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Neutrino “Telescopes”
HALO
SNO+ 

[P-ONE]

NovA

ANTARES
LVD, Borexino Baksan 

Baikal-GVD
KamLAND

Super-Kamiokande 
[Hyper-Kamiokande]

IceCube 
[IceCube-Gen2]

Fundamental to combine astrophysical signals from detectors employing different technologies (e.g., 
Cherenkov and liquid scintillator detectors).

Km3NeT

[DUNE, THEIA]

[JUNO, Jinping]

[GNO]



Pattavina, Ferreiro Iachellini, Tamborra, PRD (2020). Lang, McCabe, Reichard, Selvi, Tamborra, PRD (2016). Horowitz et al. PRD (2003). Drukier and 
Stodolsky, PRD (1984). Agnes et al., arXiv: 2011.07819.

• Flavor insensitive (complementary to other neutrino telescopes).  

• Compact size and excellent time resolution.
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Neutrino Telescopes Based on Coherent Scattering 

DarkSide-20k & ARGO

Neutrino “Telescopes”

See talks by  
L. Pattavina, R. Peres



Core-Collapse Supernovae

Figure credits: Royal Society



The Next Local Supernova (SN 2XXXA)

Figure from Nakamura et al., MNRAS (2016). 
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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)
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SuperNova Early Warning System 2.0.
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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 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)

Neutrino timing for GW detection. 

SNEWS 2.0, arXiv: 2011.00035. Tomas et al. (2003). Fisher et al. (2015). Linzer & Scholberg, PRD (2019). Brdar et al., JCAP (2018). Muehlbeier et al., 
PRD (2013). Segerlund et al. (2021). Mukhopadhayay et al., ApJ (2020). Pagliaroli et al., PRL (2009), Halzen & Raffelt PRD (2009). Nakamura et al., 
MNRAS (2016).



Supernova Explosion Mechanism
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Proto-neutron star Neutron star

Shock wave

Shock wave forms within the iron core. It dissipates energy by dissociating the iron layer. 
Neutrinos provide energy to the stalled shock wave to start re-expansion. 

Recent reviews: Burrows & Vartanyan (2021). Janka (2017). Mirizzi, Tamborra et al. (2016). 



Supernova Explosion Mechanism 

Tamborra et al., PRL (2013),  PRD (2014). Kuroda et al., ApJ (2017). Walk, Tamborra et al., PRD (2018), PRD (2019). Melson et al., APpJL (2015).
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SASI modes

Standing Accretion Shock Instability (SASI)

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)

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)

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)

SASI frequency: O(85) Hz.



Supernova Explosion Mechanism 

� ��� ��� ��� ��� ���

���

���

���


��

����

��

� 

�	�����

������

�!�����

���������

�
��
��
��

��
� �

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-

MNRAS 000, 000–000 (0000)
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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-

MNRAS 000, 000–000 (0000)

Neutrinos

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

Gravitational waves



SASI frequency evolution 
= Shock radius evolution

SASI

Neutrinos and gravitational waves probe 
black hole formation. 

Walk, Tamborra, Janka, Summa, Kresse, PRD (2020).

 Black Hole Forming Collapses 



Figure from Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). Moller, Suliga, Tamborra, Denton, JCAP (2018). Kresse, Ertl, Janka, ApJ (2020).   
Nakazato et al., ApJ (2015). Horiouchi et al., MNRAS (2018). Lunardini & Tamborra, JCAP (2012). Horiuchi et al., PRD (2021).

Diffuse Supernova Neutrino Background

• The diffuse supernova neutrino background is a guaranteed signal!  

• Independent test of supernova rate. 

• Constraints on fraction of black hole forming collapses.  

• Affected by binary interactions (mass transfer and mergers). 

5 10 15 20 25 30 35
10-2

10-1

100

101

102

E [MeV ]

D
SN
B

ν e
[c
m

-2
s-
1
M
eV

-1
]

See talks by  
A. Giampaolo, H. Li



Neutrino Interactions
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Linear phenomenon.

Recent review: Tamborra & Shalgar, Ann. Rev. (2021, in press).
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Non-linear phenomenon! 

Neutrinos interact among themselves.



 -sphere ⌫

Shock wave

80 km 200 km 1500 km

Non-linear flavor 
transformation (fast)

Supernova envelope

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

Non-linear flavor 
transformation (slow)

Linear flavor 
transformation

Simplified Picture of Flavor Conversions 

ne ' 1037 cm�3 ne ' 1032 cm�3

n⌫ ' 1036 cm�3 n⌫ ' 1032 cm�3 n⌫ ' 1030 cm�3
ne ' 1031 cm�3



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

FIG. 8. 3D volume renderings of �n⌫ in the 9 M
�

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

Figure 2 confirms that indeed it does not matter
whether the analysis is performed with lab-frame or
comoving-frame moments for the neutrinos. The figure
shows, in both reference frames, radial profiles of the
number densities n

⌫

of ⌫
e

and ⌫̄
e

individually and their
di↵erence for the 9M

�

model at a post-bounce time of
300ms (four upper left panels), the corresponding second
angular moments P rr

⌫

and their di↵erence (four upper
right panels), the radial neutrino-flux densities F r

⌫

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

⌫e and n
⌫̄e are approximately equal. Lab-frame

and comoving-frame quantities exhibit exactly the same
behavior.

