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The Percus-Yevick theory for hard spheres provides simple accurate expressions for the correlation functions
that have proven exceptionally useful. A summary of the author’s lecture notes concerning three methods of
obtaining these functions are presented. These notes are original only in part. However, they contain some
helpful steps and simplifications. The purpose of this paper is to make these notes more widely available.
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1. Introduction

The hard sphere (HS) fluid is a simple representative fluid that, through perturbation theory [1,
2], is the basis of a simple and successsful theory of liquids. Hard spheres interact through the HS
potential

oo, R <d,

where R is the separation of a pair of spheres and d is their diameter. The reason why the HS
fluid is so useful is that accurate analytic expressions can be obtained from the Percus-Yevick (PY)
theory [3]. Indeed, perturbation theory could have been developed and used decades earlier had the
PY expressions been available. The PY theory and the mean spherical approximation (MSA) [4]
are identical for the HS fluid. Since the MSA is more widely used, perhaps the PY results for hard
spheres should be called the MSA results. However, the name PY is conventionally associated with
these results so the conventional nomenclature will be used.

The PY theory produces analytic results for the HS thermodynamics, direct correlation function
(DCF), ¢(R), and the Laplace transform of the radial distribution function (RDF), g(R). The DCF
and RDF are related through the Ornstein-Zernike (OZ) equation,

h(Ris) = o(Ruz) + p / h(Ry3)c(Raz)drs (2)

where R;; = |r; — r;| is the separation of a pair of spheres located at r; and r; and p = N/V is
the number of spheres divided by the volume. The function, h(R) = g(R) — 1 is called the total
correlation function (TCF). Because of the discontinuity in the HS potential, it is useful to define
the background function or cavity function, y(R), by g(R) = e(R)y(R), where e(R) = exp[—Lu(R)]
and 8 = 1/kpgT with kg and T being the Boltzmann constant and temperature, respectively. The
background function is useful because it is continuous since the discontinuities of g(R) and ¢(R)
arise solely from e(R), which is zero for R < d and one for R > d. The integral in the OZ equation
is a convolution integral.

The OZ equation is a definition of the DCF and does not, by itself, yield a theory. The PY
theory for the HS fluid is obtained by combining the OZ equation together with both the exact
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result for the HS fluid,
h(R) = —1, R < d, (3)

and the approximation,
¢(R) =0, R >d. (4)

The DCF is, in a sense, an inverse of the TCF. To see this, the Fourier transform, f(k:), of a
spherically symmetric function, f(R), is defined by

kf(k) = 4n /oo Rsin(kR) f(R)dR (5)
0
with the inverse transform given by
RF(R) = % /O e sin(kR) f(k)dk. (6)

Note that f(k) = f(—k). Making use of the fact that the Fourier transform of a convolution
integral is the product of the Fourier transforms of the constituent functions, the OZ equation,
when transformed, can be written as

L+ ph(k) = [1 = pe(k)] ™. (7)

The thermodynamic functions can be calculated from the correlation functions using the equa-
tions,

pV 2 4
=14+ —pd’y(d
N — T3P y(d) (8)
and L 8 -
4 2
=y
TnT 9p 7Tp/0 R?c¢(R)dR, (9)

where p is the pressure. Because ¢(R) and h(R) are related through the OZ equation, equation (9)
can also be written as

kBT@ =1+4mp / R%h(R)dR. (10)
dp 0

It is to be noted that the integrals in equations (9) and (10) are &(0) and h(0), respectively. Equation
(8) is exact for a HS fluid; equations (9) and (10) are exact for any simple liquid. Of course, in the
PY theory for a HS fluid, the upper limit for the integration in equation (9) is actually d. Equation
(8) is often called the pressure (p) equation or virial equation. Equation (9) [and equation (10)]
is often called the compressiblity (c) equation. Note that, for the HS fluid, y(d) = g(d™) is valid,
exactly. In the PY theory for hard spheres, ¢(d~) = —y(d). More generally, ¢(R) = —y(R), for
R < d, in the PY theory for hard spheres.
Another equation that is useful is

d
y(0) = —¢(0) =1— 47rp/0 R%*¢(R)dR = j3 (%ﬁ)()) . (11)

This equation, which we may call the PY zero separation equation, is valid only for the PY theory
for hard spheres. It is obtained from the OZ equation, equation (2), in the limit R15 = 0, together
with equations (3) and (4). The first term after the left equal sign is just h(0) = —1. The following
term is the integral in the OZ equation(in the limit Ri; = 0), using h(R)c(R) = —c(R) for
R < d and zero for R > d. It is interesting to note that there is an exact zero separation theorem,
y(0) = exp(BAp), where Ay is the chemical potential of the hard sphere fluid in excess of that of an
ideal gas. This exact theorem follows from the fact that for hard spheres at zero separation, one hard
sphere has disappeared inside the other hard sphere and, in fact, one hard sphere has been removed
from the system. The exact theorm follows because the chemical potential is the energy needed
or gained to add or remove a particle from the system. The PY/HS theory does not even come
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close to satisfying the exact zero separation theorem. The combination of equation (11) and the
exact theorem would give a terrible result for the chemical potential. None-the-less, equation (11)
is useful for obtaining an expression for the PY/HS ¢(R).

