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Supernovae and Neutrinos



Outline

• Core-collapse supernovae 

• Neutrinos, gravitational waves, and photons 

• Probes of supernova physics and detection perspectives 

• Neutrino flavor conversions 

• Diffuse supernova neutrino background 
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Lifecycle of a Massive Star

When the star exhausts hydrogen, the core drops its pressure. Gravity compresses the core 
and the latter heats up. Helium burning starts. It continues for all elements up to Iron.

Hydrogen 
burning core

Stellar envelope



When iron is formed, no more temperature raising occurs, no more counter pressure.  
Core collapses by gravitation and an explosion occurs. Core-collapse supernova.

Lifecycle of a Massive Star



Stellar Final Stages



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 supernova mechanism 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 ¼
# 2:5log10ðbrightnessÞ þ constant. Hence, every factor of ten increase in brightness represents a
decrease in magnitude by 2.5. For comparison, the Moon is near −12 magnitudes, Venus at peak is
−4.4 magnitudes, and good eyes can see down to about +6 magnitudes.
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Figure from Burrows, Nature (2000). 



Numbers

kinetic explosion energy

Gravitational binding energy

99% neutrinos

Eb ≃ 3× 1053 erg ≃ 17% Msunc
2

Lν ≃ 3× 1053 erg

3 s
≃ 3× 1019Lsun

photons

Nucleon mean kinetic energy

10 CAPITOLO 2. SUPERNOVAE CON COLLASSO DEL NUCLEO

Si ha, pertanto, un breve ma intenso flusso di neutrini di energia totale
pari a 1051 erg.

• Fase 5: stagnazione dell’onda d’urto e formazione della proto-stella di
neutroni (immagine in basso a sinistra). L’onda d’urto perde vigore e
ha luogo una fase di accrescimento (∼ 300 ms). Al centro della stella
che sta collassando si crea una proto-stella di neutroni (proto-neutron
star, PSN). La proto-stella diventerà una stella di neutroni o un buco
nero a seconda che la sua massa sia minore o maggiore di 25 M⊙. La
proto-stella è ricca di protoni, elettroni degeneri e neutrini. Questi
ultimi, durante la fase di raffreddamento del nucleo della proto-stella,
diffondono liberamente abbandonando la neutrino-sfera (Rν ∼ 50 km) e
trasportando il 99% dell’energia rilasciata nel collasso della stella. Parte
di tale energia è depositata negli strati tra la proto-stella ed il fronte
dell’onda d’urto che ha perso energia, attraverso le reazioni nνe → e−p e
pν̄e → e+n. Questo consentirebbe all’onda d’urto di rigenerarsi secondo
quanto previsto dallo scenario di esplosione ritardata [13], confermato
dall’analisi condotta da Loredo e Lamb [14].

• Fase 6: rigenerazione dell’onda d’urto (immagine in basso a destra).
Gli strati riscaldati iniziano ad espandere creando tra il fronte dell’onda
d’urto e la superficie della stella di neutroni una regione a bassa den-
sità e ad alta temperatura, denominata bolla calda. La crescita della
pressione in questa zona permette all’onda d’urto di riacquistare vigore
dando luogo all’esplosione. Il raggio della neutrino-sfera decresce fino
a Rν ∼ 10 km.

Si intende, ora, dare una stima approssimativa del numero di neutrini
prodotti durante l’esplosione. L’energia cinetica media ⟨Ek⟩ di un nucleone,
di massa mN , sulla superficie di una stella di neutroni, è:

⟨Ek⟩ ≃
1

2

GNMnsmN

Rns
≃ 25 MeV , (2.1)

ove con GN è indicata la costante di gravitazione universale, Rns ≃ 15 km
è il raggio della stella di neutroni (neutron star, ns) e Mns ≃ 1.4 M⊙ è la
massa della stella di neutroni.

Poiché densità e temperatura sono tali da portare, approssimativamente,
i neutrini all’equilibrio termico entro alcuni secondi, per la legge di equipar-
tizione dell’energia ci si aspetta:

Tν ≃ 2

3
⟨Ek⟩ . (2.2)

with                         and                      .Rns ≃ 15 kmMns ≃ 1.4 M⊙

Energy equipartition
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nero a seconda che la sua massa sia minore o maggiore di 25 M⊙. La
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Gravitational energy released during neutron star collapse (Gauss theorem) 

2.2. MODELLO DI RIFERIMENTO 11

Applicando il teorema di Gauss, si dimostra che l’energia gravitazionale
rilasciata durante il collasso di una stella di neutroni è [15]:

Eg ≈
3

5

GNM2
ns

Rns
= 1.7 × 1059 MeV . (2.3)

Poiché solo l’1% di Eg si trova sotto forma di energia cinetica legata all’e-
splosione, i neutrini complessivamente generati durante l’esplosione sono in
numero circa pari a Eg/Tν ∼ 1058.

2.2 Modello di riferimento

In questo paragrafo si descrivono gli spettri di energia dei neutrini, il modello
a bulbo per l’emissione di neutrini da una supernova ed il profilo di densità di
materia cui i neutrini sono soggetti entro una supernova. Fra le varie scelte
possibili, si identifica un modello di riferimento per poter effettuare calcoli
numerici ed analitici.

2.2.1 Spettri di energia dei neutrini

I valori specifici delle energie medie dei neutrini, cos̀ı come la luminosità Lν

(energia emessa per unità di tempo), sono dipendenti dal particolare modello
impiegato. In generale, νµ, ντ e i rispettivi antineutrini, avendo solo intera-
zioni da correnti neutre, hanno energie medie più grandi rispetto a quelle
dei neutrini elettronici, mentre νe e ν̄e hanno anche interazioni con correnti
cariche del tipo: νen → pe− e ν̄ep → ne+. Inoltre, dopo la neutronizzazione,
l’atmosfera della proto-stella di neutroni è ricca di neutroni, e i νe interagi-
scono più frequentemente degli ν̄e. Questi ultimi, quindi, sono tipicamente
più energetici [16]. Le energie medie sono ordinate come segue:

⟨Eνe⟩ < ⟨Eν̄e⟩ < ⟨Eνµ,τ , ν̄µ,τ ⟩ . (2.4)

Le simulazioni riportate in letteratura mostrano che, durante le fasi di ac-
crescimento e raffreddamento, l’emissione di neutrini è caratterizzata da
un’approssimata equipartizione delle luminosità. Nel seguito si assumerà
Lν = 1051 erg/s per tutte le specie di neutrini, con la seguente gerarchia
delle energie medie [17]:

⟨Eνe⟩ ≃ 10 − 12 MeV , ⟨Eν̄e⟩ ≃ 14 − 17 MeV , ⟨Eνµ,τ , ν̄µ,τ ⟩ ≃ 24 − 27 MeV .
(2.5)
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1% of      goes into kinetic explosion energy. Therefore, the expected number of neutrinos is Eg



Core-collapse supernovae explode 
because of  

NEUTRINOS!

10     neutrinos are emitted!58



Alternative Path to Explosion

• Many stars live in binary systems.  

• A white dwarf may accumulate material from a companion star (often a red giant). 

• Thermo-nuclear supernova explosion.

White dwarf Red giant



Supernova Types
Core implosion Remnant with neutron starExplosion

Core-collapse or type II supernova

Thermonuclear or type I supernova
Accretion onto a white dwarf Remnant without 

neutron star
Explosion



Supernova Classification

Neutrinos Almost none A lot

Spectral Type Type I Core Collapse

Physical 
Mechanism

Nuclear explosion of 
low-mass star

Core collapse of 
massive star

Compact 
remnant None Neutron star  

(black hole)

~ 0.00002  ~ 0.0002Local rate  
[Mpc^-3 yr^-1]

Comparable energy release in photons: 3 x 10   ergs.  51



• Neutrino luminosity is 100 times its optical luminosity. 

• Neutrino signal emerges from the core promptly.  
   Photons may take hours to days to emerge from the stellar envelope. 

• Supernovae would not explode without neutrinos.  
   Elements could not be formed. 

• Neutrinos provide information inaccessible to other kinds of astronomy. 

• An optical supernova display may be never seen for a given core collapse. 

Why Neutrinos 
from Core-Collapse Supernovae?



SN 1987A
SN 1987A occurred in the Large Magellanic Cloud (50 kpc). 

SN 1987A (Feb. 23, 1987)Sanduleak -69° 202

First and only supernova observed in neutrinos.  
First verification of stellar evolution mechanism.



SN 1987A
Few detectors were able to detect SN 1987A neutrinos. 



