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Using the collective variables theory, we study the effect of competition between Coulomb and dispersion forces
on the gas-liquid phase behaviour of a model ionic fluid, i.e. a charge-asymmetric primitive model with addi-
tional short-range attractive interactions. Both the critical parameters and the coexistence envelope are cal-
culated in a one-loop approximation as a function of the parameter @ measuring the relative strength of the
Coulomb to short-range interactions. We found the very narrow region of a bounded from the both sides by tri-
critical points which separates the models with “nonionic” and “Coulombic” phase behaviour. This is at variance
with the result of available computer simulations where no tricritical point is found for the finely-discretized
lattice version of the model.
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1. Introduction

Critical and phase behaviour of ionic fluids has been intensively studied for the last decades. These
studies were stimulated by earlier experiments on ionic solutions that yielded three types of critical be-
havior: mean-field and Ising-like behavior as well as crossover between the two [1,/2]. In accordance with
these peculiarities, ionic solutions were conventionally divided into two classes, namely: “solvophobic”
systems with Ising-like critical behavior in which Coulomb forces are not supposed to play a major role
(the solvent is generally characterized by high dielectric constant) and “Coulombic” systems in which
the phase separation is primarily driven by Coulomb interactions (the solvent is characterized by low
dielectric constant) [2, 3]. The critical behaviour of the Coulombic systems has been a subject of great
debates. At present, the analysis of the existing experimental data for Coulombic and solvophobic sys-
tems has shown that the asymptotic critical behaviour is Ising-like for both classes [4, |5]. Experiments
that supported the expectation of mean-field critical behaviour could not be reproduced in later works
[6-8]. Strong evidence for the Ising universal class for the Coulombic fluids has been also found by recent
simulations [9-12] and theoretical studies [13-15]. More recent accurate experiments indicate in general
a crossover to the mean-field behaviour, where the non-classical region increases with the polarity of the
solvent [5,/16,/17]. Theoretical predictions of such behaviour has been recently given in [18,[19].

In this paper we continue our systematic study of the phase behaviour of ionic fluids. Our aim is to
study the effect of the strength of electrostatic interactions (the dielectric constant of the solvent) on the
phase separation in ionic solutions. It should be noted that ionic and nonionic (“classical”) fluids differ
greatly in the strength of the interactions. In simple neutral fluids, the interaction energy is of the order of
the thermal energy, i.e., the reduced temperature T* = kg T/(min = 1 ((Pmin is the depth of the interaction
potential at its minimum). By contrast, in typical molten salts, the interionic interactions are more than
one order of magnitude larger than kg T, i.e., T* < 1. In electrolyte solutions, the strength of the Coulomb
interactions depends on the dielectric constant of the solvent. In addition, the phase diagrams of Coulomb
dominated fluids are quite asymmetric when compared to nonionic fluids [20-22].
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The evolution of the gas-liquid phase diagram of the charged Yukawa fluid with an increase of ionic
interactions was studied in [23] using both the mean-spherical approximation and the Gibbse ensemble
Monte Carlo simulations. It has been found that the gas-liquid coexistence envelope changes from a
“nonionic type” (such as that of the one-component Yukawa fluid) to a “Coulombic type”(such as that
of the primitive model) when the strength of the Coulomb interactions is increased. However, the issue
of the watershed between the nonionic and ionic phase behaviour (the “solvophobic” and “Coulombic”
systems) has not been addressed so far. Here, we address this issue using a simple model of ionic fluids,
i.e., the charge-asymmetric primitive model (PM) supplemented by short-range attractive interactions
where the short-range attraction is considered as an approximation to van der Waals interactions [18,123—
27]. The model without the Coulomb interactions (a hard-sphere square-well model) exhibits a gas-liquid
coexistence typical of nonionic (“solvophobic”) fluids. Another limiting model, i.e., the PM, demonstrates
the “Coulombic” phase diagram. A theoretical background for this study is the statistical field theory
that exploits the method of collective variables (CVs) [29-32]. The theory enables us to derive an exact
expression for the functional of grand partition function of the model and on this basis to develop the
perturbation theory [32,33]. The well-known approximations for the free energy, in particular Debye-
Hickel limiting law and the mean spherical approximation, can be reproduced within the framework of
this theory [33]. Links between this approach and the field theoretical approach [34] were established in
[35] for the case of the RPM. Using the CVs theory we have recently derived a microscopic-based effective
Hamiltonian for the model with short- and long-range interactions [18]. A distinguishing feature of the
developed approach is that it is enables one to obtain the coefficients of the Hamiltonian, including the
square-gradient term, within the framework of the same approximation. For the above-mentioned model,
we have found explicit expressions for all the relevant coefficients in the one-loop approximation [18].
For the free energy, this approximation coincides with the well-known random-phase approximation
(RPA) and, thus, produces the mean-field phase diagram. Here, we use the effective Hamiltonian derived
in [18] to study the gas-liquid phase behaviour of the model with parameters ranging from the purely
non-Coulombic regime to the purely Coulombic regime.

