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Credit: NASA and the Night Sky Network.

Life Cycle of Stars



Schwarzschild radius



● Why NSs are so interesting 
in the universe?

● What possible structure, 
composition and dynamics 
could be of these  stars?

Credit-Larry McLerran, Warsaw University of Technology

Phase Diagram of Dense Matter



Credit-Burgio et al. 2020,Universe (119)

Structure and Composition of Neutron Stars



Equation of State of Dense Matter 

❖ Microscopic Models:  (upto 2.8×10¹⁴ g.cm⁻³ density)
➢ Brueckner-Hartree-Fock (BHF) and Dirac-BHF theories (R.Brockmann et al.(PRC 

42,(1990))).
➢ Chiral perturbation theory (K. Hebeler, PRL 105 (2010))

❖ Phenomenological Models:
➢ Non-Relativistic mean field (Skyrme interactions) (Miller et al., PRC (2003))
➢ Relativistic mean field (RMF) models (J. D. Walecka, Adv. Nucl. Phys. 16,(1986))

❖ Meta Models:
➢ Taylor expansion
➢ n/3  expansion
➢ polytropic expansion
➢ Speed of Sound Model



EOS from Phenomenological Models 

                       Non-Relativistic Skyrme Model

❏  It is constructed for finite nuclei and nuclear matter at saturation density. 
❏ The Hamiltonian density can be written as 



Non-Relativistic Skyrme Model



Relativistic Mean Field(RMF)(σω⍴) Model

❏ The interaction between nucleon happen through the exchange of mesons.

❏ Isoscalar meson: σ (long range attractive), mσ=550MeV
❏ Isovector meson: ω (short range repulsive), mω=783MeV
❏ Isovector meson: ⍴ (strong repulsive), m⍴=769 MeV

❏ The effective lagrangian density is,



Relativistic Mean Field 

❏ The all terms are as,



EOS from Meta Models 

Taylor expansion:-
❏ The total energy density per nucleon is expressed as,

❏ The coefficients are expressed in terms nuclear matter parameters.
n/3 expansion:-

❏ The coefficients are expressed in the linear combinations of nuclear matter parameters.
                                                                                                            Ref. Patra et. al. PRD (2022)

Polytropic expansion:-

❏ Depending upon the different segments, one can calculate the EOS. 

Ref. Huth et al. Nature (2022)



Validation of Equation of State 

Ref. Altiparmak et. al. APJ (2022)



Relation of NMPs with Equation of State  



Nuclear Theory & Experiments Constraints

➢ e0 = -16.0 ± 0.3 MeV and 𝛒0=0.16± 0.005 (few percentage uncertainties)
➢ J0 = 32.5 ± 2.5MeV & K0 = 240 ± 20 MeV (about 10% uncertainties)
➢ L0 = 20-130 MeV (more than 20% uncertainties)
➢ Ksym0,Q0, Z0, Qsym0 and Zsym0 are not well known. 

Ref: Tsang et al.Nature Astron. 8 (2024) 



Tolman–Oppenheimer–Volkoff Equations



Multimessenger Observables



Astrophysical Constraints



Motivation



Methodology

-Non-Linear RMF (NL)                                       Malik et. al (2023)

-Density Dependent RMF (DDB)                       Malik et. al (2022) 
-NL RMF including Hyperon (NL-Hyp)              Providencia et. al (2022)

-ComPOSE (ComP)                                          Compose.obspm.fr

-Speed of Sound Extraction (CSE)                   Huth et. al (2022)

-Piecewise Polytrope (PWP)                             Huth et. al (2022)

-Spectral Representation (SR)                          Lindblom et. al (2022)

Collection of EOSs



This method requires basically three things such as,
● Data
● A generative model
● Priors

What is the Generative model?

Ref.- A. Gelman et al. (CRC Press)

What is Bayesian Analysis?



Bayesian Analysis



Likelihoods 

For GW:- For NICER:-

Gaussian Likelihood:-



Aim

1. Find Mmax in terms of  EOS parameters
2. Find EOS parameters in terms of M-R & M-𝞚 



EOS and Mass-Radius-Tidal deformability Curves 



Sampling for Symbol Regression 

-Keep Features Vectors (X(i))
-Corresponding Target Vectors (Y(j))
-Choosing One Target (Y(1))
-Python Symbolic Regression (PySR)
-Finding Equation whose relative error 
(RE) has Minimum
-Final Output expression

Steps for SR



Find Mmax in terms of  EOS parameters

Note: All , We have 700 EOSs, obtained randomly selecting 
100 EOSs from each sets. 

❏ Inputs/Features ： Density, Energy density & Pressure

❏ Outputs/Target : Maximum mass of NSs



Relation of Maximum Mass of NS with EOS

Note: All (700 EOSs = 100 EOSs from each set)



Relation of Maximum Mass of NS with EOS

Note: All (700 EOSs = 100 EOSs from each set)



Application of Mmax relation

-In Bayesian analysis, EOSs are filtered with Mmax > 2 Solar mass. 



Application of Mmax relation



Find EOS parameters in terms of M-R & M-𝞚 

❏ Inputs/Features ： Mass, Radius and Tidal deformability 
as a mass range of 1 to 2 solar mass

❏ Outputs/Target : Energy density & Pressure 



Direct link between M-R with EOS



Direct link between M-𝞚 with EOS



Application of Our relations



Individual Relative Error (RE) 



Summary

➢ We found the maximum mass of NS constraints which helps to reduce the 
computational time during Bayesian Analysis.

➢ We successfully reconstructed the EOS from radius and tidal deformability of NS 
within a mass range 1-2 solar masses. 
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n/3 expansion



Speed of Sound EOS

Ref. Tews et al. APJ. 149 (2018)


