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Self-interacting particle-antiparticle system of bosons
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The thermodynamic properties of a system of interacting boson particles and antiparticles at finite tempera-
tures are studied within the framework of the thermodynamically consistent Skyrme-like mean-field model. The
mean field contains both attractive and repulsive terms. Self-consistency relations between the mean field and
thermodynamic functions are derived. We assume a conservation of the isospin density for all temperatures. It
is shown that, independently of the strength of the attractive mean field, at the critical temperature 7; the system
undergoes the phase transition of second order to the Bose-Einstein condensate, which exists in the temperature
interval 0 < T < T.. We obtained that the condensation represents a discontinuity of the derivative of the heat
capacity at T = T¢, and condensate occurs only for the component with a higher particle-number density in the

particle-antiparticle system.

DOLI: 10.1103/PhysRevC.105.045205

I. INTRODUCTION

Knowing the phase structure of the meson systems in the
regime of finite temperatures and isospin densities is crucial
for understanding a wide range of phenomena from nucleus-
nucleus collisions to neutron stars and cosmology. This field
is an essential part of investigations of hot and dense hadronic
matter, which is a subject of active research [1]. Meanwhile,
the meson systems’ investigations have their specifics due to
a possibility of the Bose-Einstein condensation of interacting
bosonic particles. The problem of the Bose-Einstein conden-
sation of 7 mesons has been studied previously, starting from
the pioneer works of Migdal and coworkers (see Ref. [2]
for references). Later this problem was investigated by many
authors using different models and methods. The formation
of classical pion fields in heavy-ion collisions was discussed
in Refs. [3—6] and the systems of pions and K mesons with a
finite isospin chemical potential have been considered in more
recent studies [7—12]. First-principles lattice calculations pro-
vide a solid basis for our knowledge of the finite-temperature
regime. Interesting new results concerning dense pion systems
have been obtained recently using lattice methods [13—15].

In the present paper we consider interacting particle-
antiparticle boson system at the conserved isospin density
n; and finite temperatures. We name the bosonic particles as
“pions” just conventionally. The preference is made because
the charged 7w mesons are the lightest hadrons that couple to
the isospin chemical potential. On the other hand, the pions
are the lightest nuclear boson particles, and, thus, an account
for “temperature creation” of particle-antiparticle pairs is a
relevant problem based on the quantum-statistical approach.

To account for the interaction between the bosons we in-
troduce a phenomenological Skyrme-like mean field U (n),
which depends only on the total meson density #. This mean
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field rather reflects the presence of other strongly interacting
particles in the system, for instance, p mesons and nucleon-
antinucleon pairs at low temperatures or gluons and quark-
antiquark pairs at high temperatures, T > Tye, ~ 160 MeV.
Calculations for noninteracting hadron resonance gas show
that the particle densities may reach values (0.1-0.2) fm~ at
temperatures 100—160 MeV, which are below the deconfine-
ment phase transition, see e.g., Refs. [16,17].

The present study is a development of the approach pro-
posed in Ref. [2], where the boson system was considered
within the framework of the grand canonical ensemble with
zero chemical potential. Meanwhile, here we investigate
the thermodynamic properties of the meson system in the
canonical ensemble, where the canonical variables are the
temperature 7 and the isospin density n;. We regard a stud-
ied self-interacting many-particle system as a toy model that
can help us understand Bose-Einstein condensation and phase
transitions over a wide range of temperatures and densities.

So, in this work, in the formulation of the canonical en-
semble, we calculate the thermodynamic characteristics of a
nonideal hot “pion” gas with a fixed isospin density n; =
n) —ntH > 0, where n{) and n{~) are the particle-number
densities of the 7™ and 7~ mesons, respectively.

We hope that our approach, which is physically transpar-
ent and clear enough, will help understand more complex
pictures of the phase structure of mesonic systems arising
in quark-meson models, for example, in the Nambu-Yona-
Lasinio model and the lattice calculations.

In Sec. I we develop the formalism of the thermody-
namic mean-field model [18] to describe the boson system
of particles and antiparticles, which will be used in the
present calculations. In Sec. III, we introduce a Skyrme-
like parametrization of the mean field, and, after solving
the system of self-consistent equations, we calculate the
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thermodynamic functions. In Sec. IV we demonstrate the pos-
sibility of Bose condensation when the attractive interaction is
“weak.” Furthermore, we determine that this is a second-order
phase transition. Our conclusions are summarized in Sec. V.

II. THE MEAN-FIELD MODEL FOR THE SYSTEM OF
BOSON PARTICLES AND ANTIPARTICLES

Our consideration of thermodynamic properties of the
system of interacting bosonic particles and antiparticles at
finite temperatures is carried out within the framework of the
thermodynamic mean-field model, which was introduced in
Refs. [19,20] and further developed in Ref. [18]. This ap-
proach is based on the representation of the free energy of the
particle-antiparticle system as the sum of two parts: the first
part is the free energy of the two-component system of free
particles, and the second part is responsible for the interaction
between all particles. Therefore, it is assumed that in general
the free-energy density ¢ of the two-component system looks
like

1, n2, T) = ¢V, T) + ¢ (2, T) + ime(n, T), (1)

where d){o) and ¢>§0) are the free-energy densities for the free
particles of the first and second components, respectively,
whereas the density of free energy ¢, takes into account the
interaction in the system, n; and n, is the particle-number
density of each component and n = n; + n,. Next, the chemi-
cal potential is calculated as the derivative u; = (d¢/on;)r,
where i = 1, 2, which results in ,ugo) = u; — U(n), where
/Lfo) = 8¢f0)/8n and U(n) = d¢iy/0n. Similarly, one can
write the pressure p = win; + pony — ¢, dividing it into free
and interacting parts,

p(ny,ny, T) = p© + p¥ + P(n, T), 2)

where pgo) = y,l(.o)n,- - ¢>i(0) is the pressure of the ideal gas

created by the ith component of the system and P(n,T) =
n(0¢in/0n)r — ¢in is the excess pressure. It is seen that the
definitions of U (n) and P(n) lead to a differential correspon-
dence: n[oU (n, T)/0on]yr = [0P(n, T)/0n]r.

