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Ilnun i3 nmoaBitiHum moreHiagom FOKaBu mo6amn3y TBepol mo-
BEpXHi: TEOPETUKO-TIOJbOBUMN ITiaAXiT

I. Kpasuis, M. T'onoeko, /1. ai Kamnpio, f. Crad’e

Amnoranis. B pamMkax TeopeTHKO-TIOIHOBOTO MAXOIY MOCIIIXKYIOTHCS
PIBHOBaKHI BJIACTHBOCTI OOMEXKEHOTO TBEPOIO MMOBEPXHEIO IIJINHY 13 110-
JBiitauMm norenniasom FOkasu. OTpuMaHO cepejiHbO-1I0JIbOBI PIBHSIHHS,
BHAC/IIOK SIKUX aHAJITUIHI BUPA3M JJIsi TTPOMIII0 TYCTUHN TOPiBHIOIO-
ThCsl 3 YHCEJIBHO PO3PAXOBAHUM 3HAYEHHSIM. 3a MeXKaMu HaOJIMKeHHsT
CEPEJIHBOTO TIOJIsT BUBEJIEHO aHAJITHYIHI BUPA3U JJIs BIILHOI eHepril Ta
KopeJistiitaol GyHKIl. 3HaiiaeHo BKaa 1 10 Tpodiaio ryctuan Ta Koedi-
IieHTy acopOIil Bij rayciBebKux GpIyKTyariil. Sk HaC/TiI0K, 115 JIeTKIX
CHCTEM CIIOCTEPITaIOThCA KOJUBAJIbHA MOBEIiHKa MPOodiaio Ta HEMOHO-
TOHHA 3aJIe2KHICTD KoedilienTa aIcopoIiil Bi IyCTUHE Ta TeMIIepaTypH.
AnaiiTuaHO IOKA3AHO, 10 CEPETHBO-TIOMHLOBA Ta (QJIyKTyaIiiiHa YaCTUHA
MPOMLUIIO TYCTHHY 38/I0BOJIbHAIOTH YMOBI KOHTAKTHOI TEOPEMHU.

Fluid interacting with a two-Yukawa potential at a hard wall:
field theory treatment

I. Kravtsiv, M. Holovko, D. di Caprio, J. Stafiej

Abstract. In the framework of the field theory approach we study equi-
librium properties of a two-Yukawa fluid confined by a hard wall. We
derive mean field equations allowing for numerical evaluation of the den-
sity profile which is compared to different analytical estimations. Beyond
the mean field approximation analytical expressions for the free energy
and the correlation function are derived. Subsequently contributions to
the density profile and the adsorption coefficient due to Gaussian fluctu-
ations are found. As a result, an oscillating profile and a non-monotonic
adsorption coefficient as a function of the density or the temperature
are observed for some systems. Both the mean field and the fluctuation
terms of the density profile are shown to satisfy the contact theorem.
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1. Introduction

Model systems with Yukawa-like potentials of interaction have been ex-
tensively used for the description of a large variety of liquids and soft
matter materials. Any finite range interaction potential between point
particles can be decomposed to a sum of Yukawa potentials with arbi-
trary accuracy. For instance, the Lennard-Jones potential used in the
theory of simple fluids can be well approximated by the hard repul-
sion with two Yukawa tails [1,2]. A hard core two-Yukawa model has
been successfully used for the description of stability of charged col-
loidal dispersions [3] and the properties of solutions of globular charged
proteins [4]. In this case the first Yukawa term describes the screened
electrostatic interparticle repulsion and the second term approximates
the Van der Waals interparticle attraction. Since the electrostatic inter-
colloidal repulsion is usually more long-ranged compared to the Van der
Waals attraction, such a fluid demonstrates a very rich non-trivial phase
behavior. Examples include various inhomogeneous structures such as
spherical and cylindrical liquid-like clusters, single- and multi-liquid-like
slabs, cylindrical and spherical bubbles [5,6]. A hard core two-Yukawa
model was also used to explain the formation of the extra low wave vec-
tor peak in the structure factor of cytochrome C protein solutions at
moderate concentrations [7]. A hard core two-Yukawa model with the
short-range strongly attractive interaction was used for the description
of different clusterization phenomena in associated fluids [8]. Finally, a
model with the isotropic Yukawa repulsion and the anisotropic Yukawa
attraction has been used in the theory of nematogenic fluids [9,10]. The
simplicity of the Yukawa potential allows for a description of thermody-
namics and structure of the Yukawa fluid. For hard spheres interacting
with a Yukawa tail, analytical solutions exist in the mean spherical ap-
proximation [11,12]. These analytical results were generalized for the
description of hard sphere multi-Yukawa fluids [13, 14].

The study on inhomogeneous Yukawa fluids remains well behind the
research carried out on homogeneous systems. One of the popular techni-
ques of description of fluids near the surface is the Henderson-Abraham-
Barker approach [15]. In this approach the description of a fluid near
the surface reduces to that of a mixture of a fluid and of hard spheres
considered in the limit of infinite dilution and infinite hard sphere size.
In consequence, the calculation of the fluid density profile reduces to
the solution of the Ornstein-Zernike integral equation for the fluid parti-
cle — wall distribution function calculated from the known fluid particle
distribution function in the bulk. Application of this approach allowed




2 IIpenpunt

to evaluate the contribution of short-range interactions to the study of
structural properties of spatially confined fluids. However, this approach
in the simplest approximations like the mean spherical approximation
does not take into account the contribution from the long range part
of the interactions. A better approach in this perspective is the use of
inhomogeneous integral equations which include in the convolution the
density profile of fluid particles. For example, the application of a simple
expression for the profile in the form of a step function provides the cor-
rect description of ionic fluids near the surface. These results make use of
the collective variables approach [16,17] to construct cluster expansions
for the pair and singlet distribution functions for a system of point ions
confined by a hard wall. In parallel, for the description of ionic systems
confined by a wall, the density field theory has been developed [18-21]
which also gave the correct results for the description of ionic fluids near
a hard wall.

The results for inhomogeneous fluids should satisfy certain known ex-
act relationships - sum rules. An important example is the so-called con-
tact theorem [22,23]. For a neutral fluid it states that the contact value
of the point particle density near a hard wall is determined by the pres-
sure of the liquid in the bulk volume. For a system of ions and charged
wall there is an additional contribution from the Maxwell pressure due
to the force acting between charged plates. The expressions found in the
random phase approximation for the point ion density profile, for in-
stance, meet the requirements of the contact theorem [24]. They can be
modified for non-point ions by simply changing the inverse Debye-Hiickel
screening parameter £ to a new screening parameter I' obtained in the
mean spherical description of homogeneous ionic systems [25]. Recently
the collective variables technique [26] was applied for the description of
spatially confined fluids with the Yukawa potential of interaction. The
principal difference between such a fluid with the Yukawa interaction and
an ionic fluid is connected with the electoneutrality condition for ionic
systems which excludes some terms like the Van der Waals contributions
in the case of ions. Such contributions can play an important role in the
case of a non-ionic fluid. In [26], the contribution of such terms was taken
into account by construction in a simplified form. In [27] it was shown
that the mean field treatment of a Yukawa fluid near the wall reduces to
solving a non-linear differential equation for the density profile. Different
simple analytical expressions for the density profile were obtained and
compared with the numerical estimation of the mean field results. Be-
yond the mean field approximation it was shown that fluctuations can
contribute significantly to the properties of a fluid. Notably they lead
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to the desorption phenomenon regardless of the sign of interaction. The
properties of hard sphere fluids with Yukawa interactions were also stud-
ied by computer simulations from numerical solutions of inhomogeneous
integral equations [28] and also in the framework of the density function-
al theory and Grand Canonical Monte Carlo simulations [29,30]. In the
latter paper the properties of an inhomogeneous hard core multi-Yukawa
fluid were studied probably for the first time. Recently the structure and
phase behavior of a fluid of the hard core model with a two-Yukawa tail
potential in planar slit pores was studied [31].

