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The probability of finding a nearest neighbor at some given distance from a reference point in a
many-body system of interacting particles is of importance in a host of problems in the physical as
well as biological sciences. We develop a formalism to obtain two different types of nearest-
neighbor probability density functions (void and particle probability densities) and closely related
quantities, such as their associated cumulative distributions and conditional pair distributions, for
many-body systems of D-dimensional spheres. For the special case of‘impenetrable (hard) spheres,
we compute low-density expansions of each of these quantities and obtain analytical expressions for
them that are accurate for a wide range of sphere concentrations. Using these results, we are able to
calculate the mean nearest-neighbor distance for distributions of D-dimensional impenetrable
spheres. Our theoretical results are found to be in excellent agreement with computer-simulation

data.

I. INTRODUCTION

In considering a many-body system of interacting par-
ticles, a key fundamental question to ask is the following:
What is the effect of the nearest neighbor on some refer-
ence particle in the system? The answer to this query re-
quires knowledge of the probability density which
characterizes the probability of finding the nearest neigh-
bor at some given distance from the reference particle,
i.e., the nearest-neighbor distribution function Hp.
Knowing Hp is of importance in a host of problems in
the physical and biological sciences, including stellar dy-
namics,' liquids and amorphous solids,? and the transport
properties of heterogeneous materials,’~° to mention but
a few examples. Hertz® evidently was the first to consider
its evaluation for a system of “point” particles, i.e., parti-
cles whose centers are Poisson distributed. To our
knowledge, however, there is presently no theoretical for-
malism to obtain Hp for distributions of finite-sized in-
teracting particles at arbitrary density. One of the goals
of this paper is to provide such a formalism for D-
dimensional spheres and to compute Hp for such models.

A different nearest-neighbor distribution function H
arises in the scaled-particle theory of liquids.”® This
quantity (defined more precisely in Sec. II) essentially
characterizes the probability of finding a nearest-
neighbor particle center at a given distance from an arbi-
trary point located in the space exterior to the particles.
Interestingly, although Hj, and Hp are different quanti-
ties, we show here that they are, in fact, related to one
another for a certain range of nearest-neighbor distances.
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We refer to Hy and Hp as the “void” and ‘“‘particle”
nearest-neighbor distribution functions, respectively.

There are other quantities closely related to the
nearest-neighbor probability densities that we also obtain
representations for and compute in this study. These are
the so-called exclusion probabilities E,, and Ep, and the
conditional pair distribution functions G, and Gp,
defined in Sec. II.

In Sec. II, we define and describe the void and particle
nearest-neighbor distribution functions, exclusion proba-
bilities, and conditional pair distribution functions for
distributions of identical, interacting D-dimensional
spheres. In Sec. III, we obtain exact integral representa-
tions of each of the void and particle quantities for such
model microstructures. In Sec. IV, we calculate low-
density expansions of the void quantities for D-
dimensional impenetrable (hard) spheres and, for arbi-
trary density, compute them exactly for D =1 and ap-
proximately for D=2 and 3. In Sec. V, we carry out
analogous calculations for the particle quantities which,
to our knowledge, are all new results. In Sec. VI, we use
the results of the previous section to compute the mean
nearest-neighbor distances for hard-sphere systems. Fi-
nally, we make concluding remarks in Sec. VII.

II. DEFINITIONS AND GENERAL RELATIONS

A. Systems of interacting spheres

We shall consider studying nearest-neighbor distribu-
tion functions and closely related quantities for a general
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system of N identical, interacting D-dimensional spheres
of diameter o spatially distributed in a volume ¥ accord-
ing to the N-particle probability density Py(RY).
Py(RY™) characterizes the probability of finding the par-
ticles labeled 1,2,...,N with configuration
RY={R,R,,...,Ry}, respectively, and normalizes to
unity. Then the reduced n-particle probability density p,
(n < N) is defined by

| .
N! )' fPN(RN)dRN*n ,

m— (2.1

pn(RY)=
where dRY ""=dR, ., --dRy. p,(R") characterizes
the probability of simultaneously finding the center of a
particle in volume element dR,; about R, the center of
another particle in volume element dR, about R,, etc.

]
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The ensemble average of any many-body function F(RY)
is given by

(F(RM) = [ FRMPy(RMdRY . 2.2)
If the medium is statistically homogeneous, the p,(R")
depend upon the relative displacements R,—R,,
R;—R,,...,R,—R,. In such instances, it is implied
that the ‘“thermodynamic limit” has been taken, i.e.,
N — o and V— «, such that p=N/V=p,(R,) is some
finite constant. We should note that many of the results
of this paper will be valid for the general case of statisti-
cally inhomogeneous media.

Let us examine two different types of nearest-neighbor
distribution functions H,(r) and Hp(r) defined as fol-
lows:

H,(r)dr =Probability that at an arbitrary point in the system the center of the nearest

particle lies at a distance between r and r+dr ;

(2.3)

Hp(r)dr =Probability that, given any D-dimensional sphere of diameter ¢ at some arbitrary position

in the system, the center of the nearest particle lies at a distance between » and r +dr .

H, and Hp are referred to as void and particle nearest-
neighbor distribution functions, respectively. We refer to
the Hy(r) as a void nearest-neighbor distribution function
since it provides a measure of the probability associated
with finding the nearest particle at a distance r from a
spherical cavity centered in the void region (when
r=o0/2),i.e., the region exterior to the spheres. Hp(r) is
termed a particle nearest-neighbor distribution function
since it provides a measure of the probability associated
with finding the nearest particle at a distance r from an
actual particle at the origin. The void nearest-neighbor
distribution function defined here is identical to the one
defined in the scaled-particle theory of Reiss, Frisch, and

|

(2.4)

I
Lebowitz.” To our knowledge, the distinction between
H, and Hp, however, has heretofore not been made.
Indeed, in the past, these functions have been incorrectly
thought to be identical to one another. Note that both
these functions are actually probability density functions
and have dimensions of inverse length. Observe further
that for statistically inhomogeneous media, H,(r) and
Hp(r) will depend also upon the position of the arbitrary
poignt and the location of the central particle, respective-
ly.

It is useful to introduce ‘“‘exclusion” probabilities E ()
and Ep(r) defined as follows:

E,(r)=Probability of finding a region (1, which is a D-dimensional spherical cavity

of radius r (centered at some arbitrary point), empty of particle centers ,

=Probability of inserting a ‘“‘test” particle of radius » —o /2 (at some arbitrary

position) in the system of N particles ;

(2.5)

E,(r)=Probability that, given any D-dimensional sphere at some arbitrary position, the region {p, which is a

sphere of radius r encompassing this central particle, is empty of particle centers .

Figure 1 gives a schematic representation of the regions
Q, and Qp. Note that the first and second lines of (2.5)
are equivalent since the region excluded to a particle
center of radius o /2 by a test particle of radius r —o /2 is

(2.6)

a sphere of radius ». The test particle serves to probe the
void region. It follows that the exclusion probabilities
are related to the nearest-neighbor distribution functions
by the expressions
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(@) (b)

FIG. 1. Schematic representations of the regions Q, and Qp:
(a) Qy is the cross hatched region which is a sphere of radius 7.
The sphere of radius r —o /2 can be interpreted as a “test” par-
ticle of the same radius; (b) Q=Q} +Q, is a sphere of radius r
surrounding the central particle. Q} is the crosshatched region
which is the concentric shell of inner radius o and outer radius
r. ), is the crosshatched region which is a sphere of radius o.

