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Neutron Stars (NSs)

Neutron stars (NSs) are the final stage in the evolution of ordinary stars, they are 
formed when a star ceases its nuclear fuel.

Credit: NASA’s Goddard Space Flight Center / Conceptual Image Lab
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How to model NSs

The Tolman-Oppenheimer-Volkoff (TOV) equation describes the structure of a spherically 
symmetric body made of isotropic matter which is in static gravitational equilibrium.
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Motivation

[Ávila, Ferreira & Sagun, 2026 (in prep.)]

Mass-radius observations constrain the EoS.
Present-day constraints leave the radius at 

~10 - 14 km and the mass up to 2.5 

NSs thermal evolution is sensitive to the 
interior composition and the nucleon 

pairing gaps 

Complementary Probe:



The thermal evolution of NS can be divided into three stages:

1. Newly born NS with the thermally 
decoupled core and crust

2. Neutrino emission dominant stage

3. Photon emission dominant stage
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NSs thermal evolution

[Page et al., 2004]



The thermal evolution of NS can be divided into three stages:

1. Newly born NS with the thermally 
decoupled core and crust

2. Neutrino emission dominant stage

3. Photon emission dominant stage

6

[Sales et al., 2020]

Gravitational Waves (GWs)

6SCALES 1st General Meeting Afonso Ávila June 2026

NSs thermal evolution

[Page et al., 2004]



The thermal evolution of NS can be divided into three stages:

1. Newly born NS with the thermally 
decoupled core and crust

2. Neutrino emission dominant stage

3. Photon emission dominant stage

7

[Sales et al., 2020]

Gravitational Waves (GWs)

7SCALES 1st General Meeting Afonso Ávila June 2026

NSs thermal evolution

[Page et al., 2004]



The thermal evolution of NS can be divided into three stages:

1. Newly born NS with the thermally 
decoupled core and crust

2. Neutrino emission dominant stage

3. Photon emission dominant stage

8

[Sales et al., 2020]

Gravitational Waves (GWs)

8SCALES 1st General Meeting Afonso Ávila June 2026

NSs thermal evolution

[Page et al., 2004]
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NSs thermal evolution

The evolution of NSs is governed by the thermal balance equation
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The evolution of NSs is governed by the thermal balance equation
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NSs thermal evolution

Credit: Mark Alford

The evolution of NSs is governed by the thermal balance equation
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NSs thermal evolution

Credit: Mark Alford

The evolution of NSs is governed by the thermal balance equation
[Lattimer et al., 1999]
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Nuclear superfluidity and superconductivity

[Yanagi, 2019]
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Equations of state (EoSs) 

To account for the different baryonic matter 
uncertainties, we use five different EoSs:

● APR4
● IST

● FSU2R
● DD2
● NL3       

[Ávila, Ferreira & Sagun, 2026 (in prep.)]
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Observational Data

[Ávila, Ferreira & Sagun, 2026 (in prep.)]

24 sources from 
X-ray observations

[Potekhin et al., 2020 & 2023]

Cas A (24) data from 
Chandra telescope

[Shternin et al., 2022]



16

Gravitational Waves (GWs)

16SCALES 1st General Meeting Afonso Ávila June 2026

Effects of Mass, Envelope and Pairing in NS Cooling

unpaired  superfluidity



Our statistical analysis follows the frequentist framework adopted in 
For each NS, the predicted luminosity depends on:
● EoS,
● Superconductivity/superfluidity model, models are labeled 
● Nuisance parameters,                                .
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[Tanabashi et al., 2018]
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Statistical Approach

Likelihood (evaluated at the central observed age) 

where       and       are the observed luminosity and its uncertainty. 

,
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Statistical Approach

Likelihood (evaluated at the central observed age) 

where       and       are the observed luminosity and its uncertainty. 

,

15 pairings 
sets x 5 EoSs
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Goodness-of-fit

I - Individual Fits II - Global Fit

For each NS, we vary the gravitational 
mass, envelope composition and pairing 
and minimize the individual likelihood.

We impose a single pairing configuration 
for all NSs and compute the reduced 
global minimum 
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Goodness-of-fit

I - Individual Fits II - Global Fit

Fitting each NS cooling data point 
independently

We impose a single pairing configuration 
for all NSs and compute the reduced 
global minimum 

For each NS, we vary the gravitational 
mass, envelope composition and pairing 
and minimize the individual likelihood.
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Goodness-of-fit

I - Individual Fits II - Global Fit

Fitting each NS cooling data point 
independently

Parameters that simultaneously 
reproduce the full cooling dataset

We impose a single pairing configuration 
for all NSs and compute the reduced 
global minimum 

For each NS, we vary the gravitational 
mass, envelope composition and pairing 
and minimize the individual likelihood.
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Thermal Evolution

[Ávila, Ferreira & Sagun, 
2026 (in prep.)]

90000+ cooling 

curves
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I - Individual Fits

[Ávila, Ferreira & Sagun, 
2026 (in prep.)]
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II - Global Fit

[Ávila, Ferreira & Sagun, 2026 (in prep.)]



● Models with unpaired matter fail to reproduce the observational data, while 
including triplet pairing significantly improves the agreement

● Only the NL3       and partially the IST EoSs reproduce the full cooling dataset

● Cas A does not significantly alter the global fit, but acts as a strong 
discriminator for specific pairing configurations 

SCALES 1st General Meeting

Conclusions
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Observational Data

[Ávila, Ferreira & 
Sagun, 2026 (in 

prep.)]



2828SCALES 1st General Meeting Afonso Ávila June 2026

Observational Data - Cas A

[Ávila, Ferreira & 
Sagun, 2026 (in 

prep.)]
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NS Cooling Era and Processes

[Page et al., 2006]
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Pairing in NSs
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Neutrino Processes: Nucleonic and Hyperonic DU

Only IST is formulated in 
npe matter!

Muons presence 
= 

Higher Grav. Masses
[Page et al., 2004]
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Cooper Pairs 
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Envelope in NS Cooling 

[Page et al., 2004]
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Cassiopea A (Cas A)

● It’s a NS of about 356 years old

● Shows an unusually rapid cooling behaviour: surface temperature drop is 
1.4 - 2.5% over 20 years of observations

● Mass of 

We know that Cas A is a rapid 
cooling object…

Rapid cooling process: DU?

or

Strong neutron triplet pairing?


