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EQUATION OF STATE OF QUANTUM GASES
BEYOND THE VAN DER WAALS APPROXIMATION

1. Introduction

A recently suggested equation of state with the induced surface tension is generalized to the
case of quantum gases with mean-field interaction. The self-consistency conditions of such a
model and the conditions necessary for the Third Law of thermodynamics to be satisfied are
found. The quantum virial expansion of the van der Waals models of such a type is analyzed,
and its virial coefficients are given. In contrast to traditional beliefs, it is shown that an in-
clusion of the third and higher virial coefficients of a gas of hard spheres into the interaction
pressure of the van der Waals models either breaks down the Third Law of thermodynamics or
does not allow one to go beyond the van der Waals approximation at low temperatures. It is
demonstrated that the generalized equation of state with the induced surface tension allows one
to avoid such problems and to safely go beyond the van der Waals approximation. In addition,
the effective virial expansion for the quantum version of the induced surface tension equation
of state is established, and all corresponding virial coefficients are found exactly. The explicit
expressions for the true quantum virial coefficients of an arbitrary order of this equation of
state are given in the low-density approximation. A few basic constraints on such models which
are necessary to describe the nuclear and hadronic matter properties are discussed.

Keywords: nuclear matter, hadron resonance gas, induced surface tension, quantum gases,
virial coefficients.

tion, a medium-range attraction, and the quantum
properties of particles. Unfortunately, it is not much

Investigation of the equation of state (EoS) of
strongly interacting particles at low temperatures is
important for studies of the nuclear liquid-gas phase
transition and for properties of neutron stars [1-
3]. To have a realistic EoS, one has to simultane-
ously account for a short-range repulsive interac-
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known about the in-medium quantum distribution
functions of particles which experience a strong in-
teraction. Therefore, a working compromise to ac-
count for all these features is to introduce the quasi-
particles with quantum properties which interact via
the mean field. One of the first successful models of
such a type was a Walecka model [4]. However, the
strong demands to consider a more realistic interac-
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tion which is not restricted by some kind of effec-
tive Lagrangian led to formulating a few phenomeno-
logical generalizations of the relativistic mean-field
model [5-7]. Although a true breakthrough among
them was made in work [7] in which the hard-core re-
pulsion was suggested for fermions, the introduction
of a phenomenological attraction in the spirit of the
Skyrme—Hartree—Fock approach [8,9] which depends
not on the scalar field, but on the baryonic charge
density, was also important, since such a dependence
of the attractive mean-field is typical of the EoS of
real gases [10].

However, in addition to the usual defect of the rel-
ativistic mean-field models breaking down the first
and second Van Hove axioms of statistical mechanics
[11,12], the usage of a non-native variable, namely a
particle number density, in the grand canonical en-
semble led to the formulation of self-consistency con-
ditions [5, 6]. In contrast to the Walecka model [4]
and its followers for which the structure of a La-
grangian and the extremum condition of the sys-
tem pressure with respect to each mean-field au-
tomatically provide the fulfillment of the thermo-
dynamic identities, the phenomenological mean-field
EoS of hadronic matter had to be supplemented by
the self-consistency conditions [5,6,13]. The latter al-
lows one to, formally, recover the first axiom of sta-
tistical mechanics [11, 12] (for the more recent dis-
cussion of the self-consistency conditions, see [14—
16]). An exception is given by the van der Waals
(VAW) hard-core repulsion [7], since such an in-
teraction in the grand canonical ensemble depends
on the system pressure which is the native variable
for it.

Due to its simplicity, the VAW repulsion is very
popular in various branches of modern physics. But
even in case of Boltzmann statistics, it is valid only
at low particle densities for which an inclusion of the
second virial coefficient is sufficient. For the classical
gases, the realistic EoSs which are able to account
for several virial coefficients are well-known [10, 17],
while a complete quantum mechanical treatment of
the third and higher virial coeflicients is rather hard
[18]. Hence, the quantum EoSs with realistic inter-
action allowing one to go beyond the second virial
coefficient are of great interest not only for the dense
hadronic and nuclear/neutron systems, but also for
quantum and classical liquids. It is widely believed
that one possible way to go beyond the VAW approx-
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imation, i.e. beyond the second virial coefficient, is to
include a sophisticated interaction known from the
classical models [10, 17] into the relativistic mean-
field models with the quantum distribution functions
for quasiparticles [14, 15].

On the other hand, a great success in getting a high
quality description of experimental hadronic multip-
licities measured in the central nuclear collisions from
AGS (BNL) to LHC (CERN) energies is achieved re-
cently with the hadron resonance gas model which
employs both the traditional VAW repulsion [19-24]
and the induced surface tension (IST) concept for
the hard-core repulsion [25-27] motivates us to for-
mulate and to throughly inspect the quantum ver-
sion of this novel class of the IST EoSs in order
to apply it in the future to the description of the
properties of dense hadronic, nuclear, neutron mat-
ter and dense quantum liquids on the same foot-
ing. This is a natural choice, since the Boltzmann
version of the IST EoS [25, 26| for a single sort
of particles simultaneously accounts for the second,
third, and fourth virial coefficients of the classical
gas of hard spheres and, thus, allows one to go be-
yond the VAW approximation. The multicomponent
formulation of such an EoS applied to a mixture
of nuclear fragments with all possible sizes [28] not
only allows one to introduce the compressibility of
atomic nuclei into an exactly solvable version [29]
of the statistical nuclear multifragmentation model
[30], but also it sheds light on the reason of why this
model employing the proper volume approximation
for the hard-core repulsion is able to correctly repro-
duce the low-density virial expansion for all atomic
nuclei.

Therefore, the present work has two aims. First,
we would like to analyze the popular quantum VAW
models [14-16] at high and low temperatures in or-
der to verify whether a tuning of the interaction al-
lows one to go beyond the VAW treatment. In addi-
tion, we calculate all virial coefficients for the pres-
sure of point-like particles of the quantum VAW
EoS. Second, we generalize the recently suggested
IST EoS [25,26] to the quantum case, obtain its effec-
tive virial expansion, and calculate all quantum virial
coefficients, including the true virial coefficients for
the low-density limit. Using these results, we discuss
a few basic constraints on the quantum EoS which are
necessary to model the properties of nuclear/neutron
and hadronic matter.
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The work is organized as follows. In Sect. 2 we an-
alyze, the quantum VAW EoS and its virial expan-
sion and discuss the pitfalls of this EoS. The quan-
tum version of the IST EoS is suggested and ana-
lyzed in Sect. 3. In Sect. 4, we obtain several virial
expansions of this model and discuss the Third Law
of thermodynamics for the IST EoS. Some simplest
applications to nuclear and hadronic matter EoS are
discussed in Sect. 5, while our conclusions are formu-
lated in Sect. 6.

2. Quantum Virial
Expansion for the VAW Quasiparticles

Similarly to the ordinary gases, the source of hard-
core repulsion in the hadronic or nuclear systems is
related to the Pauli blocking effect between the in-
teracting fermionic constituents existing inside of the
composite particles (see, e.g., [2]). This effect appears
due to the requirement of antisymmetrization of the
wave function of all fermionic constituents existing
in the system. At very high densities, it may lead to
the Mott effect, i.e., to the dissociation of composite
particles or even the clusters of particles into their
constituents [2]. Therefore, it is evident that, at suffi-
ciently high densities, one cannot ignore the hard-
core repulsion or the finite (effective) size of com-
posite particles. The success of traditional EoSs used
in the theory of real gases [10] based on the hard-
core repulsion approach tells us that this is a fruitful
framework also for quantum systems. Hence, we start
from the simplest case, i.e., the quantum VAW EoS
[15, 16]. The typical form of EoS for quantum quasi-
particles of mass m, and degeneracy factor d,, is as
follows:

(T, p, nia) = pia(T, v(1,nia)) — Pt (T, nia), (1)
dk k2 1

Pl =y | 5 my emy ¢

v(p,nia) = p—bp + U(T,nia), (3)

where the constant b = 4V, = wJRg is the ex-

cluded volume of particles with the hard-core radius
R, (here, Vj is their proper volume), the relativis-
tic energy of particle with momentum k is E(k) =

\/k? + m?2, and the density of point-like particles

is defined as n;¢(T,v) = W‘ The parameter ¢
switches between the Fermi (( = 1), Bose (¢ = —1),
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and Boltzmann (¢ = 0) statistics. The interaction
part of the pressure P, (T,n;q) and the mean-field
potential U (T, n;q) will be specified later.

