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eMotivation

*Virial approximation

* Thermal effects in BNS

* Gaussian processes for finite T
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Neutron-star modelling
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E Hot neutron stars

Simulations require coupled dynamics of:

* A fluid which is essentially cold (eg NSs before merger)

* A fluid heated by shocks, with kinetic energy dissipated =
into internal energy |
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Post-merger: from I':n to GWs
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ADb initio thermal index
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ADb initio thermal index

2N & 3N forces
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2N & 3N forces
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i Zero temperature extrapolation
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EoS at finite temperature
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Liquid-gas phase transition
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* Motivation

*Virial approximation

* Thermal effects in BNS
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Expansion

4 )

P = 2}\—1; 2+ 2%by + 2°b3 + 0(24)]
n = e [z + 22%by + 3z3b3]
3 2T2 21/ 31/
€:§P—|—F [Z b2—|—Z bg]
ob,,

* Systematic expansion
* Improvable order-by-order

Virial expansion

bo(T') = :

bs(T') =

VorT

( Virial coefficients \

/ dEe PIT§(E) —275/2

Drut et al. Unitary gas

120
100
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Stot (E) [deg]

40

20

1
0 50

1 1 1 1
150 200 250 300
E [MeV])

1
100

Huang & Kerson, Statistical Mechanics

Horowitz & Schwenk, Phys. Lett. B 638 153159 (2006); Nuc. Phys.A 776 055079 (2006)




¢ Virial eannsion: pure neutron matter

0.51 —— T=20MeV 0-
~—-- T=15MeV
T=10MeV
0.4 1
o
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£ 2
2 03 = 2]
= 5
Q =
- m
Qo2 '
> = -3
(V)] ~
wn LLl
4]
| -
[a
0.11
_4-
—— T=20MeV
~——- T=15MeV
0.0 T=10MeV
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
Density, p [fm~3] Density, p [fm~3]

Horowitz & Schwenk, Phys. Lett. B 638 153159 (2006); Nuc. Phys.A 776 055079 (2006)
Rivieccio, Nadal-Matosas, Rios & Ruiz, Ap) 987, 67 (2025)

* Use +b3=35/2-0.5b; for uncertainty

* Truncate at z=0.3
* Granada phase-shifts for calculations



Thermal index: pure neutron matter

Neutron matter

Py 1.668
I'in=1+— P
€th 1.667 - -~
5 o 1.666 - 5/3
Fth — § + Flz + F2Z ~--- First order
E 1.665 Second Order
B 4 / | — T =5 MeV :
I'h=—=Tb, <O 16641 — T =15 MeV \
9 —— T =25MeV
, bg 1.663{ —— T = 35 MeV
'y = -Tby+ by — = —— T =45 MeV
1075 104 1073 1072 1071

Density n [fm™3]
G Rivies&iq @ UV

 Small variation: 0.3% L
e Small uncertainty: 0.1%
* T dependence mild

* Closeness to unitary gas - Nadal TFG@UB
18 Rivieccio, Nadal-Matosas, Rios & Ruiz, Ap| 987, 67 (2025)




Thermal index: npe matter

T =15 MeV T =50 MeV o
o 05- - S Halefii = iy 0
> N 193
- | > D
c 0.4- . . . =
) o 1.83
5 | ] N Q
g o | e
| - > |—l\\ >
L 554 i ] b 1.6 0
. | 5
-
o || o ST 1.5
-'5 0.1 - - HH“I 4 ---- B-equilibrium | —
= i e 7<0.3 1| - 1.4+
i
0 O LA | LAY | LY ! LELELLRRLY | LAY | LA | LELELLRLLL | 1.3
105 10~ 10 10-2 10-10-5 10~* 10~ 10-2 10-10-> 10~ 10~ 10-2 10~}
Density, n, [fm~3] Density, n, [fm~3] Density, n, [fm~3]
I )
Baryon matter 6 equilibrium
= ﬁ[zn +2p + (25 + Zp)bn + 225, 2pbnp) \ Hn — :up T e y
— (1 ' )
(eptons & photons ultrarelativistic ) Thermal index ,
e
A Pnuc + P p + Pt’i’l
I'in = = Fth =1+
nuc lep Y
3 enue + e F 4 €
\_ ) \ th th th y
19 Rivieccio, Nadal-Matosas, Rios & Ruiz, Ap] 987, 67 (2025)



Thermal index: parametrization

B-equilibrium

1.7
------- Approximation
—— Virial

=
= 1.6, T =5 MeV
X T =10 MeV
% T =15 MeV
= T = 25 MeV
E —— T =30 MeV
— —— T =35 MeV
g 1.41 —— T =40 MeV
= —— T =145MeV

ffffffff —— T =50 MeV

107> 104 1073 1072 1071
Density, np [fm™3]
[ )
4 1 (42,
I'th = - + =
3 3 Ty -+ Minf
\. J
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Thermal index: parametrization

B-equilibrium

1.7

=
o

Thermal Index, '
= =
EAN U

-

Regime change

nuc

th

e = 1.5 x 1074
\Jtimt = 15210 <1OMeV

— plep
~ Py,

T

10%0—4 103
\

Density, np [fm~3]

Approximation
Virial

=)\

T =5 MeV
T =10 MeV
T =15 MeV
T =20 MeV
—— T =25 MeV
— T = 30 MeV
— T = 35 MeV
— T =40 MeV
— T =45 MeV
— T =50 MeV
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[ )
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'in=5+ 2
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20

