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Neutron Stars
In 1967, Jocelyn Bell Burnell, then a graduate student in radio
astronomy at the University of Cambridge, discovered the first
radio pulsars.

I The neutron stars (NS) laboratory for dense baryonic matter
(the core density � 4-5 times nuclear saturation density).

I Very asymmetric nuclear matter I =
�n��p

�n+�p
� 0:7.

I The observational constraints
I Radio Channel: J1614-2230 1:97� 0:04M⊙, J0348+0432

2:01� 0:04M⊙, J0740+6620 2:14+0.10
−0.09M⊙, PSR J0740+6620

2:08+0.07
−0.07M⊙.

I X-Ray channel: NICER allowing a prediction of both the NS
mass and radius.

I GW channel: binary neutron star merger GW170817.



Observational Constraints

I HESS J1731-347: A strangely light neutron star within a supernova
remnant, Nature Astronomy volume 6, pages1444{1451 (2022).

M = 0 :77+0 :20
� 0:17 M � and R = 10 :4+0 :86

� 0:78 km;

I GW230529: fourth observing run of the LIGO{Virgo{KAGRA. APJ Letter
970:L34 (39pp), 2024.

Primary mass
m1

M �
= 3 :6+0 :8

� 1:2; Secondary mass
m2

M �
= 1 :4+0 :6

� 0:2



Other Constraints

1. Minimal Saturation Properties : The saturation density is � 0 = 0 :16 � 0:005
fm � 3, with a binding energy per nucleon of � 0 = � 16:1 � 0:2 MeV, and a
symmetry energy of J0 = 30 � 2 MeV at saturation.

2. Low-Density Neutron Matter Constraints : The constraints on the energy per
particle at densities of 0:05, 0:1, 0:15, and 0:20 fm� 3, as informed by various
� EFT calculations.

3. High-Density Constraints from pQCD : Constraints derived from perturbative
QCD (pQCD) at seven times � 0 for the highest renormalizable scaleX = 4
(Komoltsev Kurkela, PRL128(2022)202701).



Progress made utilizing agnostic methodologies up to now

I Speed-of-sound (C2
s )

interpolation

I Piecewise polytropic
interpolation

I Gaussian process EoS

I Taylor expansion EoS

I L. Lindblom et al, Phys. Rev. D 86,
084003 (2012)

I A. Kurkela et al, Astrophys. J. 789, 127
(2014)

I E. R. Most et al, Phys. Rev. Lett. 120,
261103 (2018)

I E. Lope Oter et al, J. Phys. G 46, 084001
(2019)

I G. Raaijmakers et al, The Astrophysical
Journal Letters, Volume 918 (2021), L29

I Sinan Altiparmak et al, Astrophys.J.Lett.
939 (2022) 2, L34

I Sabrina Huth et al, Nature volume 606,
pages276{280 (2022)

I E. Annala et al, Nature Phys. 16, 907
(2020), Phys. Rev. X 12, 011058 (2022)

I Rahul Somasundaram et al, Phys.Rev.C
107 (2023) 2, 025801

I M�arcio Ferreira et al, Phys.Rev.D 110
(2024) 6, 063018

I Asim Kumar Saha and Ritam Mallick,
arXiv:2407.13149



Progress made on reverse engineering up to now

Taken from a talk by J.M. Lattimer at CSQCD 24,

held in Kyoto, Japan

Inverting NS observation to EoS

I Semi-analytical

I Deep neural network

I Symbolic regression

I Symbolic regression techniques to map
mass-radius-tidal deformability to nuclear
matter parameters, key quantity to de�ne
EoS. Sk Md Adil Imam et al, arxiv:
2407.08553 (accepted in PRD)

I Using Power-law inversion of mass-radius
to EoS.
The dimensionless functionsfM , fR , and fc
have the generic form

fi = ci

�
PTOV

� 0c2

� ai
�

� TOV

� 0

� bi
+ di :

Dmitry D. Ofengeim et al,
arXiv:2404.17647

I Reconstruction of the EoS via deep neural
networks using mass-radius Shriya Soma et
al, JCAP 08 (2022) 071

I Deep neural network from NS observations
to nuclear matter properties, Val�eria
Carvalho et al, Phys.Rev.D 109 (2024) 12,
123038
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