Remnant, SN 1987A



Neutrinos, EM Radiation, and GWs2 K. Nakamura et al.
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Figure 1. Time sequence for neutrino (red lines for νe and ν̄e and magenta line for νx; νx represents heavy lepton neutrino νµ, ντ , ν̄µ, or
ν̄τ ), GW (blue line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating
17M⊙ progenitor. The solid lines are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or
rough speculations. The left (right) panel x-axis shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the
core-collapse neutrino burst are shown as labeled. For the EM signal, the optical output of the progenitor, the SBO emission, the optical
plateau, and the decay tail are shown as labeled. The GW luminosity is highly fluctuating during our simulation and the blue shaded
area presents the region between the two straight lines fitting the high and low peaks during 3 – 5 seconds postbounce. The hight of
the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of anti-electron neutrino,
photons, and GW is ∼ 6× 1052 erg, ∼ 4× 1049 erg, and ∼ 7× 1046 erg, respectively. See the text for details.

cannot resolve individual neutrino events. Smaller detectors
with sensitivity to CCSN neutrinos include, e.g., Baksan,
Borexino, DayaBay, HALO, KamLAND, LVD, MiniBooNE,
and NOνA (for their detection potentials, see, e.g., recent
review Mirizzi et al. 2015). In the near-future, the Jiang-
men Underground Neutrino Observatory (JUNO, Li 2014)
will augment Super-K and IceCube, and with future ex-
periments such as Hyper-Kamiokande (Hyper-K, Abe et al.
2011) and Deep Underground Neutrino Experiment (DUNE,
Acciarri et al. 2015), neutrino event statistics and neutrino
flavor information will be dramatically improved. GW de-
tectors such as Advanced LIGO (aLIGO), Advanced Virgo
(adVirgo), and KAGRA are expected to be able to detect
CCSN GW out to a few kpc from the Earth, while future
detectors such as the Einstein Telescope (ET) can reach the
entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
∼ 5× 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ∼ 10 seconds after the core collapse, a co-
pious ∼ 3 × 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to the location of the core collapse within an error circle
of a few to ten degrees in the sky (Beacom & Vogel 1999;
Tomas et al. 2003; Bueno et al. 2003). This pointing infor-
mation is particularly important for electromagnetic signals,
which remain a crucial component of studies of CCSNe in
the Milky Way and nearby galaxies. A few hours to days
after the core collapse, the supernova shock breaks out of
the progenitor surface, suddenly releasing the photons be-
hind the shock in a flash bright in UV and X-rays, known as
shock breakout (SBO) emission (Matzner & McKee 1999;
Blinnikov et al. 2000; Tominaga et al. 2009; Gezari et al.
2010; Kistler et al. 2013). Although the SBO signal pro-
vides important information about the CCSN, such as the
radius of the progenitor, detection is difficult because of its
short duration. Knowing where to anticipate the signal will
dramatically improve its detection prospects. In addition to
the SBO, more traditional studies of CCSN properties (e.g,
energy, composition, velocity) and its progenitor are impor-
tant diagnostics of a CCSN, and a well-observed early light
curve is important for accurate reconstruction of the CCSN
evolution (e.g., Tominaga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ∼ 500 milliseconds following core collapse is thought to

MNRAS 000, 1–21 (2016)

Figure from Nakamura et al., MNRAS (2016). 



Neutrino Signal

Figure: 1D spherically symmetric SN simulation (M=27 M    ). sun
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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 νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences 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 ν̄e) or complete flavor swap
(curves ν̄x). 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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Detection Frontiers

Supernova in our Galaxy (one burst per 40 years).  
  
Excellent sensitivity to details. 

Supernova in nearby Galaxies (one burst per year). 

Sensitivity to general properties. 

International Neutrino Summer School, Fermilab, July 2009John Beacom, The Ohio State University

Supernova Neutrino Detection Frontiers

Milky Way
zero or at most one supernova
excellent sensitivity to details
   one burst per ~ 40 years

Nearby Galaxies
one identified supernova at a time
direction known from astronomers
   one “burst” per ~ 1 year

Diffuse Supernova Neutrino Background
average supernova neutrino emission
no timing or direction
   (faint) signal is always there!

Diffuse Supernova Background  
(one supernova per second). 
  
Average supernova emission. Guaranteed signal.

Georg Raffelt, MPI Physics, Munich ISAPP 2011, 4/8/11, Varenna, Italy 

Diffuse Supernova Neutrino Background (DSNB) 

Beacom & Vagins,   
PRL 93:171101,2004  



Supernova Neutrino Detectors

Recent review papers: Scholberg (2017). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 

Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis.

HALO (30,        )νe, νx
SNO+ (300,   )ν̄e

MicroBooNE (17,   )νe
NovA(4000,   )ν̄e

LVD (300,   )ν̄e
Borexino (100,   )ν̄e

Baksan (100,   )ν̄e
KamLAND (300,    )ν̄e

Super-Kamiokande (7x10 ,   )4 ν̄e

[JUNO, RENO-50]

IceCube (10 ,   )6 ν̄e
[IceCube-Gen2]

Daya Bay(100,   )ν̄e

[DUNE]

Fundamental to combine the supernova signal from detectors employing different technologies.

[Hyper-Kamiokande]



Lang, McCabe, Reichard, Selvi, Tamborra, PRD (2016). Horowitz et al. PRD (2003). Drukier and Stodolsky, PRD (1984).

Xenon Dark Matter Detector: Nu Telescope

• Flavor insensitive (no uncertainties due to oscillation physics).  

• Very low background and excellent time resolution. 

• Good reconstruction of neutrino light-curve and neutrino emission properties. 
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RES-NOVA: A New Lead-Based Observatory

• Flavor insensitive.  

• Large cross-section, simple setup, easy scalability to larger detector volumes. 

• Excellent reconstruction of neutrino light-curve and neutrino emission properties. 

Pattavina, Ferreiro Iachellini, Tamborra, arXiv: 2004.06936.

Total volume (60 cm)3

Total volume (140 cm)3

5

total number of target nuclei (NPb):

d2R

dER dt
=

∑

α

NPb

∫

Emin
ν

f0
α(E, t)

dσ

dER
dE , (5)

where the sum is over all six neutrino flavors.
The best available experimental technique for the de-

tection of keV nuclear recoils in Pb-based detectors is the
cryogenic one [? ]. Low temperature cryogenic detectors
will bring, for the first time in a neutrino telescope, the
following unique features:

- fully active volume: the entire detector is sensitive
to particle interactions, and no volume fiducializa-
tion is needed, unlike all other proposed technolo-
gies (e.g. water Cherenkov detectors, noble-liquid
TPCs)

- per-mille energy resolution over a wide energy
range [? ? ? ], from few eV up to some MeV,
allowing the identification of any structure in the
SN neutrino energy spectra;

- scalability to large detector volumes [? ], for an
effective detector scaling;

- operation of different detector compounds [? ? ?
? ], without being limited by the technology to a
single compound (e.g. water, liquid-Ar/Xe).

- particle identification: for an efficient background
suppression (e.g. e−/γ, α), if scintillating com-
pounds are employed [? ? ].

For the realization of the RES-NOVA detector different
crystal absorbers are taken into consideration: pure
Pb crystals or Pb containing crystals, as PbWO4 or
PbMoO4. These crystals were already operated as
cryogenic calorimeters with excellent performance [? ?
? ].

In order to show the potential of the proposed Pb-
based cryogenic detector technology, in the following we
will consider the 27 M⊙ SN model with LS220 EoS as
reference model. This will be used for the estimation of
the optimal detector parameters, namely energy thresh-
old and detector volume/mass. We will focus only on the
initial 10 s of the neutrino signal after the core bounce.

Fig. 3 shows the integrated total number of detected
events (

∫
d2R/(dERdt)dERdt) above threshold, for dif-

ferent detector energy thresholds as a function of the
detector linear dimension. A detector with linear di-
mensions of tens of cm can achieve similar sensitivity
(comparable number of detected events) to O(kton) de-
tectors. With the additional advantage that the proposed
Pb detector is equally sensitive to all neutrino flavors. As
shown in the secondary (top) x-axis of Fig. 3, the high
density of Pb allows to achieve large detector masses with
small detector volumes. Thus, the proposed technology
as a great potential for detector upgrades to larger vol-
ume.

FIG. 3. Number of events detected for different linear dimen-
sions (or effective masses) of the detector and different energy
thresholds for our benchmark 27 M⊙ SN model with LS220
EoS integrated over 10 s after the core bounce. The horizon-
tal lines represent the signal observed in dedicated neutrino
observatories for the same SN input [? ]; in parenthesis the
respective detector masses are shown. A detector with linear
dimensions of tens of cm can achieve a number of detected
all-flavor events similar to O(kton) flavor-dependent detec-
tors. The two markers at 60 cm and 140 cm represents the
sensitivity of the two first phases of the proposed research
program

The RES-NOVA research program will be divided in
three main phases (see Tab. I), with increasing detector
volumes and sensitivities. In Fig. 3, the two initial phases
of the program are highlighted by two markers. In the
first phase, the RES-NOVA detector will be able to de-
tect about 100 all-flavors SN neutrino events with a total
detector volume of (60 cm)3 and an energy threshold of
only 1 keV. For the sake of comparison, from a similar SN
event, SuperKamiokande would observe only 230 events
exploiting ES reactions [? ]. The second phase foresees
only a detector scaling to (140 cm)3 of total volume with-
out any technological advancement, and the last one con-
sists in installing multiple (140 cm)3 detectors in different
sites. Tab. I summarizes the main detector experimental
parameters of the RES-NOVA research program.

Linear
dimension

Detector
mass

Energy
threshold

Background
index

RN-1 60 cm 2.4 t 1 keV 0.1 c/keV/t/10 s

RN-2 140 cm 31 t 1 keV 0.1 c/keV/t/10 s

RN-3 15× 140 cm 465 t 1 keV 0.1 c/keV/t/10 s

TABLE I. Main detector experimental parameters for the
RES-NOVA research program. The background index col-
umn refers to the background in the 1-40 keV RoI.

In summary, running a Pb based cryogenic detector



Neutrinos as Supernova Probes



2 Adams, Kochanek, Beacom, Vagins, & Stanek

failed supernovae with black hole formation.

• WHERE astronomers should look. For a Milky Way
core-collapse, the Super–Kamiokande detector will be
able to exploit the directionality in neutrino-electron
scattering to restrict the source direction to within a few
degrees. This will greatly improve the chances of suc-
cessful electromagnetic searches on short timescales.
In principle, this information could be distributed in
less than a minute. This directionality will only be valu-
able if there is a means to quickly exploit it with wide-
field instruments to first narrow the search region and
then quickly follow up with more powerful instruments.

