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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

Neutrino energies: ~ 10 MeV. 
Neutrino emission time: ~ 10 s.



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  



Multi-Messenger Signatures

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)



General Features of Neutrino Signal

Figure: 1D spherically symmetric SN simulation (M=27 M    ), Garching group. sun

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



Fingerprints of the Explosion Mechanism 

Tamborra et al., PRL (2013),  PRD (2014). Andresen et al., MNRAS (2017). Kuroda et al., ApJ (2017). 
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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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Walk, Tamborra et al., PRD (2018). Walk, Tamborra et al., PRD (2019).
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FIG. 1. IceCube detection rate for the three 15M� SN cases
placed at 10 kpc from the observer. Upper panel: Event rate
for the non-rotating, slowly and fast rotating progenitors. The
observer direction is chosen in favor of strong signal modula-
tions. Two scenarios for flavor conversions (⌫̄

e

for no flavor
conversion and ⌫̄

x

for complete flavor conversion) are shown.
Bottom panel: ⌫̄

e

event rate for the fast rotating SN for an
observer located along the SN rotation axis and on a plane
perpendicular to it.

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

In the rapidly rotating progenitor, the average event
rate is lower than in the other two cases because of the
lower energy budget radiated in neutrinos due to the
quenched accretion by the onset of the explosion. The
neutrino signal clearly reflects the unsteady downflow
dynamics and does not exhibit any clean SASI modu-
lation. To better illustrate these characteristic features,
Fig. 2 shows, on a Mollweide map of observer directions,
snapshots at di↵erent times of the amplitude of the ⌫̄

e

IceCube event rate R, normalized by its 4⇡ average hRi:
[(R�hRi)/hRi]. The downflows are visible by the relative
event rate along the rotation axis being higher than in
the perpendicular plane. This is further illustrated in the
bottom panel of Fig. 1, where the neutrino event rates
seen along the polar directions and in the perpendicular
plane exhibit similar modulation patterns, and the over-
all event rate is higher along the rotation axis. Movies of
the time-evolution of the event rate for the three studied
cases are also provided as supplementary material.

FIG. 2. Directional variations of the normalized ⌫̄
e

IceCube
rate, [(R � hRi)/hRi], for the fast rotating 15M� SN pro-
genitor on a map of observer directions at three post-bounce
times.

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

vide energy information, in addition to details on the
temporal evolution of the neutrino signal. However, in
the following, we will focus on the analysis of the neu-
trino event rate only. In fact, we found that although
the neutrino energy spectra may give us hints on the
progenitor rotation as they are more pinched for the fast
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Fingerprints of Supernova Rotation 
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FIG. 5. Analogous to Fig. 4, but for the two rotating progenitors (i.e, 15M� slowly rotating on the top and 15M� fast rotating
on the bottom). Because of rotation, the spectrograms for the “strong modulation” directions show activity above 200 Hz and
not limited to time intervals where SASI occurs.

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

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ⌫̄

e

IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to �f = 1/⌧ ⇡ 7.7 Hz, for the 27, 11.2,
and each 15M�, and over [150, 330] ms, corresponding
to �f = 1/⌧ ⇡ 5.5 Hz, for the 20M� model.

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

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
⇠ 75 Hz for the 27 and 20M� progenitors and ⇠ 55 Hz
for the 15M� progenitor. The di↵erence in the SASI fre-
quencies is due to di↵erences in the shock radii between

the progenitors, being related by f

SASI

/ R

�3/2

shock

[32, 36].

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

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

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and
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of the top panels of Fig. 6, that secondary peaks appear
at higher frequencies, and that these are multiples of the
SASI frequency. While the SASI peak will be clearly de-
tectable for a SN up to 20 kpc [9, 32], these secondary
peaks will only stand out over the background noise for
closer SNe, e.g. located at ⇠5 kpc. As the observer moves
away from the SASI plane, the neutrino event rate is less
modulated (see Fig. 3) and, correspondingly, the SASI
peak shows less power.

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

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and
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FIG. 4. Spectrograms of the ⌫̄
e

event rate observed in IceCube along the directions selected in Fig. 3 with strong, intermediate
and weak modulations of the signal (from left to right) for all non-rotating models (i.e., 27, 20, 11.2, and 15M� from top to
bottom). The spectrogram power has been normalized to the maximum Fourier power along the selected observer direction,
and plotted on a log color scale. The SASI activity corresponds to the hottest regions in each spectrogram for the 27, 20 and
15M� models. Convection is instead characterized by signal variations more uniformly spread over all frequencies above 50 Hz
in the 11.2M� model.

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

For comparison, Fig. 5 shows the spectrograms for the
slowly and fast rotating models along the three selected
observer directions. In contrast to the non-rotating pro-
genitors, the spectrograms of the rotating progenitors in
the strong-modulation direction show a wide spread in
frequencies other than the SASI frequency (see Figs. 1

0

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

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

C. Fourier transform of neutrino event rate

To distinguish the time-integrated features, Fig. 6
shows the Fourier power spectra of the ⌫̄

e

IceCube event
rates for a SN at 5 kpc for all progenitor models along
the directions selected in Fig. 3. The power spectrum
has been computed over the time interval [120, 250] ms,
corresponding to �f = 1/⌧ ⇡ 7.7 Hz, for the 27, 11.2,
and each 15M�, and over [150, 330] ms, corresponding
to �f = 1/⌧ ⇡ 5.5 Hz, for the 20M� model.

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

activity, the other three non-rotating models show a
main peak corresponding to the SASI frequency around
⇠ 75 Hz for the 27 and 20M� progenitors and ⇠ 55 Hz
for the 15M� progenitor. The di↵erence in the SASI fre-
quencies is due to di↵erences in the shock radii between

the progenitors, being related by f

SASI
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shock

[32, 36].