In this paper we extend our previous work [27] concerning the field-
theoretical description of a Yukawa fluid near a hard wall to the case
of a fluid with two Yukawa potentials. We should mention that some
preliminary results in this field were obtained by E. Soviak [32] in the
framework of the collective variables approach [26]. Unfortunately he
passed away before publication of his work [32].

We note that the results obtained in [27] for attractive potentials are
not well defined for lower temperatures and higher densities. This prob-
lem is connected with the divergence of the bulk correlation function
along the spinodal lines inside phase transitions of the mean field result.
Such a divergence is the result of an incorrect treatment of short-range
correlations in the bulk and can be removed by including repulsive in-
teractions (see for example [33]). In this paper we generalize the model
considered in [27] by adding a repulsive term to the potential of interac-
tion and show that this step solves the problem of the correct description
of the correlation function in the entire region of temperatures and den-
sities.

The paper is organized as follows. The field theory formalism and
the details of the model are presented in Section 2. The results of the
mean field approximation are given in Section 3. The role of fluctuati-
on and correlation effects on density profiles at the wall are presented
and discussed in Section 4. Finally, in the last section we draw some
conclusions.

2. The model and field theory formalism

We consider a neutral fluid of point particles in contact with a hard
surface. The particles do not interact with the surface but interact with
each other via a two-Yukawa potential

A A
v(rg) = é exp(—aqr12) + é exp(—aari2), (2.1)
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where r12 denotes the distance between particles 1 and 2, Ay, As are the
amplitudes of interaction and «y, s are the inverse ranges. We associate
the first term of the potential with the repulsion of particles (i.e. A1 > 0)
and the second term with the attraction (Ay < 0).

In the formalism of statistical field theory the Hamiltonian H[p(r)] is
a functional of field and consists of the ideal entropy and the interaction:

BH[p(r1)] = BH™" [p(r1)] + SH™ [p(r1)] = (2.2)
/p(rl) (In [p(r1)A®] — 1) dri+

5 [ vt oea)otea) = oot )| dradra
where § = 1/kT is the inverse temperature, p(r) is the particle density,
and A is the thermal de Broglie wavelength of the particles.

As in previous papers [18,19, 27|, we adopt the canonical ensemble
approach. We fix the number of particles by the conditions [ p(r)dr = N
or % [ p(r)dr = py, where V is the volume and p, = N/V is the average
value of the bulk density of the system. To verify this condition in a
formally unconstrained calculus we introduce a Lagrange multiplier A

such that
58H p(r)]
dp(r)
The partition function Zy [p(r)] can be expressed as

=\ (2.3)

Zn [p(r)] = / Do(r) exp{—BHIp(x)]}, (2.4)

where Dp(r) denotes functional integration over all possible density di-
stributions such that the total number of particles is V. The logarithm
of the partition function gives the Helmholtz free energy

BF = —1nZy. (2.5)

As we will see below, for further calculations it is convenient to introduce
the following non-dimensional parameters: non-dimensional density p* =
pb/ a3, non-dimensional inverse temperature 3* = —BAsas = 1/T* and
the ratios w = Ay /|Az] and 7 = a3 /as similar to [27].

3. Mean field approximation

In order to obtain thermodynamic properties of the considered fluid we
need to calculate the partition function. The lowest order approximation

ICMP-13-01E )

for the partition function is the saddle point for the functional integral
(2.4) which leads to the mean field approximation (MFA).

3.1. Mean field equations

The condition for the mean field approximation is

0pH
?— =\ (3.1)
14 pMFA(r)
In our case equation (3.1) reads
lnM + Vi(ry) + Va(ry) = A, (3.2)

Pb

where potentials V;(r1) are defined as

A; :
Vi(rl) = ﬂ/p(rz)a eXp(—OéiTlg)drz, 1= 1, 2. (33)

We put
A= Vi + Vay, (34)
where V;, are the values of potentials V;(r1) in the bulk:
Vip = Z—g; Vap = Z—g, (3.5)
and »? = 4mppBA;.
The gradient of (3.2) gives
Vp’(’<)) — Ey(r) — Ba(r) =0, (3.6)
where we define an equivalent of the electric field by
E1(r1) = -VVi(r1); E2(r1) = —VVa(ry). (3.7)
Due to the properties of Yukawa potential
(& —af) Vi(r) = —4mBAip(r); (3.8)
(& —a3) Va(r) = —4mBAzp(r). (3.9)

Replacing (3.8) and (3.9) into (3.6) and using translational invariance
parallel to the wall we obtain
1 ol 1 5

d [p(z) of ) ) , B
AR Vi(2))" - 2%%131 (2) + 202 Va()* - 55 E3(2)| =0.
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3.2. Contact theorem

In the bulk p(z) = pp, Ei(z) = 0, Vi(z) = Vip. From eq. (3.10) we see
that the quantity in brackets is constant and therefore it can be evaluated
for instance in the bulk as

2 2

P P
1+ L+ = 3.11
+ 204% + 204% ( )
This quantity is the reduced pressure 5P/ p, within MFA:
2 72
P = 1+ L+ 2. 3.12

Expression (3.12) is the mean field approximation which corresponds to
the Van der Waals contribution. Outside the system, where there are
no particles, we have another invariant which is simply of V2(2)/2s¢ —
E2(2)/2:3 + a2V (2) /2535 — E3(2) /2543, its value far from the interface
is zero and therefore also at the interface. From the continuity of the
potential and of its derivative due to eq. (3.8) and (3.9), we have that
this is also true at the wall just inside the system z = 04 thus

p(04) , of 2 L o a3 2 L oo
— [V1(0 - —E7(0 — [V2(0 - —£E5(0
b + 2%% [ 1( +)] 2%% 1( +)+2%§ [ 2( +)] 2%5 2 ( +)
0
_ P04) (3.13)
Pb

As this quantity is constant we obtain the so-called contact theorem

BP = p(0;). (3.14)

Thus, similar to the one-Yukawa case [27], in the MFA we obtain the
contact theorem as the consequence of the existence of an invariant of the
differential equations corresponding to the bulk pressure. The obtained
result is in agreement with the note in [27] that in the MFA the validity of
the contact theorem can by linearity be generalized to a sum of Yukawa
type potentials and thus be applied to a variety of potentials that can
be presented as a superposition of Yukawa potentials.
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3.3. Density profiles

From (3.6)-(3.9) we obtain a set of five differential equations with five
unknown functions p(z), F1(z), E2(2), Vi(z), Va(z):

W) _ o) (Bx(2) + Ba()]. (3.15)
8‘222) — _By(2), (3.16)
6‘2222) = —By(2), (3.17)
3%2(2) = —a?Vi(2) + %p(2)7 (3.18)
(9E82Z(2) = —a2Vh(2) + %p(z). (3.19)

These relations are first-order differential equations that have been solved
starting from the linear solution in the bulk, back integrating towards
the wall [20,21,27]. The boundary condition is set from the fact that the
final point is obtained when we have the contact theorem.