EV<r):1—fO’HV(x)dx (2.7)
and
E,,(r)=1—f0’HP(x)dx . (2.8)

The integrals of (2.7) and (2.8), respectively, represent the
probabilities of finding at least one particle center in re-

J
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gions , and Qp. Differentiating the exclusion-
probability relations with respect to r gives
Hy(n=—2Er") 2.9)
or
and
Hy(r)=—2Ep(r) (2.10)
or

For statistically homogeneous media, it is helpful to
write the nearest-neighbor distribution functions as a

product of two different correlation functions.
Specifically, for D-dimensional particles let
Hy(r)=psp(r)G,(r)E, (r) (2.11)
and
Hp(r)=psp(r)Gp(r)Ep(r) , (2.12)

where s, is the surface area of a D-dimensional sphere of
radius 7,

s1(r=2, (2.13)
s,(r)=2mr , (2.14)
sy(r)=4mr? . (2.15)

Given definitions (2.3)-(2.6), the conditional “pair” distri-
bution functions G and Gp must have the following in-
terpretations:

psp(r)Gy(r)dr =Probability that, given a region Q, (spherical cavity of radius r)

is empty of particle centers, particle centers

are contained in the spherical shell of volume s,dr encompassing the cavity ;

(2.16)

psp(r)Gp(r)dr =Probability that, given a region Q, (sphere of radius r encompassing any particle centered

at some arbitrary position) is empty of particle centers, particle centers are contained in the

spherical shell of volume s;,dr surrounding the central particle .

Note that Gy (r) is simply the ‘“radial” distribution func-
tion for the test particle (of radius » —o /2) and a particle
(of radius o /2) at contact, i.e., when this pair of particles
are separated by the distance r [cf. Eq. (2.5)]. Equations
(2.11) and (2.12) may be regarded as definitions of G} and
Gp, respectively. When r =0, then G, (0)=Gp(0c) is just
the standard radial distribution function g, (o) for identi-
cal spheres at contact, i.e., at an interparticle separation
of o. For equilibrium distributions of hard spheres,
g,(o) is simply related to the pressure of the system.'°
Also as r — o, the sphere of radius r (in either the void
or particle problems) may be regarded as a plane rigid
wall relative to the particles and, in particular, to the par-
ticles in contact with the wall, hence G, (0 )=Gp(x).
To summarize, G, and G, are identical when » =0 and

(2.17)

r=co. We know generally they are not the same for
r=o [cf. (2.25) and (2.31)]; but are they related to one
another for r > ¢? This interesting question, for the spe-
cial case of impenetrable spheres, is examined shortly.

The exclusion probabilities are related to the pair dis-
tribution functions via the expressions

E (rn=exp [— forpsD(y)GV(y)dy] : (2.18)

Ep(r)=exp (2.19)

~ J psp(»Gp(»)dy ] ,

which are obtained by use of (2.9)-(2.12). The combina-
tion of (2.9), (2.10), (2.18), and (2.19) yields
- fO’pSD(y)GV(y)dy]

Hy(r)=psp(r)Gy(riexp (2.20)
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and
Hp(r>=ps,,(r)GP(r)exp|—f0’ps,,(y)G,,(y)dy .21

Therefore one can compute the nearest-neighbor distribu-
tion functions given either the exclusion probability func-
tions [cf. (2.9) and (2.10)] or the pair distribution func-
tions [cf. (2.20) and (2.21)].

Finally, we can write down an expression for the
“mean nearest-neighbor distance” / between particles as
follows:

1= [ "rHp(ridr . (2.22)
Thus [/ is defined to be the first moment of r, where r is
distributed according to the particle nearest-neighbor dis-
tribution function.

For the case of hard-sphere systems described below,
Eq. (2.22) can be used to obtain a operational definition
for the random close-packing density. Specifically, one
can define it to be the density for which /—o¢. This is
reasonable since each particle at the random close-
packing density must touch its nearest neighbor.

B. Systems of impenetrable spheres

Consider the special case of distributions of mutually
impenetrable (hard) spheres of diameter o, i.e., systems of
spheres characterized by a pair potential which is zero
when the interparticle distance x is greater than o and
infinite when x <¢. Calculations of the nearest-neighbor
distribution functions and the auxiliary quantities, the ex-
clusion probabilities and conditional pair distribution
functions, are generally nontrivial for such models. How-
ever, for such microstructures, one can state exact rela-
tions for certain small ranges of r. For instance, it is
clear from the definitions (2.4) and (2.8) that

Ep(r)=1, for0=r=<o

Hp(r)=0, for 0<r=<g¢

(2.23)
(2.24)

because one particle excludes another from occupying the
same space. From (2.12) or (2.19) it immediately follows
that

Gp(r)=0, for0=r=<o . (2.25)

Furthermore, in the case of the void problem, a spheri-
cal cavity of radius » and volume rsj /D can contain at
most one particle center if » < ¢ /2. Thus, for statistically

E,(r)=Probability that, given that a region Q, (which

position) is empty of sphere centers, the region

A key part of (2.32) is the conditional statement that a
sphere of radius o is empty of sphere centers. This condi-
tion (for a statistically homogeneous medium of hard
spheres) is effectively equivalent to placing a hard sphere
of radius o /2 at the same point as the spherical void re-
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homogeneous media, the exclusion probability is then
given by

rsp(r)
E,(rN=1—p , for0<r=<o/2 (2.26)
and hence by (2.9) we also have
H,()=psp(r), for0=r=<o/2. (2.27)

For r =0 /2, prsp /D is just the probability that the cavi-
ty of radius r is occupied and hence E(r) is just one
minus this latter quantity. Note that for » <o /2, the test
particle may be regarded as a point particle that is capable
of penetrating the mutually impenetrable particles.
Hence, for r <o /2, decreasing r then increases E, ac-
cording to Eq. (2.26), until E}, reaches its maximum value
of unity at » =0. Note that for r =0 /2,

Ey(o/2)=1—n
=1—¢,=¢,, (2.28)
where
n=pvplo/2) (2.29)

is a D-dimensional reduced density, equal to the particle
volume fraction ¢,; therefore ¢,=1—¢, is just the void
volume fraction. Here
rsp(r)
vp(r)= D
and, therefore, the quantity v, (o /2) appearing in (2.29)
is the volume of a D-dimensional of particle. From (2.11)
or (2.13) and the equations immediately above, one also
has

(2.30)

1

Gy(r)= l—prsD(r)/D’

for 0<r=<o/2. (2.31)

For particles that can overlap one another, relations
(2.23)-(2.27) and (2.31) will not hold. This point shall be
elaborated upon in the ensuing sections.

Although the void and particle quantities are not the
same for r <o, they are, in fact, related to one another
for r 2 o in the case of a statistically homogeneous medi-
um of hard spheres. This is demonstrated by reinterpret-
ing the particle exclusion probability Ep(r). Referring to
Fig. 1 and noting that any particle center can come no
closer than a diameter o to the central particle, Ep(r) for
r 2 o is the following conditional probability:

is a sphere of radius o centered at some arbitrary

Q} is empty of sphere centers . (2.32)

f

gion. In other words, the environment around a hard
sphere of radius ¢ /2 is the same as the environment
around a spherical void region of radius o. Therefore,
since the void exclusion probability E(r) gives the prob-
ability of finding the region Q,=Q,+QF empty of
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sphere centers, we have, in the thermodynamic limit, that
Ey,(r)

Ey(o)’
The combination of (2.33) with (2.9) and (2.10) gives the

following expression relating the different nearest-
neighbor distribution functions:

_ Hy(r)

Ep(r)= (2.33)

= , r2o. 2.34
P(r EV(O') r g ( )
Now from (2.11) and (2.12) we exactly have
Gp(r) Hp(r) Ey(r)
LA ALl AL (2.35)

Gy(r)  Hy(r) E,(r)’
The substitution of (2.33) and (2.34) into (2.35) then yields
Gp(r)=Gy(r), rzo . (2.36)

It is important to emphasize that relations (2.33), (2.34),
and (2.36) are valid only for infinite hard-sphere systems.
For inhomogeneous systems of hard spheres, these equa-
tions will not hold. We shall make use of these relations
in Sec. V.

