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Core Collapse Supernovae



Core Collapse Supernova

type Ia supernovae. If it were not for radioactive heating, adiabatic
expansion of the debris would cool it to near invisibility in less than
an hour. Type Ia supernovae are about ten times less prevalent than
core-collapse supernovae, but yield about ten times as much iron,
are often more than ten times brighter at peak light, and are
spectacular sources of nuclear g-ray lines and continuum8. It is
with these bright supernovae that observers are now obtaining the
best and, perhaps, the most provocative information about the
geometry of the Universe.
Astronomers use observational, not theoretical, criteria to type

supernovae. A type I supernova (such as a type Ia) is one with no
hydrogen in its spectrum, while the spectrum of a type II supernova
has prominent hydrogen lines. The epochal supernova in the Large
Magellanic Cloud (LMC), SN1987A, was a core-collapse supernova,
because it exploded as a!15–20M! blue supergiant with a radius of
!4 ! 107 km (ref. 9) and not as the canonical red supergiant with a

radius of !109 km; however, it was dimmer than a typical type II
and early relied on 56Ni to power its muted optical light curve. Yet
there is no reason to suspect that the explosion itself was not of the
common core-collapse variety. The light curve and spectrum of a
supernova reflect more its progenitor’s radius, chemical makeup,
and expansion velocities than the mechanism by which it exploded.
To the theorist, the achievement of the critical Chandrasekhar mass
unites the types; the supernovamechanism is either by implosion to
nuclear densities and subsequent hydrodynamic ejection, or by
thermonuclear runaway and explosive incineration.
There is approximately one supernova explosion in the Universe

every second. In our galaxy, there is one supernova every !30–50
years and one type Ia supernova every !300 years. Supernova
hunters, peering deeply with only modest-aperture telescopes, can
now capture a dozen or so extragalactic supernovae per night,
mostly the bright type Ias. Approximately 200 supernova remnant
shells are known in the Milky Way and these are radio, optical, and
X-ray echoes of only the most recent galactic supernova explosions.
Within the last millennium, humans have witnessed and recorded
six supernovae in our galaxy (Table 1).

Supernovae from massive stars
A star’s first thermonuclear stage is the fusion of hydrogen into
helium in its hot core. With the exhaustion of core hydrogen, most
stars then proceed to shell hydrogen burning, and then to core
helium burning. The ashes of the latter are predominantly carbon
and oxygen and low-mass stars do not proceed beyond this stage.
However, stars with masses from !8M! to !60–100M! (the upper
limit depending upon the heavy-element fraction at birth) proceed
to carbon burning, with mostly oxygen, neon, and magnesium as
ashes1,2. For stars more massive than !9–10M!, the ashes of carbon
burning achieve sufficient temperatures to ignite and they burn
predominantly to silicon, sulphur, calcium, and argon. Finally, these
products ignite to produce iron and its congener isotopes near the
peak of the nuclear binding energy curve. Fusion is exothermic only
for the assembly of lighter elements into elements up to the iron
group, not beyond. Hence, at the end of a massive star’s thermo-
nuclear life, it has an ‘onion-skin’ structure in which an iron or
oxygen–neon–magnesium core is nested within shells comprised of
elements of progressively lower atomic weight at progressively
lower densities and temperatures. The outer zone consists of
unburned hydrogen and ‘primordial’ helium. A typical nesting is
Fe ! Si ! O ! He ! H. The oxygen in the ‘oxygen’ zone is the
major source of oxygen in the Universe, for little oxygen survives in
the ejecta of the rarer type Ia supernovae. These shells are not pure,
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Figure 1 The sequence of events in the collapse of a stellar core to a nascent neutron star.
It begins with a massive star with an ‘onion-skin’ structure, goes through white-dwarf core
implosion, to core bounce and shock-wave formation, to the protoneutron-star stage
before explosion, and finally to the cooling and isolated-neutron-star stage after
explosion. This figure is not to scale. The wavy arrows depict escaping neutrinos and the
straight arrows depict mass motion.

