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• Diffuse supernova neutrino background 

• Neutrino-matter & neutrino-neutrino interactions in supernovae 

• Physics beyond the Standard Model in supernovae 

• High energy neutrino emission from supernovae 

Lecture 2:  
Neutrinos as Messengers, Mixing and BSM Physics 

Intended Learning Objectives 



Diffuse Supernova Neutrino Background
On average 1 SN/s somewhere in the universe          Diffuse neutrino background (DSNB).
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The energy redshift correction accumulates neutrinos of higher redshift at lower energies. 
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Figure 11. Overview of DSNB uncertainties. The upper left panel shows the ⌫̄e-flux spectrum, d�/dE, of our fiducial

DSNB model (dashed line) together with its major uncertainties stacked on top of each other (shaded/hatched bands): the

failed-SN (fSN) fraction (17.8% to 41.7% of core-collapse progenitors depending on the strength of the neutrino engine); the

NS baryonic mass limit (2.3M� to 3.5M�); the instantaneous spectral-shape parameter for the emission from failed SNe

(1.06↵BH 6 3.0); and the uncertainty connected to the cosmic SFH (±1� limits of Mathews et al. 2014). The resulting “total”

uncertainty band is the same as in Figure 10. The lower left panel and the right panels show the residuals of our DSNB models

where only one parameter is changed relative to the fiducial model, while all other parameters are kept at their default values,

grouped by stellar-diversity uncertainties, microphysical uncertainties, modeling uncertainties, and astrophysical uncertainties

(see Section 9 for more details). LMconst and LMevolv denote cases where the rate densities of low-mass NS-formation events

(AIC, MIC, ultrastripped SNe) are constant or evolve with redshift, respectively (both for a value of �=0.34, which corresponds

to a relative abundance of low-mass NS-formation events of 34% compared to “conventional” core-collapse SNe plus fSNe;

Equation (12)). In each panel, gray-shaded vertical bands frame the approximate detection window.

tions with the Prometheus-HotB code, employing a
parametrized neutrino engine that was calibrated to re-
produce the basic properties of the well-studied SNe of
SN 1987A and the Crab Nebula.
Our stellar core-collapse models provided the total en-

ergy output in neutrinos from NS- and BH-formation
events as well as the time-dependent mean energies of
the radiated neutrinos, specifically of ⌫̄e. Since the
treatment of the PNS cooling and its neutrino emis-
sion in these large model sets was only approximate,
we compared our estimates of the total neutrino en-

ergy loss with the gravitational binding energies of NSs
(up to their mass limit) as given by the radius depen-
dent fit formula of Lattimer & Prakash (2001). We
found good agreement for NS radii of 11–12 km, which
is the range favored by recent astrophysical observa-
tions and nuclear theory and experiments. Moreover,
we used NS- and BH-formation simulations with the
Prometheus-Vertex code (which employs a state-
of-the-art treatment of neutrino transport based on a
Boltzmann-moment-closure scheme and a mixing-length
treatment of PNS convection) to calibrate degrees of

Diffuse Supernova Neutrino Background

Kresse, Ertl, Janka, ApJ (2021). Horiuchi et al., PRD (2021). 



DSNB Detection Perspectives
The DSNB has not been observed yet. Most stringent limits from Super-Kamiokande (SK):
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SPECTRUM OF THE SUPERNOVA RELIC NEUTRINO BACKGROUND AND
METALLICITY EVOLUTION OF GALAXIES

Ken’ichiro Nakazato1, Eri Mochida1, Yuu Niino2, and Hideyuki Suzuki1

March 5, 2015

ABSTRACT

The spectrum of the supernova relic neutrino (SRN) background from past stellar collapses includ-
ing black hole formation (failed supernovae) is calculated. The redshift dependence of the black hole
formation rate is considered on the basis of the metallicity evolution of galaxies. Assuming the mass
and metallicity ranges of failed supernova progenitors, their contribution to SRNs is quantitatively
estimated for the first time. Using this model, the dependences of SRNs on the cosmic star formation
rate density, shock revival time and equation of state are investigated. The shock revival time is intro-
duced as a parameter that should depend on the still unknown explosion mechanism of core collapse
supernovae. The dependence on equation of state is considered for failed supernovae, whose collapse
dynamics and neutrino emission are certainly a!ected. It is found that the low-energy spectrum of
SRNs is mainly determined by the cosmic star formation rate density. These low-energy events will
be observed in the Super-Kamiokande experiment with gadolinium-loaded water.
Subject headings: di!use radiation — galaxies: evolution — neutrinos — supernovae: general

1. INTRODUCTION

Since the creation of the Universe, many generations of
stars have been born and died. During the cosmic evolu-
tion, stars eject synthesized elements by stellar winds or
explosions such as supernovae, and the ejecta are mixed
with the interstellar gas. Therefore, the mass fraction of
elements heavier than carbon (metallicity), Z, increases
gradually with the cosmic time. Meanwhile, many neu-
trinos are emitted from core collapse supernova (CCSN)
explosions of massive stars and accumulate to give a dif-
fuse background radiation that is redshifted owing to cos-
mic expansion. These neutrinos are called the supernova
relic neutrino (SRN) background, or the di!use super-
nova neutrino background (DSNB) in some papers.
Neutrinos emitted from a supernova have actually

been detected for SN1987A (e.g., Hirata et al. 1987;
Bionta et al. 1987; Alexeyev et al. 1988). In the obser-
vation of SRNs, on the other hand, terrestrial neutrino
detectors are a!ected by various backgrounds such as
solar neutrinos, reactor neutrinos, atmospheric neutri-
nos and contamination by cosmic muon events, radio
activity events and so forth. However, some observa-
tional upper bounds for the flux of SRNs have been
reported (e.g., Malek et al. 2003). Roughly speaking,
all species of neutrinos (!e, !̄e, !µ, !̄µ, !! , !̄! ) are
equally emitted from a supernova with average energies
of !10 MeV. Nowadays, SRNs with !̄e of approximately
20 MeV are expected to be observable in running exper-
iments. The most stringent limits reported for !̄e flux
were obtained in the Super-Kamiokande experiment as
<0.1-1 cm!2 s!1 MeV!1 for neutrino energies between
17.3 MeV and 30.8 MeV (Bays et al. 2012) and in the

nakazato@rs.tus.ac.jp
1 Department of Physics, Faculty of Science & Technology,

Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-
8510, Japan

2 Division of Optical & Infrared Astronomy, National Astro-
nomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo
181-8588, Japan

Fig. 1.— 90% C.L. di!erential upper limits on !̄e flux of SRNs.
The squares, circles and triangles are results for Super-Kamiokande
(SK-I/II/III, Bays et al. 2012), Super-Kamiokande with a neutron-
tagging (SK-IV, Zhang et al. 2015) and KamLAND (Gando et al.
2012). Dashed and dotted lines correspond to our theoretical mod-
els with maximum and minimum values of SRN event rate, respec-
tively (see also Table 3).

KamLAND experiment as <10-100 cm!2 s!1 MeV!1

between 8.3 MeV and 18.3 MeV (Gando et al. 2012).
Super-Kamiokande derived a new upper limit of <5-
30 cm!2 s!1 MeV!1 for energies between 13.3 MeV
and 17.3 MeV by performing a new analysis with a
neutron-tagging technique (Zhang et al. 2015). In Fig-
ure 1, we show the upper limits for !̄e flux with the-
oretical estimations presented later in this paper. For
!e flux, the SNO experiment obtained an upper limit of
70 cm!2 s!1 MeV!1 for energies between 22.9 MeV and
36.9 MeV (Aharmim et al. 2006). These observational
upper limits are larger than various theoretical predic-
tions (e.g., Ando & Sato 2004; Beacom 2010, and refer-
ences therein). Nevertheless, the Super-Kamiokande up-
per limit is reasonably close to the predictions; thus, it is
expected that SRNs will be observed in the near future.
Cosmic metallicity evolution has been proven by obser-

vations of galaxies (e.g., Maiolino et al. 2008, hereafter
M08). Recently, the correlation between the metallic-
ity and the star formation rate (SFR) of galaxies has

Recent review papers: Mirizzi, Tamborra et al. (2016). Lunardini (2010). Beacom (2010). 
Super-Kamiokande Collaboration, Astrop. Phys. (2015). Beacom & Vagins, PRL (2004). JUNO Coll., 2015. 



Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

JUNO Sensitivity to DSNB 

JUNO Yellow Book, in preparation 2015 

10 year data 
17 kt fiducial 

Reactor 𝜈𝑒 

Fast Neutrons 

CC atm 𝜈𝑒 

Sum backgrounds 

JUNO detection perspectives

Neutron tagging in Gd-enriched  WC detector  
(Super-K with 100 tons Gd to trap neutrons).

        identified by delayed coincidence⌫̄e

e can be identified by delayed coincidence.

e

e+

2.2 MeV -rayp
n

Possibility 1: 10% or less

n+Gd →~8MeV 
T = ~30 sec

Possibility 2: 90% or more

Positron and gamma ray 
vertices are within ~50cm.

n+p→d + 

p

Gd

Neutron tagging in Gd-enriched WC Detector

⌫̄e

�

�

�̄e + p ! n+ e+

Ongoing!