Of course, if exact results were available, the (p) and (c¢) equations would be consistent. However,
because the PY theory is approximate, the pressure that results from the (p) and (c¢) equations will
be inconsistent and slightly different. The thermodynamic functions used in the zero separation
equation (11) are identical to the (¢) equation results.

As has been stated, the PY theory is important for the HS fluid because it yields analytic
expressions for ¢(R) and explicit results for g(R) and y(R) that are quite accurate. Three methods
for obtaining these functions will be considered. The results presented here come from the author’s
lecture notes. One of the methods (the first) given here is probably original. However, when the
methods are not original, the steps and simplifications that are given have proven useful. For
example, some of these notes were found to be valuable by Gray and Gubbins and appear in an
appendix in their well-known monograph [5]. The author has decided to publish these lecture notes,
as a review, so that they might be more widely available.

2. Simple method

Even before the correlation functions for hard spheres were obtained, it was realized that the
virial coeflicients for this fluid were particularily simple. The virial series is a power series in p for
the pressure,

pV =
=1 B,p" L. 12
NkpT + Z np ( )

n=2
The coefficients, B,,, are called the virial coeffients. Using the PY theory, Hutchinson and Rush-

brooke [6] obtained first seven B,,, as given by the p and c equations. Their results are given by
the formulae,

2(3n —4
B = %bm (13)
and 5 ( )
. I+snn—-1) ,_
Bf = 24n7_1b L (14)

where b = 27d?/3. The p equation virial coefficients are somewhat too small but are reasonably
good. The c equation virial coefficients are even more accurate. They are slightly too large.
Assuming these expressions to be generally valid, the power series can be summed to yield

pV 1+ 2n+ 3n?
(NkBT> (p) B (1—mn)? 18)
and
<ﬂ> — M7 (16)
NkgT ] (1 —mn)3

where 1 = mpd®/6 is the volume occupied by the spheres divided by the volume available and is
called the volume fraction of the fluid. It is quite possible that equations (13) and (14) could be
shown by induction to be correct to all orders of n. This has never been done. However, the other
methods considered in subsequent sections show that equations (15) and (16) are valid so there is
not much incentive for an induction proof. We will accept the above results in this section.

As has been observed for the virial coefficients, the (c¢) equation result for pV/NkpT is slightly
too large whereas the (p) equation result for this quantity is a little more in error and is somewhat
small. This suggests that a linear combination of the (p) and (c¢) equation results will give a good
description for the hard sphere pressure. Indeed, the well-known Carnahan-Starling formula, that is
given by pV/NkgT = (pV/NkpT) (/34 2(pV/NkgT) () /3, gives good agreement with simulation
results for the hard sphere equation of state.
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From equation (15) we can deduce that the result of the PY theory for the contact value of the

background function is
1+mn/2
y(d) = —=. 17
@) = =0 (1)
Remember that g(d™) = y(d) and ¢(d~) = —y(d) for PY/HS. Another result of interest is the
compressiblity, as given by the compressiblity equation,

1dp\  _ (1+2n)’
(kBT ap) @ (=t 18)

It is of interest to note that this is the square of a simple expression. We will return to this point
in the next section.

Also, it was found that at least through p?, the coefficients in the density expansion of the PY
DCF is a simple polynomial. Specifically,

R R\*
R) = — - . 19
c(R) C()+C1d+03<d> (19)
for R < d and zero for R > d. Presumably, it could be proven by induction that this expression is
valid to all orders in the density expansion. This has not been done. There is little incentive to do
this as the general validity of this expression has been established by general means that we shall
discuss in the following sections.

There are three unknowns in equation (19). Fortunately, we have three conditions to employ.
We know ¢(0) and, hence,

(1+ 2n)?
Co — —W . (20)
Further, we know ¢(d™) and the integral of ¢(R). Hence,
(1+mn/2)°
C1 = 6 (1 — ?7)4 (21)
and
_n
C3 = 500. (22)

Thus, the DCF is completely determined.
It is worth noting that the pressure may be integrated to give the Helmholtz function, yielding

A*AO o n
and
A=A\ _s-wm/2)
( NkgT )(c) o (1-n)? (1 =) 29

where Ag is the Helmholtz function of an ideal gas.

