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Detection of axion-like particles from supernovae

Axion: pseudoscalar Nambu-Goldston boson from the Peccei-Quinn mechanism,
solves the strong CP problem Peccei and Quinn, PRL 38 (1977) 1440

Axion-like particle (ALP): pseudoscalar Nambu-Goldston boson from Standard Model
extensions

Axions and ALPs interacting with nucleons⇒ supernova (SN) production

MeV ALPs constitute a galactic diffuse SN background that can be probed
in neutrino water Cherenkov detectors via a p→ p γ with Eγ ∼ 30 MeV
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Core-collapse supernovae
SN 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)

In the first seconds after explosion, the proto-NS core (R ∼ 20 km) reaches T ∼ 30 MeV
and ρ ∼ 1014 − 1015 g/cm3

Fischer et al., PRD 85 (2012) 083003
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Proto-NS composition
nB = nn + np =

ρ
mN
, the nuclear saturation density n0 = 0.15 fm−3

np = ne− + nµ− + nπ− , nπ+ � nπ0 � nπ− ,
n
π0

nπ−
∼

nπ+

n
π0
∼

np
nn

= O(0.1)

Fore, Reddy, PRC 101 (2020) 035809 (solid lines with pions)
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ALP-nucleon interactions

Di Luzio et al., Phys. Rep. 870 (2020) 1, Chang, Choi, PLB 316 (1993) 51

Lint = ga
∂µa

2 mN

[
Cap p̄ γµ γ5 p + Can n̄ γµ γ5 n +

CaπN

fπ

(
i π+ p̄ γµ n − i π− n̄ γµ p

)
+

CaN∆

(
p̄ ∆+

µ + ∆̄+
µ p + n̄ ∆0

µ + ∆̄0
µ n

) ]
CaN model-dependent O(1) axion-nucleon coupling, gaN = gaCaN , N = p, n

CaπN = (Cap − Can)/
√

2gA, CaN∆ = −
√

3/2(Cap − Can)

gA ' 1.28 the axial coupling, fπ = 92.4 MeV pion decay constant
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ALP-nucleon bounds
Benchmark values Cap = −0.47, Can = 0, inspired by the Kim-Shifman-Vainshtein-Zakharov
(KSVZ) axion model Grilli di Cortona, et al., JHEP 01 (2016) 034; gap = Capga

Lella et al., PRD 109 (2024) 023001

ma . 1 MeV, no galactic diffuse background

ma & 200 MeV, no SN production
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ALP production in SN

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

d2na

dEadt
=

∏
i

∫
gid3~pi

(2π)32Ei
fi(Ei)

∏
j,a

∫ d3~p′j
(2π)32E′j

[1−fj(E′j )] (2π)4δ4

∑
i

pi −
∑
j,a

p′j − pa

 |~pa|

4π2 |M|
2

Fermi-Dirac distribution function for nucleons f (EN ) = 1

1−exp
(

EN−µN
T

) , Bose-Einstein distribution function

for pions f (Eπ) = 1
1+exp

( Eπ−µπ
T

) , nucleon and pion chemical potentials µN and µπ

M. Cermeño (IFT (UAM/CSIC)) PLANCK 2025 6 / 14



Axion spectrum at Earth from one SN

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

dNa

dE∗∞a
=

∫ tmax

tmin

dt
∫ ∞

0
α(r)−14πr2dr

〈
e−τ(E∗a ,r)

〉 d2na

dEadt

(
r, t, α(r)−1E∗∞a

)
,

E∗∞a = α(r)Ea the observed energy at infinity,

α(r) ≤ 1 the lapse factor accounting for the gravitational redshift inside and outside the star

Absorption effects from N + N + a→ N + N and N + a→ N + π

〈
e−τ(E∗a ,r)

〉
=

1
2

∫ +1

−1
dµ e

−
∫ ∞
0 ds Γa

(
E∗a ,
√

r2+s2+2rsµ
)

E∗a =
α(r)

α
(√

r2+s2+2rsµ
) Ea redshifted from the point of ALP production to the point of absorption