Optical/near-IR observations will remain a crucial compo-
nent of studies of Galactic SNe. This includes traditional uses
such as characterizing the external explosion (energy, mass,
composition, velocity; e.g., Hamuy 2003) and the properties
of the progenitor (e.g., Smartt 2009), but also new probes (see
Fig. 1), such as progenitor variability (e.g., Szczygieł et al.
2012), precursor eruptions (e.g., Pastorello et al. 2007; Ofek
et al. 2013; Mauerhan et al. 2013), and constraining the exis-
tence of failed SNe (Kochanek et al. 2008). Now that large
neutrino detection experiments are running, the next Galac-
tic ccSNe will also provide an unprecedented opportunity to
measure the delay time between neutrino detection and shock
breakout, which would probe the density structure of the pro-
genitor (Kistler et al. 2012). All these applications depend
critically on the optical/near-IR observability of the SNe and
its progenitor given our position near the midplane of a dust-
filled disk galaxy.

Aspects of this problem have been discussed previously.
van den Bergh (1975) presents predictions of the V-band ob-
servability of the next Galactic SNe assuming the Galaxy was
a uniform disk with uniform absorption and a uniform inci-
dence of SNe and further discusses the prospects of distance
determination. Tammann et al. (1994) use a similar exercise
to infer the Galactic SN rate; their model consists of thin disk,
thick disk, and halo components as well as a dust distribution,
but no further details are given.

Given the improvement in models of the Galactic dust dis-
tribution, it is worth revisiting the estimates of van den Bergh
(1975) and Tammann et al. (1994). We model the SNe dis-
tribution with a double-exponential disk model using modern
estimates of the scale lengths and heights for each population,
and model the extinction with a similar double-exponential
distribution normalized to the line of sight extinction of mod-
ern dust maps. We present results for both V-band and near-IR
observability. We also fold in the observed luminosity func-
tions of SNe and estimate the probability of identifying the
SNe progenitor in archival data.

We separately consider SNe Ia and ccSNe, since they
should have differing spatial distributions, and use our mod-
eled SN observability to infer a Galactic supernova rate. We
also predict the observability of the shock breakout and failed
supernovae. Finally we review the neutrino detection process
and discuss how near real-time neutrino alerts could be pro-
vided. In §2 we define our models. We discuss the electro-
magnetic observability results in §3, neutrino detection in §4,
and present our conclusions in §5. Two appendices outline
observational systems to detect Galactic SBO emission even
in daytime and for observing extragalactic SBO events within
the Local Volume. Throughout the paper we use the Vega
magnitude system.

FIG. 1.— Schematic time sequence for the stages of a ccSN. The scaling
of the time axis varies to display vastly different timescales. The top panel
shows the combined bolometric electromagnetic and neutrino luminosities,
while the bottom panel displays the typical V-band magnitudes. The progen-
itor phase refers to the pre-core collapse star. With the ignition of carbon
and later stages of nuclear burning the progenitor may experience episodes
of high variability in the millennia, years, or days before the core-collapse,
where the maximum and minimum luminosities and magnitudes for these
precursor events are from SN 2010mc (Ofek et al. 2013) and SN2011dh
(Szczygieł et al. 2012). The core-collapse releases ∼ 104 times more energy
in neutrinos in ∼ 10 seconds than is released in the electromagnetic signal of
the supernova over its entire duration. The progenitor luminosity and post-
shock breakout light curve are from SN1987A and its likely progenitor, SK
-69d 202 (Arnett et al. 1989; Suntzeff & Bouchet 1990), and the error bar on
the peak of the MV light curve represents the full range of peak magnitudes
observed by Li et al. (2011b).

2. MODELS
The basis of our model is a Monte Carlo simulation of the

positions of Galactic SNe and their corresponding dust extinc-
tions. We model the progenitor and dust distributions using
the double-exponential spatial distribution

ρ = Ae−R/Rd e−|z|/H (1)

where R is the Galactocentric radius and z is the height above
the Galactic mid-plane. We must define A, Rd , and H for the
dust distribution, the core-collapse supernova (ccSN) progen-
itors, and the Type Ia (SN Ia) distribution. We outline our
approach for each of these cases in the following subsections.
For these models we use several of the same input parameters
as TRILEGAL (TRIdimensional modeL of thE GALaxy), a
population synthesis code for simulating stellar populations
along any direction through the Galaxy (Girardi et al. 2005).
The Sun is placed H⊙ = 24 pc above the mid-plane of the disk
at a Galactocentric radius of R⊙ = 8.7 kpc. The Galactic thin

Neutrinos & EM Radiation

Neutrinos could allow early EM 
detection of SN signal.

Figure from Nakamura et al., MNRAS (2016). 



Supernova Early Warning System

SuperNova Early Warning System (SNEWS —> SNEWS 2.0)

 Shock breakout arrives mins to hours after neutrino signal.

Concidence Sever (@ BNL)

E-mail alert
ATel alerts, LIGO, GCN

Super-Kamiokande

Kamland

HALO

Borexino

LVD

IceCube

Daya Bay



Beacom & Vogel (1999). Tomas et al. (2003). Fisher et al. (2015). Linzer & Scholberg, PRD (2019). Brdar, Lindner, Xu, JCAP 
(2018). Muehlbeier et al., PRD (2013).
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G-b, G-c, L-a, L-b, L-c. We use sin2(2Θ⊙) = 0.9 for the
solar neutrino mixing angle.

As reaction channels we use elastic scattering on elec-
trons νe− → νe−, inverse beta decay ν̄ep → ne+, and
the charged-current reaction νe + 16O → X + e−, while
neglecting the other, subdominant reactions on oxygen.
The cross sections for these reactions are summarized in
Appendix B. The oxygen reaction is included because
it provides the dominant background for the directional
electron scattering reaction in a detector configuration
with neutron tagging where the inverse beta reaction can
be rejected.

For the detector we assume perfect efficiency above an
“analysis threshold” of 7 MeV, and a vanishing efficiency
below this energy. The actual detector threshold may be
as low as 5 MeV. Though lowering the threshold increases
the ratio of elastic scattering events and the inverse beta
events, it also introduces a background from the neutral-
current excitations of oxygen (see Appendix B). In order
to avoid additional uncertainties from the cross section of
these oxygen reactions, we use the higher analysis thresh-
old. We have checked that the net improvement by low-
ering the threshold to 5 MeV is less than 10% in all cases.

We assume a fiducial detector mass of 32 kiloton of wa-
ter. Using the neutrino spectra and mixing parameters
from the six cases mentioned above, we obtain 250–300
electron scattering events, 7000–11500 inverse beta de-
cays, and 150–800 oxygen events. The ranges correspond
to the variation due to the six different combinations of
neutrino mixing scenarios and models for the initial spec-
tra.

The procedure of event generation is described in Ap-
pendix C. The angular resolution function of the Super-
Kamiokande detector does not follow a Gaussian distri-
bution, rather it is close to a Landau distribution that we
use for our simulation. In Fig. 4, the angular distribution
of ν̄ep → ne+ events (green) and elastic scattering events
νe− → νe− (blue) of one of the simulated SNe are shown
in Hammer-Aitoff projection, which is an area preserving
map from a sphere to a plane.

The position of the SN is estimated with the OMc
method. As explained in Sec. II, the optimal value of the
angular cut depends on the neutron tagging efficiency as
well as the neutrino spectra. We use a sharp cutoff with
30◦ opening angle for the OMc, which may not be opti-
mal, but is observed to be close to optimal in almost the
whole parameter range. For low values of εtag, the value
of the cut should be lowered whereas for large values of
εtag it should be increased by about 10◦. The optimal
cut depends also on the details of the detector properties
and neutrino spectra.

A histogram of the angular distances between the true
and the estimated SN position found in 40000 simulated
SNe for different neutron tagging efficiencies for the case
G-a is shown in Fig. 5. The histogram fits well the dis-
tribution

f(ℓ)dℓ =
1

δ2
exp

(

−
ℓ2

2δ2

)

ℓdℓ , (15)

FIG. 4: Angular distribution of ν̄ep → ne+ events (green)
and elastic scattering events νe− → νe− (blue) of one simu-
lated SN.

where ℓ is the angle between the actual and the estimated
SN direction, and δ is a fit parameter.
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FIG. 5: Histogram of the angular distance ℓ of the esti-
mated SN direction to the true one for 40000 simulated SNe
with neutrino parameters corresponding to G-a and neutron
tagging efficiencies εtag = 0, 0.8 and 1. The fits using the
distribution in Eq. (15) are also shown.

Defining the opening angle ℓα for a given confidence
level α as the value of ℓ for which the SN direction esti-
mated by a fraction α of all the experiments is contained
within a cone of opening angle ℓ, we show in Fig. 6 the
opening angle for 95% C. L. for the six cases of neu-
trino parameters. Clearly, the pointing accuracy depends
weakly on the neutrino mixing scenario as well as the
initial neutrino spectra. Some salient features of this de-
pendence may be understood qualitatively as follows.

The signal events are dominated by νe. Indeed, nearly
half of the elastic scattering events are due to νe, whereas
the remaining half are due to the other five neutrino

• SN location with neutrinos crucial for vanishing or weak SNe.

• Fundamental for multi-messenger searches.

• Angular uncertainty comparable to e.g., ZTF, LSST potential.

• Triangulation is another option.

ν + e− → ν + e−

Super-K Hyper-K
water 6 deg 1.4 deg

water+Gd 3 deg 0.6 deg

 Supernova Pointing



Neutrino Timing for Gravitational Waves
Probe core bounce time with neutrinos. 

2

with tr = 6 ms, τr = 50 ms and Rmax
ν̄e

= 1.5 × 103 bin−1.
These parameters also provide an excellent fit to the first
100 ms of a numerical model from the Garching group [8]
that is available to us.

