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Supernovae as dark sector factories

@ Strong motivation for new weakly interacting particles: dark matter, new
mediators, hidden sectors (axions, axion-like particles, dark photons)

@ Terrestrial experiments face important limitations: small couplings, sub-GeV masses
@ Core-collapse supernovae (SNe) provide extreme conditions

» T ~0(10) MeV

> p~ 10" -10" g/cm?

Dark sectors interacting with SM particles = production in core-collapse SNe
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Core-collapse supernovae

SNe are violent stellar phenomena happening when stars with M > 8 M, have burned out
their nuclear fuel = gravitational core collapse = proto-neutron star (proto-NS)

Supernova
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Proto-neutron star medium properties

In the first seconds the proto-NS core (R ~ 20 km) reaches temperatures T ~ 30 MeV and
baryonic densities p ~ 10'* — 10" g/cm?

Fischer et al., PRD 85 (2012) 083003
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SN neutrinos and SN 1987A

During the final phases of core-collapse SNe, v and v of all flavours are copiously produced
and trapped in the proto-NS core. After a second, they are emitted as the star cools down

o
=2

@ ~ 10% ys with E, ~ O(10) MeV I | . IMB
a Kamilokande II
@ Energy released in neutrinos ~ 10°3 erg s ¥ S TAmoRneR

[
f=1
T

@ Neutrino burst duration ~ 10 s

@ Standard Model predictions compatible
with the SN 1987A observation !
(first and only SN neutrinos detected) 10 E 0 s
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Weakly interacting particles in supernovae

If new particles interact with the components of the proto-neutron star core (n, p, e™, 1=, v),
they can be copiously produced

Depending on their coupling strength to the SM:
@ Free-streaming regime: once produced, . -V

particles escape the star, as their mean free
path exceeds the proto-NS radius

@ Trapping regime: particles have a mean free ._-_. ! l
path smaller than the proto-NS radius and can e
lose energy or be reabsorbed before escaping e
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Probing dark sectors with supernovae

Different probes (and some references):

@ Energy loss: constraints from supernova cooling
Raffelt, Seckel, PRL 60 (1988) 1793, Burrows, Turner, Brinkmann, PRD 39 (1989) 1020, Raffelt, Physics Reports 198 (1990) 1,
Fischer et al., PRD 94 (2016) 085012, Chang, Essig, McDermott, JHEP 01 (2017) 107, JHEP 09 (2018) 051,
Carenza et al., JCAP10 (2019) 016, Croon et al., JHEP 01 (2021) 107, Cerdefio, Cermefio, Farzan, PRD 107 (2023) 123012,
Manzari et al., PRD 108 (2023) 103020

@ Indirect signals: photons or other secondary products
Chupp et al. PRL 62 (1989) 505, Payez et al., JCAP 1502 (2015) 006, Meyer et al., PRL 118 (2017) 011103,

Raffelt, Redondo, Viaux, PRD 84 (2011) 103008, Calore et al. PRD 102 (2020) 123005, Lella et al., PRD 107 (2023) 103017,
Manzari et al., PRL 133 (2024) 211002, Carenza et al., PRD 109 (2024) 063010, Ferreira, Marsh, Ravensburg JCAP 11 (2022)
057, (2025) arXiv: 2510.14469, Fiorillo, Pitik, Vitigliano (2025) arXiv:2503.15630

@ Direct detection: particles produced in SNe detected at Earth
DeRocco et al. PRD 100 (2019) 075018, Baracchini, Derocco, Dho, PRD 102 (2020) 075036,
Bhalla el al., (2025) arXiv:2506.15765, Bell et al., (2026) arXiv:2603.10434, Carenza et al., PRC 109 (2024) 015501,
Alonso-Gonzélez, Cerdefio, Cermefo, Perez, PRD 111 (2025) 083019, PRD 111 (2025) 083029, (2026) arXiV:2602.17597

Focus of this talk: direct detection
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Particles from supernovae at Earth

@ Massive particles travel slower than neutrinos, semi-relativistic velocities
@ Particles with mass m emitted with energies E ~ m — O(100) MeV

@ Spread in arrival times At (increasing with m and Earth-SN distance dgy)

pmin Emax

|
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Flux of MeV particles from galactic supernovae

@ For a SN at the Galactic Center and m ~ 1 — 100 MeV, At ~ 10> — 10* yr
@ Galactic SN rate ~ 1.63 per century Rozwadowska et al. New Astron 83 (2021)
@ ~ 10— 100 SN fluxes of particles overlap at Earth

@ Near constant flux and smooth approximation DeRocco et al. PRD 100 (2019) 075018,
Alonso-Gonzalez, Cerdefio, Cermenio, Perez, PRD 111 (2025) 083019

©A. D. Perez
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Flux of MeV particles from galactic supernovae:
smooth approximation

The flux of MeV particles from past galactic SNe that reaches Earth

do 2 dnSN r
drdfd
dEEarlh dEEanh f f dl 4 (? R’ 2 r z

o dbj”E’Znh number of particles per unit energy at Earth from one SN (spectral fluence)

@ The galactic SN rate Adams et al., ApJ 778 (2013) 164, McMillan MNRAS 466 (2017)
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|R}| = 8.23 kpc Earth-GC distance and zx = 20.8 pc its position above the mid-plane of the disk
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Flux of MeV particles from galactic supernovae:
smooth approximation

The flux of MeV particles from past galactic SNe that reaches Earth

do dN
=13x10¥ ecm 2 57!

dEEarlh dEEarlh
] dE"E% model dependent
Axion-like particles (ALPs), a, coupled to Dark fermions, y, coupled to SM fermions via
nucleons, N a heavy dark photon, A’
dua _
Lint ~ 8aN ﬁ NytysN Line ~ %X?’ux\/‘/gm
Production: Production:
@ NN — NNa o e+e_—>X)_(
@ np > npxi

Absorption via the inverse processes is also taken into account
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Direct detection of MeV particles from galactic SNe

Number of events per energy in a detector with N, targets during an observation time Az,

dN dd do
= N, Atgps f dE"th —
dE g dEEath JF
ALPs Dark fermions
Signals in neutrino water Cherenkov detectors Signals in liquid xenon detectors
2/Zp
. -
N " N
@ ALPs interacting on free protons @ Nuclear recoils
@ Photon signal peaking at ~ 30 MeV @ Semi-relativistic flux = keV recoil energy
@ Energy range with very low background @ Energy threshold ~ keV, matching the
@ Detection channel proposed for the first recoil signal o
time in Alonso-Gonzalez, Cerderio, Cermefio, @ Very low background (self-shielding and
Perez, PRD 111 (2025) 083019 signal discrimination)

M. Cermefio (UPM, IFT (UAM/CSIC)) AGN as Dark Sector Laboratories 11/25



Events in terrestrial detectors: smooth approximation

ALPs in Super-Kamiokande (SK)

30

m,=30 MeV, g, =2 x107*

ALP signal
---- SK exp. bkg.
¥ SKobs. events

25

N
o

[(2 Mev)™]

dNevents
dE
= =
w o w
y b
i
—e—i
h——
e
e
————|
e
—t———
—a—/
——e—
e
T—e—ro
e
\—e—r
'
[ S —

0
10 20 30 40 50 60 70 80
E [MeV]

Alonso-Gonzalez, Cerderio, Cermefio, Perez,
PRD 111 (2025) 083019

@ SKphase IV, exposure 22.5 x 2970 kton-day

@ Energy window E = 16-78 MeV (DSNB
search)

@ Background from muon spallation and
atmospheric neutrinos
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@ LZ, 15 tonne-year exposure (projection)

104

10!

