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Why are neutrinos important for a core-collapse supernova?
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Neutrinos:

• ∼ 1058 of them emitted from a single core collapse

• only they (+ GW) can reveal the deep interior conditions

• only they (+ GW) are emitted from the collapse to a black hole



Why core-collapse supernovae are good physics probes?

Advantages
• extreme physical conditions not accessible on Earth:

very high densities, long baselines etc.
• within our reach to detect (IC, DUNE, SK, XENON & LZ...)

What can we learn with a variety of detectors?

• explosion mechanism

• nucleosynthesis

• compact object formation

• neutrino mixing

• non-standard physics
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Bethe & Wilson (1985), Sagert et
al. (2008), Pitik et al. (2022)...

H. Duan et al. (2010),
Tamborra & Shalgar (2020)...

Woosley et al. (1994),
Surman & McLaughlin (2003)...

Warren et al. (2019),
Li, Beacom et al. (2020)...

de Gouvêa et al. (2019),
Shalgar et al. (2019)...

https://ui.adsabs.harvard.edu/abs/1985ApJ...295...14B/abstract
https://arxiv.org/abs/astro-ph/0102015
https://arxiv.org/abs/astro-ph/0102015
https://inspirehep.net/literature/2144179
https://arxiv.org/abs/1001.2799
https://arxiv.org/abs/2011.01948
https://ui.adsabs.harvard.edu/abs/1994ApJ...433..229W/abstract
https://inspirehep.net/literature/624747
https://arxiv.org/abs/1912.03328
https://inspirehep.net/literature/1811107
https://arxiv.org/abs/1910.01127
https://inspirehep.net/literature/1771893


Why core-collapse supernovae are good physics probes?

Advantages
• extreme physical conditions not accessible on Earth:

very high densities, long baselines etc.
• within our reach to detect (IC, DUNE, SK, XENON & LZ...)

What can we learn with a variety of detectors?

• explosion mechanism

• nucleosynthesis

• compact object formation

• neutrino mixing

• non-standard physics
2 / 24

Bethe & Wilson (1985), Sagert et
al. (2008), Pitik et al. (2022)...

H. Duan et al. (2010),
Tamborra & Shalgar (2020)...

Woosley et al. (1994),
Surman & McLaughlin (2003)...

Warren et al. (2019),
Li, Beacom et al. (2020)...
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Neutrino flavor and mass states
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is νs (ν4) missing?

Pontecorvo (1957), Maki, Nakagawa, Sakata (1962)

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
http://inspirehep.net/record/42736?ln=de
http://inspirehep.net/record/3540?ln=de


Sterile neutrinos: motivations

• MeV-mass steriles
• Possible explanation of leptogenesis
• Testable in multiple terrestrial experiments
• Impact on the CCSN physics

• keV-mass steriles
• Dark matter candidates
• Testable in KATRIN/TRISTAN, HUNTER
• Impact on the CCSN physics

• eV-mass steriles
• Reactor and gallium anomalies
• Miniboone, LSND, and MicroBoone anomalies
• Impact on the nucleosyntesis in CCSNe
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Sterile neutrinos with MeV masses
in CCSNe



Limits: Sterile neutrinos with MeV masses
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• Big Bang Nucelosyntesis

• Terrestrial experiments

https://github.com/mhostert/Heavy-Neutrino-Limits
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See talks by:
Stefan Sandner
Juraj Klarić
Patric Bolton

https://github.com/mhostert/Heavy-Neutrino-Limits


Heavy sterile neutrinos production processes in CCSN
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Mastrototaro et al. (2019)

m4 = 200 MeV, sin 2θτ4 = 10−7 m4 = 400 MeV, sin 2θτ4 = 10−7

• Hot, dense, and degenerate core (e−, p,n)

• Tau neutrinos: numerous and non-degenerate

• Production channels: ντ + ντ → νs + ντ

Fuller et al. (2008), Albertus et al. (2015), Rembiaszet al. (2018), Mastrototaro et al. (2019)

https://arxiv.org/pdf/1910.10249.pdf
https://arxiv.org/pdf/0806.4273.pdf
https://arxiv.org/abs/1509.03306
https://arxiv.org/pdf/1806.03300.pdf
https://arxiv.org/pdf/1910.10249.pdf


Limits on the MeV-mass sterile ν from CCSN
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Mastrototaro et al. (2019) Rembiaszet al. (2018)

Effect of MeV νs on CCSN

• Cooling channel

• Heating mechanism

• Production of potentially detectable energetic neutrinos (∼ 100 MeV)

https://arxiv.org/pdf/1910.10249.pdf
https://arxiv.org/pdf/1806.03300.pdf


Sterile neutrinos with keV masses
in CCSNe



Sterile neutrino as dark matter candidate
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Constraints
• Supernovae energy bounds (X. Shi & G.Sigl (1994)), ...

