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Abstract Series of neutron star models with strange quark cores are constructed on the
basis of an extensive set of calculated realistic equations of state of superdense
matter with quark-hadron phase transition. For some models a new local maxi-
mum on the stable branch of the star mass -central pressure diagram is revealed.
This maximum arises along with the appearance of a sharp fracture on the core,
which is characteristic for models of layered stars with  N¡£¢d¤�¥ (   is the rel-
ativistic parameter of the density jump) and corresponds to the beginning of
formation of a new phase. Such a new local maximum is discovered in the mass
range of about ¦§�¨��© ��ªd¦«� in some models, as well as at ¦§�¨�:© ªd¥�¦��
in others. Stable equilibrium layered neutron stars, located in these ranges, are
characterized also by unusually large values of the stellar radius (from ¬���=¢����
km to ¬�¥�®���� km for different equations of state). For such equations of state
accretion onto a neutron star will lead to two successive jumplike transitions to a
quark-core neutron star; as a result, there will be two successive energy releases.

Keywords: Neutron stars, strange quark core, quark phase transition, new branch of stability,
accretion

1. Introduction
At superhigh densities a phase transition is possible from the state in which

quarks are confined within the baryons, to a continuum quark plasma [1]. At
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present an exact theoretical description of matter both in baryon and quark-
gluon density ranges is not possible. This makes it very important to study the
dependence of parameters of superdense stellar objects on the variants of equa-
tion of state (EoS). In many studies models of strange stars were comprehen-
sively analyzed. However, much fewer studies are devoted to configurations
with a density jump [2, 4–9]. The most complete calculations of models with
a mixed phase are in Refs. [11, 13, 12, 10, 14], which contain various quark
configurations in the form of droplet, rodlike, and platelike structures; these
models assume continuous energy and density variations in the quark-phase
formation region [15]. The results of these authors show that the formation
of the mixed phase of quark and nuclear matter may be energetically more
or less favorable than an ordinary first-order nucleon-to-quark phase transi-
tion, depending on the local surface and Coulomb energies associated with
the formation of mixed-phase quark and nuclear structures [11, 13]. Because
of uncertainty in the interface tension of strange quark matter, we presently
cannot unambiguously establish which of the above alternatives is actually re-
alized [10, 16]. Below, we consider the case that assumes an interface tension
that leads to a first-order phase transition with the possible coexistence of the
two phases. In the present work, we study the functional dependence of in-
tegral parameters and structural characteristics of layered neutron stars with a
strange quark core on the form of EoS of superdense matter with first order
phase transition to strange quark state. Series of models of neutron stars with
strange quark cores are constructed, based on an extensive set of calculated re-
alistic equations of state. The parameters of some characteristic configurations
of the calculated series are also presented, and their thorough investigation is
carried out. For some models of EoS the possibility of a new additional range
of stability for neutron stars with strange quark cores is revealed.

2. Equations of state
In the present work we carry out a thorough study of layered configurations

with a density jump, containing strange quark core. By combination of the
three EoS of neutron matter with different variants of strange quark-electron
plasma calculated within the framework of MIT quark "bag" model [17], we
constructed an extensive set of realistic EoS with a quark phase transition. Ta-
ble 1 gives the variants of the EoS used for the quark component, as well as
the values of the energy per baryon H ¿ � q and the baryon density u ¿ � q at the
minimum point. If the energy per baryon H in strange quark phase has a pos-
itive minimum H ¿ � q , a thermodynamic equilibrium between the quark matter
and the baryon component may take place that is realized in neutron stars with
a quark core. At subnuclear and supranuclear densities, we used relativistic
EoS for neutron matter that were calculated and tabulated by Weber, Glen-
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Table 1. The variants of quark-electron plasma.

denning and Weigel [18], based on the " % Æ 	 " and " _ �Nu�u " meson-exchange
potentials [19–21], by taking into account two-particle correlations in the A / / -approximation [22, 23] ( � M 8 â / ´^Ê ¶¹¬ g/cm ¬ � � � á M Õ ´s/ ´^Ê ¶ » g/cm ¬ ). These
EoS and the corresponding EoS for nucleon component of layered neutron star
matter are labeled by " % Æ 	 " and " _ �Nu�u ". These are joined with the EoS of
neutron star matter for lower density ranges [24]. As an example of a more stiff
EoS (compared with the above mentioned % Æ 	 and _ �Nu�u EoS) the " _3É f ' "
EoS [25] was used in the same density range.