Dark fermions in LZ

—— my=26 MeV, log(y)=-15.3, Atops = 274 yr

1072
Erec [MeV]

4
y= EZQD(,Z‘:, ) » @p = 83/4”

@ Energy window Ei = 5.4-55 keV
@ Background-free limit: N = 2.3 (90% C.L.)
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Bounds from the smooth flux of ALPs and dark fermions

10-°
SN 1987A cooling
1077
10° 10! 102

mg [MeV]
Alonso-Gonzalez, Cerdefio, Cermenfio, Perez,
PRD 111 (2025) 083019

@ Binned analysis with 2 MeV bin width

@ All SK exposure, but dominated by phase 1V

@ Projections for Hyper-Kamiokande (HK),
exposure 187 x 10 kton yrs

@ Background from HK report, [16-50] MeV
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DeRocco et al. PRD 100 (2019) 075018

@ Counting experiments in nuclear recoil
region

@ Background-free assumption
@ Limit set by total number of events
@ N=23(90%C.L.)
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Limitations of the smooth approximation: time window

Alonso-Gonzalez, Cerdefio, Cermefio, Perez, (2026) arXiv:2602.17597
@ Aty < At ~ 10° yr

@ Experiments probe only a limited time interval

@ Only a portion of the energy spectrum is observed (the energy and width depend on
the explosion time, dgy and m)

today
Ar?S — 20 yrs —

*"4

At ~ 105 yrs ‘

M. Cermefio (UPM, IFT (UAM/CSIC)) AGN as Dark Sector Laboratories 14/25

©D. Alonso-Gonzalez



Limitations of the smooth approximation:
energy-dependent arrival
Alonso-Gonzalez, Cerderio, Cermefio, Perez, (2026) arXiv:2602.17597
@ Sensitivity to a limited energy range

@ For some combinations of the explosion time, dsy and m, part of the relevant signal
has already passed = reduction of the flux

At9PT | today
}

energy

already passed Earth
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Numerical simulation of the galactic supernova history

@ SNe distributed in space and time according to the galactic rate (~ 14250 SNe
expected over 8.8 x 10° yr)

SNe location
{-0.25
4{-0.50

4-0.75

1507120 90,,%%&6“"&@»&% 20 120° 150°

d1-1.002
=

’fogw"ﬂi oLt N

4-1.25

-1.50

=175

@ Only SNe contributing to the flux at present time are considered

@ Flux obtained by summing the contribution of all SNe in each realization
@ Repeated for multiple (20) realizations

@ Code available on https://github.com/AndresDanielPerez/SGaSNoF

M. Cermefio (UPM, IFT (UAM/CSIC)) AGN as Dark Sector Laboratories 16/25


https://github.com/AndresDanielPerez/SGaSNoF

ALPs: Flux and signal in SK

me =30 MeV, g, =9.4x107

1010 — - - T T 30— - - T T T
—— Smooth —— Smooth

1090 —— Stochastic (total) 4 251 1 —— Stochastic (i=1) |
- —— Stochastic (each SN) Stochastic (i=2)
S 108) : T —— Stochastic (i=3)
g S 20} --- SK exp. bkg.
S 107l g ¥ SKobs. events
g ~ 15¢
= 108} T
1 ]
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s Il L1
10}
\ i \ 1
20 40 60 80 100 120 140 0 20 30 40 50 60 70 80
E, [MeV] E [MeV]

Alonso-Gonzalez, Cerderio, Cermefo, Perez, (2026) arXiv:2602.17597
@ Left: fluence of ALPs, fddedE%, in Aty = 20 yr for one SN history simulation
@ Purple line obtained integrating all individual SN contributions in 1 MeV bins
@ Right: Number of events per energy in SK phase IV for 3 simulations
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9ap

ALPs: impact on bounds

9ap
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Alonso-Gonzalez, Cerdefio, Cermeno, Perez, (2026) arXiv:2602.17597

@ Binned likelihood analysis comparing signal + background with data

@ Bounds obtained from multiple SN realizations

@ Central limit from mean x?, with a 1o spread
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Dark fermions: flux and signal in LZ
m, ~ 26 MeV, log(y) ~ —15, with y = €*ap (,;”—;)4 and ap = g2/4m, Aty = 2.74 yr
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Alonso-Gonzélez, Cerdefio, Cermenfio, Perez, (2026) arXiv:2602.17597
@ Left: fluence of dark fermions, fddeEmh , for one SN history simulation
@ Purple line obtained integrating all individual SN contributions in 1 MeV bins
@ Right: Number of events per energy in LZ for 3 simulations

M. Cermefio (UPM, IFT (UAM/CSIC)) AGN as Dark Sector Laboratories 19/25



Dark fermions: impact on bounds
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Alonso-Gonzalez, Cerdefio, Cermefio, Perez, (2026) arXiv:2602.17597

@ Contraints: LZ, XENONNT and PandaX-4T, with 4.2, 3.1 and 1.54 tonne-year
exposures

@ Projection: LZ 15 tonne-year exposure
@ Central limit from mean expected number of events, with a 1o spread
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What happens for lighter ALPs

Alonso-Gonzalez, Cerdefio, Cermefio, Perez, PRD 111 (2025) 083029
Expected signals in neutrino water Cherenkov detectors from a single future supernova

ﬁ_ﬂ/\ P

ta 0

@ ALPs from a SN located at a distance dsy will arrive with a time delay with respect to

2 2
the first neutrino event ¢, ~ ‘“N’”" ~2x10°%s (ldlfg’c)(m"f\gev) (%)

@ The arrival time window of ALPs Az, = 1,(E°Y, m,, dsy) — to(ELS", mg, dsy)

. 2
EIY ~ 16 MeV, ;" ~ 80 MeV, 13(my, dsy) = Ea(80MeV, ma,dsw) ~ 8 x 10%s ({3 ) (5736w )

01MevV
2
19(mq, dsy) ~ lday(lkpc)(o.lﬂli/‘;eV) Aty ~ 20days(1kpc)(o.1mﬁ)
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ALP region that can be probed with future galactic SNe

Ny (Atg)

Z(A1,) =
< Na

t the time it takes for the last ALP to arrive
Alonso-Gonzélez, Cerdefio, Cermefo, Perez, PRD 111 (2025) 083029

, N,(At;) > max [2, 2 \[Tpkg Ata] , iprg background events per unit time

104 . 1 kpc 1074 . 10 Kpc
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o ! w
a a
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Iy o &/ X
© ©
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Disentangling ALP-proton and ALP-neutron couplings

@ Rate from ap — py peaking at E, ~ 20 — 30 MeV smaller than the oxygen excitation
one with peak at E, ~ 5 — 10 MeV Carenza et al., PRC 109 (2024) 015501

@ ap — py signal only sensitive to ALP-proton coupling
@ Oxygen de-excitation depends on both ALP-proton and ALP-neutron couplings

The comparison of both signals in a future observation = measure of g,,/gan

2160 160"

dn,
dE, [a.u.]