In closing, we note that for an equilibrium distribution
of D-dimensional impenetrable spheres, one can relate the
void pair distribution function at » =0 to this function at
r=oo;for D =1, 2, and 3, respectively, one has”®

G (0)=Gylo), 2.37)
Gy(0)=1+29G (o), (2.38)
G (®)=1+47G,(0) . (2.39)

Hence, in light of our previous observations that
Gylo)=Gp(o) and Gy( 0 )=Gp(x ), we also have analo-
gous relations for the particle pair distribution functions
which are identical to Egs. (2.37)-(2.39). Note that rela-
tions (2.37)-(2.39) are simply the scaled equations of state
(reduced pressures) for D =1, 2, and 3, respectively.

III. EXACT INTEGRAL EQUATIONS
FOR THE VOID AND PARTICLE QUANTITIES

Torquato'! has given exact series representations of a
very general n-point distribution function H, from which
one can obtain the void quantities H,, E, and G for
systems of spheres which interact with an arbitrary po-
tential. The coefficients of these series are multidimen-
sional integrals involving the n-particle probability densi-
ty functions py [cf. Eq. (2.1)]. In what follows, we shall
briefly review the procedure used by Torquato to derive
the aforementioned series representation; this is instruc-
tive since we shall subsequently use a similar formalism
to obtain integral representations, for the first time, for
the particle quantities Hp, Ep, and Gp.

A. Void quantities

Torquato!! actually considered adding p > 1 test parti-
cles to the system and, as a result, was able to consid-
er a very general n-point distribution function

H,(x™;x?~™;RY), which depends (in his notation) upon
the radii b,, ..., b, of the test particles, where n =p +g.
The arguments x™, x? ™, and RY refer to positions of m
points on certain surfaces within the system, the centers
of p —m test particles, and the centers of g particles, re-
spectively. Hy, E,, and G, are subsets of H,. In partic-
ular, to obtain the void quantities, we need only consider
the addition of one test particle of radius r —o /2 (or b,
in Torquato’s notation), with the correspondence that

Hy(r)=H,(x;0;0) , (3.1)

E,(r)=H(8;x;0) , (3.2)
Hz(ﬂ;xl;Rl)

Gy(r)= —_—, (3.3)

5, —Ril—r  pEy(r)

where @ denotes the null set. Note that since we are con-
sidering statistically homogeneous media, the right-hand
sides of (3.1) and (3.3) do not depend upon the position
X, but, as noted earlier, implicitly depend upon the ra-
dius b, =r —o /2 of the test particle.

The starting point for the development of the formal-
ism of Ref. 11 is an explicit expression for the charac-
teristic function of the space D, available to a test parti-
cle centered at x|, =x,

1, x€D,

I(x;r)= . 3.4
[0, otherwise G4

in terms of the positions of the particles RY. It was found
that

AY
Ix;r)=[] [1—m(x=R;[;r],

i=1

(3.5)
where
1, y<r

0 yor. (3.6)

Torquato and Stell'? were the first to state and use result
(3.5) for point test particles, i.e., r =0 /2.

It turns out that E(r) is simply the ensemble average
of I(x;r). From Ref. 11, we have

N
Ey(n=73 (—D*EF(r), 3.7)
k=0
where
(k) py— 1 g
Elf (r)—ﬁfpk(R )Elm(lx—k,.l;r)dk,. ,
EP(r)=1.

Result (3.7) was first given by Reiss, Frisch, and
Lebonitz,” using a different argument. Differentiating
(3.7) according to relation (2.9) yields an explicit series
representation for H(r) in terms of the p,,

N
Hy(r)=3 (=D*HP(r),
(3.8)
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Observe that expressions (3.7) and (3.8) are valid for sta-
tistically inhomogeneous media as well; for such media,
E, and H, will depend not only upon r but upon the po-
sition of the test particle x.

Finally, we can get an expression for the void pair dis-

+3 (—1

GV(r) IX—:{rﬁ——vr pEV(r) p k=1 k

)k k+1
' ka+1(RkH)H m(|x—R;|;r)dR; | .
' i=2
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tribution function G, (r) by use of (2.11), (3.7), and (3.8)
or by evaluating the function H, of Ref. 11 according to
Eq. (3.3). The latter procedure, for statistically homo-
geneous media, yields

(3.9)

This particular representation of G, to our knowledge, is new. This result may be rewritten as

Gy(r=T (—=D*G}F(r),

k=0

(3.10)

where the G ¥)(r) are obtained by combining (3.7) with (3.9); for example, the first two terms are given by

GP(r=1,

Gl= lim + [[pyR,Ry)—p*Im(Ix—Ryl;r)dR, .

[x—R,|—>r

The comparison of (3.9) to (2.11) reveals that the quantity within the large parentheses of (3.9) is related to the nearest-

neighbor distribution functions, i.e.,

< (—1)k
k!

Hy(r)= lim sp(r)|p+
K

[x—R,[—r =t

Thus, although (3.11) is equivalent to (3.8), it is a different
representation of H(r).

To summarize, given the n-particle probability density
functions p, for the ensemble under consideration, we
can now determine E,, H,, and G, using the exact ex-
pressions (3.7), (3.8), and (3.9), respectively, for general
distributions of spheres.

1. Impenetrable particles

Consider the case of a random distribution of mutually
impenetrable particles. Let us first use the series
(3.7)-(3.9) to verify the exact relations (2.26), (2.27), and
(2.29), which apply when r <o /2. For this model, the
product

k
e (ROTT m(Ix—R;[;7) ,
i=1
appearing in the kth term of (3.7), is identically zero
when r =g /2 for all k22, since m(y;r)=0 for y>r
while p,(R¥)=0 for all lRi~Rj| <o, for any i and j
such that 1 =i <j <k, i.e., we have exactly

Ey(n=1— [p(R)m(Ix—R,|;r)dR,,

which is identical to (2.26) in the case of homogeneous
media. Equation (3.8), under such conditions, yields
(2.27) for Hy(r). In general, the expression within the
large parentheses of (3.9) is nontrivial; however, in the
limit [x—R,|—r <0 /2, it is simply given by p and hence

k+1
fpkﬂ(Rk“)H m(|x—R;[;r)dR; | .
i=2

(3.11)

—

(3.9) for G (r) reduces exactly to (2.29).

Exact evaluations of series (3.7)-(3.9) for impenetrable
particles is generally not possible because the infinite set
P2 " pn(n— o) is never known. However, density ex-
pansions of these series can be obtained, and, in addition,
accurate approximations of E,,, H,, and G can be de-
rived and computed. Such results are reported in Sec. V.
We emphasize here that these quantities depend upon 7,
o, and p.

2. Fully penetrable particles

Consider now the case of fully penetrable particles, i.e.,
randomly centered or spatially uncorrelated spheres.
This simple model may be regarded as a uniform distribu-
tion of independent point particles (hence the sphere di-
ameter becomes a meaningless parameter) for which the
n-particle probability densities are trivial, namely,
p,=p", and therefore we find from (3.7)-(3.9) that

E, (r)=exp[ —pvp(r)], (3.12)

H,(r)=psp(r)E (r), (3.13)
and

Gy(r)=1. (3.14)

These results are well known and date back to at least the
work of Hertz,® who obtained these quantities for D =3.
For this simple model, the corresponding particle quanti-
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ties are exactly the same (in the thermodynamic limit), as
shall be shown. Note that E,(o/2)=exp(—n)=¢,,
where ¢, is the void volume fraction and 7 is the reduced
density defined by (2.29). Hence, for fully penetrable in-
clusions, the inclusion volume fraction ¢,=1—¢,
=1—exp(—n), in contrast to the totally impenetrable
case for which ¢,=n [cf. (2.28)].

|

N
JRH)=TI [1—m(IR,—R;[;r)]
i=2

N N
=1-3 m(IR,—R;[;r)+ 3 m(IR,—R,[;r)m

i=2 i=2
i<j

N
- 3 mUR, =R ;r)m([R,—R;[;rim(IR; =Ry [;r)+ -+,

=2
i<j<k
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B. Particle quantities

Here we derive, for the first time, exact integral repre-
sentations for the particle quantities Ep, Hp, and Gp for
systems of spheres which interact with an arbitrary po-
tential. Following the procedure used above for the void
quantities, we define the characteristic function

(IR, —R;l;r)

(3.15)

where m is the step function defined by (3.6). Note that we are singling out particle 1 (unlike the case of the void quan-
tities) since the particle quantities always involve a centrally located particle at some position which we take here to be
R,. In the second line of (3.15), the nth sum is over all unordered n tuplets of particles and hence contains
(N—1/[(N—n—1)n!] terms.

