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Summary

We study the analytical and numerical solution of the Percus-Yevick integral
equation of a complex hard spheres fluid. To test our findings, we performed
molecular dynamics simulations of a two-species hard spheres fluid. One of
the well established analytical solutions of the Percus-Yevick equation for this
system was derived by R. J. Baxter, for one species [1]. For a mixture [2] of
hard spheres, he generalized his one-species mathematical approach [1]. Un-
fortunately, there are some mathematical incongruities in his derivations, as
we prove in this thesis. Therefore, we review Baxter’s derivations and offer a
correct derivation. In particular, we propose an alternative set of equations to
that given in reference [2]. We, successfully, test our new reformulation of the
n-species Percus-Yevick integral equations against other analytical solutions,
its finite elements numerical solution, and molecular dynamics simulations.
Finally, we demonstrate that the solution derived following Baxter’s steps
does not coincide with the molecular dynamics results.
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Chapter 1

Introduction

Let us consider a system of N particles confined in a volume V. If the num-
ber of particles is small and we know their pair-interaction potential, their
position and velocity (momenta) can be computed by solving the system’s La-
grangian (Hamiltonian). However, if the number of particles is enormous: it
would be challenging—sometimes impossible—to compute the system’s mo-
tion as a function of time by the methods of classical mechanics. In the past,
the Newton’s equations have been numerically solved for a large, but finite
number of particles. In fact, we can obtain macroscopic properties, given the
inter-particles potential, by taking averages over the position and velocities of
particles. This computer experiment approach is known as molecular dynam-
ics [3]. However, as the system’s complexity increases it becomes, sometimes,
impossible to use this method. So, how can we study more complex systems?

On the other hand, is it even useful to analyze this many body systems us-
ing a particle approach? Even though the objects we encounter in our daily
experience are of macroscopic size—large enough to be observed directly—,
they are composed of particles. Most of the many body systems in physics,
chemistry and biology consist of very many particles of atomic, nanoscopic or
microscopic scale, i.e. from atoms (> 1A) to complex molecules (< 10um).
Hence, macroscopic parameters such as volume, pressure, energy, entropy and
temperature depend on the distribution, motion and velocity of the systems
particles. Therefore, it is, indeed, worthwhile to analyze such system’s under
a particle’s approach. However, is it useful to know the system’s particles’
position and momenta as a function time? This, of course, depends on what
we want to do; for example, let us consider the following problem: CRISPR-
Cas9 is a genome-editing technology which can be programmed to change
specific genes in living organisms. Even so, its mechanics at the molecular
level is not fully understood yet. Furthermore, since the key steps of the
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process have to be traced with precision at tiny time jumps, it turns out that
molecular dynamics simulations can bring some light on how CRISPR-Cas9
works [4]. Therefore, yes, sometimes it is, to some limited extent, useful
knowing the system’s particles position as a function of time. Altogether,
molecular dynamics is a very reliable tool for simulation of microscopic sys-
tems, but simultaneously it might be a very computationally expensive tech-
nique. In addition to molecular computer simulations, there are, of course,
non-equilibrium statistical mechanics theories to deal with time-dependent
phenomena, such as transport theory [5], molecular hydrodynamics [6], and
irreversible thermodynamics [7], based on time-dependent correlation func-
tions.

Hence, in general, knowing the system’s particles position as a function of
time is not so useful. In fact, statistical mechanics has proven that un-
derstanding the behavior of the whole system can be achieved not only by
knowing individually the behavior of particles, but by understanding its in-
teractions as a whole. Quoting Richard Tolman, the complete explanation
"of thermodynamics in terms of ... statistical mechanics is one of the great-
est achievements of physics', nonetheless we haven’t defined what statistical
mechanics is. With this in mind, let us answer our first question, i.e., how
can we study more complex systems?

One of the first ideas that comes into one’s mind with the words “statis-
tical” and “many” is the mathematical law of large numbers. It basically
states: if we were to perform an experiment several times—several as in 10
million of particle collisions or more—the outcomes’ average obtained is close
and even tends to the expected value as we perform more trials. As an exam-
ple, in Figure 1.1, we show our molecular dynamics simulation of a system
of particles consisting of two hard spheres species immersed in a container.
There are no external fields acting over them—the fluid is homogeneous—, the
diameter of each species is two and six angstroms respectively, the molar
concentrations are 1 Z’% = M for both of them, and the temperature is
298K . Figure 1.1 shows the equilibrium total correlation between particles
of species, i and j, h; j(r), in terms of their distance, r. This illustrates
the law of large numbers, i.e., as we perform more collisions (trials): we ob-
tain a better picture of the expected value of the parameter we are looking
for (compare Fig. 1.1-b, 6210° collisions, against Fig. 1.1-a, 6x10° trials).
We will properly define h; j(r) later on this chapter, and discuss extensively
Fig. 1.1, in chapters 5 and 6. Moreover, the total correlation functions were
computed applying Boltzmann’s method [8], in other words, taking the av-
erage over a trajectory on the phase space, i.e., over a sequence of possible
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Figure 1.1: Total correlation functions, h; ;(r) (7,j € {1,2}), calculated with
molecular dynamics. The system is a two-species of hard spheres fluid, at
a temperature 7" = 298 K. Their diameters and molar concentrations are
dy = 6A and dy = 2A, and py = 1M and p, = 1M, respectively. (a) Total
correlation functions after 600,000 collisions. (b) Total correlation functions
after 6,000,000 trials.

positions and velocities, given an initial condition. On the other hand, if
the expected value was computed over an ensemble of systems—a collection
containing system’s copies representing all the possible states at least one
time—Gibbs’s method [8] would’ve been applied. By definition, the theory of
statistical mechanics consists of statistical methods and probability theory
applied to large assemblies of microscopic entities. It does not assume or
postulate any natural laws, but explains the macroscopic behavior of nature
from the behavior of such ensembles.

Therefore, the theory of equilibrium statistical mechanics predicts the ex-
pected state of a system. Given initial conditions, we can find an equilibrium
state—an average of what it is encountered in nature-however, equilibrium
statistical mechanics is not concerned with each particles’ behavior.

Let us elaborate on Gibbs’s method by explaining the concept of phase space,
I'. Imagine a system of N particles; let I' be the subset of RV comprising all
system’s accessible positions and momenta. A microstate is an element of I'
governed by Hamilton’s equations. A system’s macrostate M in equilibrium
is described by some state functions such as energy, temperature, pressure
and the number of particles. In other words, it is a set comprising tuples
whose entries are the state functions’ values. To grasp these concepts, let
us state the following example. We flip twice a coin, there are four possible
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outcomes or microstates with the same probability (principle of equal a priori
probability):

{(head, tail),(head, head), (tail, tail), (tail, head)},

but just three macrostates (not equally probable): two heads, two tails or one
head and one tail, i.e., microstates are different ways a system can achieve
a macrostate. Gibbs proposed an ensemble (a collection) of microstates.
It contains an infinite number of copies of our system, where each possible
microstate is represented at least one time. Therefore, there is a distribution
of the microstates in the ensemble. Consequently, what we look for is to
compute the expected value of a macroscopic property, X, using a probability
density function, f, over the phase space .

E[X] Z/FX(q,p)f(q,p)dqdp

However, how do we find such functions? We could make assumptions over f
depending on the system to be modeled—choosing the ensemble—, but, finding
X, which describes the system’s thermodynamic properties is necessary.

Assuming a system of particles interacting via pair-wise additive forces—since
more real assumptions result in more expensive computations—, thermody-
namic properties can be expressed as functionals of the radial distribution
function, g; ;(r), which is the expected number of j—particles at distance
r from an ¢—particle divided by the number of j—particles at distance r
from an ¢—particle if the fluid was an ideal gas. It measures how the fluid’s
structure deviates from an ideal gas—complete randomness—under the same
conditions.

Before talking about such a relationship, let us introduce the reduced distri-
bution function, defined as,

N!
(n)(mn on. g\ . (N—n) j,(N—n)

where qn = (qh q2, -+ Qn)a dq(N_n) = dQH+1dQn+2 T qua pn = (p17p27 "7pn)>
and dpN"" = dp,1dpnyo---dpn. fUV(g",p";t) is the probability that at
time ¢ the system’s first n general coordinates lie in the volume element
dp™dq™ irrespective of the integrated coordinates and momenta of the (NN —

!Note that in this thesis only equations which will be referred to afterwards will be
numbered.



n) particles?. Let us define p™ by integrating f™ with respect the momenta,
F™(g") = Ap™(g"),

where A is a constant. Subsequently, the n-particle distribution function,
g™, is defined as

p(n)(q1a q2; .- qn)
[y P(l)(%‘)

If the fluid is homogeneous, then it reduces to

g(n)(QMq% 7Q7l) -

png(n)(q17q27 7%1) = p(n)(Q17Q2’ ’qn)

If the fluid is also isotropic—its properties are not dependent on the direction
along which they are measured—, the pair distribution function depends on
the distance between particles and becomes the radial distribution function,
99(l¢; — qj|) = gij(r). Nevertheless, how do we compute it? First, let us
introduce the total correlation functions, h; ;, defined as

hi,j(r) = gm(r) — ]_, (11)

and the direct correlation functions, ¢; ;(r), defined by the integral equations,
known in the literature as the Ornstein-Zernike (OZ) equations for m species,

hij(r) = ¢ ;(r) + kgm: Dk / Ci(r —1")hy; (r")dr'. (1.2)

General liquid theories have been developed from different balance equations,
such as the the Ornstein-Zernike equations. For a review of these theories
see, for example, reference [8]. In this thesis, we focus on solving the integral
equations 1.2. Thus, expected values of thermodynamic properties can be
computed if the total correlation function or the direct correlation functions
are found. For the expressions of the thermodynamic properties the reader
is referred to [5]. In order to solve equations 1.2, we need to make assump-
tions or approximations of the direct correlations functions, known in the
literature as closure approximations. Some of them are the Percus-Yevick
approximation (PY) [9, 1, 10] Hyper-netted Chain approximation (HNC)
[8], and the Mean Spherical approximation (MSA) [11]. For a system of
hard-spheres the MSA and PY approximations become equal. Different ap-
proximations can be combined to obtain new liquid theories. For example,if

2Since the fluid is homogeneous it’s computed for one subset and multiplied by the
number of subsets containing n particles
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in equation 1.2 the MSA is taken for ¢;;(r — '), and the HNC approxima-
tion is used for ¢; ;(r), the so-called HNC/MSA equation is obtained [12, 13].
The HNC/MSA and MSA integral equations have been widely used in soft-
condensed matter physics systems to obtain the correlation functions of, e.g.,
simple liquids, electrolytes, colloid dispersions, etc. Two simple models have
been used to study a large variety of condensed matter fluids: hard spheres
and charged hard spheres.

Equation 1.2 is an integral equation with two unknown functions: h; ;(r)
and ¢; j(r). To solve this system of equations, we need an expression for the
direct correlation function. The PY approximation is given by

cii(r) = {Q*BWM(T) _ e*B[Wz‘,j(T)*ui,j(T)]} =gi;(r)[1— eﬁm,j(?‘)]’ (1.3)

while for the MSA ¢; j(r) = —Bu; ;(r). For a system of hard spheres

00 1<
iy (r) = {0 o (1.4
0,7

where u; j(r) is the unscreened interaction potential between two particles
of the fluid, W;;(r) is their corresponding potential of mean force, and
a;; = (a; + a;)/2, such that a; and a; are the molecular diameters of the
particles of species ¢ and j, respectively. Hence, inserting equation 1.3 or
equation 1.4, in equation 1.2, we obtain the MSA integral equation. How-
ever, for charged hard spheres, equations 1.3 and 1.4 are not anymore equiva-
lent. An important advantage of this approach is that an analytical solution
of the direct correlation function for hard spheres fluids exists, thus provid-
ing closed formulas. Although, here we will not go any further with the
HNC/MSA equation, let us just add that the HNC direct correlation func-
tion is easily obtained from equation 1.3, by expanding to first order the
second exponential in the curly brackets. Hence, as pointed out above, the
HNC/MSA equation is found by substituting this correlation function in the
first term of the right hand side of equation 1.2, while the MSA correlation
is used inside its integral term.

The Ornstein-Zernike equation, with the Percus-Yevick approximation for
fluid mixtures has been analytically studied by R. J. Baxter [1, 2|, L. Blum
[14], and J. L. Lebowitz [15], among other authors. Having analytical expres-
sions for the bulk direct correlation function of hard spheres or charged hard
spheres have proved to be a good approach for the solution of integral equa-
tions derived for more complex fluids, for example, in the study of mixtures
of charged nano-particles or colloids [13], where the MSA analytical direct
correlation functions are used [11].



In this thesis we are interested in the solution of the OZ equation with the
Percus-Yevick approximation for a mixture of hard spheres. To completely
understand what the autor wanted to do in reference [1], some mathematical
theory is needed. Hence, in chapter 2 a mathematical background is pre-
sented, the majority of it is not demonstrated, but it’s referenced. In chapter
3, the theory for the Wiener-Hopf factorization method is presented, most of
it, is demonstrated and the gaps of reference [16] are filled. In chapter 4, we
obtain the main result from reference [1] using the theory from the previous
chapters; moreover, it also contains the correct, Baxter couldn’t arrive to one,
and complete generalization from [2] rigorously proved. This generalization
is a set equations, see equations 4.24 and 4.25, that connect the total and
direct correlation functions using a function denoted by ;. For the case of
one species this set of equations allows us to find an analytical solution for
the direct correlation function, however for more than one species this set
of equations does not allow us to find it. Nevertheless, this generalization
provides a new optic to the problem of computing the total and direct cor-
relation functions, in fact it might be better to work with the functions Q);:
given that severe changes in the direct correlation function might produce
similar total correlation functions, as it can be seen in section 6.3.2 (figures
6.3.2 and 6.3.2).

Why is this finding relevant? Assume an non-homogeneous fluid comprised
by one charged sphere in the center and two species of charged hard spheres—
where the difference between diameters is big—around it. The method to
obtain the system’s total correlation functions [13] uses as input the direct
correlations functions estimated with MSA, but those analytical expressions
[11] were based on [2] and [10]! So it might be worth to redo the compu-
tations involved in obtaining those results. It becomes more relevant since
some of the steps are not so transparent, as discussed in section 6.1.2.

In chapter 5, we present the total correlations functions for a fluid comprised
of two species at temperature, T' = 298 K, the particles are hard spheres with
no long-range inter-molecular forces. Its diameters are d; = 6A and d, = 2A.
Its molar concentrations are p; = 1M and p; = 1M. The total correlation
functions were obtained using two methods, molecular dynamics and finite
element. We compare them and use as benchmark the finite element total
correlation functions in the next chapter. Finally, in chapter 6, we discuss
Hiroike’s analytical expressions for the direct correlation functions [10] and
compare them to our numerical results. For a binary mixture we validate the
main result of chapter 4, additionally, we compare Baxter’s work [2], arriving
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to an analytical expression for the direct correlations functions for a binary
mixture, against our numerical results. In summary, Baxter’s work is wrong,
since the direct correlation functions are very different from our benchmark.
Hiroike’s analytical solution coincide with our benchmark, but a crucial step
is obscure in his work, as commented in section 6.1.2.

As for a synthesis of our contributions:
1. We rigorously proved Baxter’s result [1] for one species in section 4.1.

2. We followed Baxter’s steps in [2] to obtain analytical expression for the
direct correlation function, in the case of a binary mixture in section

6.3.

(a) We used these analytical expressions as counterexample to prove
he was wrong, when we compared them against our results from
molecular dynamics and finite element.

(b) We used these analytical expressions as a way to illustrate how
very different direct correlation functions used to solve the OZ
equation produce similar total correlation functions.

3. We rigorously derived what Baxter intended to do in [2]. With that
we arrived to a set of equations, which reformulate de OZ equation in
section 4.2.

(a) We validated this set of equations for a binary mixture. We did
it by comparing them with our results from molecular dynamics
and finite element in section 6.2.



Chapter 2

Mathematical background

Let us do a review of definitions, propositions and theorems that will be used
in chapter 3. Most of them are from real and complex analysis, nevertheless,
there are some definitions that will be used in all the document.

2.1 Complex analysis

Let us recall useful propositions from complex analysis, they will be used in
section 3.1.1. The statements and proofs are found in references [17, 18, 19,
20].

Definition 2.1.1 Let L : [a,b] C R — C be a curve; we say L is a Jordan
curve if it is injective when restricted to (a,b).

Proposition 2.1.2 Let G be the interior of closed rectifiable Jordan curve
L; if f is analytic in G and continuous in the frontier of G, then

/Lf(z)dz = 0.

Definition 2.1.3 Let § : [a,b] C R — C be a curve; we say 0 is an arc, if
a #b. We say 8 is an open arc if (B is the restriction of 0 to (a,b). Moreover,
it is rectifiable if it is of finite length.