We limit our consideration to the case when at a fixed
temperature the interacting boson particles and boson antipar-
ticles are in dynamic equilibrium with respect to the processes
of annihilation and pair creation. Due to the opposite sign of
the charge, the chemical potentials of the bosonic particles
w1 and the bosonic antiparticles , have opposite signs (for
details, see Ref. [18]):

K1 = —H2 = . 3

Therefore, the Euler relation includes only the isospin number
density n; = n'=) — n™ in the following way:

e+p=Ts+ un, 4)

where n™) is the particle-number density of bosonic par-
ticles, and n*) is the particle-number density of bosonic
antiparticles. In what follows we consider the boson particle-
antiparticle system with conserved isospin number density
ny, whereas in this study the total particle-number density

n = n) 4+ n™® is a thermodynamic quantity that depends on
T and n;.!

Roughly speaking, in such a problem the chemical poten-
tial controls the difference of particle and antiparticle numbers
u — (N — N®)) whereas the total number of particles is
controlled by the temperature T — (N = N™) 4+ N®). In-
deed, if some amount of particle-antiparticle pairs M has
been created additionally to the existing particles N~ and
N in a closed system, then approximately the same value
w is in correspondence . — [(N) + M) — (N + M)] but
T'— (N +M+ NP 4 M), where T’ > T. This quali-
tative consideration indicates the existence of one-to-one
correspondence of independent pairs of variables (7, u) <
(N, Np). It is an easy task to show that the latter statement
is valid in ideal quantum gas of particles and antiparticles.
Meanwhile, the rigorous proof of the independence of ther-
modynamic variables n and »; in a more general case where
the mean fields, which depend on these variables, are present
in the system (see Ref. [24]), is not so simple.

In general, the mean field U depends on both independent
variables n, ny, i.e., U (n, ny). On the other hand, as proved in
Ref. [24], the mean field can be separated into n-dependent
and n;-dependent pieces where then it reads respectively for
particles and antiparticles as

U (n,ny) = Un) — Up(ny), S
U (n,ny) = Un) + Ur(ny). ©)

The signs in Egs. (5) and (6) are due to odd dependence on
the isospin number #n;. At the first step of the investigation, we
neglect the part of the mean field which depends on isospin
density, i.e., we assume U;(n;) = 0. Therefore, in this approx-
imation, the excess pressure also depends only on the total
particle-number density P(n). Note that, in this version of the
thermodynamic mean-field model, we do not take into account
the dependence of the mean field on temperature, as is the case
with the Hartree approximation.

In accordance with Eq. (2) and with taking into account
that uio) =u —U(n) and ugo) = —u — U(n), one can write
the total pressure in the particle-antiparticle system as

= — T/ &’k In{l—exp|— m2+k2—|—U(n)—/J,
P=78 | oy P T

_gT

d’k |: ( «/m2+k2+U(n)+,u)]
sInfl—exp| —
2m) T

+ P(n), 7

where P(n) is the excess pressure.”

The thermodynamic consistency of the mean-field model
can be obtained by putting in correspondence of two ex-
pressions that must coincide in the result. These expressions,

'The dynamical conservation of the total number of pions in a
pion-enriched system created on an intermediate stage of a heavy-ion
collision was considered in Refs. [21-23].

*Here and below we adopt the system of units i = ¢ = 1, k, = 1.
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which determine the isospin density, looks like

(i
v=(50),

where pressure is given by Eq. (7), and
d’k
ny = g/ ——slf(EKk, n), u) = f(Ek,n), —)]. (9
(2m)

Here E(k,n) = wi + U(n) with o = (m? +k*)"/? and the
Bose-Einstein distribution function reads

E —
“)-1]

T
In order for the expressions (8) and (9) to coincide in the

result, the following relation between the mean field and the
excess pressure arises:

8U(n)_8P(n)
" an  on

It provides the thermodynamic consistency of the model. At
the same time, as we have shown in the beginning of the
current section, this differential correspondence results from
the definitions of the mean field U(n) and excess pressure
P(n).

When both components of 7~ -7 system are in the ther-
mal (kinetic) phase, the pressure and energy density read

g d’k Kk?

P=3] @y w—k[f(E(k, n), ) + fE(k, n), =)l + P(n),

-1

SO )= [exp ( (10)

an

12)
d’k
&= g/ ——— E(k, WIf(E(k, n), w) + f(E(k, n), =) — P(n). Where

(13)

@)’

III. SKYRME-LIKE PARAMETRIZATION
OF THE MEAN FIELD

The thermodynamic mean-field model has been applied for
several physically interesting systems, including the hadron-
resonance gas [18] and the pionic gas [25]. This approach
was extended to the case of a bosonic system at © = 0, which
can undergo Bose condensation [2,26]. In the present study,
a generalized formalism given in Sec. II is used to describe
the particle-antiparticle system of bosons when the isospin
density is kept constant. As was mentioned in the previous
section, the mean field in general case splits into two pieces
with dependence on the total particle density #» and on the
isospin density n;, respectively, see Eqs. (5) and (6). At the
first stage of our investigation we assume that the interaction
between particles is described by the Skyrme-like mean field,
which depends only on the total particle-number density 7.
Loosely speaking, we take into account just a strong interac-

tion. So, we assume that the mean field reads
U(n) = —An + Bn?, (14)

where A and B are the model parameters, which should be
specified. Some additional contribution to the attractive mean

field at high temperatures, (" o« 100-160 MeV), may be pro-
vided by other hadrons present in the system like p mesons
[27] or baryon-antibaryon pairs [28]. As was mentioned in the
introduction, an investigation of the properties of a dense and
hot pion gas is well inspired by the formation of the medium
with low baryon numbers at midrapidity what was proved in
the experiments at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC) [29,30].

