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Stellar progenitors in the massive range beyond 8 solar masses are 
believed to undergo a SN explosion

Standard stellar evolution: SN events produce a compact massive object
i.e. Neutron star, Black hole and perhaps other exotic compact stars.

Evolutionary tale



Rutherford predicted the neutron in 1920, 
Chadwick discovers it in 1932.

Chandrasekhar predicts the maximum WD mass 
supported by electrons in 1931 to be    1.4M 
Msun

Baade & Zwicky in 1934: "With all reserve we 
advance the view that a Supernova represents 
the transition of an ordinary star into a new 
form of star, the neutron star, which would be 
the end point of stellar evolution. Such a 
star may possess a very small radius and an 
extremely high density.“

SN mechanism remains yet uncertain involving:  
weak messengers (neutrinos), EM radiation 
(photons) and gravitational waves. 

Attending to further hints, other BSM 
astroparticles may be around the corner (ALPs, 
strangelets, steriles, wimps/simps..)

Stellar interior: interplay of hadronic, weak, EM and gravitational interactions

Crab  V & X-rays (CHANDRA)
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SN  in transient sky: luminous events
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Some can be observed by naked eye
for days. 

Typically luminosity is 10^{10} 
L_sun, similar to that of Galaxy.

Nobel prizes with SN involvement: 
1974 (pulsars), 2002 (neutrino 
astronomy), 2011 (SN ladder and 
cosmic expansion)
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Neutrino role in the SN mechanism

5

The delayed neutrino-driven SN 
mechanism is sensitive to a delicate
competition of neutrino cooling
between the neutrino sphere and the
so-called ‘gain radius’ 

and neutrino heating

between the gain radius and the shock.

Absorption, emission, scattering, 
bremsstrahlung are the main processes
driving the neutrino transport.

Only in case additional instabilities
appear computatinal simulations find
successful explosions

Fig source:G. Percival.
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Further understanding (& questions) from 
Computational Simulations 
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Suzuki,  PTEP 2024



Late stages of evolution: Nuclear Statistical Equilibrium (NSE)  i.e. 
independent of the rates for reactions mediated by the electromagnetic 
and strong interaction. 

There is a first presupernova stage taken as initial

Later on SM conservation laws hold: weak decay, charge 
neutrality and conservation of (B,L) number must be imposed: 
e,mu,p,n,nu along with nuclei(Z,A). At low T

Chemical potentials include protons, 
neutrons, electrons and muons along 
with neutrinos and their antiparticles 
if early trapped.  Finite T  antiparticles play a role i.e 
(neutrino free).   Also possibly hyperons or other resonances. 
EoS description must capture this rich environment NSE used for 
around 1000 nuclear species and the relativistic (or not) mean 
field models for the unbound nucleons.

Composition and conserved charges



Low density EoS: from inner to outer crust
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Horowitz, PG et al PRC’04

At densities 0.05 fm^{-3} 
(above) and 0.01 fm^{-3} 
(right) T=2 MeV

(typical saturation 
density 0.17 fm^{-3} 

Effects of warm ion mixtures is 
key to understand effects of 
cooling.

Anomalous thermal relaxation of 
plasmas arise so that form factors 
decrease as ordered configurations 
dissolve.
Barba, Albertus, PG MNRAS ‘25



Elastic and plastic crust properties 
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Elastic and plastic 
regions are poorly 
known. Tensile and 
Shear deformations are 
key to understand GW 
emission and KN ejecta.

Barba, Albertus and PG 
submitted

Owen+’15

(Z,A)=28,138 nI=1e-6 fm^{-3}

Covas+24



Elastic and plastic crust : B field
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OCP (Z,A)=28,138 nI=1e-6 fm^{-3}
Murarka et al 2020

Elastic and plastic 
regions are different in 
case B field is present 
tending to make crust 
more robust.