Note that, similarly to the Skyrme-like EoS and the
EoS of real gases, it is assumed that the interaction
between quasiparticles described by system (1)—(3) is
completely accounted by the excluded volume (hard-
core repulsion), by the mean-field potential U (T, n;q),
and by the pressure P (T, n;q). This is in contrast
to the relativistic mean-field models of the Walecka
type in which the mass shift of quasiparticles is taken
into account. Since such an effect may be important
for the modeling of the chiral symmetry restoration
in hadronic matter (the strongest arguments of its
existence are recently given in [27]), we leave it for a
future exploration and concentrate here on a simpler
EoS defined by Egs. (1)—(3).

The functions U(T,n;q) and P (T,n;q) are not
independent, due to the thermodynamic identity

n(T,v(u,niq)) = M. Therefore, the mean-
field terms U and Pmt should obey the self-

consistency condition

aRl’lt (T7 nid)
Onq

aU(Ta nid) _
onia

(4)

Nid
nig

/ dnU(T,n). (5)
0

= P (T, n5q) = niqa U(T, nia) —

After integrating by parts Eq. (4), we used the obvi-
ous condition U(T,0) < oo in (5). If condition (5) is
obeyed, then the direct calculation of the p-derivative
of the pressure (1) gives the usual expression for the
particle number density in terms of the density of
point-like particles

Nid

"= 14+bnig’ (6)

nzd T V d / 2’/T3 E(qu_ ) +< (7)

From these equations, one finds that n — b~! for
n;g — o0. The limit n;q — oo is provided by the
condition ¥ — oo or T' — oo for ¢ = {0;1}, while, for
¢ = —1, it is provided by the condition v — m, — 0
or T'— oo.

Note that, in contrast to other works discussing
Egs. (4) and (5), we will use the density of point-
like particles n;q through this paper as an argument
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of the functions U(T,n;q) and Py (T, n;4) instead of
the physical density of particles n, because, for more
sophisticated EoSs, their relation will be more com-
plicated than (6). In addition, such a representation
is convenient for a subsequent analysis, because the
virial expansion of p;4(T, v) in terms of n;4(T, v) looks
extremely simple [18]:

pia(T,v) =T Za(o) [nia(T,v) ]l, (8)
where

(0) =1, (9
ago = b, 10

2
o =4 8" - 260,

3
af? = =20 [B]" + 18687 0" — 3,
Here, the first several virial coefficients al(o) of an
ideal quantum gas are expressed in terms of the corre-
sponding cluster integrals bl(>1 which depend only on
the temperature. The latter can be expressed via the

thermal density of the auxiliary Boltzmann system
n(T,v) = nia(T,v)|c—o of Eq. (7) [18,31]

bl(O) (:Fll) (0) O(T/1,v) [ngg) (T, 1/)} _l,

(14)
where the upper (lower) sign corresponds to Fermi
(Bose) statistics. For the non-relativistic case, expres-
sion (14) can be further simplified [18]. For an arbi-
trary degeneracy factor d,, it acquires the form [31]

(¥1)l+1 1 [ 27 :|§’ =t
nonrcl_ l% dp Tmp .

For high temperatures, one can write an ultra-rela-
tivistic analog of Eq. (15) for a few values of | =

b”

(15)

=2.3,..<T/m,
-1
po| ~ E [ m } . (16)
urel " dPT3

Suppose that the coefficients a, @ from Eq. (8) are
known and that the virial expansion is convergent
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for the considered T'. Then, using Eq. (6), we find
nq = n/(1 — bn). Hence, we can rewrite Eq. (8) as

l—1

_ (0 (]
1—bn ZZ; l—bn]

pid(T7 V)
Tn

(17)

Note that the expansions of such a type for a system
pressure which use the variable n/(1 — bn) instead
of n are well-known for the EoSs of hard discs [32]
and hard spheres [33], since they provide a very fast
convergence of the series due to a very fast decrease
of their coeflicients.

As one can see from Eqs. (15) and (16), at high
temperatures, all cluster integrals and virial coeffi-
cients of the ideal quantum gas strongly decrease with
the temperature T" and, hence, at high temperatures,
the virial expansion of p;¢(T, ) is defined by the first
(classical) term on the right-hand side of (17). In this
case, one gets

pid(T7 I/)

Tn ’:1+4V0n+(4V0n)2

+(4Von)* + ... (18)
Here, after expanding the first term on the right-
hand side of (17), we used the relation between b
and Vj. From this equation, one sees that only the
second virial coefficient, 4V}, coincides with the one
for the gas of hard spheres, while the third, 16V,
and the fourth, 64V virial coefficients are essen-
tially larger than their counterparts Bz = 10V and
By = 18.36V§ of the gas of hard spheres. In addi-
tion, Eq. (17) can naturally explain why the authors
of work [14] insisted on the interaction pressure Py
to be a linear function of T (see a statement after
Eq. (62) in [14]): if one chooses the interaction pres-
sure in the form

Pine (T, n(niq)) = TF(n(na))
x [(6>— Bs)n®+ (b*— By)n®+ (b*— Bs)n*+ ...], (19)

=Tnx

then, at high temperatures, the quantum correc-
tions are negligible. Hence, for such a choice of
Pt (T,n(n;q)) with the corresponding value for the
mean-field potential U(T,n(n;q)) obeying the self-
consistency condition (4), one can improve the total
pressure of the mean-field model by matching its re-
pulsive part to the pressure of hard spheres.

The problem, however, arises at low temperatures,
while calculating the entropy density for the model
with Pt (T, n(n;q)) (19). Indeed, for any choice of

ISSN 0372-400X. Yxp. ¢is. orcypn. 2018. T. 63, Ne 10
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the mean-field potential of the form U(T,n(n;q)) =
g(T) f(n(n;q)) (note that Eq. (19) has such a form)

Op(T,p)
oT

from the thermodynamic identities s = and

Sid = %7 one finds [14]

oU 0Py _
S(T7 :LL) = |:8id + |:nzd (‘3T 8Tt:|:| [1 + bnzd] ! -

| (20)
= [sid + chi(;) /dﬁ f(n(n
0

where, in deriving Eq. (21) from Eq. (20), we used
Eq. (5) to express the interaction pressure P, in
terms of the potential U(T, n(niq)) = g(T) f(n(niq)).
Using such an expression, one finds the following
derivative:

»}u+bmd*, (21)

Nid
Py _ dg(T) _ dg(T) / .
s ey
0
(22)
Substituting this expression into (20), one gets

Eq. (21).

As one can see now from Eq. (21), the mean-field
model with the linear T' dependence of U or, equiv-
alently, of Py, ie., g(T) =T = % = 1, breaks
down the Third Law of thermodynamics. Indeed, at
T = 0, one finds s;q(T = 0,v) = 0 by construction,
whereas, for the full entropy density, one gets

1d9 /df

unless f = 0. Hence, the mean-field model with the
linear T' dependence of Py, suggested in [14] may be
very good at high temperatures, for which the Boltz-
mann statistics is valid, but it is unphysical at 7" = 0.

Of course, one can repair this defect by choos-
ing a more complicated function ¢(7), which be-
haves at high T as ¢g(T') ~ T. But its derivative
¢'(T) vanishes at T = 0, providing the fulfillment
of the Third Law of thermodynamics (see an exam-
ple in Sect. 5 for which g(T) ~ T? at low tempera-
tures). However, in this case, the whole idea to com-
pensate the defects of the VAW EoS by tuning the
interacting part of the pressure does not work at low
T, since, in this case, Pyt = g(T') F(n;q) would vanish

S(T:O’M): [1+b
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faster than the first term staying on the right-hand
side of Eq. (17), i.e., the classical part of the pres-
sure Tn;g = Tn/(1 — bn). Thus, we explicitly showed
here that, at low T, the mean-field models defined by
Egs. (1)-(5) either are unphysical, if Pt = TF (n;q),
or they cannot go beyond the VAW approzimation by
adjusting their interaction pressure Piy.