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

⌫

, because in the di↵usion region
P rr

⌫

= 1
3 n⌫

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

⌫

! n
⌫

asymptotically for r ! 1, and therefore our
flavor-instability conditions of Eqs. (13) and (18) are not
valid any more. In the displayed model this is the case
for radii r & 30 km, for which reason the negative values

of the flavor-instability functional for r & 40 km do not

signal flavor instability in this region exterior to the PNS.
The two lower right bottom panels of Fig. 2 also dis-

play the term 16
9 (�n

⌫

)2 as part of the flavor-instability
functional for comparison with the full expression. One
can see that this term usually dominates the second one,
4
c

2 (�F r

⌫

)2, by several (typically by 2–3) orders of mag-
nitude. This can also be directly verified by comparing
�n

⌫

in the upper left panels with 1
c

�F r

⌫

displayed in
the lower left panels. We remark in passing that strongly
negative values of the ⌫̄

e

flux in the comoving frame oc-
cur because of a local temperature maximum that drives
the di↵usion flux of ⌫̄

e

inward while the more degeneracy-
driven di↵usion flux of ⌫

e

can still be outward directed.
Although the lab-frame and comoving-frame fluxes are
considerably di↵erent (because the advective component
v
r

n
⌫

can dominate the di↵usive component in the con-
vection layer of the PNS), the radial profiles of �F r

⌫

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

between the first and the second term in the flavor-
instability functional F when searching for ELN cross-
ing points by evaluating the functional with discretized
numerical results. In order to detect such points, i.e.
in order to find grid locations where F < 0, the term
16
9 (�n

⌫

)2 must be very close to zero at exactly such grid
positions, because only then the small second term can
lead to a negative value of F . If, however, the discrete
grid points are too far away from the root of F , the val-

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

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

Fast Flavor Instabilities in SN Simulations 



Non-Linear Flavor Conversions 
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Shalgar & Tamborra, PRD (2021, in press). Martin et al., arXiv: 2101.01278. Capozzi et al., PRL (2019). Shalgar, Padilla-Gay, Tamborra, JCAP (2020).  
Capozzi et al., PRL (2020). Bhattacharyya & Dasgupta, PRL (2021). Johns et al., PRD (2020).

• Flavor instabilities are damped by neutrino advection.  
  
•Neutrino conversions strongly affected by collisions.  

• Three flavor effects can be large. 

•Results not predicted by stability analysis, further work needed!

Neutrino advection Collisions

4

FIG. 3. Panels represent same as in Fig. 1. Crossing only
in Gµ⌧

v causes an exponential growth in µ � ⌧ sector (lower
panel). The two-flavor evolution shows no instability.

the sectors, though with di↵erent growth rates. Note that
the growth in ⇢

µ⌧

is inherently a non-linear e↵ect, and
will not be captured by a linear stability analysis. The
corresponding two-flavor evolution of ⇢

eµ

is also shown
for comparison. Clearly, the two-flavor evolution is very
di↵erent, with a larger onset time and growth rate.

The third case, shown in Fig. 3, presents a crossing
only in G

µ⌧

v

. There exists a reasonable asymmetry (up-
per panels) between ⌫

µ

and ⌫

⌧

(and between their an-
tiparticles as well) to generate an exponential growth in
the µ� ⌧ sector. This is what is seen in the lower panel,
where the µ � ⌧ sector experiences a flavor instability,
while the other two do not. Indeed, the two-flavor analy-
sis (dashed line) also does not exhibit any instability due
to the lack of a crossing in the ELN (Ge

v

). This example
advances the hypothesis that those regions where no ELN
crossing was found in [18, 25, 28] might, in reality, have
fast instabilities once the di↵erences between ⌫

µ

and ⌫̄

µ

are taken into account. Another comment is in order: the
amplitude of the exponential growth in our toy model is
not enough to cause substantial flavor conversions. How-
ever, the background conditions for these solutions may
dynamically change in a realistic SN environment, or if

FIG. 4. Panels represent same as in Fig. 1. However, shal-
low crossings are present in Geµ

v , Ge⌧

v in the backward direc-
tion (upper panels), leading to exponential growths in |h⇢

↵�

i|
(lower panel) for the three-flavor setup. The two-flavor evo-
lution shows no instability.

spatial evolution is taken into account, and may result in
flavor conversions.

