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We propose a method of describing a phase transition in a cell fluid model with pair interaction potential that
includes repulsive and attractive parts. An exact representation of the grand partition function of this model is
obtained in the collective variables set. The behavior of the system at temperatures below and above the critical
one is explored in the approximation of a mean-field type. An explicit analytic form of the equation of state
which is applicable in a wide range of temperatures is derived, taking into account an equation between chem-
ical potential and density. The coexistence curve, the surface of the equation of state and the phase diagram of
the cell Morse fluid are plotted.
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1. Introduction

Description of phase transitions in fluids remains a ponderable area of investigations in statistical
physics both in macroscopic and microscopic scales. During many years of research in the field due
to hard work of scientists it became known that the phase transition is possible either at the infinite
volume or at the thermodynamic limit and is characterized by a density jump on the isotherm below
the critical temperature [[1]]. Plenty of successful studies were dedicated to the explanation of the nature
of the first-order phase transitions at a macroscopic level, but a resemblant theoretical description at
the microscopic stage is still a question to be answered. Most approaches to a description of phase
transitions and critical phenomena in fluids are based on the following: complete scaling ideas [2} 13]];
methods of the theory of integral equations, in particular, self-consistent Ornstein-Zernike approximation
(SCOZA) [4,15]]; perturbation series expansion such as hierarchical reference theory [6]; non-perturbative
renormalization group approach [7]]; method based on the study of the behavior of the virial equation
of state with extrapolated coefficients [8]; numerical methods and computer simulations. There are only
a few recent works devoted to finding possible ways of solving this problem in the framework of grand
canonical ensemble. Among them, there is a collective variables method [9]] used by Yukhnovskii to
completely integrate the grand partition function of a system of interacting particles in the phase-space of
collective variables and, therefore, investigate its behavior in the vicinity of a critical point, or the method
developed by Tang [10] where he combined the grand canonical ensemble with density functional to
explain the occurrence of a first-order phase transition in homogeneous fluids.

The objective of our investigation is microscopic description of a first-order phase transition in a cell
fluid model. We do this exclusively on the basis of grand canonical ensemble. The model that we used
as an approximation of a continuous system is quite similar to the cell gas model [11]. Thermodynamic
functions, correlation functions and free energy of the latter appeared to be close to the corresponding
values of continuous systems if the cells size tends to zero [[12]].

The values of parameters of the interaction potential are required to obtain numerical results. For
this purpose, we chose the Morse potential as a potential of interaction. The Morse fluid has already
been well studied, e.g., within the integral equation approach [13l], by molecular dynamics simulations
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of simple fluids [14], by Monte Carlo simulations using both NpT plus test particle method [15] and
the grand-canonical transition matrix method [16]. The application of such a potential appeared to be
sufficient to describe a liquid-vapor coexistence in liquid metals [[16].

This paper is laid as follows: in section [2] the Jacobian of transition from individual to collective
variables is calculated. A rigorous representation of the GPF of the cell fluid in the form of multiple
integral over collective variables is obtained in section In section this expression is restricted to p*-
model and is calculated in the mean-field approximation. Sections 4] and [5]are devoted to the exploration
of the behavior of a system in a wide temperature range except the vicinity of the critical point, and
an equation of state of the cell fluid applicable in this range is derived. Conclusions are presented in
section

2. A cell model for describing the behavior of a simple fluid

To follow our goal, we calculate the grand partition function (GPF) of the cell fluid model.

Similar to the case of a cell gas model, the idea of the cell fluid consists in a fixed partition of the
volume V of a system with N particles on N, congruent cubic cells, each being of a volume v = V /N, [[17].
The GPF of this system can be written as follows:

i N
2= ) % J(dx)N exp —§ Z Oy, 07 ez, ()| - @2.1)
\%4

N=0 11,7261\

Here, z = e#H is the activity, S is the inverse temperature, u is the chemical potential. In this expression,
integration is made over the coordinates of all the particles in the system fv (dx)N = Jv dxp ... JV dxn,
X = (xl(l), xl@, xl@)), n ={x1,...,xn} is the set of coordinates.

Ullz is the potential of interaction, the difference between two cell vectors is noted as lj5 = |[} — b|.

Each Z takes values from a set A, defined as follows:
A={T= b bl =ems mi=12. . Ni i=123 N,=N}.

Here, c is the side of a cell, N, is the number of cells along each axis, p; (17) is the occupation number of
acell

IO WES 2.2)

Xen

The characteristic functions (indicators) I (%)

L if xed;
In =1 l’ 23
A {o, it xgA; @3

identify the particles in each cubic cell A7 = (=¢/2, ¢/ 2]® ¢ R? and their contribution to the interaction
of a model. This is the way to plunk all the particles and sort them to different cells. The following

expression is obvious
D e =N.

leA
Particles with different coordinates can get into the same cell, where they interact regardless of the
distance between them by equally repelling each other. Interaction between the constituents of one cell
and the particles hosted in another cell is expressed as the function Uj,, dependent on the distance between
cells. This function consists of repulsive and attractive parts, respectively U, = ¥}, — Uy,,. Both ¥,
and Uy, are positive. As an example, we choose Uj,, in the form of the Morse potential

y,, = De—2(112—1)/(zR, Uy, = 2De—(l|2—1)/ak’ 2.4)
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here, g = a/Ry where « is the effective interaction radius. The parameter Ry corresponds to the
minimum of the function Uln [O(l1» = 1) = —D determines the depth of the potential well]. In terms of
convenience, the Ry-units will be used for length measuring.