Theorem 2.1.4 Let f; and fy be functions of a complex variable such that
f1 is analytic in Gy and fy is analytic in G, where G1 N Gy = (), but share
an accessible open and rectifiable Jordan boundary arc . If f1 is continuous
in G1 U0, fyis continuous in Gy U and for all z € 0 fi1(z) = fa(z), then

9
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there exists a function f analytic in Gy U 6 U Gy such that

fi1(2) z € Gy
f(z)=4fi(z) = fa2) z€6
fa(2) z € Go.

Theorem 2.1.5 Let f be an analytic function in a closed disc of radius R
with center in the origin. Suppose r < R, then

supp.j<pRe(f(2)) + il

r
max‘2|:7'|f(z)| S R_T R_T

|£(0)]-

Theorem 2.1.6 Let A and C' be positive constants and F' an entire function.

If
1. for all z € C |F(2)| < Ce?l and
2. [ |F(x)*dx < oo,
then there exists f € L*(—A, A) such that for all z € C

F(z) = /_ 1 F(t)ei*dt.

2.2 Preliminaries

This section contains the definitions that will be used in the document. The
propositions where we prove that some set is a ring are useful when we
engage in simplifying expressions where the elements are used. In the Fourier
subsection we give a recount of used definitions. Finally, the propositions and
theorems are from real analysis and they will be used shortly after stating
them or in chapter 3. All of the proofs were made by us, in some not all, we
filled the blanks left by Krein in reference [16].

2.2.1 Foundations
Definition 2.2.1 Let L be the set
L= {f:R—MC’/OO F(0)]de isﬁnite}

with a norm defined as ||f||L = [Z50 | f(t)|dt, and a product defined as

L bo®) = [~ Rt=9)fle)ds = [~ ps)fa( - s)ds
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Remark 2.2.2
shlle = [ |7 ait=9)ss)ds
< [T 1Al = )fa(s)] dsdt
= [ 1R[] drds

— [ 15)Ifillds
= Al l[f2]z-

Proposition 2.2.3 The set L equipped with the usual sum of functions, the
product defined above and the zero function as additive identity is a ring.

dt

Proof. First, let us show (L, +,0) is an abelian group.
1. To be demonstrated, Va,b € L a+b € L.
Let a,b € L.
[ a+n@lde = [ o) +be)lat

< /myqoup+/m|uaut
< oo,
thus a+b € L.

2. To be demonstrated, V a,b,c € L (a +b) +c=a+ (b+c¢).
Let a,b,c € L and = € R. Since C is a field,

(a(z) + b(x)) + c(x) = az) + (b(x) + c(z).
Consequently, (a +b) +c=a+ (b+¢).

3. To be demonstrated, Va,b € L a+b=0b+ a.
Let a,b € L and x € R. Seeing that C is a field,

a(z) + b(z) = b(x) + a(x).
Hence, a +b0 =10+ a.

4. To be demonstrated, 4 e € L, such that Va € La+e=e+ a = a.
Let 0 be the zero function and a € L: 0 € L. Since we proved commu-
tativity it suffices to prove a + 0 = a. Suppose = € R, recognizing that
C is a field:

a(z) +0(z) = a(z) + 0 = a(z).
Therefore, a + 0 = a.



12 Chapter 2. Mathematical background

5. To be demonstrated, Va € L 3 b € L, such that a +b=e =0+ a.
Let a € L, ie. [ |a(t)|dt = cte < oo, then — [%_|a(t)|dt < oo
—a € L. Let x € R. Since C is a field,

a(xz) +b(x) =b(z) + a(x) = 0(x) :
a+b=b+a=0.
Now let us see (L, %) is a semigroup.

1. To be demonstrated, Ya,b € L a*xb = b* a.
Let a,b € L and t € R.

axb(t) = /_O:O a(t — s)b(s)ds
_ /OO_OO a(2)b(t — x)dz
= /o:o b(t — x)a(x)dx
= bxa(t).

2. To be demonstrated, Va,b,c € L (a*b) xc=ax* (b*c).
Let a,b,c € L and t € R.

(axb(t)) % c(t) — (/

o0

N s)b(s)ds) v e(t)
= (/Oo b(t — x)a(m)dx) * c(t)

= /i /O:O b(t — x — s)a(x)dxc(s)ds
= /_O:o a(x) /_O:O b(t — x — s)c(s)dsdx
= a(t) * </_O:O b(t — s)c(s)ds)

= a(t)* (bxc(t)).

Finally let us show Va,b,c € L ax(b+c¢) = (a*b)+ (a*c). Suppose a,b,c € L
and t € R.

(a % b(t)) + (axc(t) = (/m alt — s)b(s)ds) + (/w alt — s)c(s)ds)

—0o0 —00

- [ O; a(t — 5) [b(s) + c(s)] ds

= a(t)* (b+c(t)):
ax(b+c)=(axb)+ (axc). O
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Definition 2.2.4 Let us define the following sets:
L,={feL|ift<0, then f(t) =0}

and

L_={feL|ift>0, then f(t) = 0}.
Proposition 2.2.5 (L., +,%,0) and (L_,+,%,0) are sub rings of L.
Proof. Let us show it for (L, +,0,x*), the other one is analogous.

1. To be demonstrated, Va,b € Ly a—b € L.
Let a,b € L, and t < 0. Since C is a field,

(a=0)(t) = a(t)—0(?)
= 040
)

Furthermore, in view of L being a commutative ring, a—b € L: a—b €
L.

2. To be demonstrated, Va,b € Ly axbe L.
Considering L is a commutative ring, a x b € L. Let ¢t < 0.

axb(t) = /Oo a(t — s)b(s)ds

0
= / a(t — s)b( d8+/ a(t — s)b(s)ds
= 0+4+0:

CL*bGL+.

2.2.2 Fourier transform

Definition 2.2.6 Let f be a real valued function; we define the Fourier
transform of f as f(y) = [°0, f(x)e™dx if f(y) is finite.

Theorem 2.2.7 Suppose a function g exists such that,

1o o
/'f@wmtxeR

9(@25 -

If f € L and f € L, then g is continuous and f = g except in a set of
measure zero. If f is continuous: f = g.
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2.2.3 Useful propositions and theorems

Proposition 2.2.8 If f € L, f(y) — 0 when |y| — oc.

Proof. Suppose f € L:

fwy = [ f@erda

_ /oo f <t I 7T> €iy<t+i%)dt
s Y
_ /oo f <x n 7T> eiy;veiﬂ'dx
o Y
oo Y

then

25 = [ [f(x)—f(w”)]ewdx.

Y

ol = 5 [ - g (o4 7] e

(o)

By the dominated convergence theorem we can move the limit inside the
integral: for all € > 0 there exists a Y > 0 such that for all |y| > Y || f(y)| —
0| < e. It follows that |f(y)| < €, moreover f(y) — 0 given that |y| — oo. O

< dzx.

DO | —
—
g 8

Remark 2.2.9 The Fourier transform of f, f, s continuous.

Remark 2.2.10 [t’s well known that given f and g € L, the Fourier trans-
form of h= fxgish=f§.

Definition 2.2.11 Let us define de following set:
R ={f|feL}

Proposition 2.2.12 The algebraic structure (R, +,-,0) is a ring where - is
the usual product of functions.

O
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Definition 2.2.13 Let R be a set such that

m:{c+/°;f(t)e“ydt|cec, feL}.

Remark 2.2.14 F € A:
Fly) = c+ [ © F()eva
_ /_ T [eot) + f(1) evat

where § is Dirac’s delta function. Therefore,

R — {/_‘: [8(t) + f(8)] ™t | f € L, ¢ € <c},

i.e., R contains all the integrable functions’ Fourier transformation of the
form co + f.

Proposition 2.2.15 Let L={c+f|feL, ceC} (R +-01) and
(L,+,%,0,0) are rings.

Definition 2.2.16 We denote the upper and lower complex plane as
I, ={z€C|Im(z) >0} and II_={ze€C|Im(z) <0}
Definition 2.2.17 Let us define the following sets:
R, = {c+/ooof(t)e”ydt lceC, fe L+} c R
R = {/Ooo F(b)evar | f e L+} c R,
" = {c+/_ooof(t)e”ydt lceC, fe L} c R

R = {/OOO ft)e™dt | f e L_} CR_.

Proposition 2.2.18 If 7, € Ry and F_ € R_, they can be extended to
holomorphic functions in the interior and continuous on Il.



16 Chapter 2. Mathematical background

Proof. Suppose F, € R, ie., Fi(y) =c+ [5° f(t)e'™dt and let z € C.

c+/C>o f(t)eitzdt’ = c+/oo f(t)eitzle_mdt‘
0 0
< e+ [ If0)le =t
0
T
if T is big enough < || +/ |f(t)] tszt+/ (t)|dt
0
<
c+/ooitf(t)eitzdt‘ = c+/ooitf(t)e“zle_tz2dt‘
0 0
< e+ [ IRf@le =
0
T
if T is big enough < || +/ [tf(t)le tz?dt+/ (t)|dt
0
< o0

Using remark 2.2.9 F, can be extended to a holomorphic function in the
interior and continuous on II,. Similarly, F_ is a holomorphic function in

the interior and continuous on II_. U
Examples.

L. = —i fo e #eidt € MY C Ry Im(z) < 0. Im(z) < 0 is asked

s f( ) = =e g2t € [, < Im(z) < 0. Using proposition
2.2.18,

1 0o L
= —i/ e el
(—=z 0

2. L = i [0 e tetdt € MY Im(z) > 0. Im(z) > 0 is asked so

(t) = et = e7tem! € [ <= [Im(z) > 0. Using proposition
2.2.18,

kﬁ

1 0 L
: = z/ e et dt,
—Z —00

Proposition 2.2.19 Suppose F € R} and consider its extension to I1,. If
z = Re? and € [0, 7], then |F(2)] — 0 uniformly as R — oo.

Proof. Let F € ERQF and consider its extension to I, i.e.,

= /O - f(t)e™dt
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1 € (a,b
where f € L. Let € > 0 and consider g(z) = z€(a ) cforb>a>0
0 otherwise
/oo g<x)ei(Rcose+iRsen9)xdx — /b ei(RcosBJriRsenG)zdx
0 a
6'L'Rcos(@)befRsen(9)b _ eiRcos(Q)aefRsen(O)a
B iR(cost + isen)
0 —Rsen(0)b —Rsen(6)a
i(Rcos@-}—iRsen@)d ’ < € €
/0 g(x)e T S g
6_Rb e—Ra
given that sin(f) <1 for 0 € [0,71] < = + B

ifR—>00 — 0.

Let g be a simple function, g = >>I" | ¢iX(ap). Using additive properties of
limits and integrals, we get the same result. Consequently, there exists N € N

such that if R > N,

<€
2.

/OO g(x)e"**dx
0

Since the simple functions are dense in L [17],

|15 = gtoy1de < 5.

—0o0

[T =gnae < [ 1) - g(0)lde
< I

[\]

For 0 € [0, 7]

|15 = gl ROy
0
given R big enough < /OO |f(t) —g(t)|dt

A\
S—
8
=
=
|
)
=
°
=
&
QL
~~

/OOO f(x)ei”da:' =
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Proposition 2.2.20 Suppose F € R° and consider its extension to I1_. If
z = Re" and 0 € [r,27), then | F(2)| — 0 uniformly as R — .

Proof. The demonstration is analogous to the previous proposition. O
Proposition 2.2.21 Let F € R, in other words there exists f € L, such
that F = c+ [5° f(t)e™'dt. If we consider the extension of F to Iy, thus

F(z) < M for all z € 11, where M > 0. In a similar manner, if F € R_,
then F is bounded on II_.

Proof.

A
=
_l’_

c+ /Ooo f(t)eitht’

IN

=
_l’_
@)

0

Proposition 2.2.22 Let F € R, in other words there exists f € L, such
that F = c + [5° f(t)e™*dt. If we consider the extension of F to I, F
is continuous on 11, U {oo}. In a similar manner, if F € R_, then F is
continuous on I1_ U {occ}.

Proof. Let F € MR, in other words there exists f € L, such that F =
c+ [5° f(t)e*'dt. Consider the extension of F to II,. Since it is holomorphic
on IT,, we just need to check it is continuous on co. Let {z,} be a succession
of points tending to oo. Let € > 0, by proposition 2.2.19 there exists R > 0
and N a natural number such that for all n > N |[5° f(¢)e™dt] < e

| F(zp) —¢| = |c+ /OO ft)e™tdt — ¢
0
-\ f(t)e”"tdt‘
0
< €.
Consequently, F is continuous. O

The following theorem is of great importance; it won’t be demonstrated, but
reference to it can be found in [16].

Theorem 2.2.23 Let G : C — C be a holomorphic function in D C C and
F € R such that for ally € RU{—o0,0} F(y) € D, therefore G o F € fR.
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Definition 2.2.24 Let o : RU {—00,00} — C be a closed curve oriented
in the complex plane with respect to the origin, i.e., a(c0) = a(—o0) and

(Vt a(t) #0). We define its index as

ind(a) = 217T arga(t). .

Remark 2.2.25 If the curve o admits an extension over 11y (II_), i.e.,
s holomorphic in the interior and continuous in the region including the
frontier—even the point at infinity—, thus ind(«) is the number of zeros (the
number of zeros with negative sign) where every zero is counted as much as
its multiplicity.

Corolary 2.2.26 Suppose F € R such that limy o F(y) =1 for ally € R
F(y) # 0 and ind(F) = 0, then for an adequate logarithm branch there exists
[ € L such that

o0

In (F(y)) = / [(t)e¥'dt  y € R.

Proof. With the hypothesis we can define a branch where the logarithm is

analytic, and the image of F stays in it. Using theorem 2.2.23 there exists
[ € L such that

n(Fy) =c+ [ Uerdt yeR, ceC

We must prove ¢ = 0, first let us show

lim In(F(y)) =0.

ly|—o00
Let € > 0. Since In]| | is continuous in 1, for € there exists ¢ such that for
all |z —1| < |Inz| < e. Given that F(y) — 1 when |y| — oo, for § there
exists a Y > 0 such that for all |[y| > Y |F — 1| < d. Since |F — 1| < 4,
lIn[F(y)]| < e for all € > 0 there exists Y > 0 such that for all |y| > YV
lIn[F(y)]| < €, in other words In [F(y)] — 0 as |y| — oco. Substituting our
findings,

0 = In(F(0))
= ¢+0:

In (F(y)) = / TU)evtdt yeR, ceC.

—00

0

The following theorems won’t be demonstrated, reference to them can be
found on [16], even though they are of great importance.
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Theorem 2.2.27 Let G : C — C be a function holomorphic on D C C and
F € Ry. Let us consider its extension to Iy ; if for all z € T U {—o00, 00}
F(z) € D, then Go F € R,.

Theorem 2.2.28 Let G : C — C be a function holomorphic on D C C and
F € R_. Let us consider its extension to I1_; if for all z € TI_ U {—o00, o0}
F(z) € D, then GoF € R_.



Chapter 3

The factorization problem

As pointed out in the introduction, we are interested in finding the radial
distribution function g; ;(r); since g;;(r) — 1 = h;;(r), one approach is to
solve the system of integral equations

M
hig(Ir]) = cig(Irl) + X2 pk/cz-,k(\r = 7' D (|7’
k=1

called Ornstein-Zernike for M species. We have M equations and 2M un-
knowns (h;;,¢; ;). We will start by assuming that ¢ and h behave well-so
their Fourier transformation exists—, and M = 1:

h(lr]) = e(|r]) + p/@(!?” — r'Dh(|r'dr".

After some computations, we can use the Wiener-Hopf factorization to solve
it. In this chapter, we will fill the gaps of some theory exposed in references
[16, 21]. In the next chapter, we will follow Baxter’s steps [1] and see what
follows for the general case, furthermore we will complete and correct what
he did in reference [2].

3.1 Factorization on the line
Definition 3.1.1 A factorization of a continuous function,
f:RU{—00,00} — C,
is a representation of the form
) =Fw)f-(y) yeRU{-00,00}

21
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where f and f_ are holomorphic functions in the interior and continuous
on Iy and T1_, respectively, and f,(+oo) = 1 = f_(+oo). We say it’s a
proper factorization if at least one factor fi or f_ is different from zero in
their domain (11, and I1_). Furthermore, it’s canonical if both factors are
different from zero in its domain. On mathematical notation

1. its proper <= (V ze€lly fi(2)#0) o (Vzell. f_(2)#0) and
2. its canonical <= (Y ze€lly fi(2) #0) and (V z € II_ f_(2) #0).

Remark 3.1.2 We will be interested in studying functions of the form f(y) =
1 — g, with g € L. Using proposition 2.2.8, f — 1 as |y| — co.

Theorem 3.1.3 Let f € R be a function such that limy o f(y) = 1. The
function f admits a canonical factorization if and only if

Vy e RU{—o0,00} f(y) #0 and ind(f)=0.

Moreover, if f admits a canonical factorization, then it is the only proper
factorization. In addition, the factors f. and f_ are elements of Ry and
R_, respectively, and f,, f- — 1 as |y| — oo.