Note that the conditions for the phase transition to a quark phase and ther-
modynamic equilibrium with the nucleon component, as it is seen from our
analysis, are realized only for eleven EoS from the considered twenty four
ones. Furthermore, for all the three used models of neutron matter the equi-
librium and simultaneous coexistence with the quark EoS variants Z , Ê and Ë
having high values of H ¿ � q , is impossible.

3. Superdense configurations with a strange quark core.
Results and Discussion

The integral and structural parameters for models of calculated series of su-
perdense layered stellar configurations are presented in this section, and their
thorough investigation for some characteristic configurations is carried out.
Among the basic parameters are the calculated stellar radius ( , gravitational
mass Ì , rest mass Ì / , proper mass Ì í , the mass and radius of the strange
quark core Ì ª q Ï Ñ and ( ª q Ï Ñ , respectively, relativistic moment of inertia Í and
gravitational redshift on the surface of the star Î � . Also given here is the ac-
cumulated mass Ì 2 Ñ q and the radial coordinate ( 2 Ñ q , corresponding to the
threshold for evaporation of neutrons from nuclei (

� q w P á M � /½´^Ê ¶ ¶ g/cm ¬ ).
In models of EoS with A � � 6 l (in our work seven) a kink (fracture) on theÌ ` � ª © curve without a change of derivative sign appears at the beginning of
formation of quark-phase core at the center of the star (the transition to a quark
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phase does not cause instability). In the opposite case ( A � � 6 l ) at the thresh-
old of formation of quark-phase core a descending branch on the Ì ` � ª © curve
occurs; the configurations on this branch are unstable (the so-called instability
of configurations with small-mass cores); thus, the local toothlike maximum
(kink) arises on the Ì ` � ª © curve. Table 2 gives the basic integral parameters
for the four characteristic configurations 	 , _ ,

&
and Ç obtained using the

seven EoS with AË� � 6 l . It also gives the parameters of the first-order phase
transition – the values of transition pressure

� / and energy densities
� T

and�ÐÏ
at the transition point in the nucleon and quark phases, respectively. The

EoS with phase transition are labeled as follows: the numbers refer to the nu-
clear EoS with 1 corresponding to % Æ 	 , 2 – to _ �Nu�u , 3 – to _6É f ' ; the
letters refer to the corresponding quark model (see Table 1). The relativistic
parameter of density jump A P ��Ï 6 ` � T � � / 6 � 3 © is given as well; its value
determines the stability ranges of layered models on the curve of the depen-
dence of star mass Ì on the central pressure

� ª [26, 28]. The configuration 	
corresponds to a point of loss of stability in the low-mass range on the Ì ` � ª ©curve. These configurations have no quark core. The bulk of their mass is
concentrated in " 	 Z u " plasma (which consists of degenerated neutrons and
electrons, and neutron-rich atomic nuclei). The radius of this range is of the
order of ´^Ê f ´I´ km. However the whole radius of these configurations, which
varies from lSÊIÊ km to l 8 Ê km, is mainly determined by the so-called “Ae” -
matter (matter composed of atomic nuclei and electrons), and the packing fac-
tor � P ` Ì / f Ì © 6 Ì / is within the interval ` � ä â