As a final example, we consider a scenario in Fig. 4
where shallow crossings are present in G

eµ

v

, G

e⌧

v

in the
backward direction, whereas G

µ⌧

v

shows a significant
crossing in the forward direction as well. To contrast with
the two-flavor examples, the setup is constructed such
that the ELN (Ge

v

) also has a shallow crossing but in the
forward direction only. We find that such shallow cross-
ings readily lead to an instability in the three-flavor case,
whereas the two-flavor setup shows no instability (lower
panel). This example is motivated from [28], where it was
pointed out that shallow crossings in the backward direc-
tions can lead to a fast instability. In [28], such backward
crossings were associated with residual coherent scatter-
ing on heavy nuclei, which is slightly enhanced for ⌫̄

e

with
respect to ⌫

e

, because of their larger average energy. Our
toy model advances the hypothesis that the existing dif-
ferences between ⌫

µ

and ⌫̄

µ

could (at least in principle)
be the real cause of these crossings. Similarly, the non
negligible muon lepton number can also erase a potential

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

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

Neutrinos from Type IIn supernovae 7

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

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

power law with time, i.e., F⌫(E⌫) / t�2+s. Although the exact value
of s depends on the model parameters, s is bound between 1 and 2.
The two limiting values are obtained in the following regimes:

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

F⌫(E⌫) / ✏pvshK2
wt�1. (16)

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

F⌫(E⌫) / ✏pv3
shKwt0. (17)

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

t . 100 d Kw,16 �
�2
sh,�1.5, (18)

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

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

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

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

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

MNRAS 000, 1–?? (2016)

High Energy Supernova Neutrinos 

See talk by  
K. Murase



ANTARES Coll., MNRAS (2020). IceCube Coll., ApJ (2017). Pitik, Tamborra, Petropoulou, arXiv: 2102.02223. 
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High Energy Neutrinos from Long GRBs 

•No successful detection of high energy neutrinos from long GRBs. 

• Neutrino emission is strongly dependent on GRB emission mechanism. 

• Neutrino emission from low-power GRBs can be copious.

12 M. G. Aartsen et al.
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Figure 8. Excluded regions for a given CL of the generic
double broken power law neutrino spectrum as a function of
first break energy Áb and per-flavor quasi-di�use flux normal-
ization �0 derived from the presented results combined with
previous Northern Hemisphere track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches. Models
of neutrino production assuming GRBs are the sole source of
the measured UHECR flux either by neutron escape (Ahlers
et al. 2011) or proton escape (Waxman & Bahcall 1997) from
the relativistic fireball are provided for reference.

Figure 9. Upper limits (90% CL, solid lines) to the predicted
per-flavor quasi-di�use flux of numerical neutrino production
models (dashed lines) for benchmark parameters fp = 10
and � = 300 over the expected central 90% central energy
containment interval of detected neutrinos for these models,
combining the presented analysis with the previously pub-
lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)
and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.

See talks by  
K. Murase, I. Florou, T. Pitik,  

A. Rudolph, A. Zegarelli



Compact Binary Mergers

Figure credit: Price & Rosswog, Science (2006).
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Do Neutrinos Affect Element Production? 

torus

jet

viscous ejecta

dynamical ejecta

⌫ � driven ejecta

CO

  Wu, Tamborra, Just, Janka, PRD (2017). Wu, Tamborra, PRD (2017).

Neutrino may play a major role especially for element production around the polar region.



Wu, Tamborra, Just, Janka, PRD (2017). Wu & Tamborra, PRD (2017). George et al., PRD (2020).

Flavor conversions may lead to an enhancement of nuclei with A>130 (kilonova implications).
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Do Neutrinos Affect Element Production? 



Padilla-Gay, Shalgar, Tamborra, JCAP (2021).
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NS-disk remnant: with oscillations
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Multi-Dimensional Numerical Solution 

• Minimal flavor mixing in the polar region.  

• Flavor mixing < 1%. 

•More work needed!

See talk by  
I. Padilla-Gay



Figure credits: Christian Spiering. Murase& Bartos, Ann. Rev. (2019). Fang & Metzger, ApJ (2017). Kimura et al., PRD (2018). Biehl et al., MNRAS 
(2018). Kyutoku & Kashiyama, PRD (2018). Ahlers & Halser, MNRAS (2019). Tamborra & Ando, JCAP (2015). Kimura et al., ApJ (2017).

•No neutrinos detected from prompt short GRB phase. 

•Neutrinos from long-lived ms magnetar following the merger. 

•Neutrinos from internal shock propagating in kilonova ejecta.  

• Favorable detection opportunities with multi-messenger triggers.

High Energy Neutrinos from GRB 170817A? 

Short GRB Jets from Neutron-Star Mergers

I  � Introduction 
Why mass ejection from NS binaries is important ? 

1.  Electromagnetic counterparts of NS merger:           
Key for confirming gravitational-wave detection 
(talks by Korobkin……) 

2.  Ejecta could produce r-process heavy elements              
(talks by Foucart……..) 

BH

θobs

θj
Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Metzger & Berger    2012�GW170817-GRB 170817A 
success of multi-messenger & 

multi-wavelength observations

• GRB afterglow from off-axis jet
• Kilonovae from merger ejecta

Metzger & Berger 12

see also Kimura, KM+ 18, Kyutoku & Kashiyama 18, 
Biehl+ 18, Ahlers & Halser 19, Decoene+ 20 

from KM & Bartos 19

next: neutrinos?

assumption
”stable magnetar”



Neutrinos are fundamental particles in GW sources.

Neutrino conversions relevant, not yet complete understanding.

Low energy neutrinos carry imprints of the source engine.

High energy neutrinos carry information on source aftermath.

Conclusions 

Thanks!


