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The Cosmos in Neutrinos
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Exploring the Cosmos with Neutrinos



Looking Ahed

and many more…  
RES-NOVA



Neutrinos from the Supernova Interiors

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
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Determination of supernova direction with neutrinos. 
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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.

Neutrinos as matched filter for gravitational wave detection.
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of supernova mechanism and proton-neutron star properties.

Neutrinos as Messengers



The Next Nearby 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
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Do we really understand what to
 expect fr

om core-collapse events?



Neutrino Flavor Conversion

Recent review: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021).
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Neutrinos interact among themselves

IMPACT ON FLAVOR CONVERSION POORLY UNDERSTOOD!

n⌫ ' 1036 cm�3
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Neutrinos interact with background matter• MSW effect - coherent forward 
scattering with fermions
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• —  coherent forward scattering - 
Neutrinos also constitute a 
background to other neutrinos  
Fast pairwise neutrino flavor 
conversion (FFC)
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matter interactions
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• Vacuum oscillations - driven by 
Δm2

Neutrino oscillations 

I. Padilla-Gay, N3AS online seminar
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Recent review: Tamborra, arXiv: 2412.23258.

Does Flavor Conversion Affect the 
Supernova Mechanism & Nucleosynthesis?

Neutrino  
self-interaction

Supernova envelope

 -sphere ⌫

MSW resonance

Neutrino  
self-interaction

Shock wave

Collision-driven 
conversion



 Ehring, Abbar, Janka, Raffelt, Tamborra, PRL (2023); PRD (2023). Nagakura, PRL (2023).

Flavor conversion aids the explosion for low-mass progenitors (9-12 Msun) and hinders 
explosion of high-mass models (20 Msun).
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FIG. 1. Angle-averaged shock radii (top) and PNS radii (bottom; defined at ⇢ = 1011 g cm�3) vs. post-bounce time for the
indicated models. Black solid lines: Models noFC (no flavor conversions). Colored solid lines: Instantaneous FFCs for ⇢ < ⇢c

as labelled in the legend. The unsteady motion of the average shocks with contraction and expansion phases is caused by the
violent large-scale convective mass flows in the neutrino heated gain layer behind the CCSN shock. The sudden growth of rshock

(small at ⇠100ms for M9.0-2D and prominent at ⇠70ms for M11.2-2D and at ⇠220ms for M20.0-2D) signals a decrease of
mass accretion rate due to the arrival of the Si/O interface. For the noFC models, we also show the angle-averaged gain radius
(dashed black) and the mean radii for ⇢ = 109 and 1010 g cm�3 (dash-dotted and dotted black lines lines, respectively), all
smoothed with 10ms running averages. For the 9.0 and 11.2M� progenitors, FFCs support an earlier onset of the explosion,
whereas for 20.0M� they thwart it and the shock recedes even more rapidly.

els. We further assume that FFCs lead to complete flavor
equilibrium under the constraints of lepton number con-
servation, in particular also of electron neutrino lepton
number, as well as energy and total momentum conser-
vation, and with respecting the Pauli exclusion principle.
Our algorithm, defined in Eqs. (9), (10), (14), and (15)
of Ref. [27], is applied after each time step in each spa-
tial cell where ⇢ < ⇢c. Some recent studies have focused
on the asymptotic FFC state [30]. We stress that our
recipe leads to a converged state: it does not change if
the algorithm is applied twice.

Our simulations were evolved in 1D until 5ms pb (post
bounce) and then mapped onto a 2D polar coordinate
grid consisting of 640 logarithmically spaced radial zones
and 80 equidistant lateral ones. The central 2 km core
was still calculated in 1D, permitting larger time steps,
yet having negligible influence on the hydrodynamic evo-
lution. During the mapping, a random cell-by-cell per-
turbation of 0.1% of the local density was applied to seed
the hydrodynamic instabilities, which otherwise would
develop only due to uncontrolled numerical noise.

We selected three progenitors with di↵erent zero-age
main-sequence masses. One is the 20M� model [31] that
we used in our previous 1D study [27]. In addition, we
investigated a 9M� [32] and 11.2M� model [33]. The
9M� star consistently explodes in multi-D simulations,
although in some more quickly and about twice as ener-

getically [6, 8, 34] than in others [29, 35, 36]. The 11.2M�
model is less ready to blow up, exhibiting a delayed and
slow onset of shock expansion [37–40]. In contrast, the
20M� star failed to explode in most multi-D simulations
[29, 35, 41, 42].
The convention for naming our simulations follows our

previous one [27], supplemented with a numerical value
for the stellar mass: M9.0-2D-xxx, M11.2-2D-xxx, and
M20.0-2D-xxx. Here xxx is a placeholder for either noFC
(“no flavor conversion”) or for the FFC threshold density.
We implement ⇢c = 109 g cm�3, ..., 1014 g cm�3 in steps
of factors of 10, corresponding to xxx = 1e09, ..., 1e14.
Results.—In our previous 1D simulations [27] of the