Proof. Let f € R such that limj,,. f(y) = 1. First, suppose f admits a
canonical factorization. Let us assume there exists y € R U {—o00, 00} such

that f(y) = 0: 0= f(y) = f+(y)f-(y). Wherewith, f,(y) =0 or f_(y) = 0.
But that is a contradiction, since the factorization was canonical. Then, for

all y € RU{—o0,00} f(y) # 0. Given that arg(z122) = arg(z1) + arg(z2),
ind(f) = ind(fy) + ind(f-). Considering that f, and f_ have no zeros in
IT, and II_, respectively, and using remark 2.2.25,

ind(f) =0+0=0.

Suppose
Vy e RU{-o0,00} f(y)#0 y ind(f)=0.
Using corollary 2.2.26 there exists [ € L such that for all y € R
f(y) = exp (/Oo l(t)eiytdt> :

Let us define the following functions:

_Jit) t=0 LY t>0
Mt)_{o r<p l‘(t)_{l(t) t<0’
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In view of
/ |m</ B)|dt < oo and / |ﬁ</ Hldt < oo 1,1 € L,
0

by inspection [, € L, and [_ € L_:
/mluwwem+am / fevtdt € R_.
0

For all y € R we define:
0

foly) =eop ([ Leeat) and () = ean ([

—00

l_(t)eiytdt> :
Using proposition 2.2.18 we can extend f, to II, and f_ to II_. Let us
consider that
1. .
/1()Wﬁem+am / tevtdt € R_
0
can be extended to I, and II_, respectively, and

2. exp( ) is holomorphic in C.
Therefore, by theorems 2.2.27 and 2.2.28: f, € R, and f_ € R_. Further-

more,
fofo = exp (/Oool (t) iytdt) exrp (/0 I (t)eiytdt>

= eap ( / h etdt + / “ftdt)
0
= exp </Oo l(t)elytdt>

= f

Let us prove fi, f_ — 1 as |y| — oo. We do it for f,, the proof for f_ is
analogous. Seeing that [y € L, and [_ € L_, [l € L; using proposition
2.2.8 I, (y), I_(y) — 0 as |y| = oo. Since exp( ) is continuous, using an
argument of continuity, fi(y) — 1 if |y| — oo.

Let g, and g_ be a proper factorization of f; without loss of generality
suppose g (z) # O-definition of proper factorization—on II,. We define the
function G as s
G=1r_9-
9+ f-
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For this reason G is analytic in C. Since G is continuous and C U {oo} is
compact, the image of GG is bounded; using Liouville’s theorem G is constant.
By theorems 2.2.19 and 2.2.20,

1. if 2 = Re? y 6 € [0, 7], then |f, (2)] = 1 when R — oo and |g, (2)] — 1
when R — oo, and

2. if 2 = Re? y 0 € [, 27|, then |f_(2)] — 1 when R — oo and |g_(2)]| —
1 when R — oo.

For I1, we use f—j: and for II_, g—:. By taking the limit when R — oo
IG(2)]—1,G=1: fy =g, and f_ =g_. O

Corolary 3.1.4 Let f € R; suppose limyy .o f(y) = 1, in other words there
exists g € L such that f(y) = 1+ [° e%¥'g(t)dt. If f admits a canonical
factorization and g is even, hence fi(z2) = f_(2) = fi(=2) and f_(z) =
f+(z) = f-(=2).

Proof. Let f € 9 and suppose limp . f(y) = 1: there exists g € L
such that f(y) = 1+ [*_e¥g(t)dt. Assume ¢ is even and f admits a
canonical factorization, f = f,f_. Since fi € Ry, f- € R_, fi(oc0) =1,
and f_(o0) = 1, therefore
f2) = 14 [T a2 e,
0

o .
f-(z2) = 1+L g (t)dt zell .

f+y) = @)

f+(y)
= 1+ /Ooo eWtg, (t)dt
= 1+ /OOO e Vg, (t)dt
= 1+ /0 h e~ Vg (t)dt

o
= 1+/ eV gy (—s)ds.
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First, let us prove that gy (—s) € L_.

[ lglas = [ gl
— [Tl @
= [ lg-@lds
= [T lgs @)lds
< 0oQ.

Wherefore, gy (—s) € L_: f(y) can be extended to an analytical function in
the interior and continuous on I1_, furthermore f,(+o00) = 1. Let us prove
that fy(z) #0 for all z in IT1_. Let z € IT_. Suppose f(z) = 0, therefore

0= T(e)
= f+(3@).

Taking the conjugate from both sides,
0 = f+(2)

Which is a contradiction, since z € I1, and f can’t be zero on I1,: fi(z) # 0
in IT_. Tt is analogous to prove that f_(z) # 0 on II,, is analytic on the
interior and continuous on II,, and f_(do00) = 1. Considering that f has a
canonical factorization, there is only one proper factorization. It only remains
to be proved that f = f_ fi on the real line to obtain, f,(z) = f_(z) and

f-(2) = f+(2).
fly) = 1+ L O:Oeiytg(t)dt
=1+ O; cos(yt)g(t)dt +i | O:O sen(yt)g(t)dt
sen(yt)g(t) is odd = 1+ /O:ocos(yt)g(t)dt,

in other words, f(y) is a real number.

fy)=f(y)
= fy)=r-WfW)
= fly) =/ W)
—= fly=r-0O @
= fly) =171 [+
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Hence, f_ and f, is a proper factorization of f. Using the uniqueness,

Filz) = f-(2) and T-(2) = 1 (2).

Given that g is even, f is even:

fly) = f(=y)
= fr(=y)f-(=y).

Wherefore f,(—y) and f_(—y) are candidates for a proper factorization of f.
Since f, and f_ are holomorphic functions in the interior and continuous on
I, and II_, respectively, f_(—z) and f(—z) are holomorphic functions in
the interior and continuous on Il and II_, respectively. Clearly, f,(Foo) =
1 = f_(Foo) = 1 given that f,(+o0) = 1 = f (+oo) = 1. Moreover,
fi(z) # 0 for all z € II;, hence f(—z) # 0 for all z € II_: f,(—=z) and
f-(—=z) is a proper factorization of f. Given that f admits a canonical
factorization, using the uniqueness, f,(z) = f_(—z) and f_(2) = fi(—2). O

Proposition 3.1.5 Let F' € RS or F € RY; if we consider its extension to
I, orII_, respectively, then |F (k)| — 0 uniformly as |ki| — oo.

Proof. Let F' € R be a function, and € > 0.

Py = [T ety
- [ o

0 k‘l
\/2_/ ( ; )ei(k1+ik2)(z+,§;>d:€
T 1

_ /oof( i : ) (k1+zk2):pez7re k1 dax
0 1

= - /00 f (w + k:> ei(kﬁ%)xe_%wdx :
0 1

2F(k) — /0°° [f(:v) f(a:+k1> ] ek ko gy
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1 [/o°T _kom
Fwl = |5 [T i@ - (s D )e k]“%*”m
o L

!l s(ee£) %]

< e Ry
oo | r _k27r _kQJ _kgi —k
= S [ @ -t (o £ ) e B s B = s E e
0 L
__kgm OO . ko 0o Ctom
< e h [ @) = f (o4 )| e da - L—e T / 1 (2)|e 2% de.
0 1 0

By inspection the first term can be made smaller than -
e R2%dg

T )
for some K > |ki|; since exp( ) is continuous in 0, there exists 6 > 0 such
that for all [t| < ¢ |ef — 1] < 2foo|f(; . Therefore, we can choose K

0

e~ *2%dx

sufficiently big such that what we described happens,

(k)] <

+

Do e
[NSRING

In other words, |F'(k)| — 0 uniformly when |k;| — oc. O

Remark 3.1.6 Given that fy € Ry, f- € R_, fi(o00) =1, and f_(oc0) = 1:
filz) = 1+ /Ooo eg (t)dt z €Tl
f-(z) = 1+ /_OOO efg_(t)dt zeTl_.
Furthermore,
f-(z2) = 1+ /_OOO ePg_(t)dt zell_
= 1- /: e g (—z)dr zell_
= 1+ /OOO e g (x)dr z €Tl
where g,(x) = g_(—x). Hence, for allz <0 g, =0 and g, € L.

3.1.1 Entire functions of exponential type

Let g € L such that g(x) = 0 for all z ¢ [a_,a;]. We want to know the
canonical factorization of functions f € R such that

F =142 [ g0
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Remark 3.1.7 1. The function f is entire.

2. If 0 < a_ < ay: the problem degenerates to f = fh where h = 1.
Without loss of generality, let us suppose a_ < 0 < a.

Proposition 3.1.8 Let a_ < 0 < ay and f(y) = 1+ X [ g(t)e™'dt where
g € L. The following statements are true.

1. There exists C > 0 such that Vz € I, |f(2)| < Ce~a-ImGl,

2. There exists C > 0 such that Vz € TI_ |f(2)| < Ce+ImG)l,

3. There exists C > 0 such that Vz € C |f(2)| < CedlI™)
where a = max(ay,—a_).

Proof. Let a = maz(ay,—a_).

1f(2)] < 1+|A|/a“+ g(t)|e2tdt.

If Z9 Z 0
a_<t<ay
< 290_ < 290 < 2904
= —2a_ > —z2ot > —20a4
—a_|I _ _ _
ii ea|m(z)\:622a Ze”t,
therefore

PG < 1AL gl
_ Ce—a,|lm(z)| < C€a|lm(z)|.
If 2o < 0, —2z9 > 0:

a_ <t<ay
—290_ < —29t < —290a4

=
€_Z2t < o720+ — ea+|1m(z)|'

Thus,

£(2)]

IN

LA [ g0 e Olay

_ Cenlm) < oealim()
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Theorem 3.1.9 Leta_ < 0 < ay, g € L such that g(x) = 0 for all x ¢
[a—7a+]7 and

fly) =1+ A/a+ g(t)eVdt € R,

If
Vy e RU{—o0,00} f(y)#0 and ind(f)=0,

then there exists fy € Ry and f- € R_ such that

1. f+ = 1 as |yl = oo,

2. f(y) = f+() f-(y) for ally € RU{—00,00}~in fact f(z) = f(2)f-(2)
for all z € C—,

3. the extensions of fi and f_ are entire functions,
4. Vzelly fi(2)#0) and (Vzell. f_(z)#0), and
5. 1is the only proper factorization.

Furthermore,
ay . (U
fo(z) =1+ / Tt (Ddt, and f(2) =1+ / ¢i*tg_(1)dt
0 a—

where g € Ly, g € L_, g.(t) =0 for allt > ay, and g_(t) = 0 for all
t<a_.

Proof. Let a_ <0< ay, g € L such that g(z) =0 for all = ¢ [a_,a.], and
fly) =1+ A/aa+ g(t)evtdt € R,
Suppose that for all
yeRU{—o0,00} f(y)#0, and ind(f)=0.
Using theorem 3.1.3 there exist f, € R, and f_ € R_ such that

L. fr = 1if |y| — oo,

2. f(y) = f+(y)f-(y) for all y € RU {—o0, 00},

3. the extensions of f, and f_ are holomorphic and continuous on II; and
II_, respectively,

4. Vzelly fi(z)#0)and (Vzell. f_(2)#0), and
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5. it is the only proper factorization.
To be demonstrated:

1. the extensions of f, and f_ are entire,

2. f(z) = fi(2)f-(2) for all z € C,
3. f and f, have zeros in the interior of IT,,

4. f and f_ have zeros in the interior of II_, and

foe) =1 [Tt iy fE) =1 [ty

where v, € Ly, v_ € L_, v.(t) =0 for all t > ay and v_(¢t) = 0 for all
t<a-.

Let us define
(2) = fe(2) 0<Im(z) <o
g ff7(z) —oco<Im(z) <0

and
= fitz) 0<Im(z) <oo
9-(2) = {f_(z) —oo < Im(z) <0.

f+ is continuous on IL,, ff=! is continuous on II_, and on the intersection—
the real line-they are equal: using the pasting lemmal! g, is continuous on
C; similarly, ¢g_ is continuous on C. Given that f, is analytical on the inte-
rior of I, and ff-! is analytical on the interior of II_, g, is analytical on
C —{z € C | Im(z) = 0}; the analyticity of ¢g; in C follows from using a
similar argument used in theorem’s 2.1.4 demonstration. Analogously, ¢g_ is
analytical on C: point 1 is proven.

In view of the fact that g, has the same characteristics of f, on II, and
g_ the same as f_ on Il_, it is a proper factorization of f in the real line,
where we have used the uniqueness, f. = g, and f_ = g_. Therefore, f,
and f_ are entire functions. Because of how we defined g_ and g.: f = f.f_
in all C, which proves point 2.

Let X , Y be both closed (or both open) subsets of a topological space A such that
A = X UY, and let B also be a topological space. If f : A — B is continuous when
restricted to both X and Y, then f is continuous.
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Next, let us prove that f, has at least one zero—in fact, there is an infin-
ity of zeros. Suppose f; doesn’t have a zero for Im(z) < 0, hence f; has no

zeros on C. Given that f, is an entire function, there exists an entire function

g such that f,(z) = e9) (consider the following function ¢'(z) = ;ig ;) It

follows from theorem 2.2.28, that f=! € 9R_; by proposition 2.2.21 there
exists M, and M_ such that

Veell, |fi(2)| <My and Vzell. |f7'(z) < M_.

Furthermore, by proposition 3.1.8 there exists C' > 0 such that Vz € II_
|f(2)] < Cer+ImG Since f, = ff~! forall z € TI_ |f(2)] < M_Cea+Im=)l =

Aet+ ™)1 Moreover, M, or A are as big as we want, so
Vzelll |fi(2)] < Mpet+m&)l

Because f, # 0, then Inf, = g is analytical and |f,(z)| = ef*9*)). For this
reason, (n|fi(z)| = Re(g(z)):

< In(My) <In(My)+aq|Im(z)] Vzelly and
Re(g(z)) < In(My)+ay|Im(z)] Vzell_.
Wherefore, for all z € C

Re(g(2)) < In(My) + oy |Im(2)| < In(M,) + a. 2],
Using theorem 2.1.5 for R < 2R,

2R 3R
msup|z|<2RRe( g(2)) + SR R|9(0)’

2sup|.j<2rRe(g(z)) + 3[g(0)]

2In(M,) + 2a|z| 4 3|g(0)]
204 |z| + My M;>0:

IN

mafB|z|=R’9(Z)’

IN

for |z| < R
19(2)] < 2a|2| + M.

Let us observe the last statement is valid for all R > 0, therefore for all z € C
19(2)] < 2a |z + M.
Thus, ¢g(z) = ¢z + b where ¢,b € C.

9(2) = 121 + ic129 + icazy — Caza + by + ibs.
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Re(g(z)) = ¢121 + by — ca29.
Let z, = 0.

Re(g(2)) = c121 + by < In(M,).

Suppose ¢; < 0. When 2z, — —o0, Re(g(z)) — oo and it’s not bounded,
which is a contradiction: ¢; > 0. Let ¢; > 0. When 2z; — 0o, Re(g(z)) — o0
and it’s not bounded, again it’s a contradiction: ¢; < 0. Consequently ¢; = 0.
Let z = ix for x > 0, hence

Re(g(2)) = by — cox < In(M,.).
Therefore, co > 0, in other words ¢; = a with a > 0. If z = —ix with z > 0:

Re(g(z)) = by +ax
< In(My) + aylz|
= In(My)+ayx.

If A=b —In(M,):
A
—+a<as.
x

Taking the limit when x — oo: a < ay, thus
fi(z) = el = Ce'* 0<a<ay.
Seeing that |fi(z)] — 1 when |z| — oo, we obtain C' = 1.

|f+ (Z)l _ |€iaRcos(6)€—aRsen(9)|

— |€7aRsen(0)’

e o,

IN

Taking the limit R — oo given that § € [0, 7] and |f,(Re®)| — 1, implies
1 < 0. Consequently, a = 0 and f(z) = 1, where we have used the following
result found in [16],
l —1 l —1
lim sup 7n|f( i)l = lim sup 7n|f+( i)l =a,.
r—00 r r—00 r

Since f,(z) = 1, ay = 1, but that is a contradiction given that a, is arbitrary.
Consequently, f. has at least one zero in the interior of II_. Therefore, f
has it too. In a similar way we obtain that f_ has at least one zero in the
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interior of I, thus f has it too: we have proved point 3. Let a be in the
interior of II_ and a zero of f,. We define the following function

F(Z) f-l—(Z) efia%z.

T z-a
Since f+e’ia7+z is entire and the singularity is removable in «, F'is an entire
function. Consider a ball with radius R containing «, Bg(«), such that it
is contained in the interior of II_. Inside the ball F(z) is bounded, let us
assume by M; > 0. Outside of the ball and in the interior of I1_

1 1
|f+(2)] < M e+l < =M, and
|z —a| = |ag — qf
’efia%z — 622(17+ — €7|Im(z)|aT+

where oy € Br(a). Hence,

‘F(ZN S M+M2ea+|lm(z)‘e*|lm(z)‘a7+
Nelm@I%
On II,
: : iz = MG
|f+(Z)| §M+7 |z_a| — |a0_a| :MQ, and ‘6 3 —e +
Therefore,
IF(2)] < M, Melm@IF

Nelm@) %
Consequently, for all z € C
(17_)'_
2

[F(2)| < Nl

Fort € R

|F(t)|2 — |f+(t)| .

