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Stellar death
• 𝑀 ≳ 8	𝑀!"#: iron core forms 

• Loss of pressure à core 
collapses into proto-neutron 
star (PNS) 

• 𝑂 10 	𝑠 neutrino burst cools 
the PNS
• Ln ~ G M2

f/Rf – G M2
i/Ri ~ 3 1053 

ergs      (Rf ~ 10 Km)

•  (revived) shockwave drives 
explosion of star
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Christian D. Ott1,2

1TAPIR, Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, CA, 91125, USA
2Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto, Japan

How do massive stars explode? Progress toward the answer is driven by increases in compute power. Petascale supercomputers
are enabling detailed three-dimensional simulations of core-collapse supernovae. These are elucidating the role of fluid instabilities,
turbulence, and magnetic field amplification in supernova engines.

Index Terms—Supernovae, neutron stars, gravitational collapse

I. INTRODUCTION

Core-collapse supernova explosions come from stars more
massive than ⇠8 � 10 times the mass of the Sun. Ten
core-collapse supernovae explode per second in the universe,
automated astronomical surveys discover multiple per night,
and one or two explode per century in the Milky Way. Core-
collapse supernovae outshine entire galaxies in photons for
weeks and output more power in neutrinos than the combined
light output of all other stars in the universe, for tens of
seconds. These explosions pollute the interstellar medium
with the ashes of thermonuclear fusion. From these elements,
planets form and life is made. Supernova shock waves stir the
interstellar gas, trigger or shut off the formation of new stars,
and eject hot gas from galaxies. At their centers, a strongly
gravitating compact remnant, a neutron star or a black hole,
is formed.

As the name alludes, the explosion is preceded by collapse
of a stellar core. At the end of its life, a massive star has
a core composed mostly of iron-group nuclei. The core is
surrounded by an onion-skin structure of shells dominated by
successively lighter elements. Nuclear fusion is still ongoing
in the shells, but the iron core is inert. The electrons in the core
are relativistic and degenerate. They provide the lion’s share of
the pressure support stabilizing the core against gravitational
collapse. In this, the iron core is very similar to a white
dwarf star, the end product of low-mass stellar evolution.
Once the iron core exceeds its maximum mass (the so-called
effective Chandrasekhar mass of ⇠1.5�2 solar masses [M�]),
gravitational instability sets in. Within a few tenths of a
second, the inner core collapses from a central density of
⇠1010 g cm�3 to a density comparable to that in an atomic
nucleus (& 2.7 ⇥ 1014 g cm�3). There, the repulsive part of
the nuclear force causes a stiffening of the equation of state
(EOS; the pressure–density relationship). The inner core first
overshoots nuclear density, then rebounds (“bounces”) into
the still collapsing outer core. The inner core then stabilizes
and forms the inner regions of the newborn protoneutron
star. The hydrodynamic supernova shock is created at the
interface of inner and outer core. First, the shock moves
outward dynamically. It then quickly loses energy by work

H

He
Iron Core

Red Supergiant
(not drawn to scale)

Si
C,O

R≈109 km

Inner
Core

1.5−2M⊙

≈2000 km

Accretion

≈4
00

km

Core Collapse to
Protoneutron Star

(PNS)

Stalled Shock

PNS

ν
ν ν

ν

ν

ν
ν

ν

ν

ν

M•

M•

M•

M•

Shock
revived

Shock not
revived

©
An
gl
o-
Au
str
ali
an

O
bs
er
va
to
ry

Core-Collapse
Supernova Explosion

Black Hole
Formation

τ ≈ 1− few
Seconds

Fig. 1. Schematic of core collapse and its simplest outcomes. The image
shows SN 1987A, which exploded in the Large Magellanic Cloud.
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Fig. from C. Ott, Comput.Sci.Eng. 18 (2016) 5, 78-92



Neutrino cooling and hea4ng

• ν thermalize in ultra-dense 
matter
• Surface emission of  𝜈!, �̅�! , 𝜈", 
�̅�" (x=μ,τ)

• Approx. thermal spectrum,   
 E  ~ 10-20 MeV

• ordering of spectra due to 
different decoupling radii: 

The di↵use supernova neutrino background: a modern approach
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while in the second and third columns we show the fluxes for the case in which the neutrino
oscillations for NO (2nd column) and IO (3rd column) are considered.

Figure 1. SN neutrino fluence for the no-oscillation case (left panel), for the three-active mixing
scheme including both vacuum and matter effects considering normal mass ordering (middle panel)
and invert mass ordering (right panel). All the plots consider only the first second of the SN event,
which considers a total neutrino energy of 150foe. In this plot, we have set the spectral parameters to
b = 3, hEne i = 12 MeV, hEn̄e i = 15 MeV, and hEnx i = 18 MeV [30].

3. Selected Detectors and Interactions Channels

To calculate the expected signal on Earth, the interactions of SN neutrinos in various
channels have been computed. This involved selecting detectors of different technology
and incorporating channels sensitive to different flavors. In Table 1, the chosen detectors,
their host laboratory (location), the type of channel (neutral or charged current) they can
detect, and the considered processes are presented.

Table 1. Selected detectors to perform the calculations of the expected signal. The selected interaction
channels (type of current and processes) are shown in the last two columns.

Detector Location Tot. Mass (Fid. Mass) Current Process

SNO+ SNOLAB ⇠ 780 t (⇠ 0.45 kt) CC n̄e + p ! n + e+

NC n + p ! n0 + p

NC n +12 C !
12 C⇤(15.11MeV)+n0

HALO SNOLAB ⇠ 79 t CC ne +208 Pb !
207 Bi + n + e�

CC ne +208 Pb !
206 Bi + 2n + e�

NC nx +208 Pb !
207 Pb + n

NC nx +206 Pb !
207 Pb + 2n

DUNE Fermilab ⇠ 70 kt (⇠ 40 kt) CC ne +40 Ar ! e� +40 K⇤

CC n̄e +40 Ar ! e+ +40 Cl⇤

NC n +40 Ar !n +40 Ar⇤

NC + CC n + e� ! n + e�

Fig: Maria M. Saez, Universe 2023, 9(11)



A collaboration of all fundamental forces
Gravity )

Nuclear forces )

Neutrino push ) Hydrodynamics )

(Crab nebula, SN seen in 1054)

• ν heating helps launch stalled 
shock
• Competition with mass accretion

Figure: Amol Dighe, talk at WHEPP XV, 2017



Direct narra4ve of near-core physics
Neutroniza7on: e- + p à n  + νe 

accretion Surface emission Volume emission
nuclear burning/
Volume emission

Figure from Roberts and Reddy, Handbook of Supernovae, Springer Intl., 2017



Status and highlights: theory 



Numerical simula,ons: progress toward 3D 
• Understanding neutrino-driven shock-revival: from 2D to 3D 
• neutrino heating efficiency increased by multi-D effects: convection, 

Standing Accretion Shock Instability (SASI)
• Characterize failed revival (black hole formation) 

3D Supernova Models: From �7 Minutes to +7 Seconds 19
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Figure A1. Average shock radii for all models with LS220

EoS and without muon physics. Colored solid lines corre-

spond to the 3D models with di↵erent angular resolution

(L, M, and H) employing 3D pre-collapse progenitor data.

The colored dash-dotted lines display results for the corre-

sponding cases starting from the 1D progenitor data. The

black lines show the 1D simulation (solid) and the 1D model

with artificially triggered explosion (dashed), whose neu-

trino luminosities and mean energies of the PNS are em-

ployed in the 3D extension run M P3D LS220 m�HC of model

M P3D LS220 m�. In M P3D LS220 m�HC the neutrino treat-

ment with the Vertex code is replaced by a heating and

cooling description that requires input from the 1D PNS

cooling simulation.

resources on the HPC systems Cobra and Draco. Parts
of this research were undertaken with the assistance
of resources and services from the National Computa-
tional Infrastructure (NCI), which is supported by the
Australian Government. They were also facilitated by
resources provided by the Pawsey Supercomputing Cen-
tre with funding from the Australian Government and
the Government of Western Australia.

APPENDIX

A. ADDITIONAL INFORMATION FOR MODEL
SUBSET WITH LS220 EOS AND NO MUONS

For comparison with model M P3D LS220 m� (and its
extension M P3D LS220 m�HC), which we focus our dis-
cussion on in the main text, we present in this appendix
a few selected results for a subset of the other cases
listed in Table 1. All of these considered models have
been computed with the LS220 EoS and without muons,
but possess di↵erent angular resolutions and are either
based on the 1D or 3D progenitor data.

Figure A1 displays the average shock radii of the L, M,
and H models both for the runs started from the 1D pro-
genitor and from the 3D initial conditions. All three 3D

core-collapse simulations initiated with the 1D data do
not exhibit an evolution towards explosion, whereas the
three models based on the 3D progenitor data develop
explosions. The high-resolution case H P3D LS220 m� is
not finally conclusive, because it had to be stopped at
285 ms after bounce, but its mean shock radius follows
the two less well resolved and exploding counterparts
very closely.