Such a conclusion can be also applied to the one of
two ways to introduce the excluded volume correction
into the quantum second virial coefficients discussed
in Ref. [34]. Although the model of Ref. [34] contains
the scalar mean-fields which modify the masses of
particles, the effective potential approach to treat
the excluded volume correction of Ref. [34] with the
linear T' dependence of the repulsive effective poten-
tial W; (equivalent to the mean-field potential —U in
our notations) of the é-th particle sort [see Egs. (20)
and (46) and (47) in [34]] should unavoidably lead
to a breakdown of the Third Law of thermodynam-
ics. Therefore, we conclude that such a way to intro-
duce the excluded volume correction into the quan-
tum second virial coefficients discussed in [34] is un-
physical. Thus, despite the claims of the author of
Ref. [34], such a generalization of the approach [7] to
include the hard-core repulsion in quantum systems
leads to a problem with the Third Law of thermo-
dynamics. To end this section, we express the tradi-
tional virial coefficients akQ of the quantum VAW gas
of Eq. (17) in terms of the classical excluded volume b
and the quantum virial coefficients of point-like par-
ticles a;ﬂo)_ Expanding each denominator in Eq. (17)
into a series in powers of n, one can easily find

pia(T,v) n—|—z:a;C ], (23)
where

= b+ay), (24)
a3 =% + Qba2 04 a(o) (25)
a§=§+3§()+3w<m+$“ (26)

k
k=1 : k—1_(0)

al =b Z2l_1 )b . (27)

If the interaction pressure Py (T, n;q(n)) of model (1)
can be expanded into the Taylor series of the particle
number density n at n = 0, then one can obtain the
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full quantum virial expansion of this EoS. Note that
the coefficients a,(co) for model (1) depend on the tem-
perature only, while specific features of the EoS are
stored in b and in Py (7, n;q(n)). For example, using
the coefficients b = 3.42 fm?® and P, (T, n) = Gareen?
(@attr = 329 MeV - fm3) found in [15] for the quantum
VAW EoS of nuclear matter, one can calculate the
full quantum second virial coefficient of the model as

3
r 1 2 2 r
i P
(28)

where, on the second step of the derivation, we used
the non-relativistic expression for the cluster integral
bgo) (15). Taking results from [15], one can find that,
for nucleons (d, = 4, m, = 939MeV), the coefficient
ad* N (T) is zero at T ~ 0.32 MeV and T ~ 90.5 MeV,
is negative between these temperatures. Then, above
T ~ 90.5 MeV, it grows almost linearly with T to
a$ T = 150 MeV) ~ (3.42 + 0.101 — 2.19) fm® ~
~ 1.33 fm?® which corresponds to the equivalent hard-
core radius Req =~ 0.46 fm at T = 150 MeV. From
this estimate, it is evident that the large value of the
equivalent hard-core radius Req for model [15] is a
consequence of the unrealistically large hard-core ra-
dius of nucleons R,, ~ 0.59 fm obtained in [15] (see
also a discussion later). In the most advanced version
of the hadron resonance gas model, the hard-core ra-
dius of nucleons is 0.365 fm [25-27], and, in the IST
EoS of the nuclear matter, this radius is below 0.4 fm
[35]. It is obvious that a more realistic attraction than
the one used in [15] would decrease the values of Req
and R, to physically more adequate ones. Although
the explicit quantum virial expansion (23)—(28) can
be used to find the appropriate attraction in order to
cure the problems of the VAW EoS and to extend it
to higher particle number densities and high/low T
values, the true solution of this problem is suggested
below.

3. EoS with Induced Surface Tension

In order to overcome the difficulties of the quantum
VAW EoS at high particle number densities, we sug-
gest the following EoS

p = pia(T,v1) — Pt 1(T, nidan),
Y = Ry [pia(T,v2) — P 2(T, niq2)],
868

(29)
(30)

v=pu—Vop— 52+ Ui(T,niq1),
vo=p—Vop—aSo X + Us(T,niq2),

where njg 4 = %ZA”A) with A = {1;2}, Sp = 47TR12)
denotes the proper surface of the hard-core volume
Vo. Equation (29) is an analog of Eq. (1), while the
equation for the induced surface tension coefficient X
(30) was first introduced for the Boltzmann statistics
in [28]. System (29)—(32) is a quantum generalization
of the Boltzmann EoS in the spirit of work [7]. As
it was argued above, the temperature-dependent ef-
fective potentials considered in [34] may lead to an
unphysical behavior at low temperatures. Hence, we
would like to study this problem in detail. Below, we
will show what is a principal difference of EoS (29)—
(32) with the second way to include the hard-core
repulsion in quantum systems discussed in Ref. [34].
The quantity ¥ defined by (30) is the surface part
of the hard-core repulsion [26]. As it will be shown
later, the representation of the hard-core repulsion
in pressure (29) in two terms, namely via —Vyp and
—S02, instead of a single term —4Vyp, as it is done
in the quantum VAW EoS, has great advantages and
allows one to go beyond the VAW approximation.
Evidently, the self-consistency conditions for the
IST EoS are similar to Egs. (4) and (5) (A = {1;2})

OUA(T,niq ) _ OPine A(T,mig A)
0 Nig A

Nid A . (33)

0 nid A

The model parameter o > 1 is a switch between the
excluded and proper volume regimes. To demonstrate
this property, let us consider the quantum distribu-
tion function

1
Gia(k,T,v2) = TEM -y .
" 4 ¢
va—vj
T
eE(k;—‘—Vl fe—¢ [1 _ eUZ;ul}
vg—vq

= ¢k, T,v1)e” T X
{3 [t (-}
=2

where, in the last step of the derivation, we have ex-
panded the longest denominator above into a series of

Gralk, Tovn) € (1= e

its of (34), namely e T -

(34)

) powers. Consider two lim-

.
~ 1 and e~ T

— 0 for
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¢ # 0. Then the distribution function (34) can be
cast as:

¢id(kaTa VQ) —
. v2—vi
s gk Tv s {for ¢#0, if e T 1, 35
Gial D for V ¢, ife%—>0.( )

Further on, we assume that the inequality

(@ —=1)So X/niaz > (Us — U1)/n4a2, (36)

holds in either of the considered limits for
e 7. Note that, in the case e T~ 1, condition
(36) is a natural one, because, at low particle den-
sities, it means that the difference of two mean-field

potentials (U — Uy) is weaker than the hard-core re-

pulsion term (a — 1)Sp X; whereas, for e T o 0, it
means that such a difference is simply restricted from
above for large values of 3, i.e., max{|Ui|; |Uz2|} <
< Const < oo. Evidently, in this limit, the mean-field
pressures should be also finite, i.e. [Py al < 00.

In the case e T
the relation

~ 1, one immediately recovers

(A-)Sp =

pia(Tove) e T pia(T, 1)

for ¢ # 0, which exactly corresponds to the
Boltzmann statistics version [26] of system (29)-
(32). Hence, one recovers the virial expansion of

pia(T,v1) [26] in terms of the particle number den-

. Opia(T,v
sity ny = 7‘3& 1)|U17

condition U; = const:

which is calculated under the

7 T7
Pl 1) 3y aVoms + (16— 18(0 — 1)] V2 nd +
1

243

+ 64+7(a—1)2—216(a—1) Veénd +.... (37)

Note that, due to the self-consistency condition (33),

one finds 8p(aT’”1) = ap"%(T’Vl) lu,, and, therefore, n4
is the physical particle number density.
As it was revealed in [26] for @ = ap = 1.245,

one can reproduce the fourth virial coefficient of the
gas of hard spheres exactly, while the value of the
third virial coefficient of such a gas is recovered with
the relative error about 16% only. Therefore, for low
densities, i.e., for Von1 < 1, the IST EoS (29)-(32)
reproduces the results obtained for ¢ = 0, if condition
(36) is fulfilled.
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On the other hand, from Egs. (34) and (35), one

sees that, in the limit T o 0, the distribu-
tion function ¢;q(k,T,vs) with ¢ # 0 acquires the
Boltzmann form. In this limit, we find p;q(T,vs) =~

~ pa(T, 1) e and nlY, ~ n{9 ™7™ Using

these results and Eq. (36), we can rewrite (30) as

—vq

(1—a)Sp = (0)
Y~ Ry pia(T,vn) e T = Pga2(Tynjgy) | (38)
Here, we use the same notation as in the previous
section (see a paragraph before Eq.  (14)). From
Eq. (38), one can see that, for %M > 1, the
surface tension coefficient ¥ is strongly suppressed
compared to R, p;qa(T,v1), i.e., one finds

S ~ T In |:Rp pia(T,v1)

Sola—1) S } < Ry pia(T,v1).

vg —v

Note that, for @ > 1, the condition e " 0 can
be provided by SoX/T > 1 only. Thus, the second
term on the right-hand side of Eq. (38) cannot domi-
nate, since it is finite. It is evident that the inequality
%(T’m > 1 also means that nz(-g)l Vo > 1. There-
fore, in this limit, the effective chemical potential (31)
can be approximated as

Uy = u— VOP + Ul (Ta n£2)1)a (39)

i.e., the contribution of the induced surface tension
is negligible compared to the pressure. This result

(0)

means that, for n;;;Vo > 1, ie., at high particle

v

densities or for e T+ — 0, the IST EoS corresponds
to the proper volume approximation.
On the other hand, Eq. (37) exhibits that, at low

densities, i.e., for Tt ~ 1, the IST EoS recovers
the virial expansion of the gas of hard spheres up to
the fourth power of the particle density n,. Therefore,
it is natural to expect that, for intermediate values of
the parameter e - € [0; 1], the IST EoS will gradu-
ally evolve from the low-density approximation to the
high-density one, if condition (36) is obeyed. This is
a generalization of the previously obtained result [26]
onto the quantum statistics case.