Table 1 Supernovae that have exploded in our Galaxy and the Large
Magellanic Cloud within the last millennium

Supernova Year (AD) Distance (kpc) Peak visual magnitude
.............................................................................................................................................................................
SN1006 1006 2.0 !9.0
Crab 1054 2.2 !4.0
SN1181 1181 8.0 ?
RX J0852-4642 !1300 !0.2 ?
Tycho 1572 7.0 !4.0
Kepler 1604 10.0 !3.0
Cas A !1680 3.4 !6.0?
SN1987A 1987 50 " 5 3.0
.............................................................................................................................................................................
These ‘historical’ supernovae are only a fraction of the total, because the majority were shrouded
from view by the dust that pervades the Milky Way. Thus, it is estimated that this historical cohort
represents only about 20% of the galactic supernovae that exploded since AD1000. Included are
SN1987A, which exploded not in the Milky Way but in the Large Magellanic Cloud (one of its
nearby satellite galaxies), RX J0852-4642 (ref. 77, ref. 11), a supernova remnant whose recent
(!AD1300) and very nearby birth went unrecorded, perhaps because it resides in the Southern
Hemisphere (but in fact for reasons that are as yet unknown), and Cas A, a supernova remnant that
was born in historical times, but whose fiery birth was accompanied by a muted visual display that
may have been recorded only in the ambiguous notes of the seventeenth-century astronomer John
Flamsteed (ref. 78). The distances and peak visual magnitudes quoted are guesses at best, except
for SN1987A. Astronomical magnitudes are logarithmic and are given by the formula MV !
#2:5log10"brightness# $ constant. Hence, every factor of ten increase in brightness represents a
decrease in magnitude by 2.5. For comparison, the Moon is near !12magnitudes, Venus at peak is
!4.4 magnitudes, and good eyes can see down to about +6 magnitudes.
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Figure credit: A. Burrows, Nature (2000).



Supernova Explosion Mechanism
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Recent reviews: Burrows & Vartanyan (2021). Janka (2017). Mirizzi, Tamborra et al. (2016). 
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Neutrinos: unique probes of stellar collapse 

Feb. 24, 1987: “Did you hear what happened 
today? 10    neutrinos! All in one go!” 

From L. Pontecorvo’s memories (F. Close).
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Supernova 1987A



Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). 
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Neutrinos from the Supernova Burst



Signal independent on SN  
mass and EoS. 

Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt !e burst. (2) Accretion phase with
significant flavor di!erences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor di!erences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves !̄e) or complete flavor swap
(curves !̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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EoS and mass dependence.
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Signal has strong variations  
(mass, EoS, SN dynamics). 
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Figure: 1D spherically symmetric SN simulation (M=27 M    ), Garching group. sun

 Phases of Neutrino Emission



Neutrino Interactions
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• Neutrino conversion is strongly affected by collisions and advection.   

• Neutrino decoupling from matter is affected by flavor conversion. 

• Implications yet to be determined.

Shalgar & Tamborra, arXiv: 2206.00676, arXiv: 2207.04058. Padilla-Gay, Tamborra, Raffelt, PRL (2022). Shalgar, Padilla-Gay, 
Tamborra, JCAP (2020). Shalgar, Tamborra, PRD (2020, 2021). Richers, Willcox, Ford, PRD (2021). Wu et al., PRD (2021). …

Flavor Conversion in the Supernova Core 
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Non Standard Particles and Supernovae
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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?

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

• Non-standard physics may have an effect on supernova 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 is one of the most sensitive observables. 

Image credit: G. Raffelt



Non Standard Neutrino Interactions
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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. 8. Summary of the bounds derived in this work on
the new vector mediator coupling in the plane spanned by
the vector mass mZ0 and coupling g. Our new sensitivity
bounds come from considering non-standard neutrino-nucleus
(nucleon) interactions in the SN core (marked by solid and
dashed black lines), by detecting a neutrino burst from a
galactic SN (green line and hatched region), as well as 1 yr
exposure to solar and atmospheric neutrinos (orange line and
hatched region) in DARWIN and RES-NOVA-3 (RN-3). The
sensitivity of XENON1T has been calculated by relying on
the limits provided in Ref. [57] (light green). DARWIN and
RES-NOVA-3 have the potential to exclude the largest region
of the parameter space. The bounds plotted here are for a
vector mediator; similar ones have been derived for a scalar
mediator.