• DM overproduction (S. Dodelson, L. M. Widrow (1994), X. Shi, G. M. Fuller (1999))

• Radiative decay (NuSTAR, XMM, Chandra), K. C. Y. Ng et al. (2019), K. C. Y. Ng et

al. (2015), S. Horiuchi et al. (2013)...

• Tremaine-Gunn bound (S. Tremaine, J.E. Gunn (1979))

Favorable regions
• Pulsar kicks
A. Kusenko, G. Segrè (1998),

G. Fuller, A. Kusenko, et al. (2003)

• 3.5 keV line
A. Boyarsky et al. (2014),

E. Bulbul et al. (2014)

https://www.sciencedirect.com/science/article/pii/0370269394912327?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.72.17
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.2832
https://arxiv.org/abs/1901.01262
https://arxiv.org/abs/1504.04027
https://arxiv.org/abs/1504.04027
https://arxiv.org/abs/1311.0282
https://inspirehep.net/literature/145293
https://www.worldscientific.com/doi/abs/10.1142/S0218271804006486
https://inspirehep.net/literature/623279
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.251301
https://iopscience.iop.org/article/10.1088/0004-637X/789/1/13


The role of sterile neutrinos in supernovae; previous studies

9 / 24

• Change of the electron or neutrino (νe, νµ, ντ ) fractions

• Suppression/enhancement of the SN explosion

• Exclusion of a large fraction of the DM parameter space
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Raffelt & Sigl (1992), Shi & Sigl (1994), Nunokawa et al. (1997), Hidaka & Fuller (2006),
Hidaka & Fuller (2007), Raffelt & Zhou (2011), Warren et al. (2014), Argüelles et al. (2016),
Suliga, Tamborra, Wu (2019, 2020), Syvolap et al. (2019)

https://arxiv.org/abs/astro-ph/9209005
https://www.sciencedirect.com/science/article/pii/0370269394912327?via%3Dihub
https://arxiv.org/abs/hep-ph/9702372
https://arxiv.org/pdf/astro-ph/0609425.pdf
https://arxiv.org/abs/astro-ph/0609425v1
https://arxiv.org/abs/astro-ph/0609425v1
https://arxiv.org/pdf/1102.5124.pdf
https://arxiv.org/abs/1405.6101
https://arxiv.org/abs/1605.00654
https://inspirehep.net/literature/1751959
https://arxiv.org/abs/1909.06320


Sterile neutrino conversions in the stellar core
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1st Resonance

2nd Resonance

Neutrinosphere

νe νe

νe

νs

MSW

ντ − νs mixing: only 1 resonance

Veff =
√

2GFnB

[
1
2

Ye + Yνe + Yνµ + 2Yντ − 1
2

]
νe − νs mixing: multiple resonances

Veff =
√

2GFnB

[
3
2

Ye + 2Yνe + Yνµ + Yντ − 1
2

]

1D SN model
Garching group
archive

Collisions

Γνs =
1
4
sin2 2θ̃ Γνactive

L. Stodolsky (1987), H. Nunokawa et al. (1997), K. Abazajian et al. (2001)...

Yi =
ni − n̄i

nB

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.36.2273
https://arxiv.org/abs/hep-ph/9702372
https://arxiv.org/pdf/astro-ph/0101524.pdf


Sterile neutrino conversions in the stellar core
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Collisional production

⟨Pνactive→νs(E)⟩ ≈
1
2

sin2 2θ
(cos 2θ − 2VeffE/m2

s )
2 + sin 2θ2 + D2

Γνactive(E) ≃ n(r)σ(E, r)