For this reason, in our calculations, we consider a general
case of A > 0, to study a bosonic system with both attractive
and repulsive contributions to the mean field (14). For the
repulsive coefficient B we use a fixed value obtained from
an estimate based on the virial expansion [31], B = 10mv(2)
with vy equal to four times the proper volume of a par-
ticle, i.e., vg = 167rr8 /3. In our numerical calculations we
take vy = 0.45 fm?, which corresponds to a “particle radius”
ro ~ 0.3 fm. The numerical calculations will be done for
bosons with mass m = 139 MeV, which we call convention-
ally “pions.” In this case, the repulsive coefficient is B/m =
2.025 fm®, and it is kept constant through all present calcu-
lations. (For instance, in Ref. [32], the authors use the value
B/m =21.6 fm6.) At the same time, the coefficient A, which
determines the intensity of attraction of the mean field (14),
will be varied. It is advisable to parametrize the coefficient
A. We are going to do this by making use of solutions of
the equation U(n) +m = 0, similar to the parametrization
adopted in Refs. [2,26]. For the given mean field (14) there are
two roots of this equation [n;, = [A F (A% — 4mB)1/2]/ZB],

nlz\/g<x— K2—1>, nzz\/g(/c+ Kz—l),

5)

A
24/ 'mB’

Then, one can parametrize the attraction coefficient as A =
KA. withA, = 2+/mB. As we will show below, the dimension-
less parameter « is the scale parameter of the model. When
we fix the isospin density, the parameter « determines the
phase structure of the system. As it is seen from Eq. (15) for
the values of parameter ¥ < 1 there are no real roots. The
critical value A. is obtained when both roots coincide, i.e.
whenk = k. =1,thenA =A. = 2/mB.

In general, there are two intervals of the parameter «. (1)
The first interval corresponds to k¥ < 1, there are no real roots
of equation U (n) + m = 0. We associate these values of «
with a weak attractive interaction, and in the present study, we
consider variations in the attraction coefficient A for values of
k only from this interval. (2) The second interval corresponds
to k > 1, there are two real roots of equation U (n) + m = 0.
We associate this interval with a “strong” attractive interac-
tion. This case will be considered elsewhere.

If one assumes a possibility of the Bose-Einstein conden-
sation in the two-component system, then it is instructive
to classify a phase structure of the system by two basic
combinations which determine for the weak attraction the
different thermodynamic states: (i) Both components, or the
boson particles and boson antiparticles, i.e., 7~ and 7, are

K 16)

045205-3



D. ANCHISHKIN et al.

PHYSICAL REVIEW C 105, 045205 (2022)

in the thermal (kinetic) phase; (ii) Particles (r ~) are in the
condensate phase, and antiparticles (7 ™) are in the thermal
(kinetic) phase—this combination can be named the “cross”
state.

Note that the expression “particles are in the condensate
phase” is, of course, a conventional one because, in essence,
it is a mixture phase, where at a fixed temperature, a fraction
of m~ mesons is in thermal states with momentum |k| > 0
and another fraction of this 7~ component belongs to the
Bose-Einstein condensate, where all 7~ mesons have zero
momentum, k = 0.

We are going now to consider these basic thermodynamic
states of the system using the mean field (14).

IV. THERMODYNAMIC PROPERTIES OF THE BOSON
PARTICLE-ANTIPARTICLE SYSTEM UNDER WEAK
ATTRACTION

In the mean-field approach, the behavior of the particle-
antiparticle bosonic system in the thermal (kinetic) phase is
determined by the set of two transcendental equations (we
keep n; = const.)

d’k
n= [ SSUE® .0+ S ECm. L (7
@)

3
n = / d—k3[f(E(k, n), w) — f(Ek, n), —w)l, (18)
(2m)

where the Bose-Einstein distribution function f(E, u) is de-
fined in (10) and E'(k, n) = wy + U(n). Equations (17)—(18)
should be solved self-consistently with respect to n and u
for a given temperature 7 with account for n; = const. In
the present, we consider the boson system in the canonical
ensemble, where the independent canonical variables are T
and n; and the particle spin equals zero. In this approach,
the chemical potential n is a thermodynamic quantity that
depends on the canonical variables, i.e., w(T, ny).

In case of the cross state, when the particles, i.e., 7~
mesons, are in the condensate phase and antiparticles are
still in the thermal (kinetic) phase, Egs. (17), (18) should be
generalized to include condensate component n__ . Besides
this, we should take into account that the particles (7~ or
high-density component) can be in the condensed state just
under the necessary condition:

U(n) — u=—m. (19)

As the temperature decreases from high values, when both
7~ and 7 are in the thermal phase, the density of the 7~
component, namely, n=(T, 1), crosses the critical curve at
the temperature TC(’), where the condition (19) is satisfied.
The latter means that the curve ngi)(T), which is defined as

war) = | X o) 20)
ny = , ’ ’
i !

is the critical curve for 7~ mesons or the high-density compo-
nent. Here f(wy, ) is the Bose-Einstein distribution function
defined in (10). As we see function (20) represents the max-
imal density of thermal (kinetic) boson particles of the ideal

gas at temperature 7 when © = m. Hence, we obtain that the
critical curve in the mean-field approach under consideration
for the boson particles coincides with the critical curve for the
ideal gas.

With account for Egs. (19) and (20) we write the general-
ization of the set of Egs. (17) and (18)

f(E(k, n), —p),

@

= )+ ) + [ d*k
cond lim (27_[)3

d’k
)

m = (0 i) = [

(22)

Meanwhile, using relation (19) between the mean field and the
chemical potential, this set of equations can be reduced to just
one equation for n‘*):

d3k
@)}

where U(n) = U2n't) 4+ n;) and E(k, n) = wx + UQ2n™H +
ny). Solution of Eq. (23) for temperatures 7' from the interval
T < T7) provides the density 77 (T') of 7 mesons.