Now the particle exclusion probability Ej is related to the ensemble average of NJ over all possible configurations of
the particles, except the one located at R,

N [J(R;;r)Py(RMIRY T,
where the specific N-particle probability density Py is defined above (2.1). This quantity gives the probability of finding

a region (), (surrounding an particle centered at position R;) empty of other particle centers (see Fig. 1). Hence, since
Ep is the conditional probability defined by (2.6), we find

N _
Ep(r)= ;F)Py(RMARN .
»(r) K J IR Py (RYER (3.16)
Substitution of the second line of (3.15) into (3.16) yields
N(N—1) _
Ep(r)=I—Wfm(lRl—Rzl;r)PN(RN)dRN 1
N(N —1)(N—2) _
R IR R m (IR =Rl Py (RYIRY 7= -
1
=l_p1(R.> J m(R,=R,[;r)p,(R,,R,)dR,
+ = [ m(R,~Ry;rm (IR, =Ry ;r)ps(R,, Ry, Ry AR, AR, — - -
2p1(R1)
N—1
=3 (—D*EfF(r), 3.17)
k=0
[
where from definition (2.1). The partial sum of (3.17) from k£ =1

1 . :o l;: *=Nf ;] lamultipllied by —1, re_pgesents thc.: probabjli-
k+1 3 y Ep of finding at least one particle center in a region

p1(R k! fpkH(R )il;lz m(R;;r)dR; Qp, which is a concentric shell, of inner radius o /2 and
outer radius r, encompassing any particle (centered at

k21 R,). [Ef is also given by the integral of Eq. (2.8).]

and Hence the first term of this partial sum of (3.17) (apart
from a minus sign) is the probability of finding any single
particle in 1p. Now since this term by itself overesti-
mates the contribution to Ef, then one must add the
probability of finding any two particles in p, which is

Ef(r=

ER(r=1.

Here R;;=|R;—R;|. The second line of (3.17) follows
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just the second term of the partial sum. Now we have
added too much and so we must subtract the triplet con-
tribution which is just the third term of the aforemen-
tioned partial sum, etc. Hence the absolute value of the
kth term of the sum of (3.17) gives the probability of
finding any k +1 particles in Qp. Result (3.17) is valid
for statistically inhomogeneous media in which case Ep
will depend upon r and the position R ;.
From relation (2.10) and (3.17), the particle nearest-
neighbor distribution function is given by
N-—1
Hp(r)=3 (—DTHF (),
k=1

(3.18)

where

H(k)(r)z_l__a_f (Rk+1)kﬁ]m(|R —R]r)dR

P k! or Pk +1 P2 1 ils i
For statistically homogeneous media, the conditional

pair distribution function is expressed as

o0

Gp(r)=3 (—D*GF(r),
k=0

(3.19)

where the G¥’ are obtained by combining relations (3.17)
and (3.18) with the definition (2.12); for example, the first
two terms are given by

(r)
G}()O)(r)_: pZZ ,
p
(r)
Gy (r)= Pzp [ m(R;;r)py(R})dR,
1
— 8(R ,—r)m(R 5;r)
s, (r) f 12 13
Xp:;(R”_,RU)dRZdR} .
In general, G is arrived at by collecting all (k +2)-

body diagrams. Of course, by (2.36), (3.19) is equivalent
to (3.9) for hard spheres when r = o, but is a different rep-
resentation.

It is interesting to note that both E, and Hj are also
special cases of the general n-point distribution function
H, studied by Torquato.!! Specifically, for the exclusion
probability we find

H,(@;x;R,)

Ep(r)= lim 2 (R,)

Ix,—R;|—0

(3.20)

Using (3.20) and relation (2.10) yields the corresponding
expression for the nearest-neighbor distribution function
Hp(r).

1. Impenetrable particles

For r <o, series (3.17) is trivial to compute for the case
of impenetrable particles since the quantity

m(Rlz;r)p"(Rl, . e ,Rn) N

which appears in the kth term of this series, is identically
zero for such r. In other words, we recover (2.23). Using
similar arguments it is easy to verify (2.24) and (2.25)
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from (3.18) and (3.19), respectively. In Sec. V, we shall
compute the particle quantities for » >o. We again em-
phasize that the particle quantities Ep, Hp, and Gp gen-
erally depend upon r, o and p.

2. Fully penetrable particles

Let us again consider the simple case of fully penetr-
able particles. Since p, =p”, then it is a simple matter to
evaluate the series (3.17)-(3.19) for the particle quanti-
ties. It is found that

Ep(r)=exp[ —pvp(r)], (3.21)
Hp(r)=psp(r)Ep(r), (3.22)
Gp(r)=1. (3.23)

For reasons mentioned earlier, these results are identical
to the corresponding void results (3.12)-(3.14). Recall
that for this geometry, 7=—In(1—¢,), where
n=pvp(o/2).

C. Bounds on the void and particle quantities

Torquato!! has given rigorous upper and lower bounds
on the general n-point distribution function
H,(x™;x? ~™;RY) for particles which interact with a posi-
tive pair potential. Since the void and particle exclusion
probabilities and nearest-neighbor distribution functions
are just special cases of H,, then we also have strict
bounds on them for such models. Let X represent either
Ey, Hy, Ep, or Hp and X'*' represent the kth terms of ei-
ther the sums (3.7), (3.8), (3.17), or (3.18). Furthermore,
let

!
w=3 (—Dx% (3.24)
k=0
be the partial sum. Then it follows from Ref. 11 that for
any of the exclusion probabilities or nearest-neighbor dis-
tribution functions, we have the bounds

X<W, forl even

X=>W, forl odd .

(3.25)
(3.26)

IV. CALCULATIONS OF THE VOID QUANTITIES

The results of Sec. III are applied to obtain exact low-
density expansions of the void quantities E, Hy, and G,
for a statistically homogeneous and isotropic distribution
of D-dimensional impenetrable particles. We then consid-
er the evaluation of these functions for such models for
arbitrary density and in particular obtain several approxi-
mations for D =3 which are accurate over a wide range
of densities. H shall be made dimensionless by multiply-
ing by the diameter, but instead of writing o H, we will
simply write Hy,, taking o =1.

A. Low-density expansions

In order to compute the low-density expansion of the
series (3.7)-(3.9), we require the low-density expansions
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of the n-particle probability densities. For example, for
equilibrium as well as for some nonequilibrium distribu-
tions (such as random sequential addition'?), one has'®

PAR =P’ H(R , —0)[1+pwp(R )] +0(p*) , 4.1
p3(R3,R3)=p’H(R,—0)
XH(R;—0)H(R,;—a)+0(p*), 4.2)

where wp(x) is the intersection volume of two D-
dimensional spheres whose centers are separated by the
distance x (see, for example, Ref. 14) and H(x) is the
Heaviside step function.

Consider evaluating the series (3.7) through order 7?
[where 7 is the reduced density defined by (2.29)]. For
such a calculation, we need only employ (4.1) through
second order in p. We find the void exclusion probabili-
ties to be given by
4 x—1)? 7

E,(x)=1—2x7 > ,

x>1 (4.3)
Ey(x)=1—4x%y

+— |12xX4x2—1)2—2(4x2—1)3"?

