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B. Preface

The feature of a fluid in the gas state is not the same as its feature in the liquid state.
The difference between them can be determined intuitively and easily. The gas phase of a
fluid and the liquid phase of the fluid can coexist with the formation of the clear interface.
Then, there must be a cause that makes the fluid in the gas state differ from that in the
liquid state. As a mutual attractive force acts between particles comprising each particle
pair, the mutually attractive force can inhibit the particles of each pair from moving freely.
In a classical fluid system, particles having small relative momenta cannot homogeneously
mix with particles having large relative momenta. Even in a Bose fluid system, particles

having small and large relative momenta cannot homogeneously mix.

The inhibition of movements of particles owing to mutually attractive force can cause
physical clusters of particles to form in the fluid. The formation of physical clusters can
contribute to the changing features of the fluid. Hence, analyzing the formation of physical
clusters in the fluid is extremely necessary. The formation of physical clusters should allow
the fluid in the gas state to differ from that in the liquid state. The fluid in the liquid
state has the capability to form the interface between the gas phase and the liquid phase;
in other words, the fluid in the liquid state should be characterized by the existence of
physical clusters. Fundamentally, the development of physical clusters in the fluid should
influence the features of the fluid. The structure of the fluid, as a specific pattern of the
particle distribution, should be characterized by the formation of physical clusters. Their
formation is influenced by the features of attractive forces between the particles. In the case
of a Coulomb fluid, it is influenced by both the features of an attractive force between the
particles of a pair and the features of a repulsive force between the particles of another pair.
A characteristic structure maintained in a fluid is caused by the features of an interparticle

force between the particles of each pair.

Particles with hard cores interacting with each other through attractive forces in a Bose
fluid system can form a specific pattern of the particle distribution that depends on their
momenta. Even if the particles are made to have sufficiently small momenta, the thermal
excitation can allow particles of small momenta and those of no small momenta to coexist.
Then, the former particles cannot homogeneously mix with the latter particles. This can

allow the particle distribution to have a specific pattern. The formation of the interface
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between the gas phase and the liquid phase in the Bose fluid system requires a specific
structure, as the pattern of the particle distribution, to be linked to the features of the fluid.
At the minimum, the presence of mutually attractive forces, which make particles with hard
cores interact with each other, can influence the thermodynamic features of the fluid. If the
effects of attractive forces acting on a single particle, from other particles surrounding it, are
treated as the mean effect, then the quasiclassical expressions of a partition function enables
discussion of the thermodynamics of the system that accompanies a structural situation
where particles of small momenta cannot homogeneously mix with particles of no small
momenta.

The physical cluster formation in various situations, including astronomical situations,
and the specific pattern formation of the particle distribution depending on the momenta
of particles must be further studied. A study on linking the limitation of the appearance
of the liquid phase and the features of interactions between particles also must be further
developed. These indicate that the descriptions and explanations in this book must continue
to be updated with progress in this field, where the principal efforts of the author have been
made so far.

The publication of this book was aided by the director John Pellan, the BWW Society,
the Institute of Positive Global Solutions. The author gratefully acknowledges his aid. For

editing and for valuable comments, the author thanks Editage (www.editage.com).

June 2021 T. Kaneko



I. INTRODUCTION

In an ensemble of simple particles exemplifying the atoms or molecules that form a fluid,
inhomogeneities can exist, because the particles interact with each other through attractive
forces and repulsive forces. If a particle ensemble can preserve a state of fluid at extremely
low temperatures, then the particles can move even coherently. Under the condition that a
particle ensemble that preserves a state of fluid is homogeneous, the following two relations

are satisfied:

(1) The distribution of particles in a microscopic volume dV located at r, cannot differ

from the distribution of particles in microscopic volume §V located at ry, (# r,).

(2) The distribution of the momenta of particles in a microscopic volume §V located at
r, cannot differ from the distribution of the momenta of particles in microscopic volume oV

located at ry, (# r,).

If factors that prevent the ensemble from becoming homogeneous are generated, then the
occurrence of interesting phenomena can be observed. These factors can affect the behaviors
of fluids and the configurations of particles. One of these factors is the formation of physical
clusters.

For an ensemble of particles exemplifying atoms or molecules, the liquid phase coexists
with the gas phase at the temperatures between the triple point and the critical point. At
these temperatures, the density of particles in the liquid phase is much higher than that in
the gas phase, even if each portion in the liquid phase near the interface and each portion
in the gas phase near the interface are in equilibrium. This requires the compressibility in
the liquid phase to be much smaller than that in the gas phase. Thus, we must consider the
contribution of something that generates the difference between each portion in the liquid
phase and each portion in the gas phase. The contribution of the formation of physical
clusters should be considered as a factor that allows features of a fluid in the liquid phase

to become different from the features of the fluid in the gas phase.

Physical clusters can be formed even in the gas phase if the temperature of a system
is near the liquid-vapor critical point. Particles that constitute the system interact with
each other via the attractive forces between them. The system includes particles that can
freely and individually move because the contribution of the relative kinetic energy between

the particles of each pair exceeds the contribution of an attractive force acting between



them. The system includes other particles that cannot perform their movements being free
from each other because the contribution of the attractive force acting between the particles
of each pair exceeds the contribution of the relative kinetic energy between them. The
particles that cannot perform their movements being free from each other can contribute to
the formation of physical clusters.

At the minimum, the attractive forces between particles enable the particles to be located
near each other. Repulsive forces between particles enable the particles to become far from
each other. The strength of each attractive force and that of each repulsive force both depend
on the mean interparticle distance. The formation of physical clusters depends on four
principal factors: the attractive forces between particles, the repulsive forces between them,
the mean interparticle distance, and the momenta of particles. The formation of physical
clusters can influence the features of a fluid system. If the contributions of attractive forces
between particles are so small that a particle ensemble maintains the liquid state, then,
partial ensembles of particles that are located near each other and moving coherently can
be generated as specific excitation states.! The formation of ensembles of particles moving
coherently causes the thermodynamic properties of a quantum fluid system to change.

For a classical fluid system, a basic idea for estimating the formation of physical clusters
was given by Hill>. A useful method for analyzing the formation of physical clusters via
an integral equation was established by Coniglio et al.> The method allows the Ornstein—
Zernike equation to be split into two integral equations and the pair correlation function
to be split into two correlation functions. Omne of the two correlation functions is called
the pair connectedness. One of the two integral equations is the integral equation for the
pair connectedness. The integral equation for the pair connectedness is used to analyze the
formation of physical clusters. This has enabled many studies on the off-lattice percolation
of physical clusters.*”

The mathematical structure of the integral equation is the same as that of the Ornstein—
Zernike equation. Hence, it is necessary to solve the integral equation using a specific closure.
The closure can be extracted from the Percus—Yevick (PY) approximation.® The relation
between the PY approximation and the mean spherical approximation (MSA) yields a simple
closure.® The use of the simple closure allows the pair connectedness and the formation of
physical clusters to be estimated easily. Its use aids in revealing a specific relationship

between particles belonging to physical clusters and other particles no belonging them. The
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relationship can contribute to the generation of the liquid state. Use of the simple closure
allows us to understand the contribution of physical cluster formation to thermodynamic
properties. If the distribution of galaxies in the universe is regarded as physical clusters of
galaxies, then the physical clusters have a fractal structure. Similarly, the distribution of
charged particles in a specific medium has a fractal structure. The use of the simple closure
and an estimate of the pair connectedness aid in revealing the fractal structure of physical

clusters.
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II. SINGLE-COMPONENT FLUIDS INCLUDING PHYSICAL CLUSTERS
A. Classical Fluid System of N Particles

For a classical fluid system of N particles with volume V', partition function @)y is defined

as

1
QN:—N!(Qﬂ_h)gN/Vdrl/VdI‘Z-../VdrN
x/ dpl/ dp2~~/ dpy exp[—BHny], (1)

where a coefficient h is the ratio of Planck’s constant to 27, and another coefficient [ is
defined as f = 1/kgT with Boltzmann’s constant kp and temperature 7" of the system. In

Eq. (1), Hy is given by

N 2

b
%szlzm-i-VN(rl,rz,"' TN ), (2)
where m is the particle mass, and p; is defined by p; = |p;|, with momentum p; of the i
particle. For a fluid, Vy(ry,re, -+ ,ry) in Eq. (2) can be expressed using a pair potential

;j(ri;), which includes both the contribution of the attractive force between ¢ particle located
at r; and j particle located at r; and the contribution of the repulsive force between them,

and it is given as follows:

Va (e, e, oo o) = > uig(ryg), (3)

i<j

where r;; expresses the three-dimensional distance between 7 particle and j particle as follows:
rij = |ri — 1. (4)

Partition function @y allows the Helmholtz free energy, F', to be given as
F=—kplnQy. ()

For a classical fluid system, )y can be estimated as

1 m 3N/2
=i (55) 2 )

12



where

Zy = /Vdrl/Ver‘"/VdI'NeXp[—ﬁvN(I‘1,I'27"‘ T)]- (7)

With using Zy, the probability density, under the condition that particle 1, particle 2,

, and particle N are located at ry, ro, ---, and ry, respectively, can be estimated as

1
Z_ eXP[ ﬁVN(I‘l,rQ, s 71'N)]-
N

The possible ways for choosing one particle from N particles is given by N!/(N — 1)!11. If
nM(r;)dr; denotes the probability that one of the N particles is located in a volume element

dry at ry, then the probability is given as

N! dr
n(l)(m)drl: ((N—l '1') 1/dr2/dr3 /drNeXp —BVn(ry, 1o, -+ ,rN)]. (8)

The distribution of particles in a volume element cannot depend on the locations of the

volume element. If this is satisfied for a fluid

N

nt(ry) = v =F (9)

Similarly, if n® (r1,r9)dridrs denotes the probability that a particle is located in a volume
element dr; at r; and another particle is located in a volume element drs at ry, then the

probability is given as

|
n(2)<r17 ro)dridry = ( N ) drydry

(N —2)!2! AN
/d[’g/dl‘4 /drNeXp —BVn(ry, 1o, -+ ,TN)]. (10)

The distribution of particles in a volume element can maintain independence of locations of

the volume element on average. If this is satisfied for a fluid,
n? (ry,ry) = n@(ryy). (11)

Quantity n® (r15) corresponds to the radial distribution function for a fluid system. Pair
correlation function g(r12), which is related to h(ri2) = g(r12) — 1 with correlation func-
tion h(rie) that satisfies the Ornstein—Zernike equation, is related to the radial distribution

function as follows:
n(2) (7”12) = n(l)n(l)g(rlg). (12)
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Zn can be rewritten using the Mayer f-function, which is useful for analyzing a fluid based
on an aspect that allows a fluid to be considered to be an ensemble of pairs of particles.

Then, Zy is given by

ZN:/Vdrl/Vdr2~~/VdI‘Nﬁ(1+fij)

1<j

:/Vdrl/ver---/VdrN[l+(f12+f13+'--+f1N)
+(fizfis + frofia + -+ frafain) + -

+(fosfra+ fosfris+ -+ fasfin) + -+
+(foshrafis + fosfrofra+ -+ fosfrafin) + -+
+(faafoafrotfaafoafis + faafoafra+ -+ faafosfin) + -
+(fsafosfoafrot faafosfoafrs + faafosfoafra+ -+ faafosfoafin) + - ] ; (13)

where Mayer f-function f;; is defined as
fij (rij) = e_ﬁuij(rij) — 1. (14)

Hence, the f-function f;; satisfies

The minimum of f;;(r;;) is —1. If the ¢ and j particles have hard cores, then f;;(r;;) =
—1 is satisfied in the region where the hard cores contribute to their interaction, which is
characterized by u;;(r;;) = co. However, function f;;(r;;) is positive within the range where
the attractive force retains effective strength, and it expresses the strength of the attractive
interaction in this range. The value of f;;(r;;) becomes zero outside this range in which an
attractive force between the i particle and j particle retains effective strength. If an ensemble
of particles maintains a fluid, a specific situation —u;;(r;;) > kgT, i.e., 1 < —Puy;(r45), does
not occur. Thus, the maximum of f;;(r;;) is not a large value.

Eq. (13) indicates that Zy is the sum of the integrals of the products of the f-functions.
This means that pair correlation function g(r;;) also can be given as the sum of the integrals
of the products of the f-functions, even though the two coordinates specified for g(r;;) by

ri; are not integrated.
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In Eq. (13), the integrals of the products of the f-functions have typical features. The
integrals of f;; for ¢ and j, satisfying ¢« < j, are identical. The integrals of fisfi; for 7,
satisfying 3 < j, are identical. The integrals of fi5f1; for j, satisfying 3 < j, are identical.
However, the integral of fa3f13 is not identical to each integral of fa3f1; for j, except for
7 = 2and3. Cases similar to the above can be obtained from integrals of other products of
the f-functions.

The integrals of the products of f-functions yield a specific image that illustrated that
two particles specified by each f-function are linked mathematically by the f-function.
This image enables an ensemble of particles to be considered clusters that are formed from
particle pairs linked mathematically by f-functions. Then, each f-function forms a f-bond
that mathematically links two particles.

In Eq. (13), fa3fi3, fasfiafis, faafoafi3, and fs foz f24f13, are found as specific products of
f-functions. The first product, fa3f13, denotes that two f-bonds link particle 1 and particle

2 via particle 3, as shown by a diagram symbolized by
132

The third product, f34fe4f13, denotes that particle 1 and particle 2 are linked via particle 3

and particle 4, as shown by a diagram symbolized by
13442,

which forms one path of f-bonds. The second product, fa3f12f13, denotes that particle 1
and particle 2 are linked through two paths of f-bonds, as shown by a diagram symbolized
by

12

132,

which forms two paths of f-bonds. The fourth, fs4f23/f24f13, denotes that particle 1 and
particle 2 are linked through special two paths of f-bonds that form a diagram symbolized
by

13«2

1342,

15



which forms two paths of f-bonds. Thus, all the paths of f-bonds that connect particle 1
to particle 2 include particle 3 as a common particle.

In the case of pair correlation function g(r12), which is expressed for the use of f-functions,
the two coordinates labeled as 1 and 2 are not integrated. Coordinates r; and ry, which
are not integrated, are called the root points. The other coordinates that are integrated are
called the field points, and they are labeled as 3, 4, --- to distinguish them from the root
points. Both the root points and the field points correspond to the particle coordinates.

Pair correlation function g(r12) includes the integrals of the products of the f-functions
exemplified by the paths of f-bonds corresponding to fa3fi3, f3safoaf13, and f34fo3f24f13;
however, the two coordinates labeled as 1 and 2 are not integrated. All the paths of f-bonds
given as f34fozfosf13 form a diagram, which comprises the two paths between 1 and 2, and
the two paths include the coordinate corresponding to particle 3. The path of f-bonds
given as fo3 f13 forms a diagram, and the path of f-bonds given as fs4f24f13 forms another
diagram. Then, each path that forms each diagram includes the coordinate corresponding
to particle 3. Thus, there are diagrams in which at least one coordinate corresponding to a
particle is shared as a common coordinate by each path of f-bonds that connect particle 1
to particle 2. Each of the diagrams is called a nodal diagram, and the common coordinate
is a nodal point.

Pair correlation function g(r12) also includes the integrals of the products of the f-
functions, exemplified by the paths of f-bonds corresponding to fo3fi2f13; however, the
coordinates 1 and 2 are not integrated. In a diagram that is formed by all the paths of
f-bonds given as fa3 f12f13, there is no nodal point. As exemplified by this case, there are
diagrams that do not include nodal points. Each diagram that does not include nodal points
is a non-nodal diagram.

Pair correlation function g(r;) can be expressed in the form of a density expansion.1?
Each term found in the form of the density expansion of g(r;3) is formed by the integrals of a
product of the f-functions; however, the two coordinates 1 and 2, corresponding to the root
points, are not integrated in each term. The other coordinates are integrated in each term.
A diagram of the f-bonds that forms each term in the density expansion corresponds to
either a nodal diagram or a non-nodal diagram. According to the density expansion, g(ri2)
can be given by the sum of the contribution of all the nodal diagrams and the contribution

of all the non-nodal diagrams.®'® This demonstrates that the Ornstein—Zernike equation,
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as an integral equation, should be satisfied by ¢(r12) and is expressed as the sum of the
contribution N(rjs) of all the nodal diagrams and the contribution ¢(r13) of all the non-
nodal diagrams. Thus, the use of direct correlation function c(r3) as the contribution of all

the non-nodal diagrams allows the Ornstein—Zernike equation to be expressed as
h(r12) = c(r12) + N(r12), (15)

where the contribution of all the nodal diagrams can be estimated by

N(’I“lg) = p/VC(’I“lg)h(’l“gz)dI'g (16)

with
h(ri2) = g(ria) — 1. (17)

An ensemble of the particle pairs that are specified by the f-functions, forming a product
in the density expansion, is regarded as an ensemble of particle pairs linked by f-bonds. The
paths of the f-bonds forming each nodal diagrams and the paths of the f- bonds forming
each non-nodal diagrams allow the behavior of a particle corresponding to a root point to be
propagated to the other particle corresponding to the other root point. However, a ensemble
of particle pairs linked by the f-bonds cannot simply correspond to a physical cluster, even

though the ensemble corresponds to a mathematical cluster.!”
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B. Contributions of physical clusters
1. Phenomena dependent on the formation of physical clusters

A fluid system can include special particle pairs. Then, each particle pair is specified
as a pair formed by two particles interacting in a bound state wherein the contribution
of the mutually attractive force between them exceeds the contribution of their relative
kinetic energy. Each physical cluster is formed by such particle pairs.? Particles constituting
a physical cluster can transiently stay near each other because of the mutually attractive
force. The formation of physical clusters can transform the properties of a fluid system.
Various phenomena involving phase behavior can be caused by the formation of physical
clusters.

In a fluid system consisting of particles exemplifying atoms or molecules, inhomogeneity
is generated as the density fluctuates.'>'® The inhomogeneity is developed near the liquid-
vapor critical points. The formation of physical clusters can cause density fluctuations in a
fluid that is in the gas state. The degree of density fluctuations reaches its maximum at the
liquid-vapor critical point of the fluid. This allows the compressibility to diverge to infinity at
the liquid-vapor critical point. The compressibility equation allows pair correlation function

g(r) to be related to pressure P of a single component fluid as follows:

{ﬁ(g_f;)} =1+ Jim p [ o)~ e (=) (18)

Even at the critical point, ¢g(r) maintains finite values in the range of 0 < r < 0.
The behavior of g(r) denotes that the correlation between two particles disappears with an
increase in the three-dimensional distance, r, separating one of the two particles from the
other.!* Based on these features, Eq. (18) requires that divergence of the compressibility
be caused by the fact that the long-range behavior of g(r) is characterized near the critical

point as follows:
gir)y—1~r* (0<pu<3). (19)

In fact, the long-range feature of g(r) can be expressed in several particular conditions

as the product of factor 7?=3 (D = 2) and a particular function ¢(r), which is given as a

Taylor series with respect to powers of r.1516

g(r) —1=rP3¢(r) (D=2). (20)
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Despite this, the dependence of g(r) on distance r between two particles!” deviates near the
liquid-vapor critical point. Its dependence on r cannot be expressed by the product of a
negative power r~! and a particular function ¢(r)."*!® The density fluctuations makes the
dependence of g(r) on r near the liquid-vapor critical point!®!® differ from that in the gas

state when it is far from the critical point.

(a) Anomalies near liquid-vapor critical points

19-23

The density fluctuations can result in anomalies with respect to various properties of

the fluids near their liquid-vapor critical points. Inhomogeneity, which is generated in fluids

24 can cause anomalies

consisting of metallic atoms near their liquid-vapor critical points,
in the electrical properties,'® optical reflectivity,?® and optical absorption.2®2! The electrical
conductivity of liquid mercury maintained at a temperature near the critical point decreases
with a rather steep gradient as the density of the mercury atoms decreases.!® The real part of
the dielectric constant, determined using optical reflectivity and absorption measurements,
for a mercury fluid near the critical point increases sharply at a particular density as the
density of the mercury atoms increases.?’ Inhomogeneities that lead to the occurrence of the
anomalies can be caused by the physical cluster formation.?*

The viscosities of fluids can become anomalous near the liquid-vapor critical points.???3
The viscosities of fluids exhibit asymptotic divergence near the liquid-vapor critical points.
Measurements of the viscosities of carbon dioxide and xenon near their critical points yield
the critical exponent that can characterize the asymptotic divergence.?? Physical cluster
formation can result in a characteristic increase in the viscosities of fluids near the critical
points.?

When the temperature of a fluid system is reduced toward the liquid-vapor critical point,
the number of specific particle pairs is increased. Then, each of the particle pairs is speci-
fied as two particles interacting in a bound state wherein the contribution of the mutually
attractive force between them exceeds the contribution of their relative kinetic energy. An
increase in the number of such particle pairs allows physical clusters to grow. This denotes
that various critical phenomena observed in fluids are caused by the formation of physical
clusters. Physical cluster formation allows the features generated in the liquid state of a fluid

to differ from the features found in the gas state of the fluid. Various critical phenomena

imply that physical cluster formation causes a gas-liquid phase transition. The development
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of physical clusters, which are formed by attractive forces between colloidal particles, allows
a colloidal solution to generate a gel state.?® According to an analogy with the occurrence
of the gel state, the contribution of the physical cluster formation induces the transition of

a fluid from the liquid state to the solid state.

(b) Contribution of the physical cluster formation

The contribution of physical cluster formation to the gas-liquid phase transition is sug-
gested because the liquid-vapor interface become macroscopically smooth for a fluid in which
the liquid phase and the gas phase coexist. At a temperature slightly beyond the liquid-
vapor critical point of the fluid, the interface disappears. To form a smooth liquid-vapor
interface, particles constituting the liquid phase must have the capability to maintain their
density; however, particles constituting the gas phase do not have the capability.

The high-density part maintains the liquid phase and it must generate a macroscopic
force, which contributes to the minimization of the interface. The macroscopic force causes
the liquid-vapor interface to become smooth. The macroscopic force is not caused by each
particle pair that is specified to be two particles interacting in an unbound state wherein
the contribution of their relative kinetic energy exceeds that of the mutually attractive force
between them. Hence, the macroscopic force must be caused by the presence of each particle
pair that is specified to be two particles interacting in a bound state wherein the contribution
of the mutually attractive force between them exceeds that of their relative kinetic energy.
The formation of the liquid phase must be aided by the formation of physical clusters.

The low-density part maintains the gas phase and it principally includes particle pairs that
are specified to be two particles interacting in an unbound state wherein the contribution
of their relative kinetic energy exceeds that of the mutually attractive force between them.
The high-density part in the liquid phase also includes such particle pairs. The particles
forming these particle pairs must be confined between the branches of physical clusters to
generate a macroscopically smooth interface. The confinement of these particles between
the branches of physical clusters allows the interface to become smooth. This confinement
can aid in transforming the fluid of the liquid phase into the solid state.

The formation of physical clusters in multicomponent fluids is an interesting subject that
should be considered. Physical clusters must influence the microscopic distribution pattern

of particular atoms or molecules that are dissolved as solute particles in a fluid in the liquid
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state. In a fluid in the gas state, an effect of the physical cluster formation is not expected.
A fluid in the gas state microscopically homogeneously mixes with another fluid in the gas
state.

Solute particles that cannot actively contribute to the physical cluster formation have a
tendency to become distributed among the branches of physical clusters. Solute particles
that can actively contribute to the physical cluster formation participate in the physical clus-
ter formation and are distributed as portions of the physical clusters. Thus, physical clusters
can make a microscopic distribution pattern of solute particles become inhomogeneous in a
fluid mixture such as a liquid of metallic alloy and solute-solvent mixtures.

A specific effect of such a microscopically inhomogeneous distribution pattern of solute
particles can be found as a macroscopic phenomenon called the osmotic pressure. The
osmotic pressure occurs when solute particles are distributed in a fluid. The osmotic pressure
depends on whether solute particles can actively contribute to the physical cluster formation.
Moreover, the osmotic pressure depends on whether the stability of the physical clusters is
high or low.

Under the condition that the stability of the physical clusters is low, the formation of
physical clusters and the decomposition of physical clusters can occur as very sensitive
responses to slight variations in the temperature. The anomalous behavior of the thermal
conductivity of a fluid should be determined in such a specific situation.?® Physical clusters
formed in the fluid do not have the capability to stably confine particles that do not belong to
the physical cluster, thereby allowing both the confinement of the particles and their release
to occur easily. This effect enables the fluid to be stirred. Thus, the thermal conductivity of
the fluid should be enhanced under the condition that the stability of the physical clusters
varies sensitively.

Physical cluster formation can contribute to the occurrence of various phenomena. In-
deed, the magnitude of the pair correlation function should involve an effect of the physical
cluster formation. The pair correlation function is determined by X-ray scattering measure-
ments and neutron scattering measurements. Despite this, the fraction of the contribution
of the physical cluster formation to the pair correlation function is not be sufficiently clear.
Therefore, a method for estimating the contribution of the physical cluster formation to the

pair correlation function should be established as a readily treatment.
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(c) To estimate physical cluster formation

Effects of physical cluster formation can appear in various phenomena. A procedure for
simply estimating the physical cluster formation should be useful for examining its effects on
the features of a fluid. Each physical cluster that is formed in a fluid system is an ensemble
of particles that are linked to each other by bonds. Based on Hill’s concept,? each bond
is defined as a bound state in which a contribution of mutually attractive forces between
pair particles exceeds a contribution of their relative kinetic energy. A useful procedure for
estimating the physical cluster formation owing to such bonds can be found according to a
concept of Coniglio et al.,®> and results in an integral equation.

The use of the integral equation makes it possible to examine the physical cluster forma-
tion caused by a contribution of an extremely short-range attractive force* and to examine
the physical cluster formation caused by the Yukawa potential.®?7” A procedure for making
corrections to the PY approximation®® enables improvement in an estimation of the physical
cluster formation as the integral equation is applied.” Although the integral equation enables
the physical cluster formation to be examined, it is not equivalent to the Ornstein—Zernike
equation with respect to their physical meanings.

The use of the Ornstein—Zernike equation has been successful for examining fluids in
the gas and liquid states. The behavior of particles that is described by the Ornstein—
Zernike equation indirectly involves the contribution of the physical cluster formation. The
Ornstein—Zernike equation includes the contribution of the integral equation, which enables
the formation of the physical clusters to be examined. This means that subtracting the
contribution of the integral equation from the Ornstein—Zernike equation yields an additional
integral equation, which is equivalent to both an integral equation derived by Stell?® and
another one derived by Chiew and co-workers.® If this additional integral equation is coupled
to the integral equation that enables the physical cluster formation to be examined, then
the two integral equations provides an integral equation system that is equivalent to the
Ornstein—Zernike equation. An effect of the physical cluster formation on a feature of a

fluid can be estimated using the integral equation system.
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2. Pair connectedness for estimating physical cluster formation

(a) Correlation functions

Three-dimensional coordinates for the positions of particles in a fluid system are denoted
by r; for ¢ particle and r; for j particle. A situation where these particles are included in the
same physical cluster is allowed. A correlation function that can play a role instead of the
pair correlation function is necessary to estimate the mean size of physical clusters. The pair
connectedness P(|r; — r;]) is an important correlation function® when calculating the mean
size. The probability that ¢ particle and j particle are located in the volume elements dr;
at r; and dr; at r;, respectively, is ppg(r;;)dr;dr;. The probability increases when particles
in the fluid system are prevented from moving easily. Here, r;; is the distance |r; — r;|, and
p is the density of particles for a uniform distribution. Thus, the mean number of particles

within a macroscopic volume V' equals Vp.

The magnitude of g(r;;) is proportional to the probability that ¢ particle in a volume
element dr; is located at a distance r;; far from j particle in a volume element dr;. Hence,
maximum values of g(r;;) should become larger when particles in a fluid system are prevented
from moving easily. The pair correlation function g¢(r;;) is useful for knowing whether
particles in the fluid system can move easily or can be prevented from moving easily. The
use of g(r;;) allows for estimating the density fluctuations for a fluid system even near the
liquid-vapor critical point. A feature of the fluid near the liquid-vapor critical point appears
to be a characteristic behavior of ¢(r;;), which can express the degree to which particles in

the fluid system are prevented from moving easily.!31418

Nevertheless, the pair correlation function, g(r;;), cannot simply aid in examining the
physical cluster formation. Even if a fluid is a particle system consisting of hard cores,
between which mutually attractive forces do not exist, pair correlation function g(r;;) (i # j)
can express the degree of preventing particles from moving easily because the increasing p
increases the probability ppg(r;;)dr;dr;. Physical clusters are, however, not formed in the
fluid.

If physical clusters are formed, then the magnitude of g(r;;) is affected by the physical
cluster formation. The magnitude of g(r;;) includes the contribution of physical cluster
formation. If the contribution of physical cluster formation is divided from the magnitude

of g(r4;), then the effects of physical cluster formation can be clearly estimated.

23



An f-function defined by f(r;;) = e #4("3) — 1 specifies a particle pair that consists of
i particle at r; and j particle at r;. The use of f-functions allows the pair correlation
function g(r;;) to be expressed in the form of a density expansion.”!® For an N particle fluid
system, specific features of g(r;;) are determined by N (NN — 1)/2 particle pairs. Then, the
relation between two particles constituting each pair maintains one of two possibilities. One
possibility is the case that the two particles are bound to each other. The other possibility

is the case that the two particles are not bound to each other.

i) Probability that two particles interact with each other in a bound state
The Hamiltonian for describing the movements of two particles specified as a pair is given

as

2

2
;i D
i + = + u(rij), (21)

H2 -
Qmi Qmj

where the mass of ¢ particle and that of j particle are m; and m;, respectively. 7;; corresponds

to the relative position between ¢ particle and j particle. The center of mass R is given by
R = (mr; +m;r;)/(mi +m;).
The total momentum P carried by the center of mass is given by
P =p;+p;.

The relative velocity between ¢ particle and j particle is given by dividing pre; by the reduced

mass m. pre and m are given by
Prel = (mjpi - mipj)/Ma
m = mimj/M,
where the total mass M is defined as
M = m; +m,.

The Hamiltonian is expressed using the kinetic energy of the center of mass P?/2M and

relative kinetic energy p%,/2m as follows:

P2 2
H2=—+@

Py, (22
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where P = |P| and py) = |pret|- Then, Eq. (22) means that the Hamiltonian is described as
Hy = Hy(P, pra, 15, r;). Based on the assumption that particle ¢ is located at the origin of
a coordinate, the use of the relative kinetic energy that is expressed in the polar coordinate
denoted by the parameters r, 0, ¢ allows Hs to be given as
2 2
HzZ%—i-%(pz%—f—g—l—rzg%@)—i—U(r), (23)
Eq. (23) indicates that the Hamiltonian is described as Hy = FIQ(P,pT,pg,p¢,r,07¢). In
Eq. (23), the second term on the right-hand side of the equation is the contribution of the

relative kinetic energy of the two particles, and the third term is the contribution of the

interactions between them. For the Hamiltonian given by Eq. (23), @), is denoted as

1 > °° :
Oy = WV /V drdfde / ) dp,dpgdpg / . dP exp[— [ H). (24)

If parameters p,, Py, and P, are defined as p, = p,(8/2m)2, pg = (po/7)(8/2m)? py =
(ps/rsin6)(B/2m)/?, BH, is expressed as
P2
BHy = Bomr + D) + Py + D + Bulr). (25)

The use of Eq. (25) with the parameters p,, pp, and p, allows Eq. (24) to be rewritten as

follows

~ 232 \ (27h)2B

3/2
V 2m\/ M o o0 oo
Q> < n m) / 4rrdrePu) / dp,dpgdpge” PrHPetPE) (26)
0 —00
According to Eq. (25), the contribution £(p) of the relative kinetic energy of the two

particles is given as
E(p) = P2+, + Py, (27)

pu(r) denotes the contribution of the interactions between them at each r. At each r that
allows u(r) to be negative, the situation wherein the two particles are bound to each other

by the mutually attractive force requires
R R
Py + Pp + Py < —Pu(r). (28)

The probability p(r) that the two particles are found in a bound state E(p) + fu(r) < 0 is
estimated from the integration of exp[—(p; + P + p3)] included in Eq. (26) as follows:

1

T / dp, dpedpse PP, (29)
T P2+p3+p3 <—Bu(r)

p(r) =
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Then, the integration of exp[—(p? + pj + p3)] is limited by p,, s, and Py that satisfy Eq.
(28). If Eq. (29) is rewritten through the use of £(p), then the following equation is obtained
for p(r)

— 2 oo —551/2(15
p(r) x|, €

EEQrGe))

where I'(7,t) is the incomplete gamma function expressed by I'(7,t) = [~ e vy™dy.?
At each r that allows u(r) to be negative, the situation wherein the two particles are not

bound requires

P2+ by + by, > —Bu(r). (31)

The probability p(r) that the two particles are found in an unbound state £(p) + Su(r) > 0
is estimated as follows:

1

ﬂﬂﬁﬁ/ dp,dpydpye” PP (32)
PR+, +p5>—Bu(r)
2 3
:mr (§> —Bu(r))
=1 —p(r). (33)

At each r that allows u(r) to be positive, Eq. (31) is always satisfied for arbitrary values
of three parameters p,, pg, and pgs. The two particles are not bound at each r that allows

u(r) to be positive. Then, the following relations is satisfied:

p(r) =1, (at each r satisfying 0 < u(r))

p(r) =0, (at each r satisfying 0 < u(r))

ii) Physical cluster formed as an ensemble of particles linked with each other by f* bonds
An f-function f(r;;) specifies ¢ particle at r; and j particle at r;. Then, p(r)|rzrij, which
is obtained from Eq. (30), denotes the probability that i particle and j particle, which
are specified by f(r;;), are bound to each other. The use of the probability p(r;;) allows

f-function f(r;;) to be given as the sum of the f*-function and the f*-function:
fry) = f7(ry) + f(ryg), (35)
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where f*(r;;) and f*(r;;) are expressed as

FH(rig)= plrij)e ) (36)
¥ (rig)= [1 = p(rij)]e ) — 1. (37)

In each of diagrams found from the density expansion of g(r12), an f-bond corresponds
to an f-function. Each of the f- functions in its density expansion is substituted with the
sum of an f*-function and an f*-function, which is exemplified by f(ri;) = f+(ri;) + f*(ri;)-
As a result, each diagram is expressed as the sum of diagrams that are formed by f* bonds
specified by fT-functions and f* bonds specified by f*-functions. The sum includes specific
diagrams. In each of these diagrams, one root point r; is connected to the other root point ry
through at least one path of all f*-bonds given as a product of f*-functions. The diagrams
denote that the two particles corresponding to the two root points are part of the same
physical cluster.? Substituting each f-function with each sum f* + f* allows a correlation
function corresponding to pair connectedness P(r12) to be extracted from g(ris) expressed
by the density expansion.® Thus, the pair connectedness P(ry2) enables us to directly analyze

the physical cluster formation.

iii) Relation of pair connectedness P(ri2) with pair correlation function g(ris)

Pair connectedness P(r2) is given by the sum of the contributions obtained from every
diagram that has at least one path of all f*-bonds between the root points labeled as 1 and
2. The use of P(ryy) allows ppP(r12)dridrs to express the probability that particle 1 in dry
located at r; and particle 2 in dr, located at ry belong to the same physical cluster.® If the
probability that particle 1 and particle 2 belong to different physical clusters is expressed as

ppD(r12)dridry,? then the pair connectedness P(712) is related to g(r12) as follows:
g(r1i2) = P(ri2) + D(r12), (riz = |11 — 1r2f). (38)

According to g(r12), the probability that particle 1 in a volume element dr; at r; is located at
a distance 715 from particle 2 located in a volume element dr;, at rs is given by ppg(r12)dridrs
for a uniform fluid in which pdV at r; is equal to pdV at ry on average for a microscopic
volume 0V'. Then, the probability that particle 1 and particle 2 are in dry at r; and in drs at
ry, respectively, is the sum of two contributions. One of the two contributions corresponds

to the probability that both particle 1 in volume element dr; at r; and particle 2 in volume
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element dry at ro belong to the same physical cluster. The other contribution corresponds
to the probability that particle 1 in volume element dr; at r; and particle 2 in volume
element dry at ry do not belong to the same physical cluster. The former is given by
ppP(riz)dridry, and the latter is given by ppD(riz)dridry. Therefore, ppg(ri2)dridre must

satisfy the following relation:
ppg(rlg)drldrz = ppP(r12)dr1dr2 + ppD(rlg)drldrg.

This formula indicates that variations in the thermodynamic behavior of a fluid system
owing to variations in the temperature are dominated by variations in the magnitude of
D(ri2) if a high-temperature condition prevents the formation of physical clusters. The
magnitude of D(ryy) depends on the number of particles that are categorized as particles
linked through each path that includes f*-bonds. Particles linked through each path that
includes f*-bonds are either particles that do not participate in the physical cluster formation
or particles that do not belong to the same physical cluster. By contrast, the magnitude of

P(r12) depends on the number of particles that participate in the physical cluster formation

and are linked by paths of f*-bonds.

iv) Features of P(r12)

Near or below the liquid-vapor critical point, effects of the physical cluster formation on
the thermodynamic behavior should not be ignored. Then, unless particles contributing to
the magnitude of P(r12) can microscopically and homogeneously mix with particles con-
tributing to the magnitude of D(r13), a correlation between the behaviors of the former and
latter particle groups must occur. Phenomena similar to the above correlation can be found
from computer simulations of supercooled liquids. According to the computer simulations,
particles having low mobility cannot microscopically and homogeneously mix with those
having high mobility; hence, the particles participate in cooperative motion in structural
relaxation.?? Such cooperative motion can also be observed in colloidal suspensions.3% 32
In every hard-sphere fluid system, cooperative motion similar to the above examples

should not exist. Because of Eq. (34), every hard-sphere fluid system is characterized by a

pair correlation function expressed as

9(7"12) = D(r12)

P(riz) =0 for 0 < u(rp).

(39)
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The density fluctuations in a hard-sphere fluid system are only simply reduced as the density
of hard spheres increases. This fact can be confirmed even using the equation of state
obtained from the PY approximation.®!?® An increase in the density of hard spheres limits
the motion of hard spheres. This effect causes the above behavior.

If the contribution of mutually attractive forces between particles on the formation of
specific particle configurations is not ignored, then a fluid system should be characterized

by the pair correlation function expressed by

g(r12) = P(r12) + D(r12)

P(Tlg) 7é 0 for U(T’12> < 0.

(40)

When this fluid system is maintained near the critical point, mutually attractive forces
between particles cause the density fluctuations to reach a maximum value with an increase
in the density of particles. After reaching the maximum value, the density fluctuations
are gradually reduced as the density of particles increases.!*!3 In a fluid system where
mutually attractive forces between particles is not ignored, the magnitude of P(ri2) should
not be ignored near the critical point. Then, the behavior of g(ris) is revealed via the sum

P(Tlg) + D(Tlg).

(b) Mean size S of physical clusters

Physical clusters contributing to the gas-liquid phase transition naturally contribute to
the transition from the liquid state of a fluid to its solid state as one of phenomena caused
by the growth of physical clusters. Every physical cluster is formed from particle pairs
characterized as follows: each particle pair consists of two particles interacting with each
other in a bound state in which the contribution of mutually attractive forces between
them exceeds the contribution of their relative kinetic energy. An increase in the number
of particles interacting in unbound states increases the magnitude of D. The correlation
function D is that characterized by pairs of particles having a large relative momentum. An
increase in the number of particle pairs interacting in bound states increases the magnitude
of P. The pair connectedness P is a correlation function characterized by pairs of particles
having a small relative momentum. The use of P enables the mean size S of physical clusters
to be estimated.

In accordance with Kirkwood and Buff,?® pair correlation function g(r) has a normaliza-
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tion given as

L[ aae= B L L Tovw) - o], (41)

Vp

where () is the mean number of particles within volume V. The dependence of g(r) on V'
is negligible for macroscopic V', and the dependence of (N)/V on V and the dependence of
((NN)—(N)(N))/V on V are also negligible. Thus, Eq. (41) in the limit V' — oo results in

/Vg(r)dr/V ~ 1.

This relation, along with Eq. (38), requires the normalization for the pair correlation function

Tim {% /V P(r)dr—k% /V D(r)dr} ~1 (42)

Mean size S of physical clusters can be estimated using P(ri2). Equilibrium number

to be expressed as

n, of physical clusters consisting of s particles can be related to the pair connectedness P.
According to the formula given by Coniglio et al.,® the relation between n, and P is given

as

Z s(s —1)ns = pp/V/VPﬂrl — ro|)drdrs. (43)

1<s
Factor ) sn, found in Eq. (43) can be related to the density p of particles in the volume
V as

p=1[1/V] ans.

The mean physical cluster size S is given as

Yo ()
:(Z n) (Z n)

S S

This formula and ), sny = Vp allow Eq. (43) to be rewritten as

_1+¢/P (44)

The percolation of physical clusters occurs in a fluid system at the percolation threshold.

The use of Eq. (44) allows for the examination of whether physical clusters in the fluid system
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are in the percolation state. The critical condition at which the mean physical cluster size S
given by Eq. (44) reaches infinity corresponds to the percolation threshold. The percolation
of physical clusters in a macroscopic V' maintained by a fluid system affects the dependence
of § on V. If the percolation of physical clusters does not occur in V', then S should be
sufficiently independent of V. When percolated physical clusters exist in macroscopic sizes

in V', § should depend on V.
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3. Effects of the physical cluster growth

(a) Occurrence of macroscopically sized physical clusters

The integral of P(r) found in Eq. (42) is related to the mean size S of physical clusters
based on Eq. (44). If the percolation of physical clusters does not occur in a macroscopic V/
maintained by a fluid system, then S [which is estimated for the fluid system by Eq. (44)]
should be sufficiently independent of V. Hence, the limit V' — oo does not affect S. Eq.

(44) can be rewritten as follows:

ol os /V P(r)dr. (45)

Thus, the limit V' — oo requires that the right-hand side of Eq. (45) satisfy (S —1)/V = 0.
Therefore, Eq. (45) allows limy_.(p/V) [, P(r)dr = 0 to be satisfied. Moreover, Eq.
(42) requires (1/V) [, D(r)dr = 1 to be satisfied in the limit V' — oco. Based on these
consequences, the normalization conditions that are given in the limit V' — oo are described

as

limy o0 (1/V) [, P(r)dr = 0,
limy o0 (1/V) [, D(r)dr = 1.

If the percolation of physical clusters occurs in a macroscopic V' maintained by the fluid
system, then the mean size S that is estimated for the fluid system from the use of Eq. (44)
should be dependent on V. Then, the magnitude of [(S — 1)/V] can have a finite nonzero

value. Eq. (42) requires conditions given as

0 < limy_,oo(1/V) [, P(r)dr < 1,
0 < limy_,(1/V) [, D(r)dr < 1,

limy o (1/V) fv P(r)dr + limy o (1/V) fv D(r)dr = 1.

If a state of the fluid is in the immediate vicinity of the liquid-solid transition point

sd— pld) /ps? < 1 (p*? denotes p in a solid state, and p'? denotes

where relation 0 < (p
p in a liquid state) is satisfied, then almost all physical clusters should hold macroscopic
sizes in V. The dependence of S on V should be characterized by S/V =~ p*¢, which
corresponds to the case that the growth of physical clusters reaches the limit. Eq. (45)

results in (1/V)p [, P(r)dr =~ p** in the limit V' — co. According to this case, Eq. (42)
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allows (1/V) [, D(r)dr ~ 0 to be satisfied in the limit V" — co. Based on these consequences,

the normalization conditions that are given in the limit V' — oo are described as

limy o0 (1/V) [, P(r)dr = 1,
limy oo (1/V) [}, D(r)dr = 0.

In a state specified by (1/V) [, D(r)dr = 0, the fluid does not include particle pairs specified
by each pair characterized as two particles interacting in an unbound state wherein the
contribution of the relative kinetic energy of the pair particles exceeds the contribution of
a mutually attractive force between them. A state specified by (1/V) f;, D(r)dr ~ 0 means
that the fluid does not have features found in the liquid state. The growth of physical
clusters that proceeds in macroscopic V' beyond the percolation threshold can contribute to
compelling the phase transition from the liquid state of the fluid to the solid state. A specific
state wherein (1/V) [, D(r)dr ~ 0 is satisfied should be found at least near the triple point.

(b) Behavior of correlation functions

The pair correlation function behaves as g(|r; — ra|) ~ 1 for a large |r; — ro|, which
corresponds to the case that one of two particles corresponding to the location at ry in a
fluid system is widely separated from the other corresponding to the location at ry. In the
limit V' — oo and r — oo, it behaves as g(r) = 1.2 This requires the behaviors of the two

correlation functions to be restricted by the following relation:
P(r)+D(r)=1, (1<r/o), (46)

Then, the value of ¢ is restricted by the relation r < o, which is satisfied at each r where
the contribution of the repulsive force between two particles exceeds the contribution of the
mutually attractive force between them. If o is the hard-core diameter of each particle, then
the following relation is satisfied:
P(r)=0, (r<o),
D) =0, (r<o), (47)
g(r) =0, (r<o).
For a large r (satisfying 1 < r/o), the behaviors of P(r) and D(r) are restricted based on

Eq. (46). Under the condition that no percolation of physical clusters occurs, the physical
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meanings of the two correlation functions and their behavior given by Eq. (46) require the

behaviors of P(r) and D(r) at a large r to be expressed by

lim, o, P(r) =0,
lim, o, D(r) =1 (48)
lim, o g(r) = lim, o, D(7).

The relations given by Eq. (48) should be satisfied even at the percolation threshold, although
they are not correct beyond that point.

The above relations must be modified correctly if macroscopically sized physical clusters
in the fluid can increase beyond the percolation threshold. Then, the magnitude of P(r)
should have a nonzero finite value even for a large r. Hence, in a specific condition that
allows macroscopically sized physical clusters to increase, the restriction given by Eq. (46)

should require P(r) and D(r) to behave as

0 < lim, o P(r) < 1,
0 <lim, o, D(r) < 1,
lim, oo [P(r) + D(r)] = 1.

If macroscopically sized physical clusters in the fluid can continue to grow beyond the
percolation threshold, then particles that contribute to the magnitude of D(r) should de-
crease toward zero. At the final stage of the physical cluster growth, the existence of many
macroscopically sized physical clusters requires the two correlation functions to behave as
follows:

lim, o P(r) =~ 1,

lim, ., D(r) =~ 0,

lim, o0 g(r) ~ lim, o P(r).
The above relations should be satisfied at least near the triple point where relation
(1/V) [, D(r)dr ~ 0. The transition from the liquid state of the fluid to the solid state at

least at the triple point should be aided by the enhancement and development of macro-

scopically sized physical clusters in macroscopic V.

(c) Integral equations for correlation functions including the pair connectedness
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Pair connectedness P(r;;) ( ri;; = |r; — rj|) is given as the sum of the contributions
obtained from every diagram that has at least one path of all f* bonds between the root
points corresponding to the two coordinates, r; and r;. Pair correlation function g(r;;) is
given as the sum of contributions obtained from every diagram formed by paths of f-bonds
between the root points, according to the density expansion of g(r;;).%'° Moreover, Eq. (15)
with Eq. (17) and (16) requires g(r;;) to be given the sum of the two contributions that
correspond to the contribution of the nodal diagrams having nodal points and the other
contribution of the non-nodal diagrams having no nodal point. A nodal point is a specific
field point in a diagram, and missing the field point in the diagram means that the diagram
is separated into two groups, i.e., one group including a root point and the other group
including the other root point.

Based on the example of g(r;;), the diagrams contributing to P(r;;) are separated into
two groups. One consists of the nodal diagrams of f*-bonds and the other is the remaining
group consisting of the non-nodal diagrams of f*-bonds. This means that P(r;;) is expressed

as
P(rij) = N"(ri;) + C*(ry),

where N (r;;) is the contribution of all nodal diagrams having at least one path of all f*-

bonds between the two root points, and C*(r;;) is the contribution of all non-nodal diagrams

having at least one path of all f*-bonds between the two root points.

In the Ornstein-Zernike equation,’ the contribution of all the non-nodal diagrams consist-
ing of paths of f-bonds between the two root points corresponds to direct correlation function
c(rij). According to the Ornstein—Zernike equation, g(r;;) — 1 is equal to N(r;;) + c(ri;),
in which N(r;;) represents the contribution of all the nodal diagrams consisting of paths
of f-bonds between the two root points, and N(r;;) is given as the convolution integral
p [ c(ri)lg(re;) — 1]dry, which is simplified using r; = |r; — ry| and rg; = v — 1y,

If an analogy with the Ornstein—Zernike equation is assumed, then the convolution inte-
gral of the product of C*(ry,) and P(ry;) should yield N*(ry;) = p [ C*(ry)P(ry;)dry. This
consequence and P(r;;) = C*(r;;) +NT(r;;) result in an integral equation that is required to
estimate P(r;;).> Hence, the pair connectedness P(r;;) is given as a solution of the integral
equation expressed as

Plryj) = C*(ryj) + p /V C* (P (1), (49)
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where C'*(r;;) is an unknown function. Eq. (49) has the same mathematical structure as
the Ornstein—Zernike equation, and it is used in the limit V' — oo,

An integral equation for the correlation function D(r;;) can be obtained by considering
the Ornstein—Zernike equation. Equation (38) allows the Ornstein—Zernike equation to be

expressed as

,P(Tij) + D(Tz‘j) —1= C(Tz‘j) + p/vc(rik)P(Tkj)drk

Ty /V (ra)[D (1) — 1)dry.. (50)
This equation must involve the contribution of the pair connectedness P, which should be
estimated by Eq. (49). If the contribution of non-nodal diagrams that do not include the
paths of all f*-bonds between ¢ and j particles is expressed as C*(r;;), then direct correlation
function ¢(r;;), which represents the contribution of all non-nodal diagrams consisting of
paths of f-bonds between the two root points, must be equal to the sum of C*(r;;) and
C™*(rij). Thus, c(r;;) is expressed as
c(riz) = C™(ryg) + C*(ry5)- (51)
Then, C*(r;;) is the contribution of all non-nodal diagrams having at least one path of all
f*-bonds between the two root points. The ensemble of particle pairs that contribute to
the magnitude of C*(r) is the same as that contributing to P(r). Similarly, the ensemble
of particle pairs that contribute to the magnitude of C*(r) is the same as that contributing
to D(r).
If Eq. (49) is considered, then the substitution of Eq. (51) into Eq. (50) results in an
integral equation that is equivalent to both an integral equation derived by Stell?® and

another one derived by Chiew et al.® This integral equation is expressed as

H(rij) :C*(T’Z‘j) + p/VC*(Tzk)P(Tk])drk

"—p/“/ C+(7"ik)7'[(7'kj)drk + p/VC*(Tik)H(rkj)drka (52)
where
H(rij) = D(ry) — 1. (53)

In Eq. (52), C*(r;;) is an unknown function. The integral equation system composed of Eqgs.
(49) and (52) is equivalent to the Ornstein—Zernike equation, which has been successful for

examining a fluid in both the gas and liquid states.
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According to Eq. (51), an integral equation system consisting of Eqgs. (49) and (52)
is equivalent to the Ornstein—Zernike equation. Equation (49) contributes to estimating
the formation of physical clusters, and Eq. (52) contributes to estimating an effect of the
physical cluster formation. In fact, the second term and the third term on its right-hand side
in Eq. (52) represent a way to induce an effect of the formation of physical clusters on the
correlation function H. An effect of these terms should play a role in explaining phenomena
owing to the formation of physical clusters.

For a specific fluid system in which no physical cluster formation is expected, Eq. (52) is

simplified as
H(Tij) = C*(Tij) + p/ C*(Tik)H(Tkj)dI'k. (54)
v

When the gas phase of a fluid and the liquid phase of the fluid are in equilibrium, Eq.
(54) is applicable to examining the behavior of this gas phase, and Eq. (52) is applicable to
examining the behavior of that liquid phase. In addition, when |P(r)/D(r)| < 1 is satisfied,

the following relation can occur:

< ‘H(’f’z’j)

g /V C* (ra P (i )dlrg + p /v CF (1 M ()l | (55)

Eq. (54) can be an appropriate approximation even for a fluid involving the formation of

physical clusters if the condition |P(r)/D(r)| < 1 is satisfied for the fluid.
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4. FEach closure scheme for solving each integral equation

(a) Two closure schemes

According to the PY approximation, an approximate relation between P(r;;) and C'*(r;;)
can be given within the effective range, where the contribution of u(r;;) to a mutually
attractive force, which makes particle i interact with particle j, cannot be neglected.® An
approximate relation between D(r;;) and C*(r;;) can also be given within the effective range.
As a result, an aid of the PY approximation allows for the characterization of P(r;;) owing
to a pair potential. Moreover, it allows for the characterization of D(r;;) owing to a pair
potential.

The pair correlation function ¢g"¥(r;;) owing to the PY approximation is expressed as
gvY (rij)ePris) = 1+ N(ry). If relations e i) = f+(r;) + f*(ri;) + 1 and N(ry) =
N7*(ri;) + N*(r;;) are both considered, the the PY approximation is rewritten as

9" (ri) =1 (rij) [1 + NF(ry) + N*(Tz‘j)} + [f*(n-j) + 1} N*(ri;)
—I—[f*(rij) n 1} {1 + N*(rij)] (56)

Equation (38) requires that the right-hand side of Eq. (56) be formed by the sum of the
terms contributing to P(r;;) and the terms contributing to D(r;;). If three relations such
as P(ri) + D(rij) =~ g"¥(ri;), P(ri;) = CT(rij) + N(ri;), and an expression of the PY
approximation g¥Y (r;;)eu("i) = 1+ N(r;;) with N(r;;) = N*(ry;) + N*(r;) are considered,
then Eq. (56) is allowed to be divided into two formulae. Thus, one of the two formulae is
P(riy) = [Hrig)g" (rig)e™ )+ [f*(riy) + WP (ryy) — C* ()], (57)
and the other is
D(rij) = [f*(riy) + Ulg™ (ri) — ¥ (rig) = Plriz) + CF(ryy))], (58)
where Y (
as Y (ry;) /(1 — ePulria)) = g™ (ry).
If Egs. (36) and (37) are considered with Eq. (30), then Eq. (57) can be rewritten as

2F[3/27 w(rij)]
wl/2eBulrij) — 2F[3/2, 'LU(?"Z‘]')]
~ 2{T(3/2) = T[3/2, w(ry)] e ) Y (ry))
C wl2eButry) — 2T[3/2,w(ry;)] 1 — ePulrii)’

ri;) is the direct correlation function owing to the PY approximation and is given

P(rij) + C*(rig)
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where w(r;;) = —Bu(r;)0[—PLu(ry)] (0lz] =1 (0 < x), 0[z] =0 (0 > z)). Eq. (59) can be
used as a closure scheme for Eq. (49) if ¢;;* (r) is given.

If Egs. (38) and (51) are considered, then Eq. (58) can be rewritten as

2I'[3/2, w(r;;)]
2F[3/2, IU(’I“Z‘J')] — 7T1/2€f8u(7'ij

D(ry) = 7O (i) (60)

An estimate of D(r;;) is allowed from considering Eq. (60) as a closure scheme for Eq. (52) if

P;j(r) is estimated with the use of Eq. (49). Although Egs. (59) and (60) can be used when
either fu(r;;) < 0 or Su(ry) > 0, fu(ry;) > 0 requires Pi;(r) = 0, CT(r;;) = 0, D(ry;) # 0,
and C*(r;;) # 0.