The absorption rate

Γa (Ea, r) = λ−1
a (Ea, r)

[
1 − e−

Ea
T(r)

]
,

λa (Ea, r) the ALP mean free path
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Diffuse galactic SN ALP flux at Earth

SN MeV ALPs travel with semi-relativistic velocities due to their massive nature

ALPs are produced with Ea = [ma − O(100) MeV]⇒ spread in arrival time ∆t

For a SN at the Galactic Center and ma ' 1 − 100 MeV, ∆t ∼ 5 × 102 − 5 × 103 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 diffuse ALP flux
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Diffuse galactic SN ALP flux at Earth

The galactic SN rate Adams et al., ApJ 778 (2013) 164, McMillan MNRAS 466 (2017)

The total ALP spectrum from galactic SN that reaches Earth (EEarth
a ≡ E∗∞a )

dΦa

dEEarth
a

=
dNa

dEEarth
a

∫ ∞

−∞

∫ 2π

0

∫ ∞

0

dnSN

dt
r

4π (~r − ~RE)2
dr dθ dz ,

| ~RE | = 8.23 kpc Earth-GC distance and zE = 20.8 pc its position above the mid-plane of the disk
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Diffuse galactic SN ALP flux at Earth

dΦa

dEEarth
a

= 1.3 × 10−55 cm−2 s−1 dNa

dEEarth
a
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Detection of diffuse SN ALPs 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 Nt targets

d Nγ

dEγ

= Nt

∫ Emax
a (Eγ)

Emin
a (Eγ)

dEEarth
a

dΦa

dEEarth
a

dσap→pγ

d Eγ

Emax
a (Eγ) ∼ Emin

a (Eγ) ∼ Eγ, for 1 MeV < Ea < 100 MeV (10−3 MeV < Emax
γ − Emin

γ < 18 MeV)

Signal never explored before, expected in any model with ALP-proton coupling
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Events in Super-Kamiokande
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ma=30 MeV, ga = 2 × 10 4

ALP signal
SK exp. bkg.
SK obs. events

Super-Kamiokande (SK) phase IV, exposure 22.5 × 2970-kton·day

Energy region E = 16 − 80 MeV optimized to search for the DSNB by identifying positrons from
inverse beta decay, without neutron coincidence

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
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SN 1987A cooling

Diffuse SN ALP flux
(this work)

SK

HK

SNO

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 × 10 kton yrs
Background from the HK report, limited to [16-50] MeV
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Conclusions

ALPs with masses ∼ 1 − 200 MeV can be produced in core collapse SN due to their
coupling to nucleons and constitute a galactic diffuse background

MeV-ALPs will reach neutrino detectors and will produce MeV-photons via a p → p γ,
which can be detected with very small background

Current neutrino water Cherenkov detectors exclude ALPs with 1 MeV . ma . 70 MeV
and couplings gap ∼ 2 × 10−5 − 2 × 10−4 for the KSVZ model

Future water Cherenkov detectors could go a factor ∼ 2 lower in couplings

M. Cermeño (IFT (UAM/CSIC)) PLANCK 2025 14 / 14



Backup slides
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SN profiles
Ferreira, Marsh, Müller, JCAP 11 (2022) 057

t = 1 s post-bounce
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Effect of ALPs on the profiles
Fischer et al., PRD 104 (2021) 103012

t = 1 s post-bounce
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Effect of ALPs on the profiles
Fischer et al., PRD 104 (2021) 103012

t = 7 s post-bounce
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Cumulative percentage of SN vs progenitor star mass
Sukhbold et al., ApJ. 821 (2016) 38
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SN profiles for different progenitor masses

Calore et al., PRD 105 (2022) 063028
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QCD ALPS
The lagrangian for QCD ALPs with interactions to quarks and gluons