We also plot the non-exploding 1D model (solid black
line) as well as an artificially exploded 1D case, whose
explosion was triggered by decreasing the density in the
infall layer ahead of the shock by a factor of 20, linearly
growing from 500 km to 1500 km, at 300 ms after bounce.
When the reduced mass infall rate reaches the shock, the
shock begins to expand and starts running outward at
⇠400 ms. The PNS left behind has nearly the same mass
as the compact remnant formed in the exploding 3D
models. We therefore used its long-time neutrino emis-
sion to define the time-dependent input for the neutrino
HC scheme applied in model M P3D LS220 m�HC, which
extends the simulation of M P3D LS220 m� to times later
than 1.675 s after bounce.

In all models the shock reaches a maximum radius
around 150 km at ⇠70 ms post bounce, because it is
first pushed outward by the initially high mass accre-
tion rate, which rapidly adds a mantle layer around the
forming NS, and then it is pulled inward by the settling
and shrinking PNS radius when the mass accretion rate
declines to values that cannot support further expan-
sion. A second phase of shock expansion sets in when
the Si/O composition interface falls into the shock at
about 200 ms p.b. The strengthening of postshock con-
vection by the 3D perturbations fosters the explosion of
the models with 3D initial conditions; the correspond-
ing physics was discussed by Müller et al. (2017a). In
all models based on the 1D progenitor data we see a
brief period of shock expansion, which transitions to a
dramatic decrease after a second maximum of the shock
radius. The subsequent quasi-periodic phases of large-
amplitude shock expansion and contraction indicate the
presence of strong SASI activity in the postshock layer.
SASI has an intrinsic oscillation frequency of typically
50–100 Hz (corresponding roughly to the advection time
scale through the gain layer), but SASI activity pushes
the shock to larger radii until strong convection (a para-
sitic instability that taps energy from the SASI) sets in.
This leads to cyclic phases of transient shock expansion
and contraction. A similar behavior was observed in
non-exploding 20 M� simulations by Glas et al. (2019b)
and analysed in detail there.

The evolution of the mean shock radius shows close re-
semblance in all three exploding 3D models with no sys-
tematic resolution dependence. We interpret this finding
as a consequence of the strong driving of postshock con-
vection due to the large density and velocity perturba-
tions in the O-shell of the collapsing 3D progenitor. In
contrast, the non-exploding 3D models display a clear

Bollig et al., 
Astrophys.J. 915 (2021) 1, 28



• Neutrino spectra and luminosities: mapping the parameter 
space
• Comprehensive catalogues spanning stellar population
• Multi-D and multi-second simulations
• Identify key dependences (e.g., compactness:                                                )

FORNAX 2D multi-second simulations, M=9 – 27 Msun
Vartanyan and Burrows, MNRAS 526 (4) (2023) 5900–5910 ; Plot from public data: https://dvartany. github.io/data/ 
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Figure 2. Mean shock radii (in km) as a function of time after bounce (in seconds) for the 100 models explored here as a function of
both progenitor mass (left) and compactness (right). Note that, when ordering by compactness, we see generally that low- and high-
compactness models explode, whereas some intermediate ones fail to do so (see also Wang et al. 2022; Tsang et al. 2022).

Figure 3. Neutrino luminosity in the observer frame for the three ensemble species at 500 km as a function of time after bounce for our
set of 100 2D axisymmetric simulations, colored by progenitor mass (left), and by compactness at 1.75 M� (right).
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FIG. 3: (Color online) (Top): The pattern of flavor trans-
formations at the start of the oscillations, corresponding to
the simulation shown by the thick curve in Fig. 1. (Bottom):
Isocontours of H⌫⌫ + Hvac � (Hmax

⌫⌫ + H
min
⌫⌫ )/2, in units of

�m
2
atm/(20 MeV). Both are plotted for r = 133.6 km.

Strictly speaking, one should also include the geomet-
ric factor 1/ cos#, just like dense matter. Its e↵ect, how-
ever, appears only at a higher order: for su�ciently large
r, H⌫⌫ / R2/4r2 + #2/2 + ..., while the geometric cor-
rection appears only at O(#4). This illustrates an impor-
tant point: the dispersion in �Hmat is small compared
to Hmat, while the dispersion in H⌫⌫ is of the same order
as H⌫⌫ . Therefore, the latter e↵ect is more important,
unless the matter is very dense.

To understand what sets the location of the instabil-
ity rinst, let us first recall that in a single-angle calcu-
lation collective transformations are driven by the vac-
uum term Hvac = �m2/2E⌫ , or more accurately, by its
dispersion �Hvac with energy (a common part can be
removed, just like for the matter potential [31]). In the
multiangle setup, the dispersion of H⌫⌫ with angle #,
�H⌫⌫ ⇠ H⌫⌫(# = arccosx)�H⌫⌫(# = 0) adds in. Since
�H⌫⌫ (just like H⌫⌫) scales as r�4, it dominates over
�Hvac at small r. The regime when �H⌫⌫ “overpowers”
�Hvac is seen to give no oscillation. The flavor conver-
sion therefore starts when the two become comparable,

�Hvac ⇠ �H⌫⌫ . (3)

Plugging in the numbers, one indeed finds rinst ⇠ 120 km.
Furthermore, since �H⌫⌫ falls o↵ as r�4, while Hvac is
independent of r, rinst should depend on the luminosity

as L1/4
⌫ . This is precisely what is seen in Figs. 1 and 2.

Further insight into this physics can be obtained from
analyzing the oscillation mode in the (E⌫ ,#R) plane. In
Fig. 3, in the top row we show the pattern of conversion
at r = 133.6 km, where the instability just triggered con-
version. As we have argued, the evolution at this point
should be driven by a combination of �Hvac and �H⌫⌫ .
In the bottom rows of Fig. 3 we show the isocontours of
Hvac + H⌫⌫ . We can explicitly see that the two sources

of the dispersion are comparable at this radius [39] and
furthermore, that the pattern of conversion matches the
pattern of the isocontours remarkably well.
We also investigated the normal mass hierarchy (NH)

scenario. The oscillations in this case for our reference
model also start at rinst ⇠ 120 km. We confirmed that
rinst again scales with neutrino luminosity as L1/4. The
oscillation pattern in the (E⌫ ,#R) plane is di↵erent from
the IH case. Yet, once again, it follows the isocontours of
Hvac + H⌫⌫ remarkably well. (In this case, the left and
right panels of the bottom row in Fig. 3 switch places,
because �m2 has the opposite sign.)
Animations depicting the flavor evolution as a function

of r, for both IH and NH, are available online [40].
6. Final neutrino spectra. – In Fig. 4, we plot the

spectra “at infinity” for both neutrino mass hierarchies.
Compared to the single-angle calculations, the multian-
gle ones give features that are somewhat smeared out,
especially in the NH case, but are qualitatively similar
[41]. This behavior, however, is not general. Our investi-
gations show that for other spectra, the single- and mul-
tiangle calculations give qualitatively di↵erent answers
not just at intermediate radii, but also at infinity. These
results will be reported elsewhere.
7. Generalizations. – For applications, one needs to

know how the suppression e↵ect manifests itself in a vari-
ety of conditions that may exist in a supernova. We have
already seen that rinst is insensitive to the matter pro-
file, but varies with the overall neutrino luminosity. An-
other obvious factor is the radius of the neutrinosphere
R, which decreases with time. Since �H⌫⌫ scales as
#2
max / R2, while also being proportional to r�4, rinst

should be proportional to
p
R,

rinst / R1/2L1/4. (4)

FIG. 4: (Color online) Spectra of ⌫e (left) and ⌫̄e (right) at in-
finity, for both IH (top) and NH (bottom). Multiangle (M.A.)
results are shown with thick solid curves, single-angle (S.A.)
with filled regions. Initial spectra are also shown, as marked.
Turbulence [32] and shock front [33] e↵ects are ignored.
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Fig. from Duan and Friedland, PRL 106:091101,2011



Interplay of frequencies

Fig. from Fischer et al., 
Prog. Part. Nucl. Phys. 137 (2024) 104107

• Vacuum: 
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effect
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and the potential impact on SN explosion and on nucleosynthesis in SNe and BNSMs remain to be explored.

Figure 4.2: Indication of regions where different flavor transformation mechanisms occur in the PNS cooling phase. Black and red lines note

the profiles ne and n⌫e �n⌫̄e from 1D SN simulation with an 18 M� progenitor at 3 s post the core bounce. Vertical bands indicate the regions

where the fast and slow collective oscillations may occur, while the horizontal bands indicate the corresponding ne of the two MSW resonances

with H and L denoting values corresponding to �m
2
31 and �m

2
21. The short dotted lines separate the layers with different compositions in the

progenitor. The green solid line marks the radius of the PNS surface.

