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STRANGE STARS AT VACUUM PRESSURE DEPENDENT
ON QUARK DENSITY
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Equation of state of strange quark matter has been studied in the framework of MIT
bag model, when vacuum pressure B depends on concentration of baryons n. The
actuality of such studies is conditioned by the increasing of quark matter density from
surface to star center. In the literature there exist different representations of function
B(n). In the present work Gaussian parametrization is used, which is based on the idea of
existence of asymptotic limiting value of this parameter. For four groups of parameters
the equations of state of quark matter were determined. The main integral parameters
of star configurations were obtained by numerically integrating of star equilibrium equa-
tions (the TOV equation). In the considered case it turns that when vacuum pressure
dependence on concentration of baryons is taken into account, configurations of strange
stars have maximal masses less than two solar masses.
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Introduction. Study of astrophysical effects of superdense stars, consisted of strange
quark matter (SQM), so called strange stars, is one of prioritized problems of temporary
theoretical astrophysics. For studies such superdense stars (SS), it is important to examine
the dependence of their mass M, and other integral parameters (radius, total baryon number,
binding energy, moment of inertia) on the central energy density p. (or central pressure F.).
Quark matter properties have been studied for decades based on phenomenological models
[1-7].

To describe properties of SQM, one of generally accepted models is the bag model
(BM), elaborated in Massachusetts Technological Institute (MIT) [4, 5]. By choosing BM
the equation of state of SQM is determined. BM is characterized by three phenomenologi-
cal parameters: bag constant B (vacuum pressure), quark-gluon interaction constant ¢, and
strange quark mass m,. Numeric values of these parameters are known with high uncertainty,
which makes necessary the study of principally different variants of SQM. For various groups
of these constants the equations of state are obtained that lead to realization of both strange
stars and neutron stars with quark core, where quark matter is in phase balance with nucleon
one. The latter’s are studied in details in [8—11]. In [12, 13] the groups of values of bag
parameters are identified, using of which in the equation of state leads to the maximum mass
of equilibrium quark configurations, which are bigger than the mass of known radio pulsar
PSR J0348 + 0432 : M. > 2.01 M.

This work is devoted to observation of the problem of integral parameters of self-
bounded SS and to study of SQM in the framework of the bag model, when vacuum pressure
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depends on concentration of baryons B(n). The actuality of such studies is explained by the
increasing of quark matter density from surface to star center. The work consists of three
parts. In the part “Equation of State” thermodynamics and equation of state of SQM are
discussed in frames of the bag model at vacuum variable pressure. In the present work for
dependence of B(n) Gaussian parametrization is used [14], which is constructed on the idea
of existence of asymptotic limiting value of this parameter. Four groups of the bag parame-
ters are observed. Calculations are carried out for the following values of the bag parameters:
mg =95 and 150 MeV and o, = 0.01 and 0.05. Masses of u,d quarks and electrons are
neglected due to their smallness. The main thermodynamic values are determined: concen-
tration of baryons n, average energy per baryon &, pressure P and energy density p. In the part
“Results of Calculations” integral parameters of star configurations are discussed at variable
pressure of vacuum. Dependence of star total mass on radius at fixed and variable pressure
of vacuum are presented. Results of calculations show that in the case, when vacuum pres-
sure dependence on concentration of baryons is taken into consideration, configurations of
SS have maximal masses less than two solar one.

Equation of State. It has been shown in [15-17], that SQM consisted of u,d, s quarks
even at zero pressure can be energetically more preferable, than nonstrange quark matter
(NQM) consisted of u,d quarks and the matter in atomic nuclei N. Witten showed [17], that
neglecting the interaction between quarks (the ideal gas), the ratio of chemical potentials per
baryon in ultra-relativistic SQM and NQM at the same pressure is equal to 0.89. For SQM at
zero pressure it results in energy per baryon, which is less by 84.4 MeV than neutron masses.
This difference at accounting of SQM (myc?> = 200 MeV), remaining significant, decreases
and reaches up to 30.4 MeV. Moreover, at zero pressure, because of the absence of strange
quarks, the state of SQM vacant-baryonic matter is in nucleon (nuclear) state N, which is
energetically more favorable than NQM. Neutron chemical potential approaches to the
chemical potential per baryon in NQM at some critical pressure P = Py, i.e. t(N) = u(NQM)
and for P > Py, u(NQM)< u(N). u and d quarks are released from nucleons, i.e. there is
a transition from N to NQM state. But since the relation of chemical potentials SQM and
NQM is equal to 0.89, in the result of weak interaction there is phase transition from NQM
to SQM or ultimately, a transition from N to SQM.

It has been shown in [18], that if the bag model is taken for quarks [4], the strange
quark model consisted of almost equal amounts of u,d,s quarks and small additive of
electrons, which contribute to their electrical neutrality, for certain values of the bag constants
(B, ot.,my) lead to the case, when the average energy € per baryon depending on specific
volume of baryons (1/n) can have as a positive, so a negative local minimums (€, < 0),
which in its turn leads to two alternative possibilities.