LaQCD = cg
g2

s

32π2

a
fa

Ga
µνG̃

aµν +
∑

q

cq
∂µa
2fa

q̄γµγ5q +
(ma,0)2

2
a2

fa =
mN
ga

, Ga
µν the gluon field strength tensor, G̃a

µν = 1
2 εµνρσGaρσ its dual, cg and cq model-dependent

constants, with q = u, d, s, c, t, b

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

Lnuc =
∂µa
2fa

[
Cpp̄γµγ5p + Cnn̄γµγ5n +

CaπN

fπ

(
iπ+p̄γµn − iπ−n̄γµp

)
+ CaN∆

(
p̄∆+

µ + ∆̄+
µp + n̄∆0

µ + ∆̄0
µn

)]

CaπN =

(
Cp − Cn

)
√

2gA
, CaN∆ = −

√
3

2

(
Cp − Cn

)
,

fπ = 92.4MeV, gA = 1.28,

Cp
(
cg, cu, cd

)
= − 0.47cg + 0.88cu − 0.39cd − 0.038cs

− 0.012cc − 0.009cb − 0.0035ct

Cn
(
cg, cu, cd

)
= − 0.02cg + 0.88cd − 0.39cu − 0.038cs

− 0.012cc − 0.009cb − 0.0035ct
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Nucleon electric-dipole portal for QCD-ALPs

The gluonic part of the lagrangian

Lag = cg
g2

s

32π2

a
fa

Ga
µνG̃

aµν

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

LnEDM
a = −

i
2

gd,NaN̄γ5σµνNFµν

with gd,N =
CaNγ
mN fa

, with fa =
mN
ga

and Canγ = −Capγ = 0.0033(15)
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ALP production in SN: bremsstrahlung

Axion emission spectrum Giannotti, Nesti, PRD 72 (2005) 063005

(
d2na

dEadt

)
NN

=
g2

a

16π2

nB

m2
N

(
E2

a − m2
a

) 3
2 e−

Ea
T Sσ (Ea) Θ (Ea − ma) ,

nucleon structure function Sσ (Ea) =
Γσ

E2
a+Γ2 s

(
Ea
T

)
, s

(
Ea
T

)
dimensionless nuclear function

nucleon spin fluctuation rate Γσ = 4π−1.5
( gA

2fπ

)4
T0.5m0.5

N ρ, Γ = gΓσ,
g from scattering kernel normalization
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ALP production in SN: pion-axion conversion

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

(
d2na

dEadt

)
Nπ

=
g2

aT1.5

21.5π5m0.5
N

(
gA

2fπ

)2 (
E2

a − m2
a

) 1
2

× Cpπ−
a

Θ (Ea −max (ma,mπ))
exp (xa − yπ − µ̂π) − 1

(
E2

a − m2
π

) 1
2 E2

a

E2
a + Γ2

×

∫ ∞

0
dyy2 1

exp
(
y2 − µ̂p

)
+ 1

1
exp

(
−y2 + µ̂n

)
+ 1

C
pπ−
a =

m2
N

g2
A
β2

aGa (|pπ |) term related to the matrix element with Ga (|pπ |) a dimensionless function

µ̂i =
µi−mi−Ui

T the degeneracy parameter with µi and Ui the chemical potential and the self-energies
of the particles, yπ = mπ/T, xa = Ea/T
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ALP photo-production in SN

Axion emission spectrum(
d2na

dEadt

)
pγ

= neff
p

6
(2π)2

∫
dEγ

1
eEγ/T − 1

(E2
γ − m2

γ)
dσγp→p a

dEa

neff
p ≡ 2

∫
d3~p

(2π)3 fp(E)(1 − fp(E)) effective number density of protons,

fp the Fermi-Dirac distribution function

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

dσγp→p a

dEa
=

1
32π

∫ 1

−1

∣∣∣∣M∣∣∣∣2∣∣∣ ~pγ∣∣∣2 m∗p
δ(cos θa − cos θ0

a) d cos θa

with

cos θ0
a =

EγEa − m∗p(Eγ − Ea) − 1
2 (m2

a + m2
γ)√

E2
γ − m2

γ

√
E2

a − m2
a

(1)

determined by energy conservation, and with the averaged squared amplitude given by∣∣∣∣M∣∣∣∣2 =
4
3

C2
ape2g2

am∗p

 2Ea(m2
a + Eγm∗p) + m2

a(m∗p − Eγ) − 4E2
am∗p + Eam2

γ

(m2
a − 2Eam∗p)2

+
m2

a(m∗p − Eγ)