20M� progenitor we found that FFCs caused a faster
and stronger shock contraction than without FFCs for all
threshold densities ⇢c and for all times (except for ⇢c =
1010 g cm�3 during a short period of about 70ms around
100ms pb). This finding suggested that FFCs tend to
hinder shock revival and neutrino-driven explosions, and
this conclusion is confirmed in 2D for the 20M� star
(Fig. 1).
However, our 9 and 11.2M� progenitors demonstrate

that this is not generally the case (Fig. 1). Including
FFCs, in particular for ⇢c = 109, 1010, 1011 g cm�3, yields
significantly earlier explosions. The main explanation is
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whereas for 20.0M� they thwart it and the shock recedes even more rapidly.

els. We further assume that FFCs lead to complete flavor
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number, as well as energy and total momentum conser-
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Our algorithm, defined in Eqs. (9), (10), (14), and (15)
of Ref. [27], is applied after each time step in each spa-
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grid consisting of 640 logarithmically spaced radial zones
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was still calculated in 1D, permitting larger time steps,
yet having negligible influence on the hydrodynamic evo-
lution. During the mapping, a random cell-by-cell per-
turbation of 0.1% of the local density was applied to seed
the hydrodynamic instabilities, which otherwise would
develop only due to uncontrolled numerical noise.

We selected three progenitors with di↵erent zero-age
main-sequence masses. One is the 20M� model [31] that
we used in our previous 1D study [27]. In addition, we
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9M� star consistently explodes in multi-D simulations,
although in some more quickly and about twice as ener-

getically [6, 8, 34] than in others [29, 35, 36]. The 11.2M�
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that this is not generally the case (Fig. 1). Including
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number, as well as energy and total momentum conser-
vation, and with respecting the Pauli exclusion principle.
Our algorithm, defined in Eqs. (9), (10), (14), and (15)
of Ref. [27], is applied after each time step in each spa-
tial cell where ⇢ < ⇢c. Some recent studies have focused
on the asymptotic FFC state [30]. We stress that our
recipe leads to a converged state: it does not change if
the algorithm is applied twice.

Our simulations were evolved in 1D until 5ms pb (post
bounce) and then mapped onto a 2D polar coordinate
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was still calculated in 1D, permitting larger time steps,
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The convention for naming our simulations follows our

previous one [27], supplemented with a numerical value
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(“no flavor conversion”) or for the FFC threshold density.
We implement ⇢c = 109 g cm�3, ..., 1014 g cm�3 in steps
of factors of 10, corresponding to xxx = 1e09, ..., 1e14.
Results.—In our previous 1D simulations [27] of the

20M� progenitor we found that FFCs caused a faster
and stronger shock contraction than without FFCs for all
threshold densities ⇢c and for all times (except for ⇢c =
1010 g cm�3 during a short period of about 70ms around
100ms pb). This finding suggested that FFCs tend to
hinder shock revival and neutrino-driven explosions, and
this conclusion is confirmed in 2D for the 20M� star
(Fig. 1).
However, our 9 and 11.2M� progenitors demonstrate

that this is not generally the case (Fig. 1). Including
FFCs, in particular for ⇢c = 109, 1010, 1011 g cm�3, yields
significantly earlier explosions. The main explanation is
a higher net heating rate per nucleon (qgain) for at least
⇠100ms pb. The increased qgain causes a persistently

Flavor Conversion Affects  
the Supernova Mechanism



Neutrino Quantum Kinetic Equations

Flavor conversion physics
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Recent reviews: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021). Volpe, Rev. Mod. Phys. (2024). Tamborra, arXiv: 2412.23258.



Towards the Full Solution 

Shalgar & Tamborra, arXiv: 2503.03835. Shalgar & Tamborra, JCAP (2024), PRD (2023). ApJ (2019).

Neutrino flavor conversion occurs in the proximity of neutrino decoupling.  
Flavor equipartition for antineutrinos is obtained due to flavor conversion.
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FIG. 3. Steady state neutrino flavor configuration in the ab-
sence of flavor mixing. These distributions (generated by im-
posing H = 0 in Eq. 1 and extracted at t = 10�4 s) are
the ones adopted as input to investigate the e↵ects of flavor
conversion. Top panel: Contour plot of ⇢ee (proportional to
the ⌫e number density) in the plane spanned by cos ✓ and r.
Middle panel: Same as in the top panel but for ⇢ee� ⇢̄ee (pro-
portional to the ELN density). The dashed line marks the
region where ELN crossings develop. Bottom panel: Angular
distributions of ⌫e, ⌫̄e and ⌫x at r = 19 km (solid) and 29 km
(dotted). As r increases, the angular distributions become
prominently forward peaked in a flavor-dependent fashion and
ELN crossings develop.