4.1.2. Flavor transformation due to varying matter profile

Outside the regime of collective oscillations, neutrinos can undergo further flavor transformation due to the varying matter

density profile. Although matter-induced flavor transformation typically occur far outside the central compact object,

it can still play an important role in affecting the neutrino nucleosynthesis in SNe as well as shaping the SN neutrino

signals. In what follows, we summarize known mechanisms.

• MSW flavor transformation:

For a neutrino with momentum p, the well-known MSW resonances occur when the matter potential ⇤ =
p

2GF ne '

�m
2
ij/(2p) where the subscripts ij = 31 and 21 for the atmospheric and solar neutrino mass squared difference,

respectively. For p ⇠ O(10) MeV, these resonances typically sit at locations where the matter mass density ⇢ ⇠

O(103) g cm�3 and ⇢ ⇠ O(102) g cm�3 for two different �m
2
ij , which are located at the C/O shell and the He shell

of SNe with an iron core progenitor (see Fig. 4.2), before the SN shock arrives those layers. Since the matter density

in the stellar envelopes are often varying slowly enough, the flavor transformation through the MSW resonances are

mostly adiabatic. In this case, the flavor conversion probabilities after going through the resonance only depend on

the neutrino mixing angles and can be written down easily (see e.g., Ref. [497]). For SNe with iron-core progenitors, it

is generally expected that the only the adiabatic MSW flavor transformation affects the flavor evolution of neutrinos

during the neutronization burst phase (in contrast to the synchronized MSW effect discussed in Sec. 4.1.1). If this

is indeed true, tPHYSSCR-122426.R1he detection of the neutronization burst neutrinos from the next galactic SN

49

𝜔	~	𝜇

𝜔~ 𝜇𝜔!"
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Duan, Fuller & Qian, PRD74 (2006), 
Duan et al., PRD74 (2006)



Collec4ve oscilla4ons: r < 1000 Km 

• Impact on r-process 
nucleosynthesis

• Fast mode (r < 100 Km) : 
impact on shock-revival
• Increased or de-creased 

neutrino hea1ng behind shock 
(depending on progenitor star)

Ehring, Abbar, Janka and Raffelt, PRD 107 (10) (2023)
Nagakura, PRL 130 (21) (2023)
Ehring et al., PRL 131 (6) (2023) 061401 (figure credit)
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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
a higher net heating rate per nucleon (qgain) for at least
⇠100ms pb. The increased qgain causes a persistently
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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
a higher net heating rate per nucleon (qgain) for at least
⇠100ms pb. The increased qgain causes a persistently
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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
a higher net heating rate per nucleon (qgain) for at least
⇠100ms pb. The increased qgain causes a persistently
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Matter-driven conversion

• adiabatic resonant 
conversion
• For Fe-core SNe, before 

shockwave effects

• Unique: H-resonance driven 
by 𝜃*+ 
• Requires 𝜌~10#	𝑔	𝑐𝑚$#

• 𝜈! → 𝜈# (normal ordering)

Effects of neutrino oscillation: inverted mass hierarchy 3
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Fig. 1. Schematic level crossing diagram for normal (left) and inverted (right) mass hierarchies.
The circles shows the resonance points.

where ∆m2 is the mass squared difference, θ is the mixing angle, Eν is the neutrino
energy, and Ye is the mean number of electrons per baryon. Since the supernova core
is dense enough, there are two resonance points in supernova envelope. One that
occurs at higher density is called H-resonance and another is called L-resonance. If
the mass hierarchy is normal, both resonances occur in neutrino sector. On the other
hand, if the mass hierarchy is inverted, H-resonance occurs in antineutrino sector
and L-resonance occurs in neutrino sector. The schematic level crossing diagram for
normal and inverted mass hierarchies are shown in Fig. 1.

The dynamics of conversions including large mixing case is determined by the
adiabaticity parameter γ, which depend on the mixing angle and the mass-squared
difference between involved flavors:

θ13 and ∆m2
13 at H− resonance, (2.4)

θ12 and ∆m2
12 at L− resonance. (2.5)

When γ " 1, the resonance is called ’adiabatic resonance’ and the fluxes of the
two involved mass eigenstate are completely exchanged. On the contrary, when
γ # 1, the resonance is called ’nonadiabatic resonance’ and the conversion does not
occur. The dynamics of the resonance in supernova is studied in detail by Dighe and
Smirnov 22).

§3. Method and Results

In this section we describe the method of analysis and show the results.

3.1. Conversion Probabilities

In the framework of three-flavor neutrino oscillation, the time evolution equation
of the neutrino wave functions can be written as follows:

i
d

dt
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ντ
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, (3.1)

𝑝	~	𝑠𝑖𝑛%𝜃$#	~2	10'%  à complete 𝜈( conversion! 

Fig. from Takahashi and Sato, 
Prog.Theor.Phys. 109 (2003) 919-931

𝜃%&

𝜃%#

Mikheev and A. Y. Smirnov, Sov. Phys. JETP 64 (1986) 4 ; Dighe and Smirnov, PRD 62 (2000) 033007 



Complexi4es…
• Resonant interplays of collective and matter-driven effects

• Late time/large radii phenomena
• Adiabaticity breaking at shockwave front
• Turbulent matter density profile behind shock
• Decoherence

• Progenitor-dependent effects
• non-adiabatic H-resonance in ONeMg-core Sne

• Oscillations in Earth



overview and highlights: experiments 



Real-time detectors with spectrum sensitivity
CONTENTS 50

Experiment Type Mass [kt] Location 11.2M� 27.0M� 40.0M�

Super-K H2O/⌫̄e 32 Japan 4000/4100 7800/7600 7600/4900

Hyper-K H2O/⌫̄e 220 Japan 28K/28K 53K/52K 52K/34K

IceCube String/⌫̄e 2500* South Pole 320K/330K 660K/660K 820K/630K

KM3NeT String/⌫̄e 150* Italy/France 17K/18K 37K/38K 47K/38K

LVD CnH2n/⌫̄e 1 Italy 190/190 360/350 340/240

KamLAND CnH2n/⌫̄e 1 Japan 190/190 360/350 340/240

Borexino CnH2n/⌫̄e 0.278 Italy 52/52 100/97 96/65

JUNO CnH2n/⌫̄e 20 China 3800/3800 7200/7000 6900/4700

SNO+ CnH2n/⌫̄e 0.78 Canada 150/150 280/270 270/180

NO⌫A CnH2n/⌫̄e 14 USA 1900/2000 3700/3600 3600/2500

Baksan CnH2n/⌫̄e 0.24 Russia 45/45 86/84 82/56

HALO Lead/⌫e 0.079 Canada 4/3 9/8 9/9

HALO-1kT Lead/⌫e 1 Italy 53/47 120/100 120/120

DUNE Ar/⌫e 40 USA 2700/2500 5500/5200 5800/6000

MicroBooNe Ar/⌫e 0.09 USA 6/5 12/11 13/13

SBND Ar/⌫e 0.12 USA 8/7 16/15 17/18

DarkSide-20k Ar/any ⌫ 0.0386 Italy - 250 -

XENONnT Xe/any ⌫ 0.006 Italy 56 106 -

LZ Xe/any ⌫ 0.007 USA 65 123 -

PandaX-4T Xe/any ⌫ 0.004 China 37 70 -

Table 4. Estimated interaction rates for the detectors (those in operation at the
time of writing are bolded) described here for three di↵erent models at 10 kpc,
s11.2c and s27.0c from (Mirizzi et al., 2016) that form neutron stars and s40 from
(O’Connor, 2015) which forms a black hole. The two numbers given are the total
events over all channels using SNOwGLoBES assuming adiabatic MSW oscillations
only for the normal mass ordering (left number) and the inverted mass order (right
number). For liquid scintillator experiments, the elastic proton scattering channel is
not included; see the individual detector sections for more details on the rates of this
interaction. For the string detectors, the mass is given as an e↵ective mass based
on 27.0M� and the normal mass ordering, for details on the calculation, please see
https://doi.org/10.5281/zenodo.4498941

7.1. Thrusts of Amateur Astronomer Engagement

Thrust 1: Awareness Because amateur astronomers will play such an important role

in the optical observation of the next galactic supernova, SNEWS intends to strengthen

its relationship with the global amateur astronomical community in the coming months

and years. The reason is simple: astronomers can only participate if they know that

SNEWS exists. This e↵ort will involve reaching out to groups, attending conferences,

and engaging with individuals on social media. Cultivating these community connections

will be an ongoing process which will support the important goal of maintaining and

maximizing observational readiness.