(2Eγm∗p + m2
γ)2

+
2m2

am∗p − 2E2
am∗p − Eam2

a

(m2
a − 2Eam∗p)(2Eγm∗p + m2

γ)

 . (2)
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ALP production in SN: comparison

R = 10 km, ma = 20 MeV, ga = 10−5
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Negligible ALP photo-production, no absorption via a p→ γ p
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ALP production in SN: comparison

ma = 20MeV, ga = 10−5, R = 10 km
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Lapse function
The lapse function encodes effects due to the proto-NS gravitational potential Φ(r)
evaluated locally in the proto-NS interior

α(r) =
√

1 − 2∆Φ(r)

∆Φ(r) = G
∫ ∞

r
menc(r′)

r′2 dr′ change in potential from r to ∞ and menc(r′) mass enclosed in r′

0 5 10 15 20

0.86

0.88
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1.00
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ALP spectrum at Earth for other models

ma = 10 MeV, ga = 10−6
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Mean-free path

R = 20 km, ga = 5 10−6, massless ALPs
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Mean-free path
R = 20 km, ga = 5 10−6, massless ALPs
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Mean-free path
R = 15 km, ga = 5 10−6, massless ALPs
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Mean-free path
R = 10 km, ga = 5 10−6, massless ALPs
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Mean-free path
R = 5 km, ga = 5 10−6, massless ALPs
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Feynman amplitude for a p→ p γ

a(p1) + p(p2)→ p(p3) + γ(p4)

Ms = ū(p3)
[
eγµ

] i
(�p1 +�p2) − mp

[
gaCap

2mp
γνγ5

]
u(p2) (p1)ν ε

∗
µ(p4)

Mt = ū(p3)
[

gaCap

2mp
γργ5

]
i

(�p3 −�p1) − mp

[
eγλ

]
u(p2) (p1)ρ ε

∗
λ(p4)

|M|2 =
C2

ape2g2
a

E2
γmp

(
2Eamp + m2

a

)2 × 4m3
p(Ea − Eγ)2

(
2EaEγ + m2

a

)
+ 4m2

am2
p(Ea − Eγ)

(
Eγ(Ea − Eγ) + m2

a

)
+ m4

amp

(
2EaEγ + m2

a

)
+ Eγm6

a
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Feynman amplitude dipole interaction

a(p1) + p(p2)→ p(p3) + γ(p4)

Mdipole = ū(p3)
[
−

i
2

gd,pγ5σ
µν
]

ū(p2)
[
(p4)µε∗ν (p4) − (p4)νε∗µ(p4)

]
gd,N =

Capγ ga

m2
N

, Capγ = 0.0033

|M|2dipole = 8C2
apγg

2
a

Eγ

(
2Eamp + m2

a

)
m3

p
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Differential cross section a p→ γ p

dσa

dEγ
=

∫
1

32π
|M|

2

| ~pa|
2mA

d cos θ δ(cos θ − cos θ0)

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

conservation

cos θ0 =
2Eγ(mp + Ea) − 2mpEa − m2

a

2Eγ

√
E2

a − m2
a

| cos θ0| ≤ 1⇒ Emin
γ (Ea), Emax

γ (Ea) or Emin
a (Eγ), Emax

a (Eγ)

Emin
γ =

m2
a + 2Eamp

2(mp + Ea) + 2
√

E2
a − m2

a

Emax
γ =

m2
a + 2Eamp

2(mp + Ea) − 2
√

E2
a − m2

a

For 1 MeV < Ea < 100 MeV, 10−3 MeV < Emax
γ − Emin

γ < 18 MeV
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ALP-nucleon photo-production cross section:
comparison with nucleon electric-dipole portal

For ma = 20 MeV, Ea = 30 MeV and ga = 5 · 10−5

σ ∼ 7.50 × 10−41 cm2

σdipole ∼ 1.11 × 10−43 cm2
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Spread in the arrival time of ALPs