B. Comparison with existing bounds: vector
mediator for the U(1)B�L model

Here we discuss the constraints that apply to the mass
and the coupling of the new vector mediator for the
U(1)B�L gauge boson proposed in Ref. [77], with coupling
to quarks gq = 1/3gB�L and leptons (l) gl = g⌫ = �gB�L.
A summary of the constrained region of the parameter
space is reported in Fig. 9.

• Non-standard coupling to quarks only. Con-
straints on the non-standard coupling to nucleons
or quarks (beige, right-slash hatched regions in
Fig. 9) to the new mediator can be split into two
categories: terrestrial experiments and astrophysi-
cal limits. Examples of the former come from the
pion decay experiments (⇡ decay) [93–95] and neu-
tron scattering on the 208Pb target (n-Pb) [96–98].
As for astrophysical constraints, one can consider
the nucleon-nucleon Bremsstrahlung as an addi-
tional source of SN cooling [99, 100] (SN 1987A q),
and the impact of non-standard interactions be-
tween protons on the Coulomb barrier penetration
in the sun [101] (Sun pp).

• Non-standard coupling to neutrinos only.

Constraints on non-standard mediators coupling to
neutrinos are plotted in beige as left-slash hatched
regions in Fig. 9. These bounds have been de-
rived by looking at the possible e↵ects of the non-
standard mediator on the decay of W and K [102]
(W decay, K decay). Non-standard interactions
could also cause visible e↵ects on high-energy neu-
trinos of astrophysical origin. If the high-energy
neutrinos interact with the relic neutrinos (cosmic
neutrino background, see, e.g., Ref. [61]) via the
exchange of a non-standard mediator, spectral dis-
tortions or delays should be expected in the signal
observable at Earth [103–108]. In Ref. [108], a sta-
tistical analysis has been performed to search for
signs of non-standard interactions among neutrinos
in the di↵use flux of high-energy neutrinos detected
by the IceCube Neutrino Observatory by relying on
the High Energy Starting Events (IC HESE). By
using similar arguments, another independent con-
straint has been reported in Ref. [109] by exploit-
ing the possible detection of high-energy neutrinos
from the blazar TXS 0506+056 (IC TXS).

The region of the parameter space disfavored by
non-standard interactions between neutrinos com-
ing from the SN 1987A was studied in Refs. [110,
111]. In this case, limits were placed by consid-
ering non-standard interactions of SN neutrinos
with relic neutrinos for mediator masses mB�L .
0.1 MeV. Additionally, Ref. [111] examined the
consequences of non-standard neutrino-neutrino in-
teractions occurring in the SN core on the delayed
neutrino heating mechanism [63]. The region of
the parameter space disfavored by this argument is
shown in Fig. 9 (SN 1987A ⌫).

The impact of the non-standard vector mediator
on the Big Bang Nucleosynthesis (BBN) has been
discussed in Refs. [112, 113]. The Boltzmann equa-
tions in the isotropic and homogeneous Universe
have been solved in the presence of non-standard
interactions. The parameter space for which the
change in the number of the e↵ective relativistic de-
grees of freedom is such that �Ne↵ > 1 in the non-
standard scenario has been excluded; this was done
by translating the obtained �Ne↵ in the change in
the primordial abundance of deuterium, and mass
fraction of helium. The limit (BBN) in Fig. 9 comes
from Ref. [113].

The existence of a new vector mediator might also
impact the cosmic microwave background (CMB)
through the e↵ect of increasing the power on small
scales in the Planck data [114, 115]. This limit is
indicated as CMB ⌫ in Fig. 9.

• Non-standard coupling to charged leptons
and any coupling. The coupling of the new
mediator to active neutrinos and charged lep-
tons allows to use the data from neutrino exper-

Non-standard coherent  
neutrino nucleus scattering

Shalgar, Tamborra, Bustamante, PRD (2021). Suliga & Tamborra, PRD (2021).

[Projected 90% CL sensitivity bounds]
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Sterile Neutrinos4.3 Constraints from Beta Decay Kinematics
U
e4

Figure 4.6: Constraints on the mixing of electron neutrinos with a sterile neutrino as a
function of the sterile neutrino mass. See text for details. Figure adapted from ref. [206].

enhance their sensitivity especially in the keV mass range which is interesting for sterile
neutrino dark matter [201, 209, 210].

