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•Motivation

•Virial approximation

•Thermal effects in BNS

•Gaussian processes for finite T
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20 years ago!

3
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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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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

Cold part
(Piecewise polytrope)

Read et al, Phys Rev D 79 124032 (2009)
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Post-merger: from Γth to GWs
1.4M⊙+1.4M⊙ GW spectrum

Same cold component, different constant Γth 

Raithel, Paschalidis & Ozel, Phys Rev D 104 063016 (2021)
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Known situations
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Body Level One

• Body Level Two
- Body Level Three

– Body Level Four
» Body Level Five

Multicomponent systems: hyperons
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Body Level One

• Body Level Two
- Body Level Three

– Body Level Four
» Body Level Five

Multicomponent systems: hyperons
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Ab initio thermal index 
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• Off-shell ✔︎
• Matsubara formalism ✔︎
• Φ-derivable ✔︎
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• From a finite set of points to functions?
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Liquid-gas phase transition
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•Motivation

•Virial approximation

•Thermal effects in BNS

•Gaussian processes for finite T
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Virial expansion
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Huang & Kerson, Statistical Mechanics
Horowitz & Schwenk, Phys. Lett. B 638 153159 (2006); Nuc. Phys. A 776 055079 (2006)
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z = eµ/T

Drut et al. Unitary gas

• Systematic expansion
• Improvable order-by-order



Body Level One

• Body Level Two
- Body Level Three

– Body Level Four
» Body Level Five

Virial expansion: pure neutron matter

17

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

• Use ±b3=3-5/2-0.5b2 for uncertainty
• Truncate at z=0.3
• Granada phase-shifts for calculations



Thermal index: pure neutron matter
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Nadal TFG@UB
Rivieccio, Nadal-Matosas, Rios & Ruiz, ApJ 987, 67 (2025)

• Small variation: 0.3%
• Small uncertainty: 0.1%
• T dependence mild
• Closeness to unitary gas

G Rivieccio @ UV
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5/3

<latexit sha1_base64="vKn5LrsFg9cTc1FWA0g+3pOyNiA="></latexit>

!th = 1 +
Pth

ωth



Thermal index: npe matter

Baryon matter

Leptons & photons ultrarelativistic Thermal index
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Rivieccio, Nadal-Matosas, Rios & Ruiz, ApJ 987, 67 (2025)19



Thermal index: parametrization

20
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Thermal index: parametrization

20
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Full tabulated comparison

Tabulated
ρ T ε P Γth

Rivieccio, Nadal-Matosas, Rios & Ruiz, ApJ 987, 67 (2025)21

• Clusters are nuclear-only contributions
• Irrelevant at T>15 MeV

https://github.com/Gpeppee/Virial-EOS.git



•Motivation

•Virial approximation

•Thermal effects in BNS

•Gaussian processes for finite T
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Thermal effects

Polytropic / Piecewise Tabulated
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Piecewise T=0 results
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Density and temperature
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GW emission: late times
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GW spectra
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Temperature estimate
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Estimate error in T
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•Motivation

•Virial approximation

•Thermal effects in BNS

•Gaussian processes for finite T
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Gaussian processes

31

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}⊂X, the vector of function values

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

follows a multivariate Gaussian distribution.
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Gaussian processes

32
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• Guaranteed to reproduce data
• Bayesian interpolator 
• Errors accounted for
• Differentiable model

GP pros

Kochankovski, Rozalén, Rios & Ramos, in prep

Rozalén Kochankovski

• Extrapolation “misguided”

GP cons
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Modelling the mean

33
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Nuclear-physics Gaussian processes

34 Kochankovski, Rozalén, Rios & Ramos, in prep

0

100

200

300

F
/A

(M
eV

)

T = 7.6 MeV

T = 23 MeV

T = 36 MeV

T = 52 MeV

°100

0

100

200

300

CompOSE (exact)

GP mean

GP 1æ

0

100

200

300

400

500

600

700

P
(M

eV
fm

°
3 )