The paper is arranged as follows. A theoretical background is given in section 2. The results for the
gas-liquid critical parameters and phase diagrams are presented in section 3. Concluding remarks are
made in section 4.

2. Theory

2.1. Model

We start with a two-component model of ionic fluids. The pair interaction potential is assumed to be
of the following form:

Uap(r) = Pap(r) + dop(r) +dgs(r), 2.1)

where gbg%(r) is the interaction potential between the two additive hard spheres of diameters o, and
o0 g. The potential gbsa};(r) describes the short-range (van der Waals-like) attraction. (pg ﬁ(r) is the Coulomb

potential: ¢>§ (1) = da qpp©(r), where ¢°(r) = 1/(er) and e is the dielectric constant of the solvent. The
ions of the species @ = 1 carry an electrostatic charge g+ = qo and those of species a = 2 carry an oppo-
site charge g- = —zqp (qo is an elementary charge and z is the parameter of charge asymmetry). Overall
charge neutrality requires that g+ N, + g- N_ = 0, where N, and N_ are, respectively, the number of pos-
itive and negative ions. In general, the binary system of hard spheres interacting via the potential (/)(SxRﬁ(r)
can exhibit both the gas-liquid and demixion phase transitions. Thus, we simplify the model assuming
that (i) the hard spheres are of the same diameter o4 = 0 = 0 and (i) $55 () = P35 (r) = P35(r) = R (r).
With these restrictions, the uncharged system can only exhibit a gas-liquid phase separation and a possi-
ble demixion is ruled out. Then, we specify ¢S%(r) in the form of the square-well (SW) potential of depth
€ and range A. The system of hard spheres interacting through the SW potential with A = 1.50 can serve
as a reasonable model for simple (nonionic) fluids.

It is worth noting that in the treatments of models with hard cores, the perturbation potential is not
defined uniquely inside the hard core. Here, we use the Weeks-Chandler-Andersen regularization scheme
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for the both potentials ¢ (r) and ¢S®(r) [36]. In this case, the Fourier transforms of these potentials have
the form:

P*R(k) = —e0 i—[ Ax cos(Ax) +sin(Ax)] 2.2)
and )
) = ano® 22 2.3
€X

where x = ko.

2.2. Effective Hamiltonian near the gas-liquid critical point

We consider the model @I)-@2.3) near the gas-liquid critical point. Using the method of collective
variables, we can present the effective Ginzburg-Landau Hamiltonian of the model as follows (see [18]
and references therein):