3. Fourier transform method

Baxter [9] has published an attractive method, based on the Fourier transform, for determining
the correlation functions. This appeared after the Laplace transform method that will be presented
in the next section. It is generally regarded as a superior method. The author does not share this
view. In his view, the Laplace transform method is more powerful and yields useful results that
are either not available from the Fourier transform method or have not been obtained by this
method. The basis of the author’s statement is that if the Laplace transform is known, the Fourier
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transform may be determined. However, the reverse is not true. Nonetheless, Baxter’s method is
pedagogically attractive.

The compressiblity is positive or zero and cannot be negative, in a thermodynamically stable
system. Thus, it is plausible that the compressiblity should be a simple square, as is the case with
equation (18). More generally, using the fact that the DCF vanishes for R > d, Baxter has shown
by a Wiener-Hopf factorization that

1— pe(k) = Q(k)* = Q(k)Q(—F). (25)
The aforementioned observation that the compressiblity is a simple square is seen from equa-
tion (25) with k& = 0. Additionally, this factorization permits the OZ equation, which involves a

three-dimensional convolution, to be written as two equations that each involve only one dimensi-
onal convolutions,

d
Re(R) = ~Q/(R) + 2mp / Q'($)Q(S — R)dS (26)

and

d
Rh(R) = -Q'(R) + 27?/)/0 (R = S)h(|R - S)Q(S)dS, (27)

where Q(R) has the Fourier transform, Q(k), defined by

_ d
Ok) =1 27p /O exp(ikR)Q(R)dR. (28)

The function Q(R) is zero for R > d. The compressibility can be written in the form

Considering equation (27) for R < d yields

Q'(S)=aS+b (30)
with
a2 = Cy (31)
and 3
b= o (32)
Thus,
Q(S) = %a(SQ — @)+ b(S — d). (33)

Equations (19)—(22) now follow from equation (26). This provides a justification for the as-
sumption in the preceeding section that the HS/PY DCF is a simple polynomial and the form
for the compressibility equation and pressure equation thermodynamics that was assumed in the
previous section.

It is worth noting that Baxter has shown that, in the PY theory, the pressure calculated from

(NZ‘;T> L= i /0 " R2(R)AR + 27 /O " R2e(R)e(R) — Uy (R)dR

+

27 ~ ~
2772/)/0 k= [pé(k) + In{1 — pc(k)}] dk (34)
gives the same pressure as that obtained from integrating dp/dp from the compressibility equation
pressure. Equation (34) is valid for a general (simple) fluid. The derivation of equation (34) is not
straightforward but it is quite easy to verify equation (34) by differentiating this equation, using
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the PY approximation, and obtain equation (9). This equation has the advantage that the solution
of the PY equation need not be known for a sequence of states. This is no advantage for the HS
fluid, where a general analytic solution that is valid for all states is available. However, for systems
for which a numerical result must be obtained for each state, this is a real advantage especially
if there is a thermodynamically unstable region that must be crossed. Regretably, a further result
yielding the Helmholtz function is not available.

4. Laplace transform method

Thiele [7] and Wertheim [8] have obtained the PY/HS thermodynamics and correlation func-
tions using Laplace transform techniques. The method involves more algebra than the Fourier
transform method just discussed and has lead to what I feel is the incorrect conclusion that the
Fourier transform is to be preferred. My opinion is based on the fact that the Laplace transform
method yields both ¢(R) and g(R). The expression for ¢(R) is the analytic result that has been
obtained by the previous methods. In addition, an analytic expression for G(s), the Laplace trans-
form of g(R), is obtained. The inversion of G(s) is not analytic but useful explicit results for g(R)
can be obtained.

The Laplace transform F'(s) of a function f(R) may, in the present context, be defined by

F(s) = /000 xf(z) exp(—sz)de, (35)

where = R/d. Thus,

C(s) = /000 xe(x) exp(—sz)dr — /100 xe(x) exp(—sz)de. (36)

Wertheim shows quite rigorously that the PY/HS DCF is given by equations (19)—(22). However,
let us keep things simple here by assuming these results. Now, let us evaluate the first integral in
equation (36) by assuming that equation (19), with equations (20)—(22), is valid for all .
Thus,
o  C1

C(s) = = + o + z—g — exp(—s) /Ooo(t + De(t + 1) exp(—st)dt. (37)

The second and third terms in equation (37) can be combined. Hence,

c1 c L(s)L(—s

St = —12777(1() n()4s5) , (38)
where

L(s)=(142n)+ (1 +n/2)s. (39)

Furthermore, the last term in equation (37) can be written in a form that involves L(s). After a
little algebra,

C(s) = Qo _ 1277[’(8)1’(_5) L(5)S(—s)

52 (1 —mn)*s® — exp(—s) (1 —n)tsd (40)
where
S(s) = —12n(1 + 2n) + 18n2s + 6n(1 — n)s® + (1 — n)?s>. (41)