1
T

2 x>1

—16x2(1—x2)cos_151; U] !

(4.4)
Ep(x)=1—8x’n+(32x%—32x>+18x>—1)p?, x>1
4.5)

in D =1, 2, and 3, respectively, where x =r /0. Recall
that for x <1, the exact result is given by (2.25).

Similarly, through order 7%, the void nearest-neighbor
distribution functions [as calculated from (3.8)] are given
by

Hy(x)=2n—22x—1)p% x>1 (4.6)
Hy(x)=8xn——+ |16x(4x2—1)!"2
o
1
—32x(1—2x?%)cos 12_x 7%, x>1
@.7)
Hy(x)=24x’n—(192x°—96x>+36x )%, x>1  (4.8)

in D =1, 2, and 3, respectively.

Employing (2.11) and the results immediately above,
we find the void pair distribution functions through order
n for D =1, 2, and 3, respectively,

Gy(x)=1+n, x>1 (4.9)
GV(x)=1+$ 4mx2—2(4x2—1)\72
+4(1—2x2)cos_‘i 7, x>1 (4.10)

2067

a3

=1+
G, (x)=1 >

N x>31. 4.11)

Recall that for impenetrable inclusions ¢,=1.

B. Arbitrary density calculations

1. Hard rods

For an equilibrium distribution of impenetrable
spheres, i.e., hard rods, one can evaluate the series
(3.7)-(3.9) through all orders in density. This is true be-
cause in one dimension the n-particle probability densi-
ties are known exactly. The two-particle probability den-
sity p, was first given by Zernike and Prins.'” Higher-
order probability densities are given in terms of products
of two-particle probability densities.'® Using these re-
sults, one can find

—2n(x—3)
Ey(x)=(1—n)exp —T'f]— , x>1 (4.12)
—2n(x—1)
H,(x)=27nexp ? , x>1 4.13)
Gyx)=——, x>1. 4.14)
]

In order to get these results we actually begin with series
(3.9) for Gy,(r). For the case of one dimension, it is
shown that the quantity within the large parentheses of
(3.9), in the limit |[x—R,|—r, is exactly pE,(r)/(1—n)
or pEy(r)/¢,, where ¢, =E (0 /2) is simply the void
fraction and E is given by (3.7). This result then gives
(4.14). Equations (4.12) and (4.13) are then obtained by
the use of (2.18), (2.20), and (2.30).

The results [(4.12)-(4.14)] were first obtained by
Hefland, Frisch, and Lebowitz® using physical argu-
ments. They reasoned that for r > o /2 (or, equivalently,
x > 1), since no two particles on opposite sides of the cav-
ity of radius r can ever interact, then the particles cannot
tell what size cavity they are next to for such r. Thus
G, (r) must be independent of r for r > o /2. Using this
observation and the fact that G,(r) is continuous at
r=o0 /2, one then has that
r>o/2

G(r=Glo/2)=——, 4.15)
1—n

which is just Eq. (4.14).

2. Hard disks and spheres

For two- and higher-dimensional systems of hard
spheres, exact evaluations of the series (3.7)—(3.9) are im-
possible for arbitrary density because the n-particle prob-
ability densities are not exactly known. One must there-
fore settle for approximate means of computing these
series. The scaled-particle theory of Reiss, Frisch, and
Lebowitz’ provides one approximation scheme. In two
and three dimensions, the scaled-particle approximations
for the conditional pair distribution functions are given
respectively by®
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- 1 _n
1 >1 4.16
Gy(x) g o | x> (4.16)
GV(x)—_a‘F—z +—xC2, x>1. (4.17)

In Eq. (4.17) a, b, and c are the density-dependent
coefficients given by

2
n)=—’7—1]~1(T +)3 , (4.18)
-

)= =3n(1+)
2(1—q)?

2
ctmp=—1—
4(1—mn)

The comparison of (4.16) and (4.17) to the exact low-
density expansions (4.10) and (4.11) reveals that whereas
(4.17) for hard spheres is exact through first order in 7,
(4.16) for hard disks is exact only through zeroth order in

(4.19)

(4.20)

The use of (2.18) in conjunction with relations (4.16)
and (4.17) yields the exclusion probabilities in the scaled-
particle approximation for the cases of D=2 and 3, re-
spectively,

Ey (x)=(1—n)exp ——77—(4x2—417x +2n—1) |,

(1—7n)?
x>1 (421
E,(x)=(1—n)exp[ —n(8ax3+12bx*+24cx +d)],
x>1 (422
where
dimy=—11TFTN=2 4.23)

2(1—7)}

Expanding these expressions for the exclusion probabili-
ties in powers of 7 shows that whereas (4.21) is exact
through first order 7 [cf. (4.4)], (4.22) is exact through
second order in 7 [cf. (4.5)].

The combination of (2.11), (4.16), (4.17), (4.21), and
(4.22) yields the void nearest-neighbor probability densi-
ties in the scaled-particle approximation for D =2 and 3,
respectively, as

Hy(x)= 47(2x —n)

1—7
Xexp (‘1—517)’—);(4x2——4x17+217—1) ,
x>1 (424
Hy(x)=24n(1—n)ax*+bx +c)
Xexp[ —(8ax’+12bx2+24cx +d)] ,
x>1. (425

These relations could also have been obtained by use of
either (2.9) or (2.20). For reasons mentioned above, (4.24)
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is exact through O(7), while (4.25) is exact through
o(n?).

We now shall derive new expressions for the void quan-
tities for three-dimensional systems of hard spheres. This
is done by exploiting the observation that Gy (r) is noth-
ing more than the radial distribution function for a spe-
cial binary mixture of spheres, namely, one for a single
test particle of radius r—o /2 (i.e., test particles at
infinite dilution) and an actual inclusion of diameter o at
contact, i.e., when such particles are separated by the dis-
tance r. We consider two different approximation
schemes to obtain this binary-mixture radial distribution
function: the Percus-Yevick solution found by Le-
bowitz!” and the Carnahan-Starling equation.'®

If one considers Lebowitz’s general Percus-Yevick
solution for the exact Ornstein-Zernike integral equation
of a binary mixture of hard spheres under the limits de-
scribed above, one finds

(1+27—37n/2x)
(1—n)?

The combination of (5.26) with (2.18) and (2.20) yields in
the Percus-Yevick approximation

Gylx)= . x> (4.26)

ol —

E, (x)=(1—n)exp

- [8(1427)x*?
(1—n)?

2
—18nx“+3in—1]|, x>+

4.27)
HV(x)=U2—j—%7[(l+2n)x2—%nx]
X exp (1—::]7?[8(1-*-21]&3
—18nx’+3n—1]|, x>1.
(4.28)

E/(os

r/o

FIG. 2. Void exclusion probability E,(r) for a distribution of
three-dimensional impenetrable spheres, as calculated from Eq.
(4.33), for values of the sphere volume fraction ¢,=71n=0.2, 0.4,
and 0.6.
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15

r/o

FIG. 3. Dimensionless void nearest-neighbor probability
density o Hy(r) for a distribution of three-dimensional impe-
netrable spheres, as calculated from Eq. (4.34), for values of the
sphere volume fraction ¢,=1=0.2, 0.4, and 0.6.

To our knowledge, Eqgs. (4.26)—(4.28) are new. As in the
case of D =3 scaled-particle expressions (4.17), (4.22),
and (4.25), relations (4.26)-(4.28) are exact through the
third virial level.

By studying ‘“‘exact” molecular dynamics data for
equisized hard-sphere virial coefficients, Carnahan and
Starling'® were able to show that these coefficients
satisfied a recursive formula to a close approximation.
Using this formula, they were able to find a very accurate
empirical equation for the radial distribution function at
contact. For binary mixtures, under the special limits de-
scribed above, their equation'® yields

(1+29—39/2x) 7*(2x —1)?