We may compare these assumptions with the early-
phase models of Ref. [7]. Lν̄e

rises nearly linearly to
L52 = 1.5–2 within 10 ms. The evolution of ⟨Eν̄e

⟩RMS =
(⟨E3

ν̄e

⟩/⟨Eν̄e
⟩)1/2 is also shown, a common quantity in

SN physics that characterizes, for example, the efficiency
of energy deposition; the IceCube rate is proportional
to ⟨Eν̄e

⟩2RMS. At 10 ms after onset, ⟨Eν̄e
⟩RMS reaches

15 MeV, implying ⟨E3
15⟩/⟨E15⟩ = 1. We thus estimate

10 ms after onset a rate of 280–370 bin−1, to be compared
with 270 bin−1 from Eq. (4). Therefore, our assumed sig-
nal rise is on the conservative side.

Of course, the early models do not fix τr and Rmax
ν̄e

separately; the crucial parameters are tr and Rmax
ν̄e

/τr.
The maximum rate that is reached long after bounce is
not relevant for determining the onset of the signal.

If flavor oscillations swap the ν̄e flux with ν̄x (some
combination of ν̄µ and ν̄τ ), the rise begins earlier be-
cause the large νe chemical potential during the prompt
νe burst does not suppress the early emission of ν̄x [7].
Moreover, the rise time is faster, ⟨E⟩RMS larger, and the
maximum luminosity smaller. We use Eq. (4) also for Rν̄x

with tr = 0, τr = 25 ms, and Rmax
ν̄x

= 1.0 × 103 bin−1.
Flavor oscillations are unavoidable and have been stud-

ied, for early neutrino emission, in Ref. [7]. Assuming
the normal mass hierarchy, sin2 Θ13

>
∼ 10−3, no collec-

tive oscillations,1 and a direct observation without Earth
effects, Table I of Ref. [7] reveals that the νe burst would
be completely swapped and thus nearly invisible because
the νxe− elastic scattering cross section is much smaller
than that of νe. The survival probability of ν̄e would be
cos2 Θ12 ≈ 2/3 with Θ12 the “solar” mixing angle. There-
fore, the effective detection rate would be 2

3 Rν̄e
+ 1

3 Rν̄x
.

We use this case as our main example.

IV. RECONSTRUCTING THE SIGNAL ONSET

A typical Monte Carlo realization of the IceCube signal
for our example is shown in Fig. 1. One can determine
the signal onset t0 within a few ms by naked eye. For a
SN closer than our standard distance of 10 kpc, one can
follow details of the neutrino light curve without any fit.

One can not separate the ν̄e and ν̄x components for
the example of Fig. 1. Therefore, we reconstruct a fit
with a single component of the form Eq. (4), assuming
the zero-signal background is well known and not fitted

1 In the normal hierarchy, collective oscillation effects are usually
absent. It has not been studied, however, if the early neutrino
signal can produce multiple splits that can arise also in the nor-
mal hierarchy [9]. Moreover, for a low-mass progenitor collective
phenomena can be important if the MSW resonances occur close
to the neutrino sphere [10, 11].
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FIG. 1: Typical Monte Carlo realization (red histogram) and
reconstructed fit (blue line) for the benchmark case discussed
in the text for a SN at 10 kpc.

here. Using a time interval until 100 ms post bounce,
we reconstruct t0 = 3.2 ± 1.0 ms (1σ). If we use only
data until 33 ms post bounce we find t0 = 3.0 ± 1.7 ms.
Indeed, if one fits Eq. (4) on an interval that ends long
before the plateau is reached, we effectively fit a second
order polynomial with a positive slope and negative sec-
ond derivative at tr, whereas the plateau itself is poorly
fitted and its assumed value plays little role. Depending
on the distance of the SN one will fit more or fewer details
of the overall neutrino light curve and there may be more
efficient estimators for tr. Our example only provides a
rough impression of what IceCube can do.

The reconstruction uncertainty of t0 scales approxi-
mately with neutrino flux, i.e., with SN distance squared.
The number of excess events above background marking
the onset of the signal has to be compared with the back-
ground fluctuations. Therefore, a significant number of
excess events above background requires a longer integra-
tion period if the flux is smaller, explaining this scaling
behavior.

The interpretation of t0 relative to the true bounce
time depends on the flavor oscillation scenario realized in
nature. This is influenced by many factors: The value of
Θ13, the mass ordering, the role of collective oscillation
effects, and the distance traveled in the Earth. Com-
bining the signal from different detectors, using future
laboratory information on neutrino parameters, and per-
haps the very coincidence with a gravitational-wave sig-
nal may allow one to disentangle some of these features.
However, as a first rough estimate it is sufficient to say
that the reconstructed t0 tends to be systematically de-
layed relative to the bounce time by no more than a few
ms. The statistical uncertainty of the t0 reconstruction
does not depend strongly on the oscillation scenario.

Help timing for gravitational wave detection. 

  Pagliaroli et al., PRL (2009), Halzen & Raffelt PRD (2009). Nakamura et al., MNRAS (2016). 
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Figure 5. The GW characteristics in the first 60 ms postbounce. Left: the inputted (solid red line) and reconstructed (dashed blue)
gravitational waveform. Right: the spectrogram of the reconstructed waveform in the frequency window [50, 500] Hz. Both panels are for
a CCSN at a distance of 8.5 kpc.
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Figure 6. SNR of the GW from a distance of 8.5 kpc estimated in time-frequency pixels. Left: analysis based on a GW search over
more than 1 second without a neutrino trigger. Right: SNR in the small time-frequency window with the aid of the neutrino timing
information, corresponding to the right panel of Figure 5. Note the different scale between the left and right panels.

timing information from neutrino observations. The max-
imal SNR for the prompt convection GW signal pixel in-
creases from ∼ 3.5 to ∼ 7.5. The latter almost meets the
conventional detection threshold.

3.3 Electromagnetic waves

The first electromagnetic signal from a CCSN is the emission
from SBO (e.g., Falk 1978; Klein & Chevalier 1978; Matzner
& McKee 1999). The effective temperature of the SBO emis-
sion is estimated to be ∼ 4×105K. Thus, the emission peaks
at UV wavelengths. However, as discussed below, CCSNe at
the Galactic Center are likely to suffer from large interstellar
extinction. Therefore, the observed spectral distribution of
the SBO is likely not to peak at UV wavelengths, and ob-

servations in optical and NIR are more promising (Adams
et al. 2013). For Type IIP supernovae, the SBO emission in
optical and NIR wavelengths is expected to be fainter than
the main plateau emission, which we discuss below, by about
1 mag and 2 mag, respectively (Tominaga et al. 2011).

After cooling envelope emission following shock break-
out emission (e.g., Chevalier & Fransson 2008; Nakar & Sari
2010; Rabinak & Waxman 2011), Type IIP supernovae en-
ter the plateau phase lasting about 100 days. The luminosity
and duration of the plateau can be estimated by equations
(A16)–(A17) using Mej, Ek, and R0. The solid (blue) lines
in Figure 7 show schematic light curves after the plateau
phase for our s17.0 model placed at 8.5 kpc distance. The
luminosity is then converted to optical (V -band, 0.55 µm)
and NIR (K-band, 2.2 µm) magnitudes assuming a bolo-

MNRAS 000, 1–21 (2016)

Without neutrino timing (S/N~3.5) With neutrino timing (S/N ~7)



Supernova Explosion Mechanism

Si

n, p

ν ν

ν

Si

ν

Accretion
O

Shock “revival”:

Stalled shock 
wave must 
receive energy to 
start reexpansion 
against ram 
pressure of 
infalling stellar 
core.

Shock can 
receive fresh 
energy from 
neutrinos!

Shock wave 

Proto-neutron star Neutron star

Shock wave

★ Shock wave forms within the iron core. 
It dissipates energy dissociating iron layer. 

★ Neutrinos provide energy to stalled 
shock wave to start re-expansion.  
(Delayed Neutrino-Driven Explosion)

★ Convection and shock oscillations 
(standing accretion shock instability, 
SASI) enhance efficiency of neutrino 
heating and revive the shock.



20 M      Supernova Modelsun

3D SN simulation (M=20 M    ). Melson et al., ApJL (2015) sun

Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)



Standing Accretion Shock Instability 

Tamborra et al., PRL (2013),  PRD (2014). Andresen et al., MNRAS (2017). Kuroda et al., ApJ (2017). 

4 H. Andresen et al.

−5
0
5

A
×
[
c
m
]

100 200 300 400 500 600
Time [ms]

−5
0
5

A
+
[
c
m
]

100 200 300 400 500 600
Time [ms]

s27

EquatorPole

s20
−5
0
5

A
×
[
c
m
]

100 200 300 400 500 600
Time [ms]

−5
0
5

A
+
[
c
m
]

100 200 300 400 500 600
Time [ms]

s20s
−5
0
5

A
×
[
c
m
]

100 200 300 400 500 600
Time [ms]

−5
0
5

A
+
[
c
m
]

100 200 300 400 500 600
Time [ms]

s11.2
−5
0
5

A
×
[
c
m
]

100 200 300 400 500 600
Time [ms]

−5
0
5

A
+
[
c
m
]

100 200 300 400 500 600
Time [ms]

Figure 1. GW amplitudes A+ and A× as functions of time after core bounce. From the top: s27, s20, s20s, and s11, respectively. The two columns show
the amplitudes for two different viewing angles: an observer situated along the z-axis (pole; left) and an other observer along the x-axis (equator; right) of
the computational grid, respectively. Episodes of strong SASI activity occur between the vertical red lines; dashed and solid lines are used for model s27 to
distinguish between two different SASI episodes.

significantly after the Si/O shell interface has crossed the shock.
The decreasing accretion rate leads to shock expansion, and shock
revival occurs around 300 ms post bounce.

