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Where Are Neutrinos Produced? 

Georg Raffelt, MPI Physik, München Physik im Theater, Mainz, 12. Sept 2015 

Wo treten Neutrinos in der Natur auf? 
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Figure from Vitagliano, Tamborra, Raffelt, arXiv: 1910.11878. 

Grand Unified Neutrino Spectrum
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Ideal Messengers
Escaping unimpeded, neutrinos carry information about sources not otherwise accessible. 

PhotonProton
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Energy distribution

dN⌫

dE⌫
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Similar to photons
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Neutrinos only!

Flavor ratio

Powerful Probes in Astrophysics



Only neutrinos, with their extremely small cross 
sections, can enable us to see into the interior of a 
star ...  
                                                                     Bahcall (1964)

The Dream of Neutrino Astronomy

John Bahcall

The title is more of an expression of hope than a 
description of the book’s contents ...  
the observational horizon of neutrino astrophysics 
may grow ... perhaps in a time as short as one or two 
decades. 

                         Bahcall, Neutrino Astrophysics (1989)

If [there are no new forces] -- one can conclude that there is no practically possible way of 
observing the neutrino. 
                                                                                                                            Bethe and Peierls (1934)



Astro-Neutrino Detectors
HALO
SNO+

MicroBooNE
NovA

LVD
Borexino Baksan

KamLAND

Super-Kamiokande 
[Hyper-Kamiokande]

Daya Bay

IceCube 
[IceCube-Gen2]

Fundamental to combine astrophysical signals from detectors employing different technologies.

Km3NeT

[DUNE]

[RENO-50, JUNO]



The IceCube Neutrino Telescope
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Dawn of the Multi-Messenger Era



• Radiation from the Sun (98 % Light, 2% Neutrinos). 

• Photons take 200,000 years to escape from the Sun, neutrinos 2 seconds.

 Image credits: Super-Kamiokande Collaboration.

The Sun in Neutrinos



The Sun

 Image credits: Vitagliano, Tamborra, Raffelt, arXiv: 1910.11878. Ng et al., PRD (2016). Fermi-LAT, ApJ (2011).
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sensitive to gamma rays down to 10MeV, extracting the
solar-disk signal is di�cult due to the broad PSF. Future
missions such as PANGU [70] and ComPair [71] can pro-
vide improved sensitivity in the MeV range. Low-energy
observations could provide additional information on the
time variation and probe potential leptonic components
or even new solar-disk gamma-ray emission mechanisms.

E. Prospects for Ground-Based Telescopes

To expand solar gamma-ray observations into the TeV
range and beyond, large ground-based experiments are
required. It is impossible for air-Cherenkov telescopes
to observe the Sun due the bright optical emission from
the Sun itself. The Sun, therefore, is a unique tar-
get for water-Cherenkov telescopes such as HAWC and
LHAASO.

To assess whether water-Cherenkov telescopes can de-
tect the Sun, we consider the total solar gamma-ray flux,
including both the solar-disk and IC components. We
estimate this flux by finding the total flux within 1.5�

of the Sun and subtracting the di↵use background. In
this case, the Sun is detected at > 5� in all eight en-
ergy bins. Assuming a single power-law spectrum, the
total solar gamma-ray flux can roughly be described by
3.5⇥ 10�8(E/GeV)�2.3 GeV�1 cm�2 s�1 in 1–100GeV.

Figure 7 shows the total solar gamma-ray flux, the
solar-disk-only component from Fermi2011, the solar-
disk-only component found in this work, and the dif-
fuse background within 1.5� of the Sun. The total solar
gamma-ray flux is clearly much larger than the di↵use
background. For comparison, we show also the sensitiv-
ity of HAWC [72] and LHAASO [73, 74]. If the total
solar gamma-ray flux follows the same spectral index to
the TeV range, both HAWC and LHAASO should be
able to detect the Sun.

The water-Cherenkov telescopes are in a unique posi-
tion to probe solar gamma rays. In particular, they are
sensitive to the Ep ⇠ Ec and Ep � Ec regimes. Either
a detection or an upper limit from the water-Cherenkov
telescopes can provide valuable information on gamma-
ray production from the Sun.