Already from the virial expansion (37), one can see
that the case @ = 1 recovers the VAW EoS with
the hard-core repulsion. If, in addition, the mean-

field potentials are the same, i.e., Uy = U; and,
consequently, Ppnto = Ppg1, then one finds that
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vy = v and ¥ = R, p(T,v1). In this case, the term
Vop+ So X = 4V, p exactly corresponds to the VAW
hard-core repulsion. If, however, Us # Uj, but both
mean-field potentials are restricted from above, then
the model can deviate from the VAW EoS at low tem-
peratures only, while, at high temperatures, it again
corresponds to the VAW EoS. In the case Uy < Uy,
this can be easily seen from Eqgs. (34) and (35) in the
case e T+ ~ 0, if one sets a = 1. Then, using the
same logic as in deriving Eq. (38), one can find that
Y <« R, pia(T,v1). Hence, the effective chemical po-
tential v; acquires the form (39). In other words, at
low T', the surface tension effect becomes negligible,
and the IST EoS corresponds to the proper volume
approximation, if e ~ 0.

Finally, if the inequality Uy > U is valid, then,
at low T, expansion (34) has to be applied to the dis-
tribution function ¢;4(k, T, v1) instead of ¢;q(k, T, v2)
and then one arrives at the unrealistic case, since ¥ >
> R, pia(T,v1). In this case, the hard-core repulsion
would be completely dominated by the induced sur-
face tension term. Hence, even the second virial coef-
ficient would not correspond to the excluded volume
of particles.

4. Going Beyond VdW Approximation

Let us closely inspect the IST EoS and show explicitly
its major differences from the VAW one. For such a
purpose in this section, we analyze its effective and
true virial expansions and discuss somewhat unusual
properties of the entropy density.

4.1. Effective virial expansion

First, we analyze the particle densities ny(T,v1) =
= 781’((971:1) and no(T,ve) = R;l 7625()21:2). For this
purpose, we differentiate Eqgs. (29) and (30) with
respect to p and apply the self-consistency condi-
tions (33)

1)
ny =niq1 |1 —Vony — So—=—|, 40
1= [1= Vo = So 5 (10)
ox o)
afu:anidQ |:1—V0n1—OZS08H:| (41)

Expressing gz from Eq. (41) and substituting it

into (40), one finds the particle number densities

(T~L2(T‘7 1/2) = TLQ(l — VQ’I’Ll))
nida1 (1 —3Vona)

1 —|—V0nid1 (1 —3‘/'()’17/2)7

ny = (42)

870

Nid 2

_ 43
1+ a3Voniaa’ (43)

Ng =
where we used the relation R,Sy = 3V, for hard
spheres. From Eq. (43) for ny, one finds that, for
a > 1, the term (1 — 3Vyngy) staying above is al-
ways positive, since, taking the limit n;5o — oo in
Eq. (43), one finds the limiting density of max{ns} =
= [3aVp]™". Therefore, irrespective of the value of
n;g2 > 0, one finds in the limit n;q1Vp > 1 that
max{n;} = Vy '. This is another way to prove that
the limiting density of the IST EoS corresponds to
the proper volume limit, since, at high densities, it is
four times higher than the one of the VAW EoS. Wri-
ting the particle number density n;q1 from Eq. (42)

as
ni

(lfVOnl)(leSVOng)’ (44)

Nidg1 =

one can get the formal virial-like expansion for the
IST pressure p;q(T,v1) (29)

pzd T Vl =
"Xl

(0) k

[n1]
1—3Von2} [1—Von)®

(45)

where the expressions for the coefficients a() are

given by Eqs. (9)—(16). This result allows us to for-
mally write the expansion

pid(T,v1) V1 0),IST m]k
: Z v (46)
]. — ‘/0 nl]
. . (0),IST _ al” .
with the coefficients a,, = T=3vml* which de-

pend not only on T, but also on ny. Expansions (45)
and (46) are the generalizations of the ones used for
the EoSs of hard discs [32] and hard spheres [33].

Similarly to deriving Eq. (27), one can get the
quantum virial expansion for IST pressure p;q(T, 1)
from (46):

pia(T,v1) =T Z aQ ISTnIf, (47)
k (k)
C
Q@ IST 4
k ;[1—3‘/0712] (8)
k—1
Cl(k) ( ) Vk—la(O) (49)

(I—=DW(k—-D!""°

with the coefficients akQ’IST which are T- and no-de-
pendent. For the interaction pressure P 1(T,niq1)
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which is expandable in terms of the density nq,
Eq. (48) can be used to estimate the full quantum
virial coefficients of higher orders. Of course, Eq. (47)
is not the traditional virial expansion. But the fact
that it can be exactly obtained from the grand canon-
ical ensemble formulation of the quantum version of
the IST EoS for the third, fourth, and higher order
virial coeflicients is still remarkable.

4.2. True quantum virial coefficients

Now, we consider an example on how to employ re-
sults (47)—(49) to estimate the true virial coefficients
at low densities and at sufficiently high temperatures
which provide the convergence of the virial expansion
(47). Apparently, in this case, one can expand the
density ny ~ Bini(1 + Bang) in powers of the den-
sity n1. From our above treatment of the low-density
limit e “T+ ~ 1, it is clear that B; = 1. Substitut-
ing this expansion for ny into Eqs. (47) and (48) and
keeping only the terms up to n?, one can get the true

quantum virial coefficients aQ O as
a2 = Vo + al?) + 3o By = 4Vj + af, (50)
' =~ 13V + 3Vy By + 5Vpay + al, (51)
k k-1
EES WARE TN W
1=1 1=1
k-2
+3VB Y oY [ 11+ 1)VoBy + Bg} (52)

and replace the coefficients aQ 5T in Eq. (47) with
the true quantum virial coefficients akQ’mt which de-
pend on T only. Note that the expression for the sec-
ond virial coefficient aéQ’tOt is exact, while the ex-
pressions for the higher order virial coefficients are
the approximate ones, which, nevertheless, at high
values of temperature are rather accurate. Conside-
ring the limit of high temperatures which allows one
to ignore the quantum corrections in Egs. (50) and
(51), one can find the coefficients By = 1 exactly
and By ~ [T —6a]V} approximately by comparing ex-
pressions (50) and (51) with the corresponding virial
coefficients of the Boltzmann gas in Eq. (37). Substi-
tuting the obtained expressions for By and By coeffi-
cients into Eq. (52), one gets the approximate formula
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. o . tot
for higher-order virial coefficients akQ;?f’ :

k k—1
aly = > 43 > o i+
=1 =1
k—2 3
+3v2 > o {21@ +1)+(7T— 6a)} =
=1
k k—1l (O k—1 (0)
)'V V]
Ao M l
Z (-1 +321-1)'16—1—1).+
=1 =1
k—2 k—1_(0)
(k— 3 "V a; 3
2141 -
+3H =Tk — 2 1)1 [2(+ )+ (7 60[)}

(53)

where the second equality above is obtained by sub-
stituting Eq. (49) for the coeflicients C(k) into the
first one.

Comparing now Eq. (53) for the IST EoS and
Eq. (27) for the VAW EoS, one can see that the first
sum on the right-hand side of (53) is identical to the
expression for the VAW quantum virial coefficients
with the excluded volume b = 4V, replaced by the
proper volume Vy. Apparently, the other two sums
on the right-hand side of (53) are the corrections due
to the induced surface tension coefficient.

Note that it is not difficult to get the exact expres-
sions for the third or fourth virial coefficients aQ otot
by inserting the higher order terms of the expansion
ny(n1) in powers of the density n; into Egs. (47) and
(48). Although, comparing the coefficients in front of
B; and By in the last sum of Eq. (52), one can see
that, even for | = 1, the coefficient staying before
Bj is essentially larger than the one staying before
Bs. This means that, at low densities, the role of By
is an auxiliary one, if « is between 1 and 1.5.