Gy(x)=
vix (1—7) 2(1—7)x?
=e+—‘£—+%, x>1 4.29)
where
e(m:“—lt’l); , 4.30)
—7
(347)
f(n)=——;h—_—$’)—3 : 4.31)
2
g(‘f])zz—(Tn_n—)3 . (4.32)

Note that the first term on the right-hand side of (4.29) is
identical to the Percus-Yevick G, (x) [cf. (4.26)]. The
substitution of (4.29) into (2.18) and (2.20) yields, respec-
tively, the new approximate relations for the exclusion
and nearest-neighbor distribution functions,

E (x)=(1—n)exp[ —n(8ex>+12fx>+24gx +h)] ,

x>1 (433
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HV(x)=2417(1—17)(ex2+fx +g)
Xexp[ —n(8ex3+12fx%+24gx +h)],
x>1 (434
where
hp=—21+T=2 (4.35)

2(1—9)°

It is of interest to determine which of the three approx-
imations for D =3 (scaled-particle, Percus-Yevick, and
Carnahan-Starling approximations) is the most accurate.
Torquato and Lee? have recently determined E, and H,
from Monte Carlo computer simulations. Although all
three approximations give values of E,, and H, which
are very close to one another and to the computer-
simulation data, the Carnahan-Starling approximations
yield the best agreement with the data (Percus-Yevick
equations giving the next best agreement). Figures 2 and
3 depict E, and oHy, respectively, for values of the
sphere volume fraction ¢,=7=0.2, 0.4, and 0.6 as ob-
tained from (4.33) and (4.34), respectively. (Note that
¢,=0.6 corresponds to about 94% of the estimated ran-
dom close-packing value.?!) The largest deviations be-
tween the approximations themselves and between the
approximations and the data occur at the highest densi-
ties. (For 7=0.5, the highest density studied in Ref. 20,
the Carnahan-Starling relations for E, and H, are, on
average, within 1% of the simulation data.) The Percus-
Yevick approximation of the conditional pair distribution
function (4.26) appreciably underestimates G, at large ¢,;
the Carnahan-Starling expression (4.29) being the most
accurate predictor of Gy. These results for G, are not
surprising as they are consistent with similar observations
made for the contact value of the radial distribution func-
tion of hard-sphere fluids.! A comprehensive study of
the comparison of the aforementioned approximations
with computer-simulation results is carried out in Ref.
20.

V. CALCULATIONS OF THE PARTICLE QUANTITIES

Here we consider computing the particle quantities Ep,
Hp, and Gp for statistically homogeneous and isotropic
distributions of D-dimensional impenetrable inclusions.
We obtain both exact low-density expansions and formu-
las applicable for arbitrary density. Again, the dimen-
sionless quantity o Hp shall be written as Hp with o =1.
To our knowledge, all of the following results are new.

A. Low-density expansions

Consider calculating the series (3.17) for the exclusion
probability through order 72. This requires the use of ex-
pansions (4.1) for p, and (4.2) for p;. Combining these
equations and performing the elementary integrations
yields for D =1, 2, and 3, respectively,
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Ep(x)=1—2(x —1)p+2x—1)x—2)n% x>1
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(5.1

Ep(x)=1—4(x?—1)p++ 161r(1—x2)—6\/3+12x2(4x2—1)1/2-—2(4x2—1)3/2——16x2(1—x2)c0s_’—;; n x> 1
m

Ep(x)=1—8(x>—1)p+(32x°—96x3+18x2+46)n>, x>1.

Note that at x =1 (i.e., when the distance is exactly equal
to a particle diameter), then Ep(1)=1 as expected [cf.
(2.23)].

According to (3.18), differentiation of the expressions
immediately above then gives the particle nearest-
neighbor distribution functions through O(%?) to be

Hp(x)=2n+2(3—2x)9%, x>1 (5.4)

Hp(x)=8x77—717- 16x (4x2—1)!72

—32x(1—2x2)cos_171;°—327rx 7,

x>1

H,(x)=24xn—(192x°—288x2+36x), x>1
P n

(5.5)
(5.6)

in D =1, 2, and 3, respectively.

The corresponding conditional pair distributions are
obtained by use of Egs. (5.1)-(5.6) and the definition
(2.12). One finds that

Gp(x)=14+7, x>1 (5.7)

Gp(x)=1+—11; dmx?—2dx?—1)172
+4(1—2x2)cos*]-2—1; 7, x>1 (5.8)

Gp(x)=1+ 4—5:1— 7, x>1 (5.9)

in D =1, 2, and 3, respectively.

It is important to note that relations (5.1)-(5.9) could
have been obtained by employing the expressions derived
in Sec. IV which relate particle quantities to void quanti-
ties [cf. Egs. (2.33), (2.34), and (2.36)] and the low-density
expansions of the void quantities already evaluated in
Sec. V [cf. Egs. (4.3)-(4.11)]. Thus relations (5.1)-(5.9)
confirm the validity of Egs. (2.33), (2.34), and (2.36)
through the given order in density.

B. Arbitrary density calculations

Here we shall derive, for the first time, expressions for
the particle quantities for arbitrary volume fractions.
This is done using the expressions developed in Sec. II
which relate the void quantities to the corresponding par-
ticle quantities and employing the approximations de-
rived in Sec. IV for the void quantities. These relations
are then computed for selected values of the volume frac-
tion.

1. Hard rods

For the case of hard rods (D =1), the arbitrary-density
results (4.12)-(4.14) for the void quantities are exact.
Hence the combination of these equations with Egs.
(2.33), (2.34), and (2.36) yields

Ep(x)=exp _21(_"77_” , x>1 (5.10)
__27 —29(x —1)

Hp(x) 1__nep 1= , x>1 (5.11

Gplx)=7——, x>1. (5.12)

2. Hard disks

In the case of hard disks (D =2), we make use of the
void scaled-particle approximations (4.16), (4.21), and
(4.24). These expressions combined with Egs. (2.33),
(2.34), and (2.36) yield

Ep(x)=exp —(I——ﬁﬂ)—z(xz-—l)+n(x—l) , x>1
-
(5.13)
Hp(x)= 4n(2x —212)
(1—n)
X exp ————4'11—2-[(x2—1)+17(x—1)] , x>1
(1—mx)
(5.14)
__ 1 _1
Gp(x) (1—"7)2 1 2 |’ x>1 (5.15)

3. Hard spheres

For the case of hard spheres (D =3), we shall obtain
the particle quantities in three different approximations:
scaled-particle, Percus-Yevick, and Carnahan-Starling
approximations. The combination of the void scaled-
particle approximations (4.17), (4.22), and (4.25) with
Eqgs. (2.33), (2.34), and (2.36) yields

Ep(x)=exp{—mn[8a(x>—1)+12b(x>—1)

+24c(x—1)]}, x>1 (5.16)
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Hp(x)=24n(ax*+bx +c)
Xexp{ —n[8a(x>—1)+12b(x%2—1)

+24c(x —1)]}, x>1 (5.17)

— £
GP(x)——a+;+x2, x>1.

(5.18)

Here the density-dependent coefficients a, b, and ¢ are
given by Egs. (4.18)—-(4.20), respectively.

The void Percus-Yevick approximations (4.26)—(4.28)
in conjunction with Eqgs. (2.33), (2.34), and (2.36) yields

Ep(x)=exp (1———ﬂ7[8(1+2n)(x3——1)—1877(x—1)]] ,
-7
x>1 (5.19)
Hp(x)=—2_[(1425)x2— 3qx ]
(1—mn)
Xexp | ——L=[8(1+29)(x*—1)
(1—mn)
—18np(x —1)]|, x>1 (5.20)
Gp(x):(1+217—377/2x)’ x>1. (5.21)

(1—mn)?