IV. CONCLUSIONS

Despite being the nearest star to us, much about the
Sun’s gamma-ray emission is still poorly understood.
Previous study by the Fermi collaboration, who used 1.5
years of data, precisely detected the solar-disk gamma
rays in 0.1–10GeV. However, the flux is about ten times
brighter than predicted. Motivated by this puzzle, we
focus on the solar-disk component, and use 6 years of
public Fermi data to gain a better understanding of these
gamma rays. We employ a straightforward and conserva-
tive analysis to search for new features in the gamma-ray
flux.

FIG. 7. Energy spectrum of gamma rays from the Sun.
Blue squares are the total solar gamma-ray flux (solar disk
+ IC) within 1.5� of the Sun with only statistical error bars.
Black dots are the solar-disk-only component from Fermi2011.
The grey band shows the solar-disk-only component found in
this work. Green circles are the estimated di↵use background
within 1.5� of the Sun. The di↵erential point-source sensitiv-
ities for HAWC [72] and LHAASO [73, 74] are shown.

Utilizing the improved photon statistics, we extend the
observations to 100GeV. As in Fermi2011, we find that
the gamma-ray flux is higher than the central value of the
SSG1991 prediction by about one order of magnitude in
1–10GeV, modulo time variation. In addition, we detect
the solar-disk component in 10–30GeV at > 5�, and in
30–100GeV at > 2�. This is the first time the Sun is
detected above 10GeV in gamma rays. There are no
theoretical predictions for solar-disk gamma rays in this
energy range. As a result, our observations demand fur-
ther theoretical investigation.
Importantly, we find a significant time variation in the

solar-disk gamma-ray flux over the analysis period, which
apparently anticorrelates with solar activity. This is the
first clear observation of such a time variation, though it
was hinted at in earlier studies [18, 19]. This variation
was not theoretically predicted, and its large amplitude
deserve further investigation. Nonetheless, the anticor-
relation with solar activity indicates that the bulk of the
solar-disk gamma rays can be explained by cosmic-ray
interactions in the solar atmosphere and the gamma-ray
production process is strongly a↵ected by the solar mag-
netic fields.
Future observations with Fermi and other instruments

may provide even more information about gamma rays
from the Sun. For example, the anticorrelation of the
solar-disk gamma-ray flux with solar activity can be fur-

Gamma-raysNeutrinos

• Optical emission and neutrinos: the Sun is main-sequence star powered by nuclear fusion.  

• Neutrinos: test of stellar structure and neutrino physics. 

• Gamma-rays: probes of solar atmospheric magnetic fields and cosmic-ray physics.
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 Image credits: NASA, ESA.

Supernova Neutrinos (SN 1987a)

Neutrino events 

• Radiation from the Sun (0.01 % Light, 99% Neutrinos). 

• Unique probe of stellar collapse and supernova mechanism.



Core-collapse supernovae explode 
because of  

NEUTRINOS!

10     neutrinos are emitted!58
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Core-Collapse Supernova Explosion

neutrino  
cooling  

by diffusion

Implosion  
(Collapse)

Explosion

Neutrinos carry 99% of the  
released energy (~ 10    erg).53



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  



The Next Nearby Supernova (SN 2XXXa)

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

2 K. Nakamura et al.

 38
 40
 42
 44
 46
 48
 50
 52
 54

 0 3 6 9

progenitor

pre-SN νe

Lo
g 

(lu
m

in
os

ity
 [e

rg
 s

-1
])

Log (time relative
-2  0  2  4  6  8

SBO

plateau

to bounce [s])

νe
νe
νx

GW
EM

Figure 1. Time sequence for neutrino (red lines for ⌫e and ⌫̄e and magenta line for ⌫x; ⌫x represents heavy lepton neutrino ⌫µ, ⌫⌧ , ⌫̄µ, or
⌫̄⌧ ), 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 NO⌫A (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 di�cult 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)



Supernova Explosion Mechanism
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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 the iron layer. 
Neutrinos provide energy to the stalled shock wave to start re-expansion. 

Recent reviews: Janka (2017). Mirizzi, Tamborra et al. (2016). 



20 M      Supernova Modelsun

Movie: 3D SN simulation (M=20 M    ), Garching group. sun



Standing Accretion Shock Instability
SWASI Experiment (Foglizzo et al., 2012)

Analogue of the SASI instability, but one million times smaller and one hundred times slower 
than its astrophysical counterpart.



