) which describes the
configuration with one particle in each cell. This is the
average configuration, since (n;)=1.

Our next assumption is to replace the sum over the

lattice points by an integration throughout the volume
Q of the hyperhedron. We write

Zy=A(N)v" exp[3NVBW o] f f dny- - -dny
Q

N -1
X(Ire+) epl-pZ wmml G0
7=1 7

where 4 (V) is a normalization constant.

(5) The division of physical space into cells of volume
v implies that the fluctuation in the number of particles
per cell, o={(n;—1)?), is finite for all », 8; unless, of
course, purely attractive forces are present. This sug-
gests that a significant contribution to the above inte-
gral arises from points which lie on the intersection of
the hyperplane > %_;#;=N with the N-dimensional
sphere > 3_1(n;—1)>=R? where R?’=Ng. The inter-
section is the surface of an (N —1) dimensional sphere
with center the center of the hyperhedron. The volume
of the intersection is of the order of magnitude of the
volume of the hyperhedron.

Now, the volume integral in (3.6) may be written

f...fndnl...dm
;fONde fdnl---an. 3.7)

N
2 (mj—1)2=R2, T nj=N
= =t

The difficulty here is that for R>1, a good part of the
surface of the (V—1)-dimensional sphere lies outside
the hyperhedron. However, integration becomes fea-
sible if the whole surface of the sphere is an allowed
region. We allow this extended region but introduce a
weighting factor to compensate for the additional
unwanted states. A factor is needed which is 1 for R<1,
which is of order =¥ for R~N?%, and which is negligible
with respect to ¢~V for R~N. It is therefore assumed
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that

® o
f~ : ~fdm- --dny af dR exp[— R4]
Q 0 2N
X f f dny- - -dny, (3.8)
N N

2 (mj—1)2=R?, Znj=N
i=1 =1

where « is a finite constant.

(6) Since in both the gas and liquid regions we
can expect that o~1, the I'(#;+1) will mostly be of
order 1. We approximate the gamma function by
explan;(n;—1)] where we choose a=%In2 to fit the
point 7;=2.

(7) The final assumption is to set the Born-von
Karman periodic boundary conditions on the physical
space. A one-dimensional gas would be confined to a
ring, and a two-dimensional gas to the surface of a
torus. The mathematical analogy is extended to the
three-dimensional gas. The effect of this assumption is
to cyclize the interaction matrix (a;x).

The partition function of our approximation to the
imperfect gas is

Zy=AvY exp[3NEW ] f f dny- - -dny
N

Znj=N
i=1

Xexp[—%‘ %(m-—l)?}z

=1

—a %’: ni(n;—1)—B 2 ajkn:/‘nk} (3.9)

i=1 ik

The constants 4 and « will be fixed by comparison with
the ideal gas.

4. LIMIT FUNCTIONS OF THE EIGENVALUES
OF THE MATRIX (a;;)

Before evaluating the partition function, it is con-
venient to have an understanding of the properties of
the eigenvalues of the interaction matrix (a;;).!

Since the matrix is cyclic, it is easy to show that the
eigenvalues are given by

3N+

2
Av=au+2 ¥ a1, cos[—w(k— 1) (p— 1)],
=2 N

k=1,2,---N. (4.1)

The subscript p refers to the cell number with respect
to cell 1. [(4.1) is exactly true for N odd. The extra
term for NV even does not influence the analysis in any
significant way. ] With the exception of A;, the eigen-
values are doubly degenerate because Ay=Axn_ry2, k%1,

1 G. Kowaleski, Determinantentheorie (Chelsea Publishing Com-
pany, New York, 1948), third edition, p. 105.
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Let z be a complex variable and consider a function

F,(z)=LimN™! % FEHNy). 4.2)
N—w 7=1

The subscript # denotes the number of spatial dimen-
sions of the physical system, and Ax— a11=\;, defines A;.

It is not difficult, although the analysis is lengthy,?
to show that

1

Ro=— f f dor - deonfeHN (@), (43)

where
re

Mo)=23 ar, COS(

7)1/" ’

and o, r are n-dimensional vectors having components
(w1, *++, wa) and (x, 9, 2, --+), respectively. The sum
2_: is over all the cell centers in the physical space
including cell 1; #/» is the unit of length, v denoting
the specific volume ; and the components of 7 are integral
multiples of »/». The vector r has its origin at the
center of cell 1. The degeneracy of A (w) is evidenced by
Moy -y w)=A2r—wy, -+, 2r—w,).

Considering the case #=3, it is a convenience to
assume that

ro 1 o
@1r COS (-—)z—fffdr’airr cos(———), (4.4)
v} ? v}

where the integral is over the volume of the cell with
center at r. Then,

x(@% f f f IRa(R) cos(Rv':), @.5)

where the prime signifies that the integration is over
all space excluding a volume v centered at the origin.
Note, however, that the use of the integral has de-
stroyed the degeneracy of A(w). Consequently, the
degeneracy must be preserved by definition.

If we suppose that 2a¢(R)=U(R) is a function of R
only,

® sin(Rw/v?)
U(R)———— R .
(R) Reo/o) R*dR, (4.6)

47
Mo)=Aw)=— (
Rw/v

v JR,

where we take v=R®. )

Since the qualitative behavior of a gas should not
depend on the details of U(R), we shall represent
U(R) by the potential shown in Fig. 1.