D =
EΓνactive (E)

m2
s

C. W. Kim et al. (1987), S. J. Parke (1987), S. P. Mikheev and A. Yu. Smirnov (2007)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.35.4014
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.57.1275
https://arxiv.org/pdf/0706.0454.pdf
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, γ = ∆res/losc

∆res = tan 2θ
∣∣∣ dVeff/dr

Veff

∣∣∣−1

losc(Eres) = (2πEres)/(m2
s sin 2θ)

C. W. Kim et al. (1987), S. J. Parke (1987), S. P. Mikheev and A. Yu. Smirnov (2007)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.35.4014
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.57.1275
https://arxiv.org/pdf/0706.0454.pdf


Sterile neutrino conversions in the stellar core
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Eres =
cos 2θ∆m2

s
2Veff

ms = 10 keV,

sin2 2θ = 10−8

• Negative Veff → MSW resonances only for antineutrinos.

• Growing chemical potential slows down ν̄s production.

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/


The sterile-tau neutrino mixing: growth of the asymmetry
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Only active neutrinos

Yντ (r, t) ≡ 0

● chemical potentials sterile neutrinos 

feedback

MSW effect

collisional 
decoherence

The active neutrinos after being converted to sterile ones effectively disappear; 

since they were strongly coupled to the rest of the particles in the medium,
a new equilibrium state forms.

The change imposed on the SN medium is referred to as the dynamical feedback.Active + sterile neutrinos

Yντ (r, t) =
1

nb(r)

∫ t

0
dt′

d (Pντ→νsnντ (r, t′)− Pν̄τ→ν̄snν̄τ (r, t′))
dt′



Radial evolution of the asymmetry w and w/o feedback
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• Feedback inhibits Yντ from unphysical growth.

• The ντ chemical potential grows significantly.



Supernova bounds on the mixing parameters
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• The inclusion of feedback greatly reduces the excluded region.

• Large region of the parameter space still compatible with SNe



The sterile-electron neutrino mixing: dynamical feedback
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● temperature
● entropy 

● chemical potentials
sterile neutrinos 

feedback

MSW effect

collisional 
decoherence

e++p ↔ νe+n and e−+n ↔ ν̄e+p .

β equilibrium

µe(r, t) + µp(r, t) + mp = µνe(r, t) + µn(r, t) + mn ,

Lepton number conservation

Ye(r, t) + Yνe(r, t) + Yνs(r, t) = const. ,

Baryon number conservation

Yp(r, t) + Yn(r, t) = 1 ,

Charge conservation

Yp(r, t) = Ye(r, t) ,

Entropy change

dS =
dQ
T

+
P
T

dV −
∑

i

µi

T
dYi .



Radial evolution of the asymmetry
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• Sterile neutrinos modify Ye, Yνe , Yp and Yn.

• Feedback on the physical quantities depends greatly on the ms.



Supernova bounds on the mixing parameters
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• The inclusion of feedback greatly reduces the excluded region.

• CC-SNe cannot exclude any region of the DM parameter space.



Sterile neutrinos with eV masses in
CCSNe



Limits and hints: eV sterile neutrinos
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Berryman et al. (2021) Denton (2021)

• hints for eV steriles:
from reactor experiments, gallium anomaly, MicroBooNE

• limits for eV steriles:
solar neutrinos, reactor experiments, KATRIN, PROSPECT,
cosmology

https://arxiv.org/pdf/2111.12530v1.pdf
https://inspirehep.net/literature/1965243
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• hints for eV steriles:
from reactor experiments, gallium anomaly, MicroBooNE

• limits for eV steriles:
solar neutrinos, reactor experiments, KATRIN, PROSPECT,
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See talks by:
Carlo Giunti
Giorgia Karagiorgi
Igor Alekseev
Cristian Roca Catala
Pablo del Amo
Sanchez

https://arxiv.org/pdf/2111.12530v1.pdf
https://inspirehep.net/literature/1965243


Neutrino driven wind and nucleosynthesis in CCSN
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Janka et al. 2006

https://arxiv.org/pdf/astro-ph/0612072.pdf


Neutrino driven wind and nucleosynthesis in CCSN
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Janka et al. 2006

