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Existence of ultra-high densities at the core makes neutron stars superb astrophysical 

laboratories for a wide range of physical studies [1-3].  Recent observations [4, 5] on massive 

neutron stars powerfully influence the high-density equation of state because of the existence of 

the neutron star maximum mass. Depending on the model, the energy density of quark matter 

can be lower than that of the nucleonic EoS at higher densities, implying the possibility of 

transition to quark matter inside the core. In comparison with recent observations [4,5]  i.e. 

1.93M⊙ ≤ M ≤ 2.05M⊙, a pure nucleonic EoS without quarks and the EoS including quarks 

determine that the maximum masses of NS rotating with frequency ν~ 667 Hz below r-mode 

instability are ∼ 1.95 M⊙ and ∼ 1.72 M⊙ respectively. This work suggests that EoS must stiffen 

at densities exceeding 2 - 3ρ0 (ρ0~saturation density) to allow the existence of neutron stars 

having twice solar mass. The existence of deconfined quarks in neutron star interiors is not 

confirmed with present work. We need to shed more light on the possible existence of exotic 

matter [6, 7] such as deconfined quarks, kaon condensates, and hyperons inside the core of 

neutron star. 
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Introduction 

Various states of matter have been suggested to exist in the ultra-dense centers of neutron 

stars [1-3]. Some calculations emphasize on the role of quark deconfinement in neutron stars 

and predict the possible existence of compact stars made of absolutely stable strange quark 

matter. The question of whether or not quark deconfinement may occur in neutron stars is a 

topic of interest for construction of equation of state (EoS). In this context, the mass-radius (M-

R) relationship of neutron stars is of prime importance to understand the high-density low-

temperature regime of the hadronic equation of state (EoS) including or excluding quarks at the 

stellar core. Depending on this relationship, certain models for the hadronic EoS can either be 

confirmed or ruled out. Several attempts have been made on measuring the radii and masses [4, 

5] of NSs to constrain the uncertainties in the high density behavior of the EoS.  

       

       We present a systematic study of the properties of pure hadronic and hybrid compact stars. 

The nuclear EoS for β-equilibrated neutron star (NS) matter obtained using a density-dependent 

effective nucleon-nucleon DDM3Y interaction satisfies the constraints from the observed flow 

data from heavy-ion collisions. The incompressibility K for the symmetric nuclear matter 

(SNM), nuclear symmetry energy Esym(ρ0) at saturation density ρ0, the isospin dependent part Kτ 

of the isobaric incompressibility and the slope L are all in excellent agreement with the 

experimental and observational data.  

         

       Depending on the model, the energy density of quark matter can be lower than that of this 

nuclear EoS at higher densities, implying the possibility of transition to quark matter inside the 

core and the transition density depends on the particular quark matter model used. We solve the 

Einstein field equations for rotating stars using pure nuclear matter and quark core. The β-

equilibrated neutron star matter, along with different EoS‟s for crust, can support largest mass 

measurements. 

 

 

Compact Stars with and without Quark 

       If rapidly rotating compact stars were nonaxisymmetric, they would emit gravitational 

waves in a very short time scale and settle down to axisymmetric configurations. Therefore, we 

need to solve for rotating and axisymmetric configurations in the framework of general 

relativity. Treating the matter as a perfect fluid the energy-momentum tensor T
μν

 is given by 

 

T
μν

 = (ε + P) u
μ
u

ν
 − g

μν
 P                    (1) 

 

where ε, P, u
μ
 and g

μν
 are the energy density, pressure, four velocity and the metric tensor, 

respectively. To study the rotating stars the following metric is used  

 

ds
2
 = −e

(γ+ρ) 
dt

2
 + e

2α  
(dr

2
 + r

2
dθ

2
) + e

(γ−ρ)  
r

2
 sin

2
θ (dφ − ωdt)

2
            (2) 
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where the gravitational potentials γ, ρ, α and ω are functions of polar coordinates r and θ only. 

The Einstein‟s field equations for the three potentials γ, ρ and α have been solved using the 

Green‟s-function technique and the fourth potential ω has been determined from other 

potentials. All the physical quantities may then be determined from these potentials. Obviously, 

at the zero frequency limit corresponding to the static solutions of the Einstein‟s field equations 

for spheres of fluid, the present formalism yields the results for the solution of the Tolman-

Oppenheimer-Volkoff (TOV) equation. We use the „rns‟ code [8] for calculating the compact 

star properties which requires EoS in the form of energy density versus pressure (ε vs. P) along 

with corresponding enthalpy and baryon number density and since we are using various EoS for 

different regions, these are smoothly joined. 

 

       The nuclear matter EoS is calculated [9] using the isoscalar and the isovector components 

of M3Y interaction along with density dependence. The density dependence of the effective 

interaction, DDM3Y, is completely determined from nuclear matter calculations. The 

equilibrium density of the nuclear matter is determined by minimizing the energy per nucleon (є 

=E/A). In a Fermi gas model of interacting neutrons and protons, the є for isospin asymmetric 

nuclear matter is the sum of the kinetic part and nuclear potential part calculated using the 

volume integral of the isoscalar and isovector components of M3Y interaction. The details of 

the present methodology may be obtained in Ref. [9]. 