© /*´^Ê [¬ , i.e. of the same
order of magnitude as for white dwarfs. Configurations _ label the models of
neutron stars with the central pressure corresponding to the threshold for for-
mation of a quark core. For these models the values of the packing factor � are
within `)´ M Õ ä ê M 8 © /ç´^Ê [ 3 , and the gravitational redshift from the star surface
varies in the interval ` � M � ä ´ � © /k´^Ê [ 3 . Configurations

&
represent the mod-

els of layered neutron stars with the observationally inferred mass ´ M áIá Ì {
[27]. Configurations Ç represent layered neutron stars with a maximal possi-
ble mass, i.e. the mass beyond which the stability loss occurs. The values of
the maximal mass Ì ¿ÒÑ ] are within `)´ M â R ä ´ M Õ � © Ì { . For all the four cal-
culated EoS with A � � 6 l whose critical configurations are given in the Table
3, the transition pressure is much less than in models considered above. The
toothlike kink characteristic for models with A � � 6 l on the Ì ` � ª © curve is
well seen for all these EoS, however it is located in the low-mass range for
models ´ � , l � and � 5 . Apart from this feature, we found that for the three
EoS ( ´ � , l � and � � ) a new additional local maximum is formed on the Ì ` � ª ©curve after the characteristic kink.

Such models were obtained and calculated for the first time in Refs. [?, ?].
The appearance of the second local maximum implies the existence of a new
family of stable equilibrium stellar configurations - the neutron stars with a
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Pc ρc10
−14 Rcore Mcore RAen mAen R M M0 I zs