The integration is readily performed and we find that
V2>, AMw)=0;

2T. H. Berlin and M. Kac, Phys. Rev. 86, 821 (1952).
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Mw)=—4rU{H[w]— (w/0)H[ (0/0)}e]}; (4.7)
1n>9>0: AMw)= o
where

H[g]= (g cosq—sing)/¢*= — (x/2)}¢ ] 3(q). (4.8)

5. EVALUATION OF THE PARTITION FUNCTION

Let us first transform from the variables {7;} to the
variables {y;} by a translation and rotation such that

N N
le(nj— 1)2=21: ¥
and (5.1)

AY
Zk ajr(n;—1) (m—1)=3 Ay
7, 1

U(R)

-Ua

Fic. 1. A representation of U(R), the potential energy
of interaction between two particles.

The transformation matrix ¢ can be taken as
2w

tjk=N—%{ COS[—(j'— 1) (k— 1)]
N

2
+sm[7v-(]—1)(k—1)”, (5.2)

where the characteristic vectors are normalized to
unity and the A; are given by (4.1). The hyperplane is
described by y,=0.

The partition function (3.9) may now be written as

ZN—Bf dR exp[——R“]f fdyz “dyn

E yi2=R?
2

XeXP[—i(aHAj)yﬂ], (5.3)

B=Av" exp[NBGWo—A) .

Relaxing the restriction on the region of integration
of the variables {y;} by means of the delta function,
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using the representation

o(x-[5])

2R so+7 o N
= ds exp[s(RQ—}: yﬁ)], (5.4)
2mivs—iw 2

and because R is positive, we may write

B S0+
Zy=—o
27!'1 S0—1% %

ds exp(Ns?/2a) f

—Nsfa

Xexp[ — (a/2N)w?] I IZIZ mi(s+a+BA,)t l . (5.5

This result is obtained by multiplying the integrand of
(5.3) by (5.4) and allowing — 0 <y;< o all j; inter-
changing the s and {y;} integrations by choosing s,
real, positive, and large enough to make se+a+BA;>0
for all 7; and finally interchanging the s and R inte-
grations, which is permissible for all s. It is to be
understood that the normalization constant 4 in B is
to be determined at our convenience.

We are interested in the limit N—w, and the
limiting form of the integrand in (5.5) is required.
The product may be written

N 1w
_I_Iz(s—{—a-}—BAj)“%: exp[—a );, In(s+ a—I—BA,-)].
Let
N
Go(s)=LimN' Y In(s+a+pBA;).

(5.6)
) N—x =2
From (4.3) we have
1 27
G (s)=fa(s)= (Zw)ﬂ‘/; .. 'fdwl' «dwg
Xln(s+a+B8A(w)), (5.7)

where A(w)=an+A(0). However, some care is now
necessary.

Let S denote the algebraically smallest value of
a+BA(w). If the s plane is cut from s=— o0 to s=—3S
along the real axis, then the integrand in (5.7) is
analytic in the cut plane. The behavior of the integral
in the neighborhood of s=—.5 is characterized by the
density of eigenvalues A(w) in the neighborhood of the
algebraically smallest eigenvalue. This behavior incom-
pletely describes the behavior of (5.6) in the neighbor-
hood of s=—3 because the singular nature of the
integral in (5.7) has in general nothing to do with the
singular nature of a single term in the sum in (5.6).
Consequently, we more accurately write,

2
Ga(s) =5 In(s+S)+ fa(s). (5.8)
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The 2 arises because the algebraically smallest eigen-
value is doubly degenerate.

In the integral over w in (5.5), the important values
of w are of order N3 For finite s, the lower limit of
integration is of order V. In this situation the integral
over w may be replaced by (2rN/a)? if s is positive.
Therefore we must evaluate

2N
Iy= —‘,,rzuvﬂ)( )
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e N 5.9
X j_ = )exp[ 0], (5.9

S

where g,(s)=5%/2a—%fa(s).
Applying the method of steepest descent to the
integral, we find that

B exp[Ng.(s)]
T (54 8)[a(0%/ 0595, ]

if a saddle point s, can be found such that s, is real,
positive, to the right of the singularities of the integrand,
and with

(5.10)

[8gn/05Jss=0; [8%4,/852]ss>0.

The constant A4 shall be determined by'normalizing
to the ideal gas, for which Zy=V"/N! For the ideal
gas a;;x=0 for all j, &, so that A;=0 for all j. Then

© s l iy (agn) Ss 1 0
w(s)=——=In(s+a); {(—) =————=0;
8 s /ss a 2(s;ta)

(5.11)

o%g, 1
) >0
st Jss a 2(s.+a)?

The solution of the saddle point equation that meets
the requirements is

ss=Sia=-+3(a®+2a)i—1a. (5.12)
It is found that, for N—x,
1
ﬁ Ind =In(e/¥) — gn(s:a). (5.13)

This yields for the limiting free energy per particle,

—ﬁt//n=gln(27rm/6h2)+ln(ev)+6(%W0—A1)

+gn(ss)_gn(s'id)~ (5'14')
We now investigate the existence of a saddle point,
and we shall get to a real gas by considering first a repul-
sive potential only, second an attractive potential only,
and finally the usual molecular potential.
For a three-dimensional system, n=3, the saddle

193

point equation is

1dw 2w 3

a 21r)3fffss—l—a+ﬁA(m)

It is easy to see that if a solution s, exists, then s,
is real. It follows that [%g;/9s%]s;>0. We also recall
that A(w) is double degenerate, that is A(wi, ws, ws)
=AQ2r— w1, 2r—ws, 27—w3), the point (r, w, w) being
a center of symmetry. The integral representation of
A(@) destroys this symmetry and, therefore, the sym-
metry is maintained by definition.