A summary of current constraints is shown in fig. 4.6, adapted from ref. [206]. Exclusion
regions from beta decay kinematics, shown as colored regions in the top part of the
plot and labeled with the respective isotopes, dominate at masses between m4 ⇠ 10 eV
and m4 ⇠ 1MeV [211–221]. In this mass range, the mixing matrix element |Ue4|

2 is
constrained to be below well below 10�2, with constraints reaching well below 10�3 at
keV-scale masses. This implies in particular that the oscillation anomalies in the ⌫e sector
– namely the reactor and gallium anomalies – cannot be explained by sterile neutrinos
with masses above ⇠ 10 eV.

Nuclear beta decay constraints are less important at very low m4 . 10 eV, where the
kink in the beta decay spectrum moves too close to the endpoint to be discernible. In this
mass range, the limit is indeed dominated by oscillation searches, with fig. 4.6 showing in
particular the limits from the reactor neutrino experiments PROSPECT [222] and NEOS
[85], and by studies of atmospheric neutrinos in SuperKamiokande (SK), IceCube (IC)
and DeepCore (DC) [116].

Figure 4.6 also shows the generic, theoretically expected value for |Ue4|
2
⇠ m⌫/m4 (with

m⌫ = 0.05 eV) in type-I seesaw models. We see that none of the laboratory constraints
reach this parameter region, with the exception of oscillation searches at very low m4,
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The role of sterile neutrinos in SNe
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• Suppression /enhancement of the SN explosion

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

Y⌫⌧ ' µ⌫⌧ /T

J. Hidaka and G. M. Fuller (2006) G. G. Raffelt and S. Zhou (2011)

H. Nunokawa et al. (1997), M. L. Warren et al. (2016), C. A. Argüelles et al. (2016) ...

KeV Mass Sterile Neutrinos

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)

– 5 –

Sterile neutrinos modify the lepton asymmetry          Changes in the effective potential



KeV Mass Sterile Neutrinos

Suliga, Tamborra, Wu, JCAP (2019) & JCAP (2020).
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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.
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eV Mass Sterile Neutrinos
Flavor mixing affects element production mainly via 

Neutrino flavor oscillations and neutrino-driven wind nucleosynthesis 3

(see Hüdepohl et al. 2010 for further details5). In the cho-
sen model, the accretion phase ends already at a postbounce
time of tpb ! 0.2 s when neutrino heating drives the expansion
of the postshock layers and powers the explosion. The subse-
quent deleptonization and cooling of the PNS were followed
for ! 10 s.
In order to perform the network calculations for the nu-

cleosynthesis in the neutrino-driven wind, we use 98 ejecta
trajectories. Figure 1 shows the time evolution of the dis-
tance r from the center of the PNS (top panel), temperature
T (middle panel), and matter density ! (bottom panel) for
these mass-shell trajectories as functions of tpb. The outflow
evolution of 7 of the 98 trajectories, corresponding to ini-
tial times t0 = 0.5, 1, 2, 2.9, 4.5, 6.5, 7.5 s (t0 being measured
when the temperature T0 = 9 GK), is highlighted with dif-
ferent colors. We adopt these seven trajectories as represen-
tative of the cooling evolution of the PNS to discuss the im-
pact of neutrino oscillations (with and without an additional
light sterile neutrino) on the nucleosynthesis in the "-driven
wind. The total ejecta mass of the 98 mass-shell trajectories
is M98 = 1.1 " 10#2M$.
In the network, 6300 species are included between the

proton-drip line and neutron-drip line, up to the Z = 110 iso-
topes (see Wanajo et al. 2009, for more details). All the im-
portant reactions such as "e(n, p)e#, "̄e(p, n)e+, (n, #), (p, #),
($, #), (p, n), ($, n), ($, p), and their inverse ones are taken
into account. The "e and "̄e capture rates on free neutrons and
protons are calculated as in Horowitz & Li (1999) and thus in-
clude recoil and weak magnetism corrections. The neutrino-
induced reactions on heavy nuclei are not included since they
have negligible e!ects (Meyer et al. 1998). The nucleosyn-
thesis calculations start when the mass-shell temperature de-
creases to 9 GK, with an initial composition of free neutrons
and protons with number fractions of 1 # Ye and Ye, respec-
tively.