0.2 0.3 0.4

20

40

0.6 0.8 1.0

200

400

600

0

100

200

300

400

500

600

700

0.2 0.3 0.4

20

40

60

0.6 0.8 1.0

200

400

600

0.2 0.4 0.6 0.8 1.0

ΩB (fm°3)

0.5

1.0

1.5

2.0

2.5

3.0

S
/A

0.2 0.4 0.6 0.8 1.0

ΩB (fm°3)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

100

200

300

F
/A

(M
eV

)

T = 7.6 MeV

T = 23 MeV

T = 36 MeV

T = 52 MeV

°100

0

100

200

300

CompOSE (exact)

GP mean

GP 1æ

0

100

200

300

400

500

600

700
P

(M
eV

fm
°

3 )

0.2 0.3 0.4

20

40

0.6 0.8 1.0

200

400

600

0

100

200

300

400

500

600

700

0.2 0.3 0.4

20

40

60

0.6 0.8 1.0

200

400

600

0.2 0.4 0.6 0.8 1.0

ΩB (fm°3)

0.5

1.0

1.5

2.0

2.5

3.0

S
/A

0.2 0.4 0.6 0.8 1.0

ΩB (fm°3)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Informed interpolation Agnostic interpolation

<latexit sha1_base64="RGYu7/0rAYpMQa9zajnLQeZF/nU="></latexit>

S

A
= →ω(F/A)

ωT

∣∣∣∣
ωB ,Yq

<latexit sha1_base64="RGYu7/0rAYpMQa9zajnLQeZF/nU="></latexit>

S

A
= →ω(F/A)

ωT

∣∣∣∣
ωB ,Yq



Nuclear-physics Gaussian processes

35 Kochankovski, Rozalén, Rios & Ramos, in prep

Informed extrapolation Agnostic extrapolation°200

°100

0

100

200

300

400

500

F
/A

(M
eV

)

T = 63 MeV

T = 69 MeV

T = 76 MeV

T = 83 MeV
°200

°100

0

100

200

300

400

500

CompOSE (exact)

GP mean

GP 1æ

0

200

400

600

800

1000

P
(M

eV
fm

°
3 )

0.2 0.3 0.4

20

40

60

80

1.0 1.2

600

800

1000

0

200

400

600

800

1000

0.2 0.3 0.4

20

40

60

80

1.0 1.2

600

800

1000

0.2 0.4 0.6 0.8 1.0 1.2

ΩB (fm°3)

2

3

4

5

6

S
/A

0.2 0.4 0.6 0.8 1.0 1.2

ΩB (fm°3)

2

3

4

5

6

°200

°100

0

100

200

300

400

500
F

/A
(M

eV
)

T = 63 MeV

T = 69 MeV

T = 76 MeV

T = 83 MeV
°200

°100

0

100

200

300

400

500

CompOSE (exact)

GP mean

GP 1æ

0

200

400

600

800

1000

P
(M

eV
fm

°
3 )

0.2 0.3 0.4

20

40

60

80

1.0 1.2

600

800

1000

0

200

400

600

800

1000

0.2 0.3 0.4

20

40

60

80

1.0 1.2

600

800

1000

0.2 0.4 0.6 0.8 1.0 1.2

ΩB (fm°3)

2

3

4

5

6

S
/A

0.2 0.4 0.6 0.8 1.0 1.2

ΩB (fm°3)

2

3

4

5

6

<latexit sha1_base64="RGYu7/0rAYpMQa9zajnLQeZF/nU="></latexit>

S

A
= →ω(F/A)

ωT

∣∣∣∣
ωB ,Yq

<latexit sha1_base64="RGYu7/0rAYpMQa9zajnLQeZF/nU="></latexit>

S

A
= →ω(F/A)

ωT

∣∣∣∣
ωB ,Yq



• Ab initio finite temperature effects can be simulated 
& quantified

• ML GP techniques can help interpolate & 
extrapolate (if physics guided)

•Challenges
•Uncertainty quantification
•Practical simulability
•Internal NS structure: modes? Phases?

Conclusions
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Thank you!
arnau.rios@icc.ub.edu 

https://sites.google.com/view/arnaurios/
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