I(s,, ). (5.15)

A Repulsive Potential

We represent a repulsive potential by Fig. 1 except
that U,=0. Then for

V25 Mw)=0;

(5.16)
11>0>0: Aw)=w

Recall that A(w)=au+N(w), where 2a,;=W, is an
average energy of interaction among particles within a
cell. @y, is independent of w and for a repulsive potential
monotonically increases to « as v decreases to v;/8.

In the range «©>v29, (5.15) becomes 2s,/a
= (ss+a+Bawn). Therefore as v decreases to vy, s,
monotonically decreases from s;4 to 0. Hence, the gas
does not exhibit any transition and the limiting value
of the free energy per particle is given by (5.14) for
all 9, B.

An Attractive Potential

The attractive potential is represented by Fig. 1
except that R;=0. Then for

2% Aw)=0

> 0> 0: M w) = —dr | Hlw]——H[ (02/2) *w]} (5.17)
. v

a;1; monotonically decreases to —1U, as v decreases to
25/8 and for v<v,/8, a;; is constant at this value.

In the range v>9,, 2s,/a= (ss+a+Bai;)™; and as v
decreases, s, increases.

In the range v<v,;, something new occurs. The
algebraically smallest value of A(w) occurs for w=0,
A0)=— (47/3) U, (vs/v:—1), and S=a-+8 (au—i—)\(O))

The qualitative behavior of )\(w) is shown in Fig. 2.

It is easily shown that 7(—S,v) is finite, and the
qualitative behavior of I(s, v) is shown in Flg 3.

The saddle point is the point of intersection of the
straight line (2/a)s with the curve I (s, v) for given v.
From Fig. 3, we see that for fixed 8, a v will exist such
that for v <vga saddle point will not exist. Consequently,
there exists a transition point for which the tempera-
ture and volume are related by

—(2/a)S=1(—-35, v). (5.18)
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i

0 - w

Vp >V ; V DECREASING

F1G. 2. AMw) for v<va.

The variation of the transition temperature with volume
is sketched in Fig. 4. There is no critical temperature
above which a transition fails to take place.

No transition exists for the one and two-dimensional
gases because then the integral 7(—.S, v) diverges. The
divergence is easy to see because the “volume” element
goes to zero as w™'dw where # is the dimensionality,
whereas the denominator goes to zero as w? when s=— .

For a given temperature there is the transition
volume v3<v,. We must now find Zy for v<ug since the
partition function must exist. B

The integrand in (5.9) has a pole at s=—3S. To
determine if a path of steepest descent exists in the
neighborhood of the pole, which is also a branch point
of g3(s), the behavior of g;(s) near the pole is required.
After some analysis we find that

G(O=g(=S+v(+S5) )
+(1/48) (w8%) (s+3)1+0[(s+5)*], (5.19)

S 1/9fs 1702\ (w)
S .
a 2\ 3s/ s 2\ 9w? /=0
On setting s+S=, it is plain that the integrand of
(5.9) falls off rapidly from its value at e=0 for real

part of e negative if y>0. From Fig. 3, it is easy to
see that v is >0 for v<vg. Finally a path, qualitatively

I(s,v)

T0 @

l
(s+d Ba,”! \
(27005 | :
L i
3 S
-a a-Bay
(VaVvy) (VeV,)

Fic. 3. The qualitative behavior of (s, v) as a function of s and v.
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shown in Fig. 5, does exist for which the imaginary
part of g;(s)=0, and which does not cross the branch
cut. Therefore, we note that the contributions to the
integral from the partial paths on opposite sides of the
cut cancel in the limit N—o and that it is only the
residue at the pole that contributes to the integral.
Hence

2rN\ ¥ N
ZN=B1r4(N*1)(—~) exp[Ngs(—S)], v<ws. (5.20)
a

This provides

—ByYs=1% In(2rm/BH?)+1n (371)'1"5 GWo—Ay)
-i—g3(—- S)—gs(Sid), 2<7g. (5.21)

We will forego a discussion of the nature of the
transition until the normal molecular potential is
considered.

It would be expected that a gas with purely attractive
molecular forces would collapse to a point. In the
model, however, a restriction has been placed on the
fluctuations in #;, the number of particles in a cell, and
as a consequence this limitation to finite fluctuations
plays the role of a repulsive force.

B

Fic. 4. The qualitative rela-
tion between the transition
temperature and specific vol-
ume for an attractive potential.

0 Vp v

The Normal Molecular Potential

The normal potential energy of interaction between
a pair of particles is represented by Fig. 1. With this
interaction, a;; behaves qualitatively on v in the way
shown in Fig. 6. It is important that a;;—+ o as
v—9;/8. The significant feature of the behavior of ay;
is that —S first increases as v decreases from large
values, then reaches a maximum value, and finally
decreases without limit as v—1,/8.