Beacom & Vagins, PRL (2004). JUNO Coll., 2015.

DSNB Detection Perspectives
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Moller, Suliga, Tamborra, Denton, JCAP (2018). Nakazato et al., ApJ (2015). Horiouchi et al., MNRAS (2018). Priya and  
Lunardini, JCAP (2017). Beacom, ARNPS (2010).

Characterizing the Supernova Population
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• Independent test of the local supernova rate (~30% precision). 

• Constraints on fraction of black hole forming collapses. 



Neutrinos in supernovae interact with matter and among each other.

Neutrino Interactions

interactions� � �

Non-linear phenomenon
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Neutrino Equations of Motion

Matter term  
[MSW resonant conversion] [neutrino self-interactions]

interaction term⌫ � ⌫

Georg Raffelt, MPI Physics, Munich Neutrino Astrophysics and Fundamental Properties, INT, Seattle, June 2015 

Symmetry Assumptions 
Neutrino transport and flavor oscillations: 7D problem 
 

     𝜕𝑡 + 𝑣 ⋅ 𝛻𝑥 + 𝐹 ⋅ 𝛻𝑝  𝜌 𝑡, 𝑥 , 𝑝 = −𝑖 𝐻 𝑡, 𝑥 , 𝑝 , 𝜌 𝑡, 𝑥 , 𝑝 + 𝒞[𝜌 𝑡, 𝑥 , 𝑝 ] 

Ignore collision term: 
Free streaming 

Ignore external forces 
(e.g. no grav. deflection) 

Includes vacuum, matter, 
nu-nu refraction 

• Homogeneous, isotropic system evolving in time (“early universe”) 
   or 1D homogeneous evolving in time (“colliding beams”) 
 

      𝜕𝑡𝜌 𝑡, 𝐸 = −𝑖 𝐻 𝑡, 𝐸 , 𝜌 𝑡, 𝐸  

• Stationary, spherically symmetric, evolving with radius (“supernova”) 
 

     𝑣𝑟𝜕𝑟𝜌 𝑟, 𝐸, 𝜃 = −𝑖 𝐻 𝑟, 𝐸, 𝜃 , 𝜌 𝑟, 𝐸, 𝜃  

Zenith angle of nu momentum 𝑝  
Radial velocity depends on 𝜃, leads to multi-angle matter effect  

• Ordinary differential equations in “time” or “radius” with maximal symmetries 
 

• Misses dominant solutions (spontaneous symmetry breaking) 

Collision term  
External forces 

(negligible)
Vacuum term 

Full neutrino transport + flavor oscillations = 7D problem!

Challenging problem: 

• Stiff equations of motion, involving non-linear term (nu-nu interactions). 

• Quantities changing on very different time scales involved. 

Density Matrix  



with the Hamiltonian defined as

i �̇E,� = [HE,�, �E,�] i ˙̄�E,� = [H̄E,�, �̄E,�]and

vacuum term 
matter term  

[MSW resonant conversion]
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The Hamiltonian for antineutrinos has the vacuum term with opposite sign.

[neutrino self-interactions]
interaction term⌫ � ⌫

If we assume to have a stationary, spherically symmetric SN, then

Equations of Motion, an Example



Nu-Nu and Matter Potentials
Supernova Neutrinos: Production, Oscillations and Detection

Fig. 22. – Snapshots of SN potentials for di↵erent post-bounce times (1.0�7.0 s) for a 27 M� SN
progenitor (see Sec. 2). The profile at 0.2 s is an illustrative case for a typical condition before
shock revival. The matter potential �r is drawn with thin curves, while the neutrino potential
µr with thick ones. The horizontal bands represent the vacuum oscillation frequencies relevant
for the MSW resonant conversions associated with �m2 (!H) and �m2 (!L), respectively (see
the text for details).

and collide with the (slower) SN ejecta, thus triggering a second (reverse) shock at

rrev = reverse shock radius ,(41)

which propagates (at lower velocity) behind the forward one [340]. Neutrinos may thus
encounter two subsequent density discontinuities, leading to significantly di↵erent spec-
tral features with respect to the case of a single discontinuity.

One expects that the matter term would lead to resonant flavor conversions via the
MSW e↵ect [261] when the matter potential is of the order of the vacuum oscillation
frequencies [Eq. (25)] !H,L [341], i.e.

�r ' !L,H .(42)

These oscillation frequencies are represented by the two horizontal strips in Fig. 22 for
a neutrino energy range E 2 [5 � 50] MeV. Note that resonant flavor conversions should
be expected for r 2 [103

, 105] km.
Comparing the neutrino and matter density profiles, we realize that in the deepest

SN regions n⌫ � ne (r < 103 km, see t = 1.0 s in Fig. 22), except during the accretion

61

Nu-nu interactions
MSW resonances

Neutrinosphere

� (matter potential)

µ (nu-nu potential)

Figure credit: Mirizzi, Tamborra et al. (2016). 
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Neutrino-Neutrino Interactions: 
Stationary & Spherically-Symmetric SN

Neutrino-sphere

R�

q

p

�pq

�q

p

�0

t

r

H�� =
p

2GF

Z
d3⇤q

(2⇥)3
(P⇥q �P⇥q)(1� cos �pq)

H�� = µ

Z
dq(P⇥q �P⇥q) = µ(J� J) = µD

Bulb model
Duan et al., PRD74,105014(2006) 

Multi-angle effect: the interaction depends on 
the relative angle of the colliding neutrinos

When this angle is averaged out the single-angle approximation is obtained

Duan, Fuller, Carlson, Qian, PRD (2006) . Review papers: Duan, Fuller, Qian (2010). Mirizzi, Tamborra et al. (2016). 

The           term is non linear. It depends on the relative angle between colliding neutrinos 

“Bulb Model” initially assumed: The neutrino-sphere emits neutrinos of all flavors from each point 
in the forward solid angle uniformly and isotropically.
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Fogli, Lisi, Marrone, Mirizzi, JCAP (2007), Fogli, Lisi, Marrone, Mirizzi, Tamborra, PRD (2008). Raffelt and Smirnov, PRD 
(2007), PRD (2007). Duan et al., PRD (2007). Hannestad, Raffelt, Sigl, Wong, PRD (2006).

“Spectral splits”: For energies above a critical value, a full flavor swap occurs. 

Flavor instability, neutrino density matrix with exponentially growing off-diagonal terms.

Collective neutrino flavor transitions in supernovae and the role of trajectory averaging 5
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Figure 1. Initial fluxes (at r = 10 km, in arbitrary units) for di!erent neutrino species
as a function of energy. The fluxes are all proportional to !i(E)/!E".

R! being the neutrino-sphere radius, while L! is the total emission power for a given

neutrino species. In numerical calculations, we assume reference values R! = 10 km and

L! = 1051 erg/s for each species ! = !e, !e, !x, !x.

Figure 1 shows the initial neutrino number fluxes per unit energy in arbitrary units
(all fluxes being proportional to "i(E)/!E" through the same normalization constant).

Notice the significant di!erence (asymmetry) between neutrinos and antineutrinos, and

between di!erent neutrino flavors. However, the !e and !x fluxes happen to coincide

at an energy Eeq # 19 MeV, while for the !e and !x fluxes the equality occurs at

Eeq # 24 MeV. Flavor transformations of any kind are not operative for neutrinos at

E = Eeq, and for antineutrinos at E = Eeq.
The spherical symmetry of emission reduces to a cylindrical symmetry along the

radial line-of-sight (polar axis). At any radius r > R! along the polar axis, neutrinos will

arrive with di!erent momenta p characterized by |p| = E, incident polar angle #, and

azimuthal angle $. In the calculation of self-interaction e!ects, the e!ective di!erential

neutrino number density dnp with momentum between p and p + dp is then [17]

dnp = j!(E)d" = j!(E) d$ d cos# , (9)

within the cone of sight of the neutrino-sphere, with # $ [0, #max], being

#max = arcsin(R!/r) . (10)

In general, angular coordinates are important, since the interaction strength

between two neutrinos of momenta p and q depends on their relative angle #pq through

the factor (1%cos #pq). Calculations embedding the full angular coordinates are dubbed

“multi-angle.” The often used “single-angle” approximation consists in averaging the

angular factor along the polar axis, which is assumed to encode the same flavor history

of any other neutrino direction. In this case, the e!ective neutrino number density n

Collective neutrino flavor transitions in supernovae and the role of trajectory averaging 22
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Figure 8. Multi-angle simulation in inverted hierarchy: Final fluxes (at r = 200 km,
in arbitrary units) for di!erent neutrino species as a function of energy. Initial fluxes
are shown as dotted lines to guide the eye.

Figure 8 shows the final (r = 200 km) ! and ! fluxes as a function of energy. The

neutrino spectral swap at E > Ec ! 7 MeV is rather evident in the left panel, although

it is less sharp with respect to the single-angle case in Fig. 5. In the right panel of Fig. 8,

the minor feature associated to the “antineutrino spectral split” is largely smeared out

(see the same panel in Fig. 5), and survives as a small excess of !e at low energy.