3. ELECTRON FRACTION EVOLUTION
The matter in a fluid element moving away from the PNS

will experience three stages of nuclear evolution. Near the
surface of the PNS, the temperature is so high that the matter
is in nuclear statistical equilibrium (NSE) and nearly all of
the baryons are in the form of free nucleons. As the material
flows away from the PNS, it cools. When the temperature is
T < 1 MeV, $ particles begin to assemble to form heavier
nuclei by $$n, 3$ reactions, and subsequent captures of $
particles and free nucleons.
Together with the entropy and the expansion time, a basic

quantity defining the conditions for element formation (and
eventually the r-process) is the excess of initially free n or p
expressed by the electron fraction Ye. It is locally defined as
the ratio of the net electron (electrons minus positrons) num-
ber density, Ne, to the sum of proton number density Np and
neutron number density Nn:

Ye(r) =
Ne(r)

Np(r) + Nn(r)
= Xp(r) +

X$(r)
2
+

!

ZA>2

ZA(r)
A(r)

XA(r) ,

(1)
where Xp, X$, and XA are the mass fractions of free pro-
tons (p), $ particles, and heavy elements (ZA > 2) as func-
tions of the radius. The charge and the mass numbers of
5 Model Sf 21 is analog to model Sf of Hüdepohl et al. (2010) but was

computed with 21 energy bins for the neutrino transport instead of the usual
17 energy groups.

the heavy nuclear species are ZA and A, respectively. In all
neutral media, Ye = Yp and Yn = 1 # Ye, with Yj being the
number density of free or bound particle species j relative to
baryons. The lower Ye is, the more the environment is neu-
tron rich, and thus the more favorable it is for the r-process
to occur (e.g., Ho!man et al. 1997). On the other hand, Ye >
0.5 implies that p-rich nuclei could be formed through the
"p#process (Fröhlich et al. 2006a; Pruet et al. 2006; Wanajo
2006).
Having in mind the overall evolution of abundances with

radius and time and assuming that the reactions of neutrinos
on nuclei are negligible, the n/p ratio in the wind ejecta is set
by %-interactions of electron neutrinos ("e) and electron an-
tineutrinos ("̄e) with free n and p and their inverse reactions:

"e + n! p + e# , (2)
"̄e + p! n + e+. (3)

Therefore the Ye evolution depends on the energy distribu-
tions of "e and "̄e. Modifications of the neutrino emission
properties, such as the energy spectra, due to flavor oscilla-
tions could significantly change the n/p ratio and thus Ye in
the wind.
Because of slow time variations of the outflow conditions

during the PNS cooling phase, a near steady-state situa-
tion applies (Qian & Woosley 1996) and the rate-of-change
of Ye within an outflowing mass element can be written as
in McLaughlin et al. (1996):

dYe
dt
= v(r)

dYe
dr
% (&"e + &e+ )Y

f
n # (&"̄e + &e# )Y

f
p , (4)

with v(r) being the velocity of the outflowing mass element,
&i the reaction rates, and Y fn,p the abundances of free nucleons.
In the free streaming limit with neutrinos propagating radi-

ally, the forward reaction rates of Eqs. (2,3) can be written in
terms of the electron (anti)neutrino emission properties:

&"e %
L"e

4'r2&E"e'
&("e' , (5)

&"̄e %
L"̄e

4'r2&E"̄e'
&("̄e' , (6)

where L"e and L"̄e are the luminosities of "e and "̄e respec-
tively, &E"e' and &E"̄e' the mean spectral energies6. The "e and
"̄e capture cross sections of the forward reactions (2,3), av-
eraged over the corresponding "e and "̄e energy spectra, are
&("e' and &("̄e', respectively. Including the weak magnetism
and recoil corrections, the average neutrino capture cross sec-
tions are (Horowitz & Li 1999):

&("e' % k
"
E"e

#
)"e

$
%%%%%&1 + 2

"

)"e
+ a"e

'
"

)"e

(2)*****+W"e , (7)

&("̄e' % k
"
E"̄e

#
)"̄e

$
%%%%%&1 # 2

"