• Water Cherenkov, liquid 
scinCllator
• $𝝂𝒆 + 𝒑 → 𝒏 +	𝒆"	 (main)
• 𝜈$ +	𝑒% 	→ 	 𝜈$ +	𝑒%

• 	�̅�&	, 𝜈& CC on nuclei

• Liquid Argon
• 𝝂𝒆 + 𝟒𝟎𝑨𝒓 	→ 	𝒆% +	 𝟒𝟎𝑲* (main)
• �̅�& + )*𝐴𝑟 	→ 	𝑒" +	 )*𝐶𝑙*
• 𝜈$ +	𝑒% 	→ 	 𝜈$ +	𝑒%

• Ice/seawater 
• $𝝂𝒆 + 𝒑 → 𝒏 +	𝒆"	
• *luminosity only, background-limited

events

Table: Al Kharusi et al., New J. Phys. 23 031201 (2021) 
D=10 kpc. bold :  opera7ng detectors as of 2021 



What can we learn? 

• Flavor composi)on, spectra, 
luminosi)es 

• Time evolu)on of near-core 
physics
• Accre1on, cooling, etc.

• Tests of physics Beyond the 
Standard Model  

24

Fig. 16 Sensitivity regions generated in (hE⌫i, ") space (pro-
filed over ↵) for three di↵erent supernova distances (90%
C.L.). SNOwGLoBES assumes a transfer matrix made using
MARLEY with a 20% Gaussian resolution on detected en-
ergy, and a step e�ciency function with a 5 MeV detected
energy threshold.

Fig. 17 90% C.L. contours for the luminosity and average
⌫e energy spectral parameters for a supernova at 5 kpc. The
contours are obtained using the time-integrated spectrum. As
discussed in the text, the allowed regions change noticeably
but not drastically as one moves from no detector smearing
(pink) to various realistic resolutions (wider regions).

Fig: DUNE collab. Eur.Phys.J.C 81 (2021) 5, 423



• DUNE (LAr)
• Sensitivity to 𝜈!  : ν% from electron capture, θ&# -driven resonance (ν%  

disappearance)
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Fig. 11 Expected event rates as a function of time for the electron-capture model in [8] for 40 kton of argon during early stages
of the event – the neutronization burst and early accretion phases, for which self-induced e↵ects are unlikely to be important.
Shown are: the event rate for the unrealistic case of no flavor transitions (blue) and the event rates including the e↵ect of
matter transitions for the normal (red) and inverted (green) orderings. Error bars are statistical, in unequal time bins.

 

1 10 210 310
Distance to supernova (kpc)

2−10

1−10

1

10

210

310

410

510

N
um

be
r o

f i
nt

er
ac

tio
ns

AndromedaGalaxy Edge LMC

40 kton

10 kton

 

Fig. 12 Estimated numbers of supernova neutrino interactions in DUNE as a function of distance to the supernova, for di↵erent
detector masses (⌫e events dominate). The red dashed lines represent expected events for a 40-kton detector and the green
dotted lines represent expected events for a 10-kton detector. The lines limit a fairly wide range of possibilities for pinched-
thermal-parameterized supernova flux spectra (Equation 1) with luminosity 0.5 ⇥ 1052 ergs over ten seconds. The optimistic
upper line of a pair gives the number of events for average ⌫e energy of hE⌫e i = 12 MeV, and pinching parameter ↵ = 2; the
pessimistic lower line of a pair gives the number of events for hE⌫e i = 8 MeV and ↵ = 6. (Note that the luminosity, average
energy and pinching parameters will vary over the time frame of the burst, and these estimates assume a constant spectrum in
time. Flavor transitions will also a↵ect the spectra and event rates.) The solid lines represent the integrated number of events
for the specific time-dependent neutrino flux model in [8] (see Figs. 1 and 2; this model has relatively cool spectra and low
event rates). Core collapses are expected to occur a few times per century, at a most-likely distance of around 10 to 15 kpc.

Future detectors: complementarity

Fig: DUNE collab. Eur.Phys.J.C 81 (2021) 5, 423



• HyperKamiokande (Water 
Cherenkov)
• Largest mass (M~220 kt) à 

extend sensi1vity distance to 
Mpc scale; reach M31 galaxy 

3
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Figure 1. Simulation of the coherent elastic neutrino nucleus scattering signals of supernova
burst at XMASS for a 10 kpc distant supernova. The green histogram shows expected XMASS
detector background [13].

Figure 2. Expected number of supernova burst events at Hyper-Kamiokande for each
interaction as a function of the distance to a supernova. The band of each line shows the
possible variation due to the assumption of neutrino oscillations [14].

Fig. from H. Sekiya, 2017 J. Phys.: Conf. Ser. 888 012041
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• JUNO (Liquid scintillator)
• Low energy threshold à pre-SN neutrinos (~ 1 day before collapse), late 

time spectra, etc.
• high energy resolution à spectral features due to oscillations, BSM, …

Figure 4. The expected energy spectra of IBD events from SN neutrinos with the Nakazato model
at 10 kpc, pre-SN neutrinos integrated in the last day before core collapse with the Patton model
at 0.2 kpc and the sum of continuous IBD backgrounds, which mainly come from reactor neutrinos
at a distance of 53 km, geo-neutrinos, β-n decays of cosmogenic 9Li/8He, fast neutrons, accidental
coincidence and 13C(α, n)16O reaction [44].

1/month and 1/year) like the prompt monitor case. The muon veto criteria for preIBD is not
feasible to snIBD any more due to the short burst time of O(10) s. The muon veto criteria
for the snIBD selection is only to veto the whole LS volume for 1.5 ms if muons are tagged
by the WP detector. During the calibration period, these candidates will be further selected
outside of the default calibration regions, which is feasible given the effective communication
between the calibration and DAQ systems.

In the LS detector of JUNO, the IBD background can be contributed by reactor neu-
trinos emitted from reactor cores of 26.6 GWth thermal power at a distance of about 53 km,
geo-neutrinos, β-n decays of the cosmogenic 9Li/8He, fast neutrons, accidental coincidence
events and the radiogenic process of 13C(α, n)16O reaction [44]. Fig. 4 shows the energy spec-
tra of IBDs from SN neutrinos, pre-SN neutrinos and the backgrounds. The energy range of
backgrounds and IBDs of pre-SN neutrinos are the same. So when selecting preIBD candi-
dates, the upper boundary of the prompt energy cut Ep < 3.4 MeV is optimized by maxizing
the signal-to-background ratio using pre-SN neutrinos of the 15 M! Patton model in the
last day before core collapse. The residual backgrounds of the preIBD candidates are about
21/day in total, as summarized in Tab. 1. It is contributed by reactor neutrinos, 9Li/8He,

– 11 –

Fig: JUNO coll., JCAP 01 (2024) 057
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Other concepts 
• Km3 detectors: IceCube, Km3NeT

• Dark Matter detectors
• coherent scattering, sensitive to non-electron flavors

• New Liquid Scintillator technologies 
• Water-based, LiquidO, …

• Paleo detectors
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Multi-detector/multimessenger coordination

• Supernova Early Warning System
• Timing and localization 
• Engage broader community
• open-source software

Al Kharusi et al., New J. Phys. 23 031201 (2021) ; SNEWPY at https://github.com/SNEWS2/snewpy

Fig. from Brdar, Lindner, Xu, JCAP 1804 (2018) 025
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Synergies, new directions 



Synergy with gravita4onal waves (GW) 
• GW from near-core dynamics, 𝑓	 = 𝑂 100 	𝐻𝑧
• likely to be observed at LIGO-Virgo-KAGRA for galactic SN
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FIG. 2 CCSN GW strains (at the source) for both polariza-
tions for a progenitor of mass 15 M�, from Mezzacappa et al.
(2023).

are the tensor spherical harmonics, with

Xlm = 2
@

@�

✓
@

@✓
� cot ✓

◆
Ylm(✓,�) (22)

and

Wlm =

✓
@2

@✓2
� cot ✓

@

@✓
� 1

sin2 ✓

@2

@�2

◆
Ylm(✓,�). (23)

The gravitational wave “strain” amplitudes of the plus
and cross polarizations are then given by

h+ =
h✓✓

r2
(24)

and

h⇥ =
h✓�

r2 sin ✓
. (25)

For additional details, we refer the reader to Kotake et al.
(2006).

VI. PREDICTIONS OF CORE COLLAPSE SUPERNOVA
GRAVITATIONAL WAVE EMISSION FROM
MULTI-PHYSICS SIMULATIONS

A. General Characteristics of Core Collapse Supernova
Gravitational Wave Strains

Figure 2 shows the plus- and cross-polarization GW
strains (at the source) for a 15 M� model from Mezza-
cappa et al. (2023). Given the lack of rotation, there is
no bounce signal and, with the exception of some low-
amplitude emission from prompt convection, GW emis-
sion does not begin until ⇠100 ms after bounce, when

several excitation mechanisms set in. By this time, sus-
tained Ledoux convection within the PNS has begun,
and neutrino-driven convection and the SASI have de-
veloped, all three of which in turn excite high-frequency
GW emission from the PNS. This period of significant
high-frequency emission is supplemented by an overall
o↵set of the strain after ⇠500 ms post-bounce. This o↵-
set, or “memory” results from explosion.