Fingerprints of the Explosion Mechanism 

Tamborra et al., PRL (2013),  PRD (2014). Andresen et al., MNRAS (2017). Kuroda et al., ApJ (2017).  
Walk, Tamborra et al., PRD (2018), PRD (2019).

4 H. Andresen et al.
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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 di↵erent 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 di↵erent 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 ✓, with the innermost 1.6 km being sim-
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Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ (2014). 
Janka et al., ARNPS (2016). Glas et al., (2018), Vartanyan et al., MNRAS (2019), O’Connor & Couch, ApJ (2018).

Lepton-number emission asymmetry (LESA): Large-scale feature with dipole character. 

⌫e > ⌫̄e

LESA: Neutrino-Driven Instability

2 Tamborra et al.

Figure 1. Lepton-number flux (⌫e minus ⌫̄e) 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 (F⌫e � F⌫̄e )/hF⌫e � F⌫̄e i 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 e�ciency 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 e↵ect 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 di↵erent orientations of the emis-
sion dipole, the clearest case is the 11.2 M� model, because
the new e↵ect 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 (⌫e minus ⌫̄e) 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

2 Tamborra et al.

Figure 1. Lepton-number flux (⌫e minus ⌫̄e) 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 (F⌫e � F⌫̄e )/hF⌫e � F⌫̄e i 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 e�ciency 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 e↵ect 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 di↵erent orientations of the emis-
sion dipole, the clearest case is the 11.2 M� model, because
the new e↵ect 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 (⌫e minus ⌫̄e) 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

Neutrino lepton-number flux (11.2 M     ) sun

⌫e > ⌫̄e
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Sukhbold et al., ApJ (2016). Ertl et al., ApJ (2016). Horiuchi et al., MNRSL (2014). O’Connor & Ott, ApJ (2011). O’Connor, ApJ 
(2015). Kuroda et al., MNRAS (2018).

• 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 ↵⇠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 h✏ilab = h✏ifluidW (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-

BH-forming Supernova (40 M     )                

abrupt termination                  

sun

Neutrinos Probe Black Hole Formation 



SASI frequency evolution = shock radius 
evolution

SASI Neutrino (and gravitational waves)  
probe black-hole formation. 

Walk, Tamborra, Janka, Summa, arXiv: 1910.12971.

Neutrinos Probe Black Hole Formation 



• 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.

Adams et al., MNRAS (2017), MNRAS (2017). Gerke, Kochanek & Stanek, MNRAS (2015). Kochanek et al., ApJ (2008). 

Georg Raffelt, MPI Physics, Munich Supernova Neutrinos, ISAPP 2017, 13–24 June 2017 

Death Watch for a Million Supergiants 

• Monitoring 27 galaxies within 10 Mpc for many years
• Visit typically twice per year
• 106 supergiants (lifetime 106  years)
• Combined SN rate: about 1 per year

First 7 years of survey: 
• 6 successful core-collapse SNe
• 1 candidate failed SN

Gerke, Kochanek & Stanek, arXiv:1411.1761 
Adams, Kochanek, Gerke, Stanek (& Dai), arXiv:1610.02402 (1609.01283) 

Large Binocular Telescope 
Mt Graham, Arizona  Candidate failed SN

Failed core-collapse fraction: 4-43% (90% CL)

A Survey About Nothing



Neutrino Timing
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.

Timing for gravitational wave detection. 

  Pagliaroli et al., PRL (2009), Halzen & Raffelt PRD (2009). Nakamura et al., MNRAS (2016). 

8 K. Nakamura et al.

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 di↵erent 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 e↵ective 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 su↵er 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)



Flavor Evolution
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Flavor Conversions

Neutrino Flavor Conversions
Neutrinos convert into each other by flavor mixing, because of their tiny non-vanishing mass.  

• Neutrino flavor ratio provides information about neutrino properties.  

• Flavor conversions are affected by the matter distribution of the source. 

• Flavor conversions strongly affect source dynamics.  
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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).

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

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

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

Pairwise flavor exchange by          scattering: ⌫ � ⌫

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

2E
' 0.5 km�1

“Fast” conversions

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

⌫e(p) ! ⌫µ(p)



Fast self-induced 
conversions?
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Non Standard Physics in Supernovae

Suliga, Tamborra, Wu, JCAP (2019).

keV-mass sterile neutrinos significantly affect SN physics and observable signal.  

