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• GW170817 provided valuable constraints on the equations of state of binary neutron star mergers.

• Binary neutron stars, natural laboratories of extreme temperature and density, may lead to the estimation of 

some exotic matter like deconfined quark matter in their cores.
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The proper volume: 

Energy per particle and pressure  

Neutron star matter equation of state

VLOCV method
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The number density of the system: 

We consider neutron matter as an infinite system of strongly interacting A neutrons 

with finite size.

Energy per nucleon which is 

calculated by LOCV model



The cluster expansion of the energy functional up to the two-body 

term:

a trial many-body wave function: 

uncorrelated ground state wave function of A-independent  nucleons  



Ϝ Jastrow form of A-body correlation operator:  



S Symmetrizing operator

LOCV approach
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two-body energy:

Two-body correlation operator 

AV18two-body potential:
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LOCV approach
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I. E. Lagaris and V. R. Pandharipande, Nucl. Phys. 

A359, 349 (1981).

Three nucleon interaction

part of TNI contribution

Three nucleon repulsive part 

of TNI contribution
∝

Three nucleon attractive 

part of TNI contribution

TNI parameters are adjusted to give the correct 

saturation properties of  SNM.

Three Nucleon Interaction (TNI)
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The functional minimization of the two-body

cluster energy with respect to the variations in

the correlation functions but subject to the

normalization constraint,
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• It is worth mentioning that the radius of neutrons may be variable inside  

the compressed nuclear medium.

• One of the simplest models that can be applied to have such an assumption 

is Bag model. 
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Bag model for nucleon properties 

The pressure inside the bag: 

K. Johnson, Acta Phys. Pol. B 6, 865 (1975).

In this model, nucleons have the spherical volume of Ω𝑁 as the systems with internal 

components of three quarks in the lowest state, which have the energy as,
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Bag model for nucleon properties 

The density dependent radius of the nucleon:

Mass in nuclear medium: 

( ) NM m 

J. Rożynek, J. Phys. G 42, 045109 (2015).

( ) NM m 
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Bag model for nucleon properties 

0 0.4r fm

3

Radius remains constant for

densities of (0.1 0.25) .fm
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Equation of state  

The maximum mass of 
neutron stars:

Z.A. Aghbolaghi and M. Bigdeli, Eur. Phys. J. Plus 134, 430 (2019).

M. Bigdeli and S. Elyasi, Eur. Phys. J. A 51, 38 (2015).



Constant speed of sound equation of sate (CSS):

Seidov condition:

Hybrid equation of state with first-order phase 

transition

1QMc 

M. G. Alford, G. F. Burgio, S. Han, G. Taranto, and D.Zappala, Phys. Rev. D 92, 083002 (2015).

Z. F. Seidov, Sov. Astron. 15, 347 (1971). 12

For large discontinuity in energy density at the

transition, the star undergoes instability when central

pressure equals transition pressure. This will happen

whenever the value of Δε is equal or greater than the so

called Seidov limit:



Twin stars, consisting of neutron stars with similar masses but different 

sizes, originate from the EoS with a strong first-order phase transition.

Categories of twin stars

TOV equations:
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J.-E. Christian, A. Zacchi, and J. Schaffner-Bielich,Eur. 

Phys. J. A 54,28 (2018).



Categories of twin stars
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Mass-Radius relation: VLOCV (AV𝟏𝟖)
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The desirable EoS models fulfilling 

all these limits are the ones with 

having330 100 /transp MeV fm 
3300 /MeV fm 
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0.04 0.17
0.04 0.152.01 / 2.16TOVM M 
  

0.15
1.6 0.0410.68MR km



1.4 13.6MR km



Mass-Radius relation: LOCV (AV𝟏𝟖 + 𝑻𝑵𝑰)

16



Transition density, Central density and maximum 

mass of twin star branch
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A combined analysis of GW170817 and 

GW190425 results in a range of densities 

of the neutron star core in between: 

30.48 0.96 fm

B.P. Abbott et al., Astrophys. J. Lett. 892, L3 (2020).

The compact star central values for our 

models are compatible with this information.
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Tidal deformability considering first-order 

phase transition: VLOCV (𝑨𝑽𝟏𝟖)
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Chirp mass:

B.P. Abbott et al., Phys. Rev. X 9, 011001 (2019).

B.P. Abbott et al., Astrophys. J. Lett. 892, L3 (2020).
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: (83 138)

60 300 /trans

with

p and MeV fm

 

  

The combined dimensionless tidal 

deformability with the chirp mass 

of 1.44 𝑀⊙ related to the 

GW190425: 

Our result:

600 



Tidal deformability considering first-order phase transition: 

VLOCV (𝑨𝑽𝟏𝟖) and LOCV (AV𝟏𝟖 + 𝑻𝑵𝑰)
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Conclusion

1. Depending on the parameter values, transition pressure ≈ 30–100 MeV/𝑓𝑚3, and 

the energy density discontinuity Δε ≲ 300 MeV/𝑓𝑚3, both CIII and CIV of the 

VLOCV model can satisfy all the observational constraints, however, CIV has more 

limitations.

2. For both models, VLOCV (AV18) and LOCV (AV18+TNI), the merger of neutron

stars (NN) is possible in the light of the GW170817 event, while neither of the other

two combinations (HN and HH) is allowed for the LOCV (AV18+TNI) model

considering the Bauswein constraint in the mass-radius diagrams.

3. The HN and HH combinations of the VLOCV EoS with low values of 𝑃𝑡𝑟𝑎𝑛𝑠
(having Δε ≳ 300 MeV/𝑓𝑚3) for both categories of III and IV are also ruled out by

this constraint.

4. In the case of the LOCV (AV18+TNI) approach, neither CIII nor CIV can meet all 

the mentioned limits.
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