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N E U T RO N  S TA R : P RO P E RT I E S

Theorized by Baade and Zwicky in 1934

Discovered around 30 years later as Pulsars in 1967 (Hewish and Bell)

Properties of NS

Mass            0.7 - 2.4 solar mass

Radius          10 – 15 km

Period           ms – sec

Density at core     1014 – 1015 gm/cc

Magnetic field      1015 G (max at surface)



N E U T RO N  S TA R : T H E O RY

TOV Equation



N E U T RO N  S TA R : E O S

Current Knowledge

Two extremes

We are confident about the matter properties at the two 
extremes

Low density: Chiral effective field theory 

High density: perturbative QCD

A Kurkela, Quark Confinement Conf, Stavanger



N E U T RO N  S TA R : E O S

Agnostic EOS

Bounds: Low density              CMF model         

High density              pQCD

In between randomizing speed of sound as a function of 

chemical potential (0-1) 

Piecewise linear extrapolation to generate continuous curve

Annala et al., PRX 12, 011058, 2022



N E U T RO N  S TA R : M - R

Given an EOS (relationship between
thermodynamic variables)
 
                    
                 Unique Mass-Radius curve

Different curve for different EoS

What is the actual EoS?
The form of matter at the core of NS?

Test the theory of high-density matter with NS 
observation Huanchen Hu et al, MNRAS 497, 3118 (2020)



1 S T- O R D E R  P T
1st-order PT

Another Possibility: 1st-order PT

A finite density discontinuity, Pressure is continuous

In mass radius diagram, a new branch emerges

Before PT

After PT

The transition density sampled randomly starting

from twice the nuclear density 

The density discontinuity is also sampled 

randomly



N E U T RO N  S TA R : T W I N S



N E U T RO N  S TA R : T W I N S

The speciality about twins

In some cases, the second branch can be unstable 
for some radius and then again becomes stable

Mass of the star of stable and unstable branch same, 
but different Radius

Twins

Same mass              Different Radius

Can be of various types



N E U T RO N  S TA R : T W I N S

Twin Categories

Category I:      M > 

Category II:                   M <

Category III:               < M <

Category IV: M < 



N E U T RO N  S TA R :  T W I N S

Twin Categories

Category I:      M > 

Category II:                    M <

Category III:               < M <

Category IV: M < 



F I LT E R I N G  T W I N S
Universal relations

I – Love – Q (dimensionless)

I: Moment of Inertia

Love: Love Number

Q: Quadrupole moment

Deviates from UR when quark-core 
appears

Far away               respects the UR



F I LT E R I N G  T W I N S
Universal relations

For normal 1st-order PT, deviation depends on density 
discontinuity

But not much on the point of PT



F I LT E R I N G  T W I N S
Universal relations

UR for Twin EOS

Fractional percentage error

Category I and shows most deviation for 
massive stars

Category II shows most deviation for intermediate 
stars

Category III and IV shows most deviation for low 
mass stars



F I LT E R I N G  T W I N S
Universal relations

Maximum deviation with PPT

Category III & IV max deviation
Least category I
Breaking of UR depends on PPT

Maximum deviation with discontinuity

No such dependence



BINARIES



N E U T RO N  S TA R : B I N A R I E S

Gravitational Wave

GW170817
GW GW

NS + NS                    HMNS                       BH 

NASA/Dana Berry, Sky Works Digital

Abbott et al., PRL119, 161101 (2017)



N S  B I N A R I E S

Detection of the inspiral part, before the merger

Not only GW but also sGRB and Electromagnetic Signal
Multi-messenger signal

Post-merger signal not detected, expected to have more rich
physics

Sarin & Lansky, PRL 125, 242001 (2020)

Takami et al., PRL 113, 091104 (2014)



N S : N U M E R I C A L  R E L AT I V I T Y

Einstein Equation and Numerical relativity

Numerical Relativity: 3+1 Formalism

Foliate 4-d space-time             3-d spacelike hypersurface



N S : N U M E R I C A L  R E L AT I V I T Y

Einstein Equation and Numerical relativity

Evolution Equation

Spatial metric

Extrinsic curvature

GRHD Equations   



N E U T RO N  S TA R : B I N A R I E S

Binary Merger



T W I N  B I N A R I E S



T W I N  B I N A R I E S



T W I N  B I N A R I E S



T W I N  B I N A R I E S
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E N I G M A  O F  N E U T RO N  S TA R S

High Mass + Small Radius               Dense matter at core

Probe for High density matter

Phase transition in NSs

NS                  QS/HS

However, there is still no conclusion 

Dexheimer et al., Universe, 2019



N S : N U M E R I C A L  R E L AT I V I T Y
Einstein Equation and Numerical relativity

Extrinsic Curvature

Constraints Equations

Hamiltonian                                           Momentum

Source Term