Dynamical feedback on SN physics is crucial!
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Non Standard Physics in Supernovae

Suliga, Tamborra, Wu, JCAP (2019).

keV-mass sterile neutrinos significantly affect SN physics and observable signal.  

Dynamical feedback on SN physics is crucial!
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Compact Binary Mergers

Figure credit: Price & Rosswog, Science (2006).



Neutron Star - Neutron Star Merger (1.3-1.4 M     )sun

Coalescence of two neutron stars, Rosswog, Piran, Nakar, MNRAS (2013).



Multi-Messenger Fingerprints of Mergers

First joint detection of gravitational and electromagnetic radiation (GW170817 & GRB170817A).

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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Figure credits: Abbott et al., ApJ (2017), ESA.



Neutrinos and Compact Binary Mergers

Figure from Deaton et al., ApJ (2013). 

Compact binary mergers are neutrino rich environments (similarly to supernovae).
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such effect is the depletion of baryonic mass in the disk. The
disk’s mass is M0 ≈ 0.3 M⊙ after merger (see Figure 2). For the
first 30 ms after merger, accretion onto the black hole proceeds
at a rapid rate of Ṁ0 ≈ 2 M⊙ s−1. During this time, the gas in
the outer disk settles into circular orbit, which requires a transfer
of angular momentum from the inner disk. (See Section 6 for
a fuller discussion of the disk’s angular momentum evolution.)
The transport of angular momentum away from the inner disk
by spiral density waves drives accretion onto the black hole.
Eventually, the high-density middle region of the disk settles
to equilibrium, but dynamical, nonaxisymmetric distortions
persist near the disk’s inner and outer edges (also discussed in
Section 6). Spiral waves thus travel outward and drive a reduced
rate of accretion throughout the simulation. After 30 ms, the
accretion rate has dropped by nearly an order of magnitude. At
these late times, disk mass is also lost to a weak outflow from
the inner disk at a comparable rate to the accretion into the black
hole. Combining these effects, we can define a mass depletion
timescale

Tdep ∼ M0

Ṁ0
! 0.2 s. (14)

The disk’s thermal evolution is driven by shock heating,
compression, advection of heat into the black hole, and radiative
cooling. The disk’s thermal energy is defined as

Ethermal =
∫

ρ∗[ϵ − ϵcold(ρ, Ye)]d3x, (15)

where ϵ and ϵcold(ρ, Ye) are the actual specific internal energy
and the specific internal energy at the lowest temperature in the
EOS table, for which the gas is degenerate. We find Ethermal ≈
1052 erg. The total neutrino luminosity is Lν ∼ 1053–54 erg s−1.
Therefore, the cooling timescale due to neutrinos is

Tcool ∼ Ethermal

Lν

≈ 10 ms–100 ms. (16)

It is important to remember that the disk is partly pressure-
supported. Thus radiative energy loss may come from the
potential energy reservoir via disk contraction, in addition to
the more obvious thermal energy reservoir via disk cooling.
Indeed we find that evolving without neutrino cooling leads to a
disk that is not only hotter but also much more extended and less
dense. The timescale for composition change is Ne/Rν , where
Ne is the number of electrons in the disk and Rν is the total
net lepton number change rate due to neutrinos. This is initially
also about 10 ms. Then, 20 ms after merger, balance between
νe and νe emission is roughly achieved, and the composition
subsequently changes more slowly. Thus, the neutrino emission
significantly influences the energy and composition of the disk
over its lifetime.

6. ACCRETION DISK: DYNAMICAL
EQUILIBRIUM AND STABILITY

6.1. Disk Formation

As can be seen from Figure 3, as the accretion stream collides
with itself, shocks heat the gas for roughly one millisecond, until
the density-averaged entropy settles at ∼8 kB baryon−1. A hot
accretion disk forms in the vicinity of the black hole. In Figure 7,
we show density snapshots of the disk at a representative
time ∼30 ms later, and in Figure 8, we show azimuthally
averaged equatorial density as a function of circumferential