Rewriting the GPF (2.1)) in terms of Fourier representation gives us a sum of diagonal terms in the
exponent with interaction potential

RN B o .
2= ) N1 J(‘WN exp | =5 Z Okpppp|.  k=lkl, (2.5)

which is more prospective for calculation than the expression (2.1). The variable p; is the representation
of the occupation number p; () in reciprocal space

A 1 ikl

pr=—= > prme*.
No TeA

Vector k takes values from the set B corresponding to one cell

T 2w

Bcz{%:(kl,kz,kg)(ki:——Jr——, mi=12.. N i=123; NU=N13}.
c c N;

The Fourier transform of the Morse potential (2.4) U(k) = —~U(k) + P(k) is as follows:

5 a2 k2\ 72
U(k):U(O)(1+a§k2) S OR OB ) , (2.6)
C¥3 a3
U(0) = 16DJ|:TReR°/”, Y(0) = DJ'ETRezRO/a. (2.7

At this stage, the GPF (2.1)) of N interacting particles will be written in the form of N integrals over
their coordinates and N, integrals over the collective variables (CV) P (18]

[1]

© N
z B o . )
= Z mj(dx)N exp | =3 Z U(k)pep_z J(dp)Nu J(dV)NU exp |2mi Z velpr — Pp)| - (2.8)
N=0 \4 keB. keB.

Herewith

(dp)Nv = ﬂ dpp, (AN = ﬂ dv; .

EEBC EGBC

Let us make an identical transformation of the potential of interaction U(k) as follows:

U(k) = -W(k) + % xP(0).

The effective interaction potential W(k) is expressed as follows:

W(k) = U(k) - W (k) + % YP0). (2.9)

Hence, y is the real positive parameter (y > 0), 8. = 1/kgT¢, kg is the Boltzmann constant, T; is some
fixed temperature which will be defined later. A part of the repulsive interaction B, y'¥(0) > 0 is now
transferred to the Jacobian of transition from individual coordinates to collective variables. This allows
us to write an accurate representation of the Jacobian of transition. As we will see subsequently, it will
form a new measure of distribution of density fluctuations.
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As a result of the above-mentioned transformations, the GPF takes the form

—_\ ! . .
2= Z ol J(dx)N J(dp)N” J(dv)N” exp | 2mi Z v (p]; - p,—(»)
N=0 \% lzeB(.
X +EZW(k)~ B ¥(0) > prpi 2.10)
exp | Bupo + 3 PP~ S X PP | 2.
EGBL- EEBC
here, exp(BuN) = exp(Bupo) and po = pglz_, -
To integrate over the coordinates xj, . . ., x it is enough to consider a part of (2.10) in terms of p(n)
B T [_B
C Aoa | — _Pe 2
exp | =5 x¥(0) Z Pip_i| = ]_[eXp[ > X‘P(O)PZ(U)}
keB. =1
and make the following transformation
Be 2 _ Lo, . 3 1
exp -5 xY(0)ps(n)| = gv | depjexp|——¢s+ipp7(m)], g = (4mp)~2 .
2 l 4p 1

The parameter p is real and positive. It is expressed by the following formula:
p = Bex'¥(0)/2. 2.11)

After integrating over the coordinates xi, . . ., x, (see appendix [A) we obtain a functional representa-
tion of the GPF of the cell fluid model in the way similar to the one we did before [19]

N,
E= I(dp)N” exp | Bupo + g 2 Wweze || |
=1

EEBC

Z U—W:e_pmzé(pi - m)l . 2.12)
m!

m=0

Now, the difference between the cell gas model [11] and the cell fluid model becomes clear. Molecules
of a cell gas move in space in such a way that each cell can house no more than one particle. This is
somewhat similar to the lattice-gas model, which is frequently used for describing simple fluids. It is
known that in the lattice-gas, only one particle can reside on each site, otherwise the site is vacant. As
regards the cell fluid model, we introduce the occupation numbers of cells p7 (17) which can take values
m=0,1,2,....This means that each cell of a cell fluid can host an arbitrary number of particles. Due to
the term e™? ”’2, the more m increases the less the m-th term contributes to the sum in @]) Therefore,
the probability of finding many particles in one elementary cube is very small.

3. Functional representation of the grand partition function of the cell
fluid model
At this stage, we propose two ways to deal with the calculation of the GPF (2.12). The former is

presented in our recent study [[19]. The latter, which in our opinion provides more transparent results,
will be considered here. Firstly, let us make the Stratonovich-Hubbard transformation

1 tt -
exp g D Wkpgp ¢| = 9w J(df)N” P |55 2 Wt 2 fifi ©-1)
I_c'eBC

EEBC EEBC

gw = | | mpw(i1 2.