From (3.2) we have

p(2) = pyexp (— [Vi(2) = Vip] — [Va(2) — Vap)). (3.20)
If we approximate this as
() = oo (1~ ()~ Vil ~ a(2) — V) (321)

we obtain a linearized system

[0“(2)] = pu [Bx(2) + Ba(2)], (3.22)
V, (2) = —F1(2), (3.23)
Vs (2) = —Ea(2), (3.24)
%2

Ey(z) = —a2Vi(2) + L p*(2) (3.25)
Pb
%2

Ey(2) = —adVa(2) + 22 p(2), (3.26)
Pb

where the prime denotes derivative by z.
The system (3.22)-(3.26) reduces to a system of two equations

Ef (z) = E1(2) (%f + a?) + Bo(2)5}

. (3.27)
Ey (2) = E1(2)54 + Ea(2) (03 + 53)
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or in the matrix form

E = AE, (3.28)
where
Eq(2) (53 + o) A
E= ; A= . 3.29
(£0): (75" i (529
Matrix A can be presented in the form
A =PDP !, (3.30)
where
_ (X 0
D= (O /\%) (3.31)

is a diagonal matrix with eigenvalues

1
=y (ot rateyidrai-g-ad’+ 1)

2
(3.32)
1
=3 (et td+ad—Vod +ai— g - o+ i),
(3.33)
and matrix P equals
A2 — 2 — o
1
_ 73
LT wesea) O
P

The general solution for Fy(z) for instance is

Ey(2) = Bie M7 4 Boe 2% 4 B3eM? + Bye?® = Bie MF 4 Boe 27,
(3.35)

where we used the fact that F(z) vanishes in the bulk. From (3.27) E;(z)
can be expressed in terms of Fy(z) as

2 2 2 2 2 2
M By ez 4 (%Lg‘”?) Bae 2%, (3.36)

7 75

El (Z) =
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Potentials V;(z) then have the form

A2 — a2 — 2 A2 _ a2 2
Vi(z) = Vip + (16“—22”2) Bye M7 4 (20‘—22”2) Bye— et
. .
2 2
(3.37)
Va(z) = Vayp + Ble_)‘lz + BQG_)‘ZZ, (3.38)

where B = Bl/)\l, By = BQ//\Q. The constants By and Bs can be found
from the boundary conditions given by the contact theorem (3.12) and
equations (3.22),(3.23),(3.24):

2

_ A
Vo = (0) = 5% (3.39)
&>
Vap — V2(0) = %2 (3.40)
resulting in
22 22 X202 2
B=—22 _ <__1 + #) (3.41)
20 =X) \ of a3
PRI Ry S e
Y =
2(Af = A3) \af a3

Finally, for the linear approximation of the density profile we have

L
z
”;>—1—mw%wm—na@—wd (3.42)
—1— lM <_%_§ + )‘%L%_%%) e~ A17
2()\1_/\2) 1 Qs
1(M—a3) (58 N-a3-s3\ _)\:
—————t s -—=———=—= ¢ .
2 (A -2) \of o3

When 3? = 0 we have \? = o2 and A3 = 3 + 3. Likewise, when
»55 = 0 we have \? = 32 + of and \3 = o3. In these cases we see that
expression (3.42) reproduces the respective result obtained in [27] for a
fluid interacting with a one-Yukawa potential.

Analyzing expressions (3.32) and (3.33) we note that coefficients \?
and A3 are real-valued if the expression under the square root is positive,
ie.

(52 = |52] + a2 — a3)? = —4]53] (a2 — ad). (3.43)
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For the case when the repulsive part of the interaction potential has a
shorter range than the attractive part, i.e. a3 > s, condition (3.43) is
always true and coefficients A\?, A3 cannot be complex.

For the density profile to have physical sense, we should also have
the coefficient A3 positive. This fact leads to two conditions

2 2 2
%2%(@_ )—1, (3.44)
ag ar \ &3

2 2
7 el (3.45)
ag a5

where relation (3.44) comes from the fact that in (3.32) the expression
in front of the square root should be positive.

For the case when oy > «ay and A; > |As|, one can see that in-
equality (3.45) contains inequality (3.44) and therefore condition (3.45)
is sufficient. Furthermore, when |53 < o3 the right-hand side of (3.45)
is negative and parameters »? and o can take on any positive values.
In [27] it was shown that for a one-Yukawa fluid the decay of the lin-

earized profile in the MFA has the form (3 + af)fl/Q (i =1 or 2).
Consequently, a fluid interacting with an attractive Yukawa potential
can be stable only if the condition [s2| < a3 applies, i.e. the interac-
tion potential cannot be too attractive. This problem is related to the
divergence of the correlation function in the bulk which is caused by the
incorrect treatment of short-range correlations [33]. Since in the present
model we are not bound by this restriction, we see that generalization
of the interaction potential to the sum of a repulsive and an attractive
parts removes limitations on the values of the attractive interaction.

In Figure 1 we show three different estimations of the mean field
density profile using the parameter r4 = 1/[3|'/? as a unit of length.
We give the exact numerical solution of the system (3.15)-(3.19), the
analytical solution (3.42) of the linearized system of equations, and the
simplified linearized solution p*!(z) as was done in [26, 32]:

sl 2 2
p*(z) | -
p 207 exp(—aqz) + 203 exp(—asz). (3.46)

In this last approximation the profile is written as the integral of the
potential of interparticle interaction v(r12)

p*(z1)
Pb

=1- pr / dI‘lgV(’l’lg) + ﬂpb/drlgl/(?"lg), (347)

2220
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Figure 1. Mean field density profiles in three different approximations
for p* = 0.005, T* = 0.2, w = 2, and 7 = 1.25. For the solid black line
we have the exact numerical solution of equations (3.15)-(3.19), for the
dashed red line the analytical solution (3.42) of the linearized system of
equations, and for the dash dotted green line the simplified linearized
solution (3.46).

where the last term subtracts the bulk value of the integral corresponding
to the Van der Waals contribution to the free energy.

At the wall we have only one half of the integral of the potential
which corresponds to the Van der Waals approximation. As a result,
this approximation satisfies the contact theorem. However, as we see
from Figure 1 this approximation is rather crude, whereas the linearized
equations represent a better approximation.