)"̄e
+ a"̄e

'
"

)"̄e

(2)*****+W"̄e , (8)

with k % 9.3 " 10#44 cm2/MeV2, )" = &E2"'/&E"' (" =
"e, "̄e), a" = &E2"'/&E"'

2, M the nucleon mass in MeV, and
" = 1.293 MeV the neutron-proton mass di!erence. The
weak magnetism and recoil correction factors are given by

6 &En" ' (
,
En" f (E") dE, where f (E") is the normalized (anti)neutrino en-

ergy spectrum. The energy spectrum which we use will be described in
Sect. 4.
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Fig. 6.— Left: Electron fraction (Ye) as a function of the distance r from the center of the PNS at all considered postbounce times (t0), and in the active and
sterile cases. The !-e!ect is included in all cases (“incl. !-e!ect”). Because of the near equality of the neutrino luminosities and mean energies of neutrinos of
all flavors, Ye in the active cases does not appreciably di!er from the one obtained without neutrino oscillations. Right: Asymptotic electron fractions (Ye) as
functions of postbounce time (t0) in the active and sterile as well as no oscillations cases. The dashed lines refer to Ye calculated without the !-e!ect, while the
solid lines refer to Ye calculated with the full network. The !-e!ect is stronger especially at late times (t0 = 6.5 and 7.5 s) when the neutron star is more compact
and the neutrino luminosities are lower. The values in the cases without oscillations coincide with those in the active cases and cannot be distinguished.
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Fig. 7.— Left: Isotopic mass fractions in the active and sterile cases relative to those in the case without oscillations versus mass number A for all representative
7 trajectories. Right: Nucleosynthetic abundances in the active and sterile cases relative to those without oscillations for all the representative 7 trajectories. Since
in our model active flavor oscillations do not change the neutrino properties and the wind Ye at any significant level up to the radius of interest, the nucleosynthesis
results are essentially identical for all the cases with active oscillations and no neutrino oscillations.

the center of the PNS at di!erent postbounce times t0 in both
the active and sterile cases and including the !-e!ect.

In Fig. 6 (right) the asymptotic Ye values (namely, Ye at
r ! 3 " 107 cm) are plotted as functions of the postbounce
time for each of the considered scenarios (active, sterile and
no oscillations cases). Note that the values in the active case
cannot be distinguished from those in the no oscillations case,
suggesting essentially negligible roles of the active-active os-
cillations on the evolution of Ye (see discussion in Sect. 5).

Furthermore, in the active case, Ye is systematically pushed
towards 0.5 by the !-e!ect, as we can see by comparing the
black dashed line with the black solid one (“incl. !-e!ect”
cases). In the sterile case (red solid line), neutrino oscilla-
tions combined with the !-e!ect lead to Ye being lower than
in the active case (black solid line) at early postbounce times
(t0 = 0.5 s), higher than in the active case at intermediate post-
bounce times (t0 = 1 s, 2 s, and 2.9 s) and again lower than in
the active case at late postbounce times (t0 = 6.5 s, and 7.5 s).

In particular, at late times, Ye in the sterile case and includ-
ing the !-e!ect becomes lower than Ye in the active case and
lower than Ye in the case without full ! recombination, be-
cause both MSW "e-"s conversions happen so close to the
neutrinosphere that the ! particle formation at larger radii fur-
ther enhances the Ye-reduction associated with the presence of
sterile neutrinos, although Ye remains always higher than 0.5.

In summary, the !-e!ect plays an important role in lower-
ing Ye especially at late times (t0 = 6.5 s and 7.5 s). This is due
to the higher entropy and the longer expansion timescale as a
result of the more compact PNS with the lower neutrino lumi-
nosities, resulting in a delay of the ! recombination relative to
both the MSW "e-"s conversions and to a longer duration of
the !-e!ect (see also next section for more details). However,
although the !-e!ect has a strong impact on Ye and therefore
on the element production, it plays only a sub-leading role for
the neutrino oscillations and no detectable modifications are
expected for the neutrino fluxes at the Earth.