EeBC
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The variables 7; are complex values 7; = tg)

- it](;) , where t](;) and t;;) are real and imaginary parts,
respectively. For an element of a phase volume, we have
’
AN = dy drar®.
@™ =d | | drodr
keB.
The prime above the product means that k>o0.

Note that the mandatory condition for transformation (3.1)) is W(k) > 0. Taking into account the form
of the interaction potential (2.4), it is easy to see that the effective potential W(k) (2.9) is positive when

In2 < Ry/a < 41n2 (3.2)

and y > 0. The left-hand side of inequality (3.2) is peculiar for the Morse potential, which was used
[20522] for a description of metals (particularly, Cu, Fe, Al, Au, Na and so on).
Taking into account transformation (3.1)), the GPF (2.12) can be written as follows:

1 Ity -
ZE=g J(dt)N” exp _ﬁ Z Vf/(_kk) J(#7). (3.3)

The Jacobian of transition J (t}) factors in [ is as follows:

N, o * xX
J(;Z) = l_[ Z Um_ —Pm J Vl e—Znivl-N J dpfexp
=1 m=0 — oo —00

—ikl
ek (3.5)

f-
2mi (VT + %1) pl{| , (34)

Obviously, integrals over p; in (3.4) are delta-functions, which somehow remove the integration over v;.
Consequently, we come to the following expression of the GPF

Ny

== J(d[)Nv exp —% Z gc;t(—klg 1:1[ i Um_ mt* -r ) 3.6)

The series under the product of / in (3.6) can be expressed as a cumulant series

Ji(E7) = exp l— > %f; . (3.7)

n=0

Coefficients a,, are explicit analytical functions of the parameters p and v (see appendix [B)) which is in
contradiction to our previous work [[19]], where such coefficients were expressed in a complicated way via
the integrals containing restricted cumulant series. Therefore they could be only numerically calculated.
Consequently, we obtained an approximated expression of the GPF [19].

Evidently, p and v appeared to be instrumental parameters in the present approach. Moreover, there
is a monosemantic dependence between them (for more detail see appendix [C)).

It is worth using a space of f,; to make the following calculation of the GPF. In this case, the Jacobian
of transition fails to be a function of chemical potential, which actually makes calculation much easier.
So, let us transit in (3.6) to the variables 7 using (3.5)), and rewrite it in the form

1 . -
W(O)} } I(df)NU exp{\/_ [W(O) al] t) — ) kZB D(k)l]‘('l‘_lz

c

RN .
B Z JN” : Z %1, 6I_€I+...+I¥,, } (3.8)
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W(0) is the effective potential of interaction at |7€| =0and

D(k) =ay +

1
Wk

Note that the functional representation (3.8) is exact for the cell fluid model, in comparison with
the visually similar expression obtained in our previous manuscript [19]], which is approximate. To
derive an equation of state and physical characteristics of the system, one should calculate the GPF.
Computation of (3.8) would be an exact solution of the problem, but this task is rather complicated,
whereas expression (3.8) contains an infinite number of terms in the exponent. Thereby, we use the
p*-model approximation, which means that the cumulant series in (3.8)) are restricted to n < 4. We made
sure [23H26] that this approximation provides a qualitatively satisfactory description of a second-order
phase transition with non-classical values of critical exponents for the Ising model. So, we hope that the
same approximation would work for the cell fluid model as well.

4. Calculating an explicit form of the GPF in the approximation of a
mean-field type

The expression obtained in the previous section is similar to the partition function of a three-
dimensional Ising model in an external field [27]. In our case, u plays the role of the field. To calculate
the GPF (3.8)), we should make a change of variables

as

t,-(' =Pz + nc\/Nvélz, ne = —a—4,

which is aimed at destroying the terms proportional to the third power of the variable f];. As aresult, we
obtain the following expression

—_ _ 1 ag 1
= = gwe/VvFumaw I(dp)N" exp[«/NvMpo -3 > dk)pzp_i - %N, D P POt |

EEBC kiy..., kg
];iE.(BC
4.1)
where
wW(0 . d(0 a
E, = _ﬂT()(M +ay)? + Mn, + %n? - ﬁn?,
. a
M= O a,  d =a +d0n + g“ng . 4.2)
The coefficient d(k) is of the form
] - - a4 2
dk) = —— - a, =—n.—a. 4.3
(k) W y = -~ a (4.3)

Currently, we are interested in the behavior of the cell fluid in a wide range of temperatures. The
results obtained for a magnet in an external field [28] 29] as well as for fluids [9, 130] point out that the

variable py with k=0 (l; is the wave vector of a fluctuation mode) gives a main contribution to a free
energy in the range of temperatures far from the vicinity of the critical point.