[t —al?
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/oo |F(t)|2dt — /oo |f+(t)|2dt

—oo [t —af?

A 2 —A e}
£ (8)] / 1 / 1
= dt dt ——dt
/_A TR AN Eh i SR
A 2 —A o)
£ (8)] / 1 / 1
dt + —  _dt+ — _dt
/_A a2 T tmazrad” Ty Gmatad
_ B—l—/_A_O(1 dt-i—/oo ! dt
o . 2 +a§ Ao 2 —|—a§

1 —A— 1 A—
= B+ — |arctan @) (—z) + T_ arctan L7
(%) (6] 2 (6) 2 (6]

< 0o0.

Using theorem 2.1.6 there exists h € Lo (—%*, “7*) such that

Substituting F'(z) in its definition,

ai a
f+(Z> — / j ethel%zh<t)dt
Z— -
T e
_ / () ()t
_ a+ 1ZT o ai
= /0 e h (x 5 ) dx

On the other hand, we know that

i) = 1 [T et

= [ et @) (0t

—00

Since I'm(a) < 0,

1

Z—

O _iat izt
= —z/ e " e*ldt.
0
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Let g be a function such that g(t) = —ie " for all t > 0 and g¢(¢) = 0 for all
t <0, thus

fr(z) / Zzt/ ) (0 + ) (t — s)ds

: = / et ( +/ $)va(t — s)ds) dt

= / e*g(t) dt—i—/ ZZt/ $)v4(t — s)dsdt

emg t)dt +/ ZZt/ $)y+(t — s)dsdt

) ) . ) )
g(/x(t) _ aefzat + aefzat/ ezas,er(S)dS _ iefzatewzt,.)ur(t)
0

. ) t
= ae "+ ae’lat/ "y (s)ds — iy ().
0

Wherefore,
9o (t) +iaga(t) = —ivy(t).
Given that

/OO eiztga(t)dt _ f+(2) — /a+ eizazh (SC o a-‘r) dl’,
0 0 2

Z—

if we define h (x — —) = 0 outside of [0, a4 ):

2

[ w0 5o



36 Chapter 3. The factorization problem

Therefore, it is integrable. Using the theorem 2.2.7 g,(t) = h(t— ‘%’)

except in a zero measure set and g,(t) = 0 outside of [0,a;) (because
of the continuity of the zero function). Using the last assertion and that

gh(t) + iage(t) = —iyy(t), for all t ¢ [0, ay)

-+ (t> - Oa
and o
felz) =14 | ey (t)dt
Similarly,
o
F) =1+ [ ey ()t
where y_(t) =0 for all t < a_. O

Corolary 3.1.10 Let0 < a, g € L such that g(x) =0 for allx ¢ [—ay,a,]
and

Fo) =14+A [ gt)edt € %,

—ay

If
Vy e RU{—o0,00} f(y)#0, ind(f)=0 and f iseven,

then there exists fi € Ry such that
1. f+ = 1 as |y| = oo,

2. f(y) = f+W)f+(=y) for ally € RU{—o0, 0o} ~in fact f(z) = f+(2) f+(—2)
for all z € C—,

3. the extensions of fi(z) and f.(—z) are entire functions,

4. (Vzelly fi(z) #0), (Vzelll fi(=2)#0),

5. f and fi have zeros in the interior of I, f and f_ have zeros in the
interior of I1_, and

6. is its only proper factorization.

Furthermore,
a . 0 i
fi(z)=1 +/0 : ey ()dt and  fi(=z2)=1+ ey, (—t)dt

—ay

where y1 € Ly and y(t) =0 for allt > a,..
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Proof. Let 0 < a4, g € L such that g(z) =0 for all = ¢ [—ay,a] and

fly) =1+ " g(t)e™dt € M.

—ay

Suppose
Yy e RU{—o00,00} f(y)#0, ind(f)=0 and f[isan even function,
using theorem 3.1.9 there exist f, € R, and f_ € $R_ such that

1. fr —> 1as |yl — oo,

2. f(y) = f+(y)f-(y) for all y € RU{—00, 00}-in fact f(2) = f:+(2)[-(2)
for all z € C—,

3. the extensions of f, and f_ are entire functions;

4. (VzellL fi(2)#0), (Vzelll f(2)#0),

5. f and f; have zeros in the interior of I1,, f and f_ have zeros in the
interior of 1I_, and

6. is its only proper factorization.

Furthermore,
a . 0
fo(z) =1+ / T, (t)dt and  f(2) =1+ / ety (1)dt
0 a—

where v, € Ly, v € L_, v.(t) = 0 for all t > a; and vy_(t) = 0 for all
t < a_. Hence, what we need to prove is f(z) = f_(—=z).

f(z) = f(-=2) fiseven
= [i(=2)f-(=2),

thus f.(—z) and f_(—z) are candidates for a proper factorization of f. Since
f+ and f_ are holomorphic functions in the interior and continuous in all IT
and II_, respectively, f_(—z) and f,(—z) are holomorphic functions in the
interior and continuous in all I1, and II_, respectively. fi(+o0) = 1 =
f-(xo0) =1: fi(Foo) =1 = f_(Foo) = 1. Moreover, since f,(z) # 0 for
all z € I1y, fi(—2) # 0 for all z € II_. Wherefore, f,(—2) and f_(—z2) is a
proper factorization of f. Using the uniqueness given by the theorem used
at the start, f,(z) = f_(—z) and f_(z) = fi(—=2). Finally,
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L f(y) = f+(y) f+(—y) forally € RU{—o0, co}-in fact f(2) = f1(2)[+(—2)
for all z € C-,

2. the extensions of f,(z) and f(—z) are entire functions,

3. (Vzelly fi(2)#0), (Vzelll fi(—2)#0),and

4. is its only proper factorization.

Moreover,
at
fi(=2) =1 +/0 ey (t)dt
0 )
= 1+ ey, (—t)dt.
—ay
Since 4 (t) =0 for all t > a, v, (—t) =0 for all t < —a,. O

Proposition 3.1.11 Let f : C — C. If there exist A > 0 and a > 0 such
that for all z € C |f(z)| < Aed™@)| then there exists B > 0 such that for
all z € C |1+ f(2)| < Bedllm@l,

Proof. Let f: C — C. Suppose there exist A > 0 and a > 0 such that for
all z € C |f(2)| < AetlmEl,

1+ f(2)] 1+ ]/ (2)]

altm@)| L gpaltm(2)
(A + 1)edlme)l
Betlm(2)]

I IAIA

0

Proposition 3.1.12 Let c € C, g4 € Ly, and f(y) = ¢+ [;° g4 (t)e'dt be
an entire function. Suppose there exists a > 0 and A > 0 such that for all
z eIl |f(2)] < Aed™mG) and o € 11, such that f(a) = 0. Therefore, %
is an entire function, for all z € 11

1)

Z—

- /OO e gq(t)dt,
0

and there exists B > 0 such that for all z € 11_ ]%\ < Beallm @)l
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Proof. Let g,(t) = ie " [ g, (s)ds for all t > 0 and g,(t) = 0 for all
t <0.

golt) = ae™™ / T etg (s)ds — iem g (s)
t

i9(t) = aga(t) +g4(t)

g+(t) = iga(t) — agal(t).

@) = et [ gitear
= c+ /OOO ligl,(t) — aga(t)] e*'dt
= c+ /OOO igl,(t)e " dt — o /OOO go(t)e™ dt
= c+ iemga‘;o + z/ooo ga(t)e™ — a /OOO ga(t)e™dt

— 0+ f(a)+ (2 — ) /O " ga(t)edt

= (z—a)/ ga(t)e# dt.
0
Therefore,

f(2)

Z—

— /Oo e gq(t)dt.
0

It is entire since we can remove the singularity. Since « is an isolated zero,
there exists B an open ball such that a € B and no other zero of f belongs
toit. Let z € II_. If z € B, then % is bounded. Let us say by M;. Let
apg € B—{a}. If 2 ¢ B,

alm(z)
f(Z) < Maz (Mleafm(z)’ 146) ]

z—a ay — «

i

Proposition 3.1.13 Let A € {0,1}, g1 € Ly, and f(y) = A+ [5° g, (t)e¥dt
an entire function such that limy, o f(x + iy) = 1. If there exist a > 0 and
A >0 such that for all z € TI_ |f(2)] < Aedl™ and g, is not the function
zero or the function zero except in a zero measure set: gy(t) = 0 for all

t ¢ [0,a].
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Proof. Let A € {0,1}, g+ € Ly, and f(y) = A+ [5° g+ (¢)e™'dt be an entire
function. Suppose there exist a > 0 and A > 0 such that for all z € TI_
1f(2)] < Ael™3) and g, is not the function zero or the function zero
except in a zero measure set.

Remark 3.1.14 The function f can only have a finite number of zeros in
I1,. Suppose there are an infinity number of zeros in 1. Since 11, U {oo}
is compact in the complex sphere: there’s an accumulation point for those
zeros. It can be on Il or in oco. If it is in I1,, given that it is entire, the
function is zero. But that is a contradiction since f(y) = 1+ X [5° g, (t)e™'dt.
If the limit point is at co: any succession of zeros would tend to 1 because of
proposition 2.2.19, that’s a contradiction.

Consequently, we can use proposition 3.1.12 the right number of times to
obtain a function h such that

1. it is entire,
2. there exists B > 0 such that for all z € II_ h(z) < Bed!™@)l,
3. h and f share the same zeros in II_,
4. im0 M(y) = 0, and
5. for all z € Iy h(z) = [°ep, (t)dt € R,.
We are looking for a zero, «, in the interior of I1_, in order to define

()= L&) it

Z—

Suppose h doesn’t have a zero in the interior of II_, hence h has no zeros
on C. Given that h is an entire function, there exists an entire function g
such that h(z) = e9) (consider the following function ¢'(z) = f;:((j))). Since
h € Ry there exists M, such that

Vzelly |h(z)| < M.

Because h # 0, Inh = g is analytical and |h(z)| = efUE): In|h(z)] =
Re(g(z)). Consequently,

Re(g(2)) < In(My) <In(My)+a|llm(z)] Vzelly and
< In(My)+alIm(z)] Vzell.
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Wherefore, for all z € C
Re(g(2)) < In(My) + alIm(2)| < In(M,) + alz.
Using theorem 2.1.5 for R < 2R,

2;? RSUP|Z|§QRR€(9(Z)) + 2;? I
Ysupyj<anRe(g(=) + 319(0)]
2in(M;) 4 2alz| + 3]g(0)|

= 2alz|+ M, M;>0:

19(0)]

maz;=rlg(2)|

IA

for |[z| <R
lg(2)| < 2alz| + M.

The last statement is valid for all R > 0, thus for all z € C
l9(2)] < 2alz| + M, -
g(z) = cz + b where ¢,b € C.
g(2) = 121 +ic1 20 +icaz) — cazo + by + 1bs.
Re(g(2)) = c121 + by — ca2o.
Let zo = 0.
Re(g(2)) = c121 + by < In(M,).

Suppose ¢; < 0. When z; — —oo Re(g(z)) — oo, it’s not bounded, is a
contradiction: ¢; > 0. Let ¢; > 0. When z; — oo Re(g(z)) — oo, it’s not
bounded, is a contradiction: hence ¢; < 0. Consequently, ¢; = 0. Let z = ix
for x > 0.

Re(g(z)) = by — cox < In(M,).

co > 0, because Re(g(z)) is bounded. Let ay > 0 such that ay = co. If
z = —iz with z > 0:

bl + apx
< In(My) + alz|
In(My) + azx.

Re(g(2))

If A=b —In(M,):

A
— 4+ a9 < a.
T
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Taking the limit when x — oo, ag < a. Thus,
h(z) = ebe’™* = Ce'™* (0 < a < a.
Seeing that |h(z)| — 0 when |z| — oo, C' = 0:
/OOO e*g(t)dt = h(z) = 0.

Therefore, g is the function zero or the function zero except in a zero measure
set, but we made the assumption that it wasn’t. Consequently, h has at least
one zero in the interior of II_: f has it too.

Let a be in the interior of II_ such that f(a) = 0. Let us define F' as

F(z) =

z—

Since fe™'2% is entire and the singularity is removable in a, F' is an entire
function. Let us take a ball with radius R containing o and that is contained
in the interior of II_. Inside the ball F'(2) is bounded, let us say by M; > 0.

Outside of the ball and in the interior of I1_,

1 1
1f(2)] < M+€a|]m(z)ly < =M, and
|z — «qf lag — @
‘efi%z — 622% — ef|1m(z)|%

where ay € Br(«). Hence,

|F(2)| < M+M2€aum(z)|e*\lm(z)|%
= Nellm@lz,
On II,
]_ ]_ —32z |Im(z)|2
‘f-ﬁ-(z)’ §M+7 |Z—a| ~ |a0_a| :,1\4'27 and ‘6 7 — ¢ 2.
IF(2)] < M,Myel™®ls

Nelm)lg

Consequently, for all z € C

|F(2)] < Nelm@lz,
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Fort e R

‘F(t)|2 — |f(t>|

[t —af*

o0 = |70
F 2 — |f(
/,m' (0)dt /,oo it — a2
A 2 —A o
()] / 1 / 1
/,A ot ) T ar Tt ), T ap®
A 2 —A o
()] / 1 / 1
= dt + — _dt — _dt
[A t—aP" ") G +ad” ")y G—a?+a3

7A7a1 o0 1
B ——dt ——dt
+ [00 ‘rz + Oé% + Aal 12 + OZ%

= B+ i {arcmn (Aal) - (Wﬂ + i {W — arctan (Aal)]
(65) (%) 2 (65 2 Qa9

< ©oQ.

Using theorem 2.1.6, there exists h € Ly (—%, %) such that
F(z) = / ? et dt.

Substituting F'(z) in its definition,

f(Z) — /; eiZtei%Zh(t)dt

z— —

On the other hand we know that

) = 1+ [ egtar

= [+ g0) (e

—00

Since Im(a) < 0,
1

Z—

ot izt
= —z/ e "e¥*idt.
0
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Let g be a function such that g(t) = —ie™*" for all t > 0 and g(¢) = 0 for all
t <0, then

f(z) :/ m/ s) (64 g4) (t — 8)ds

! = / et ( +/ s)g.(t — s)ds) dt

= e®g(t) dt+/ e”t/ 9(8)gy(t — s)dsdt

e#g(t)dt +/ zZt/ $)gy(t — s)dsdt

, , to oo
g;(t) — Oéefzat + aefzat/ Blangr(S)dS _ Z'efzatezatg+<t)
0
. . to
= ae "+ ae’mt/ e gy (s)ds —igy(t).
0

Wherefore,
9a(t) +iaga(t) = —ig.(t).

/Oo e go(t)dt = /) = /a e h (:U — a) dx,
0 -« 0 2

if we define h (x - 9) = 0 outside of [0, al,

2

[ oo n(e-§))amo

Given that
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Therefore, it is integrable. Using the theorem 2.2.7, g, (t) = h (t - %) except

in a zero measure set and g, (t) = 0 outside of [0, a] (because of the continuity
of the zero function). Using the last assertion and that ¢, (t) + iag.(t) =
—ig4(t), for all ¢ ¢ [0, a

9+(t) =0
and

&) =1+ [ g, (b
(]

Proposition 3.1.15 Let A\€ R, g_ € L_, and f(y) = 14+ X [°_ g_(t)e¥dt
be an entire function such that limy o f(x +iy) = 1. If there exist a > 0
and A > 0 such that for all z € I, |f(2)] < Aedl™ @) then g_(t) = 0 for
allt ¢ [—a,0].

Proof. The proof is almost analogous to one of the last proposition. O

3.2 Factorization of nonsingular matrices

The following theorems and propositions won’t be demonstrated, the reader
can find proof of them in reference [21].

Definition 3.2.1 A left standard factorization of a continuous nonsingular
matriz function M(y) (—oo < y < 00) is a representation of M such that

M(y) = Ry (y)D(y)R_(y)

where D(y) is a diagonal matriz function,
o) = [(5)" oa)

K1 > Ko > ... > Ky are integer numbers, and the matriz functions Ri(y)
admit

1. analytic extensions, holomorphic in the interior and continuous on 114,

2. whose determinant is not zero, i.e.,

det(Ry)(2) #0 Vzelly, det(R_)(z)#0 Vzell_.

If the factors Ri(y) are interchanged, then the factorization from R(y) is
called right standard factorization.
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Theorem 3.2.2 Every nonsingular matriz function M(y) € Rpxn) has a
left (right) standard factorization and for every standard factorization the
factors Re(y) € RE

(nxmn)"

Definition 3.2.3 If all the left exponents (k;) of the nonsingular matrix
M(y) are zero, i.e.,

M(y) = Ry (y)R-_(y)

and R4 (00) = I: the left standard factorization is canonical. In a similar
manner the right standard factorization

M(y) = R-(y)R4(y)

such that R_(o0) = I is called right canonical factorization.

Proposition 3.2.4 We have the following uniqueness property. Let Ry and
R_ be a left canonical factorization. Suppose &, and &_ is another left
canonical factorization,

9{+:Q5+ %_26_.