Because of the leading role of the !-e!ect compared to os-
cillations on Ye, especially at late times (see Fig. 6, where Ye
in the active and sterile cases including the !-e!ect is fairly
similar), we expect that the nucleosynthesis yields in the pres-
ence of oscillations are not significantly di!erent from the
cases where oscillations are not considered (see Sect. 3.1).
This can be seen in Fig. 7, where we show the nucleosynthe-
sis yields obtained for the 7 representative trajectories in the
active and sterile cases relative to those without neutrino os-
cillations. In Fig. 7 (left) we notice that most of the isotopic
mass fraction ratios in the sterile case relative to the no oscilla-
tion case are lower than 2, with the exception of some isotopes
(with A < 60) which have enhanced production factors.

The most abundantly produced isotope in the relative com-

Light sterile neutrinos have small 
impact on the element formation and 
do not make the post-explosion wind 
outflow neutron rich enough to activate 
a strong r-process. 

and “sterile” (S) vacuum oscillation frequencies are then

!H =
"m2

atm

2E
= !

5.07

E(MeV)
km!1 , (2.5)

!S =
"m2

s

2E
=

5.96 " 103

E(MeV)
km!1 , (2.6)

whereas the usual “low” (L) frequency corresponds to the solar mass di!erence. For the
active-sterile mixing we use

sin2 2"14 = 0.165 . (2.7)

We assume a small mixing between the active flavors,

sin2"13 = 10!4 . (2.8)

In this case the MSW e!ect driven by this mixing angle is non-adiabatic, i.e. we only focus
on active-sterile MSW oscillations and collective active-active oscillations. Recent hints for a
not-very-small value for "13 [41] would imply that we also need to include flavor conversion
by the active-active MSW e!ect, but this has little impact on our results.

We treat neutrino oscillations in terms of the usual matrices of neutrino densities #E
for each neutrino mode with energy E where diagonal elements are neutrino densities, o!-
diagonal elements encode phase information caused by flavor oscillations. Moreover, we
work in the single-angle approximation where it is assumed that all neutrinos feel the same
average neutrino-neutrino refractive e!ect. The radial flavor variation of the quasi-stationary
neutrino flux is given by the “Schrödinger equation”

i$r#E = [HE , #E ] and i$r #̄E = [H̄E , #̄E ] , (2.9)

where an overbar refers to antineutrinos and sans-serif letters denote 3"3 matrices in flavor
space consisting of %e, %x and %s. The initial conditions are #E = diag(n!e , n!x , 0) and
#̄E = diag(n!̄e , n!̄x , 0). The Hamiltonian matrix contains vacuum, matter, and neutrino–
neutrino terms

HE = H
vac
E + H

m
E + H

!!
E . (2.10)

In the flavor basis, the vacuum term is a function of the mixing angles and the mass-squared
di!erences

H
vac
E = U diag

!

!
!H

2
,+

!H

2
,!S

"

U
† , (2.11)

where U is the unitary mixing matrix transforming between the mass and the interaction
basis. The matter term includes both charged-current (CC) and neutral-current (NC) con-
tributions and it is in the flavor basis spanned by (%e, %x, %s)

H
m =

#
2GF diag(Ne !

Nn

2
,!

Nn

2
, 0) , (2.12)

where Ne is the net electron number density (electrons minus positrons), and Nn the neutron
density.

In all neutral media, Ye = Yp and Yn = 1!Ye, where Yj is the number density of particle
species j relative to baryons. The local electron fraction is

Ye(r) =
Ne(r)

Ne(r) +Nn(r)
. (2.13)
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Inserting the previous expression for Ye in equation (2.12), the matter Hamiltonian becomes

H
m =

!
2GFNb diag

!

3

2
Ye "

1

2
,
1

2
Ye "

1

2
, 0

"

, (2.14)

where Nb is the baryon density. The matter potential can be positive or negative. For
Ye > 1/3 it is !e that can undergo an active-sterile Mikheev-Smirnov-Wolfenstein (MSW)
resonance, whereas for Ye < 1/3 it is !̄e [42].

The corresponding 3#3 matrix caused by neutrino-neutrino interactions vanishes for all
elements involving sterile neutrinos [43], i.e. H!!

es = H!!
xs = H!!

ss = 0, and only the 2#2 block
involving the active flavors is non-zero. In particular, the only non-vanishing o!-diagonal
element of the 3#3 matrix is H!!

ex .
In summary, the matter plus neutrino-neutrino part of the Hamiltonian has the diagonal

elements

H
m+!!
ee =

!
2GF

#

Nb

!