in the top panel of Fig. 4 show the angle averaged occu-
pation numbers of ⌫e and ⌫x. With respect to the case
without flavor conversion (dashed lines in Fig. 4), we see
that flavor conversion pushes the distributions of ⌫e and
⌫x towards each other, sensibly modifying them with re-
spect to the case without flavor conversion. However, we
stress that flavor equipartition is not a general outcome,
but it is linked to the specific flavor setup adopted in this
paper; we have found other flavor configurations that do
not lead to flavor equipartition (results not shown here),
see also Refs. [83, 87]. The impact of neutrino flavor

FIG. 4. Steady state neutrino flavor configuration in the pres-
ence of flavor mixing (extracted 5⇥ 10�5 s after the classical
steady state configuration is reached in our simulation). Top:
Angle averaged neutrino occupation numbers of ⌫e (in red)
and ⌫x (in blue) with (solid lines) and without (dashed lines)
neutrino mixing as functions of the radius. The vertical lines
mark the radii of decoupling (approximately defined as the
radius at which F⌫i = 1/3). A similar trend holds for an-
tineutrinos; however, note that flavor conversion induces a
di↵erence between ⌫x and ⌫̄x. Bottom: Contour plot of the
di↵erence between the ⌫e occupation number without (when
the classical steady state configuration is achieved) and with
neutrino mixing in the plane spanned by cos ✓ and r. Due to
the collective nature of the neutrino flavor evolution and fla-
vor lepton number conservation, the corresponding heatmap
for antineutrinos looks very similar and is not shown.



Example: Core-Collapse Supernova 

• The neutrino heating rate increases by 15-30% due to flavor conversion.  

• Impact on multi-messenger observables?

Shalgar & Tamborra, JCAP (2024). Shalgar & Tamborra, arXiv: 2503.03835. 
Ehring, Abbar, Janka, Raffelt, Tamborra, PRL (2023). Nagakura, PRL (2023).
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Diffuse Supernova Neutrino Background

Figure credits: Kamioka Observatory.



Figures from Harada’s talk @ Neutrino 2024. Harada et al., ApJ Lett. (2023).
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Differential flux upper limits
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Spectral-independent analysis

Highlight: 
956 days of SK-Gd with Gd 0.01%(552 d)+0.03%(404 d) 
Spectrum independent analysis 

Only use Nn = 1 events 
Differential upper limit for 9.3 < Eν< 31.3 MeV 

Update the world stringent sensitivity for almost all bins
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Modern DSNB Theoretical Predictions
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Spectral-independent analysis

Highlight: 
956 days of SK-Gd with Gd 0.01%(552 d)+0.03%(404 d) 
Spectrum independent analysis 

Only use Nn = 1 events 
Differential upper limit for 9.3 < Eν< 31.3 MeV 

Update the world stringent sensitivity for almost all bins
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Figure from Martínez-Miravé, Tamborra, Aloy, Obergaulinger, PRD (2024).

Constraints on the Supernova Population

The DSNB detection, combined with EM constraints, could provide crucial insight on the 
population of collapsing massive stars. 

11

FIG. 8. Present and future constraints from neutrino (DSNB) electromagnetic data and numerical simulations on the fraction
of magnetorotational collapses (fMR) and neutrino-driven BH-forming collapses (f⌫BH). The red-shaded region corresponds to
the projected sensitivity of Hyper-Kamiokande-Gadolinium after 20 yr of data, taking into account the uncertainties on the
CCSN rate. To guide the eye, the black dot marks our fiducial DSNB model. The orange band represents the observed rate of
successful explosions constrained by the Palomar facility [85]. The green-shaded region displays the interval of f⌫BH extracted
from simulations of the CCSN population [17]. Additional constraints from the search for disappearing luminous stars from the
Large Binocular Telescope [84] are shown in blue. The vertical dashed line corresponds to the upper limits on the observed rate
of stripped-envelope SNe (SESNe) at the Palomar transient facility [85]. The neutrino and electromagnetic data and numerical
simulations can potentially provide complementary constraints on fMR and f⌫BH.

the ⌫̄e component of the DSNB flux. In particular, in the
near future, Super-Kamiokande-Gadolinium and JUNO
could reject the background-only hypothesis with an ex-
posure of 6–8 yr for fractions of magnetorotational col-
lapses above 10–20%, i.e. 2–4 yr earlier than for fMR = 0.

Given its larger size, the upcoming Hyper-
Kamiokande-Gadolinium neutrino telescope could
measure a fraction of magnetorotational collapses
larger than 7% at 3� after 20 yr of data-taking, if
meanwhile we can infer the fraction of (neutrino-driven)
BH-forming collapses and pin down the uncertanties on
the CCSN rate through electromagnetic observations.
This measurement would further benefit from improved
background reduction and detection e�ciency.

