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g GW modelling
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* Inspiral: analytical relativity (eg |B approaches)

* Post-merger: numerical relativity.
« Complete waveform models: matching the two approaches in

the region where both are valid



Motivation
1.4Mo+1.3Mo NS binary: temperature
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Rosswog group, http: act-merger.astro.su.se/movies.html
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Neutron-star modelling

Star surface
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Neutron-star modelling

Star surface
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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 |

RELATIVISTIC
HYDRODYNAMICS
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Simulations require coupled dynamics of:
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RELATIVISTIC
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Cold part
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P(e,T =0) = Ke'

No thermal energy

Read et al, Phys Rev D 79 124032 (2009)



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

RELATIVISTIC
HYDRODYNAMICS

P(e,T) =P(e,T = 0) 4+ Pen(een) | [

Cold part Thermal part

(Piecewise polytrope)
P(e,T =0) = Ke'

Thermal index

Pth(eth) = [Fth — 1] €th

Pth(Gth)

€th

No thermal energy Fth(eth) =1+

ecn = €( 1) — €
Read et al, Phys Rev D 79 124032 (2009) th ( ) 0




Post-merger: from I':n to GWs

|.4Mo+1.4M:o GW spectrum
Same cold component, different constant [ th

lth=1.5
e [ = 2.0

I I l I
5 10 15 20 25

tret (ms)

Raithel, Paschalidis & Ozel, Phys Rev D 104 063016 (2021)



Known situations

Cold part
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Known situations

Cold part

Thermal part

Non-relativistic 5
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stantinou, Muccioli, Prakash & Lattimer, Phys Rev C 92 025801 (2015)
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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
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Thermal index: pure neutron matter

Neutron matter
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e Small variation: 0.3%

e Small uncertainty: 0.1%
* T dependence mild

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



Thermal index: npe matter
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Thermal index: parametrization

B-equilibrium
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Thermal index: parametrization

B-equilibrium
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Thermal effects
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Piecewise T=0 results
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Density and temperature

2ms
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GW emission: late times
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GW spectra

-20ms up to 6.0ms

6.0ms up to 30ms
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2hy/T (Hz~'/?) @50 Mpc
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ﬁﬁ* Temperature estimate

Thyb =y - l)ehyb
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Estimate error in T

Tth [MGV]

T
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5 3
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3
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2 T [1 3 n 0m;§]
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th 6 €} 2m¥ On

Davide Guerra, et al. arxiv:2512.05118
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ADb initio thermal index
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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.

e | fe) ~ 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
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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
e Internal NS structure: mo
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