MeV/fm3 g/cm3 km M� km M� km M� M� M�km2

EoS 1b P0 = 5.98MeV/fm3 , ρN = 3.49 · 10
14g/cm3, ρQ = 4.86 · 10

14g/cm3, λ = 1.35

A 0.74 2.05 0 0 11.35 0.076 245.01 0.0806 0.0811 9.439 4.9·10
−4

B 5.98 4.86 0 0 9.91 0.318 12.22 0.3184 0.3273 8.776 4.1·10
−2

F 77.53 9.07 9.751 1.209 11.34 1.441 11.73 1.4411 1.6245 74.628 2.5·10
−1

G 321.97 22.80 9.775 1.707 10.67 1.831 10.88 1.8315 2.1431 90.304 4.1·10
−1

EoS 2b P0 = 5.67MeV/fm3 , ρN = 3.52 · 10
14g/cm3, ρQ = 4.84 · 10

14g/cm3, λ = 1.34

A 0.74 2.01 0 0 11.26 0.075 259.07 0.0798 0.0803 10.351 4.5·10
−4

B 5.67 4.84 0 0 9.93 0.305 12.40 0.3048 0.3129 8.317 3.8·10
−2

F 77.53 9.07 9.786 1.219 11.34 1.440 11.73 1.4400 1.6230 74.466 2.5·10
−1

G 322.57 22.83 9.793 1.713 10.66 1.831 10.87 1.8311 2.1425 90.213 4.1·10
−1

EoS 2c P0 = 14.11MeV/fm3 , ρN = 4.13 · 10
14g/cm3, ρQ = 5.26 · 10

14g/cm3, λ = 1.20

A 0.74 2.01 0 0 11.26 0.075 259.07 0.0798 0.0803 10.351 4.5·10
−4

B 14.11 4.13 0 0 11.13 0.686 12.22 0.6864 0.7252 28.894 9.5·10
−2

F 67.28 8.31 8.723 0.879 11.84 1.440 12.27 1.4400 1.6119 79.270 2.4·10
−1

G 170.52 14.07 9.611 1.438 11.58 1.820 11.85 1.8200 2.1075 103.110 3.5·10
−1

EoS 3c P0 = 6.01MeV/fm3 , ρN = 4.08 · 10
14g/cm3, ρQ = 4.79 · 10

14g/cm3, λ = 1.14

A 0.49 1.50 0 0 12.87 0.088 197.84 0.0931 0.0934 9.379 6.9·10
−4

B 6.01 4.79 0 0 10.46 0.307 13.21 0.3072 0.3133 8.676 3.6·10
−2

F 73.09 8.63 9.818 1.200 11.54 1.442 11.94 1.4419 1.6106 76.082 2.5·10
−1

G 170.52 14.07 10.225 1.629 11.38 1.799 11.65 1.7989 2.0760 99.515 3.5·10
−1

EoS 2d P0 = 11.22MeV/fm3 , ρN = 3.97 · 10
14g/cm3, ρQ = 5.46 · 10

14g/cm3, λ = 1.31

A 0.74 2.01 0 0 11.26 0.080 257.43 0.0798 0.0803 10.211 4.6·10
−4

B 11.22 3.97 0 0 10.76 0.561 12.07 0.5612 0.5875 21.040 7.7·10
−2

F 82.86 9.57 9.004 1.044 11.39 1.440 11.78 1.4400 1.6181 73.480 2.5·10
−1

G 335.80 23.59 9.281 1.594 10.60 1.806 10.81 1.8059 2.1029 86.368 4.0·10
−1

EoS 3d P0 = 5.29MeV/fm3 , ρN = 3.87 · 10
14g/cm3, ρQ = 5.12 · 10

14g/cm3, λ = 1.29

A 0.49 1.50 0 0 12.87 0.088 197.84 0.0931 0.0934 9.379 6.9·10
−4

B 5.29 5.12 0 0 10.47 0.285 13.54 0.2852 0.2903 7.937 3.3·10
−2

F 87.70 9.84 9.667 1.254 11.14 1.440 11.51 1.4402 1.6158 71.301 2.6·10
−1

G 345.68 24.13 9.592 1.695 10.44 1.796 10.64 1.7960 2.0873 84.363 4.1·10
−1

EoS 2f P0 = 20.27MeV/fm3 , ρN = 4.48 · 10
14g/cm3, ρQ = 6.10 · 10

14g/cm3, λ = 1.26

A 0.74 2.01 0 0 11.26 0.075 259.07 0.0798 0.0803 10.351 4.5·10
−4

B 20.27 6.10 0 0 11.75 0.925 12.57 0.9256 0.9947 46.547 1.3·10
−2

F 76.89 9.41 7.854 0.737 11.76 1.440 12.18 1.4401 1.6101 77.138 2.4·10
−1

G 148.15 13.46 8.708 1.155 11.47 1.687 11.77 1.6871 1.9289 90.158 3.2·10
−1

Table 2: The basic integral and structural parameters of characteristic con-

figurations for equations of state with λ < 3/2.
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Pc ρc10
−14 Rcore Mcore RAen mAen R M M0 I Zs

MeV/fm3 g/cm3 km M� km M� km M� M� M�km2

EoS 1a P0 = 0.761MeV/fm3 , ρN = 2.08 · 1014g/cm3, ρQ = 4.47 · 1014g/cm3, λ = 2.13
A 0.741 2.060 0 0 11.35 0.076 248.33 0.0806 0.0811 9.70 4.8·10−4

B 0.761 4.467 0 0 11.29 0.077 197.21 0.0807 00812 6.25 6.0·10−4

C 1.086 4.487 1.355 0.002 11.25 0.073 515.51 0.0798 0.0803 58.50 2.3·10−4

D 1.195 4.493 1.562 0.004 11.17 0.072 702.63 0.0799 0.0804 145.04 1.7·10−4

E 1.975 4.539 2.582 0.016 10.02 0.070 131.06 0.0723 0.0727 2.37 8.1·10−4

F 74.469 8.719 10.494 1.408 11.41 1.439 11.05 1.4392 1.6359 74.79 2.6·10−1

G 296.296 21.054 10.332 1.845 10.85 1.863 10.65 1.8626 2.2039 95.49 4.2·10−1

EoS 2a P0 = 0.758MeV/fm3 , ρN = 2.03 · 1014g/cm3, ρQ = 4.47 · 1014g/cm3, λ = 2.19
A 0.741 2.014 0 0 11.26 0.075 259.07 0.0798 0.0803 10.35 4.5·10−4