• G27-2D: In order to compare our results to those of a rela-
tivistic 2D simulation of the SASI-dominated s27 model, we also
reanalyse the 2D model G27-2D presented by Müller et al. (2013),
which was simulated with coconut-vertex (Müller et al. 2010). co-

conut (Dimmelmeier et al. 2002, 2005) uses a directionally-unsplit
implementation of the piecewise parabolic method (with an approx-
imate Riemann solver) for general relativistic hydrodynamics in
spherical polar coordinates. The metric equations are solved in the
extended conformal flatness approximation (Cordero-Carrión et al.
2009). The model was simulated with an initial grid resolution of
400 × 128 zones in r and θ, with the innermost 1.6 km being sim-
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Power spectrum of the IceCube event rate
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A peak appears in the power spectrum at the SASI frequency.

Tamborra et al., PRL (2013). Mueller & Janka, ApJ (2014). Foglizzo et al., ApJ (2007).
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Figure 15. Wavelet spectrogram of the simulated IceCube signal for an observer
in the north polar direction at 10 kpc for model s27. The SASI period predicted
by Equation (33) is shown as a red curve. The dashed red lines show the estimates
based on the maximum and minimum shock radius. The spectrogram reveals
enhanced post-explosion accretion onto the proto-neutron star around 550 ms,
650 ms, and 720 ms. The colorbar shows the scale for the signal-to-noise ratio
computed according to Equation (29).
(A color version of this figure is available in the online journal.)

Scheck et al. 2008). Quite remarkably, it is possible to formulate
a rather simple quantitative relation between the time-dependent
period of the IceCube signal modulations and these two radii.
If the SASI is due to an advective-acoustic cycle, its period
is given by the sum of the advective and acoustic time-scales
for perturbations traveling between the (angle-averaged) shock
radius rsh and the radius of maximum deceleration r∇ (Foglizzo
et al. 2007; Scheck et al. 2008):

TSASI = τadv + τac =
∫ rsh

r∇

dr

|vr |
+

∫ rsh

r∇

dr

cs − |vr |
. (30)

Here, vr and cs are the (average) radial velocity and the local
sound speed. The velocity profile between rsh and r∇ is roughly
linear,

vr ∼ −β−1

√
GM

rsh

(
r

rsh

)
, (31)

where β is the ratio between the post-shock and pre-shock
density. Since the flow becomes very subsonic close to r∇ , the
advection time-scale τadv will typically be the dominant term
that decides about the scaling of TSASI with the parameters of
the accretion flow (M, rsh, r∇). Plugging in Equation (31) into
Equation (30) and neglecting the acoustic time-scale results in

TSASI ∝ r
3/2
sh M−1/2 ln

(
rsh

r∇

)
. (32)

The radius of maximum deceleration r∇ is somewhat difficult
to infer from simulations, and its dependence on other proto-
neutron star parameters (mass, core radius Rcore, neutrinosphere
radius, gain radius, surface temperature) is rather complicated
since the location of the coupling region for vorticity perturba-
tions and acoustic perturbations also depends on the density gra-
dient in the cooling region (Scheck et al. 2008). However, we can
formulate an empirical scaling law in terms of the proto-neutron
star radius rPNS (defined by a fiducial density of 1011 g cm−3 as
in Müller et al. 2012b; Bruenn et al. 2013; Suwa et al. 2013) for
the SASI oscillation period:

TSASI = 19 ms
( rsh

100 km

)3/2
ln

(
rsh

rPNS

)
. (33)

Here, we have ignored the relatively weak dependence on M in
Equation (32), which gives a somewhat better fit to the observed
SASI periods when using rPNS instead of r∇ to estimate the
advection time-scale. The prediction for TSASI is indicated in
Figures 11, 13, 14 and 15 by a red curve. In Figure 12, TSASI/2
is also shown.

While Figures 11 and 12 demonstrate that Equation (33)
describes models with continuous SASI activity very well, one
should also note that the models s15s7b2 (Figure 13) and s27
(Figure 15) show some activity around the expected frequency
during the phases where the SASI is active (prior to the onset
of the explosion at ∼125 ms in s27) and during the phase
of strong shock retraction around 300 . . . 350 ms in s15s7b2).
Even the supposedly convective model s11.2 (Figure 14) shows
some (faint) broadband activity around the SASI frequency
prior to the onset of the explosion (at p ≈ 35 ms at a post-
bounce time of ≈100 ms). Among these exploding models with
somewhat less extended and less regular SASI activity than
model s25, model s27 is particularly noteworthy as it shows
clear signs of an increasing shock oscillation period—and hence
an increasing shock radius—from 100 ms onward. This is one
of the characteristic features of exploding models, which we
discuss in the following section.

However, different from a model like s25, the time-frequency
structure of the neutrino signal of these models is a less robust
indicator for SASI as the physical mechanism underlying the
emission modulation. The broadband nature, the intermittent
character of the signal modulations, and the temporal variability
of the dominant frequency point to a significant and perhaps
dominant role of convection in models like s15s7b2 and s11.2.

4.3. Signatures of the Explosion Phase

As discussed in Section 3.5, the directionally averaged
neutrino fluxes cannot serve as robust indicators for the onset
of the explosion. The relatively abrupt decline of the luminosity
seen in artificial 1D explosion models is often absent in multi-
D simulations. A step-like decline in the electron neutrino
and antineutrino luminosities rather points to the infall of a
composition interface.

Fortunately, the spatio-temporal variations of the neutrino-
emission provide several clues for diagnosing the transition
from the accretion phase to the explosion phase. However, these
fingerprints are not immediately obvious from a superficial
visual inspection of the simulated IceCube detection rates in
Figure 10. Fluctuations in the observable neutrino signal are
present both prior to and after shock revival, and the amplitudes
in both phases are not dissimilar. The occurrence of sustained
global emission anisotropies (e.g., in model s15s7b2, top right
panel of Figure 10) is a qualitative difference to the pre-
explosion phase. Such global anisotropies can result from
one-sided accretion in very asymmetric explosions (see our
discussion of model s15s7b2 in Müller et al. 2012b), but they
can obviously not be observed directly.

Nevertheless, the transition to the explosion betrays itself by
quantitative and qualitative changes in the fluctuating neutrino
signal: Due to the expansion of the shock, the typical frequency
of the fluctuations decreases (Figures 13 and 15), and the fluc-
tuations lack the well-defined periodicity familiar from SASI-
dominated models in the pre-explosion phase. In the wavelet
spectrograms of the exploding models s11.2, s15s7b2 and s27
(intermittent) broadband activity for periods longer than !20 ms
therefore dominates over short-period fluctuations. In our mod-
els, a typical period of fluctuations around ∼20 . . . 25 ms seems
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Figure 6. GW amplitudes A+ and A× as functions of time after core bounce for models m15fr, m15r, and m15nr (from top to bottom). The two columns show
the amplitudes for an observer situated along the pole (left) and in the equatorial plane (right). Episodes of strong SASI activity occur between the vertical red
dashed lines.

2006b). The basic physical picture is that when a buoyant plume
propagates outwards, with conserved specific angular momentum,
its rotation rate is less than that of the surrounding medium and
it experiences a weaker centrifugal force. The result is a net force
which acts against the outward propagation of the plume. Angular
momentum transfer by convection will eventually flatten the rota-
tion profile within the PNS and the restoring force will gradually
decrease with time. We can see this by considering the turbulent
mass flux

fm(r) = ⟨ρ′(r, θ, φ) v′r(r, θ, φ)⟩, (10)

where ρ′ and v′r are the local deviations from the angular aver-
ages of density and radial velocity (at any given radius), respec-

tively. The angle brackets denote averaging over all angular bins
(see e.g., Nordlund et al. (2009), Viallet et al. (2013)).

The top panel of Fig. 9 shows that the turbulent mass flux is
largest in the non-rotating model m15nr. At 185 ms post-bounce
(bottom panel) the situation has changed and model m15r now ex-
hibits the largest turbulent mass flux. At all times, the fastest rotat-
ing model (m15fr) clearly shows the lowest turbulent mass flux.

Based solely on the damping effect that rotation has on
PNS convection, we would expect an overall reduction of high-
frequency GW emission in the two rotating models. We would also
expect that the fastest rotating model m15fr emits the weakest high-
frequency signal. However, the picture is not so simple, because we
also have to consider the effects of SASI activity, whose strong in-
fluence exerted through a coherent large-scale modulation of the

MNRAS 000, 000–000 (0000)
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Rotation smears SASI modulations  
in neutrino signal.
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FIG. 1. IceCube detection rate for the three 15M⊙ SN cases
placed at 10 kpc from the observer. Upper panel: Event rate
for the non-rotating, slowly and fast rotating progenitors. The
observer direction is chosen in favor of strong signal modula-
tions. Two scenarios for flavor conversions (ν̄e for no flavor
conversion and ν̄x for complete flavor conversion) are shown.
Bottom panel: ν̄e event rate for the fast rotating SN for an
observer located along the SN rotation axis and on a plane
perpendicular to it.

model is on average comparable to the one of the non-
rotating progenitor, given that both models do not ex-
plode. It still shows modulations due to SASI, but these
are smeared and weakened by rotation and convection.

In the rapidly rotating progenitor, the average event
rate is lower than in the other two cases because of the
lower energy budget radiated in neutrinos due to the
quenched accretion by the onset of the explosion. The
neutrino signal clearly reflects the unsteady downflow
dynamics and does not exhibit any clean SASI modu-
lation. To better illustrate these characteristic features,
Fig. 2 shows, on a Mollweide map of observer directions,
snapshots at different times of the amplitude of the ν̄e
IceCube event rate R, normalized by its 4π average ⟨R⟩:
[(R−⟨R⟩)/⟨R⟩]. The downflows are visible by the relative
event rate along the rotation axis being higher than in
the perpendicular plane. This is further illustrated in the
bottom panel of Fig. 1, where the neutrino event rates
seen along the polar directions and in the perpendicular
plane exhibit similar modulation patterns, and the over-
all event rate is higher along the rotation axis. Movies of
the time-evolution of the event rate for the three studied
cases are also provided as supplementary material.