4.3. Virial expansion
for compressible spheres

It is of interest that the k-th term

1 )"
[1 - 3‘/;) nQ]k [1 — VO nl]k’

staying in sum (45) allows for a non-trivial interpreta-
tion. Comparing Eq. (17) and Eq. (45) and recalling
the fact that the particle number density n is pro-
portional to the number of spin-isospin configurations
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dp, one can introduce an effective number of such con-

. d . .
figurations as d¢ = t— with the simultaneous
p 1-3Vhna

replacement of V| by the effective proper volume

= VO (]. — 3V0’I’L2)

in all terms which contain the powers of [1 — Von4]
on the right-hand side of (45). Then, at high densi-
ties, the effective number of spin-isospin configura-

tions d;ﬂ < g—f’i can be sizably larger than d,, while

the effective proper volume Voeff can be essentially
smaller than V4 (i.e., such effective particles are com-
pressible), if the coefficient oz > 1 is close to 1. More-
over, one can also establish the equivalent virial ex-

pansion of pressure (45) in terms of m pow-

ers. Then, instead of the coefficients aQ 5T (48), one
would get

k

~ k-1
kQIST Z 0 _(1) (k) :

k-1
0! [Voeﬁ] al(o)7

(54)

which shows that, at high densities, the contribu-

tions of low-order virial coefficients a( ) into the co-

efficient a,?;l are suppressed due to a decrease of

Vet Eq. (54) quantifies the source of softness of the
IST EoS compared to VAW one at high densities. It
is also interesting that the monotonic decrease of V't
at high densities is qualitatively similar to the effect
of the Lorentz contraction of a proper volume for rel-
ativistic particles [36].

Although the present model does not know any-
thing about the internal structure of considered par-
ticles, but the fact that dfff increases with the par-
ticle number density ns can be an illustration of the
in-medium effect that the IST hard-core interaction
“produces” the additional (or “enhances” the number
of existing) spin-isospin states which are well known
in quantum physics as excited states, but with an
excitation energy being essentially smaller than the
mean value of the particle free energy. In this way,
one can see that, at high densities, the IST effectively
increases the degeneracy factor of particles. This find-
ing is a good illustration that the claim of Ref. [34]
that accounting for the excluded volume correction in
the quantum case via the effective degeneracy leads to
a reduction of the latter (see a discussion of Egs. (18)
and (19) in [34]) is not a general one. On contrary, a
more advanced EoS developed above requires not a
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reduction of the effective number of degrees of free-
dom as it is suggested in [34], but their enhancement.
It is apparent that, for o > 1, the quantities V[)eg

and deff are practically independent of ns, i.e., in this

case, the coefficients aQ BT and aQ IST are the true

quantum virial coefﬁments of the VdW EoS, but with
the excluded volume b = 4V} replaced by V.

4.4. Properties of entropy density

Next, we study the entropy density of the IST
EoS. Similarly to finding the derivatives of Egs. (29)
and (30) with respect to u, one has to find their
derivatives with respect to T in order to get the en-
tropy per particle

Sid1 — 3Vono Sid2

S1 Mid 1 Nid 2

21 55
ny [1 -3 Vo ’112] ’ ( )
ou 0P,
s1dA—87,dA+n1dA8; 812147 (56)

where the entropy density of point-like particles is
defined as s;q4 = % and A € {1;2}. If the
mean-field potentials of the model have the form

Ua = ZQA

and, for T' = 0, their derivatives obey the set of con-

ditions % = 0, then it is easy to see that the en-
tropy per particle ;—11 also vanishes at T' = 0, i.e. the
Third Law of thermodynamics is obeyed under these
conditions. In a special case where the interaction
mean-field potentials do not explicitly depend on the
temperature 7', the expression for the entropy den-
sities (56) gets simpler, i.e., §;g4 = Siga. This case
is important for the hadron resonance model and is
discussed in the Appendix in some details.

Apparently, to provide a positive value of the en-
tropy per particle 57117 one has to properly choose
the interaction terms in Egs. (29) and (30). In other
words, the Third Law of thermodynamics provides
one of the basic constraints to the considered EoS. It
is clear that the corresponding necessary conditions
should not be very restrictive, because, at low den-
sities, i.e. for 3Vyng <« 1, the coefficient staying in
front of the term f;z 2 is very small, while, at high
densities, it is a~! < 1 for a > 1. Although a discus-
sion of such conditions is far beyond the scope of this
work, we consider two important cases below.

)fA(niaa) (57)
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In the case Ux(T, p) = Uy(T, p), condition (36) is
valid for any choice of parameters Then one can show
a validity of the inequality 2 guaL > n“”z, since, for
a > 1, one finds v; > vs. To prove this inequality,
one has to take into account that p;q(7T,v4), and all
its derivatives are monotonically increasing functions
of T and v4. Then, using relations (34) and (35) be-
tween the quantum distribution functions, one can
show the validity of the inequality 4% > 2id2 for

— MNid2
vo—vy va—vj .
two limits e™ 7 ~lande™ 7 — O. Slmllarly, one
can introduce an effective parameter of statistics

Gor = ¢ — ¢ [1— e

and study the quantities for the distribution func-
tion ¢;q(k, T, v2) with an effective parameter of statis-
tics (ef- However, one can easily understand that the
inequality ¢l > Zi 2 cannot be broken down for

any value of the exponential e
equalities 0 < e?T < 1. This is so, since the pres-
sure of point-like particles and its partial derivatives
are monotonic functions of the parameters T' and v,
(or v5), and the non-monotonic behavior of the en-
tropy per particle can be caused by the phase tran-
sition, which does not exists for an ideal gas. Note
that we do not consider a possible effect of the Bose—
Einstein condensation. Using the above inequality be-
tween the entropies per particle and requiring that
U; > 0 and the mequahtles ( ) > 0for T >0 and
w 0 hold, one can show that > n“;"‘ >0,
using identity (5).

Another important case corresponds to the choice
U; > 0 and Us < 0 in Eq. (57), i.e., the mean-field
U, describes an attraction, while Us represents a re-
pulsion. Clearly, condition (36) in this case is also
fulfilled for any choice of parameters. Using the self-
consistency relation (33) or its more convenient form
(5), one can find that the term describing the mean-
field entropy in ;42 can be negative, i.e.,

obeying the in-

Nid 2

/ dn f(n) <0,

(58)

U,

8Pint2 _ dg%(T>
oT N Z

oT aT

Nid2 777

if g (T) > 0, 920 5 0 but Uy < 0 for T > 0 due
to the mequahtles f2 (n) < 0. Such a choice of the in-
teraction allows one to decrease the effective entropy
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density S;42 or even to make it negative by tuning the
mean-field U, related to the IST coefficient. As a re-
sult, this would increase the physical entropy density
s1. Note that, for the VAW EoS, this is impossible.

5. Application to Nuclear
and Hadronic Matter

5.1. Some important examples

As a pedagogical example to our discussion, we con-
sider the IST EoS for the nuclear matter and compare
it with the VAW EoS (1) having the interaction

2
i T) Nid
PVdWT i) = Nid Tz _g( -
int ( and) a 1+bnzd + 1N 1+bn7,d
~ g(MbnZ,  g(T)Bsn?;, g(T)Byn, (59)
1 +bnia)®  [1+bna® [+t
where the virial coeflicients b, B3, and B, are intro-
2
duced above, and the function g(T) = Tfﬂ with

Tsw = 1 MeV provides the fulfillment of the Third
Law of thermodynamics. Note that the term Tnq
cancels exactly the first term of the quantum virial
expansion for p;q(T,v) (see Eq. (17)), while the term
a[l_‘_”bizid]Q in Eq. (59) accounts for an attraction and
the other terms proportional to g(7') are the low-
est four powers of the virial expansion for the gas
of classical hard spheres for T > Tgw. By construc-
tion, such an EoS reproduces, apparently, the four
first virial coefficients of the gas of hard spheres at
T > Tsw. Simultaneously, it obeys the Third Law of
thermodynamics at 7' = 0.