The spectra in Figure 8 are largely independent from the specific mixing value
chosen for the simulations (sin2 "13 = 10!4), as far as "13 > 0 (as we have also

checked numerically). Variations of sin2 "13 only lead to logarithmic variations in

the (unobservable) synchronized-bipolar transition radius, and in the depth of bipolar

oscillations [43, 44], which are anyway smeared out in multi-angle simulations, as we

have just seen. Therefore, the spectra in Figure 8 may be taken as rather general

“initial conditions” for possible later (ordinary or stochastic) matter e!ects, occurring
when # " $(r) at r # 200 km. These later, ordinary matter e!ects are instead strongly

dependent on "13, and vanish for, say, sin2 "13 "< 10!5 (see, e.g., [7]). If "13 is indeed that

small (but nonzero), neutrino self-interaction e!ects could be the only source of flavor

transformations in (anti)neutrino spectra.

In conclusion, for 0 < sin2 "13 "< 10!5, the observable spectra at the SN exit

would be similar to those in Fig. 1 for the normal hierarchy case (no significant flavor
transformations of any kind), and to those in Fig. 8 for the inverted hierarchy case (large

self-interaction e!ects). For sin2 "13 "> 10!5, the same spectra should be taken as “initial

conditions” for the calculation of subsequent MSW e!ects. Once more, we remark that

the decoupling of self-interaction and MSW e!ects is a characteristic of our adopted

SN model, inspired by shock-wave simulations [7]. The phenomenology becomes more

complicated in alternative models with shallow matter profiles, when both e!ects can
occur in the same region, as in the simulations performed in [17, 47].

Fluxes after neutrino self-interactions

Fluxes before oscillations

Stationary & Spherically-Symmetric SN



Real SN is Space-Time Dependent

Spontaneous symmetry breaking may occur when releasing symmetry assumptions.  
Caveats: Studies only within 1D/2D toy-models. Numerical implementation very challenging.

• Breaking of axial symmetry.  
[Raffelt, Sarikas, de Sousa Seixas, PRL (2013)] 
  

• Spatial and directional symmetry breaking (inhomogeneity).  
[Mirizzi et al., PRD (2015); Duan&Shalgar, PLB (2015); Hansen&Hannestad, PRD (2014), Chakraborty et al., JCAP (2016)].  
  

• Temporal instability (non-stationarity).  
[Abbar & Duan, PLB (2015), Dasgupta & Mirizzi, PRD (2015)].

• Neutrino momentum distribution not limited to outward direction (nu halo).  
[Cherry et al., PRL (2012). Sarikas, Tamborra, Raffelt, Huedepohl, Janka, PRD (2012)].  

• Large-scale 3D effects (SASI, LESA). 
[Tamborra et al., PRL (2013) & ApJ (2014), Chakraborty et al., PRD (2015)].
• Fast flavor conversions close to the nu-sphere.  
[Sawyer, PRD (2005) & PRL (2016), Chakraborty, Hansen, Izaguirre, Raffelt, JCAP (2016)]. 



Fast Pairwise Neutrino Conversion

Tamborra & Shalgar, Ann. Rev. (2021, in press).

Flavor conversion (vacuum or MSW):                       .
Lepton flavor violation by mass and mixing.

⌫e(p) ! ⌫µ(p)

Can occur without masses/mixing. No net lepton flavor change.

⌫e(p) + ⌫̄e(k) ! ⌫µ(p) + ⌫̄µ(k)
⌫e(p) + ⌫µ(k) ! ⌫µ(p) + ⌫e(k)

Pairwise flavor exchange by          scattering: ⌫ � ⌫

Growth rate:                                                vs.                            .  
p
2GF (n⌫e � n⌫̄e) ' 6.42 m�1 � �m2

2E
' 0.5 km�1 “Fast” conversions

Neutrino angular distributions crucial. 
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Izaguirre, Raffelt, Tamborra, PRL (2017). Morinaga, arXiv: 2103.15267.

Flavor lepton number crossing is essential to induce fast flavor mixing.

Fast Pairwise Neutrino Conversions

  20

Fast flavor evolution

● Electron lepton number crossing 
essential for fast flavor evolution.

● No upper limit on the number 
density of neutrinos.

For a review see Tamborra and Shalgar
ArXiv: 2011.01948



Glas et al., PRD (2020). Abbar et al., PRD (2019), PRD (2020). Azari et al., PRD (2020). Nagakura et al., ApJ (2019). Morinaga et  al., PRR (2020). 
Shalgar & Tamborra, ApJ (2019). Tamborra et al., ApJ (2017). Abbar et al., PRD (2021)….
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LESA

FIG. 8. 3D volume renderings of �n⌫ in the 9 M� model at 300 ms after bounce (left) and 600 ms after bounce (right). Red
hues indicate excess of ⌫e and thus positive �n⌫ , blue hues excess of ⌫̄e and therefore negative values of �n⌫ . Flavor-unstable
locations are in between near �n⌫ = 0 (whitish). First “raisins” with flavor-unstable skins become visible at about 300 ms,
whereas at 600 ms flavor-unstable locations can be found near a radius of 14 km in the whole convective layer of the PNS. Note
the pronounced hemispheric asymmetry of the flavor-unstable 2D surface, which is connected in the anti-LESA direction and
more perforated in the hemisphere which the LESA dipole vector points to (namely the +y direction, as indicated by the white
arrow next to the tripod).

Figure 2 confirms that indeed it does not matter
whether the analysis is performed with lab-frame or
comoving-frame moments for the neutrinos. The figure
shows, in both reference frames, radial profiles of the
number densities n⌫ of ⌫e and ⌫̄e individually and their
di↵erence for the 9M� model at a post-bounce time of
300ms (four upper left panels), the corresponding second
angular moments P

rr
⌫ and their di↵erence (four upper

right panels), the radial neutrino-flux densities F
r
⌫ and

their di↵erence (four lower left panels) and the “flavor-
instability functional” F of Eqs. (13) and (18) (four lower
right panels). The angular direction (✓, �) for the radial
ray was chosen such that one of the instability points vis-
ible in the top plot of Fig. 1 was crossed. This can be
seen in the four panels on the lower right of Fig. 2, where
at r ⇡ 14 km the flavor-instability condition is fulfilled.
The four upper left panels demonstrate that at this lo-
cation n⌫e and n⌫̄e are approximately equal. Lab-frame
and comoving-frame quantities exhibit exactly the same
behavior.

A comparison of the four upper left and four upper
right panels shows that the same conclusion can be drawn
from inspection of P rr

⌫ , because in the di↵usion region
P

rr
⌫ = 1

3 n⌫ is very well fulfilled. This relation does not
hold any longer when neutrinos begin to decouple from
the stellar medium near the neutrinosphere and undergo
the transition to free streaming outside. In this case
P

rr
⌫ ! n⌫ asymptotically for r ! 1, and therefore our

flavor-instability conditions of Eqs. (13) and (18) are not
valid any more. In the displayed model this is the case
for radii r & 30 km, for which reason the negative values

of the flavor-instability functional for r & 40 km do not
signal flavor instability in this region exterior to the PNS.
The two lower right bottom panels of Fig. 2 also dis-

play the term 16
9 (�n⌫)2 as part of the flavor-instability

functional for comparison with the full expression. One
can see that this term usually dominates the second one,
4
c2 (�F

r
⌫ )

2, by several (typically by 2–3) orders of mag-
nitude. This can also be directly verified by comparing
�n⌫ in the upper left panels with 1

c �F
r
⌫ displayed in

the lower left panels. We remark in passing that strongly
negative values of the ⌫̄e flux in the comoving frame oc-
cur because of a local temperature maximum that drives
the di↵usion flux of ⌫̄e inward while the more degeneracy-
driven di↵usion flux of ⌫e can still be outward directed.
Although the lab-frame and comoving-frame fluxes are
considerably di↵erent (because the advective component
vr n⌫ can dominate the di↵usive component in the con-
vection layer of the PNS), the radial profiles of �F

r
⌫ are

more similar for lab-frame and comoving-frame fluxes,
and the instability functional F in the lower right panels
does not exhibit any visible frame dependence.
There are severe consequences of this huge imbalance

between the first and the second term in the flavor-
instability functional F when searching for ELN cross-
ing points by evaluating the functional with discretized
numerical results. In order to detect such points, i.e.
in order to find grid locations where F < 0, the term
16
9 (�n⌫)2 must be very close to zero at exactly such grid
positions, because only then the small second term can
lead to a negative value of F . If, however, the discrete
grid points are too far away from the root of F , the val-

Regions of flavor instability diagnosed inside and outside the newly formed neutron star. 

Does this mean that flavor conversion is not negligible in the decoupling region?

Fast Flavor Instabilities in SN Simulations 



Non-Linear Flavor Conversion 
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• Flavor instabilities are damped by neutrino advection.  
  