FIG. 2. Directional variations of the normalized ν̄e IceCube
rate, [(R − ⟨R⟩)/⟨R⟩], for the fast rotating 15M⊙ SN pro-
genitor on a map of observer directions at three post-bounce
times.

We focus on IceCube for its large event statistics.
However, Hyper-Kamiokande [60] could provide simi-
lar information with lower statistics, but guaranteeing a
background-free signal that will be competitive for SNe at
large distances [32]. Notably, a combined reconstruction
of the neutrino light-curve observed by IceCube, Hyper-
Kamiokande, and possibly DUNE [61] would be optimal
to better pinpoint the features described above.
It is worth noticing that Hyper-Kamiokande will pro-

vide energy information, in addition to details on the
temporal evolution of the neutrino signal. However, in
the following, we will focus on the analysis of the neu-
trino event rate only. In fact, we found that although
the neutrino energy spectra may give us hints on the
progenitor rotation as they are more pinched for the fast
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High frequency modulations appear as the rotational speed increases.

7

FIG. 5. Analogous to Fig. 4, but for the two rotating progenitors (i.e, 15M⊙ slowly rotating on the top and 15M⊙ fast rotating
on the bottom). Because of rotation, the spectrograms for the “strong modulation” directions show activity above 200 Hz and
not limited to time intervals where SASI occurs.

and Fig. 3). This may be an illustration of a more intri-
cate interplay between SASI and convection due to ro-
tation, as will be further discussed in the next section.
Along the “strong” direction, the spectrograms show sig-
nificant activity above 200 Hz, not present in the corre-
sponding direction for the non-rotating progenitors. Al-
though this feature signals rotation, it might be hard to
identify it unambiguously because of degeneracies with
the signatures seen by observers located away from the
SASI plane for non-rotating progenitors (see, e.g., the
spectrogram of the weak direction of the 20M⊙ in Fig. 4).
To overcome this challenge in using the neutrino signal
to identify rotation, other detectable features must be
employed and combined with the spectrograms.

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ν̄e IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to δf = 1/τ ≈ 7.7 Hz, for the 27, 11.2,
and each 15M⊙, and over [150, 330] ms, corresponding
to δf = 1/τ ≈ 5.5 Hz, for the 20M⊙ model.

While the 11.2M⊙ progenitor has a flat power spec-
trum as a result of convection and the absence of SASI

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
∼ 75 Hz for the 27 and 20M⊙ progenitors and ∼ 55 Hz
for the 15M⊙ progenitor. The difference in the SASI fre-
quencies is due to differences in the shock radii between

the progenitors, being related by fSASI ∝ R−3/2
shock [32, 36].

The power of the SASI peak is progenitor dependent,
being highest for the 20M⊙ case, which, as also visi-
ble from Fig. 3, has the neutrino event rate with the
largest modulations. One can see from the insets in each
of the top panels of Fig. 6, that secondary peaks appear
at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ∼5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

The bottom panel of Fig. 6 displays the Fourier spectra
for the two 15M⊙ rotating progenitors. As previously
concluded from Figs. 1 and 3, rotation weakens the SASI
modulations in the neutrino event rate. This results in
SASI peaks with less power than in the case of the 15M⊙
non-rotating progenitor.

SASI occurs at a higher frequency in the slowly rotat-
ing model (∼ 70 Hz) because the shock radius is smaller
than in the 15M⊙ non-rotating progenitor [10, 63], and
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To overcome this challenge in using the neutrino signal
to identify rotation, other detectable features must be
employed and combined with the spectrograms.

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ν̄e IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to δf = 1/τ ≈ 7.7 Hz, for the 27, 11.2,
and each 15M⊙, and over [150, 330] ms, corresponding
to δf = 1/τ ≈ 5.5 Hz, for the 20M⊙ model.

While the 11.2M⊙ progenitor has a flat power spec-
trum as a result of convection and the absence of SASI

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
∼ 75 Hz for the 27 and 20M⊙ progenitors and ∼ 55 Hz
for the 15M⊙ progenitor. The difference in the SASI fre-
quencies is due to differences in the shock radii between

the progenitors, being related by fSASI ∝ R−3/2
shock [32, 36].

The power of the SASI peak is progenitor dependent,
being highest for the 20M⊙ case, which, as also visi-
ble from Fig. 3, has the neutrino event rate with the
largest modulations. One can see from the insets in each
of the top panels of Fig. 6, that secondary peaks appear
at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ∼5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

The bottom panel of Fig. 6 displays the Fourier spectra
for the two 15M⊙ rotating progenitors. As previously
concluded from Figs. 1 and 3, rotation weakens the SASI
modulations in the neutrino event rate. This results in
SASI peaks with less power than in the case of the 15M⊙
non-rotating progenitor.

SASI occurs at a higher frequency in the slowly rotat-
ing model (∼ 70 Hz) because the shock radius is smaller
than in the 15M⊙ non-rotating progenitor [10, 63], and
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FIG. 5. Analogous to Fig. 4, but for the two rotating progenitors (i.e, 15M⊙ slowly rotating on the top and 15M⊙ fast rotating
on the bottom). Because of rotation, the spectrograms for the “strong modulation” directions show activity above 200 Hz and
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FIG. 4. Spectrograms of the ν̄e event rate observed in IceCube along the directions selected in Fig. 3 with strong, intermediate
and weak modulations of the signal (from left to right) for all non-rotating models (i.e., 27, 20, 11.2, and 15M⊙ from top to
bottom). The spectrogram power has been normalized to the maximum Fourier power along the selected observer direction,
and plotted on a log color scale. The SASI activity corresponds to the hottest regions in each spectrogram for the 27, 20 and
15M⊙ models. Convection is instead characterized by signal variations more uniformly spread over all frequencies above 50 Hz
in the 11.2M⊙ model.

tion. None of the spectrograms displays significant signal
modulations above 300 Hz. The 11.2M⊙ SN model, in
contrast to the other non-rotating models, is character-
ized fully by convection, which is visible in the spectro-
gram as low-amplitude power more uniformly distributed
over time through all frequencies up to 400− 500 Hz.

For comparison, Fig. 5 shows the spectrograms for the
slowly and fast rotating models along the three selected
observer directions. In contrast to the non-rotating pro-
genitors, the spectrograms of the rotating progenitors in
the strong-modulation direction show a wide spread in
frequencies other than the SASI frequency (see Figs. 1
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LESA: Neutrino-Driven Instability
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Figure 1. Lepton-number flux (νe minus ν̄e) for our 11.2 M⊙ model as a function of direction for the indicated times post bounce. The latitudes and longitudes,
indicated by dotted lines, correspond to the angular coordinates of the polar grid of the numerical simulation. The flux in each panel is normalized to its average,
i.e., the quantity (Fνe − Fν̄e )/⟨Fνe − Fν̄e ⟩ is color coded. The lepton-number emission asymmetry is a large-scale feature which at later times has clear dipole
character. The black dots indicate the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole track
between 70 and 340 ms is shown as a dark-gray line. Once the dipole is strongly developed, its direction remains essentially stable and shows no correlation with
the x-, y-, and z-axes of the numerical grid. The dipole direction is also independent of polar hot spots, which are persistent, local features of moderate amplitude
and an artifact connected with numerical peculiarities near the z-axis as coordinate singularity of the polar grid.

expands the shock, increases the gain layer and, again, can
enhance the efficiency of neutrino-energy deposition (Marek
& Janka 2009) even when convection is weak or its growth
is suppressed because of a small shock-stagnation radius
and correspondingly fast infall velocities in the gain layer
(Foglizzo, Scheck, & Janka 2006; Scheck et al. 2008). This
nonradial instability was first observed in 2D simulations with
a full 180◦ grid (Janka & Müller 1996; Mezzacappa et al.
1998; Janka et al. 2003, 2004), but not immediately rec-

ognized as a new effect beyond large-scale convection. It
was unambiguously identified in 2D hydrodynamical simu-
lations of idealized, adiabatic (and thus non-convective) post-
shock accretion flows (Blondin, Mezzacappa, & DeMarino
2003). SASI was found to possess the highest growth rates
for the lowest-order (dipole and quadrupole) spherical har-
monics (Blondin & Mezzacappa 2006; Foglizzo et al. 2007;
Iwakami et al. 2008) and to give rise to spiral-mode mass
motions in 3D simulations (Blondin & Mezzacappa 2007;
Iwakami et al. 2009; Fernández 2010; Hanke et al. 2013) or
in 2D setups without the constraint of axisymmetry (Blondin
& Mezzacappa 2007; Yamasaki & Foglizzo 2008; Foglizzo
et al. 2012). The instability can be explained by an advective-
acoustic cycle of amplifying entropy and vorticity perturba-
tions in the cavity between accretion shock and PNS surface
(Foglizzo 2002; Foglizzo et al. 2007; Scheck et al. 2008;
Guilet & Foglizzo 2012) and has important consequences for
NS kicks (Scheck et al. 2004, 2006; Nordhaus et al. 2010b,
2012; Wongwathanarat, Janka, & Müller 2010, 2013) and
spins (Blondin & Mezzacappa 2007; Rantsiou et al. 2011;
Guilet & Fernández 2013), quasi-periodic neutrino emission
modulations (Marek, Janka, & Müller 2009; Lund et al.
2010; Tamborra et al. 2013), and SN gravitational-wave sig-

nals (Marek, Janka, & Müller 2009; Murphy, Ott, & Burrows
2009; Müller, Janka, & Marek 2013).