0 10 20 30 40 50 60 0 10 20 30 40 50 60
E, [MeV] E, [MeV]
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Disentangling ALP-proton and ALP-neutron couplings

The comparison of both signals in a future observation = measure of g,,/gan
Alonso-Gonzalez, Cerdefio, Cermefo, Perez, PRD 111 (2025) 083029

1074

1075}
&
>
107°}
............... §
~
10305 = ':—2 o 02 4
10 10 10 10 10 10
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This can be applied to SNe up to ~ 100 kpc
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Conclusions

@ Core-collapse supernovae are powerful probes of dark sectors

@ MeV particles from past galactic supernovae can form a diffuse flux at Earth,
enabling direct detection in terrestrial experiments

@ We derive new constraints on axion-like particles coupled to nucleons and dark
fermions coupled to SM fermions from current experiments

@ We performed a simulation of the galactic supernova history and demonstrated that
the diffuse flux is not smooth but stochastic, affecting the expected signal and
weakening previous limits

@ ALPs lighter than 1 MeV from a future nearby supernova would produce signals in
neutrino water Cherenkov detectors that would allow us to disentangle ALP-proton
and ALP-neutron couplings
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SN profiles
Ferreira, Marsh, Mdiller, JCAP 11 (2022) 057
1D simulation AGILE-BOLTZTRAN code, 18 M,, progenitor, t = 1 s post-bounce
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Proto-neutron star composition

Baryonic density ng = n,+n, = m’#N, particle fraction ¥; = :—; charge neutrality Y, = Y, +Y,+Y,

n,- enhancement due to n-N interactions (viral expansion) Fore, Reddy, PRC 101 (2020) 035809

N Rge Ny 0% ! l
= L2 00.1) = /
T e 10k : 4

107
Fischer et al., PRD 104 (2021) 103012 ey .
@ green solid line: non-interacting I{]"j'

@ blue dashed line: virial expansion 4
10

5 10 20 30
R [km]|
Recent works predict n,- smaller than the non-interacting case using heavy-baryon chiral
perturbation theory Fore et al., PRC 110 (2024) 025803, Fischer, Making Neutron Stars a Laboratory
for New Physics, CERN 2025
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Proto-NS composition

ng =n,+n, = m%, the nuclear saturation density ny = 0.15 fm™>
Ny = M= + My + Npmy Rpr <K M0 K Mgy :;’—f ~ L= 00.1)

Fore, Reddy, PRC 101 (2020) 035809 (solid lines with pions)
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Proto-NS composition
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Pion abundance in SN
Fischer, Making Neutron Stars a Laboratory for New Physics, CERN 2025
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Effect of ALPs on the profiles

Fischer et al., PRD 104 (2021) 103012
1D sim AGILE-BOLTZTRAN code, 18 M., progenitor, t = 1 s post-bounce, DD2 RMF EOS
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Effect of ALPs on the profiles

Fischer et al., PRD 104 (2021) 103012

t =7 s post-bounce
[[]“ T = ——r—— T — 6
—ref. run
-—aNN 45
alNN*
—alNN* +ar 44
== alWNN* +an*

: : L 0
5 10 20 10 20 30
R [km] R [km]
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Cumulative percentage of SN vs progenitor star mass
Sukhbold et al., ApJ. 821 (2016) 38

100 — . - -
| | - 79.6-+WIR
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Myams Mgl

FiG. 14.— The percentage of Type Il supernovae above a given
main sequence mass for explosions using the Z29.6 and W18 or N20
engines. A Salpeter IMF has been assumed. Suceessful explosions
above 30 Mg do not make Type [I supernovae.
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SN profiles for different progenitor masses

Calore et al., PRD 105 (2022) 063028
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FIG. 1. PNS evolution during the deleptonization phase for the SN explosion models lnunched from different progenitors with

ZAMS mwasses of 8.8, 11.2, 18,0 and 25 M-, Left ponel contral density, poenee. fight ponel contral and maxbowm temperatures,
Ticinie (dashed lines) and Tyw (solid lines),
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Uncertanties in SN bounds

Lella et al., PRD 109 (2024) 023001

1o

m, [eV] m, [eV]

FIG. 4. Summary of the bounds with their uneertainties in the g.,, vs m, plane together with the QCD wdon band. The color
code & the same ns Fig. 5. Left panel: The hatched regions show the uncertainty an the bounds from the SN 1087A cooling
(bl reggion) and the non-observation of extra ovents in the KI experiment in colneidence with SN 1987A (green reghon). In
both the cases, solid thin ines delimit the region exciuded by the GARCHING maodel while the dashed thick lines delineate the
on exeluded using the AGILE-BOLTZTRAN code, Right pomel: The blue hatched region showing the uneertainty on the cooling
bound is obtained by assuming the presence of pions in the SN core, or not. The green hatehed region displavs uncertainties
regarding ALP absorption by heavy nucled in the peutrino-driven wind,
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ALP-nucleon interactions

N——Con—>—N P—p»— ("nr{.’\' —— N N —»— Cona —»— A
Di Luzio et al., Phys. Rep. 870 (2020) 1, Chang, Choi, PLB 316 (1993) 51

0,a
Ly = gazL[Capl_))’#'YSP"'Canﬁ'yp'YSH"'
my

C
;”N (in* py'n—in" iy"p)+
/g

Cana (pA;+A_;p+ﬁA2+A_2n)

C,n model-dependent O(1) axion-nucleon coupling, g.v = g¢Can, N = p,n
Cav = (Cap = Can)/ V284, Cana = = V3/2(Cap = Can)
g4 = 1.28 the axial coupling, fr = 92.4 MeV pion decay constant
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ALP-nucleon bounds

Benchmark values C,, = —-0.47, C,, = 0, inspired by the Kim-Shifman-Vainshtein-Zakharov
(K8VZ) axion model Grilli di Cortona, et al., JHEP 01 (2016) 034;  gp = Cyp&a

Lella et al., PRD 109 (2024) 023001

covnd oo o veed 1

10—11} -

T T

1 -12
107

02

mg [eV]

@ Trapping regime
@ m, = 200 MeV, no SN production
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ALP production in SN

N L SR L N N i n N
N—» > N N/A

ALP production spectrum (number density of ALPs produced per unit time and energy)

8id°p; , 1Bal
dE i nf Qg ’)nf r )32E’[1 HE )](2”)454[21’ N Pa] M

Jj#a

Fermi-Dirac distribution function for nucleons f(Ex) = W Bose-Einstein distribution function
I—exp| =7

1
1+exp( L’;“” ) ’

for pions f(E,) = nucleon and pion chemical potentials py and p,
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Absorption effects in the ALP spectrum

ALPs can be reabsorbed in the nuclear medium through N+N+a - N+Nand N+a —» N+n

&N,
dE dt ~

00 2
7T(E;,r) d Na
L 4nr’dr <e > dE.di (Eq, 1)

Absorption effects averaged over the cosine of the emission angle

<e—T(EZJ)> _ l f” du . fom dsFa(EZ,\/r2+x2+2rxu)
2 -1 ’

Eq
Absorption rate I, (E,, r) = /1;1 (Ey, 1) [1 - e_m], Aq (Eq, ) ALP mean free path

For m, <1 MeV, Lella et al., PRD 109 (2024) 023001
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ALP spectrum at Earth from one SN

The spectral fluence of ALPs from an isotropic production spectrum far away from the SN

dE*°° f, - dtf atr) s dr (e r)> (V Lo E),

min

a(r) < 1 the lapse factor accounting for the gravitational redshift inside and outside the star
E;>® = a(r)E, the observed energy at infinity

Er=—20D __F redshifted from the point of ALP production to the point of absorption
= p p p p
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Diffuse galactic SN ALP flux at Earth
D. Alonso-Gonzélez, D. Cerdefo, M. Cermeio, A. D. Perez, PRD 111 (2025) 083019