B. General Characteristics of Core Collapse Supernova
Spectrograms

Figure 3 shows the spectrogram for the model consid-
ered above. Focusing first on the time period t > 100 ms
after bounce, we see that the spectrogram exhibits two
primary features: The first, a component above ⇠500 Hz
that rises in frequency with post-bounce time. The sec-
ond, a component below ⇠250 Hz that remains within
a constant range in frequency with post-bounce time.
The high-frequency component of the spectrogram origi-
nates in the PNS. It is excited by prompt convection, sus-
tained Ledoux convection, and sustained Ledoux convec-
tion overshoot in the PNS, as well as accretion onto the
PNS. The low-frequency component can originate from
the gain layer due to the SASI’s impact on the flow in
this region, and/or from low-frequency modulation of the
accretion onto the PNS by the SASI. At later times, at
very low frequencies, the GW emission originates from
explosion itself.

The situation is dramatically di↵erent for t < 100 ms,
where little GW emission is seen. This is in part an ar-
tifact of the use of non-rotating and non-perturbed pro-
genitors (i.e., spherically symmetric progenitors). Mez-
zacappa et al. (2023) document a dramatically di↵er-
ent case, initiated from a 9.6 M� progenitor. During
collapse, this model exhibits nuclear burning as a re-
sult of its composition, which perturbs the core prior
to bounce, yielding significant GW emission early af-
ter bounce. This, together with earlier work by Couch
et al. (2015), Müller et al. (2017), and Vartanyan et al.

(2022), highlights the need for three-dimensional progen-
itor models for both explosion modeling and predicting
accurately this early phase of GW emission. Until these
models are available, confidence in our predictions of
CCSN GW strains and spectrograms will be higher at
later times after bounce, where agreement across model
predictions by di↵erent groups has been demonstrated.

C. Sourcing Gravitational Wave Emission in Core Collapse
Supernovae

GW emission from neutrino-driven CCSNe is directly
linked to the components of the central engine driving
such supernovae. The construction of a detailed GW
strain from a detection of the next Galactic or near-extra-
Galactic event will then provide an opportunity to probe
these components and to validate our models of them.
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FIG. 2 CCSN GW strains (at the source) for both polariza-
tions for a progenitor of mass 15 M�, from Mezzacappa et al.
(2023).

are the tensor spherical harmonics, with

Xlm = 2
@

@�

✓
@

@✓
� cot ✓

◆
Ylm(✓,�) (22)

and

Wlm =

✓
@2

@✓2
� cot ✓

@

@✓
� 1

sin2 ✓

@2

@�2

◆
Ylm(✓,�). (23)

The gravitational wave “strain” amplitudes of the plus
and cross polarizations are then given by

h+ =
h✓✓

r2
(24)

and

h⇥ =
h✓�

r2 sin ✓
. (25)

For additional details, we refer the reader to Kotake et al.
(2006).

VI. PREDICTIONS OF CORE COLLAPSE SUPERNOVA
GRAVITATIONAL WAVE EMISSION FROM
MULTI-PHYSICS SIMULATIONS

A. General Characteristics of Core Collapse Supernova
Gravitational Wave Strains

Figure 2 shows the plus- and cross-polarization GW
strains (at the source) for a 15 M� model from Mezza-
cappa et al. (2023). Given the lack of rotation, there is
no bounce signal and, with the exception of some low-
amplitude emission from prompt convection, GW emis-
sion does not begin until ⇠100 ms after bounce, when

several excitation mechanisms set in. By this time, sus-
tained Ledoux convection within the PNS has begun,
and neutrino-driven convection and the SASI have de-
veloped, all three of which in turn excite high-frequency
GW emission from the PNS. This period of significant
high-frequency emission is supplemented by an overall
o↵set of the strain after ⇠500 ms post-bounce. This o↵-
set, or “memory” results from explosion.

B. General Characteristics of Core Collapse Supernova
Spectrograms

Figure 3 shows the spectrogram for the model consid-
ered above. Focusing first on the time period t > 100 ms
after bounce, we see that the spectrogram exhibits two
primary features: The first, a component above ⇠500 Hz
that rises in frequency with post-bounce time. The sec-
ond, a component below ⇠250 Hz that remains within
a constant range in frequency with post-bounce time.
The high-frequency component of the spectrogram origi-
nates in the PNS. It is excited by prompt convection, sus-
tained Ledoux convection, and sustained Ledoux convec-
tion overshoot in the PNS, as well as accretion onto the
PNS. The low-frequency component can originate from
the gain layer due to the SASI’s impact on the flow in
this region, and/or from low-frequency modulation of the
accretion onto the PNS by the SASI. At later times, at
very low frequencies, the GW emission originates from
explosion itself.

The situation is dramatically di↵erent for t < 100 ms,
where little GW emission is seen. This is in part an ar-
tifact of the use of non-rotating and non-perturbed pro-
genitors (i.e., spherically symmetric progenitors). Mez-
zacappa et al. (2023) document a dramatically di↵er-
ent case, initiated from a 9.6 M� progenitor. During
collapse, this model exhibits nuclear burning as a re-
sult of its composition, which perturbs the core prior
to bounce, yielding significant GW emission early af-
ter bounce. This, together with earlier work by Couch
et al. (2015), Müller et al. (2017), and Vartanyan et al.

(2022), highlights the need for three-dimensional progen-
itor models for both explosion modeling and predicting
accurately this early phase of GW emission. Until these
models are available, confidence in our predictions of
CCSN GW strains and spectrograms will be higher at
later times after bounce, where agreement across model
predictions by di↵erent groups has been demonstrated.

C. Sourcing Gravitational Wave Emission in Core Collapse
Supernovae

GW emission from neutrino-driven CCSNe is directly
linked to the components of the central engine driving
such supernovae. The construction of a detailed GW
strain from a detection of the next Galactic or near-extra-
Galactic event will then provide an opportunity to probe
these components and to validate our models of them.

Fig. from Mezzacappa et al., (2023), PRD 107 (4), 043008 



• Improve alert: timing, localization

•  test near-core physics: SASI, neutron star cooling, … 

Kuroda, Kotake, Hayama and Takami, ApJ, 851:62, 2017 (fig. credit)
Lin, Rijal, Lunardini, Morales and Zanolin, PRD 107 (2023) 8, 083017
Drago, Andresen, Di Palma, Tamborra and Torres-Forne’, PRD 108, 10, 103036 (2023)
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is Rν̄e ∼ 37 km and the PNS core surface is RPNS ∼ 15 km (at Tpb = 200 ms for S15.0(SFHx)),

then the correlation distance is Rcor = Rν̄e − RPNS ∼ 20 km. An angle-average accretion velocity

at R = 40(20) km is Vadv ∼ −1 × 108(−1 × 107) cm s−1 at Tpb = 200 ms, leading to ∆T of a few

10 ms.

In order to estimate the correlation between the neutrino and GW signal more quantitatively,

we evaluate the correlation function X(t,∆T ) in Figures 9 and 10. Note Figures 9 and 10 are for

S15.0(SFHx) and S11.2(SFHx) showing highest and invisible SASI activity in this work, respec-

tively.

Fig. 9.— Top panels show the GW amplitude (blue line) either + (left panel) or × polarization

(right panel) and the neutrino event rate (black and red lines) in arbitrary units for S15.0(SFHx).

For the red line, the monotonically time-changing component of the black line is subtracted (Tpb !

170 ms) in order to focus on the SASI-induced modulation. Same as the top panels, middle panels

(b+/×) show the correlation function X(t,∆T ) between the GW amplitude (blue line (top)) and

the event rate (red line (top)) with several time delay ∆T (see text for definition) which is indicated

in the upper left part as 0, 4, 8, 12, 16, 20, 24 [ms]. Bottom panels (c+/×) show ∆Tmax that gives

the delay-time with the maximum correlation in the middle panels. Note when we obtain ∆Tmax,

we set an arbitral threshold as |X(t,∆T )| ≥ 0.7 not to extract insignificant values.

The top panel of Figure 9 shows the GW amplitude (blue line) and the neutrino event rate

(black and red lines) in arbitrary units. In order to focus on the SASI-induced modulation, the

red curve is the event rate after the monotonicaly time-changing component is subtracted from the

original curve (black line)4.