In the range % >9>v, a normal saddle point exists.
The possibility for a transition only develops when
neighboring cells get into the range of the attractive
forces. B

As v decreases from vy, I(—.S, v) becomes finite.
Figure 3 illustrates this behavior. Now I(—S,v) is
proportional to temperature. We can then see the
possibility that if 7" is large enough (8 small enough),
the minimum value of 7(—S, v) as a function of v is
above the line (2/a)s when the maximum value of — 5
is reached. Consequently, a normal saddle point exists
for all v under the circumstance that T is large enough,
and this means that no transition occurs. We are thus
able to define a critical temperature T, 3., and volume



IMPERFECT GAS

v, by means of the equations
—28,/a=I(—S,, v.);

— S, as a function of v is maximum at v,

for B=4..

This critical behavior is described in Fig. 7.
Now for 8>B.,(T'<T,), a volume v’ exists for which

—28/a=1(—58,7); u<v'<vy; B>B. (5.23)

Furthermore, as v decreases still further, the repulsion
pulls I to the left as shown in Fig. 7, and a volume v’
exists for which

—28"Ja=I(—=8",v"); n<v'<v'<vy; B>B.. (5.24)

We will show below that o’ and " correspond to the
onset and completion of a condensation phenomenon.
This phenomenon does not occur in either one or two
dimensions because I(—s, v) diverges. It is, therefore,
concluded that

(5.22)

—ﬁ¢n=gln@rwﬂﬁﬁ§+4n@®

+ﬁ(’12=W0_A1)+gn(ss)_gn(sid)’ (525)
S=-PLANE
cut -5
50
Fi16. 5. Path of steepest descent for v <zg.
where
2s;/a=1(ssv),
for
n=1,2; 0<B< ™, 1 <vr< oo,
{ B>B., { B<Be,
n=3;
n<v< o, o >9>7; 9 >0>0,.

The normal region is defined by the above conditions.

For volumes v such that ¥">9>v", the normal saddle
point does not exist. However, the path of steepest
descent described by Fig. 5 exists, the saddle point
sticking at the pole. Then

—ByYs=3% In(2wm/BH*)+1n(ev)+B (%I{/o—Al)
+g3(—S)—ga(sia),

for B< 8., v'>v>1". This region we call the transition
region.

This completes the evaluation of the partition func-
tion for all v, 8 for the normal molecular potential.

(5.26)
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|

F16. 6. Qualitative {
dependence of a1; on |
|

|

]

specific volume.
v, /8 \\/ v

6. ISOTHERMS, FLUCTUATIONS, AND
CORRELATIONS

The equation of state can now be obtained from
Egs. (5.25) and (5.26) by the relation p= — (3y/0v)7.
For a three-dimensional gas this gives in the normal
region

1 139w,
p=—t-
Bv 2 v dv

0A;

LINED)

2 (271')"[ f f ss-{—a—:;iA(o)) o

where s is determined by the saddle point equation
(5.15). In the transition region the pressure is given by

1 10W, oM

=t ———
? Bv 2 v dv

+";:l[j ;(ZW)J f f [— S-l—a-}—ﬁA(m)]]

dwdh(0)/dv ‘
2 (zvr)sfff[ statBA(e)] (6.2)

At the transition points ' and 9"/ ; s= — .5, and the term
in the brackets of (6.2) vanishes as can be seen from
Eq. (5.15) by a differentiation. Consequently the
pressure is continuous at the transitions. The first
derivative of the pressure with respect to volume is

(6.1)

I(-5,V)
B<Bc

s \
-(2/0§

2¥

|
|
|
|
1
s -s

,
oY= ————

[
|
|
|
|
|
s

F1c. 7. Qualitative behavior of 1 (—S', ) as a function of 8, v,
and —.S. Arrows on the curves show direction as v decreases.
These curves are the locus of end points of curves which could be
drawn to correspond to curves in Fig. 3 where I (s, v) is shown as
a function of s.
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also continuous at the transition points; however, there
is a discontinuity of the second derivative. These
statements are proved in the appendix.

Qualitative investigation and numerical estimates
using typical Lenard-Jones potential energy curves to
deduce the behavior of W, and A(w) give results for the
equation of state summarized in Fig. 8. These estimates
give critical temperatures and volumes which are of the
same order of magnitude as experimental results for the
potentials considered. Below the critical temperature
T, the isotherms consist of three analytically different
pieces while above T, the isotherms are everywhere
analytic. The discontinuities are located and described
by the analysis without further thermodynamic con-
siderations.

It is immediately obvious that the isotherms are not
flat in the transition region. For all temperatures above
T, and for temperatures immediately below T, dp/dv
is everywhere negative; this means that for these
temperatures the states described by the theory are all
stable. For lower temperatures dp/dv becomes positive
for a part of the range of the isotherms and the theory
has admitted unstable states. At these temperatures
there is no obvious relation between the location of the
transition points and the position of the loop in an
isotherm. It can easily be shown that for very low
temperatures the maximum in the isotherm occurs at
larger volumes than the transition volume v’ adjacent
to the gaseous phase. Similarly, the states in the liquid
phase are everywhere stable, dp/3v<0, for all temper-
atures. At low temperatures also, the pressures are
allowed by the theory to become negative. The edifying
features of the equation of state are thus the existence
of a critical temperature with the accompanying ana-
lyticity for higher but not lower temperatures and the
stability of all states for temperatures immediately
below the critical.

