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Figure 1: The discovery location, IR brightening and disappearance of M31-2014-DS1. (a)
Optical color composite image of the discovery field taken from the PS1 survey (55). The image
triplet in the inset shows a zoom-in (marked by the yellow dashed square) observed by the NEOWISE
(18) survey in 2017 (left), 2010 (middle) and the resulting difference image (right). (b) Zoomed-in
images showing the progenitor location before and ⇡ 6 � 7 years after the the MIR brightening
peak. The top row shows optical data from HST, the middle row shows red optical light data from
HST, and the bottom row shows near-infrared data from HST and the Keck-I telescope, highlighting
the disappearance of the optical source and a very faint IR remnant. (c) The temporal evolution of
flux observed with the PTF (56), NEOWISE (18), PS1 (55), Gaia (26) and ZTF (57) surveys and
follow-up photometry from MMT. Error bars are shown at 1f confidence, and 5f upper limits are
shown as hollow symbols with downward arrows. For the Gaia photometry, we show the raw flux
in light symbols, while the dark symbols show the averaged flux around the NEOWISE observation
epochs. The left axis indicates the brightness in units of observed flux, while the right axis shows
the monochromatic luminosity (_ �_) scaled to a mean observation wavelength of 2 `m.
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Neutrino emissions in neutron star/black hole formation
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Hüdepohl+ 2010 (NS forming) Fischer+ 2009 (BH forming)

4 T. Fischer et al.: The neutrino signal from protoneutron star accretion and black hole formation
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Fig. 2. Luminosities and mean energies during the post bounce phase of
a core collapse simulation of a 40 M⊙ progenitor model from Woosley
& Weaver (1995). Comparing eos1 (thick lines) and eos2 (thin lines).

the low density and low temperature regime is coupled to the
EoS for hot and dense nuclear matter above temperatures of
T = 0.5 MeV, where nuclei are assumed to be in nuclear sta-
tistical equilibrium (NSE). In addition, there are free nucleons
and light nuclei. The transition from NSE to bulk nuclear matter
(free nucleons only) above the neutron drip line is handled via
the EoSs intrinsically.

In the following paragraphs, we compare the soft EoS from
Lattimer & Swesty (1991) (eos1) with the compressibility of
180 MeV with the stiff EoS from Shen et al. (1998) (eos2) with
the compressibility of 281 MeV during the accretion phase of
a core collapse simulation of the 40 M⊙ progenitor model from
Woosley & Weaver (1995) before black hole formation.

Eos1 is based on the liquid drop model including surface
effects, while eos2 uses a relativistic mean field approach and
Thomas-Fermi approximation. In addition, the nuclear part of
eos2, given as a table, is coupled to an electron-positron EoS,
developed by Timmes & Arnett (1999) and Timmes & Swesty
(2000). Eos1, distributed as a subroutine, already contains the
electron-positron contributions. Both EoSs depend on the three
independent variables temperature, electron fraction and matter
density.

Figure 2 compares the neutrino luminosities in graph (a) and
the mean neutrino energies in graph (b) as a function of time
after bounce for eos1 and eos2. The larger electron-neutrino lu-
minosity slightly before and at bounce is due to the different
thermodynamic conditions achieved at bounce as illustrated in
Fig. 3. These different conditions are a direct hydrodynamic con-
sequence of the more compact bouncing core using eos1 (see
the higher central density in graph (a)), which results in a larger
central deleptonization in graph (b). The corresponding entropy
and temperature profiles are shown in graphs (c) and (d) respec-
tively. At intermediate densities and temperatures, heavy nuclei
appear with slightly larger average atomic charge and number
using eos1 (see graph (e)). On the other hand, the fractions of
light nuclei in graph (f) differ quite a lot. During the postbounce
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Fig. 3. Bounce conditions for the core collapse simulation of a 40 M⊙
progenitor model from Woosley & Weaver (1995), comparing eos1
(thin lines) with eos2 (thick lines).
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Fig. 4. The last stable configuration of the PNSs before becoming gravi-
tationally unstable and collapsing to a black hole, comparing eos1 (thin
dashed lines) and eos2 (thick solid lines).

phase, the simulation using the soft EoS eos1 is characterized by
a short accretion time of ≃500 ms and thus a rapid PNS contrac-
tion before becoming gravitationally unstable and collapsing to
a black hole.

Figure 4 illustrates the last stable configuration before the
PNSs (identified via the νe-spheres) become gravitationally un-
stable. Graphs (a) and (b) compare the velocity and the density
profiles respectively with respect to the enclosed baryon mass.
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Fig. 2. Luminosities and mean energies during the post bounce phase of
a core collapse simulation of a 40 M⊙ progenitor model from Woosley
& Weaver (1995). Comparing eos1 (thick lines) and eos2 (thin lines).

the low density and low temperature regime is coupled to the
EoS for hot and dense nuclear matter above temperatures of
T = 0.5 MeV, where nuclei are assumed to be in nuclear sta-
tistical equilibrium (NSE). In addition, there are free nucleons
and light nuclei. The transition from NSE to bulk nuclear matter
(free nucleons only) above the neutron drip line is handled via
the EoSs intrinsically.