Egs. (59) and (60) enable P(r;;) and D(r;;) to be characterized by a pair potential if
¥ (ri;), CT(ri;), and C*(r;;) are given. Moreover, Eqgs. (59) and (60) suggest that separating
P(r;;) from g(r;;) allows a pair potential characterizing P(r;;) to be made different from a
pair potential characterizing D(r;;). Even if a pair potential controlling the behavior of
pair particles can depend on relative momenta of particles, the use of Eqgs. (59) and (60)
enables P(r;;) and D(r;;) to be estimated. A pair potential in a situation ( I ) where the
contribution of a mutually attractive force between pair particles exceeds the contribution
of the relative kinetic energy between them can differ from that in a situation ( II ) where
the contribution of the relative kinetic energy between them exceeds the contribution of the
mutually attractive force between them. The difference between a pair potential in situation
(I) and that in situation ( IT ) may occur in a fluid system consisting of molecules that can

form hydrogen bonds between them.

( b)) Necessity of distinguishing between u* and u*

When the integral equation system given by Eqgs. (49) and (52) is solved, the character-
istics of attractive forces that act between particles contributing to the magnitude of P(r;;)
are permitted to differ from the characteristics of attractive forces that act between particles
contributing to the magnitude of D(r;;). A pair potential u*(r;;) that can characterize the
former attractive forces can differ from a pair potential u*(r;;) that can characterize the
latter attractive forces.

Attractive forces among particles can depend on bond angles, torsional angles, and the
coordination number of particles.?#3% Many-body effects are generated as the dependence of

attractive forces on bond angles, torsional angles, and the coordination number of particles.
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If pair potentials are made to function as a model for simulating effects of the attractive
forces, then the features of the pair potentials must be affected by the many-body effects.
The simplest model is one that allows the mean features of the many-body effects to be
treated as spherically symmetric contributions such as u™(r;;) and u*(r;;). Such pair poten-
tials that should be derived as the model must characterize the mean features of attractive
forces acting among particles.

At a specific temperature that cannot allow a fluid to maintain a locally and transiently
ordered microscopic structure, the many-body effects should be ignored even in a dense gas
state. If a locally and transiently ordered microscopic structure is found even in the gas
state of a fluid, then the many-body effects should not be ignored. The many-body effects
can depend on the degree of the kinetic energies of particles because attractive forces can be
affected by bond angles, torsional angles and the coordination number of particles. Then,
the simplest model for examining effects of such attractive forces is one that allows u™(r;;)

to differ from u*(r;;).

(¢ ) Simple closure scheme in the MSA

The use of the closure scheme given by Eq. (59) is not practical as a way to solve Eq. (49)
analytically. Fortunately, Eq. (49) has the same mathematical structure as the Ornstein—
Zernike equation. The Ornstein—Zernike equation can be solved analytically for some fluids
if the MSA30 is used. In the MSA, the direct correlation function c(r) is given as the sum
of the short-range contribution °(r) and the long- range contribution —Bu(r). This means

that ¢(r) is expressed as

o(r) = c(r) = Bu(r) (61)
A(r)=0, for r>o, (62)

where o is the diameter of the hard core of a particle. If C*(r) is given in the same form as
c(r) given in the MSA, then the procedure for solving Eq. (49) can be simplified, as found

in the procedures for solving the Ornstein—Zernike equation in the MSA.

i) Recursive solution for the Ornstein—Zernike
According to the MSA 193¢ the direct correlation function, ¢(r), outside of the range in

which the contribution of the hard-core interaction is effective, remains effective within the
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range where the magnitude of u(r) cannot be neglected. ¢(r) decays to zero as rapidly as
—[Bu(r), which retains a microscopic feature. This means that the ranges within which the
correlation functions C*(r) and C*(r) are not zero remain microscopic sizes because of Eq.
(51). The correlation function g(r) — 1 decays to zero much more slowly than c(r).!3!®
Thus, the behavior of g(r) — 1 is different from the behavior of ¢(r), which has a tendency
to maintain the microscopic feature.

This is demonstrated by the solution that is obtained by solving the Ornstein—Zernike

equation recursively. The solution is given as a function of r as the distance between particle

1 and particle 2. This is expressed by

g(r) —1=c(r)+ p/ c(ri3)c(rsg)drs

v
+pp/ / c(ri3)c(raq)c(ryg)drsdry + - - - | (63)

vJv
where the convolution integrals denote contributions from particle 3, particle 4, -- -, which

are distributed around particle 1 and particle 2 that exist away from each other at a distance
r. Contributions from particle 3, particle 4, -- -, make the behavior of g(r) — 1 differ from
the behavior of ¢(r).

Pair correlation function ¢(r), which must satisfy the Ornstein—Zernike equation, in-
volves the contributions of many particles, which are expressed as the convolution integrals
of c(r13)e(rsg) -+ - e(rma) (m = 3,4,5,--+) found in Eq. (63). This means that the pair cor-
relation function g(r), derived from the use of an approximate ¢(r), involves contributions
of many particles, even when the approximate ¢(r) is obtained from the contributions of
limited principal particles. Even without the use of an accurate ¢(r) obtained from the
contributions of all the particles that should be considered, the mathematical procedure for
making g(r) satisfy the Ornstein—Zernike equation makes it possible to address the necessity

of considering the contributions of many particles.

ii ) Concept for the MSA

When the relation between the distance r and the hard-core diameter o of each particle
satisfies < o, relation g(r) — 1 = —1 should be satisfied. Hence, Eq. (63) requires ¢(r)
to be negative even for /o ~ 1 if 0 < r/o < 1 is satisfied. Every convolution integral in
Eq. (63) cannot always positively contribute to the magnitude of g(r) — 1. Nevertheless,

the magnitude of g(r) — 1 can remain a positive finite value at a large r that is out of
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the effective range where ¢(r) # 0. This means that convolution integrals that positively
contribute to the magnitude of g(r) —1 are dominant in Eq. (63) at a large r, where ¢(r) ~ 0
is satisfied. Thus, the manner in which the direct correlation function ¢(r) contributes to
the magnitude of ¢g(r) — 1 denotes that the long-range contribution characterized for o < r
differs from the short-range contribution characterized for » < ¢. This behavior agrees with
the concept for the MSA| i.e., that ¢(r) is given as the sum of the short-range contribution

and the long-range contribution.

iii ) Relations of C*(r) and C*(r) with c(r)

The direct correlation function ¢(r) is the contribution of all non-nodal diagrams consist-
ing of paths of f-bonds between the two root points. Similarly, C*(r) is the contribution of
all non-nodal diagrams having at least one path of all f™-bonds between the two root points.
C*(r) is the contribution of non-nodal diagrams that do not include paths of all f*-bonds
between the two root points. The similarity among these diagram structures suggests that
both the behavior of C*(r) and the behavior of C*(r) should be similar to the behavior of
¢(r). According to the MSA 3¢ direct correlation function ¢(r) is given by Eqgs. (61) and (62),
and outside the effective range of the hard-core potential, ¢(r) behaves as the sum of the
long-range contribution ¢(r)/(—Bu(r)) = 1 and the short-range contribution c’(r) = 0. Ac-
cording to the similarity between ¢(r) and C'*(r) with respect to the diagram structures, the
behavior of CT(r) is given as the sum of the short-range contribution expressed as C°T(r)
and the long-range contribution to C'*(r). According to the similarity between ¢(r) and
C*(r) with respect to the diagram structures, the behavior of C*(r) is given as the sum of

the short-range contribution expressed as C%*(r) and the long-range contribution to C*(r).

( d ) Behavior of C*(r) found for 0 < —fu(r) < 1 at a large r.

The behavior of C*(r) at a large r can be readily determined. If the distance r be-
tween particle 1 and particle 2 is sufficiently large, then |Su(r)| should be sufficiently small.
Equation (30) can then be approximated as

) = g (~Bu(r)"? = == (~Bu(r))””
+ 2 (—=Bu(r)? 4. (64)

e
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If p(r) given by Eq. (64) is substituted into Eq. (59), then the following formula is obtained:

ot = 5[5 el =B = 2 (< Bulr)) ]
+P(r) [<Bulr) = 3o (Bul) = S+ o (<Bu(r) 2 4] (65)

A long-range contribution to C*(r) is obtained from Eq. (65) by considering an assump-

tion that is made for 1 < r/o as

P(r) ~ [—pu(r)]” with 1<uw,

0 < —pu(r) < 1.
Here, o is the diameter of the hard-core of each particle. At the minimum, relation
P(r)/[g(r)—1] < 1is always satisfied because of g(r)—1 = P(r)+D(r)—1 and 0 < D(r)—1.
This relation is consistent with Eq. (48) that is satisfied without the percolation of physical
clusters. Thus, the magnitude of P(r) for 0 < —fu(r) < 1 should satisfy

gr)—1_ P(r)

—Bu(r) — —pu(r)
The MSA yields ¢”Y (r) /[~ Bu(r)] = 1 for 1 < r/o. Then, a general assumption lim,_,, u(r) =

0 allows ¢"Y(r) = Y (r)/{1 — exp[Bu(r)]} owing to the PY approximation to result in

_ PY
lim g()—l = lim L ¢ () — 1] = 1
rooo —fu(r)  roeo —fu(r) L1 — exp(Bu(r)) 2
Therefore, the above general assumption allows the following relation to be derived

1 P(r)
5 > r1—>oo —ﬂu( ) > 0.

This result denotes that the behavior of P(r) for 1 < r/o and 0 < —fu(r) < 1 is expressed

as P(r) ~ [—Bu(r)]” with 1 < v. Owing to this behavior of P(r), a long-range contribution?
to C*(r) is found from Eq. (65) as

Ct(r)~ [—ﬁu('r’)}gﬂ, (for 1 <r/o and 0 < —fu(r) < 1). (66)

4
3T
(‘e ) Behavior of P(r) found for 0 < —fu(r) < 1.
The expansion of Eq. (59), which is obtained in powers of —fu(r) for |fu(r)| < 1 based
on the substitution of p(r) expressed by Eq. (64), can be given instead of Eq. (65) as follows

() 4 1/2 64 3/2
P __—ﬁu(r)[ \/‘(_B“( )Y +_( Pulr)) + (277T3/2 - 5\/—)( Bu(r)*? +
C*(r) e /1
+ [ 3y (g g ) o+ ] (67)
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The use of Eq. (66), which is obtained under the condition that no percolation of physical

clusters occurs, enables Eq. (67) to yield an approximate behavior of P(r) for |fu(r)| < 1. If

relation Y (r)/(—Bu(r)) = 1 given for the MSA is considered at each r satisfying 1 < r /o,

then Eq. (67) allows the approximate behavior of P(r) to be expressed as

o
15y/7

P(r) given by Eq. (68) directly depends on the feature of Su(r). Then, the effective range

P(r) (=Bu(r)*? for 0< —Bu(r) < 1. (68)

within which Su(r) remains nonzero finite values can be microscopic. Hence, the magnitude
of P(r) given by Eq. (68) involves contributions from only limited particles. Despite this, if
each physical cluster formed in a fluid where no percolation occurs has a fractal structure,
P(r) given by Eq. (68) should represent the characteristics of the fractal structure within
the rang where Su(r) remains nonzero finite values.>” Physical clusters can grow beyond the
range that depends directly on the feature of Su(r). The physical clusters can hold a fractal

structure as discussed in II BS.

( ) Simple closure scheme for Eq. (49)
i) Simple closure scheme for estimating P(r)

The similarity between the behavior of ¢(r) and the behavior of C*(r) with respect to
the diagram structures should allow the behavior of C*(r) to be given as the sum of the
short-range contribution expressed as C°"(r) and the long-range contribution to C*(r).
An approximate C'*(r) given by the sum becomes a simple closure scheme for the integral
equation given by Eq. (49). The long-range contribution to C*(r) is given by Eq. (66).
Thus, a simple closure scheme similar to the MSA is expressed as

0 4 3/2
CH(r)=C""(r) + m(—ﬁu(r)) 2 for pu(r) <0, (69)

where for the short-range contribution C°*(r) the behavior similar to °(r) is required ac-

cording to an analogy with the MSA. Thus, C°"(r) should be given as
C%(r)=0, for o< (70)

The most completely short-range interaction between pair particles must be attributed to a
hard-core potential. For diameter o of the hard core of each particle, the hard-core potential
does not directly contribute to the interaction between the pair particles for ¢ < r. Thus,

Eq. (70) should be justified as an approximate expression, according to the MSA.
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ii ) Recursive solution for P(r)

According to the MSA, ¢(r) decay to zero as rapidly as —fu(r), which retains a micro-
scopic feature. Eq. (69) demonstrates that C*(r) behaves in a way similar to ¢(r); however,
Eq. (69) requires it to decay to zero more rapidly than —Su(r). Then, the effective range
of —fBu(r) can remain a microscopic size. Despite this fact, P(r) can still have a finite
value that is nonzero even out of the effective range. This can be explained via a recursive
solution. The solution is obtained from solving Eq. (49) recursively in the same manner as
the mathematical procedure for solving the Ornstein—Zernike equation. Thus, the integral
equation expressed by Eq. (49) has a recursive solution given as

P(r) =C*(r) +p / C* (1) C'F () ey

+Pﬂ/v /v CT(r13)CH (r3q)C" (r49)drsdry + - - - . (71)

According to Eq. (71), if particle 2 is located at a distance r from particle 1, then the
probability that both particle 1 and particle 2 belong to the same physical cluster can be
increased by the contribution of other particles (3,4,---). Each term on the right-hand
side of Eq. (71) has a magnitude proportional to the above probability while depending
on the contribution of other particular particles (3,4,---). Although the first term C*(r)
without the contribution of other particular particles is the exception, the first term is also
proportional to the probability that both particle 1 and particle 2 belong to the same physical
cluster. If the contributions of particles (3,4, - -) distributed around particle 1 and particle

2 are nonnegligible, then it is possible for P(r) to remain nonzero, even out of the effective

range in which C*(r) # 0.

iii ) Conwvolution integrals synthesizing recursive solution

Each convolution integral on the right-hand side of Eq. (71) is positive because 0 < C*(r)
is satisfied everywhere because of 0 < P(r) (0 < r). In Eq. (63), the convolution integrals
must not always be positive as ¢(r) is negative for 0 < r/o < 1 because g(r) — 1 ~ —1
(0 < r/o < 1) is satisfied. The contributions of particles (3,4,---) distributed around
particle 1 and particle 2 to P(r) seem different from their contributions to g(r). Despite
this, Eq. (63) corresponds to the sum of the contribution from D and the contribution from P,

according to Eq. (38). The contribution of Eq. (71) to ¢g(r) is hidden in the expression of Eq.
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(63), although Eq. (63) is obtained from the Ornstein—Zernike equation. The contribution
of Eq. (71) to g(r) should be considered the contribution of the physical cluster formation
to g(r).

In addition, the pair connectedness P(r), which must satisfy the integral equation given
by Eq. (49), involves the contributions of many particles, which are expressed as convolution
integrals found in Eq. (71). This means that the pair connectedness P(r) derived from the
use of an approximate CT(r) involves the contributions of many particles, even when the
approximate CT(r) results from contributions of limited principal particles. Even without
the use of an accurate C*(r) obtained from the contributions of all the particles that should
be considered, making P(r) satisfy the integral equation given by Eq. (49) enable us to

address the necessity of considering the contributions of many particles.

(g ) Simple closure scheme for Eq. (52).
i) Simple closure scheme for estimating H(r)

If Bu(r) is positive, there is no particle pair that contributes to the magnitude of C'*(r)
and then every particle pair contributes to the magnitude of C*(r). Even if Su(r) is negative,
then particle pairs contributing to the magnitude of C*(r) exist. The magnitude of C*(r)
results from the contribution of non-nodal diagrams that do not include paths of all f*-bonds
between the two root points 1 and 2. Particle pairs contributing to the magnitude include
particular pairs. Then, each of the particular pairs is formed by two particles interacting in
an unbound state where the contribution of the relative kinetic energy of the pair particles
exceeds the contribution of the mutually attractive force between them.

If the MSA and the behavior of P(r) given by Eq. (68) are considered, then Eq. (38) and
the PY approximation g*Y(r) = ¢ (r)/{1 — exp[Bu(r)]} result in

D(r)—1=~ —%BU(T) for 1 < r/o. (72)

Eq. (72) denotes the behavior of D(r) found for 0 < | — Su(r)] < 1 at a large r. Then,
particles contributing to this behavior are very limited.

The behavior of D(r) — 1 at a large r allows Eq. (60) to lead to
C*(r) =~ —fu(r) for 1< r/o. (73)

This is the long-range contribution to C*(r). Thus, the use of Eq. (73) allows the behavior

of C*(r) to be approximately expressed as the sum of the short-range contribution expressed
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as C%(r) and the long-range contribution to C*(r) according to an analogy with the MSA.

This means that an approximation of C*(r) is given for either Su(r) < 0 or Su(r) > 0 by
C*(r)= C%(r) — Bu(r), (74)
C™(r)=0, for r > o. (75)

The hard-core potential does not directly contribute to the interaction between them for

r > o. Thus, Eq. (75) should be justified as an approximate expression, according to the

MSA.

ii ) Recursive solution for H(r)

Eq. (75) demonstrates that C*(r) behaves in a way similar to ¢(r) and decays to zero as
rapidly as —fu(r). Then, the effective range of —fu(r) can remain a microscopic size. De-
spite this fact, H(r) can still have a finite value being nonzero even out of the effective range.
This can be explained via the solution that is obtained from solving Eq. (52) recursively.

The integral equation expressed by Eq. (52) has the recursive solution given as

H(r) =C*(r) + p / (13)C* (ra)des + pp / /V (r13)e(rsa) O™ (1) drsdry +

\%4

—I—p/C*(rlg)P(rgg)drg—I—pp/v/Vc(rlg)C*(r34)73(r42)dr3dr4

+ppp/v/V/Vc(rlg)c(r34)0*(7"45)77(7"52)dr3dr4dr5 + e (76)

In Eq. (76), the convolution integrals denote the contributions from particle 3, particle 4,
-+, which are distributed around particle 1 and particle 2 that exist away from each other
at a distance r. The contributions from particle 3, particle 4, ---, make the behavior of
H(r) differ from the behavior of C*(r). The magnitude of H(r) can retain a nonzero finite
value at a large r out of the effective range in which C*(r) # 0.

Correlation function H(r) that satisfies Eq. (76) involves the contributions of many parti-
cles that participate in the convolution integrals. The correlation function #H(r) derived from
the use of an approximate C*(r) involves the contributions of many particles, even when the
approximate is obtained from the contributions of limited principal particles. Even without
the use of an accurate C*(r) obtained from the contributions of all the particles that should
be considered, the mathematical procedure for making #(r) satisfy Eq. (52) enables us to

address the necessity of considering the contributions of many particles.
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5. Percolation of physical clusters in Yukawa fluid specified by x*

( a ) Percolation phenomena

In a fluid system, each physical cluster of particles is formed via bonds between the
particles. A bond occurring for particle pair is defined as a bound state in which relation
E(p) + Pu(r) < 0 corresponding to Eq. (28) is satisfied for the particle pair. The bond
denotes the situation where the contribution Su(r) of the attractive interaction between
two particles exceeds the contribution £(p) of their relative kinetic energy. An ensemble of

particles linked with each other via bonds corresponds to a physical cluster.

The fluid system involves the smallest clusters formed by only a single particle, the second
smallest clusters formed by two particles, ..., and the largest clusters formed by a number
of particles. Percolation of the physical clusters corresponds to the case that the mean size
of the physical clusters becomes comparable to the number of particles contained in the fluid
system. The percolation of physical clusters can be estimated using the pair connectedness.
A Yukawa fluid is a fluid system used to analytically estimate the percolation of physical

clusters.

An alternative definition concerning a bond formed between two particles is given as
Hill’s idea?, and the formation of a bond depends on distance r between a particle and
another particle. According to the idea, a bond is formed between the two particles if r
satisfies r < ry, for ry having a special value. A situation where £(p) > —pu(r) is satisfied
for r < rg should be distinguished from another situation where £(p) < —pu(r) is satisfied
for r < ry. However, the definition, depending on distance r does not allow us to distinguish
between the two situations. If this difficulty is avoided using a definition subjected to the
relation &(p) + Bu(r) < 0 for a fluid consisting of atoms or molecules, then the temperature

dependence of percolation can be satisfactory.

A Yukawa fluid system can allow particular attention to be paid to the dependence of
the liquid-phase stability on the effective range of the attractive force, which occurs for a
Yukawa potential working as a pair potential between two particles forming each pair.?® Such
a Yukawa fluid system also should allow us to obtain the dependence of the generation of the
percolation state on the effective range of the attractive force. In fact, the dependence of the
generation of the percolation state on the effective range can be dertermined for Yukawa fluid

systems with an adjustable parameter.?” The dependence can also be determined for other
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fluid systems composed of core-soft-shell spheres with an attractive square-well potential.®®

Structures of physical clusters are influenced depending on whether dominant one is the
particle-cluster aggregation or the cluster—cluster aggregation as the formation process of
physical clusters. A specific fractal structure of physical clusters is obtained from a forma-
tion process in which the cluster-cluster aggregation is dominant.*® The fractal dimension
that specifies the structure can depend on the formation process of the physical clusters.
Examining the pair connectedness should yield the fractal dimension that can characterize
the physical clusters formed in a fluid system.

The use of the pair connectedness is meaningful for analyzing phenomena that involve
the physical cluster formation. Many phenomena can be found as those depending on the
sizes of physical clusters. The electrical conductivity of liquid mercury maintained at a low
density at a temperature near the critical point T, decreases at a rather steep gradient as
the density of mercury, pg,, decreases.!® The difference between the absorption of infrared
at a particular density p’Hg and that at a density below p},g increases as the temperature
decreases. This difference at temperatures lower than 7, is much larger than that near 7.2
For a H, fluid near T,, the real part of the dielectric constant determined using optical
reflectivity and absorption measurements increases sharply at a particular density as ppg,
increases.? To induce these phenomena, the formation of physical clusters of H,-atoms in
each H,-fluid can play a role. The lowest energy required for exciting an electron of each
metallic atom constituting a physical cluster decreases toward zero as the number of metallic
atoms forming the physical cluster increases. The distribution of physical cluster sizes in
a fluid consisting of metallic atoms is a factor that determines the dependence of optical
absorption on the frequency of light.?*

Near liquid-vapor critical points, the viscosities of fluids exhibit an asymptotic divergence.
Berg and Moldover?? determined the critical exponent that can characterize the asymptotic
divergence by measuring the viscosities of carbon dioxide and xenon near their critical points.
In these fluids, the distribution of particles can never be uniform owing to the large density
fluctuations caused by the formation of physical clusters. Such fluctuations can result in a
characteristic increase in the viscosities of fluids near the critical points.*!

An mutually attractive force between the particles for each particle pair can drive the
phase separation, and it is assisted by the physical cluster formation. The mean size of the

physical clusters can be affected by the effective range of the attractive force. Therefore,
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the dependence of the liquid phase stability on the effective range of the attractive force3®

should be related to the sizes of physical clusters.

( b ) Practical closure scheme for Yukawa fluid

In a Yukawa fluid, motion of each particle is subject to a Yukawa potential being a pair
potential that contribute to the mutually attractive force between two particles consisting
of each pair. Moreover, each particle carries the hard core of diameter ¢. The Yukawa
potential can, then, be described by
Ky

Buy (r) = —kodd—

(77)

)
T

where kodd is defined by
kodd = K e, (78)

In Eq. (78), a parameter K corresponds to the maximum depth of the Yukawa potential. In
Eq. (77), the magnitude of x~! denotes the effective range in which the pair potential can
effectively contribute to the interaction between two particles.

Then, the long-range contribution to C*(r) is caused by the Yukawa potential. This
allows Eq. (69) to yield a closure scheme corresponding to the MSA. With accompanying

Eq. (70), this closure scheme is expressed as follows:

) = 0% (1) + g (~Buy ()"
C"(ry=0 (1<r/o).

(79)

Here, mathematical procedures for analytically solving the integral equation given by Eq.
(49) require the long-range contribution to C*(r) in Eq. (79) to be modified. The modifi-

cation allows a practical closure scheme to be given as

CT(r) = C"(r) + kdde™*" /r (50)
C"(r)=0 (1<r/o),
where
kjo = [4/(3y/)](ko/0)*? exp[f,)
d = d3/? (81)

zZo = (3/2)ko + f.
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In Eq. (81), a coefficient f, is defined by

? 1
f,,E(%—l) Y l<v<oo; i=3). (82)

v—1

Hence, the use of the practical closure scheme given by Eq. (80) allows physical quantities
obtained from a solution of Eq. (49) to depend on a parameter v.

The practical closure scheme given by Eq. (80) means that 1/r%/? (i = 3,5,---) is

approximately expressed as

Q

Tﬁl/{z (c7"/** VY exp[n/2 — 1] exp[—(n/2 — 1)r/o]/r, (v=1, A =3,5---),

Tf}/Q ~ (072 Y explf,] exp[—for/o]/r, (1<v<oo, A =235--), (83)
7%/2 ~ afﬁ7{2+1’ (l/: 00, ﬁ:3757...)’

where f, is defined by Eq. (82). In the case of v = 1 and n = 3, the approximation given
by Eq. (83) somewhat underestimates the long-ranged contribution of C*(r). In the case
of v = oo and n = 3, the approximation given by Eq. (83) somewhat overestimates the
long-ranged contribution of C*(r). On applying the Yukawa potential to Eq. (79), the
contribution of the factor (e=*")3/2 to the decay of C*(r) can be much more dominant than
the contribution of the factor (1/r)*? as r increases. Considering this, the contribution
of the factor (1/r)3/? can be approximated by the contribution of 1/r in Eq. (79). This
corresponds to the case of v = oo, which can become a reasonable approximation for a
large k. For an extremely small k, the decay of C*(r) cannot strongly depend on the factor
(e7"")3/2. Then, the decay of C*(r) deviates from the decay given for v = oo by Eq. (80).
However, the decay of C*(r) is located between the decay given for v = oo by Eq. (80) and
that given for v = 1 by Eq. (80).

If Eq. (49) can be exactly solved with the closure scheme given by Eq. (79), then it
is expected that the value of P(r) that is assessed from a solution obtained in a specific
condition can be found between two values. In this condition, one of the two values is
assessed from a solution of the integral equation system formed by Egs. (49) and (80) when
specified by v = co. Under the same condition, the other is assessed from the solution when
specified by v = 1. The expectation mentioned here is caused by the practical closure given
by Eq. (80). If the value of v satisfies 1 < v < 0o, then the approximation given by Eq. (83)
can allow the value of P(r) estimated with the use of Eq. (80) to fall between the value of

P(r) given in the case of ¥ = 1 and the different value of P(r) given in the case of v = cc.
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All physical quantities that are estimated from a solution P(r) obtained from Eqs. (49)
and (80) depend on the value of v, as demonstrated by the phase diagrams given in Fig. 35.
Therefore, the coefficients C+© and 6+(2), which are defined by the integration being given
by Eq. (116), depend on the value of ¥ when the practical closure given by Eq. (80) is used.
Indeed, the internal energy and the pressure that are estimated from the use of the solution

P obtained from Egs. (49) and (80) depend on the value of v.*?

( ¢ ) Determining reasonable value of f,
It is necessary to determine a reasonable value of f,, which makes Eq. (80) become a

suitable approximation of Eq. (79). Equation (80) requires that 7(r) defined as
m(n/2;7) = 1/r"2 (A =3,5--)
be approximated by m,(7n/2;7) defined as
Ta(R)2;7, f,)) = o el exp[—(f, /o)r]/r.

For arbitrary f, that is not restricted by Eq. (82), the functions 7 and m, satisfies at r = o
m(1/2;0) = ma(/2;0, f,).

Despite this, the decay of m,(n/2;7, f,) toward zero is faster than that of m(n/2;r) toward
zero for a large r. Then, a way to reasonably determine the value of f, is necessary.

There is a particular value of f, for which the integral of m,(n/2;7, f,) for the interval
o < r < oo is equated with the integral of 7w(n/2;r) for the interval o < r < oo. At the

value of f,, the following relation is satisfied:
/00 w(n/2;r)dr = /00 mwa(n/2; 7, f,)dr. (84)
Equation (84) results in
(7/2=1)7" = —elEi(~f,), (2 =3,5,---), (85)

where the exponential integral Ei(xz) is defined as Ei(—z) = — [ et dt (z > 0). In Eq.
(85), Ei is estimated as

El(_fl/) =In fV + 8 + Z(_l)mw

mm)
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FIG. 1. Comparison between 7m,(72/2;7, f,) and 77 (7/2;7); (7 = ¢™/?) for i = 3. Dashed curve

corresponds to 77, (1/2;7, f,,). Thick curve corresponds to 77 (7n/2;7).

In the above, v is Euler’s constant given as

m—00
k=1

v = lim [Z—lnm] = 0.5772156649 - - - .

Equation (85) specified for n = 3 is satisfied for f, = 0.1018532115--- (corresponding to
v =13.93091523 - - - ).
In Fig. 1, a comparison between the decay of 7m(n/2;r) and the decay of 7m,(n/2;r, f,)

can be confirmed for f, = f,, , specified by n = 3. Then, 7 is defined as 7 = o™?, and Jvass
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is given for n = 3 as

fusj» = 0.1018532115. (86)

( d ) Solution of integral equation

The use of Baxter’s @ function*® has allowed several analytical calculations for the
Ornstein—Zernike equation.?3® The use of Baxter’s @) function enables Eq. (49) also to
be solved analytically.?” Then, it is useful to consider the closure scheme given by Eq. (80).
The Fourier transform of the integral equation given by Eq. (49) is a useful and mathematical
treatment.

A Fourier transform of a correlation function symbolized by F(r) is expressed as F(k).

Then, F(k) is defined by

F(k) = limy o p [, F(r) explik -r]dr, (r=|r|, k= [k|),

F(0) = limy_,o0 p [, F(r)dr,

(87)

For use of the above notation, the Fourier transform allows Eq. (49) to be expressed as
[1 + ﬁ(k)} [1 - (7+(k)] ~ 1. (88)
The use of Baxter’s @ function?® enables Eq. (88) to be divided into two equations as follows:
1—C*(k) = QH(k)QH(—k),
~()~ ()~()_ (59)
1P| @ (k) = |G (k)]

where @*(k) corresponds to Baxter’s @ function,*® which is defined by
QF (k) = 1 - pQ*(—ik)
Ot (s) = [ Q* (De1dt (90)
e

For k = 0, Eq. (89) allows an important relation for estimation of percolation of physical

1
e~ t*krdk = 0.

clusters to be obtained because of Eq. (90) as follows:

[1 - p@+(0)] g 1+ p/VP(T)dr, (91)
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where

hmﬁ%%:ﬂépwﬂn (92)

k—0

Thus, the substitution of Eq. (91) into Eq. (44) allows the mean physical cluster size to

be estimated as
. 2
s=[1-p@%0)] (93)

Then, the percolation threshold of physical clusters corresponds to the condition specified
by 1—pQT(0) = 0. If Q*(r) is determined, then the percolation threshold is estimated from
relation 1 — pQ*+(0) = 0.

Baxter’s () function allows an equation concerning P(r) and the other equation concerning
C™(r) to be separated from the integral equation formed by Eq. (49) as seen in Eq. (89).
Moreover, two equations are obtained from the substitution of Eq. (90) into Eq. (89). If the
integration of the product of each of the two equations and e~**" is performed with respect
to k in the range —oo < k < oo, then two inverse transforms are obtained from Eq. (89).13
One of the two inverse transforms expresses a formula concerning P(r), which satisfies Eq.
(49). The other expresses a formula concerning C*(r), which satisfies Eq. (49). Thus, the

two formulae are given as follows:
d o
2rP(r) = —%QJF(T) + 27Tp/ Q) (r —t)P(Jr —t))dt, (0 <r < o0), (94)
0
and

2erCH(r) —%Qw) +p /0 N Q*(t)%@*(r Ldt, (0<r<oc).  (95)

The use of these two equations allows Q(r) to be determined.
A relation P(r) = 0 given by Eq. (39) for r < ¢ and the requirements of C*(r) given
by Eq. (80) require the function @*(r) in Egs. (94) and (95) to be of limited forms. The

limited form should be given as
QF(r) =Qf(r) + De™™, (96)

where

Fry=(r—0)j+Cle ™ —e ) (r<o
o (r)=(r—o)q+C( ) (r<o) o7)

0(r)=0 (o <)
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In Egs. (96) and (97), the unknown coefficients C, D, and ¢ can be determined via the use
of Egs. (94) and (95). As a result, the function Q*(r) is determined. Therefore, the pair
connectedness P(r) is determined via Eq. (94).

If limy, ()00 P(1) = 0 owing to the hard-core potential contributing for » < ¢ is considered
according to Eq. (39), then the substitution of Eq. (96) into Eq. (94) allows a relation for

r < o to be obtained as
—§+ 35Ce™ 4+ zDe™* — 27Tplv)e_§r/ P(t)e tdt =0, (r <o). (98)
0

If the left-hand sides in Eq. (98) is compared with the right-hand sides, then the restrictions

for the coefficients are yielded as follows:

q=0, (99)
and
C=—-(1-P(®)D, (100)
where
P(2) = 27r§ /0 TPt = 27r§ /0 TP, (101)

Under the condition that o < r is satisfied, the substitution of Egs. (97) and (80) into Eq.

(95) allows the following relation to be obtained:

2rkdd = 2D — 5pDQ* (%), (102)
where
Qt(s)= /OO QT (t)e *dt
0
:ée—fg(eég_ejw - 1_€_w> Y, (103)
s+ 2 S s+ 2

The expression given by Eq. (103) can be obtained by substituting Eq. (96) into the integral
for defining Q*(s) in Eq. (90).
For r < o, Egs. (96) and (97) allow Eq. (94) to be modified as

0=232Ce™™ +:De ™ +2rp [ QT (t)(r — t)P(|r — t|)dt. (104)



Equation (104) is equivalent to Eq. (98) which has no singularity for 0 < r < oo; hence, Eq.
(104) is satisfied for 0 < r < oco. If each factor given by Eq. (104) is subtracted from each

factor given by Eq. (94), then a formula for o < r can be obtained as
21rP(r) = —2Ce ™ + 27Tp/ QT (t)(r —t)yP(r — t)dt. (105)
0

A relation between 7/5(5) and @*(2) is estimated from the Laplace transformation corre-
sponding to performing the integration of the product of exp(—Zzr) and Eq. (105) with

respect to r within the range 0 < r < oo. This is given as

N

ZP(2)[1 - pQ*(2)) = —Ce . (106)

A relation between 73(5’) and D is obtained if @*(E) obtained from the substitution of Eq.
(100) into Eq. (103) is substituted into Eq. (102). This is given as

e L (it A )
6 L—(1—e)2(1 - P(2)) ’ (107)

where ¢ is the volume fraction defined as

m
6
Another relation between P(%) and D is obtained if Eq. (100) is substituted into the

6= —po®. (108)

formula obtained from the substitution of Eq. (103) into Eq. (106). This is given as

. 3 N 12
Bs) = % TP -] o (109)

Using Egs. (107) and (109), the unknown coefficients D and P(%) can then be determined.
The coefficients D and 73(5) must depend on the value of v (1 < v < 00) according to Eq.
(81).

( e ) Estimation of percolation threshold for single-component Yukawa fluid
The mean cluster size S given by Eq. (93) can be estimated via the use of Q*(0). Q*(0)
is determined from the use of Egs. (100) and (103) as

2QT(0) = —e (e —1— 30)(1 — P(2)D + D. (110)

The substitution of Eq. (110) into Eq. (93) allows the mean cluster size S to be given as

S = {1 _6¢ D [(1 +i0)e 41— (14 za>e—fa]73<z)} }2. (111)

TZo o2
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According to Eq. (111), the percolation threshold at which 1 — pQ*+(0) = 0 should hold can
be estimated using the following equation:

6¢ D1 . o
[%ﬁ} — (14 20)e™™ = [1 = (1+20)e”]P() = 0. (112)
The value of 73(5) at the percolation threshold is obtained by substituting Eq. (109) into

Eq. (112) as

~ -1

g g 1/2 y y
PY = e_z"{éa +e % — [(50)2 + 1] } [G_QZU —1+2z0e 7| (113)

where PP is the value of 73(5) at the percolation threshold. If the value of kdd at the
percolation threshold is expressed as (kdd)P, then the value of (kdd)® can be obtained by

modifying Eq. (107) as

EP)Q, (114)

_ —%0\2 SP
——'———[1—(1—6 )(1—73)}<?
where DF is the value of D evaluated from Eq. (109) for P(¥) = PP. The value of KP?/c

being the value of K/o at the percolation threshold can be estimated through relation

[VARVAY)

(kdd)¥ /o = [4/(3/T)](BKT Jo)3/? exp|f,] exp[(3/2)ko] obtained from Egs. (78) and (81).
The substitution of Eq. (109) into Eq. (114) results in a relation expressed as 1/K" oc ¢*
with o = 2/3. Relation 1/K? oc ¢* with o = 1 corresponds to that given by Xu and Stell.?”

( £) Solution for Ornstein—Zernike equation for single-component Yukawa fluid

To analyze the behavior of a single-component fluid, coefficients C+(©, C+® C*©) ),
29 and 2@ must be derived from correlation functions C*(r), C*(r), and ¢(r). Then, a
way to differentiate a Fourier transform F(k) of a correlation function F(r) is useful for
estimating coefficients 6“2), 6*(2), and ¢ . If a differential operator with respect to k is
defined as Vy, = (0/0k,, 0/0k,,0/0k,) owing to the use of the three-dimensional elements
of k denoted by (ky, ky, k.), then the use of this operator allows derivatives of F(k) to satisfy

k—0V—o0

lim lim p(d2/dk?) / F(r) explik - 1]dr = (11/6) lim V. - T F(k).
\7a —

where V- Vi F (k) = — limy 0 p [, F(r)r? exp[ik - r]dr. Therefore, the following relation

is found for macroscopic V:
p / F(r)r*dr = —(6/11) lim (d? /dk?) F (). (115)
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If F@ is defined as
. 1 a/2
F = <6> /F(r)ro‘dr (a=0,2,4), (116)
1%

then, FO satisfies the following relation:

pF© = lim F(k). (117)
k—0
Moreover, Eq. (115) is expressed as
pF® = —(1/11) Ené(dz/dk?)ﬁ(k). (118)
_)

i) Estimate of coefficients C*® and C+®

Based on Eq. (117), a coefficient CHO g given by the following relation:

pC*TO = 1lim C* (k). (119)

k—0

Egs. (89) and (90) require C+O to satisfy
pC+O =1 _ lim [1 - p@+(—@'k:)] [1 - p@+(ik)]. (120)
k—0

Moreover, if Eqs. (115) is used with Eqs. (89) and (90), C*® can be estimated as
~ 2 ~ d2 R d . 2
+(2) — _ 3 _ + Nt _ Nt
pC T hgé{( 1+ pQ (S))pdSQQ (s) (pdsQ (8)) } (121)

Therefore, Egs. (120) and (121) allow CT(© and C*® to be assessed with the use of Eqs.
(90) and (103). Then, the use of Eq. (80) makes the value of CHO for f, =0 (v = o0) differ
from that for f, = 1/2 (v = 1) and makes the value of C*® for f,, = 0 differ from that
for fi = 1/2. This is exemplified by Figs. 2 and 3. In these figures, pC 1 0 and pC t 2/00

correspond to pC*(© and pC+®, respectively.

ii ) FEstimate of C* O and C*® based on solution of Ornstein—Zernike equation

Coefficients C*© and C*® can be estimated as C*© = 20 — C+©O) and 0*@ = &2 —
C+® based on Eq. (51). Coefficients C*(® and C*+® are estimated by Eqgs. (120) and (121).
If the pair potential u(r) contributing to the mutually attractive force between pair particles

is independent of the momenta of the particles, then the pair potential used when solving the
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FIG. 2. Dependence of pa+(0) on ¢ and dependence of pCA’JF(Q)/U2 on ¢ at ko = 1.8 and o/BK =
1.0315 (corresponding to temperature near the critical point). vy is given as v, = 13.9309, and
v = vy is a relation for which Eq. (85) obtained from Eq.(84) is approximately satisfied. pC 0

and pC 1 2/o0 correspond to pC+(© and pC*+? /o2, respectively.

integral equation given by Eq. (49) is not distinguished from that being used when solving
the integral equation given by Eq. (52). Then, the pair potential used to solve the integral
equation given by Eq. (49) can be used for solving the Ornstein-Zernike equation. From a
solution of the Ornstein-Zernike equation, coefficients ¢° and ¢® can be estimated. Thus,

coefficients C*© and C*® can be estimated without solving the integral equation given by
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FIG. 3. Dependence of pa+(0) on o/BK (corresponding to reduced temperature) and dependence

of pa+(2)/02 on o/BK at ko = 1.8 and ¢ = 0.172 (corresponding to density near the critical

point). vy is given as vs = 13.9309, and v = vy is a relation for which Eq. (85) obtained from

Eq.(84) is approximately satisfied. pC 10 and pC { 2/00 correspond to pa+(0) and pé+(2) /o2,

respectively.

Eq. (52).

Eq. (15) with Egs. (16) and (17) yields the Ornstein-Zernike equation. The use of Baxter’s

Q function*® allows the Fourier transform of the Ornstein-Zernike equation to be expressed
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as

o (122)
L) = QR)O(—R).
where
(iNL(k;) = limy_,o0 p [, (9(r) — 1) exp[ik - r]dr
@( k) =1 - pQ(—ik)
= [, Q(t)e " dt
Q(t) = Q°(t) + dAe™" (123

Q) =3Pt -0+ ¢Vt —0)+Ble™ —e") (0<t<o)
Q) =0 (o<t
B = —dA[l — 1291 I3 Tg(r)ermdr

ko o2

I [@(—k)} e~k dk = 0.

\
In Eq. (123), A, ¢V, and ¢'® are unknown coefficients.
To solve the Ornstein—Zernike equation analytically, the closure scheme based on the

MSA is given as

c(r) = (r) — Bu(r)
Ar)=0 (r/o>1) (124)
pu(r) = —kodde™"" /7.

Then, a solution for the Ornstein—Zernike equation is given according to a known

procedure’®, and as a result, a coefficient Q(s) can be given as

~ 1 2e7%7 1 20 2 e 1 1
a-pr -2 ) e[ )
S S S S S S S

_e—sa + encr e—scr _ 1:| dA
+ +
K+ s

—dA[l — g(”)]e’w{

K+s S
where ¢/ and ¢® are given as

1)
T R {(1 — g [(1 H2onn)

- (1 + %) mgpl(—m)] + 1420 — (1 + g) m}i—f (126)
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and

@ _y 1120 126 1

— gttere ko1 (—K
(1—¢)2 ( 0)2(1_¢)2{(1 g'") {(1“‘2@ P1(—k)

dA
—6pp2(—r) | + (1 +2¢)k0o — 6¢}; (127)
with
kK)=1—Kko—e "
ols) (128)
0a(k) =1 — K+ (ko)?/2 — e ",
In Eq. (125), a coefficient ¢ is defined as
1 o0
) = 123—/ tg(t)e "dt. 129
g el g(t)e (129)

Two unknown coefficients A and ¢ found in Eqgs. (125), (126), and (127) must be

estimated from an equation system given as

~ (1
9= 9@ = 2 e (o) 4 2L o g s

7r</{0)3 T KO o?
o fodd _dA [ 69 pa(k) (2)+901(’””)ﬂ
o 0.2 T (/{0‘)3 (I{O‘)2 g
dA 11dA
B S (0 NI o
palr) 5 (1= g") + 5 — 02”, (131)
where
I o e B
os(k) = e < T ) (132)

A factor p@(/ﬂ) in Eq. (130) can be given, according to Eq. (125), as follows:

A 6¢ ©2(k) o) , 60 p1(r) g 60 dA 3¢ 1
= o RS AN 1—¢®)+ 222 (133
pR(r) 7 (ko)? i 7w (ko)? o T Palk) g K2 (1-g") + T KO /@2 (133)
After the substitution of Eq. (133) into Eq. (130), if coefficients ¢ and ¢ in the obtained
equation are substituted with ¢/ given by Eq. (126) and ¢(® given by Eq. (127), respectively,

then the following equation is obtained:

5(1 —0)2 o 21+2 K —Ko
g = TR gy )

(ko) 1+ ¢/2
6 )

—{ (p2(k) g™ +e7) {(1 — g<“>)e**’v“((1 + 20) ko1 (—K) — 6¢<p2(—f<o)> + (14 2¢)ko — 64

(o1(r)g" +e7)

+ko (@1(@9(”) +e) {(1 — g")e e <(1 + QQS)/W%(—FG) —(1+ 2¢)<P2(—’<0)) —1-2¢

—i—(l + %5)&0] + (lm)4(11_2$)2 |:<HU§03(H)Q(H) — e_;m> (1—g"™)— %g(”)] }% (134)
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The coefficients ¢ and dA/o? are evaluated from Eqs. (134) and (131).
Obtained values of A and ¢g*) allow Q(s) to be determined with ¢ /o and ¢'®. Therefore,
limg_, @(s) can be estimated from the definition of @(s) given by Eq. (123) as follows:

lim Qs / Q)

160  dA —Ko dA 1
Yy {_q@)__q___(l_g(n)) C  (“1-kote ™ )+_—}. (135)

6 2 o o2 KO 02 Ko

Similarly, the derivatives lim,_,o dQ(s )/ds and lim,_,, d*Q Qs )/ds* can be estimated from the
definition of @(s) given by Eq. (123) as follows:

— lim

5—0 / Q tdt

24 6 o o? (ko )2
ié (fﬂlf)2 } (136)
and
iy 200 _ | e
_05{610 (2 _ 11_2%1) + C(l;;l (1 g*™) (6/;;3 2+ 200 + (ko) + %(/{0)3 P
H%@}' (137)

iii ) Coefficients ¢ and ¢
Based on Eq. (117), a coefficient ¢ is given by the following relation:
pc® = lim &(k). (138)

k—0

Hence, the Fourier transform of the Ornstein—Zernike equation given by Eq. (122) allows a

coefficient ¢® to be given because of Eq. (123) as follows:
pe® =1 lim [1 - p@(—ik)} [1 - p@(ik)]. (139)
—
Moreover, if Eq. (115) is used with Eqgs. (123) and (122), then ¢® can be estimated as
2 ~ a2 ~ d ~ \?
2
2 == 2t (<14 900500 - (05,000 ) | (140)
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Therefore, Eqs. (139) and (140) allow & and ¢®? to be assessed with the use of Egs. (123)
and (125).

( g ) Evaluation of percolation thresholds for Yukawa fluids

In a fluid system, physical cluster formation and physical cluster growth affect the distri-
bution pattern of particles and can affect phase behavior. If the effects of the physical cluster
formation on properties of the fluid system cannot be ignored, they should be maximized
at the percolation threshold related to the physical clusters. Thermodynamic properties of
the fluid system can have characteristic dependences on temperature 7" at least around the
value that 7" has at the critical point or another point on the spinodal line. In the phase
diagram of the fluid system, the curved line on which 1 — pc(0) = 0 is satisfied corresponds
to the spinodal line. Thus, it is important to know the relation between the locus of the
percolation threshold and the locus of the spinodal line in the phase diagram. Knowing the
relation corresponds to the understanding of the links between the distribution pattern of

particles and the features of the fluid system.

i) Percolation thresholds for Yukawa fluids

Evaluations of the percolation thresholds are achieved by the use of Eq. (114) while
considering Eqs. (78), (81), and (82). The evaluations for each Yukawa fluid exempli-
fied by ko = 0.1,0.5,1.8,3.6,7.5 allow the loci of the percolation thresholds to depend
on f, as found in Figs. 4, 6, and 7. An overestimate for the long-ranged contribution
of C*(r) is characterized by 1/r%? ~ 1/(c'/?r) for f, = 0 (v = o), and this leads to
an overestimate of [BK¥/o]7'. An overestimate of the decay of C*(r) is characterized
by 1/r3? = e'/2e77/27 /(g'/?r) for f, = 1/2 (v = 1). This leads to an underestimate of
[BKY [o] 7"

For a large ko, exemplified by ko = 7.5 and ko = 3.6, the difference between the locus of
the percolation threshold for f., and that for f; is small. However, the difference between
the locus of the percolation threshold for f,, and that for f; becomes large for a small ko
exemplified by ko = 0.1. When ko is small, a way to determine a reasonable f,, , via Eq.(84)
should become useful. In Fig. 4, 6, and 7, the value of f, for v = v, being v, = 13.9309 is
given as f,,, = 0.101853. For the f, assessed from v = v, Eq. (85) obtained from Eq.(84)
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FIG. 4. Relation between percolation thresholds and curved line satisfying ¢(0) = 1 for each
Yukawa fluid. Curved line satisfying ¢(0) = 1 corresponds to the spinodal line. Each straight line
corresponds to percolation threshold. fy and f,, , are given as fy = (1/6)In4 and f,,, = 0.101853.
Upper straight line, broken line, dotted line, and lower straight line correspond to percolation
threshold given for fs, that for f,, ,, that for f, and that for fi. &(0) (= pel9) is expressed as

"wave ¢(0)”. (Continued in Figs. 6 and 7.)

is approximately satisfied.

At the temperature of a fluid that is sufficiently low in comparison with the strength

of each mutually attractive force between particles, the formation of physical clusters is
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FIG. 5. Dependence of ¢. and (0/8K). on ko for f, = fu3/2 = 0.101853. ¢, corresponds to value
of ¢ at critical point of Yukawa fluid characterized by ko. (0/BK). corresponds to value of /8K
at critical point. In (b), (0/BK), corresponds to value of o /SK at percolation threshold specified
by magnitude of ¢. and magnitude of ko. Circles in (a) and (b) both correspond to specific
point satisfying relation (0/K), = (¢/BK). (= 0.94379), which is evaluated for ko = (ko)
((ko)s = 1.924601) and ¢, = 0.164275. For ko > (ko)s, relation (o/BK), < (¢/BK). is always

satisfied.
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FIG. 6. Relation between percolation thresholds and curved line satisfying ¢(0) = 1 for each
Yukawa fluid. Details are same as those in Fig. 4. When percolation threshold that is evaluated
for f,;,, = 0.101853 agrees with the critical point, ko ~ 1.924601 must be satisfied. When
relation kKo < 1.924601 is satisfied, critical point specified at ¢ = ¢, is located in upper position of

percolation threshold specified at ¢ = ¢..

possible, even in the low-density side. This should contribute even to the distribution of
astronomical matters. The evaluations for each Yukawa fluid denote that the percolation
threshold for a sufficiently small ko can be located on the low-density side as that located

above the curved line obtained from relation 3(0P/dp) = 0, which corresponds to pcl® = 1.

68



—foo=Q ---fy=fvs ----- f4 =In4/6 —f1 =0.5 —wave c(0)=1
10

Ko =3.6

o/BK

0.1

0.01

0.001
0.0001 0.001 0.01 0.1 1

ko=75

0.1

o/BK

0.001

0.0001
0.0001 0.001 0.01 0.1 1

FIG. 7. Relation between percolation thresholds and curved line satisfying ¢(0) = 1 for each
Yukawa fluid. Details are same as those in Fig. 4. For ko = 7.5, percolation threshold estimated
for fo somewhat completely overlaps that estimated for f;. When percolation threshold that is
evaluated for f,, ,» = 0.101853 agrees with critical point, ko ~ 1.924601 must be satisfied. When
relation ko > 1.924601 is satisfied, percolation threshold specified at ¢ = ¢, is located in upper

position of critical point specified at ¢ = ¢..

In the area located under the curved line consisting of the points at which pc® = 1
is satisfied, the gas state of each fluid allows the phase stability to disappear. Then, the

aggregation of particles allows the phase transition to occur while accompanying the phase

69



separation. If the phase transition occurs in the specific area that is located under the
curved line and above the percolation threshold, then the liquid phase induced by the phase
transition can maintain a state of no percolation of physical clusters. This phenomenon is
exemplified by the phase diagrams for ko = 1.8, ko = 1, ko = 0.5, and ko = 0.1, and is
similar to that found in the phase diagram in Reference.® This phenomenon suggests that
a fluid in the liquid phase can change from a state of low viscosity to another state of high
viscosity as ¢ increases. Even if the fluid maintains a state of low viscosity owing to the
lack of percolation, the percolation that occurs as ¢ increases can allow the state to change
to another state of high viscosity.

The percolation of physical clusters is induced even in a fluid characterized by the mu-

!'is narrow. Then,

tually attractive force between particles of which the effective range x~
the mean interparticle distance must be short. If the contribution of the mutually attractive
force generates the liquid phase for a small £, then particles in the liquid phase should be
located near each other. The generation of the liquid phase should require dense parts to
be formed in the fluid. These dense parts should include extremely large physical clusters
in the percolation state. If the liquid phase is generated even at a small 7!, then the fluid
in the liquid phase should always maintain the percolation state. This is demonstrated by
the diagrams given for ko = 3.6 and 7.5 in Fig. 7. Under the condition that extremely large
physical clusters are included, the liquid phase should maintain a high viscosity. In addition,
if the linear scale is applied, then the diagrams in Fig. 7 are represented by Fig. 8.

If the liquid phase is generated in a fluid consisting of particles interacting with a short-
ranged attractive force, then the liquid phase contains extremely large physical clusters. If
%! is not small, then the mutually attractive force between particles constituting a fluid
contributes over a long range. The liquid phase that is generated in the fluid cannot include
physical clusters that have extremely large sizes. Without the formation of physical clusters
of extremely large size, the long-ranged attractive force can allow particles to be retained in
the liquid phase.

The volume fraction ¢ at the percolation threshold specified for a particular value of K

1

decreases as the effective range k™" is extended. This behavior is readily confirmed by Fig. 8.

Similar behavior has been found in a percolating system composed of core-soft-shell spheres

with an attractive square-well potential.®

1

If the effective range k™ is extended, then overlaps of the effective range depending on
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FIG. 8. Phase diagrams represented by use of linear scale for ko = 3.6 and ko = 7.5.

the distribution of particles increase. Indeed, the number of particles with which a particle
interacts increases as the overlaps of the effective range increase. Thus, an increase in £ *
can enhance a cooperative effect that contributes to the formation of a nonuniform particle
distribution. The threshold of the phase separation is expressed by B(0P/dp) = 0, and
the curved line on which S(0P/dp) = 0 is satisfied has the maximum point. The maximum
point shifts to an upper position as (ko) ™! increases. This can be confirmed by a comparison
between phase diagrams.

When a decrease in the temperature of a fluid or an increase in the density of particles

occurs, either the aggregation of particles resulting in the phase separation can be dominated
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or the generation of the percolation can be dominated, depending on the distance at which
the attractive forces between the particles remain effective. Either the generation of the

percolation or the aggregation of particles resulting in the phase separation is enhanced

1 1

as K~ increases. Nevertheless, an increase in the value of k™ cannot allow the particles
that satisfy the criterion £(p) + fu(r) < 0 with contribution £(p) of the relative kinetic
energy to considerably increase in the distribution of particles surrounding each particle. At
a large ¢, which allows large numbers of particles to be included in their distribution, the
tendency toward the aggregation that results in phase separation is more dominant than
that toward the generation of the percolation. At a small ¢, which does not allow large
numbers of particles to be included in the distribution, the tendency toward the generation
of the percolation can be more dominant than that toward the aggregation that results in
phase separation. According to the tendency found in Fig. 4, the generation of percolation
without phase separation is possible, even for an extremely large £ !, if ¢ is sufficiently

small.

ii ) Two possible values of g in each condition

Making the assumption that the pair potential contributing to the mutually attractive
force between pair particles corresponds to the Yukawa potential allows for an analytical
solution formed as an algebraic equation system composed of Egs. (131) and (130). This
algebraic equation system allows at least two values to be given for ¢*) in a condition
related to the parameters: ¢, ko, and o/BK. If two values for g*) are expressed as ggk) and

g(Lk), relation gék) < g(Lk)

is always satisfied. For a small ko, the difference (g(Lk) - gék)) / g(Lk)
becomes small. For a smaller ko, the difference can more approach a situation satisfying
0< (g(Lk) - g(sk)) / g(Lk) < 1 in each condition.