3

2
Ye "

1

2

"

+ 2(N!e "N!̄e) + (N!x "N!̄x)

$

, (2.15)

H
m+!!
xx =

!
2GF

#

Nb

!

1

2
Ye "

1

2

"

+ (N!e "N!̄e) + 2(N!x "N!̄x)

$

, (2.16)

whereas initially the o!-diagonal elements vanish. These expressions represent the energy
shift of !e or !x relative to !s caused by matter and neutrino refraction.

3 Electron fraction evolution

The material in a fluid element moving away from the SN core will experience three stages
of nuclear evolution. Near the surface of the neutron star, typically the material is very hot
and essentially all of the baryons are in the form of free nucleons. As the material flows
away from the neutron star, it cools. When the temperature T < 1 MeV, " particles begin
to assemble. As the fluid flows farther out and cools further, heavier nuclei begin to form.
Around half of the nuclei with masses A > 100 are supposed to be created by the r-process,
requiring neutron-rich conditions. In this section, we introduce the Ye evolution equation to
study whether the impact of sterile neutrinos can help to produce such an environment.

Having in mind the overall evolution of abundances with radius and time, namely that
close to the neutrino sphere only free nucleons exist, then alpha-particles begin to form and
afterwards (some) heavy nuclei, the electron abundance introduced in equation (2.13) can be
expressed as

Ye = Xp +
X"

2
+

%

h

Zh

Ah
Xh . (3.1)

Here Xp (X") is the mass fraction of free protons (alpha particles) and Zh and Ah are the
charge and mass number of nuclear species h. The summation runs over all nuclear species
h heavier than " particles. However, at the conditions common to neutrino-heated outflows
(in particular in the region where neutrino interactions have the biggest impact on Ye), free
nucleons and alpha particles typically account for most of the baryons.

The CC weak interactions alter the electron fraction by converting neutrons to protons
and vice versa. The electron abundance Ye in neutrino-heated material flowing away from
the neutron star is set by a competition between the rates of the following neutrino and
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FIG. 6: Expected event rates as a function of the reconstructed positron energy after ten years of data-taking in HK (left) and
Theia (right) for di↵erent values of the heaviest neutrino lifetime. See text for details.

FIG. 7: ��
2 (relative to the minimum value) as a function of the ⌫3 lifetime-over-mass ⌧3/m3, for ten years of simulated data

at di↵erent current and future experiments.

B. Probing pseudo-Dirac neutrinos with the DSNB

Neutrinos are the only Standard Model fermions whose fundamental nature is still unknown. They can be either
Dirac or Majorana particles, depending on whether total lepton number is exactly conserved in nature. An intriguing
possibility is that neutrinos are Majorana fermions but the lepton-number breaking structure of the theory is such
that neutrinos behave, for the most part, as Dirac fermions [107–111]. Under these circumstances, neutrinos are
referred to as pseudo-Dirac fermions.

If neutrinos are pseudo-Dirac fermions, right-handed neutrino fields Ni (i = 1, 2, . . ., at least two of them) exist
and couple of the Standard Model lepton doublets L↵ (↵ = e, µ, ⌧) and the Higgs double � via Yukawa interactions
(proportional to Yukawa couplings Yi↵). In the absence of more sources of mass, after electroweak symmetry breaking,
neutrinos are Dirac fermions with mass MD = Y v/

p
2, where v/

p
2 is the vacuum expectation value of the neutral

component of the Higgs doublet. If, along with MD, there is another source for the neutrino masses – in the form of
either Majorana masses MR for the right-handed neutrinos or Majorana masses for the left-handed neutrinos – these

Neutrino decay

• Independent constraints on supernova population and non-standard particles. 

• Detection expected to happen soon. 

• Modeling uncertainties are to be reduced.



Conclusions

• Core-collapse supernovae are driven by neutrinos 

• Neutrino physics in the supernova core remains to be understood 

• Complementary bounds on non-standard scenarios from core-collapse supernovae 

• DSNB allows to test physics of (non-)standard weakly interacting particles 

Thank you!