Proof. Let R, and JRA_ be a left canonical factorization. Suppose &, and
& _ are another left canonical factorization. They are standard factorizations,
hence

S (YR (y) =6 ()R (y) yeR.
Given that &1!(y)9R, (y) is holomorphic on I, let

G_(2)R(z) zell.

G = {@; (2)R4(2) 2 €L,

G(o0) = I: is a constant matrix function-G(z) = I. Wherefore,

& ()R (y) = 6_(n)R'(y) = L.

Proposition 3.2.5 If the matriz function MM (y) has a left canonical factor-
ization, i.e., there exist & (y) € %&Xn) and &_(y) € R, such thal

(nxn

My) =6+ (y)&-(y) yeR and &, (00) =1

where B4 (y) can be extended to be holomorphic in the interior and continuous
on Il+. Then,

(Vz cll, &, (2) # [OD or (Vz cll_&_(2)# [OD :
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3.2.1 Factorization of hermitian matrices

Let us denote M*(z) as the conjugated hermitian matrix function of M (2):

M*(z) = MT(Z) where the bar denotes taking the conjugate and 7 the trans-
pose.

Definition 3.2.6 We say a matriz function N is hermitian if

Definition 3.2.7

M(z) + M (2)
2

M=) — ()
21

Re(M(2)) = Ma(z) =

Im(M(z)) = My(z) =
Remark 3.2.8 The matriz functions Mr(z) and M ;(z) are hermitian.

Definition 3.2.9 We say a matriz function 9M(z) is definite if for all y €
R U {—00,00} the quadratic form

¢ M(y)C,

where ¢ € C™, only has real values different from zero and with constant sign.
Remark 3.2.10 FEwvery definite matriz function is hermitian.

Proposition 3.2.11 The hermitian matriz function M(y) is definite if and
only if M(y) is nonsingular and M(y) is definite for at least one point.

Proposition 3.2.12 If the real or the imaginary part of the nonsingular
matriz function M (y) is definite, then all left (right) exponents of the matriz
M(y) are zero, i.e., the factorization is canonical.

Theorem 3.2.13 A matriz function M(y) € R(nxn) has a representation of
the form

M(y) = S+ )T (v),

where the matriz function F4(y) € %axn) and det(§(2)) # 0 forall z € 11,
if and only if M(y) is positive definite.






Chapter 4

Factoring the Ornstein-Zernike
equation

Definition 4.0.1 A homogeneous fluid is a fluid in absence of external forces.
Conversely, a nonhomogeneous fluid is a fluid in which an external force field
1S acting over it.

Let a homogeneous fluid with m species have densities p, with k& € {1, ..., m}.
Our principal objective is to solve the system of integral equations

hi,j(ri, Tj) = ci,j(ri, Tj) =+ Z Pk / Ci,k(ria Tk)hk,j<rk7 rj)drk (41)

k=1

for h; j(r) and ¢; ;(r). We will refer to this system as the Ornstein-Zernike
equation for m species. The functions h; j(r) and ¢; ;j(r) are called the to-
tal and direct correlation function, respectively. The integral equations 4.1
are part of the general liquid theories developed from balance equations
[22, 23, 24]. If equations 4.1 are solved we can compute the system’s thermo-
dynamic properties with them, see reference [5]. In this chapter we will use
the Wiener-Hopf factorization method to transform equations 4.1 into a new
set of equations, which we will show below that, together with the Percus-
Yevick approximation, can be analytically solved for a one species of hard
spheres model or conveniently numerically resolved for some more complex
systems. In the case of one species, it is possible to solve equation 4.1 using
the factorization method. For now, let us assume particles are hard spheres.
Each particle has a diameter dj ordered such that if ¢ < j, then d; > d;.

Definition 4.0.2 A fluid is isotropic if its properties are not dependent on
the direction along which they are measured.

49



50 Chapter 4. Factoring the Ornstein-Zernike equation

It turns out that if the fluid is isotropic the Ornstein-Zernike equation for M
species becomes

hij(|ri —rjl) = cij(|ri — +Zpk/0zk i — ) P ([ — 75])dry..

In other words, h; ; and ¢; ; are functions of the distance between particles ¢
and j. Furthermore, if we suppose particle j is at the origin:

hm‘(!ﬂ‘!) = Ci,j(\ﬂ'\) + Zpk/ci,k(lm —rk!)hk,j(!rkl)drk.
k=1

We will use all the tools developed in previous chapters to get more infor-
mation from it. In the next section, we analytically solve the Percus-Yevick
approximation for one species of hard spheres.

4.1 One species

Let us assume we only have one species:
1
hia(lrl) = cia(lrml) +ZP1/01,1(|7’1 — i (ry])dr).
k=1

We will drop the subscripts,

hrl) = C(IT|)+p1/6(lr—r’!)h(\r’|)dr’

If we make a change of variable:

hrl) = C(ITI)+p1/6(lr’|)h(l7‘—f|)dr’-

We will put vectors in bold letters to highlight the fact that they are not
scalars,

h(lel) = e([r]) + P/C(Ir’l)h(lr —r’[)dr’.

Baxter in [1] used the Winer-Hopf factorization in order to obtain the direct
correlation function. In this section we will develop what was done in [1]
using the theory from the last chapter.

Let us suppose ¢ and h are elements of L, see definition 2.2.1. Multiply-
ing both sides of the Ornstein-Zernike equation by e™* and integrating
over R? with respect to r,

/ R h(|r])dr = / TR e(|r)dr + p (/ eltrk) [/ c(|r*)h(|r — r’\)dr’] dr) :
R3 R3 R3
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We just applied the Fourier transform to the Ornstein-Zernike equation:

A~

h(k) = &(k) + pe(k)h(k). (4.2)

Let us take as a base of R3, {x, Yy, ﬁ} Any element, r, of R? can be represented

asr =1xx+yy + z‘—ﬁ where z,y and z are real numbers. If |k| = k:

k) — / R (e ddydz
R
= /eiZkh(|r|)d:Udydz.
RS

Changing to spherical coordinates,

co pm 2w
7 — iRcos(¢)k 2
h(k) /0 /0 /0 ¢ h(R)R%sen($)ddodR

=2r /0 - /0 i e'feos@k (R R%sen(¢)dpdR. (4.3)

If we define ¢ = cos¢:
T -1
/ echos(¢)k86n(¢)d¢ _ / esztdt
0 1

_ / ! iRkt gy
-1

iRkt |1

iRk |

(iRk _ iRk
1Rk

2isen(Rk)
1Rk

2sen(Rk)
RE '

Substituting the last result in equation 4.3,
h(k) = 2 / / ' ’eos( @k b R)R%sen(¢)dpd R
o Jo
4 o0
= % / h(R)Rsen(kR)dR.
0

Since h only depends on k: h(k) = h(k), i.e.

h(k) = 4% /0 - h(R)Rsen(kR)dR k > 0. (4.4)
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Similarly,
4 [

W=7

Now comes the interesting part, let us define

I(a) = {f;" th(t)dt = >0

c¢(R)Rsen(kR)dR k > 0.

()

JZoth(t)dt =<0
and integrate by parts equation 4.4, where
u=sen(kx) , dv=zh(x)dz
du = kcos(kz)dx and v = — /OO th(t)dt :

T

>
—~

7
~—

Il

4% {—sen(k:c) /;O th(t)dt

= O+47r/ cos(kx)J (z)dz
0

+ / kcos(kx)J(x)dx
0 0

o
= 47r/ cos(kx)J(x)dxr Kk > 0.
0
In a similar way, let us define

[P te(t)dt x>0
Ste) = {f"o te(t)dt = <0:

é(k) =4r /Ooo cos(kx)S(xz)dz k> 0.

We want to find a relation between the functions J and }Al, hence we need to check
if there exists the Fourier transform of J.

/_Ooo J(x)der = -— /: J(—x)dx
= /Ooo J(—x)dx
_ /0 > [ O(ox) th(t)dtdz

= /0 J(x)dx

A~

h(0)

47
< 00,

therefore

Jk) = /oo J(z)e*dx

—0o0

= /OO J(z)cos(kx)dx + 1 (/o:o J(:U)sen(k:z)dx) .

—0o0
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Remark 4.1.1 J and S are even functions.

Using remark 4.1.1, J(z)cos(kz) is even and J(x)sen(kx) is odd. Then,
J(k) = 2/ J(z)cos(kx)dx + 0
= 2/ Jeos(kz)dx ke R

and

A

S(k) = 2/00 S(z)cos(kx)dr k€ R.
Wherefore, for all k > 0 i
é(k) = (2m)S(k) and h(k) = (2r)J (k).
Substituting in equation 4.2, the OZ equation becomes,
(2m)J (k) = (2m)S(k) 4 (27)%pJ (k) S (k).
Hence, defining A = (27)p, we obtain.
J(k) = S(k) + M\ (k)S(k) : (4.5)

JA1-X5)=8 and J=(1+\])S.
Solving for 1 + \J,

1 A
—=14+X\J 4.6

Z=1+ (16)
where F = (1 — \S).

Remark 4.1.2 Since J is the Fourier transform of J, L doesn’t have poles in the
real line. Thus, F does not have zeros in the real line, 1. e forally € R F(y) # 0.
Therefore, F satisfies one of the hypothesis of corollary 3.1.10.

Now, we want to factor F, i.e. apply last chapter’s theory, to obtain a new
expression of (4.5), for hard spheres. Remark 4.1.2 is the first step to do it, and
in the next section we will make an additional assumption to continue in our
develepment.

4.1.1 Correlation function for hard spheres

Let us make the following supposition about the inter-molecular potential. If a is
the particles’ diameter, then

d
Ulr) = x x<
0 x>0.

In other words,

h(z)=-1 Vo<d and c(z)=0 Vz>d.
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Proposition 4.1.3 For all |x| > d S(z) = 0.

Proof. Let |z| > d. If x > d, then S(x) = [° te(t)dt. Since ¢(z) = 0 for all z > d,
S(z) =0. If x < —d, then S(z) = [ tc(t)dt. But, —z > d: S(x) = 0. O

Using proposition 4.1.3,
d

S(y) = / et S(t)dt.
—d

By proposition 3.1.8,

. d
5(2)] < elim®) [ IS()la = cetme.

Proposition 4.1.4 Let F € R such that F is even. If for ally € R F(y) # 0,
then ind(F) = 0.

Proof.
0 = ind(1)
i (FW
= nd ( (y))
= nd(F(y)) —ind(F(y))
= ind(F(y)) — ind(F(—y))
= ind(F(y)) — (—ind(F(y)))
= 2ind(F(y))
ind(F(y)) = 0. .

Using proposition 4.1.4, ind(F(y)) = 0. Since F(y) # 0 and ind(F(y)) = 0,
by corollary 3.1.10 there exists F; € 934 such that

1. Fy — 1as|y| = oo,

2. F(y) = F+(y)Fo(—y) for all y € RU{—o0, oo}-in fact F(z) = Fi(2) Fy(—2)
for all z € C—,

3. the extensions of F, (z) and Fi(—z) are entire functions,
4. Vzelly Fi(z)#0), Vzelll Fi(—z)#0),

5. f and F4 have zeros in the interior of II;, F and F_ have zeros in the
interior of II_, and

6. is its only proper factorization.
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Furthermore,

d . o
Fi(z)=1 —l—/ e?tg (t)dt and Fy(—z)=1 +/ ey, (—t)dt (4.7)
0 —d

where g4 € Ly and g4 (t) =0 for all t > d.

1-X5(2) = F
Fi(2)F-(2)

= <1 + /Od eiZtg+(t)dt> (1 + /Od ety (t)dt)

— (1 + /Oo eiZthr(t)dt) (1 + /Oo iztg(t)dx)
= 1+ /OO e“gy (t)dt + /OO et h g—(t —s)[6 + g+] (s)dsdt.
—A8(z) = /jo ety (t)dt + /jo et#t -/oo g_(t — s)d(s)ds + /jo g—(t — s)g+(s)ds:| dt
= /jo emg+(t)dt+/jo et#t _/OO g— ()8 (¢ 7x)dx+[w g_(ts)g+(s)ds] dt
= [w elztg+(t)dt+/jo ei*t /jo g ()8(—(z — t))da:Jr/jo g_(ts)g_,_(s)ds} dt
= /:X) ety (t)dt + /jo et?t _/Oo g—(2)0(x — t)dx + /jo g—(t — s)g+(s)ds] dt
= [ B gy (t)dt + [ T _g—(t) + 1 N g-(t— s)g+(s)ds} dt :

[t s@ 4 g+ g0+ [ gt - s)g. (s)ds|dt = 0.
Hence, except in a zero measure set,
AS() + g+(t) +9-(0)+ [ g-(t=s)g-(s)ds = 0.
Since g4 (t) =0 for all ¢t ¢ [0,d),
d
AS() + g4(t) +9-(0) + [ 9-(t = 5)g-(s)ds = .

Given that g, (—z) = g_(z),

AS() = —go (1)~ g (1)~ [ 90(5)g: s — 1)ds.
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Definition 4.1.5 Let us define the function Q) as

Q) = 19+ (0).

Therefore,
Sy = Q) — A / Q)Q(s — t)d
Suppose t > 0, then
S(t) = )\ / Q(s — t)ds.
S(t) = )\ / Q(s)Q(s — t)d

or if x =t — s, then

t—d
St = QW+ [ Qt—)Q(~a)dr.
Remark 4.1.6 By corollary 3.1.4, F,(y) = F(—y).
Fi(z) = Fi(=2) and Fp—1(z) = Fi(-2) -1,

in other words it is hermitian. It’s well known that a function is real valued
if and only if its Fourier transform is hermitian. Consequently, g, is real
valued. Therefore, we can compute the derivative of Q) with respect to a real
variable.

—te(t) = S'(t)

Since Q(d) =

t—d
—te(t) = Q'(1) + A /0 Q'(t — 2)Q(—z)da.

Let s =t — z, then

—te(t) = Q'(t) — A ’ Q'(s)Q(s — t)ds. (4.8)
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Since % =1+ M,
F M y) = L+ M) Fi(y). (4.9)

Using corollary 2.2.28 F~' € R_, F~' = 1+ [°__e®'p_(t)dt. Substituting
the expression for F~! and equation 4.7 in equation 4.9:

0 oo d
1+ / eWlp_(t)dt = (1 + )\/ J(t)eiytdt> (1 + / eWig, (t)dt)

_(fo . —o B 0 )

/ eVrp_(t)dt ,\/ J(t)eVtdt + (/ [6() + AJ (1)) iytdt) (/ Vgt )dt)
0

/ eiytp_ ®)dt = / “ﬁdt + / / g (s)[0(t —s) + AJ(t — s)] dsdt
0 oo

/ 6'Lytp_ (t)dt — )\/ J( ) Zytdt +/ e g+ dt +/ / )\g+ S)J t — S)det

/ gt (—p_ (£) + AT(E) + g4 (1) + [ O:o oo () (¢ — s)ds) dt = 0.

—00

So, except in a zero measure set,
o () + AT + ga () + / A (s)J(t — s)ds = 0.
Since, if t > 0, then p_(¢t) = 0:

/\J(t)+g+(t)+/_O:o)\g+(s)J(t—s)ds:0 t>0.

1

d
J(t) = —Xgm / g, (s)J(t — )ds

Q(t):—ing(t) _ +>\/ J(t — s)ds.
—th(t) = J'(t)
= Q’(t)Jr/\/dQ(s J'(t — s)ds
= +A/Q tfsder)\/ Q(s)J'(t — s)ds
_ /Q (t — $)h(t — s)ds — A /Q —(t— $)h(—(t — 8))(~1)ds
_ /Q (t = $)h(t — 5)ds — A /Q (t — s)h(—(t — ))ds
— Q- / Qs)(t — At — s))ds
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—th(t) = Q'(t) — )\/OdQ(s)(t — (|t — s])ds t > 0. (4.10)

Equations 4.8 and 4.10 are the reformulation of the OZ equation, (4.5), which
have been derived with a rigorous mathematical procedure, where every step
has been demonstrated, in contrast to Baxter’s procedure in reference [1],
which has some unproved mathematical assertions.

In the next subsection we present an analytical solution to Egs. (4.8) and
(4.10).

4.1.2 Analytical solution for hard spheres

From equation 4.10, for all ¢ € (0, d)

—th(t) = t
d
= QW= [ Q)= n(r - shds
d
= QW+ [ Qt-sds
= Q/(t)—i—t/\/OdQ(s)ds—)\/Od sQ(s)ds.