Under the condition satisfying 1 — pcl® = 0, even g(Sk) R~ g(Lk) is satisfied. Then, it
is possible to find the value of ggk) that satisfies 1 — pc® = 0. Although the value of

g(Lk) satisfying 1 — pcl® ~ 0 can be found, finding the value of ggg) that exactly satisfies

1 — pcl® = 0 is difficult. Moreover, quantities evaluated from the use of ¢g*®) = g(Lk) can
deviate from those obtained from the use of ¢g(¥) = g(Sk) . Curved patterns expressed by small
circles in Fig. 10 correspond to P(c)/g(c) evaluated from the use of g% = g(Lk). Curved
dotted lines expressed in Fig. 11 correspond to D(c) evaluated from the use of g*) = g(Lk).

Thus, ¢ = g(sk) is applied for estimating all quantities.
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FIG. 9. Dependence of P(c)/g(c) on o/BK. Both ¢ and ko are constant. Then, P(c0)/g(o) behaves
as P(0)/g(c) ~ (o/BK)®, (a = —1.4997---). At maximum point of each line, 1 — p¢® = 0 is
satisfied. P (o) corresponds to P(c™) estimated from Eq. (142), and g(o) corresponds to g(o™)

estimated from Eq. (143).

Nevertheless, a physical meaning carried by ¢¥) = g(Lk) cannot be simply ignored. The

existence of ggk) and g(Lk) suggests that a structure of a fluid satisfying 1 — pcl® = 0 and
another structure of the fluid satisfying 1 — pct® ~ 0 are possible. The relation gék) #+ g(Lk)
may allow phase separation to occur under the condition specified by 1 — pc® = 0. Egs.

(131) and (130) are satisfied for both g¥) = g(sk) and g¥) = g(Lk). There can exist phenomena
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FIG. 10. Dependence of P(c)/g(c) on ko. Both ¢ and o/SK are constant. Then, behavior of
P(0)/g(0) remains nearly constant. Small circles, which deviate from straight lines, denote value
of P(61)/g(cT) evaluated for ¢g(¥) = g(Lk). At the endpoint of each curved line on the small side of
ko, 1 — pc® ~ 0 is satisfied. P(o) corresponds to P(ct), and g(o) corresponds to g(ot). gL(k)

corresponds to g(Lk). Lines (1), (2), ..., and (15) correspond to top, second, ..., and bottom.

exemplified by liquid-liquid transitions.** According to physical intuition, ggc) should not be

simply ignored.

iii ) Three parameters affecting correlation functions
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The number np,;, of particle pairs constituted by each pair satisfying the bound condition
E(p) < —Puy(r) increases as K increases. Moreover, np,;, can increase both as ™! increases
and as ¢ increases. The variations in K, k™1, and ¢ can result in variations in P(r) and g(r)
owing to the change in np,,. Then, the behavior of P(r) and g(r) owing to the variation

1

in K can differ from that owing to the variation in k~". The increase in K enhances the

L cannot

magnitude of —uy(r) in the range 0 < (r — 0)/0 < 1, while the variation in &~
change it in this range. The behavior of P(r) and g(r) owing to the variation in K can also
differ from that owing to the variation in ¢. Without changes in the magnitude of —uy (o),

1

increases in Kk~ as well as in ¢ lead to an increase in the number of particles with which a

particle interacts. Thus, the behavior of P(r) and g(r) owing to the increases in either k™!
or ¢ may differ from that owing to the increase in K.

Figure 9 shows the behavior of the ratio P(r)/g(r) in the range 0 < (r — o)/ < 1.
The ratio limg_,o P(0 + d)/g(o + ¢), which is described as P(c7)/g(o™), is sensitive to the
variations in the value of o/GK, and the ratio increases as K increases. In Fig. 9, P (o)
corresponds to P(c") estimated from Eq. (142), and g(o) corresponds to g(o™) estimated
from Eq. (143).

The ratio P(c7)/g(c™) is weakly increased with an increase in the effective range ™,
although the ratio remains nearly constant for a large o/SK. This behavior is confirmed
by Fig. 10. Basically, the behavior of P(c") and the behavior of D(c") are both insensitive
to variations of ko when ¢/SK is large. These behaviors are seen in Fig. 11 as well as in
Fig. 12. For a small 0/BK, P(c") is, however, increased weakly with an increase in the
value of k7!, as found in Fig. 12. According to Fig. 12, D(¢™") is then decreased with an
increase in the value of k7'

According to Fig. 13, the behavior of P(0)/g(c) remains nearly constant for variations
in the value of ¢. Then, both ko and o/BK are constant. The ratio P(o%)/g(c*) can be
considerably insensitive to the variations in ¢. The value of P(07)/g(c™") resists a decrease
in ¢. The behavior of P(c)/g(0) found in Fig. 13 does not mean that P (o) and D(o) are
both insensitive to variations in the value of ¢. In fact, an increase in P (o) for an increase
in ¢ is confirmed from Fig. 14, and an increase in D(o) for an increase in ¢ is confirmed
from Fig. 15. These features of P(o) and D(o) denote that P(o") and g(o™) can behave as
P(ot) ~ ¢* and g(cT) ~ ¢%, respectively.

The ratio P(o™)/g(o™) is given as P(oc™)/g(c") = [1 + D(c™)/P(c)]"! because of
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FIG. 11. Dependences of P (o) and D(o) on ko for a large /8K . Both ¢ and o/SK are constant.
Then, behaviors of P(0c) and D(o) remain nearly constant. Curved dotted lines, which deviate

from straight lines, denotes value of D(ct) evaluated for g(¥) = g(Lk). P(o) corresponds to P(o™),

and D(co) corresponds to D(a1). gL(k) corresponds to g(Lk). Top three lines, i.e., top, second, and
bottom correspond to D(c), ¢ = 0.1, ¢ = 0.04, and ¢ = 0.01, respectively. Bottom three lines,

i.e., top, second, and bottom correspond to P(c), ¢ = 0.1, ¢ = 0.04, and ¢ = 0.01, respectively.

Eq. (38). The probability that two particles are accidentally located in the range 0 <
(r —o)/o < 1is equal to the sum of the probability that a bound state is formed between
the particles located in the range 0 < (r — ¢)/o < 1 and the probability that the particles
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FIG. 12. Dependences of P (o) and D(o) on ko for a small o/FK. Both ¢ and o/FK are constant.
Then, P(o) is increased weakly, and D(o) is decreased weakly. P(c) corresponds to P(c™), and
D(o) corresponds to D(at). At the endpoint of each curved line on the small side of ko, 1—pe(® ~ 0
is satisfied. Thin lines from the top to bottom correspond to lines from (1) D(o) to (5) D(o). Thick

lines from top to bottom correspond to lines from (1) P (o) to (12) P(o).

are located in the range 0 < (r — 0)/o < 1 without forming the bound state. Then, P(o™)
is proportional to the probability that they form the bound state, and D(c™") is proportional
to the probability that they are located in the range 0 < (r — ¢)/0 < 1 without forming
the bound state. Figures 14 and 15 denote that P(c™) and D(¢") behave as P(o™) ~ ¢*
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FIG. 13. Dependence of P(c)/g(c) on ¢. The endpoint of each curved line on the side of a large
¢ corresponds to the point at which 1 — pe(®© = 0 is satisfied, except the uppermost dotted line
on which endpoint is percolation threshold. P (o) corresponds to P(o™) estimated from Eq. (142),
and g(o) corresponds to g(o™) estimated from Eq. (143). S is the mean size of physical clusters.

[0/BK]. denotes the value of o/SK at the critical point.

and D(cT) ~ ¢ This demonstrates that g(o) behaves as g(o™) ~ ¢°.

As the density of particles approaches zero, the probability characterized by P(c™) ap-
proaches zero more rapidly than the probability characterized by D(¢"). If this is correct,

then the procedure for making the density approach zero should allow the distribution of
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FIG. 14. Dependence of P(c) on ¢. Both o/SK and ko are constant. Then, P (o) can behave as
P(o) ~ ¢% (& = 1.0010---). Endpoint of each curve on side of large ¢ corresponds to the point
at which 1 — pCT(0) ~ 0 is satisfied. P(c) corresponds to P(a ™). [0/BK]. denotes the value of

o/BK at the critical point.

particles to become homogeneous, independently of attractive interactions between particles.
However, this is not correct. The probability characterized by P (o) becomes proportional
to the probability characterized by P(0")+D(c") when the density is sufficiently low. The
behavior of P(c7)/g(0™) revealed in Fig. 13 requires that the following relation is satisfied:

lim P(c*)/g(c™) # 0. (141)

»—0
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FIG. 15. Dependence of D(o) on ¢. Both o/SK and ko are constant. Then, D(o) both can
behave as D(o) ~ ¢%, (& = 1.0010---). Endpoint of each curve on the side of large ¢ corresponds
to the point at which 1 — pC*(0) ~ 0 is satisfied. D(c) corresponds to D(c+) estimated from

D(ct) =g(ct) = P(c™"). [0/BK]. denotes value of o/SK at the critical point.

The feature of P(c7)/g(0™) resisting a decrease in ¢ demonstrates that attractive forces
between particles allow the particle distribution to remain inhomogeneous no matter how
low the particle density is. A typical example of this can be found as the distribution of

astronomical matter.
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iv ) Estimations of P(ot) and D(o™)
In the range 0 < (r — 0)/o < 1, P(r) can be estimated readily. If Egs. (100) and (105)

are used with lim, ()0 P(r) = 0 owing to a relation given by Eq. (39), then it is given as
210 P(0F) = 27 (1 — P(2))D. (142)

In the range 0 < (r — 0)/0 < 1, the pair correlation function g(r) can be given on the

basis of references®® as
K
9(0*) = " + PR [Fy(0,0) + ho X Fi (w0, 6)] (143)
where
| 2 3¢
HS e — —_— ——
g _L¢O+31—J’
1 _ 3¢ 4 KO KO\ _
F — 1t —(l—e" _ LA LA PR
o(koy¢) = 142 (1 —e™) (maﬁ[ 2 ( * 2)6 ]
3¢ Ko 3¢
x1—¢0 '?+1—¢>
and

Fi(ko,¢) = H—la(l —e ") — ﬁ [1 - /%a — (1 + %)e"“} %

An unknown coefficient X in the above equation is determined from the following equation:

Fifro) g3 __PK___o¢
ko Fy(ko, @) o [(ko)*Fi(ko,¢)]*

Xm+nk+

The behavior of P(c1) can represent features accompanied by the probability that a
particle located at r = 0 and another particle located in the range 0 < (r—o)/o < 1 form a
bound state. The behavior of D(o) can represent features accompanied by the probability
that the two particles are located at the same positions without forming the bound state.
Although P (o) depends sensitively on o/SK, for constant ¢ and constant ko, D(o") can
remain constant with resisting variations in o/SK. This is confirmed by Fig. 16.

If ¢ and o/SK are constant, then the value of P(c") can remain nearly constant with
resisting variations in ko as confirmed from Fig. 11 and 12. In addition, the value of D(c™)
can remain nearly constant. For a small o/FK, the value of D(o7) is weakly increased
with an increase in the value of ko, although P(o™) is weakly decreased. As the effective

range k! is shortened, the probability that a particle located at r = 0 and another particle
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FIG. 16. Dependence of P(0) on o/FK and the dependence of D(c) on o/SK. Both ¢ and ko are
constant. Then, P(c) can behave as P(c) ~ (¢/BK)%, (& = —1.5010---). D(o) can remain nearly
constant. At left endpoint of each line, 1 — pe(®) = 0 is satisfied. P (o) corresponds to P(ct). D(0)

corresponds to D(o™) estimated from D(cT) = g(oT) — P(c™).

located in the range 0 < (r—o)/0 < 1 do not form a bound state are increased. An increase

in the probability corresponds to an increase in the number of particles that do not form

1

bound states. When the effective range x~' is further shortened, unless the value of o /8K

1

is further decreased, a Yukawa fluid specified by x™ cannot undergo phase separation as

known from a comparison between Figs. 7 and 6.
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If k=% is sufficiently large, then sizes of the physical clusters in the fluid remain small
while the fluid falls into a state where it can undergo phase separation. Thus, an increase in
k1 allows the tendency toward the generation of percolation to be less dominant than that
toward aggregation, resulting in only phase separation. If the effective range x~! is narrow,
then the number of particles should be large near each particle to induce the percolation.
Thus, the dependence of P(c7)/g(c") on o/BK is strong, although its dependences on ko

and ¢ are not strong.

83



6. Differential equations for correlation functions

(a) Maclaurin series expansions

The magnitude of the direct correlation function ¢(r) tends to decay to zero within a
microscopic range, and both C*(r) and C*(r) also have a tendency to decay to zero within
microscopic ranges according to ¢(r) = C*(r) 4+ C*(r). By contrast, the correlation function
g(r) — 1 can decay to zero much more slowly out of the ranges where c(r) # 0.'*1® Further,
P(r) and H(r) can decay to zero much more slowly out of the ranges where C*(r) # 0 and
C*(r) # 0 according to g(r) — 1 = P(r) + H(r). Thus, the particular ranges for which ¢(r),
C*(r), and C*(r) decay to zero remain much smaller than those for which P(r) and H(r)
decay to zero. This allows P(r) and H(r) in the convolution integrals of Eqgs. (49) and (52)
to be expressed as Maclaurin series expansions.

If a polar coordinate system with a point r; located at the origin and another point r,

located on the z axis is applied, then Eq. (49) can be rewritten as
P(r)=C*(r) + p/ / Ct(r3)P(|rs — ra|)27(r3)? sin Odrzdfs, (144)
o Jo

where r = |r] — ry] = |ra], 73 = |r; — r3] = |r3], and 03 = cos™![ry - r3/(rr3)]. In Eq.
(144), the short-range feature of C'*(r3) allows relation 0 < r3/r < 1 to be maintained for a
large r. Thus, the Maclaurin series expansion for P(|r3 — rs|) found in Eq. (144) is effective
for representing the behavior of P(r) at a large . Then, the Maclaurin series expansion

corresponds to

=1 o m
P(lrs —raf) = n;) @@7’(%2) TFO(Ts) : (145)
where 735 = |r5 — ro| = [(r3)? — 2r3r cos 05 + 1]/ = r[(r3/r)? — 2(rs/r) cos O3 + 1]'/2,

The substitution of the Maclaurin series expansion given by Eq. (145) allows Eq. (144)

to be given as
[1 — ,ﬁ“ﬂ P(r) = CH(r)+pCTAOV*P(r)
+§p6+(4)ArP(r) SRR (146)

where

8103 2 o

A, — .
157 0r3 + 15 0rt
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The coefficient C+(® (o = 0,2,4) is defined by Eq. (116), and it is given as follows:

R a/2
Ot — <%) / C*(|rs])|rs|*drs, (a=0,2,4). (147)
v

In Eq. (146), the factor 2 pCT@A,P(r) corresponds to a correction term under the condition
that the value of r is not large, although its value is out of the microscopic range in which
CT(r) # 0 is satisfied.

If the polar coordinate system with a point r; located at the origin and another point r,

located on the z axis is applied, then Eq. (52) can be rewritten as
H(r) =C*(r) + p/ / P(|rs — ro|)27(r3)? sin Osdrsdfs
+p/ / CH(r3)H(|rs — ro|)27(r3)? sin f3drsdfs
+p/ / H(|rs — ro|)27(r3)? sin Osdrsdfs, (148)

The Maclaurin series expansion for H(|rs — ry|) corresponds to

Hirs 1) =S~ drg)| ()™ (149)

— m!org' r3=0

The substitution of the Maclaurin series expansions given by Eqgs. (145) and (149) allows
Eq. (148) to be given as

{1-@@@%@p4ﬁ@)+d%®?@)
+pC*ONV2P(r) + pcPVAH(r)
F2p0 OAP() + LA + - (150)

where the coefficients C*(® and ¢@ (=0,2,4) are given by Eq. (116) as follows:

/2

~ 1

C*(a) _ <6> / C*(‘r3’)|r3|adr3, (C{ = O, 2,4); (151)
1%

and
1 a/2
™ = (6) / c(|rs|)|rs|®drs, (a=0,2,4). (152)
1%
Then, the following relation is satisfied:
= CH@) 4 O™ (0 =0,2,4) (153)
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In Eq. (150), factors %pké*(4)Ar77(r) and 2pe A, H(r) correspond to correction terms under
the condition that the value of r is not large, although its value is out of the microscopic

range in which C*(r) # 0 and C*(r) # 0 are satisfied.

( b)) Differential equations for two correlation functions
If the correction terms in Eqgs. (146) and (150) are ignored, then simple differential equa-
tions for P(r) and H(r) are given for a single-component fluid*”. The differential equations

are expressed as
-~ -1 -~
P(r) = |1 = pCO| " |C* () + pC+OVP(r)| (154)
and
1 - -
H(r) = [1 - pﬁ(o)] [C*(T) + pC*OP(r) 4+ pC*IVP(r) + pe@)vm(r)} . (155)

In the two above differential equations, the behavior of the two differentiated correlation
functions should be noted. Unless the condition of the fluid goes beyond the percolation
threshold, the behavior of P(r), which satisfies a relation given by Eq. (48), allows V?P(r)
to satisfy

lim p / V2P(r)dr = 0, (156)
14

V—oo

because of Gauss’ theorem. Similarly, the behavior of D(r) (= H(r) + 1), which satisfies
another relation given by Eq. (48), allows V2H(r) to satisfy

Vli_r)réop/vvz’}-[(r)dr = 0. (157)
Equations (156) and (157) should be satisfied, even at the percolation threshold. The
relation should, however, result in failure if a fluid includes extremely large physical clusters
developed under conditions beyond the percolation threshold.

If Egs. (156) and (157) are satisfied, Fourier transforms of Eqgs. (154) and (155) result in

~ —~ —1 ~
: _ . +(0) : +
lim P (k) = [1 pC } lim C* (k) (158)
and
~ —1 ~ —~ ~
lim (k) = [1 - pﬁm} lim [(J*(k) + pCrOP(k)]. (159)
—0 k—0
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Here, a Fourier transform of each correlation function is expressed as the form symbolized
by Eq. (87). If a fluid does not include extremely large physical clusters developed under
conditions beyond the percolation threshold, then the solutions obtained from Egs. (154)
and (155) satisfy Egs. (158) and (159).

Fourier transforms of the integral equations given by Eqgs. (49) and (52) should be com-
pared with Eqgs. (158) and (159), respectively. Their Fourier transforms allow Egs. (49) and

(52) to be rewritten as follows:

lim P(K) = lim [1 — (k)] O (k). (160)
and
tim F(k) = lim [1 — G (k) — C*(0)] [0 (k) + O (RYP(R)]. (161)

These results denote that Eqs. (160) and (161) are equivalent to Egs. (158) and (159),
respectively, because CF(0) = pC*+© and C*(0) = pC*© are satisfied.
A Fourier transform of the Ornstein—Zernike equation, given by Eq. (15) with Egs. (16)

and (17), allows a formula for a single-component fluid to be obtained as follows:

lim A(k) = lim [1 - E(k)] k). (162)

k—0 k—0
Here, an equation system formed by Eqs. (160) and (161) is equivalent to Eq. (162) because
of relations &(k) = C* (k) + C*(k) and h(k) = P(k) + H(k).

This demonstrates that the compressibility that is estimated from P(r) and H(r) derived
from Eqs. (154) and (155) is equivalent to that estimated from P(r) and H(r) derived from
the two integral equations corresponding to Eqs. (49) and (52) unless a fluid includes ex-
tremely large physical clusters developed under conditions beyond the percolation threshold.

The sum of two factors P(0) + H(0) is expressed as

ﬂ®+ﬁ®zlmplﬁ@—ﬂﬁ (r= ).

V=00
Then, Eq. (18) allows the compressibility (1/5)(0p/ 8P)VT of a single-component fluid to

be given as follows:

{5 (g—];) V’T] " i [7’5(/«) + ﬁ(k)} T (163)

Based on Eq. (163), the compressibility estimated from the two differential equations Eqs.
(154) and (155) is equal to that estimated from the two integral equations Eqs. (49) and (52)
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unless a fluid includes extremely large physical clusters developed under conditions beyond
the percolation threshold.

When the compressibility is estimated from the use of Eq. (163), P(r) and H(r) estimated
from Eqs. (154) and (155), respectively can be equivalent to P(r) and H(r) estimated from
Egs. (49) and (52), respectively. In this case, P(r) and H(r) given as solutions satisfying
Egs. (154) and (155) are adequate approximations for examining the cooperation between
particles contributing to the magnitude of P(r) and particles contributing to the magnitude
of H(r). Egs (158) and (159), which are derived from the two differential equations given
by Egs. (154) and (155), allow the compressibility to be given by (1/8)(0p/0P) v = [1-—
pc®] ~!. In addition, Eqs (160) and (161), which are derived from the two integral equations,
allow the compressibility to be given by (1/8)(9p/0P) v = [1—pc(0)] ! with pc(0) = pcl®,
These estimates of the compressibility demonstrate that correlation functions P(r) and H(r)
satisfying the two differential equations are equivalent to those which satisfy the two integral
equations corresponding to Egs. (49) and (52) unless a fluid includes extremely large physical
clusters developed beyond the percolation threshold.

In addition, if Eqs. (160) and (161) are considered with ¢(0) = C*(0) + C*(0), Eq. (163)

i8S rewritten as

oP\ 17 CHO) | CH0) + CH0)P(0)
[ﬁ(ﬁp)VT] 1-C*(0) * 1= C+(0) — C+(0) +1 (164)
1
T CH(0) - C(0) (165)
1
=10 (166)

The compressibility diverges to infinity at the liquid-vapor critical point. This denotes that
relation 1 — pc® = 0 is then satisfied.

( ¢ ) Solutions for differential equations®

i) Differential equations without terms including C*(r), C*(r), pC*©, and pC*®
A solution Py(r) that is obtained from Eq. (154) described without C*(r) must satisfy

the following relation:

[v? - (§+>2] Po(r) = 0, (167)
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where the coefficient £ is defined as

~ 1/2
et = (%) " (168)
The solution Py(r) should satisfy a relation lim,_,, Py(r) = 0. Hence,
Pulr) = Pl (169)
r/oc

Po(r) satisfies the boundary condition limgs . Py(r) ‘T:a 5= Po™).
A solution Hy(r) that is obtained from Eq. (155) described without the three terms
including C*(r), pC*©and pC*® must satisfy the following relation:
V2 =& mo(r) =0, (170)

where the coefficient £ is defined as

(1= e\
€= (W . (171)

The solution Ho(r) should satisfy a relation lim,_,., Ho(r) = 0. Hence,

—{(r—o)

Ho(r) = H(o")" , (172)

r/o

H(o™).

Ho(r) satisfies the boundary condition limgs_,o Ho(r) ‘r:g e

ii ) Simple forms of Eqs. (154) and (155)
If Egs. (154) and (155) are rewritten, then simple forms of the differential equations are
found. For Eq. (154),

V2 = (€] P(r) = C* (), (173)
where
y I
Ct(r) = p@+(2)0 (r). (174)
For Eq. (155),
[v? - 52} H(r) = C*(r), (175)
where
é«* _ 1 O* 6*(0) +2 a*(2) P 6*(2) C+ 176
() = O+ [pC O €20 Pe) - TS0} (7o)
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Then, coefficients pc® and pc® are obained from solving the Ornstein-Zernike equa-
tion. Coefficients C*©® and pa*@) are determined owing to Eq. (51) without solving integral
equation Eq. (52). Coefficients pa+(0) and p6+(2) are estimated from solving integral equa-
tion Eq. (49). In addition, the above coefficients are estimated based on assuming that the
characteristic of the pair potential contributing to the mutual attractive force between two

particles is independent of the relative momentum of the two particles.

iii ) Solution for Eq. (173) with C*(r) #0

In order to obtain exact solutions satisfying the differential equation Eq. (173), the fluid
system should be imaginarily divided into the internal area of a spherical region of radius
r and the external area of the spherical region. Then, the center of the spherical region is
located at the origin ¢t = 0 of a spherical coordinate.

A bound state where the contribution of the mutually attractive force between two par-
ticles exceeds the contribution of the relative kinetic energy is specified by an f*-bond. The
correlation that is generated between a particle at ¢ = 0 and another particle at ¢t = r via
at least one path of particles linked by only f*-bonds is given by the sum of two partial
contributions. One of the two partial contributions results from particles distributed inside
a spherical region of radius r. This is estimated from the differential equation given by Eq.

(173), and it is given by

_ & Ly, " aiet. t\*1
Pin(T) ——pa+(2)/02h0 (Z£+7’)/J g(£+7t)0+(t) (;) ;dt,
(t <), (177)

where G(£7;t) is defined using the spherical Bessel function jy(7) and the spherical Hankel
function of the first kind A" (7). The function G(£+;t) is expressed as

N Jo(i€ o) Ly,
G(ET;t) = jo(i€™t) — mhol (i€7), (178)
where
jo(r) =77 tsinT
and

hél) (1) =it te .
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The remainder of the two partial contributions results from particles distributed outside the
spherical region. This is estimated from the differential equation given by Eq. (173), and it
is given by
€+ +. / o 1) /- t 2 1
Pex(r) = h THOT() | — | —dt,
0=t [ aencro(;)
(r <t). (179)

In Egs. (177) and (179), the product AS"G can be expressed as follows:

—£T(r=1) 2sinh o) e €+
h(l) ean +'t — _6 180
0 (7’5 T)g(f ) ) 25+r€+t + efé'-%o- 2€+T€+t7 ( )
=&t (t—r) 9sinh & —EF(t+r)
n (1) ot e sinh{To e
; =—— 1 . 181
g(g 77’)h0 (7’5 t) 2§+t€+r +< €_£+0- ) 2€+t£+7’ ( )

The pair connectedness P(r) given as an exact solution satisfying Eq. (173) is expressed

by the sum of Egs. (169), (177) and (179), i.e
P(r) = Po(r) + Pn(r) + Pex(r). (182)

Ultimately, Eq. (182) results in

_§+T —5*7‘ r §+r 00
— +€ € ETE A+ =&t A+ $)tdt 183
P(r) = Palr) = M G+ 2£+r/0 R (t)tdt+2€+r/r e~ G (Dt (183)
where
Mt = 62§+C’/ CH(t)e ¢ tat. (184)
If Egs. (77), (78), (79), and (169) are considered, Eqs. (183) and (184) are estimated as
follows:
75""7"
Py = M L [1O(0,r) + 19 (r, 00)] (185)
26tr - 26tr ’ ’ ’
where
Mt = —2¢t e 7P (o) + MT, (186)
_ E Xt
Y A
I (r,00) = Zpet” i e # 12, (188)

T
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1"
Io,r) = Z0e " —5 / e~ 12y, (189)
2 (o

4 (BKe™ [a)3/?

Zg = — , 190
"TBVT pCt@) g2 (190)
and
) = gm:l:f+. (191)
The integration expressed by Eq. (188) is performed as follows:
e¢r
IM(r,00) = EOW [T(1/2) — v(1/2,2Fr)]. (192)
Similarly, the integration expressed by Eq. (189) is performed. For 0 < z(7),
e €'
I(_)<U7 r) = EOW [7(1/2773(_)7") —7(1/2, Z(_)U)] ) (193)
and for 2(-) <0,
—(3/2)kr
() _g € )
I (0? T) — =0 [(_Z()0>1/2(_Z()T)1/2¢( z r)
€—§+r6—z<*)a )
_ (_z(—)a)l/Q(—z(—)U)l/Qq)(_z o)l, (194)
where
> _, (=2¢r)F
O(—(r) = —1)* 1(— <0). 195

In addition, =, is a dimensionless coefficient. Coefficients O+ and C+® are estimated

by using Eqs. (120) and (121), respectively.

iv ) Solution for Eq. (175) with C*(r) # 0

In order to obtain exact solutions satisfying differential equation Eq. (175), the fluid
system should be imaginarily divided into the internal area of a spherical region of radius
r and the external area of the spherical region. Then, the center of the spherical region is
located at the origin ¢t = 0 of a spherical coordinate.

An unbound state where the contribution of the relative kinetic energy of two particles

exceeds the contribution of the mutually attractive force is specified by an f*-bond. The
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correlation that is generated between a particle at ¢ = 0 and another particle at ¢ = r via
particles linked through each path that includes f*-bonds is given by the sum of two partial
contributions. One of the two partial contributions comes from particles distributed within
a spherical region of radius r with its center located at the origin, t = 0. This is estimated
from the differential equation given by Eq. (175), and it can be divided into two parts as
C*(r) is defined by Eq. (176). One part involves the effects of physical cluster formation

and is given by

M) =i e [ gt

~ ~ i%(2) 2
x{[pc*<0> +5+2p0*<2>]7>(t) _ o c+(t)}<3> %dt, (t<r). (196)

C+@2) o
The other part is non-zero even if physical clusters do not exist, and it is given by
., 2
By — S0 ) e (E) L
M) = it e [oenc(L) Jan <o aon

The remainder of the two partial contributions results from particles distributed outside
the spherical region. This is estimated from the differential equation given by Eq. (175),
and it can be divided into two parts as C*(r) is defined by Eq. (176). One part involves

effects of the physical cluster formation and is given by

—amoten [ nGen

. ,
x{ [p6*<0> +§+2p6*<2>]7>(t) _ o C+(t)} (3> %dt, (r<t). (198)

C+®) o

HE(r) ==

The other part is nonzero even if physical clusters do not exist, and it is given by
. o e , . t\?1
M) =~ m9(&n) | G () Sdt (<), (199)

In Eqs. (196), (197), (198), and (199), the product h"’G has the same form as that expressed
by Egs. (180) and (181).
The correlation function #H(r) given as an exact solution satisfying Eq. (155) is expressed

as the sum of Egs. (172), (196), (197), (198), and (199), i.e
H(r) = Ho(r) + HSD (r) + HD (r) + HED (r) + HE (7). (200)

Thus, if relation given by Eq. (176) is considered, Eq. (200) allows the correlation function

H(r) to be given as follows:
e—fr e—&r ér

" &t S € > —E&t Sk 201
2§r+2§7"/(,6 C(t)tdt+2£r/T eSO (t)tdt,  (201)
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where
M* = %o / C*(t)e~Stdt. (202)

In addition, the coefficients 2%, C*©, &2 and C*® are estimated from using Eqs. (120),
(121), (139), and (140) with Eq. (153).

If the physical cluster formation is ignored, then correlation functions satisfy P(r) = 0,
CH(r) =0, and C*(r) = C*(r) /(pe®) for 0 < r. The pair correlation function g(r) is related
to H(r) as g(r) = P(r) + H(r) + 1. When the physical cluster formation is ignored with a
requirement & = 0, the relationship between g(r) and H(r) allows Eq. (201) to result in

= H(eH T + ( e /o > T or 1 < /o), (203)

r kopc?) /o? Kr
where go(r) denotes g(r) satisfying the requirement formed by both ¢ = 0 and no contri-
bution of physical clusters. Equation (203) obtained from the requirement formed by no
physical clusters and £ = 0 allows the behavior of go(r) — 1 for a large r to be approximately

expressed by go(r) — 1~ 771 .
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7. Features of correlation functions near critical point*s

((a) Effects of physical cluster formation on behavior of correlation functions

When the compressibility given as (1/3)(9p/0P) vr =1 /(1 — pc) diverges to infinity,
the coefficient £ becomes zero. This does not mean that the coefficient £ becomes zero
because the critical point does not generally coincide with the percolation threshold that
results in £t = 0. Hence, the coefficient £ can have a finite value that is nonzero even when
¢ becomes zero. Considering this, estimation of Eq. (201) must be performed in the general
conditions that £ # 0 is satisfied and the contributions of physical clusters are involved.

Equation (201) includes many terms of integration because C*(t) is defined by Eq. (176)
with P(t) given by Eq. (185). To express Eq. (201) in a simple manner, a function A (a, b),

which is dimensionless, is defined as follows:

b
A(O(a, b) = # e~ 12q (204)
For 0 < (,
1
Ag(est) = e |1 (/2.0 =1 (1/2.0). (205)

For 0 < ¢ and large Ca, limy_,o A(y(a,b) behaves as follows:

SO S
blg?OA y(a, )N\/C_U\/C_ae . (206)
For ¢ <0,
Mol == | (1) e - (2) " eeat-ca) (207)

where ®(—(r) is defined by Eq. (195).
Eq. (201) includes integration expressed in a specific form. If the integral is expressed as

1 ig)(Cu'*; a,b), then it is dimensionless and is given as

b
](:Ff)(é*;aa b) E/ 6_(¢£)té*(t)tdt. (208)
Then, the use of A)(a,b) allows the substitution of Eq. (176) into Eq. (208) to result in
o o2 5K6’w/0
liz6(C";a,b)= pﬁz){ 0, [exp(—sz@b) — exp(—z,(fs)a)]
1 e 32 A 4 .
3\/—(5[(6 /o) O+ ()A(Z(m)( b) + [pC*) + (¢ )pC ) /o?]

x| =750 (@, 0) + 77(a,0) + T 79 (a,0) } (209)
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where

Mg
jgf)(a,b)z 2§+02/ exp(—2zFOt)dt
Mt

= %, —790) [exp(—2F9b) — exp(—2F9a)] (210)

b
0t =g | expl-(FOUI (0, 0)dt

=0 1 ¢ ¢
:2£+a (7 00) [exp(—z(jF )b)A(ZH)(a, b) — exp(—2F )a)A(ZH)(J, a)]
=0 1
— A 211
2%+ (—Fq) (=@ ), (211)
and
1 b
(F¢) _
T(3(0.8) =55 | expl-(FENNI" (1.0
=0 1
:%Tam [exp(z(ig)b)A(zm)(b, 00) — exp(z(ig)a)A(z(H)(a, oo)]
=0 1
2o 7, e ) (212)
with
-3, 4 213
“32 = o 3 (213)
sF= g t¢, (214)
AF=¢t t ¢ (215)

2*) is defined by Eq. (191). If ](ig)((j*; a,b) given by Eq. (209) is used, then Eq. (201) is
exactly estimated as follows:
—f?" e_gr egr

€ Sy Sy %
7‘[(7“) :HQ(T) —625‘7%[(+£)(C 0, OO) + 257_ I(,g)(C ;U,?”) + 2—57&[“5)(0 Ty OO),

(216)

where Hy(r) is given by Eq. (172).
The behavior of a correlation function g(r) — 1 is expressed by the sum of Eq. (185) and
Eq. (216). The sum is given as follows:

(r)—1 —H(UJF)e_S(T_U) — M* e + ! (15 (0, 7) + 1) (r, 00)]
g B r/o 28tr  2¢tr ’ ’
260 6_£r Py e—fr Hyx efr Sy
—e I4e)(C*50,00) + I_e)(C*50,1) + =—1 (46 (C"; 7, 00). (217)

2r 26r 26r
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Equation (217) is adequate even when 0 < & and 0 < &' are both satisfied. A point on
the spinodal curve where o = 0 (0 > 0) is satisfied corresponds a critical condition before
the occurrence of a phase separation. At the critical point corresponding to the maximum
point on the spinodal curve, {o = 0 is satisfied. The condition where £To = 0 is specified
corresponds to the percolation threshold; hence, the mean size of physical clusters at o = 0

reaches the maximum infinity.

( b ) Dependence of behavior of correlation functions on physical cluster formation

Even in a specific condition where (o = 0 and 0 < T o are satisfied, Eq. (217) is adequate.
In this condition, Eq. (217) allows the estimation of g(r) — 1. Hence, the behavior of g(r)—1
for a large r satisfying 1 < (r — 0)/o can be expressed even at the critical point by Eq.
(217).

Because B(@P/ ap) vr = 0 is satisfied at every point on the spinodal curve specified in
the phase diagram of a fluid, {0 given by Egs. (166) and (171) equals zero (o # 0) on the
spinodal curve. If the maximum point of the spinodal curve is a point specified by T" = T,
and ¢ = ¢, the liquid—vapor critical point correspond to a point represented by [T¢, ¢c|.
Here, ¢ represents the volume fraction defined as ¢ = (7/6)po3.

The relation 7o = 0 (0 # 0) is satisfied at every point on the curved line that expresses
the percolation threshold in the phase diagram. The mean physical cluster size S given by

Eq. (93) is related to &1 because of Egs. (120) and (168) as
N —1/2
I (Spc+<2>> . (218)

Hence, every specific condition where o = 0 is satisfied corresponds to the percolation
threshold.

If physical clusters do not exist at the critical point, i.e., [T¢, ¢.], then g(r) given by Eq.
(217) becomes equivalent to go(r) given by Eq. (203). If P(r) = 0 and C*(r) = 0 are satisfied
independently of r, then ¢(r) expressed for {o = 0 by Eq. (217) becomes equivalent to go(r)
expressed by Eq. (203). When P(r) = 0 and C(r) = 0 are satisfied independently of r, the
fluid system includes no physical clusters. Thus, the behavior of g(r) that is equivalent to
go(r) is characterized by g(r) — 1 ~ r~! for a large r satisfying 1 < (r — o) /0.

For a Yukawa fluid characterized by a specific value of ko, the spinodal curve coincides

at two points with the curved line. If one of them is specified by [T}, ¢p], the other is
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FIG. 17. Dependences of P(r), H(r), g(r), and go(r) on r for ko = 2.4 (f, = 0.101853). Each
curved line is evaluated according to Egs. (185), (216), (217), and (203). A point at which the
percolation threshold coincide with the spinodal curve is located at [T}, ¢p]; the critical point is the
locus specified by Tt = T}, and ¢, =~ ¢, + 0.032. In (a), each curved line is obtained for o/SK =
0.694663 and ¢ = 0.14263 which correspond to T' ~ T}, and ¢ ~ ¢,; the fluid is characterized by
[S = 9.01 x 10*°, £0 = 8.79 x 1078]. In (b), each curved line is obtained for o /3K = 0.78 and
¢ = 0.14263 whcih corresponds to T' > T}, and ¢ ~ ¢p; the fluid is characterized by [S = 22,
o = 0.911]. In (c), each curved line is obtained for o/SK = 0.694663 and ¢ = 0.122 which
corresponds to T'~ T}, and ¢ ~ ¢, — 0.206; the fluid is characterized by [S = 26.4, £o = 0.369].



specified by [T}, ¢/], and the relationship between them satisfy 7; < T}, and ¢, < ¢;,. For
ko = 1.6 characterizing a mutual attractive force with a more long-ranged feature than that
for ko = 1.8, T}, = T, and (¢, — ¢.)/¢p. ~ 0.14 are satisfied. For ko = 1.8 characterizing
a mutual attractive force with a less long-ranged feature than that for ko = 1.6, T}, = Tt
and (¢p — ¢c)/¢pc =~ 0.05 are satisfied. For ko = 2.4 characterizing a mutual attractive force
with a less long-ranged feature than that for ko = 1.8, T, = T and (¢p — ¢c)/¢. ~ —0.18
are satisfied.
If physical clusters exist at the critical point, then the behavior of the pair correlation
1

function for a large r must deviate from g(r) — 1 ~ r~1.

g(r) given by Eq. (217) and go(r) given by Eq. (203) is characterized by g(r) # go(r). The

Then, the relationship between

behavior of ¢g(r) expressed by subfigure (a) in Figs. 17, 18, and 19 demonstrates that relation
g(r) > go(r) is satisfied at a point near the spinodal curve where 0 < o < 1 is satisfied.
Even in a fluid system including only small sizes of physical clusters, relation g(r) > go(r)
is satisfied near such a point ({0 ~ 0) over a wide range of r as exemplified by subfigure (a)
in Fig. 19. Thus, the formation of physical clusters at the critical point of a fluid can allow
g(r) to become more long-ranged than go(r).

If values of parameters for a fluid system deviate from their values that yield ¢ & 0 near the
critical point, then go(r) that is equivalent to g(r) evaluated for {o = 0 with no contribution
of physical clusters can decay at a slower rate than g(r) decays. As a consequence, relation
g(r) < go(r) for a large r can be found. This can be confirmed by each figure of (b) in
Figs. 17, 18, and 19. Unless o is sufficiently small, relation g(r) < go(r) for a large r can
occur even for a small {0 as exemplified by figure (b) in Fig. 19.

Unless &0 is sufficiently small, relation g(r) < go(r) for a large r can occur even for a fluid
system that includes extremely large physical clusters. This is confirmed from each figure (a)
in Figs. 20 and 21. The value of {o that is not sufficiently small aids in making g(r) decay
rapidly. Even if values of parameters characterizing the fluid system allow £To = 0, their
values cannot allow the value of {o to be sufficiently small. Hence, relation g(r) < go(r)
occurs as demonstrated by each figure (a) in Figs. 20 and 21 although large physical clusters
are included in the fluids.

Ultimately, a fluid system that allows relation go(r) < g(r) to occur requires that values
of parameters characterizing the fluid system cause 0 < {0 < 1, i.e., a sufficiently small

magnitude and cause 1/(£10) # 0. The mean physical cluster size S given by Eq. (93) is
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FIG. 18. Dependences of P(r), H(r), g(r), and go(r) on r for ko = 1.8 (f, = 0.101853). Each
curved line is evaluated on basis of Eqs. (185), (216), (217), and Eq. (203). The critical point
is the locus specified by T. ~ T}, and ¢. ~ ¢, — 0.008. In (a), each curved line is obtained for
o/BK = 1.0314 and ¢ = 0.161423 which correspond to T' ~ T}, and ¢ ~ ¢, — 0.008; the fluid is
characterized by [S = 146, (0 = 4.2 x 107%]. In (b), each curved line is obtained for /8K = 1.26
and ¢ = 0.161423 which corresponds to T' > T}, and ¢ ~ ¢, — 0.008; the fluid is characterized by
[S =6.4, (o = 1.35]. In (c), each curved line is obtained for o/fK = 1.0314 and ¢ = 0.126 which
corresponds to T' ~ T}, and ¢ =~ ¢, — 0.035; the fluid is characterized by [S = 6.4, {o = 1.35].



(a) ko=1.6, $=0.15674, o/BK=1.2088 [£o =1.903E-07; $=22.2]
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FIG. 19. Behaviors of P(r), H(r), g(r), and go(r) for ko = 1.6 (f, = 0.101853). Each curved line is
evaluated on basis of Egs. (185), (216), (217), and Eq. (203). In (a), each curved line is obtained for
o/BK =1.2088 and ¢ = 0.15674 which correspond to T' > T}, and ¢ =~ ¢, —0.02; the critical point is
the locus specified by T. ~ T and ¢, ~ ¢; the fluid is characterized by [S = 22.2, £ = 1.903x1077].
In (b), each curved line is obtained for o /K = 1.35 and ¢ = 0.15674 which corresponds to T' > Ty,
T > T, and ¢ =~ ¢, — 0.02; the fluid is characterized by [S = 7.1, (o = 0.857]. In (c), each curved
line is obtained for o/FK = 1.2088 and ¢ = 0.132 which corresponds to T > T},, T' = T, and
¢ ~ ¢p — 0.046; the fluid is characterized by [S = 7.1, {o = 0.857].
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(a) ko=2.4, $=0.17472, 6/BK=0.79529 [£0 =0.974; S=7.33E+12]
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FIG. 20. Dependences of P(r), H(r), g(r), and go(r) on r for ko = 2.4 (f, = 0.101853) in loci far
from critical point. Evaluations are based on Egs. (185), (216), (217), and Eq. (203). In (a), each
curved line is obtained for o/SK = 0.79529 and ¢ = 0.17472; the fluid condition is characterized as
T =T, ¢~ ¢p, T. < T, and ¢. ~ ¢; features of the fluid are [S = 7.33 x 1012, £ = 0.974]. In (b),
each curved line is obtained for o/SK = 0.92 and ¢ = 0.17472; the fluid condition is characterized
as T > Ty, ¢ = ¢p, T < T, and ¢ = ¢; features of the fluid are [S = 15.1, o = 1.82]. In (c), each
curved line is obtained for o/SK = 0.79529 and ¢ = 0.14; the fluid condition is characterized as

T~Ty, ¢~ ¢p,—0.026, T < T, and ¢ ~ ¢, —0.026; features of the fluid are [S = 14.8, (o = 1.04].
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related to & by Eq. (218). This demonstrates that the occurrence of relation go(r) < g(r)
for a large r requires S # 0 and {0 < 1. A condition specified by § # 0 and o < 1
causes the behavior of g(r) that cannot be expressed as the product of r~! and a particular
function given by a series with respect to positive powers of r.

Even if physical clusters formed in a fluid system is small, their formation causes the
dependence of the pair correlation function on r to deviate from the dependence that is
expressed by ¢o(r). To explain the deviation from its behavior expressed as g(r) — 1 ~
r~118 the contribution of the presence of physical clusters to g(r) should not be ignored.
Representing the pair correlation function as the sum of two correlation functions contributes
to explaining critical phenomena if the presence of physical clusters is not ignored. In
addition, effects yielded by a decrease in ¢ and effects yielded by a decrease in (o/SK)™!

can have similarities. This fact is exemplified by the behaviors of the correlation functions

seen in Figs. 17, 20 and 21.

103



(a) ko=3.6, $=0.19733, o/BK=0.59647 [£0=2.45; S=6.43E+14]
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FIG. 21. Dependences of P(r), H(r), and g(r) on r for ko = 3.6 (f, = 0.101853). Evaluations
are based on Egs. (185), (216), (217), and Eq. (203). In (a), each curved line is obtained for
o/BK = 0.59647 and ¢ = 0.19733; the fluid condition is characterized as T'~ T}, ¢ = ¢p, T < T,
and ¢. ~ ¢; features of the fluid are [S = 6.43 x 1014, £o = 2.45]. In (b), each curved line is
obtained for /8K = 0.64 and ¢ = 0.19733; the fluid condition is characterized as T > T}, ¢ = ¢p,
T. < T, and ¢ =~ ¢.; features of the fluid are [S = 66.3, {o = 2.92]. In (c), each curved line
is obtained for o/BK = 0.59647 and ¢ = 0.178; the fluid condition is characterized as T ~ T,
¢~ ¢p—0.019, Tc. < T, and ¢ =~ ¢ — 0.019; features of the fluid are [S = 69.4, {o = 2.37].
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8. Fractal structures of physical clusters at percolation threshold®

( a ) Fractal dimensions of physical clusters

The dependence of P(r) on a large r is given by Eq. (185). However, the form of the
dependence is not clear. It is possible to derive a suitable form from the dependence ex-
pressed by by Eq. (185). The form is expressed as a special product, which is obtained by

~(=d5) by the remainder. The product is expressed as

Plr) = C; (

where coefficients Cy and dy are not constant in general. Under the condition that a fluid

multiplying a factor (/o)
r\ —(3—dy)
- 219
=) (219)
system includes extremely large physical clusters having a fractal structure, C'y and d; can
be constant. Then, d; represents the fractal dimension of the fractal structure.*® This is
understood from the behavior of the curved line of P(r) specified by & = 9.01 x 10'° in
Fig. 22.

According to the assumption that C'; and dy behave as constant values for variations in
the value of r satisfying |ro — r|/ro < 1 (ro > o), Cy and d; are easily estimated. Then,
the derivative dP(r)/dr at r = ry is given as dP(r)/dr =—B—=ds)(r/o)"'P(r)/c

r=rg r=rg

Hence, the use of P(ry) = Cy (ro/o)”®7%) and dP(T)/dT) allows C to be estimated as
1/3

-1 —lnrg/o —id4nrg/o ~
1 dP 3
Cr= [(%) (_57"0 dir) ) <P(TO)> ] | 0

Similarly, the use of P(ry) = Cy (ro/a)f(?’*df) and dP(r)/dr

allows dy to be estimated
T=T0

as

q = [ ro dP(r)

~1/3
~SPGT dr :] . (221)

Thus, the two unknown coefficients Cy and d; are expressed by the above formulae. Eval-
uations of C'y and dy are achieved if P(r) given by Eq. (185) is substituted into Egs. (220)
and (221). Then, the derivative dP(r)/dr is obtained from the use of Eq. (185) as follows:

AP(r) . e &' _
G M ()~ e (eI )
s (1= €I o0)
(1+ 5%)@ + %I(”(r, 00). (222)
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FIG. 22. Dependences of P(r) and df on r (f, = 0.101853). Each curved line is evaluated
for ko = 3.6 and ¢ = 0.19733 ~ ¢,. Two thick solid curved lines are characterized by a set
[S = 6.43 x 104, ¢0 = 2.45] because o/BK = 0.59647 corresponds to T ~ T, near percolation
threshold. Dotted curved line is characterized by [S = 583, {o = 2.60] linked to o/SK = 0.61 (
T > T,); dashed and single-dotted curved line by [S = 66.3, {o = 2.92] linked to o/BK = 0.64 (
T > Ty); dashed curved line by [S = 9.7, (o = 3.93] linked to o/BK = 0.74 ( T > T},). P(r) is

evaluated from Eq. (185). dy is evaluated from Eq. (221) for ro = 7.
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FIG. 23. Dependence of dy on r for ko = 2.4 (f, = 0.101853). d for 7o ~ r is evaluated from Eq.
(221) for ¢ = 0.14263 ~ ¢}, in (a) and ¢ = 0.17472 = ¢ in (b). In (a), thick solid curved line is
characterized by a set [S = 9.01 x 10'°, £o = 8.79 x 1078] because o/BK = 0.694663 corresponds
to T' ~ T}, near a percolation threshold on the spinodal line. Other curved lines are characterized
by [S = 18348, &0 = 0.0369] linked to o/BK = 0.697 ( T > T},); [S = 181, {o = 0.343] linked to
o/BK =072 (T >Tp); [S =22, (o = 0.911] linked to 0/BK = 0.78 ( T' > T},). In (b), thick solid
curved line is characterized by [S = 7.33 x 10'2, £ = 0.974] because o /BK = 0.79529 corresponds
to a relation near a percolation threshold satisfying T > T, above the spinodal line. Other curved
lines are characterized by [S = 17866, {0 = 0.996] linked to o/SK = 0.798 ( T > T¢); [S = 509,
€o = 1.11] linked to o /BK = 0.812 (T > T¢); and [S = 15.1, {o = 1.82] linked to o/BK = 0.92 (

T>T,).
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FIG. 24. Dependence of d; on r for a small ko (ko = 0.1) (f, = 0.101853). dy for ro = r
is evaluated from Eq. (221). In (a) evaluated for ¢ = 6.85342 x 107% ~ ¢/, thick solid curved
line is characterized by a set [S = 1.22 x 1013, éo = 2.47 x 107?] because o/3K = 0.018087
corresponds to T = TI/) near a percolation threshold on the spinodal line. Other curved lines
are characterized by [S = 14874, {o = 0.00195] linked to o/BK = 0.01809 (T > T}); [S = 1053,
¢o = 0.00631] linked to o/8K = 0.0181 (T > T0); [S = 113, éo = 0.0185] linked to o/8K = 0.0182
(T >T)); and [S = 7.2, (o = 0.0761] linked to o/BK = 0.02 ( T > T}). In (b) evaluated for
o/BK = 0.018087 (T = T}), thick solid curved line for ¢ = 6.85342x107° is the same as that shown
for o/BK = 0.018087 in (a). Other curved lines are characterized by [S = 6798, {0 = 0.00333]
linked to ¢ = 6.852 x 107% (¢ < ¢p); [S = 571, {o = 0.0103] linked to ¢ = 6.84 x 1076 (¢ < bp);
[S = 46.1, o = 0.0354] linked to ¢ = 6.7 x 107¢ (¢ < #p); and [S = 8.1, {0 = 0.0882] linked to
¢=6.0x107° (¢ < ¢]).
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ko=1.8, o/BK=1.0314 — —=0.146 [£0=0.0734; S=22.4]
—.-¢$=0.126 [£0=0.315; 5=8.0]

1.5
!\
1 LN
S \
“'.s- N, S~
~ N\§§ _\—\

0.5 i -

0 T T T r

0 10 20 30 40
r/o

FIG. 25. Dependence of dy on r for ko = 1.8 (f, = 0.101853). df for g =~ r is evaluated from
Eq. (221) for o/BK ~ 1.0314 linked to T' ~ T.. Thick solid curved line is characterized by a set
[S = 146, (o = 4.20 x 1078] because ¢ = 0.161423 is linked to ¢ ~ ¢ ~ ¢p — 0.008. Other curved
lines are characterized by [S = 22.4, {0 = 0.0734] linked to ¢ = 0.146 ( ¢ < ¢¢); and [S = 8.0,
&o = 0.315] linked to ¢ = 0.126 ( ¢ < ¢¢).

The behavior of P(r) is characterized by the form of Eq. (219) at r satisfying |ro—r|/r¢ <
1 with 1 < r¢/o. If physical clusters formed in a fluid system by a mutually attractive force
between two particles, which is characterized by a Yukawa potential uy(r), have a fractal
structure, then the fractal dimension d; of the physical clusters is evaluated by the use of
Eq. (221). When the fluid system includes sufficiently large physical clusters, the physical

clusters maintain a fractal structure with the fractal dimension approximated as dy ~ 1.4.
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This fact is confirmed in Figs. 22, 23, and 24. Moreover, Fig. 24 indicates that the physical
clusters can maintain a fractal structure characterized by dy ~ 1.4 if the percolation of
physical clusters occurs even under a condition 0 < ko < 1. This example denotes that
even astronomical physical clusters formed by the contribution of a long-ranged attractive

force such as gravitation should exhibit a fractal structure characterized by dy ~ 1.4.

( b)) Structure resulting from mizing inhomogeneously

The representation of dy introduced by Eq. (219) is not complete for physical cluster
elements formed in a fluid system unless the aggregation of physical cluster elements with
each other enhances the long-range feature of P(r) sufficiently. The pair connectedness
P(r) described by Eq. (68) via the Percus—Yevick (PY) approximation® implies that each
small element of physical clusters formed in a Yukawa fluid can have a structure that is
characterized as a fractal structure. If a condition of the fluid system deviates slightly from
the percolation threshold, physical clusters cannot be developed towards large sizes as shown
in Figs. 22, 23, 24, and 25. Even under the condition, each physical cluster element should
maintain a fractal feature.

Growth of a physical cluster in a fluid can proceed via either particle-cluster aggregation
or cluster—cluster aggregation.?’ Then, each physical cluster of particles grows in shapes that
are similar to branches and does not form a block of aggregated particles. Physical cluster
growth yielded by the cluster—cluster aggregation allows each physical cluster to maintain a
structure characterized by branches. The cluster—cluster aggregation allows large physical
clusters to have the structure with a fractal dimension near 1.5.4

The representation of P(r) given by Eq. (68) implies that large physical clusters formed
via cluster—cluster aggregation in a Yukawa fluid have a structure that is characterized as
a fractal structure. This indicates that the aggregation of physical cluster elements with
each other allows large physical clusters with the fractal structure to be formed. Physical
clusters with a fractal structure can be formed under the condition of a fluid system that is
located far from the percolation threshold even if the behavior of df given by Eq. (221) is
not constant for variations in r.

In a fluid, physical clusters are formed by particle pairs contributing to the magnitude
of P(r). The physical clusters can grow infinitely without disappearing, and the formation

of large physical clusters causes the behavior of d; given by Eq. (221) to become constant.
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This indicates that the particle pairs do not homogeneously mix in each microscopic volume
with other particle pairs contributing to the magnitude of D(r). Such inhomogeneity in a
fluid system is a state shown from the behavior of d; given by Eq. (221). At the liquid-vapor
critical point, the inhomogeneity causes the deviation from behavior of g(r) expressed as

g(r)—1~7r71L
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C. Phase behaviors influenced by physical clusters
1. Specific behaviors of correlation functions

(a ) Reduction of density fluctuations owing to exclusion effect caused by hard core of
each particle

The degree of the density fluctuations is linked to the compressibility because Eq. (18)
can be modified with the use of Eq. (41) as follows:

m(G))-(EN]-EE).) - e

Based on Eq. (223), it is easy to confirm the degree of the density fluctuations for a
hard-sphere fluid system. The equation of state of a hard-sphere fluid can be given as a
simple formula that more precise than that obtained from the PY approximation,®!? and it

is expressed as'®!!