One can see from Egs. (21) and (22) that the particle-
number density n*) is provided only by thermal 7= mesons.
Whereas, the density n(™) is provided by two fractions: the
condensed particles (7t~ mesons at k = 0) with the particle-
number density nio_n)d(T), and thermal 7~ mesons at [k| > 0
with the particle-number density nl(i’i)(T). The particle-density
sum rule for these phase of 7~ mesons in the interval T <
T reads

™t = FEK,n), —p) . (23

u=U(n)+m

n = (T) + 0. (24)

cond lim

Numerical results

At high temperatures, i.e., T > 7.7, both components of
the bosonic particle-antiparticle system are in the thermal
phase and thermodynamic properties of the system are deter-
mined by the set of Eqs. (17) and (18). Solving this set for
given values 7 and n; we obtain the functions p (7, ny) and
n(T, ny) and then other thermodynamic quantities.

When we decrease temperature, after crossing the value
T =T the particles which belong to the high-density
component (or 7~ mesons) start to “drop down” into the
condensate state, which is characterized by the value of mo-
mentum k = 0. In the limit, when 7" = 0, all particles of the
high-density component, i.e., ¥~ mesons, are in condensed
state and n{™) = n;. At the same time, the particles of the low-
density component or 7 mesons being in the thermal phase
lose the density n‘*) with a decrease of temperature, and it
becomes rigorously zero at 7 = 0. For the temperature inter-
val T < T equations (17), (18) should be generalized and
now thermodynamic properties of the system are determined
by Eq. (23), where we take into account that u = —U(n) +m
for all temperatures of this interval unless the high-density
component n(7) is in the condensed state. Otherwise it is
necessary to solve the set of equations (17) and (18) for the
region where n'~) appears again in the thermal (kinetic) phase.
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FIG. 1. (left panel) The particle-number densities n*, n‘=), and n,o; = n*) + n=) versus temperature for the interacting 77 *-7 ~ pion gas in
the mean-field model. The total isospin density is kept constant, n; = 0.1 fm ™3, and the attraction parameter is ¥ = 0.5. The maximum density

(id)

ny,~ of the ideal gas of thermal pions at . = m, is shown by the red dashed line. The shaded area shows the possible states of condensed
particles. The Bose-Einstein condensation of 7~ mesons occurs at the temperature 7, = T, (right panel) The same as on the left panel,
but with the parameter k = k. = 1. Here n; = ny = n,, [see Eq. (15)], n{.) = (o +n;)/2, n{ = (o — ny)/2 and T, is the temperature at

which the curve n*)(T') touches the critical curve nj}"..

For parameters n; = 0.1 fm ™, ¥ = 0.5, and « = 1.0 we

solve the set of equations (17) and (18) for the thermal phase
and Eq. (23) for the “cross” thermodynamic state. The behav-
ior of the density n*) of 7+ mesons and the density n™) of 7~
mesons are depicted in Fig. 1. In this figure, we also depicted
the behavior of the total density of mesons n = n‘™ 4+ n=) de-
pending on temperature (in the field of the figure, this density
is denoted as ngy).

Analyzing the behavior of the condensate creation (see
Fig. 1), it is necessary to note that just the high-density com-
ponent of the particle-antiparticle gas undergoes the phase
transition to the Bose-Einstein condensate. If we apply our
consideration to pion gas with n; =n{” —ntH > 0 this
means that the 7~ component undergoes the phase transition
to the Bose-Einstein condensate and the low-density com-
ponent or 7+ mesons exist only in the thermal phase for
the whole range of temperatures. Hence, it makes sense to
look at T, = T, for the Bose-Einstein condensate of 7~
mesons only in the lattice calculations and in an experiment,
for instance, in heavy-ion collisions.

At the same time, the temperature behavior of the particle-
number density nY) (see Fig. 1) is very similar to the behavior
of the pion density n(T") for x < 1 obtained in Ref. [2], where
the pion system at u = 0 was investigated. Note that we
consider the system of pions only for weak attraction in the
present study, i.e., at &k < 1. As was shown in Ref. [2] the
behavior of the pion system at ¥ > 1 is drastically different.
In this case, with an increase in temperature at 7 = Ty < T¢,
the system undergoes the first-order phase transition.

1. The critical temperature

Equation (21) can be used to determine the critical temper-
ature TC(’). Indeed, let us take into account that, at the crossing

point with the critical curve, the density of condensate is zero
so far, nio_n)d(TC(’)) = 0, and the density of thermal 7w~ parti-
cles becomes equal to n (7)) = nl(i‘i)(Tc(_)). Then, at this
temperature 7 = 7.~ on the left-hand side (L.h.s.) of Eq. (21)
we have n = 2n1(f§1)(Tc(‘)) — ny, and now at this temperature
point on the critical curve Eq. (21) with respect to T reads

i 43k
(id) _ _ er _
Ny (T) — 1y = / 2n ) S(E(k,n), M)‘u

=U(n)+m

with  E(k,n) = w +U (2002 —n;). (25)
Solving Eq. (25) at n; = 0.1 fm ™3, for k = 0.5 and k = k. =
1 we obtained 7, = 129 MeV and 7.\ = 251 MeV, respec-
tively. These results are depicted in Fig. 1 in the left and right
panels, respectively.

It turns out that 7.7 is the critical temperature, which de-
termines the phase transition with the formation of a BEC for
the entire pion system since antiparticles or 7+ mesons, which
represent the low-density component n(*)(T), are entirely in a
thermal state for all temperatures. Thus, condensate is created
only by particles or by 7~ mesons, i.e., feopd = nio_n)d, and this
particle-number density plays the role of the order parameter.