In the following paragraphs, we compare the soft EoS from
Lattimer & Swesty (1991) (eos1) with the compressibility of
180 MeV with the stiff EoS from Shen et al. (1998) (eos2) with
the compressibility of 281 MeV during the accretion phase of
a core collapse simulation of the 40 M⊙ progenitor model from
Woosley & Weaver (1995) before black hole formation.

Eos1 is based on the liquid drop model including surface
effects, while eos2 uses a relativistic mean field approach and
Thomas-Fermi approximation. In addition, the nuclear part of
eos2, given as a table, is coupled to an electron-positron EoS,
developed by Timmes & Arnett (1999) and Timmes & Swesty
(2000). Eos1, distributed as a subroutine, already contains the
electron-positron contributions. Both EoSs depend on the three
independent variables temperature, electron fraction and matter
density.

Figure 2 compares the neutrino luminosities in graph (a) and
the mean neutrino energies in graph (b) as a function of time
after bounce for eos1 and eos2. The larger electron-neutrino lu-
minosity slightly before and at bounce is due to the different
thermodynamic conditions achieved at bounce as illustrated in
Fig. 3. These different conditions are a direct hydrodynamic con-
sequence of the more compact bouncing core using eos1 (see
the higher central density in graph (a)), which results in a larger
central deleptonization in graph (b). The corresponding entropy
and temperature profiles are shown in graphs (c) and (d) respec-
tively. At intermediate densities and temperatures, heavy nuclei
appear with slightly larger average atomic charge and number
using eos1 (see graph (e)). On the other hand, the fractions of
light nuclei in graph (f) differ quite a lot. During the postbounce
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Fig. 3. Bounce conditions for the core collapse simulation of a 40 M⊙
progenitor model from Woosley & Weaver (1995), comparing eos1
(thin lines) with eos2 (thick lines).
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Fig. 4. The last stable configuration of the PNSs before becoming gravi-
tationally unstable and collapsing to a black hole, comparing eos1 (thin
dashed lines) and eos2 (thick solid lines).

phase, the simulation using the soft EoS eos1 is characterized by
a short accretion time of ≃500 ms and thus a rapid PNS contrac-
tion before becoming gravitationally unstable and collapsing to
a black hole.

Figure 4 illustrates the last stable configuration before the
PNSs (identified via the νe-spheres) become gravitationally un-
stable. Graphs (a) and (b) compare the velocity and the density
profiles respectively with respect to the enclosed baryon mass.

elsewhere). We will show that improved neutrino interac-
tion rates lead to significant differences.

Numerical method.—Our simulations were performed
with the PROMETHEUS-VERTEX code. It couples an explicit
third-order Riemann-solver-based Newtonian hydrody-
namics code with an implicit multiflavor, multi-energy
group two-moment closure scheme for neutrino transport.
The variable Eddington-factor closure is obtained from a
model Boltzmann equation [23]. We account for general
relativistic (GR) corrections with an effective gravitational
potential (case A of Ref. [24]) and the transport includes
GR redshift and time dilation. Tests showed good overall
agreement until several 100 ms after core bounce [24,25]
with fully relativistic simulations of the Basel group’s
AGILE-BOLTZTRAN code. A more recent comparison with
a GR program [26] that combines the COCONUT hydro
solver [27] with the VERTEX neutrino transport, reveals
almost perfect agreement except for a few quantities with
deviations of at most 7%–10% until several seconds. The
total neutrino loss of the PNS agrees with the relativistic
binding energy of the NS to roughly 1%, defining the
accuracy of global energy and lepton-number conservation
in our simulations.

Our primary case (model Sf) includes the full set of
neutrino reactions described in Appendix A of Ref. [28]
with the original sources. In particular, we account for
nucleon recoils and thermal motions, nucleon-nucleon
(NN) correlations, weak magnetism, a reduced effective
nucleon mass and quenching of the axial-vector coupling
at high densities, NN bremsstrahlung, !! scattering, and
!e !!e ! !";# !!";#. In addition, we include electron capture

and inelastic neutrino scattering on nuclei [29].
To compare with previous simulations and the Basel

work [20] we also consider in model Sr a reduced set of
opacities, omitting pure neutrino interactions and all men-
tioned improvements of the neutrino-nucleon interactions
relative to the treatment of [30].

Long-term simulations.—In Fig. 1 we show the evolu-
tion of the !e, !!e, and !x luminosities and of the average
energies, defined as the ratio of energy to number fluxes.
The dynamical evolution, development of the explosion,
and shock propagation were previously described [18,19].
The characteristic phases of neutrino emission are clearly
visible: (i) Luminosity rise during collapse. (ii) Shock
breakout burst. (iii) Accretion phase, ending already at
!0:2 s post bounce when neutrino heating reverses the
infall. (iv) Kelvin-Helmholtz cooling of the hot PNS with
a duration of 10 s or more, accompanied by mass outflow in
the neutrino-driven wind.