The terms that include p; with k # 0 fail to play a part to the average density of the system
1 0lnE
N, dpu’

since integration over these variables in (@.I)) is not related to the chemical potential, namely a derivative
of these terms with respect to the chemical potential is equal to zero. Obviously, such terms do not make
the density dependent contribution to the pressure

PV = kgTInZE. 4.5)

i = (4.4)
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Thus, let us make such a type of mean-field approximation and consider the collective variables p; with

k = 0 both with neglecting all the p; with k #0in expression (.1). In this approximation, the GPF is
of the form

= = gye™e b J dpo exp [N, E(po)] - (4.6)

E(po) is obtained using the change of variables p;, = VN, po

a4 4

1
E(po) = Mpy — =d(0)p3 — —pt . 4.7
(ko) = Mpo = 5d(0)py = =, P 4.7
The temperature of transition in the mean-field approximation [31} [32] can be determined from the

following condition

1 . —_
d(O) = m —ay = 0. (48)

Hence, we obtain the expression for the critical temperature
ksgT. = @W(0,T,), 4.9

where W(0,7.) = W(0)|r=r, is the value of the effective interaction potential W(0) at the critical tem-
perature. Since the coefficients a,, of the Jacobian of transition are the functions of p, this parameter
influences on the value of T;. This dependence is important for applying the approach proposed in the
present paper to particular physical systems.

Taking into account the form of the effective potential (2.9), it is easy to make sure that temperature
dependence of d(0) can be expressed as follows:

(T-Tp) Ao U(0) Ry
1) _ =20 = 16e® — 1. (410
T YT A+ (r+ Dy W(0) 0= 1be (4.10)

d(0) = ayyr, T

Recall that U(0) = U(0)—"P(0) is the Fourier transform of the interaction potential between the constituents
of the system.

Since the value N, in the exponent of (4.6) tends to infinity in the thermodynamic limit, we can use
the Laplace method to make integration in this expression (see [[19]) and obtain the GPF as follows:

E = gy exp [NoEy + N,E(po)] . 4.11)
where the value pg = pg can be found from the equation

-3 — 6d(0) oM
Poi T Popoi +qo =0, Po = , qo =——.
ay ag

4.12)

po should give a maximum of E(po). Having an explicit expression of the GPF (.11}, one can write the
average density of the system using (4.4)

(N) _0E, N dEo(po)

i = = —= i=n, — M+ drkpo, 4.13
"IN, T opu " opu "= “Kpo 13
where
ag 3 1
ng = —a| — axhe + —ng, BW(O0) = —, Kk=T1y+1, 4.14)
3 drk

since po = po(t, M) equation (@.13) describes a link between the density 7 and the chemical potential M.
This equation is non-linear. It has a different number of real solutions depending on whether 7 is positive
or negative. At 7 < 0, there exist three real solutions pg;, while for 7 > T, there is only one solution.
For all 7, there are three possible values of M, which correspond to the same one 7. It is important
that we can find the chemical potential as a function of the average density, but it appeared to be not an
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easy thing to express M = f (7, 7) using (4.13). However, we can act in a different way to link 77 with M
by writing an equation that meets the condition of maximum of E(pg) (4.7)

_ a4 _
M = d(0)pon + P> (4.15)
where according to (@.13))
_ (i —ng + M)
pop = ———— (4.16)
arK
Using the denotation
m=M+n-—ng, 4.17)
we can reduce equation (4.15)) to the following form
m’ +mpy + gy = 0, (4.18)
where
6kzd§ B
po = s o = —(1 = ng)puk,
aq
and its discriminant , 5
Pb qb
Dy = (2) + (L) 4.19
b =13 > (4.19)

Since pp < 0, the value of Dy, can be either positive or negative (see figure [I). This fact shows the
influence on the number of real solutions of equation @.18). If Dy, < 0, the equation (4.18) has three
real solutions. If Dy, = 0, there are two values of density 7. In case of Dy > 0, the equation has a single
solution describing a decrease of 7 with an increase of the chemical potential, and this is an unphysical
behavior.

In the ranges of density 0 < 7 < fimax, Dy is negative, as it is plotted in figure [T}

Solutions of equation (@.18)) are of the form

2288 2k2a3 ap, T 20, 373
mi =2y —2sin—, mp=-2 —zsin<—b + _)’ m3 = =2 2 Sin(_b i _)’ -
2 3 a4 3 3 ag 3 3
where
_ a4
ap = aresin | [——= (71 = ng)| .
8a;
M. e
. h———
Db / o T 2
0 1 2 3 2
: 1
-100- G
I 2 Co
n
200
2
0 N 0/ ] e
-4_ ............................ 3
Figure 2. Solutions m,, as functions of average den-
Figure 1. Plot of Dy, as a function of average density. sity 1: my — curve 1, my — curve 2, m3 — curve 3.
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Note that the solution m; in .20) (see curve 1 in figure[2) is equitable for some (bounded) range of
values of the chemical potential M = f (71, T)

M =my — (i1 — ny). 4.21)

At the parameters given in (C.I)), the chemical potential take values —0.7 < M < 0.7 (figure[3). If M
falls out of this interval, there exist two other solutions (m, and m3) of equation (#.21)), but they do not
reflect a physical matter of the phenomenon.