ALP

ta t0
a

t

ta = d
va

= d√
1−

( ma
Ea

)2
⇒ ∆ta = tmax − tmin = d

 1√
1−

(
ma

Emin
a

)2
− 1√

1−
(

ma
Emax

a

)2

 = d

√
1−

(
ma

Emax
a

)2
−

√
1−

(
ma

Emin
a

)2

√
1−

(
ma

Emin
a

)2 √
1−

(
ma

Emax
a

)2

∆ta =
d∆v√

1 −
(

ma
Emin

a

)2 √
1 −

(
ma

Emax
a

)2
'

d∆v
v̄2
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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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Constraints from SK and projections for HK
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Constraints from SK and projections for HK
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Simulation: Diffuse ALP flux from galactic SNe

M. Cermeño (IFT (UAM/CSIC)) PLANCK 2025 14 / 14



Simulation: Diffuse ALP flux from galactic SNe
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Simulation: Diffuse ALP flux from galactic SNe

flux factor =

∫ ∞

−∞

∫ 2π

0

∫ ∞

0

dnSN

dt
r

4π (~r − ~RE)2
dr dθ dz
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Sensitivity future galactic SN

D. Alonso-González, D. Cerdeño, M. Cermeño, A. D. Perez, PRD 111 (2025) 8, 083029
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Sensitivity future galactic SN
D. Alonso-González, D. Cerdeño, M. Cermeño, A. D. Perez, PRD 111 (2025) 8, 083029
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Proto-NS birth
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Neutrino luminosity
Fischer et al., PRD 85 (2012) 083003 Mproj = 18 M�
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SN neutrinos
ν’s are crucial in proto-NS evolution⇒ good sites to test new ν interactions

During the final phases of core collapse SN ν’s are copiusly produced in the proto-NS
interior (nν ∼ 1036 cm−3) and trapped due to their scattering with Ns
After a second, they are emitted as the star cools down (Kelvin-Helmholtz cooling)

Emitted ν’s observed during
tsignal ∼ 10 s from the SN 1987A

tsignal proportional to the ν diffusion time
in the stellar material tsignal ∼ 10 tdiff

The observed emision time is compati-
ble with the one predicted by the SM
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Relevant interactions inside SN

Janka arXiv: 1702.08713. In ’Handbook of Supernovae,’ Springer
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Neutrino decoupling SM

Janka arXiv: 1702.08713. In ’Handbook of Supernovae,’ Springer
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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, nB, and electron fraction, Ye, 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, µ∗n, µ∗p and µ∗νe
, and the

nucleon effective mass m?
N obtained solving the equations of motion and setting the

equilibrium conditions Cerdeño, Cermeño, Pérez-Garcı́a and Reid, PRD 104 (2021) 063013

The energy distribution of nucleons and leptons inside the star described by the
Fermi-Dirac distribution f (E) = 1

1−e(E−µ)/T , where E is the energy of the particle
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Neutrino energy distribution inside the proto-NS

The ν energy distribution function fν(Eν) = 1
1−e(Eν−µ∗ν )/T , with µνµ,τ = µν̄µ,τ = 0 and µ∗ν̄e

= −µ∗νe

The average energy for muon/tau ν’s 〈Eν〉 = πT, while for the electron ν’s 〈Eν〉 = (3/4)µ∗ν
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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, nB, temperature, T, and electron fraction, Ye, derived by Fischer et al.,
PRD 85 (2012) 083003

The effective nucleon masses, m?
N , and the neutrino and nucleon effective chemical potentials,

µ∗νe , µ∗n, µ∗p obtained by Cerdeño, Cermeño, Pérez-Garcı́a and Reid, PRD 104 (2021) 063013

µ∗νe is obtained solving the equilibrium equation that involves effective meson fields:
µ∗n + µ∗νe = µ∗p + µ∗e + 2gρ〈ρ〉, where ρ is an effective field responsible of the strong interaction

M. Cermeño (IFT (UAM/CSIC)) PLANCK 2025 14 / 14



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, φ, are replaced by their expectation values, 〈φ〉

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, 〈σ〉, Lorentz vector, 〈ωµ〉, and vector-isovector,
〈~ρµ〉, meson fields