The polynomials L(s) and S(s) may be called Wertheim polynomials.
We are now in a position to obtain the Laplace transform of g(R). The OZ equation may be
written in the form

(14 2n)?

o(F12) = clRie) = T+ [ o(Rus)e( ). (42)
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where equations (9) and (18) have been used. After a little algebra,

G(s) ~ Cls) = =5 + ZLG()C(-s) - C()] (43)

52

Solving for G(s) gives
—co/s? + C(s)

G(s) = . 44
) = T T2ncts) + O-s))/s (44)
Using a little algebra and the identity,
(120)2L(s)L(—s) — (1 — n)*s% = S(—5)S(s), (45)
leads to the desired expression for G(s)
L
sL(s) (46)

G(s) = 12nL(s) + exp(s)S(s)

This result for G(s) can be inverted explicitly [10,11] to yield results for g(R) for R < 5d. Also,
this expression can be used to obtain a number of valuable results. For example, the contact value,
g(d™), can be obtained from the limit of sG(s) at large s. The result is equation (17). Also, we can
expand G(s) in powers of s.

sL(s) 1 0=+ (4777)(2+77)S
12nL(s) + exp(s)S(s)  s2 20(1 + 27) + 24(1 + 21)2 R (47)

Recognizing that

1 (o)
G(s) = = +/ axh(z) exp(—sx)dz, (48)
0
we obtain, by equating coeflicients of like powers of s,
o0 10 — 21 +n?
hz)de = ——————— 49
/O whi@)de = = —5q o) (49)
" (=) + )
e 4—-n)(2+n
2
h(z)de = - —————~. 50
/0 @ h(z)de 24(1 + 21)? (50)

Equation (50) yields the PY/HS compressiblity that has been obtained previously. This process
can be used to obtain fooo 2"h(z)dx for any n. Since the error in the PY g¢(R) is mostly in the
region of g(R) near d, these integrals become more accurate as n increases.

Alternatively, we can use equation (48) and obtain

/000 2" h(x)dz = lim {(—1)" d"di(Ls) - (7’;7—;;)' ) (51)

s—0

for n > 1. Integrals involving =™ can be evaluated from
o0 1 (o)
/ z "g(z)dr = — s"G(s)ds, (52)
1 n! Jo
for n > 1. For these latter integrals, the value of the integral will become less accurate as n
increases. In the case where n is 6 and 12, these integrals can be used in a perturbation theory for
the Lennard-Jones potential.
This leaves the two integrals
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and

that are easily obtained from

AOO xh(z) exp(—sz)dz = G(s) — siQ (55)
and oo
[ = 6) - o expl-s) (56)

Lebowitz [12] has applied the Laplace transform method to obtain corresponding PY expressions
for the direct correlation functions and Laplace transforms of the radial distribution functions and
the resulting thermodynamic functions for a mixture of hard spheres with additive diameters.

5. Summary

Results, drawn from the author’s lecture notes, for the solution of the PY equation for a hard
sphere fluid that have proven useful and that have appeared, in part, in the monograph of Gray and
Gubbins [5] are presented so as to make them more widely available. To the author’s knowledge,
only section 2 is original. The remainder of the article is a mini review, with simplifications, that
it is hoped will be of interest.
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AHaniTM4Hi MmeToamu anga kopenauinHnx PpyHKUin TBepanx chep y
HaGnuxeHHi MNepkyca-EBika

[.TeHoepcoH

dakynbTeT xiMmii i Gionorii, YHiBepcuTeT bpaixem AHr, Mposo, CLUA

OTtpumano 18 TpaBHsa 2009 p., B ocTato4HOMY BUmaai — 9 yepsHa 2009 p.

Teopis MNepkyca-Egika ona TBepanx chep Aae MOXIUBICTb OTPUMATK Ay>Xe KOPUCHI MPOCTi TOYHI BUpa3u
Ons KopensiuiiHux GyHkuin. TyT npeacTaBneHo nigCyMKOBI HOTATKW JIEKLIN, WO CTOCYIOTbCH TPbOX Me-
TOAIB OTPUMaHHS LMx OYHKUIA. MpeacTaBneHi HOTaTKN € TiNbKY 4YacTKOBO OpuriHanbHUMW. poTe, BOHN
MICTSITb KOPUCHI KPOKM i CripoLLeHHs. MeToto i€l cTaTTi € 3pobutu Ui HoTaTky GinbLl AOCTYMHUMU LLNMPO-
KOMYy 3arany.

KniouoBi cnoBa: llepkyc-EBik, TBepai cpepu, KopensuiviHi QyHKU T, iIHTerpasibHi nepeTBopeHHs,
aHanitnyHi pesynbtatu

PACS: 02.30.Qy, 02.30.Rz, 05.20.Jj, 05.70.Ce, 64.30.+t
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