• Neutrino conversions are strongly affected by direction-changing collisions.  

• Three flavor effects can be large. 

• Results not predicted by stability analysis, further work needed!
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

Figure taken from Ackermann et al., arXiv: 1903.04333.

What About New Physics Scenarios?

• Non-standard physics may impact the neutrino emission properties and the duration of the 
neutrino burst 

• Non-standard physics may have an effect on the source physics 



Energy Loss Argument

Georg Raffelt, MPI Physics, Munich 56 SFB 1258 Multi-Messenger Seminar 10 Feb 2021

Supernova 1987A Energy-Loss Argument

SN 1987A neutrino signal

Late-time signal most sensitive observable

Emission of very weakly interacting
particles would  “steal” energy from the
neutrino burst and shorten it.
(Early neutrino burst powered by accretion,
not sensitive to volume energy loss.)

Neutrino
diffusion

Neutrino
sphere

Volume emission
of new particles

Weakly interacting particles would take away energy from the standard neutrino burst and 
shorten it. Late-time signal most sensitive observable. 

Image credit: G. Raffelt



Example: Secret Interactions

Not enough energy is deposited in 
the shock region (red).

Shalgar, Tamborra, Bustamante, PRD (2021). Kolb, Turner, PRD (1987). Fuller, Mayle, Wilson, ApJ (1988). 
Kachelreiss, Tomas, Valle, PRD (2000). Tarzan, PRD (2000).
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masses significantly higher than other existing probes.
Pioneering work from Ref. [18] invoked the observation

of MeV neutrinos from SN 1987A to constrain the e↵ect
of ⌫SI between SN neutrinos propagating to Earth and
the C⌫B. References [6, 21–27] showed that the occur-
rence of ⌫SI between high-energy astrophysical neutrinos
and the C⌫B would distort the energy spectrum of the
astrophysical neutrinos by introducing a deficit at high
energies and a pile-up at low energies. Recently, Ref. [27]
studied the potential delay in the arrival times at Earth
of TeV–PeV neutrinos as a result of their scattering o↵
the C⌫B via ⌫SI; if a source emits a burst of high-energy
neutrinos and gamma rays simultaneously, neutrinos that
undergo ⌫SI on their way to Earth would take a longer
path and arrive later than gamma rays.

In this work, we use MeV neutrinos from Galactic core-
collapse SNe to place constraints on ⌫SI. Throughout, we
take the prevalent view that the SN explosion is powered
by the neutrino-driven mechanism, and that the SN neu-
trino emission is significant [28, 29]. Severe ⌫SI would
invalidate both statements. We investigate two scenar-
ios: ⌫SI in the SN core and during the propagation of
neutrinos to Earth. We frame these two scenarios in the
context of the neutrinos detected from SN 1987A.

In the SN core, the neutrino density is high enough
for neutrinos to be trapped, a situation that favors the
potential occurrence of ⌫SI at an important rate. To
place our constraints, we consider the next-to-leading or-
der ⌫ + ⌫̄ ! 2⌫ + 2⌫̄, ⌫ + ⌫ ! 3⌫ + ⌫̄ and ⌫̄ + ⌫̄ ! ⌫ + 3⌫̄
(collectively denoted by 2⌫ ! 4⌫ henceforth). Conserva-
tively, if each neutrino in the SN core undergoes this pro-
cess once, the neutrino number density is doubled while
the neutrino average energy is halved. As a result, neu-
trinos may be unable to transfer enough energy to the
stalled SN shock wave to revive it, halting the explosion.

During their propagation to Earth, SN neutrinos may
scatter o↵ the C⌫B, predominantly via the leading-order
⌫SI process ⌫ + ⌫̄ ! ⌫ + ⌫̄. Supernova neutrinos
would su↵er a severe shift towards low energies, poten-
tially falling below the energy threshold for detection,
of around 5 MeV. Further, the scattering would deflect
neutrinos from their original propagation direction, sig-
nificantly delaying their arrival time at Earth. We treat
both e↵ects jointly during the propagation, refining and
extending the treatment from Ref. [18]. In view of the
complexity of the neutrino-driven SN mechanism, our
goal is to find limits on ⌫SI that hinge only on the general
features of the SN neutrino emission properties.

Figure 1 shows our results. Constraints from ⌫SI in
the SN core disfavor g & 10�1.8 and M . 15 GeV. Con-
straints from ⌫SI during propagation are weaker and ap-
ply only to M . 25 keV. Between 10 MeV and 15 GeV,
our constraints are the strongest to date. Since 2⌫ ! 4⌫
is a next-to-leading-order process, one may be inclined to
believe that ⌫SI in the core would lead to negligible ef-
fects compared to ⌫SI during propagation. Surprisingly,
this is not the case; below we explain why.

This paper is organized as follows. Section II intro-

duces ⌫SI. Section III discusses the e↵ect of ⌫SI in the
SN core. Section IV discusses the e↵ect of ⌫SI during
propagation. Section V summarizes and concludes.

II. SECRET NEUTRINO INTERACTIONS

In order to constrain a large class of ⌫SI models, we
adopt an e↵ective-field-theory approach rather than fo-
cus on specific models. As a result, our limits on ⌫SI are
of wide applicability, but must be interpreted carefully:
at neutrino energies well above the scale of the mediator
mass, computing the neutrino-neutrino scattering ampli-
tude precisely would require abandoning our e↵ective-
field-theory approach and adopting a specific ⌫SI model.

The mediator of ⌫SI can be massless [2–6], such as the
Majoron; heavy [18, 30–32], and treated via an e↵ective
field theory; or of intermediate mass [33–37], and intro-
duce resonances. We focus on intermediate-mass media-
tors because they may introduce detectable imprints on
astrophysical neutrinos.

The ⌫SI mediator can be a scalar (or pseudo-scalar) or
vector (or axial-vector) boson [26]. In what follows, we
adopt a scalar, �, yet the limits on ⌫SI that we place are
valid for a scalar and a vector mediator, as we explain
below. The ⌫SI interaction is described by

L = g↵� ⌫̄↵⌫�� , (1)

where ↵, � = e, µ, ⌧ . For simplicity, we assume that
the interaction is diagonal and universal, i.e., that the
only non-zero entries are g↵↵ ⌘ g, so that all flavors of
neutrinos and antineutrinos are a↵ected equally. Since
the electron-type neutrinos play a dominant role in the
neutrino-driven explosion mechanism, our results are
valid as long as the electron-type neutrinos participate
in the ⌫SI. However, in general, it possible to have ⌫SIs
which predominantly a↵ect non-electron type neutrinos,
in which case our approach is not applicable. Because
the mediator is a scalar, its decay � ! ⌫ + ⌫̄ is helicity-
suppressed. Hence, the limit that we obtain should be
interpreted as limit on an e↵ective coupling that includes
the helicity-suppression factor. The helicity-suppression
argument only applies in the case of a lepton-number-
conserving coupling, which is not possible in the case of
Dirac neutrinos. In the case of Majorana neutrinos, the
⌫SI coupling may or may not be the source of lepton
number violation. For simplicty, we assume that the ⌫SI
coupling is lepton-number-conserving for the case of a
scalar mediator. When interpreting our limits for a vec-
tor mediator, there is no such helicity-suppression factor;
hence, the limits apply directly on the coupling to the
vector mediator.

In the SN core, we test ⌫SI through the next-to-
leading-order process 2⌫ ! 4⌫, where both interacting
neutrinos are SN neutrinos with energies of up to approx-
imately 100 MeV. We estimate the cross section �2⌫!4⌫

using dimensional analysis, which is a su�cient approx-
imation for our purposes. Each final-state particle in-

Core-collapse supernovae stymie secret neutrino interactions

Shashank Shalgar,⇤ Irene Tamborra,† and Mauricio Bustamante‡

Niels Bohr International Academy & DARK, Niels Bohr Institute,

University of Copenhagen, 2100 Copenhagen, Denmark

(Dated: April 27, 2021)

Beyond-the-Standard-Model interactions of neutrinos among themselves – secret interactions –
in the supernova core may prevent the shock revival, halting the supernova explosion. Besides, if
supernova neutrinos en route to Earth undergo secret interactions with relic neutrinos, the neu-
trino burst reaching Earth may be down-scattered in energy, falling below the detection threshold.
We probe secret neutrino interactions through supernova neutrinos and apply our findings to the
supernova SN 1987A. We place the most stringent bounds on flavor-universal secret interactions
occurring through a new mediator with mass between 10 MeV and 1 GeV.

I. INTRODUCTION

Neutrinos provide a fascinating window into physics
beyond the Standard Model. In particular, well-
motivated extensions of the Standard Model posit the
existence of new secret neutrino interactions (⌫SI). Se-
cret interactions may lead to significant enhancements to
the otherwise feeble neutrino-neutrino interactions, and
have a rich phenomenology.