Comparing Figure 1 to the results of [27], we see that generalization
of the one-Yukawa potential to the sum of a repulsive and an attractive
Yukawa potentials leads to non-monotonic behavior of the density pro-
file even in the simplest mean field approximation. Due to the contact
theorem we also have that the contact value of the density is larger than
the bulk value if w > 72 whereas for a one-Yukawa fluid it was larger for
all repulsive interactions and smaller for all attractive interactions.
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4. Fluctuation and correlation effects on density pro-
files at the wall

In the previous section we have considered mean field equations, where
the fluctuations are neglected. Here we take them into account and there-
fore we have to expand the Hamiltonian with respect to the mean field
density pM¥4(r). For this aim we put p(r) = pM4(r) + p(r).

4.1. Expansion of the Hamiltonian
Expansion of the Hamiltonian around the mean field density p™* A(r)

gives

BH[p] = BH [pMFA} +/§p(rl)% MFAdr1+ (4.1)
52BH
3 [ o0t ‘5”“2)5(5,0( 66002 | s TH2T

W (n—=1)! 5" BH
> / o0 0P S5 5 opien))

n>3

pIWFA

The first term is the Hamiltonian functional (2.2) for the mean field
density

SHP A = [ M) (1n [p A (r)AY] 1) dr (4.2)
+ g / v(riz) [pMFA(rl)pMFA(rz) — pMEA(r)6(r) — 1‘2):| drydra.

The linear term disappears as in the canonical formalism fluctuations
preserve the number of particles and [ p(r)dr = 0.
The quadratic term is

o(ry —ro
BHs[p /5p r1)dp(ra) {EWT(; + Bl/(?‘lg):| drydrs, (4.3)
where the first term comes from the expansion of the logarithmic term
in the Hamiltonian.
Due to translational invariance parallel to the wall, we expand the
fluctuations of the density as

r)=Y opx(z) KR, (4.4)
K

drq...dry.
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where R is the vector component of r parallel to the wall, K is the wave
vector in the direction parallel to the wall.
The entropic term equals

BHentr[ K(Z)] — %/pff;‘i[gr()) dr (45)

opk (2)dpk (2) R(K + K’
Z/ MFAK JREK+K) Ra,

== Z/dzlsz dpK (21)0p—K(22) 6(;1F252))

where S is the surface area.
The interaction term gives

SH (@) = 2 - [ dn [ deadonc(en)bo-sc(ea)v (K. 21 = zal).
K
(4.6)

where v (K, |21 — 22|) = delg v(ri12) exp (—iKR12).
Finally, for the quadratic term of the Hamiltonian we obtain

BHz[p] = (4.7)

S 5 Z1
Eg/dzl/d@ 5PK(21)5P7K(22) ](WT()) +ﬁV (K |Zl ZQ|) .

4.2. Thermodynamic properties: free energy, pressure, and
chemical potential

We start our calculations from consideration of thermodynamic proper-
ties of the fluid in the bulk.
The free energy is

BF = —1In [/ Dp eﬁﬂ[ﬂ . (4.8)

In order to calculate the functional integral using the Gaussian integrals
with such a Hamiltonian, it is necessary to have the quadratic term in
a diagonal form. For bulk properties such as the Helmholtz free energy
we can expand density on the Fourier components

r)=Y op el (4.9)
k
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In this basis the quadratic Hamiltonian is

2 %2
H Spid 1+ 22 4 2 } 4.10
BHz[p] = 30 l;)pkpk[ ral Tt (4.10)

and after integration the excess free energy equals

BF = B(F — Fid) = (4.11)
2

1
V22—|—pr + Zlnl—l—pbu )]—gpbzk:uk

where
47TﬁA1 471'6142

k2+a? k2 + a3

v(k) =

is the Fourier transform of the interaction potential (2.1) multiplied by
5.

The first and the second terms on the right-hand side of (4.11) are
mean field contributions with the other two terms coming from Gaussian
fluctuations. In order to calculate the third and the fourth terms we
switch from summation to integration and then integrate by parts

gt 1 S Il ) - S IECINCY

(4.12)

— 4L 070 [m 1+ por(E)] — po V(k)]

/ v( dv(k)
12 20 1+pbu K dk

For further calculations it is helpful to express parameters s and »3 in
terms of A\; and As. From (3.32) and (3.33) we have

2 2 2 2 2 2 2 2
o (a2 =A%) (o =) s (03 =M) (a3 =)

Using identities (4.14), after integration we obtain

BFe  py (s | 3
Vo2 +

1
E(aﬁ +0623) (415)

i 2 2 _ i (/\12 + 041012) ()\22 + 011042)
* 8T ()\1 A ) (o1 +a2) 81 a1 + as ’

- —(/\1 +X%) —

2 2 1271

ag Qs
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The pressure can be found from the free energy as

/8 —

W (4.16)

Differentiation of (4.15) with respect to volume gives the fluctuation part
of the bulk pressure as

, d |pv T v(k)  du(k)

pliuwet — _ _— | Lb /k3dk 4.17

B dv | 12x2 1+ ppr(k) dk (4.17)
0

2 oo
= % /kgdk V(k) QdV(k)
1202 | I P dk

After integration and due to identities (4.14) the excess pressure equals

2 2
ex Po il > 1
per = Pb (Z1 72} 3o 418
s 2<a§+a§> 24(1+2) [gr (o’ +a2’) (418)
1 1

1
+ oy (041 + 9 ) ()\1 + /\2) S )\1 T /\2

(0412 + )\1)\2) (0422 + )\1)\2) .

Finally, the excess chemical potential can be derived directly from (4.15)
and (4.18) as u®* = (F** + P**V) /N giving

2 2
ex _ 21 | 70 1 3 3 1 3 3
71 72 A3 — 4.19
B o2 + o2 87rpb( 1+ A3) 8 (af + a3) (4.19)
1 1
+ 871'—[)5(/\% + /\%)(al + 042) + 87_‘_—%(041 + 042)()\1 + )\2)

_ 1 (/\% + 041042)(/\% + alag) B 1 (a% + )\1)\2)(0&% + )\1)\2)

8Py @1 + Qo 8Ty AL+ Ao '

For A; = 0 or Ay = 0 expressions (4.15) for the free energy, (4.18) for the
pressure, and (4.19) for the chemical potential reduce to the respective
expressions obtained in [26,27] for a one-Yukawa fluid.