The correlation between numbers of molecules #;, #;
situated in the jth and kth cells, respectively, is defined
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as
(njmi)

C jE=
(2N ()

The average value of a function F is defined, after
transformation to the variable s and after using (5.9)
for the partition function, to be

6.3)

So+1z
(F)y= f ds(s+S)1F(s) exp[Ngn(s)] /

S0 —7

So+7
f ds(s+S) L exp[Ng.(s)]. (6.4)

0—1®

Expressed in terms of the variables x,=#n;—1, the
correlation is

Ci= (1+xxi))/ (14+(x ). (6.5)

The correlation function, {x;xx), expressed in terms of
the variables {y;} is

N N
(xjxk) = z§2 Eztjltkm<ylym>- (6.6)

However, (y;y.)=0 unless =m because the integrand

in Eq. (5.3) is an even function of y; and y,, and the
limits of integration are symmetric. Thus,

N
@ixr)= 2 timtrm(Ym?).
m=2

It is clear from (5.3) and (5.5) that we can_ express

6.7

(yn?) as
1 1
<ym2>=-<————>, ©68)
2 \s+a-+BAn
so that
1/~ Limbim
XiXE)=— —_— ). 69
= (T =0 69

Using (5.2) for the components of the characteristic
vectors,

1 sav+v cos[ (2m/N) (k— 7) (m—1)]

<xjxk>=<— 2 > (6.10)
N m=2 s+a+PAn

The term with m=1 does not appear in the sum due

to the restriction Y ?_; n;=N. Because this term is
omitted, we have for all 7,

% (ws2)=0.

k=1
Write (6.10) in the form

(6.11)

cos[ (2r/N) (k—3)]
<xjxk>_< N(s+3) >
1 3@+ cos[ (2r/N) (k— ) (m—1)]
+<ﬁ > sta+BAn > - o

m=3
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Consider the second term. Since all the singularities of
the sum are to the left of —.S, the presence of this sum
will not influence the existence or position of the saddle
point, so that

< s+ cos 2w/ N) (k—7) (m— 1)]>

m~3 sta-+BAn
=i %(NZ+1> cos[ (2w/N) (k— 7)(m—1)] 6.13)
N m=3 Ss+a+ﬂAm
Define H(7;i; s) by
H(’ﬂc? s)
1 3@+ 2x/N)(k—7)(m—1
Lim L i cos (2x/N) (k— j) (m—1)] (6.14)
N-w N m=3 s+a+BAm

When a normal saddle point exists, the correlation
function in the limit N—o is

Lim{xjor)=H (7 Ss)- (6.15)
N—-w

In the transition region, s,= —.JS, and

Lim{xx) =" le cos(27r/N) (k—7)+H(rj; —S), (6.16)

N—oow

where v is defined in (5.19). If we put j=k, we then
have the fluctuations in the number of particles in a
cell, o. In the normal region,

o=(x2)=s,/c.

In the transition region

(6.17)

2y — 1 ?ﬁ \ =5
o—(xj)—'y—l—z( Py )8=—§~ S/a. (6.18)

For the ideal gas, it follows directly from Eq. (2.3) for
the configuration sum that ¢=1. This fixes the saddle
point for the ideal gas; s;s;=a. From (5.12) it follows
that

ata=1.

Since a=13 In2, « is positive.

The qualitative dependence of ¢ on volume and
temperature is obtained from Fig. 7 which shows how
the saddle point s, depends on these variables. In
Fig. 9 we show the general features of .

The function H(r;;s;) defined in (6.14) can be
shown? to be

11 y cos[ - (r;—rr) /Y]
=— d(!). .
2 (27r)3f [ f ss+a+BA (w) (©20

This is true in the limit as N— e, for fixed ;. Because
of this restriction the (x;xx) obtained using H(rj; ss)

(6.19)

H(rix; 5s)
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will no longer satisfy the condition

N
> {xjoy=0.
k=1
According to (6.20), the H(r;; s;) are Fourier coeffi-
cients for i[a+BA(w)+s.]1", and from (4.3) the U,r
are Fourier coefficients of A(w). If one represents
Lla+BA(w)+s,]t by its Fourier series, and then
expresses A (w)=au+A (o) in terms of the Uir, one can
get, after some manipulation, the following integral
equation for H (7;i; §s):

8(r jxv?)
2 (a+!3011+5s)

v(a+Ba11-|—s )fff UrH(rs; s)dry,  (6.21)

where the prime signifies that the integration is over
all space excluding the volume v of a cell centered at 1,
and

H("J'k; ss)=

lifr,- /'IJ%<1,
s(rjk/vé)=[ TS

0 otherwise.

The asymptotic behavior of H(7;;s.) is considered in
Appendix II.
In the transition region the correlation function is

Lim{x ) =" le{cos[ Q2x/N)(k— T}
N—wo
+H (75 55)-

For any two cells for which 7;3/2% is not of order N,
the first term equals v and is independent of 7;,. Thus
the correlation function between two cells does not
approach zero for large separation distances, but
approa.ches the value —S/a—1I(—S,2)/2. In Flg 7,
v is one-half the vertical distance between I(-S, v)
and the line —25/a. As the volume is decreased through
the transition region along an isotherm, y goes from
zero at the beginning of the transition region to a
maximum value and back to zero as we come to the
end of the transition.