Going back to the calculation of the GPF (@.11)), the case T > T, means a single real solution of

% 3 3 2
50b=(%+@) +(3a—1f—\/§) , Q=[2d(0)] +(—3—M) . (4.22)

ay ag

Then, the equation of state or in other words the pressure as a function of temperature and density is
of the form

Pv M+a))  do) .2 as .4
=(T+1D|f- + -ng+ M+ +——(—-n,+ M+ ,
"ol (t+D|f s UL (n—ny Kdone) 8(xdo)? (7 —ng Kapne)
(4.23)
1 , ag 4
f= Vvlngw —ap+ e

Now, considering T = T, in @.23)), it is easy to write an explicit dependence of pressure on density at the
critical temperature

Pu Mo ( ]
= o+ 29 (My+3 - ) 424
G, ~ * 2, (Mo 3l =g (324
1 , as 4 (ar+ 514113/6)2
=—1 -ag+—n, - ———.
fo= 5, ngw = do+ 5me 24,

The following formula expresses the chemical potential M as a function of density
2a; 12 1
My=2 (a_4) sin (§Gb|T:TC) - (ﬁ|T=Tc - ng) .

Index 0 denotes that My corresponds to T = 7.
The pressure P = P(71) expressed by @.23) and Plr=1, = P|r=1,(77) expressed by (4.24) are plotted in
figure [}

M 08

06
04

02

0

024

041

067

08

Figure 3. Plot of the chemical potential as a function Figure 4. Plot of the pressure as a function of average

average density. density at different temperatures (7 = 0 — curve 1,
7T=05—curve2,7=1—curve 3,7 =15—
curve 4).
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5. Behavior of the system at temperatures 7 < T

The equation of state in case of T < T, can be written in the form

Py 1 , _ 1 _2 44 _y4
P Ingy, + E, + Mpoi — Ear(o)pol. = 5P0i (5.1)

where E,, is defined in (4.2)), and values po;, i = 1,2, 3, are the three solutions of equation (4.12)) [19]

_ a _ ap + 7 _ A — T
Po1 = 2por cOs ?m po2 = —2por COS( m3 ) po3 = —2por COS( m3 ) (5.2)
where
2d(0 M
Por = |- ( ), ,, = arccos — . 5.3)
aq Mq

M, is the value of the chemical potential M when the discriminant Q of equation (#.12) is equal to zero

_ | _8ldO)P
Mq—w/— ou (5.4)

Note that the region of values of M is restricted to the interval |M| < M,,. For all |[M| < M, we have
0 < 0, so there exist three real solutions of equation (4.12) in this interval of M.
In case of [M| > M, we have a single root of equation (4.12)), as well as in case of T > T, {#.22).
At M = —-M, we have Q = 0, so using (4.22)) we obtain

1
3M,\3
50 =2 (__4) = 200, (5.5
q as
and at M = M, using (4.22)) we can find
1
3M,\3
poy =2 (—") = 200;. (5.6)
q a

Let us analyse an asymptotics of the solutions (3.2) at |[M| = M,. Here, at M = —M,, we have

cos aé_) = —1, that is why a/i,:) =gt and

_(- T

(- 21
.0(()2) = —2por cos (?) = Por» (5.7)

ﬁ(();) = =2porcos 0 = =2pq;.

In case of M = M, cos af,:) =1,or a/f;) =0, then

ﬁé;r) = 2por cos 0 = 2pq;,

— T
pég) = =200 CO8 % = = por, (5-8)

3
_ n
A = ~2por cos (—5) = —Por-
Thereby, for M = —M, we have ,5(5;) = —2py; defined in (5.5) coinciding with ﬁég) expressed in (5.7).

In case of M = M, ,5(();) = 2503 from (5.6), which is the same as ﬁg) expressed in (5.8).
Now we can draw the following conclusion. An increase of the chemical potential from —co to —M,,
corresponds to a single solution of equation (.12), which is given in (#.22)) (region I in figure [5). For
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‘min

Figure 5. Regions of values of the chemical potential and the corresponding values of the average density
at temperature below the critical one.

-M, < M < 0, this solution transits to ,5(();) expressed in (5.7) and remains to be applicable until M = —0

(()_) =Qoral’) =12

(region II) where cos « 0 5

; =) _ (=) _ _ Tom_
Mh_)nlop(m =Py = ZPOrCOS<6 3) = \/ngr- (5.9

On the other hand, a decrease of M from +co to M, corresponds to a single solution (#.22)) (region IV),
which at M = M, transits to the solution ﬁéf) expressed in (5.8) and remains to be applicable until

M = +0 (region III):

: (+) _ () _ T _

th}ropm =Py = 2,00r Cos (6) = \/§p0r' (510)

Thus, the equation of state at T < T, can be written in the form of several terms using the Heaviside
functions 6 in accord with the values of the chemical potential M

k};_UT - _Ni Ingpy + Ey + E(po) [0(~M = My) + O(M - My)] + E(po3)O(~M)OM + M)

+ E(501)O(M)®(M, — M). (5.11)

This information is sufficient to plot the function P = P(tr, M). The corresponding curves are shown in
figure[6] There we can see lines broken at the point M = 0. In case of T > T such curves are smooth.