The condensate densities as functions of temperature ob-
tained in the framework of our model for three values of the
attraction parameter, « = 0.0, 0.5, 1.0, and for three values
of the isospin density, n; = 0.04, 0.07, 0.1 fm=3, are depicted
in Fig. 2, left panel. We record a minimal difference in the
critical temperature 7.~) when the attraction parameter &
changes, the difference does not exceed 4 MeV when n; =
0.1 fm~3. This difference is much less, as we can see in
Fig. 2 for smaller isospin densities. Then it would be helpful
to define only one average value of 7,7 as

T. = (T\7). (26)
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FIG. 2. (left panel) The density of condensate versus temperature in the particle-antiparticle self-interacting system for three values of
the isospin density, n; = 0.04, 0.07, 0.1 fm~>.(right panel) The chemical potential versus temperature at values of the attraction parameter
« =0.0, 0.1, 0.5, 1.0 and the isospin density n; = 0.1 fm ™. The marked points on the curves correspond to the critical temperature 7). In

both panels we set T, = (T,(7)).

For example for n; = 0.1 fm™> the averaging gives T, ~

129 MeV. The temperature 7; “signals” the creation of con-
densate when temperature decreases and crosses this value.
Note that the critical temperature T is practically independent
of the attraction parameter A of the mean field (14). In other
words, the average attraction between particles in the system
has little effect on the critical temperature.

The dependence of the chemical potential on temperature
is depicted in Fig. 2 in the right panel for three values of
the attraction parameter, « = 0.0, 0.1, 0.5, 1.0. First of all,
we notice that the chemical potential is almost independent
of temperature when condensate exists in the system, i.e.,
in the interval 0 < T < T.. The value of u changes from
1.02m,, at the absence of attraction, x = 0.0, to u = 0.74m,,
for the critical attraction parameter x = 1.0. Hence, for 0 <
k <1 the chemical potential is in the range 103 < u <
142 MeV. It is intriguing to remind that already first attempts
to fit the pr spectra of w~ mesons in O 4 Au collisions at
200 AGeV /nucleon (at midrapidity) by the ideal-gas Bose-
Einstein distribution results in the values u ~ 126 MeV, T ~
167 MeV and in S 4 S collisions at 200 AGeV /nucleon it
results in the values u ~ 118 MeV, T ~ 164 MeV [33]. So,
the fit of data required the pion chemical potential in the range
© =~ 115-130 MeV, which we can formally compare with the
values of the chemical potential obtained in our model.

2. The heat capacity

The derivative of the chemical potential on temperature
has a jump in points marked on the curves as small black
circles, see Fig. 2, right panel. These points on the curves
w(T) correspond to Tc(’), which values differ from one an-
other not more than AT = 4 MeV. As we concluded before,
this is the temperature of phase transition, see Eq. (26), which
practically does not depend on the intensity of attraction. To
prove that this is indeed a phase transition of the second order,

we first calculate the heat capacity ¢, as®

27

Cy = — m,
where ¢(T,n;) = —p(T, n;) +n;u(T, ny) is the density of
free energy. We are going to calculate ¢(7T', n;) for two ther-
modynamic scenarios, when T > T, and when T < T..

Having solved Egs. (17) and (18) then, using Eq. (12)
one can calculate pressure for the case when particles and
antiparticles are both in the thermal phase, i.e., T > T;. In this
case, the density of free energy looks like

=mu(T,n)— 3 Lk (E(k,n), i)
¢ =nmu(T, n ~3 (2ﬂ)3wk[f 1),
+ f(E(k, n), —n)] — P(n), (28)

where functions n(7T', n;) and (T, n;) are known. The ex-
cess pressure P(n) is obtained by integrating Eq. (11) for the
Skyrme-like parametrization of the mean field (14):

_ A 2B,
Pn) = 2n + —n’, 29)

where P(n = 0) = 0 is taken into account.

For temperatures less than T;, when the high-density com-
ponent of the pion gas (7t ~ mesons) is in the condensate phase,
and the low-density component (7 * mesons) is in the thermal

3 As a matter of fact, here we calculate the volumetric heat capacity,
which is the heat capacity Cy of a system divided by the volume V,
ie.,cy =Cy/V.
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FIG. 3. (left panel) Heat capacity normalized to T3 as a function of temperature in a self-interacting 7 ~-7* meson system. The isospin
density is kept constant, n; = 0.1 fm~>. The curves are marked with the attraction parameter «. (right panel) Energy density versus temperature
for the same meson system and the same conditions as in the left panel. The entropy density versus temperature in the vicinity of 7. is shown
in a small window for attraction parameters x = 0, 0.5, 1.0. We set T, = (7).

phase, the density of the free energy reads

= U DK )
¢ =mUm) +m]— 2 ) wkf e |
1 &k k2
3| aaya/ E® . ‘“)Lumm — P(n).
(30)

Here the total pion density is n = 21" 4+ n;, u = U(n) +m
as in Eq. (23), E(k,n) = o + U(n) and n'D(T, n;) is the
solution of Eq. (23).

Using the density of free energy (28) to the right of T
and Eq. (30) to the left of T¢, respectively, we calculate the
heat capacity normalized to T3, as function of temperature
at ny = 0.1 fm~ for three values of the attraction parameter
k =0, 0.5, 1.0. These dependencies are depicted in Fig. 3
in the left panel. The temperature dependence of the heat
capacity is a continuous function. However, the derivative
of this function has a finite discontinuity, which indicates a
second-order phase transition, where the condensate density
is an order parameter (strictly speaking, this is a third-order
phase transition). To make sure that this is indeed a second-
order phase transition without the release of latent heat at
the temperature 7, we calculate the energy density ¢ for the
same set of parameters «, and the functions (7") are shown in
Fig. 3 in the right panel. To be sure that the first derivative
of the free energy is a smooth function, we calculate the
entropy density s = —d¢(T, n;)/0T, and its dependence on
temperature in the vicinity of 7; is shown in a small window
in Fig. 3 in the right panel for three values of the attrac-
tion parameter ¥ = 0, 0.5, 1.0. Indeed, one can see that the
temperature dependencies of the energy density and entropy
density are continuous and smooth at 7 = T;, which proves
that the system undergoes a second-order phase transition at
this temperature. It is also interesting to note that the energy
density in the temperature interval 0 < 7' < T is practically

independent of the weak attraction (0 < « < 1) between the
particles.