1
7 = ¢ ao+Ka KN+ —— a
1,000,N + 2'<N)Z( 2,0 z,z)pk,Np kN 3(N)2 Z 3,0
k ky ko
1

+ ﬁ Z a4,0pk1,Npkz,Npkg,Np—kl—kz—k3,N+---) (24)
AKN) ki, k2,k3

X Pky,N Pka,N P—k; ko, N

where py y is the collective variable (CV) which describes the value of the k-th fluctuation mode of the
total number density. In a one-loop approximation, the coefficients of Hamiltonian (2.4) have the form:

aro = —Avy + Bpd*R(0) - Cic, 2.5)

az,0 = —p Cous + B (0) —pézc, (2.6)
1 1 -

—__ C(Z) += SR,(2) 2) 1+ 9.7

a2 29 2,HS 2:3.0¢ 4<N)Zg (D[1+8@@], 2.7

ano=-p""'Cpus—p" ' Cpc, n=3. 2.8)

Here, we introduce the following notations. The subscript HS refers to the hard-sphere system and the
superscript (2) in equation 2.7) denotes the second-order derivative with the respect of the wave vector
k: 82 (q) = 0°g(1q+kI)/0k? =0, Cy s = 0% Co,pis (k) /0k? | =0, and §*@ = 02 R (k)1 0K? =

The addend Avy in equation (2.5) is related to the chemical potentials

zZV1+ Vo
AVN=VN—VNHS, VN=E———, (2.9)
1+z
where v, is determined by
Va=Vat oo Z [6*R (@) + g5 ()], (2.10)

v, is the dimensionless chemical potential, vq = Buq —3InA, and py, is the chemical potential of the
ath species; § = 1/kg T is the reciprocal temperature; A;' = (2nmgB7'/h?)!/? is the inverse de Broglie
thermal wavelength.

én,HS is the Fourier transform of the n-particle direct correlation function of a one-component hard-
sphere system at k =0, p = (N)/V = p; + p2 is the total number density. Explicit expressions for én,HS
and C;ZI){S for n < 4 in the Percus-Yevick (PY) approximation are given in reference [18] (see appendix in
[18D.

The last term on the right-hand side of equations (Z.5)-(2.8) results from the charge-charge correla-
tions being taken into account through integration over the charge subsystem [18]. In particular, p~! ’Cv,,,c
reads

~ (n—-1! 1

n-1 _
p" " Cne = 2 HOl (2.11)
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where

2 ,C
_ (4)
fa - -2 B (2.12)
1+ Bpqsz¢©(q)

All the coefficients in equation except ap > describing the square-gradient term can be obtained from
the one-loop (RPA) free energy [18]

10" (=B frea) _

o p"1Cu(0,..),  n=2,
o

an0 =P

where C,(0,...) denotes the Fourier transform of the n-particle direct correlation function of the full sys-
tem in the long-wavelength limit. It is worth noting that the functions C,, differ from the ordinary direct
correlation functions ¢, by an ideal term [37]. Equation ay = 0 yields a spinodal curve. In combination
with equation azo = 0 it determines the critical point.

The square-gradient term ap» given by equation is also derived in the one-loop approximation
(see [18] for details). It is essential that the last addend on the right-hand side of 2.7) describes the short
range attraction which arises from the integration over the charge subsystem. We emphasize that al-
though the original Hamiltonian of the purely Coulombic model [(/)%(r) = 0] does not include direct pair
attractive interactions of number density fluctuations, the effective short-range attraction does appear
in the effective Hamiltonian (Z.4). It is worth noting that the expression for a,» given by (2.7) produces
a correct result for the density correlation length ¢ in the limit of charged point particles (see [18] and
references herein).

Coefficient a; o is the excess part of the chemical potential vy connected with the short-range at-
tractive and long-range Coulomb interactions. Equation a;, = 0 yields the expression for the chemical
potential in the RPA.

It is worth noting that there is no difference between the charge-asymmetric PM and the restricted
primitive model (RPM) having z =1 at this level of approximation [33,138-40]. Hereafter, we briefly refer
to the model Z.1)-(@2.3) as a RPM-SW model.