The observational signatures of magnetorotational col-
lapses in the DSNB signal are entangled with the
ones linked to neutrino-driven BH-forming collapses.
However, complementary electromagnetic probes, e.g.,
searches for disappearing luminous stars [84, 86, 87],
could help to break such degeneracies. Moreover, pre-
vious work [39, 40] suggests that a subset of our suite
of magnetorotational models could harbor progenitors of
long gamma-ray bursts (LGRBs). Assuming that the
magnetorotational progenitors with ZAMS mass M &
15M� lead to GRB jets [39] and that magnetorotational
core collapses are the only sources of LGRBs, one could
compare the rate of LGRBs with our findings to break
the DSNB degeneracies. Similarly, the connection be-

tween these magnetorotational collapses and superlu-
minous SNe [39] could also be explored. Such multi-
messenger approach would greatly benefit from reduced
uncertainties on the star formation history [88] as well as
progress in stellar evolution models [89–92], and our un-
derstanding of angular momentum transport in massive
stars [93–96].
With this work, we set a roadmap for an improved

comprehension of the sources that can contribute to the
DSNB, particularly protomagnetars and spinars. While
existing data are still plagued by astrophysical uncer-
tainties, the combination of upcoming neutrino and elec-
tromagnetic measurements will be crucial to learn more
about the properties of the population of magnetorota-
tional collapses in our Universe.
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Neutrinos from the Supernova Outskirts

Figure credits: BBC Science Focus



Recent review: Tamborra, arXiv: 2412.23258.
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Gamma-Ray and Neutrino Diffuse Emission

Sarmah, Chackraborty, Tamborra, Auchettl, JCAP (2022). Waxman, ApJ (2025). Pitik, Tamborra, Angus, Auchettl, ApJ (2022).

• Supernovae may explain the low-energy excess observed in the diffuse background of high-
energy neutrinos, without overshooting the gamma-ray diffuse background. 

• SNe of Type IIn and II-P detectable in gamma-rays and neutrinos with CTA and IceCube.
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Figure 10. Total di↵use gamma-ray (in red) and all-flavour neutrino (in green) backgrounds from
YSNe as functions of the observed particle energy, analogous to Fig. 9. The subscript j stands for
⌫ or �. For gamma-rays, the orange data points with error bars illustrate the di↵use gamma-ray
background measured by Fermi-LAT (IGRB) [171]. The purple dashed curve shows the unexplained
portion of the IGRB [47, 82, 172]. For neutrinos, the black-dashed line shows the IceCube (HESE)
di↵use flux best fit for 7.5 years of data (black data points with error bars); the cyan band depicts
the uncertainty on the IceCube di↵use flux at 68% confidence level [3]. The di↵use flux sensitivity
of the future neutrino experiment KM3NeT is also shown by the light blue band [173]. It is evident
that part of the parameter space considered for YSNe is ruled out from multi-messenger constraints
from Fermi-LAT and IceCube. Nevertheless, our benchmark YSN parameters (Table 1) can very
well explain part of the IceCube di↵use flux without the correspondent gamma-ray emission being in
tension with the Fermi-LAT gamma-ray data. KM3NeT will further probe the di↵use neutrino flux
from YSNe in the energy range 104-106 GeV.

from blazars, although recent work shows evidence for star-forming galaxies as the dominant
contributors to the IGRB [52, 55, 59, 174, 175]. Our findings are in agreement with this
picture on the IGRB composition. In fact, our benchmark YSN gamma-ray background (red
solid line) is severely attenuated above 100 GeV and not in tension with blazar unexplained
flux (purple dashed line). Moreover, the gamma-ray di↵use emission from star-forming galax-
ies should originate from the collisions of the SN accelerated protons with molecular clouds
(ISM) in these active galaxies [176, 177] and therefore include the contribution of YSNe as
well. However, the gamma-rays created in YSNe undergo larger attenuation (due to the
dense CSM environment) than gamma-rays created in a thin ISM [59]. By comparing the
di↵use gamma-ray emission predicted in this work with the Fermi-LAT data in Fig. 9, it is
evident that our benchmark di↵use gamma flux is smaller than the Fermi-LAT IGRB and
thus might negligibly contribute to the total SBG flux.

As for high-energy neutrinos, our benchmark YSN neutrino background is in good
agreement with the IceCube HESE data below 106 GeV. Intriguingly, the YSN neutrino