We will now fix some similarities between the pic-
ture obtained above for the interacting two-component
particle-antiparticle system when n; = const. and the single-
component ideal gas, where we keep constant the particle-
number density n. First, the behavior of the high-density
component in the “condensate” temperature interval 7 < T
in the system with interaction is similar to the behavior of the
single-component ideal gas (m = m,) when n; = n = const.
Indeed, that is seen when one compares the dependance
n=n'")(T) in Fig. 1 and dependence n = const. in Fig. 4
in the left panel. Next, we compare the heat capacities in
these two-boson systems, a question of particular interest is
the behavior of the heat capacity at the critical temperature.
For the ideal gas, it is natural to treat the problem in the
canonical ensemble, where the canonical variables are 7 and
n. The critical temperature T is the starting point for the onset
of condensation when the temperature is decreasing. For a
given density n the critical temperature can be determined as
solution of the transcendental equation n = nl(fi)(TC), where
nl(il‘i)(T) is defined in (20).

The energy density in the condensate phase consists of two
contributions: for the ideal gas it reads

4’k
£ = mneona(T) + / X e w| . 6D
(2m) n=m
where ncong(T) = n — nl(iii)(T). We calculate the heat capac-
ity ¢y = 0&(T,n)/0T, which is attributed to the condensate
phase, and obtain
Exin

c(cond) — L/ d3k
v 412 | (27)3 | sinh (Ein/T)

where Eyi, = w; — m is the single-particle kinetic energy. It is
seen that the dependence of the heat capacity ¢(¥(T') in the
condensate phase is of a universal character. In this phase, the

2
} , (32)
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FIG. 4. (left panel) Particle-number density versus temperature in the ideal single-component gas. The horizontal lines represent two

constant particle density samples, n = 0.1, 0.2 fm~

3 : " 0.1 0.2 : ;
, which correspond to critical temperatures 7%, T2 respectively. (middle panel) Heat

capacity normalized to 7° as a function of temperature in the ideal single-component gas where the particle-number density is kept constant.

(right panel) Energy density versus temperature for the same system and conditions as in the left panel. The red dashed line marked as €;

(ld)

represents the energy density of the states that belong to the critical curve nhm) depicted in the left panel.

heat capacity of an ideal gas does not depend on the particle
density n. For each specific value n, the curve cf,“‘md)(T),
defined in (32), is bounded at the right end by the value of T,
which in turn, depends on the given particle-number density
n. This feature is seen in Fig. 4 in the middle panel, where
we consider two samples of the density n = 0.1, 0.2 fm~>.
It is evidently seen that the derivative of the heat capacity
has a finite discontinuity, which can indicate a third-order
phase transition. To be sure about that, we calculate the energy
density for the same samples of the particle-number densities,
the functions &(7T) are shown in Fig. 4 in the right panel. We
see that these functions are continuous and smooth at T = T,
and this proves an absence of latent-heat release at the critical
temperature.

Let us briefly summarize the results obtained for an inter-
acting particle-antiparticle boson system, where the isospin
(charge) density n; is conserved, and for a single-component
ideal gas, where the particle-number density » remains con-
stant. First of all we claim that they both have the same
critical curve nhm (T) Furthermore, when n™)(T'), obtained
for an interacting system, and n(7'), obtained for an ideal gas,
intersects the critical curve ”1(1m (T), respectively, both systems
undergo a phase transition of the second-order or following
the Ehrenfest classification of the third order.

It has long been known, see Ref. [34], that the Bose-
Einstein condensation is indeed a third-order phase transition
according to the first classification of general types of transi-
tions between phases of matter, introduced by Paul Ehrenfest
in 1933 [35,36]. Therefore, the obtained temperature 7. is
really the temperature of the phase transition of the second
order (according to modern terminology) and the density of
condensate 7¢ong = niond provided by w~ mesons is the order
parameter.

V. CONCLUDING REMARKS

In this paper, we have presented a thermodynamically
consistent method to describe at finite temperatures a dense
bosonic system that consists of interacting particles and an-
tiparticles at a fixed isospin density n;. We considered the
system of meson particles with m = m,, and zero spin, which

we named conventionally as “pions” because the charged
m-mesons are the lightest nuclear particle and the lightest
hadrons that couple to the isospin chemical potential.

It turns out that the introduced dimensionless quantity
K :A/Z«/ﬁ, which is itself a combination of the mean-
field parameters A, B and the value of a particle mass, is the
scale parameter of the model. Furthermore, it determines the
different possible phase scenarios which occur in the particle-
antiparticle boson system. The attraction coefficient A = kA,
where A, = 2/mB, was parametrized by « with k = 1 as the
critical value that separates the regime of a weak attraction
(¢ < 1) from the regime of a strong attraction (« > 1). In this
paper, we only looked at the weak-attraction case.

It was shown that in the particle-antiparticle meson system,
where the isospin density n; is conserved, there is a Bose-
Einstein condensate in the system in the temperature interval
0 < T < T, which is the result of a second-order phase tran-
sition that occurs at a temperature 7; and condensate density
is an order parameter.* This statement is in contrast with the
conclusion given in Refs. [2,26,32,37], where the system with
zero chemical potential, u = 0, was investigated. Indeed, in
these works it was shown that in the case of a sufficiently
strong attractive mean field (¢ > 1), the multibosonic system
undergoes a first-order phase transition and, as a result, devel-
ops a Bose condensate, starting from a finite temperature.