@ SN MeV ALPs travel with semi-relativistic velocities due to their massive nature
@ ALPs are produced with E, = [m, — O(100) MeV] = spread in arrival time At
For a SN at the Galactic Center and m, ~ 1 — 100 MeV, At ~ 5 x 10> — 5 x 10° yrs

Galactic SN rate ~ 1.63 per century Rozwadowska et al. New Astron 83 (2021) =
~ 10 — 100 SN ALP fluxes overlap at Earth = near constant flux for m, > 1 MeV
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Detection of the diffuse SN ALP flux in neutrino detectors

ALPs reach neutrino detectors and produce MeV photons after interacting on free protons

Number of photons per energy and time produced at an experiment with N, targets

aNy E(Ey) g diﬁh d Ty
dE, e, dEE  dE,

EN(Ey) ~ EM"(Ey) ~ Ey, for IMeV < E, < 100MeV (1073 MeV < EI™* — EMin < 18 MeV)
Novel signature, expected in models with ALP-proton couplings
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Events from the diffuse ALP flux in Super-Kamiokande

30
m,=30 MeV, g, =2 x 1074
25 — ALP signal
---- SK exp. bkg.

— $ SKobs. events
T 20
>
(]
=
~ 15

dNevents
dE
-
w o
T
Y
———i
—e—
—e—
i
—e—y
)—:’—0—4
H
\ ———
\
H——

% 20 30 40 s0 60 70 80
E [MeV]
@ Super-Kamiokande (SK) phase 1V, exposure 22.5 x 2970-kton-day

@ Energy region E = 16 — 78 MeV optimized to search for the DSNB by identifying positrons from
inverse beta decay, without neutron coincidence SK Collaboration, PRD 104 (2021) 122002

@ Background dominated by cosmic ray muon spallation, electrons produced by the decays of low
energy muons and pions, and charged current interactions of atmospheric neutrinos
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Bounds from SK and projections for HK

1076
SN 1987A cooling
1077 .
10° 10! 102

m; [MeV]
@ No observation of anomalous events in SK = constraints on the ALP-proton coupling

Binned analysis with 2 MeV bin width
Considering all SK exposure, but dominated by phase IV

@ Projections for Hyper-Kamiokande (HK), exposure 187 x 10 kton yrs
Background from the HK report, limited to [16-50] MeV
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What happens for lighter ALPs

D. Alonso-Gonzélez, D. Cerdefo, M. Cermefio, A. D. Perez, PRD 111 (2025) 083029
Expected signals in neutrino water Cherenkov detectors from a single future supernova

ﬁ_ﬂ/\ P

ta 0

@ ALPs from a SN located at a distance dsy will arrive with a time delay with respect to

2 2
the first neutrino event ¢, ~ ‘“N’”" ~2x10°%s (ldlfg’c)(m"f\gev) (%)

@ The arrival time window of ALPs Az, = 1,(E°Y, m,, dsy) — to(ELS", mg, dsy)

. 2
EIY ~ 16 MeV, ;" ~ 80 MeV, 13(my, dsy) = Ea(80MeV, ma,dsw) ~ 8 x 10%s ({3 ) (5736w )

0.1 MeV
2
Oma dsy) ~ 0. 3days(1kpc)(0_1";;ev) Aty ~ 23 days (13 ) (b )
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ALP flux and event rate at SK from a single SN

dbq  _ 1 (max g (1,02 —r(Estr)\ _Pna ~1 7Earth
BB = nd?, ftmi" dt fo a(r)” 4nr-dr (e a ) T (r, t,a(r)” E; )
ol e Jap=9.4%x1077 | w3l Gap=9.4%1077 |
—— gp=37x1075 —— gpp=37x1076
—— gap=2.3x107° —— Gap=2.3%x107°
— 1012} . 107t
3
€
(]
T 101 10tk
>
]
E ...........
o[ 1010 10°
3 8
AS]
10° 107ty
108 N N N N o 1072 i L L N )
0 20 40 60 80 100 0 20 40 60 80 100
Egarth [MeV] E, [MeV]
= aNy _ Eq ™ (Ey) rEarth _d®y 4 Tapopy
dsy = 1 kpe, m, <1 MeV Ty = Nt fgpinge ) B g —dE,
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ALP region that can be probed with future galactic SNe

Z(At,) = N_LA"‘A),, N,(At,) > max [2, 2 \[Tpkg Ata] , iprg background events per unit time
bkg Ala

t the time it takes for the last ALP to arrive

1074 r 1 kpc 1074 r 10 kpc
SNO = SNO : =
[ ' i
a o
SN 1987A THIS SN 1987A THIS
1075} (events) WORK 1075} (events) WORK ,
g 3 2%
o) o)
1075E SN 1987A 107SE SN 1987A
(cooling) (cooling)
t=20 years
t=20 days
t=20 hours
-7 L n " " -7 " " " "
10 10°° 1074 1072 10° 102 10 107° 1074 1072 10° 102
m, [MeV] m, [MeV]
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Disentangling ALP-proton and ALP-neutron couplings

@ Rate from ap — py peaking at E, ~ 20 — 30 MeV smaller than the oxygen excitation
one with peak at E, ~ 5 — 10 MeV Carenza et al., PRC 109 (2024) 015501

@ ap — py signal only sensitive to ALP-proton coupling
@ Oxygen de-excitation depends on both ALP-proton and ALP-neutron couplings

The comparison of both signals in a future observation = measure of g,,/gan

2160 160"

dn,
dE, [a.u.]

0 10 20 30 40 50 60 0 10 20 30 40 50 60
E, [MeV] E, [MeV]
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Disentangling ALP-proton and ALP-neutron couplings

The comparison of both signals in a future observation = measure of g,,/gan

1074

1075¢
S
o
10-°f
............... §
~
1077« i . i . y
10 10 10 10 10 10
m, [MeV]

This can be applied to SNe up to ~ 100 kpc
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QCD ALPS

The lagrangian for QCD ALPs with interactions to quarks and gluons
2

8 4 o zaw dua _ (map)*
Laaco =Cgm]7G *+ E Cq#‘])’”)’ﬂ]"’ 20 a
q a

fa= ';’—2’, Gy, the gluon field strength tensor, G“ =

1 €uypr G its dual, ¢, and ¢, model-dependent
constants, with ¢ = u,d, s, c,t,b

Below the QCD confinement scale £,qcp induces ALP couplings with baryons and mesons.
The nuclear interaction Lagrangian derived in the context of Heavy Baryon Chiral Perturbation Theory

P Con _ -
Loue = Zfa [ CppY'ysp + Calty"ysn + (m py'n—in ny“p) + Cunva (pA+ + A;p + ﬁAg + Agn)]
(G- Cn)

V3
CanN = \/EgA s Cana = _7 (CP - Cn) s

£ =92.4MeV, g4 = 1.28,

Cp (cgrurca) = = 0.47cy +0.88¢, — 0.39¢4 - 0.038¢,
- 0.012¢, - 0.009¢; — 0.0035¢,

Cu (cgrcur ca) = = 0.02¢, + 0.88c4 = 0.39¢, - 0.038c,
- 0.012¢, - 0.009¢, — 0.0035¢;
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Nucleon electric-dipole portal for QCD-ALPs

The gluonic part of the lagrangian

2
8 a =
Lag = Cg32_;-2f: ZVGWV

induces a model independent nucleon EDM portal interaction Pospelov, Ritz, PRL 83 (1999) 2526

i _
LZEDM = _Egd,NaN’)’SO-vaFHV

With ga = 52 With f, = " and Cany = ~Capy = 0.0033(15)

myfa®
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ALP production in SN: bremsstrahlung