The PNS evolves in the familiar way [13,16] through
deleptonization and energy loss. It contracts, initially heat-
ing up by compression and down-scattering of energetic !e

produced in captures of highly degenerate electrons. With
progressing neutronization the PNS cools, approaching a
state of$ equilibrium with vanishing !e chemical potential
"!e and minimal electron content.

In model Sf, deleptonization and cooling take !10 s
until ! transparency is approached. For t > 8:9 s we find
T & 6 MeV and"!e

! 0 throughout, and _NL " 1053 s#1.

The final baryon mass is Mb ¼ 1:366M% with radius
!15 km. Neutrinos have carried away lepton-number of
6:57& 1056 and energy E! ¼ 1:66& 1053 erg, so the
gravitational mass is M ¼ Mb # E!=c

2 ¼ 1:273M%. The
evolution is faster than in previous works [16] or in model
Sr because the high-density ! opacities are suppressed,
where NN correlations [31] probably dominate. In model
Sr, deleptonization continues at 25 s on the low level of
_NL & 1053 s#1, Tcenter ! 11:5 MeV, and only 97% of the
gravitational binding energy have been lost.
Differences are also conspicuous in the luminosities.

Until 5.5 s they are higher (up to 60% at t! 2 s) in model
Sf, whereas afterwards they drop much faster compared to
model Sr. On the other hand, for t * 0:2 s, after the end of
accretion, the luminosities in both models become inde-
pendent of flavor within 10% or better. The total radiated
E! shows nearly equipartition: 20% are carried away by !e,
16% by !!e, and 4& 16% by !x.
Spectra.—The mean neutrino energies evolve very dif-

ferently in the two cases. While they increase over 1–1.5 s
for !e and !!e in model Sf, they increase only until !0:2 s
in model Sr. The opacities are lower and thus the neutrino
spheres at higher T, so model Sf has larger h%!e

i and h% !!ei
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FIG. 1. Neutrino luminosities and mean energies observed at
infinity. Top: Full set of neutrino opacities (model Sf). Bottom:
Reduced set (model Sr).
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Neutrino spectrum
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can be taken as constant in energy, which is adequate [17]
for the experimentally relevant energy range (E *
19:3 MeV for Super-Kamiokande [1]).

While neutron star-forming collapses (NSFCs) have
been widely studied, the evolution of higher mass stars is
more uncertain. For M! ð25–40ÞM$ (13% of the total) a
weaker explosion should occur, with a black hole formed
by fallback [12]. Stars with M * 40M$ (a 9% fraction),
would instead collapse into a black hole directly.
Simulations of such direct black hole-forming collapses
(DBHFCs) [6–9] show an emitted neutrino flux that is
more energetic and more luminous than the NSFC case,
with especially high luminosity in !e and !!e due to capture
of electrons and positrons on nucleons.

A ‘‘stiffer’’ equation of state (EOS) of nuclear matter [6]
and/or a smaller accretion rate of matter on the protoneu-
tron star [8] correspond to more luminous and hotter
neutrinos. Here I use the fluxes from DBHFCs as in
Fig. 5 of Ref. [10]. They are shown in Fig. 1 (solid lines
and insets). These fluxes were obtained for the 40M$
progenitor in [21] with the stiffer Shen et al. (S) EOS
[22] (incompressibility K ¼ 281 MeV) and the softer
Lattimer-Swesty (LS) one [23] (with K ¼ 180 MeV
[10]). For the different progenitors considered in [10]
results appear unchanged for the S EOS, while for the LS
one the luminosity and average energy may be lower by a
factor of 2 and by 10%–20%, respectively. For the energy
spectra, I use the same linear interpolation of numerically
calculated points as in [10], which underestimates the DF
in the Super-Kamiokande window by about 10%–20%, so
my results are conservative. Reference [10] shows that
Eq. (3) applies to the DBHFC case, with the same extreme
values of !p being realized for the same oscillation parame-
ters as in the NSFC case.

I calculated the neutrino fluxes from NSFCs and
DBHFCs, and the total DF for a schematic two-population
scenario, with a fraction fNS (fBH ¼ 1& fNS) of identical
neutrino emitters of the NSFC (DBHFC) type [24].
Generalizing the single population formula (e.g., [25])
one gets the total diffuse !!e flux at Earth, differential in
energy and area:

"ðEÞ ¼ c

H0

Z zmax

0
RccðzÞ½fNSFNS

!e ðEð1þ zÞÞ

þ ð1& fNSÞFBH
!e ðEð1þ zÞÞ) dz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
#mð1þ zÞ3 þ#$

p ;

(4)

where #m ¼ 0:3 and #$ ¼ 0:7 are the fractions of the
cosmic energy density in matter and dark energy; c is the
speed of light, and H0 is the Hubble constant. I took the
parameters Rccð0Þ ¼ 10&4 Mpc&3 yr&1, " ¼ 3:28 and
zmax ¼ 4:5 [11] (results depend weakly on zmax, at the level
of !7% or less for zmax * 3 [25]). To parametrize the
uncertainty in fNS I take the interval fNS ¼ 0:78–0:91,
corresponding to a mass 25–40M$ as an upper limit for
neutron star-forming collapse.
Results are shown in Fig. 2. The diffuse flux from