The existence of this constant correlation is to be
expected for the condensation process. To interpretate
the significance of the constant correlation we investi-
gate a more detailed distribution function, namely, the
average number of particles in the kth cell for a fixed
number of particles in the jth cell. The correlation
function (x;xx) is related to this quantity, which we

(6.22)
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denote by {(ni)n;j=n,

N
14 (o) = (mmi)= Zln<nk)nj=n. (6.23)
In this work, the occupation numbers {x;} are treated
as continuous, and allowed to become negative, so that
(ninry= Jo®n{niyn;=ndn. .
After a straightforward calculation, using the tech-
nique described in Sec. 5, we obtain,

(miynj=n= (2mo)~ exp[ — (n—1)*/20]
X1 (n— 1))/ 0.

Inspection of (6.24) reveals the following facts. If
there is one particle in the jth cell, then the average
number in all other cells is independent of their location.
If the correlation function (x;xx) were zero then this
would also be true for every value of #. The effect of
positive (xjxz) is to increase (ny), if #»>1, and to
decrease (1), if #<1. The important difference between
the behavior of (#:), in the normal and in the transition
regions is due to the existence of the constant term ¥
for {x;x) in the transition region. For the same # and %,
(nx), in the transition region is everywhere larger than
{n4)n in the normal region, if »>1. If <1, then (np)n
in the transition region is everywhere less than (1),
in the normal region, for the same » and k. For very
large distances in the normal region, (ny),— (2wo)~}
Xexp[— (n—1)?/2¢], while in the transition region

(niyu— (2m0)~t exp[ — (n—1)*/20 JL1+ (n—1)v/o].

Thus the presence of the term in the transition region
shows that a deviation from the average number of
particles in a cell induces deviations of the same sign
even in cells which are very distant.

(6.24)

7. DISCUSSION

We shall attempt to analyze, at least briefly, each of
the approximations made in Sec. 3.

(1) Itisassumed that the total potential energy is the
sum of pair interactions and that the potential energy
of interaction between a pair of particles depends only
on the distance between the pair. Although it is obvious
that this assumption is not generally true, it is very
nearly true for the noble gases. The status of the
condensation problem being what it is, it is unnecessary
to introduce any further complication of the force law.

(2) 1t is assumed that U(r;;)=U(Rkn) when two
particles 7z and j are in cells £ and m and Ry is the
distance between cell centers. This assumption becomes
poor when Ry, is in a range where U (Ryx) is a rapidly
varying function of Rin. We believe, nevertheless, that
the particles will feel an average potential which will
have the same qualitative behavior as the molecular
potential. In other words, it is a mistake to pick the
value of U (Ry,) from the molecular potential if quanti-
tative agreement is desired, but quantitative agreement
might be possible by reasonable adjustment of the
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molecular potential. Such adjustment would be de-
pendent on cell sizez. We do not believe that this
adjustment would qualitatively damage the conclusions
of our approximation.

The choice of the specific volume as the cell size was
made to effect a compromise between this approxi-
mation (2) and approximation (4). Approximation (2) is
favored by r<v and approximation (4) is favored by
>0,

The choice of the cell size may play a really important
role. For example, the van der Waals’ loop is in part
due to choosing v as the cell size. It is necessary to
develop a more accurate description of a rapidly varying
U(R) in order to lessen, and perhaps remove, the
instability in our approximate partition function.
Furthermore, this choice of » may also have destroyed
the liquid-solid transition. The consequences of an
arbitrary cell size are being closely studied.

(3) It is assumed that if Wy, the average interaction
energy for n; particles in a cell of volume equal to the
specific volume is represented as Wj=4u(n,— 1)W,,
then W, is independent of n;. The definition of W,
(3.3), shows that this is qualitatively possible for
specific volumes sufficiently small so that the potential
energy between two particles in the cell is always
positive. For large specific volumes, the cell diameter
is equal to, or larger than, the range of the forces. Then
this relation still holds for small #x, when W} is negative.
However, W} must become positive for large #;, and
therefore W, is not qualitatively independent of #;. To
assign to Wy the value obtained for small #; does not
properly account for the repulsion due to close packing.
However, it can be demonstrated that for these large
volumes, Wy can be more closely represented with a
slightly different quadratic dependence on the 7, but
with no significant changes in the behavior of the gas.
Since W, becomes important for small volumes when
our approximation is a good one, this assumption is
not considered as affecting the general results obtained.

(4) This assumption replaces the sum over lattice
points by a continuous integral. This is a serious
approximation in that this can change the nature of the
transition. As evidence for this statement, we can point
to the relation between the Ising model and spherical
model of a ferromagnet.? This means that the entropy
may play a singular role that is not present in our
model. A further consequence of this assumption may
be the nonappearance in the model of the liquid-solid
transition.