Solving for Q'(t),

Q'(t) = at+0b,
a = 1—2M\ OdQ(s)ds
d

b = X[ sQ(s)ds.
0
Integrating,
a9
Qt) = St +bt+P
Since Q(d) =0,

a
P = —Zd%—pd.
2d b
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Wherefore,

Simplifying, we obtain,

29

d/a
1—A/ (s%Hw+P)¢
0o \2

a b d
1-A[ =8 +-82+ P
)\(68 28 8)

0

[a b
1= M=+ =-d*>+ Pd

[a b a
L= A|Sd+ -d® — Sd —
5 T2 T3
1+ -st + éd2
30 T2 |

bd2]

3 2
<1—Ad>a—Adb:L (4.11)
3 2

Substituting in the other equation,

Hence,

b

d rq
)\/s<32+bs—|—P>ds
0 2
d/q
)\/ (33 + bs® + Ps) ds
0 \2

b d

a P
N[ St a D63 g2
(88 +3s+28>0

MEOAE N L/ a
A2, d2(—d2—bd)
T3y 2

AP S A i)
T T T

Ad A3
a+<1+>b: (4.12)

If (A = 2mp), the linear system consisting of the two equations 4.11 and 4.12

1S

_ 27r§d3) —7Tpd2 a 1
2 el -l
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Solving it by hand or using Wolfram Mathematica, we find,

12(3 + pmd?) —9pmd?
=————> and b= -——"——.
(6 — pmd?)? (6 — pmd?)?
Simplifying the equations,
1+ 2n 3 dn
a = and b= —=
(1—n)? 2(1—n)?

where 1) = ¢mpd®. Let us remember that for all ¢ € (0, d)

_ 9 _ G
Q) = 8 +bt— Sd*—bd.

Substituting in equation 4.8,
d
—te(t) = QM- [ Q()Qs—t)ds e (0.4
t

d a
= at+b—27rp/ (as+b) (2
¢

d
= at+b—27rp/ (as +b) (;(32—23t+t2)+b(s—t)+P> ds
t
= at+0b
dr1 1
— 27rp/ <2a233 — a?s’t + §a23t2 + abs® — abst + asP) ds —
t

(5—t)2+b(5—t)+P)ds

d /1 1
— 27Tp/ <2ab32 — abst + iabt2 + b%s — bt + bP) ds
t

d
= at+b—27rp/ [As?’—i-BsQ—l—Cs—l—D}ds
t

1 1 1 d
= at+b—2mp <4As4 + -Bs® + 5082 + Ds)

3 t
Loa  Log 1,
= at+27p (At + =B+ —Ct* + Dt)
4 3 2
1 1 1
+ b—2mp (Ad4 4 oBd + -Cd? + Dd)
4 3 2
where
1
A = 5(1/2,
2 1 2, | 3
B = —a*t+ab+ Eab: —a t+§ab,
1 1
C = 5(12152 — abt + aP — abt + b = §a2t2 — 2abt + aP + b*, and
1
D = §abt2 — b*t + bP.
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Simplifying the result with Wolfram Mathematica,
—3(1 = n)*d(6n — 7pd?)  2(1+ 29)(6[1 — n]* — [~4 + nimpd*)t

—te(t)

12(1 —n)? 12(1 —n)*
32+ n)2mpd*t? (14 2n)*nptt
12(1 —n)* 12(1—n)* ~
or
2 6 (1 + ﬂ)2 1 2, 1
te(t) = 12(142n)* 2) My, (L+20)"n5p 4
12(1 —n)* (1—=mn)* (1—mn)*
Given that ¢ > 0,
2 6(1+ﬂ)21 1+ 99)2p-L
ofty = - L2 2) May (1520 N s (4.13)

(1—n)* (1—n)* (1—n)*
Which is the analytical expression for the Percus-Yevick approximation for
hard spheres found by Wertheim in reference [9]. In the next section we
generalize most of the results for one species, except the analytical solution,
following the same ideas.

4.2 More than one species

The Ornstein-Zernike equation for m species,

B (Ie]) = @ur+z%/amumxmwnw.

Suppose ¢; ; and h;; are elements of L for all ¢ and j. As for one species,
using the Fourier transform:

VPiihi () = \/pipsci (1) + > /pipktir(K)y/Prp (k) (4.14)
k=1

where h; j(K) = [fps €0, ;(r)dr and & ;(k) = fgs X ¢ ;(r)dr. For each
equation, we use the same method as in section 4.1:

4r [ 4n [
hi (k) = ’:/ hi;j(R)Rsen(kR)dR k>0 and ai,j(k)z?”/ ¢i.;j(R)Rsen(kR)dR k>0
0 0
where k = |k|. Let us define

Joi(z) = [ thi(Odt w>0 (@) = [ te (t)dt x>0
T Ut o <0 TS e <o
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Similarly as in section 4.1, for all £ € R

A

Jii(k) = 2/ Jij(x)cos(kx)dr and S ;(k) = 2/ Sij(x)cos(kx)dz.
0 0
Integrating by parts the expressions for ¢; ; and Bm, forall £ >0
hi (k) = 4 /Oo cos(kx)J; j(x)dx and & ;(k) =4m /Oo cos(kx)S; j(x)dz.
0 0

Wherefore, R A
h@j(k) = 27TJZ‘7]‘(]€> CLTLd éZJ(k’) = 271'517](]6’)

Substituting in equation 4.14,

2m\/Pip; jivj (y) = 27T\/Pipj§i,j(y) + (2m)? Z \/pipkgi,k(y)\/pkpjjk,j (v)-
k=1
Let us define the following matrix functions as
Jij = 2m\/pip;Jii(y) and  &;; = 2m\/pip;Si;(y) :

J=6+G63.

By inspection,
(I-6)J=6.

Proposition 4.2.1 The matriz function (I — &) is nonsingular.

Proof.

Therefore, (I + J) is the inverse of (I — &) and (I — &) is a nonsingular
matrix. 0

Proposition 4.2.2 The matriz function (I — &) is positive definite.

Proof. Since (I — &)(c0) = I is nonsingular and positive definite at co, by
proposition 3.2.11 (I — &) is positive definite. O

Using theorem 3.2.13, propostions 3.2.5 and 3.2.12: there exists §;(y) €
R{my and F-(y) € R,y such that

nxn)

L I-6@) =383 (v),



4.2. More than one species 63

2. 5-(y) = F1v),
. det(F4(2)) A0V z €11, and det(F_(2)) #0V z € 11,
§(00) =y §_(00) =T~ &(00) = I,

5. the factors admit analytic continuations, holomorphic in the interior
and continuous on I, and

=~ W

6. for all z € I, §(z) # [O] and for all z € II_ §_(z) # [O}

Since I — &(y) is symmetric, even and

I-6(y) = +u)S-(v),
then

I-6@y) = F(-yFi(-y)

where the super-index 7' denotes the transpose. Hence, §(—y) and % (—y)
are candidates for a canonical factorization of I — &(y). Doing a change of

variable in the elements of F (y) and F (y), - (—y) € %(nxn and §(—y) €

9%(’”“). Wherefore, they admit an analytical continuation, holomorphic in

the interior and continuous on 1. Moreover, since §_(—oo0) = I, it is a left
canonical factorization and by proposition 3.2.4.

Fri—y)=F.(v) F-(—y) =3+

Remark 4.2.3 Fach element of §. is an hermitian function, since

Sy =%
= Fi(-y) =T+ (v)
Remark 4.2.4 Given that §(00) =1 = F_(0),

Vh=j W) = 1+ [ gFwema
VE#] §9) = /”ﬁ%>”wt

Vk=j §9(y) = 1+/ )edt, and
VE#j §9) = /_oog“u“ydt

Furthermore, by remark 4.2.3 the functions gi’j and gﬁ’j are real valued for
all k and j in {1,2,3,...,m}.
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0ij — Gi,j(y) = ZS F

k=1
If « = j, then
1-6y) = Zsi’“( 5"
— S:»Z z 7, + Z‘S
k#i

= <1+/ eWtgh (t )dt) <1 +/—Ooo ety (t )dt>

+ Z(/O eWtghF (t )dt) (/0 ety (¢t )dt)

k#i

— 1+/ zyt Z’L dt+/ zyt 7,’L
+ / ’yt/ '(5)g"" (t — s)dsdt

+ ) / et / — s)dsdt

ki
=1 —|—/ el gt (1) dt —i—/ ety (t)dt
+ Z / eVt / — s)dsdt.
Since 6, ; = 2, /piijM(y) and substituting in the last equation,

0 = / et [%.r)ip,-si,i(tw ORI OESY / dsg’ ¥ (s)g"
k=177

—00

Then, except in a zero measure set,

0 = 27 /i3 Sa(t) + 95 (0) + g™ (t +Z/ dsg ()9 (t — ).

Definition 4.2.5 Let A\, = 27py,
i,J (2]

2,7 ZW\/m 2,7 2 \/pl_pj

Solving for .S;; in equation 4.15,

NE

M [ dsQi()Qit—9)

e
Il
—

NE

= QL)+ Q1) -

e
Il
—

M [ dsQI(s)Qi(t = 5).

t—s)| .

(4.15)
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If 7 # j, then

-6, (y) =

+

> ()

k=1

FLWFY () + 8 W) () + 3§ ) ()
k#i,j5

<1+/ ezytgm(t)dt> /0 ezytgz](t)dt

0
[ emgdwr (14 [ g eyt

0 —o00

oo ik 0 .

> </ gl (t)dt> / eVt g (t)dt)
k#ig 0 —oe

oo . 0 . .
/ gt (t)dt + / eV g (t)dt

0 —00
[ e [ gt e -
/Oo eVt /Oo g5 (8) g7 (t — s)dsdt
> [ [ g gt -

/ e’ytg” dt+/ et ”(t)dt

Z/ 'Lyt/ zk

s)dsdt

s)dsdt

— s)dsdt.

Since 6, ; = 2, /pl-ij'i,j (y) and substituting in the last equation,

0 =

/O:o etdt [27r\/p17p]5”()+g+()+g” +Z/ dsg ()gkj(t s)| .

Then, except in a zero measure set,

= 2m\/pip;Si;(t)

Solving for S; ;,
Siy(t) =

F g + g+ / dsg*(s)g™ (t — s).
k=17 "°

)+ Qi) = 2o v [ dsQiQ (0~ )
1)+ Qiyl) 3o e [ dsQiu(9)@i (e~ 5)
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Comparing both equations, we get that for all 7 and j in {1,2,3,..., M}

Sialt) = Q1) + Q1 (1) zxk/ AsQf(s)Qi,(t —5).  (4.16)

Or in matrix notation,

S =@ W+Q - [ QT Q-5 (417)
For the equation relating J with Q7,
(I-6)I+3) =
— [[+J=(1-6)"
= ([I+3) =355
= ([I+JF=3"
= F+3I5 =3

31j + Zﬁi,k%’i’j = (S:l)i,j

+ Z\jz ks J +1§zg$ﬂj - ('3’71>i,j :
k#j

Substituting the values from F, (remark 4.2.4), J and doing something sim-
ilar as in section 4.1:

0 = / eiut (gifj (t) + 2m\/pip; Ji,j (t) + Z 27/ piPic / Jik(t — s)g;j (8)ds — (g~ )i (t)> dt.

Except in a zero measure set,

2T = a0+ 2w P [ Jalt = sl e)ds — (00
fort >0 _
Tt = QL0+ 3N [Tl - 90k s (@1
Or in matrix notation
I(t) = +/ J(t — )Q™ (s)ds (4.19)

Equations 4.17 and 4.19 are the generalizations of equations 4.8 and 4.10. In
the next subsection we will see their form for the special case of hard spheres.
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4.2.1 Direct correlation function for hard spheres

Suppose

Uij(z) = 0 $>di-2ydj

d;+d;
{oo r < 4t

In other words we have

hij(x) =—1 ng—gj and c(x) =0 Ve s B4

2

Remark 4.2.6 For all |x| > di;dj Sij(x) =0.

Hence, I — &, is an entire function for all ¢ and j in {1,2,3, ..., m}.
Proposition 4.2.7 Sﬂr] and §7 are entire functions for all i,j, and
I —6(2)=F+(2)F-(2) zeC.

Proof. Since for all z € I1 det (F+(2)) # 0 and for all z € II_ det (F_(2)) #
0,
84 (=) 0<Im(z) <oo
B+l2) = {(I —8)37'(2) —o0 < Im(z) <0

and
U -6)F'(z) 0<Im(z)<oo
8-() = {3_(,2) —oo < Im(z) <0.

Given that § is continuous on IT,, (I — &)F~! is continuous on IT_. In the
intersection they are equal, then by the pasting lemma & is continuous on
C. Similarly, &_ is continuous in C. Given that §, is holomorphic in the
interior of I, and (I — &)F~! is holomorphic in the interior of II_, & is
holomorphic on C — {z € C | Im(z) = 0}. Using lemma 2.1.4 or a similar
argument to its demonstration, we get that &, and &_ are entire.

Since & has the same characteristics that §; on II; and &_ the same char-
acteristics that §_ on I1_, then it is a canonical factorization of I — & in the
real line. By the uniqueness, we have that §, = &, and §_ = &_. Therefore,
§+ and §_ are entire, and by how we defined &_ and &, (I — &) = F.F_
on C. O

We want to find similar equations as in the one species case, we will con-
tinue with the proofs of auxiliary propositions used in the demonstration of
theorem 4.2.12.
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Proposition 4.2.8 There exists A; ; > 0 such that for all z € C
§4(2) < Ay e T,
Proof. Let § =1 — G.
F=3+3-

Bij = 2 .
k=1
Fixing ¢, we get the following system of linear equations,

m

ik ke, 1

Fia = D FIF
k=1

ik k2
ST

=
[
NE

e
Il
—

m

i K ke, M

Fiv = D _Fraoh.
k=1

It is equivalent to

Y=§_X
where
Fia SQ
Y = &2 and X = SZJF

Using Cramer’s rule,

det([gl_ Ly g gﬂ)
X = det(F_) ‘

Let z € TI_. Since det(F-) € R_ and Vz € II_ det(F-) # 0, by theorem

2.2.28 m € R_. Given that Yi_ is a ring and by properties of the

determinant,

det ([ F Y F L §]) = Y S
k=1



4.2. More than one species 69

where a;, € R_. Again, since SR_ is a ring, by = % € R_ and

Fl=X" = Y uFin (4.20)
k=1
Using proposition 3.1.8, there exists A > 0 such that for all z € TI_

d;+dy,

1§ik(2)] < Are 2

e

Since we ordered the species so that d; > dy,

il dy+d;
il < B, )

where B;; = Max(A)7,. By proposition 2.2.21, there exists M;; > 0 such
that

i?l .
W< M,

if A;j; = Max(M;y, B;;), then for all z € C

il dy+d;
< Ay )
U

Definition 4.2.9 For hard spheres in the short-range, two species are the
same if they have the same diameter.

Remark 4.2.10 In our model the only parameters we encounter are the di-
ameter of particles and the number of particles per unit of volume. Hence,
we can add the densities and take as the same species two particles with the
same diameter. We will use this fact in the next proposition’s proof.

Proposition 4.2.11 For all i and j in {1,2,3,...,m} gij is not the zero
function and gy’ is not the zero function except in a measure zero set.

Proof. Let i,j € {1,2,3,...,m}. We are going to do the proof by contradic-
tion. Suppose g%’ is the zero function or ¢’ is the zero function except in a
measure zero set:

G
+ 527.]'

Substituting in equation 4.20,

k=1
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Using proposition 3.1.8, there exists Ay such that

d;+dy,

ik < Ape™ 2

|Im(2)|

Hence, for an appropriate A > 0, for all z € II_

d;+d
0T = Oij— > biSix < Ae $2(Im(2)|
k#£1

Let y < 0. Since by is bounded on I1_,

up ({ In|b1§i 1 (—ir)| ‘ "> —y}) < sup ({ lnd) > —y}) N di + dy
r r 2
InA  d;
_ (nA n d; + dg.
Taking the infimum on both sides,
In|§i1(—2 d; +d
limsup T ditda
T—00 T 2

<= limsup nfbii ()| < di + dQ.

r—00 r - 2
By [25],
. ln|b1&,1(—z7")\ dl + dl
lim sup = ;
r—00 T 2
di+d1 < d2+d2
2 - 2
Which is a contradiction, since d; > ds. OJ

Theorem 4.2.12 For all k,j € {1,2,3,...,m}

di+dg

F) = Gt [ T g Wedt and

kg 5 0 K (1)t g
%— (y) = 1,5 + dytdy g9- (t)e t.
2

Furthermore, for all t ¢ (O, %) gi’j(t) = 0 and for all t ¢ (_%70)
g™ (t) = 0.
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Proof. Using propositions 3.1.13, 4.2.8 and 4 2.11, we get the result for 3
Given that FT(—y) = F4+(y), we get it for d

Using the last theorem, equations 4.18 and 4.17 become,

dl +d;

Sis(t) = Q5 (1) + Qi (1) zAk |7 as@ieent-s  (422)

d1+dk

Jig(t) = Z)\k |7 gt =90 s)ds. (4.23)

Differentiating with respect to t > 0 (we have already proved they are real
valued) and if Qf; = Q;;, as in section 4.1,

—tei(t) = Z)\k | T sQL(5) Qs — 1), (4.24)
and
—thi(t) = +ZAk/ T (= ) hia(t — s|)Quy(s)ds.  (4.25)

Equations 4.24 and 4.25 are the result of assuming a hard spheres potential
in equations 4.17 and 4.19. Together, these equations are a new, useful, re-
formulation of the PY equation for a mizture of hard spheres. Let us refer
to these equations as the m-species Rivera-Baxter (mRB) equations. Un-
fortunately, following Baxter’s approach [1], we were not able to solve them
analytically, due to what we think is an inconsistency in his derivation. How-
ever, in chapter 6 we will validate our new mRB integral equations using finite
element computational techniques [26, 27, 28] for a particular case, presented
in chapter 5.