The use of the void Carnahan-Starling approximations
(4.29), (4.33), and (4.34) in combination with Egs. (2.33),
(2.34), and (2.36) yields the following expressions for the
particle quantities:

Ep(x)=exp{ —n[8e(x3—1)+12f(x%—1)

+24g(x —1)]}, x>1 (5.22)
Hp(x)=24n(ex*+ fx +g)
Xexp{—n[8e(x*—1)+12f(x2—1)
+24g(x —1)]}, x>1 (5.23)
Gp(x)=e+£+%, x>1. (5.24)

Here the density-dependent coefficients e, f, and g are
given by Egs. (4.30)-(4.32), respectively.

In Fig. 4, we plot the particle exclusion probability
Ep(r) for distributions of D-dimensional impenetrable
spheres at a sphere volume fraction ¢,=7=0.2. The re-
sults for D =1, 2, and 3 are computed from the exact ex-
pression (5.10), the scaled-particle equation (5.13), and
the Carnahan-Starling expression (5.22), respectively.
For fixed r, we observe that the effect of increasing the
dimensionality is to decrease the exclusion probability, as
expected. For similar reasons, one expects the particle
nearest-neighbor probability density Hp(r) to show the
same behavior (see Fig. 5) for large r. For r near o, Hp(7)
should increase with increasing dimensionality. In Fig. 6,
we plot the corresponding conditional pair distribution
functions.

Torquato and Lee? also obtained Ep and Hp in their
three-dimensional simulation study. For these particle

Ep(r) 05}

FIG. 4. Particle exclusion probability Ep(r) for distributions
of D-dimensional impenetrable spheres at a sphere volume frac-
tion ¢,=n1=0.2. Results for D =1, 2, and 3 are obtained from
(5.10), (5.13), and (5.22), respectively.

quantities, the Carnahan-Starling expressions (5.22) and
(5.23) are generally found to provide the best agreement
with the data. The Carnahan-Starling particle expres-
sions are very accurate up to ¢,=0.5. In Figs. 7 and 8,
we plot the predictions of (5.22) and (5.23), respectively,
for three-dimensional impenetrable spheres at ¢,=0.2
and 0.5 and compare to the corresponding simulation re-
sults of Torquato and Lee.?’ (A standard Metropolis'® al-
gorithm was employed to generate 200-6000 realizations

L LI L L
8-
8.—
Hp(r
o p()4_
2-
o P Y A
o] 0.5

FIG. 5. Dimensionless particle nearest-neighbor probability
density o Hp(r) for distributions of D-dimensional impenetrable
spheres at a sphere volume fraction ¢,=7=0.2. Results for
D =1, 2, and 3 are obtained from (5.11), (5.14), and (5.23), re-
spectively.
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FIG. 6. Conditional pair distribution function Gp(r) for a
distribution of D-dimensional impenetrable spheres at a sphere
volume fraction ¢,=%=0.2. Results for D =1, 2, and 3 are ob-
tained from (5.12), (5.15), and (5.24), respectively.

0.6

Ep(r)

0.4

0.2

FIG. 7. Particle exclusion probability Ep(r) for a distribution
of three-dimensional impenetrable spheres of diameter o for
values of the sphere volume fraction ¢,=0.2 and 0.5. Solid
lines are computed from (5.22), and circles and squares are
Monte Carlo simulation data (Ref. 20).
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FIG. 8. Dimensionless particle nearest-neighbor distribution
function o Hp(r) for a distribution of three-dimensional impe-
netrable spheres of diameter o for values of the sphere volume
fraction ¢,=0.2 and 0.5. Solid lines are computed from (5.23),
and circles and squares are Monte Carlo simulation data (Ref.
20).

of 500 hard spheres in a cubical cell with periodic bound-
ary conditions. Simulation details shall be given in Ref.
20.) The agreement of the theory with the computer-
simulation results is seen to be excellent. At fixed r, we
see that Ep(r) decreases as ¢, is made to increase, i.e., the
average nearest-neighbor distance decreases with increas-
ing ¢,. For large r, Hp(r) also decreases as ¢, increases.
However, for r near o, Hp(r) increases with increasing
¢,, as expected.

What is the effect of impenetrability of the spheres on
the particle quantities? We noted earlier that Hertz® ob-
tained the particle quantities for fully penetrable spheres.
For any dimensionality, there are several general observa-
tions we can make. First, for » <o, Ep for impenetrable
particles must lie above or equal to Ep for fully penetr-
able particles at the same value of ¢,, since for the former
it must be unity and for the latter it decreases monotoni-
cally from unity at » =0 because the centers can overlap.
For the same range of r, the converse must be true for Hp
since it is identically zero for hard spheres. Second, for r
very near but greater than o, the aforementioned state-
ment made regarding Ep for r <o still applies, but Hp
for impenetrable spheres now must be larger than the
corresponding fully penetrable quantity. The explanation
for the latter conclusion is as follows. Since Gp(r) for
hard spheres is always larger than G,(r)=1 for fully pe-
netrable spheres, then according to (2.12) (and previous
observations) the above statement must be true. Indeed,
Hp attains its maximum value at r =¢ and then mono-
tonically decreases with increasing r since Ep(r) de-



41 NEAREST-NEIGHBOR DISTRIBUTION FUNCTIONS IN MANY-...

EP(T) 0.5 .
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FIG. 9. Particle exclusion probability Ep(r) for fully penetr-
able and totally impenetrable disks (D =2) as calculated from
(3.21) and (5.13), respectively, at ¢,=0.3.

creases faster than psp(r)Gp(r) increases. Third, for
large r, Ep and Hp should be larger for fully penetrable
spheres than for impenetrable spheres. The reason for
this behavior is that one is more likely to find larger void
regions surrounding the central particle in fully penetr-
able systems as the result of interparticle overlap. In
Figs. 9 and 10, we plot Ep and Hp, respectively, for the
two-dimensional case of distributions of fully penetrable
and impenetrable disks at ¢,=0.3. The observations
made above are borne out in these figures.

PNV ST S NS Y
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b _
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0 PR S S | =
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FIG. 10. Dimensionless particle nearest-neighbor distribu-
tion function o Hp(r) for fully penetrable and totally impenetr-
able (D =2) disks as calculated from (3.22) and (5.14), respec-

tively, at ¢,=0.3.
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VI. MEAN NEAREST-NEIGHBOR DISTANCE

Here we shall compute the mean nearest-neighbor dis-
tance /, defined by Eq. (2.22), for distributions of D-
dimensional impenetrable inclusions using the results of
the previous section. Integrating (2.22) by parts and us-
ing (2.10) gives the following alternative form:

I o

—=J "Epxax . ©6.1)
Now since Ep 20, then / /0 =20. One may question this
result on the grounds that //o should not only be posi-
tive but greater than unity. This result, however, applies
only when the inclusions are totally impenetrable to one
another. The result / /o =0 is valid for inclusions of arbi-
trary penetrability. For totally impenetrable inclusions of
diameter o, use of (2.23) in (6.1) yields the specific expres-
sion

l

—=1+[" :
—=1 fl Ep(x)dx

(6.2)

Again, since Ep 20, then [ /o > 1.

A. Fully penetrable inclusions

For the case of fully penetrable inclusions, the mean
nearest-neighbor distance / is obtainable analytically for
all D. Substitution of (3.22) into (6.1) yields for D =1, 2,
and 3, respectively,

1 _ 1
o 2n(l—¢; ")

) (6.3)

Qles

4
1/ ¢,

FIG. 11. Dimensionless mean nearest-neighbor distance / /o
as a function of the inverse volume fraction ¢; ' for distribu-
tions of D-dimensional impenetrable spheres. Results for D=1,
2, and 3 are calculated from (6.6), (6.7), and (6.11), respectively.
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o 4[11’1(1—¢2)_1]]/2
1 _ T4/
o 2[1n(1_¢2)—1]1/3
0.4465 6.5)

T [n(l—g,) 17

At fixed ¢,, increasing the dimensionality decreases the
mean nearest-neighbor distance, as expected.