B 0.758 4466 0 0 11.21 0.076 207.21 0.0799 0.0807 6.65 5.7·10−4

C 0.939 4.478 1.012 0.003 11.25 0.074 386.02 0.0795 0.0802 26.41 3.0·10−4

D 1.294 4.498 1.734 0.005 10.99 0.070 1304.5 0.0820 0.0827 1062.00 9.3·10−5

E 1.975 4.539 2.586 0.016 9.95 0.069 133.88 0.0717 0.0724 2.38 7.9·10−4

F 74.568 8.724 10.496 1.409 11.05 1.440 11.41 1.4400 1.6369 74.85 2.6·10−1

G 320.988 22.410 10.264 1.847 10.57 1.863 10.77 1.8635 2.2052 94.12 4.3·10−1

EoS 3a P0 = 0.199MeV/fm3 , ρN = 0.86 · 1014g/cm3, ρQ = 4.43 · 1014g/cm3, λ = 5.11
A 0.035 0.277 0 0 18.17 0.052 893.6 0.6101 0.6157 2.4·104 1.0·10−3

B 0.199 4.433 0 0 14.58 0.072 2214.6 0.6386 06444 2.4·104 4.3·10−4

C 0.395 4.445 1.07 0.001 14.90 0.066 1708.3 0.6360 0.6418 1.2·105 5.5·10−4

D 2.123 4.547 3.25 0.032 8.29 0.046 2696.5 0.8200 0.8277 6.3·104 4.5·10−4

E 2.395 4.563 3.46 0.039 7.75 0.051 361.7 0.0534 0.0535 9.20 2.2·10−4

F 74.568 8.724 10.57 1.431 10.93 1.439 11.29 1.4390 1.6356 74.71 2.7·10−1

G 316.049 22.139 10.32 1.900 10.53 1.863 10.72 1.863 2.2047 94.35 4.3·10−1

EoS 3b P0 = 0.796MeV/fm3 , ρN = 1.73 · 1014g/cm3, ρQ = 4.54 · 1014g/cm3, λ = 2.61
A 0.494 1.505 0 0 12.87 0.088 197.84 0.0931 0.0934 9.38 6.9·10−4

B 0.796 4.543 0 0 11.95 0.102 48.49 0.1042 0.1047 3.17 3.2·10−3

C 2.222 4.631 2.74 0.020 10.75 0.087 53.78 0.0885 0.0887 1.94 2.4·10−3

F 79.506 9.180 10.39 1.408 11.00 1.439 11.36 1.4393 1.6209 73.28 2.6·10−1

G 325.926 23.019 10.11 1.809 10.47 1.826 10.67 1.8262 2.1348 89.24 4.2·10−1

Table 3: The basic integral and structural parameters of characteristic con-

figurations for equations of state with λ > 3/2.
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Figure 1. Schematic arrangement of characteristic configurations; their parameters are tabu-
lated in Tables 2 and 3.

strange quark core, which may have interesting distinctive features. In particu-
lar, the configurations of this new additional stable branch have radii in excess
of a thousand kilometer. In Table 3 besides the four mentioned critical con-
figurations as above, for EoS ´ � , l � and � � the parameters of configurations�

,
h

and
Æ

describing this new local maximum, and for EoS � 5 – configura-
tion

�
describing the minimum after the kink attributable to the formation of

quark phase, are given. The branch 	 _ represents stable neutron stars without
a quark core, and

� h
– stable configurations having small quark core. While

in the case of EoS ´ � and l � the toothlike kink and the new local maximum
are located in the low-mass range ( Ì v Ê M Ê Õ Ì {

), for the model � � both
the branch 	 _ and the following additional stable branch