1. In chapter 5 we will obtain the total and direct correlation functions for
a system of hard spheres using molecular dynamics and finite element
techniques. The systems comprise particles of diameters R; = 6A and
Ry = QA, and molar concentrations of py = 1M and p, = 1M. We
will compare our finite element results with our molecular dynamics
simulations, so we can use the finite element total and direct correlation
functions as our benchmark.

2. In chapter 6, section 6.1, we will discuss and compare Hiroike’s analyt-
ical expression for the direct correlation functions [29] with our finite
element results from chapter 5.
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3. In section 6.2, we will use Hiroike’s analytical direct correlation func-
tions presented in chapter 6 to numerically obtain the @); ;(r) functions
and validate the integral equations 4.24 and 4.25.

4. Finally, in section 6.3 we will follow article [2] and compute Baxter’s
direct correlation functions. Then, we will obtain their corresponding
total correlations functions, using the Ornstein-Zernike equations, and
we will compare the direct correlations functions to Hiroike’s analytical
solutions and our results from finite element computations.



Chapter 5

Numerical simulations

We want to numerically test the short range direct correlation functions
proposed in references [2, 10|, chapter 6. For this reason we developed a
molecular dynamics computer simulation program, and ran it for some spe-
cific parameters. The basis of this technique can be consulted in reference
[3]. Additionally, we wrote a fortran 90 program to numerically solve, using
a finite element method [26], the Percus-Yevick integral equations:

fii(rl) = cii(r]) 0 <|r| < di
fii(rl) = hi(Ir]) diy < ||

1 = figr)+ Y o [ Suallr = s (el 0 < Il < ds,
k=1
Fs(rl) =32 e [ furr = rel) fe(lridracs < Ir),
k=1

obtained from the Ornstein-Zernike equations.

5.1 Molecular dynamics

Molecular dynamics is a computer experiment for a given model fluid, where
the Newton’s equations of motion are solved, as a function of time, for a
number of particles interacting through a simplified model of a given real
system. Let us suppose that these particles are hard spheres. Hence, the ki-
netic energy is conserved and there are no long-range inter-molecular forces.
Given those suppositions, we wrote a program to take pictures—we will clar-
ify later—of the fluid’s particles every time a collision occurred. For that,
we needed to identify the closest collision to occur given the position and
velocities of the particles at a given time. Then, advance the system until

73



74 Chapter 5. Numerical simulations

that collision to take the picture and compute the new velocity vectors of
the particles colliding. Again, we look for the closest collision and repeat the
process. It’s computationally expensive, because we need to compute all the
possible collisions between an enormous number of particles, then find the
one that will occur first, while we take care of not having overlaps between
particles. Now, let us clarify what we mean by taking pictures. Each time
a collision occurs we position ourselves in one specific particle and we count
how many particles of each species are at a distance r from it. Immediately,
we store that data, we do it for all the system’s particles and we use it to
compute the radial distribution function. As for the initial conditions we
assumed the particles were in a lattice, using a Maxwell velocity distribution
function we randomly assigned velocity vectors to the particles in accordance
with the system’s temperature and finally we let the system evolve for a con-
venient number of collisions.

In this thesis, we will perform a molecular dynamics simulation for a system
of two species of hard spheres and calculate their total correlation functions,
h; j(r). We use periodic boundary conditions at the frontier, that is, every
time a particle leaves the box; another particle enters in an adequate way.
We will use these results to test our analytical solutions of the PY equation
for hard spheres. We assume a system comprised by two species, the particles
are hard spheres with no long-range inter-molecular forces. Their diameters
are d; = 6A and dy = ZA, and their molar concentrations are p; = 1M
and p, = 1M. We used a box with sides equal to 104.43A and 686 parti-
cles for each species. In figures 5.1, 5.2, and 5.3 we present our results for
hy1(7), hy2(r), ho1(r) and heo(r), after 600,000, 1,000,000, 3,000,000 and
6,000, 000 collisions. Of course, the larger the number of collisions allowed in
the simulation, the smoother are the calculated correlation functions. All the
total correlation functions exhibit the same qualitative behavior, i.e., h; ;(r)
has a first maximum at the inter-particles contact value, r = r., while it
tends to zero for r — oo, where r. = (d; + d;)/2. This behavior reveals the
existence of effective liquid cohesion forces, although no attractive forces are
present in our model. When the number of particles is lowered to a concen-
tration of the order of that of an ideal gas, the total correlation becomes equal
to 0,Vr > (d; + d;)/2 (not shown), showing that this effective many-body
attraction is an entropy effect.

In Fig. 5.1 we show the total correlation distribution function, hy 1(7), as a
function of the inter-particles distance r among particles of species 1, i.e., the
larger particles in the system with d; = 3d,. At the particles contact point,
re = (dy + dy)/2 = 6A, hy1(r.) = 0.2076, while it shows a first minimum
of hyi(r = 11.71) = —8.6321073. In particles diameters, this minimum is
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Figure 5.1: Total correlation function, hy(r), among particles of species 1
as a function of the inter-particles distance, r. The system is a two species
hard spheres fluid with temperature T' = 298 K. Their diameters and molar
concentrations are d; = 6A and dy = QA, and p; = 1M and p, = 1M, respec-
tively. The results were obtained through a molecular dynamics simulation.
The different plots correspond to an increasing number of collisions.
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Figure 5.2: Total correlation functions, hyo(r) and hg1(r), between particles
of species 1 and 2, as a function of the inter-particles distance, . The system

parameters are the same as in Fig. 5.1.
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Figure 5.3: Total correlation function, hss(r), among particles of species 2,
as a function of the inter-particles distance, r. The system parameters are
the same as in Figs. 5.1 and 5.2.
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located at r = 1.952d; (or r = 5.85dy) from the center of the reference
central particle, indicating that after a first layer of adsorbed hard spheres,
the particles concentration decreased to an under-bulk concentration. Then,
it becomes a bit higher than one. Hence this total correlation shows an
oscillatory behavior, as has been long recognized in the literature [5, 8.

In Fig. 5.2 we depict the hy o(r) and hy 1 (1) total correlation functions. Of
course hy o(r) = ha1(r). We show both here to exhibit the consistency of our
MD calculations. For this case r, = (d; +da)/2 = 4A, and hy 5(r,) = 0.1413,
while it shows a minimum of hy;(r = 9.69) = —5.0121073. In particles di-
ameters, this minimum is located at r = 1.615d; (or r = 4.845d, ), indicating
a particles depletion below their bulk value a bit after the contact between
two particles of species 1.

Finally, in In Fig. 5.3, we depict the hoo(r) total correlation function.
Here, 7, = (dy4ds)/2 = 2A, and hoo(r.) = 0.1175, while it shows a minimum
of hao(r =7.87) = —6.1221073. In particles radius, this minimum is located
at r = 1.312d; (or r = 3.935d, ), indicating a particles depletion below their
bulk value a in-between two particles of species 2. Higher contact values,
together with longer location of the minimum implies an increasing available
system volume, thus an increase in its entropy.

In the next section we will numerically solve the OZ equation with the
PY approximation for the direct correlation function, with a finite elements
method, and compare these solutions with our MD simulations.

5.2 Finite element

We want to approximate the total and direct correlation functions. Let us
define a node as an element of the function’s domain we want to approximate.
The finite element method we employ assumes that the functions we seek can
be expressed as a linear combination of polynomial basis functions, ¢;, which
at their central node take the value of one, and in the other nodes their
value is zero. For our numerical computations we assumed quadratic basis
functions. For the first node, we use a geometric transformation, ¢(z), that
sends the second node to the origin, the first node to —1 and the third node
to 1. Then,

W= 4 <1
a(t) =9, ° il =
0 t>1.
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For the even nodes, we use a transformation, ¢(x), that sends the central
node to the origin and the adjacent nodes to —1 and 1. Then,

2 pg<1
t)=4 7 -
“ilt) {O t>1.

For the odd nodes, we use two transformations, the first one sends k£ — 2 to
—1, k—1to 0 and k£ to 1. The second one sends k to —1, k 4+ 1 to 0 and
k+ 2 to 1. Then, if x < k,

) <1
¢l(t) — { 2 =~
0 t>1.

Else,

=1 <1
¢l(t) — { 2 | | -~
0 t>1.

Finally, for the last node, we use a transformation, ¢(z), that sends the L — 2
node to —1, L — 1 to 0 and L to 1. Then,

ML) 1y < ]
oi(t) = { 2 1l <
0 t>1.

Substituting the basis functions on the Percus-Yevick integral equations; they
become a system of linear equations, where the unknowns are the scalar
coefficients. For m species the OZ equation is

hij(ri,r;) = Ci,j(riarj)"'_Zpk/ci,k(riyrk)hk,j(rkarj)drk-

k=1

Hence, in terms of the inter-particles distance,
hij(Iri —rjl) = cij(lrs —Tj|)+Z/Ci,k(|7“i—?"k|)hk,j(\7"k —rjl)dry.
k=1

If we set particle i at the origin,

m
hij(lrsl) = ciz(lr;l) + Z/Ci,k(frﬂ)hk,j(\?"k — 7j])dre.

k=1

Taking coordinates such that particle j is at the z axis,

hig(z) = g2+ X [ enllndhus(re — A)dn.
k=1
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Changing to spherical coordinates, (s,0,¢) — t(cosOsenyp, senfsenep, cosp),
we obtain

hij(z) = cij()+ Y 27r,0k/ / hi (\/22 + 12 — 2ztcoscp> cix(t)t? senpdpdt
k=1 0 J0
R;+Ry,

o2 3 |2+t
() + 3 TP /O dtei (1)t / - dshi (5)s

=1 z |z—t

Now, with the Percus-Yevick approximation, given by,

fiq(z) = {%(Z) Psih , Cij(z) = {fi’j(z) e < B

hi,j(z) Z>% 0 Z>%,’
-1 z < Bithy
and H, (z) = Ty
ZJ( ) {f@j(Z) z > %

The OZ equation becomes:

1. Forall 0 < |r| < w,

dmp [ |2+
—1= fi7j(|7’|) + / dt(]z-,k(t)t/ dSHk,j (8) S.
k=1 ~ 70 |2—t|
2. For all 5 < |,
" 2mp [ o=l
Bl = Y0 =2 [ anCion [ dst (s) s
k=1 ~ 0 |2t

From the last system we make the following observations. We are looking for
linear combinations of ¢; such that,

n
fij =~ Z wé,jqbl(z)?
=1

where w; ; are scalars and n is the number of nodes in our mesh. Therefore,
our system of integral equations becomes a linear system of algebraic equa-
tions, whose unknowns are w; ;. It is not a simple task to obtain the system
given the diameters of the particles, since, the range of the integrals and the
functions C' and H depend on the particles’ diameters. For example, the
system won’t be the same when the diameters of the particles are similar or
when one diameter is 10 times the other.
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We used the Newton-Rhapson method to solve this system of equations.
In figure 5.4 we compare the different total correlation functions, h;;(r),
obtained through our finite elements solution of the PY integral equations,
with those calculated in our MD simulations. On the other hand, since MD
does not give directly the direct correlation function, we have substituted our
MD results for the total correlation functions into the PY integral equations
to compute hybrid direct correlation functions, and compare them with those
obtained directly from the full solution of the PY integral equation. We
tested the consistency of both, the finite elements and MD calculations. In
figure 5.5 we show a comparison of the different ¢; ;(r) obtained from the
PY integral equation with these hybrid direct correlation functions. As it
can be appreciated in these figures the finite element results show a good
agreement with MD simulations; we would like to highlight that we got an
excellent agreement due to the fact we are working with low density values.
In figure 5.6 we highlight the direct correlation functions’ symmetry using
only finite element calculations.

X X | Molecular Dynamics 0.150 X X Molecular Dynamics

—— Finite Element —— Finite Element

0.125

0.100

0.075

hy,2(r)

0.050

0.025

0.000

—-0.025
6 8 10 12 14 16 18 20 22 4 6 8 10 12 14 16 18 20 22

r[A] r[A]

0.150 % X Molecular Dynamics 0.12 X Molecular Dynamics

— Finite Element —— Finite Element

0.125 0.10

0.100 0.08

0.075 0.06

ha,1(r)
ha,2(r)

0.050 0.04

0.025 0.02

0.00

0.000 gis

—0.02

—-0.025

4 6 8 10 12 14 16 18 20 22 25 50 7.5 10.0 12.5 15.0 17.5 20.0

ri4] r (4]

Figure 5.4: Total correlation functions, h; ;(r) such that i,j € {1,2}, cal-
culated with molecular dynamics and finite element. The system is a two
species hard spheres fluid, with temperature, T" = 298 K. Their diameters
and molar concentrations are d; = 6A and dy = QA, and p; = 1M and
p2 = 1M, respectively.
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Figure 5.5: Direct correlation functions, ¢; ;(r) such that 7,5 € {1,2}, cal-
culated with molecular dynamics and finite element. The system is a two
species hard spheres fluid, with temperature, T" = 298K. Their diameters
and molar concentrations are d; = 6A and dy = ZA, and p; = 1M and
p2 = 1M, respectively.
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Figure 5.6: Symmetry in direct correlation functions, ¢1 9(r) and co1(r), cal-
culated with finite element. The system is a two species hard spheres fluid,
with temperature, T' = 298 K. Their diameters and molar concentrations are
d; = 6A and d, = ZA, and p; = 1M and py = 1M, respectively.



Chapter 6

Analytical direct correlation
functions for hard spheres

We initiate this chapter discussing the work done by Kazuo Hiroike [10,
29], where he proposed an analytical expression for the finite range direct
correlation functions for a mixture of hard spheres. Next, we discuss the
work done by Baxter [1, 2]; we compare Baxter’s solution with our derivation,
presented in chapter 4, and Hiroike’s work. We briefly mention the correction
we made to Baxter’s work in order to complete it and compare his results to
the numerical direct correlation functions.

6.1 Hiroike’s work

We will start with nomenclature; our goal is to derive equation 2.7 from Hi-
roike’s derivation published in 1969 [10], which is the basis of Hiroike’s pro-
posed analytical solution (hereinafter referred to as Hiroiokel). His derivation
lacks clearness in his paper of 1970 [29], hereinafter referred to as Hiroike2.

6.1.1 Nomenclature

The Ornstein-Zernike equation for m species is:

hi,j(riurj) = Cz‘,j(T’z‘,Tj) + Zpk/Cz‘,k(mTk)hk,j(ﬁ;Tk)dT‘k~
k=1

Given the right assumptions, it only depends on the distance between particle
1 and particle 7:

hij(lri —rj]) = Ci,j(|7°z‘—7°j|)+Zﬂk/0i,k(!ﬁ‘—Tk!)hk,jﬂ?“k—?"j\)d?“k-
k=1

83
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If the particle i is centered at the origin,

hij(Iril) = cij(lry|) + Zpk/cz',k(|7"k|)h1,j(|7“k —rj|)dry.
k=1

Let us take the coordinates of R3 such that the particle j lies on e3 = (0,0, 1):

his(z) = eu +zpk [ callr (e = esl)dr.

Using spherical coordinates in the integral,

(x,y,2) — s(cosbsing, sinfsing, cosp),

hi ;(2)

m oo ™
cij(2) +2m Zpk / ds/ dphy (\/ 22 + 52 — 223003@) ci,k(s)SQSemp

z+s

= ¢ (z)+— Zpk/ dsc; i, s)s/ dthy j (t)t.

[z—s]

Multiplying both sides by 27, /pip; 2,

z+s

m o)
2m\/pipjzhi j(z) = 2m\/pipjzcij(z) + Z-/ ds27\/piprsc; k() / dt2m/prpjthy, ; ().
k=10

|z—s|

If z=r, H;j(r) =2n/pip;rhi ;(r) and C; ;(r) = 2n,/pip;rc; j(r), then

Hij T == Ci,j T - OodSC’i7 S " dtH j :
4(r) )+ 3 [ dsCints) [ e 1)

r—sl

H) = Co)+ [ ds /lrr:dtC(s)H(t).

Remark 6.1.1 The matrices H and C are symmetric: they are equal to
their transpose matriz.