BP _1+6+¢°—¢°
p (1-9¢)°

The differentiation of Eq. (224) with respect to p allows the compressibility equation to be

(224)

expressed as

oP -

{5 (-) } =(1— )" (14 69+ 6¢> — 14¢° + 7¢*) 7" (225)
I )vr

According to the magnitude of 57'(0p/OP)yr evaluated from Eq. (225), the density fluc-

tuations in a hard-sphere fluid system are simply reduced as the density of the hard spheres

increases. This is confirmed by Fig. 26. For a hard-sphere fluid system, P(0) = 0 is satisfied.
Hence, a comparison of Eq. (225) with Eq. (163) allows the following relation to be obtained:

H(0) = (1 — @) (1 466 + 64> — 14¢> + Tp*) 1 — 1. (226)

A comparison of Eq. (226) with Eq. (225) requires the behavior of H(0) to be equivalent
to the behavior of 871(9p/dP)yr shown in Fig. 26. The exclusion effect caused by the
hard core of each particle allows the degree of the density fluctuations to be reduced as
the density of particles is increased. If Eq. (165) is considered, then for a hard-sphere fluid
system, [ﬁ(@P/@p)wT]_l = H(0) +1 = 1/[1 — C*(0)], P(0) = 0, and C*(0) = 0 must be

satisfied. Therefore, the exclusion effect owing to the hard core of each particle requires
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1/[B(oP/0p)]

0.8

FIG. 26. Degree of density fluctuations of hard-sphere fluid. This fluid is a typical system where
contribution of formation of physical clusters does not exist, but the exclusion effect owing to

the hard-core potential of each particle exists. The degree of density fluctuations is denoted by

[8(0P/0p) V,T]

1, which is evaluated based on Eq. (225).

relations 0 > C*(0) < —oo and 0 < H(0) < 1 to be satisfied. This indicates that C*(0)
and ﬁ(()) have negative values if the exclusion effect owing to the hard core of each particle
becomes dominant for a large ¢, i.e., for a large p, in a fluid system where a mutually

attractive force acts between particles of each pair. Then, 5*(0) can become even a large
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FIG. 27. Degree of density fluctuations of Yukawa fluid ko = 1.8 (f, = 0.101853). Degree of
density fluctuations denotes [3(0P/0p) V7T]71 evaluated based on Eq. (166) that is formed from
pc® given by Eq. (139). Then, [3(0P/dp) VJ,]_I = P(0) + H(0) + 1 and P(0) # 0 are satisfied.
[0/BK]. is given as [0/BK]. ~ 1.0314.

negative value.

( b ) Resistance to phase separation of particles belonging to physical clusters
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FIG. 28. Behaviors of P(0) and H(0) for condition satisfying ko = 1.8 and o/BK = [0/8K].
(f, = 0.101853). Large negative values of ﬁ(O) near percolation threshold is compensated for large
positive values of P(0) near percolation threshold in summation P(0) 4 #(0) 4 1 that is equivalent
to [B(0P/0p) V7T}_1’ In figure, “wave P(0)” means P(0), and “wave H(0)” means H(0). [o/8K].
is given as [0 /FK]. ~ 1.0314.

The presence of a mutually attractive force between hard-core particles of each pair
makes the behavior of [5 (0P/ Gp)VT] ! for a fluid system become different from that seen
in Fig. 26. The presence of the mutually attractive force enables the density fluctuations to

become extremely large as p increases toward the critical point. Then, even the existence of
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FIG. 29. Behaviors of Ct(0) and C*(0), &0), P(0), H(0), S, [80P/dp]~t, P(c), and D(c) for
ko = 1.8 and o/BK = 1.16 (f, = 0.101853). pC10 = CT(0), pC*0 = C*(0), pcd = &(0),
waveP(0) = P(0), and waveH (0) = H(0). [6(8]3/8,0)]_1 = P(0) + H(0) + 1. P(cs) = P(0) and

D(o) = D(o). Each dot “e” corresponds to a point given at percolation threshold.

small physical clusters can influence the phase behavior at the critical point, as confirmed by
Figs. 18 (a) and 19 (a). When the temperature of a fluid decreases or the density of particles

increases, either the aggregation of particles that results in phase separation can be domi-
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FIG. 30. Behaviors of Ct(0) and C*(0), &0), P(0), H(0), S, [80P/dp]"t, P(c), and D(c) for
ko =18 and o/BK =1.06 (f, =0.101853). Detail is same as that in Fig. 29.

nated or the generation of the percolation can be dominated, depending on the distance at
which the attractive forces between the particles remain effective. Phase separation in a fluid
before reaching the percolation threshold or percolation before inducing phase separation
occurs depending on the distance at which the attractive forces between the particles remain

effective. Similarly, a critical behavior at the critical point before reaching the percolation
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ko=1.8, o/BK=1.036
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FIG. 31. Behaviors of C*(0) and C*(0), &0), P(0), H(0), S, [80P/dp]"t, P(c), and D(c) for
ko = 1.8 and o/BK = 1.036 > [0/BK]. (f, = 0.101853). Critical point is specified by o /K =
[0/BK]. and ¢ = ¢, with [0/BK]. ~ 1.0314 and ¢. ~ 0.161423. Detail is same as that in Fig. 29.

threshold or percolation before reaching the critical point are observed depending on the
effective length to which the influence of each attractive force reaches. Thus, the two cases
are possible, depending on whether the effective length is short or long. In the case that

the effective length is long, critical phenomena in a fluid occurs before a condition of a fluid
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reaches the percolation threshold of physical clusters; the spinodal line is located above the
percolation threshold in the phase diagram. In the case that the effective length is short,
the percolation occurs before a condition of a fluid reaches the critical point; the percolation
threshold s located above the spinodal line in the phase diagram. These facts should imply
that the appearance of the liquid phase of a fluid depends on the effective length to which

the influence of each attractive force reaches.

According to Fig. 6, a fluid system that is specified for ko = 1.8 and p satisfying
0.0099792 < ¢ < 0.16432 corresponds to a system under the condition that the spinodal
line is located above the percolation threshold. If o/SK = [0/fK]. is maintained with
l0/BK]. ~ 1.03136 given at the critical point of the fluid system, then an increase in the
density of the fluid system can allow the occurrence of a critical behavior at the critical
point to appear before reaching the percolation threshold. The critical behavior appears
at the set specified by ¢ = ¢, (¢p. ~ 0.161423) and o/FK = [0/BK]., and the percolation
threshold is located at the set specified by ¢ = ¢, (¢, ~ 0.170034) and o/FK = [0/K].
([o0/BK]. =~ 1.0314). This fact enables phase behavior near the critical point to be linked to

variations in structures of particle distribution that are characterized by 75(0) and ’;q(O)

In the fluid system, the growth of physical clusters is linked to an increase in the number
of particle pairs contributing to the magnitude of 75(0) As an increase in the value of ¢
corresponds to a decrease in the mean distance between particles, this increase allows the
strength of the mutually attractive force between the particles of each pair to be increased
on average. An increase in the mutually attractive force makes the particles stay more stably
near each other. As a result, the magnitude of D(c) (= H(o) + 1) and the magnitude of
P(o) both should be increased. According to Figs. 29, 30, and 31, the ratio P(o)/D(0)
is also increased by an increase in the value of ¢. The contraction of the mean distance
between particles owing to the increase in the value of ¢ allows the effect of the mutually
attractive force to be strengthened. However, the magnitude of P(0) remains small even at
the percolation threshold. If it is possible to induce a phenomenon in which only particles
belonging to the physical clusters are aggregated in the vicinity of each other, then the mag-
nitude of P(c) should become large as the condition of the fluid approaches the percolation
threshold. Further, this phenomenon should allow the particles belonging to the physical
clusters to be separated from the phase of the fluid. These are negated by the behavior of

P(o) remaining small even at the percolation threshold.
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The fluid system has a capability to resist the phase separation of particles belonging
to the physical clusters. The magnitude of 7—2(0) includes the contribution of particle pairs
characterized by the fact that two particles of each pair interact in an unbound state where
the contribution of the relative kinetic energy of the pair particles exceeds the contribution
of the attractive force between them. The particles that form the physical clusters coexist
with particles specified as particle pairs contributing to the magnitude of 7:2(0) The lat-
ter particles have a tendency to be confined among branches of physical clusters.?> Thus,
the particles contributing to the magnitude of 7—7(0) prevent the occurrence of the phase
separation of particles belonging to the physical clusters. Resistance to the occurrence of
the phase separation of particles that form the physical clusters is assisted by the particles

contributing to the magnitude of H(0).
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2. Maximization of density fluctuations near critical point

When a condition of a fluid is not in the vicinity of the critical point, evaluations based
on Egs. (203) and (217) do not allow relation go(r) < g(r) to be found for a large r even if
S is sufficiently large. The case of (a) found in Fig. 21 denotes that a fluid system includes
physical clusters of which the mean size is given as § = 6.43 x 10'. In this case, go(r) > g(r)
is found for a large r. The case of (a) found in Fig. 20 denotes that a fluid system includes
physical clusters for which the mean size is given as S = 7.33 x 10'2. In this case, go(r) > g(r)
is found for a large r. For a fluid maintained in the vicinity of both the critical point and the
percolation threshold, finding go(r) < g(r) for a large r is necessary based on the contribution
of P(r) to g(r). This is confirmed from (a) in Fig. 17. Nevertheless, relation go(r) < g(r)
for a large r can be found even if the mean size of physical clusters § is not sufficiently large
when a condition of a fluid is maintained in the vicinity of the critical point. The case of (a)
found in Fig. 18 denotes that the fluid includes physical clusters of which the mean size is
given as S = 146. The case of (a) found in Fig. 19 denotes that the fluid includes physical
clusters of which the mean size is given as & = 22.2. These indicate that the existence of
physical clusters contributes to the maximization of the density fluctuations at the critical
point even if § is not large.

The percolation of physical clusters occurs at the percolation threshold corresponding to
the condition given as 1 — C*(0) = 0. Despite this fact, the magnitude of 3~1(8p/P)y.r
given as Eq. (164) is prevented from diverging to infinity at the condition 1 — C*(0) = 0.
This is demonstrated by the form given by Eq. (165). Thus, the extremely large density
fluctuations that are specified through Eq. (166) at the condition 1 — ¢(0) = 0 occur owing
to the second term on the right-hand side of Eq. (164). This term is equivalent to 7(0), i.e.,

(0 = C*(0) + 5*(0)}5(0)7
1 —C*(0) — C*(0)

(227)

where neither P(0) nor C(0) are zero if a fluid system includes physical clusters. Examples
showing ﬁ(O) # 0 and 5*(0) # 0 for ¢ > 0 are confirmed from Figs. 29, 30, and 31. Equation
(227) implies that the extremely large density fluctuations occur because particles belonging
to physical clusters restrict the behavior of particles contributing to the magnitude of H(0).

If particles specified as particle pairs contributing to the magnitude of ﬁ(O) are confined

among branches of physical clusters formed in a fluid system, the movements of the particles
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are restricted. According to the behaviors of H(r) and P(r) found from Figs. 17, 18, 19,
20, and 21, the minimum of #(r) occurs near the value of r at which P(r) is maximized.
This demonstrates that particles contributing to the magnitude of #H(r) have a tendency to
be excluded from particles contributing to the magnitude of P(r). The magnitude of #H(r)
includes the contribution of particle pairs characterized by the fact that two particles of
each pair interact in an unbound state where the contribution of the relative kinetic energy
of the pair particles exceeds the contribution of the attractive force between them. Unless
particles contributing to the magnitude of H(r) prevent physical clusters from contracting,
particles belonging to the physical clusters must undergo phase separation from the fluid
system. Particles contributing to the magnitude of H(r) are confined among branches of
physical clusters. Hence, these particles prevent phase separation. Then, the movements of
the particles are restricted by particles belonging to physical clusters.

A contribution of the exclusion effect owing to each hard core allows the degree of the
density fluctuations [3(0P/0p)y.r] ! to be decreased as the density p of particles is increased.
Moreover, an increase in the density p, i.e., the volume fraction ¢ decreases the mean distance
between particles; hence, the increase strengthens the effects of attractive forces between
particles. Then, physical clusters can be stabilized even if the physical clusters are small.
Ultimately, at least the number of physical clusters is increased by the increase in the value
of ¢.

Simultaneously, the increase in the value of ¢ should raise the probability that particle
pairs contributing to the magnitude of 7:2(0) are exchanged for particle pairs contributing
to the magnitude of ﬁ(O) An increase in the number of physical clusters means that the
particle pairs contributing to the magnitude of ﬁ(O) are confined in larger number among the
branches of physical clusters. Thus, the effect of increasing the probability should enhance
the instability of physical clusters.

An increase in the volume fraction ¢ can lead to at least three different types of effects,
i.e., a) the enhancement of the exclusion effect reducing [3(0P/dp)vr|*, b) the stabilization
of physical clusters owing to the contraction of the mean interparticle distance, and c)
the enhancement of the instability of physical clusters owing to confinement of particles
contributing to the magnitude of H(0). Then, the effect of b) competes with the effect of c).
This competitive phenomenon should have the ability to enhance the density fluctuations.

The behavior of 7—7(0) is changed when ¢ exceeds ¢, that is the value of ¢ at the critical
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point. The effect of a) becomes dominant. Moreover, the effect of b) becomes more dominant
than the effect of ¢). Thus, the maximized density fluctuations are reduced as ¢ is increased
beyond the value of ¢.. According to Eq. (227), 0 < C*(0) < 1, 0 < C*(0) < 1, 0 < P(0),
and 0 < 1 — C*(0) — C*(0) < 1 must be satisfied when 0 < (¢ — ¢.)/é < 1 is satisfied. As
¢ increases, the magnitude of C* (0) decreases toward zero. Then, the magnitude of ﬁ(O) is
increased. The magnitude of 7 (0) decreases and reaches zero at C*(0) = 0. As ¢ is increased
more, C* (0) becomes negative although its absolute value is not large. Then, ﬁ(()) reaches
a large value toward the percolation threshold. Thus, ﬁ(O) has a large negative value near

the percolation threshold, as confirmed by Fig. 28.
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3. Magnitude of D(r) vanishing at triple point

According to the compressibility equation expressed by Eq.(165), the pressure P of a
single-component fluid satisfies relation [3(OP/dp)yr]™t = 1/(1 — C*(0) + C*(0)). The
behavior of the pressure P at the triple point enables specific features of correlation functions
to be revealed.

According to Eqgs. (44) and (169), the mean physical cluster size S is given as S = 1+P(0),
in which relation 0 < P(0) is always satisfied. If a relation given by Eq. (88) is considered,
then it is expressed as S = 1/(1 — C*(0)). As the relation 1 < S is always satisfied, the

value of C(0) must satisfy
0<CH0) < 1. (228)

If (Op/OP)v,r = 0 is generally satisfied at the triple point, then Eq. (165) requires C*(0) to
satisfy the following relation at the triple point:

0<1/(—C*(0)) < 1, (229)

because the magnitude of C*(0) is limited by Eq. (228). This denotes that the exclusion
effect owing to the hard core of each particle becomes sufficiently dominant at the triple
point.

According to Egs. (163) and (223), the density fluctuations are expressed as
(N/V)?) = (N/V)? = ((N/V)/V)(P(0) + H(0) + 1),

where the mean number of particles included in a fluid system of volume V' is expressed as
(N). Hence, requiring relation (0p/0P)v,r ~ 0 at the triple point corresponds to requiring
relation ((N/V)?) — (N/V)? ~ 0. At the triple point, the density fluctuations are prevented.

This suggests the occurrence of two phenomena. One of the two phenomena indicates that
particular particle pairs contributing to the magnitude of D(r) are confined among branches
of physical clusters. The other represents that almost all physical clusters are in the state
of the percolation at least near the triple point. In the state of the percolation of physical
clusters, relation 1 < 5(0) is satisfied according to Eq. (44). The state of percolation
at the triple point requires relation 1 < P(0) and 1 < —H(0). Relation 1 < —H(0) is
equivalent to (1/V) [, D(r)dr ~ 0 owing to D(r) = H(r) + 1. Decreasing the magnitude of

D(r) toward zero means that the magnitude of —H(0) is made diverge. Particle pairs that
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contribute to the magnitude of D(r) includes specific particle pairs characterized by the fact
that two particles of each particle pair interact in an unbound state where the contribution
of the relative kinetic energy of the pair particles exceeds the contribution of the attractive
force acting between them. The particle pairs should contribute to maintaining the density
fluctuations near the triple point. This fact suggests the assumption that particle pairs that
contribute to the magnitude of D(r) are confined among branches of physical clusters formed
by particle pairs that contribute to the magnitude of P(r). The more densely branches of
physical clusters are developed, the more frequently particle pairs that contribute to the
magnitude of D(r) and which are confined among the branches of physical clusters can be
exchanged for particle pairs that contribute to the magnitude of P(r). The development
of branches of physical clusters allows for a decrease in the magnitude of D(r) and allows
1 < —H(0), which leads to (1/V) J,, D(r)dr ~ 0. This is consistent with a consequence
obtained from the discussion in Sec.IIB3 as it shows that (1/V) [, D(r)dr ~ 0 is satisfied
near a liquid-solid transition point. The fluid system is allowed to be transformed from the
liquid state into the solid state when (1/V') [, D(r)dr ~ 0 is satisfied.

If the percolation of physical clusters does not occur even at the triple point, then the
magnitude of P(0) is not large according to Eq. (44). Then, the magnitude of —H(0) is
also not large as relation (0p/0P)yr ~ 0 requires H(0) &~ —1 — P(0). This means that the
magnitude of D(r) does not reach zero when an increase in the value of p allows the value
to reach a specific value given at the triple point. It is somewhat unreasonable to allow a
fluid system to be transformed from the liquid state into the solid state under the condition
that the magnitude of D(r) does not become sufficiently small.

Therefore, the condition 1 < ﬁ(()) denoting the state of the percolation should be satisfied
near the triple point. The occurrence of 1 < ﬁ(O) means that branches of physical clusters
that develop densely over the entirety of V' can confine particle pairs contributing to the
magnitude of D(r) among them. The occurrence of 1 < 73(0) near the triple point is effective
for explaining why the density fluctuations decease toward vanishing as p increases toward

a specific value being given at the triple point.
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D. Effects on thermodynamic properties of classical fluids
1. Effects of physical cluster formation on features of various fluids

(a) Pressure equation

In the gas state, the fluid should be characterized as an ensemble of particle pairs consist-
ing of only particles having large relative momenta. Then, each particle pair is characterized
as pair particles interacting in an unbound state in which a contribution of their relative
kinetic energy exceeds a contribution of the mutually attractive force characterized by a
specific pair potential u(r). By contrast, each particle pair forming an ensemble of parti-
cles having small relative momenta is characterized as pair particles interacting in a bound
state in which a contribution of the mutually attractive force characterized by a specific pair
potential exceeds a contribution of their relative kinetic energy. A physical cluster is an
ensemble of particles that are linked to each other via bonds defined by such bound states.
Particles that participate in the physical cluster formation contribute to the magnitude of
the pair connectedness P(r). These particles have small relative momenta; hence, they
cannot actively contribute to the pressure P.

According to the pressure equation, the pressure P for a single-component fluid involves
an effect of the physical cluster formation owing to g(r) = P(r) + D(r) and is given as

follows:

BP = p— (0*/6)8 / rldu(r) /dr][P(r) + D(r)]dr.

In the pressure equation, particles that contribute to the magnitude of a correlation function
D(r) can have large relative momenta. This can principally contribute to the pressure P.
A fluid must consist of particles contributing to P(r) and particles contributing to D(r).
According to a macroscopic aspect of the fluid, the expectation is that a group of particles
contributing to P(r) homogeneously mix with a group of particles contributing to D(r).
According to microscopic aspect, effects of the physical cluster formation on the fluid do
not allow the two groups to homogeneously mix with each other. Moreover, particles having
large relative momenta can be confined among branches of physical clusters. Thus, effects
of the physical cluster formation on the pressure should be observed. Features of the fluid
at a temperature at least below the liquid-vapor critical point should be generated via the

cooperation between a group of particles having large relative momenta and another group

126



of particles having small relative momenta.

Based on Eq. (163), the compressibility estimated from the two differential equations Eqs.
(154) and (155) is equal to that estimated from the two integral equations Egs. (49) and (52),
unless a fluid includes extremely large physical clusters developed under conditions beyond
the percolation threshold. The two correlation functions P(r) and D(r) that are estimated as
exact solutions from the two differential equations Eqs. (154) and (155) should be adequate
approximations that allow the pressure P to be expressed as the sum of contributions of the

physical cluster formation and the other contributions.*?

( b)) Confinement of particles caused by branches of each physical cluster

Attractive forces between particles constituting each physical cluster must make the
branches of each physical cluster contract, and particles having small relative momenta
should not be allowed to microscopically homogeneously mix with particles having large
relative momenta. Despite this fact, the solid state cannot be found even in a specific fluid
being maintained near the freezing point. Hence, particles having large relative momenta
must be confined among branches of physical clusters and must prevent physical clusters
from contracting. The formation of a structure that prevents the phase separation between
a group of particles having highly kinetic abilities and another group of particles having
small relative momenta is consistent with the law of the increase of entropy. Moreover, the
fact that branches of physical clusters confine particles having large relative momenta should
allow the liquid-vapor interface to become macroscopically clear and smooth in a fluid sys-
tem being maintained below the critical point. A capability to allow a fluid to maintain the
liquid state® should be a result of the physical cluster formation, which allows particles of
large relative momenta to be confined, and the physical cluster formation should make the

liquid state differ from the gas state.

( ¢ ) Features of fluids generated by physical cluster formation

A microscopic fluid structure induced by the physical cluster formation should allow some
features of a fluid in a liquid phase to be interpreted. No matter how high the density of
particles becomes, a fluid in the gas state where the effect of the physical cluster formation

is not expected can microscopically homogeneously mix with another fluid in the gas state
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where the effect of the physical cluster formation is also not expected. However, a fluid
in the liquid state cannot homogeneously mix in each microscopic element of volume with
another fluid in the liquid state. This phenomenon is caused by an effect of the physical
cluster formation.

Physical clusters can contribute to forming a microscopic distribution pattern of particu-
lar particles (atoms or molecules) that are dissolved as solute particles in a fluid in the liquid
state. Solute particles that cannot actively participate in the physical cluster formation have
a tendency to be distributed among branches of physical clusters. Solute particles that can
actively participate in the physical cluster formation have a tendency to be distributed as
a portion of the particle group that consists of particles forming physical clusters. Thus,
physical clusters can make a microscopic distribution pattern of solute particles inhomoge-
neous in a fluid mixture, such as a liquid of metallic alloy or another solute-solvent mixture.
A microscopic fluid structure, resulting in a microscopic distribution pattern of solute par-
ticles, might aid in interpreting even the anomaly of the specific heat that can be obtained
from a fluid mixture near the consolute point® as the stability of physical clusters depends
on the temperature.

The formation of a microscopic inhomogeneous distribution pattern of solute particles
characterizes a macroscopic phenomenon called the osmotic pressure. The behavior of the
osmotic pressure when dissolving solute particles that cannot actively participate in the
physical cluster formation differs from that when dissolving solute particles that can ac-
tively participate in the physical cluster formation. The difference between microscopic
inhomogeneous distribution patterns can allow the temperature dependence of the osmotic
pressure for a fluid mixture to differ from that for another different fluid mixture.

Under the condition that the stability of physical clusters is low, both the formation
of physical clusters and the decomposition of physical clusters can occur as very sensitive
responses to slight variations in temperature. Such highly sensitive responses should allow
the thermal conductivity of a fluid to behave anomalously®®. A microscopic fluid structure
induced by the physical cluster formation should influence various phenomena found from a
fluid.

At the temperatures of a fluid that is beyond the liquid-vapor critical point although
is near this point, the physical cluster formation can cause inhomogeneity as the density

fluctuations'?. As physical clusters that are formed in a fluid in the gas state restricts the
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motion of particles, the fluid should gain a specific structure!*. After the density fluctuations
reaches the maximum at the critical point, they are reduced as the density of particles
increases!?.

The degree of the density fluctuations can be confirmed from the compressibility as known
from Eq. (223). In a hard-sphere fluid system, the density fluctuations are only simply
reduced as the density of hard spheres increases according to the equation of state®. No
existence of attractive forces between particles causes the phase behavior to be simple. The
presence of attractive forces between particles can cause complexity of the phase behavior,
which depends on features of the attractive forces®. Various characteristic phenomena!® 24
can be influenced by the physical cluster formation depending on features of attractive forces
acting between particles.

The dependence of the heat capacity of a fluid on temperature behaves characteristically
near the critical points.5™® According to relation g(r) = P(r) +D(r), the internal energy U

for a single component fluid involves an effect of the physical cluster formation and is given

as follows:

U= % + %p2V/Vu(r) [P(r) + D(r)]dr.

The dependence of the heat capacities of liquids on temperature®*>?

should involve the in-
fluence of the stability of physical clusters. Although extremely large physical clusters occur
at the percolation threshold, the dependence of the heat capacity of a fluid on temperature
can be affected by physical clusters that do not reach a percolation state near the critical

pOth 42,57,58
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2. Pressure affected by physical cluster growth

Under the condition that Eqgs. (156) and (157) are satisfied, two correlation functions P(r)
and H(r) that are given as exact solutions satisfying the two differential equations expressed
by Egs. (154) and (155) should allow the pressure P maintained by a single-component fluid
to be adequately estimated. This is supported by the fact that the compressibility is given by
Eq. (163). Moreover, it is supported by the fact that a requirement for making the use of the
pressure equation SP = p— (p*/6)3 [, r[du(r)/dr][P(r)+D(r)]dr become effective requires
approximations for P(r) and #H(r) to be adequate only in a microscopic range in which
|du(r)/dr| retains an effective magnitude. Hence, the pressure P that is estimated from the
two correlation functions given as the exact solutions should be an adequate approximation
for the pressure that should be estimated from two correlation functions derived from the

two integral equations corresponding to Eqgs. (49) and (52).

(a) Correlation functions for describing fluid
The correlation functions P(r) and #H(r) are given as exact solutions of the two differential

equations. According to Eq. (182), P(r) is expressed by
P(r) = Po(r) + P(r) + Pex(r),

where Py(r) expresses the direct contribution of the particle located at the origin, i.e.,
r = 0, and it decreases steeply as £'r is increased because it depends on an exponential
factor e €7 ("=9) (¢ < r). If a condition of the fluid is not in the vicinity of the percolation
threshold where 0 < ¢to < 1 is satisfied, then the contribution of Py(r) can become

sufficiently small. According to Eq. (200), H(r) is expressed by
H(r) + 1= Ho(r) + Hi,) () + HD () + 1) () + HE () + 1,

where Ho(r) expresses the direct contribution of the particle located at the origin, i.e.,
r = 0, and it decreases steeply as &r is increased because it depends on an exponential
factor e7¢("=?) (¢ < r). If a condition of the fluid is not in the vicinity of the critical point
where 0 < {70 < 1 is satisfied, then the contribution of Hy(r) can become sufficiently small.

According to the dependence of H(r) on ¢ in cases of P(r) # 0, an increase in the value
of ¢ can allow the absolute value of the negative magnitude of #(r) to be increased. This is

confirmed by a comparison between (a) and (c) in Fig. 20 and another comparison between
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(a) and (c) in Fig. 21. The behaviors mentioned here can be caused by the exclusion effect

owing to the hard-core potential of each particle.

( b)) Estimate of pressure
To consider the exclusion effect owing to the hard-core potential of each particle, the

pressure equation should be rewritten as

P= g [1 — 44 /0 adﬁu;(r)g(r) (g)gédr — 4¢ /:o ad/BZi(T)g(r) (g)gédr] (230)

d
Here, the pair potential contributing to the interaction of a particle with another particle

is expressed as u(r) = u,(r) for 0 < r < o and u(r) = u,(r) for o < r < co. u,(r) is a
repulsive pair potential owing to the hard core, and w,(r) is an attractive pair potential.
Then, lims_ou(o — J) # lims_,o u(o + 0) appears. For 0 < r < g, u(r) = oo is satisfied. For

o <r<oo, —0o < u(r) <0 is satisfied, and —u(r) has a finite positive value.

i) Direct effect of the hard-core potential on the pressure
To assess the second factor on the right-hand side of Eq. (230), the PY approximation

can be expressed as
c(r) =n(r)f(r), (231)
where f(r) is the Mayer f-function given as f(r) = e #(") — 1, and n(r) is defined by
n(r) = g(r)e” ), (232)
According to Eq. (231), the hard-core potential u,(r) = oo functioning for 0 < r < o requires
clo—0)=nlc—=08)f(c—=0§ =-nlc—-9), (0<i<1). (233)
The MSA requires Eq. (231) to satisfy
clo+6)=nlc+9)f(c +0)=—Pu(oc+0), (0<i<1). (234)
Then,

clo+0)#clc—9), (0<dikl). (235)
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However, Egs. (233) and (233) require ¢(o + J) and c¢(oc — ¢) to remain finite values for
0 < 6 < 1. Therefore, n(c + §) and n(c — &) are finite values for 0 < § < 1, and it is

acceptable to assume that

(lsln(l) n(oc+9) = hm 7](0 — ). (236)

Thus, the use of Eq. (232) allows the second factor on the right-hand side of Eq. (230) to

be rewritten as

3 o+6 3
4¢/ dﬂur 7’)( ) —dr —4¢hm : adﬂz;(r)n(r)e_ﬁu"(r) (1) édT

6—0 0 g
o+9 d m\°1
— 41 “Pu(r) ) () Zdr. (237
¢61g(1) 0 Un(r)(dr )(a) o " ( )

Then, the hard-core potential requires u,(r) = oo for 0 < r < ¢ and u,(r) = 0 for ¢ < r to
be satisfied, and the direct effect owing to the hard-core potential corresponds to the impact
occurring at = o. Hence, a factor e #“ () for expressing the direct effect is equivalent
to the Heaviside step function 6(r — o). Thus, the derivative in Eq. (237) is expressed as
depulr) = L6(r — o) = §(r — o). Ultimately, Eq. (236) requires Eq. (237) to be estimated

as

4¢/ dﬁ“f )( )3 dr =—4¢ lim Héan(r)é(r—a)(z)gldr

6—0 0 o o

. c+6\°
——4¢}35%n(0+5)( . )

=—4¢g(0). (238)

ii ) Pressure given by Eq. (230)
The use of P(r) and H(r) given as the exact solutions allows the pressure P of the fluid

to be expressed by the following formula:

_r NP _
P = 3 {1 + 4¢g(o) pPC(P) PC(D)], (239)

where D(r) = H(r) + 1.
On the right-hand side of Eq. (239), a factor (8/p)P.(P) is given by

B _B * dBua(r) r\°1
;PC(P) = —P.(Py) —|—4gz5/a o [Pin(r) + Pex(r)] (—) —dr, (240)

; o) o
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where

§Pc(730) =4¢ /:O JCME—;(T)PO(T) (T)gldf (241)

o) o
If a condition of the fluid is far from the percolation threshold, then the expectation is that
the contribution of (8/p)P.(Py) is sufficiently smaller than the other factor.
Moreover, Eq. (239) includes a factor (5/p)P.(D) that is given by

B _B Boian L B oy
pPC(D) pPC(H0)+pPC(H )+pPC(’H +1), (242)
where
> dBu, 1
gPC(HO) = 4¢ /J J%m’}-[o(r)<£> ~dr, (243)
> dBu, i
P =0 [ o p )+ w0 () Sar (244
and
©  dBu, \ . 31
gPC(H(*)Jrl) = 4¢ /U - ZT(T) 1Y)+ HD () + 1) (g) —dr. (245)

If a condition of the fluid is far from the critical point, then the expectation is that the

contribution of (5/p)P.(Ho) is sufficiently smaller than that of the other factors.

( ¢ ) Effects of physical cluster formation on pressure

In Eq. (239), the contribution of (5/p)F.(P) to the magnitude of P corresponds to an
effect from the particles participating in the physical cluster formation. A requirement
—dfu(r)/dr < 0 for considering the mutually attractive force and another requirement
P(r) > 0 for considering a feature of the pair connectedness allow a relation (8/p)P.(P) > 0
to always be satisfied according to Eqs. (240) and (241). Thus, recognition obtained from Eq.
(239) denotes that the contribution of (5/p)P.(P) plays a role in decreasing the magnitude
of P. This demonstrates that the physical cluster formation plays a role in reducing the
pressure of the fluid. This effect can allow each fluid in the liquid state to maintain its
volume without being confined, and it can allow each fluid in the liquid state to maintain its
surface without a container. Simultaneously, this can allow surface tension to be generated.

A factor (3/p)P.(H™)), which is given by Eq. (244), represents an effect induced in the

case that the physical clusters confine particles contributing to the magnitude of H(r). If
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the contributions of the physical cluster formation to the pressure are ignored, then the
factor (3/p)P.(H™)) should be zero with (8/p)P.(P). Then, Eqgs. (239) and (242) require

the pressure to be expressed by

P= % 1+ 4¢g(o) — %PC(’HO) — %PC(H(*) +1)]. (246)

The magnitude of P that is estimated from Eq. (246) should be larger than that estimated
form Eq. (239) in which the contributions of the two factors (8/p)P.(P) and (8/p)P.(H™)
are not ignored. If the contributions of the two factors for P are not ignored, then the
physical cluster formation plays a role in reducing the pressure. Then, particles having large

relative momenta are confined among branches of physical clusters.*?

3. Internal energy affected by physical cluster growth

((a) Estimate of internal energy U for single-component fluid

The two correlation functions P(r) and H(r) are given as the exact solutions satisfying
Egs. (154) and (155) under the condition that Eqs. (156) and (157) are satisfied. The
internal energy can be sufficiently accurately estimated from the use of a specific equation
if approximations for P(r) and H(r) are adequate within a domain where a pair potential
causing the interaction of a particle with another remains effective. Then, this domain
retains a microscopic extent. On the contrary, the domain within which P(r) and H(r) are
estimated reaches a macroscopic extent. On the surface of the domain, the requirements
expressed by Eqs. (156) and (157) are satisfied.

The features of the pair potential require the equation for an estimate of the internal
energy U to be expressed by

o 2 0 2
U= % [1 +8¢/0 Bu(r)g(r) (2) %dr+8¢/€ Bua(r)g(r) (2) %dr}. (247)

The continuity given by Eq. (236) with Eq. (232) can be expressed as follows:
0 < lim g(o — 6)e?™"=) = lim g(o + 6)e (") < 0. (248)
0—0 6—0
Thus, Eq. (248) requires

0 < lim g(o — 0)Bu(0 — ) < lim g(o — §)e (=9, (249)
6—0 6—0
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Then, Eq. (249) means that the following relation is satisfied:
lim g(o — 9)fu(c —9) = 0. (250)
6—0

Therefore, the contribution of the second factor on the right-hand side of Eq. (247) disap-
pears, and the internal energy is estimated as

U= 355‘/ [1 + 8¢/ Bua(r )(f)%dr}, (251)
where g(r) = P(r) + D(r) with D(r) = H(r) + 1.

If the approximations for P(r) and H(r) are adequate in the effective range in which
|u(r)| # 0 is satisfied, then the approximations allow U to be estimated in a sufficiently
accurate fashion. Hence, the internal energy U that is estimated from the exact solutions
should be an adequate approximation for the internal energy that should be estimated from
two correlation functions derived from the two integral equations corresponding to Eqs. (49)
and (52).

The use of the exact solutions given by P(r) = Py(r) + P (r) + Pex(r) and D(r) =
Ho(r) + HO () + HE (r) + HE () + HE () + 1 allows the internal energy U for the

single-component fluid to be given as

_ 3oV 20 25
U= 25 {1+ VUC(P) + 3WUC(D)]. (252)
On the right-hand side of Eq. (252), a factor (28/3pV)U.(P) is given by
203 28 r\*1
3p_VUC(P) 3 V PO + 8¢/ Bua (T) + ,Pex(r)} (E) ;d’f‘, (253)
where
9 24
3@(] Po) _8¢/ B (r)Po(r )(T) —dr. (254)

If a condition of the fluid is far from the percolation threshold, then the expectation is that
the contribution of (28/3pV)U.(Py) is sufficiently smaller than the other factor. In Eq.
(252), relation (23/3pV)U.(P) < 0 is satisfied because u(r) < 0 and P(r) > 0 are satisfied.
The factor (28/3pV)U.(P) plays a role in reducing the magnitude of the internal energy.
The physical cluster formation contributes to reducing the value of U. The internal energy
as a thermodynamic property of a classical fluid system is affected by the formation of a

specific structure generated in the fluid.
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Moreover, Eq. (252) includes a factor (25/3pV)U.(D), which is given by

28 _ 28 28 gy 4 2B g g
prUC(D) 3 VU (Ho) + 37 U(H)) + 3pVU (HY +1), (255)
where
2
32ﬁvU (Ho) = 8¢ / Bua(r)Ho (r )(T> %dr, (256)
2B r\?1
3pv = 8¢/ 516& ( )+Hex ( )] (;) gd?“, (257)
and
2
1
gp_@m%m _y / Bua(r) [HE () + HO () +1] (g) lar (@)

If a condition of the fluid is far from the critical point, then the expectation is that the
contribution of (25/3pV)U.(H,y) is sufficiently smaller than the other factors.

The exact solutions given by P(r) = Po(r) + Pin(r) + Pex(r) and H(r) + 1 = Ho(r) +
7—[1(:) (r)+HS (r) +7—li(;:)(7“) +HSG) (r) + 1 satisfy Eqs. (156) and (157) as requirements before
reaching the percolation threshold. Hence, the internal energy that is obtained from the
substitution of the exact solutions P(r) and H(r) into Eq. (252) corresponds to that which
should be estimated in a condition before reaching the percolation threshold. The internal
energy obtained from the use of the exact solutions cannot be allowed to express the internal
energy that should be estimated under the condition that a fluid includes extremely large
physical clusters developed beyond the percolation threshold. Despite this fact, the internal
energy estimated from Eq. (252) should preserve an adequate approximation even near the
percolation threshold.

By contrast, if the contributions of the physical cluster formation to the internal energy
are ignored, then (23/3pV)U.(P) = 0 and (23/3pV)U.(H™)) = 0 should be satisfied. This
becomes adequately real at least at high temperatures. Then, Eqgs. (252) and (255) require
the internal energy to be given as

3pV [, 28 23
28 WU «(Ho) + 3pV

If a fluid is the ideal gas, then the internal energy satisfies (2/3)5U/pV = 1, which is inde-

U= “U(HY 4+ 1)) (259)

pendent of temperature. When ignoring the formation of physical clusters is acceptable for
a fluid, the exclusion effect owing to the hard-core potential of each particle becomes a dom-

inant factor that makes (2/3)8U/pV depend on temperature. This is confirmed according
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to the form of the above equation for a fluid that does not have a specific structure owing

to the physical cluster formation.

( b ) Relations of internal energy U with structures of fluid

A fluid in the gas state should be characterized as a specific ensemble of particle pairs
consisting of particles having large relative momenta. Then, each particle pair is charac-
terized as pair particles interacting in an unbound state in which a contribution of their
relative kinetic energy exceeds a contribution of the mutually attractive force characterized
by a specific pair potential u(r). Even in the fluid in the liquid state, such particle pairs
having large relative momenta are included. Indeed, the contribution of their large relative
momenta to the internal energy U should be dominant in comparison with that of small rel-
ative momenta carried by particle pairs forming physical clusters. Each particle pair formed
by pair particles having small relative momenta is characterized as pair particles interacting
in a bound state in which a contribution of the mutually attractive force characterized by the
pair potential exceeds a contribution of their relative kinetic energy. Each physical cluster
mentioned here is an ensemble of particles that are linked with each other via bonds defined
by such bound states.

Particles that participate in physical cluster formation contribute to the magnitude of
P(r). These particles have small relative momenta; hence, they cannot actively contribute to
U. Particles that contribute to the magnitude of D(r) have large relative momenta. These
particles can principally contribute to U. Thus, particles are classified into two groups.
According to the microscopic aspect, effects of the physical cluster formation on the fluid
do not allow particles belonging to the two groups homogeneously to mix with each other.
Particles having large relative momenta can be confined among branches of physical clusters.
Thus, an effect of the physical cluster formation must influence the internal energy. The
internal energy of the fluid at a temperature at least below the liquid-vapor critical point
should involve effects caused by the cooperation between a group of particles having large
relative momenta and another group of particles having small relative momenta.

The internal energy U given by Eq. (252) includes a contribution U.(P) of physical clus-
ters and another contribution U.(D). Movements of particles participating in the physical
cluster formation have a tendency to be inhibited by mutually attractive forces making

the particles interact with each other. The effect of the inhibition of kinetic abilities of
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the particles on the internal energy is given as (2/3)8U.(P)/pV in Eq. (252). If a fluid
includes physical clusters, then the magnitude of (2/3)5U.(D)/pV involves a confinement
effect that is generated by confining particles of large relative momenta among branches of
physical clusters. If a fluid include no physical cluster, then the temperature dependence of
(2/3)BU.(D)/pV is characterized by a contribution caused by the exclusion effect owing to
the hard-core potential of each particle.

Even if a contribution of the formation of extremely large physical clusters may not be
required, the dependence of the specific heat on temperature 1" near a special temperature
To, at which a property of a fluid varies anomalously, can be characterized by (1 —T'/Ty)~
(0 < «). This can be expected at least for the measurements of heat capacity for argon
and oxygen.’” It is impossible to find the above dependence for a hard-sphere fluid system
without the formation of physical clusters.

For a fluid in the liquid state, the dependence of (2/3)5U/pV on the temperature of
the fluid is not simple.® A confinement effect that results from confining particles of large
relative momenta among branches of physical clusters can affect the temperature dependence
of (2/3)pU/pV. Indeed, the temperature dependence in a region of high temperature should
be different from that in a region of low temperature because the mean size of physical
clusters depends sharply on the temperature. When variations in the temperature of the
fluid occurs, even variations in the magnitude of (2/3)5U.(D)/pV can become more sensitive
in the region of lower temperature where physical clusters should be more stabilized.

The mean size of physical clusters is steeply decreased if the temperature of the fluid
is slightly increased from that at the percolation threshold. Hence, when variations in
temperature occur, variations in the magnitude of (2/3)5U.(P)/pV should be ignored in the
temperature region that is higher than that at the percolation threshold. By contrast, when
variations in temperature occur, the magnitude of (2/3)8U.(D)/pV can sensitively vary
even when the temperature is much higher than that at the percolation threshold because
particles that contribute to the magnitude of D(r) increase in number as the temperature
is increased. When the temperature approaches that at the percolation threshold, physical
clusters grow steeply in the vicinity of the percolation threshold. A steep growth of physical
clusters in the vicinity of the percolation threshold should allow for the contribution of
(2/3)BU(P)/pV to the internal energy to be considerably enhanced. As exemplified by the

internal energy, thermodynamic properties of a classical fluid system can be affected via
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the formation of a specific structure generated for the physical cluster formation and the

confinement of particles having large relative momenta.
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III. PHYSICAL CLUSTER FORMATION IN MULTICOMPONENT
FLUIDS

Phase behavior of a multicomponent fluid mixture system is complicated by the con-
tribution of physical cluster growth that involves several constituents of the system. It is
useful to establish an equation system corresponding to that composed of Eqgs. (49) and
(52) to analyze the effects of the physical cluster formation on the properties of the multi-
component fluid mixture system. Each physical cluster is formed as an ensemble of pair
particles that interact with each other in a bound state.

Two particles can interact with each other in a bound state or in an unbound state in
the multicomponent fluid mixture system. If the two particles are particle 1 of species ¢
and particle 2 of species j, the three-dimensional coordinates for the particles of species
1 and j can be denoted by rgi) and rgj), respectively. Then, a bound state, i.e., 5?{72) +
6uij(\rgi) — rgj )|) < 0 corresponds to a specific state where the contribution 5uij(|rgi) - rgj )|)
of a mutually attractive force between the particles 1 and 2 exceeds the contribution 5?{72) of
relative kinetic energy between the two particles because their relative momentum is small.
An unbound state, i.e., 532) + Buij(|r§i) — rgj)|) > ( corresponds to a specific state where

the contribution £

(12) of the relative kinetic energy between the particles 1 and 2 exceeds

the contribution Buij(|rgi) —r$]) of the mutually attractive force between the two particles
because their relative momentum is large.

Unless phase separation occurs in a multicomponent fluid mixture system, the macro-
scopic picture of the system allows particles that have large and small relative momenta to be
homogeneously mixed. However, these particles cannot be microscopically homogeneously
mixed. Branches of physical clusters can confine particles that have large relative momenta.
Thus, the physical cluster growth wherein particles that have small relative momenta par-

ticipate can affect various properties of the multicomponent fluid mixture system.
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A. Two integral equations for describing an £-component fluid mixture

system

The probability that one particle each of species 7 and j are located in a volume element
drgi) at rgi) and in volume element drgj) at I‘éj) respectively is expressed using the pair
correlation function g;;. Then, a three-dimensional coordinate I'Ej) denotes the location of
an h particle of species i (i =1, 2, ---, L). If the two root points are labeled 1 and 2, one
of two particles occupying the two root point is located at rgi) and the other at rgl). The
three-dimensional coordinates of field points labeled 3, 4, --- are expressed as rg”)7 rfli/’/),

-+, respectively.

The above probability is given as pipjgij(r)drgi)drgj ), wherein p; and p; represent the
particle densities of species i and j for a uniform distribution in a fluid mixture system of £
constituents, respectively. Parameter r is the distance between the two root points and it is
given as r = |r| and r = rgi) — rgj).

The relationship between a particle of species 7 in drgi) at rgi) and a particle of species j in

drg ) at rgj ) is characterized by two possibilities: Both of them belong to the same physical

cluster or each of them belongs to different physical clusters.

The probability that both of the two particles belong to the same physical cluster is ex-
pressed using the pair connectedness P;;. Then, the probability is given by p;p;P;; (T)drgi)drgj ),
The pair connectedness P;;(r) allows estimating the mean size of the physical clusters.?

The probability that the particle of i in drgi) at rgi) and the particle of j in drg ) at rg )
belong to a physical cluster and another physical cluster respectively is expressed using a
correlation function D;;. Then, the probability is given by piijij(r)drgi)drgj ), Ultimately,
the probability that the particles of ¢ and j are located in drgi) at rgi) and in dr(zj ) at réj )
respectively is represented as the sum p;p;P;; (T)drgi)dréj) + pip;Dij (T)drgi)dréj). Thus, the
pair connectedness P;;(r) for the fluid mixture system of £ constituents is related to g;;(r)

as

9i5(r) = Piz(r) + Dij(r). (260)

This relationship holds the same meaning as that maintained by Eq. (38) for a single-

component fluid system.
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1. Probability that two particles interact with each other in the bound state

(a) Probability p;;(r)

A mutually attractive force can make a particle interact with another. Hence, the re-
lationship between pair particles specified by an f-function have two possibilities. If the
pair particles are an h; particles of species 7 and an h; particles of j, one possibility suggests
that the contribution of a mutually attractive force between the h; and h; particles exceeds
the contribution S(iii’hj) of the relative kinetic energy between them. The other possibility
suggests that Eézi’hj) exceeds the contribution of the mutually attractive forces. When one

particle each of species 7 and j are located at I‘,(Z? and rl(fj ) respectively, the distance between

them is r;; = |r§3 — rgi)|. Then, the contribution of a mutually attractive force between the
two particles is given by Su;;(r;;). This allows Eq. (30) to express the probability p;;(ri;)
that the pair particles satisfy the condition S(i,{i’hj) + u;;(r5;) < 0. The probability p;;(r;;) is

given by
pig(ris) = 27 /2| D(3/2) = D(3/2, — Buii(ry))] (261)

Indeed, this probability should behave as p;;(r;;) = 0 if u;;(r;;) is a repulsive potential, i.e.,
Bui;(ri;) > 0. If the particles are located outside the effective ranges within which mutually
attractive forces make the particles interact with each other, p;;(r;;) = 0 should also be
satisfied. Further, the use of the Heaviside step function 6(7) =1 (7 > 0), 0 (7 < 0) allows
Eq. (261) to be rewritten as

pig(ryy) = 2772 |T(3/2) = D(3/2,wy(ri) . (262)
where w;; is defined as

wij(rij) = —Buij(rij)0[—Buij(rij)]- (263)

( b)) ft-function and f*-function

An ensemble of particle pairs specified by f-functions forming a product in each term of
the density expansion of g;; can be symbolized as a diagram with a structure formed from
particle pairs linked by f-bonds defined as the f-functions. Every diagram found in the
density expansion of g;; has the same pair of root points; the density expansion corresponds

to the sum of all diagrams with structures that form f-bonds’ paths joining a root point
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to the other root point. Then, the paths of f-bonds found in the density expansion allow
effects of the behavior of a particle at a root point to be propagated to the other particle at
the other root point.

Pair particles specified by an f-function f;;(r;;) interact with each other in a bound
state or in an unbound state. The use of p;;(r;;) enables f;;(r;;) to be divided into two
contributions. One contribution is expressed as f;(rij), which is linked to the case that the
pair particles interact with each other in a bound state E(Ziz hyy T i (rij) < 0. The other is
expressed as f;;-(rij), which is linked to the case that the pair particles interact with each
other in an unbound state 5(’2 ny T uij(rij) > 0. Thus, fi;(ri;) are expressed as the sum of

(2145
the f*- and f*-functions, i.e.,
fig(rig) = fi5 (rig) + fi5(rig)- (264)
Then, the fT-function and f*-function are given by
i (i) = pij(rig)e P

si(rig) = [1 = pi (rij)]e P ria) — 1.

(265)

2. Physical clusters

The use of Eq. (264) allows each f-bond in a diagram found in the density expansion
of g;;(r;;) to be expressed as the sum of the f™-bond defined by the contribution from the
interaction in a bound state and the f*-bond defined by the contribution from the interaction
in an unbound state. Thus, the use of Eq. (264) makes it be possible to find a diagram
wherein the root point is connected to the other root point through at least one path of all
f*-bonds given as a product of f*- functions. Particles that participate in forming such a
diagram constitute a portion of a physical cluster. Indeed, the two particles corresponding
to the two root points are two particles constituting the physical cluster. This fact allows
P;j(ri;) to be given as the sum of contributions obtained from every diagram with at least
one path of all /™ bonds between the root points.

The second simplest diagram found in the density expansion of g;;(r;;) —1 comprises three

particles linked by two f-bonds. The three particles occupy a root point rgi), the other root

point rgj ), and one field point rgk), respectively. The field point corresponds to a coordinate
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of a particle of species k. If the three particles participate in the formation of a physical
cluster, the three particles are retained via the f-bonds in the bound states characterized
as the conditions 5(’{“73) + uik(|r§i) - rék)|) < 0 and 5&{2) + ukj(|r§k) - réj)|) < 0. The three
particles in these bound states correspond to those participating in a diagram in which a
root point is connected to the other root point through at least one path of all f*-bonds
given as a product of fT-functions. The two particles corresponding to the two root points
are two of particles that constitute the same physical cluster.

The above fact allows P;;(r;;) to be given as the sum of contributions obtained from every
diagram that has at least one path of all f* bonds between the root points. Particle pairs
contributing to the magnitude of P;;(r;;) should not have large relative momenta. Particle
pairs that have large relative momenta should principally contribute to the magnitude of
D;;(ri;), and those that have small relative momenta should principally contribute to the
magnitude of P;;(r;;). In a fluid mixture system, particle pairs contributing to the magnitude

of P;;(r;;) cannot be homogeneously mixed with particle pairs contributing to the magnitude

of D;;(r;;). This fact allows the fluid mixture system to exhibit various properties.

3. Integral equations for analyzing physical cluster formation

According to the similarity to a single-component fluid system, each diagram found in the
density expansion of g;;(r;;) — 1 is a diagram that comprises paths of f-bonds between the
two root points. The diagrams found in the density expansion of g;;(r;;) —1 are divided into
two groups: One comprises the nodal diagrams with nodal points, and the other comprises
the non-nodal diagrams that have no nodal point. A nodal point is a specific field point in a
diagram. Missing the field point in the diagram implies that the diagram is separated into
a group including a root point and the other group including the other root point. Thus,
if the contribution of the nodal diagrams is expressed as N;;(r;;) and that of the non-nodal
diagrams as ¢;;(;;), then the density expansion of g;;(r;;) — 1 requires g;;(r;;) — 1 to be given

as

9ij(r) — 1 = c;5(r) + Ni;(r), (266)

where r = 1;; = \rgi) — 1y )\. This equation is equivalent to the Ornstein-Zernike equation,’

and ¢;;(r) corresponds to the direct correlation function. N;;(r) is given as the convolution
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integral, i.e.,
c

Nij(r) = Zpk/

cir(Tik) [gkj(rkj) - 1} dr?,

k=1 v

where r;, = |r§i) - rék)| and ry; = |r§k) — rgj)|. In the above equation, £ is the number of
constituents .

Similarly, the diagrams contributing to P;;(r) comprise the nodal diagrams and the non-

nodal diagrams. Hence, P;;(r) is given as the sum of the contribution of all the nodal

diagrams and that of all the non-nodal diagrams.® This implies that P;;(r) is expressed as
Pij(r) = N5 (r) + Cj(r). (267)

Here, Ci? (r) denotes the contribution of all the non-nodal diagrams, and each non-nodal
diagram has at least one path of all f*-bonds between the two root points. N;(r) is the
contribution of all the nodal diagrams, and each nodal diagram has at least one path of all
fT-bonds between the two root points.

The direct correlation function ¢;;(r) represents the contribution of all non-nodal diagrams
that comprise paths of f-bonds between the two root points. A correlation function C7;(r)
that is similar to ¢;;(r) with respect to the behavior at a large r is obtained from the

subtraction of Cjf(r) from c;;(r). It satisfies the following formula:
cij(r) = Cij (r) + Cj(r). (268)

Equation (268) requires the correlation function C75(r) to represents the contribution of all
non-nodal diagrams which do not include any paths formed by all f*-bonds between the
two root points rgi) and rgj).

Then, subtracting Eq. (267) from Eq. (266) allows useful relations to be found because

of Eq. (260). The relations are summarized as

9ij = Pij + Di;

gij — 1 = ¢ij + Nij

Pij = Cf + Nf
Toow (269)

Gy = ¢y — CfF (all non-nodal diagrams)

N}y = Nij — Nt (all nodal diagrams).
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The difference N;; — NJ represents the contribution of all nodal diagrams that do not include

any paths formed by all f*- bonds between the two root points r{” and r{).
Yy Yy 1 2

Moreover, N;JT(T) is provided as the convolution integral of the product of Cif(r) and

ij(?“), l.e

Zpk/ r,k Pk](rkj)drg .

Therefore, Eq. (267) allows the pair connectedness P;;(r) to be provided as a solution of the

integral equation expressed as

L

Pis(r) = Ci(r) + > pi / C (1o Prj (i )drs?, (270)

k=1 v

where r =1 = |r§i) (])|

The integral equation given by Eq. (270), which is used in the limit V' — oo, has the
same mathematical structure as the Ornstein—Zernike equation. The correlation function

C«+

.i» which is an unknown function in Eq. (270), is composed of only non-nodal diagrams

of f*-bonds. The direct correlation function ¢;; is composed of only non-nodal diagrams of
f-bonds. This fact guarantees that the use of a mathematical procedure similar to that for
solving the Ornstein—Zernike equation enables Eq. (270) to be solved.

