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•Motivation

•Virial approximation & thermal effects in BNS

•Gaussian processes
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• Inspiral: analytical relativity (eg 1B approaches)

• Post-merger: numerical relativity.

• Complete waveform models: matching the two 
approaches in the region where both are valid

GW modelling

Radice, Bernuzzi & Perego, Annu. Rev. Nucl .Part. Sci. 70 95 (2020)

• Inspiral: analytical relativity (eg 1B approaches)

• Post-merger: numerical relativity.

• Complete waveform models: matching the two approaches in 
the region where both are valid
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Motivation
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1.4M⊙+1.3M⊙ NS binary: temperature

Rosswog group, http://compact-merger.astro.su.se/movies.html 

http://compact-merger.astro.su.se/movies.html
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Neutron-star modelling
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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

<latexit sha1_base64="txifaetThJG2oGpdhEgSmnRV0LI="></latexit>

P (✏, T ) =P (✏, T = 0) + Pth(✏th)

No thermal energy
<latexit sha1_base64="e/XGu7Eong4emir/FI6sJaQUML8="></latexit>

✏th = ✏(T )� ✏0
7



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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Thermal part
Thermal index
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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
Cold part Thermal part

Non-relativistic<latexit sha1_base64="ZPStPYvIy7vBiUONMCBncunXMW0="></latexit>

�c =
5

3
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Virial expansion

11

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



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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Thermal index: npe matter

Baryon matter

Leptons & photons ultrarelativistic Thermal index
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Rivieccio, Nadal-Matosas, Rios & Ruiz, ApJ 987, 67 (2025)13



Thermal index: parametrization

14
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Thermal index: parametrization
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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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Body Level One

• Body Level Two
- Body Level Three

– Body Level Four
» Body Level Five

Multicomponent systems: hyperons
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• Body Level Two
- Body Level Three

– Body Level Four
» Body Level Five
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Ab initio thermal index 
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Zero temperature extrapolation
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• BCS prediction based on constant V
• Full chiral NN interactions 
• Full HF spectrum
• 3NFs do not change the ratio!
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EM
EM+3NF

“Beyond”-BCS SCGF approach

https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1140%2Fepja%2Fs10050-022-00738-2&sa=D&sntz=1&usg=AOvVaw3IVeIboyLg7ZybIpnFCR_h
https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2202.07501&sa=D&sntz=1&usg=AOvVaw36OU1cnOJDTaC-SMyAt5ME
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https://arxiv.org/abs/2006.10610
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• From a finite set of points to functions?

https://arxiv.org/abs/2006.10610


•Motivation

•Virial approximation & thermal effects in BNS

•Gaussian processes
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Gaussian processes
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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}⊂X, the vector of function values

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

follows a multivariate Gaussian distribution.
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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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• 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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