For the IST EoS, we choose a = 1.245 [26], P2 =
= a[lﬂi‘é;lf and PST, = 0 with the same con-
stants a ~ 329 MeV fm? and b = 4V ~ 3.42 fm3
which were found in [15] for the VAW EoS of nuclear
matter (d, =4, m, = 939 MeV), i.e., we took just the
parameters of Ref. [15] for a proper comparison. By
construction, the IST EoS and EoS (59) agree very
well (within one percent) for T' > 120 MeV and par-
ticle number densities n < 0.25 fm~—3. In Fig. 1, we
compare three isotherms at 7' = 19, 10, and 0 MeV of
these two EoS. For T' = 10 MeV, their isotherms agree
up to the packing fraction n = Vpn ~ 0.09 (for the
nuclear density n < 0.11 fm~=3), i.e., within the usual
range of the VAW EoS applicability [25,26]. However,
for T'=0and T = 19 MeV isotherms, the both mod-
els agree up to the packing fraction n = Vyn ~ 0.03
only (for n < 0.035 fm—3), i.e., far below the usual
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L R IST T=0MeV
<+« VAWT =0 MeV
--- IST T=10MeV
- = VdWT =10 MeV
— IST T=19 MeV
— VAW T = 19 MeV

~

p [MeV fm™]

0.0 0.1 0.2 0.3 0.4

Fig. 1. Behavior of the pressure as a function of the particle
number density for isotherms of nuclear matter (see the text
for details)

10°F

----- IST T=0.1 MeV
---CST=01MeV
---IST T=10 MeV
— —=CS T=10MeV
— IST T=19 MeV

. . —CS T=19 MeV
0.0 0.1 0.2 0.3 0.4

Fig. 2. Packing fraction dependence of the quantum com-
pressibility factors AZg of the GVAW EoS and IST EoS (see
the text)

range of the VAW EoS applicability due to the im-
portant role of the second and higher order quantum
virial coefficients a,(gz defined by Egs. (10)—(15). The
present example clearly shows that providing the four
virial coefficients of the gas of hard spheres for the
quantum VAW EoS of Ref. [15] at high temperatures,
one can, at most, get a good agreement with the IST
EoS for a single value of the temperature, namely for
T = 10 MeV. Figure 1 also shows that, for the same
parameters, the IST EoS is essentially softer that the
improved VAW one, hence, it does not require so
strong attraction and so strong repulsion to reproduce
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the properties of normal nuclear matter. This conclu-
sion is supported by the results obtained recently for
the nuclear-matter EoS within the IST concept [35].

Recently, an interesting generalization of the quan-
tum VAW EoS (GVAW hereafter) was suggested in
[37]. This EoS allows one to go beyond the VAW ap-
proximation, but, formally, it is similar to the VAW
models discussed above. In terms of the ideal gas
pressure (2), the GVAW pressure can be written as
[37] (n = Vyn is the packing fraction):

(60)
(61)

pa(T, p) = w(n) pia(T,va) — Parc(n),
VG(M? n) =p+W f/(ﬁ) pid(Tﬂ VG) + Uc;(n),
where n is the particle density, and the multiplier

w(n) = (f(n) —nf'(n)) is given in terms of the func-
tion f(n) which is defined as

deW(n) =1—4n, for VAW EoS,

£95(n) = exp [—W} for CS EoS,

f(n) =

(62)

where the function VW (n) corresponds to the VAW
case, whereas the function f©5(n) is given for the fa-
mous Carnahan—Starling (CS) EoS [17]. The interac-
tion terms of the GVAW EoS are given in terms of
a function u(n): Ug = u(n) + nu'(n) and Py =
= —n2u/(n). This choice automatically provides the
self-consistency condition fulfillment. Since the po-
tentials Ug and P, ¢ are temperature-independent,
the Third Law of thermodynamics is obeyed.

The presence of the function w(n) in front of the
ideal gas pressure in (60) allows one to reproduce
the famous CS EoS [17] at high temperatures, while
it creates the problems with formulating the GVdW
model for several hard-core radii, since the pressures
of point-like particles of kinds 1 and 2 cannot be
added to each other, if their functions w(n;) and
w(n2) are not the same.

Using the quantum virial expansion (8) and the
particle number density expression n = f(n) X
x niq(T,vg) |37], for Pig = w(n) pia(T, va), one ob-
tains

e l
= o ON
Pig =w(n) T{f(ﬁ) + ;al [f(r])} ]’ (63)
1
wiy)  JT—dn ~ VAV (y) for VAW EoS,
W: 1+n+n?—n3 for CS EoS (64)
W? or 0.
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Although this effective expansion can be used to de-
rive the true virial expansion for the CS parametriza-
tion of the GVAW EoS (for the VAW one, it is given
above), the result is cumbersome. Nevertheless, these
equations show that, due to the multiplier w(n),
the first term of the quantum virial expansion in
Egs. (63), (8), (17), and (47), i.e., the classical term,
exactly reproduces the pressure by the correspond-
ing classical EoS. Hence, all other terms in Egs. (8),
(17), (47), and (63) are the quantum ones. A direct
comparison of the IST with o = 1.245 and CS EoS
for classical gases shows that, for packing fractions
n > 0.22, the IST EoS is softer than the CS one
[25,26]. Figure 2 depicts the quantum compressibility
factors

AZSS(n) = P — w(n)Tnia(T, ve)

Tn

for the CS EoS of the GVAW model and the one for
the IST EoS defined similarly

_ Pid1 — Tnig1(T,vy)

AZIST
Q () Tny

taken both for the same parameters b = 3.42 fm?3,
Pt (T,n) = aapern? with aaeer = 329 MeV - fm? (see
[37] for more details). As one can see from Fig. 2,
the quantum compressibility factors of these EoS dif-
fer essentially for n > 0.05. Therefore, for n > 0.1,
both the classical and quantum parts of the IST
pressure with a@ = 1.245 [26] are essentially softer
than the corresponding terms of the CS version of
the GVAW model of Ref. [37]. One can easily un-
derstand such a conclusion comparing expansions
(63) and (45). Since, for the same packing fraction
n > 0.1, the function f©5(n) of the CS version of
the GVAW EoS vanishes essentially faster than the
term [1 — 3 Vyna|[1 — Vonq] of the IST EoS, each term
proportional to n* in (63) with k > 1 is larger than
the corresponding term proportional to nf = n* in
(45). It is necessary to note that such a property is
very important, because the softer EoS provides a
wider range of thermodynamic parameters for which
the EoS is causal, i.e. its speed of sound is smaller
than the speed of light.

5.2. Constraints on nuclear
matter properties

It is appropriate to discuss the most important con-
straints on the considered mean-field models which

ISSN 0372-400X. Vxp. pis. orcypn. 2018. T. 63, Ne 10

are necessary to describe the strongly interacting
matter properties. According to Eqgs. (17), (47), and
(63), the fermionic pressure for the considered EoS
consists of three contributions: the classical pressure
(the first term on the right-hand side of (17), (47),
and (63)), the quantum part of the pressure and the
mean-field P,,;. At temperatures below 1 MeV, the
classical part is negligible, but the usage of virial ex-
pansions discussed above is troublesome due to the
convergency problem. Since the exact parametriza-
tion of the function P,,; on the particle number den-
sity of nucleons is not known, it is evident that all
considered models are effective by construction. To
fix their parameters, one has to reproduce the usual
properties of normal nuclear matter, i.e. to get a
zero value for the total pressure at the normal nu-
clear density ng ~ 0.16 fm™3 and the binding en-
ergy W = —16 MeV at this density [1]. Similarly
to the high-temperature case discussed at the end
of Section 2, there exists a freedom of parametriz-
ing the hard-core radius of nucleons, since the attrac-
tion pressure can be always adjusted to reproduce
the properties of normal nuclear matter and, there-
fore, all the model parameters are also effective by
construction.

However, in addition to the properties of normal
nuclear matter, there is the so-called flow constraint
at nuclear densities n = (2-5)ng [38], which sets
strong restrictions on the model pressure dependence
on the nuclear particle density and requires a rather
soft EoS at these densities. Hence, it can be used to
determine the parameters of a realistic EoS at high
nuclear densities and 7' = 0. Traditionally, such a
constraint creates troubles for the relativistic mean-
field EoS based on the Walecka model [4, 39, 40].

The validity of this statement can be seen from
Ref. [39] in which it is shown that only 104 of such
EoSs out of 263 analyzed in [39] are able to obey
the flow constraint despite the fact that they have
10 or even more adjustable parameters. At the same
time, as one can see from the simplest realization of
the IST EoS suggested in Ref. [35], the 4-parameter
EoS is able to simultaneously reproduce all prop-
erties of normal nuclear matter and the flow con-
straint. Furthermore, the IST EoS is able not only to
reproduce the flow constraint, but, simultaneously, it
is able to successfully describe the neutron star prop-
erties with the masses more than two Solar ones [41],
which sets another strong constraint on the stiffness
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of the realistic EoS at high particle densities and the
zero temperature. On the other hand, Fig. 2 shows
that the existing CS version of the GVAW EoS of
Ref. [37] is very stiff, and, hence, it will also have
troubles to obey the flow constraint [38].

