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Motivation. Structure of NS

• Remnant of supernovae processes: high density – several
times r0

𝜌𝐵 ≈
10−4 − 10−2 fm−3
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10−9 − 10−4 fm−3𝜌𝐵 ≈

10−2 − 10−1 fm−3

𝜌𝐵 ≈
10−1 − 1 fm−3
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• But there are new astrophysical measurements!

• 𝛽 − stable matter made of nucleons, leptons and 
possibly exotic particles (HYPERONS)  

• First stage of the evolution: proto neutron star
(lepton rich and hot object) – Finite temperature
treatement is needed
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at high densities (𝜌 > 3𝜌0)
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QR code and link of the paper 
where the results are published

https://arxiv.org/abs/2206.11266
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𝝐𝒕𝒐𝒕, 𝒔, 𝑷, 𝒇
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Why FSU2H* model? I

• The  properties of the model at T = 0 are listed in the table

Values of parameters in the model  

6
Low density region constrains

Consistent with the majority of the calculations, variety of
nuclear data from terrestrial experiments, astrophysical
observations…
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𝝆𝟎
(fm−3)

E/A
( MeV)

𝐾
(MeV)

𝑚𝑁
∗ /𝑚𝑁

(𝜌0)
𝐸𝑠𝑦𝑚 𝜌0
(MeV)

𝐿
(MeV)

𝐾𝑠𝑦𝑚
(MeV)

0.1505 -16.28 238.0 0.593 30.5 44.5 86.4

𝐸𝑠𝑦𝑚 𝜌0 [MeV]

𝐿
[M
eV
]
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Why FSU2H* model? II

Values of the parameters in the model 
related to hyperons 

𝑅𝑖𝑌 =
𝑔𝑖𝑌

𝑔𝑖𝑁
; 𝑖 = 𝜎, 𝜔, 𝜌 ; 𝑅𝜎∗𝑌 =

𝑔𝜎∗𝑌
𝑔𝜎𝑌

; 𝑅𝜙𝑌 =
𝑔𝜙𝑌

𝑔𝜔𝑁

Flavour SU(6) symmetry, the vector 
dominance model, and ideal mixing for 

the physical 𝜔 and 𝜌 fields
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Potential felt by a hyperon i in matter is given by

Flavour SU(6) symmetry, the vector 
dominance model, and ideal mixing for 

the physical 𝜔 and 𝜌 fields

𝑈Λ
(𝑁)

𝜌0 = −28 MeV;

𝑈Σ
(𝑁)

𝜌0 = 30 MeV;

𝑈Ξ
(𝑁)

𝜌0 = −24 MeV;

Hyperon potentials in SNM

Δ𝐵ΛΛ ΛΛ
6He = 0.67 MeV

ΛΛ interaction energy
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Why FSU2H* model? III

Intermediate and high 
density regions constrains

𝑀𝐦𝐚𝐱

(𝑀⊙)
𝑅(𝑀𝐦𝐚𝐱)
(km)

𝑅 1.4𝑀⊙

(km)

𝚲(1.4𝑀⊙)

2.03 12.02 13.08 526.3

In agreement with:
- 𝑴𝐦𝐚𝐱 > 𝟐𝑴⊙

- 70 < 𝚲(𝟏. 𝟒𝐌⊙) < 580  

- 10.5 km < 𝐑(𝟏. 𝟒𝐌⊙) < 13.3 km

8

B. P. Abbott et al., Phys. Rev. 
Lett. 121, 161101, 2018

GW170817 event



• Motivation. Structure of Neutron Stars (NS)

• Brief introduction to FSU2H* model

• Equation of State (EoS) and composition of hot neutron star core

• Thermal index of neutron star core

• Summary

OUTLINE

9



Composition and EoS of hot neutron star core I

• The finite temperature EoS depends on three parameters (𝜌𝐵 , 𝑇, 𝑌𝑒)  

Wide range of values to account for 
conditions in PNS and NS mergers:

T = (0 – 100) MeV

𝜌𝐵 = 0.5 − 10 𝜌0

𝑌𝑒 = 0 − 0.4 ; 𝜈 free case

• We focus on:

𝑇 = 5 MeV and 𝑇 = 50 MeV

and two different lepton situations:

𝑌𝑒 = 0.4 and 𝜈 free matter
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Composition and EoS of hot neutron star core II

Solid lines – core without hyperons
Dashed lines – core with hyperons
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Composition and EoS of hot neutron star core II

Solid lines – core without hyperons
Dashed lines – core with hyperons

Main effects:

- Hyperons make the matter more isospin
symmetric

- Hyperons replace the negative leptons in
order charge neutrality to be fulfilled.