Source of the wind:
neutrino heating

νe + n → e− + p

ν̄e + p → e+ + n

• r-process nucleosynthesis extremely sensitive to Ye

• Ye sensitive to the ratio of νe and ν̄e

• The ratio of νe and ν̄e determined by neutrino conversions
Woosley & Baron (1992), Woosley & Hoffman (1992), Meyer et al. (1992), Woosley et al. (1994), Witti
et al. (1994), Takahashi et al. (1994), Qian & Woosley (1996), Hoffman et al. (1997), Wanajo et al.
(2001), Thompson et al. (2001), Roberts et al. (2010), Wanajo (2013)...

https://arxiv.org/pdf/astro-ph/0612072.pdf
https://arxiv.org/pdf/2111.05793.pdf
https://arxiv.org/pdf/2111.05793.pdf
https://arxiv.org/pdf/2111.05793.pdf


Sterile neutrino conversions outside of the core
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Wu et al. (2013)

Effects of eV νs on CCSN
• 1st resonance less adiabatic

• depletion of νe leads to lowering of Ye

Pllumbi, Tamborra et al. (2014)

Qian et al. (1993), Nunokawa et al. (1997), McLaughlin et al. (1999), Fetter et al. (2002),
Tamborra et al. (2011), Wu et al. (2013), Pllumbi et al. (2014), Xiong et al. (2019)

https://inspirehep.net/literature/1232952
https://arxiv.org/pdf/1406.2596.pdf
https://inspirehep.net/literature/35829
https://inspirehep.net/literature/440514
https://arxiv.org/abs/astro-ph/9902106
https://arxiv.org/pdf/hep-ph/0205029.pdf
https://arxiv.org/pdf/1110.2104.pdf
https://inspirehep.net/literature/1232952
https://arxiv.org/pdf/1406.2596.pdf
https://inspirehep.net/literature/1730571


Effects of eV-sterile neutrinos on nucleosyntesis
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Xiong, Wu, Qian (2019)

• νe − νs conversions affect nucleosyntesis in the early cooling phase

https://inspirehep.net/literature/1730571


Summary and Conclusions



Summary and Conclusions

• Sterile neutrinos with eV-MeV masses

• have a major impact on the SN physics.

• lead to the growth of neutrino asymmetries.

• are responsible for the change of Ye and Yνe .

• might affect the explosion mechanism.

• might affect the nucleosyntesis.

• might lead to detectable features.

• Full picture only when the sources are accurately modeled.
Exciting times ahead: more work needs to be done.

24 / 24

Thank you for the attention!



Backup slides



Events from sterile neutrino decay

Mastrototaro et al. (2019)

https://arxiv.org/pdf/1910.10249.pdf


Initial conditions
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Will they collide or undergo MSW resonance?
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Tau-sterile mixing: sterile neutrino luminosity
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• The total luminosity (νs + ν̄s) decreases with time.



Contour plot of tau fraction
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• Higher mixing angles reach the saturation value faster.

• More massive sterile neutrinos reach smaller saturation values,
fewer energy modes have enhanced conversion probability.



Contour plot: temperature and entropy
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• Large variations for high mixing angles due to
• adiabatic conversions,
• high number of sterile neutrinos produced by collisions.



Radial evolution of temperature and entropy per baryon

• The νs − νe mixing induces large variations on
• the entropy per baryon,
• the supernova medium temperature.



Contour plot: electron fraction
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• The change in Ye can be negative or positive.

• Might considerably affect the evolution of the proto-neutron star.



Comparison for different mixing parameters
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Electron-sterile mixing: sterile neutrino luminosity
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• The total luminosity (νs + ν̄s) decreases with time.



The region of a possible supernova explosion enhancement

−16 −14 −12 −10 −8 −6

log10 sin2 2θ

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

lo
g 1

0
[m

s/
ke

V
]

1.0

1.2

1.4

1.6

1.8

2.0

R

feedback

• Heating of the outer layers → emission of high energy νe, ν̄e

• Increased energy deposition in the stalled shock → easier explosion

R =
EG,out+Eνs→νi−Eνs

EG,out

M. L. Warren et al. (2014)

https://arxiv.org/abs/1405.6101


Sterile neutrino heating and cooling
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Temperature interpolation
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Pauli blocking
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• In the region affected by the sterile neutrino production
⟨FCC, p(n)(E)N⟩ decreases (increases) following the Ye increase

(decrease).
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