B. Totally impenetrable inclusions

Substitution of (5.10) into (6.2) yields the mean
nearest-neighbor distance for totally impenetrable rods to
be exactly given by

1+4¢,

26,
In the case of a distribution of totally impenetrable disks,
the combination of (5.13) and (6.2) yields the result

—(—i—= 1+ L(m/a,)" exp(b3 /4a, Jerfc[ b, /2(ay)' ?]

L (6.6)
o

(6.7)
where
4
02=L2 , 6.8)
(1"'¢2)
= 44¢2(2+¢2) (6.9)
2 (1—¢y? '

and erfc denotes the complementary error function. For
large ¢,, we can get from (6.7) the asymptotic expression

I _ 1
o S b,
(1_¢2)2
=l4+———. .
4¢4,(2+¢,) (6.10)

In practice, (6.10) is actually relatively accurate for
$,20.3.

In the case of three-dimensional impenetrable spheres,
we shall employ the Carnahan-Starling approximation
(5.22) together with (6.2) to give

1 _ ® — I 2
- 1+fl exp{ —n[8e(x*—1)+12f(x2—1)

+24g(x —1)]}dx , (6.11)

This integration must be carried out numerically. For
large ¢,, however, we find the analytical asymptotic ex-
pression

1— 3
1y Umd)
o 12¢2(2_¢2)

This expression is relatively accurate for ¢,>0.2. Com-
paring the above relations for impenetrable particles to

(6.12)
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(6.3)-(6.5) reveals that the mean nearest-neighbor dis-
tance for fully penetrable particles is always smaller than
the corresponding quantity for hard particles as expected.

In Fig. 11 we plot the dimensionless mean nearest-
neighbor distance / /o versus the inverse sphere volume
fraction ¢, ! for one-, two-, and three-dimensional hard
spheres using results (6.6), (6.7), and (6.11), respectively.
The result for D =3 is computed using a trapezoidal rule.
At fixed ¢,, [ /o increases with increasing D, as expected.
For the case of D =3, (6.11) gives very accurate estimates
of /0 for ¢,<0.5 or ¢; ' >2. $,=0.5 is about 80% of
the random close-packing fraction ¢$ estimated to range
from 0.62 to 0.66 (see Ref. 2). Based on these observa-
tions, result (6.7) for D =2 should give very accurate esti-
mates of / /o for approximately ¢, <0.66 or ¢, ' >1.52.
For impenetrable disks, ¢35 has been estimated to range
from 0.79 to 0.84 (see Ref. 2). Moreover, preliminary
simulation results indicate that (6.7) and (6.11) will be rel-
atively accurate up to about 90% of ¢5. However, unlike
our exact D =1 result, Eq. (6.6), which correctly predicts
¢5=1, our results (6.7) and (6.11) must break down in the
near vicinity of ¢J since they both predict ¢5=1. In fu-
ture work, we shall study methods to improve our ap-
proximations for Ep and Hp in the near critical region.
Note that if one linearly extrapolates our results for
D =2 and 3 using the linear portions of the curves to the
limit //o=1, the corresponding volume fractions fall
within the respective estimated range of ¢35 indicated
above. Such linear extrapolations, however, are some-
what arbitrary.

VII. CONCLUSIONS

All the results for the particle quantities obtained in
this study are new. These include (1) the key equations
(2.33), (2.34), and (2.35), which relate the particle quanti-
ties to the void counterparts; (2) exact integral represen-
tations of Ep, Hp, and Gp [cf. (3.17)-(3.19)] for distribu-
tions of D-dimensional spheres; (3) bounds on the particle
quantities; (4) low-density expansions of the particle
quantities for distributions of D-dimensional spheres [cf.
(5.1)-(5.9)]; (5) arbitrary density calculations for such a
model [cf. (5.10)-(5.24)]; and (6) the mean nearest-
neighbor distance as a function of density for D-
dimensional spheres. In the case of the void quantities,
we obtained, among other results, new relations for E,
Hy,, and G, at arbitrary density for D=3 in both the
Percus-Yevick approximations [(4.26)-(4.28)] and
Carnahan-Starling approximations [(4.29)—(4.35)]. The
analytical expressions we derive for the particle and void
quantities turn out to be accurate over a wide range of
densities. Exclusion-volume effects associated with
impenetrable-particle systems lead to particle quantities
which are strikingly different from the fully penetrable-
particle counterparts.?!

ACKNOWLEDGMENTS

S.T. and B.L. gratefully acknowledge the support of
the Office of Basic Energy Sciences, U.S. Department of
Energy, under Grant No. DE-FGO05-86ER 13842.



41 NEAREST-NEIGHBOR DISTRIBUTION FUNCTIONS IN MANY-. ..

IS. Chandrasekhar, Rev. Mod. Phys. 15, 1 (1943).

2J. L. Finney, Proc. R. Soc. London Ser. A 319, 479 (1970); J. G.
Berryman, Phys. Rev. A 27, 1053 (1983).

3J. B. Keller, L. A. Rubenfeld, and J. E. Molyneux, J. Fluid
Mech. 30, 97 (1967).

4J. Rubinstein and S. Torquato, J. Chem. Phys. 88, 6372 (1988).

5J. Rubinstein and S. Torquato, J. Fluid Mech. 206, 25 (1989).

6P. Hertz, Math. Ann. 67, 387 (1909).

TH. Reiss, H. L. Frisch, and J. L. Lebowitz, J. Chem. Phys. 31,
369 (1959).

8E. Hefland, H. L. Frisch, and J. L. Lebowitz, J. Chem. Phys.
34, 1037 (1961).

9From our definition, however, H, and H, will still only depend
upon the relative nearest-neighbor distance r rather than the
nearest-neighbor displacement r. Thus an orientational aver-
age over the angles associated with r is implicit here. The
generalization of the methodology to include orientational
effects is formally straightforward, but shall not be done in
the present study.

10y, P. Hansen and I. R. McDonald, Theory of Simple Liquids
(Academic, New York, 1976).

1S, Torquato, J. Stat. Phys. 45, 843 (1986); Phys. Rev. B 35,
5385 (1987).

128, Torquato and G. Stell, J. Chem. Phys. 77, 2071 (1982).

13B. Widom, J. Chem. Phys. 44, 3888 (1966).

145, Torquato and F. Lado, J. Phys. A 18, 141 (1985).

2075

I5F, Zernike and J. A. Prins, Z. Phys. 41, 184 (1927).

167, W. Salsburg, R. W. Zwanzig, and J. G. Kirkwood, J.
Chem. Phys. 21, 1098 (1953).

173, L. Lebowitz, Phys. Rev. A 133, 895 (1964).

I8N. F. Carnahan and K. E. Starling, J. Chem. Phys. 51, 635
(1969).

19G. A. Mansoori, N. F. Carnahan, K. E. Starling, and T. W.
Leland, J. Chem. Phys. 54, 1523 (1971); T. Boublik, ibid. 53,
471 (1970).

203, Torquato and S. B. Lee (unpublished).

211n passing, we would like to make one last observation about
the particle and void quantities for interpenetrating spheres
in the penetrable-concentric shell model [S. Torquato, J.
Chem. Phys. 81, 5079 (1984); 84, 6345 (1986)]. In this model
each D-dimensional sphere of diameter ¢ is composed of a
hard core of diameter Ao, encompassed by a perfectly penetr-
able concentric shell of thickness (1—A)o /2. The extreme
limits of the impenetrability parameter A=0 and 1 corre-
spond to the cases of fully penetrable and totally impenetr-
able spheres, respectively. Given the totally impenetrable-
sphere results of Sec. IV and V of this study, one can obtain
the corresponding results for penetrable spheres (A< 1) by
simply replacing o (on the right-hand sides of the relations)
with Ao since it is only the internal hard core that has mean-
ing for particle and void quantities.