However, the plot of the pressure as a function of density and temperature is more informative. To
get this dependence, we should express the chemical potential as a function of density according to the
interrelation (4.13) and use the obtained expression in (5.11)). For this purpose, let us use {.21)) and
compare the behavior of py as a function of chemical potential on the one hand and, on the other hand,
as a function of density. Consider each of the regions depicted in figure 3

Region I, M < -M,. At M = —M,, we have expression (5.5) for gy, where po, is a function of
temperature (5.3). On the other hand, there is equality @.13)

ii =ny — M + pokds, (5.12)

which links the average density 7 with the chemical potential (in the present case M = —M,,) and the value
po = —2por. Thereby, according to (@.13) we can find the density 7115 (the point of transition between
region I and region II), which corresponds to M = —M,,

aq

3
3 P (5.13)

nip =ng — 2kdpor +

RegionII, -M, < M < -0. At M = -0, we have po3 = —V3por. A boundary value of density which
is pertinent to 7159 = Mlim o 7 is of the form

fizo = ny — V3kéapor. (5.14)
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Figure 6. Plot of the pressure P as a function of chemical potential and temperature at 7 < T¢ (t = —0.1
—curve 1, 7 = -0.2 —curve 2, 7 = —=0.3 — curve 3).

Region I1I, 0 < M < M,,. This region starts from M = 0, where pg; = \/§p0r and respectively

i3 = ng + V3kazpor. (5.15)
and ends up at M = M, which takes the consequences with po; = 2pq,, therefore,

as

3

Region IV, M > M, . This region starts from 7ip3 (5.13), which decreases up to some fixed value njipy,.
The value nyy, is bounded. The plot of 7ip¢ and 713 as functions of temperature is shown in figure [7| (the
binodal curve). Maximal value of M corresponds to nj, = 3.26. In case of 7 > nyy, the solution m
in (@.21) should be replaced by m3. However, this solution is non-physical, because it gives a decrease of
the chemical potential with an increase of the density.

Having a temperature dependence of the boundary densities 7212, 7129, 793 and 7134, one can rewrite
the equation of state (5.11) in terms of (t, 7). For this purpose, it is sufficient to use the formula (.21
in equation (5.11). This formula gives a dependence of the chemical potential on temperature and the
average density. The boundary densities described above should be substituted for corresponding values
of the chemical potential in Heaviside functions ®(M; — M) in (5.11). As a result, the equation of state
is expressed as follows:

fiza = ng + 2ka2p0r — — Py (5.16)

Puv 1 , _ _ _ _ _ o _
TN Ingy + E, (i) + E1(p03)O(i112 — 1) + E2(p03)O(71 — 7i12)O(—11 + iizg)
v

kgT
+ E3(001)0(71 — 7ig3)O(7i34 — 1) + E4(001)O(1 — n34). (5.17)
E, is determined by the formula (.2). Functions E,(po) are of the following form

En(pOn) = Mpon — @ﬁgn - ;_jlp(;‘n > (5.18)
where poy is either go; [see (5.2)] for E3(0o1) and E4(po1), or pos [see (5.2)] for E1(po3) and Ea(po3).
The pressure P as a function of density and temperature is plotted in figure[§] It is easy to see that in
the temperature range 7 < 0, there is a jump of density depicting a coexistence curve. Numerical results
show that one can observe a liquid phase at T < T, in the density region 7 < njjp.

On the phase diagram (figure @, one can see the line of some limited pressure Py, = lim P(7)
N—N]im
connected to the maximal value of the fluid density ny;,. This boundary value depends on the microscopic

parameters of the system. In other words, it takes a specific value for each system. The line of maximal
density may appear as a consequence of using the p*-model [see (@.I) which is the approximation
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Figure 8. Plot of the pressure P as a function of
density and temperature 7 = 0 —curve 4, 7 = —0.1
—curvel, 7 =0.2—curve2, 7 = —0.3 —curve 3.

Figure 7. Plot of the temperature of phase transi-
tion as a function of density (binodal — curve 1,
spinodal — curve 2).
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Figure 10. Surface of pressure as a function of aver-
age density and temperature.

Figure 9. Phase diagram.

of (3:8)]. This line sets the range of densities 0 < n < nyy applicable to the description of a fluid
behavior in this manuscript.

Black line between the gray and the white zones of the surface of pressure as a function of temperature
and average density (figure [T0) corresponds to the range of temperatures close to the critical 7¢, where
the mean-field approximation is not applicable.