4.3. Correlation function

The expression for the pair correlation function h(ry, rs) is [34]

h(ry,r2)(p(r1))(p(r2)) = (5p(r1)dp(rz)) — 6 (r1 —r2) (p(r1)).  (4.20)
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In K-space this expression reads

§ [P G s M AN - )| a21)
= (0pk (21)0p-_x(22)),
where

h(K, 2122) = /dR12 h(ng, Z1, 22) exp (’LKng) . (422)

The right-hand side of equation (4.21) can be calculated from expression
(4.7) and gives the inverse Hamiltonian matrix SH, ' [px (2)] /2

J D(6px (2))dpk (21)dp—x (22) exp (—BHz[pk (2)])
J D(dpx(2)) exp (—BHz[pk (2)])

= 2By k(2] (4.23)

Hence the product of the Hamiltonian matrix and the matrix on the
left-hand side of (4.21) yields unity, so we have

[ asa{[[MTAPA Ga)  220) + A )8 G )

(0pk (21)0p-x(22)) =

S K s = )| ) = 01— ), (420
h(K, 21, z2) + /dZ3PMFA(Z3)h(K= z1, 23) v (K, |23 — 22]) (4.25)

=—0Br (K, |z — 22]).

Relation (4.25) is a convolution-type equation. It can be reduced to the
so-called Riemann problem [35] if we assume the density profile to be
a step-function. In this approximation pMf4(z) = 0 for z < 0 and
pMEA(2) = py, for z > 0.

Due to the spatial non-homogeneousness of the system we introduce
one-sided pair correlation functions hy (Ri2, 21, 22) such that

h(Ri2,21,22) = hy(Ri2,21,22) — h_(Ri2, 21, 22),
h(R y “1, ) > 07
h’+ (RIQa 215 ZQ) = { 0( 125 22) zi <0 (426)

0, z1 >0,
h_(Ri2,21,22) = { !

—h(Ri2,21,22), 21 <0.
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The function h(K, 21, z2) can then be presented as the difference of one-
sided functions hy (K, 21, z2) such that

h’(KaZhZQ) = h+(K521522)_h*(K7Z1522)5
h(K, 21, 22), >0,
hi(K,21,22) = { 0( 21, %2) 2 <0 (4.27)
0, z1 >0,
h_(K721722) { _h(K,Zl,ZQ), Zl<0

Equation (4.25) now reads

o0

hy (K, 21,22) = h (K, 21, 22) + pb/d23h+(K, 21, 23)Bv (K, |23 — 22|)
0
=—0v(K,|z1 — 22|). (4.28)

Expanding the functions hi (K, z1,29) and v (K, |21 — 22|) on Fourier
harmonics with respect to the wave vector p in the direction perpendic-
ular to the wall and switching from summation to integration we obtain

72 72
1+ ! + 2 ] hy(K, —h_(K,
K2+ /1*% +Oé% K2 +M% —i—Oz% +(K, pap2) (K, p1p2)
(4.29)
47TﬁA1 47TﬁA2
=— )
(K2+u§+a% KT+ +ag) 0t
where
ha (K, iy, pi2) = /dezeiKR12 / dz etz / dzzeiu2z2hi(R127 2122)
S —00 —00
(4.30)
and we have used the relation
/ dzelhz1 /dZQGi“QZQBU (K,|z1 — 22]) = (4.31)
47TﬁA1 47TﬁA2
=— ) )
(K2+u§+a% KTt +ag) 0t
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Equation (4.29) is known as the Riemann problem [35]. Using the tech-
nique proposed in [26,32] we solve this problem for hy (K, pius) (refer
to Appendix A for the details of calculation) and obtain

h+(Ka M, ,MQ) =
1 4 (13 + a3 (K)) + 55 (43 + of (K))
po (2 — i (K))(p2 — ioz(K)) (2 + A1 (K)) (12 + iX2(K))
(11 + o (K)) (1 + i (K))
i+ () D (K)) 0 ek (032

where d4 (1 + p2) is a one-sided delta-function. The expression for the
correlation function in r-space is

h+(R127 21, 22) - B

ey 2
_ 5141(/\% —a3) + AN} —af) e
(AT —A3) 12
r A1(A3 = 03) + 402 — a?)
— 2K K dK
B! ) 18 § e naT

(A2 (K) — a1 (K)) (A2 (K) — a2(K)) 5, (k) (21422)
()\Q(K)—i-oq( ))()\Q(K +042(K
B A1(MV? —a3) + A2 (M — )
(AL(K) + A2(K)) (A (K) = A2(K))?
Q2 (K) — a1 (K)) (N2 (K) — a2(K)) 3, (5)z-a (k)
(AL(K) + a1 (K)) (AL (K) + az(K))
AN -+ A (Az—a?)
(A (K) + A (K))(/\ ( ) A2 (K))?

_|_

where
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and

™

1 .
Jo(KRi2) = — / dp e’ Ktz cos ¢ (4.35)
0

is a Bessel function of the first kind.

The first two terms of expression (4.33) correspond to the homoge-
neous part kY (R, z1, 22) of the correlation function. The rest of the terms
are the non-homogeneous part. Setting A; = 0 or As = 0, this expres-
sion reduces to that obtained in [26,27] for a fluid interacting with a
one-Yukawa potential.

From expression (4.33) we see that A1 and A2 play the role of pa-
rameters characterizing the screening of the repulsive and the attractive
interactions respectively. In contrast, for one-Yukawa fluids [27] these pa-
rameters have a simple form »? + o? (i = 1,2). This means that for an
attractive one-Yukawa case the pair correlation function is not defined
for low temperatures, high densities, or strongly attractive potentials due
to condition 33 + a3 < 0. Note that the quantities \; and Ay appear in
the bulk part of the pair correlation function as well as in the inhomo-
geneous contribution to the MFA density profile (3.42). Consequently, if
condition (3.45) is satisfied the pair correlation function of a two-Yukawa
fluid becomes well-defined for all temperatures and densities as well as
for strongly attractive interactions between the particles.

4.4. Density profile

In the Gaussian approximation the inhomogeneous density profile can be
written as the sum of the mean field profile pM*4(z) and the quadratic
fluctuation term p/tuct(z)

p(z) = pM T () + pT (2). (4.36)

The contribution of quadratic fluctuations to the profile corresponds to
the one-particle irreducible diagram in the field theory [36,37] and can
be found as:
fluct P 1
pi(l) =5 [h+(R7 21,22) — hi(Rv 21,22)] ) (4.37)

pb 2 Zo—rZ1
R—0

where calculating the inhomogeneous profile we have subtracted the ho-
mogeneous bulk part.
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As a result
Fluct I 207\2 _ 2 207\2 _ 2
pl M (z1) _ 1 / dK{%l()‘l a3) + (A a21)>< (4.38)
Pb Smov ) A(K) (A2 (K) = A (K))

K) — as(K)) o~ P (F)+22 (K)] =1
K K

(K)) (A2 (K) — az(K)) em(mzl}
(K))(A2(K) + az(K)) '

Note that the constant 1/ (8mpp) in front of the fluctuation term (4.38)
can be rewritten in the formn =1/ (87rpbrc31). In terms of reduced param-
eters n = B*7 (wp*B*7)"/? and similar to the one-Yukawa fluid [27] the
corrections due to fluctuations become more significant with increasing
bulk density p* and/or decreasing temperature T* = 1/3*.

