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Introduction 

“Neutron stars play a unique role in physics and astrophysics. On the one 
hand, they contain matter under extreme physical conditions, and their 
theories are based on risky and far extrapolations of what we consider 
reliable physical theories of the structure of matter tested in laboratory. On 
the other hand, their observations offer the unique opportunity to test 
these theories.” – P. Hensel 

 NSs are massive and compact astrophysical object. 
 The coalescence of binary NS systems is one of the most promising sources of 

gravitational waves (GWs) observable by ground-based detectors. 
 The GW signals emitted during a NS merger depends on the behavior of 

neutron star matter at high densities. Therefore, its detection opens the 
possibility of constraining the nuclear matter parameters characterizing the 
EoS. 



History of Neutron star’s  Discovery 

 In 1932, Sir James Chadwick discovered the neutron as an 
elementary particle, for which he was awarded the Nobel Prize in 
Physics in 1935. 

 In 1933, Walter Baade and Fritz Zwicky proposed the existence of 
the neutron star, only a year after Chadwick's discovery of the 
neutron. In seeking an explanation for the origin of a supernova, 
they proposed that the neutron star is formed in a supernova.  

 In 1967, Jocelyn Bell and Antony 
Hewish discovered radio pulses 
from a pulsar, later interpreted as 
originating from an isolated, 
rotating neutron star. The energy 
source is rotational energy of the 
neutron star. The largest number 
of known neutron stars are of this 
type. 



Neutron star’s  properties in brief 

 Central no. density  4 – 8 ρ0
  

 

 Central mass density  ~ 1015 g cm-3 

 
 Radius ~ 10 -14 km 

 
Mass  ~ 1030 kg 

 
 Asymmetry  
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Structure equations (Spherical case) 

G  : gravitational constant 
C  : speed of light  
P  : pressure 
M   : mass of the star 
    : energy density 
r  : radial coordinate  

  00M

 fP 

Physics input : Equation of State (EOS)  

Boundary conditions 



𝑃𝑅 → 0 



The equation of state (EoS) 

The energy per particle at a given density ρ and asymmetry δ can be decomposed, to a good 
approximation 
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Tidal deformation 

• Strong gravity of each of them induced a tidal 
deformation on each of them. 

• This deformation is a decreasing function of NS 
mass.  

• Correlates strongly with stiffness of  equation of 
state.  

Binary NS system: 



“Soft” EoS “Stiff” EoS 

David Radice - Homepage  
(https://www.astro.princeton.edu/~dradice/research.html) 

Numerical Relativity Simulation (credit: David Radice) 
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Tidal deformability parameter 

Black Hole 

NS 

𝜖𝑖𝑗 
𝑄𝑖𝑗,M 

𝑄𝑖𝑗 = 𝜆 𝜖𝑖𝑗  

𝜆 =∧ 𝑀5 

Quadrupole 
Moment Tidal field 
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2

3
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Second Love  
number 

𝒌𝟐 depends on compactness of 
the NS 



GW170817 

@ PRL 119, 161101(2017) 



Properties of the Binary Neutron Star Merger GW170817 

Chirp Mass  ℳ =
(𝒎𝟏 𝒎𝟐 )

𝟑/𝟓

(𝒎𝟏 + 𝒎𝟐)
𝟏/𝟓 𝟏. 𝟏𝟖𝟔−𝟎.𝟎𝟎𝟏

+𝟎.𝟎𝟎𝟏 𝑴⨀ 

Mass Ratio 𝒒 = 𝒎𝟏/𝒎𝟐  0.73 – 1.00 

𝒎𝟏 (1.16  to 1.36) 𝑴⨀ 

𝒎𝟐 (1.36  to 1.60) 𝑴⨀ 

Combined deformability  ⋀  𝟑𝟎𝟎−𝟐𝟑𝟎
+𝟒𝟐𝟎 

B. P. Abbott et al: PRX 9, 011001 (2019) 

Low-spin prior 



Correlation  





The equation of state 

 A set of eighteen relativistic and 
twenty-four nonrelativistic 
nuclear models.  

 The RMF models employed are 
BSR2, BSR3, BSR6 , FSU2, GM1, 
NL3, NL3σρ4, NL3σρ6, NL3ωρ02, 
NL3ωρ03, TM1, TM1-2, DD2 , 
DDHδ, DDHδMod , DDME1, 
DDME2, and TW.  

 The SHF models considered are 
the SKa, SKb, SkI2, SkI3, SkI4, 
SkI5, SkI6, Sly2, Sly9, Sly230a, 
Sly4, SkMP, SKOp, KDE0V1, 
SK255, SK272, Rs, BSk20, BSk21, 
BSk22, BSk23, BSk24, BSk25, and 
BSk26 .  The BSk20 and BSk26 EoSs are marginally 

acausal at the NS maximum masses ≈2.2 
Msolar 



@ PRC 94, 052801 (R) 2016 

 The values of the nuclear matter properties, such as K0, 
Q0, M0, J0, L0, and Ksym,0 vary over a wide range for our 
representative set of EoSs. 

 Can be seen from the supplementary material of  



The tidal deformability 



Correlation coefficients 

 Strong correlation with specific linear combinations of the isoscalar and 
isovector nuclear matter parameters. 



@ PRC 94, 052801 (R) 2016 

The neutron star radius  





@ PRC 98, 035804 (2018) 

PRL  121, 091102 (2018) 

Λ1.4 = 0.856 Λ  





Constraining  neutron star radius  

@ PRC 98, 035804 (2018) 

Λ1.4 = 9.11 × 10−5(
𝑅1.4
𝑘𝑚

)6.13 

Λ1.17  ∝  (
𝑅1.4
𝑘𝑚

)5.84 

Λ1.6  ∝  (
𝑅1.4
𝑘𝑚

)6.58 



• Use a broad set of EoSs to take into account systematic error. 
• Find the correlation with directly 𝜦  . 

EOS used 
a) Same set Malik et al (2018) 
b) 88 Polytropes EOSs.  
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Work in progress. 

Bootstrap sampling 

𝒓 = 𝟎. 𝟗𝟐−𝟎.𝟎𝟔
+𝟎.𝟎𝟒 



Work in progress. 



Deep learning 

Artificial neural network: 
 
          Used when no physics principle, theory …. Helps, but have many data.  



Deep neural network: 



ANN in tidal deformation 

𝑀0 

𝐿0 
Λ1.4 



Constraining Tidal 
deformability from Lab 

experiment !!  











Conclusions 

 GW-based measurements of the macroscopic properties of 
neutron stars offer a very promising means of looking 
deeper into the nuclear microphysics. 

 We establish a bridge to constrain NS radius, nuclear 
matter EOS with GW observation.  

 The precise measurement of tidal deformability will 
provide an alternative and accurate estimate for M0, 
Ksym,0, and R1.4. 

 We constrain NS tidal deformation parameter from LAB 
base nuclear experimental data.  
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