NSFCs, "NS, is maximum at E! 5–6 MeV, with an ex-
ponential decay at higher energy [26]. The contribution
from DBHFCs, "BH, has hotter spectrum, and thus is
increasingly important at higher energy. Oppositely to
"NS, "BH is larger for minimal permutation ( !p ¼ 0:68)
[10], because of the high original !!e flux. The dependence
of the original fluxes on the EOS is evident in "BH.
Figure 2 shows that"BH might dominate already at E!

22 MeV, implying a strong effect at Super-Kamiokande.
For the most favorable parameters the total flux above

10 1005020 20030 30015 15070
1052

1053

1054

1055

1056

1057

E MeV

F
0

M
eV

1

S EOS

23.6 MeV

12.8 1052 ergs 

24.1 MeV

4.9 1052 ergs 

10 1005020 20030 30015 15070
1052

1053

1054

1055

1056

1057

E MeV

F
0

M
eV

1

LS EOS

20.4 MeV

4.5 1052 ergs 

22.2 MeV

2.2 1052 ergs 

FIG. 1 (color online). Neutrino fluxes at production inside the star for direct black hole-forming collapse (solid, from [10]), and
neutron star-forming collapse [dashed, Eq. (2)]. In both cases, the curves from upper to lower at 5 MeV correspond to !e, !!e, !x. For
direct black hole-forming collapse the neutrino spectra are shown for the Shen et al. (left panel) and Lattimer-Swesty (right) EOS. For
each, the neutrino luminosities and average energies are given (insets). See text for details.
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2

Ref Progenitor mass EOS E⌫e E⌫̄e E⌫X h✏⌫e i h✏⌫̄e i h✏⌫X i

(M�) (1053 erg) (1053 erg) (1053 erg) (MeV) (MeV) (MeV)

Sumiyoshi et al. (2007) 40 (WW95a) LS180 0.554 0.467 0.228 16.3 19.5 21.5

Sumiyoshi et al. (2007) 40 (WW95) Shen 1.46 1.35 0.526 20.3 23.2 23.9

Fischer et al. (2009) 40 (WW95) LS180 0.507 0.376 0.231 14.1 14.6 19.7

Fischer et al. (2009) 40 (WW95) Shen 1.73 1.53 0.715 16.0 18.4 21.0

Nakazato et al. (2010) 40 (WW95) LS220 0.729 0.627 0.382 17.3 20.1 24.1

Hüdepohl (2014) 25 (WHW02b) LS220 0.728 0.655 0.372 15.0 18.2 17.6

Hüdepohl (2014) 40 (WW95) LS180 0.422 0.337 0.209 13.8 17.1 18.3

Walk et al. (2020) 40 (WH07c) LS220 0.572 0.539 0.375 16.2 18.8 20.2

Nakazato et al. (2021) 30 (N13d) LS220 0.403 0.287 0.211 12.5 16.4 22.3

Nakazato et al. (2021) 30 (N13) Togashi 0.685 0.533 0.289 16.1 20.4 23.4

Nakazato et al. (2021) 30 (N13) Shen 0.949 0.81 0.40 17.5 21.7 23.4

Kresse et al. (2021) 40 (WW95) LS220 0.938 0.862 0.483 15.7 18.7 17.6

Kresse et al. (2021) 40 (WHW02) LS220 0.544 0.449 0.281 14.4 17.6 18.8

Choi et al. (2025) 12.25 (S16&18e) SFHo 0.563 0.511 0.297 13.9 16.3 15.5

Choi et al. (2025) 14 (S16&18) SFHo 0.768 0.711 0.393 15.0 17.3 15.9

Choi et al. (2025) 19.56 (S16&18) SFHo 0.906 0.889 0.694 12.9 15.4 16.0

Choi et al. (2025) 23 (S16&18) SFHo 0.776 0.736 0.609 12.4 14.7 14.8

Choi et al. (2025) 40 (S16&18) SFHo 0.798 0.766 0.499 13.4 15.8 16.

Choi et al. (2025) 100 (S16&18) SFHo 0.529 0.462 0.246 12.9 15.1 17.1

aWoosley & Weaver (1995)
bWoosley et al. (2002)
cWoosley & Heger (2007)
dNakazato et al. (2013)
eSukhbold et al. (2016, 2018)

TABLE 1
Parameters used in your paper.Based on the previous section, we can estimate the

expected event number of neutrinos as

N⌫ =
2

18

Mdet

m

E⌫

4⇡D2 h✏⌫i
h�i

=3.48

✓
D

770 kpc

◆�2 ✓ h✏⌫i
15MeV

◆✓
E⌫

1053 erg

◆
, (1)

where Mdet is the detector mass (22.5 kton corresponds
to the fiducial volume of Super-Kamiokande), m is the
nucleon mass, D is the distance between an SN and the
Earth, and � is the cross section of inverse beta de-
cay (p + ⌫̄e ! n + e+). For the cross section, we use
�(E) = �0(E/MeV)2 with �0 = 9.4⇥ 10�44 cm2 (Ra↵elt
1996) and the thermal spectrum (see Section 4 in Suwa
et al. 2021 for more details). Since the factor 2/18 is
for counting the hydrogen number in water molecules,
2Mdet/18m is the total number of hydrogen in the de-
tector.
Using data from Super-Kamiokande IV, Mori et al.