– 21 –



Optically Informed Searches of Supernova Neutrinos 13

Figure 8. Cumulative number of muon neutrino and antineutrino events for SN 2020usa and SN2020in, as functions of time in the observer frame. The
solid and dashed lines correspond to the the most optimistic and pessimistic cumulative number of events in the indicated energy range, respectively. The
SN model parameters for the most optimistic scenario are the same as the ones in Fig. 7, while the parameters leading to the most pessimistic conditions for
neutrino production are "ej = 1 "� , "CSM = 25 "� , 'CSM = 9 ⇥ 1015 cm, ⇢k = 2 ⇥ 1051 erg for SN 2020usa, and "ej = 1.6 "� , "CSM = 10 "� ,
'CSM = 9 ⇥ 1015 cm, ⇢k = 7 ⇥ 1050 erg, for SN2020in. In both cases Yrad = 0.7. Neutrinos in the the energy range [100 TeV, 1 PeV] are not produced in the
pessimistic scenarios. The gray vertical lines indicate the time at which the shock reaches the photospheric radius 'ph.
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Figure 9. Muon neutrino and antineutrino (taking into account flavor oscil-
lation, in blue and orange) and optical luminosities (after interpolation, in
green) for SN 2020usa (solid lines) and SN 2020in (dashed lines) as func-
tions of time in the source frame. The two selected SNe exhibit a comparable
evolution of the total neutrino luminosity (blue lines) because Crise and !peak
for both SNe are such to lead to similar parameters for what concerns the
most optimistic prospects for neutrino emission. The blue curves have been
obtained by considering the 100 GeV–1 PeV energy range. The orange lines
represent the neutrino luminosity in the high energy range 100 TeV–1 PeV and
show how the peak of the high energy neutrinos is shifted [up to O(100 days)]
with respect to the optical peak.

sensitive when a stacking of all sources is applied (see e.g. Abbasi
et al. 2023). The stacking requires a weighting of the sources relative
to each other. Previous searches assumed that all sources are neutrino
standard candles, i.e. the neutrino flux at Earth would scale with the
inverse of the square of the luminosity distance, or used the optical
peak flux as a weight. This work indicates that neither of those
assumptions is justified. Modeling of the multi-wavelength emission

Figure 10. Number of muon neutrino and antineutrino events expected at the
IceCube Neutrino Observatory (solid lines) and IceCube Gen2 (dashed lines)
as functions of the redshfit for a benchmark SN with the same properties of
SN 2020usa but located at declination U = 0 and variable I. The number of
neutrino events is obtained integrating up to 200 days to optimize the signal
discrimination with respect to the background. The redshift of SN 2020usa
is marked with a dashed orange line to guide the eye. The core-collapse SN
rate is plotted as a dot-dashed line (see y-axis scale on the right), in order
to compare the expected number of neutrino events with the probability of
finding SNe at a given I; the core-collapse SNe rate should be considered as
an upper limit of the rate of interaction-powered SNe and SLSNe (see main
text for details). We expect #a`+ā` = 10 at I ' 0.002 (3L � 9 Mpc) for
IceCube and I ' 0.003 (3L � 13 Mpc) for IceCube-Gen2.

can yield a source-by-source prediction of the neutrino emission,
which can be used as a weight.

Another important analysis choice is the time window to consider
for the neutrino search. A too long time window increases the back-

MNRAS 000, 1–18 (2023)

• For a given optical light curve, the neutrino signal cannot be determined exactly.  

• Stacking neutrino searches based on “standard candles” are not optimal. 

• The optical and neutrino light curves do not peak at the same time. 

• Essential to combine X-ray/radio and UVOIR observations to aid neutrino searches.
Pitik, Tamborra, Lincetto, Franckowiack, MNRAS (2023). Guarini, Tamborra, Margutti, Ramirez-Ruiz, PRD (2023). 

Follow-up Programs to Be Optimized



Theoretical Models to Be Improved — 1

Rudolph, Tamborra, Gottlieb, Astrophys. J. Lett. (2024) & ApJ (2025, in press).

Subphotospheric emission from short gamma-ray bursts 3
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Figure 1. Top: Charateristic properties of our benchmark jet simulation at 7 s and in the x–z plane. From left to right we
show the radial component of the Lorentz factor �rad, the logarithmic comoving mass density log10(⇢

0), and the logarithmic
magnetization log10(�). In order to highlight the location of the relativistic jet, we plot here the jet region with viewing angle
�0.4 rad < ✓ < 0.4 rad; the dotted white line marks ✓ = 0 to guide the eye. The blue, purple, red, and yellow isocontour lines
correspond to the radial Lorentz factor �rad equal to 1.5, 3, 10, and 25. At 7 s, the relativistic jet sits around 1.4–2⇥ 1011 cm
and it is surrounded by a mildly relativistic cocoon, whose comoving mass density (magnetization) is larger (smaller) than that
of the jet. The jet simulation inputs from the shaded region at r & 1.8⇥ 1011 cm for the 7 s snapshot are not considered in our
investigation of the particle acceleration sites. Instead, an extrapolation procedure based on a comoving shell located between
1.48–1.8 ⇥ 1011 cm for the 7 s snapshot is adopted (see main text for details and region delimited by the white solid lines in
the top panels); we then extend such extrapolation up to ' 1012 cm, which is slightly below the photosphere, i.e. beyond the
jet evolution computed through the GR-MHD simulation. We model the acceleration and particle production following the
evolution of the comoving shell, moving out from 1⇥ 1011 cm, as sketched in the left panel. Bottom: Evolution of �rad, ⇢

0 and
� for ✓ = � = 0 (thus, along the dotted line in the upper panel) for 5.0, 5.5, 6.0, 6.5, and 7.0 s. In the left plot, we indicate the
average Lorentz factor of the last snapshot h�radi7s with a dashed purple line. The shaded band marks the jet region considered
in our multi-messenger emission modeling, which in the two right plots corresponds to the thick, non-transparent lines. In the
middle bottom plot of ⇢0, we show the power-law extrapolation of the density as a dashed black line, while in the right plot of
� we indicate the average magnetization at 7 s within the jet region as dashed purple line (see main text for details).