Rivieccio, Nadal-Matosas, Rios & Ruiz, Ap] 987, 67 (2025)



Full tabulated comparison
T=15MeV Y,= 0.2

= \/irial
1.8 - FYSS(TM1) Nuclear
= = HS(IUF)
- = HS(TMA)
]l = = LPB(chiral)
— = SFH(SFHo)
SFH(SFHx)
| == sTOS(TM1)
1.7 TNTYST(KOST2)

{|Full - Cluster Adjusted '

Thermal Index, '

Density, np [fm~3] Density, np [fm=3]

Tabulated
o | T | c | P | Iu§ Clusters are nuclear-only contributions

¢ Irrelevant at T>15 MeV

https://github.com/Gpeppee/Virial-EQS.git
21 Rivieccio, Nadal-Matosas, Rios & Ruiz, Ap] 987, 67 (2025)
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Thermal effects

Davide Guerra®,!* * Milton Ruiz®,! Michele Pasquali®,> Pablo Cerd4-Durdn®,* Arnau Rios®,*> and José A. Font®!3

1Departamento de Astronomia y Astrofisica, Universitat de Valéncia, Dr. Moliner 50, 46100, Burjassot (Valéncia), Spain
2Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, 43124 Parma, Italy
3Observatori Astrondmic, Untversztat de Valenc:a C/ Catedrattco Jose Beltrdn 2, 46980 Patema ( Valencza ), Spam

P(E, T) :P(E, T = O) —+ Pth(eth)

Polytropic / Piecewise Tabulated

(P T) = Kyp' B

»

e tab
= Pp

23 Davide Guerra, et al. arxiv:2512.05118




Piecewise T=0 results

251 SLy4 — twb || DD2
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Density and temperature

2ms

t=>5.0

tab t=30.01ms

b | (=5.45ms tab
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DD2
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GW emission: late times

SLy4 tab DD2 tab
— hyb —— hyb
— 0.5
g
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GW spectra

-20ms up to 6.0ms

6.0ms up to 30ms

SLy4

tab
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f Ktz

7.0ms up to 30ms

HShen
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—— hyb(10)
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2hy/T (Hz~'/?) @50 Mpc
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ﬁﬁ* Temperature estimate

Thyb =y - l)ehyb
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DD2
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- s A
HShen | 1,9220
20 |
% I
=1 |
2210+
&
5
0 T T T T T T T T T T
0 30 60 90 120 0 30 60 90 120
t — tmerg [MS] t — tmerg [MS]
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Estimate error in T

Tth [MGV]

T

Py [g/cm’]

6(/07 T) — G(p,T — O) + eth(pv T)

p(ﬂ, T) — p(paT — O) + (Fth _ 1) peth(pa T)

[ Tin= (T~ Dew(n,T) |

5 3
|deal Gas T}, = < — 1) 5T =T

3

Degenerate Gas

2 T [1 3 n 0m;§]

Toh=——|1—=
th 6 €} 2m¥ On

Davide Guerra, et al. arxiv:2512.05118
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If we denote a real-valued function f(x) over an input space X, then

saying that f is distributed as a Gaussian Process means that for any

finite set of inputs {x1,x2...,xn}C X, the vector of function values

F=(f@n). flaa). .. fa)

follows a multivariate Gaussian distribution.

B | f@) ~ gP(m(a). K(ora)
85 mean
N m(xz) = E|[f(x)]
0.
- kernel

0.0 0.2 0.4 0.6 0.8 1.0

3 Wang, https://arxiv.org/a2009.10862v5



Gaussian processes

Tlab (MCV)

0 50 100 150 200 250 300 350 GP pros

60 1
] * Guaranteed to reproduce data
< * Bayesian interpolator

* Errors accounted for
e Differentiable model

—— Born + Matérn-5,/2
—201 L ERE + Matérn-5/2

GP cons

* Extrapolation “misguided”
f(w) ™~ QP(m(a:), k<w7 w,))
m(z) =E|[f(z)|~ C

oén Kochankovski

1%

32 k? (fm™2) Kochankovski, Rozalén, Rios & Ramos, in prep




Modelling the mean

20 _"I o o o

1 ( Mean model for EoS B
Mpar(PB, T, Yy) = (eo(pB) + fo,m(ps,T))

+ (esym(pB) + fsym,th(pBa T)) 52
i k ‘|‘mel(pBaT7 Yq)

Temperature, T [MeV]
=)

[ X X ] [ XXX X]

AL

[6)]
T

o Ig)égLity, p [fn?:;] 1
T
(Cold part = £8_T0 ( Thermal part A
3ng _ ao(pp)T”
eO(pB) = Bgat + %KOX + %QO X3 0\PB 5
L asym(pB) T
1 5 fsym,th(poT)—_1_|_b ( )T
esym(pB) :J+LX‘|‘§Ksme S\PB
\- w2 mi(p)/m
ar(p) =
. 2 E:F,T(p)
Trainable parameters mi(p) 1
Esat7K07Q07J7L7Ksym7a07an76076n m 1—|—O{7-p/,00
\ v,
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Nuclear-physics Gaussian processes
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N

Informed extrapolation
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f‘ Conclusions

* Ab initio finite temperature effects can be simulated
& quantified

*ML GP techniques can help interpolate &
extrapolate (if physics guided)
* Challenges
s Uncertainty quantification
* Practical simulability
* Internal NS structure: modes? Phases?
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