(2022) searched for neutrino bursts from distant core-
collapse supernovae by applying a statistical cluster-
finding algorithm optimized for inverse beta decay

events. The analysis set stringent statistical criteria to
suppress false positives, requiring at least two neutrino
candidate events within 0.5 s or 2 s windows, or at least
four events within 10 s. Despite high background re-
jection (> 99.3%) and high detection e�ciency (⇠ 74%),
no statistically significant neutrino clusters were detected
over the observational period. Consequently, the authors
derived an upper limit on the supernova rate of approxi-
mately 0.29 events/year within 100 kpc, highlighting the
current statistical limitations of neutrino burst detection
at large distances.

Figure 1 shows the parameters constrained

4. SUMMARY

We find that

ACKNOWLEDGMENTS

Acknowledge support (or not).

REFERENCES

De, K. et al. 2024, arXiv e-prints, arXiv:2410.14778, 2410.14778 Fischer, T., Whitehouse, S. C., Mezzacappa, A., Thielemann,
F. K., & Liebendörfer, M. 2009, A&A, 499, 1, 0809.5129

total energyaverage energy

http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/introduction.html

Inverse beta decay: p + ν̄e → n + e+



Yudai Suwa (UT/YITP) @ 日本天文学会2025年秋期年会 /1011/9/2025

Constraints with Super-Kamiokande IV data

6

7

Inside fiducial volume Outside fiducial volume

Vertex distance to ID wall > 200 [cm] 0 < d < 200 [cm]

Time di↵erence to previous event > 50 [µ sec] > 50 [µ sec]

Energy > 5.5 [MeV] > 15 [MeV]

Fit quality > 0.25 > 0.25

Table 1. Event selection criteria for the input to the cluster search. The fiducial volume is defined as the region 200 cm inside
of the ID wall. Here the energy cut refers to the total energy of positron candidates.
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Figure 2. The spectra of background and supernovae MC at 100 kpc for the Mori and Nakazato models inside and outside
the fiducial volume after the event selection in Table 1. Here data from a single 24 hour run from August 2011 is used for
the background and we use only IBD interactions in the signal models (black lines). The solid lines show the result before the
spallation cut and the dashed lines show the result after the spallation cut. At present there is no spallation cut for the region
outside the fiducial volume. Red lines show the Mori model and blue lines show the Nakazato model. All histograms have been
normalized to the expected number of events in 20 s.

4.1. Cluster Search

Events surviving the pre-selection above are passed to a search algorithm that identifies clusters of events occurring
within any of three specified time windows. The limits of these time windows are chosen based on the evolution of
the neutrino flux during a supernova using criteria from the previous study (Ikeda et al. 2007). The 0.5 s window
corresponds to the time between the initial collapse and subsequent bounce. The 2 s window covers the time until the
shock is revived. The 10 s window corresponds to the neutron star cooling phase. In order to enhance the analysis
e�ciency, the event thresholds for these time windows are roughly half those used in the previous study, requiring at
least 2, 2, and 4 events per cluster, respectively. The time windows are shown in Table 2. These criteria were analyzed
to ensure they increased sensitivity without increasing the rate of background clusters. The number of events forming
a cluster identified by the selection criteria is referred to as the cluster’s multiplicity. See Section 5.1 for details.

Time window 1 � 2 events in 0.5 [s]

Time window 2 � 2 events in 2 [s]

Time window 3 � 4 events in 10 [s]

Table 2. Time window settings.

4.2. Spatial Classification and Cluster Cuts

For a nearby supernova, the spatial distribution of events in the detector is expected to be uniform within its volume.
In contrast, spallation background events are expected to be distributed along their parent muon’s track. When the
event multiplicity in a cluster is low the observed event distribution may deviate from these ideals. To account for
this, clusters are separated into four spatial classifications— volume-like, plane-like, line-like, and point-like— based
on the vertex distribution of their events. The algorithm uses the eigenvalues of the correlation matrix of vertices,

Mori+ 2022

No event cluster found!
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TABLE 1

Summary of Simulations

Referencesa Progenitor mass EOS Gravity tBH
b E⌫e E⌫̄e E⌫X h"⌫e i h"⌫̄e i h"⌫X i

(M�) (s) (1053 erg) (1053 erg) (1053 erg) (MeV) (MeV) (MeV)

Sumiyoshi et al. (2007) 40 (WW95c) LS180 fGRd 0.56 0.554 0.467 0.228 16.3 19.5 21.5