In the first case a phase balance between strange quark and nucleon-hyperon (core)
matters is realized, i.e. a simultaneous coexistence of two phases takes place. Superdense
stars, corresponding to such equation of state, are accepted to call hybrid stars [10, 11].

In the second case, when € < 0, a phase transition from nucleon-nuclear state to quark
state is not possible. Quark matter can be found in a self-bound state, so that it is possible for
self-confining, so called “strange stars” to exist [19, 20]. These stars can exist in the absence
of gravitation as well. This limits the maximum mass of these configurations, which as in the
case of neutron stars, turns to be ~ 2M,.

Let observe the equation of state of strange quark matter, when vacuum pressure de-
pends on concentration of baryons. According to the bag theory SQM consists of degenerated
Fermi gas of u, d, s quarks and electrons. It is assumed that quarks and gluons are enclosed
in the area of dimension called “bag”, where they are retained by vacuum pressure B bag
constant. Accounting of bag pressure dependence on baryon density represents a special
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interest. In the literature there exist various representations for B(n) function [14, 21]. In
this work one of effective parameterizations “Gaussian parametrization” is used, based on
the idea of existence of asymptotic limiting value of this parameter at n — oo:

B(n) = B+ (Bo — B=)exp{ —7(n/mo)” } ()

Value of parameter is ¥ and depends on parameter By. It should be mentioned that
the precise value By, By = B(n = 0) is not so important, since at low densities, in any case,
the matter is in nucleon phase. In [14, 22] two variants are observed: By = 200 MeV / fm3,
y=0.14 and By = 400 MeV /fm?,y = 0.17. nq is the nuclear number density. For deter-
mination of value of B, parameter in [14] a formula is suggested, where energy value of
phase transition is used, obtained from experiments. Table for values of B., parameter is
provided. It should be mentioned that B;—=;B... Calculations show that B.. can accept values
in diapason 14.3 —55.4 MeV / fm? [14] and choice of value in this diapason does not change
the main result.

Four groups of the bag parameters are presented with the following values of
constants: By = 200, B.. =38 MeV /fm3,y=0.14, ny =95 fm>. For the first two models
the mass of strange quark is accepted to be equal to current mass of quark m; = 95 MeV,
a. = 0.01; 0.05. For the second group the strange quark mass is equal to 150 MeV. As
in the previous cases, masses of and quarks and electrons are neglected due to smallness
(Tab. 1). Dependence of vacuum pressure on density for the Model 2 is presented in Fig. 1.
It is obvious from the figure that at low densities, when the concentration value n — 0, the
vacuum pressure value B — By. Furthermore, in this case the matter is in nucleon phase.
When B; = B.., which means that parameter B has some limiting value. It is obvious from
the figure that the real diapason of changes of B varies between 38 — 60 MeV / fm? for SQM,
which corresponds to n = 0.6 — 0.9 fm 3.

Table 1
Parameters of bag group for 4 models of SOM
Model 1 Model 2 Model 4 Model 5
a, =0.01 a. =0.05 a, =0.01 a. =0.05
mg =95 MeV mg =95 MeV | mg =150 MeV mg =150 MeV
9
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0.4 0.6 0.8 1.0 1.2 1.4 Fig. 1. Vacuum pressure dependence B(n) on
n, fm* baryon density n for II model.

Let observe equation of state of SQM. The B equilibrium condition implies the
following relation among the quarks:

Ha = My + Ue,

Mg = Hs = H,

@)

where ; (i =u, d, s, e) are chemical potentials of u, d, s quarks and electrons. Eq. (2)) have
to be supplemented by the condition of electrical neutrality,

2n,/3—nq/3—-3/ns—n, =0,

3
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where n;(U;) = d€;/d; are the concentrations of corresponding components. Q; are ther-
modynamic potentials obtained in linear approximation by o, (i = u,d, s, e) [18], determining
SQM properties. These quantities depend on &, and p;, Q, additionally depends on m; and
pr which are points of renormalization for SQM and is taken to be 313 MeV [18]. Eq.
and Eq. (3)) can be used to obtain the main thermodynamic quantities (the pressure P, energy
density p, baryons concentration n, and baryon chemical potential ) as function of the only
independent parameter 1 for SQM:

PZ*ZQ,‘(H)*B(I’Z)+naB/an, p :Z(Q,’+[Jini)+3, “)

n=(n+na+n)/3. Ho(P)=(p(P)+P)/n(P). 5)

For variable vacuum pressure due to additional member, the total pressure changes
and takes the form of first Eq. (4) [23].