Secret neutrino interactions occur via a new media-
tor that couples to neutrinos. Its mass M and coupling
strength g are not known a priori. Presently, there is
no evidence for ⌫SI, but there is a wide variety of ⌫SI
models, motivated as solutions to open issues, includ-
ing the origin of neutrino mass [1–6], tensions in cosmol-
ogy [7–9], the muon anomalous moment [10, 11], and the
LSND anomaly [12]. Constraints on ⌫SI come from par-
ticle physics, cosmology, and astrophysics, as shown in
Fig. 1.

In particle physics, the decay width of particles whose
final state contains neutrinos can be a↵ected by ⌫SI. The
weak decays of the W boson and the neutral K meson
have been used to exclude M < O(10) MeV and g &
10�9 [13].

In cosmology, if the ⌫SI mediator thermalizes in the
early Universe, it introduces additional degrees of free-
dom that contribute to the total entropy. This sce-
nario is constrained by the Big Bang Nucleosynthe-
sis (BBN) yields and excludes M < O(1) MeV and
g & 10�10 [14–16]. Separately, ⌫SI are constrained
by observations of the cosmic microwave background
(CMB). Cosmic microwave background anisotropies de-
pend on the anisotropy of the neutrino field strongly.
Secret neutrino interactions would isotropize the neu-
trino field, a↵ecting the CMB. This argument excludes
M < O(1) MeV and g & 10�7 [17].

In astrophysics, neutrinos provide independent means
to test for ⌫SI. Secret interactions may a↵ect neutrino
self-interactions within the astrophysical source itself, if
the neutrino density is high enough, like in core-collapse
supernovae (SNe), or induce an elastic scattering of as-
trophysical neutrinos o↵ the cosmic neutrino background
(C⌫B) as they propagate to Earth. Astrophysical neutri-
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FIG. 1. Constraints on secret neutrino interactions (⌫SI), in
terms of the coupling g and mass M of the new ⌫SI mediator.
Our new constraints come from considering ⌫SI between SN
neutrinos en route to Earth and C⌫B neutrinos (“SN 1987A
propagation”) and ⌫SI between neutrinos in the SN core (“SN
1987A core”). We consider ⌫SIs that are flavor-universal
(gee = gµµ = g⌧⌧ ). Because of this, for the SN1987A core
bound, although electron-type neutrinos interact the most in
the SN core, our bound applies to all neutrino flavors equally.
An earlier SN constraint (“SN 1987A Kolb & Turner”) [18]
comes from the strength of the ⌫SI interaction rate of neu-
trinos from the SN 1987A en route to Earth, but our re-
fined treatment supersedes it. Other constraints come from
Big Bang Nucleosynthesis (BBN for gee = gµµ = g⌧⌧ ) [15],
particle decays (we distinguish between flavors, “Lab gee”,
“Lab gµµ”, “Lab g⌧⌧” [19]) [13], double beta decay (���, for
gee) [20], and the cosmic microwave background (CMB for
g11 = g22 = g33, in the neutrino mass eigenstate basis) [17].
For cosmological bounds, see also Ref. [16].

nos have the potential to probe ⌫SI with mediator mass
up to M & O(1) GeV, i.e., they can probe mediator
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FIG. 2. Constraints on the mass and coupling of the ⌫SI
mediator based on ⌫SI occurring in the SN core. The color
coding represents the average number N2⌫!4⌫ of ⌫SI ⌫+ ⌫̄ !
2⌫ + 2⌫̄ interactions that occur in the SN, see Eq. 7. The
region above the black line is excluded for the default case
with Rmin = 15 km and hEi = 30 MeV. The region above
the dashed line is the exclusion region for the consevative
case with Rmin = 30 km hEi = 15 MeV. There, N2⌫!4⌫ � 1
and the neutrino energy deposition is insu�cient to revive the
stalled shock wave, thus halting the SN explosion.

the shock is approximately

Edep / n⌫�⌫N / n⌫hEi
2 , (6)

where n⌫ is the neutrino number density summed over all
six flavors, hEi is the average neutrino energy, and �⌫N /

hEi
2 is the neutrino-nucleon cross section. The amount

of energy deposited by neutrinos depends on the flavor
composition, since electron-type neutrinos have a larger
cross section than non-electron ones, but, for the sake
of simplicity, we ignore this e↵ect. Further, we assume
zero chemical potential for all flavors in the core, since
we focus on SN regions where the degeneracy parameter
is smaller than unity.

Because the leading-order ⌫SI process ⌫ + ⌫̄ ! ⌫ + ⌫̄
preserves the number of neutrinos and the average neu-
trino energy, it does not a↵ect Edep. In contrast, the
next-order processes 2⌫ ! 4⌫ increases the number of
neutrinos and decreases the average neutrino energy, i.e.,
it changes n⌫ ! n0

⌫ ' ↵n⌫ and hEi ! hE0
i ' hEi/↵,

where ↵ > 1 is a constant factor that depends on the ⌫SI
interaction rate in the core. As a result, the deposited
energy (Eq. 6) decreases by a factor ↵: Edep ! E0

dep =
n0
⌫�

0
⌫N ' Edep/↵ [44]. Large values of ↵ mean that ⌫SI

in the core would render E0
dep too small to revive the

SN shock, halting the explosion. Below, we estimate the
values of M and g for which this would occur.

We make the reasonable assumption that the dominant
Standard-Model interaction rate in the SN core is due to
neutrino-nucleon scattering. This process determines the
radius R⌫ of the “neutrino-sphere,” the roughly spherical
region within which neutrinos are trapped. In the early
stages of the SN, R⌫ is of a few tens of km, and decreases

with time. Inside the neutrino-sphere, neutrinos are ther-
malized with the nucleons of the medium and their num-
ber density n⌫ follows a Fermi-Dirac distribution, with
temperature T ' hEi/3.15. Notably, deep inside within
the neutrino-sphere neutrinos are degenerate (i.e., Pauli
blocking is high), so that there is no room for their num-
ber to grow via the ⌫SI process 2⌫ ! 4⌫. Thus, we focus
instead on the “neutrino decoupling region”, i.e., a re-
gion in the proximity of the neutrino-sphere where the
number density of nucleons starts falling and neutrinos
gradually decouple from nucleons. There, the neutrino
density is still high, but the neutrino degeneracy is negli-
gible. These two conditions allow for the process 2⌫ ! 4⌫
to potentially occur at a high rate. We assume that the
neutrino number density still follows a Fermi-Dirac dis-
tribution in the decoupling region, and we fix the average
energy to hEi = 30 MeV, a value representative of ex-
pectations; see, e.g., Ref. [45].

In the decoupling region, neutrinos move along
a random walk as they scatter o↵ residual nucle-
ons. Their energy-averaged mean free path is �⌫N =⇥R

dE(dn⌫(E)/dE)�⌫N (E)
⇤�1

. Hence, the total number
of neutrino-nucleon scatterings that a neutrino under-

goes is, on average, N⌫N =
R Rmax

Rmin
dr r/�2

⌫N , according to
the central limit theorem [46]. Here, Rmin = 15 km is
the approximate, time-averaged minimum radius where
the neutrino degeneracy starts to be negligible and de-
coupling begins, while Rmax is the maximum radius of
the decoupling region. Because the neutrino and nucleon
densities fall steeply with radius, N⌫N is dominated by
the interactions that occur closest to the neutrino-sphere.
As a result, the exact choice for Rmax does not matter;
we set it to 45 km. After N⌫N scatterings, a neutrino has
traveled a path of length d ⌘ �⌫NN⌫N , on average.

If ⌫SI occur during the neutrino random walk, the av-
erage number of 2⌫ ! 4⌫ scatterings that a neutrino
undergoes is

N2⌫!4⌫ ' �2⌫!4⌫n⌫d ' �2⌫!4⌫n⌫�⌫NN⌫N . (7)

We assume that, in the decoupling region, neutrinos have
a fairly isotropic distribution, and hence the typical ⌫SI
center-of-mass energy is 2hEi. Neutrinos are produced at
di↵erent locations in the SN core and propagate along dif-
ferent paths while depositing energy to revive the shock.

Conservatively, if N2⌫!4⌫ = 1, a neutrino undergoes a
single ⌫SI scattering, on average. In this case, ↵ = 2 and
this implies n0

⌫ = 2n⌫ and hE0
i = hEi/2. According to

Eq. 6, this is su�cient to reduce the energy deposited by
neutrinos to revive the shock by 50% with respect to the
case without ⌫SI and, therefore, halt the SN explosion.

The dependence of N2⌫!4⌫ on g and M is very strong
and, consequently, the limits on g and M are very ro-
bust to some of the assumptions that we have made.
We illustrate this by comparing the limits obtained us-
ing our default case with Rmin = 15 km and hEi =
30 MeV against an alternative, more conservative, case
with Rmin = 30 km and hEi = 15 MeV. As long as we
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zero chemical potential for all flavors in the core, since
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trino energy, it does not a↵ect Edep. In contrast, the
next-order processes 2⌫ ! 4⌫ increases the number of
neutrinos and decreases the average neutrino energy, i.e.,
it changes n⌫ ! n0

⌫ ' ↵n⌫ and hEi ! hE0
i ' hEi/↵,

where ↵ > 1 is a constant factor that depends on the ⌫SI
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in the core would render E0
dep too small to revive the

SN shock, halting the explosion. Below, we estimate the
values of M and g for which this would occur.

