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Neutron stars
• Compact objects – radius around 10km for 1.4 MSUN (1.5 – 4. times the 

radius of a BH)

• Density in the cores 3-5 x nuclear matter density

https://www.nupecc.org/lrp2016/Documents/lrp2017.pdf
Danny Page (UNAM)

NSs are great 
tools to study 
dense matter



Colliders: space vs terrestrial



Colliders: space vs terrestrial

For Astrophysicists: HIC are like NS mergers but with M~10-22 g 

For Nuclear Physicist: NS mergers are like HIC but with A~1057



Neutron star matter
• Atmosphere (~10 cm)

• On top of the ocean 

• Mostly gas

• Ocean (1-100 m)
• Iron (isolated NS)

• H, He (accreting NS)

• Crust (1 km)
• Outer crust (ionized atoms)

• Neutron drip 4.3x1011 g.cm-3

• Inner crust 
• Nuclei are very neutron rich – clusters

• Free neutrons may be superfluid 

• Pasta on the bottom (mantle) Ascenzi, S.; Graber, V.; Rea N.: Astroparticle Physics, 2024



Neutron star matter
• Core (~10 km)

• Starts at about ½ of saturation density =2.8x1014 g.cm-3

• n,p,e in β-equilibrium (and charge neutrality)

• np ~ 1/8 nn

• Possible Bose-Einstein condensates (pion, kaon)

• Quark-gluon plasma

• Largely unknow matter but has a huge impact on neutron 
star properties

• Description of matter transfers to equation of state 
– combination of corresponding values of density, 
pressure and temperature (T -> 0 in most cases)

Ascenzi, S.; Graber, V.; Rea N.: Astroparticle Physics, 2024



Equation of state -> NS model
• From nuclear physics: Binding 

energy as a function of baryon 
density and composition 

• NS equilibrium – charge neutrality 
+ equilibrium (e.g. β) -> e(n)

• First law of thermodynamics -> 
P=n2 ∂e/∂n

• Equation of state in the form P(e)

• Equation of hydrostatic equilibrium + 
conservation of mass



Equation of state -> NS model

Equations of state taken from the compose 
database

(https://compose.obspm.fr)

[TOK_2015]  S. Typel, M. Oertel, T. Klähn, 
Phys.Part.Nucl. 46, 633
[OHKT_2017]  M. Oertel, M. Hempel, T. Klähn, 
S. Typel, Rev. Mod. Phys. 89, 015007
[TOK_2022]  S. Typel, M. Oertel, T. Klähn et al, 
arxiv:2203.03209

There are dozens of models with hundreds of 
parametrizations

https://compose.obspm.fr/
https://doi.org/10.1134/S1063779615040061
https://doi.org/10.1103/RevModPhys.89.015007
https://arxiv.org/pdf/2203.03209


Perturbed stars – rotation/tides
• Hartle Thorne approach (slow rotation)

• Differential equations for perturbation functions are obtained from Einstein 
equations 

• We match exterior and interior solution

-> M, J, Q



Dimensionless, frequency ind. quantities

• Nonrotating star M0 R0

• Rotating stars M, Q, J, f 

• Dimensionless, frequency independent quantities

R0 /M0 , QM0/J2, I/M3 (I=J/f)

• Tidal deformability 𝛬 = 2/3 k2 (M/R)5

• Love number (l=2) k2

Tidal deformability and Love numbers



Rotating stars
• Moment of inertia and quadrupole moment 



Rotating stars
• Change in shape of the star and total gravitational mass



Love numbers and tidal deformability

Yagi & Yunes, 2017, Phys. Rep.



Love numbers and tidal deformability

Yagi & Yunes, 2017, Phys. Rep.

I-Love-Q



Can we find a difference between hybrid and 
nuclear EoS?
• Separate EoS from compose to 

two distinct classes 
• Nucleonic

• Hybrid

• Calculate M-R and tidal 
deformability

Stergioulas et al 2011, MNRAS
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Tidal deformability and Love numbers

• Tidal deformability 𝛬 = 2/3 k2

(M/R)5

• Love number (l=2) k2



It is difficult to distinguished from tidal 
deformability

• Another approach 
• Assume we know the nucleonic EoS

• Can we see the deviation if the quark core is present

• Master project of Ondřej Chlopčík
• Take one nucleonic EoS and assume there is quark core present

• We took it to rather extreme case, where the hybrid stars can have rather small 
maximum mass



Ondřej’s results

• NRAPR EoS

• Bag model for quarks



Conclusions and future plans
• NS mergers can be used to constrain equation of state of dense matter

• For phase-transitions best diagnostic tool is post-merger evolution

• Two main approaches are used
• Universal relations 

+ directly connected with equations of state, computational extremely cheap 

- may be wrong if used in parts of M-R plane that are not cowered by EoS

• Analytical approximation to EoS

+ constraints on parameters can be combined for more sources

- computationally more expensive, may be too strict for EoS

• We will combine these two – use tabular EoS for the outer parts and 
analytical representation for the quark matter core 

• Use machine learning techniques for estimations of EoS parameters



GW170817
• First merger of 2 NS

• Multi-messenger 
observations

• Measurements of 
Neutron Star Radii and 
EoS (1 year later) from 
tidal deformability

• Other constraints from 
post-merger evolution



GW170817 Mass and Radius Constraints



How to constrain EoS
from post-merger



How to constrain EoS
from post-merger
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