(5) The replacement of the hyper-hedron by the
hyper-sphere as a region of integration is again a serious
assumption. The advantage of this assumption is that
it enables us to evaluate the multidimensional integral.
The reasonableness of the assumption is based on the
view that a very large number of important occupa-
tional configurations are included. The significant defect
in the assumption is that many configurations having
negative occupation numbers are also included. The
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obvious effect is that the sign of the interaction energy
is reversed for two different cells having occupation
numbers of opposite sign. This aspect may not be too
damaging, for it gives rise to a repulsion when particles
are in attractive range and so it is not likely that this
assumption is responsible for the instability of the van
der Waals’ loop obtained at sufficiently low tempera-
tures when the particles are essentially attractive. In
fact, a purely repulsive potential does not lead to any
instability, which we would expect if negative occupa-
tion numbers played a spectacular part. The damaging
aspect is that it spoils the configurational entropy. This
is seen by the fact that use of the hyper-sphere requires
the introduction of a weighting factor. We believe that
any simple-minded use of a weighting factor will not
change the qualitative nature of our results. We also
believe, however, that the exact problem implies a
complicated, probably singular, configurational entropy
which could easily modify the mathematically delicate
transition mechanism.

(6) The approximation I'(n+1)~exp[an(n—1)] is
not qualitatively significant. If we choose ¢=0 we
uniformly weight all configurations and if we choose

=11n2 to fit =2 in addition to =0 and 1, then we
reduce the weight of configuration involving large .
The latter choice of @ is equivalent to a weak repulsive
force and cannot qualitatively influence the conden-
sation phenomena.

(7) The assumption of periodic boundary conditions
eliminates the possibility of discussing surface behavior.
Since we expect the condensation phenomena to be a
volume phenomenon, this assumption does not intro-
duce a qualitatively significant influence.

The main idea of this work was to show that a not
entirely unreasonable approximation to the exact par-
tition function of an imperfect gas can be made which
exhibits some of the very general aspects of conden-
sation. An important point of the approximation was
to preserve, at least in part, the cooperative nature of
the phenomenon.

We are of the opinion that it will be difficult, in our
approach, to improve assumptions (4) and (5), and
this greatly handicaps further progress along the lines
set down here. We think that some progress can be
made by refining the cell size. This will give a better
estimate of the interaction energy and it is possible
that stability will be achieved. It is also possible that
the solid may appear. We think that the lack of a
mechanism yielding a constant pressure during conden-
sation is a serious defect of our approach, and one
which we are presently unable to illuminate.

Since the approximation yields a partition function
for the liquid which is stable and otherwise qualitatively
proper, it is our view that useful applications to the
liquid state are not improbable.
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APPENDIX I: ANALYTIC BEHAVIOR AT
TRANSITION POINTS

This appendix shows that d2p/d? is discontinuous at
the transition points. Complete mathematical rigor is
lacking but can obviously be supplied where needed.
Define Ap(vy, v2)=—p(v1)+p(v2), where vy, v, are vol-
umes close to a transition point, v’; 91 is in the transition
region, v; is outside. We are interested in Ap(v/, )
which is the limiting behavior of Ap as 91, 95— from

their respective sides of ’. From (6.1) and (6.2),

Ap(v1, v2)

' fff do 6A(w)}
2 (27")3 S8+G+BA(0J) dv 2
171 1 W, W, 0A1 0A,
DA
B U1 V2 2 (9‘1)1 61)2 61)1 67)2 .

haﬁfff =

S+a+BAw) v

A5 1 1 pp do
_E[ P (27r)3f { f —3+a+BA(w)]}v{ €1)

Let A=A+F(w;v). For small w,F(w,v)=f(v)w?
+0(w?), which defines f. Let Q@ be a value of w for
which the term O(w%)<<f(v)w® At v,, the saddle point
is 5,3 as 977, s,—~>—S. Regard v, sufficiently close to
o’ so that we can express s,=—S+¢(2) with e(2)
KLBf(v)Q2 Considering the first bracket in (I.1)

A (w)

2 (21r)3fff s—i—a—:BA(w) dv
A1 oF
T2 (27r)3f f f e—l—ﬂF(a av)
6A1 Ss

do OF

v a 2 (21r)3fffe+BF dv
6A1(—S+e) 1 1 {4 af widw
T\ o« 2 2l avdy et+Bfuw
do OF
[ ey
BF dv
Q
In the above we have split the integration /" S" /i*"do
into two regions, 47 fi®w*dw+ S S So*"dw. In the first
region the integrand was spherically symmetric and we

neglected a term in the denominator O (w*).In the second
region we neglect ¢ in the denominator since eXgfQ*
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Treating the second bracket in (I.1) in a similar way
gives

390, ) =Lim oA 11 97 Q
Pl [ v 2@ aupr)
_(1 ! ff_f_)ﬁ], 12)
2 (2)? v B2
where

Ve dq
i
0 1+ﬂf92

Calling the two parentheses 4, B, respectively,

de

-—Ap(v v)= le(A————Be——) (1.3)
dv

92 9% 3 1 s0e\?

—Ap(¥, ) =Lim(A——+—B—(—~)

912 0 91 4 €\ 9y

3 9%
—-B e%———) , (14
2 9

where 4, B and their two first volume derivatives have
been assumed finite.