 

        We numerically determine the EoS for the -equilibrated charge neutral neutron star matter 

in which the -equilibrated proton fraction is determined from the knowledge of the symmetry 

energy. Then this nucleonic EoS with thin crust is used to solve the Einstein's field equations by 

Green's function technique to determine the mass-radius relationship of neutron stars with and 

without quark cores. The calculations for rotating and static compact stars without quark core 

are performed using the crustal EoS for thin crust upto number density of ρ ~ 0.05 fm
−3

 or, 

density ξ ≈ 7.7x10
13

 g/cm
3
 =0.31ξ0 (nuclear saturation density ξ0=2.5x10

14
 g/cm

3
) and -

equilibrated NS matter for stellar core up to ρ ≈ 1.4 fm
-3

 or equivalently up to ξ ≈ 3.5x10
15

 

g/cm
3 
=14ξ0. 

 

 The energy density of the quark matter [10] is lower than that of the present EoS for the 

-equilibrated charge neutral NS matter at densities higher than 0.405 fm
−3

 for bag constant B
1/4

 

= 110MeV [11] implying the possible existence of quark core. So we employ the crust EoS up 

to ρ ≈ 0.05 fm
-3

, the nucleonic EoS up to ρ ≈ 0.4 fm
-3

 or ξ ≈ 7x10
14

 g/cm
3
 =2.8ξ0 and finally 

quark EoS [10] up to  ρ ≈ 1.37 fm
-3

 or ξ ≈ 3x10
15

 g/cm
3
= 12 ξ0 for the calculations of masses 

and radii for rotating and static neutron star with both nucleons and quark matter inside. The 

pressures of the present EoS for the -equilibrated charge neutral NS matter and the quark 

matter EoS for bag constant B
1/4

  = 110MeV are shown in fig.1 as functions of energy densities.  
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Fig.1 Pressure versus energy density (P vs. ε) plots of β-equilibrated charge neutral neutron 

star matter and quark matter. 

 

 
The results of the calculations for stars with pure nucleonic core [12] without quark and hybrid 

stars with mixture of quark and nucleons in the stellar core are shown by four M-R curves 

denoted by „PRC‟ in fig.2. Employing the EoSs described in different theoretical approaches 

[13, 14], various M-R curves are also shown in fig.2 for comparison. The EoSs by theoretical 

models e.g. AP1, AP4, SQM1, SQM2, PAL1, PAL6, PS, SLY4, ENG, GM3, GS2, MPA1, 

PCL2, WFF3 listed in fig2. obtained from Ref. [13, 14] are primarily nonrelativistic potential 

models, relativistic field theoretical models and relativistic Dirac-Brueckner-Hartree-Fock 

models. Since the nature of strong interactions in dense matter is not precisely known yet, the 

composition of a NS predicted by different theoretical approaches is different. Therefore none 

of the models is accurate in all aspects. It is clear from fig.2 that NSs with pure nuclear matter 

inside, the maximum mass for the static case (i.e. time period T~0 ms) is 1.92M⊙ with radius ∼ 

9.7km and for the star rotating with maximum frequency ν~ 667 Hz (i.e. time period T~1.5 ms) 

limited by the r-mode instability, the maximum mass turns out to be 1.95M⊙ with radius about 

9.9 kilometers. However, the maximum masses for hybrid neutron star with quark core are 

significantly reduced for both static and rotating stars.  The maximum mass of static hybrid star 

is only 1.68M⊙ with radius about 10.4 km. The maximum mass is increased to 1.72M⊙ with 

radius about 10.7 km for the hybrid star rotating with time period T~1.5 ms. 
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FIG.2 Present calculations for Mass-Radius relationship with and without presence of quark 

matter inside the core. for static (T=0 ms) neutron stars are shown by two curves ‘PRC’  and 

calculations for rotating neutron stars (T=1.5 ms) with and without quark are shown  by 

another two curves ‘PRC’.  M-R relationship predicted by many other models are also shown. 

             

 

It is obvious  that the presence of quarks as constituents of stellar core significantly affects the 

mass-radius relationship for massive stars with smaller radii. The stars with relatively lower 

masses and higher radii are almost unaffected by its constituents. On the contrary, the effect of 
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rotation becomes more prominent in lower mass region of the curves presenting the mass-radius 

relationship for the neutron stars with and without quark.      

 

Summary 

 
     The recent observations of the binary millisecond pulsar J1614-2230 by P.B. Demorest et al. 

[4] and PSR J0348+0432 by J. Antoniadis et al. [5] suggest that the masses lie within 1.97 ± 

0.04 M⊙ and 2.01 ± 0.04 M⊙, respectively, where M⊙ is the solar mass. In conformity with 

recent observations, a pure nucleonic EoS determines that the maximum mass of NS rotating 

with frequency ν~ 667 Hz below r-mode instability is ~ 1.95 M⊙ with radius ~ 10 km. 

However, the maximum mass of NS with quark cores rotating with the maximum frequency 

limited by the r-mode instability i.e. ν~ 667 Hz, reduces to ~ 1.72 M⊙ only. Although the 

present models do not support the massive compact star, the existence of deconfined quarks 

inside stellar core can not be ruled out. The issue of quark matter in NS is not fully resolved 

yet and needs to be reconsidered with improved models for the high-density equation of 

state.      
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