3. Gas-liquid phase diagram

Here, we study the gas-liquid phase diagram of the the RPM-SW model for the model parameters
ranging from the RPM limit to the SW limit. Using equations (Z.2)-2.3) and @.9-@.12) we rewrite the
expressions for the coefficients of the effective Hamiltonian [see @.5)-(Z.8)] as follows:

Vs + — LU 3.1)
a = —vN+V - i, .
ho NTINKS T oqTC T 21¢ ” qrC !
_ ~ A
azo = —pCens——_—¢ t+iz) (3.2)
~ 4 nA® 1
@ .
@y = - — - —— i, 3.3
2.2 2P 2ms TE T T e 12 33
ano = _Pn_lén,HS +in, n=3, (3.4)
where [18]
(n- D=k in(x "
n-DI(-«x ) sin(x
i = X dx, 3.5
" nTC f x3 4+ x2sin(x) 3.5)

i fo{szz [1+cos?(x)] +2[x* — 2x?sin(x)] [2x cos(x) — 3sin(x)]
0

+x° sin(x)}/ [ +x2sin(x)] dx, (3.6)
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and x = kpo with xp being the Debye number. In equations Z.I)-@3.8), TC is the reduced temperature
defined as the ratio between the thermal energy kg T and the Coulomb energy of the opposite charged
hard spheres at contact, E = zg; /eo,

kT kgTeo
TC=2_-22 3.7
EC z2q3
a is the ratio of the Coulomb and square-well energies at contact
E¢  zq}
a=—-= ﬂ, (3.8)
£ €0¢€

and 1 = mpo?/6 is the packing fraction of the ions. For ¢ being fixed, @ measures the strength of the
Coulomb interactions. In this case, either the increase of ion charges or the decrease of dielectric constant
for fixed charges results in the increase of the parameter a. It is worth noting that a, o with n = 3 is
independent of @ when the reduced temperature is given by equation 3.7). The approximation @G.I)-
produces the mean-field phase diagram.

First, we consider the critical point. At the critical point, the system of equations

az,0(pc, Tc) =0, az,0(0c, Tc) =0 (3.9

holds yielding the critical temperature and the critical density for the fixed a. Generally, the curve given
by the second equation of (3.9) intersects the spinodal twice, i.e., at its maximum and minimum points
(see figure [1). The gas-liquid critical point is located at the maximum point of the spinodal. The results
for the gas-liquid critical parameters are displayed in figures 2H4

In figure[Z] the dependence of the reduced critical temperature given by (3.7) on the parameter ¢! ~ ¢
is shown. As is seen, T increases almost linearly with an increase of the dielectric constant. The trend of
TCC agrees with the experimental observations when one expresses the critical temperature of real ionic
solutions in the RPM values [16,41]. When the strength of the Coulomb interactions increases, (a1 =0
TS converges to the RPM limit TS = 0.08446 [18].

In order to compare our results with the available results of computer simulations [27] we rewrite
the reduced temperature in equation (3.7) as kg T/¢, the usual definition for the SW potential. Figure [3]
shows that the critical temperature scaled by the SW depth € rapidly decreases with a decrease of the
Coulomb interactions and then slowly approaches the SW limit kg T./€ = 1.2667 [18]. Such behaviour is
in agreement with the results of simulations [27].

The dependence of the reduced critical density p} = p.o® on the parameter a~! is shown in fig-
ure @ For very small a™!, p} increases slowly from the RPM value p; = 0.009 and then at a™! ~ 0.048
changes sharply to the value about 20 times larger than the RPM limit. For a~! > 0.048, the critical den-
sity approaches the SW limit p; = 0.2457 passing through a shallow minimum located at a~ ' =0.1. Just

1

0.090

0.085

= 0.080

0.075

0.070 Lt : - : :
0.00 0.02 0.04 0.06 0.08

Figure 1. RPM-SW model: the loci of equations ap o = 0 (solid lines) and a3 o = 0 (dashed line) for a = 25
and 50. TC is given by equation G.7), n = npag/ 6 is the packing fraction and a = qu/ (eoe).
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Figure 3. Reduced critical temperature kg T/ of the
RPM-SW model as a function of a1 ~ ¢ [see equa-
tion 38)]. Full circles are the results of the present
work; open diamonds correspond to the results of
simulations [27]. The line is a guide to the eye.