Axion emission spectrum
Giannotti, Nesti, PRD 72 (2005) 063005, Carenza et al., JCAP 10 (2019) 016

d*n, g ng .,
= 8a 1B (2
(dEadt)NN 1672 m,zv( i=m)

[

e TS (E)O(E, —my),

i = Lo o (Ea Eq) gi ; "
nucleon structure function S, (E,) = E%+r2s( 7 ) s( T ) dimensionless nuclear function

nucleon spin fluctuation rate T, = 47~ (gA ) %m0, T = gl
g from scattering kernel normalization
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ALP production in SN: pion-axion conversion

N—>p "> N NN

Axion emission spectrum Carenza et al., PRL 126 (2021) 071102

dn | __@rs g_Az(Ez_mz)%
dEad[ N 21.5”5m9\}5 2f,, a a

)

E2—m? =
2
E2+T

-0 (Ea — max (mm mn))
P
XC“ exp(xa Y _ﬁzr) -1 (

0 1
x | dyy? -
fo exp (y2 —ﬂp) +1exp(=y* + 1) + 1

- 2
chr = ':—Q’nga (Ip~]) term related to the matrix element with G, (|p,|) @ dimensionless function
A

i = “""';’U" the degeneracy parameter with i; and U; the chemical potential and the self-energies

of the particles, y, = my/T, x4 = E;/T
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ALP photo-production in SN

Axion emission spectrum

d’n e 6 1 do,
a dE EZ_ 2 yp—pa
(dEadt) e )Zf P

e“ =2 f P ﬁ,(E)(l - f»(E)) effective number density of protons,
ﬁ, the Fermi-Dirac distribution function

m,, effective photon mass
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Differential cross section for ALP photo-production in SN

6(cos 6, — cos 92) dcosé,

do'*/pﬂp a _ f
dE,, Y

E\E, —my(E, — E,) — 5(m + m2)

5" m
with

cos @ =
E2 —m2 \[E2—m2
determined by energy conservation, and with the averaged squared amplitude given by

2E,(m} + Eymy) + m2(m; — Ey) — 4E2m’s + E,m?

[ =it

( mg — 2Eamp)2
mf,(m; -E)) 2m§m; —2E2 = E, m2
QEyms + m2)?  (m2 - 2E,m3)QEymj + m2) |
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ALP production in SN: comparison

R =10 km, m, = 20 MeV, g, = 107

10—10
10—11
10—12
3 10713
Z
c[g 10714
10—15
_ —— Bremsstrahlung
1071° Pion conversion
— Ypb—ap
10—17
0 50 100 150 200 250 300
E, [MeV]
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—— Bremsstrahlung
Pion-ALP Conversion
—— ap-yp
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Negligible ALP photo-production, no absorption viaap — yp
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ALP production in SN: comparison

| — bremms
- plon
| —— phaoton ours
| | — photon dipole
1o Wi i
1l
1 - 1
an 100 130 200 50 I{.ID 330 400
a [Mav]
o = = = DA
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Absorption effects in the ALP spectrum

ALPs can be reabsorbed in the nuclear medium through N+N+a - N+Nand N+a —» N+n

&N,
dE dt ~

00 2
7T(E;,r) d Na
L 4nr’dr <e > dE.di (Eq, 1)

Absorption effects averaged over the cosine of the emission angle

<e—T(EZJ)> _ l f” du . fom dsFa(EZ,\/r2+x2+2rxu)
2 -1 ’

Eq
Absorption rate I, (E,, r) = /1;1 (Ey, 1) [1 - e_m], Aq (Eq, ) ALP mean free path

For m, <1 MeV, Lella et al., PRD 109 (2024) 023001
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ALP spectrum at Earth from one SN

The spectral fluence of ALPs from an isotropic production spectrum far away from the SN

dE*°° f, - dtf atr) s dr (e r)> (V Lo E),

min

a(r) < 1 the lapse factor accounting for the gravitational redshift inside and outside the star
E;>® = a(r)E, the observed energy at infinity

Er=—20D __F redshifted from the point of ALP production to the point of absorption
= p p p p
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Lapse function

The lapse function encodes effects due to the proto-NS gravitational potential ®(r)
evaluated locally in the proto-NS interior

a(r) = A1 - 2A0(r)

AD(r) = Gfroo '"e‘;+2(")dr’ change in potential from r to co and m.,.(r') mass enclosed in

1.00
0.98
0.96
0.94

©0.92
0.90
0.88
0.86

0 5 10 15 20
Reore (km)
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ALP spectrum at Earth for other models

m, = 10 MeV, g, = 107°

35.10% | 1
t — Cap=1, Can=1 {
200 10%] — Cap=1, Cyo=00
— Cap=0, Cyn=1
254105 — Cap=-0.47, C4=0 (KSVZ)
— , —— Cap=-0.4, C,,=0.047 (DFSZ, tanbeta=1)
2 2.0x10°6}
z t — C,p=-0.182, C,,=0.16 (DF5Z, tanbeta=10)
Z 15.10%]
1.0x 10'4"5
5.0.10% |
50 100 150 200
Ea [MeV]
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Mean-free path

R =20km, g, = 5107 massless ALPs

103 4
| -
102% : Rl
: -
: -
: Ptie
10t} Pt ]
£ ]
=
< 1071] ]
3 —-— Bremms
10~2L el e axion-pion conv J
10_3 3 ....." ..... 3
10~4 L L L L
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Mean-free path
R =20km, g, = 510°%, massless ALPs

s 2. 107R

LRLG)

s e

@01

— €=l Cansl
— Cpel, Cy=D
e o, Cannl 1
— Ca=-0,47, Cyp=00 (KSVE)

— Ea=-0.8, Car=0.047 (DFSZ, tanbeta=1)
— =082, €,,=0.16 (DFSZ, tanbeta=10}

and ELL

Ea ]
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Mean-free path
R =15km, g, = 510°%, massless ALPs

et A3
T

— Cu=l, Can=l

— Ciu=l, Lozl

— Cup=l, Can=l

— Co=-0.47, €0 (KSVE)

— Cy=-0.4, Coy=0.047 (DFSZ, tanbeta=1)

(BT 2

— Cuy=-0.182, £,,=0.16 (DFSZ. tanbeta=10)

it P

e =

0
Ea JHuy)

DA
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Mean-free path
R =10km, g, = 5107°, massless ALPs

e

10

— Cyal. Cyanl

— Cap=l. Can=ll

— Ea=0, Carml

— Cup=-0.47. Lozl (KSVT)

— €u=-0.4, Co=0.047 {DFSZ. tanbata=1)

— C,p==0.182, C,=0.15 (DF5Z tanbeta=10)

il [unf

£a [y

DA
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Mean-free path
R=5km, g, =5107% massless ALPs

— Cu=l, sl

— €=l Eph

e Cop=0, Cpml

— € =-0.47, £,.20 (K5V2)

—— Cape-D.4, Cay=0,047 [DFSZ, tanbetas1)
s1sif - Cog==0.18Z, C4=D.16 (DFSZ, tanbetas10)
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Feynman amplitude forap — py

a(py) + p(p2) = p(p3) +y(ps)

aCa
M, = a(p3) [ey"] m 8 p?’v)’s] u(P2) (1), €,(pa)

+;/2)—mp [ 2m

_ 8aCq i %
M, = u(Pa)[ 2mpp 7‘775] ma _};1) . [eyﬂ] u(p2) (p1), €,(p4)

Ce’s.