Ewald sums and finite 
size ions screened by e 
sea

Barba, Albertus and PG 
submitted



EoS based on SM fermion+cluster+meson fields
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In the dense stellar core after the SN explosion high T of dozens of 
MeV drive system to a mixture of baryons, leptons. Relativistic 
field theories are well-suited to describe this system with EM 
fields

Shen et al NPA’98, Shen et al ApJ TM1’11

ideal

Nucleon gas+
 ion mixture

RMF nucleon+
lepton gas

Sumiyoshi’21

Example: Shen EoS



But is this all? Perhaps not. .
BSM dark matter and dense matter EoS: a few examples
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Coy DM from C. Boehm 
et al ‘14

Cermeño, Perez-Garcia, Lineros, ApJ ‘18

Massive progenitors accumulate 
thermalized DM, most likely 
from scattering SI or SD interactions or 
direct production. Tiny DM amount 

Hybrid stars with dark content are 
indeed possible if CS is above critical 
threshold 

Cermeño, Pérez, Silk, PASA 34,
 e043(2017)



Fermion DM : two fluid solution from core to halo.
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Coy DM from C. Boehm 
et al ‘14

Cermeño, Perez-Garcia, Lineros, ApJ ‘18

Mariani, Albertus,PG+’24
Mukhop,Schaffner’16



Early cooling by neutrinos may be influence by annihilation processes 
under the emissivity (energy per unit volume unit time)

with 

and matrix element

Neutrino emissivity from DM 

14Cermeño,Perez-Garcia,Lineros ApJ ‘18 14

Neutrino emissivities 
from Coy DM have 
genuinely different T 
behavior than Modified 
URCA+ SM processes



Early cooling by neutrinos may be influence by annihilation processes 
under the emissivity (energy per unit volume unit time)

with 

and matrix element

Neutrino emissivity: example from coy DM 

15Cermeño,Perez-Garcia, Lineros ApJ ‘18 15

Neutrino emissivities 
from Coy DM have 
genuinely different T 
behavior than Modified 
URCA+ SM processes



Cooling behaviour in the NS for a LDM case
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When considering the previous model in cooling calculations 
(SF and hadronic model) 

PG, Grigorian, Albertus, Barba, Silk, PLB 827 (2022)

LDM m_x=100 MeV is considered

More massive NS could lead to a 
temporary Temperature plateau halt

Degeneracy for interpretation cooling 
with admixed DM or only SM processes



Yet another possibility BSM shows how sensitive SN EoS is 

SN EoS and DM as sterile neutrinos
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•Active and sterile mixing

•We will assume the mixing is                   in order not to conflict with 
cosmological bounds

•The dominant production channel will be electromagnetic

•Also active-sterile mixing             scattering               absorption 



Energy emissivity 

Emissivity from steriles 
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The dense and hot medium Albertus, Masip, PG, PLB’15

Fit Energy emissivity 

Light gray regions
not excluded

Rembiasz, Obergaulinger, 
PG et al PRD’18



Stellar collapse and BSM trigger QCD EoS
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SN core collapse involves high T and large densities in the 
inner core. There is a long-sought possibility of producing 
bubble nucleation
Self-annihilating DM act as a  Trojan Horse mechanism and 
final state photon injection

hadronic system could 
suffer a phase 
transition from a 
metastable phase 
(Hadron) to a more 
stable one (Quark-gluon)
if right thermodynamical 
conditions

MIT Bag model required 
to be on the B=160 
MeV^{-1}

Distinctive double 
neutrino burst. 

PG, Silk & Stone PRL’10 Sagert et al PRL’08 



fm size bubbles

Potential barrier lower as
pressure goes larger than
transition density at
QCD corrections drive smaller
barriers.

PYTHIA

Herrero, Pérez-García, Silk and Albertus, PRD 100 (2019) 103019

Confining potentials in LK theory



Oscillation frequency of the fundamental state

and the probability with (WKB approx)

The inject. energy per unit baryon charge inside the 
baryon bag determines the energetic level of confined Q 
content

Probability of induced nucleation
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The number of nucleation centers is given by the 
stable bubble size

and the bubble formation time 
is corrected as 



Inside the Neutron stars energy densities from photon 
emission in X annihilation give comparable energies to 
hadronic phase

CTA

Values 
preferred
from chiral 
models, QCD 
and NS 
masses 

Herrero, PG, Silk & Albertus PRD ‘19



Considering a magnetized NS

and the probability with (WKB approx)

Yet DM: axion-like particles inside NS
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Solving the static ALP ode with no field source 
(but curved metric)

Axion-like particles inside NS
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Suárez, Albertus and PG submitted



Solving the static ALP ode with axion DM nature:

Axion-like particles inside NS
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Suárez, Albertus and PG 
submitted

Dehman+25



Solving the static ALP ode with SCALAR axion 
DM nature:

Axion-like particles inside NS
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Suárez, Albertus 
and PG submitted



Yet many things to understand
regarding EoS, so consider also the DARK 
SIDE as it may be around the corner..
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