Bulk of non-thermal photon spectrum can stem from hadronic processes below the 
photosphere (usually just invoked for neutrino production). 

Leptonic processes only  
(usually considered)

Leptonic + hadronic processes 
(our work)

8 Rudolph, Tamborra & Gottlieb

Figure 3. Evolution of the comoving spectral energy distribution of photons with radius, split in three regions (see also Fig. 2).
In the magnetic reconnection region (first panel from the left), the local enhancement of the magnetization enables magnetic
reconnection and the subsequent acceleration of electrons. In the expansion region (second panel), no energy dissipation takes
place and therefore the photon distribution peak shifts to lower energies, with overall lower photon density as a result of the
plasma expansion. Finally, in the sub-shock region (third panel), both protons and electrons are accelerated at collisionless
sub-shocks, leading to the appearance of a non-thermal high-energy tail and a softening of the spectrum below the distribution
peak. In order to highlight the impact of hadronic processes, the photon distribution obtained without non-thermal protons is
also shown in the sub-shock region (fourth panel). To highlight the evolution of the photon distribution, a power-law fit at the
final snapshot of each region is provided.

Figures 3 and 4 show our findings on the time evo-
lution of the photon and neutrino spectral energy dis-
tributions, respectively, between 1011 cm and 1012 cm
obtained by solving Eq. 5 and relying on the evolution of
the shell introduced above. In the following, we outline
the main features of the particle distributions consider-
ing the three jet regions introduced before (see Fig. 2):

1. Magnetic reconnection region. During the ramp-
up of the magnetization � at 1.0⇥ 1011 cm < r <
1.3⇥1011 cm, the photon distribution evolves as a
thermal one; adiabatic expansion and the decreas-
ing thermal electron temperature are responsible
for the shift of the distribution peak at lower ener-
gies and a decrease in number density. The slope
of such a spectrum is E0n�(E0

�) / E02
� .

As magnetic reconnection becomes active for r &
1.3 ⇥ 1011 cm, two e↵ects manifest: 1. A non-
thermal photon population is injected. The latter
appears as a non-thermal tail at E0

� & 102 keV in
the initial power-law distribution. At lower ener-
gies, e�cient Comptonization of the synchrotron
seed photons induces a softening of the spectrum
between E0

� ⇠ 10�1–1 keV. At the lowest ener-
gies, the plasma is still in thermal equilibrium, its
thermal shape induces a “bump”-feature at the
turnover energy. 2. Due to the low � . 10, protons
are not accelerated above thermal energy. Sub-

sequently, roughly half of the dissipated energy
heats the thermal population. Since photons and
electrons are still coupled, the peak of the photon
thermal spectrum is consequently shifted to higher
energies. As the energy dissipation ceases and
the electron acceleration stops, the non-thermal
signatures directly disappear and a narrow Wien
spectrum approximately scaling as E02.43

� is evi-
dent (light orange line in the leftmost panel of
Fig. 3). Due to proton acceleration being ine�-
cient, no neutrino production is expected.

2. Expansion region. As the jet expands without fur-
ther energy dissipation, the plasma cools and di-
lutes. Hence, the peak of the photon distribution
moves to lower energies, and lower photon den-
sities are achieved. The redistribution of photons
abundantly present due to the previous dissipation
phase yields a spectrum scaling approximately as
E01.12

� (in the region where the spectrum is not
in thermal equilibrium for E0

� & 10�2 keV—see
the second panel to the left of Fig. 3). As the
plasma moves outwards, the turnover energy at
which photons are still in equilibrium shifts to
lower energies, broadening the the soft part of the
spectrum.
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Rudolph, Tamborra, Gottlieb, Astrophys.J. Lett. (2024) & ApJ (2025, in press). Guarini, Tamborra, Gottlieb, PRD (2023).

State-of-the-art collapsar jet simulations predict subphotospheric neutrinos with lower 
energies than previously expected.
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neutrino production may occur at the sites discussed in
Refs. [57, 71, 76]. It is still to be proven whether further
particle acceleration can occur in magnetized unsuccess-
ful jets at the same sites, namely at RIS ' Rh . Renv.