6. Conclusions

To describe a first-order phase transition in the cell fluid model, we deal with the calculation of
the grand partition function. A rigorous functional representation of the GPF (3.8) is obtained, which is
reduced to the p*-model (@:T). This expression should be calculated in two stages. The former is described
in this paper. It covers a wide range of temperatures except the critical point. The latter stage concerns a
narrow vicinity of the critical point. It requires the consideration of contribution from all the variables p;

with k # 0 within the field-theoretical approach.
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In the present work we were restricted to the use of a simplest approximation, which is called the
approximation of a mean-field type. Thereby, determination of the GPF consists in the computation of
a single integral using the Laplace method. As a result, we obtained an explicit form of the GPF as
a function of temperature and chemical potential in this approximation. The pressure as a function of
temperature and average density [equations (4.4) and (@.5))] is found. Figure[5]is important in this respect.
It shows a correspondence between the regions of chemical potential and density at temperatures below
the critical one T;.. The critical temperature is defined by (4.9). Referring to figure [6] it is easy to see
that transition of the effective chemical potential M across the value M = 0 changes the behavior of

the pressure P at T < 7. Here, we have lim P = lim P, although the derivatives of pressure on
M—--0 M—+0

the left-hand side and on the right-hand side from M = 0O are different. The latter fact causes a jump of
density starting from nyg to no3 (see figure[5). Each of these values are functions of temperature. In case
of T > T, we do not observe such a jump (formally nyy = ng3).

A special attention is paid to the equation of state. Both the coexistence curve and the spinodal are
plotted for the case of a particular parameter p (see appendix [C), which takes a specific value for each
system. Analyzing the surface of equation of state (see figure[I0) we noticed that the curves of pressure
sharply increase in the region of high densities (which exceed the liquid phase density). Apparently, the
p*-model has some boundary density njiy, (see figure [2) so that there is a range of physically existent
densities 0 < 71 < nyy. To examine the behavior of the system in the high density region 71 > nyy, (see
figure E]), it might be essential to consider (3.8) in the approximation of a p>”-model where m > 3.

The forthcoming research is to calculate the GPF (4.1)) using the renormalization group method [26]]
with correlation effects taken into account. Thereby, it will be possible to describe the behavior of a
simple fluid in a wide temperature range including the critical point within a sole approach.
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A. Integrating over the coordinates x1,...,xy in the GPF

Now expression of the GPF (2.10) becomes slightly different

e Ny NU B Nv 1 2
E=gy J(dp) exp | Bupo + 7 Z WO)pro_ J(dtp 7)Y exp "I Z ¢7
keB. leA

X J‘(dvi)N” exp ZWinip; i

leA N=0

leA

1 N . $i
mj(dx) exp —%uZ(v;—E)p;(n) ,
\%

pyand vy are the representations of the collective variables p;: and v in direct space

- ~iFT - i No
P;= \/_ﬁ Z P s Vi = W Z Ve, (dv;) = ndvi.

lzeﬂc EEBC TeA

It can be seen from the latter expression that one can integrate over the coordinates of particles in the
system. For this purpose, let us consider an integral over dx; in detail

) Y7 . Pr
_23-[1 (yl — 2—J'lt) pi(]]):| = JdXI exp l_znl (VZ'_ Z_J'l[) Z IAZ(XI)] .
\4

xXen

I= del exp
1%
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A particle with the coordinate x; can get into one cell, for example into Ay, and cannot get into any other

cell, so
Y7 Y7
I= del exp [—2751 (VZ_ 2—;)} =vexp [—2751 (V;— 2—;)} .
v

The rest of integrals over each of x; give the same contribution. Now, the GPF can be written in the form

E= J(dPZ)NU exp ﬁﬂzp[ + 5 Z Wlnp[lp[z

TeA l. lzeA
Z I(dcp ) exp (——cp + 1mgol) J(dw)N” exp |2mi Z(pl m)vy
m=0 TeA

Here, /4np eP™ is the result of integrating over ;.

B. Cumulant representation of the Jacobian of transition

Let us find an “entropy” part of (3.6) (the Jacobian of transition). To ease the process, let us use
N,
J(#7) = II:II Ji(#7)

X m

- oMo o
Ji(t;) = Z —e P M,
m!

m=0

This expression can be represented as a cumulant series

Ji(77) = exp (— Z n—"’flf‘) )

n=0

Taking into account the equality J~1(fl~)|~ 0= Jl(fi)‘~ o We have
ti= tf:

(e
—(l() — §
m=0

C

m!
Applying the following condition
9" Ji(f7) 9" Ji(t7)
T R T
1 ;=0 l t7=0

we can find the cumulants a,, with n > 1. The first four of them are of the form

_T](U,p) a = _TZ(U’p) + 2 as = _T3(U’p) _ d3 + 3&1612
To(v,p)’ To(v, p) Tow,p) ! ’
T bl
_ _Lp) 4 6a2a, + dayas + 3a2, (B.1)
TO(U9P)
where the functions 7},(v, p)
. m
T(o,p) = ) U—m"e”’”’
m=0 m!

are rapidly convergent series for all p > 0. As it can be seen from (2.1T)), the parameter p is proportional
to W(0). The numeric values of these four coefficients in the case of parameters (C.1))

a; = —0.8668, az = —0.4006, az = —0.0529, as = 0.0299.
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C. Relation between the parameters p and v

Note that the condition Dy, = 0, [recall that Dy, is expressed by (4.19)] yields two real solutions for
the density 7 and determines the range of density for the given values of the parameters p and v

1
8a3\?
ﬁzngi(g—aj) .