We make the reasonable assumption that the dominant
Standard-Model interaction rate in the SN core is due to
neutrino-nucleon scattering. This process determines the
radius R⌫ of the “neutrino-sphere,” the roughly spherical
region within which neutrinos are trapped. In the early
stages of the SN, R⌫ is of a few tens of km, and decreases

with time. Inside the neutrino-sphere, neutrinos are ther-
malized with the nucleons of the medium and their num-
ber density n⌫ follows a Fermi-Dirac distribution, with
temperature T ' hEi/3.15. Notably, deep inside within
the neutrino-sphere neutrinos are degenerate (i.e., Pauli
blocking is high), so that there is no room for their num-
ber to grow via the ⌫SI process 2⌫ ! 4⌫. Thus, we focus
instead on the “neutrino decoupling region”, i.e., a re-
gion in the proximity of the neutrino-sphere where the
number density of nucleons starts falling and neutrinos
gradually decouple from nucleons. There, the neutrino
density is still high, but the neutrino degeneracy is negli-
gible. These two conditions allow for the process 2⌫ ! 4⌫
to potentially occur at a high rate. We assume that the
neutrino number density still follows a Fermi-Dirac dis-
tribution in the decoupling region, and we fix the average
energy to hEi = 30 MeV, a value representative of ex-
pectations; see, e.g., Ref. [45].
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ons. Their energy-averaged mean free path is �⌫N =⇥R
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. Hence, the total number
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goes is, on average, N⌫N =
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⌫N , according to
the central limit theorem [46]. Here, Rmin = 15 km is
the approximate, time-averaged minimum radius where
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densities fall steeply with radius, N⌫N is dominated by
the interactions that occur closest to the neutrino-sphere.
As a result, the exact choice for Rmax does not matter;
we set it to 45 km. After N⌫N scatterings, a neutrino has
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center-of-mass energy is 2hEi. Neutrinos are produced at
di↵erent locations in the SN core and propagate along dif-
ferent paths while depositing energy to revive the shock.

Conservatively, if N2⌫!4⌫ = 1, a neutrino undergoes a
single ⌫SI scattering, on average. In this case, ↵ = 2 and
this implies n0

⌫ = 2n⌫ and hE0
i = hEi/2. According to

Eq. 6, this is su�cient to reduce the energy deposited by
neutrinos to revive the shock by 50% with respect to the
case without ⌫SI and, therefore, halt the SN explosion.

The dependence of N2⌫!4⌫ on g and M is very strong
and, consequently, the limits on g and M are very ro-
bust to some of the assumptions that we have made.
We illustrate this by comparing the limits obtained us-
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the shock is approximately
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2 , (6)

where n⌫ is the neutrino number density summed over all
six flavors, hEi is the average neutrino energy, and �⌫N /

hEi
2 is the neutrino-nucleon cross section. The amount

of energy deposited by neutrinos depends on the flavor
composition, since electron-type neutrinos have a larger
cross section than non-electron ones, but, for the sake
of simplicity, we ignore this e↵ect. Further, we assume
zero chemical potential for all flavors in the core, since
we focus on SN regions where the degeneracy parameter
is smaller than unity.

Because the leading-order ⌫SI process ⌫ + ⌫̄ ! ⌫ + ⌫̄
preserves the number of neutrinos and the average neu-
trino energy, it does not a↵ect Edep. In contrast, the
next-order processes 2⌫ ! 4⌫ increases the number of
neutrinos and decreases the average neutrino energy, i.e.,
it changes n⌫ ! n0

⌫ ' ↵n⌫ and hEi ! hE0
i ' hEi/↵,

where ↵ > 1 is a constant factor that depends on the ⌫SI
interaction rate in the core. As a result, the deposited
energy (Eq. 6) decreases by a factor ↵: Edep ! E0

dep =
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⌫N ' Edep/↵ [44]. Large values of ↵ mean that ⌫SI

in the core would render E0
dep too small to revive the

SN shock, halting the explosion. Below, we estimate the
values of M and g for which this would occur.

We make the reasonable assumption that the dominant
Standard-Model interaction rate in the SN core is due to
neutrino-nucleon scattering. This process determines the
radius R⌫ of the “neutrino-sphere,” the roughly spherical
region within which neutrinos are trapped. In the early
stages of the SN, R⌫ is of a few tens of km, and decreases

with time. Inside the neutrino-sphere, neutrinos are ther-
malized with the nucleons of the medium and their num-
ber density n⌫ follows a Fermi-Dirac distribution, with
temperature T ' hEi/3.15. Notably, deep inside within
the neutrino-sphere neutrinos are degenerate (i.e., Pauli
blocking is high), so that there is no room for their num-
ber to grow via the ⌫SI process 2⌫ ! 4⌫. Thus, we focus
instead on the “neutrino decoupling region”, i.e., a re-
gion in the proximity of the neutrino-sphere where the
number density of nucleons starts falling and neutrinos
gradually decouple from nucleons. There, the neutrino
density is still high, but the neutrino degeneracy is negli-
gible. These two conditions allow for the process 2⌫ ! 4⌫
to potentially occur at a high rate. We assume that the
neutrino number density still follows a Fermi-Dirac dis-
tribution in the decoupling region, and we fix the average
energy to hEi = 30 MeV, a value representative of ex-
pectations; see, e.g., Ref. [45].

In the decoupling region, neutrinos move along
a random walk as they scatter o↵ residual nucle-
ons. Their energy-averaged mean free path is �⌫N =⇥R

dE(dn⌫(E)/dE)�⌫N (E)
⇤�1

. Hence, the total number
of neutrino-nucleon scatterings that a neutrino under-

goes is, on average, N⌫N =
R Rmax

Rmin
dr r/�2

⌫N , according to
the central limit theorem [46]. Here, Rmin = 15 km is
the approximate, time-averaged minimum radius where
the neutrino degeneracy starts to be negligible and de-
coupling begins, while Rmax is the maximum radius of
the decoupling region. Because the neutrino and nucleon
densities fall steeply with radius, N⌫N is dominated by
the interactions that occur closest to the neutrino-sphere.
As a result, the exact choice for Rmax does not matter;
we set it to 45 km. After N⌫N scatterings, a neutrino has
traveled a path of length d ⌘ �⌫NN⌫N , on average.

If ⌫SI occur during the neutrino random walk, the av-
erage number of 2⌫ ! 4⌫ scatterings that a neutrino
undergoes is

N2⌫!4⌫ ' �2⌫!4⌫n⌫d ' �2⌫!4⌫n⌫�⌫NN⌫N . (7)

We assume that, in the decoupling region, neutrinos have
a fairly isotropic distribution, and hence the typical ⌫SI
center-of-mass energy is 2hEi. Neutrinos are produced at
di↵erent locations in the SN core and propagate along dif-
ferent paths while depositing energy to revive the shock.

Conservatively, if N2⌫!4⌫ = 1, a neutrino undergoes a
single ⌫SI scattering, on average. In this case, ↵ = 2 and
this implies n0

⌫ = 2n⌫ and hE0
i = hEi/2. According to

Eq. 6, this is su�cient to reduce the energy deposited by
neutrinos to revive the shock by 50% with respect to the
case without ⌫SI and, therefore, halt the SN explosion.

The dependence of N2⌫!4⌫ on g and M is very strong
and, consequently, the limits on g and M are very ro-
bust to some of the assumptions that we have made.
We illustrate this by comparing the limits obtained us-
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where n⌫ is the neutrino number density summed over all
six flavors, hEi is the average neutrino energy, and �⌫N /
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2 is the neutrino-nucleon cross section. The amount

of energy deposited by neutrinos depends on the flavor
composition, since electron-type neutrinos have a larger
cross section than non-electron ones, but, for the sake
of simplicity, we ignore this e↵ect. Further, we assume
zero chemical potential for all flavors in the core, since
we focus on SN regions where the degeneracy parameter
is smaller than unity.

Because the leading-order ⌫SI process ⌫ + ⌫̄ ! ⌫ + ⌫̄
preserves the number of neutrinos and the average neu-
trino energy, it does not a↵ect Edep. In contrast, the
next-order processes 2⌫ ! 4⌫ increases the number of
neutrinos and decreases the average neutrino energy, i.e.,
it changes n⌫ ! n0
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where ↵ > 1 is a constant factor that depends on the ⌫SI
interaction rate in the core. As a result, the deposited
energy (Eq. 6) decreases by a factor ↵: Edep ! E0
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⌫N ' Edep/↵ [44]. Large values of ↵ mean that ⌫SI

in the core would render E0
dep too small to revive the

SN shock, halting the explosion. Below, we estimate the
values of M and g for which this would occur.