5.3. Constraints on hadronic
matter properties

From the virial expansions of all models discussed
here, one sees that the EoS calibration on the prop-
erties of nuclear matter at low 7" and at high densi-
ties involves mainly the quantum and mean-field pres-
sures. But, unfortunately, it also fixes the parameters
of the classical pressure at higher temperatures. It
is, however, clear that the one-component mean-field
models of nuclear matter cannot be applied at tem-
peratures above 50 MeV, since one has to include the
mesons, other baryons, and their resonances [31, 42].
Moreover, at high temperatures, the mean-fields
and the parameters of interaction should be re-ca-
librated because the very fact of resonance existence
already corresponds to a partial account for the in-
teraction [42]. For many years, it is well known that,
for temperatures below 170 MeV and densities be-
low ng, the mixture of stable hadrons and their res-
onances whose interaction is taken into account by
the quantum second virial coefficients behaves as a
mixture of nearly ideal gases of stable particles. The
latter, in this case, includes both the hadrons and
the resonances, but taken with their averaged masses
[42]. The main reason for such a behavior is rooted in
a nearly complete cancellation between the attraction
and repulsion contributions. The resulting deviation
from the ideal gas (a weak repulsion) is usually de-
scribed in the hadron resonance gas model (HRGM)
[19-27] by the classical second virial coeflicients.
Nevertheless, such a repulsion is of principal impor-
tance for the HRGM. Otherwise, if one considers a
mixture of ideal gases of all known hadrons and their
resonances, then, at high temperatures, the pressure
of such a system will exceed the one of the ideal gas of
massless quarks and gluons [43]. Since such a behav-
ior contradicts the lattice version of quantum chro-
modynamics, the (weak) hard-core repulsion in the
HRGM is absolutely necessary. Moreover, to our best
knowledge, there is no other approach which is able to
include all known hadronic states into consideration
and to be consistent with the thermodynamics of lat-
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tice quantum chromodynamics at low-energy densi-
ties and which, simultaneously, would not contradict
it at the higher ones.

Therefore, it seems that the necessity of a weak
repulsion between the hadrons is naturally encoded
in the smaller values of their hard-core radii (R, <
< 0.4 fm) obtained within the HRGM compared to
the larger hard-core radius of nucleons in nuclear
matter R, > 0.52 fm found in [37]. This conclu-
sion is well supported by the recent simulations of
the neutron star properties with masses more than
two Solar ones [41] which also favors the nucleon
hard-core radii below than 0.52 fm. Furthermore, the
small values of the hard-core radii provide the fulfill-
ment of the causality condition in the hadronic phase
[25, 26, 41, 46], while a possible break of causality
occurs in the region, where the hadronic degrees of
freedom are not relevant [46]. Hence, in contrast to
Ref. [37], we do not see any reason to believe that the
mean-field model describing the nuclear matter prop-
erties may set any strict conditions on the hadronic
hard-core radii of the HRGM.

Moreover, we would like to point out that a great
success achieved recently by the HRGM [19-27] sets
a strong restriction on any model of hadronic phase
which is claimed to be realistic. The point is that,
at the chemical freeze-out curve p = pcro(T), the
mean-field interaction term of pressure (1) or (29)
must vanish. Otherwise, one would need a special pro-
cedure to transform the mean-field potential energy
into the masses and kinetic energy of non-interacting
hadrons (the kinetic freeze-out problem [44,45]). The
existing versions of the HRGM do not face such a
problem, since this model has the hard-core repul-
sion only, while the mean-field interaction in it is set
to zero [19-27|. Due to such a choice of the interac-
tion, the HRGM has the same energy per particle as
an ideal gas. Hence, it can be tuned to describe the
existing experimental hadronic multiplicities in cen-
tral nuclear collisions from the lower AGS collision
energy /syy = 2.76 GeV to the ALICE center of
mass energy /syny = 2.76 TeV with the total quality
of fit x?/dof ~ 1.04 |25, 26].

Therefore, any realistic hadronic EoS of hadronic
matter should be able to reproduce the pressure, en-
tropy, and all charge densities obtained by the HRGM
at the chemical freeze-out curve p = pcro(T). In
particular, for the mean-field models discussed here,
it means that they should be extended in order to
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include all other hadrons and, at the curve p =
= pcro(T), the total interaction pressure must van-
ish, i.e., Pyt = 0, since it does not exist in the HRGM.

In other words, if, at the chemical freeze-out curve,
such a model EoS has a non-vanishing attraction,
then it must have an additional repulsion to provide
Pt = 0. Only this condition will help one to avoid a
hard mathematical problem of kinetic freeze-out to
convert the interacting particles into a gas of free
streaming particles [44,45], since the HRGM with the
hard-core repulsion and with vanishing mean-field in-
teraction has the same energy per particle as an ideal
gas. Due to its importance, we analyzed the IST EoS
in Appendix and show that this EoS also possesses
such a property. The condition Py = 0 at the chemi-
cal freeze-out curve will make a direct connection be-
tween the realistic EoS and the hadron multiplicities
measured in heavy ion collisions. It is clear that, with-
out T-dependent mean-field interaction P, such a
condition cannot be fulfilled.

Despite many valuable results obtained with the
HRGM, the hard-core radii are presently well estab-
lished for the most abundant hadrons only, namely,
for pions (R; =~ 0.15 fm), the lightest K*-mesons
(Rk =~ 0.395 fm), nucleons (R, =~ 0.365 fm),
and the lightest (anti)A-hyperons (Rp ~ 0.085 fm)
[25,26]. Nevertheless, we hope for that the new high-
quality data on the yields of many strange hadrons
recently measured by the ALICE Collaboration at
CERN [47] at the center of mass energy /sny =
= 2.76 TeV and the ones which are expected to be
measured during the Beam Energy Scan II at RHIC
BNL (Brookhaven) [48], and at the accelerators of
new generations, i.e., at NICA JINR (Dubna) [49,50]
and FAIR GSI (Darmstadt) [51,52] will help us to de-
termine their hard-core radii with high accuracy. We
have to add only that the IST EoS for quantum gases
is well suited for such a task due to the additive pres-
sure p;q(T,11,2), whereas the generalization of the
CS EoS of Ref. [37] to a multicomponent case looks
rather problematic, since the CS EoS [17] is the one-
component EoS by construction.

6. Conclusions

The self-consistent generalization of the IST FoS for
quantum gases is worked out. It is shown that, with
this EoS, one can go beyond the VAW approximation
at any temperature. The restrictions on the tempera-
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ture dependence of the mean-field potentials are dis-
cussed. It is found that, at low temperatures, these
potentials either should be T-independent or should
vanish faster than the first power of the temperature
providing the fulfillment of the Third Law of thermo-
dynamics. The same is true for the quantum VAW
EoS. Hence, the idea to improve the quantum VAW
EoS by tuning the interaction part of the pressure
[14, 15] is disproved for low temperatures T if this
part of the pressure is linear in T, then the VAW EoS
breaks down the Third Law of thermodynamics; if
it vanishes faster than the first power of T', then the
interaction part of the pressure is useless, since it van-
ishes faster than the first term of the quantum virial
expansion. An alternative EoS [37] allowing one to
abandon the VAW approximation for nuclear matter
is analyzed here, and it is shown that, for the same
parameters, the IST EoS is softer at low temperatures
at packing fractions n > 0.05.

The virial expansions for the quantum VAW and
IST EoS are established, and the explicit expressions
for all quantum virial coefficients, exact for VAW and
approximative ones for the IST EoS, are given. The-
refore, for the first time, the analytical expressions
for the third and fourth quantum virial coefficients
are derived for the EoS which is more realistic than
the VAW one. The source of softness of the IST EoS is
demonstrated, by using the effective virial expansion
for the effective proper volume which turns out to
be compressible. The generalization of the traditional
virial expansions for the mixtures of particles with
different hard-core radii is straightforward.

The general constraints on the realistic EoS for
nuclear and hadronic matter are discussed. We hope
for that, by using the revealed properties of the IST
EoS for quantum gases, it will be possible to go
far beyond the traditional VAW approximation, and,
due to its advantages, this EoS will become a use-
ful tool for heavy ion physics and for nuclear astro-
physics. Furthermore, we hope for that the developed
EoS will help us to determine the hard-core radii of
hadrons from the new high-quality ALICE data and
the ones which will be measured at RHIC, NICA, and
FAIR.

The authors appreciate the valuable comments of
D.B. Blaschke, R. Emaus, B.E. Grinyuk, D.R. Oliiny-
chenko, and D.H. Rischke. K.A.B., A.IL, V.V.S.
and G.M.Z. acknowledge a partial support of the

877



K.A. Bugaev, A.l. Ivanytskyi, V.V. Sagun et al.