Figure 2. Reduced critical temperature TCC of the
RPM-SW model as a function of a1 ~ ¢ [see equa-
tion (3:8)]. The line is a guide to the eye.

as standard mean-field theories, the one-loop approximation considered in this paper underestimates
the critical number density, the deviation from the simulation data increases when the strength of the
Coulomb interactions becomes sufficiently large [23, |40, 42]. At the same time, our results demonstrate
the behaviour of p; for small a~! which qualitatively differs from the available results of computer sim-
ulations (see [27]). In simulations, the critical density rather rapidly increases with ™! in the region
a~! < 0.1 but it does not exhibit a jump. It is worth noting that the behaviour of ps for a~! > 0.1 qualita-
tively agrees with the results of simulations.

It is instructive to view the range of the effective density-density interactions Ry = /az2/0 [see
equation (3:3)] as a function of a~!. Figure[5]shows the behaviour of Ry, = Rn(T¢, pc) with the variation
of a~!. The dimensionless amplitude of the density correlation length

e o 1 [azp2 a 0az
= —_-—= — — 2yt =
"o o\ a,’ ot =0

0.70
0.30 -0
o . -
o 0.65 * o
025 e Y .
- - o
© 0.60
0.20 ..
L . L : N
= 0.15F+ S/ ' ng“ 0.55 ‘: 045 %
a & : i i
0.10 0’/— : 050 e, . ‘: 2040 o e
-~ ! e
L 7
0.05 - 0.45F 035 !
o-0--—-g----® o® oor 01 1
0.00 L L 0.40 L L 1
0.01 0.1 1 0.01 0.1 1

Figure 4. Reduced critical density p3 = pc03 of the
RPM-SW model as a function of a1 ~ ¢ [see equa-
tion (G:8)]. Full circles are the results of the present
work; open diamonds correspond to the results of
simulations [27]. The line is a guide to the eye.

Figure 5. Dimensionless range of the effective
density-density interaction Ry,c = Ry (T¢, pc) of the
RPM-SW muodel as a function of a1 ~ ¢ [see equa-
tion (3.8)]. The inset shows the dimensionless am-
plitude of the correlation length é; as a function of
a~!. The line is a guide to the eye.
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Figure 6. RPM-SW models with & = 20, @ = 20.77, a = 21.13, and « = 22: the loci of equations ap o = 0 (solid
lines), a3 o = 0 (dashed lines) and a4 o = 0 (dash-dotted line). T Cis given by equation @7, n = npaa/ 6 is
the packing fraction and a = q(Z)z/ (eoe).

as a function of a¢~! is shown in the inset. Remarkably, the trends of Ry, and p: are very similar, es-
pecially for a! > 0.048. Furthermore, the behaviour of Rp . clearly shows the two distinctive regions
separated by a~! = 0.048: the region where Ry, < 0.5 and the region where Ry, > 0.6. Similarly, the
two distinctive branches are clearly seen in the behaviour of ¢;. This implies that a™! ~0.048 (a = 21)
separates the models which demonstrate non-Coulombic phase behaviour (“solvophobic systems”) from
the models demonstrating Coulombic phase behaviour (“Coulombic systems”).
Let us scrupulously consider the RPM-SW models with a close to @ = a* =21 ((@*)~! = 0.048). To this
end, we solve the equation
ago(pe, Te) =0 (3.10)

