Equation of State at finite temperature
in the era of new nuclear physics and

multi-messenger constraints

Chiranjib Mondal
Institute of Astronomy and Astrophysics, ULB

LIBRE

UNIVERSITE Dutch-Belgian GW meeting
DE BRUXELLES October 27, 2025



Physics across scales

Nuclei and Neutron Star and Equation of state
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NS Radius from GW detection

Einstein Telescope case

Solve Tolman-Oppenheimer-Volkoff (TOV) equations, we can
construct the unique M-R or A-M(R) relations.
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Einstein Telescope Case
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Stacking GW data to learn Nuclear Physics

Einstein Telescope Case
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Multimessenger Physics with BNS merger

New type of observations

Radioactively powered transients

Relativistic astrophysics

Nucleosynthesis and
enrichment of the Universe

[ & |

Compact object

formation and evolu%ioy

® @ 7? -~ Cosmology

Branchesi 2023. Conf. article springer.
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Effects of temperature

Merger simulat
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Effects of temperature

Merger simulations
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Effects of temperature

Merger simulations
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Usage of a common framework

State-of-the-art BSkG3 model

o End-to-end NS merger simulations =>
Hydrodynamics, Nucleosynthesis, radiative transfer
[See Just et. al. ApJL 951, 12 (2023), MNRAS 510, 2804 (2022), MNRAS 510,
2820 (2022)]

@ Reaction rates can be calculated with BSkG3 inputs including
the masses.

o For the hydrodynamics part the EoS of hot dense matter is
needed.

Main Features:

o Finite Nuclei: HFB equations on the grid, fitted on whole mass
table.
on? = 0.631 MeV
Oy, = 0.0237 fm
OVae. = 0.33 MeV

@ Nuclear matter:
Constraints on effective mass, neutron matter, pairing gaps.

@ Neutron stars:
Fulfill the observational constraint on massive pulsars.
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Energy Density Functional

Brussels Skyrme model

n,—np
n

o At baryon density n, asymmetry § (: ), temperature T,

F=E-TS,

where £ = Z 2M* Tq + to {3 (2x0 + 1)52} n2

—t3 {3 (2x3 + 1)52} n*t2,

2

—h—+f(n )

with 2M* oM,
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Energy Density Functional

Brussels Skyrme model

n,—np
n

o At baryon density n, asymmetry § (: ), temperature T,

F=E-TS,

where £ = Z 2M* Tq + to {3 (2x0 + 1)52} n2

—t3 {3 (2x3 + 1)52} n*t2,

2

_h__|_f(n 5)

with 2M* oM,

o The density and kinetic density involves Fermi integrals (q=n,p):

3 5
1 2MIN 2z 5 1 2MGN\ 2% s
N =55 <Fq> T21i(vg): 7q = 52 (h—Qq> T>1s(vq)

o

where, Iﬂ(yq) - fOoo mdx
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Comparison with Ab-initio models

Pure Neutron Matter

Free energy
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Comparison with Ab-initio models

Pure Neutron Matter

Free energy Pressure
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Comparison with Ab-initio models

Pure Neutron Matter

Free energy Chemical Potential
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Bulk equilibrium

Spinodal

Gibb’s construction

BSkG3
T=10MeV

W prrr Ty 20 T e e T
Ep=-80 MeV 2 Uiu“:VSOMeV B!
> 0y s E
0 L ]
\El 0 AF B
= 60 T =10MeV HF B
" 4 1, =10Mey—"7
0F @ 3 SF ()]
ST T I VAR EN AVAVTIE SR ST | T TR S0 e

00000 o0 006 oo o1 2 0 02 04 06 o8
Ty O T ey
p=-30MeV 3 Sé H,=-30MeV 4
S - q0E -
2 E / E
s BN= =
e N~ : ]
3 } 20F E
! i :7 ,:
G B ®]
Gl bt bend gobantenthinlinlilil o d
002 004 006 008 01 02 -01 0 01 02 03 04 05

-3 -3
pp(fm) P (MeV.fm")

CM and N. Chamel




Bulk equilibrium

Spinodal

Gibb’s construction

Coexistence
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WS cell at finite temperature

Thomas Fermi (fast approximation of HFB)

Form of the density:

1o,q

2
14 exp { (—er:RRWVZS) — 1} exp (r;fq)

ng(r) =npgq +
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WS cell at finite temperature

Thomas Fermi (fast approximation of HFB)

Form of the density:

No,q
2
14 exp { (er:RRWVZS) — 1} exp (r;fq)

Chemical potential for damped profile [Chamel, Shchechilin, and
Chugunov, PRC 111, 015805 (2025).):

ng(r) =npgq +

_ 3 [Rws , OF (1)
Ha = R%VS o dr-r Ong(r)’

3 5
1 /2MI\Zz 1 /2MI\2 ;s
“q‘ﬁ( nzq) T ‘ﬁ( n2q> Tyl

Chiranjib Mondal EoS at finite temperature



Clusters at finite temperature

Full grid

Given p, T, ye
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Clusters at finite temperature

Full grid

Given p, T, ye
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Clusters at finite temperature

Full grid

Given p, T, ye Profiles
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Prospects

o Unified equation of state at finite temperature.
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o Unified equation of state at finite temperature.

o Systematically ETF, ETF+SI, Pairing ......
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o Unified equation of state at finite temperature.
o Systematically ETF, ETF+SI, Pairing ......

@ Merger simulations using BSkG models are being explored.
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