To get an expression for e and its derivatives,
consider the saddle point equation,

27
1 f f f do
@) I J s tatpalw)
This can be rewritten by the approximations used
above

3 1 (2 wde o fde
2(-5+9fa=—| [ =)
rpldy crape ) or
1 (—éJ 2 wdw
{ +ir f
(2m)*l Bf o Bfuw?
+ f d"’} ®3)
[} o
~ J is defined in (I.2); the upper limit of integration

becomes infinite as e—0. Disregarding terms of order
greater than €, we can write (L.5) as

2s,/a=

2(—S+¢)/a=

AT
Diﬁert;.ntiating,
© S
2 5)
A ST o
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This vanishes as e—0. A second differentiation will
yield the following term, which will not vanish as e—0:

dw OF 26 dA;
L1m——=2( ) (ff ) . (L8)
0 Jy? F2 67} a 9y

The vanishing of e assures the continuity of the pressure
at the transition points; the vanishing of d¢/dv as e—0
assures the continuity of dp/dv by (1.3); the non-
vanishing of %¢/97* shows that 6%p/d? is discontinuous
(1.4).

APPENDIX II: CORRELATION FUNCTION

In this appendix, some special features of the function
H(rjr;s,) defined by Eq. (6.14) are considered. This
function satisfies an integral equation which can be
obtained in the following way. Introduce

1 w72 cos[ (2w /N) (B— 7) (m—1)]

N m=3 s+ a+,3Am
Then
H(fjk; Ss) = :Z[VAXII]’LJL

Multiply both sides of (II.1) by cos[ (2x/N)(k—j)
X (m'—1)] and sum over % from 1 to N. One gets

N 27
—=23 hj cos[———(k——j) (m’-—l)]. (11.2)
ss+a+BAm' k=1 N

Substitute for A, its definition,
(V+1)/2 2
Apw=an+ Y Ui cos[—z\—r(p——l) (m’—l)].

=2

Then (I1.2) becomes, choosing j=1 for simplicity,

N 2T
1= (s,+a+Baw) 2 hu cosl:—-(k— 1) (m— 1)]
k=1 N

(N+1)/2
+8 2 U Z hak Cos[———(k 1) (m— 1)]
=2 k=1

2w
Xcos[——(p— 1) (m— 1)]. (1L.3)
N

Multiply both sides of (IL.3) by cos[ (2x/N)(¢—1)
X (m—1)] and sum over 7 from 3 to N—1. For ¢#1,
there results

B 142 cos[ (2x/N)(g—1)]
N (ss+a+Ba1)

ﬂ N/
- hllUlq7
s+a+Balll 1,17

(IL.4)
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while for ¢=1,
1 N-3 B

Z huU,.
2N (ss+a+Bau) (ss+a-+-Bay) =1

In the limit N— o, replacing the sums with an integral,
8(r s/ vh) B
Z(Ss+d+5(lu) (Ss+ll+ﬁau>

Xszf/U(rkk:)H(r,-kf;ss)d'rk/ (11.6)

1if 7 <ot

(IL5)

H(rjr; s0)=

where

amﬂm=[

0 otherwise,

and the prime on the integral signifies that the inte-
gration is over all space excluding a volume v centered
at r;. Consider the case when U(r)=0 for > R,. The
asymptotic value for H(r;; ss) can be obtained in the
following way. If H(7;1;s,) in the integrand of (I1.6)
is expanded in a Taylor series about 7;; and integrated
term by term,

8(rju/v%) B
2(ssta+Bay)  (ss+a+Ban)v

) A"H(T]k)]
222U (71 di/ 11.7
Xwa@wwnfff” (ru)dr, (IL7)

H(rjx; s)=

where A is the Laplacian operator. All the integrals
can be expressed in terms of derivatives of A(w) at
w=0 by

>\ (w) 1
— _1 n__________
( de® )(,,=0 (=D (2n+41)92n3

1 ’
X—fff rkkﬂ"U(rkk')drk’. (IIS)
v

Introducing this in (I1.7) and putting p =7/},
8(pix) B
2(ss+a+Bay)  (ss+a+Baw)
@ (—1)n (d"’")\(w)

XX
n=0 (2")1 dwg"

H(pjr; ss)=

)NW@m&)(HQ
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For large pji, we expect H(p;x) to depend on distance
only, so that if we put f(p)=pH (p;1), then

1.d*f(pjx)
aH ()= L 22,
P dp2n

If further we assume f(p)=¢"*?, then (I11.9) becomes
o (—1)" 7@\ (w)
(ss +G+Bau) =—82 ( ) "
n=0 (2m)! \ dw?®™ /,
= —B\(ia).

Replacing ia by Z, we have for the form of the function
H(r;x; ss) at large distances

(I1.10)

exp(—iZrj/v¥)
H(rjy;s)=4 —;—f——,
fjk/‘UK

(I1.11)

where Z is determined from s,+a-+Ban+BN(Z)=0.
In the gas region Eq. (I1.10) has two equal and opposite
roots, with Z imaginary, Z= 4-7y. We then have for
large 71/},

exp(—y7;i/v¥)

H(rjnyss)=4 -
rjk/w

b

where A4 is a positive constant which can in principle
be determined from Eq. (II.1). As the transition region
is approached, these two roots approach the origin. In
the transition region, Z=0, and H (r;x; s;) = A (rj/v})L.
In the liquid region close to the transition region we
have again Z= 414y, so that H(r;;, s;) has the same
asymptotic form as in the gas region. We believe that
the correlation function has oscillatory behavior at
small distances and that it in general has the required
characteristics.

The correlation function may be evaluated exactly
in a one-dimensional system with nearest neighbor
interaction only. The characteristic behavior to be
expected of the one-dimensional system is found.
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