We make the reasonable assumption that the dominant
Standard-Model interaction rate in the SN core is due to
neutrino-nucleon scattering. This process determines the
radius R⌫ of the “neutrino-sphere,” the roughly spherical
region within which neutrinos are trapped. In the early
stages of the SN, R⌫ is of a few tens of km, and decreases

with time. Inside the neutrino-sphere, neutrinos are ther-
malized with the nucleons of the medium and their num-
ber density n⌫ follows a Fermi-Dirac distribution, with
temperature T ' hEi/3.15. Notably, deep inside within
the neutrino-sphere neutrinos are degenerate (i.e., Pauli
blocking is high), so that there is no room for their num-
ber to grow via the ⌫SI process 2⌫ ! 4⌫. Thus, we focus
instead on the “neutrino decoupling region”, i.e., a re-
gion in the proximity of the neutrino-sphere where the
number density of nucleons starts falling and neutrinos
gradually decouple from nucleons. There, the neutrino
density is still high, but the neutrino degeneracy is negli-
gible. These two conditions allow for the process 2⌫ ! 4⌫
to potentially occur at a high rate. We assume that the
neutrino number density still follows a Fermi-Dirac dis-
tribution in the decoupling region, and we fix the average
energy to hEi = 30 MeV, a value representative of ex-
pectations; see, e.g., Ref. [45].
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ons. Their energy-averaged mean free path is �⌫N =⇥R
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⌫N , according to
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the neutrino degeneracy starts to be negligible and de-
coupling begins, while Rmax is the maximum radius of
the decoupling region. Because the neutrino and nucleon
densities fall steeply with radius, N⌫N is dominated by
the interactions that occur closest to the neutrino-sphere.
As a result, the exact choice for Rmax does not matter;
we set it to 45 km. After N⌫N scatterings, a neutrino has
traveled a path of length d ⌘ �⌫NN⌫N , on average.

If ⌫SI occur during the neutrino random walk, the av-
erage number of 2⌫ ! 4⌫ scatterings that a neutrino
undergoes is

N2⌫!4⌫ ' �2⌫!4⌫n⌫d ' �2⌫!4⌫n⌫�⌫NN⌫N . (7)

We assume that, in the decoupling region, neutrinos have
a fairly isotropic distribution, and hence the typical ⌫SI
center-of-mass energy is 2hEi. Neutrinos are produced at
di↵erent locations in the SN core and propagate along dif-
ferent paths while depositing energy to revive the shock.

Conservatively, if N2⌫!4⌫ = 1, a neutrino undergoes a
single ⌫SI scattering, on average. In this case, ↵ = 2 and
this implies n0

⌫ = 2n⌫ and hE0
i = hEi/2. According to

Eq. 6, this is su�cient to reduce the energy deposited by
neutrinos to revive the shock by 50% with respect to the
case without ⌫SI and, therefore, halt the SN explosion.

The dependence of N2⌫!4⌫ on g and M is very strong
and, consequently, the limits on g and M are very ro-
bust to some of the assumptions that we have made.
We illustrate this by comparing the limits obtained us-
ing our default case with Rmin = 15 km and hEi =
30 MeV against an alternative, more conservative, case
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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)

• Tremaine-Gunn bound

Favorable regions

• Pulsar kicks

(A. Kusenko (2004))

• 3.5 keV line

(A. Boyarsky et al. (2014))

• Pulsar kicks (Kusenko 2004). 
• 3.5 keV line (Boyarsky et al., 2014)  
• Supernova energy bounds (Shi&Sigl, 1994) 
• Dark matter overproduction (Dodelson & Widrow 1994, Shi&Fuller 1999) 
• Radiative decay (NuSTAR, XMM, Chandra) 
• Tremaine-Gunn bound
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Figure 2. Energy averaged mean free path of ⌫̄⌧ as a function of the radius for tpb = 0.05, 0.5
and 1 s. Neutrinos are coupled to the matter in the SN core, until they reach the decoupling region
roughly marked by the vertical lines indicating the ⌫⌧ neutrinosphere radius. After decoupling, ⌫⌧
(⌫̄⌧ )’s stream freely.

an approximation, but it should lead to reliable results for what concerns the impact of the
dynamical e↵ects due to the sterile neutrino production on the hydrodynamical quantities.
In fact, flavor conversions among the active states are expected to be suppressed in the region
where active-sterile conversions occur due to the high matter density and frequent collisions
with the SN medium.

The radial flavor evolution of the neutrino field is described by the Liouville equation
for each energy mode E

@r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) and @r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) , (3.1)

where the bar denotes antineutrinos and ⇢ is the neutrino density matrix. The density matrix
for each energy mode E, ⇢E , is a 2 ⇥ 2 matrix in the flavor space spanned by (⌫⌧ , ⌫s), and
similarly for antineutrinos. The initial conditions for the neutrino field are assumed to be
⇢E = diag(n⌫⌧ , 0) and ⇢E = diag(n⌫̄⌧ , 0), i.e. we work under the assumption that ⌫s are only
generated through mixing with ⌫⌧ . The Hamiltonian HE in the flavor basis takes the form

HE = Hvac,E +Hm,E =
�m

2
s

2E


� cos 2✓ sin 2✓
sin 2✓ cos 2✓

�
+


Ve↵ 0
0 �Ve↵

�
, (3.2)

where Hvac is the vacuum term, function of the active-sterile mixing angle ✓ and the active-
sterile mass di↵erence �m

2
s. The e↵ective potential Ve↵ takes into account the forward

scattering potential [34]

Ve↵ =
p
2GFnB


�
1

2
Yn + Y⌫e + Y⌫µ + 2Y⌫⌧

�
, (3.3)
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Figure 2. Energy averaged mean free path of ⌫̄⌧ as a function of the radius for tpb = 0.05, 0.5
and 1 s. Neutrinos are coupled to the matter in the SN core, until they reach the decoupling region
roughly marked by the vertical lines indicating the ⌫⌧ neutrinosphere radius. After decoupling, ⌫⌧
(⌫̄⌧ )’s stream freely.
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Hamiltonian defined as

where the effective potential describes neutrino-matter interactions

Sterile neutrinos modify the lepton asymmetry          Changes in the effective potential

Collision term

Impact on Neutrino Mixing and SN Feedback 

Nunokawa et al. (1997). Hidaka & Fuller (2006). Raffelt & Zhou (2011).
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• Suppression /enhancement of the SN explosion

• Change of the electron or neutrino (⌫e, ⌫µ, ⌫⌧ ) fractions

Y⌫⌧ ' µ⌫⌧ /T
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Growth of Neutrino Lepton Asymmetry

Development of the neutrino lepton asymmetry
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The dynamical modification of the effective matter potential due to the production of sterile 
particles leads to drastic modifications of the local density of sterile (anti-)neutrinos. 
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The dynamical feedback due to flavor conversions in sterile states considerably relaxes the 
excluded region of the parameter space of sterile neutrinos.

Suliga, Tamborra, Wu, JCAP (2019), JCAP (2020).



IceCube has detected hundreds of neutrinos with energies over 100 TeV (10 times larger 
than the highest energies achieved by any particle at LHC). 

Some of these neutrinos have PeV energies, i.e. energies thousands of times greater than 
what’s needed to create the heaviest of the known fundamental particles. 

Detection of High Energy Neutrinos

IceCube Preliminary

Figure 7: Unfolded spectrum for six years of HESE neutrino events starting inside the detector. The yellow and

red bands show the 1� uncertainties on the result of a two-power-law fit. Superimposed is the best fit to eight years

of the upgoing muon neutrino data (pink). Note the consistency of the red and pink bands. Figure from Ref. [28].

analysis that has lowered the threshold of the starting-event analysis [35] and by a variety of other

analyses. The astrophysical flux measured by IceCube is not featureless; either the spectrum of

cosmic accelerators cannot be described by a single power law or a second component of cosmic

neutrino sources emerges in the spectrum. Because of the self-veto of atmospheric neutrinos in the

HESE analysis, i.e., the veto triggered by accompanying atmospheric muons, it is very difficult to

accommodate the component below 100 TeV as a feature in the atmospheric background.

In Figure 8 we show the arrival directions of the most energetic events in the eight-year upgoing

⌫µ+⌫̄µ analysis (�) and the six-year HESE data sets. The HESE data are separated into tracks (⌦)

and cascades (�). The median angular resolution of the cascade events is indicated by thin circles

around the best-fit position. The most energetic muons with energy Eµ > 200 TeV in the upgoing

⌫µ + ⌫̄µ data set accumulate near the horizon in the Northern Hemisphere. Elsewhere, muon

neutrinos are increasingly absorbed in the Earth before reaching the vicinity of the detector because

of their relatively large high-energy cross sections. This causes the apparent anisotropy of the

events in the Northern Hemisphere. Also HESE events with deposited energy of Edep > 100 TeV

suffer from absorption in the Earth and are therefore mostly detected when originating in the

Southern Hemisphere. After correcting for absorption, the arrival directions of cosmic neutrinos

are isotropic, suggesting extragalactic sources. In fact, no correlation of the arrival directions of

13

IceCube Coll., Science 342 (2013); IceCube Coll., Astrophys. J. 833 (2016).
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Figure 3. Pie chart of expected fraction of IceCube’s neu-
trino flux from the three source types with directly associated
neutrino detections, and the remaining flux from unknown
sources (other).