Figure 7. Three-dimensional distribution of neutrino energy loss and fluid
density from L3, 30 ms after merger, depicted in evolution coordinates at a
slanted view. Top panel: effective local neutrino power, Qν (no redshift applied),
summed over all species (in units of erg km−3 s−1). Middle and bottom panels:
meridional and equatorial slices of density in the fluid rest frame. The equatorial
slice reveals a spiral mode. In all three panels, densities below 109.5 g cm−3 have
been masked out to show the structure of the disk. The disk radius and half-
thickness are 110 km and 45 km, respectively.
(A color version of this figure is available in the online journal.)

radius. The maximum density remains at a fairly steady level of
∼1012 g cm−3. As shown in the bottom panel of Figure 8, the
densities and temperatures are sufficient to render the interior of
the torus optically thick to all species of neutrinos, with optical
depths (averaged over neutrino energy) of order 10.

The disk is initially extremely distorted and nonaxisymmetric.
For a completely stable disk, one would expect the inner regions,
where the dynamical timescale is shortest, to settle to a stationary
axisymmetric state before the outer regions—as was seen, for
example, in a recent BHNS Γ-law EOS merger carried out with
the same code (Lovelace et al. 2013). (Unfortunately, we have
not performed any Γ-law EOS merger simulations with similar
mass ratio and black hole spin to the present case, so no proper

10



Neutrino Emission Properties

Figures from Wu, Tamborra et al., PRD (2017), Tamborra et al., PRD (2014).

Mergers exhibit excess of anti-neutrinos over 
neutrinos (conversely to supernovae). 

Neutron star merger remnant
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Self-sustained asymmetry of lepton-number emission in supernovae 7
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Figure 4. Time evolution of spherically averaged neutrino emission prop-
erties (laboratory frame) for the 11.2 M� model. Top: Energy loss rates,
integrated over all directions, for ⌫e, ⌫̄e, and (one kind of) ⌫x. Bottom: Mean
energies, averaged over all directions. These results do not show any pecu-
liarities and are similar to comparable 1D and 2D simulations.

tios of energy-loss rates to number-loss rates.
This figure reveals the usual behavior during the postbounce

accretion phase (compare, e.g., with results by Marek & Janka
2009; Marek, Janka, & Müller 2009; Janka et al. 2012).
Ė⌫e after the shock-breakout burst is very close to Ė⌫̄e or even
slightly larger, while h✏⌫̄ei exceeds h✏⌫ei by a few MeV. Heavy-
lepton neutrinos have significantly lower individual luminosi-
ties because their production in the accretion layer of the PNS
is less e�cient due to the lack of charged-current processes,
and h✏⌫xi is only slightly larger than h✏⌫̄ei because energy trans-
fers in neutrino-nucleon scatterings reduce the high-energy
spectrum of ⌫x di↵using outward from their deeper produc-
tion layers (Ra↵elt 2001; Keil, Ra↵elt, & Janka 2003).

Here as well as in the following discussion we mostly fo-
cus on the 11.2 M� star. This has two reasons. On the one
hand, the 11.2 M� model does not possess the violent SASI
episodes which massively a↵ect the neutrino-emission prop-
erties in the 20 and 27 M� cases (Tamborra et al. 2013, 2014;
Hanke et al. 2013), where they lead to time-dependent vari-
ations of the neutrino transport and radiation, superimposed
on the hemispheric asymmetry of the lepton-number emis-
sion dipole (Fig. 3). Such short-time fluctuations can ham-
per the easy visibility of the LESA-specific features. On the
other hand, outside of the SASI episodes diagnostic quantiti-
ties that we evaluate for the lepton-emission dipole in the 20
and 27 M� models look, qualitatively and quantitatively, very
similar to those that we present in more detail for the 11.2 M�
case. This will be shown in Fig. 12.

Figure 5. Time evolution of the ⌫e, ⌫̄e, and heavy-lepton neutrino (⌫x) num-
ber fluxes (top to bottom) relative to their directional averages for the 11.2 M�
model. We show hemispheric averages (accounting for projection e↵ects; see
text) as seen by distant observers who are located approximately in the direc-
tion of maximal lepton-number emission (black), in the opposite direction
(red) and in a representative transverse direction (dashed blue). The ⌫e and ⌫̄e
fluxes each exhibit a strong dipolar asymmetry, (anti-)aligned with the lepton-
number flux dipole, whereas the ⌫x flux is nearly isotropic except for a small
enhancement in the hemisphere of smallest lepton-number flux (red line).