- e~ P (2E.E, )

E2m, (2Eam,, + mg)
+  Amm(Ey - Ey) (Ey(Eq — Ey) + m2) + migm, (2E,E, + m?) + Eym§
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Feynman amplitude dipole interaction

a(p1) + p(p2) = p(p3) + y(p4)

Mapoe = 109 [ =50,750 |10 [ (0000 0) = 50

gan = <25 C,,, =0.0033
N

E, (ZEam,, + mg)

3
m,

I/\/(lgipole = 8C2pyg3
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Differential cross sectionap — yp

—2
do, 1 M 0
iE, :f32ﬂ Ay dcosBd6(cosf —cos )

the cosine of the angle between the photon and ALP momenta is fixed by energy

conservation
2E,(my, + E;) — 2m,E, — m?

2E, \JEZ — m?

lcosé| <1 = E;"i"(Ea), EV*(E,) or EM"(E,), E™(E,)

cosfy =

2 2
_ my + 2E,m,, max m; + 2E,m,

Y dmy+E)+2NEZ-m2 | 2m,+E)-2E—m’

For I MeV < E, < 100MeV, 107 MeV < E — ET" < 18 MeV

min __
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ALP-nucleon photo-production cross section:
comparison with nucleon electric-dipole portal

Form, =20MeV, E, =30MeVand g, =5-1073

o ~7.50x 107 cm?

Taipole ~ 1.11 x 107 cm?
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Spread in the arrival time of ALPs

t
&_—
At, fg
i < (] ()
t,=4 =4 At, = ™% —gmin = g ! - 1 =d < a
IR [w) i HaTVAaT
dAv dAv
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Background Super-Kamiokande

Super-Kamiokande Collaboration, PRD 104 (2021) 122002
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Background Hyper-Kamiokande

Hyper-Kamiokande Collaboration, e-Print: 1805.04163
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FIG. 188

neutrons. Left figure shows the case without tagging neutrons, assuming a signal selection efficiency of O0%.

Expected spectrum of SEN signals at Hyper-K with 10 vears of livetime without tagging

Neutron tagging were applied for right figure, with the tagging efficiency of 67% and the pre-gamma cut for
invisible muon background reduction. The black dots show the suim of the signal and the total background,
while the red shows the total background. Green and blue show backgronnd contributions from the invisible

muon and v, components of atmospherie neutrinos. The SRN flux prediction in [296] is applied.
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Constraints from SK and projections for HK

Profiled log-likelihood-ratio test

£ :
gl =-21n (,C{ﬁ'}) _—

Binned statistical treatment assuming that the
number of events in each bin follows a Poisson
distribution,

Phins

a0y =2 [}: Na(®) — Ny + Niy In ( v:ﬁ})}

i=1

I ? distribution. 10*
follows a x* distribution R

For the projected exclusion limits for HK:

1/d P I}
7, 1077
Z{0) = {2 S () + Bj, In (7““” 10° 10! 107
'_E_; th 1 5i,(6) + B M, [MeV]

95% CLl.atZ=1.96
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Constraints from SK and projections for HK

1074

o 1073
©
(o)}
— skl
—6 |
10 Skl
SN 1987A cooling  —— sklil \\
— SKIV
----- HK (report)
=== HK (projection)
1077 .
10° 10! 10?

ms [MeV]
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Simulation: Diffuse ALP flux from galactic SNe

Galactic SN rate and distribution: : :
Simulation

SN time window: 6.34e485 |yr

d”'S-’V — ‘19_ Rrr! t,—v';’;l Average nurber of expacted SNe: 13237.29
dt Iteration | SN :uuntm
1 13441

|
2 : 13268
For ccSNe: 3| 1313 SN position
R=26kpe  H=0.3kpc 4| 13222 w.rt GC LS
SN rate: 1.63 per century 5 13071
6 | 13184 rpipe] & - zfapa] sl
i 71 13281 ——
ﬁ' " 165 X 10‘ kp{j vr_‘ s | 133“5 @ OTIIEES 1253047 Q051144 LGOI 10
9| 13271 VOLTTIONE 1OEVEE GOLEND 8 OPTNEes10
10 I 13333 T 1V IERIER ETOS3RI GUMRM 1 S0BYEe=1U
11 | 13127 3 ESEINM FOTINE A0NNME 0 5MEATE-10
g I {gizg 4 107IZ ZIEXIT] QOMTID  LEZIBABe=T0
B DMGUT LSMOOOT 0145430 1EB4MS..00
14 136833
ae ! P § 073N ZHEIEH 0.1ADHSS 2 IBGEZIes 0
T OV0GIEDE EOMOIMA 0203854 J2CGTE10
& ETEED A0 01TREM ESSG0TIee 0
§ DTIZE 1S6E001 4 16STAS. EASOBSSL.10
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Simulation: Diffuse ALP flux from galactic SNe

The paosition of the last 200 SN (simulated)

Sirulated Milky Wy

Falaniic Fan
Salai SyseEn
o G Esarras

Vi2 {hepch

%2 {kpei
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Simulation: Diffuse ALP flux from galactic SNe

27
flux factor = f f dnSN d —————drdfdz

i 4x (- Ry
10-54 - — m,;=0.1 MeV — my=2 MeV
— ms=0.5 MeV — m,;=5 MeV
— my=1MeV ---Analytical value

10—55 i

10—56 J

10—57 1

20 30 40 50 60 70
E. [MeV]
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Timing information of the signal

a

A ®

However, due to their massive nature, they travel more slowly than neutrinos.
Leads to a time delay f, between the ALP arrival and the first neutrino event:
dsg\,-' i"J'?,2 - G ds,-\r

My 2 716 MeV\ 2
1 kpe 0.1 MeV B

M. Cermefio (UPM, IFT (UAM/CSIC))
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Timing information of the signal

5.

t
A
ﬁm A 4 .
At l‘a0

In addition, since ALPs are produced with different energies, there will be a time window N‘
setween the first (most energetic) and the last measured ALPs.

b f-- Jﬂl‘ 3
N—— AP ~ 10 o [ dsn a E_=[16, 78] MeV
NIRRT Ay l%xm“(lkpc 0.1 MeV o
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Event rate at SK from a single SN

dsy = 1 kpe, m, <1 MeV

@ Energy region [16 — 78] MeV, optimized to
search for the DSNB by identifying positrons
from inverse beta decay

@ Background: cosmic ray muon spallation,
electrons from the decays of low energy
muons and pions, and atmospheric vs

@ Huge background increase for E < 16 MeV

M. Cermefio (UPM, IFT (UAM/CSIC))
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Comparison with the oxygen excitation signal

- Our signature is only sensitive to ALP-proton coupling.

- . o dsy My 2 -
atp—apty AT &~ 193 x lllﬁh(m) (m) E_=[16, 78] MeV
<-. E ~F peaks at
7 L Ey ~ 30 MeV

- Oxygen de-excitation depends on both ALP-proton and ALP-neutron couplings.

1, Wpw —y 16 ApaOa0* o f dsv L] : E =[9.55, 28] MeV
a+ 00— P0n o+y Al ~ 4.99 x 10 h(lkl'l(') (ﬂ.l;\[t.‘\") a

. E ~5-10MeV | Petiea

Ey ~ 7 MeV
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Sensitivity in a future SN event

-4
In a future SN observation, the B — ap-py
comparison of both channels e 8100160
can be used to measure the
ratio of both couplings.