Type
Flux / �IC

warm-up simple full

AGN 0.34 0.36+0.31
�0.27

blazar 0.1 0.05 0.06+0.06
�0.04

TDE 0.55 0.26 0.32+0.30
�0.24

GRB < 0.01

CCSN < 1.4

other 0.28+0.38
�0.25

Table 2. Estimated cosmic neutrino flux as a fraction of
IceCube’s total measured flux (�IC). Results are shown for
the ”warm-up” (Section 2), ”simple” (Section 3) and ”full”
Bayesian (Section 4) models, for AGNs, blazars and TDEs,
and the total estimated flux from unknown source types.
Error bars indicate 90% credible interval. For our ”simple”
model we also show upper limits for GRBs, indicating that
non-detection presents are very strict constraint on their al-
lowed contribution to the overall flux due to their very low
rate density, and core-collapse supernovae (CCSNe), show-
ing that non-detection does not meaningfully constrain their
contribution to the overall neutrino flux due to their high
rate density.

factor of 3 lower than these. We also see that, due to
the low number of detections so far, the expected flux
has considerable uncertainties.
To obtain a pie chart of total fluxes, we look at the

properties of the cosmic quasi-di↵use neutrino flux. Ice-
Cube detections are consistent with an astrophysical
flux following a power-law distribution with spectral in-
dex of 2.53 ± 0.07 Aartsen et al. (2020b). Therefore,
we consider a neutrino spectrum that scales as E

�2.5

with neutrino energy E. Our results would be similar to
those presented below if we adopted a somewhat softer

spectrum with E
�3 that best fits the energy distribution

of the highest energy neutrinos (Abbasi et al. 2020).
We combine our results together for blazars, AGNs,

and TDEs into a pie chart that shows the expected rel-
ative abundance of these three source types in the overall
flux of high-energy neutrinos IceCube is detecting. The
obtained pie chart is shown in Fig. 3.

6.1. Expected contribution from other source types

Based on the probability densities of AGNs, blazars
and TDEs shown in Fig. 2, we computed the expected
contribution from other source types. For this we con-
sidered the AGN, blazar, and TDE probability densities
to be independent and computed the probability den-
sity of their combined neutrino flux, with the boundary
condition that the total cannot exceed IceCube’s mea-
sured total flux. We found that the unknown sources
represent at least 10% (1%) of IceCube’s total flux with
80% (98%) probability.

7. CONCLUSION

We computed the expected total high-energy neutrino
flux at Earth from AGNs, blazars, and TDEs based on
the associations of individual sources with astrophysi-
cal neutrinos detected by IceCube, IceCube’s sensitiv-
ity, and the astrophysical properties and distributions
of the three source types. We first carried out a sim-
ple derivation of the expected neutrino flux in order to
demonstrate how the results scale with the properties of
the detections, IceCube and the sources. We then car-
ried out a more detailed derivation that accounts for the
statistical uncertainty of the detection process, varying
neutrino luminosity within a source type, and the cos-
mic evolution of source densities and properties. Our
conclusions are as follows:

• Despite having detected more blazars with neutri-
nos than AGNs or TDEs, blazars are expected to
be the smallest contributor to the cosmic neutrino
flux. We found their contribution to be 3.9+3.7

�2.6 ⇥
10�9 erg s�1 cm�2 (error bars indicate 90% credible
interval), or a contribution that is < 11% of the to-
tal quasi-di↵use neutrino flux detected by IceCube (at
90% credible level). This relatively small contribu-
tion is due to the fact that blazars are rare, making
them much easier to identify through multi-messenger
searches than a more common source type with similar
total flux contribution.

• AGNs and TDEs represent similar overall contribu-
tions. We estimated the AGN flux to be 2.1+1.8

�1.6 ⇥
10�8 erg s�1 cm�2, while for TDEs the estimated flux
is 1.8+1.8

�1.4 ⇥ 10�8 erg s�1 cm�2. Either AGNs or TDEs
could be the majority source of cosmic high-energy
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Proton-proton interactions Proton-photon interactions

Electron and muon neutrinos are produced by charged pion decay. 
Gamma-ray photons are produced by neutral pion decay. 
Charged particles, gamma-rays, and neutrinos carry information about the source.
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Petropoulou et al., MNRAS (2017). Murase, PRD (2018). Murase et al., PRD (2011), Zirakashvili & Ptuskin ApJ (2016).

• Neutrinos from freely expanding supernova ejecta interacting with circumstellar medium. 

• Neutrino non-detection constrains fraction of shock energy channeled to accelerated protons.  

Neutrinos from Type IIn supernovae 7

Figure 6. Snapshots of the ⌫µ + ⌫̄µ energy spectrum at di↵erent times (indicated by di↵erent colours) since the shock breakout until the shock radius reaches
min[rw, rdec]. The fluxes are obtained after taking into account neutrino mixing due to oscillations. The energy spectrum of the atmospheric neutrino flux
(Aartsen et al. 2015d; Honda et al. 2007) is overplotted (thick black line). Left- and right-hand panels show the results for S1 and S2, respectively.

Figure 7. Two-dimensional plot of the ⌫µ + ⌫̄µ flux as a function of time at di↵erent energies for S1 (left-hand panel) and S2 (right-hand panel).

power law with time, i.e., F⌫(E⌫) / t
�2+s. Although the exact value

of s depends on the model parameters, s is bound between 1 and 2.
The two limiting values are obtained in the following regimes:

• s = 1, when proton injection is balanced by adiabatic losses.
The neutrino flux then scales as:

F⌫(E⌫) / ✏pvshK
2
wt
�1. (16)

• s = 2, when proton injection is balanced by p-p losses. The
neutrino flux is given by (see also Zirakashvili & Ptuskin 2016):

F⌫(E⌫) / ✏pv
3
shKwt

0. (17)

By comparing tpp with the shock’s dynamical timescale (r/vsh), we
find that the second regime is relevant for

t . 100 d Kw,16 �
�2
sh,�1.5, (18)

where �sh ⌘ vsh/c.
We consider two scenarios (henceforth, S1 and S2) for the

neutrino production. Their parameter values used are listed in Ta-
ble 1. In S1 the parameters rw,Mej,Mcsm, vsh, ✏B, and ✏p were as-
signed to the median values of the corresponding distributions (see
Section 2.1). Thus, S1 is a representative scenario of the simu-
lated SN IIn population. The impact of di↵erent parameters is il-
lustrated via S2, where a ten times larger rw was adopted, while

Mej,Mcsm, vsh, ✏B, and ✏p were kept fixed (see Table 1). Hence, the
shock breakout time is ti = 0.54 d and the neutrino production lasts
⇠ 10.7 yr.

Snapshots of the ⌫µ + ⌫̄µ energy spectrum at di↵erent times
following the shock breakout are presented in Fig. 6 for S1 (left-
hand panel) and S2 (right-hand panel). The results are obtained af-
ter taking into account neutrino mixing due to oscillations. The soft
energy spectrum of atmospheric muon neutrinos (HKKMS 2007 –
Honda et al. 2007; Aartsen et al. 2015d) is overplotted for com-
parison (thick black line). The neutrino flux increases rapidly at
early times, but later decreases with a slower rate, which depends
on the specifics of the source. Meanwhile, the maximum neutrino
energy is increasing due to the increasing maximum energy of the
parent protons. This is evident in both cases during the first year.
At late times, where the adiabatic energy losses are more impor-
tant than those caused by p-p collisions, the maximum energy of
protons and, in turn, neutrinos, remains constant. Even in the opti-
mistic scenario, where particle acceleration proceeds at the fastest
possible rate, the neutrino spectrum from S1 barely extends beyond
1 PeV, as shown in Fig. 6. However, stronger magnetic fields, faster
shocks, and higher mass-loading parameters may result in multi-
PeV neutrino cuto↵ energies (see equation (9)).

The temporal evolution of the ⌫µ + ⌫̄µ neutrino flux at di↵er-

MNRAS 000, 1–?? (2016)

High Energy Supernova Neutrinos 



Summary

• The diffuse supernova neutrino background will provide information on the supernova 
population. 

• Neutrinos mixing is not negligible in the supernova core.  

• BSM physics can drastically alter the supernova physics and the neutrino flavor evolution.  

• High-energy neutrino from supernovae can constrain the fraction of energy going into 
accelerated protons. 

Recent review papers on the topic: 

➡ A. Mirizzi et al., https://arxiv.org/abs/1508.00785  
➡ Vitagliano, Tamborra, Raffelt, https://arxiv.org/abs/1910.11878 (Sections VIII & IX) 
➡ B. Mueller, https://arxiv.org/abs/1904.11067  
➡ H.-T. Janka, https://arxiv.org/abs/1702.08825 
➡ A. Burrows, https://arxiv.org/abs/1210.4921  
➡ Tamborra & Shalgar, https://arxiv.org/abs/2011.01948  
➡ K. Scholberg, https://arxiv.org/abs/1707.06384 
➡ J. Beacom, https://arxiv.org/abs/1004.3311
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