If the jet head is halted in the extended envelope at the
position Rh, the neutrino signal produced at the acceler-
ation sites discussed in Sec. IV can be attenuated because
of neutrino propagation in matter between Rh and Renv.
The attenuation factor for the neutrino fluence scales ap-

proximately as fatt ' exp[�
R Renv

Rh
⇢(R)/(2mp)�CC

⌫ (E⌫)],

where ⇢(R) is given in Eq. 28 and �
CC
⌫ is the cross sec-

tion for neutrino-charged current interactions which is
the dominant process in the GeV–TeV energy range of
interest [143]. Attenuation is relevant when fatt ⌧ 1;
for the density profile in Eq. 28, we find that this con-
dition is fulfilled for E⌫ & 100 TeV, i.e. it is negligible
for the scenarios investigated in this paper. Neutrino fla-
vor conversion may also occur in choked jets [144–146],
nevertheless for our collapsar scenarios the flavor com-
position at Earth is not substantially altered [147]. Fur-
ther attenuation of the neutrino signal may be caused
by the increase of the jet-cocoon mixing in the presence
of a massive envelope, which cannot be analytically es-
timated. Hence, the results presented in Sec. IV for the
subphotospheric neutrino signal expected on Earth still
shall be interpreted as an upper limit for a magnetized
jet halted in an extended envelope.

VI. EXPECTED SUBPHOTOSPHERIC
NEUTRINO EMISSION

By relying on the findings of Secs. IV and V, in this
section we present the total fluence expected for subpho-
tospheric neutrinos produced in collapsar jets. We also
compare our finding with the existing literature. Our re-
sults are sensitive to the underlying reference simulations.
Yet they urge to move towards a more robust modelling
than the one provided by analytical treatments.

A. Neutrino fluence

Figure 13 shows the total subphotospheric muon neu-
trino fluence, where the lower limit is set by �0 = 15 and
the upper limit by �0 = 200. In the former case, only
internal sub-shocks are a viable mechanism for neutrino
production, since the magnetization along the jet is not
large enough to sustain magnetic reconnection; see Fig. 9.
In the latter scenario, both sub-shocks and magnetic re-
connection contribute to shape the neutrino energy dis-
tribution from the optically thick region; see Figs. 7 and
9. The neutrino fluence has a cuto↵ at E⌫ ' 4⇥104 GeV
(E⌫ ' 103 GeV) for �0 = 200 (�0 = 15). This is due to
the large baryon density in the outflow, which substan-
tially limits the maximum energy at which protons can
be accelerated.

FIG. 13. Muon neutrino fluence on Earth for a collapsar jet
at z = 2. The purple band represents the range of variability
of the subphotospheric neutrino production (optically thick
region); the lower limit corresponds to the fluence obtained
for �0 = 15 (as displayed in Fig. 9), while the upper limit
is obtained for �0 = 200 (see Figs. 7 and 9). The purple
dashed line corresponds to the neutrino fluence expected for
�0 = 2000; see main text for details. For comparison, we
show the benchmark muon neutrino fluence from the opti-
cally thin region (above the photosphere) of a successful col-
lapsar jet, namely a GRB (see Appendix D). The red line
represents the atmospheric background expected during the
jet lifetime [148–150]. The neutrino signal in the optically
thick region of the outflow extends up to E⌫ ' 4 ⇥ 104 GeV
(E⌫ ' 103 GeV) for �0 = 200 (�0 = 15) and it lies below
the atmospheric background. For �0 = 2000, the neutrino
signal extends up to E⌫ . 7⇥ 104 GeV and it is comparable
in intensity to the atmospheric background.

As pointed out in Ref. [44], GRB jets may have initial
magnetization larger than the ones considered in this pa-
per (�0 & 1000) in order to reach the observed Lorentz
factors of a few hundreds. Because of numerical limita-
tions, jet simulations with such large �0 are not yet avail-
able. Nevertheless, we extrapolate the radial profiles of
the jet characteristic quantities (h⇢0ji, h�ji, h�ji) for a
relativistic jet with �0 = 2000 by assuming a constant
scaling ratio on the basis of the simulations with �0 = 15
and �0 = 200 (see Fig. 2), while the temperature is kept
unchanged. The corresponding neutrino fluence increases
up to one order of magnitude compared to the one ob-
tained for �0 = 200, as shown in Fig. 13 (dashed purple
line). Yet, the larger baryon density and magnetic field
in the jet are such that the neutrino spectrum extends up
to energies . 7 ⇥ 104 GeV. While this result should be
interpreted as an order of magnitude computation and
may change if it were to be obtained by relying on self-
consistent jet simulations, it provides a good insight on
what to expect.