An integral equation for the correlation function D;;(r) can be extracted from the
Ornstein—Zernike equation. Owing to Eq. (260), the Ornstein—Zernike equation is expressed

as

Pij(ri;) + Dij(riz) — 1 = cij(ryy) + Zﬂk/ it (k) Prj (i )drs”

+ Zpk/ i (Tik Dk;(ﬁw) — 1]dr (k)- (271)

To obtain an integral equation for D;;(r), the contribution of P;;(r) expressed by Eq. (270)
must be subtracted from Eq. (271). Then, the direct correlation function ¢;; expressed by
Eq. (268) must be substituted for ¢;; in Eq. (271). Thus, the obtained integral equation

is equivalent to both an integral equation derived by Stell?® and the other one derived by
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Chiew et al.® The integral equation is expressed as

Hij )+ Z Pk / o (Tik) Prj (Tkj)dr:%

L

+Zpk / sl )dsf? + 3 [ CilrayHas(ri)n. (272

k=1 v

where r=r;; = |r1 - r2 ] and

Then, Eq. (272) requires N}; in Eq. (269) to satisfy

5 (7i7) Zﬂk/ o (i) PR (e ) +Zpk/

| calra) (Dri(rag) = 1) arlf. (274)

Although Egs. (270) and Eq. (272) are not equivalent to the Ornstein—Zernike equation,
an integral equation system composed of Egs. (270) and (272) becomes equivalent to the
Ornstein—Zernike equation because of Eq. (268). Equation (270) contributes to estimating
the formation of physical clusters. Equation (272) contributes to estimating effects of the
physical cluster formation. In fact, the second and third terms on the right-hand side of Eq.
(272) represent the reason that the formation of the physical clusters affect the correlation

function H;;. The existence of these terms play roles in explaining various phenomena caused

by physical cluster formation and physical cluster growth.

4. Appendiz:  Rewrite of integration equation Eq. (272)

With respect to mathematical structure, Eq. (272) is different from the Ornstein—Zernike
equation. Despite this fact, it is possible to rewrite Eq. (272) as an integral equation that
has the same mathematical structure as the Ornstein—Zernike equation. Then, the relation

given by Eq. (270) must be considered. Thus, a formal rewrite of Eq. (272) results in

ﬁ (TU TZ] + Zpk‘/ Tzk ij(rk])drh (275)
where
B c
ij(rij) = Hij(rij) = > Pk/ Cr (i) M (rr)dr (276)
k=1 v
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and

*

L
Ci(rij) = Cii(rig) + > pi /V Cir(rik) Prj (117 ) dry. (277)
k=1

The correlation function E;kj includes both non-nodal diagrams and nodal diagrams be-
cause of the second term on the right-hand side of Eq. (277). The correlation functions C;

ij>
C*

&, and ¢;; are composed of only non-nodal diagrams. Only in the case that the contribu-
tion of the second term on the right-hand side of Eq. (277) cannot be considered important,
it is possible to solve Eq. (275) using a mathematical procedure similar to that for the
Ornstein—Zernike equation.

Further, a correlation function H;(r;;) is affected via C;f (ry,) by the physical cluster for-
mation. In addition, the correlation function 5;- (ri;) is affected via Py;(rx;) by the physical
cluster formation. Particles contributing to the magnitude of ﬂij (1;;) are not prevented from
behaving independently of particles contributing to the magnitude of P;;(r;;). The parti-
cles contributing to the magnitude of H;;(r;;) are not homogeneously mixed with particles
contributing to the magnitude of P;;(r;;). Therefore, a formal equation style of Eq. (275)

accompanying Eqs. (276) and (277) demonstrates that particles with large relative momenta

cannot be homogeneously mixed with particles that have small relative momenta.
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B. Features of correlation functions for multicomponent fluid mixture system

According to Kirkwood and Buff,* the pair correlation function g;;(r) for the multicom-

ponent fluid mixture system? has the normalization given as

7 [ sty = B0 1 oy — v (278)

where (IV;) represents the mean number of particles of species ¢ within volume V. The
dependence of g;;(r) on V is negligible for macroscopic V. The dependence of (IV;)/V on V
and that of ((NV;N;) — (N;)(NN;))/V on V are also negligible. Thus, Eq. (278) results in
) 1
lim —/ gij(r)dr = 1.
1%

V—oo V

This relation and Eq. (260) require P;;(r) and D;;(r) to satisty

Vlgréo [%/Vﬂj(r)dr+%/vl?ij(r)dr] =1. (279)

Moreover, the pair correlation function behaves as gij(\rgi) — rgj )|) ~ 1 when two particles

located at rgi) and rgj ) in the fluid system are widely separated. In the limit V' — oo and
r — 00, it behaves as g;;(r) = 1.? Thus, Eq. (260) allows the physical meanings of P;;(r)

and D;;(r) to result in

limr_wo 'Pij (T’) =0

1. Mean size S of physical clusters for multicomponent fluid mixture system

The mean size S of physical clusters can be estimated from the use of P;;(r). The
equilibrium number n, of physical clusters comprising s particles can be related to the pair
connectedness P;;. According to the formula given by Coniglio et al.,* the relationship

between ng and P;; is given as

L L

Ssts=0m =303 s [ [ Pulled? = o partar (280)

2<s =1 j=1
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If probability p® that a particle of i species exists in a cluster is independent of s, then

the factor ) sn, included in Eq. (280) can be related to the density p; of particles of ¢

species in the volume V' as

(4)
Pi = pV Z ST

S

If S22 p = 1 is considered, the sum 3 sn, is estimated as

c
Z sng=1V Z Di-
s =1

The mean physical cluster size S is given as S = (3, s?n;)/(D_, sns). Hence,

c -1
S = (VZpi) Zszns.
=1 s

This formula allows Eq. (280) to be rewritten as

S=1+ (ipk>_l

L
k=1 =

Piﬂj/ Pij(r)dr.
1 j=1 14

2. Percolation of physical clusters

((a ) System without percolation of physical clusters

(281)

If the percolation of physical clusters does not occur in macroscopic V' found in the fluid

mixture system of £ constituents, S estimated for the fluid mixture system using Eq. (281)

should be sufficiently independent of V. The limit V' — oo does not influence §. Thus, the

limit V' — oo allows Eq. (281) to result in

limy 0 [(§ —1)/V] 25:1 pr =0

limy oo (1/V) [i, Pij(r)dr = 0.

(282)

Eq. (282) allows Eq. (279) to result in the normalization condition given in the limit V' — oo

as

lim (1/V) /VDij(r)dr = 1.

V—oo
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( b ) System involving percolation of physical clusters
If the percolation of physical clusters occurs in macroscopic V' found in the fluid mixture
system, S estimated for the fluid system using Eq. (281) should be dependent on V. Then,
the magnitude of [(S§ —1)/V] Zle pr can have a finite value different from zero, i.e.,

limy_,o[(S —1)/V] 25:1 pr# 0
limy o0 (1/V) [i, Pij(r)dr # 0.

(284)

If a state of the fluid is in the immediate vicinity of the liquid—solid transition point where
0 < p5d— péq < 1 (p3¢ denotes p; in a solid state, and pﬁq denotes p; in a liquid state that can
be transformed into the solid state) is satisfied, the dependence of S on V' may be estimated
as S)V ~ ZZ 1 pi, which corresponds to the case that the growth of the physical clusters
reaches the limit. If this estimate for §/V is considered, in the limit V' — oo, Eq. (281)

should have the meaning expressed as

NS [ P30S (285)
=1 j=1 =1 k=1
Thus, Eq. (285) allows Eq. (279) to result in
(1/V) / Dyy(r)dr ~ 0. (286)
1%

A state specified by (1/V) fv ;;(r)dr = 0 means there are no particle pairs that com-
prise particles interacting with each other in unbound states. In a fluid mixture system
characterized by (1/V) fv ;;(r)dr ~ 0, it is extremely impossible to observe an unbound
state where the contribution of the relative kinetic energy between pair particles exceeds the
contribution of a mutually attractive force between them, for each particle pair. This implies
that the fluid mixture system loses a feature found as liquid. Thus, the growth of physical
clusters can contribute the phase transition from the liquid state of the fluid mixture system

to the solid state.
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C. Effects depending on physical cluster formation in multicomponent fluids
1. Classification of constituents

In a multicomponent fluid mixture system, an ensemble of particles linked with each
other as each pair of particles interacting in a bound state cannot be microscopically ho-
mogeneously mixed with an ensemble of particles that is formed by each pair of particles
interacting in an unbound state. However, it is possible to prevent the former and latter en-
sembles from separating from the mixed condition that seems macroscopically homogeneous
in the multicomponent fluid mixture system. Branches of each physical cluster correspond-
ing to the former ensemble have a tendency to microscopically confine particles that belong
to a latter ensemble to prevent the phase separation. Then, the constituents of the multi-
component fluid mixture can be classified into A and B. Particles belonging to constituents
A have a tendency to participate in the former ensemble, and those belonging to the other
constituents B have a tendency to participate in the latter ensemble. Particles belonging to
constituents A have a strong tendency to participate in the formation of physical clusters,
and those belonging to constituents B have a strong tendency to be confined among branches
of the physical clusters. As a result, the relationships between the physical cluster formation

and features of constituents can affect phase behaviors of the multicomponent fluid mixture.

2. Various phenomena and interpretations

For multicomponent fluid mixtures in their liquid phase, the contributions of the physical
cluster formation to their features are not ignored in comparison with multicomponent fluid
mixtures in their gas phase. The results of the Monte Carlo simulations indicate that the
statistics of cluster size diversity can contribute to the statistical description of a complex
system.®® The phase behaviors of a multicomponent fluid mixture should be complicated®”

when the contribution of the formation of physical clusters is not ignored.

( a ) Occurrence of microscopic nonuniformity known from the behavior of colloidal
particles
For temperatures beyond the consolute point, a binary fluid mixture composed of two

constituents L; and Ly should be macroscopically homogeneous. For temperatures being
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below the consolute point, the binary mixture is separated into an L;-rich phase and an
Lo-rich phase. Then, the binary mixture forms a boundary between the two phases. If
the temperature is raised near the consolute point, the dense areas of Lo particles in the
Ly-rich phase should be microscopically developed near the boundary, whereas the dense
areas of L, particles in the Ls-rich phase should be microscopically developed near the
boundary. If colloidal particles are distributed in this complex medium, colloidal particles
that prefer the Lo-rich phase should be aggregated close to the boundary in the Lao-rich phase
near the consolute point. Further, colloidal particles preferring the L;-rich phase should be
aggregated close to the boundary in the L;-rich phase near the consolute point. Such
phenomena were experimentally demonstrated for the binary fluid mixtures of 2,6-lutidine
plus water.%® Either the aggregation of colloidal particles® or the contraction of a flexible

8

linear polymer®® in binary fluid mixtures can be induced by developing the nonuniform

distribution of each constituent.

( b ) Density fluctuations induced in multicomponent fluid mizture

Density fluctuations for a specific constituent in a multicomponent fluid mixture can
induce density fluctuations for other constituents as predicted from the aggregation of col-
loidal particles described above. This phenomenon can be a factor complicating a phase
diagram for a multicomponent fluid mixture. Monte Carlo simulation revealed the compli-
cated phase diagrams for a binary fluid mixture composed of particles interacting with the
attractive force caused by a square-well potential.®” Furthermore, the complexity in the mul-
ticomponent fluid mixture is characterized by the extent of density fluctuations. According
to the results demonstrated by the Monte Carlo simulations,®® the diversity of dense areas

for a constituent can be considered a measurement of the complexity.

( ¢ ) Physical cluster formation in multicomponent fluid mizture
In a multicomponent fluid mixture, particles that interact with each other via mutually
attractive forces that are strong can effectively contribute to the formation of physical clus-
ters. These particles should belong to the group of A. Further, particles that cannot interact
both with each other and with other particles via mutually attractive forces that are strong
cannot effectively contribute to the formation of physical clusters. These particles should

belong to the group of B. Particles within regions surrounded by branches of physical clus-
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ters interact with each other in unbound states. Particles belonging to B can be surrounded
by branches of physical clusters.

Particles belonging to B should receive passively attractive forces generated from the
cooperation between the exclusion of the particles caused by the hard-core potential and
each mutually attractive force between particles belonging to A. Passively attractive forces
need to contribute to driving the phase separation of particles belonging to B; however,
features of forces cannot be simple because they can depend on the stability of physical
clusters. The phase separation of particles that belong to A can be driven by the strength of
each mutually attractive force that interacts between particles belonging to .A. The stability
of a phase should be influenced via the growth of physical clusters caused by an increase in

particles belonging to A.

( d) Effects caused by bismuth atoms added in mercury fluid

If particles added into a fluid interact with a sufficiently strongly attractive force between
one of them and another particle composed of the fluid, the addition of the particles should
stabilize the physical clusters in the fluid. Bismuth atoms migrating into physical clusters of
mercury atoms will further stabilize physical clusters if an interaction similar to that caused
by the added particles is achieved when atoms of bismuth are added into a mercury fluid
maintained at a low density at a temperature near the critical point. The stabilization of
the physical clusters achieved by the addition of bismuth atoms will enhance the electrical
conductivity of the mercury fluid because the physical clusters are electrical paths that help
electrons to migrate. Furthermore, their stabilization reduces the pressure of the mercury
fluid because branches of the stabilized physical clusters can confine unbound mercury atoms.
These phenomena caused by the addition of bismuth atoms has already been experimentally

demonstrated.?

(e ) Viscosity anomaly near consolute point
The stability of physical clusters in a fluid mixture should be reduced if the temperature
of the fluid mixture rises. Then, it can become difficult for branches of the physical clusters
stably to confine particles belonging to the group B stably, within regions surrounded by
their branches. This phenomenon can disturb a macroscopically homogeneous phase of the

fluid mixture. The physical clusters can not only contribute to prohibiting a transition from a
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liquid phase of a fluid to its gas phase, but also prohibit the transition from a macroscopically
homogeneous phase of a multicomponent fluid mixture to its macroscopically inhomogeneous
phase. Therefore, a multicomponent fluid mixture can be considered a good medium for
examining the contribution of physical clusters to phase behavior; however, the mathematical
procedures for examining the mixture becomes complicated.

Hydrodynamical transport phenomena need to be influenced by generating the nonuni-
form distribution of particles in a fluid mixture. The nonuniform distribution of particular
particles can be a significant factor for inducing the viscosity anomaly. The nonuniform
distribution can be developed near the consolute point.

The formation of physical clusters allows a specific distribution structure of particles to be
formed; unbound particles do not homogeneously mix with particles that form the physical
clusters, and they are surrounded by branches of the physical clusters. It is expected that the
distribution structure can play a role in microscopically interpreting phenomena found for
a specific fluid mixture. For a binary fluid mixture, the viscosity anomaly®' can be induced
near the consolute point that corresponds to the critical transition point for demixing the
two constituents macroscopically. It is considered for the distribution structure caused by

the formation of physical clusters to contribute to the viscosity anomaly.

( ) Binary fluid mizture composed of 2,6-lutidine and water

Particles belonging to a group B can be stably confined within regions surrounded by
branches of physical clusters if their particle sizes are small. If particles have larger sizes
than those of the regions, the stable confinement of these particles will become more difficult
than that of the small particles. Such size effects can contribute to the phase behavior of
a binary fluid mixture.®? This size effect can contribute to the phase behavior of a binary
fluid mixture of 2,6-lutidine plus water near the consolute point because the size of the
2,6-lutidine molecule is considerably larger than that of the water molecule.

2,6-lutidine molecules should be considered molecules belonging to the group A with
water molecules. Either the attractive force between 2,6-lutidine molecules or that between
a 2,6-lutidine molecule and a water molecule cannot be ignored, although these attractive
forces are weaker than the attractive force between water molecules. Thus, it is possible
for two types of physical clusters to be generated in a binary fluid mixture of 2,6-lutidine

plus water; these include water molecule clusters that are principally composed of water

155



molecules and 2,6-lutidine molecule clusters that are principally composed of 2,6-lutidine
molecules. However, a partial amount of 2,6-lutidine molecules should have a tendency to
enter regions surrounded by branches of water molecule clusters. The size effect mentioned
above can induce the phase separation of 2,6-lutidine molecules when 2,6-lutidine molecules
in the binary fluid mixture exceed a specific amount.

2,6-lutidine molecules participating in the formation of a water molecule cluster with wa-
ter molecules can contribute to cutting branches of the water molecule cluster because the
attractive force between 2,6-lutidine molecules is weaker than that between a water molecule
and a 2,6-lutidine molecule. Therefore, 2,6-lutidine molecules participating in the formation
of water molecule clusters can contribute to expanding the sizes of regions surrounded by
branches of the water molecule clusters in cooperation with the temperature effect. If re-
gions surrounded by branches of the water molecule clusters expand, 2,6-lutidine molecules
can be confined within the regions. Then, even 2,6-lutidine molecule clusters should be
found within the regions if the regions are sufficiently large. The contribution of 2,6-lutidine
molecules to the cutting branches of the water molecule cluster can decrease the average
extent of water molecule clusters. Therefore, declining water molecule clusters should allow
2,6-lutidine molecule clusters to exist among them. Thus, it is expected that a macroscop-
ically homogeneous mixture of 2,6-lutidine plus water should be generated, although the
microscopic distribution of water molecules and 2,6-lutidine molecules is nonuniform.

Further, the microscopically nonuniform distribution of 2,6-lutidine molecules can be
developed in binary fluid mixtures of 2,6-lutidine plus water near the consolute point. The
microscopically nonuniform distribution can be realized through the aggregation phenomena
of colloidal particles.®3 Density fluctuations in a specific constituent in a multicomponent
fluid mixture can induce density fluctuations for other constituents as predicted from the
aggregation of colloidal particles. This phenomenon can be a factor that complicates a
phase diagram for a multicomponent fluid mixture. The Monte Carlo simulation revealed
such complicated phase diagrams even for a binary fluid mixture composed of particles

interacting with the attractive force caused by a square-well potential.®”

( g ) Specific phenomenon appearing near consolute point of fluid mizture
When colloidal particles have mesoscopic sizes as hard-core spheres in the absence of

attractive forces, it is possible for passively attractive forces to be generated between the
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colloidal particles immersed in a molecular fluid mixture. At a temperature near the conso-
lute point of the fluid mixture, a distribution structure that is formed by branches of physical
clusters and unbound molecules surrounded by them can vary considerably. If the average
extent of physical clusters increases beyond that comparable with the diameter of a colloidal
particle, passively attractive forces between the colloidal particles should be strengthened
because the surface of a colloidal particle cannot contribute to the growth of a physical clus-
ter. Thus, it is expected that such attractive forces can contribute to Casimir forces, which
can act between colloidal particles (or between parallel plates) immersed within a binary
fluid mixture near the consolute point (or a single-component fluid near the liquid-vapor

critical transition point).®

( ) Pair connectedness for multicomponent fluid mizture

Particles belonging to group A should effectively contribute to the magnitude of P;;(r);
those belonging to group B can be a principal portion of particles that contribute to the
magnitude of D;;(r). These particles should have a tendency to be distributed within regions
surrounded by branches of physical clusters. Thus, the distribution structure of particles
characterized by P;;(r) and D;;(r) should play a role for describing several features of a
multicomponent fluid mixture. The percolation concerning physical clusters of particles
belonging to A is estimated using P;;(r).

In a binary component fluid mixture of constituents L; and Lo, the mutually attractive
force between an L, particle and an L, particle is considerably smaller than that between
L, particles. Further, the mutually attractive force between L particles is much smaller
than that between L, particles. Then, physical clusters of L; particles can be principally
developed under certain conditions. If L, particles are added into the mixture, then it
is expected that the addition of Ly particles raises the probability that an L, particle is
located near another L, particle. However, the percolation concerning physical clusters of

L, particles can hardly be perturbed by the addition of Ly particles into the mixture.
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D. Closure schemes for two integral equations
1. Formal closure schemes for estimating correlation functions P;; and D;;

An approximate relation between P;;(r) and C;f(r) is obtained from a formula represent-
ing the PY approximation.® The procedure for obtaining the approximate relation is the
same as that for a single-component fluid system discussed in II B4. The procedure can be

summarized as follows.

( a) Approzimate expressions of Pi; and D;;
For an L£-component fluid mixture system, Eq. (269) and e #%s(") = )+ f50r) + 1
allow a formula g;>¥ (r)e”"is = 1+ Ny;(r) representing the PY approximation to be rewritten

as

gEY () =F5 () [1+ NE) + Ny + [0 + 1] N ()
[+ 1) [1+ M) (287)

Eq. (287) is divided into terms contributing to P;;(r) and those contributing to D;;(r).
Thus,
Pii(r) = fi5(r)gi (r)e s + [f5.(r) + 1][Py(r) — Cf (r)], (288)

and
Dij(r) = [£5(r) + lgi;* (r) — i3 (r) = Pi(r) + Ci5(r)], (289)

where clY (r) /(1 — e#4i(M) = gPY (r).

Because of Eqgs. (262), (264), (265), and (269), Eq. (288) is rewritten as

21[3/2, wi;(r)] +

1/2Buij(r) — 2F[3/27 wi; (7’)] Oij (T)

_ 2{D(3/2) — T[3/2, wy(r)]ye’ s cj* (r)

 ml/2ePui(n) — 2I'[3/2, wii(r)] 1 —efua)’

,Pz'j (7“) +

(290)

where w;;(r) is defined by Eq. (263). Similarly, Eq. (289) is rewritten as

2I'[3/2, wy; (r)] \
Dilr) = o172, wyy ()] = merem O ) (291)

According to Eq. (290), the symmetry C’;J“- = Cj; is maintained because of the symmetry
Pij = Pji. Similarly, Eq. (291) allows the symmetry Cj; = C%; to be maintained due to
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the symmetry D;; = D;;. Equations (290) and (291) can be used when either fu;; < 0
or fu;; > 0. Egs. (290) and (291) enable P;;(r) and D;;(r) to be characterized by a pair
potential if c};¥ (r), C5(r), and Cj;(r) are given. For solving Eq. (270), Eq. (290) becomes a
closure scheme if ¢;¥ (r) is given. If P;;(r) is estimated, H,;(r) can be obtained by solving

Eq. (272) with the use of Eq. (291).

( b ) Advanced interpretation on Egs. (290) and (291)

Egs. (290) and (291) implies that separating P;;(r) from g¢;;(r) allows a pair potential
characterizing P;;(r) to be made different from a pair potential characterizing D;;(r). A pair
potential controlling the behavior of pair particles can depend on their relative momentum
when the behavior of each particle is affected by many-body effects. A pair potential con-
trolling the behavior of pair particles can be specified when a contribution of an attractive
force between them exceeds a contribution of their relative kinetic energy. If many-body
effects are not ignored, then the pair potential can differ from that controlling the behavior
of pair particles under a condition that a contribution of their relative kinetic energy exceeds
a contribution of the attractive force between them. Then, the use of Egs. (290) and (291)
enables P;;(r) and D;;(r) to be estimated.

2. Behavior of correlation functions at large r

(@) Behavior of Cf for fuy; <0 and 1 < r/oy;.
The use of the closure scheme given by Eq. (290) does not allow Eq. (270) to solved analyt-
ically. It is necessary to find a practical method of solving Eq. (270) analytically. The integral
equation given by Eq. (270) has the same mathematical structure as the Ornstein—Zernike
equation. With the use of the mean spherical approximation (MSA),?¢ the Ornstein—Zernike
equation can be solved analytically for some fluids. In the MSA, the direct correlation func-
0

tion ¢;; is given as the sum of short-range contribution c;;

—Bu;j(r). The MSA indicates that c;;(r) behaves as ¢;j(r)/(—Buy(r)) = 1 and ¢;(r) = 0

(r) and long-range contribution

outside the effective range of the hard-core potential. According to the analysis of diagrams
of f-bonds, ¢;;(r) represents the contribution of all the non-nodal diagrams of f-bonds.

C;;(r) represents the contribution of all the non-nodal diagrams of f*-bonds. This implies
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that C’;; has the form given by the sum of the short-range and long-range contributions.
Therefore, a procedure similar to that for the MSA is available for solving Eq. (270).

When the distance (r = r;;) between ¢ and j is sufficiently large, |Su;;| should be small.
Equation (262) can then be approximated as

——(—Buy)*? — —=(—Buy;)*"?

pij(r) = 3\/—
+ﬁ

The substitution of Eq. (292) into Eq. (290) results in
22

57
(—Buyy) + - . (292)

PY 4

Cl
“ _—Bjuw [3\/_( Ll 15ﬁ(_5“”)5/2 i }
4 1 32
+7’z‘j[ Buij — _3ﬁ(_ﬁuij>3/2 — 5(=Puy)” + W(—Buij)f’/Q o]l (203)

Therefore, if ¢;* /(—Bu;;) = 1 for the MSA is substituted into Eq. (293), the behavior of C}f

for 1 < r/o;; is expressed as
Cip = 4/ (3v/m)(—Buyy)*?. (294)

To derive Eq. (294) from Eq. (293), the condition (—Bu;)Pi; << 4/(3v/7)(—Buy;)*? is

assumed for 1 < r/oy;.

The MSA results in lim, _ g“__l_ = 1 with a general assumption lim, ., w;;(r) = 0, since
76“13 2 g J
PY

the PY approximation is given as gZPjY = The condition P;;/(gi; —1) < 1 is always

1- exp(ﬁu”)
satisfied. Thus, P;; for 1 < r satisfies g% e 2T B e

(_;jﬁ = 0 is derived. Thus, the above assumption
9

. This implies that P;; ~ [—fu,;|” and
1 < v are satisfied. Therefore, lim,_,,

is validated.

( b ) Behavior of Pi; for |Bu;;| <1 and 1 < 1/0y;

Using Eq. (292), the expansion of Eq. (290) in powers of —fu,; can be performed as
PY

AR 16 64 4
Py =— _;uw [3ﬁ(_ﬁuij)1/2 + g (=Pu) + <277T3/2 - 5\/%)(—5%)3/2 + - ]
Ci 4 y 1 16
# e [ o (2 o)+ (299

If the approximation given by Eq. (294) and ¢, /(—fu;) = 1 caused by the MSA are
considered in Eq. (295), the result can be expressed as

22

P~ 15 7=

(—Buij)3/2 for U5 < 0. (296)
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If a physical cluster in the fluid mixture has a fractal structure, then P;;(r) given by Eq.

(296) represents the characteristics of the fractal structure.

( ¢ ) Behavior of C}; for |Buy| < 1 and 1 < /0y
Equation (260), relation c};¥ /(—fu;;) = 1 caused by the MSA , and behavior of Py;(r)
given by Eq. (296) allow the relation g, (r) = ¢;;* (r)/{1 — exp[Bu;;(r)]} to result in

D;i(r) — 1~ —(1/2)pu;;(r) for 1<K r/oy;. (297)
Because of Eq. (297), Egs. (262) and (292) allow Eq. (291) to result in

Cii(r) = —Buij(r) for 1< r/oy. (298)

3. Simple closure schemes similar to MSA

(a ) Ezxpression of simple closure schemes similar to MSA

The direct correlation function ¢;;(r) formed by the contribution of all non-nodal dia-
grams comprising paths of f-bonds between the two root points is given as the sum of the
short-range and long-range contributions. A correlation function C’g (r) is formed by the
contribution of all non-nodal diagrams that have at least one path of all f™-bonds between
the two root points. Thus, C’;]L- can be given as the sum of the short-range and long-range
contributions.?” Further, a correlation function C}; can be given as the sum of the short-range
and long-range contributions because of C; = ¢;; — C;;. )
Owing to the consequence given by Eq. (294), an analogy with the MSA allows C;; to be

expressed as
4
Gy =Cy + ﬁ(—ﬁuu)m for Bui; <0, (299)
where C’%Jr is the short-range contribution, i.e.,
C’?J?L(r) =0, for r> oy (300)

Here, 0;; is defined as

(oi +0;), (301)



where 0; and o; denote the diameters of the hard cores of ¢ and j particles (i.e., particles of
species ¢ and j), respectively. Thus, Eq. (270) can be solved using the closure scheme given
as Eq. (299).

Owing to the consequence given by Eq. (298), an analogy with the MSA allows C}; to be
expressed as

where C'Zoj* denotes the short-range contribution, i.e.,
Cir(r)=0, for r> oy (303)

The formula given by Eq. (302) is available for either Su;; < 0 or fu;; > 0. Thus, Eq. (272)
can be solved using the closure scheme given by Eq. (302).

( b)) Effective range in which Py;(r) # 0

The consequence obtained from recursively solving Eq. (270) indicates that particles (i.e.,
species ki, ko, - - ) distributed around ¢ and j particles (i.e., particles of species i and j) allow
the correlation function P;;(r) to decay to zero more slowly than CJf(r) decays. C5(r) can
decay to zero more rapidly than —pu,;(r), which represents a microscopic feature. The
effective range in which CJ;(r) # 0 is satisfied remains microscopic according to Eq. (299).
Yet, Py;(r) # 0 can be satisfied for a large 7 at which C;(r) ~ 0 is satisfied.

The recursive solution of Eq. (270) guarantees that a feature of P;;(r) estimated with the

use of Eq. (299) can become macroscopic. The recursive solution for P;; is given as

L
k
Py =C5 + ) o / Cif, Ot dr™)

ki1=1
L L
k k
+) Zpklpkg//Cj,;lC,;kQC,;jdré Dar™ 4. (304)
k1=1 ko=1

If a fluid mixture system includes extremely large physical clusters, P;;(r) should have a
long-range feature on the macroscopic scale even if C’;]“- (r) retains a microscopic feature.
The long-range feature is formed by convolution integrals found in Eq. (304).

If contributions of particles (kq, ko, - - - ) distributed around the ¢ and j particles are not
negligible in Eq. (304), it is possible for P;;(r) to remain nonzero even out of the effective

range where Cf(r) # Ois satisfied. The pair connectedness P;;(r) that must satisfy the
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integral equation given by Eq. (270) involves contributions of many particles expressed as
convolution integrals found in Eq. (304). This implies that the pair connectedness P;;(r)
derived from the use of an approximate C’;]L- (r) involves the contributions of many particles,
even when the approximate C’;; (r) results from the contributions of limited principal par-
ticles. Even without the use of an accurate C’;;- (r) obtained from the contributions of all
particles that should be considered, it possible to succeed in replying to the necessity of
considering the contributions of many particles if P;;(r) satisfy the integral equation formed
by Eq. (270) and the approximate C;f(r) .

P;; is proportional to the probability that both ¢ and j particles belong to the same
physical cluster. Indeed, each term on the right-hand side of Eq. (304) is proportional
to the probability that both the ¢ and j particles belong to the same physical cluster via
the contribution of other particular particles (kq, ko, --). The first term C’;jr- without the
contribution of other particular particles (ki, ko, - - - ) is proportional to the probability. The

first term C;]“- has a simpler bonding structure compared to that of the other terms.

( ¢ ) Effective range in which H;;(r) # 0
The effective range in which Cy;(r) # 0 remains microscopic according to Eq. (302). The
recursive solution of Eq. (272) guarantees that a feature of #H;;(r) estimated with the use of

Eq. (302) can become macroscopic.

i) Basis of usefulness of MSA

The MSA allows the direct correlation function c¢;;(r) to decay to zero as rapidly as

—Bu;j(r). Then, the effective range in which w;;(r) # 0 is satisfied retains a microscopic

feature. The correlation function g;;(r) — 1 can decay to zero much slower than ¢;;(r).'>!®

The recursive solution of the Ornstein—Zernike equation is given by

c
k
gy —1=cij+ Y pr / City Cry ™
ki1=1 4
L ¢

k1) .. (k

+Z Z Pl1 Pk / / cl-klcklecijdré 1)drfl 2. (305)
ki=1kz=1 VIV

Convolution integrals found in Eq. (305) denote contributions from particles (ki, ko, ---),

which are distributed around ¢ and j particles. These contributions cause the behavior of
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gi; — 1 to differ from the behavior of ¢;;. The recursive solution indicates that the pair cor-
relation function g;;(r) that satisfies requirements based on the Ornstein—Zernike equation
involves the contributions of many particles. This allows the pair correlation function g;;(r)
derived from the use of an approximate ¢;;(r) to involve contributions of many particles,
even when the approximate ¢;;(r) results from the contributions of limited principal parti-
cles. Without the use of an accurate ¢;;(r) obtained from the contributions of all particles
which should be considered, g;;(r) estimated from the Ornstein-Zernike equation and the

approximate ¢;;(r) replies to the necessity of considering the contributions of many particles.

ii ) Usefulness of approzimate C7;(r)

As known from the case of g;;(r) — 1, particles (ki, ko, ---) distributed around ¢ and j
particles enable the correlation function ;;(r) to decay to zero considerably slower than
Cr:(r) decays. Cfi(r) can decay to zero as rapidly as —fBu;;(r), which expresses a microscopic
feature. H;;(r) # 0 is satisfied at a large r where C(r) =~ 0 is satisfied. This can be known
through a solution obtained by recursively solving Eq. (272) for H;;. The recursive solution

for H,;; is given as

L L L
His =C5+ > P /V City Crydrs™ + >N prprg /V /V Cit iy O e dr ™) 4
ki=1

k1=1ko=1

L L L
* k * k k
X o [ CuPstil + Y g [ [ i PrginVa

ki=1 k1=1ko=1
L L C
YD ki Prasny / / / it Chat Cyp, Progdr§dr{) ) 4 (306)
k1=1ka=1 kz=1 VIVIV

The magnitude of H;;(r) at a large r, where C7;(r) ~ 0 is satisfied, remains a finite value
that is not zero because of the convolution integrals. The correlation function H;;(r), which
satisfies the integral equation given by Eq. (272), involves the contributions of many particles
that are expressed as convolution integrals found in Eq. (306). The correlation function
Hij(r) satisfying Eq. (272) with the use of an approximate Cj;(r) involves the contributions
of many particles, even when the approximate C’i*j(r) results from the contributions of limited
principal particles. Without the use of an accurate Cj;(r) obtained from the contributions of
all particles that should be considered, H;;(r) that satisfies the integral equation formed by
Eq. (272) and the approximate C7;(r) replies to the necessity of considering the contributions

of many particles.
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( d ) Expression of practical closure scheme similar to MSA

A mutually attractive force between particles must be characterized by a pair potential
for analyzing an £-component fluid mixture system. Hence, the contribution Su;; of the pair
potential must characterize the interaction between a particle of species i (an i particle) and
a particle of species j (a j particle). Thus, it is assumed that Su,; is given by a potential
formed as the sum of N terms to analyze the L-component fluid mixture system. The

potential is expressed as
N

n n n eXp(_ZnT)

Then, the closure scheme given by Eq. (299) is expressed as

4IRS ) 4 40 721
+ 0 n) 3(n) 3(n
Cy(r) = O (1) + 5= {Zlko d;"d" exp(—zar)| 5. (308)

Here, z, and k:(()n) are independent of the species of the particle. A factor k(()n) is propor-
tional to 1/kgT, and it is proportional to the strength of a common effect that contributes
to each mutually attractive force that causes two particles to interact with each other. 1/z,
represents a feature that corresponds to the effective range of the mutually attractive force

(n)

between the two particles. A factor d; "’ represents the feature of an ¢ particle, and it repre-
sents the strength of a common effect contributing to each interaction that occurs between
the 7 particle and another particle. Further, the feature of the i particle is independent of
the magnitude of k™.

The decrease in Cj;(r) caused by each term of the exponential function can be con-
siderably more dominant than that caused by the factor (1/7)%?2, as r increases. Hence,
significant terms that contributes to the long-range contribution of the closure scheme need
to be extracted from the terms included in the factor > k:é”’dgn) d§n) exp(—z,7) i in Eq.

(308) by considering an assumption made as
0<z1 <z <<z < oo (309)

Based on this assumption, the above factor should be modified as

N 3/2 3/2
[Z kén)dgn)dgn) exp(—znr)l R {kél)dgl)dg»l) exp(—zlr)}
n=1

N

3 _exp(ar) (n) 4(n) ;(n)
X{Hﬁwzko di " d;" exp(—zpr)| . (310)
0 7 1

i n=2
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Then, the terms on the right-hand side of Eq. (310) correspond to significant terms that
should be considered in the long-range contribution of the closure scheme

An approximate expression for the factor (1/7)*? in Eq. (308) can be given by Eq.
(83). The approximate expression help avoid the mathematical difficulty caused by (1/7)%/2
when solving Eq. (270) analytically. According to Eq. (83), the approximate expression is

expressed as

s~ oy esplfexpl (1] 1)

In this expression, the value of f, need to satisfy the relation 0 < f, < 1/2. Despite this,
Eq. (84) allows the value of f, to be reasonably determined without the restriction given by
Eq. (82). Thus, a reasonable value of f, can be obtained as a solution of Eq. (85) for n = 3.
This value is expressed as f, ~ f,,, with f,, , = 0.1018532115.

Equations (311) and (310) yield an approximate expression for a long-range contribution
of the closure scheme; thus, the approximate expression for Eq. (308) is derived. The

approximate expression is characterized by the parameter f,, and expressed as

Ch(r) = C% (r Z k”d”d“u, (312)
where
O<51§5’2§5’3§"', (313)
N o
1 v
n—zn+2zl+% (n=2,3,---,N), (315)
s q _ Aexp(fy) 1) )
171 71 3/2 3/2 3/2
kodid; = —=7 3/ (kS22 (a2 (a2, (316)
and
2 1% n n n
gy = ZERUE 0 2 @) P AP, (0= 2.3, ), (31T
with
a = Uija
0<f <1/2 (318)

or f, & fy,, with f, = 0.1018532115.
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If the closure expressed as Eq. (312) is used, then the integral equation system given by Eqs.
(270) and (312) can be solved based on the method for exactly solving the Orstein-Zernike
equation system®® that has the Yukawa closure for the MSA.

Further, the approximation given by Eq. (312) for f, = 0 overestimates the long-range
contribution of C’;J“(r) This is because the approximation specified for f, = 0 implies that
the long-range contribution described by the factor (1/7)%?2 in Eq. (308) is approximated as
(1/4/a)(1/r). The alternative approximation given by Eq. (312) for f, = 1/2 overestimates
the decay of C’;;(T) dependent on r because the long-range contribution described by the
factor (1/r)%? in Eq. (308) is approximated as (e'/2/\/a)(1/r) exp[—r/(2a)].

According to a previous study on Yukawa fluids®, overestimation of the long-range con-
tribution of Cjf(r) can lead to an overestimation of 1/ (l?:(}j?czy) at the percolation threshold.
However, the diagram of the percolation threshold for overestimating the long-range contri-

bution has the same pattern as that for overestimating the decay of C;;(r).
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E. Solution of integral equation for P;;(r)

Equation (270) and the practical closure scheme given by Eq. (312) result in an integral
equation system that can be solved analytically without an additional approximation. Then,
a mathematical procedure similar to that used for solving the Orstein-Zernike equation®3:83:84
is used. The use of Baxter’s @ function®® enables Py;(r) and Cjfi(r) to be estimated from

Eq. (270) for the L£-component fluid mixture.3"5?

1. Fourier transforms of integral equations

If each correlation function is expressed as Fj;(r) that satisfies lim,_,o 7 Fj;(r) = 0, then a

Fourier transform of Fj;(r) is given as

F(k) _th (Pzpy)1/2 /V Fj(r)explik - r]dr

:47r(pz-pj)1/2/ coskrdr/ tdtFy;(t) (r=1r|, k= K]|). (319)
0 T

If V is macroscopic, the integral | /pip; [i, Fij(r)e™*dr can be expressed as Ej(k), which is
given by Eq. (319). According to the expression of Eq. (319), the Fourier transform of Eq.
(270) is given as

L

Z[5m ik )}%( ) = O (k). (320)

k=1
The Fourier transform of Eq. (272) is given as

L

5 o = Cith) = G| ) = G 6) + Z Ok (321)

k=1
The Fourier transform of the Ornstein—Zernike equation expressed as Eq. (271) is given as

L

> |6 = ()] [P+ Ay 0] =250 (322)

k=1
where
&i(k) = G5 (k) + Cy5 (k) (323)
because of Eq. (268).
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The use of Baxter’s Q function®® allows the equation given by Eq. (320) to be expressed

as
S i [0k + P (QL; () = Q5 (k)
6, — (k) = Yo Qi (R QS (k). (324)
S Qi (R@(—R) = 0y G =15 Gy =0 (i £ 5).
If an inverse Fourier transform is applied to the first and second equations included in

Eq. (324), the following equations can be obtained as
d
2mrPi(r) === Qu(r)

£ 00
+27T Z Pk / ij(t)(T — t)PZk<|’f’ — t|)dt
k=1 Ajk

for \j; <r < oo, (325)
and
Ot () —— 9
mrly; (7) _JQW ()
c - .
* ’Ok/ Qjr(t) —Qir(r + t)dt,

; Sup[Apj,Api—7] ! dr

for )\ji <r< 0, (326)

where \j; is defined as Aj; = 3(0; — 0;). The function Qy;(r) in Egs. (325) and (326) is
introduced as

Q) =85~ (pp)"* [ eV Qu(ryar (327)

where 0;; =0 (i # j) and §;; = 1.

The short-range contribution to Cjf(r) is expressed as Ci" (r) in Eq. (300). The corre-
lation function Cjf(r) is related to Q;;(r) via Eq. (326). Hence, the characteristic of the
short-range contribution C?f(r) is provided by @;;(r). Similarly, the characteristic of the
long-range contribution to C}(r) is related to a form of Qy;(r). Therefore, Q;;(r) must be

expressed as
Q”( = + Z Dn —Znr )\ji <r< Uji)a (328)
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N
Qij(r) = Z Dje ™" (0 <), (329)
n=1
and

9(r)=0 (0 <7). (330)

]

In the above, D;; (i,j = 1,2,---, L) are unknown coeflicients, and these coeflicients must
be determined via the use of Eqgs. (325) and (326).

Hard-core potentials that are characterized by u;;(r) = oo at r = o5 allow lims_,o g;;(0:;+

d) =0 (6 > 0) to be satisfied. Similarly, lims_,oP;;(0;;+0) = 0 (6 > 0) is satisfied because of

Eqgs. (265) and (288); hence, P;;(r) = 0 for A\j; < r < 0j; is derived. This feature maintained

by Pi;(r) requires the function @;;(r) derived from Eq. (325) for |p| < 1 to not include the

powers of r in the range \;; < r < gj;. If this fact is considered with the behavior of Q;;(r)

expressed by Eq. (328), the feature of QY;(r) given by Eq. (330) requires QY;(r) to have a

specific form, i.e.,

N L
n Pk 5 5 n —Znr —Zn0j
?j(r) = Z |:_Dij + 27 Z é_kpik(zn)ij:| (e —e )
n=1 k=1 """
()‘ji <r< Uji); (331)
where
ﬁMME/ Pae(t)e . (332)
0

Because of Eq. (313), the quantities Py (%,) should satisfy

A~

Pun(3) > Pin(%) > (0<H < 5H <o), (333)

Thus, the quantity ﬁzk(én) is small, if the effective range of the attractive force between
pair particles ¢ and k is short. The effective range of the attractive force between the pair

particles is characterized by the coefficient Z, given by Eq. (314).

2. Formulas for determining coefficients ﬁz](én) and D},

(‘a ) Formula for determining ﬁj(én) and D7
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Equations (328)—(330) and P;;(r) = 0 should be satisfied over the range \;; < r < 0j;
hence, Eq. (325) for r < oj; yields the following formula because of Eq. (331):

N
Z 3 {_ - Z Pk Pl Dzj] —Enr Z % Dne T

c
— 27 Z Z prDye " /0 P (t)e ™ tdt = 0. (334)

k=1 n=1
If Eq. (329) is considered, then Eq. (326) can be rewritten as
N N L R
21rC(r) = Z ZnDise T Z Zne " Z peD5.Qik(2,),  for o <r, (335)
n=1 n=1 k=1

where

Qji(s)= N Qir(t)e"dt

>\kj

N L
= Z |:[_D]T7<: + 27 Z ;_lpjl(ém)DZZ] o5k p—Em O
m=1 =1 m

Zm0oj __ ,—80; 1 — 5% 1
X (e - —C ) T DjkeZm’\’“jeij]. (336)

S+ Zm S
Here, Eq. (336) can be derived using Egs. (328)—(331). The relation between ﬁjk(én) and
@jk(én) can be obtained from Eq. (336) as

~ Y N . e_éno'j 1 _ e—EnO'j
(Y \— o ZnAkj —ZmOk; M
QulZn)=eM 3 qe ]Djk(z 5.t )
n m n

m=1

21 e~ #mAkj y e 0 1 — e #n9
+Z ,Ol jl le |: _l— _ e_anUkj < — = + > >:| }. (337)

Zn Zm Zn + Zm Zn

By considerlng Eqs. (328) and (331), Eq. (325) for r < 0j; can be rewritten as

N L N
E 5 n § P35 o n —ZnT § :v n  —Zpr
n n=1

L oo
w20 [ QuOlr = Pl — t)at. (335)

Equation (338) is equivalent to Eq. (334), which has no singularity for 0 < r < oo; hence,
Eq. (338) is satisfied for 0 < r < oo. If the terms in Eq. (338) are then subtracted from

those in Eq. (325) for 0j; < r, a formula can be derived as

N
3 m pk m | —Zmr
2mrPi(r) = — mZ:l Zm |:_Dij + 27 Z e Pir( Dk]]
E T
+21 ) i / Qs (t)(r — )Py (rr — t)dt. (339)
k=1 Ajk
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The Laplace transformation of Eq. (339) results in

N v
S Zm —(s+2m)oi;
2mPij(s) :_ZH—56 o )][ i t2m Zpk Pir( Dk;]
m=1 m m

c
+27m ) P Pik(5) Qs (5). (340)

k=1
Ultimately, substituting Eq. (337) into Eq. (340) for s = Z, alows the relation between
Pyi(%,) and D to be determined by

N o
5 v Zm — p
21Pi; (%) :Z S € (Fnt2m)oij < Z — Dk])
m=1 “n Tt Zm k= “m
c N .
A —Zn0 1 —e —Zn 0k
2 (5, )‘jk Zmo'ng < )
21 Y puPulZ)e” { e
k=1 m=1
27Tpl e Zm)‘ak e~ 0k — e Enok
+ Pualzm) D [ 5——— — e (< —— )|t 6a
ZZI Zm ki (Zm) D Zn+ 2 n+ zm Zn (341)

( b ) Another formula for determining 7/5”(5”) and D}
If Eq. (300) is considered, the substitution of Eq. (312) into Eq. (335) results in

L
2rkydyd) = 2,0 — Y £ Dy Qjn(Zn)- (342)
k=1

Further, substituting Eq. (337) into Eq. (342) yields another formula to determine the rela-

tion between 732-]-(5”) and Dy} as follows:

VRV 5 . E A4 E, — Zne 0
27T/€6Ld?d? = E § kaZcDjke ZnAkj o= ZmOk; A
m=1 k=1 " m

L
2 1 o 5 ) s .
g pk le UpP‘l(Zm)G_Z")\kJB_ZmUk]

Mn

N
B>
zZ

1 k=1 I=1 “m
— %y — Zm + Zpme 0 4 5, e
X . (343)
Zn T Zm

( ¢ ) Simplification of two formulas
Each term on the right-hand side of Eq. (341) includes coefficients D} with suffix j. Each
term on the right- hand side of Eq. (343) includes coefficients D, with suffix 7. The term
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on the left-hand side of Eq. (343) is formed by a product composed of a factor related to
suffix ¢ and that related to suffix j. This implies that a coefficient Dj; can be divided into

factors related to suffixes ¢ and j. Thus, coefficient D}’ is given as
D, = —d”a”exp(znoj/Q) (344)

where a;-‘ is an unknown coefficient.
Further, to simplify Eq. (341), a coefficient P} is defined as
d Pri(Z,
,Pn =12 Z h—- l](z ) (345)
0] o? i
=1

where ¢; is the volume fraction of species [ given as

T .
b = gplaf. (346)

The coefficient P} defined by Eq. (345) must always be positive because d? /o; should be
positive for each value of j and each value of n. According to Eq. (333), the coefficient P}
should be small if the effective range characterized by Z, is short.

The use of Egs. (344), (345), and (346) simplifies Eq. (341) as

N m
a”
n __ n, nm J
where
6 y
n= "% 5. n0i/2 348
Tj = _Znoje (348)
. L eénol/Qe—Emal/Q y ., dn Cign 1 .
A - - - Zmoje” M — | — — —P,
"y ZnO'l(Zn + Zm)O'l (] (o2} ZmOl
dm
o (L rrzpe ) |o (319)
1 .
j7lnn = % o) |:(5n + ém)al - 5maleznaj:| (35())
1 y y
;7"' = m |:Zn0'l€zmaj — (én + ém)o'l + émale_znaj] (351)

Further, the use of Eqgs. (344), (345) and (346) simplifies Eq. (343) as

frdr a6 ata™  e—imoil2  [d™
2 20 79 ,—Znoj/2 — __J _ — it M 2 J Ymn pm gmn | 3592
Wén g ‘ Z Z Yo, o (Zn+ Zn)o | o R (352)

m=
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3. Coefficients estimated for two terms’ potential (N =2)

The potentials composed of the two terms are remarkable for describing the simplest fluid
mixture, and are expressed by Eq. (307) for A/ = 2. Further, the fluid mixture can involve
two species of particles: one includes particles interacting with each other via a mutually
attractive force contributing only within a short range, and the other includes particles
interacting with each other via a mutually attractive force contributing over a long range.

For N = 2, coefficients a;/0; can be readily derived from Eq. (347) as

o __1 anm m (353)
]

where
11 12 1,22 1,12
xXxe\ e L
21 vo2 | T ]1 21 1]11 ’ (354)
Xi X v 27T
J J
and
r = a'ta? — 22 (355)

To derive an equation to determine unknown coefficients P;", Eq. (353) is substituted
into Eq. (352), which results in

27T€—zncf]/2 0 .TZXnTPT

Zn 0']

2 2

2 %m0 )2 jm
—l—g Z Z Z Z [(le X"PP; (%n . + Zm) oy <_ TR m")} =0 (659

m=1r=1 s=1 [=1

where X7 and x include Pj* because of Eq. (349).
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4. Value of P;;j(0;;) estimated for N =2

The behavior of the pair connectedness P;;(r) can be readily estimated for r = ¢;; with
the particular distance at which hard spheres of i and j particles contact each other. The
second term on the right-hand side of Eq. (325) is a continuous function of r at r = oy;.

Thus, the pair connectedness P;;(r) given by Eq. (325) must satisfy
lim 27T0U |:Pij(0'ij +€) — Pij(oi; — e)}

__ hm{ [%QU(T)LUW - [%Q,»j(r)]m%_e}. (357)

e—0

If Egs. (330), (331), (344), and (345) are considered with P;;(r) = 0 (r < o0;;) after
substituting Eq. (328) into Eq. (357), the pair connectedness P;;(r) at r = o;; can be found

as

N v
1 o dr y a?
Puloy) = -2 :(5n02-—z + P{‘) e Inoi/22L (358)
1

2w Oij - i 0j

For N = 2, the use of Eq. (353) allows Eq. (358) to be expressed as

2
1
Puto) = 2SS (e pp)esemen.

271_0.” m=1 n=1 Ti

The probability that a particle of 7 species exists in the immediate vicinity of a particle of 5

species can be known because the magnitude of P;;(0;;) is proportional to the probability.
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F. Mean size S of physical clusters
1. Estimate of of S for an L-component fluid mirture

The mean physical cluster size S can be related to the pair connectedness P;; because of
Eq. (281). The relation between the pair connectedness P;; and Baxter’s Q function can be

expressed by Eq. (324). A specific relation is derived from the first equation in Eq. (324) as

lim P (k) =(pip;)"/* / Pyy(r

—hm Z Qi (— Qh] k) — 6ij. (360)

Ultimately, substituting Eq. (360) into Eq. (281) allows the mean physical cluster size S to

results in

S = i{Z {Z 5 (gkﬂ _1/2@;1(0)}2. (361)

k=1

Equation (361) denotes that the mean physical cluster size diverges to infinity if @;1(0)

reaches infinity. @;1(0) = oo indicates the occurrence of the percolation of physical clusters.

The comparison between Egs. (327) and (336) allows the relation between @ij(()) and
@j(O) to be found. Thus, éij(O) is given as

~ Di b
Qi;(0) = bij — — (—3_3 Qi 0)- (362)
0; 0
If Eq. (336) for s = 0 is used with Eqs. (344)—(346), an expression for @ij(()) can be derived
as
N 1/2 1/2 .m
6<¢i¢j)1/2/\ 6 6, 1 a;
—|==5) @)= —¢i0; i\ oei— ) = (363)
T\ o} o} / mz:% 7r T o, oj
where
m 6_2m0'1/2 ezmo'z _ 1 _ émal m u;n 5
@ = Zm0i {_ Zm0i i Z(Zmai—{— 1)}
o ar 364
o (364
with
—m . dr :
Q;, =-— [1 — (14 z,0:)e Zm‘“] P — Lz 0i(5mos + 1)e ™7, (365)
o;
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If NV is restricted as N' = 2, then @ij(O) can be given as

1 2 2 1/2 6 1 1/2
Qi (0) = 6;; + — . D Z( gm) (%Qﬁj;) Xrmpm, (366)
_ J

m=1 n=1
2. Percolation requirements

(a) Percolation requirement for two-component mizture (L =2, N =N)
The inverse @;(0) can be readily estimated for a two-component mixture comprising
particles interacting with each other via mutually attractive forces described by A terms’

potentials. Thus, the use of Eq. (362) results in @;1(0) expressed as

~ ~ 1/2
T ORZ ORI 1-2500) 2[5%) QuO)| o
Qi (0) @) ) et Q0] g[%%]1/2@21<0> %%é (0)

where

2
113,01 =1~ 2%0u0) - 22000+ (2) £200(0G0)

(W) . L2 01a(0) (0)

‘71 b
- ar’ 6 112 211 a% ag a% @%
> oar o () sion(Qiet - aa) (42 - 2),
m—1 =1 g1 T 0102 02071

(368)

The final line in the above equation is obtained using the relation given by Eq. (363).

If det @” (0)| reaches zero under a certain condition, then @;1(0) diverges to infinity.
This implies that the mean physical cluster size S given by Eq. (361) diverges to infinity.
Therefore, the percolation threshold concerning the percolation of the physical clusters can

be estimated as particular states satisfying

det |Qy;(0)] = 0. (369)

( b)) Percolation requirement for two-component mizture (L =2, N'=2)
The percolation threshold can be readily estimated for a two-component fluid mixture

(L = 2) composed of particles interacting with each other via mutually attractive forces
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caused by two terms’ potentials (N = 2). After substituting Eqs. (353) into Eq. (368), Eq.
(369) result in

1,21 ZEH
T+ = Zsbl [Ql( ——7’1> +Q12<_x_;73’1+?7)12)]

!
+(§> 002(Q ~ Q) (7 PIPE - P ) =0 (370
To derive Eq. (370), Eq. (354) must be considered. Thus, a particular state satisfying Eq.
(370) allows the physical clusters of macroscopic sizes induced at the percolation threshold
to be found within the two-component fluid mixture.

Furhter, the two terms’ potential (N = 2) enables a mutually attractive force between
particles of species 1 to be distinguished from a mutually attractive force between a particle
of species 1 and a particle of species 2, and it allows the mutually attractive force between
particles of species 1 to be distinguished from a mutually attractive force between particles
of species 2. Hence, the estimations of the percolation threshold described by Eq. (370) can
contribute to identifying the variations of percolation behaviors caused by the distinctions

among these attractive forces.