Results of Calculations. The main parameters of spherically symmetric static SS,
as in the case with fixed vacuum pressure, are determined by numerical integration of a
system of relativistic equations for stellar equilibrium, that is the TOV equations [24, 25].
We do not give these equations here, but note only that the compact form we are using,

R
is given in [26]. The star’s radius P(R) = 0, gravitational mass M = (47r/c2)/ pridr,
Jo

R R
rest mass My = (47rm0)/ nr*exp (1 /2)dr, proper mass M, = (47r/cz)/ prrexp(A/2)dr
0 0

and red shift Zg = (1 —2GM/c*R)~'/> — 1 from star’s surface are calculated as function
of p.. Here exp(A) is the radial component of the metric tensor. It should be mentioned
that minimum value of the average energy per baryon for cases with m; = 150 MeV has
positive sign. It means that such models with &y,;, > 0, lead to existence of hybrid stars with
strange quark core. Moreover, for the cases mg = 95 MeV, the average energy per baryon has
negative minimum. It should be mentioned as well that values of the minimum energy per
baryon significantly depend on .. Groups of the bag parameters for Models 1 and 2 result
in realization of self-bound SS.

Table 2

Integral parameters of configuration of maximum masses for different models of SOM

Models Emins Mmin | Ps- 1075, | Muax My M, pe-1071, 2 R,
of SQM MeV no g/cm’ M M M g/cm’ km
1 —17.35 3.792 0.924 1.875 2.398 2418 2.441 0.543 9.533
2 —10.84 3.777 0.927 1.872 2.377 2.414 2.443 0.542 9.517
3 4.964 3.799 0.943 1.811 2.252 2.325 2.521 0.530 9.320
4 10.990 3.815 0.957 1.808 2.235 2.322 2.517 0.531 9.306

Values of the average energy per baryon €y;,, which correspond to value np;,, are
presented in Tab. 2. For each equation of state the values of the density on surface p; also
presented in the Table. The baryon concentration and energy density for a given equation
of state are determined by the values of np;, and py during the transition to SQM. From
the presented Table data, it follows that on star surface the transition to strange quark matter
occurs at the following order of baryon concentration ny,;, = 3.8 ng, where ngp = 0.15 fm’3 is
nuclear concentration. It should be noted that at fixed value of vacuum pressure, the transition
to SQM takes place at densities significantly lower than the value of p; for Mp,« of neutron
stars and relation ny;,/ng for SS is in order of ~ 1.7, i.e. npin < 2 ng [12, 13]. It means
that at fixed value of B (at small baryonic concentrations) for SS the transition to strange
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quark phase occurs earlier than in the case with variable B. For observed models of SQM,
the equations of state lead to configurations with maximum masses less than pulsar mass
PSR J0348 + 0432 : Mpax < 2.01 M. Though for such configurations the values of masses,
radius total number of baryons as well as red shift from SS surface were calculated depending
on central density energy p;. Maximum mass of such configurations is in order of 1.9 M.,
which is less compared to recently registered radio pulsars [27] and [28]. Radius of such stars
is in order of 9.5 km.

Equation of state for III and IV groups of the bag parameters leads to positive local
minimum of energy per baryon of SQM: &y, > 0, which results in hybrid stars. It follows
from Tab. 2, that the mass of the strange core of such stars can be in order of 1.8 M., which
is less than our known double radio pulsar mass by almost 0.21 M, [27]. Furthermore for
hybrid stars in central core (consisted of SQM) almost 90% of whole mass is concentrated.
10% of mass composes crust from neutron star matter. If the crust mass is added to value
Mpax, obtained for III and IV configurations, at given description of SQM such hybrid stars,
having a mass in order of 2.01 M., can be possible candidates for the aforementioned radio
pulsars. Similar calculations may be useful at investigation of structure of hybrid stars with
maximal masses [29].

Dependence of rest mass of strange stars on radius are represented in Fig. 2. The first
curve corresponds to the case, when vacuum pressure is fixed: B = 60 MeV / fm3; o. = 0.05;
mg = 95 MeV. This group of the bag parameters provides a self-bound state of strange quark
matter, which leads to existence of SS with maximum mass 1.89 M,. The second curve
corresponds to the second group of the bag parameters presented in Tab. 1. Choice of value
of parameter B = 60 MeV / fm3 for fixed B corresponds to vacuum pressure value in point,
where the average energy per baryon is minimum: € = €y;,. It is obvious from the figure that
for the given value of the rest mass, i.e. for the same value of number of baryons, radius of
the model with fixed B is bigger than that for the model with variable B(n).
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1.6 L Fig. 2. Dependence of rest mass My/M
Lal on radius R for two configurations of SS.
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Conclusion. In the present paper the equation of state of SQM is studied in the
frames of the bag model, when vacuum pressure depends on baryons concentration. Gaussian
parametrization for B(n) is used. Groups of the bag parameters are determined that result in
existence of self-bound SS. For 4 pairs of parameters ¢, and mg, dependence of pressure and
energy per baryon € on concentration of baryons are determined in frames of MIT bag theory
with parameter B = B(n) dependent on baryons concentration. It is shown that this energy is
minimal at n;, = 3.7n9, where ng = 0.15 fm—>. Integral parameters of SS are determined.
It is shown that in the case with variable pressure of vacuum, groups of SQM parameters do
not provide Mpax > 2.01 M), and are in order of 1.9 M.
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