4 As one can see from the red line in each top panel in Fig. 6, the neutrino event rate for 0 ! Tpb ! 150

ms is approximately fitted by a linear function (as a function of postbounce time) with positive slope, whereas it

GW +  neutrinos: enhanced poten4al
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Tes4ng for new physics: what if…. 
• Suppressed neutrino emission? 
• Extra cooling due light particles: sterile neutrinos, axion-like particles, …

• Anomalous flavor composition at Earth? 
• Neutrino decay, e.g., 𝜈# →	𝜈&
• Oscillations due to non-standard interactions

• Spectral distortions? 
• Exotic absorption channels (scattering on Dark Matter)
• Oscillations due to non-standard interactions

• Anomalous time delays?  
• Lorentz-violation, … 
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• Magnetic Moment of Dirac neutrinos + “twisting” magnetic field
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FIG. 3. The luminosities of ⌫e, ⌫̄e, and ⌫X in the selected models as a function of the time tpb after the core bounce. The solid
line corresponds to the model without ALPs, and the other lines correspond to the models with ALPs.

higher ga� is, the larger Ea becomes. In particular, for
the models with g10 � 6, Ea exceeds 1 ⇥ 1051 erg at the
end of the simulations. This implies that the explosion
energy could exceed typical values for observed supernova
events after the simulated time.

B. Neutrinos

Since the stellar envelope is almost transparent to neu-
trinos, they can provide information on the supernova
core, which is opaque to the electromagnetic waves. Fig-
ure 3 shows the luminosity of ⌫e, ⌫̄e, and ⌫X , where ⌫X
is heavy-flavor neutrinos and antineutrinos. In the case
of ⌫e, the neutronization burst is seen soon after the core
bounce when the bounce shock comes out of the neu-
trino sphere. Until tpb ⇠ 0.1 s, the neutrino luminosities
are independent of the ALP parameters for all flavors.
Except for the (ma/1MeV, g10) = (200, 20) model,
the mass accretion powers the neutrino luminosities un-
til tpb ⇠ 0.2–0.3 s, depending on ma and g10. After that,
the shock wave is revived and the mass accretion rate
drops. In this phase, neutrinos are mainly emitted from
the cooling PNS. However in the (200, 20) model, the
accretion stops earlier than the other models because of
e�cient ALP heating. As a result, the neutrino lumi-

nosities begin decreasing earlier. Because ALP heating
prevents the mass accretion, the models with larger ga�
show lower neutrino luminosities in the cooling phase.

Figure 4 shows the mean neutrino energies. It is seen
that the mean energy of heavy-flavor neutrinos, hE(⌫X)i,
is larger than the mean energies of the other flavors, be-
cause the neutrinosphere for ⌫X is located at a smaller
radius. Also, the mean energy of electron neutrinos,
hE(⌫e)i, is smaller than the others because they react
with abundant neutrons through the charged current re-
action. This well-known energy hierarchy among di↵er-
ent flavors is independent of ALPs. Also during the ac-
cretion phase, the neutrino mean energies are not a↵ected
by ALPs qualitatively. However, in the cooling phase,
hE(⌫e)i and hE(⌫̄e)i become smaller than those in the
standard model because ALPs induce additional cooling
of the PNS.

If a supernova event were to occur in our Galaxy, many
neutrinos would be detected by terrestrial instruments.
The e↵ects of ALPs on supernova neutrinos could be im-
printed in the observed signals. The number of neutrinos
detected by an instruments per a unit time can be written
as [e.g., 58, 59]

dN

dt
= Ntar

Z 1

Eth

F (E)�(E)dE, (9)

• With axion-like particles in simulation

Mori, Takiwaki, Kotake, Horiuchi, PRD 108 (2023) 6, 063027, 
Betranhandy and E. O’Connor, PRD 106, 063019 (2022) 
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From one to many: toward a popula,on study

• The future: global 
analysis of multiple data 
sets
• Test stellar population
• Disentangle stellar physics 

from neutrino/particle 
physics

Diffuse SN Neutrino Background

Low statistics bursts
SN20XX

SN1987A



Ques4ons for future study
• Are we prepared for the next galac)c supernova? 
• Will decision-making be fast enough? 
• What if it’s very close to Earth (Betelgeuse, etc.)?
• Public impact of early warning? 

• Numerical simula)ons: neutrino-focused developments
• What’s the next most important improvement, and how long will it take? 



• What near-core quan))es can be measured with neutrinos + 
GW + astro? 
• Proper1es of core’s nuclear ma`er (Equa1on of State, etc.) 
• Existence and features of hydrodynamic phenomena in the accre1on 

phase (SASI, etc.)
• Shockwave propaga1on parameters

• How well can we test flavor conversion? 
• Can we measure conversion probabili1es? 
• use 1me evolu1on to disentangle neutrino-driven oscilla1ons from 

ma`er effects?



https://www-sk.icrr.u-tokyo.ac.jp/en/news/detail/324

1987 alert

20xx alert

Courtesy of Jost Migenda, 
SNEWS 2.0 coll.

Thursday 20 June
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FORNAX 2D multi-second simulations, M=9 – 27 Msun

D. Vartanyan, A. Burrows, MNRAS 526 (4) (2023) 5900–5910 ; data available at https://dvartany. github.io/data/ 

8 Vartanyan et al.

Figure 2. Mean shock radii (in km) as a function of time after bounce (in seconds) for the 100 models explored here as a function of
both progenitor mass (left) and compactness (right). Note that, when ordering by compactness, we see generally that low- and high-
compactness models explode, whereas some intermediate ones fail to do so (see also Wang et al. 2022; Tsang et al. 2022).

Figure 3. Neutrino luminosity in the observer frame for the three ensemble species at 500 km as a function of time after bounce for our
set of 100 2D axisymmetric simulations, colored by progenitor mass (left), and by compactness at 1.75 M� (right).

MNRAS 000, 1–14 (2023)

10 Vartanyan et al.

Figure 6. Average neutrino energy in the observer frame for the three ensemble species at 500 km as a function of time after bounce (in
seconds) as a function of progenitor mass (left) and compactness (right).

MNRAS 000, 1–14 (2023)



Wolfenstein, PRD 17 1978, Mikheyev & Smirnov, Yad. Fiz. 42, 1985 ; 
Duan, Fuller & Qian, PRD74 (2006), Duan et al., PRD74 (2006)
 

θ = angle between incident momenta

HE = H
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E + H
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⇣
�!21

2
,+

!21

2
,!31

⌘
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2GF
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𝜈-matter scattering: MSW effect
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𝐹! =  𝑝	𝐹!" + 1 − 𝑝 𝐹#"
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Effects of neutrino oscillation: inverted mass hierarchy 3
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Fig. 1. Schematic level crossing diagram for normal (left) and inverted (right) mass hierarchies.
The circles shows the resonance points.

where ∆m2 is the mass squared difference, θ is the mixing angle, Eν is the neutrino
energy, and Ye is the mean number of electrons per baryon. Since the supernova core
is dense enough, there are two resonance points in supernova envelope. One that
occurs at higher density is called H-resonance and another is called L-resonance. If
the mass hierarchy is normal, both resonances occur in neutrino sector. On the other
hand, if the mass hierarchy is inverted, H-resonance occurs in antineutrino sector
and L-resonance occurs in neutrino sector. The schematic level crossing diagram for
normal and inverted mass hierarchies are shown in Fig. 1.

The dynamics of conversions including large mixing case is determined by the
adiabaticity parameter γ, which depend on the mixing angle and the mass-squared
difference between involved flavors:

θ13 and ∆m2
13 at H− resonance, (2.4)

θ12 and ∆m2
12 at L− resonance. (2.5)

When γ " 1, the resonance is called ’adiabatic resonance’ and the fluxes of the
two involved mass eigenstate are completely exchanged. On the contrary, when
γ # 1, the resonance is called ’nonadiabatic resonance’ and the conversion does not
occur. The dynamics of the resonance in supernova is studied in detail by Dighe and
Smirnov 22).

§3. Method and Results

In this section we describe the method of analysis and show the results.

3.1. Conversion Probabilities

In the framework of three-flavor neutrino oscillation, the time evolution equation
of the neutrino wave functions can be written as follows:

i
d

dt







νe
νµ
ντ






= H(t)







νe
νµ
ντ






, (3.1)

Matter-driven conversion and mass 
ordering



4. Neutrino flavor conversions and nucleosynthesis

In what we have discussed in previous sections, a fundamental ingredient – the flavor oscillations of neutrinos – has been

ignored completely. Based on various experiments for solar, atmospheric, reactor, and accelerator neutrinos, it has been

well established that a single neutrino can oscillate from one flavor eigenstate (weak interaction eigenstate) to another

during their propagation in vacuum and in medium. However, in the densest core of CCSNe or BNSM remnants where

large amount of neutrinos are produced, trapped, and gradually decouple from matter, their flavor conversions remain

poorly understood. Although it is not yet possible to consistently include neutrino flavor oscillations in simulations of

CCSNe or BNSMs, significant improvements were made in recent years toward this goal. Pioneer studies that delineated

the potential impact of flavor conversion physics in CCSNe and BNSMs were also performed extensively to obtain useful

insights. In this section, we first discuss different types of flavor conversion of neutrinos that can happen in environments

relevant to CCSNe and BNSMs in Sec. 4.1. In Sec. 4.2, we review recent findings on the potential impact of neutrino

flavor conversions in CCSNe and in BNSMs. Table 4.1 summarizes the current understanding of different types of flavor

oscillation mechanisms and their impact on relevant physical processes in SNe and in BNSMs3.