3.3. Other flux asymmetries
The LESA phenomenon is a conspicuous order-unity ef-

fect of the directional lepton-number flux variation, but also
shows up in other quantities, notably in the directional varia-
tion of the individual ⌫e and ⌫̄e fluxes. To illustrate this point
we show in Fig. 5 these number fluxes as they would be seen
by a distant observer relative to their directional averages. We
use three viewing directions oriented relative to the lepton-
number dipole axis, i.e., an observer located in the direction of
maximal lepton-number flux (black lines), the opposite direc-
tion of minimal lepton-number flux (red lines), and a typical
direction transverse to the dipole axis (dashed blue lines).

A distant observer measures the integrated intensity over
a hemisphere of the radiating NS surface, projected on the
viewing direction. The corresponding “averaging” over the
visible hemisphere eliminates small-scale variations. To eval-
uate the observational quantities we follow the procedure de-
scribed in Sect. 3.1 of Müller, Janka, & Wongwathanarat
(2012) and in Appendix A of Tamborra et al. (2014) and cal-
culate the observable flux, here the number-flux N, from the
ray-by-ray-computed number-flux densities, Fn(R), at points
R on the radiating surface by an integration over the visible
hemisphere, cf. Eq. (7) in Müller, Janka, & Wongwathanarat



Stellar Nucleosynthesis
Supernovae and neutron-star mergers
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Synthesis of new elements could not happen without neutrinos.



Diagnosing BH formation with kilonovae 3445

Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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  Figures taken from: Metzger & Fernandez, MNRAS (2014); Kasen et al., Nature 2017.
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Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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What About Neutrinos?

Wu, Tamborra, et al., PRD (2017). Wu & Tamborra, PRD (2017). Kyutoku & Kashiyama, PRD (2018).

• Poor detection chances of MeV neutrinos from compact binary mergers. 

•Neutrino may play an “indirect” major role in element production around the polar region. 

• Possible implications for blue kilonova component.
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High Energy Neutrinos 



IceCube Collaboration, Science (2013), PRL (2014), PRD (2015). IceCube Collaboration, ApJ (2015);  PRL (2015). Ahlers & 
Halzen, Prog. Part. Phys. (2018). 

★ IceCube observed O(100) events in the TeV-PeV range. 
★ Zenith Distribution compatible with isotropic flux. 
★ Flavor distribution consistent with                                   .⌫e : ⌫µ : ⌫� = 1 : 1 : 1

     Evidence for astrophysical flux 

2013 2020

Upper Limit on Neutrino Emission

IceCube Preliminary

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

events in the Northern Hemisphere. Also HESE events with deposited energy of E
dep

> 100 TeV

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

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

are isotropic, suggesting extragalactic sources. In fact, no correlation of the arrival directions of
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 Figures taken from Bloom & Hjorth (2011) and Cano et al. (2017). 

Supernova-GRB Connection
4 J. Hjorth & J.S. Bloom

Fig. 9.1. Discovery of SN 1998bw associated with GRB980425. The upper panels
show the images of the host galaxy of GRB980425, before (left) and shortly after
(right) the occurrence of SN 1998bw (Galama et al. 1998). The bottom panel shows
a late HST image of the host galaxy and SN1998w. The 3-step zoom-in shows
SN1998bw 778 days after the explosion embedded in a large star-forming region of
a spiral arm (Fynbo et al. 2000).

times more energy than in a typical (1051 erg) SN. We caution here that the
term “hypernova” is a theory-laden classification pertaining to energetics; it
is entirely possible to have a core-collapse SN with large expansion velocity
(⇠> 20, 000 km s�1) yet typical (1051 erg) energy coupled to the ejecta.
No traditional optical afterglow (as seen in most other GRBs; see Chap-

ters 4–6) was detected. Moreover, the comparatively low energy output of
GRB980425 (see e.g., Kaneko et al. 2007) and its low redshift were consid-
ered as pointing to a di↵erent class of GRB (Kulkarni et al. 1998, Bloom
et al. 1998), not necessarily of the same progenitor origin as the truly cosmo-
logical GRBs (loosely defined as having a significant redshift, a high energy

SN 1998bw/GRB 980425

Limitations: 

• Follow-up of SN-GRB biased towards low-z events. 