Sumiyoshi et al. (2007) 40 (WW95) Shen-TM1 fGR 1.34 1.46 1.35 0.526 20.3 23.2 23.9

Sumiyoshi et al. (2008) 40 (H95e) LS180 fGR 0.36 0.334 0.271 0.160 13.5 16.8 21.9

Sumiyoshi et al. (2008) 50 (TUN07f) Shen-TM1 fGR 1.51 1.35 1.27 0.526 20.0 23.1 24.2

Sumiyoshi et al. (2008) 50 (TUN07) LS180 fGR 0.507 0.450 0.372 0.191 15.7 19.0 21.2

Fischer et al. (2009)g 40 (WW95) LS180 fGR 0.435 0.507 0.376 0.231 14.1 14.6 19.7

Fischer et al. (2009) 40 (WW95) Shen-TM1 fGR 1.40 1.73 1.53 0.715 16.0 18.4 21.0

Nakazato et al. (2010) 40 (WW95) LS220 fGR 0.780 0.729 0.627 0.382 17.3 20.1 24.1

Hüdepohl (2014) 40 (WW95) LS180 eGRh 0.435 0.422 0.337 0.209 13.8 17.1 18.3

Hüdepohl (2014) 40 (WW95) LS220 eGR 0.55 0.525 0.436 0.279 14.4 17.7 19.2

Hüdepohl (2014) 25 (WHW02i) LS220 eGR 1.225 0.696 0.632 0.331 15.3 18.5 17.7

Hüdepohl (2014) 40 (WHW02) LS220 eGR 1.93 0.852 0.796 0.402 15.8 18.8 17.4

Sumiyoshi et al. (2019) 50 (TUN07) Shen-TM1e fGR 1.15 0.941 0.850 0.330 18.7 21.9 21.6

Sumiyoshi et al. (2019) 40 (WW95) Shen-TM1e fGR 1.103 1.15 1.05 0.422 19.3 22.4 23.1

Walk et al. (2020) 40 (WH07j) LS220 eGR 0.57 0.572 0.539 0.375 16.2 18.8 20.2

Nakazato et al. (2021) 30 (N13k) LS220 fGR 0.342 0.403 0.287 0.211 12.5 16.4 22.3

Nakazato et al. (2021) 30 (N13) Togashi fGR 0.533 0.685 0.533 0.289 16.1 20.4 23.4

Nakazato et al. (2021) 30 (N13) Shen-TM1 fGR 0.842 0.949 0.81 0.400 17.5 21.7 23.4

Kresse et al. (2021) 40 (WW95) LS220 eGR 0.57 0.938 0.862 0.483 15.7 18.7 17.6

Kresse et al. (2021) 40 (WHW02) LS220 eGR 2.11 0.544 0.449 0.281 14.4 17.6 18.8

Choi et al. (2025)l 12.25 (S16&18m) SFHo eGR >2.09 0.563 0.511 0.297 13.9 16.3 15.5

Choi et al. (2025) 14 (S16&18) SFHo eGR >2.82 0.768 0.711 0.393 15.0 17.3 15.9

Choi et al. (2025) 19.56 (S16&18) SFHo eGR 3.89 0.906 0.889 0.694 12.9 15.4 16.0

Choi et al. (2025) 23 (S16&18) SFHo eGR 6.23 0.776 0.736 0.609 12.4 14.7 14.8

Choi et al. (2025) 40 (S16&18) SFHo eGR 1.76 0.798 0.766 0.499 13.4 15.8 16.0

Choi et al. (2025) 100 (S16&18) SFHo eGR 0.44 0.529 0.462 0.246 12.9 15.1 17.1

unpublishdedn 40 (WW95) Togashi fGR 0.927 0.824 0.705 0.471 18.1 20.7 25.7
aIn this study, we only use simulation results that include comprehensive neutrino data.
bpostbounce time
cWoosley & Weaver (1995)
dfully GR
eHashimoto (1995)
fTominaga et al. (2007)
gSee also Liebendörfer et al. (2004)
he↵ectively GR
iWoosley et al. (2002)
jWoosley & Heger (2007)
kNakazato et al. (2013)
lSee also Burrows et al. (2024)

mSukhbold et al. (2016, 2018)
nThe same code as Nakazato et al. (2010)

been employed in the simulations, which are summarized
here. The Lattimer-Swesty EOS (Lattimer & Swesty
1991), based on a Skyrme-type nuclear interaction and a
compressible liquid-drop model, has been widely used in
earlier simulations. This EOS includes variations charac-
terized by di↵erent nuclear incompressibility parameters
(K); among the simulations presented in this work, only
the K = 180MeV (LS180) and K = 220MeV (LS220)
variants are used. The Shen EOS family (Shen et al.
1998, 2020), constructed within relativistic mean-field