- Hyperons increase the neutrino
abundance when they are trapped in the
core

- At high temperature hyperons are inside
the core at any density
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Composition and EoS of hot neutron star core III
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𝜈 free matter 𝑌𝑒 = 0.4

Composition and EoS of hot neutron star core III
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Composition and EoS of hot neutron star core IV

- Hyperons have strong influence on the entropy per particle

- The effect is more important in 𝜈 free matter

- At low temperatures can even break the monotonous behavior of the curve
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Composition and EoS of hot neutron star core IV

- Hyperons have strong influence on the entropy per particle

- The effect is more important in 𝜈 free matter

- At low temperatures can even break the monotonous behavior of the curve

• Important for stars with isentropic 
profile

• Flattening the temperature profile 
in wide range of the core
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Thermal index - introduction

• Useful in complicated simulations in order to reproduce
thermal effects on the EoS

• One decomposes the energy density and the pressure to
a zero-temperature contribution and a thermal
correction

• Simulation uses Γ that is constant, so 𝑃 𝜖 relation can
be found only knowing 𝑇 = 0 EoS:

However, this approach can 
be inaccurate!

In all models on the graph, nucleons 
are the only baryons considered
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𝜌𝐵(fm
−3)

𝑷 = 𝑃 𝑇 = 0 + Γ − 1 𝝐 − 𝜖(𝑇 = 0)

• The parameter that is evolving with the time in
simulations is the energy density, so the equation above
is from a special interest

NS CORE
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Thermal index – 𝜷- stable 𝝂 free matter in FSU2H* I
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Thermal index – 𝜷- stable 𝝂 free matter in FSU2H* I

- Significant effect on the
thermal pressure – can be
lower than 0!

- Thermal effects are more
emphasized when hyperons
are included

- Thermal index is directly
affected by the behavior of
𝑝𝑡ℎ
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Thermal index – 𝜷- stable 𝝂 free matter in FSU2H* II
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Thermal index – 𝜷- stable 𝝂 free matter in FSU2H* II

𝑷𝒕𝒉 = 𝚪 − 𝟏 𝝐𝒕𝒉
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Thermal index – 𝜷- stable 𝝂 free matter in FSU2H* II

Thermal effects calculated 
with constant 𝚪 index are 

not accurate!

𝑷𝒕𝒉 = 𝚪 − 𝟏 𝝐𝒕𝒉

17



Thermal index – parametrization of the thermal index I

NEUTRINOLESS NUCLEONS ONLY CASE

• We assume that the thermal index has the 
following functional dependence:

• The values of the parameters:

18



Thermal index – parametrization of the thermal index I

NEUTRINOLESS HYPERONIC CASE

• We assume that the thermal index has the 
following functional dependence:

19



Thermal index – parametrization of the thermal index I

NEUTRINOLESS HYPERONIC CASE

• We assume that the thermal index has the 
following functional dependence:

19



Thermal index – parametrization of the thermal index I

NEUTRINOLESS HYPERONIC CASE

• We assume that the thermal index has the 
following functional dependence:

19



Summary

• We extended the FSU2H hyper-nucleonic model to finite temperature, constructing the new so-called FSU2H* 
model, in order to be used in early stages of NS evolution and in NS mergers.

• The model satisfies the major constraints that come from nuclear experiments and astrophysical
measurements.

• In order to get the properties of the matter computed within the framework of our model, we performed
calculations for 𝛽 - stable matter at different temperatures and different lepton fractions.

• The composition patterns and the EoS are strongly affected by the introduction of hyperons.

• Thermal effects in the star cannot be reproduced with high accuracy with the so-called Γ-law, and that is
especially important when hyperons are considered in the core.

• A simple parametrization is constructed to account for the strong dependence of the thermal index in 𝜈-less
beta stable matter.
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RMF model extended I

Meson’s equation of motion in RMF approximation

Scalar and baryonic density

Fermi – dirac distribution

Effective chemical potential and charge neutrality

Baryon’s and lepton’s equations of motions
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RMF model extended II

𝛽 equilibrium

Conservation of baryon and lepton numbers

Energy-momentum tensor

Thermodynamic quantities
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Thermal index for different lepton fractions
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Speed of sound (T = 0)

𝑐𝑠
𝑐
=

𝑑𝑝

𝑑𝜖