3. Estimate of S for two-component fluid mixture

The mean size of physical clusters S can be estimated for a two-component mixture
system (£ = 2) composed of particles interacting with each other via mutually attractive
forces caused by two-term potentials (N = 2). For a two-component mixture (£ = 2), the

use of Eqs. (353), (363), and (367) allows Eq. (361) to result in

02

2 2 1/2
Zm0 ZmO m_—Zz Zmo m
{[1___2 <(¢1¢2V 1) eFm 1/2Q1€ m)\12_¢2€m 2/2Q2>
1

m=1 r=
9 2 1/2 2 2 Y 1/2
61 m
e zmcrg/QXmTP2:| ( ) {(@ﬂ) N Z((Qﬁlﬁbgi Ul)
1 09 L et Zm 02
2
XeémUI/QQ’ln _ ¢265m‘72/2Q5’L@_5m)‘21> 6_2m01/2XIm‘P1T } (371)
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G. Pair correlation function
1. Pair correlation function for L-component fluid mixture

For the potential given as Eq. (307), the Ornstein—Zernike equation can be solved

82,84

analytically.82%* If the solutions given for the potential are modified, the correlation

function g;;(r) can be expressed as

N c
oo, 1 12 . 111

— 3A E ( _ -
0105j i 2 nl{ Zn0ij { @Z o 2 * 2n0;

=1 nUl

L
3
gij(03) =A7" + AT P
=1

XA~ Z¢ZZU{ (2a01)smone @ B 4 9L (§+ )}emlj

o] Zn0]

£ (n)
3 2 : n0j d o n n — .
n A_l ¢ZZ g; ( i O(Z O'l)Zno_leznolBl( )>6 ZnAlj

Zn0ij =1 Zn0] g Zn0]
oo (n)
d(n) e Zn0j . 2 O 3 ) a
—( — - znaie’z”‘“Bi(n) 2 e En A znaje_z"(’ﬂ/?—] , (372)
g; (Znaz> Zno_ij O'j

where

—1—Z¢z7

U1 (2n,00)= (20 ) 1 — 2,00/2 — (1 + 2,01/2)e "],
and Oo(2,00)= (2,00) 11 — 75, (373)

A coefficient expressed as Bi(n) in Eq. (372) is defined as

£ooqgm

2n0;€ Z”‘“B = 122¢1——Zn0i g2 il pZn Il {/ e " gu (T/S)TCZT} ) (374)
0

o1 (zn,07)?

Then, the values of Bi(") should satisty

0 =2m2,0i 2~ L7 4 Z 0 1( )/U ( L znale_z"‘”al—) e At [2 L 01
Zp 03 Oy =1 Zn0] dln /0'[

3 2,0 12 ( 2,05\ 3~ oy 1
+A qbl(I)O(ZnO—j) A ¢lqjl(zn0j) 1+ Z¢h +§Zn0l

Zn0] Zn0]

A
(n)
6 nYa 'L —
Sy A (4, i)
T 2Zn0k d(” /U o Ok

m=1 k=1 [=1

X <0_kzm0ke g or kL (375)
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where the coefficient M7} in Eq. (375) are defined as

1 11 2,0 12 (z0:\°
mn — —2ZnAjk ,—ZmAik 1 Dy (2,0:)0; — — L I /] O
I (Zn + Zm)aj ZmOk Zmo-le ‘ “nOk { |: 0<z U]) v A ¢l (Znal > 1(Z UJ):|
TR ST RIS
X —Zmo—— |1+ s2mo+ < ) ¢n
{d“”)/ak 4" o I am s,

L (m)
1+ 2p,0:/2 d m
XZ o + 201/ 'fo emFmA E ¢hzmal—z o /Uh e_z"”\’”

(2m0)? k /ak

L
1 3 Zm0Ol 12
—|1 —Zm, — -
( +2z UZ+A;¢hzmah)A

3
A
L
am Zm
S 60 (z00) 2 oy

d,(cm)/O'k ZmOh,

h=1
Zmo (m) L (m) ZmO (m)
m hB 3 m d m m hB
szghe(m)—he—zm/\h, L2 Z¢h ZmOl B0 (2m0n) }(lm)/O'h Zm Ol Zmahe (m) 5
dy" [on A 1 ~mIh [ok #mTh /on
c m) c
12, 14 z,0,/2 /Uh A
—(zmon)” <5Zh — > — A — zmor Y (Po(2mo1)dim
20 3 e )i 2
12 d(m) m zmahB( m)
_—¢h‘1’1(2m0h)) ? )/th oy nghe ( ) h e—ZmAhl:|
A dkm /O’kzmgh m/O’

L
S 12 14 2,04/2 o Z
— |:Zm0'l <5lh — quh h2/ ) / h mAni + (I)O Zmal)alh
h=1

12 d(m) m ZmOh B(m)
—— V1 (2mon)) i(lm)/ghz o ZmUhe FeD) : _Zm)\hl}
A /O’k ZmOh h /O’h
3 [ 2,0 12/ 20:\°
o+ — | = ®y(z, nJ Wi (2,0
X[l’+A(znal> 01 Po(2n05) — A(Znaz) o1V (2,05)
3 zZnop 1
1 N [cn
x( + A};%znah + 5% al)]}

2. FEstimation for two-component fluid mixture

For N = 2, the factor znaje_z""j/Qay)/aj in Eq. (375) can be given as

(") 2

3—m,3—
Zn0je —znoj /23 a; _ E : n+mY m nvm7
9j

where
1,15 ,2,2 1,2+,2,1
Yzi/j’Yj’ —Y Yo,
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2

2 (n)
6 2,0; Zm0 _ , _ 12 1+ z,01/2\d

ynm =2 “n7j m®j (zntzm)Nij N - n k

E Q¢ Z Ik ¢k o

T 2m0j (2n + 2m)0y p (2,0%)?

+Z —Zn Akl <
Ay 121 + ZmOh/2
+Z ( Ih Qbh )2 > -

12 m
Zn(fl 5lk — —Qbk\lf (Znak))eznakB]gn)] [ Vl

(2m07)?

12 n
+Z —Em AL D (2,,00) i — Z%‘I’ (ZmUh)>€ZmGhB;(l )}
2 m)
6 2,0, 2p0j (ot am) N A 12 1+ z,04/2
2 _ 705 —(entam)Ny st g, 22
T 20 lzl & (2n + 2m)0y c ; c A O (zmok)? oL
2
12 \Z&
—ZmA Zmo (m) l
—i—; e ki ((I)O(zmal)élk — Zgzﬁk\lf (zmak))e By, ] o) (379)
2 (n)
3 3 2n0 1 1+ 2,01/2 znoid,
Vn = 4 1 = J " — 2z, J Zn)\lj
ESONU(EFOIECEY a) wﬂ}%
352 0 =2y ) 5 1+ Z¢ Z"U” -+ Lo )orw (2n01)
- — O e
A\ A z0 v A g PRl A
+¢; 9 (IJO(znal)] Zn9%5 ., =N g ez"‘”B( (380)
Zn0] Zn0]
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H. Two-component specific fluid mixture system
1. Formulae for evaluating correlation functions

((a) Specific fluid mizture

All coefficients expressed as P} in Eq. (356) must be assessed to evaluate the percolation

threshold for a fluid mixture composed of particles interacting with each other through a

two-term potential (N = 2). The evaluation of the coefficients can be simplified for a

two-component specific fluid mixture. This fluid mixture is specified as

01 = 092 = 0,

21 =2, 0<z0 <20, 1<K 20,

d(l) d d(l) d -1

it S -, 0< 22 {_} <1,
ag g ag g

d(Z) d(2) 5 5

4 =2 - 0<— <1,
g g g g

kY =k and 0<k? < 1.

Then, Egs. (314)—(317) result in

20 = 5210 + £,

. 1
Z290= 290 + 5210’ + fy,

o v . Vl
Akydidy A

nih oo 3T

(1) (1) DN 3/2

2 o O

WEPP: 9 LD g N 1/2 1.2) 42) 4(2)
2% % —exp(f,,)\/zl_a(Ll—J—) Fo_ %i

20% 0 0 \JT 2 o O

Thus, Eqgs. (388) and (389) lead to the simplest assumption made as

7 FONETE
Ea ( o > '
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(381)

(382)

(383)

(384)

(385)

(386)

(387)

(388)

(389)

(390)



and

I FONSICRTE)
i:(z ) L (391)

Therefore, according to Eqgs. (386)—(389) and Egs. (390)-(391), Eqgs. (381)—(385) require

that the parameters for estimating the pair connectedness be expressed as

H=2 0<Zo<Zo, Zo/Zho <1, (392)
b d dl
L== 0< 2«1, (393)
01 o 09
2 &b o
2 =2__" <=1, (394)
g1 g2 g o
ki=k, and 0<kl<1. (395)

For 01 = 09 = 0, Eq. (352) can be rewritten as

n

k"d" a a™ a am

) —Zno 2 J 1 Y1 2 Y2
o9 L e=Eno/2 =3 g 1—— g— —=
Z, O o o o

eZmU/Q d;n v 2 _» oxFmn —mn
- — — —(zZn0)%e Zmo /2y 4 pm , (396)
Zm0(Zn + Zn)o | O J
where Y and Z" are defined as
i S =%,0Y " (397)
mn _eém —mn
Z vimor=s = o A (398)

The above two coefficients behave as limy_, Y™ < 0o and limy ;00 7™ < .

For an extremely large Zy0 satisfying 0 < 2/2, < 1, coefficients a} given by Eq. (353) are
required to satisfy a; # 0 and a7 ~ 0 (which are known from Eqs. (427) and (428)). Hence,
this allows Eq. (396) to be simplified as

AP 1 1.1 1.1

krd: | a;: 3 ai a as a

Z o o T o oo
671

i _J 2 —ZU/QY Z
X %) {g (20) + 73 } (399)
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A specific fluid mixture described by Egs. (381)—(385) is a two-component fluid mixture
that comprises particles of species : = 1 and the other particles of species ¢ = 2. Particles
specified by ¢ = 1 interact with each other through the contributions of the hard-core
potential and mutually attractive force. Particles specified by i = 2 interact with each other
only through the contribution of the hard-core potential. Within the fluid mixture, the
hard-core spheres interacting with each other via the contribution of the mutually attractive
force are mixed with the hard-core spheres interacting with each other in the absence of
mutually attractive forces.

Further, it is easy to assess the pair connectedness P;;(0) and the pair correlation function
gij(0), if d/o =1 is selected. For this condition, the relation d/o = 1 is satisfied because of

Eq. (390). Then, Eqs. (386) and (388) results in

8
W

N | T

exp(f,) [za . gf] R ("‘%)/ (0<f <1/2). (400)

( b ) Pair connectedness P;;(o)

A mutual attractive force acts between particles of species 1. No mutual attractive force
acts between particle of species 1 and that of species 2. Moreover, no mutual attractive
force acts between particles of species 2. Then, the three types of pair connectedness are
required to satisfy Pi1(r) # 0, Pi2(r) = Par(r) = 0, and Pay(r) = 0. Equation (358) allows
the three types of pair connectedness to be estimated for the fluid mixture characterized by

Egs. (392)—(395). They are given as

1 (. d 1) -z /25‘%
=— -~ = 401
7311(0') 27T<ZUU+P1>6 O', ( 0 )
Plg(d) ~ 07 7321(0') = 0, and PQQ(U) ~ 0. (402)

A coefficient a} for the fluid mixture is given by Eq. (440) in the appendix of this chapter
(ITTH4), ie.,

1
ap 1 1

~ T T 1 .
o riztt

Then, another coefficient a} is required to satisfy a}/o ~ 0. Coefficients z} and z'! for the

fluid mixture are expressed as Eqgs. (415) and (442) in the appendix of this chapter (III H4).

11

The product ziz'' is independent of ¢,. Therefore, Pii(0) estimated for the fluid mixture
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is independent of ¢, although ¢, # 0 is satisfied. This effect is caused by the behavior of
P} that satisfies 0 < P} < 1 for 0 < dy/o < 1.
If aj/o # 0 and ai/o ~ 0 are considered with Eqs. (401) and (402), then Eq. (399) is

rewritten as

]% d —%0/2 1 13 1_ 1 ;
27T§;€ / %—x%xllpl - ;Qﬁl a:%x“ Pl
e [d L N2 —3g/25711 1511
X—=|— oIy Z . 403
o | oy T 4 ) (403)

Coefficient P}, which is nonzero, is estimated from Eq. (403). Other coefficients must satisfy
Pl~0, P?=~0, and PZ~0. In addition, Eq. (403) implies that P} is independent of
-

( ¢ ) Percolation threshold

The percolation threshold for the fluid mixture characterized by Egs. (392)—(395) is de-
termined as a particular state wherein the mean physical cluster size S expressed by Eq.
(371) diverges to infinity. The magnitude of P} at the percolation threshold can be assessed
from formulae that are given in the appendix of this chapter (III H4).

Substituting z'' and @, with those given by Eqs. (442) and (448) allows Eq. (447) to
yield an approximate formula, which does not include ¢;. If P} at the percolation threshold
is denoted by (P})?, then the approximate formula is expressed as

3 w1 d . .
-5t (24 z0)e ™ — 56_220] (Pf‘)p(Pll)p—ge_w [50(50 + 1)+ 1+e | (P})P

1/d\° .
+§ (E) foe” % ~ 0. (404)

Equation (404) does not include both ¢; and ¢2. However, the percolation threshold can
depend on ¢; in the phase diagram because P} depends on ¢;. Then, the percolation

threshold is independent of ¢, because P} is independent of ¢,.

( d ) Pair correlation function g;;(o)

For a two-component fluid mixture specified by Egs. (381)—-(385), Eq. (372) can be sim-
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plified as

X {ez"B](-l) N (1 + ;za + —(¢1 + ¢2)) —1 —({_jc)fz/QCb - —¢1—
3
A

— [4<1+;z0+ (¢1+¢2)) 1(z0) +<I>0za}22: ¢*" B! }

k=

2 (1)
d 12(14+20/2) | d o
X {Z o] [l— - M%; + ®y(zo)e Bl(l)

— o A(zo)?
12 2 2y —1
-—Zmﬂaﬂ§:¢ww3ﬁ}} :
k=1

where

_1—2@, L=2),

Uy (z0) =(z ) [1 —20/2— (1 + z0/2)e "],
and  ®y(z0) =(z0) (1 — e ).

(405)

A coefficient expressed as Bi(") in Eq. (405) is defined by Eq. (374); it must always be positive

because dz(n) /o; should be positive for arbitrary values of ¢ and n.

According to Eq. (374), this coefficient should be small if the effective range characterized

by 1/z, is short. In fact, Eqgs. (375) and (377) for n = 2 results in

lim (3Z2"B(2 0.

Z22—00

(406)

Thus, the coefficients sz) and Bém are not included in Eq. (405). The above relation helps

derive Eq. (405) from Eq. (372). In addition, even a product ZQO'@ZQUB](-2) has a finite value

as lim,,, o0 [ZQUGZQUBJ(Q)] < 00, according to Egs. (375) and (377).
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Equation (375) for n = 1 and j = 1 results in a formula given as

ke d 2. /dY 12(1 + 20/2) 12
O~ G — =20 et el Sl e d zaB(l) _ %y
PP [; ¢l( o A(zo)? o1y + o(z0)e A 1(20)

2 292 2 2 (1)
XE :¢k€ Bzi”) ] + Y (=1)e B E ¢l<l7 - W¢ T, 5, (20)e** BV

h=1
2 1 2 1 12 1
X 1 —(Z_j;/Q@; + < 1— - [ (1 + -z0 + (¢1 + ¢2)) 1(z0) + Cbo(zg)]
2 2
XZ <Z5k€ZUB;(§1)} { d + ZO'(I)()(ZO'); — zZO [(I)O ZO' 2 Z h zo’B(l)} (407)
k=1 -

Equation (375) for n =1 and j = 2 results in a formula given as

2 (dY 1201+ 20/2) " "
Oz;gbk(%—wqﬁ + Og(z0)e B( (zo que B )

2
> {512 + %Cbz@o(za) - %@‘I’l(zg) (1 + %ZU + %(6251 + ¢2))] { <Y f

=1

(1—1—;20—1- (¢1+¢2)>%¢ qﬁl——i{(l—i—;za—l— (¢1+¢2)>

2
" <za>+q>oza]2¢ezw<”}+—2¢{Z"B) w14zt o)

o1 —(;_2372/2¢1; + %qﬁlg _3 [4 <1 - ;za + —(¢1 + ¢2)) U, (z20) + cpo(zg)}

d

2 2 2
12
X E (bhez"B,(ll)} { E (qul(za)(ﬁl — @0(20')(5[2) {BZUBZ(U — 2'0'5511
h=1 1

—l—iim( %) 1Az<1+;za+ (¢1+¢2))(2<—Z—UZ;¢ d+\I/ (z0 Zqﬁ ez"B )

+i {—20@0(20)5”1 + %(‘I)o(za) + 420, (20)) 6 } Z”B(”} + Z K%

h=1 =1
2

_1Z2 2+ ZU) Z(‘Po 20)0y, — —¢h\If (20)) ZUB } [512 + ¢lq>0(20)

—Zgbl\yl( )(1 + ;zcr R gbg))} } (408)
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gij(0) = gji(0) imposes a restriction on the coefficients BP and Bél), and it is given as

2
0 ~— (4 94 12 (¢1 + @)) > (-1 B { (20 Z ¢e”” BY

=1

- (1 + %za) %ﬁl} + (4 4+ 4+ 2 (¢1 + ¢2)) (i( 1)'BY + zog)

=1
x Kfa (z0 ) Z ¢e”” BV (1 + %za) gqx}
2 d 2 d
+ <_<1 —e ) Z(_l)lewBl(l) + ZU;) [(1 —e %) Z qblez"Bl(l) + za;@} zo
=1 =1

sAd
+(z0)? g;ewB (n, (409)

Thus, the use of Eqgs. (407), (408), and (409) allows coefficients B ) and B( in Eq. (405)

to be assessed.

For the two-component fluid mixture specified by Eqs. (381)—(385), Equation (377) can
be simplified as

(1)
—20/2% o ) 1 12 1 ].+ZO'/2
e /%N—g{e B’ — X 1—1—220—1— (¢1+¢2) o ¢ = —¢1—

- [ <1+ —20+ — (¢1+¢2)) (za)—l—tbg(za)}i:gbheng)}

3

A h=1
{Z { —2( +ZU/2)¢ +<I>o(zcr) Z”B()
2

A(zo)?

(z0 qu ez"B(l)] }1 (410)

> |

and

o205
e 202~ . (411)

( e ) Adequate relation between B and B!
Correlation function g;2(r) should be proportional to the probability that an ¢ = 2 particle

exists in a volume element dr;y located at a particular place specified by a distance r from an
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i = 1 particle. Hence, g12(r) should become zero, when i = 2 particles separate from a phase
in which the particles are macroscopically homogeneously mixed with ¢ = 1 particles. Near
a specific point at which this phase separation occurs, gi2(r) should extremely rapidly decay
to zero as r increases. The coefficient Bél) is an integral involving gio(r) as an integrand, as
shown in Eq. (374) with coefficients given by Eq. (384). The coefficient B is an integral
involving g11(r) as an integrand, as shown in Eq. (374) with coefficients given by Eq. (384).
Therefore, Bél) should be considerably smaller than B%l) when the phase separation of i = 2
particles occurs. Numerical pairs of B%l) and Bél) that satisfy Eqgs. (407)—(409) depend on a
parameter such as k given by Eq. (395). When the value of k is close to the value at which
the phase separation of ¢ = 2 particles occurs, adequately numerical pairs of BP and Bél)

should satisfy Bél)/BP < L

2. Fwvaluations of correlation functions

((a ) Pair connectedness evaluated from Eq. (401)

The pair connectedness P1(0) at the percolation threshold can be assessed from Egs.
(401) and (404). For an arbitrary value of k& and an arbitrary value of ¢;, the pair con-
nectedness Pii(0) must be assessed from Eqs. (401), (403), and (404). Then, the pair
connectedness Pi1(0) depends on a parameter f, that expresses the characteristics of the
closure represented by Eq. (312) with Egs. (314) and (316).

When the closure represented by Eq. (312) is specified for f, = 0, the closure overesti-
mates the long-range contribution of C};(r) given by Eq. (308). When the closure is specified
for f, = 1/2, it overestimates the decay of Cf;(r) dependent on r. Fortunately, the values
of Pi1(0) assessed from Egs. (401), (403), and (404) for f, = 0 hardly differ from those for
f, = 1/2, unless ¢1 or zo is too small. Therefore, the pair connectedness Pi;(o) derived
from the use of the closure represented by Eq. (312) can well approximate that derived from
that given by Eq. (308), unless ¢; or zo is too small. When ¢; or zo is too small, it is
possible to select a specific value of f, as f, = f,, /29 which is expressed by Eq. (86). If both
Eqgs. (403) and (404) are satisfied for ¢1 = (¢1),, kd*/o = (kd*/0),, and zo = (z0),, these

values correspond to the values of ¢1, kd?/o, and zo at the percolation threshold.

( b ) Contribution of physical clusters to phase behavior
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A physical cluster as an ensemble of particles that interact with each other in a bound
state should form a dense region of ¢+ = 1 particles. Then, there is a possibility that branches
of the physical cluster has a fractal structure because the approximate behavior of Pyq(r) at
a large r, where 0 < —Buy;(r) < 1 is satisfied, can be expressed as Py (r) ~ [—Buy (1)]*/2.
This structure is hardly perturbed by the addition of ¢ = 2 particles because the added
i = 2 particles are not allowed to participate in the physical cluster formation of ¢ = 1
particles. Further, a considerably different model from that treating physical clusters formed
by mutually attractive forces between particles was used to demonstrate that the fractal
dimensions found from the clusters aggregated in the binary mixtures can be insensitive to
molar fractions within the range of the high molar fraction.®’

Unbound particles must comprise ¢ = 1 particles with large momenta and i = 2 particles
both. With the growth of the branches of physical clusters, the branches confine unbounded
particles within regions surrounded by the branches. This is predicted based on the use of
Egs. (401) and (403).

Values of P} evaluated from Eq. (403) can satisfy 0 < P} < 1 under various conditions.

This relation allows Eq. (403) to yield an approximate P;, which is given as

—1 o o 2
1— \/1 YL (é) Yo . (412)
Z\O

Moreover, if 0 < P} < 1 is considered with Eq. (412), then Eq. (401) allows an approximate

11

Q

Y
P [2(20)2;Y

P11(0) to be obtained from the substitution of coefficient aj that is given by Eq. (440) in

the appendix of this chapter (IIIH4). It is expressed as
1o [ (d\ | k(d\’on | 1
~—e|[—-]Y 1—/1-24—-|—| Y —. 413
Pulo) ~ 3¢ [(o—> \/ P (o—) “ 5, (413)

The mean physical cluster size increases as ¢, increases, and it diverges to infinity at
é1 = (¢1)P, which denotes the value of ¢; at the percolation threshold. If P in Eq. (412)
is substituted by (P})? obtained from Eq. (404), then conditions 0 < P{ < 1 and 1 < zo

allow the magnitude of (¢1), to be approximately estimated. It is expressed as
1 . y
(¢1), ~ 5(50)36_“’[50(50 +1)+1+e )N (414)
Although the mean physical cluster size increases as ¢, increases, the pair connectedness

P11 (o) hardly varies as ¢; increases.” In fact, if 0 < 24(k/%)(d/o)?Y " < 1 is satisfied, then
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the numerator on the right hand side of Eq. (413) is proportional to ¢;. This indicates that
P11(0) is insensitive to variations in the value of ¢;. Therefore, each physical cluster grows
toward that with a larger span as ¢; increases. Such growth of physical clusters implies that
an increase in ¢; enhances the number of unbound particles confined by the branches of the
physical clusters.

Unbound ¢ = 1 particles within regions surrounded by branches of physical clusters should
become denser than those outside of the regions, if their branches prohibit the boundaries of
the regions from expanding freely. This implies that the densities of unbound i = 1 particles
in the regions should be enhanced, and therefore, their densities outside of the regions should
be reduced. If a contribution of the latter to a decrease in g;1(¢) is more dominant than that
of the former to an increase in gi1(0), the value of g;1(0) should decrease as ¢; increases.
There is a possibility that the branches of physical clusters prohibit the boundaries of the
regions from expanding freely.

Parameter f, found in Eq. (413) specifies the characteristics of the closure given as Eq.
(312). The closure specified for f, = 0 overestimates the long-range contribution of C(r)
given by Eq. (308), and the closure specified for f, = 1/2 overestimates the decay of C{,(r)
dependent on r. Nevertheless, Eq. (413) shows that P;;(0) cannot be insensitive to ¢;. This
means that the pair connectedness P;;(o) derived from the use of the closure represented by
Eq. (312) leads to the same behavior as that derived using Eq. (308). Therefore, it should
be inferred that the growth of physical clusters caused by an increase in ¢; enhances the

number of unbound particles confined by the branches of the physical clusters.

( ¢ ) Behavior of i = 2 particles

i) Separation of rich i = 2 particle phase

The formation of physical clusters cannot directly be helped by ¢ = 2 particles. There is
no mutually attractive force between two of the i = 2 particles, and they behave as hard cores
in the absence of an attractive force between an ¢ = 1 particle and an ¢ = 2 particle. Hence,
the ¢ = 2 particles should be distributed with unbound 7 = 1 particles among branches of
physical clusters. The ¢ = 2 particles can then be confined with the unbound ¢ = 1 particles
within regions surrounded by their branches. Then, their distribution contributes to the
magnitude of D;;(r).

If a state of a fluid mixture allows physical clusters to be small and their stability to
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be low, ¢+ = 1 particles should be mixed with ¢ = 2 particles because i = 2 particles can
be distributed with unbound ¢ = 1 particles among small physical clusters. The separation
between ¢+ = 1 and ¢ = 2 particle rich phases cannot occur in the fluid mixture because
physical clusters that do not have a sufficient stability allow ¢ = 2 particles to be distributed
among branches of physical clusters. The stability of physical clusters is enhanced with an
increase in the value of (¢1). Then, i = 2 particles can be stably confined among branches
of physical clusters. This implies that the number of ¢ = 2 particles that are allowed to be
confined among branches of physical clusters is limited. Thus, stabilized physical clusters

allow the separation between i = 1 and ¢+ = 2 particle rich phases to occur.

ii ) Passively attractive force between i = 2 particles

In a fluid mixture, ¢ = 2 particles can receive a passively attractive force generated from
the cooperation between the exclusion of ¢ = 2 particles caused by the hard-core potential
and mutually attractive forces between ¢ = 1 particles. Such a passively attractive force
contributes to stuffing many ¢ = 2 particles within a region surrounded by branches of
physical clusters. Then, ¢ = 2 particles in the region should have larger relative momenta
than those of i = 1 particles in the region. Hence, the probability that a large number of i = 2
particles are stably retained in the region is low; the ¢ = 2 particles can be redistributed.

A passively attractive force generated from the cooperation between the exclusion of
1 = 2 particles caused by the hard-core potential and mutually attractive forces between
1 = 1 particles should depend at least on both the diameter of the hard core of an i = 2
particle and the effective range of the mutually attractive force between the pair particles.
Hence, particles of a constituent contributing principally to the magnitude of D;;(r) can
contribute to the phase behavior of a fluid mixture through their particle sizes. If the
particles are small, they can be confined relatively stably within regions surrounded by the
branches of physical clusters. If the particles have larger sizes than those of the regions, the
addition of these particles into the fluid mixture can more strongly disturb the stability of
the phase that seems macroscopically homogeneous.

The probability that these particles are stably retained in the regions is low if the parti-
cles interacting through only their hard-core potentials are considerably larger than regions
surrounded by branches of physical clusters. Yet, it is expected that the particles can be

diffused into areas among the physical clusters, if the average extent of the physical clusters
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is sufficiently smaller than the sizes of the particles. When colloidal particles are considered
hard-core spheres that do not interact with each other via attractive forces, the colloidal
particles can be distributed into a molecular fluid mixture wherein the physical clusters hold
only sufficiently small extents. If the physical clusters develop near a specific temperature,
then passively attractive forces generated between colloidal particles should be strengthened.
The attractive forces may contribute to special forces that act between colloidal particles

immersed within a binary fluid mixture near the consolute point%.

3. General perception found from effects of physical cluster formation

A fluid mixture comprising ¢ = 1 particles and ¢ = 2 particles cannot become homoge-
neous if physical clusters of 1 = 1 particles are formed. In a fluid mixture wherein mutually
attractive forces make particles interact with each other, particles that have small relative
momenta are prevented from being homogeneously mixed with particles that have large rel-
ative momenta. If the formation of physical clusters is ignored, the dependence of g;;(r) on
r can be characterized by the product of r~! and a particular function which can be given as
the Taylor series with respect to . Nevertheless, particles that have small relative momenta
can contribute to physical cluster growth, which allows particles to be distributed in a a
characteristic structure. The distribution of particles allows the dependence of g(r) on r to

deviate from the behavior characterized by the product of the factor r—!

and a particular
function that can be given as the Taylor series with respect to r.*” The distribution of par-
ticles allows the fluid system to acquire various features. Therefore, particles contributing
to the magnitude of D;;(r) are confined in local small areas surrounded by particles that

contribute to the magnitude of P;;(r).° Particles contributing to the magnitude of D;;(r)

lead to a structure that prevents physical clusters from contracting.

193



4. Appendiz: Formulae for evaluating P} for specific fluid mizture

A specific fluid mixture that is specified by Eqgs. (381)—(385) requires that the parameters
for estimating pair connectedness be expressed by Eqgs. (392)—(395). Unknown coefficients
P7 depend on Z,. Modifying Eq. (345) allows the dependence of P} on z, to be known as

73”:122@51;% |:/ ’Plj 7'/86 TdT

Thus, 0 < PJZ < 73; is satisfied for the specific fluid mixture because of 0 < z;/Z, < 1.

s=%p

(a ) Estimations of coefficients

i) Estimations for large Zoo satisfying 1 < Zo/2

For the specific fluid mixture, each coefficient 2’ given by Eq. (348) is represented as

6 y
ol =l = Zs0e /2 (415)
T
o9 6. sop
Ty =Ty = _5Hoe : (416)

Each coefficient 2™ given by Eq. (349) is represented for the specific fluid mixture as

follows:
fo J } j } } d“l } d’l }
z't :—2(20)3 {;ez" {;éaew +2(1+ ez")Pll} ¢1 + fe*z" {f%aez"
FLH P00+ (1= P 0rPPE + PP |, (117)
r* %65—20#2 (418)
2(5’20’)3 ’
T2 =1 PYP} + 2 P3P, (419)
fo _Zo0/2
z*? %eu eu 72 (420)
zZo (20)?
T _¢1P1 731 + ¢2P27327 (421)
Z00/2 ,—Z0
91, €7277e™ o
~— 422
Shacoa (422
d. e % — 1
Tl = 731 ¢+ 2732% + —(€b173117312 + 0Py P3). (423)
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Then,

po—pl1p22 12,21
62’20'
N T (424)
2(220')
Thus,
1,.22 1,.12 11 2 72
1 T —32T T i1 —Ii2
- :L'J II?] ~ m] x].:v x (425)
x|\ 1,21 1.1 @ _Zofic 72l g (%20)® 1
x; :E? 3 exp(Z20/2) x11722 3 exp(¥20/2) 722

Therefore, for an extremely large Zy0 satisfying 0 < 2/2Z, < 1, Eq. (354) yields an approxi-

mation given by

Lxlt Lxl12 ST e
AT A T 11 T lig22
z} x}
R ; i : (426)
1y2l 1y22 _m_%0jic 721 (%20)? 1
=) xT ) 3 exp(¥20/2) 11722 3 exp(%20/2) T22

Eq. (426) allows coefficients a7 given by Eq. (353) to be estimated for an extremely large

Zo0 satisfying 0 < Z/Z; < 1. Then, the coefficients are expressed as

o1 () )
and
G s (oo (428)
g g
where
=2 =21
L (e - (129)

If Eq. (429) is used, then Eq. (396) multiplied by (Z,0)2e~#7/2 can be rewritten for n = 2

as

2 B @ 6{( alal Mz) oo/ [dl(u oo torap?
—— & zZo

(220)2 %y 0 T s o(Ze+ 2)o

—2 =2 —2 =2 2
+P}712} + (¢1%%+¢2a2 a2> : [ L (%0)%e 207V 4 P27 ” (430)

o0 )20 | 0

Y,

Because of limy, ;o0 6]2- /o < o0, Eq. (430) requires EJZ /o = 0 to be satisfied for an extremely

large Zy0. Then, Eq. (429) yields

1z
2 1
P2 ——P!. (431)

T Zozy0 21t
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Eq. (431) requires P3/P? to be given as

(432)

(433)

(434)

PP
P PH
Moreover, Eq. (431) requires that a factor (z'*/Z**)P? in Eq. (427) satisfy for an extremely
large Zy0
72
?Pj ~ 0.
Therefore, Eq. (427) can be rewritten as
al 1
i A 1
o xlxllpj '
J

ii ) No attraction between particle of species 1 and that of species 2

(435)

A mutual attractive force acts between particles of species 1. No mutual attractive force

acts between a particle of species 1 and that of species 2. Moreover, no mutual attractive

force acts between particles of species 2. Then, the three types of pair connectedness are
required to satisfy Py1(r) # 0, Pia(r) = Py (r) = 0, and Pay(r) = 0. Hence, Eq. (345) for
the fluid mixture specified by Eqgs. (381)—(395) requires that the following four relations be

satisfied:

Pl #0

These relations allow Eq. (434) to be simplified as

1
M _Lpl
~ 111710

o 1T

1
as
L~ 0’

o

436
437

(436)
(437)
(438)
(439)

439

(440)

(441)



Then, 2! given by Eq. (417) can be rewritten as
e )P 4+ (1 - 6—5”)279117311}@. (442)

zZo J 5 J 5

S eu —e 7| —Zoe 7 +2(1 +
2(z0)3 | o o

This implies that z}z!'! is independent of ¢y. Therefore, coefficient ai given by Eq. (440)

independent of ¢s.

( b ) Requirement for percolation threshold

i) Requirement for large 20 satisfying 1 < Z5/%

The percolation threshold for the fluid mixture specified by Eqs. (381)—(395) is determined
by applying the requirement given by Eq. (370). For o1 = 0 = 0 and 1 < Zy0, Eq. (370)

~#20 /722 can be rewritten because of z1 = i as

21

multiplied by 2(%,0)%e
zcr/2 1 —12 Q2 e T
e+ = Z¢l[ (Epzl - 217 22Pl) —2l2 (‘gx_lpl + 6$H7Dz )}
PP Q) | P2
( )¢1¢2 o (Qi% —~ %Qz) < PQQ -~ 7?%) ~ 0. (443)
i P 1

For oy = 0y = 0, Eq. (365) can be rewritten as

v

- : d :
Q== [1= (4 2u0)e ™| P = ——Zno(Zno + L)e . (444)
o

For a large zo0, Eq. (444) yields an approximate relation as
Q; ~ P2 (445)
If Eqgs. (432) and (433) are considered with Eq. (445), then Eq. (443) multiplied by 1/¢;

can be rewritten for a large zo0 as

m_n § @ 1T a'! O2 Qz 1T $11<7321/7)11)2 }}N
o U{x”’l 3o+ (PIPds o2l 2 Bt (PP [

1 (446)

ii ) No attraction between particle of species 1 and that of species 2
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If Egs. (436)—(439) are considered, then Eq. (446) can be simplified as

e —1, Ill

WQllpl - E ~ 0.

Then, Eq. (444) allows coefficient @ll to be expressed as

v

_ y d g
O~ —[1— (1+20)e | Pl = Zs0(30 +1)e ™
g
1
@y~ 0

(447)

(448)
(449)

In Eq. (447), ' is given by Eq. (442). Equation (447) does not include ¢, and is indepen-

dent of ¢,.
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IV. PHYSICAL CLUSTER FORMATION IN IONIC FLUIDS

An ensemble of charged particles distributed in an ionic fluid system includes both charged
particles that have large relative momenta and and those with small relative momenta.
Charged particles that have small relative momenta have a tendency to interact with each
other via attractive Coulomb forces in the bound states. The charged particles can actively
contribute to the formation of physical clusters. The distribution of the charged particles
is caused to become nonuniform by the attractive Coulomb forces. Then, there is a pos-
sibility that a nonuniform distribution of charged particles have a specific pattern that is
characterized as a fractal. The formation of a nonuniform distribution pattern contributes
to various features that appear for an ionic fluid system. Phase separation that occurs in
the ionic fluid system is caused by the contributions of attractive Coulomb forces between

charged particles.™

The same method used for analyzing the behavior of a multicomponent nonionic fluid
mixture system can be used to analyze the behavior of a multicomponent ionic fluid mixture
system. The equation system composed of Egs. (270) and (272) can be employed to analyze
effects of the physical cluster formation on the properties of a multicomponent ionic fluid
mixture system. The equation system are equivalent to the Ornstein—Zernike equation,
which is expressed by Eq. (271).

An attractive Coulomb force causes a charged particle to interact with another charged
particle that has a different type. A repulsive Coulomb force causes a charged particle
to interact with another charged particle of the same type. These Coulomb forces have
an extremely long-range feature. Thus, such specific features of forces that cause charged
particles to interact with other charged particles require additional ideas for analyzing the
physical cluster formation. Even in an ionic fluid mixture, physical clusters are formed
by charged particles that interact with each other in bound states that can be caused by
their small relative momenta and the attractive Coulomb forces between them. In addition,
unbound states are generated depending on their large relative momenta and depending on

repulsive Coulomb forces between them independently of their relative momenta.

The features of Coulomb forces allows characterizing the behavior of a multicomponent
ionic fluid mixture system via the physical cluster formation. However, it is possible to

identify specific behaviors that are similar to those found for multicomponent nonionic fluid
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mixture systems. Unless phase separation occurs in the multicomponent ionic fluid mixture
system, the macroscopic picture of the system allows charged particles with large relative
momenta to be homogeneously mixed with charged particles that have small relative mo-
menta. Then, these charged particles cannot be microscopically homogeneously mixed with
each other. The branches of physical clusters can confine charged particles with large rela-
tive momenta; therefore, physical cluster growth wherein charged particles that have small
relative momenta participate can affect various properties of the multicomponent ionic fluid

mixture system.

A. Correlation functions for describing an £-component ionic fluid mixture

system

One of the two integral equations for analyzing an L-component ionic fluid mixture
system corresponds to Eq. (270) for the pair connectedness P;;; the other corresponds to
Eq. (272) for another correlation function #;;. Analyzing an L-component nonionic fluid
mixture system is enabled via the use of the two integral equations. For the £-component
ionic fluid mixture system, the electroneutrality is required as an additional requirement; it
causes the features of correlation functions including P;; and H;; to be different from those
for the L£-component nonionic fluid mixture system. The structural features of large physical
clusters formed in ionic fluids can be understood via the long-range features of P;;(r) and

Hi(r) + 1 40,6770

1. Requirement of Electroneutrality

((a ) Electroneutrality

Electroneutrality indicates that the whole charge of an £-component ionic fluid mixture
system is zero. This is based on the assumption that the whole system is electrically neutral.
According to the electroneutrality of an £-component ionic fluid mixture system, the nor-

malization of the pair correlation function g;;(r) for macroscopic volume V' requires P;;(r)
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and D;;(r) to satisfy

L c
Z €;p; / Pyj(r)dr + Z e;p; / D;;(r)dr +e; =0, (450)
j=1 v j=1 14

where e; denotes the charge of species ¢, and e; represents the charge of species j. Equation
(450) is used for an L-component ionic fluid mixture system, instead of Eq. (279) for an
L-component nonionic fluid mixture system.

For large r at which g;;(r) — 1 ~ 0 is satisfied, the electroneutrality expressed by Eq.
(450) means

L r+0r
0 ~4m Z €k Pk / [sz (t) + Dik<t>]t2dt +e;
0

k=1

L r L r+or
=4 > expr / [Pir(t) + D ()]2dt + €5 + 47> expr / [Pk (t) + D ()]t
k=1 0 k=1 r

(451)

Then, electroneutrality requires 47 3"y expr. [7 [Pir(t) + Dis(1)]t3dt + ; = 0. Ultimately,
the electroneutrality requires Eq. (451) to result in a relation satisfied for for a large . The
relation is expressed as

c c
47?2 erpr P (1)1 = —47rZekkaik(r)r25r for 0<ér/r<1. (452)
k=1 k=1

( b ) Behavior of correlation functions at large r

If the value of Zle exprPir(r) is equal to ¢, Eq. (452) requires Zle erprDir(r) to
be equal to —¢q. This is, the absolute value of the charge carried by a group of particles
contributing to the magnitude of P, is equal to the absolute value of the charge carried
by a group of particles contributing to the magnitude of D;;. The pair connectedness P;
represents the contribution of particle pairs characterized as pair particles that interact
in bound states wherein the contribution of an attractive force between the pair particles
exceeds that of their relative kinetic energy; further it represents the correlation between
particles involved in the formation of physical clusters. The case that ¢ is not zero means that
physical clusters have charges on average. However, the physical clusters should maintain
no charges on average, if an increase in the densities of particles allows physical clusters to

grow readily. Further, causing physical cluster to grow without difficulty requires that ¢ be
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equal to zero. Therefore, Eq. (452), which represents the requirement of the electroneutrality

results in an assumption is given as

L
Z exprPin(r) =0 for 1< (453)
k=1
and
L
Zek,okDik(r) ~0 for 1< (454)
k=1

When two particles located at rgi) and rgj ) in a fluid system are widely separated, the
pair correlation function that expresses a correlation between these particles behaves? as
gij(|r§i) - rgj )|) ~ 1. This fact requires the physical meanings of P;;(r) and those of D;;(r)

to result in

Pij(r)=0 for 1<
(455)

D;j(r)~1 for 1<,

because of Eq. (260). This consequence is wholly adequate if the state of an ionic fluid is
far from a state wherein the percolation of physical clusters occur in a macroscopic volume.

The relations expressed by Eq. (455) allows the assumption given by Eqgs. (453) and (454)
to be satisfied for a large r without physical clusters inducing the percolation. If physical
clusters with macroscopic sizes caused by the percolation are included in an ionic fluid,
Pij(r) # 0 and D;;(r) # 1 can be satisfied for a large r despite P;;(r) + D;;(r) ~ 1. Yet, the
assumption given as Eqs. (453) and (454) is satisfied at a large r if each physical cluster is
electrically neutral.

If the growth of large charged physical clusters allows the percolation of the physical

clusters to occur in a macroscopic volume, it is possible to assume

Ele exprPir(r) # 0
Zle exprHin(r) # 0.

Even if it is possible, the electrical repulsion allows charged physical clusters to be expanded.
The electrical repulsion requires the charged physical clusters to be unstable, and therefore,

it should be reasonable to assume Egs. (453) and (454).
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2. Features of correlation functions for multicomponent ionic fluid mizture

system

(a ) System without percolation of physical clusters

The mean size S of physical clusters estimated by Eq. (281) should be sufficiently inde-
pendent of V| if the percolation of physical clusters does not occur in macroscopic V' found
in an £-component ionic fluid mixture system. In the limit V' — oo, the independence of S

from V allows Eq. (281) to result in

limy 0 [(§ = 1)/V] Zé:l pr =0
limy o (1/V) fv ;i (r)dr = 0.

This corresponds to Eq. (282).
In the limit V' — oo, Eq. (282) requires Eq. (450) to result in the normalization condition

for D;;. It is given as

L
Z ejpj/ Dij(r)dr == —€;. (456)
j=1 v

Instead of Eq. (283), Eq. (456) must be applied for the L£-component ionic fluid mixture

system.

( b ) System involving percolation of physical clusters

If the percolation of physical clusters occurs in macroscopic V' found in an ionic fluid
system, S estimated for the ionic fluid system by Eq. (281) should be dependent on V.
Then, [(S — 1)/V] Y r_, px # 0 should be satisfied. If a state of the ionic fluid is in the
immediate vicinity of a liquid-solid transition point where 0 < pi¢ — péq < 1 (p3? denotes p;
in a solid state, and piq denotes p; in a liquid state which can be transformed into the solid

state) is satisfied, the dependence of S on V' can be estimated as

L
S|V =Yy p
=1

which corresponds to a state wherein the growth of physical clusters reaches the limit. Then,

Eq. (281) should result in

L L L L

(D DD I (MO S IS

i=1 j=1 =1 k=1
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This consequence requires (1/V) [i, P;;(r)dr & 1 to be satisfied in the limit V' — oo. There-
fore, it requires Eq. (450) to result in

(1/V) [, Dyj(r)dr =~ 0
25:1 €jp; fv Pii(r)dr = —e;.

A state specified by (1/V') [;, Dy;(r)dr = 0 should considerably lack particle pairs charac-
terized as an ensemble of pair particles interacting in unbound states wherein a contribution
of the relative kinetic energy of the pair particles exceeds a contribution of an attractive
force between them. The lack of the particle pairs allows a feature found as a liquid to
be lost from the ionic fluid system. The growth of physical clusters must allow the phase

transition from the liquid state of an ionic fluid to the solid state.
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B. Various phenomena depending on physical cluster formation in ionic fluids

(@) Physical clusters of charged particles formed in ionic fluids

The Coulomb force, which is an extremely long-range attractive force between positive
and negative charged particles, can efficiently contribute to enhancing density fluctuations
in an ionic fluid system. It has the capability to make the distribution of charged parti-
cles become nonuniform. The nonuniform distribution of charged particles developed by
attractive Coulomb forces among them allow phase separation to occur in the ionic fluid

system. !

In an ionic fluid system, charged particles with small relative momenta are distributed
with those that have large relative momenta. The charged particles with small relative
momenta can contribute to physical cluster formation because their small relative momenta
enhance the possibility that the contribution of the attractive Coulomb force between a
positively charged particle and a negatively charged particle exceed the contribution of their
relative kinetic energy.

176 can allow a discussion of the critical

The Bjerrum theory based on the ion pair mode
thermodynamics of an ionic fluid to result in a satisfactory description for the ionic fluid.!®
However, the ionic cluster model beyond the ion pair model based on the Bjerrum theory

50,51 Qaveral

need to allow the thermodynamics of ionic fluids to be estimated more precisely.
features of the ionic fluid should be caused by the cooperating effect of many charged parti-
cles. Hence, it is significant to consider the fact that the distribution of charged particles in
an ionic fluid have the strong tendency to become nonuniform. The precise estimate of the
thermodynamics of ionic fluids®! indicates that an ionic cluster model beyond the ion pair

model need to be considered.”™

A numerical calculation allows the estimation of the mean size of ionic clusters formed
in an ionic fluid.”™ The physical clusters, which can be easily formed by charged particles
with small relative momenta, can grow as the densities of the charged particles increase.
If the physical clusters reaches extremely large sizes, then the features of an ionic fluid are
influenced by the physical clusters.”” ™ Large physical clusters of charged particles formed in
an ionic fluid influence the viscosity of the ionic fluid. A viscosity anomaly is detected near
the critical consolute point of an ionic ethylammonium nitrate-n-octanol mixture.”” This is

evidence of the formation of large physical clusters.
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( b ) Electrical conductivity in ionic fluid

If pair-charged particles interact with each other in the bound state, they cannot freely
migrate away from each other even when an external electric field is applied. If the free
charged particles that can freely migrate decrease in an ionic fluid despite the increase in
the densities of the charged particles, the contribution of the free charged particles to the
electrical conductivity will decrease. An increase in the densities of charged particles can
make the physical clusters of charged particles grow via the process of cluster—cluster ag-
gregation in the ionic fluid. If physical clusters of charged particles percolate,® physical
clusters that have macroscopic sizes can effectively contribute to the electrical transport
as paths for the electric current. The contribution of the physical clusters to the electric
current can be generated by only a small shift in each charged particle caused by the ex-
ternal electric field. As the densities of charged particles increase, the percolation state is
developed, and the electrical conductivity should be enhanced. As the densities of charged
particles increase from a sufficiently low level, the electrical conductivity of an ionic fluid
can decrease; after reaching a minimum, the electrical conductivity can increase. This be-
havior of electrical conductivity can be experimentally demonstrated.” The behavior of the
electrical conductivity can become evidence of the formation of physical clusters that have

macroscopic sizes.

1. Fractal structures of physical clusters formed in ionic fluids

(a ) Estimates of pair correlation functions

The feature of an attractive Coulomb force via which a positively charged particle and neg-
atively charged particle effectively interact with each other can differ depending on whether
charged particles are distributed near the two charged particles. Within an ionic fluid sys-
tem, a feature of the effective interaction between two charged particles surrounded by other
charged particles is assumed to have a shorter range than that without contributions from
other charged particles.

A pair correlation function exhibits the possibility that pair-charged particles are located
at a specific configuration in an ionic fluid, and it involves contributions from charged par-

ticles distributed near the pair-charged particles. The estimate of pair correlation functions
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can aid in examining the effects of the contributions of charged particles distributed near
particular pair-charged particles in an ionic fluid; further, it can aid in examining specific
configurations of charged particles on a large extent scale.5” %89 The magnitude of a pair
correlation function is decreased with the increase in a large distance r between specific
pair-charged particles. Under several conditions, the long-range features of pair correlation

1

functions can be expressed as the product of r~—" and a particular function expressed by a

Taylor series with respect to r.15:16

( b ) Fractal structures of physical clusters

If the developed physical clusters of charged particles are formed in an ionic fluid, then
there is a possibility that the structure of each physical cluster has a specific pattern char-
acterized as a fractal. The formation of physical clusters with a fractal structure causes
the dependence of a pair correlation function on r to deviate from that expressed as the
product of r~! and a particular function expressed by a Taylor series with respect to r.
This is implied from examples in ionic fluid systems wherein charged colloidal particles are
suspended.

In ionic fluid systems wherein charged colloidal particles are suspended, charged colloidal
particles are not distributed homogeneously.®” ™ Electrostatic interactions between charged
colloidal particles cause their nonuniform distributions to occur. According to numerical
simulations, nonuniform distributions of charged particles have fractal structures.” The
fractal structures depend on the densities of charged colloidal particles.”™ According to the
experiments for ionic fluids wherein charged colloidal particles are suspended, the nonuniform
distributions of charged colloidal particles have various fractal structures.” Further, the
growth of physical clusters of charged colloidal particles can induce gelation with a fractal
structure.™

The growth process of physical clusters caused by the contact of small physical clusters
corresponds to a growth process known as cluster—cluster aggregation that results in the
fractal structure with the fractal dimension d; determined as d; ~ 1.75.%0 This fact and the
numerical simulations™ support the possibility that a nonuniform distribution of charged
colloidal particles in a suspension has a fractal structure with the fractal dimension dy

2 67-70

expressed as dy < Hence, a nonuniform distribution of charged particles, which

can considerably affect the properties of an ionic fluid, should have a particular structure
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characterized by pair correlation functions involving a contribution of the factor r% =3 (d; <
9).40.72

2. Correlation functions for examining effects of physical cluster formation

Attractive Coulomb forces via which charged particles comprising an ionic fluid system
interact with each other, allow the distribution of charged particles to become inhomoge-
neous. Charged particle pairs contributing to the magnitude of the pair connectedness P;;
belong to a group of charged particle pairs characterized by particles that have small rel-
ative momenta. Then, charged particles forming each pair interact in bound states where
the contribution of an attractive Coulomb force between the pair charged particles exceeds
the contribution of their relative kinetic energy. Charged particle pairs contributing to the
magnitude of D;; belong to the other group of particle pairs characterized by particles that
have large relative momenta. Then, the charged particles that form each pair interact with
each other in unbound states where the contribution of the relative kinetic energy of the pair
charged particles exceeds the contribution of the attractive Coulomb force between them.
The attractive Coulomb forces cannot allow charged particles belonging to the former group
to be homogeneously mixed with those belonging to the latter group. Charged particles con-
tributing to the magnitude of D;; have a tendency to be confined in local areas surrounded
by charged particles contributing to the magnitude of P;;.498

Equation (453) indicates that the electroneutrality is maintained for each physical cluster
of charged particles. Electroneutrality enables each physical cluster to grow toward macro-
scopic sizes. According to the above examples of charged colloidal particles, each physical
cluster of charged particles formed in an ionic fluid can have a fractal structure. Then, the
dependence of a pair correlation function on r deviates from a form expressed as the product

1 and a particular function given as a Taylor series with respect to 7.

of r—

The pair correlation function g;; related to a charged particle of species ¢ and another
charged particle of species j is equivalent to the sum of the pair connectedness P;; and
another correlation function D;;. The structure of each physical cluster of charged particles
is characterized by P;;. The dependence of P;; on r should not have a form expressed as

1

the product of r~ and a particular function given as a Taylor series with respect to r,

according to an example found from analyzing a non-ionic fluid.*” A consequence obtained
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from analyzing ionic fluids demonstrates that the dependence of P;; on r does not have the
form.* A differential equation for P;; can be derived from the integral equation expressed
by Eq. (270) being relevant to P;;. The differential equation corresponds to Eq. (154)
for a single-component fluid. The pair connectedness P;; obtained as a solution from the
differential equation has a specific form that is different from that expressed as the product

1

of r" and a particular function given as a Taylor series with respect to 7.
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C. Closure schemes for two integral equations

1. Approximate features of correlation functions due to ionic fluid mixture

( a ) Behavior of C;]“-(r) for Bu;; < 0 in L-component ionic fluid mizture system

The behavior of Cjf(r) at 1 < r/oy; in an L-component ionic fluid mixture system is
equivalent to that expressed by Eq. (294) if fu;; < 0. Thus, the behavior of C}(r) caused
by fu;; < 0 allows a closure scheme for solving the integral equation given by Eq. (270) to
be given by Egs. (299) and (300). The closure scheme for solving the integral equation for
the £-component ionic fluid mixture system is given as
4

3ﬁ[_5uij(7")]3/2, for pu;; <0,

Ch(r) = Ct(r) +
and

C?J-JF(T) =0, for r> oy

( b ) Behavior of C;f (r) for Buy >0 and 1 < r/oy

i) Behavior of C;f(r) in L-component ionic fluid mizture system

For fuy; > 0, Py(r) is equal to zero unless the contributions of both fu; > 0 and
Buj > 0 coexist at a large r. In an ionic fluid mixture system, a j particle that attracts
both i and [ particles by the Coulomb force coexists. Thus, Py (r) # 0 occurs for Su; > 0.
A physical cluster can grow via a particle corresponding to the j particle that satisfies
Buij(r) < 0 (i # j) and Suy(r) < 0 (j # 1). When the distance r between ¢ and [ is
sufficiently large, Eq. (290) can be approximated as

Bui [Pil(r) — C’;{(r)] + Cf(r) =0, for Buy(r) > 0.

For 1 < r/oy, this relation must be satisfied. Then, the dependence of Suy;Py(r) on r
should be the same as that of —C;f (1) on r. Thus, an approximate formula for 1 < r/oy

can be simplified as

BuyPu(r) = —=C; (r), for Buy(r) > 0. (457)
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By substituting Eq. (457) into Eq. (453), the behavior of Cj (r) caused by the Coulomb

potential that satisfies Su; > 0 is estimated as

Z BZZPZ City~ Y emPulr),  for rjoy > 1. (458)
zl &
for uzl>0 for w;r<0

According to Eq. (296), a long-range contribution to P;;(r) should be expressed as P;;(r) ~
[22/(15+/7)][—Bui;(r)]?/? for Bu;; < 0. The use of this long- range contribution allows Eq.
(458) to be rewritten as

6lpl + ~ 22 3/2
Z Bug (7 (r) = ; €kpkm[—ﬂuik(7’)] ,  for r/og > 1. (459)
for ull>0 for w;r<0
Therefore, this result and analogy with the MSA should allow the behavior of C}f (r) to be

approximately expressed as

T sualcin-cro]= 3 angiptmor

as u,l>0 as ;<0

and

C’Z%Jr(r) =0, for r>oy. (461)

If the Heaviside step function 6(z) = 0 (x < 0), 1 (z > 0) is used, Eq. (460) can be rewritten

as a specific form that can be mathematically readily treated, i.e.,

Z Fua(ry? PN [0 - €8

-y p% {1~ 0 [Bua ()]} [-Buar )" (162)

ii ) Behavior of C;f (r) in two-component ionic fluid mizture system
If an ionic fluid is a two-component mixture (£ = 2), e;p,/(e;p;) = —1 (i # j) is satisfied.