So, we obtained that, independently of parameters of the
mean field, the multiboson system develops the Bose conden-
sate for particles of the high-density component only. This
means that, in the pion gas where n; = nj(;) — nff) > 0, the
m~ mesons only undergo the phase transition to the Bose-
Einstein condensate. At the same time, the 7+ mesons exist
only in the thermal phase for the whole range of temperatures.
Then, for the experimental efforts, it makes sense to look for
the Bose condensate, which is created just by 7~ mesons.

For the description of the system’s thermodynamic prop-
erties, we use the canonical ensemble formulation, where

“Note that the chiral perturbation theory predicts that the transition
between the vacuum and the BEC state is of the second order with
universality class O(2) [7].
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the chemical potential u is a thermodynamic quantity that
depends on the canonical variables (7, n;). We calculated
dependence of the chemical potential on temperature for dif-
ferent attraction parameters ¥ which show that & ~ const. in
the “condensate” interval of temperatures 0 < T < T¢, where
these constant values depend on the intensity of attraction.
Meanwhile, the temperature 7.\~ of the phase transition to
the Bose-Einstein condensate of w~ mesons (high-density
component) exhibits a weak dependence on k, as one can see
in Fig. 2 in the left panel. For all values 0 < « < 1 that we
have considered, these critical temperatures differ from one
another by not more than 4 MeV, which inspires an introduc-
tion of the mean value 7, = (Tc(’)) of the phase transition to
the Bose-Einstein condensate.

The results obtained are in correspondence with known
peculiar property of the ideal Bose gas: the Bose-Einstein
condensation represents the third-order phase transition or a
discontinuity of the derivative of the specific heat [34]. In the
framework of the presented model, we obtained that, in the
same way, the derivative of the specific heat undergoes a break
at the temperature 7, as one can see in the left panel of Fig. 3.
The smooth dependencies of the energy density and entropy

density on temperature and the absence of latent-heat release
at 7; can be seen in the right panel of Fig. 3, which proves that
the system actually undergoes a second-order phase transition
at this temperature.

The role of neutral pions is beyond the scope of the present
paper. The present analysis can be improved by addressing
these issues in more detail and generalizing the calculation to
nonzero contribution to the mean field that depends on n;. The
authors plan to consider these problems elsewhere.

ACKNOWLEDGMENTS

We thank H. Stoecker for support and 1. Mishustin and
V. Vovchenko for reading the paper and making valuable re-
marks. The work of D.A. is supported by the NAS of Ukraine
by its priority project “Fundamental properties of matter and
their manifestations in the microworld, astrophysics and cos-
mology.” The work of D.Zh. is supported by Program “The
structure and dynamics of statistical and quantum-field sys-
tems” of the Department of Physics and Astronomy of the
NAS of Ukraine.

[1] A.Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, and N. Xu,
Mapping the phases of quantum chromodynamics with beam
energy scan, Phys. Rep. 853, 1 (2020).

[2] D. Anchishkin, I. Mishustin, and H. Stoecker, Phase transition
in interacting boson system at finite temperatures, J. Phys. G 46,
035002 (2019).

[3] A. Anselm and M. Ryskin, Production of classical pion field
in heavy ion high energy collisions, Phys. Lett. B 266, 482
(1991).

[4] J.-P. Blaizot and Krzwitski, Soft-pion emission in high-energy
heavy-ion collisions, Phys. Rev. D: Part. Fields 46, 246 (1992).

[5] J. D. Bjorken, A full-acceptance detector for SSC physics at low
and intermediate mass scales: An expression of interest to the
SSC, Int. J. Mod. Phys. A 7, 4189 (1992).

[6] I. N. Mishustin and W. Greiner, Multipion droplets, J. Phys. G
19, L101 (1993).

7 D.T. Son and M. A. Stephanov, QCD at Finite Isospin Density,
Phys. Rev. Lett. 86, 592 (2001); Phys. At. Nucl. 64, 834 (2001).

[8] J. Kogut and D. Toublan, QCD at small non-zero quark chemi-
cal potentials, Phys. Rev. D: Part. Fields 64, 034007 (2001).

[9] D. Toublan and J. Kogut, Isospin chemical potential and the
QCD phase diagram at nonzero temperature and baryon chem-
ical potential, Phys. Lett. B 564, 212 (2003);

[10] A. Mammarella and M. Mannarelli, Intriguing aspects of meson
condensation, Phys. Rev. D 92, 085025 (2015).

[11] S. Carignano, L. Lepori, A. Mammarella, M. Mannarelli, and G.
Pagliaroli, Scrutinizing the pion condensed phase, Eur. Phys. J.
A 53,35 (2017).

[12] M. Mannarelli, Meson condensation, Particles 2, 411 (2019).

[13] B. B. Brandt and G. Endrédi, QCD phase diagram with isospin
chemical potential, PoS Lattice 2016, 039 (2016).

[14] B. B. Brandt, G. Endrddi, and S. Schmalzbauer, QCD at fi-
nite isospin chemical potential, EPJ] Web Conf. 175, 07020
(2018).

[15] B. B. Brandt, G. Endrédi, and S. Schmalzbauer, QCD phase di-
agram for nonzero isospin-asymmetry, Phys. Rev. D 97, 054514
(2018).

[16] L. M. Satarov, M. N. Dmitriev, and I. N. Mishustin, Equa-
tion of state of hadron resonance gas and the phase diagram
of strongly interacting matter, Phys. At. Nucl. 72, 1390
(2009).

[17] V. Vovchenko, A. Motornenko, P. Alba, M. I. Gorenstein, L. M.
Satarov, and H. Stoecker, Multicomponent van der Waals equa-
tion of state: Applications in nuclear and hadronic physics,
Phys. Rev. C 96, 045202 (2017).

[18] D. Anchishkin and V. Vovchenko, Mean-field approach in
the multi-component gas of interacting particles applied
to relativistic heavy-ion collisions, J. Phys. G 42, 105102
(2015).

[19] D. V. Anchishkin, Particle finite-size effects as a mean-field
approximation, Zh. Eksp. Teor. Fiz. 102, 369 (1992) [Sov. Phys.
JETP 75, 195 (1992)].