� h
move to the

mass range of v Ê M â Ì { . As it is seen from Fig. l � , in the density range� M 8 /k´^Ê ¶¹¬ g/cm ¬0Ó � ª Ó Õ M â /k´^Ê ¶¹¬ g/cm ¬ the derivative º Ì 6 º � ª is positive
and corresponds to the stable white dwarfs of medium masses with a small
central region (core), composed of neutron-rich atomic nuclei and degener-
ated neutrons and electrons. The critical (limiting) configuration of this stable
branch (before the transition to the quark phase) has the following parameters:Ì ¿ÒÑ ] P Ê M â � Õ Ì { , ( ¿ÔÑ ] Pìlk´ R 8 km, the packing factor � P R /t´^Ê [¬ ,Ì 2 Ñ q PãÊ M Ê êSl Ì { , ( 2 Ñ q P ´0á M â km.

In the case of EoS � � , unlike the other EoS with A.� � 6 l , the values ofÌ 2 Ñ q 6 Ì and ( 2 Ñ q 6 ( for configuration _ are equal to 0.11 and
â M â /k´^Ê [¬ ,

respectively, i.e. these models are mainly composed of usual white dwarf mat-
ter. On the both branches 	 _ and

� h
the packing factor � has the values

typical for massive white dwarfs. While for EoS ´ � Ì Ó �ÕÌ×Ö , in the case of
EoS l � and � � the opposite is true, ÌØÖi�ÕÌ Ó . This fact makes it possible for
the stars described by the latter two EoS a transition from configuration _ to
more dense configurations through two restructurings when there is an accre-
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tion of matter on the star: first to a configuration of the branch
� h

, and then –
to the main ascending branch of stable neutron stars with a strange quark core.
As a result, there will be two successive energy releases [?, ?].

Figure 2. The dependences of gravitational mass ¦ on central pressure Ù µ for the sets of
EoS with variants Ú�ÛÝÜ ( ¾ ), ²ÝÞ ¸1¸ (

Á
) and ²àßsá º ( Ã ). Solid lines correspond to the models

of neutron stars without a quark core (the variant of nucleon component is indicated). On an
enlarged scale the phase transition area is shown for EoS ¢ ¾ .

Figure 3. Mass ¦ versus radius ¬ . On an enlarged scale the new additional local mass
maximum is shown for neutron stars with a strange quark core. In the upper left corner of Fig.
3b, the phase transition area is shown for the whole set of EoS.
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Figure 4. The dependences of the radius ¬ on central pressure Ù µ (the EoS are denoted as in
Fig.2,3).

The dependences of the gravitational mass Ì on the central pressure
� ª ,

the mass Ì on the radius ( , and the radius ( on the central pressure
� ª for

the sets of EoS with nucleon variants % Æ 	 (
�
), _ �Nu�u ( 5 ) and _3É f ' ( � ) are

presented in Figs. 2, 3, and 4, respectively.

4. Summary
First-order phase transition from a nucleonic matter to the strange quark

state with a transition parameter A�� � 6 l that occurs in superdense nuclear
matter generally gives rise to a toothlike kink on the stable branch of the de-
pendence of stellar mass on central pressure. Based on the extensive set of
calculated realistic equations of state of superdense matter, we revealed a new
stable branch of superdense configurations. The new branch emerges for some
of our models with the transition parameter A � � 6 l and a small quark core
( Ì ª q Ï Ñ Ú Ê M ÊIÊSá ä Ê M Ê � Ì { ) on the Ì ` � ª © curve, with Ì ¿ÒÑ ] Ú Ê M Ê Õ Ì { andÌ ¿ÒÑ ] Ú Ê M Õ l Ì { for different equations of state. Stable equilibrium layered
neutron stars, located in these additional ranges of stability, are characterized
also by unusually large values of the stellar radius (from ( Ú ´ � ÊIÊ km toÚ l¼êNÊIÊ km in different models). It should be noted that for such equations of
state (if Ì×Ö��âÌ Ó ), accretion onto a neutron star will lead to two successive
jumplike transitions to a quark-core neutron star; as a result, there will be two
successive energy releases.
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