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

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

SASI occurs at a higher frequency in the slowly rotat-
ing model (⇠ 70 Hz) because the shock radius is smaller
than in the 15M� non-rotating progenitor [10, 63], and

Slow Rotating Model

High frequency modulations appear 
as rotational speed increases.



Supernova Astroseismology

Westernacher-Schneider, O’Connor, O.Sullivan, Tamborra et al., PRD (2019).  
Torres-Forne et al., MNRAS (2017, 2018). Morozova et al., ApJ (2018). Andrersson et al., MNRAS (1998).

Astroseismology of rotating supernovae is possible through neutrinos and gravitational waves.

Executive summary

In this part, we show that asteroseismology of rotating core-collapse supernovae is possible
with a multimessenger strategy. Using a standard stellar model with 20M� zero-age main
sequence mass with 1.0 rad/s pre-collapse central rotation, we show that an l = 2, n & 2
oscillation mode of the newly-born rotating proto-neutron star with frequency . 280 Hz is
responsible for a correlated peak emission frequency in both gravitational waves and neutrino
luminosities. We achieve this by first identifying the mode in the non-rotating model via an
eigenfunction matching procedure between the full nonlinear simulation and a perturbative
calculation. Then we follow the mode along a sequence of rotating models by establishing
the continuity of its eigenfunction. For an initial pre-collapse rotation rate of 1 rad/s, the
correlated frequency of gravitational wave and neutrino luminosity emerges. We show that
the dominant angular harmonics of the emission pattern of neutrinos on the sky are consistent
with the mode energy in a shell around the neutrinospheres, where r ⇠ 60 � 80 km. Thus,
the neutrinos carry information about the mode in the outer region of the proto-neutron star
where r ⇠ 60 � 80 km, whereas the gravitational waves probe the deep inner core r . 30
km.

Figure III: Preview of the l = 2, m = 0, n = 2 mode, whose frequency mask is overlaid on
the gravitational wave and neutrino spectrograms from our sequence of rotating models.
The models are parameterized by pre-collapse rotation ⌦ = {0.0, 0.5, 1.0, 2.0, 2.5} rad/s.
Here we see that the mode is coincident with dominant bands in the ⌦ = 1.0 rad/s case
across all messengers.
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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).

• Failed supernovae up to 20-40% of total (low-mass progenitors can also lead to failed SN). 

• Neutrinos (and GW) may be the only probes revealing black hole formation.      

Fingerprints of Black Hole Formation
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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 



Tamborra, Hanke, Janka, Mueller, Raffelt, Marek, ApJ (2014). Walk et al., PRD (2019). Walk et al., arXiv: 1910.12971. 
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

⌫e < ⌫̄e

LESA: Neutrino-Driven Instability
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Figure 9. Radial evolution of the lepton-number flux in the 11.2 M� model at 210 ms p.b. (same moment as in Fig. 8). Shown is the color-coded isotropic
equivalent of the lepton number flux, i.e., 4⇡ r2 (F⌫e � F⌫̄e ) in 1056 s�1, along angular “rays” of the transport simulation. The cut plane includes the direction of
maximal lepton emission (bottom of panels) and the opposite direction of minimal lepton emission (top of cut). The average neutrinosphere is at about 35 km
(white circle). The right panel is a zoom of the left one. PNS convection is clearly visible, with stronger activity in the hemisphere of maximal lepton-number
flux (bottom direction).

Figure 10. Distribution of the electron fraction, Ye, in the PNS and its immediate surroundings for the 11.2 M� model at the indicated p.b. times. The cut plane
is the same as in Fig. 9, i.e., it contains the dipole axis with the direction of maximal lepton-number emission being downward in these panels. The color scale
saturates when Ye > 0.15 and was chosen to highlight the Ye variations in the PNS mantle region around the central, lepton-rich core and below the neutrinosphere
(which roughly coincides with the outermost white circle). The white circles are isodensity contours at the levels of 3⇥1011, 1012, 3⇥1012, 1013, 3⇥1013, and
1014 g cm�3. Notice the development of a more strongly deleptonized shell in the upper hemisphere (direction of minimal lepton-number flux), while in the
bottom hemisphere the lepton-number fraction is larger. In this hemisphere, the mass accretion rate is larger, supplying a larger amount of fresh lepton number.

Electron fraction

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
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& Janka 2009) even when convection is weak or its growth
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and correspondingly fast infall velocities in the gain layer
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nonradial instability was first observed in 2D simulations with
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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
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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)
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Fast Pairwise Neutrino Conversions

Shalgar, Padilla-Gay, Tamborra, arXiv: 1911.09110. Shalgar & Tamborra, ApJ (2019).
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Any flavor instability will be damped by neutrino drifting unless the conditions leading to flavor 
instabilities are self-sustained in time (e.g. LESA).



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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DSNB sensitive to failed SN fraction.

  Lunardini, PRL (2009), Nakazato et al., ApJ (2015), Yuksel & Kistler, PLB (2015). Priya & Lunardini, JCAP (2017).
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⌫e

⌫̄e

Detectors employing different 
technologies provide 
complementary information.                 



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

• Constraints on the fraction of black hole forming stellar collapses.

Diffuse Supernova Neutrino Background

Moller, Suliga, Tamborra, Denton, JCAP (2018).
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Conclusions

• Neutrinos play a fundamental role in supernova mechanism. 

• Each SN phase offers different opportunities to learn about SN (and nu) physics.   

• Neutrino flavor conversions: Work still needed to grasp their role. 

• Realistic perspectives to detect the DSNB in the near future.



Thanks!