theory, is represented here by two parameter sets: the
original one (Shen-TM1) and the updated one (Shen-
TM1e). Shen-TM1e adopts a reduced symmetry-energy
slope compared with Shen-TM1, resulting in a slightly
softer pressure at supra-nuclear densities and hence al-
tered neutrino luminosities and spectra. The Togashi
EOS (Togashi et al. 2017) employs advanced nuclear
many-body calculations, o↵ering detailed composition
and structure predictions at high densities. Lastly, the
SFHo EOS (Steiner et al. 2013), derived from relativistic

https://arxiv.org/abs/2504.19510
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Fig. 1.— Total emitted electron antineutrino energy E⌫̄e versus mean energy h"⌫̄e i predicted by black-hole-forming core-collapse simula-
tions. The shaded bands indicate regions that would have produced � 2 correlated events in SK with probabilities of 50%, 68%, 95%, and
99% (light to dark blue), assuming Poisson statistics for a source at the distance of M31. Filled circles show individual simulation results
for six nuclear equations of state (EOS): LS180, LS220, SFHo, Togashi, Shen-TM1e, and Shen-TM1. Both grey tone and symbol size
encode the maximum gravitational mass of a non-rotating protoneutron star supported by each EOS: lighter symbols correspond to softer
EOSs with the maximum gravitational mass of protoneutron star with s = 4kB/baryon, Mmax

s=4
= 2.0–2.1M� (LS180, LS220), whereas

darker symbols mark sti↵er EOSs with Mmax

s=4
= 2.5–2.6M� (Shen-TM1e, Shen-TM1). Models that lie outside the shaded regions, where

fewer than two events would be expected, remain compatible with the SK non-detection, illustrating the strong dependence of the predicted
neutrino signal on EOS sti↵ness and the associated maximum neutron-star mass.

vational limits. This clearly demonstrates how neutrino
emission properties depend on the chosen EOS model.

4. PROSPECTS FOR THE HYPER-KAMIOKANDE
ERA

As discussed in the previous section, although we de-
rived new limits for this event, the predicted number
of events for many models fell su�ciently below these
limits, preventing the imposition of more stringent con-
straints. Consequently, we explore the potential con-
straints achievable if Hyper-Kamiokande were opera-
tional during a future black hole formation event in a
nearby galaxy.
Hyper-Kamiokande (HK), with its 187 kton fiducial

mass (Hyper-Kamiokande Proto-Collaboration et al.
2018), o↵ers roughly eight times the target mass of SK. A
model that would yield N⌫ = 1.68 events at SK (the 50%
Poisson contour) therefore gives NHK ' 14 (770 kpc/D)2

in HK. This translates to about 14 events from M31
(D ⇠ 770 kpc), 11 from M33 (860 kpc), 15 from IC 10
(750 kpc), and 34 from NGC6822 (490 kpc); a collapse in
the Large Magellanic Cloud (D ⇡ 50 kpc) would gener-
ate nearly 3⇥ 103 events, allowing millisecond-scale tim-
ing and detailed spectral analysis. Even the ten-to-few-
dozen events expected from other Local Group galaxies
will be su�cient to di↵erentiate between competing EOS
and probe the neutrino-mass ordering, converting current
nondetections into definitive measurements and tighten-
ing constraints on black-hole-forming collapses across the
Local Group.

5. SUMMARY

In this paper, we explored neutrino emission charac-
teristics resulting from black hole formation in massive

stellar collapses, motivated by the recent observation of
the failed supernova candidate M31-2014-DS1 in the An-
dromeda Galaxy (M31). We systematically surveyed nu-
merical simulations predicting neutrino signals associ-
ated with gravitational collapse leading to black holes.
These simulations reveal characteristic neutrino signa-
tures marked by intense bursts, spectral hardening, and
abrupt termination at the moment of black hole forma-
tion.
We presented a detailed comparison of neutrino emis-

sion predictions across various equations of state (EOS),
including Lattimer-Swesty (LS180, LS220), Shen (Shen-
TM1e, Shen-TM1), Togashi, and SFHo. Results clearly
illustrate the strong dependence of neutrino emission on
EOS choice, with models employing sti↵ EOS and higher
progenitor masses generally predicting more energetic
neutrino outputs.
Using these theoretical predictions, we estimated

the expected neutrino detection numbers at Super-
Kamiokande (SK) for a collapse event occurring at
the distance of M31 (⇠770 kpc). The observed non-
detection of neutrino events around the time of M31-
2014-DS1 places meaningful constraints on model param-
eters. Specifically, parameter combinations predicting
higher neutrino energies and fluxes can be excluded at
high confidence levels, thus providing valuable feedback
to theoretical modeling e↵orts.
Neutrino observations provide a direct way to study

stellar collapse and black-hole formation. The next
generation of detectors–Hyper-Kamiokande, JUNO, and
DUNE–will extend this power to extragalactic failed su-
pernovae and tighten the limits on core-collapse models.
To make the best use of these data, we also need steady
theoretical progress: systematic simulations covering a
wide range of progenitor stars and nuclear EOSs are nec-

https://arxiv.org/abs/2504.19510
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Figure 13. Top: comparison of the maximum gravitational mass
supported by a hot NS with constant entropy, MPNS