H(r)=H"(r) and C(r)=C"(r).
Wherefore,

[e'e] r+s
- / ds /| ACEH (1) = O and (6.1)
0 r—s

s [ w000 =0 (62
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Remark 6.1.2

m

hij(rsl) = Ci,j(|7“j|)+Zﬂk/0i,k(|7‘k|)h1,j(|7“k—Tj|)d7“k:
k=1

= cisril) + 3 pn [ cuallry = wel)hg(al)da
k=1

= cusllri) + X or [ callae = b (a)de.

k=1

Taking the coordinates of R3 such that the particle j lies on Z = (0,0, 1),

higz) = i)+ Y o [ cunllon = i (zi)dr.
k=1

Hence,

[e%¢) r4s
H(r) — C(r) — / dt [ dsC(s)H (t) = Oy and  (6.3)

0 [r—s|

H(r)~ C() — [ dr " ASH (£) C(5) = O (6.4)

0 [r—s|

6.1.2 Hiroike’s D(r) equation

O = H(r) = Cr) = [ ds /|_+ dtC/(s)H (1)

= HE) =) - [ ds /|+ QtC(s)H (1) + O
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O = H(r) = C(r)— [~ ds /:*:ldtc@ﬂ '
R e g
+ / ds/|8 (D) l / du/|u e ]
— H(r) - C(r) — /O ds /H' dtC(s)H (1

- / T G H(s)H(E) + /0 T ds / " o) H ()

/ " [ / " du /|;+| do T (v)C(u)] ")

[ oo [ o

ds /| 0 [ / du /u . de(u)H(v)]

= 0= s [ aCH @)+ HEOGE)

- / ds / dtH (s)H (£) + /0 ds /H|dtH(t)Hs

+ / ds / du[ dev LS+TdtH(v)C(u)H(t)

u—s|

_ /|5—7~| dt /u_s de(t)C(u)H(U)]

— H() - C(r) — /0 " ds /:—r| dt [C(s)H (1) + H(t)C(s)]
+ [/oodt/tJrrder/ooods/ljS'dt] H(t)H (s
+ / ds / du[ l:: dt /+ dv — /| it /|:+| dv] H)C W) H (v)

ds
ds
ds

J
J
s
/

where D(r) its just the name of the expression given in Hiroikel [10].

Remark 6.1.3 Careful consideration of the integration limits, and the use
of Fubini’s theorem of calculus [17], we find that
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oo s 5 r—s r s oo s
/ds/ at 7/ds/ dt+/ds/ dt+/ ds/ at
0 [r—s| 0 s 5 r—s r s—r
% t r r—t % r4+t %) r4t
f/dt/dsf/dt/ ds+/dt/ ds+/ dt/
0 0 z 0 0 r—t z t

oo s oo u-+s oo s
—/ ds/ dtH(t) l:/ du/ dvC(u)H (U):| = —/ ds/ dtH(t)F(s)
0 |s—r| 0 |u—s]| 0 |s—r|

5 t r r—t 5 r+t 00 r+t
[P [Cas— [Car [ as [T [ass [T [ as| me) «
0 0 rJo 0 r—t r ¢
00 u+s
/ du/ dvC(u)H (v)| .
0 |u—s|

Consequently,

o [ s —— [ [ e

It agrees with what is exposed in references [10, 29]. The last term of equation
2.7 in Hiroikel [10] or equation 2.3 in Hiroike2 [29)] is

/ dt [/ ds/ du/ls uut|t| dv—/ ds/ du/t uus|s ] uw)C(s)H (v),

or in the nomenclature we are using,

/ds[ / du/ dt/u tltssldw/ du/ dt/s t:“' ] £)C(u)H(v).

(6.5)

We tried to derive the last expression from

/Ooo ds /OOO du V|:+| dt/sw dv—/;rl di : | dv] H(HC(w)H (v), (6.6)

but we were unsuccessful. Since Hiroike used elementary calculations and
applied Fubini’s Theorem, we integrated

flu) =e™

over the two regions to test if the regions are equivalent under those com-
putations. We did it in Wolfram Mathematica. We obtained that over the
region of equation 6.5

—|t—s]| —|t—u]|
/ ds|: / du/ dt/ dv—i—/ du/ dt/ ] = —4e "+ (r —2)?,
[u—t—s| |s—t—u|
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nevertheless over the region of equation 6.6,

[e'¢) 00 u+s s+r s u+s
| as | duV at [av— [ at du]f(u)

0 0 |lu—s| s [s—r| |u—s|
diverges. Therefore, the regions are not equivalent under elementary calcu-
lations and the use of Fubini’s theorem. It is unclear how to proceed to ana-
lytically obtain Hiroike’s general expression for the direct correlations func-
tions. However, in this chapter we test its validity against our finite element
numerical solutions of equation 4.1 for the direct correlation functions. Fur-
thermore, substituting his analytical expressions for c; ;(r) in equation 4.1
and solving it numerically with finite element, we obtain their corresponding

total correlations functions, h; j(r), and compare them with our finite element
results in chapter .

In figures 6.1 and 6.2 we present a comparison of h;;(r) and ¢; ;(r) of a
mixture of hard spheres calculated with Hiroike’s analytical solution and the
numerical solution of the PY integral equation, solved with a finite elements
method and MD simulations. As can be seen in figure 6.1 there is an excel-
lent agreement of Hiroike’s solutions with our finite elements solution of the
PY integral equation, and, by extension, also with our previously presented
results of MD (see figure 5.4, 5.5, and 5.6). These results validate, by consis-
tency, our three approaches to the solution of the PY integral equation. In
figure 6.2, we present results for h; ;(r) and ¢; j(r) for a highly asymmetric
mixture of two species of hard spheres, and compare h; ;(r), obtained from
the numerical solution of the PY equation using the finite element method,
with the MD simulation. In the same figure, we also compare Hiroike’s direct
correlation functions, ¢; ;(r), with the numerical solution of the PY equation.
As can be seen, in all cases, there is a good agreement among our different
approaches, even for a highly asymmetric system of hard spheres.
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Figure 6.1: (a) Total correlation functions, h; ;(r), calculated by solving the
PY integral equation with a finite elements methods, and those obtained
through the OZ equation with the PY approximation, but using the direct
correlation functions, ¢; ;(r), given by Hiroike’s analytical solution. (b) Finite
element solution of the Ornstein-Zernike equation against Hiroike’s analytical
solution for the direct correlation functions, ¢; ;(r).

The system is a two species hard spheres fluid, with temperature,
T = 298 K. Their diameters and molar concentrations are d; = 6A and

dy = 2A, and p1 = 1M and py = 1M, respectively.
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Figure 6.2: On the left hand side, MD total correlation functions computed
after 1,000,000 collisions and compared to the finite element solution of the
PY integral equation. On the right hand side, the direct correlation func-
tions computed using finite elements to solve the PY integral equation and
Hiroike’s analytical solution. The system is a highly asymmetric mixture of
two species of hard spheres with temperature T' = 298K.

Their diameters and molar concentrations are d; = 50A and dy = 1A, and
p1 = 0.0004M and ps = 0.01M, respectively. For the molecular dynamics
computations we used a box with sides of 1033.56A containing 266 particles
of the first species and 6646 particles of the second species.
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6.2 Our integral equations’ validation

Now, we want to numerically validate our system of equations, given by

m d1+d;

—tey (1) = Q0 = XA [T dsQiu(9)Quuls 1)
k=1
and

dy+dj,

thy,(t) zAk |7 =il = sDQu(s)ds

In order to do it, we used the finite elements method [26] to solve equation

dy +di

Sij(t) = Qi;(t) + Q;;(t) ZAk/ T dsQ(5)Quy(t — 9).

We used as an input Hiroike’s analytical expression for the direct correlation
function to numerically compute @); ;(r). Then, we solved equation

dy+dj,

Jis(t) = +zxk |7 gt = )01 (s)ds

and differentiated J; j(r) to find h; j(r). As it can be observed in figure 6.3,
our theorem 4.2.12 is validated by these numerical results, since the functions
Qi;(r) = 0 for all r > 1 refuting what Baxter claimed in reference [2].
Moreover, from figure 6.4 we conclude the functions h; ;(r), obtained using
the equations derived in chapter 4, coincide with our benchmark obtained in
chapter 5.
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Figure 6.3: Functions @); ;(r), for a mixture of two species of hard spheres,
at temperature T' = 298K . Their diameters are d; = 6A and dy = 2A, and
their molar concentrations are p; = 1M and ps = 1M, respectively.
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Figure 6.4: Total correlation functions, h; j(r), numerically computed for a
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diameters are d; = 6A and dy = QA, and their molar concentrations are
p1 = 1M and py = 1M, respectively.
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6.3 Baxter’s work

6.3.1 One species

As Baxter in reference [1], we arrived to the same results in our section 4.1
for a system of only one species of hard spheres. However, we must point out
that we could not follow Baxter’s logical deductions, since we found a lack of
mathematical rigorousness. Hence, we recurred to methods for the solution of
integral equations on a half-line with kernel depending upon the difference of
the arguments [16], in order to develop section /.1. Nevertheless, we arrived
at the same results of Baxter, i.e.,

—th(t) )\/ )t —s)h(|t —s|)ds t>0 and
—te(t) )\/ Q'(s)Q(s — t)ds

6.3.2 More than one species

Although, we were able to obtain the same result of Baxter, for a one species
fluid of hard spheres presented in reference [1], we were unable to reproduce,
with mathematical rigorousness, his derivation for a multi-component mix-
ture of hard spheres [2]. In fact, as we shall show below, his resultant direct
correlation functions, ¢; ;(r), seem to be incorrect. In his article [2] Baxter
claimed,

Rp+R;

B = 80) = Dust [, A0

2

But a direct consequence of theorem 4.2.12 is that the support of the func-

tions Q) ; is (0, %) and not (R’“;R-j, R’“;’R"), as claimed by Baxter. Bax-

ter’s claim should have been suspicious from the start since the functions Q) ;

Ry—R; :
are elements of L, and =*5~ can be a negative number. Moreover, when

’“;RJ), which can be very
large if the difference is big enough. Nevertheless, let us make the exercise
of following Baxter’s steps and compare the result with the numerical direct
correlation functions for hard spheres. Baxter’s equation 25 in our notation
is

Ry+Ry

iy () = Q)+ 2 Y Jrn, AQu0)6 = D 1),

k=1



6.3. Baxter’s work 95

where r € (£ Bt Uging the assumptions for the PY approximation,
2 2 o)
R;+Ry,
2
= Q-2 o 2 Q) -0,

k=1

Solving for Q; ;,

R;+Ry,

Qi) = r—%zpk/R L Q=)

_ (1_%2%/}%;%“ >) "+ (%Zpk/R,idtQm( ))

k=1 k=1
= a;r+0b;.

These equations differ from Baxter’s equations 38 and 39 by 27 [2], but let
us think it was a transcription mistake. Suppose we have two species, the
first with diameter R; = 6 x 10~8cm, density p; = 6.023 * 10?° particles per
liter; the second with diameter Ry = 2% 10~8¢m and density p, = 6.023 % 10%°
particles per liter. Making the calculations with Wolfram Mathematica,

a1 =1.4239 |, by = —4.2717% 10717,
as = 1.1638 and by = —8.5917 % 1071,

But, if we use Baxter equations 40 and 41 from reference [2], then

a; =1.3380 |, b = —7.8868 %1077,
as = 1.1636 and by = —8.7631 % 10~1°.

Let us continue with the first set of numbers derived. Using equation 24 of
Baxter’s work [2],

1.3219 x 1078
c11(r) = —2.1539 — 13219 X 1077, 7758 x 107r +0.01257% — 5.3321 % 10%0¢3,

r

The corresponding Hiroike’s analytical expression for ¢;1(r) is given by,

c11(r) = —1.9329 4 1.3878  107r — 4.8211 % 10072,

In figure 6.5 we compare all the resultant direct correlation functions, ¢; ;(r),
following Baxter’s steps, as indicated above, against the results obtained from

1. the numerical solution from the Ornstein-Zernike equation, with the
PY approximation and
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2. Hiroike’s analytical expression.

It is clearly seen that the Baxter solution has significant quantitative and
qualitative disagreements with the the PY integral equation and the analyt-
ical solution of Hiroike, and, by extension, also with our MD simulation (see
figure 5.5). This is a counterexample, since we just need to show that for one
specific case the equations derived do not work. Hence, Baxter derivation in
reference [2] is incorrect. Finally, in figure 6.6 we compare the total correla-
tion functions, h; ;(r), corresponding to Baxter’s direct correlation functions
analytical solutions, with those from finite elements. It is interesting that
although there are major disagreements between the Baxter’s and finite ele-
ments direct correlation function, we find a qualitative agreement among the
corresponding total correlation functions.
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Figure 6.5: Direct correlation function, ¢;;(r), calculated with Baxter’s
method, Hiroike’s analytical solution and the finite element method. The
system is a two species hard spheres fluid, with temperature, T = 298K.
Their diameters and molar concentrations are d; = 6A and dy = 2A, and
p1 = 1M and p, = 1M, respectively.



6.3. Baxter’s work

0.15

0.10

hy,1(r)

0.05

0.00

* *  Finite Element and Baxter

—— Finite Element

8 10 12 14 16 18 20 22

r [A]

*  Finite Element and Baxter
—— Finite Element

4

6 8 10 12 14 16 18 20 22

r [A]

97

0.15

0.10

hy,2(r)

0.05

0.00

*  Finite Element and Baxter
—— Finite Element

0.125

0.100

0.075

0.050

hy,2(r)

0.025

0.000

—0.025

6 8 10 12 14 16 18 20 22

r[A]
* *  Finite Element and Baxter
—— Finite Element
25 50 75 10.0 12,5 15.0 17.5 20.0

r [A]

Figure 6.6: Total correlation function, h; ;(r), numerically computed using
the Ornstein-Zernike equation and Baxter’s analytical solutions for the direct

correlation functions.

The system is a two species hard spheres fluid at

temperature T' = 298 K. The particles’ diameters and molar concentrations
are d; = 6A and dy = 2A, and p; = 1M and p, = 1M, respectively.






Chapter 7

Conclusions

In this thesis we focus on the solution of the Percus-Yevick integral equations
for an n-species hard spheres fluid. In particular, we review the Baxter’s so-
lutions for one species [1] and n-species [2] of hard spheres. We found math-
ematical inconsistencies in Baxter’s solutions for the one species case, and
frankly an incorrect derivation of Baxter’s result for n-species. Hence, we
have reformulated, both, the one species, see section 4.1 equations 4.8 and
4.10, and n-species Baxter’s derivations for the solution of the Percus-Yevick
equation, see section 4.2 equations 4.24 and 4.25. As for this part of the
thesis, we conclude that further inspections need to be made on works like
[14] and [11], since the first one is based on what Baxter did and the second
one does not provide the derivation of the findings.

Although, we have rigorously mathematically derived a reformulation of the
Percus-Yevich equations in chapter 4, we have revised the analytical solu-
tion of Hiroike (section 6.1), numerically solved the Percus-Yevick equation
and performed molecular dynamics simulations for a binary mixture of hard
spheres, both in chapter 5. With the simulations we calculated the direct
correlation functions, ¢; ;(r), and total correlation functions, h; ;(r), and we
found an excellent agreement with our derived functions (see section 6.2). It
might be possible to work just with the );;make assumptions over them, in
order to estimate the direct and total correlation functions.

We found agreement with Hiroike’s analytical solution, for it see section 6.1,
but some steps need to be clarified, since a particular case does not imply it’s
validity for all cases. In section 6.3 we showed that Baxter’s method to ob-
tain an analytical solution for the direct correlation functions is inconsistent
with our findings. It is also interesting that the total correlation functions
obtained with the Baxter’s direct correlations functions are in qualitative

99
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good agreement with our correct solution, but they are still different func-
tions. We point out that even if they are quantitatively close functions they
may lead to important differences in the fluid’s thermodynamic properties.
This is particularly important, since some approximations might appear to
be good ones, but may lead to very different results compared to what we
observe in nature. We want that our simulations be as close to reality in
order to perform experiments using the computer, in conclusion we should
be careful on what we think is a good estimation for the total correlation
function.

As for this thesis contributions:
1. We rigorously proved Baxter’s result [1] for one species in section 4.1.

2. We followed Baxter’s steps in [2] to obtain analytical expression for the
direct correlation function, in the case of a binary mixture in section
6.3.

(a) We used these analytical expressions as counterexample to prove
he was wrong, when we compared them against our results from
molecular dynamics and finite element.

(b) We used these analytical expressions as a way to illustrate how
very different direct correlation functions used to solve the OZ
equation produce similar total correlation functions.

3. We rigorously derived what Baxter intended to do in [2]. With that
we arrived to a set of equations, which reformulate de OZ equation in
section 4.2.

(a) We validated this set of equations for a binary mixture. We did
it by comparing them with our results from molecular dynamics
and finite element in section 6.2.

Finally, what comes next? When one person is new to field, he has to start
with old papers, there’s the responsibility of re-doing the theory to check
and understand what previous authors said. I'd say that the first half of
this thesis gave me experience in the field of integral equations, explicitly in
the ones that look like the OZ equation. The second half of the thesis gave
me experience in molecular dynamics and finite element computations. Hard
spheres with no charge is the first step to tackle more complicated problems
as charged hard spheres, confined charged hard spheres or charged spheres
where a force field is acting over them (in-homogeneous fluids). Knowing
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the analytical expression for the direct correlations functions in the bulk has
been used to compute the total correlation of in-homogeneous fluids (see
[30]). Furthermore, when dealing with particles with very different sizes as
in colloids, it becomes important to know the direct correlation functions in
bulk to be able to compute the total correlations functions as Dr. Lozada
did in [13]. In general, this thesis could be used or has repercussions in the
study of nanoparticles and colloidal particles.
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