Ẽj ¼
R t̃j
0 dt̃L̃jðt̃Þ.1 The simulation reveals that the disk-jet

system develops misalignment relative to the CO axis. This
results in the jet wobbling with an angle θw ≃ 0.2 rad
throughout its propagation. The effective opening angle of
the jet is ≃θj þ θw ¼ 0.3 rad. It is useful to define the total
isotropic-equivalent luminosity of the jet L̃iso ¼ L̃j=ðθ2j=2Þ,
since it is directly related to the observed quantities on
Earth [3]. The postbreakout jet isotropic luminosity is
L̃iso ≃ 1054 erg s−1, although it might seem that this lumi-
nosity lies in the tail of the luminosity distribution of long
duration GRBs [87], L̃iso effectively observed would be
smaller because of the jet wobbling and therefore within
average or just above the peak of the luminosity distribution
of long GRBs [87]; see Ref. [88] for a detailed discussion.
Our benchmark simulation does not constrain the jet
lifetime. Hence, we assume tj ¼ 10 s, which is represen-
tative of long GRBs [89]. Note that other sources of
interest—such as LFBOTs or low luminosity GRBs—have
typical luminosity smaller than the ones of long GRBs,
see e.g., Refs. [11,90,91].

The magnetic field of the CO plays a crucial role in the
launching of the jet. A fundamental quantity entering the
dynamics of the outflow is its magnetization,

σ ¼ B02

4πρ0c2
; ð1Þ

where B0 is the comoving magnetic field strength and ρ0 is
the comoving matter density in the jet. Simulations are
performed for two initial magnetizations: σ0 ¼ 15 and
σ0 ¼ 200. The initial magnetization of the jet corresponds
to the maximum asymptotic velocity that each fluid
element in the outflow can reach, if no mixing takes place.
Because the jet wobbles, it is convenient to describe the

jet dynamics in terms of angle averaged quantities, namely
the energy-flux weighted quantities. The top panels of
Fig. 2 show the jet proper velocity hβjΓji, magnetization
hσji, and comoving matter density hρ0ji, where the symbol
h…i denotes angle averaged quantities. Here, βj and Γj are
the dimensionless velocity and the Lorentz factor of the jet,
respectively. The left (right) panel has been obtained for
σ0 ¼ 15 (σ0 ¼ 200), and all quantities have been extracted
when the jet head is at R ≃ 10R⋆. The magnetization of the
jet hσji decreases with the radius, a fraction of which is
dissipated, while some is invested in accelerating the bulk
motion, hence the increase in hβjΓji. This hints towards
efficient conversion of magnetic energy into kinetic energy,
up to R ≃ 3 × 108 cm (R ≃ 2 × 109 cm) for σ0 ¼ 15
(σ0 ¼ 200). At this distance from the CO, both hσji and
hβjΓji start showing an erratic behavior, induced by the
entrainment of stellar material from the cocoon in the jet. In
Fig. 3 we show the comoving angle averaged temperature
hT 0

ji and magnetic field hB0
ji along the jet, when the jet

head reaches R ¼ 6R⋆, as in Fig. 2. The temperature and
the magnetic field profiles are similar for both initial
configurations with σ0 ¼ 15 and σ0 ¼ 200.
While it propagates through the star, the jet inflates a

high pressure region, the cocoon, which plays a funda-
mental role in the collimation of the jet [23–27]. The
cocoon, see also Fig. 1, is characterized by the average
proper velocity hβcΓci, magnetization hσci, and comoving
matter density hρ0ci, whose radial profiles are shown in the
bottom panels of Fig. 2. The cocoon magnetization is
hσci ≲ 0.1 throughout its whole evolution. The cocoon
propagates at nonrelativistic to mildly relativistic velocities,
with hβcΓci≲ 1. The isocontour in Fig. 1 shows the
existence of the countercocoon (white/brown region),
which collides with the cocoon outside the star at the
distance R ≃ 2R⋆.
The jet-cocoon mixing observed in Fig. 2 plays a crucial

role in the definition of the outflow optical depth, since it
increases the jet baryon density and it reduces the jet Lorentz
factor. Hence, we show a contour plot of the Thompson
optical depth τ of the outflow in Fig. 4. The latter is highly

FIG. 1. Isocontour of the matter density of the star (yellow)
and the cocoon (white/brown) combined with the asymptotic
proper velocity of the jet (gray/blue) for the simulation with
σ0 ¼ 15 extracted when the jet head is at R ≃ 10R⋆ ¼ 4 × 1011.
The jet is collimated by the cocoon, which breaks out from the
star. A shock develops at the interface between the cocoon and
the countercocoon (same colors as the cocoon, but on the
opposite axis).

1We adopt three different reference frames throughout this
paper: the CO frame, the observer frame and the jet comoving
frame. Quantities in each of these frames are denoted as: X̃, X,
and X0, respectively.
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Conclusions

• Neutrinos are key messengers of the supernova physics and supernova population. 

• Modeling of neutrino physics in the supernova core is still preliminary. 

• Interpretation of multi-messenger data requires a major step forward in source modeling. 

• We need to optimize multi-messenger follow-up programs to be able to test our models. 

Thank you!