In Figures 2-3 we present the density profiles for different values of
parameter 1 which correspond to different values of reduced bulk density
and temperature. We give the mean field profile pM#4(2)/py, the con-
tribution from fluctuations pf'““*(z)/p,, and the sum of the two p(z)/pp.
The contribution from fluctuations has a negative sign which is expect-
ed since in [27] it was shown that for a one-Yukawa fluid the fluctuation
part of the density profile is negative for both attractive and repulsive
interactions. Due to the fact that in the present model the mean field
contribution is non-monotonic, we see that for some parameters the full
profile has a minimum and a maximum between the contact value and
the bulk value. This means that the fluid can have a layered-type struc-
ture, which was not observed in the one-Yukawa case. As parameter 7
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= 099 total profile = 0.99 total profile
---— mean field profile ) ---— mean field profile
0.98- ~— - profile 1 + fluctuations| - 0.98’ ~~ - profile 1 + fluctuations| 1
0.97F b 097 1
Of 1 1 1 1 Of 1 1 1 1
o 0 2 4 6 8 10 o 0 2 4 6 8 10
2, 2,
Figure 2. Density profile in the Gaussian approximation for w = 2,

7 = 1.35 and different values of parameter n. On the left n = 0.5
(T* =1, p* =0.0325). On the right n = 1.0 (T* = 0.5, p* = 0.0163).
The curve denoted by the dash-dotted red line is the mean field solution
of equations (3.15)—(3.19), for the dashed green line we have the contri-
bution from the fluctuations, and the solid black line is the sum of the
two.

is increased, the profile exhibits smaller oscillations and monotonically
decreases at the approach of the surface. We also observe that with in-
creasing 7 the density depletion effect becomes more pronounced. At low
values of 7 fluid particles accumulate near the wall while for higher val-
ues of 17 they are held back from the wall. These results are in qualitative
agreement with [30], where a hard core two-Yukawa fluid was studied by
means of Monte-Carlo simulations and the density functional theory.

1.02 E 1.02 E
] ]
i i
o o
< <
= : = :
a total profile = total profile
0.96f ---— mean field profile b 0.96) ---— mean field profile b
~~—- profile 1 + fluctuations| ~~~- profile 1 + fluctuations|
0.94F b 0.94 b
] 1 1 1 1 ] 1 1 1 1
09 0 2 4 6 8 10 09 0 2 4 6 8 10
2, 2,

Figure 3. Identical quantities as shown in Figure 2 for n = 1.5 (T* =
0.335, p* = 0.011) on the left and n = 2.0 (T* = 0.167, p* = 0.0055) on
the right.
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4.5. Contact theorem

In Section 3.2 we have shown the validity of the contact theorem in the
mean field approximation. Here we will show that for the considered
model the contact theorem is also satisfied when the fluctuations are
taken into account.

Setting z; = 0 in expression (4.38) and using identities (4.14), we
obtain the contact value of density

pfluct(()Jr):i /KdK{al(K)—l-ozg(K)—%[Al(K)—I—)Q(K)] (4.39)

1 [ed(K) + M (K)o (K)] [03(K) + M (K)Ao(K)]
2 AL (E)A2(K) [ (K) + A2 (K)]

Going back to expression (4.17) for the pressure we can calculate the
fluctuation part of the pressure using the cylindrical coordinate system
instead of the spherical one. Then we have

fhuct [oan vk du(k)
8P 12 Lo /k dk[1+py(k)]2 o (4.40)
_ K,p)  dv(K,p)
4772 O/KdK/Md 1+pbu(K w)?  dp
R a3()) 48 (42 4 0F(E))
= /KdK/u du 5 5
12 + N3P (12 + A3(K)]

%w+%m»+%m+mmﬂ
(1% + af (K)] [1? + o3 (K)]

After integration with respect to p and taking into account relations
(4.14) we obtain

ppfluct — ﬁ /KdK [al(K) + as(K) - % A (K) +A(K)] (441)

2(K)] [03(K) + M\ (K)o (K)]
(K) A (K) + Ao (K] ’

1 [0f(K) + A (K)A
2 A (K) s

which is exactly the expression (4.39).
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We have therefore proved the validity of the contact theorem for the
fluctuation term of the density profile.

4.6. Adsorption

We can calculate the adsorption coeflicient defined as

(oo}

r = /dz [p(2) — po] = Trra + T pruct (4.42)
0

according to different approximations of the mean field density profile
presented in Section 3.3.

Hence the exact mean field contribution can be determined only nu-
merically.

The linearized equation (3.42) gives

Py A — a3 w2 N —ad —
Thira = = 55 E 2) ( St (4.43)
1 2

A3)
2 s (42

and the simplified linear approximation (3.46) gives

2 2
el Po i Py
MFA = 5.3 208

1 2

(4.44)

As we can see from Figure 1 the linear approximation (3.42) interpolates
the mean field result for the density profile quite well. Due to this we can
consider the linear approximation (4.43) for the adsorption coefficient as
a correct enough result in the framework of the MFA. At the same time
we can see from Figure 1 that the simplified linear approximation (3.46)
is rather crude. However, expression (4.44) gives a simple estimate of the
sign of the adsorptlon coefﬁment This expressmn tells us that T3, is
positive if w > 72 and negative if w < 73.

In order to determine the sign of I'k;, ., we use identities (4.14) to
rewrite expression (4.43) as

Fﬁﬂm = (4-45)

py| 743 | _ 4 _ .2 * Q%3 () _ 2 2
TerEs Wl LA ™) A8t (0 = 72) 4 7

The function outside of the square brackets is positive, therefore the
sign of 'Y, 4 is determined by the sign of the function inside the square
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Figure 4. Reduced adsorption coefficient T'k*. , as a function of the re-
duced density at T* = 0.083 on the left and as a function of the reduced
temperature at p* = 0.0001 on the right. The lines correspond to differ-
ent values of parameter w at a fixed 7 = 1.25 (72 = 1.56, 73 = 1.95).
The dashed blue lines correspond to w = 1.96, the solid black lines to
w = 1.89, and the dotted red lines to w = 1.55.

brackets. The expression under the square root is also positive if we
choose the parameters to satisfy the condition (3.45). Then we see that
the expression inside the square brackets is a monotonic function of 5*p;;
at a fixed w and 7. Furthermore, this expression increases if w > 72 and
decreases if w < 2. At 8% p; = 0 the expression inside the square brackets
equals (7 + 1) (w — 7%). This means that for the case of w < 72 T'§; 5, is
negative for all values of 3*p;. At w > 73 we have that I'f; ., is positive
for all values of 3*p;. For the case when 72 < w < 73 we have that
%, - 4 is negative at low values of 3*p; and positive at higher values of
B*p;. These relationships are illustrated in Figure 4 where we present
the reduced adsorption coefficient 'y, = T'k ., /a? as a function of
the reduced density and the reduced temperature for different values of
w at a given value of 7. One can see at 72 < w < 72 the adsorption
coeflicient displays non-monotonic behavior with the density at a fixed
temperature as well as with the temperature at a fixed density. FﬁjF 4 s
negative for lower values of the density and becomes positive for higher
values of the density. Likewise, at a fixed density it is positive for lower
temperatures and negative for higher temperatures. This effect was not
observed in one-Yukawa systems [27] where the mean field contribution
to the adsorption coefficient was strictly monotonic.