additionally to the system of equations (3.9). The results are shown in figure [6l The solid curves in the
figure are the spinodals of the RPM-SW models with a = 20, 20.77, 21.13, and 22. The two dashed curves,
a curve with a maximum in the region of low temperatures and low densities and another curve with
a minimum in the region of higher temperatures and moderate densities, indicate the loci of equation
azo = 0. The spinodal of the RPM-SW model with a = 22 intersects the low-density dashed curve while
the spinodal corresponding to a = 20 intersects the moderate-density dashed curve. For @ = 21.13, the
spinodal intersects the low-density curve and it is tangent to the curve placed at higher densities. The
opposite situation appears for @ = 20.77: the spinodal is tangent to the low-density dashed curve and in-
tersects another dashed curve located at higher densities. The dash-dotted curve which presents the loci
of equation (3.10) crosses the dashed curves at their extremum points (exactly at the points of tangency
of the solid and dashed curves). These special points, at which equations (3.9) and equation hold
are called tricritical points [43]. The coordinates of the tricritical points are presented in table[Il The two
tricritical points can be considered as limiting points which separate the low-density family of gas-liquid
phase diagrams from the gas-liquid phase diagrams located at moderate densities. It should be noted
that both a critical point and a tricritical point were predicted theoretically [24-26] and found in com-
puter simulations [27] for the lattice RPM supplemented by short-range interactions. In these works, the
tricritical point is associated with the transition to the charge-ordered phase. Besides, the tricritical point

Table 1. The reduced parameters of the tricritical points for the RPM-SW model. The reduced critical
temperature TC is given by (377) and TSR = kg T'/¢.

C SR *
a Ttrc Ttrc ptrc
20.77 0.0926 1.9233 0.0269
21.13 0.1027 2.1701 0.2905
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Figure 7. Gas-liquid coexistence curves of the RPM- Figure 8. Gas-liquid coexistence curves of the RPM-
SW model for a = 2, 10 and 15 in the (7€, p*) repre- SW model for a = 22, 25, 50 and 100 in the (T€, p*)
sentation. Full circles denote the location of the crit- representation. Full circles denote the location of the
ical point. critical point.

studied in [24-26] is either stable or metastable. On the other hand, no tricritical point was found in [27]
for the lattice version of the RPM-SW model with the lattice discretization parameter { = 10. According to
[28], for { = 3 the phase behaviour of the lattice RPM is qualitatively identical to the continuous model.
Here, we focus our attention only on the gas-liquid equilibrium. The description of a possible existence
of other phases requires going beyond the treatment presented in this work.

Now we study the evolution of the gas-liquid coexistence curves with the variation of a. To this
end, we use equation (3.J) for the calculation of the chemical potential and employ the Maxwell double-
tangent construction. Figures[7and [8]show the coexistence curves of the RPM-SW models in the (7€, 0%)
plane for two sets of @ corresponding to @ < a* and a > a*, respectively. Figure[Zlshows almost symmet-
rical coexistence envelopes typical of non-Coulombic systems. In figure[8] the coexistence curves become
more and more asymmetric with an increase of @ and resemble the RPM coexistence curve at a > 100.
On the other hand, the coexistence region of the RPM-SW model reduces when « tends to a* (from the
both sides) indicating the approach of the tricritical point.

Therefore, our results suggest that the RPM-SW models with a < 20.77 belong to the non-Coulombic
systems in which the phase separation is driven by short-range forces while the RPM-SW models with
a = 21.13 belong to the Coulomb dominated systems. The two families of models are separated by a very
narrow region of @ bounded by the tricritical points.

4. Conclusions

We have studied the effect of the strength of the Coulomb interaction on the gas-liquid phase diagram
of a model fluid. The model, referred to as RPM-SW model, consists of oppositely charged hard spheres
of the same diameter with additional short-range attractive interactions. The short-range attraction is
chosen in the form of the SW potential of the range A = 1.50. Having introduced the parameter « that
determines the strength of the Coulomb interaction with respect to the short-range SW interaction, we
calculate the gas-liquid phase diagrams for a varying from 0 (the purely nonionic system) to oo (the
purely Culombic system). It is worth noting that the parameter « is proportional to the inverse dielectric
constant of the solvent € when the ion charges are fixed.