Then, Eq. (460) is simplified as

Cii(r) = Cii*(r) =

n

5 \/_ﬁu“( ) [—Buij(r)]*?, for Buy <0, (463)
and

Cit(r)=0, for r> oy (464)
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If this expression for Cf(r) is a closure scheme for the integral equation given by Eq. (270),
the closure scheme allows Eq. (270) to be readily solved.

Moreover, for £ = 2, Egs. (299) and (463) allow the long-range contribution to C’i’;- (r) to
be expressed as

1
CH(r) = K}

i p5/2—i—j]

li—3] L—i—j] 3/2
1 /4 22 Be;e; —pBeie,. »
Ktr=—(2 e etr 3 .= 2279, 466
i \/E(:a) ( 15 47r6) ( dre ) G ) (466)

Here, € denotes the macroscopic dielectric constant of the medium wherein charged particles

for r/o;>1 (i=1,2; j=1,2), (465)

where

are distributed. Equation (465) is applicable to both the case of fu;; < 0 and the case of
61,&1']' > 0.

( ¢ ) Behavior of Cj; for 1 < r/oi; in L-component ionic fluid mizture system

Features of C}i(r) in the case of u;; < 0 (i # j) is caused by the contribution of
the group of charged particles characterized as each pair of charged particles interacting
with each other in unbound states wherein the contribution of their relative kinetic energy
exceeds the contribution of the attractive Coulomb force between them. Further, features of
C’;kj(r) in the case of 0 < u;; is caused by the contribution of the group of charged particles
characterized as each pair of charged particles interacting with each other via the repulsive
Coulomb force between them. Then, the behavior of C};(r) can be simply estimated for a
large 7.

According to Eq. (297), D;;(r) —1 ~ —(1/2)Bu;;(r) is satisfied for 1 < r/o;; in two cases,
ie., 0 < wy and u;; < 0. Further, according to Eq. (298), C}i(r) ~ —Buy;(r) is satisfied
for 1 <« r/o;; in the two cases, i.e., 0 < u;; and u;; < 0. Thus, Eq. (298) represents the
long-range contribution of C7;(r) for an £L-component ionic fluid mixture system in the two
cases specified by fu;; < 0 and fu;; > 0.

An integral equation for #H,;;(r) applied to the £-component ionic fluid mixture system is
equivalent to Eq. (272) derived for an £-component nonionic fluid mixture system. Accord-
ing to the above discussion, an analogy with the MSA allows Eq. (302) to become a closure

scheme for solving the integral equation when Su;; < 0 and Su;; > 0. Thus, the closure

212



scheme is expressed as
Ci(r) = C?j*(r) — Bu;j(r),  for Pu;; <0 and fu;; > 0, (467)
where

Ci(r)=0, for r> oy (468)

Then, the long-range contribution to C};(r) in terms of —Bu;;(r) can be expressed as

1
Cri(r) ~ KZ*]; for r/o;; > 1, (469)
where
o = P (470)
9T Age

Moreover, relations formed by Egs. (299), (300), (460), (461), (467), and (468) can be
consistent with the MSA because ¢;; = C; 4 C;; given in Eq. (269) behaves as ¢;; = C}; for

a large r.

2. Expression of practical closure schemes similar to MSA

(a ) Closure scheme for solving Ornstein—Zernike equation in L-component ionic fluid
maixture system

To avoid a mathematical difficulty caused by x = 0, the contribution of the Coulomb
potential to the closure scheme is regarded as a Yukawa potential type that have the effective
range expressed by 0 < k™1 < oo although 71 is sufficiently large.®* Then, the MSA allows

a closure scheme for solving the Ornstein—Zernike equation to be given as

cij(r) = (r) + Kye™/r,  for 0<k<1

(471)
¢;(r) =0, for rfoy;>1,
where
Kz'j = 5’@;’
BKi; = —(ag/4m)(ei/eo)(ej/eo) (472)
al = ped/e.
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Here, eg represents the elementary charge and Kj; is equivalent to A7

( b)) Closure scheme for solving Eq. (270) in two-component ionic fluid mizture system

i) Closure scheme for solving Eq. (270)
Equation (471) requires the long-range contribution expressed by Eq. (465) to involve a
factor e="". Thus, the closure scheme given for the Ornstein—Zernike equation as Eq. (471)

requires a closure scheme for solving the integral equation given by Eq. (270) to be given as

—wr\ 5/2=li—jl
e . :
Cii(r) = C%Jr(r) + K5 ( . ) , (=12, j=1,2), (473)
where
C’?f(r) =0, for r> oy (474)

Instead of using the long-range contribution expressed by Eq. (465), a long-range contribu-

K

tion involving a factor e™*" is applied to the closure scheme for solving Eq. (270).

ii ) Practical closure scheme for solving Eq. (270)

An approximate expression for the factor (1/r)*?2 (7 = 3,5) in Eq. (473) can be given by
Eq. (83). The approximate expression enables mathematical difficulty caused by (1/r)"/2
to be avoided when solving Eq. (270) analytically. According to Eq. (83), the approximate

expression is given as

gz (0i) "/ *  explf,] eXp[_(fu/Uij)T]%, n=2n+1, (n=1, 2). (475)

In this expression, the value of f, should satisfy 0 < f, < 1/2. Despite this, Eq. (84) allows
the value of f, to be reasonably determined. Thus, Eq. (85) allows its value for n = 3 to be
expressed as f, ~ f,,,, which is given by f,,, = 0.1018532115. Similarly, Eq. (85) allows
its value for 1 =5 to be expressed as f, = f,, ,, which is given by f,, , = 0.8457924344.
The approximate expression of Eq. (475) depends on diameters of hard cores of particles.
If an approximate relation between ¢(r) = 1/7"/2 and ¢(r) = (,, e~ /r with two unknown
coefficients ((,, and «,, ) is formed independently of diameters of hard cores of particles,
then it is easy to proceed to calculate for considering a condition 0 < ko;; < 1. Hence, the

two unknown coefficients (., and «,, are determined using the following relation:

(1) ¢(r1) = &(r1) and @(r2) = @(r2) for ri < ro,
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(2) assumption: 7o = 1/z, (n=1, 2) with z, =nk/2 (A =2n+1),

(3) I(fry) = I(Ar) (0 <f < 1) with I(firy) = [7 ¢(r)dr and I(fri) = fncfl o(r)dr.

nri
The above relations allows the following formulae to be obtained:

) i /2 —1
0=—14 (/2 — )i/ Yz, )21 @/2=D/Gnri= g4 ——ﬁznrlzzz————Iln(znrl) ,(476)
ZnT1 —
n/2—1
Zn — n—l n ’ 477
a,, zznrl_ln(zrl) (477)
fb/2—1 azn
(o = (2n) exp (—) : (478)
Zn

If n, 9, and 2, are given, then 7, ., and (,, are assessed from the above formulae. When
zp is required to sufficiently approach zero, «., given by Eq. (477) approaches zero, i.e.,
lim, o, = 0.

Thus, a practical closure scheme is given as

Clh(r) = C% (r) + 32 Kl exp(—Z,r)/r, (i=1,2 j=12),

(479)
C?j+<7") =0 (T/Uij > 1),
where
K= == (BK0)VC,, (i) (150)
K3=0, (i#)) (151)
K=o, (482)
2= 22 sk gk )32 e
K = 15#(5’@»(5’@;) Cos (1 #J) (483)
B = BKji, (484)
and
Z = (3/2)k + gy, (lig(l) a,, =0) (485)
Zo = (5/2)k + a,, (hir(l) a,, = 0). (486)

( ¢ ) Closure scheme for solving Eq. (272) in L-component ionic fluid mizture system
Equation (471) requires the long-range contribution expressed by Eq. (469) to involve a
factor e "". Thus, the closure scheme given for the Ornstein—Zernike equation as Eq. (471)

requires a closure scheme for solving the integral equation given by Eq. (272) to be given as

e—l{'f’

C(r) = G () + Kj—, (487)
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where

Coi(r) =0, for r> oy (488)

The closure scheme given by Eq. (487) is applicable both when fu;; < 0 and when Su;; > 0.

3. Solution of integral equation

Equation (270) and the practical closure scheme given by Eq. (479) result in an integral
equation that can be solved analytically. If the consequences given by Eqgs. (320)—(343) are

used, a solution for the integral equation can be summarized as

2
ZQ;(_I)(_M (=k) =05, 0u=1; 0y5=0 (i #J), (489)
k=1
Qi (k)= 655 — (pip) Q5 (—ik), (490)
Q03 (ik)= / e QE(r)dr, (491)
Q5 ()= Q% (") ZD" U (A <1 < 0y), (492)
2
S0N=Y"Dre ", (o5 <), (493)
n=1
QZ;O(T‘,): 0, (o5 <1, (494)
2 Zm0; —iko; —iko;
A+ (1) — m 7’L’k‘)\ji —%m0ji emr—e ! l—e ’
5 (0k)= m; {C (i 5. ik )
1 m_—ZmNji ,—ikAji
ﬁDije e ] ; (495)
2 —~
= —D}' +21 Y _(pr/%n)Pir(%) Dy, (496)
_ / Pi(t)e et (497)
0

Here, \j; = 3(0; — 0;) and 0j; = 1(0; + 0y).
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Two relations need between P;;(%,) and DJ;; one is given as

2 9 2
S (v Zm —(Zn+2m)oii m Pk S 9 m
27Pi(Z,) :Z e~ (Fntim)oi; <Dij — 2 E—sz(zm) kJ)
k=1 "™

m=1 “n + “m =
2 e ) e~k 1 _ g0k
+27 E PPk (Z,)e 7k E e_Zm"f’“D,T’-( + )
] v v v
k=1 m=1 “n t+ Zm “n

2 s Y o
27Tpl ~ . e~ ImAjk o e ok 1 — e 0w
+ E S Pri(Zm) Dy} [— —e J’“( + ﬂ } (498)

Zn T+ Zm Zn T+ Zm Zn
The other is given as

2 2 2

2 2
20K} = 5D — S S o DR - SN S peDp Dy 2P (50) o (499)

z
m=1 k=1 m=1 k=1 (=1 m

where
PE— _V’IL)\ ) _VTV'L j 5 5 3 _un j Z z _1

Eot = e M eI (—Z — E A 2o et ) (2 ) T

Modifying Eq. (499) allows ﬁij(én) to be given as

2 2 2
n ~n(—1) .nm/(=1) ~m/(—1 m’
—QwZZZ—th g D p TV R (501)
where

2 nm/(=1) em/'m __
D i1 &ij 7™ = Onm

(502)
2 n(—1 n
Zk:l Dik( )ij = 5@']'-
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D. Ionic fluid structures characterized by formation of large physical clusters

If an ionic fluid mixture system includes extremely large physical clusters, P;;(r) should
have a long-range feature on a macroscopic scale even if C;]“- (r) retains the microscopic
feature. The recursive solution given by Eq. (304) clearly denotes that particles (ki, ka, - - )
distributed around an ¢ particle and a j particle enable the correlation function P;;(r) to
decay to zero considerably slower than Cj(r) decays. Further, Cj}(r) can decay to zero
more rapidly than —fu,;(r), which expresses a microscopic feature. If the contributions of
particles (ki, ks, - --) distributed around the particles of species i and j are not negligible,
Eq. (304) demonstrates that P;;(r) can retain a finite positive value except zero even out of
the effective range where CJf (1) # 0.

Convolution integrals found in the recursive solution given by Eq. (306) allow a feature
of H;;(r) to remain in a longer range than both that of C};(r) and that of ¢i;(r). Eq. (306)
denotes that particles (kq, ko, -+ ) distributed around the particles of species i and j enable
the absolute value |H;;(r)| to decay to zero considerably slower than |C7(r)| and [ci;(r)|
decay.

The ranges within which the correlation functions c;;(r), Cj5(r) and Cj5(r) retain effective
values different from zero, can remain microscopic sizes in comparison with other correlation
functions such as g;;(r) — 1, H;;(r), and P;;(r). The known assumption that the feature of
¢ij(r) is retained in the short range'®'® restricts the features of Cif(r) and Cf;(r). Thus,
the features of ¢;;(r), Cj5(r), and Cj;(r) allow Pi;(r) and H;;(r) in the convolution integrals

found in Egs. (270) and (272) to be approximated using the Maclaurin series expansions.

1. Maclaurin series expansions

( a) Maclaurin series expansion of convolution integrals in Eqs. (270)

If a polar coordinate system with the origin located at rgi) and a point rgj ) located on the

2% axis is applied, Eq. (270) can be rewritten as
‘C o0 s .
P(r)=CHr)+ ) / / CH(rSN P (e — 29727 ()2 sin 6 dr (P ol
—  Jo Jo
(503)
where r = |r§i) — rgj)| = |rgj)], rz(,)k) = ]rgi) — rék)| = ]rgk)|, and Gék) = cos_l[rgj) : rék)/(rrék))].
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In Eq. (503), the short-range feature of C; (r3 ) allows 0 < r3 / r < 1 to be maintained for
large r. Thus, a Maclaurin series expansion for 77(]1'3 — r2 |) found in Eq. (503) is effective
for representing the behavior of P;;(r) at large 7.

Then, the Maclaurin series expansion corresponds to

o0

1 o™
P v’ ) = > ——— Pl

IO GOl (504)

m=0

where
. 1/2
rég) = rgk) — r§])| =r [(rék)/r)z — 2(r§k)/r) cos Hék) + 1]

The substitution of the Maclaurin series expansion given by Eq. (504) allows Egs. (503) to

be given as
1 L
P )+ Z P / CRUES NPy (r)drf” + >~ py / Cir(es DI PPy (r)drf”
6 k=1 v
(k k
T 622pk/0;; (e DI | APy (r) g + - (505)
where

8103 2 ot

A, —_ .
157 0r3 + 15 0r4

If the formula defined by Eq. (116) is used as the forms of coefficients, Eq. (505) is simplified

as

L L
D [5 - pkéj,;“”] Pei(r) = CH+Y_ pC PV Pis(r)

k=1 k=1

c
9 ~1 (4
+5 ;_1 pkCEOIAPL(r) + -+ (506)
The formula defined by Eq. (116) is expressed as @ﬂa) (=0,2,4), and it is given as

a/2
St a 1 I
= (5) [ ea e, @ =o.20) (507)

In Eq. (506), the factor 9 Zk 1 pqu 'A +Prj(r) corresponds to a correction term under the
condition that the value of r is not large although its value is out of the microscopic range

in which C*(r);, # 0 is satisfied.
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( b ) Maclaurin series expansion of convolution integrals in Eq. (272)

If a polar coordinate system with the origin located at rgi) and a point rgj ) located on the

2% axis is applied, Eq. (272) can be rewritten as

Hi +Zpk / / CarP P (1 — 19 )2 (192 sin 00 dr Pt

+Zpk / /q.wgw) (e — £9)))2m ()2 sin 6P dr P do®

+Z Pr / / e YA (e — v )2 (ry?)? sin 05 drg? a0y, (508)
A Maclaurin series expansion for ’H(]rgk) (] ) |) corresponds to
M~ = 3 L)y (509
3 2 - m' a(r(k))m 32 T(k>:0 3 .
m=0 3 3

The substitution of the Maclaurin series expansions given by Egs. (504) and (509) allows
Egs. (508) to be given as

Hij +Zpk / W (1571 Pay () + Zpk / (s D PV Py (r)def?

9 * k k A
e Zpk [ Gt D Py rar) +

+Zpk / oI5| Hy (r)drs? + 2 Zpk / car([r57 ) e PV M () s

T GQZM / eSS 1A, H (r)drd + - (510)

If the formula defined by Eq. (116) is used as the forms of coefficients, Eq. (505) is
simplified as

L

L
3 [a - pké;?] Mg (1) =C5,(r) + 3 G Py (1)

k=1 k=1

L L
+3 " o CiEVIPL () + > prliy VPH (1)

k=1 k=1

+- Zﬂqu A Prj(r Zﬂk% A Hi(r) +---, (511)
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where the coefficients C* and &) (o = 0,2, 4) are given by Eq. (116) as

a/2
N+ (a 1 * k k) o k
6= (5) [ eatrar, @ =0z, s512)

and

a/2
e} 1 «
W=(5) [ entnhpdrad, @=oz (513)
Then, Eq. (269) requires the following relation to be satisfied.
A =GR+ (a=10,2,4). (514)

In Eq. (511), factors %pkafkﬂ)Aﬂ?kj (r) and %pkEE:)A,«ij(r) correspond to correction terms
under the condition that the value of 7 is not large although its value is out of the microscopic

range in which C*(r) # 0 and C*(r) # 0 are satisfied.

2. Estimates of Qjﬁ(o), 5:5(2), CZ%O , and C

Equation (324) allows a coefficient (fjgo) to be estimated as
1 2
A+(0 , ~ ~
G = s i 0as = 3 Q50 (515)

If the three-dimensional elements of k are denoted as (ky, ky, k.), a differential operator
with respect to k can be defined as V;, = (0/0k,,0/0k,,0/0k.). For a correlation function
F;;(r) satisfying lim,_, F;;(r) = 0, the above definition results in

11 ~
lim lim (plp])1/2(d2/dk:2)/ ii(r)explik - rldr = — Um(Vy - Vi) Fj; (k).
v 6 k—0

k—0V—o00

This relation implies
(o)) / Fyy(r)r?dr = —(6/11) lim(d®/dk?) Fy (k).
Vv k—0
According to this formula, Eq. (324) allows a coefficient 5;:5(2) to be estimated as

o= 2L gt g

OO >}. (516)

( )
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A coefficient @gﬁ(k:) in Egs. (515) and (516) is described by Egs. (490) and (495). Ac-
cording to Eq. (514), éj;g)), and 6;(;) can be estimated as

oy = — Cag”, (517)
oY =¢% - i, (518)

Efloﬁ) and ’cfg can be estimated by solving the Ornstein—Zernike equation.

The coefficients
When 6:{6(0) and 6;;52) for a point charge system are be assessed, Eqs. (572), (573), (574),

and (575) can be used with Eqgs. (490), (495), (515) and (516).

3. Differential equations for characterizing long-range features of P;;(r)

( a ) Differential equation for L components

The magnitude of P;;(r) in Egs. (506) and (511) cannot be neglected in an ionic fluid
including sufficiently large physical clusters even when the particles of species ¢ and j are
located at a great distance out of the effective range in which the magnitude of u;;(r) cannot
be neglected. Differential equations that contribute to estimating P;;(r) and H;;(r) for the
ionic fluid can be derived from Egs. (506) and (511).

A differential equation derived from Eq. (506) is expressed as

L

c
Zka;C(Q)VQij (T) - (5119 - kai—Z(O))ij (T) ~ —CZ(T) (519)
k=1 k=1
If Eq. (519) is multiplied by (p;p;)*/2,
c R B c R B
Z VoirkCo OV Py (r) — Z (5ik - \/pika;]Z(O)>ij(r> ~ —/pipiCij (1),
k=1 k=1

(520)
where

fkj(’l“) = w/pkpj,Pk;j(T)' (521)
If the determinant of the matrix My, is expressed as det|My;|, the inverse matrix of
\ /p7p56;(2> is given as

N+(2)e

h+i det|\/phpi0hi( ) |
ESNOITE
det|\/pr5C," |
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where matrix , /phpié,;(z)e does not include the specific elements , /php(;a;:;@) (6=1,2,---L)
and | /pvpl-a;;@) (v=1,2,---L).

If this inverse matrix is used, Eq. (519) can be rewritten as

det |,/ 1C’Jr
( 1>h+ | php h’t | § (5hk - /—phpko;lf—k )Pk]( )
det |/ppsC

)h+z det |\/ phpzc}; ‘
1 det | /p>75C5 |

where C’,J[j (r) must be given as the long-range contribution. Equations (519) and (522) allow

VEPii(r)—

Q

pjhimh

27 VPP Cry (1), (522)

T

C;]“- (r) to become a source of generating the correlation characterized by P;;(r). Thus, Egs.
(519) and (522) enable the estimation of the long-range feature of P;;(r) for an ionic fluid

including large physical clusters.

( b ) Approzimated differential equation for L =2 at large r

The behavior of P;;(r) at large r must be restricted by Si_, exprPir(r) = 0, which
is given by Eq. (453). This fact denotes that Eq. (453) requires Py;(r) = Piu(r) (i # j)
at large r because the electroneutrality requires Zizl expr = 0. Thus, Eq. (522) can be
approximated owing to Eq. (521) as

V2P;(r) = (&) Z (

5/2—|h—j|
) | (523)

where
2 det |/ cH? | [Pk i
+ = Z 1 h+i PhPi hz 2) Z(éhk — /phka;k ) —] , (524)
h—1 det |\/prpsCs 7| % pi
and
det ZC’
(0t = gyl [v/Prp i 2 K;Tj- (525)

det |\/m |
The form of Cy(r) that should be considered for deriving Eq. (523) is given by Eq. (473)
as the long-range contribution; it is expressed as Cf(r) = K, (e*’“/r)g’/%‘h*j‘ for h=1,2
and j = 1,2. Further, an advantage of the above equation is that the long-range feature of
P, (r) is estimated without knowing the contribution of C?;r (r), which is strongly dependent

on the hard-core potential of each particle.
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( ¢ ) Solution of differential equation for L = 2

i) Solution of differential equation Eq. (523)

To form a solution satisfying the differential equation Eq. (523), the ionic fluid system
should be imaginarily divided into the internal area of a spherical region of radius r and the
external area of the spherical region. Then, the center of the spherical region is located at
the origin, t = 0, of a spherical coordinate.

A bound state wherein the contribution of the mutually attractive force between two
charged particles exceeds the contribution of their relative kinetic energy is specified as
an f*-bond. The correlation generated between a charged particle at ¢ = 0 and another
charged particle at ¢ = r via charged particles linked by only f*-bonds is given by two
partial contributions. One of the two partial contributions results from charged particles
distributed inside a spherical region of radius r. This is approximately estimated from the

differential equation given by Eq. (523), and it is given by

1) 5/2—|h—j| " 2 1
sz — UUZQJ UU szr / gl] l’ ( ; > (U—) ;dt,
ij ij
(t<r),  (526)

where G;;(&";t) is defined using the spherical Bessel function jo(7) and the spherical Hankel

function of the first kind h((] (7). The function G;;(&';¢) is expressed as

7 )

Guler )= dolisr ) ~ s P iy (520
0 i U1
where

Jo(r) =717 tsinT

WV(r) = ir—te .

The remainder of the two partial contributions results from charged particles distributed
outside the spherical region. This is approximately estimated from the differential equation

given by Eq. (523); it is given by
oo ) e—Ht 5/2—|h—jl| t 2 1
Pex = JZ] Zczh)—’— Oij gw( i )/ h(()l)(lﬁj_t) (T) <_) _dtv
r 0ij ) Oij
(r<t). (528)
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The pair connectedness P;; given as solutions that depend on the term on the right-hand
side of Eq. (523) are obtained as the sum P}} + Pg*. In Egs. (526) and (528), the product

él)gij can be expressed as

&) sinh £+ o\ e-& D)

V)G (E ) = — e + sinh &0y ) e 2 77 (529)
—&H (t-) 9sinh &y, e 6 ()

S mpD gy = —S——— i 7ij . 530

If the expressions of Egs. (529) and (530) are considered, the sum P}} 4+ Ps¥ is given as

Pylr) = - M{E +ZC’”+ e [ (ST (L) Ly
Y V28 o (o) 2% /s, t Tij ) Oij

)

g.*r o0 —kt 5/2_‘h_j|
22 e LI Y 531
+Z<” (73 2&??‘[ ‘ < t ) <%’)Uij ’ (531)

where

N £+ h)+ 2 00 §+t 671415 5/2—|h—jl| t 1
M =esi 7 ZCZ (i) /cn e ( ; ) (J_Z]> U_ijdt. (532)

J

Further, the above solution does not include the contribution given in the case that the term

on the right-hand side of Eq. (523) is equal to zero.

ii ) Behavior of Pyj(r) revealed under the condition that & =0 is satisfied
According to Eq. (524), & = 0 is satisfied if §pp — /phpka;,fo) = 0 is satisfied. According
to Eq. (320), the following equation must be satisfied:

L

> {@k - \/Pipka;i(o)} Vb Pii(0) = /oip Ci©. (533)

k=1
If 6pp — o /phpka;,fo) = 0 and Eq. (533) are satisfied, then (pkpj)l/zﬁkj(()) must diverge toward
the infinity. Then, the percolation of physical clusters must occur. This implies that the
ionic fluid mixture system includes extremely large physical clusters in the condition & = 0.

If £ < 1 is satisfied, Eq. (557) is approximated as

Oij

gl]( i )% 1- t _'_ 7(5 045 — §+t) (534)
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FIG. 32. Behaviors of Z(v,ko;kr) (v = 3, 5) for ko = 0.1 and 0.05. I3 and I5 correspond to

Z(3, ko; kr) and Z(5, ko; kr), respectively. (df), (v =3, 5) is evaluated from Eq. (545).

If & = 0 is satisfied, then Eq. (534) allows Eq. (526) to result in

in - (h)+ 2 (Tij " o\ (e BRIl N2
-5 () (- (5" () o

- ” (t<r). (535)
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(c) ko=0.01 —<df>3 - <df>5
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FIG. 33. Behaviors of Z(v,ko;kr) (v = 3, 5) for ko = 0.01 and 0.005. I3 and I5 correspond to

Z(3, ko; kr) and Z(5, ko; kr), respectively. (df), (v =3, 5) is evaluated from Eq. (545).

Further, the relation & = 0 and Eq. (534) allow Eq. (528) to result in

2

P(r) == (P (0y)? (

h=1

Jij

2l

e—Ht

t

1
—dt,

Uij

t

O'ij

)G

(r <t). (536)
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(e) k0=0.001 —<df>3 ----- <df>5
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FIG. 34. Behaviors of Z(v, ko; kr) (v = 3, 5) for ko = 0.001 and 0.0005. I3 and I5 correspond to

Z(3, ko; kr) and Z(5, ko; kr), respectively. (df), (v =3, 5) is evaluated from Eq. (545).

The behavior of P;;(r) found for & = 0 is expressed by the sum of Eq. (535) and Eq.
(536). If the integration in Eq. (535) is performed,

2 1 Vhj/2—2 o
in h ij ~in
P’ij (T') = — Z Cz(] )+ (-) —JI (th, RO yj, KZT), (537)

he1 Oij T
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where

Vpj = 37 h ?éj
! (538)
Vpj = 5, h = ]
and
. I ko Upi vhj/2-3 Upi
T™(vpj, KOy KT) E[l - %] (7]/{023-) ~ ( 23 +3, 2 2 >
1 71 7th/2+2 v
“Tmis (a—) exp (=5 )
2 ij
ko ; Vhj/2=3
T2
1 Uhj
o —exp (Do) 539
+_%+2exp< 2/mj> (539)
If the integration in Eq. (536) is performed,
2 h th/2_2 Ois
Pii(r ZC o+ (0 ) (1 - %) I%(vp, KOij; KT), (540)
h=1 gl
where
< 1 yh th/272 Vh I/h
Z%(vpj, Koij; K1) E—m <7]fi0'ij> ¥ <—7] + 3, 7%@7‘)
1 r _th/2+2 Vh]
— | — exp | ——=kr
Y + 2 Uij 2
1 Unj )th/Q—2 Uhi
(DM, T ( J 3) . 541
+—g+2<2“‘” 2" (541)

If 0;; = o is satisfied independently of ¢ and j, P;;(r) can be simplified. Then, the sum
of Egs. (537) and (540) allows P;;(r) to be given as

e (1) ae (1Y
_ ) J .
Pij(r) = _Cij <;) Z(3, ko; “T)‘h# - Cz'j (;) Z(5, ko; k1),
(i=1,2 j=1,2), (542)
where

I(vpj, KOs k) = {—T (Vn;, KOy K1) + (1 — —> Z%(vp;, ko m")]
(vnj =3, (B #J); v =5 (h = j)). (543)

Thus, the dependence of P;;(r) on r is caused by Z(3, ko; k) and Z(5, ko; kr).
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If Eq. (221) is used, then the behavior of Z(v, ko; k1) (v = 3, 5) is expressed as

r\ —3+df)v
Z(v, ko k) ~ <;> . (v=3,5), (544)
where
r d -1/3
<df>l, = [—W%I(V7 RO, KJT) . (545)

The behaviors of (df), (v = 3, 5) at least in Figs. 32 and 33 demonstrate that the
dependence of P;;(r) (i =1,2; j = 1,2) on r cannot be expressed as the product of 7~ and
a function given as a Taylor series with respect to r. According to Figs. 32, 33, and 34, the
behaviors of (df), (v = 3, 5) depend on ko. Although the factor (dy), is not equivalent
to a fractal dimension of physical cluster, the factor can characterize a fractal structure
of the distribution of charged particles. Thus, the consequences appearing in the figures
indicate that fractal structures formed by physical clusters of charged particles can hold the

dependence on ko.
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4. Differential equations for characterizing long-range features of H;;(r)

( a ) Differential equation for L components

A differential equation derived from Eq. (511) enables H;;(r;;) to be estimated, and it is

given as

c c
Z sy V2 Hy (r) — Z (5 — pily. )7'%( )
h=1 k=1

~ —Cy(r ZPka Prj(r Zkak V2Py;(r).  (546)
If Eq. (546) is multiplied by (p;p;)/?,
L L B
Z\/ pzpkclk v ij Z( ik T pzpkclk >Hk]
k=1 k=
c c
SVPRICH) = VPG Pualr) = 3 ARGV P (), (547)
k=1 -1
where
Hiej(r) = /ppiHiy (). (548)
If V2P,;(r) given by Eq. (522) is substituted into Eq. (547), then
L L
Z VPipEesy NV H (1) — Z(@k — /PPy, >Hl€]( )
k=1 k=1
c L L At(2)e
A 5 det [/orpiChyy |
*(0) *(2) h+1 hi
~ —/pip;iC; [\/pipk% + > VpinCy (-1) ~
Z Z Z det |\/p5p5C " |
~ det |\/prprCin |
X <5hk — VororCrl” }ij )+ Z NI Z 1)+h Ahf:(g) VPP Gy (7).
h=1 det |/p705C 5 |
(549)

: . 2) . .
The inverse matrix of \/p,psC.s is given as

—~(2)¢
det| \/ypscss |
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where the matrix | /pgpic, )¢ does not include the specific elements ,/pgpsC g(? (6=1,2,---L)
and pvpl-cw-) (v=1,2,--- E). If this inverse matrix is used, Eq. (549) can be rewritten as

_ £ de ;iC Z

L gridetl /Py | .
~ =Y (1) N
= det|\/pwp56§5 |

c L S+H(2)e
det |\/prnpiCh |

*(0) ) -+l hPl~hi

+ |: pgka PR \/pgpl (_1) =~
; ! Z hz:; det | Pvpéc;ts@”

X (5hk — Phpkza;k(o)) ] Pri(r)

det|\//)hpk0 |
—Zmpk ”Z —1)" L VARG ¢ (550)
h=1 det | /P25y |

where C;(r) and G} (), as well as Py;(r), must be given as long-range contributions.

( b)) Approzimated differential equation for L =2 at large r

In a ionic fluid system specified by £ = 2, the behavior of H;;(r) at large r must be
restricted by Zi:l exprHik(r) = 0, which is given for £ = 2 by Eq. (454). This fact
denotes that Eq. (454) requires H;;(r) = Hi;(r) (i # j) to be satisfied at large r because the
electroneutrality requires 3 i_ expr = 0. For £ = 2, Eq. (453) requires Py;(r) = Py(r) (i #
7) at large r. Therefore, Eq. (550) and a relation Eq. (548) allow the following approximation

2
VEHi(r) — (&) Hiy( Z@w )+ ey +Z®C+ Ch(r),  (551)
g=1

where the four coeflicients are defined as

) 1/2
det|\/pqpi e

Z —1) g+i | PgPiCqi Z( /ngkc > ] , (552)
det|\ /Py | V pi

k=1
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@ ( 1)g+zdet‘\/p9pl gt ’ pg (553)
det|\/p7p(scfy

(P) : ;det|,/ Pkpzckl ~#(0) = ~+(2)
© = Z( ) A ,Olcpgc + Z Vv /)kl)lel
k=1 det]/ p7p5c'y§ ‘ =1
2

det |\/prnpiC ~
Yy S 2)' (% - m%@)] \/’)—“% (554)
P det |\/pvp5 | pi

c+ det|\/PthC | & " det |\/p eCh |
@Eg : EZ( 1) o Z\/Ph prC hi(c2 (—1)o** - +(
h=1 det|\/p7p5C,y(5 k=1 det |\/m0 |

(555)

If physical clusters of charged particles do not exist in an ionic fluid system specified by
L = 2, the correlation functions related to the formation of physical clusters should vanish,
i.e., Pij(r) = 0 and C;;- (r) = 0. If an ionic fluid includes large physical clusters, the physical
clusters should contribute to forming specific features of the ionic fluid. H;;(r) for the ionic
fluid can be estimated as a solution of Eq. (551) using a solution of Eq. (523). Then, the
solution of Eq. (551) is not independent of P;;(r). Thus, the formation of physical clusters
of charged particles affects the behavior of H;;(r) for the ionic fluid.

( ¢ ) Solution of differential equation for ionic fluid system

When an ionic fluid system includes physical clusters of charged particles, P;;(r) # 0 and
C’;;(T) # 0 are satisfied. In order to form a solution satisfying the differential equation Eq.
(551) for the ionic fluid system, the ionic fluid system should be imaginarily divided into the
internal area of a spherical region of radius r and the external area of the spherical region.
Then, the center of the spherical region is located at origin t = 0 of a spherical coordinate.

An unbound state in which the contribution of the relative kinetic energy of two charged
particles exceeds the contribution of the mutually attractive force is specified as an f*-
bond. The correlation specified by H;;(r) is generated between a charged particle at t = 0
and another charged particle at t = r via charged particles linked through each path that
includes f*-bonds; it is given by the sum of two partial contributions. One of the two partial
contributions comes from charged particles distributed within a spherical region of radius r

with its center located at t = 0. This is estimated from the differential equation given by
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Eq. (551), and it is described as a sum Hg;r)in(r) +7—[S)in(r). The first part Hg;r)in(r) involves

effects of the physical cluster formation, and it is given by

H ) = o) [ Gute

x{i(o”) Pyt +é% l?C*()}(%j)Q%jdt, t<r),  (556)

g=1
where G;;(&;;t) is defined as
N Jo(i&0ii) (1),
Gij(&ist) = Jo(i&it) =~ ——ho (i&1). (557)
ho  (ii0i5)
Here, the spherical Bessel function jo(7) and spherical Hankel function of the first kind

hél) (1) are expressed

Jo(T) =771lsinT

The second part ng)in(r) is non-zero even if physical clusters do not exist, and it is given
by
- 2 2
HE () =~ i6r) [ 660>l Co) (- ) it (<)
oij g—1 7 P

(558)

The remainder of the two partial contributions results from charged particles distributed
outside the spherical region. This is estimated from the differential equation given by Eq.
(551), and it is described as a sum ng)e"(r) + /Hg)ex(r). The first part ’ng)ex(r) involves

effects of the physical cluster formation and it is given by

H™ (1) = 6061 [ T hig)
2

x{z(%) Pt +i% e oﬂ)}(éf%jdt, (r<t).  (559)

g=1

The other part Hg)ex(r) is non-zero even if physical clusters do not exist, and it is given by

2 2
() :_fiaijgz'j(&;ﬂ/ b (i€it) D (015)21yCiy <i) —dt, (r<t).
g=1

r Oij /) Tij

(560)
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In Egs. (556), (558), (559), and (560), the product hél)gij has the same form as that expressed
by Egs. (529) and (530) as

~&i(r—t) 2sinh &oy;\ e &)
h(1) .i . Z"t :_6 1 U4y 561
0 (’Lg T)gj<§ ) ) 2517”511/' + e_gio—ij 2£ZT§zt ( )
—&i(t—r) 2sinh &oy; | e (t+r)
(& A it _ ¢ 1 — 562
gy(éﬂn) o (i&it) 26 t&ir - e—¢iTij 26t&r (562)

The correlation function #,;;(r) given as a solution satisfying Eq. (551) is expressed as

the sum of Eqs. (556), (558), (559), and (560), i.e
Hij(r) = HPW () + HGZ0) + HI0) + HE (). (563)

Thus, if Egs. (561) and (562) are considered, Eq. (563) allows the correlation function #;;(r)

to be given as

. e—&ir
HZ]( ) 'M’Lj 25
2

1 s
+2§i7“/ai. o [Z@zg +Z@m i +Z@C+C+ ]tdt
2

&ir 2
+26§~7“ / e st [Z O, Cii() + > 0Py (t) + Z 0!t ] tdt, (564)
3 r g=1

where
2

o [ 2
MG = e / [Z O, Cori(1) + > 0Py (t) + Z Claler(y ] e~Siltdt.  (565)
Oij g:l

g=1
In addition, the above solution does not include the contribution that is given independently

of the term on the right-hand side of Eq. (551).

(d) For the ionic fluid system with no existence of physical clusters of charged particles
If the physical clusters of charged particles do not exist in an ionic fluid system, correlation
functions related to the formation of physical clusters should vanish, i.e., P;;(r) = 0 and
C;]“-(r) = 0. For the ionic fluid system that does not include physical clusters of charged
particles, contributions of P;;(r) and Cjf(r) to the differential equations are completely

neglected. For example, Eq. (551) is simplified as

V2Hii(r) — (&) s Z@zg (566)
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where Eq. (487) requires Cy;(r) in Eq. (566) to expressed as

e—K/T

Cyi(r) = K

- (567)

A solution satisfying Eq. (566) is given by Eq. (564) as

i e~ &ir
Hij(r) =—M;; 2%
- 1 ' Ei(t—r) v e[ =&t vx
+> 04 2er ] € C’gj(t)tdt—k%‘r e SO (ttdt | (568)
g=1 oij o
where
0o 2
M, = / S 04, (1St (569)
Tij g=1

If the integration is performed in Eq. (568),

* eiélr
Hig(r) =—M; 28r
2
e—hrT K*. K,
o, 99 (1 — l&=r)aij o= (&—r)r S— 570
+2€irgz—; g{i_/‘f( ‘ ¢ )+§i+/f (570)

Eq. (570) denotes that the dependence of H;;(r) on r is characterized by the product of r~*

and a particular function given as the Taylor series with respect to r. When physical clusters
of charged particles do not exist in the ionic fluid system, the dependence of g;;(r) on r is
characterized by the product of r—! and a particular function given as the Taylor series with
respect to r, because g;;(r) is given as the sum P;;(r) + #H;;(r) + 1. This result is similar to
both the behavior of g;;(r) found by Ulander and Kjellander'® and that found by Attard!S.
However, if the magnitude of P;;(r) cannot be ignored, contributions of the physical cluster
formation predicted from Figs. 32, 33, and 34 allow the dependence of g;;(r) on r to deviate
from the behavior characterized by the product of =1 and a particular function given as the
Taylor series with respect to . This means that charged particles that have small relative
momenta cannot be homogeneously mixed with charged particles that have large relative

momenta below temperatures at which the formation of physical clusters are allowed.

5. Long-range features of correlation functions in ionic fluid systems

Particles with small and large relative momenta cannot be homogeneously mixed; parti-

cles with small relative momenta contribute to the physical cluster growth. The fluid system
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in which the physical cluster formation is allowable has a characteristic structure.’® Even
in an ionic fluid system, charged particles that have small relative momenta cannot be ho-
mogeneously mixed with charged particles that have large relative momenta. The physical
cluster formation allows the factor (ds), to imply that the distribution of charged particles
can have a fractal structure, although the factor is not equivalent to a fractal dimension of
the physical cluster. Thus, the behavior of (df), found from Figs. 32, 33, and 34 implies
that the dependence of the sum P;;(r) + #H;;(r) + 1 on r can deviate from the behavior
characterized by the product of 7~ and a particular function given as the Taylor series with
respect to 7.

If the formation of physical clusters is ignored, the dependence of g;;(r) on r can be

! and a particular function given as the Taylor series

characterized by the product of r~
with respect to r. Deviations from the dependence characterized by the product can be
found through both experiments and numerical simulations. Some experiments allow the
deviations to be demonstrated as the distribution patterns of colloidal particles which occur
with fractal structures.*®57 70 Further, the n umerical simulations allow the deviations to be
demonstrated.”™ The distribution patterns of colloidal particles distributed as highly charged
particles in a colloidal suspension indicates that the dependence of g;;(r) on r should be
expressed through the sum of P;;(r) and #H;;(r) + 1.

Both an interface of an ensemble of particles contributing to the magnitude of P;;(r) and
that of an ensemble of particles contributing to the magnitude of D;;(r) should be approx-
imately determined by the Laplace equation. Each physical cluster should be electrically
neutral because of S°-_, exppPu(r) = 0, which corresponds to Eq. (453) being satisfied for
large 7. Further, each ensemble of particles contributing to the magnitude of D;;(r) should
be electrically neutral according to S a_, exprDa(r) = 0, which corresponds to Eq. (454)
being satisfied for large r. These facts and Gauss’ law imply that each interface formed
by such ensembles and physical clusters can be determined by the Laplace equation. This
consequence suggests the similarity of the physical cluster formation to the fact that the
probability of finding a diffusing particle at a given point and the patter formation caused
by the aggregation of diffusing particles are described by the Laplace equation’8!. The
characteristic structure formation known from the charged particle distributions described
by P;j(r) and D;;(r) can be one of phenomena related to fractal growth governed by the

Laplace equation.
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6. Appendix: FEstimates for point charge system

(a ) Estimates depending on physical cluster formation

Eqgs. (485) and (486) allow for relation lim,_,0 2, = 0. Eq. (497) allows for relation
limnﬁo(ﬁij(én) - 73”(57”)) = 0 even for n # m. Then, the use of Eq. (498) allows the
relation limﬁﬁo(ﬁij(zun) - ﬁzj(ém))/(én + Z,) < oo to be proved for n # m. This relation
should be approximately satisfied for 0 < k¥ < 1 and allows Eq. (498) to be modified for
0 <k <1landO0< ko; <1 as follows:

2 2 2 2 2
27‘(’7/5,']‘ = % Z D:’; + 27 Z Z PkakﬁikDZ;‘ + 271‘2 Z Z Z Pkplﬁikﬁle;?U;%, (571)
m=1

m=1 k=1 m=1 k=1 [=1
where ﬁij = 731]<§1) =~ ﬁij (Zu’g)
For a point charge system given as ko; = 0 (k # 0), Egs. (501) and (571) can be extremely

simplified as

2
—~ 1 n
and
pr_Aat? [Z”“(S 27 ZD Dy L p (573)
T Beogmu

where v, = 227", Then, Eq. (573) allows the dependence of Dy on k, although the depen-
dence was neglected in the previous work.%°

The symmetry condition 7312 = 7321 allows Eq. (572) to result in

2 2
> DY, -> Dy =0. (574)
n=1 n=1

Since the requirement of a symmetry condition given as |e;| = |es| requires Py; = Pao, the

condition |e;| = |es| allows Eqs. (572) and (573) to result in

22: D, Z D}, = (575)

and

Zo+ 2 (4 2y —
Dgz - {vz 1( WK§2+ T D%2D§1):| (576)

22 — 21\ P1 Zo
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In addition, the selection of plus sign in Eq. (576) can give 6;;0) and 6;;2) to approximate
values which lack physical meanings.
( b ) Estimates depending on Ornstein—Zernike equation
i) Solution of Ornstein—Zernike equation
The coefficients /cgg, and ’cfﬁ) can be estimated by solving the Ornstein—Zernike equation.

The Ornstein—Zernike equation can be expressed as

2 4T (Y — OFY
> i [0k + hzk(k)]Qlj:i(k) ~Q” (—k) (577)
05 — Cij(k) = Sopey Que(k)Qjn(—k),

where

%U<k>ffhnn/»ufguy>”2j;<g@<r>—-1>expwk-xﬂdr 575)
Sy QL (k) Qu(—k) = 6.

According to a solution of the Ornstein—Zernike equation,® the coefficient éw(k‘) can be

simply given for a point charge system as
(
Qij(k) = 855 — (pips)/*(—ik + 2) 7' Dy
-1
D;; = —2T¢e;e; (ZIQ pl(el)2)
1/2
r=i|-s (2 adSiatasar) |

zZ = K.

(579)

\

ii ) Coefficients 6:(;) and 6;(62)

The coefficients 62(50), and 62(52) can be estimated as 5;(50) = ’ciog - 6;5(0), and 6;(52) =
’c@g — 6;52) according to Eq. (514).

If (pip;)'/? [, cij(r)r*dr = —(6/11)limy_o(d?/dk?)c;;(k) is considered with Egs. (577)

and (579), the coefficients Eg)ﬁ) and Eﬁfg are estimated for a point charge system as

2
1 1
&) = ;( Dos + Dgo) — > > puDok D (580)
k
and

2
/Cfﬁ) ~ 11z (Dag + Do) — 1124 ZkaakD,Bk:- (581)
k
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V. CONTRIBUTIONS CAUSED BY STRUCTURE FORMED IN BOSE
FLUID SYSTEM

The specific heat Cy of a Bose fluid system, which can be explained using quasiclassical
expressions of its partition function, exhibits a discontinuity at a temperature T.. The
maximum of Cy at T = lims_ (7. — ) is different from that at 7" = lims_o(T. + ¢).
T, corresponds to the temperature at which the absolute value of the chemical potential
becomes equivalent to the magnitude of the mean effect of attractive forces acting between
a single particle and other particles surrounding it. The dependence of T, on repulsive
interactions can be found as the mean effect of exclusion caused by the hard core of each
particle. Further, if the contribution of specific motions of particles having sufficiently low
kinetic energies corresponds to the contribution from rotons, the contribution leads to a

sharp increase in Cy near T..

A. Introduction

A discontinuity in the temperature dependence of the specific heat can occur at the tran-
sition temperature below which features of a Bose fluid deviate from their normal behavior.
The confirmation of the discontinuity is demonstrated for an ideal Bose gas in a uniform
gravitational field.” The possibility of the discontinuity is generally suggested in terms of
energy fluctuations.”! Thus, it should be possible to confirm the discontinuity even for a real

Bose fluid system wherein the constituent particles interact with each other.

The features of a Bose fluid are affected by interactions between particles that constitute

92,93 it is possible

its fluid system. From analytical estimates of thermodynamic quantities,
to briefly know the behavior of a Bose fluid system, which consists of particles that interact
with each other only via repulsive forces. According to a theoretical interpretation,®® the
Bose fluid system becomes unstable if attractive forces contribute to interactions between
the particles. In a trapped Bose fluid system, attractive forces between particles that con-

94,95 Decreases in the mean

stitute the system can lead to phase disturbance of the system.
interparticle distance can induce a condition where the contribution of attractive interparti-
cle interactions is dominant if the mean interparticle distance is decreased beyond a critical

value. This allows the sign of the reciprocal of the isothermal compressibility #~! to change

241



from positive to negative.’

The transition temperature at which the normal behavior of a Bose fluid system disap-
pears is affected by interactions between particles constituting a Bose fluid system. If only
repulsive forces contribute to interactions between the particles, the transition temperature
is increased to a value exceeding that of an ideal Bose gas.??7 If both a repulsive force being
dominant only within a short range and an attractive force being influential over a long-range
contribute to the interactions between each pair of particles, the transition temperature for
a Bose fluid system consisting of the particles is decreased to a lower value than that of an
ideal Bose gas.”® This is a phenomenon confirmed numerically under the condition that the
particle density p of the system is sufficiently low.”® In the condition, the relation p|a,|® < 1
is satisfied with a, denoting the s-wave scattering length corresponding to the hard-sphere
diameter.

Conversely, if the mean interparticle distance p~'/3 is comparable with the diameter
oo of hard core of each particle, a relation 1 < p~'/3/0y < 1.2 can be satisfied. Then,
each of particles constituting the Bose fluid system should transiently localize around its
average position owing to the hard cores of other particles surrounding it, while thermally
randomly moving. An increase in the density of hard cores can affect the normal macroscopic
behavior of the Bose fluid that should be characterized by the thermally random motion
of particles. The increase can affect the transition temperature, which corresponds to the
lowest temperature at which the Bose fluid maintains normal macroscopic behavior. In case
of liquid helium, its transition temperature depends on the density of hard cores caused by
helium atoms."

If the temperature of liquid helium is below the transition temperature, then a phase that

997102 g induced. If many

allows generation of quasiparticles, such as rotons and phonons,
microscopic portions that maintain the phase occur within liquid helium, then the normal
behavior induced for the existence of the other phase is disturbed.!?3

To mathematically analyze the phase wherein particles constituting a Bose fluid system
move thermally and randomly, the kinetic energy of the translational motion of each particle

104 This allows quasiclassical expressions of a partition

in the phase is treated quasiclassically.
function to be adequate approximations. An approximate method for treating repulsive and
attractive interactions as mean-field effects aids in forming the quasiclassical expressions.

The quasiclassical expressions allow the behavior of the specific heat to be confirmed near
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the transition temperature. According to the quasiclassical expressions, the transition tem-
perature depends on the repulsive force, and the discontinuity in the behavior of the specific

heat is confirmed as known.?0-91,105

B. Approximate Aspects
1. Characterizations of system

The thermodynamics of a Bose fluid system consisting of particles moving with positive
energies ¢, (@ = 0,1,2,---) at ternlperature T are characterized by a partition function
QW = Ha{l — exp[—ﬁ(ea — u)]} . The chemical potential i is negative for 7" > 0, and
its negative value limits the number of particles moving with lower energies. The quantity g
is defined by 8 = 1/(kgT), where kg denotes the Boltzmann constant. If the average number
of particles moving with an energy ¢, is denoted by (n,), the total number of particles in
the system is given by (N) = 3" (n,), where (n,) = {exp[8(ca — p)] — 1}71. For the total
number (N), the wave function for characterizing the behavior of the system is expressed
as W(ry,re, - ,Ty).

When localized ensembles are formed in the system by particles with sufficiently low
energies €.+, it is difficult for the particles to move with random mutual scattering. If the
hard cores of particles constituting each ensemble are located near each other, they can be
allowed to move coherently. Under the condition that the existence of the particles with e, is
not ignored, the characteristic excitation states corresponding to quasiparticles is induced.*
At low temperatures below the transition temperature, the thermodynamic properties of
the system can involve specific portions that are described in terms of the contributions of
quasiparticles, namely, rotons and phonons.!104:106

Given the assumption that each of (N) — (n) particles is subject to random motion due
to scattering from other particles in the Bose fluid system of (N) particles, () particles
should contribute to coherent motion. The contribution from (7) particles to the internal
energy is given by > . (nq-)eq~ for o satisfying » - _.(ne+) = (n). The quantity ) . (na«)eqr
should, however, be estimated as the contribution from quasiparticles to avoid difficulty in
estimating €4».

If the temperature of the system increases toward the transition temperature, then more
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particles undergo thermal scattering, and this changes the properties of the system. In this
process, a loss of ensembles of particles moving coherently occurs, and simultaneously, a
loss of the excitation states is exhibited. Ultimately, the number of quasiparticles decreases
in the process.’® The random thermal motion of the particles causes coherent motion to
disappear. However, at temperatures near the transition temperature, particles participating
in the formation of excitation states can coexist with other particles that move with random

thermal scattering.1%?

For each particle in the system, the three-dimensional area in which [U(ry, 1o, -+ ,r(n)) | #
0 is satisfied is not equivalent to the volume V of the system. This is caused by the exclusion
effect that results from the presence of repulsive interactions between particles. It decreases
in strength with increases in the degree of random motion of each hard-core particle due to
scattering from other particles. Conversely, the exclusion effect becomes stronger at lower
temperatures. If the effective volume Vg is applied for random movements of particles, Vg
decreases in the aforementioned situation. Furthermore, if particles that are located near
each other with small momenta move coherently without mutual scattering, the effective
volume Vg for random movements of particles becomes further small in comparison with
the volume V' of the system. The consideration of the exclusion effect is equivalent to the
consideration of repulsive interactions in terms of the mean-field effect, and the use of V g

facilitates the consideration of repulsive interactions.

2. Hartree approximation

In a fluid system, the motion of a particle is affected by the attractive forces due to the
other particles surrounding it. When this is considered as a mean-field effect of the attrac-
tive forces, it facilitates a simple analysis of the thermodynamic behavior. In this context, a
suitable approach denotes the Hartree approximation, which is applied for analyzing oscilla-
tions of a Bose-Einstein condensate fluid!’” and describing the condensate wave function'®®

for N particles.

The Hartree approximation is based on an approximate expression of the form ¥(ry,ro, -+, ry)

1Y, ¢:i(r;), where the state ¢;(r) of a single particle at location r in the fluid system satisfies
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the equation

2
) S /ﬁs% r 1) (r;)dry () — eii(r) = 0. (582)
J=1,(j#1)

In Eq. (582), m is the mass of each particle. Specifically, a single particle i belonging to
the state ¢;(r) moves with energy &;, and ¢; satisfies [, @i (r;)¢;(ry)dr; = (pjl¢;) = 1.
The pair potential @(|r — r;|) characterizes attractive and repulsive forces acting between a
particle j at location r; and another particle at location r. Hence, it denotes a(|r —rj|) =
il = 51) + i (I — ).

With respect to an aspect for the motion of each particle in the fluid system, it is possible
to consider that a single particle moves within an imaginal cylinder with a length equal to the
mean free path [ and with a cross section equal to that of a particle, as exemplified in Fig. 35.
The aforementioned aspect allows Z;.V:L(#i) Ji &5 (x;)ita(Jr —1;|)@;(r;)dr; to be expressed as
the total contribution of attractive pair potentials characterizing attractive forces between
the single particle within the cylinder and other particles (j = 1,2,--+) surrounding the
cylinder. An approximation of the total contribution is obtained by assuming a spherically

symmetric well as a pair potential. The spherically symmetric well is given as follows:

(

|I' - r]| < 00)7

oo <|r—r;| <oy and u, > 0),

( ) (

(e —r[) =0 (o0 <r—15)),
( ) (
( ) (

o1 < |r—rj| < 00).
\

For the features of the pair potential, ¢, must satisfy ¢;(r;) = 0 (0 < |r;| < 0p) and
j(r;) # 0 (o0 < |r;| < o0).

The particles (j = 1,2, - - - ) surrounding the cylinder are distributed with the particle den-
sity given by p = Zjvzl (i) @7 (1) @;(r;). If p maintains the same value in any microscopic
portions of the fluid system on average, the total contribution of attractive pair potentials
is constant in the cylinder on average. Therefore, the depth of the total contribution should

be proportional to both —u, and p, i.e.,

Z /¢ r;)ta (|t — 1;]);(r;)dr; = —Vapua,

J=1,(j#1%)

where V, denotes the proportionality constant.
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FIG. 35. Schematic image representing the distribution of particles in a fluid system. The white

particle moves within an imaginal cylinder with length [ of the mean free path.