The effective nucleon mass m∗N = mN − gσN〈σ〉

Effective nucleon chemical potentials, µ∗i = µi − gωN〈ω〉 − gρN t3i〈ρ〉 (i = n, p)

gσN , gωN , and gρN are dimensionless constants that couple nucleons to the σ, ω, and ρ mesons
t3i 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

LRMF =ψ̄

[
iγµ∂µ −M − gσσ − gωγµωµ − gργµτaρ

aµ − eγµ
1 − τ3

2
Aµ

]
ψ

+
1
2
∂µσ∂

µσ −
1
2

m2
σσ

2 −
1
3

g2σ
3 −

1
4

g3σ
4

− 1
4 WµνWµν + 1

2 m2
ωωµω

µ + 1
4 c3

(
ωµω

µ
)2

− 1
4 Ra

µνR
aµν + 1

2 m2
ρρ

a
µρ

aµ − 1
4 FµνFµν,

where
Wµν = ∂µων − ∂νωµ,

Raµν = ∂µρaν − ∂νρaµ + gρεabcρbµρcν,

Fµν = ∂µAν − ∂νAµ.

The nucleon field ψ having the mass M interacts with σ,ωµ and ρa
µ mesons and the photon

field Aµ.
Self-coupling terms with the coupling constants g2 and g3 for the σ meson and with the
coupling constant c3 for the ω 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
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Relation between ν emission time and diffusion time

At the onset of the cooling phase (∼ 1 s after the bounce), the luminosity is of the
order of 1052 erg s−1 for each ν and ν̄ 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 ν’s from the inner layers.
Due to multiple scattering, ν’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

tsignal ∼
3
π2

Etot
th

2Eν
th

R2
ns

〈
1
λ

〉
∼ 10 s,

Etot
th and Eν

th are the total baryon and neutrino thermal energies, Etot
th /(2Eν

th) ∼ 10

〈1/λ〉 the average of the inverse of the neutrino mean free path

R2
ns〈1/λ〉 (where Rns is the radius of the neutrinosphere) gives the time scale of the

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

In order to fullfil tsignal ∼ 10 s, R2
ns〈1/λ〉 ∼ 3 s/c. From our calculation we get

R2
ns〈1/λ〉 ∼ 2.9 s/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 ν 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 net excess 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 µe > mµ

The thermal distribution of photons and ν reach well beyond 100 MeV

Under these conditions µ− and µ+ are produced via

e− + e+ −→ µ− + µ+, γ + γ −→ µ− + µ+,
ν̄e + e− −→ ν̄µ + µ−, νe + e+ −→ νµ + µ+,
νµ + n −→ p + µ−, ν̄µ + p −→ n + µ+
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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 νe quickly
diffuse out of the star, decreasing the net lepton number⇒ neutron-rich core

Due to the excess of e− over e+ as well as the one of neutrons over protons, an excess
of µ− over µ+ is built up

Due to weak magnetism corrections, the interaction cross section for N + ν −→ N + ν

is slightly larger than for N + ν̄ −→ N + ν̄ ⇒ ν̄ diffuse out of the star faster than ν ⇒

µν , 0

ν̄µ diffuse out of the star faster than νµ ⇒ net νµ population over ν̄µ population ⇒
increase of the net µ− population over µ+

The process of muonization that leads to an excess of µ− over µ+ in the final NS is
facilitated by the previous reactions as well as νµ + n� p + µ−, ν̄µ + p� n + µ+ and

ν + µ− � ν′ + µ−
′

ν + µ+ � ν′ + µ+′

νµ + e− � νe + µ− ν̄µ + e+ � ν̄e + µ+

νµ + ν̄e + e− � µ− ν̄µ + νe + e+ � µ+

ν̄e + e− � ν̄µ + µ− νe + e+ � νµ + µ+

νµ + n� p + µ− ν̄µ + p� n + µ+
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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 µνµ and µντ
Horowitz, PRD 65 (2002) 043001

M. Cermeño (IFT (UAM/CSIC)) PLANCK 2025 14 / 14