Therefore, we obtain both the minimal and the maximal density

1 1
2 (243’ 2 (2a3\°
nmin:ng_§ 61_4 ) nmax:ng"'g I

for the considered cell fluid model.
Apparently, npyi, = 0, and hence we have the equation

1
2 [2a3\?
3 ay

allowing us to calculate a respective value of the parameter v (the volume of a cell) for each particular
parameter p (see figure [[I). Using figure [T2] it is easy to make sure that not all the values of v in
combination with the parameter p would give a correct picture.

Curves 1,2,3 plotted in figure [I2] match p = 0.8 and three different values of v. Curve 2, which is
pertinent to p = 0.8 and v = 4.859808, starts at i7 = 0. Increasing the value of v at fixed p, the least m;
is reached for 7 < 0 (curve 3 for v = 6). Decreasing the value of v, the least m is for 7 > O (curve 1 for
v=2).

Thus, there is a clear criterion for the selection of values of the parameters p and v, which are
the arguments of the special function 7,(p,v) (see appendix [B). The former p is defined using the
formula (Z.T1). This parameter varies upon the type of the investigated substance and depends on the
relation Ry/a [for Ry and @ see (2.4)]. The latter parameter v provides a description of a particular
density region of the system 7 (0 < 71 < nyjim, Where nyip, is the limited density of a liquid phase) and is
unambiguously defined by the values of the parameter p.

m; 4
1 3
p
05 06 07 08 09 1
: : : ‘ : 2
2_
5
10
n
\%
15
20
25
Figure 12. Plot of the solution m; (4.20) as a func-
tion of average density at p = 0.8 and various values
Figure 11. Plot of v as a function of p. of v:v = 2 (curve 1), v = 4.859808 (curve 2),v = 6

(curve 3).
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Moreover, p and v should meet the condition a4 > 0. This condition provides a convergency of such

integrals as (4.6).
This result is very important because all parameters of the model are uniquely linked with each other.

So, making estimations for numeric values of the coefficients a,, expressed by (B.I) we set the value of
parameter p, then find the corresponding value of v using the equation 7, = 0. Taking into account (4.9),
the expression (2.11)) gets the following form

p=x¥(0)/[2a,W(0,T¢)].

Using the later, one can find the value of y, which meets the condition W(k) > 0. Being associated with
p, the parameter y becomes a function of microscopic parameters of an interaction potential, particularly
of the relation Ry/«. In case of the interaction potential Uy, = ¥}, — Uy, with the Fourier transform (2.6)
at Ry/a = 31n2, we have the following set of parameters

p=0.38, v = 4.859808, X =2.5173. (C.1)

Recall that length is measured in Rp-units.
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da3oBuUii nepexia B KOMipKOBiiA moaeni NANHY

M.TM. Ko3znoscbkuii, O.A. lobyL

IHcTUTYT di3nkm koHAeHcoBaHMX cructem HAH Ykpainu, Byn. CBeHuiubkoro, 1, 79011 JibsiB, YKpaiHa

3anponoHoBaHO MeToZ onucy $pasoBoro nepexody B KOMipKoBiii MoAeni NAVHY i3 MapHUM MNOTeHLiasoM B3a-
€MOZ]i, WO MICTUTb YaCTUHW BIALUTOBXYBAHHSA i NpuTAraHHsa. OTpUMaHO TOUHe MpejCcTaBNeHHS BeAuKoi cTa-
TUCTUYHOI CyMU L€l Mogeni B GopmaniaMi KONEKTUBHMX 3MiHHWX. Y HabAWXEHHI TUMy MOAeKynsipHOro noss
AOCAIKEHO NOBeAIHKY CMCTeMM NPy TeMnepaTypax BULLMX i HUXUKX, HXX KPUTUYHA. BUKOpUCTOBYOUM piBHSA-
HHS, WO 3B'A3y€ XiMiYHWI NOTeHLjian Ta rycTuHY, po3paxoBaHO ABHY aHaNiTUUHY GOPMY PIBHAHHA CTaHy, LUO
crnpaBejnviBe AN LIMPOKOi 06nacTi Temnepatyp. MpeacTaBaeHO KPYBY CNiBiCHYBaHHSA, MOBEPXHIO PiBHAHHSA
CTaHy Ta Aiarpamy cTaHy komipkosoro nanHy Mopse.

KntouyoBsi cnoBa: ko/s1ekTVBHI 3MiHHI, KOMiPKOBa MoAenb, nauH Mop3e, piBHAHHA CTaHy, $a3oBuii nepexij
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