Z;.V:l’(#i) Ji & (x;)i(|r —14]);(r;)dr; is expressed as the total contribution of repulsive
pair potentials that appear at the end of the cylinder because only the hard core of each
particle contributes to repulsion. Hence, the total contribution should be proportional to the

number of particles colliding with the single particle in the cylinder. The number is given by
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pV, with V, = (1/2)[4ne3 /3 — 4n(0y/2)3/3]. In an isotropic phase maintained on average,
the magnitude of ZJ () fv “(r;)u,(|r — r;|)¢;(r;)dr; is independent of the orientation
of the cylinder. Thus,

Z e

Specifically, u, denotes the proportionality constant although the dependence of u, on p can
appear for a variation in p. In the above equation, 6(r — lf) denotes the Heaviside step
function with the mean free path ;.

Ultimately, the mean-field effects of the attractive and repulsive forces on the motion of

the single particle at location r is expressed as follows:

Z [ @5t = xl)oa)de; = ~Vapua + wp Vbl < 1) (r = e

J=1, (G#)
Given the use of the Hartree approximation and the aforementioned formalism for the mean-
field effects, the energy e, corresponding to an approximate state ¢, of a single particle

approximately satisfies the following simple equation:
h2
(o = 1)) = |~V = U 000 1) = ] 1) (5%3)

where U, = \leua and U, = u,ﬂp‘v/r denote positive quantities.

Additionally, the temperature at which the equality U, + p = 0 holds is denoted by T,
in the study. The inequality U, + i < 0 always holds for T, < T', and U, + p > 0 holds for
T<T.

C. Two quasiclassical expressions for Q"

Two quasiclassical expressions are given for the partition function Q®. One of the
expressions corresponds to QW for T, < T, and the other expression corresponds to Q" for
T < T,. Each of the two quasiclassical expressions for Q) of a Bose fluid system is given
in terms of a form corresponding to Eq. (583).

If the kinetic energy of translational motion of a particle is expressed in terms of its

momentum p, then a quasiclassical expression for Eq. (583) is given as follows:
—p=p"/(2m) = Uy + U, 0(r — Iy) — p, (584)
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where p = |p| and ¢, — p > 0.

1. Expression for QW for T > T,

For T > T., the inequality —U, — p > 0 is satisfied, and thus p*/(2m) — U, — p > 0 is
satisfied for p with an arbitrary value in the range 0 < p < oco. There is no restriction on

the value of p. Therefore, a quasiclassical expression for Q@ is given for T, < T by

1 d3 2
EmQ(m_ /d3/ ;Thp ln{l—pexp[ ﬁ(f—m—UﬁUre(r—zf)—u)]},

(585)
where the factor d®rsd®p/(27%)% denotes the number of modes existing in a volume d®r
between p and p + dp with s denoting the number of possible spin states (s = 3, m # 0).
Additionally, p = 1 must be satisfied in Eq. (585) based on the assumptions in the study.

Re-writing of Eq. (585) yields the following expression:

%IDQ(“) = # <%>3/QF(§) i@k%‘/h(w), (586)
where i denotes a dimensionless quantity that is defined as follows:
i = B(Ua+ p), (587)
Additionally, Vj is defined as follows:
Vi(U,) = /V exp [=kBU,O(r — 1)) 4 dr. (588)

To facilitate the summation in Eq. (586), the Cauchy—Schwarz inequality should be consid-

ered. It results in the following expression:

V) €3 RS
k=1 k=1

However, the factor ">, V4(U,) cannot simply correspond to a quantity Vig representing
the effective volume because the factor diverges to infinity for U, = 0. It is possible to

avoid this problem. Multiplying the factor by e™*° allows its behavior to be normalized.
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For ¢ = In2, the relation limy, 0 Y pe; Vi(U,)e ™ =V is satisfied. This allows a practical

definition of V. as follows:

Vg = Vi(Up)e ™
k=1

V—Uf

:’Uf+ 265Ur_1’

(589)

where vy is defined as vy = 47rlfc /3. The use of V.g can allow simple approximate forms to
be given to thermodynamic quantities.

Additionally, Veg in the normal liquid state should always significantly exceed vy; i.e.,
0 < vs/Veg < 1 because Iy denotes the mean free path. If atomic arrangements are locally
similar to those in the solid state, then v; is allowed to become comparable to Veg.

The dependence of U, on p is revealed if the effective volume Vig given by Eq. (589) is
substituted into Eq. (B2). Additionally, assuming that the condition 0 < v;/V < 1 holds
at T = T,, the dependence is simplified as follows:

1 1 2T(3/2)¢(3/2
UT:—ln[——l—i( - > (/)C(/)], (590)
Be |2 /7 \2wh*B, p
where . = 1/(kgT.). Thus, T, depends on U,.
2. Expression for QW for T <T.
The partition function Q™ is re-expressed as follows:
L how
LY =6+, (591)
where
1
Gi=-3 ; In[1 — e PEar=m] (592)
for 0§p<pmin
1
Gy = — 5 Z In[1 — 6_5(50*_“)] : (593)

«@
for prin<p<oco

In Eq. (592), G; denotes the contribution from (n) particles that move with momenta being

within the range 0 < p < ppin, because the number of particle (N) in the system is given as
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follows:

(Ny=@+ D (na), (594)

where

Y= > (na). (595)
for 0<p<pmin
Then, G, in Eq. (593) denotes the contribution from (N) — (n) particles that move with
momenta being within the range pni, < p < co. In the aforementioned formulas, there is
no requirement for restricting the value of pyiy.

If Eq. (593) is expressed as a quasiclassical expression, G is given as follows:

d3 2

The integral forming Eq. (596) is modified, and the following expression is obtained:

4ms 3 BpZ, _
- In|1— _ Plmin
T Gl G

2
— (V- vf)pf’nin In [1 — exp (—% +n— BU0(r — lf))]

Z/pmm d’p p exp{ k (gpz u)} /Vd?’r exp(—kﬂUré(r—lf)>}. (597)

The final term on the right-hand side of Eq. (597) is estimated by using V.g. Thus, an
expression of QW for T' < T, is re-expressed as the sum including G, given by Eq. (597).

When T is less than Ty, the inequality i > 0 must be satisfied. Hence, Eq. (597) requires
Pmin to satisfy the relation —fp2. /2m + i < 0. The relation /2mji < pui, must be
considered for Eq. (597) as a requirement for restricting the value of py;,. When G, given by
Eq. (597) is used to estimate (1/3)In Q) (n) particles that cause the contribution G; must
have small momenta restricted by 0 < p < puin With \/2mji < ppi,. Conversely, (N) — (n)
particles that cause the contribution Gy have large momenta satisfying pni, < p < oco. Hence,
it should be possible for the (N) — (1) particles to assume that they move individually in a
random manner.

The (n) particles should be prevented from moving individually and freely, because they
carry momenta limited within the range 0 < p < pni, while interacting with each other via

attractive forces. Nevertheless, the particles should not be prevented from moving coher-
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ently, while being assisted by the effect of repulsive interactions. Excitation states accom-

panying the motion should allow the inequality €, — ¢ > 0 to be preserved in conjunction

with the inequality —U, — p < 0. Under the condition that p and p satisfy 0 < p < puin

and —U, — p < 0, respectively, €, should satisfy €, — g > 0. Thus, contributions to

thermodynamic properties from the excitation states should be estimated. In the study, the

contributions are estimated as the sum of the contributions from quasiparticles.
Additionally, the value of p.;, is estimated from the following expression:

Bp?nin

S BUs+p)=n (n>0). (598)

7 is estimated via a procedure shown in Appendix B. The basis of the procedure follows the

0 (1 0 (1
im— | = (1) — lim — [ = (1)
}31—% o (ﬁln@ ) T—Tots (151_I>r(1) ol <,@an )

The relation requires the number of particles in the system to be preserved at T' =T, given

(N) = (0/om)][(1/8) In QW].

relation

(599)

T=T.—6

D. Thermodynamic quantities obtained from quasiclassical expressions
1. Internal energy

The internal energy E of the system is estimated via the relation E = —(01n Q™ /93),, +
(0B In Q™ /o) 5. For T, < T, the use of Eq. (585) allows the estimation of E to proceed.
Based on the use of a function Z°, which is defined in Appendix A for pyi, = 0, E is given

as follows:

B = 62 785 (1) — 52 [BU < ‘f;f)gU} 20,5 (i), (600)

where &7 denotes a dimensionless quantity that is defined as follows:

/2
VT [ 21h? °
=1 ) 601
&r sVeg \mkgT (601)

Similarly, the internal energy for T < T, is estimated by applying Eq. (591) with Eqgs. (592)
and (597) to E = —(0InQ™W /9B),p... + u(08 QW /Ou)s,, ... Based on the use of a
function Z that is defined in Appendix A for py, # 0, E is given as follows:

2 )
E= 3 ewliwht g Zop(mn)- o {ﬁU—( Vf)ﬁv]zg/2<n;n>. (602)

o*

for 0§p<pmin
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The second and third terms on the right-hand side of Eq. (602) represent the sum of the
contributions from the particles with momenta within the range pnin < p < oo. The first
term denotes the sum of all energies carried by the specific motions of (i) particles wherein
each is limited by 0 < p < pmin. In the study, ) . 0+ (nq+) is estimated as the contributions

from quasiparticles.

2. Specific heat Cy at constant volume

For T, < T, the derivative (OF /0Ty is calculated from Eq. (600). The derivative allows

the specific heat Cy at constant volume for T, < T' to be expressed as follows:

_ 2 (5 109V o
CV_TéT (25 Ve 08 )Z5/2(N)
1 1 aVeff 3 1 c’ﬂ/eff 8vf 3 Uy
+T{[BU“(@ 55 _%>_5U’E( 98 _%)+§UT(1_V;H)]<N>

+ 2 Jov—su (1- )| 2,0 5} - 2 % (603)

Vo apf 2TV op

Specifically, 0j1/05 is obtained by differentiating Eq. (B1) with respect to [ at constant V'
and constant (N). Finally, /05 is obtained for T, < T as

@: &r (i_la%ff)]\f
66~ 70, \25 Vw05 )N (604)

The use of Eq. (604) allows Eq. (603) to be somewhat simplified as follows:

_ 2 (5 L) o oy V) L vy vy Ven
CV_T€T<26 Ver 66)25/2(“>+T5Ur<v;ﬁaﬁ Vi 86)

3 OQ

_ﬁ<N>%' (605)

The formula implies that the value of Cy, for T, < T cannot directly depend on U,. Thus,
Cy is related to U, only via j.

AsT — T, Z?/Q(ﬂ) diverges to +o0. Near T, the behavior of Z?/z allows Ofi/0f given
by Eq. (604) to approach zero. Based on Appendix A, limp_,7. Zg/Q(ﬁ) = I'(5/2)¢(5/2)
because i = 0 at T' = T,. Therefore, the value of Cy evaluated from Eq. (605) must reach
its maximum at T' = T,.

To estimate Cy for T' < T,, the derivative (O0F/0T')y must be calculated from Eq. (602).
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Subsequently, Cy obtained for T' < T, is expressed as follows:

B 2 5) 1 OVieg _
CVT&(%_%H 85) Zoyalfi)

7 { %Ua( ;a;/gf - % o (a;/;ﬁ %Qg) + 3U <1 = ‘Q/”;ﬂ ((N) — (7))
e [ﬁU o ( )] Ziyafiim 35}
_%(U\f) (n >)g—g—§ aaﬁ az ear(nas) | - (606)

For T' < T, 0ii/0p is estimated by differentiating Eq. (B4) with respect to [ at constant V'
and constant (N), and is given as follows:
op &r [ _ ( 3 1 8Veff) 3(”>]
—=—————|((N)—(0) | = — - —. 607
B Ziya(fisn) (V) = (m) 28 Vg 08 B (607)
The use of Eq. (607) allows Eq. (606) to be somewhat simplified as follows:

2 5) 1 OVieg
(% Ve OB )ZE’/QW )

Cy =

Tér
<N> — <T_l> 1 8vf Uy OVieg 3 o
gy, (% - ) 2 (o - () 35
v\ On) B |0
— <BU BU, + BU, Veff> W T aﬁ % Ear(Nar) : (608)
for 0<p<pmin Y

The relationship between Cy and U, in Eq. (608) is different from that in Eq. (605), and
the value of Cy for T' < T, can depend directly on U,.

When 7, (n), and Jeyx(ne-)/0f are all considered as zero in Eq. (608), the resulting
value of Cy at T = T, agrees with that obtained from Eq. (605) at T = T,.. Based on
Eq. (B7), n = 0 implies that the value of (n) is evaluated as zero at T" = T.. If n is
considered as a positive nonzero value, (7) is not zero at T' = T,.. Then, the value of Cy
evaluated from Eq. (608) at T = T, is different from that evaluated from Eq. (605) at
T = T.. For n # 0, Egs. (605) and (608) allow a discontinuity in Cy at T' = T.. Such a
discontinuity is theoretically predicted for an ideal Bose gas in a uniform gravitational field”,
experimentally demonstrated for liquid helium!®, and theoretically predicted in terms of
energy fluctuation.”’ Additionally, the occurrence of a discontinuity in Cy at T = T, is

independent of the method by which the quantity ) . (0cqa=(na+)/0B),, is estimated.

253



Equation (607) involves the quantity Zi,, (fi;n) that is characterized by the value of
n, which should be sufficiently small based on Eq. (B7). From Eq. (A4) in Appendix A,
Z1y2 (j1;m) is expressed as follows:

Zips () = 3 15D (1/2, k(i + 7))

N

Based on the equation, the value of Z;,5(fi;n) is large and finite for small 7, even if i = 0

is satisfied.

3. Value of U, and restriction on value of n

A restriction, which is expressed as n # 0, is determined by estimating the isothermal
compressibility x for T < T,. A restriction on the value of U, for which a phase transition
specified by 1/k = 0 is avoided is determined from k for 7, < T. For T. < T (i.e.,
fi < 0), 1/ is estimated by differentiating the pressure given by P = 371(01In QW /OV) ny —
(N) O/ V) .

From the use of Eq. (585), P is obtained as follows:

4 oU, oU, ) Vg U,
- 70 (i e (S B L e
3BepV P2 () + {E)V oV ( I/;;H) 3Vg V

p } (V). (609)

where veg = 3v;/(2¢PUr — 1). Based on the relation 1/x = =V (9P/V),, differentiating
Eq. (609) at constant T yields 1/k for T, < T as follows:

4 ) 1
l/k= — SB‘/effpl(/B; %H)Zg/g(,u) + m<N>D2(B§ Vett; Ua, Ur)
1 . o . Op 1, 0O
+ /BD3(B7 ‘/effa Ua7 UT)ZI/2(N) oV 6< >av7 (6]‘0>
where
1 [0V, Ve
Du(f; Ver) = & ( i fo> : (611)
WV OU, 0*U, 0°U,
Da( Vi U U) = V | -5 650 — Veas S0 + 550 (Vi = )
OUT a‘/eﬂr 8vf 1 8@65 Veft Veft GUT
+’30v(av av)+ﬁ(av V)ﬁUTJFWﬁaV}’
(612)
. Vv ou,  9U, Veft
DS(@? %ﬁ?UaaUr) — é-T‘/eff |: %ffﬁ av +Bav (%ff /Uf) + BVBUT‘:| . (613)
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Specifically, Oi/0V is estimated by differentiating Eq. (B1) with respect to V' at constant
T and constant (N), and 0n/JV is obtained for T, < T as follows:

op _ _,Zsp(R) ( 1 aveﬂ)

v Z?/Q(ﬂ) Ve OV

(614)

The derivative OV.g/0V is given in Appendix C. The derivative Quveg/0V is estimated from
Vet given in Appendix C.

The derivatives 90U, /0V and §°U,/dV? at constant T should satisfy U, /0V = —U,/V
and 0*U,/0V? = 2U,/V?, respectively, because U, o< p. The derivatives U,/0V and
02U, /OV? are estimated at constant T" from expressions given in Appendix C. The expression
for 1/k given by Eq. (610) is simplified using the expression for Vg if all the contributions
from ver and vy are ignored because 0 < v;/V < 1 and 0 < vegr/V < 1. As the result, 1/x
given at T'= T, by Eq. (610) allows deriving a formula that U, satisfies approximately. The
formula is expressed as

4 Ve Zs2(0)_au, 02U, 2
U, =—- (14 =< V—L 4oy2_— _ 615
3 ( Ty > 73,,(0) " 9V + vz pr.’ (615)

where V.G and k. denote the value of Veg at T' = T, and the value of k at T' = T, respectively,
and |V2(0*U,/0V?)/V(0U,/dV)| < 1 is satisfied.

For T < T, (i.e., 0 < fi), the relation P = B~ Q™ OV ) (ny po — (N)(O12/OV) (ny
allows the pressure P to be estimated using Eq. (591) with Egs. (592) and (597) as follows:

P= - Z (N >8€a* 35§i%ﬁ [Uf In (1 —e ”) + (1 — V) In (1 — e‘"e‘BU’“)]

[0
for OSp<prnin

4 ou, v U\ 2
i+ n)32 Zs 1o (ji; off Z . 1
(kg Zua )+ (G = 5 0) 2 2 ) (616)

For T < T, k is estimated from the derivative of P, which is obtained by differentiating
Eq. (616) at constant 7', and the use of Eqgs. (611)—(613) enables x to be expressed as follows:

4
1/k= — 35%391(5;%@25/2 (5 m) + ﬂ‘l/;ﬁ ((N) = (1)) Da(B; Vegr, U, Uy)
1 ol 1 on
+ 5883 Ve U Un) g (i) 37 = 5 (UN) = () 5
O{ng+) Oe,, 0%, 4 _
D D A = T
for OSap<pmm
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where K(f1,n) is defined as follows:

ov v 3 0 0
K(m,m) = (Wf Vf> (+n)*?In(1 —e™") + 5Us (ﬁ + %) (i +n)Y?1n(1 —e™)

on Ve vy —Veg, _ 32 3 ou, Ueff 1/2
T [ e - 3 (Ve 57 — (Vi = 00857 = 2501, (g -+)
vy v V—v 0 ou,
232 (99 U 101 — e BU 4 (4 )32 Y (9N r
(i +1) (av v) n(l—ee ) + (4 m) eneﬁUr—1(av+ oV
3 ([
+ §(V —vg)(p+ n)l/zw In(1 — e e PUr). (618)
For T' < T., Ou/OV occurring in Eq. (617) is estimated based on Eq. (B8) as follows:
op &r { a(n) 2 _ 3Veff 2 Onp+n }
on A V. Z o +— 619
oV~ Ziplmn) | OV &V 2(1m)7 Er OV en — 1 (619)

Eq. (619) is O /0V estimated at constant (V).

If we set 1, (ng+), Oca+/OV, and K(fi,n) equal to zero, Eq. (617) becomes equivalent to
Eq. (610) at T' =T, (i.e., i = 0). However, the assumption that = 0 is not appropriate.
At T < Ty, the inequality g > 0 should be satisfied. If n = 0 and g > 0 are both satisfied,
then the factor 1 — e~ occurring in Eq. (618) allows the value of 1/k to diverge. By taking
n # 0, the problem is simply avoided. This implies that (n) # 0 is satisfied at 7' = T, given
Eq. (B7) in Appendix B. Subsequently, the value of n satisfying n # 0 requires the value
of 1/k evaluated at T' = T, from Eq. (617) to differ from that evaluated at T" = T, from
Eq. (610). The inequality n # 0 allows a discontinuity in 1/x at T' = T...

With n # 0, Eq. (617) requires that lims_,o1/k|r,—s # 0 even if Eq. (615) requires
that lims_,o1/k|7,.s = 0 for the specific case in which U, = U, is satisfied. Specifically,
U, is defined as U, = (4/3)(1 + Vig/V)[22,,(0)/ 23 ,(0)]VOU, /OV + 2V?29°U, /OV?. Based

T.45 > 0 requires 0 < U, < U, to be satisfied.

on Eq. (615), the inequality lims ,o1/k
The inequality implies that the phase transition specified by 1/k = 0 does not occur for
0 < U, < U, at an arbitrary temperature satisfying 0 < (T'—T,)/T < 1. Thus, it is possible
to evaluate the specific heat Cy, for the value of U, that prevents the occurrence of the phase

transition.

E. Evaluation of specific heat

Based on Eq. (B4), the value of i for T' < T, must satisfy the inequality 0 < g < 1 at
constant (N). The restriction on ji allows the approximate relations i ~ 0 and 0j1/08 =~ 0 to
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be satisfied for T < T,. If these approximate relations are considered, Eq. (608) is simplified

as follows:

2 5) 1 Vg
Cy ~ T_fT (— ) Z5/2(,u 77)

28 Vg 0B
1 on)y B 0
— = (BU. — BU,) 25 ~7T |28 ; o (nas) | (620)
for 0<p<Pmin v

Based on the context, the contribution of the final term in Eq. (620) should be evaluated
as the contribution from rotons, and this is achieved by the use of Egs. (D24) and (D25).
The derivative (n) /0 is obtained by differentiating Eq. (B4). If the approximate relations
f~ 0 and Op/0p ~ 0 are assumed, O(n)/0p is expressed as

%Z) 52 Zs o )L:O (g+2ﬁUT€ﬁUr%>. (621)

The inequality vs/Veg < 1 is assumed when deriving Eq. (620). Given the same assumption,
Eq. (605) for T, < T is approximated as

2 (5 1 V) e (. ofi
o~ (a5 v ar) Aeln) ~ 55 22

To evaluate Cy given by Eq. (622), it is necessary to determine the value of U, by using

Eq. (590). From the value of U,, Cy given by Eq. (620) can also be evaluated. U, is
considered as a parameter that satisfies 0 < U, < U,, and it corresponds to a value that is

given as follows:
Ua = ao(4/3)(1 + Vig/V)(VOU, /OV) Z3/5(0)/ Z3/5(0), (0 < ao).

An approximate value of (n)./(N), where (n). = (n)|r=1., is estimated by the extrapolation

109

of data reported previously'”” as follows:

(n)e/(N) = 0.001 corresponding to n = 1.34 x 107,

where the corresponding value of 7 is evaluated using Eq. (B7).

An example of the results is shown in Fig. 36, which represents a case evaluated using a
specific value of U, for which T, = 2.17 K. Figure 36 reveals that (' exhibits a singularity
appearing as a discontinuity at 7" = T,.. The contribution from the (n) particles that carry

small momenta limited within the range 0 < p < pui, is evaluated as the contribution from
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FIG. 36. Dependence of Cy on T near T,.. The dashed-dotted curves correspond to the contribution
of rotons evaluated for (n)./(N) = 0.001. In (a) and (b), the thick curves on the left correspond
to Cy evaluated for (n)./(N) = 0.001 and .U, = 0.171 (ap = 0.0644), and then, Cy includes
the roton contribution. In (a) and (b), the thick curves on the right correspond to Cy evaluated
for T, < T (T, = 2.17K) without the roton contribution. The thick curves in (c) and (d) for
T. < T correspond to Cy including the roton contribution. In (a), (b), (¢), and (d), thin curves
are obtained by eliminating the roton contribution. The roton contribution is characterized with
a quantity u by the three parameters po/h = 1.92 x 10°°m~!, 4 = 0.115mpye, and A/k:B, which
are estimated from neutron scattering at 2.17K.'% However, for (a) and (c), A/kp is specified as

A/kp ~ 6.7971K, because Eq. (D18) allows u ~ 0 (m/s) at T = T, for the value.
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FIG. 37. Dependence of (n)/(N) on T. The solid curve corresponds to (n)/(N) that is evaluated
for (n)./(N) = 0.001 and .U, = 0.171 (ag = 0.0644) with the use of Eq. (B4).

rotons and is confirmed in Fig. 36. The dependence of (n)/(NN) on T is confirmed in Fig. 37.
The contribution from rotons increases sharply near T,.. The largest value obtained from
the contribution at T' = T, can sensitively decrease for a small decrease in the magnitude
of A /kp. The behavior determined in the range 7' < T, is different from that in the range
T. < T. The largest value based on the contribution from rotons can be insensitive to a
decrease in the magnitude of A /kp in the range T, < T.

Rotons may exist even for T, < T based on the assumption that particles that carry small

momenta limited within the range 0 < p < pu;, contribute to the generation of rotons. The
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contributions from such rotons correspond to the dashed and single dotted curves found in
(c) and (d) in Fig. 36. They are evaluated via Egs. (D34) and (D35).

The roton contribution exhibits a specific physical meaning if the final term in Eq. (620) is
subject to the contribution. At temperatures near T, (i) particles are extremely fewer than
the (N)—(n) particles with large momenta satisfying pyi, < p < 0o. Despite 0 < () /((N)—
(n)) < 1, the (i) particles with small momenta satisfying 0 < p < py;, maintain the form
of microscopic ensembles where particles are located near each other with being assisted by
the attractive interparticle forces. The (n) particles remain as the microscopic ensembles
without mixing homogeneously with the (V) — () particles. The microscopic ensembles
exist while being included within the body of a macroscopic ensemble of the (N) — (n)
particles. The microscopic ensembles allow the generation of characteristic excitation states
corresponding to rotons. Thus, if the contribution of the (n) particles is exhibited by the
roton contribution, the sharp increase of Cy near T, due to the roton contribution suggests
that phase separation is maintained at a microscopic level. If temperatures are near T, the
aforementioned type of a phenomenon should be induced even above T,. This is suggested
by the behavior of the thick curves found in (c¢) and (d) in Fig. 36. According to results
of measurements, the characteristic excitation states remain as rotons at temperatures near

TC.102

F. Conclusions

Two quasiclassical expressions of the partition function for a Bose fluid system indicate
a dependence of the specific heat on T that exhibits a discontinuity at a temperature 7.
This implies that the maximum of the specific heat at T' = lims_,o(7. — §) differs from
that at T = limg_,o(7. + 6). The sum of the chemical potential ;1 and contribution U,
of attractive forces between particles reaches zero at T' = T.. The dependence of T, on
repulsive interactions between particles is expressed by a simple equation. If the contribution
of the motion of particles with small momenta satisfying 0 < p < ppi, corresponds to the
contribution from rotons, the contribution sharply increases the specific heat near 7,. This
means that particles with small momenta satisfying 0 < p < ppin cannot homogeneously mix
with particles with large momenta satisfying pyi, < p < oo. Even in a classical fluid system,

mutually attractive forces between particles cannot allow particles with small momenta to
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be homogeneously mixed with particles that have large momenta. When particles with small
momenta and particles with large momenta coexist without being homogeneously mixed, two
different types of excitation states should be generated because of the contribution of the
hard-core potential that requires particles to be excluded from each other. In the Bose fluid
system, the interface that distinguishes the liquid phase from the gas phase can be formed;
it is not formed without the contribution of physical cluster formation. It is necessary to
adequately understand the relation between excitation states and the contribution of the
physical cluster formation.
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Appendix A: Summarized mathematics for ZB/2 (p) and Z, /5 (f1;7m)

0 (T, < T),
Pmin =

V2mU, +p+n/8) (T <T.).

1. When puin=0 (2<0, 0<v)

A function ZY involving the gamma function is defined as follows:

Z exllj u (v/2). (A1)

When g =0 (T =1T,),
Z,15(0) = ((v/2)0(v/2), (A2)

where the Riemann zeta function ¢ is defined as ((v) = > 7, 1/k”. For 1 < v, ¢(v) is finite.
For v <1, {(v) diverges to +00. When || is sufficiently close to zero, Zf/z (1) behaves as

285 () ~ T (12) {exp() + a2 |7 (1/2) = 7 (1/2,3(71/2) | }. (A3)
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2. When p,i, #0 (>0, 0<v)

A function Z involving the incomplete gamma function of the second type is defined as

follows:

exp(k
1//2 Z v /2 /2 ]{3’19)

%) v/2—1
:val__% (A4)
1

eVt-n — 1

where ¥ = Bp2,./(2m) = i + 1. Subsequently, rewriting the integrand */2=1/(e?*=# — 1)

allows Z to be expressed approximately in the integral form as follows:

v/2—1
Zu (i) ~ 0,,/2/ t dt+19u/2/ Af(t,
;e -1
~ 20, (i) + 072 AS, s (te, 1) | 49)

where Af(t, i), ZS;)Q( n), and AS,s(ts, i) are defined as follows:

tu/2—1 ty/2—1

Af(t’ ﬁ) = eﬁt,ﬁ 1 - et — 1’ (A6)
Z8) (i Z o /2 T (v/2,k0), (A7)
ASyps (1) = % S (At ) + A1, ] 1 — ), (A8)

respectively. Specifically, the value of ¢, should satisfy 0 < Af(ts, i)/ Af(to, i) < 1 (tg = 1).
At 1 = 0, Eq. (A7) becomes equivalent to Eq. (A4). Based on Eq. (A?), increases in [i
decrease the value of Z ) for v = 3 and v = 5. The behavior of Z° /2 is shown also by
q. (A9).
In Eq. (A6), the second term on the right-hand side decreases with increases in fi at
t = 1. However, at t = 1, the first term is independent of an increase in ;i and remains large.
Thus, Af(t, i) increases with increases in fi. This allows Z, /5 to increase with increases in

it, although ZS})Q decreases.

In Eq. (A7), the summation is approximated by an integration. An approximation of
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70 is then obtained for either v =3 or v = 5 as

Zip i) ~ Cw/DT02) = 9(0/2.0) = [+ 127502, e+ 1/20) a8

—v/2+1
=D <20 - 25 (5) 20
2

. 191//2—1 —39/2 A
v—2 c ’ (A9)

where y(v/2,z) = [ t*/*7'e7"dt (i.e., the incomplete gamma function of the first type).
Similarly, an approximate expression of Z(© for v = 1 is obtained and avoids the diver-

gence of ((v/2) as follows:

20 ) =T (/200 + [0+ 127 (172, 0+ 1/200) de

= 297 12e73/2 L T (1/2,9) — 62T (1/2,39/2)) . (A10)
The behavior of I'(1/2, k) is exhibited by ['(1/2, k9) = (k9)~Y2e ¥ [143°° (k9) ™[], (1/2—
i)]. Thus, Eq. (A10) reveals that Zl(%(ﬂ; n) given by the sum in Eq. (A7) remains extremely
large without diverging to infinity, although > 7, k=v/? diverges to infinity for v = 1.

When fi = 0, the use of Eq. (A9) allows Z, /5 to be expressed in the following approximate

form:

2
Zy2 (0;m) = C(v/2)T (v/2) — EU(V’QW (for 0 <n <1 and v =3, 5). (A11)

3. Estimates of two types of integrals

a. Type I

oo 1
p’ — dp
/pmin exp(Bp?/(2m) — ) — 1
Lom/p)rt+/2z0 [i Pmin = 0 and 0 < v),
_ 2(2m/B) (v+1)/2 (1) ( ) (A12)
52m/B) R Z 0, 0 (151) (Puin # 0 and 0 < ).
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b. Type I1

/ " P In[1 - exp(—Bp2/(2m) + @) dp

Pmin

1 /2m\*? _
_g (7) Zg/Z (M) (pmin = 0)7
= 1 /9m 3/2 (A13)
—3 (7) {(a+n)*P (1= e + Zso (:m) } (Panin # 0)-
4.  Derivatives
O g0 i) = (L —1) 2 [ —0 and 3 < Al4
g2 1) = (5= 1) Zomaya (1) (puin =0 and 3 <), (A14)
0 _ v _
8_/12”/2 (5 m) = <§ - 1) Zw—2y2 (15:1)  (Pmin # 0 and 3 < v), (A15)
O o (ism) = — (4 )22 0 and 3 < A16
8_77 v/2 (:u777>_ en — 1 (M+77) (pmin?"é an —V>' ( )
Appendix B: Estimations of two quantities 0U,./dp and 7
1. Derivative 0U,/0p related to repulsive effects caused by hard cores of
particles
Based on the relation (N) = (987 In Q™ /0u)s, (N) for T, < T is estimated as
2 _
(N) = ?Zgﬂ (7) - (B1)
T

The value of i for T, < T is estimated from Eq. (B1) when (N) is given. At T' = T, it must
satisfy g = 0.
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At T =T, Eq. (B1) is modified as & = 2I'(3/2)((3/2)/(N). If this expression for &r is
substituted into Eq. (601), a formula is obtained as

i = ABYHN), (B2)

where V& = Viglr—r, and A = /7(2s)71(27h*/m)*2[1(3/2)¢(3/2)]7'.  Additionally,
Eq. (B2) implies that the temperature 7, depends on V& under the condition that (N)
remains constant.

From Egs. (589) and (B2), Eq. (590) is obtained, and the differentiation of Eq. (590) with
respect to p yields the following expression:

ouU,

1 3 1 A,
5 = —(pB.) " {1 — 56—56“" - {5 (1 - 56—50“) +BCUT] pB. aﬂp } (B3)

Based on Eq. (C4), 98./0p is positive. Hence, Eq. (B3) requires dU,/dp to be negative.
This is consistent with Eq. (C6) because OU,/0V = —(p/V)0U, /Op is satisfied at constant
(N). At 20 bar, the transition temperature for liquid *He is 1.928 K.% In this case, dU,./dp

should become negative.

2. Estimation of coefficient 7

Based on the relation (N) = (87 In QW /0u)s,,.., (N) for T < T, is estimated as
2

(N) = () + & Zapp (1) - (B4)

Given that (N) remains constant, when the temperature increases, (n) reaches a minimum
at T'=T,. The value of (2/&7)Z3/2(f1;m) then attains a maximum. Conversely, decreases in
the temperature from T increase (n) because (2/&r)Zs/2(fi;n) decreases. Then, the value
of fi should not significantly increase because an increase in fi increases Zs,(fi;7) based on
Eq. (A5). Thus, if (N) is constant, the condition 0 < i < 1 should always be satisfied for
T < T.. This simplifies the estimation of (n), and (n) is determined as independent of U,.
Under the condition that (N) remains constant, the value of (N) evaluated at T = T,
from Eq. (B4) should be equal to that evaluated at T' = T, from Eq. (B1). This exhibits
lims_o(N)|7r=7.45 = lims_,0(IV)|r=1, 5. Re-writing the relation yields the following relation

between (n)|r—r. and 7:
2 m 21
0= e =V (5o ) X (/2 k) (B5)
N 2mh?8,) = K
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In Eq. (B5), the summation is approximated by an integration and yields the following

expression:

> B2k = /2 + [ (4127 G2t 1) d

k=1

= (3/2,m) + (8/3)"7 7 (3/2,3n/2) + 2 /2™ ~ 29'/2. (B6)

In Eq. (B6), the behavior of the incomplete gamma function for 0 < 6 < 1 is approximated
by 7(3/2,6) ~ 20%/2/3. Finally, if Eqs. (B2) and (B6) are considered in Eq. (B5), the value

of 7 is estimated as follows:

s
/r’N

_\ 72
~ 7 [l (87
although the value of (7). is unknown. Additionally, if the value of 7 is known at constant
(N), Eq. (B4) exhibits the dependence of (n) on T

The derivative 0fi/O7 is estimated by differentiating Eq. (B4) with respect to a variable

7 corresponding to either 5 or V', and the derivative dfi/07 is expressed as follows:

Of & ON) o) 2, 0 200ViEh] e

o Zip(izn) | or or + gZS/Q(M;n)E &roren—1|°

To obtain the derivative 9n/0V occurring in Eq. (618), the expression obtained from Eq. (B4)
at T = T. must be differentiated with respect to V. Subsequently, if 9(n)./0V in the
derivative thus obtained is substituted by 9(n)./0V obtained by differentiating Eq. (B7)
with respect to V', then 0n/0V is estimated. When (N) is constant, On/0V is expressed as

follows:

N e OV
_?71/223/2“)777) 5T0< > _ n Ve eff

on
oV VC(3/2) en—1] Toav

ov (B9)

3. Contribution of particles with small momenta in temperature range 7. < T

For T, < T, the number (n); of particles with momenta 0 < p < ppi, is given as follows:
~ 2 o~ ek
(n)r = §_T Z WW(?’/Z knB/Be). (B10)
k=1

If the number of particles with momenta pp;, < p < oo is denoted as (n);;, Eq. (B1) is

rewritten as follows:

(N) = () + (N1, (B11)
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where

(n)1r = ;%w(ﬂmﬁ/ﬁc) (B12)
T
with
_ * ekl
Zopp (B Be) = 3 15D (/2. knB/Be), (0 < w). (B13)
k=1

When 0 < 3/8. < 1 is satisfied, an approximate relationship between Z, »(ji,73/f.) and

7 o(It) is given as follows:

_ 92 ; v/2
Zugol B 6e) — Zop(i) o — B0 <), (B1Y

If the approximation given by Eq. (B14) is considered, the derivative (0Z,/2/9)y is given
as follows:
<aZy/2(ﬂ,nﬁ/ﬁc)) - (g 3 1) 0 (ﬂ)@ 1 (76/5C)V/2
Gk ; 2 W=22898 B e—mtnb/Be — 1’
Furthermore, Eq. (B14) yields an approximate expression for (n)y, i.e.,
) 4/ 1
()1~ 3¢r, e-tnBlBe — 1

0<v). (B15)

(B16)

Eq. (B16) allows the differentiation of (n); with respect to 5 to be approximately given as

(aggl)v = 1—?%5/6 (g_g - g) (B17)

If the contribution of the (n); particles to the internal energy E and the contribution of the

follows:

(ny;r particles to E are denoted as E; and Ejy, respectively, then F; is given as follows:
Er=F — Eyqg. (B18)
For 0 < v;/Veg < 1, Eq. (600) allows E;; to be approximately estimated as

2 - 2 =
E[[ ~ %25/2(177775/59 - %(/BUQ - BUT)ZS/Q(/Z’nﬁ/ﬂc) (Blg)

If Egs. (604), (B1), and (B15) are considered, Eq.(B19) allows the derivative (0E;/08)y to

be approximately given as follows:

aE[[ N_i i_ 18‘/eff ~0 __ﬁﬂ—
( ap )V - B§T<2ﬁ Ver 0P ){25/2(“) 10 5, "

3 1 OVeg _

b o (50, — U s

3 oL n,_

+ﬁcmﬁ—zw0. (B20)
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Appendix C: Effective volume V.4 caused by hard cores of particles

1. Derivatives 0V.4/0V and 0U,/0V
Differentiating Eq. (589) with respect to V' yields Ve /0V for 0 < vy/V < 1 as follows:
WVer )  Vewr _  Ver 1+Veﬂ
ov ), VTV v

Differentiating Eq. (589) with respect to /8 yields OVeg/08 for 0 < vs/V < 1 as

8Veff -~ Veﬂ
(52, = 1+2)

At T =T,, Eq. (589) is expressed as .U, ~ In1(1+4 V/V$) given that 0 < vy/V < 1.
If the relation is differentiated with respect to V, a relation between 0V.§/0V and oU, /OV

(C1)

is obtained for constant (N) as follows:

Ve _ Vir 9fe
WNV(MFV)(@U VBC ) (C3)

Subsequently, Eq. (C1) at T"= T, should be equivalent to Eq. (C3) . Hence, pdfS./0p must

I8, 1 T -
~— |1 e . 4
p P T( + ) (C4)

If Eq. (B2) is differentiated with respect to V' at constant (N), then the relation given by
Eq. (C4) allows 0V /0V to be expressed as follows:

Ve, 3 Ve Ve !
off  _ offt (14 Ze . C5
oV 28.U, V ( Ty (C5)

The use of Eq. (C5) allows 0V.§;/0V to be eliminated from the formula obtained from

satisfy

Eq. (Cl) at T' = T, and the following formula is obtained:

U vel | 3 Ve
VBt |14 = 14 —of 1
ey <+v) 2BCUT(+V) i
0?U,/OV? is obtained from differentiating Eq. (C6) with respect to V. If Eq. (C5) is con-
sidered, then Eq. (614) allows (9j1/0V)Z? 1o ([

(C6)

)|T:T to be estimated as follows:

328,(0) (1 . _ﬁ> ()

op
—— 77 151 ~
1/2( ) _— vﬂc f Vv

ov

268



2. Other volumes

Based on Eq. (589), the ratio vf/V that is neglected in the above expressions is given as

follows:
vy 1 (Vg 1 2ePUr — 1 03
Vo2\V 28U —1) eFU- 17 (C8)
The ratio veg/V is given as follows:
Veff . 3 Veff 1 1
v _5(7_265UT—1)65UT—1' (C9)

Appendix D: Contributions from quasiparticles
1. Estimation of parameter u for free energy caused by rotons and phonons

The contributions from rotons and phonons to the free energy are estimated given a

specific phase involving the effect of anisotropy!?®, and are expressed by

Pmax 27V p? dp sin db o ) B
5 / / In{l —exp[—B (éx(p) — pucosh)]} (A=1, 2), (DI)

(2mh)3
where .
A+ 2_A<ﬁ —po)® (A =1 for rotons),
ax(p) = H (D2)
cp (A =2 for phonons).
The two parameters u and pp.x on which F) (A = 1, 2) depends are unknown. Four

parameters i, po, A, and ¢ are known for liquid helium (*He): ¢ = 238m/s, A/kp =
8.712K, po/h = 1.913 x 10" m~!, and i = 0.1608my. (mp. = *He atomic mass).!!! The
parameter u is given as u = |u| and must satisfy the inequality 0 < u < vy, because the
expectation value of n,(p) of quasiparticles with the momentum p (p = |p|) is given by
(nA(Pp)) = {exp[B(Ex(P) — p-u)] — 1}t (A =1, 2), which is always positive. Thus, the
quantity é,(p) satisfies the two relations déy/dp|s—p,, = Vmax and éx(Pm) = UmaxDPm, Which
require Upmay to be given for A = 1 as vmax = (po/f1)[(1 + 24A/p2)V2 — 1] ~ A/p, (for
instance, ﬂA /(2p3) =~ 0.016). Therefore, the inequality 0 < u < vy, is equivalent to three
inequalities 0 < pou/A < 1, 0 < ju?/(2A) < aA/(2p2), and 0 < fiu/py < pA/p? (for
example, 1A /p2 =~ 0.031).
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It is reasonable to estimate the value of u without considering the contribution from

phonons. 19112 Equation (D1) is expressed as follows:

Dmax R

For A = 1, exp[—kBE,(p)] is expressed as follows:

o A 1
20},
where
f o1
= /=2 -~ D5
ST\ kR T R o
P = D/po. (D6)

The inequality 0 < o < 1 is then satisfied. For instance, o; satisfies 0 < o7 < 0.088 at
B = 3.34 x 102 J71. In Eq. (D4), the Gaussian function is finite for [p — 1] < 1. The

inequality e=*# A

< 1 holds even for £ = 1. The aforementioned facts allow the exponential
functions in Eq. (D3) to be approximated as finite power series in kfup when u remains
small.

For arbitrary values of 3, the first and second derivatives of F} exactly satisfy the following
expression:

OF:
i amty-190
ili%u v ou u—0 ou?

(D7)

The term —V ~1(9*F; /Ou?) contributes as the mass density p,, of the fluid,'*® and —u='V~1(9F; /Ou)
contributes as the mass density of the normal component p\ of the fluid.1%6:112 Hence, if

the ratio of the mass density of the non-normal component to the mass density of the fluid

is denoted by f,, then it is estimated as

w VL (OF, )
V-1 (2F, /o)

Additionally, although the relationship between f,. and T for liquid helium is obtained from

experimental data,!?

Eq. (B4).

it can be made to correspond to the ratio (n)/(N) obtained from
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Approximating the exponential functions in Eq. (D3) as finite power series in kSup allows

fr to be estimated as follows:

6pou Z / dppPe el llozk / " dp pte ko ®)
+ (Bpou) 2Zk’ /

=1

-1
dﬁﬁﬁekﬁél(ﬁ)] ) (D9)

Equation (D9) gives a simple relation between u and f, for small u, and it indicates that u
decreases when f, decreases.

Without approximation, the derivatives of F} satisfy the following general equation:

ov-YVF W L VPR X (kBpo)” . 1),
au(y—l) +u au(l/) o (_1) (271')271362 ; 2 {exp[_kﬁ<A + T(u))]lk (uvpmaxaﬁ)

+ (=1)v*t exp[—kﬂ(A + T(—U))]I,ﬁ”l)(—u,pmax; B)} (v=1,2,3,...).
(D10)

v

F} also satisfies the equation for v = 0. However, the first term for v = 0 is equal to zero.

In Eq. (D10), 7(u) and I, (u, Pmax; §) are defined as follows:
7(u) = pou — u?/2, (D11)

v _ Pmax _ 1 B
I (1, Pae; ) = / dpp” exp [—pwq(u)f]
0

Ok

N e (0 ()
T <u—721+1’ 2( % >+(_1>yn+1r <l/—721—|—1’(pmax+2q(u))2)}

20},

(r=1,2,3,... and pPmax > —q(u)). (D12)
In the above, ¢(u) is defined as follows:

q(u) = =1+ (fi/po)u. (D13)

Additionally, the quantity oy, given by Eq. (D5) is very small. This implies that 1/(203)
is sufficiently large such that I ,g'/) (U, Pmax; ) is independent of py.x. Hence, I ,S/) (U, Prax; ) is
approximated as [ ,EV) (U, Prax; B) = 1, ,i") (u; B). 1, ,g”)(u; f3) is given by the following expression:

L (u; B) = (\/—1]11721 ni (v _V;L)ln; ( (“)>n<\/§%> o [1 - (—1)"_"“} r (—V — ; i 1> .
(D14)
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The use of Eq. (D14) allows Eq. (D10) to be modified as

14

oV F oW F Vpio1(Bpo)” R (v+1)! b v—mn-+2
(V_1)1 tu (V)l ~ _ VPo%1 ;) Z L [ (=) H]F
ou ou V2(2m)2h° B2 = (v +1—mn)ln! 2

< (VEn) " Lo £, B55) + (1 o] L0 A )
(D15)

where

£(671/7n) (u, A, ﬁ) = Z W (D16>

If the relations —V ~1(82F, /0u?) = p,, and —u~'V~1(OF,/0u) = p% are considered, !0
two equations that are obtained for v = 1 and v = 2 from Eq. (D15) can form a system of
equations to estimate u and A /kp as parameters dependent on T. The two equations are

expressed as follows:

Ha(u, A3 8) = (1 = £,) + A{ [a(w) = 028pou] L7 (u, A: 8) = [a(—u) + o2 Bpou] L0 (—u, A §)}

—Appouf [a(w)] LD (. A: 8) + [q(—w)] "L (—u, As B) } = 0, (D17)

Ha(u, A; B) = u(3 — 2f,) + A(ﬁp())?{?)a% [q(u>£<3><u, A; B) — q(—u) LD (—u, A; B)

~

+ ()] £, A: B) = [a(—w)] "L (~u, A 3) | = 0, (D18)

where f, satisfies f, =1 — pgff) /pm and A is defined by

/_1 0'1]7(2)
(27)3/21° 32 pr,

(D19)

The derivatives du/d3 and A /kg/df are obtained from differentiating Eqs. (D17) and
(D18). Despite this, the assumption that A/kp is constant allows du/df to be estimated

from one of the two derivatives. For example, from the derivative of Eq. (D18),

-1
ou OHo (5’%2) 7 (D20)

o~ o8 \ou
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OH - 1 N .
= A(ﬁp@zﬁ{—%f L9, A B) = £9(—u, A; )|
Hlaw)][atw) — 2 — 303 Bpu] £, A: )

Do

~[a(-w)*|a(-u) + iﬁﬂ + 30%8pou| £ (=, A; 9)

—[g(w)]*Bpoul = (u, A; B) — [g(—u)] " Bpoul = (—u, A;m},

oH of.  App? N .
=22 ffO{%% (g2 0, A1) — g(~u) £ (~u, A; )]

+{la)]’ + 60398 (A + () | £9(u, A; )
~[lat=w)]* + 6o3g(~u)3 (A + r(=u)) | £ (~u, A; )
#2[g()]"B(A +7(u)) £ (. As8) — 2[a(~u)] "5

>
+
pull
|
£
S—
51
L
|
£
b
=
——

2. Contributions from rotons and phonons to internal energy

The contribution E, (A = 1, 2) from quasiparticles to the internal energy is estimated
from the relation £\ = (O(5F))/08)upme — U(OF>/OU)3p,... The contribution Ey depends
on at least four parameters — wu, 5, V, and pn.x — and should be expressed as E), =

Ex(u, B,V Pmax), which is estimated from the free energy F) as follows:

= Vpo Pmax ke () k/B . kipoun] — 1~
E/\(uaﬂa VaPmax) = ( 2h3 (ﬁu) Z / AP poup _ o poup pdp

(D22)

Despite the aforementioned description, the contribution F; from rotons should be expressed

as E(u, A, B,V Pmax) because the contribution is given without any approximation by

o0

A Vs 1 1 A
B 88, Vi) = 55 ( Bu) D5 {exp [ kB(A +7(—u))] {fé‘”’%—u,pmax;ﬁ)

20A
- 21}52)<_u7ﬁmax;6> + <1 + ,ug ) [;E;l)(—%ﬁmax;ﬁ)}

Po

— exp [ = kB(A +7(u))] [1{ (u, Punas; B) — 207 (1, Brna B)

+ (1 n 2;‘—A> 1 i )]} (D23)

0
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In the range where pn.x > —q(u) is satisfied, El(u,A, B,V Pmax) 1S approximately inde-
pendent of ppax due to 0 < o < 1. The behavior of Ej(u, A, B, V', Pmax) is expressed as
FEi(u, A, B, V', Pmax) ~ El(u, A, B, V). If Eq. (D14) is considered in Eq. (D23), El(u, A, B, V)

is given as follows:

Ei(u,A,B,V) = %{—(Sq(—u) + 2)0%5(5)(—% A;B) + (3q(u) + 2)Jf£(5)(u, A;pB)
3 2 241 3 A.
= [loa]* + 2[a(-]*+ (14 257 Ja(-w) | £9 (. A )
3 2 241 30, A
+[[a()” +2[g(w)]* + (1+ > Ja(w)| £, A; )} (D24)

Differentiating E; with respect to 5 at constant V' and constant A yields the following

E E E
OFy\ [ Ou (OF ) (OF) (D25)
oB )y, 08\ ou 5 ap
where Ou/0f is estimated from Eq. (D20). The other derivatives in Eq. (D25) are obtained
from the differentiation of Eq. (D24) as follows:

expression:

(%) - I AV on | () + 220 8,8) ot + 2] €00, 4,5)
U7+0% [3a(—u) + 2] B[A + 7(—w)| LB (—u, A, B) — 0} [3q(u) + 2] B[A + 7(u)] LD (u, A, B)
+lat-w]" +2fa(-u)*+ (14 2ﬁ§>q<—u>} BIA + (=) LD (<u, A, )
—[[a(@)]* +2[g()]* + (1+ 2ﬁ§>q(u)] BIA + ()LD (u, A, 5)}, (D26)
+ [%’%q(—u) [3¢(—u) + 2] 0% + 3[q(—u)]” + 2q(—u) + 1 + 2;?] L3 (—u, A, B)
+ [%pgq(u) [3q(u) +2]0? + 3[q(w)]” + 2q(u) + 1+ zg%A] L, A, B)
ﬂ% [la(=w)]" +2[g(-w)]* + (1+ Zﬁ(f)q<—u>} a(—u)LD(~u. A, B)
+’6§3 [a()]” +2[qw)]* + (1+ 2§§)q(u)}q(u)£(l)(u,A,ﬁ)}. (D27)
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Additionally, the phonon contribution Es(u, 3, V'; Pmax), which is estimated from the free

energy F, without any approximation, is given as follows:

Vp} 1
E2<uaﬁ7 V;ﬁmax) = (271_)—52% (g) ; E |:J]£2)<_uapmax; 6) - J£2)(u7ﬁmax;ﬁ)] ) (D28>

where

v )an

V! (ﬁmac
— (v —n)! [kBepo(1 + u/c)}nJr1

(D29)

T (1, Pra; B) = — exp (—kBepo(1 + 11/€) Pra)

v!
+ I
[k‘ﬁcpg(l + u/c)}y+

For u/c < 1, the phonon contribution Es becomes insensitive to the value of u. This implies

that the behavior of Ej is not governed by the effects of anisotropy.

If the sum ) . (nq-)eq- in Eq. (602) is the contribution from quasiparticles, then it should
be given as ) . €0 (o) = E1(u, A, B,V Pmax) + Eo(t, 3,V Prmax). However, E, is ignored
because the contribution from phonons is significantly smaller than that from rotons for

0<(T.-T)/T < 1.

3. Estimation of the number of rotons in temperature range 7, < T

Based on Eq. (B10), the momenta of the (n); particles remains in the range 0 < p < pyin
even for T, < T. The (n); particles can contribute to the generation of quasiparticles, even if
the dependence of F} on u disappears. Given the aforementioned possibility, the contribution
of the (n); particles to the internal energy should be estimated as the contribution F; from
quasiparticles for u = 0. The total number N;oton(Pmax, 3) of rotons is given for u = 0 as

follows:

_ 2Vpy [T N ke (e
roton \ /max = d g ——(m@—-1 2 . D
N P 8) = bty [ app > | G-1P). (030

Noton (Pmax, #) must be limited by the value of (n);. If (72); decreases toward zero,

Noton (Pmax, ) should decrease toward zero. This suggests that ppa.. decreases with de-

creasing (n)7, and it allows ensuring that the assumption that 0 < ppax < —q(u is

) ‘u:O
satisfied for T, < T'. Furthermore, two assumptions are considered to simplify estimations.
The first corresponds to the assumption that Moton (Pmax, 5) = co(R1); is approximately sat-

isfied with ¢ being the proportionality constant. The other corresponds to the assumption

275



that pnax — 1 = 0 is satisfied at T = T.. The aforementioned two assumptions require
co = ,/\/'roton(pmax,ﬁc)/( )(C to be satisfied with (n > = (ﬁMT:Tc and ﬁgﬁgx = Pmax|r=1. = 1.
Eq. (D30) allows N;oton(Pmax, 3) to be approximately given for u = 0 and 0 < ppax < 1

as
Nroton (Prmas ) w% 20 LO(A, B, Pna) = 201 LD (A, B, )
+LW(A, B,ﬁmax)} , (D31)
where
(A, B, Prnax) = i kf/ﬁj {3, P m‘z‘ag 1)2]. (D32)

Therefore, the relation NMyoton (Pmax, 3) = co(fi)r allows Py to be estimated. Furthermore,

the relation allows the derivative Opmax/08 to be estimated as follows:

(aﬁmax) _ [C (a<'ﬁ'>1) + ﬂ <8M0t0n> (a-/\/roton) :|
o8 )y L'\ 98 )y 28\ 0o ), B ) iy
aJv’roton) :| -
oton ) D33
. |:( aﬁmax o1 ( )

In Eq. (D33), the derivative (8(n);/80),, is given by Eq. (B17).
For T, < T, an approximate contribution El(A,B, V' Pmax) to the internal energy is
estimated by considering 0 < 0, < 1, u = 0, and Pyax < 1. Subsequently, the use of Eq.

(D22) allows the approximate contribution to be given as follows:

V2Vpio 5
Al het 20?5(5

) A _max —2V2 3£A(4) A _max
(27T)2h3ﬂ ( 7B7p ) \/_0-1 ( )/87]) )

EI(A767 V;ﬁmax) ~
20AN 23 4 A 50y A
+U%<1 + Iu2 >£(3)(A7 Bapmax) - 2\/50-1M_2'C(2)<A7 B,ﬁmax)
Po Po
AL
+M_2£(1) (Avﬁapmax)} (D34)

Po

The differentiation of El(A, B,V Pmax) at constant V' and constant yield the following ex-

8E1 o 3ﬁmaX 8E1 aEl
<W>V =05 (aﬁmax)ﬁ * ( 95 > (D35)

Therefore, the use of Egs. (D33) and (D34) allows the derivative (0E,/08)y to be estimated.

pression:
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