• Several SN-GRB are low-luminosity GRBs that may not represent the GRB population. 

• Systematic surveys begin to allow statistical studies (e.g. GTC GRB-SN program).
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Figure 4: An example decomposition of the optical (R-band) light curve of GRB 090618 [25].
Left: For a given GRB-SN event, the single-filter monochromatic flux is attributed as arising from
three sources: the AG, the SN, and a constant source of flux from the host galaxy. Middle: Once
the observations have been dereddened, the host flux is removed, either via the image-subtraction
technique or mathematically subtracted away. At this point a mathematical model composed of
one or more power-laws punctuated by break-times are fit to the early light curve to determine the
temporal behaviour of the AG. Right: One the AG model has been determined, it is subtracted
from the observations leaving just light from the SN.

di↵erent sight-lines through the Milky Way (MW) [20, 21], and extinction local to the event itself
[22, 23, 24, 25, 26], in a given filter needs to be modelled and quantified. The host contribution can
be considered either by removing it via the image-subtraction technique [27, 28, 29], subtracting the
host flux mathematically [30, 31, 32], or by including it as an additional component in the fitting
routine [33, 34, 35, 36]. The AG component is modelled using either a single or a set of broken
power-laws (SPL/BPL; [37]). This phenomenological approach is rooted in theory however, as
standard GRB theory states that the light powering the AG is synchrotron in origin, and therefore
follows a power-law behaviour in both time and frequency (f⌫ / (t�t0)�↵⌫�� , where the respective
decay and energy spectral indices are ↵ and �).

Once the SN LC has been obtained, traditionally it is compared to a template supernova,
i.e. SN 1998bw, where the relative brightness (k) and width (also known as a stretch factor,
s) are determined. Such an approach has been used extensively over the years [17, 25, 31, 32,
33, 34, 38, 39, 40, 41, 42, 43]. Another approach to determining the SN’s properties is to fit a
phenomenological model to the resultant SN LC [25, 42, 43, 44], such as the Bazin function [45],
in order to determine the magnitude/flux at peak SN light, the time it takes to rise and fade from
peak, and the width of the LC, such as the �m15 parameter (in a given filter, the amount a SN
fades in magnitudes from peak light to 15 days later). All published values of these observables
are presented in Table 3.

2.2 Spectroscopic Properties

Optical and NIR spectra have been obtained for more than a dozen GRB-SNe, of varying levels
of quality due to their large cosmological distances. Those of the highest quality show broad
observation lines of O i, Ca ii, Si ii and Fe ii near maximum light. The line velocities of two specific
transitions (Si ii �6355 and Fe ii �5169; Fig. 6) indicate that near maximum light the ejecta that
contains these elements move at velocities of order 20, 000�40, 000 km s�1 (Fe ii �5169) and about
15, 000 � 25, 000 km s�1 (Si ii �6355). The weighted mean absorption velocities at peak V -band
light of a sample of SNe IcBL that included GRB-SNe were found to be 23, 800 ± 9500 km s�1

(Fe ii �5169) by [46] (see as well Table 3). SNe IcBL (including and excluding GRB-SNe) have Fe
ii �5169 widths that are ⇠ 9, 000 km s�1 broader than SNe Ic, while GRB-SNe appear to be, on
average, about ⇠ 6, 000 km s�1 more rapid than SNe IcBL at peak light [46]. Si ii �6355 appears
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IceCube data can already constrain: 

• Fraction of supernovae harboring jets  

• Fraction of choked jets (compatible with electromagnetic observations).

Supernova-GRB Connection

⌫�
⌫

Successful GRB  
(photons & neutrinos)

Choked GRB  
(neutrinos only)

Denton & Tamborra, ApJ (2018). Denton & Tamborra, JCAP (2018). Esmaili & Murase, JCAP (2018). 
Tamborra & Ando, PRD (2016).  Senno et al., PRD (2015). Meszaros & Waxman, PRL (2001). Levan et al., ApJ (2014).



Biehl et al., MNRAS (2018). Tamborra & Ando, JCAP (2015). Fang & Metzger, ApJ (2017). Kimura et al., ApJ (2017).

Neutrinos from GRB 170817A

•Copious neutrino production from long-lived ms magnetar following the merger. 