For the fluctuation part of the adsorption coefficient due to identities
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(4.14) we obtain an analytical result

1 1 1
T tluet = = ()\1 + /\2)2 + — (a% + a%) - — (/\1 + )\2) (a1 + ag)

327 327 167
1 (A2Ar + a2?) (A2Ar + on?) 1 (o1 + a2) (AaA1 + acan)
167 (A1 + A2) 167 AL+ A2

1 2 2 2 2 (A2 + a1)(N2 + )
— —a?2—ad)1
gy AT A—oi—ap) In 20\ + \2)

L (M —al)Mi-aj) | [)\1 (A2 +a1)(X2 + 042)] .

167 N2 X2 (A +a1) (M + az)

(4.46)

Unlike the mean field contribution, the contribution from fluctuations
T fiuct is always negative. This result is expected as in [27] it was shown
that for a one-Yukawa fluid at a wall the fluctuation effects lead to densi-
ty depletion for both repulsive and attractive interactions. In the region
where I'jrpa is negative the value of the total adsorption coefficient T’
will be negative. It is therefore more interesting to consider the region
in which T'p;p4 is positive. In this case we will have the competition
between the MFA contribution and the contribution from fluctuations.
Such a situation is illustrated in Figures 5 and 6, where we present
the reduced adsorption coefficient I'* = I'/a? as a function of the re-
duced temperature 7™ and of the reduced bulk density p; respectively.
The mean field contributions are calculated in the framework of the lin-
earized approximation (4.43). In Figure 5 we observe compensation from

VN

totall

.
e ]

Figure 5. Adsorption isochore as a function of the reduced temperature at
w = 3.4, 7 = 1.25 for p; = 0.1 on the left and p; = 0.01 on the right. The
curve in dashed line (green) is the linearized mean field solution I'}/ 7 4,
in dotted line (red) we have the contribution from the fluctuations D et
and in full line (black) the sum of the two I},
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014

Figure 6. Adsorption isotherm as a function of the reduced density at
w=3.4,7=125for T" = 0.3 on the left and 7" = 0.05 on the right. The
curve in dashed line (green) is the linearized mean field solution 'y} 5 4,
in dotted line (red) we have the contribution from the fluctuations I'},, .,
and in full line (black) the sum of the two '}, ;.

the two contributions resulting in non-monotonic dependence of I'* on
the temperature for both higher and lower values of the bulk density.
In Figure 6 we show dependence of I'* on p; for two different values of
T*, T* = 0.3 and T* = 0.05. One can see that for 7% = 0.3 the mean
field term dominates. The fluctuation part becomes increasingly more
important with decreasing temperature. In consequence, at certain val-
ues of the temperature the adsorption isotherm displays non-monotonic
behavior with the bulk density. In [30] a similar result was obtained for
a hard core two-Yukawa fluid in the framework of the density functional
theory and Monte Carlo simulations.

5. Conclusions

In this work the field theoretical approach is applied to the description
of a fluid interacting with a repulsive and an attractive Yukawa poten-
tials in the vicinity of a hard wall. The results obtained are compared to
a more simple one-Yukawa model considered in our previous work [27].
We derive mean field equations that allow for a numerical evaluation of
the density profile. Subsequently the contact theorem is validated em-
ploying a scheme that can by linearity be generalized to a multi-Yukawa
fluid. The numerical result of the density profile is then compared to
different analytical estimations. We find that unlike a one-Yukawa fluid,
a two-Yukawa fluid can have a non-monotonic profile even in the mean
field approximation. The linearized version of the profile contains two
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generalized decays A\; and Ay which have a more complicated form than
in the one-Yukawa case. For the case of a; > a9 we determine that
these decays cannot be complex and establish a simple condition on the
free parameters of the fluid for them to be real-valued. In contrast, the
results obtained in [27] for an attractive one-Yukawa case are not de-
fined when »2 + a2 < 0, that is for low temperatures, high densities,
or strongly attractive potentials. This peculiarity is related to general
problems in the description of phase transitions in the framework of the
Gaussian fluctuations theory in the bulk. More specifically, it is the so-
called RPA-catastrophe which is caused by the incorrect treatment of
short-range correlations and can be removed by including the repulsive
interactions [33]. Compared to an attractive one-Yukawa case we thus
show that generalization of the interaction potential to the sum of a re-
pulsive and an attractive parts makes the profile decays well defined for
all temperatures and densities.

Beyond the mean field approximation we study an impact of Gaus-
sian fluctuations on thermodynamical and structural properties of the
fluid. Analytical expressions for the free energy, the pressure, the chem-
ical potential, and the correlation function are derived. Subsequently
we find a correction to the density profile due to fluctuations and show
that fluctuations always lead to depletion. This effect can cause an os-
cillatory behavior of the density profile which was not observed in the
one-Yukawa case [27]. With a decreasing temperature the oscillations
become smaller and the profile becomes more monotonic. We show an-
alytically that the fluctuation terms of the pressure and of the density
contact value satisfy the contact theorem. Next we study the adsorption
coefficient and its dependence on the bulk density and the temperature.
A simple condition on the parameters of the pair potential is established
to determine the sign and the monotonicity of the linearized mean fi-
eld contribution. An analytical expression for the fluctuation part of the
adsorption coefficient is then presented. Unlike the mean field part, the
contribution from fluctuations is always negative. We consider the case
when there is a competition between the two contributions. It is found
that at higher temperatures the mean field term dominates, but as the
temperature decreases the fluctuation effects become increasingly more
important. As a result, non-monotonic adsorption curves are found for
some systems. The behaviors of the density profile and of the adsorption
isotherm described in this paper are in qualitative agreement with the
results of [30], where a hard core two-Yukawa fluid was studied by means
of Monte-Carlo simulations and the density functional theory.
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A. The Riemann problem

Equation (4.29) can be represented in the form

Pr(K, pn) ha (K pa, p2) = P (K, pn) he (K iy, p2) = —L(p2) 6(p1 + pie)
(1.1)

where

L(pa) = AmB { A1 (13 + p* + a3) + Az (p3 +p* + o7)}, (1.2)

Py(K ) = (K2 + 43 + o3) (K + pf 4+ o3) +
(K> + 43 4 03) 4+ 56 (K? + 13 +of), (1.3)
P_(K,p1) = (K* + pf + of)(K* + pf + 03),

Equation (1.1) is known as the Riemann problem [35]. It can be
solved by factorization, for which purpose we write the fraction

P—(Khu'l)/P-i-(Kle) as

P(K,pm) _ Q+(K m) (1.4)

P+(K7,UJ1) Q*(Ka,ul)7
where Q4 (K, 1), Q— (K, 1) are analytical functions of p1 and cannot
be zero in the upper + or lower - halves of the complex plane. The latter
are easy to find:

_ (pa +ion (K))(m + ias(K))
Q+(K, ) (ILL1+Z-)\2(K))('M1+Z'/\1(K))=
(1 — A2 (K)) (1 — 1A (K))

Q- (K, ) (11 — ion (K)) (1 — iaa(K))' (1.5)

where

Ao(K) = /K2 + X2, M(K)=/K2+ )2 (1.6)
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Coefficients A1, A2 are found from equation
N = (of + 03 + 5 +55)N + (o +57)(05 +58) — #i55 =0 (L7)

giving

1
ﬁrﬂ<ﬁ+ﬁ+%+£i%ﬁ+ﬁ—%—@fﬂﬁ%yM)
and coinciding with expressions (3.32) obtained in the framework of the
mean field approximation.