Table 4.1: Known types of neutrino flavor oscillations that can occur in CCSNe and in BNSMs (first column). The second column labels

whether a given type is of collective nature or not. The third to sixth columns denotes whether they affect the physical processes and/or

nucleosynthesis outcome. The symbols X, 7, and ? stand for “yes”, “no”, and “not explored yet” respectively.

Type Collective? SN explosion SN ⌫ wind nucleosynthesis ⌫ process BNSM r-process

Slow mode X 7 maybe X 7

Fast mode X X X X X
Synchronized MSW X 7 7 7 7

Matter neutrino resonance X 7 7 7 maybe

Collisional induced X ? ? ? likely

MSW transformation 7 7 7 X 7

Parametric resonance 7 7 7 ? 7

4.1. Flavor conversions of neutrinos in astrophysical environments

The flavor evolution of an ensemble of neutrinos propagating in flat space-time on the mean-field level4 can be described

by [434, 435, 436] ✓
u

µ
@µ +

dpi

dt

@

@pi

◆
%(t,x,p) = �i[H, %(t,x,p)] + C, (4.1)

where u
µ = (1,v) is the four-velocity of an ultra-relativistic neutrino, p is the corresponding three momentum with pi

the corresponding three components, % (%̄) is the 3 by 3 Wigner-transformed density matrix for (anti)neutrinos in flavor

basis, whose diagonal elements %↵↵ (%̄↵↵) denote the phase-space occupation numbers of ⌫↵ (⌫̄↵) with ↵ 2 {e, µ, ⌧}. The

off-diagonal complex elements %↵� (↵ 6= �) characterize flavor mixing of neutrinos.

3Notice that in this article we restrict ourselves to neutrino flavor conversions within the Standard Model and do not discuss impacts due

to the potential but speculative existence of light sterile neutrinos, which may strongly affect the dynamics and nucleosynthesis in CCSNe and

BNSMs [420, 421, 422, 423, 424, 425, 426, 427, 428, 429, 430].
4In this review, we do not discuss potential correction due to the many-body nature of this problem, which can also be viewed as effects

beyond the mean field. For interested readers, please refer to Ref. [431] for a recent review as well as Refs. [432] and [433].

45

Table from Fischer et al., Prog. Part. Nucl. Phys. 137 (2024) 104107

Complexities…



DUNE sensitivity to SN neutrinos

𝝂𝒆 flavor dominates → LAr only future prospect for a large, cleanly tagged SN 
𝜈" sample, which dominates in neutronizaTon phase.

EPJC 81 (2021) 423• DUNE Far Detector employs liquid argon TPC (LArTPC) technology that allows excellent 3D 
imaging with few mm resoluTon, excellent energy measurement, and parTcle idenTficaTon. 
- Placed 1,5 km deep underground at SURF (Lead, SD).
- 4 x 17 kton modules in phased approach for DUNE FD:

• Phase I: FD-1 horizontal dri\ LArTPC, FD-2 verTcal dri\  LArTPC. 
• Phase II: FD-3 & FD-4 with possible enhanced low energy physics capabiliTes.

• Measurement of core-collapse SN 𝜈’s in DUNE will provide informaTon about:
- Supernova physics: Core collapse mechanism, SN evoluTon in Tme, black hole formaTon.
- Neutrino physics: 𝜈 flavor transformaTon, 𝜈 absolute mass, other 𝜈 properTes.

• Diffuse background supernova 𝜈’s are also potenTally detectable.

• DUNE will have burst poinIng resoluTon ( ∼5 deg) and parTcipate in SNEWs. 

𝜈 events for different SN models in 40 kton LAr & 10 kpc SN 

40 kton LAr,
10 kpc SN 
“Garching model”

Main interactions: CC (𝝂𝒆) ES 
(𝝂𝒙).

Michel e- in ProtoDUNE-SP data

courtesy of D. Pershey and C. Cuesta on behalf of the DUNE collaboration

https://link.springer.com/article/10.1140/epjc/s10052-021-09166-w
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Fig. 16 Sensitivity regions generated in (hE⌫i, ") space (pro-
filed over ↵) for three di↵erent supernova distances (90%
C.L.). SNOwGLoBES assumes a transfer matrix made using
MARLEY with a 20% Gaussian resolution on detected en-
ergy, and a step e�ciency function with a 5 MeV detected
energy threshold.

Fig. 17 90% C.L. contours for the luminosity and average
⌫e energy spectral parameters for a supernova at 5 kpc. The
contours are obtained using the time-integrated spectrum. As
discussed in the text, the allowed regions change noticeably
but not drastically as one moves from no detector smearing
(pink) to various realistic resolutions (wider regions).

• Energy resolu)on: ~10-20%
• MARLEY 

18

Fig. 8 Left: transfer matrix for SNOwGLoBES created with monoenergetic ⌫eCC MARLEY samples run though LArSoft, with
the color scale indicating the relative detected charge distribution as a function of neutrino energy. The e↵ects of interaction
product distributions and detector smearing are both incorporated in this transfer matrix. The right hand plot incorporates
an assumed correction for charge attenuation due to electron drift in the TPC, based on Monte Carlo truth position of the
interaction. This correction can be made using PDS information. The drift correction improves energy resolution.
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Fig. 9 Observed reconstructed energy distributions for spe-
cific interacting neutrino energies (corresponding to columns
of the transfer matrices in Fig. 8), with and without recon-
structed photon drift correction.

tions in Sec. 2.4.1. MSW-dominated transitions a↵ect
the subsequent rise of the signal over a fraction of a
second; the time profile will depend on the turn-on of
the non-⌫e flavors. For this model at 10 kpc there are
statistically-significant di↵erences in the time profile of
the signal for the di↵erent orderings.

For a given supernova, the number of signal events
scales with detector mass and inverse square of distance
as shown in Fig. 12. The standard supernova distance
is 10 kpc, which is just beyond the center of the Milky
Way. At this distance, DUNE will observe from several
hundred to several thousand events. For a collapse in
the Andromeda galaxy, 780 kpc away, a 40-kton detec-
tor would observe a few events at most.

Channel Liver- GKVM Garching
more

⌫e +40 Ar ! e� +40 K⇤ 2648 3295 882

⌫e +40 Ar ! e+ +40 Cl⇤ 224 155 23

⌫X + e� ! ⌫X + e� 341 206 142

Total 3213 3656 1047

Table 1 Event counts computed with SNOwGLoBES for dif-
ferent supernova models in 40 kton of liquid argon for a core
collapse at 10 kpc, for ⌫eCC and ⌫̄eCC channels and ES (X
represents all flavors) on electrons. Event rates will simply
scale by active detector mass and inverse square of supernova
distance. No flavor transitions are assumed for the “Liver-
more” and “Garching” models; the “GKVM” model includes
collective e↵ects. Note that flavor transitions (both standard
and collective) will potentially have a large, model-dependent
e↵ect, as discussed in Sec. 2.4.1.

5.4 Burst Triggering

Given the rarity of a supernova neutrino burst in our
galactic neighbourhood and the importance of its detec-
tion, it is essential to develop a redundant and highly ef-
ficient triggering scheme in DUNE. In DUNE, the trig-
ger on a supernova neutrino burst can be done using
either TPC or photon detection system information. In
both cases, the trigger scheme exploits the time coinci-
dence of multiple signals over a timescale matching the
supernova luminosity evolution. Development of such a
data acquisition and triggering scheme is a major activ-
ity within DUNE and will be the topic of future dedi-
cated publications. Both TPC and PD information can
be used for triggering, for both SP and DP. Here are
described two concrete examples of preliminary trigger
design studies. Note that the general strategy will be
to record data from all channels over a 30-100 second
period around every trigger [3], so that the individual

DUNE collab. Eur.Phys.J.C 81 (2021) 5, 423



Supernova burst searches
• SuperK IV archival search : SNR(D<100 kpc) < 0.29 yr−1 

M. Mori et al. (SuperK coll.) Astrophys.J. 938 (2022) 1, 35
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(a): Stellar Birthrate (Reed 2005)
(b): Extragalactic SN rates (Li et al. 2011)
(c): Al-26 (Diehl et al. 2006)
(d): Neutron star birthrate (Keane & Kramer 2008)
(e): Combination of (a-d)
(f): Milky Way optical
(g): Milky Way neutrinos
(h): Andromeda
(i): Rest of Local Group
(j): Combination of (f-i), this paper
(k): Best estimate, this paper

R (100 yr)-1

Figure 1: CCSN rate R in the Milky Way: from the existing literature (blue), computed from
direct information from the Local Group (gray) and full result (black) of Eq. (17).