At =20yrs

This can be applied to
supernovae up to = 100 kpc a

Np=2

10-? il TR B il il ...x Sl
107°1072107%107210 10" 10Y 10* 10¢
m, [MeV]
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Bounds using the delayed signal from the SN 1987A?

For some masses, ALPs produced in the SN
1987A {d“=51.4 kpc) could have been
already detected by Super-Kamiokande.

The scenario that maximizes the signal
correspands to:
m, = 0.45 MeV
g =4ax10°
£ =23.5-43.6 MeV

taking into account the operation period of
the first four SK phases (9 to 31 years after
SN 1987A neutrinos).

But the statistical significance
of the signal is only Z = 0.5.

No constraints can be derived!

M. Cermefio (UPM, IFT (UAM/CSIC))
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Proto-NS birth
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Fischer et al., PRD 85 (2012) 083003

Neutrino luminosity
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SN neutrinos

v’s are crucial in proto-NS evolution = good sites to test new v interactions

During the final phases of core collapse SN v’s are copiously produced in the proto-NS
interior (n, ~ 10% cm™) and trapped due to their scattering with Ns
After a second, they are emitted as the star cools down (Kelvin-Helmholtz cooling)

e IMB
o Kamiokande II

[

2 0§

T T W T—T—
P e
T L]

@ Emitted v's observed during
fignat ~ 10 s from the SN 1987A

@ 1ena proportional to the v diffusion time 10 ? + 6
%

Energy (MeV)
3

in the stellar material fggna ~ 10 gi 7
@ The observed emision time is compati- 0;] : é : ; ' é ' é, ' 1;} ' 1'2 '
ble with the one predicted by the SM Time (&)
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Relevant interactions inside SN

Janka arXiv: 1702.08713. In '"Handbook of Supernovae,” Springer
Table 1 Most important neutrino processes in supemova and proto-neutron star matter.

Process Reaction”

Beta-processes (direct URCA processes)

electron and v, absorption by nuclei e HAZ)+— (A Z=1)+V,
electron and v, captures by nucleons e Epi—intV,

positron and ¥, caplures by nucleons e Ene—p4 T,

“Thermal™ pair production and annihilation processes

Nucleon-nucleon bremsstrablung
Electron-position pair process
Plasmon pair-neutring process
Reactions between neutrinos
Neutrino-patr annthilation
Neutrino scattering

Scattering processes with medivm particles

MNeutrino scattenng with nucle
Neutrino seattering with nucleons

Meutrino scattering with electrons and positrons

NAN— NEN v+ P
e et — v
Fi—t V4P

Vot W d— Wy + W,
Vit (Ve T} +— vt Ve, %}

V4 (AZ)+—r v+ (A Z)
V4N+— V4N
Viet e« viet

“ N means nucleons, i.e., eithern or p, v € (Ve B, vy, W Ve, B b vy € (v, B, v W)
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Relevant interactions inside SN

Janka arXiv: 1702.08713. In 'Handbook of Supernovae,” Springer
CC B-processes CC scattering process

rv Ve L v Vo VeV v B, €
W, w- /*tw\ fwe, W
P et Ve

-3

+
B, (AZ) n(AZ-1 n Ve
NC scattering processes (v = Vg, Vg, Vi, Yy Vi, V)
v V v v \\ﬁ/ v v -.\_\/ v
iz 20 iz

n, g, (AZ) npaz) e, e L

Neutrino-pair (*thermal”) processes

e v
Z <" = o v Vv
o e (32
.0 a e ] _E
T\\./Vq
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Neutrino decoupling SM

Janka arXiv: 1702.08713. In 'Handbook of Supernovae,” Springer

Electron flavor (v, and v}

':\IT:ITIETII'I}': Atmosphere

Energy sphere Transport sphere

T purope v B UITIY o | MEper et |
avy-Repton neutrings
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SN phases

Janka arXiv: 1702.08713. In 'Handbook of Supernovae,” Springer
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Description of the proto-neutron star interior

@ The temperature, T, baryonic density, ng, and electron fraction, Y,, profiles at 1 s after
the bounce from SN simulations Fischer et al., PRD 85 (2012) 083003

@ The neutron, proton and electron neutrino chemical potentials, y,, 1, and 4, and the
nucleon effective mass m;, obtained solving the equations of motion and setting the
equilibrium conditions Cerdefio, Cermefio, Pérez-Garcia and Reid, PRD 104 (2021) 063013

R (km)|T (MeV) |[np(fm )| Yo ||ph (MeV)| g5 (MeV) | uh (MeV) [m}y (MeV)
k=1| 5.0 15 0.5 0.3 496.6 405.4 114.6 249.6
k=2 75 20 0.3 0.28 530.0 458.3 102.7 384.9
k=3[ 10.0 28 0.15 0.25 G56.5 601.9 T9.9 5099.4
k=4] 15.0 33 0.06 0.2 TT0.8 T23.0 20.0 TEG.0
k=35] 17.5 18 0.03 0.1 B58.T 813.1 14.4 857.0
k=6 200 7 0.008  [0.05 917.2 893.9 125 915.9

The energy distribution of nucleons and leptons inside the star described by the
Fermi-Dirac distribution f(E) = m where E is the energy of the particle

M. Cermefio (UPM, IFT (UAM/CSIC))

AGN as Dark Sector Laboratories

25/25



Neutrino energy distribution inside the proto-NS

R (km) [T (Me¥) [ na(fm 5] ¥, [ (MeV) g (MeV) [z, (MeV)[mi (Mev)
E=1] 50 15 05 |08 4966 1054 1146 2406
k=2 75 | 20 | 03 028 5300 | 4583 | 1027 | 5849
E=3] 100 £ 015|025 665 | G019 70.0 [
k=4 150 Fo 006 | 0.2 T23.0 200 TRGL
k=5 175 | 18 | o003 |01 8151 | 144 | 8570
E=6] 200 7 0008|005

8039 12.5

The v energy distribution function f,(E,) = with w,,, . = pts,, = 0and g5 = —u;,

1
1o BT ?

The average energy for muon/tau v's (E,) = nT, while for the electron v's (E,) = (3/4).,

104

102

10°

E2f,(E,)[MeV?]
g

1078

10-10

10-12

0 100 200 300 400 500 0 100 200 300 200 500
E, [MeV] E, [MeV]
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Effective nucleon masses and chemical potentials

Considering the TM1 model for a 18 M, progenitor in a relativistic mean field approach:
@ The baryonic density, ng, temperature, T, and electron fraction, Y., derived by Fischer et al.,

PRD 85 (2012) 083003

@ The effective nucleon masses, my, and the neutrino and nucleon effective chemical potentials,
K5, My, 1y, Obtained by Cerdeiio, Cermenio, Pérez-Garcia and Reid, PRD 104 (2021) 063013

@ 4, is obtained solving the equilibrium equation that involves effective meson fields:
My + 15, = 1, + g+ 28,(p), where p is an effective field responsible of the strong interaction

R (km) [T (MeV) | ng(fm=)| Y. |5 (MeV) fo (MeV)| g, I'.'\le'\']:lrf_‘\- (MeV)
k=1 a0 15 0.5 |03l 1966 105.4 1146 | 249.6
k=2| 75 20 03 [n28| 5300 458.3 02,7 3849
k=23 1000 28 .15 .25 G565 GOT.49 79.9 | 5994
k=4| 150 33 0.06 |02 T8 723.0 200 | TEGO
k=5 17.5 1 0.08 | 0.1 sa8.7 R13.1 144 | 8570
k=G| 20,0 T 0,008 0.05 0917.2 RO3.9 12.5 | 09159

TABLE L Values of neutron effective chemical potential, pf, proton effective chemical potential, pg, electron
neutrino effective chemical potential, g, and nucleon effective mass, mby, for the spherical shells (labeled by
the index k and defined by an outer radius /) that we consider at 1 s after bounce. with a barvonic density,
Temperatures, densities and electron fraction are taken from

g, temperature, T and electron fraction, Y.