National Academy of Sciences of Ukraine (project
No. 0118U003197). V.V.S. thanks the Fundag¢do para
a Ciéncia e Tecnologia (FCT), Portugal, the Mul-
tidisciplinary Center for Astrophysics (CENTRA),
Instituto Superior Técnico, Universidade de Lisboa,
for the partial financial support through the Grant
No. UID/FIS/00099/2013. The work of A.IL was
performed within the project SA083P17 of Universi-
dad de Salamanca launched by the Regional Govern-
ment of Castilla y Leon and the European Regional
Development Fund.

APPENDIX

Here, we consider a special choice of the mean-field potentials
which are temperature-independent, i.e., Uy = Ua(n;q 4) and
show that, at low particle densities, the energy per particle of
such an EoS coincides with the one of the ideal gas. The analy-
sis is made for a single sort of particles, but it is evident that a
generalization to the multicomponent case is straightforward.

For the considered choice of the mean-field potentials,
Eq. (55) for the entropy per particle becomes

Sid1 _ Sid2

22 [”id1 3V0”2nmz] - Sid1 (65)

ny [1—3Vono] nid1’

where, in the first step, we applied the relation 3,54 = s;qa

with A € {1;2} to Eq. (55), while, in the second step, we

used an approximation 242 ~ 2idl The Jatter result fol-
Nid 2 Nid1

lows from condition (36). Then, in

for e T - ~ 1, one gets relation (35) for the distribution

functions ¢;4(k, T, v2) and ¢;q(k,T,v1) which can be approx-
imated further on as ¢;q(k,T,v2) ~ ¢;q(k,T,v1). Therefore,
one finds p;q(T,v2) ~ pia(T,v1), nia(T,ve) ~ nig(T,v1) and
Sid (T, 1/2) ~ Sid(T, I/l),

The energy per particle for EoS (29) can be found from the
thermodynamic identity
€@ _ .81 (T, p)

L (66)
ni ni ni

the low-density limit, i.e.,

Expressing the chemical potential p via an effective one v1 from
Eq. (31), one can write = v1 + Vopia1 — VoPint 1 +3Vopia2 —
—3VoPint2 — Ui. Substituting this result into Eq. (66), one
finds

€ S; 1
LapZdl Ly U+ [VO**} (Pia1 — Pint1) +
ni Nid 1 ni

+3Vo(pid2 — Pt 2), (67)
where Eq. (65) was also used. Approximating the particle num-
ber density n1 in Eq. (42) as
- Nid 1

- 14+ Vonan +3V0n2’

n (68)

and substituting it into Eq. (67), one obtains

€1 €id1 id 2 id 1
B A T {M—M}—Ul—
n1 Mid1 n2 Mid1
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1
- {Vo - ;} Ping1 — 3Vo P 2, (69)
1

where we applied the thermodynamic identity (66) to the en-
ergy per particle for a gas of point-like particles with the chem-
ical potential v1. To simplify the evaluation, we assume for the
moment that all mean-field interaction terms obey the equality

(1 —Voni)

ni

Pint1(nig1) — 3VoPt2(nig2) = Ur(ngg1).  (70)

Using the first two terms of the virial expansion (8) in Eq. (69)
for the pressures p;q1 and p;q2 and Eq. (43) for na, one finds

Pidz _ Pid1

=T [(1 + a;0>nid2)(1 +3aVoniqe) —
n2  Mid1

_ (1 -+ ago)nidl)] ~ T(l + a(QO)nidl)?)ononidl, (71)

where, in the last step of the derivation, we used the low-
density approximation n;q9 =~ n;q1. Finally, under condition
(70), Eq. (69) acquires the form

6—1 ~ M + 9aV02n2nid 1 T (1 + aéo)nid 1). (72)
ni  MNig1

Since the typical packing fractions n = Voni =~ Vonae >~ Vonigq1
of the hadron resonance gas model at the chemical freeze-out
do not exceed the value 0.05 [25], the second term on the right-
hand side of Eq. (72) is not larger than

0.025a T(1 + a8 nq1). (73)

Comparing this estimate with the energy per particle for the
lightest hadrons, i.e., for pions, in the non-relativistic limit
%Lr: mr + %T (here, mx ~ 140 MeV), one can be sure
that, for temperatures at which the hadron gas exists, i.e.,
for T < 160 MeV, term (73) is negligible. Hence, one finds
;—11 ~ % with high accuracy.

Now, we discuss condition (70). It is apparent that, in the
general case, it can hold, if the mean-field interaction is absent,
i.e., Uy = Uz = 0 and Pint1 = Ping2 = 0. This is exactly the
case of the hadron resonance gas model. However, one might
think that there exists a special case for which Eq. (70) is the
simple differential equation for two independent variables n;41

and n;qo. Let us show that this is impossible. First, with the

help of Eq. (42), we rewrite the term % = [nig1(1—
—3Von2)]~!. Then Eq. (70) can be cast as
P ) )

ot 1(714a1)/ i1 _ 3VoPint2(nia2) = Ur(nid1)- (74)

(1 —3Vona(niq2))

From this equation, one sees that the only possibility to de-
couple the dependences on n;;1 and ng in the first term
above is to assume that Pt = Cn;gq1 where C is some
constant. However, in this case, one finds that the n;g1-
dependence of the right-hand side of Eq. (74) remains, since
Uy = Cln(n;q1). Therefore, there is a single possibility to de-
couple the functional dependence of n;;1 from ng, namely,
C = 0 which means that Pt = 0.

One can, however, consider Eq. (74) under the low-density
approximation, by assuming that n;q2 = n;q1. In this case,
Eq. (74) defines the functional dependence of Pipt2(n;q1) for
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any reasonable choice of the potential U(n;q1). Note that, in
this case, the function Piyt2(n;q1) can be rather complicated
even for the simplest choice of Uj(n;q1). Hence, the practical
realization of dependence (74) seems to be problematic. There-
fore, the most direct way to avoid the problem to convert the
interacting particles into the free streaming ones [44, 45] is to
use only the hard-core repulsion between hadrons and set all
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PIBHAHHA CTAHY KBAHTOBUX T'A3IB ITO3A
PAMKAMUI HABJIM>KEHHSA BAH-ZIEP-BAAJIBCA

Peszmowme

HemotaBao 3amporionoBaHe piBHSIHHSA CTaHy 3 iHJyKOBaHHM
[IOBEPXHEBHUM HATAIOM y3arajbHEHO Ha BUIIAI0K KBAHTOBHX Ia-
3iB i3 B3aemogicio cepemuboro moss. s Taxol mozeni 3Ha-
MEHO YMOBHM CaMOY3IOJI?KEHOCTI 1 yMOBHU, HEOOXijHI JJisi BH-
koHauHsi Tperwvoro [louarky repmomunamiku. Ha Bigminy Bifn
TPAJULIHUX CIIOAiBaHb ITOKa3aHO, [0 BHECEHHSI B THUCK MO-
neni Ban-ngep-Baanbca Tperhoro i GijbIll BUCOKUX BipiajbHUX
kKoedinieHTiB ra3y TBepaux cdep 3a HU3BKUX TEMIIEpaTyp abo
nopymye Tperiit [louaTok Tepmommuamiku, abo He HO3BOJISE
BUNTHU 3a pamMku HabOmkeHHsi Ban-nep-Baasabsca. IIpomemon-
CTPOBAHO, 1110 y3arajbHeHe DIBHAHHS CTaHy 3 iHJyKOBaHUM IIO-
BEPXHEBUM HATATOM JO3BOJISIE YHUKHYTH IIUX IPOOJIEM 1 BUHTH
3a paMku HabJmKenHsi Ban-nep-Baasibca. Kpim miboro orpuma-
HO edpeKTHBHE BipiajibHe PO3KJIa/JIaHHS KBAHTOBOI BepCil piBHS-
HHSI CTaHy 3 iHIyKOBaHUM HATArOM i fioro BipianbHi Koedimnien-
TH 3HAIJEHO TOYHO. ZIBHI BHMpa3u JJIs CIIpaBXKHIX KBAHTOBHUX
BipiasbHEX KOeilieHTIB 6yAb-IKOTO IOPAAKY IHOIO PiBHSIHHS
CcTaHy NIOJAHO B HabsM»KeHHI HU3bKOI rycruHu. O6GMipKOBaHO
Hesiki 6a30Bi yMOBM Ha Taki MOjesi, siki HeoOXigHi 11t omucy
BJIACTUBOCTEN SJIePHOI 1 aJIpOHHOI MaTepiil.
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