2.3 26Al abundance

This method models the gamma-ray emission from radioactive 26Al in the Milky Way.
Assuming that this emission traces the ongoing nucleosynthesis pollution by CCSN in
the Milky Way, this method was used to infer the value R = 1.9± 1.1 (100 yr)�1 [12].
The uncertainty can be used directly as a Gaussian error: LAl-26(R) = G(R, R̄,�R) with
R̄ = 1.9 and �R = 1.1. The shorthand for this method is simply Al-26. Again, note that
this range is much wider than the range from the stellar birthrate method. For a recent
study of the role that could be played by 26Al from young stars see [13].

2.4 Neutron star birthrate

The birthrate of Galactic neutron stars was estimated by [14] by summing 4 contri-
butions, supposed to be independent: ordinary radio pulsars, rotating radio transients,
X-ray dim isolated neutron stars, magnetars. Their rates, in units of objects per cen-
tury are respectively: 1.6±0.2, 3.2±1.2, 2.1±1.0, 0.3±0.3, obtained by averaging the
three determinations of Table 1 from [14] and using model NE2001. We sum the errors
linearly and find a conservative result, that we use in Gaussian statistics with:

R̄NS = 7.2 (100 yr)�1 , �RNS = 2.7 (100 yr)�1 , (5)

This estimate is significantly higher than the estimate derived with other methods. The
question of consistency of this result with the other ones was discussed in the same

paper [14]. Using our estimations, if we compute |R̄NS � R̄Al-26|/
q
�R2

NS+�R2
Al-26 = 1.8

proceeding as in the appendix of [15], we would conclude that this result can be at-
tributed to a fluctuation of a Gaussian distribution with a chance of 7%, which is still
acceptable.

4
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Preparedness: pre-SN neutrinos sensitivity
• Alert ~12 hours pre-collapse, for 15 Msun star at D=150 pc (e.g., Betelgeuse)
• SuperK-Gd at 0.033% Gd concentration
•  

Pre-SN neutrino search in KamLAND and Super-Kamiokande 15

Table 2. Warning time of the KamLAND-only, SK-only, and combined search for each pre-SN neutrino models, neutrino
mass orderings and reactor activities, assuming a Betelgeuse-like pre-SN star of 15M�. The latency due to data processing
is not taken into account.

Warning time [hour]

Alert system Pre-SN model Mass ordering Low reactor activity Medium reactor activity High reactor activity

KamLAND Odrzywolek NO 8.3 6.5 5.5

IO 0.9 N/A N/A

Patton NO 8.1 6.1 5.0

IO 0.8 0.2 N/A

SK Odrzywolek NO 6.7 6.3 5.9

IO 2.4 2.1 1.9

Patton NO 12.0 10.9 9.8

IO 4.7 4.3 3.9

Combined Odrzywolek NO 9.8 8.0 7.3

IO 3.0 2.5 2.2

Patton NO 14.2 12.4 11.2

IO 5.4 4.6 4.2

Note—N/A denotes not applicable, meaning the expected significance does not reach the alert criteria.
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Figure 13. Combined sensitivity to pre-SN neutrinos as a function of time based on the detection capability of KamLAND and
SK-Gd with 0.03% Gd concentration, assuming medium reactor activity, following the Odrzywolek model (red) and the Patton
model (blue). Solid (dashed) lines are for normal (inverted) neutrino mass ordering. Horizontal dotted-dashed lines indicate
false alarm rate = 1, 10, and, 100 per century.

invalidated. In addition to the above situations, there may also be network connection problems which can delay the
data transfer. Therefore, the di↵erences between the current time and the time when data are processed will also be
checked. The individual KamLAND and SK pre-SN alert systems gather the above information, and exchange them
between the servers of KamLAND and SK, as illustrated in Figure 15. The update frequency of the input is once
every 5 minutes for each of the experiments. These inputs will be processed by the combined pre-SN alert software,
yielding a result of the combined pre-SN search. The result will be exported to users, and the alert decision will be
made based on the result.

SuperK + KAMLAND, Abe et al., arxiv:2404.09920 ; see also 
Machado et al., Astrophys. J., 935, 40 

Poster: K. 
Saito



Preparedness: near-Earth supernova 
• Danger of Data Acquisition System overload!
• New SuperK preotection module with veto

Fig. 16 Hits per a hardware counter as measured by the SN module for a supernova

burst at a distance of 800 pc from the Earth assuming the Nakazato model. The horizontal

axis is the time measured from the first hit. The peak area meets the trigger condition of

the SN module.

In this window and there are SN triggers which meet the condition of Veto module around

0.445 s shown in Table 2, and during which the QBEEs would be vetoed by the Veto module.

In this way, the amount of dead-time incurred by supernovae as a function of distance

is calculated and summarized in Figure 18. The simulation results show that supernovae

begin to trigger the Veto module at distances between 700 pc and 850 pc. For SK-Gd the

module is triggered by more distant supernovae than pure water due to the gamma rays

emitted when neutrons are caputured by Gd. The Gd doping increases the total veto dead-

time by approximately a factor of 1.6 regardless of the supernova’s distance. Comparing the

Nakazato and Mori models, we find that the distance at which the Nakazato model triggers

Veto module is closer than that for the Mori model, as expected by the higer luminosity

in the former. Table 4 summarizes the distances at which veto signals start being issued.

With a 0.011% concentration of Gd, this distance is closer by 20-30 pc and the start of the

Nakazato model is closer by 100 pc than that of the Mori model.

8 Summary

This paper describes new DAQ modules introduced at SK to insure the as much data as

possible from a nearby supernova is recorded without overflowing or crashing the standard

QBEE-based DAQ. These modules, the SN module and Veto module, e↵ectively prescale

25

ProtecEon module 
is triggered

D=0.8 kpc

M. Mori et al. (SuperK. coll.), arxiv:2404.08725



Super-Gd loading progress
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FIG. 3: Percentage of thermal neutron captures on gadolinium (Gd) as a function of

dissolved mass percentage of Gd in water. The first phase of loading in Super-Kamiokande

is known as T1, while the second phase is called T1.5. Thermal neutron capture cross

sections of the four elements in the SK water are shown; nearly all neutrons not captured

by Gd end up on H as it is thousands of times more abundant inside SK than sulfur.

IV. THE JUNO EXPERIMENT

The JUNO experiment is located at Jiangmen in South China. Its primary goal is to

determine the neutrino mass ordering and precision measurements of neutrino oscillation

parameters using reactor neutrinos from the powerful Taishan and Yangjiang nuclear power

plants [16, 17]. JUNO will build a Liquid Scintillation (LS) detector of 20 kton with an

overburden of 700 m rock for shielding the cosmic rays. As a multiple-purpose neutrino

observatory, the JUNO detector complexes, from the inner to outer layers, include the

Central Detector (CD), the Veto Detectors and the Calibration System. An illustration for

the JUNO detector detector complex is provided in Figure 4. The CD contains 20 kton LS

in an acrylic shell with an inner diameter of 35.4 m, and 17,612 high-quantum-e�ciency

20-inch Photo Multiplier Tubes (PMTs) and around 25,600 3-inch PMTs are closely packed

around the LS sphere in order to guarantee the precision neutrino energy measurement with

the energy resolution of 3% [49]. Other sub-systems include the water pool and top tracker

10

Li, Vagins and Wurm, Universe 8 (2022) 3, 181



DSNB - limits

• SuperK-Gd, 0.01% Gd 
(capture efficiency 50%)
• Increased to 0.033% in 2024 (eff. 

75%)
• target is 0.1%  (eff. 90%) 
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Figure 3. Upper limits on the ⌫̄e flux, calculated by Equation 2. The red lines show
the observed (solid) and expected (dot-dashed) 90% C.L. upper limit for SK-VI. The blue
lines show the observed (solid) and expected (dot-dashed) 90% C.L. upper limit for SK-
IV Abe et al. (2021). The green line represents the 90% C.L. observed upper limit placed
by KamLAND Abe et al. (2022c). The gray-shaded region represents the range of the
modern theoretical expectation. The expectation drawn in the figure includes DSNB flux
models (Malaney 1997; Hartmann &Woosley 1997; Kaplinghat et al. 2000; Ando et al. 2003;
Lunardini 2009; Horiuchi et al. 2009; Galais et al. 2010; Nakazato et al. 2015; Horiuchi et al.
2018; Kresse et al. 2021; Tabrizi & Horiuchi 2021; Horiuchi et al. 2021; Ekanger et al. 2022).
Ando+03 model was updated in Ando (2005).
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Machine Learning and DSNB

• Use Convolu)onal Neural 
Network for NC background 
reduc)on at SuperK-Gd  
• O(102 ) abatement
• Maintain 96% signal efficiency

Maksimovic, Nieslony and Wurm, JCAP 11 (2021) 11, 051