Ref. [45].
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Effective nucleon masses and chemical potentials

The equation of state of nuclear matter is constructed using the relativistic mean field (RMF) theory
with the TM1 parameter set Sugahara and H. Toki, Nucl. Phys. A 579 (1994) 557, Shen et al., Nucl.
Phys. A 637 (1998) 435

@ In the RMF approach baryons are considered Dirac quasiparticles moving in classical meson
fields and the field operators, ¢, are replaced by their expectation values, {(¢)

@ The TM1 model is a representative example where the set of parameters used can smoothly
connect low and high density regions in the dynamical stellar description

@ The presence of an effective nucleon mass and effective chemical potential is due to the non
vanishing values of the Lorentz scalar meson, (o), Lorentz vector, {(w,), and vector-isovector,
(B.), meson fields
The effective nucleon mass my, = my — gon (o)
Effective nucleon chemical potentials, i = p; — gun{w) — gent3i{p) (i = n,p)

goN, 8wn» and g,y are dimensionless constants that couple nucleons to the o, w, and p mesons
13; is the third component of the isospin of the proton or the neutron, i = p,n

This parameter set includes self-interaction terms from scalar, vector and vector-isovector mesons in
non isospin symmetric nuclear matter at finite temperature

TM1 interaction terms are constrained by the nuclear masses, radii, neutron skins and their excitations

When applied to the derived proto-NS, the mass-radius diagram allows to fulfil the subsequent two
solar mass constraint from recent observations of older objects.
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Relativistic mean field theory lagrangian

The relativistic mean field theory lagrangian
Sugahara and H. Toki, Nucl. Phys. A 579 (1994) 557, Shen et al., Nucl. Phys. A 637 (1998) 435

where

1-7'3

Lrur = |iy,0 — M — go0 = 8oy — 8pYuTap™ — ey, 5 A“] v

1 1 1 1
+ 58,,0'8”0’ - Emczro'2 - §g20'3 - Zg30'4

1 e 1.2 Wt 1 Wt 2

_ZWqu + 3m,w, W + 563 (wﬂ )

LRLE 4 St - UF,
Wt = 0'w” - 0",
R — aupav _ avpau + gpeabcpb,upcv,
F = 9'AY — 9" AM.

The nucleon field ¢ having the mass M interacts with o, w, and pj; mesons and the photon

field A,,.

Self-coupling terms with the coupling constants g, and g3 for the o meson and with the
coupling constant ¢; for the w meson
The coupling strengths, g 's, and the meson masses, m ’s, are the parameters of this theory.
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Different parameter sets for the Lagrangian

Sugahara and H. Toki, Nucl. Phys. A 579 (1994) 557

Table 2

The parameters of the lagrangian determined by the least-squares fitting procedure are listed under

TM1 for the heavy nuclei and TM2 for the light nuclei. For comparison, the parameters of NL1 and
NL-SH are also listed under the column of NL1 and NL-5H, respectively

T™1 T™2 NL1 NL-SH
M (MeV) 938.0 938.0 9380 939.0
m,, (MeV) 511.198 526.443 492.250 526.059
m,, (MeV) 783.0 783.0 795.359 783.0
m, (MeV) 770.0 770.0 763.0 763.0
Lo 10.0289 11.4694 10.1377 10.444
L. 12.6139 14.6377 13.2846 12.945
g, 4.6322 4.6783 49757 4383
gy (fm™1 - 72325 —4.4440 -12.1724 - 6.9099
2 0.6183 4.6076 — 36,2646 —15.8337
€ 713075 84.5318 0.0 0.0
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Relation between v emission time and diffusion time

@ At the onset of the cooling phase (~ 1 s after the bounce), the luminosity is of the
order of 10 erg s~! for each v and ¥ species

@ The outer layers cool down fast, the neutrinosphere recedes to smaller radii and the
luminosity quickly drops

@ The neutrino emission is backed up with the diffusion of v’s from the inner layers.
Due to multiple scattering, v's take a sizable time to reach the outer layers of the

proto-NS, from where they are radiated out with a time scale of
Janka arXiv: 1702.08713. In 'Handbook of Supernovae,” Springer

3 By (!
Lsignal ~ —5 Rns =)~10 s
el o T\ Tt

@ E}" and E), are the total baryon and neutrino thermal energies, E};'/(2E},) ~ 10

(1/4) the average of the inverse of the neutrino mean free path
@ R’ (1/2) (where R, is the radius of the neutrinosphere) gives the time scale of the

ns

diffusion of a single particle with a velocity of light and with random walk steps of 1

@ In order to fullfil #igna ~ 10's, R2(1/4) ~ 3s/c. From our calculation we get

R%(1/4) ~2.95/c for electron neutrinos and 1.3 s/c for muon and tau neutrinos
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Muon production in SN in the SM

@ The proto-NS may reach T ~ 50 MeV before it is cooled by v diffusion (first 10 s)

@ The proto-NS is born with a significant electron to baryon number ratio (from the core
of the progenitor star) but no initial muon or tau population

@ A netexcess of e~ over e* occurs due to the high initial electron fraction compensating
the positive charge of the protons

@ Electrons highly degenerate with a chemical potential u, > m,
@ The thermal distribution of photons and v reach well beyond 100 MeV

Under these conditions x~ and p* are produced via
e +et —u +ut, y+y—u +u,
Ve+e —V,+u, vet+tet — v, +ut,
Vy+n—p+u, v,+p—n+u*
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Net muon population in SN in the SM

@ Once core-collapse SN is initiated, e~ and p in the progenitor combine and v, quickly
diffuse out of the star, decreasing the net lepton number = neutron-rich core

@ Due to the excess of ¢~ over ¢* as well as the one of neutrons over protons, an excess
of u~ over u* is built up

@ Due to weak magnetism corrections, the interaction cross sectionfor N +v — N + v
is slightly larger than for N + v — N + v = v diffuse out of the star faster than v =
Hy #0

@ 7, diffuse out of the star faster than v, = net v, population over v, population =
increase of the net u~ population over u*

The process of muonization that leads to an excess of u~ over u* in the final NS is
facilitated by the previous reactions aswellas v, +n 2 p+py~, ¥, +p 2 n+u* and

vt 2V +u | v+pt 2y 4t

Vite 2V, +u | Vy+et 29, +ut
Vit Vete U | Vy+v.tet 2u”
Vete 2V, +u | vetet 2v,+u’
viotnap+u Vtp2n+ut
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Effect of a net muon number density on the profiles

Negligible effect of the net muon population in the temperature and density profiles Bollig et al., PRL 125 (2020) 051104
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Weak magnetism effect on u, and u,,

Horowitz, PRD 65 (2002) 043001

% 20 40 60 80
T (MeV)

FIG. 3. Muon er Tan neutrine chemical potential over temperature g, /T versus T' for matter in steady state equilibrivim.
The w.l.!lr] lne is the full result from the solution 1o Eq. {@ while the dashed lne Is cormeet to lowest order in k)M oand /T,
Eq. i)
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