[20] D. Anchishkin and E. Suhonen, Generalization of mean-field
models to account for effects of excluded-volume, Nucl. Phys.
A 586, 734 (1995).

[21] E. E. Kolomeitsev and D. N. Voskresensky, Fluctuations in non-
ideal pion gas with dynamically fixed particle number, Nucl.
Phys. A 973, 89 (2018).

[22] E. E. Kolomeitsev, M. E. Borisov, and D. N. Voskresensky,
Particle number fluctuations in a non-ideal pion gas, EPJ Web
Conf. 182, 02066 (2018).

[23] E. E. Kolomeitsev, D. N. Voskresensky, and M. E. Borisov,
Charge and isospin fluctuations in a non-ideal pion gas with
dynamically fixed particle number, Eur. Phys. J. A 57, 145
(2021).

[24] D. Anchishkin, V. Gnatovskyy, D. Zhuravel, and V. Karpenko,
Bose-Einstein condensation in interacting boson particle-
antiparticle system (unpublished).

045205-9


https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1088/1361-6471/aafea8
https://doi.org/10.1016/0370-2693(91)91073-5
https://doi.org/10.1103/PhysRevD.46.246
https://doi.org/10.1142/S0217751X92001885
https://doi.org/10.1088/0954-3899/19/7/001
https://doi.org/10.1103/PhysRevLett.86.592
https://doi.org/10.1134/1.1378872
https://doi.org/10.1103/PhysRevD.64.034007
https://doi.org/10.1016/S0370-2693(03)00701-9
https://doi.org/10.1103/PhysRevD.92.085025
https://doi.org/10.1140/epja/i2017-12221-x
https://doi.org/10.3390/particles2030025
https://doi.org/10.22323/1.256.0039
https://doi.org/10.1051/epjconf/201817507020
https://doi.org/10.1103/PhysRevD.97.054514
https://doi.org/10.1134/S1063778809080146
https://doi.org/10.1103/PhysRevC.96.045202
https://doi.org/10.1088/0954-3899/42/10/105102
http://www.jetp.ras.ru/cgi-bin/r/index/e/75/2/p195?a=list
https://doi.org/10.1016/0375-9474(94)00822-5
https://doi.org/10.1016/j.nuclphysa.2018.02.010
https://doi.org/10.1051/epjconf/201818202066
https://doi.org/10.1140/epja/s10050-021-00457-0

D. ANCHISHKIN et al.

PHYSICAL REVIEW C 105, 045205 (2022)

[25] R. V. Poberezhnyuk, V. Yu. Vovchenko, D. V. Anchishkin,
and M. L. Gorenstein, Limiting temperature of pion gas with
the van der Waals equation of state, J. Phys. G 43, 095105
(2016).

[26] D. Anchishkin, I. Mishustin, O. Stashko, D. Zhuravel, and
H. Stoecker, Finite-temperature Bose-Einstein condensation
in interacting boson system, Ukrainian J. Phys. 64, 1118
(2019).

[27] E. V. Shuryak, Collective interaction of mesons in hot hadronic
matter, Nucl. Phys. A 533, 761 (1991).

[28] J. Theis, G. Graebner, G. Buchwald, J. Maruhn, W. Greiner,
H. Stoecker, and J. Polonyi, Phase transition of the nucleon-
antinucleon plasma in a relativistic mean-field theory, Phys.
Rev. D: Part. Fields 28, 2286 (1983).

[29] L. Adamczyk (STAR Collaboration) er al., Bulk properties
of the medium produced in relativistic heavy-ion collisions
from the beam energy scan program, Phys. Rev. C 96, 044904
(2017).

[30] B. Abelev et al.(ALICE Collaboration), Pion, Kaon, and Proton
Production in Central Pb-Pb Collisions at ,/syy = 2.76 TeV,
Phys. Rev. Lett. 109, 252301 (2012).

[31] J. P. Hansen and I. R. McDonald, Theory of Simple Liquids
(Academic Press, San Diego, CA, 2006).

[32] O. S. Stashko, D. V. Anchishkin, O. V. Savchuk, and M. L.
Gorenstein, Thermodynamic properties of interacting bosons
with zero chemical potential, J. Phys. G 48, 055106 (2021).

[33] M. Kataja and P. V. Ruuskanen, Nonzero chemical potential
and the shape of the pr distribution of hadrons in heavy-ion
collisions, Phys. Lett. B 243, 181 (1990).

[34] F. London, The A-phenomenon of liquid helium and the Bose-
Einstein degeneracy, Nature (London) 141, 643 (1938).

[35] P. Ehrenfest, Phasenumwandlungen im ueblichen und erweit-
erten Sinn, classifiziert nach dem entsprechenden Singulari-
tacten des thermodynamischen Potentiales, Communications
from the Physical Laboratory of the University of Leiden,
Supplement No. 75b (N. V. Noord-Hollandsche Uitgevers
Maatschappij, 1933).

[36] G. Jaeger, The Ehrenfest classification of phase transitions:
Introduction and evolution, Arch. Hist. Exact Sci. 53,51 (1998).

[37] 1. N. Mishustin, D. V. Anchishkin, L. M. Satarov, O. S. Stashko,
and H. Stoecker, Condensation of interacting scalar bosons at
finite temperatures, Phys. Rev. C 100, 022201(R) (2019).

045205-10


https://doi.org/10.1088/0954-3899/43/9/095105
https://doi.org/10.15407/ujpe64.12.1118
https://doi.org/10.1016/0375-9474(91)90543-F
https://doi.org/10.1103/PhysRevD.28.2286
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevLett.109.252301
https://doi.org/10.1088/1361-6471/abd5a5
https://doi.org/10.1016/0370-2693(90)90836-U
https://doi.org/10.1038/141643a0
https://doi.org/10.1007/s004070050021
https://doi.org/10.1103/PhysRevC.100.022201