We here report the discovery of a new type of low-mode
nonradial instability, LESA, which we have observed in 3D
hydrodynamical simulations with detailed, energy-dependent,
three-flavor neutrino transport using the Prometheus-Vertex
code. Our current portfolio of simulated 3D models in-
cludes an 11.2 M⊙ model that shows violent large-scale con-
vection but no obvious signs of SASI activity during the sim-
ulated period of postbounce evolution, a 20 M⊙ model with
a long SASI phase, and a 27 M⊙ model in which episodes of
SASI alternate with phases of dominant large-scale convec-
tion (Hanke et al. 2013; Tamborra et al. 2013). While all
models exhibit LESA, with different orientations of the emis-
sion dipole, the clearest case is the 11.2 M⊙ model, because
the new effect is not overlaid with SASI activity.

To provide a first impression of our new and intriguing phe-
nomenon we show in Fig. 1 the distribution of lepton-number
emission (νe minus ν̄e) for the 11.2 M⊙ model over the stel-
lar surface at postbounce (p.b.) times of 148, 169, 210, and
240 ms. In each panel, the lepton-number flux is normalized
to the instantaneous average and the color scale covers the
range from −0.5 to 2.5 of this relative measure. We indicate
the positive dipole direction with a black dot, the negative
direction with a cross. We also show the track of the posi-
tive dipole direction as a dark-gray line, ranging from 70 ms
p.b., where the dipole begins forming, to the end of the sim-
ulation at 340 ms. While at 148 ms the dipole pattern is not
yet strong—a quadrupole component is clearly visible and
the dipole is still building up as we will see later—the subse-
quent snapshots reveal a strong dipole pattern with large am-
plitude: In the negative-dipole direction, the lepton-number
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Lepton-number emission asymmetry (LESA). Possible major implications for 

•Neutron star kicks.  

•Direction dependent supernova nucleosynthesis.  

•Viewing angle dependent neutrino energy distributions. 

•Direction dependent neutrino flavor conversion physics.  
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• Low mass supernovae can form black holes. 

• Neutrinos reveal black hole formation. 

• Failed supernovae up to 20-40% of total.  
        

Successful explosions         Failed explosions         
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of SN 1987A on the high-mass side (testing progenitors in the 15–20 M⊙ range) and
of Crab near the low-mass end (∼9–10 M⊙) were reproduced with suitable progen-
itor models; in the case of SN 1987A also consistency with constraints set by the
neutrino detection was requested (see Ugliano et al, 2012; Ertl et al, 2016; Sukhbold
et al, 2016).

Applying this neutrino-engine treatment to the progenitor sets for different metal-
licities, a variegated landscape is obtained, with islands of non-exploding stars al-
ternating with intervals of successful explosions (Figs. 12 and 13). This astonishing
result is, on the one hand, connected to the non-monotonic variations of the pre-
collapse structure with the ZAMS mass, which is reflected by the core compactness
(see Sect. 2.1). On the other hand it is also a consequence of the tight competition be-
tween shock-confining ram pressure and shock-pushing neutrino heating, which is
characteristic of the neutrino-driven mechanism and which makes successful explo-
sions sensitive to differences in the time-dependent mass-accretion rate as discussed
in Sect. 3.2. It is reassuring that this result is not specific to the 1D explosion mod-
eling of Ugliano et al (2012) and Ertl et al (2016), but a rugged landscape was also
found by Pejcha and Thompson (2015) for one of their model sets and a different

Fig. 12 NS and BH formation cases as function of progenitor ZAMS mass, based on 1D simu-
lations with a calibrated neutrino “engine” (for more details of the modeling approach, see Ertl
et al, 2016; Sukhbold et al, 2016). The upper row displays results for the compilation of solar-
metallicity progenitors used by Sukhbold et al (2016), the middle row ultra metal-poor (10−4 solar
metallicity) models (set u2002) between 11.0 M⊙ and 75.0 M⊙ from Woosley et al (2002), and
the bottom row zero-metallicity models (set z2011) between 9.6 M⊙ and 100.0 M⊙ from Heger
and Woosley (2010) for the stars above and including 10.3 M⊙ and from A. Heger (2015, private
communication) for the stars with lower masses. Red vertical bars indicate successful explosions
with NS formation, black bars BH formation without SN explosion, and blue bars fallback SNe
where BHs form due to massive fallback, which leads to more than 3 M⊙ of baryonic matter in the
compact remnant. The rugged landscape of alternating intervals of NS and BH formation events is
a consequence of non-monotonicities in the pre-collapse structure of the progenitors as discussed
in Sect. 2.1. (Figure courtesy of Thomas Ertl)
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Figure 10. Neutrino observables from a failed CCSN simulation of a 40 M⊙ progenitor star from Woosley & Heger (2007) evolved with the LS220 EOS. We
show the neutrino luminosity (left panel) and the neutrino average energy (right panel). In both panels, the curves corresponding to electron neutrinos are shown
as solid black lines, electron antineutrino curves are shown as dashed red lines, and heavy-lepton neutrino curves are shown as a dashed-dotted blue line. Note the
luminosities and average energies presented here are those as measured in the lab frame at 500 km. The lapse function at 500 km is α∼0.99, therefore very little
additional redshifting will take place as the neutrinos travel to infinity. This is different than Fig. 6 where the luminosities are measured in the fluid (or comoving)
frame for the sake of comparison. In order to compute the neutrino average energy in the lab frame we use the fluid frame value (where the energies are defined)
and convert to the lab frame via ⟨ϵ⟩lab = ⟨ϵ⟩fluidW (1 + v). Protoneutron star collapse to a black hole occurs at ∼537 ms, due to the finite neutrino transport time,
the last ∼1.7 ms of the neutrino signal has not yet reached the observer at 500 km.

the neutrino energies also increase.
With GR1D’s neutrino leakage scheme we found a black

hole formation time of 561 ms and a maximum protoneutron
star gravitational (baryonic) mass of ∼ 2.31M⊙ (∼2.44 M⊙)
(O’Connor & Ott 2011). With our neutrino transport
methods we find a black hole formation time of ∼537 ms
(∼24 ms before the leakage calculation) and a maximum pro-
toneutron star gravitational (baryonic) mass of ∼2.251 M⊙
(∼2.377 M⊙). These results are remarkably close and confirm
our previous work that the progenitor structure, and not details
of the neutrino physics, is the determining factor in black hole
formation properties (O’Connor & Ott 2011). Our leakage
scheme was unable to reliably predict the total neutrino emis-
sion. However, with our transport scheme we can make a reli-
able prediction on the total energy and neutrino number emit-
ted from this particular failed supernova (i.e. for a progeni-
tor matching the 40 M⊙ star from Woosley & Heger (2007)
with the LS220 EOS). We find a total neutrino number emis-
sion of ∼ 2.56× 1057, ∼ 2.33× 1057, and ∼ 4.03× 1057, for
electron neutrino, electron antineutrino, and all four heavy-
lepton neutrinos, respectively. The total energy emission is
∼ 54.4×1051 erg, ∼ 47.6×1051 erg, and ∼ 80.6×1051 erg for
electron neutrino, electron antineutrino, and all four heavy-
lepton neutrinos, respectively. Summed, this corresponds to
∼ 182.6×1051 erg or equivalently ∼ 0.102M⊙ of mass. The
remaining difference between the gravitational mass and the
baryonic mass (∼ 0.02M⊙) was present in the initial progen-
itor model. We note that while this simulation corresponds to
a failed supernova, it only radiates ∼50% of the energy ex-
pected to be radiated in successful CCSNe. The rest of the
binding energy released during the collapse is still trapped in
the matter (either as thermal energy or trapped neutrinos) at
the point when the protoneutron star begins its collapse.

6. CONCLUSIONS

Neutrinos play a crucial, if not dominant, role in reviving
the stalled accretion shock that forms after the iron-core col-
lapse of an evolved massive star. In order to achieve an accu-
rate and self-consistent treatment of neutrinos in core collapse

simulations one has to consider several important aspects of
the problem. Deep in the protoneutron star, the mean free
path of neutrinos is very small. However, by the time the neu-
trinos reach 50-130 km, the opacity has decreased enough so
that the neutrinos are essentially decoupled from the matter
and are free streaming. This transition region is between the
optically thick and optically thin region and is very important
to capture correctly since it is where the net neutrino heating
takes place. Another critical aspect of the problem that must
be considered is the strong energy dependence of the neutrino
interaction rates. This leads to neutrinos of different energies
decoupling at different densities and radii and therefore any
self-consistent treatment must be done in an energy depen-
dent way.

For the hydrodynamic evolution in the CCSN problem we
do not have to deal with these issues because the matter par-
ticles are always in thermodynamic equilibrium. We can
completely ignore the momentum dependence of the parti-
cles (other than the net value) and just solve the hydrody-
namic conservation laws for mass, energy, momentum in one,
two, or three spatial dimensions (plus time). Since neutri-
nos in CCSNe are not always in thermodynamic equilibrium,
we cannot apply the same techniques for neutrino transport.
This makes the symmetry free problem not three dimensional
(plus time) but rather a six dimensional problem (plus time).
Simulating this six dimensional system at the resolution we
need to capture all the essential physics of the CCSN cen-
tral engine is not feasible with current computational power,
so some approximations must still be made. In this paper,
we reduced the dimensionality of the problem by removing
the angular dependence from the neutrino distribution func-
tion and instead evolved moments of the neutrino distribution
function–the total energy, and the total momentum. In this
sense, our approximation is very much like the approximation
made to derive the hydrodynamic equations. The equivalent
to the matter pressure is the Eddington tensor. We applied an
analytic closure in order to derive this Eddington tensor. We
retained the energy dependence of the neutrino distribution
function. This reduces the symmetry free problem to four di-
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• Search for disappearance of red supergiants  
(27 galaxies within 10 Mpc with Large Binocular Telescope). 