Both the coexistence envelopes and the critical parameters have been calculated in a one-loop approx-
imation which is equivalent to the random phase approximation. We have found that the very narrow
region of a (20.77 < a < 21.13) separates the models demonstrating a nonionic type of phase behaviour
from the models which demonstrate a “Coulombic” type of phase diagrams. This region is bounded from

the both sides by the tricritical points: one point located at Tti}éJ =1.9233 and pt*rc,l =0.0269 and another
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point with the coordinates T, tsfléz =2.1701 and p;“mz =0.2905. The dependence of the reduced critical tem-

perature on & (¢~') indicates a continuous variation from a phase transition driven by Coulomb interac-
tions to a transition determined by “solvophobic” interactions. Such behaviour agrees with the available
data of computer simulations performed for the lattice version of the RPM-SW model with high values of
the lattice discretization parameter { (( = o/l = 10) [27]. On the other hand, the reduced critical density
ps sharply changes with « in the region between the two tricritical points. This is at variance with the
results of computer simulations mentioned above. Furthermore, no tricritical points were found for the
lattice version of the model in the high { case in the computer simulations

We have studied the range of the effective density-density interaction Ry, with the variation of
@ (a1). The results clearly indicate the two distinctive regions in the phase diagram (Ry,c £0.5 and
Ry ¢ 2 0.6) which are separated by a = 21. The amplitude of the density correlation length &; also shows
different trends for @ <21 and & > 21. It should be noted that the values of {; are larger for the Coulomb-
dominated systems than for the non-Coulombic systems. The opposite situation takes place for Ryc.

Thus, we have obtained the results for a phase behaviour of the RPM-SW model that qualitatively
differ from the findings of the available computer simulations. Further investigations are needed in order
to confirm (or rule out) the presence of the tricritical points in the model with @ =~ 21. In particular,
higher-order approximations for the coefficients of the effective Hamiltonian should be considered.
On the other hand, it would be useful to perform computer simulations for the model parameters for
which the theory predicts tricritical points.
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da3oBa noBeAiHKa ras-pigMHa B iOHHUX MNJINHAaX: KYJOHiIBCbKi
NPOTU HEKY/IOHIBCbKNX B3aEMOAiiA

O. NauaraH

IHCTUTYT di3nkn KoHAeHcoBaHMX cnctem HAH YkpaiHw, Byn. I. CBeHuiypKoro, 1, 79011 JibeiB, YkpaiHa

BrkopucToBytoUM TEOPit0 KONEKTUBHUX 3MiHHUX, BUBYAETLCS BMNANB KOHKYPeHLii KyNOHIBCbKUX i Ancnepcin-
HMX c1n Ha $pa3oBy MNOBeAiHKY ra3-piAvHa MOAENLHOr0 iOHHOrO NAMHY, a Came, 3apAA0acIMETPUYHOI MPUMi-
TUBHOI MOJei 3 A0AATKOBUMMU KOPOTKOCSXKHUMU NPUTATaNbHUMMN B3aEMogismu. OTprMaHo B 04HOMNETNEBOMY
HabIMKeHHI KPUTUYHI NapameTpu i KpWBI CMiBiCHYBaHHA B 3aNeXHOCTI Bij napameTpa «, AKuli BUMIpPIOE CUu-
Ny KYNOHIBCbKOI B3aEMOZIii N0 BifHOLLEHHIO A0 KOPOTKOCSAXKHOI B3aEMOZIi. 3HaiieHO AyxXe By3bKy 06/1acTh a,
obMexeHy 3 060X CTOPiH TPUKPUTUYHUMY TOYKaMW, KA BiAOKPEMIIIOE MOAesi 3 “HeioHHO" | “KyNIOHIBCbKOH”
¢dazoBoto noBeAiHKO0. Liei pe3ynbTaT BiAPI3HAETLCA Bij HAABHOIO pe3y/ibTaTy KOMM'HOTEPHOIO MOAENtOBaHHS,

OTPMMaHOro Ans Apib6HOANCKPETV30BaHOI rPaTKOBOI BepCii MOAeNi, Lo pO3rnsjaeTbCs.

Knrouosi cnoBa: ioHHi nivHm, ¢azosa giarpama ra3-pigviHa, TPUKPUTNYHAE TOYKA, KyY/OHIBCbKIi B3aEMOZII,
KOPOTKOCSIXKHE NPUTAraHHSA
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