• Favorable detection opportunities with multi-messenger triggers.
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3.3. Interaction Rates of Pions and Muons

Figure 3. Lifetime of pions (thick lines) and muons (thin
lines) in the lab frame (solid black), compared to their char-
acteristic cooling time due to hadronuclear interaction with
the ejecta baryons (dotted brown; equation 33) and syn-
chrotron radiation in the nebula (dash-dotted green; equa-
tion 34).

Charged mesons created by photopion and hadronu-
clear interactions decay into neutrinos via ⇡± ! µ± +
⌫
µ

(⌫̄
µ

) ! e± + ⌫
e

(⌫̄
e

) + ⌫
µ

+ ⌫̄
µ

. The neutrino produc-
tion competes with the radiative and hadronic cooling
of the mesons and muons. The latter occur at a rate

t�1

x, c

= t�1

xp

+ t�1

x,rad

, (32)

where x denotes either ⇡ or µ,

t
xp

= (n
p

�
xp


xp

c)�1 (33)

is the hadronic cooling rate due to interaction with the
ejecta baryons, and

t
x, rad

=
3m4

x

c3

4�
T

m2

e

E
x

u
B

(34)

is the energy loss time due to synchrotron radiation. The
relevant time scales for pions and muons are shown in
Fig. 3. Synchrotron emission dominates the energy loss
until ⇠ 105.5 s for pions and ⇠ 106 s for muons.
These cooling processes can be accounted for by in-

troducing a second suppression factor on the neutrino
production rate of the form,

fx

sup

= min

✓
1,

t
x,c

�
x

⌧
x

◆
(35)

This quantifies the fact that neutrinos are e�ciently pro-
duced only if the decay time of a pion or muon is shorter
than its cooling time.
The suppression factor can be estimated analytically

as

f⇡

sup

=0.3 ⌘�2

�1

B4

14

�3 ✏�1

B,�2

t6
5.5

(36)

fµ

sup

=1.5⇥ 10�3 ⌘�2

�1

B4

14

�3 ✏�1

B,�2

t6
5.5

(37)

where �
⇡p

= 5⇥10�26 cm2, 
⇡p

⇠ 0.8, ⌧
⇡

= 2.6⇥10�8 s,
�
µp

= 2⇥ 10�28 cm2, ⌧
µ

= 2.2⇥ 10�6 s (Eidelman et al.
2004), and taking E

⇡

⇠ 0.2E
p

as the average ratio of
pion energy to its parent proton energy in photopion
production. Because the mean lifetime of a muon ex-
ceeds that of a pion by a factor of ⇠100, muons almost
immediately experience radiative cooling before decay-
ing into secondary neutrinos.

4. NEUTRINO PRODUCTION

4.1. Individual sources

Figure 4. All-flavor fluence of high-energy neutrinos from
a stable millisecond magnetar on timescales from an hour
to a year (solid lines) after the merger. The fiducial mag-
netar model assumes an initial spin period Pi = 1 ms,
surface dipole magnetic field B = 1014 G, ejecta mass
M

ej

= 0.01M�, and source distance D = 10 Mpc. The
black dash-dotted line indicates the 90% sensitivity of Ice-
Cube for a time-integrated search of point-like sources with
one year of operation (Aartsen et al. 2017) (which is compa-
rable to its time-dependent sensitivity for a transient source
with week-long duration; Aartsen et al. 2015). The grey
dashed line shows the estimated point-source sensitivity of
ARA (Ara Collaboration et al. 2012) (or ARIANNA; Bar-
wick et al. 2015) from an one-year time-integrated search.

Neutrino production is delayed until charged pions
are both produced e�ciently and avoid being cooled ra-
diatively before decaying. The former occurs first, af-
ter the pion production rate exceeds the proton cooling
timescale once tp

sup, 0

⌘ t (t
p, rad

= t
⇡, cre

). However, ra-
diative cooling of the pions prevents neutrino production
until somewhat later, once t⇡

sup, 0

⌘ t (t
⇡, rad

= �
⇡

⌧
⇡

).
At yet later times, muons obey the same decay timescale
condition and thus also contribute to neutrino produc-



Conclusions

Neutrinos:

Fundamental in most energetic phenomena in our Universe.

Ideal messengers.

Carry imprints of the source inner working.

Determine element formation in astrophysical sources.



Grazie!