• First 7 years of survey:  
6 successful core-collapse, 1 candidate failed supernova.
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Neutrinos Affect Element Production
Location of r-process nucleosynthesis (origin elements with A >100) unknown.  

Recent work suggests unlikely r-process 
conditions in SNe, but further work needed. 

Flavor oscillations affect element production mainly via 
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(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 ρ (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 ν-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 νe(n, p)e−, ν̄e(p, n)e+, (n, γ), (p, γ),
(α, γ), (p, n), (α, n), (α, p), and their inverse ones are taken
into account. The νe and ν̄e 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 effects (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, α particles begin to assemble to form heavier
nuclei by ααn, 3α reactions, and subsequent captures of α
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) +

Xα(r)
2
+

∑

ZA>2

ZA(r)
A(r)

XA(r) ,

(1)
where Xp, Xα, and XA are the mass fractions of free pro-
tons (p), α 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., Hoffman et al. 1997). On the other hand, Ye >
0.5 implies that p-rich nuclei could be formed through the
νp−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 β-interactions of electron neutrinos (νe) and electron an-
tineutrinos (ν̄e) with free n and p and their inverse reactions:

νe + n! p + e− , (2)
ν̄e + p! n + e+. (3)

Therefore the Ye evolution depends on the energy distribu-
tions of νe and ν̄e. 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
≃ (λνe + λe+ )Y fn − (λν̄e + λe− )Y fp , (4)

with v(r) being the velocity of the outflowing mass element,
λi 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:

λνe ≃
Lνe

4πr2⟨Eνe⟩
⟨σνe⟩ , (5)

λν̄e ≃
Lν̄e

4πr2⟨Eν̄e⟩
⟨σν̄e⟩ , (6)

where Lνe and Lν̄e are the luminosities of νe and ν̄e respec-
tively, ⟨Eνe⟩ and ⟨Eν̄e⟩ the mean spectral energies6. The νe and
ν̄e capture cross sections of the forward reactions (2,3), av-
eraged over the corresponding νe and ν̄e energy spectra, are
⟨σνe⟩ and ⟨σν̄e⟩, respectively. Including the weak magnetism
and recoil corrections, the average neutrino capture cross sec-
tions are (Horowitz & Li 1999):

⟨σνe⟩ ≃ k
〈
Eνe

〉
ενe

⎡
⎢⎢⎢⎢⎢⎣1 + 2

∆

ενe
+ aνe

(
∆

ενe

)2⎤⎥⎥⎥⎥⎥⎦Wνe , (7)

⟨σν̄e⟩ ≃ k
〈
Eν̄e

〉
εν̄e

⎡
⎢⎢⎢⎢⎢⎣1 − 2

∆

εν̄e
+ aν̄e

(
∆

εν̄e

)2⎤⎥⎥⎥⎥⎥⎦Wν̄e , (8)

with k ≃ 9.3 × 10−44 cm2/MeV2, εν = ⟨E2ν⟩/⟨Eν⟩ (ν =
νe, ν̄e), aν = ⟨E2ν⟩/⟨Eν⟩2, M the nucleon mass in MeV, and
∆ = 1.293 MeV the neutron-proton mass difference. The
weak magnetism and recoil correction factors are given by

6 ⟨Enν ⟩ ≡
∫
Enν f (Eν) dE, where f (Eν) 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 α-effect is included in all cases (“incl. α-effect”). 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 differ 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 α-effect, while the
solid lines refer to Ye calculated with the full network. The α-effect 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.

30 40 50 60 70 80 90 100
A

10-4

10-2

100

102

104

X
A

/X
 A

,n
o-

os
c

active
sterile

K
CaAr Ti

Sc V
Cr

Mn
Fe

Co
Ni

Cu
Zn

Ga
Ge

As
Se

Br
Kr

Rb
Sr

Y
Zr

30 40 50 60 70 80 90
A

10-2

10-1

100

101

102

103

X
A

/X
A

,n
o-

os
c

active
sterile
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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 different postbounce times t0 in both
the active and sterile cases and including the α-effect.

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 α-effect, as we can see by comparing the
black dashed line with the black solid one (“incl. α-effect”
cases). In the sterile case (red solid line), neutrino oscilla-
tions combined with the α-effect 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 α-effect becomes lower than Ye in the active case and
lower than Ye in the case without full α recombination, be-
cause both MSW νe-νs conversions happen so close to the
neutrinosphere that the α 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 α-effect 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 α recombination relative to
both the MSW νe-νs conversions and to a longer duration of
the α-effect (see also next section for more details). However,
although the α-effect 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 α-effect compared to os-
cillations on Ye, especially at late times (see Fig. 6, where Ye
in the active and sterile cases including the α-effect is fairly
similar), we expect that the nucleosynthesis yields in the pres-
ence of oscillations are not significantly different 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-



Synopsis

Signal independent on SN  
mass and EoS.  

• SN distance. 
• (Test oscillation physics.)

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 νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences 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 ν̄e) or complete flavor swap
(curves ν̄x). 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. 

• Test nuclear physics.  
• Nucleosynthesis.

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 νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences 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 ν̄e) or complete flavor swap
(curves ν̄x). 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.

73

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 νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences 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 ν̄e) or complete flavor swap
(curves ν̄x). 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.

73

Signal has strong variations  
(mass, EoS, 3D effects).  

• Core collapse astrophysics. 
• (Test oscillation physics.)
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Neutrinos in supernovae interact with matter and among each other.

Neutrino Interactions

interactionsν − ν

Non-linear phenomenon
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Neutrino Equations of Motion

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

interaction termν − ν

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  



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

Fig. 22. – Snapshots of SN potentials for different 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 λr 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 (ωH) and δm2 (ωL), 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 different 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 effect [261] when the matter potential is of the order of the vacuum oscillation
frequencies [Eq. (25)] ωH,L [341], i.e.

λr ≃ ωL,H .(42)

These oscillation frequencies are represented by the two horizontal strips in Fig. 22 for
a neutrino energy range E ∈ [5− 50] MeV. Note that resonant flavor conversions should
be expected for r ∈ [103, 105] km.

Comparing the neutrino and matter density profiles, we realize that in the deepest
SN regions nν ≫ ne (r < 103 km, see t = 1.0 s in Fig. 22), except during the accretion
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Nu-nu interactions

MSW resonances
Neutrinosphere

λ (matter potential)

µ (nu-nu potential)



Fast Pairwise Neutrino Conversions

Izaguirre, Raffelt, Tamborra, PRL (2017). Tamborra et al., ApJ (2017). Shalgar & Tamborra, ApJ (2019). Capozzi et al., PRD 
(2017). Dasgupta et al., PRD 2018. Sawyer, PRD (2005), Sawyer, PRL (2016). Azari et al., PRD (2019, 2020). Dasgupta et 
al., JCAP (2017). Abbar et al., PRD (2019), PRD (2020). Morinaga et al., PRR (2020). Glas et al., PRD (2020). Nagakura et 
al., ApJ (2019). Martin et al., PLB (2020). Yi et al., 2019. Shalgar & Tamborra, arXiv: 2007.07926. Shalgar & Tamborra, ApJ 
(2019). Shalgar, Padilla-Gay, Tamborra, JCAP (2020). …

Flavor conversion may occur close to neutrino decoupling region. Further work needed!

No net lepton flavor change.

νe(p) + ν̄e(k) → νµ(p) + ν̄µ(k)
νe(p) + νµ(k) → νµ(p) + νe(k)

Pairwise flavor exchange by          scattering: ν − ν

Growth rate:                                                vs.                            .  
√
2GF (nνe − nν̄e) ≃ 6.42 m−1 ≫ ∆m2

2E
≃ 0.5 km−1

“Fast” conversions

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

νe(p) → νµ(p)



Fast self-induced 
conversions?

Rν

SN envelope Vacuum Earth

(Earth Matter Effect)

 -sphere ν
MSW          resonance∆m2

MSW         resonanceδm2

vacuum oscillations

[not in scale]

Slow self-induced 
conversions

Shock wave

Simplified Picture of Flavor Conversions 



Diffuse Supernova Neutrino Background
On average 1 SN/s somewhere in the universe          Diffuse neutrino background (DSNB).

Time

Neutrinos

Neutrinos

Today

Past



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
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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 affected. 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: diffuse 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 diffuse 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 affected 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 (νe, ν̄e, νµ, ν̄µ, ντ , ν̄τ ) are
equally emitted from a supernova with average energies
of ∼10 MeV. Nowadays, SRNs with ν̄e of approximately
20 MeV are expected to be observable in running exper-
iments. The most stringent limits reported for ν̄e 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. differential upper limits on ν̄e 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 ν̄e flux with the-
oretical estimations presented later in this paper. For
νe 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. 



DSNB Detection 

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 coincidenceν̄e

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

ν̄e

γ

γ

ν̄e + p → n+ e+

Gd-loading 
ongoing!
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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).

Fingerprints of the Supernova Population

• Independent test of the supernova rate (~30% precision). 

• Constraints on fraction of black hole forming collapses. 



Take Home Messages

Neutrinos are fundamental in core-collapse supernovae.

Neutrinos are ideal messengers.

Neutrinos carry imprints of source inner workings.

Neutrino conversions relevant, not yet complete understanding.

Upcoming DSNB detection will allow to explore SN population.

Neutrinos rule the synthesis of heavy elements.



Thank you!