We choose iAy(K), i\;(K) to be in the wupper and
—iX2(K), —iA1(K) in the lower halves of the analytical plane.

Equation (1.1) now reads

ho (K pa, o) ho (K pa, o) L(p2) 0(p1 + p2)

QJr(Ka,ul) Q*(K’:ul) B _QJr(Kv_:uQ)PJr(Ka _/LQ) '

In (1.1) we present the Dirac function as the difference of one-sided Dirac
functions

(1.9)

O(pa + p2) = 04 (1 + p2) — 6— (1 + p2), (1.10)

which are analytical in the upper and lower halves of the complex plane
respectively. Since the index of the problem (1.1) is zero [35], we obtain

L(p2)Q 1 (K, p1)

th(K’ M1, ,LLQ) = - Q+(K, _/142) P+(K, _M2)6+(,u1 + /LQ)
o) = = )5 k). (01D

Replacing (1.2), (1.4) and (1.5) into (1.11), we have

hy (K, pa, p2) =
_4r B A3+ a3)(K) + As (13 + o3 (K))
(2 — i1 (K))(p2 — iag(K)) (2 + i (K))(p2 + il (K))
(p1 + i (K))(p1 +iaa(K))
o+ () (i T () i tae)y (L12)

h—(K7M17M2) =
—47 8 Ay(p3 + ad) + Ay (43 + a?)
(12 = i (K)) (2 — 102 ()) (2 + iXa(K))(pz + A1 ()
(1 — iA2(K)) (1 — iA1(K))
(i — i () —iag(R)) O~ i) (113)
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Performing the inverse Fourier transformation

dK Oodm i Oodul _
h _ e iKR12 e iH1z1 o th2z2
(Faz, 21, 22) /(27T)2 / 2 / 2

— 00 — 00

{hy (K, pay po) — he (K pa, p2) }, - (1.14)

we can find the originals of one-sided pair correlation functions. Due to
the considered model we are interested in the case when both particles
are in the upper half-space z; > 0, z2 > 0. We present one-sided 6-
functions as

1
Ot + p2) = 51—>0 pa + po +ie’

)
6— (1 + p2) —;gl%m (1.15)

and integrate by pq. Then for z; > 0, closing the integration contour in
the lower half of the complex plane, we have

HnlJf’dul<u1+-uxmzr»<u1—+ia2<kv> i g
5*)0700 2 (,ul + ZAQ(K))(IUJ + Z)\l(K)) M1 + M2 +1e

(2 — 1o (K))(n2 — i@2(K) ipyzy

(2 — A2 (K))(p2 — 1M1 (K))

(
Qe(B) — a1 (K)) QA2 (K) — as(K)) ()2 n
(A2 (K) = M (K)) (2 — iX2(K))
S (E) — ai ()M () — a2(K)) 5, ()2
(A2 (K) = M (K)) (p2 — i (K)) '

(1.16)
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Now we integrate by po. We consider the case zo > 0.

7° dpy  [Ai(p3+ a3(K)) + Aa(usd + 0} (K))] e
21 (p2 — a1 (K))(p2 — iz (X)) (p2 + iX2(K))(p2 + iA1 (K))

{(#2 —ion(K))(p2 = ia2(K)) iz,
(2 — iA2(K))(p2 — iM (K))
Q2 (K) — a1 (K)) A2 (K )_O‘Q(K))ef)Q(K)zl_i_
(A2(K) = M (K) (2 — id2(K))
S (E) — a1 (K)) (M () — ap(K)) e)\l(K)zl} _
(A2(K) = M (K)) (2 — iM(K))
AN —a3) + A2(A3 — ) 3 (K)o
R TS v v
A1(02 —ad) + 42(\2 — a?)
2M(K) (A = A3)
A1 (A3 —a3) + Az(/\2 —aj)

— 00

e~ M (K)|z—z2| 4 (1.17)

2X2(K) (A1 (K) — A2 (K))?
(A2(K) — on (K)) (A2 (K) — a2(K))e—A2(K)(z1+Z2) _
()\2( )—I—Oél(K )()\Q(K)"'aQ K
AN — o) + A (N — @

Ao (K) — a2(K))e—>\g(K)z1—>\1(K)Z2 _
(K K

A1(A —a3) + Ao(\ — @

(M (K) + A2 (K)) (A1 (K) = A2(K))?
(AL(K) — oq (K)) (M (K) — a2(K))e—>\1(K)z1—>\g(K)Z2 n
()\Q(K) + Ozl(K )()\Q(K) —+ o K))

A1(02 —ad) + A2(\2 — a?)

201 (K) (M (K) — A2(K))?
(AL(K) — on (K)) (M (K) — a2(K))e—>\1(K)(Zl+zQ)
(M (K) + a1 (K)) (M (K) + az(K))

Taking the inverse Fourier transform with respect to vector K, we obtain
the following expression for the case when particles 1 and 2 are in the
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upper half-space, i.e. z1 >0, z0 > 0

A1 (AQ 012) + AQ()\Q — ) e~ M2Ra2

hy(Ri2,21,22) = 3 ) Ra (1.18)
A0\ —ad) + Ax(\2 — a2) e Ml
P (A2 —)2) Ri»
A1(02 —ad) + 4203 — a?)
wo/ P dp{ Do) (M1 (K) = o (K))?
A2 (K) — a1 (K)) QA2 (K) — a2(K)) 3, (1) (1422) _
(A2(K) + o1 (K))(A2(K) + az(K))
A1(N2 —ad) + Ay(\2 — a?)
(AL (K) + A2 (K)) (A (K) = A2(K))?
(A2(K) — a1 (K))(M2(K) — 042(K))ef>\2(K)z17>\1(K)z2
(AL(K) + o1 (K)) (A (K) + az(K))
A1(A3 —ad) + A2(\3 — a?)
(AL (K) + A2 (K)) (A (K) = A2(K))?
(M(K) — a1 (K))(M(K) = 042(K))ef>\1(K)z17>\2(K)z2
(A2(K) + o1 (K))(A2(K) + az(K))
Al(/\% — CYQ) + Ag()\2 -«

i)
2

20 (K) (M (K) = Ao (K)

)
(M(K) = a1 (K)) (M (K) — QQ(K))eAl(K)(z1+z2)}
(M (K) 4 a1 (K)) (M (K) + az(K)) ’

where Jy(K R12) is a Bessel function of the first kind given by expression
(4.35).
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