grav , for selected
EOSs in the literature and the average trajectory of the PNS evolu-
tion inMPNS

grav � s̃ space during the core collapse of selected pre-SN
progenitors models. Core collapse trajectory in MPNS

grav � s̃ space
depends almost exclusively on the progenitor and, therefore, for
a given combination of progenitor and EOS, BH forms near the
point where trajectory crosses Mmax

grav (s). Bo�om: Focus on the
s40WH07 pre-SN progenitor evolution a�er core bounce and sim-
ulations performed for the selected EOSs. We mark the BH forma-
tion point according towhether BH formedwith gravitationalmass
MPNS

grav (tBH) above or below the one predicted by Mmax

grav (s) mul-
tiplied by a factor of 0.99. Only EOSs that have steep increase in
Mmax

grav with increasing entropy s form BHs with initial mass lower
than 0.99Mmax

grav (s), but still within 5% of the mass predicted by the
average trajectory MPNS

grav � s̃. BH formation times for the LS180,
SFHo, SRO, and DD2 EOSs are, respectively, tBH = 0.40, 0.58,
0.81, and 1.03 s. �e simulation employing the LS375 EOS could
not be evolved until BH formation due to its proton fraction being
limited to y > 0.035.

use the TM1, TMA, and FSU-Gold parametrizations of the
nuclear interactions, the IU-FSU EOS from Fa�oyev et al.
(2010), and theH. Shen EOS (Shen et al. 1998a,b). �ose EOSs
predict fast increase of M

max
grav with increasing entropy even

for s . 3 kB baryon
�1, see curves for H. Shen and FSU-

Gold in Figure 13. �us, it is clear our model may needs
some correction in the initial BH mass for some EOSs of or-
der . 0.05 M� due to the low entropy at the core of the
PNS.
A similar pa�ern to that observed between the LS180 and

LS220 EOSs pair is observed between the H. Shen and LS375

EOSs: for pre-SN progenitors with ⇠2.5 . 0.5 the H. Shen
EOS predicts PNSs will collapse into BHs with initial masses
' 0.3 M� lower than the LS375 EOS does. However, for the
most compact progenitor stars the BH formation times and
initial masses are predicted to be similar for both EOSs, with
simulations using the LS375 EOS forming BHs with lower
initial masses than those that employ the H. Shen EOS.�is
is another feature that we could have predicted from Fig-
ure 13 due to the crossing of M

max
grav (s) for the LS375 and

H. Shen EOSs near s = 4.5 kB baryon
�1. Finally, besides

our EOS with m
?

= 0.95 mn and �m
?

= 0.30 mn, LS375

is the only other EOS we have found where M
max
grav (s) does

not monotonically increase with entropy s.
Someworks studied the e�ects of mesons and hyperons in

BH formation. Sumiyoshi et al. (2009); Nakazato et al. (2012)
studied BH formation for the EOSs of Ishizuka et al. (2008),
an extension of the Shen et al. (1998a,b) EOS that includes pi-
ons and⇤,⌃, and⌅ hyperons. �ey showed that the appear-
ance of pions and/or hyperons so�en the hot EOS, which
decreases the maximum mass supported by a PNS against
gravitational collapse, and gives rise to a fast increase in
neutrino energies and luminosities at late times when com-
pared to purely hadronic EOSs. Peres et al. (2013) obtained
similar results by adding pions and ⇤ hyperons to the LS220

EOS. However, the neutrino luminosity of Peres et al. (2013)
for their simulated core collapse using theLS220+⇤ EOSwas
approximately 4 times larger than for the purely hadronic
LS220 EOS and peaked at 5⇥10

54
erg g

�1. No other studies
we found show similar results.
Banik et al. (2014) compared BH formation time and ini-

tial masses for progenitors from Woosley & Heger (2007)
for the nuclear H. Shen EOS (Shen et al. 1998a) and its ver-
sion containing ⇤ hyperons (Shen et al. 1998b). Using the
GR1D code and a leakage scheme for neutrinos they found
that, in general and as expected, ⇤ hyperons lead to lower
BH formation times and initial masses. A follow up study,
Char et al. (2015), also simulated spherically symmetric core-
collapse for progenitors fromWoosley & Heger (2007) using
two EOSs containing ⇤ hyperons, BHB⇤� and H. Shen⇤.
�ey concluded that BH formation took longer for simu-
lations that used the BHB⇤� EOS than the ones using the
H. Shen⇤ EOS because the repulsive ⇤ � ⇤ interactions in-
cluded in the former and not in the la�er made the BHB⇤�

EOS sti�er. Nevertheless, an exception was found by Char
et al. (2015) for the core collapse of the s40WH07 progeni-

Schneider+ 2020



Yudai Suwa (UT/YITP) @ 日本天文学会2025年秋期年会 /1011/9/2025

Summary

ニュートリノでブラックホール形成に迫る 
アンドロメダ銀河で見つかったM31-2014-DS1はその候補 
ブラックホール形成の数値シミュレーションによる予言： 
中性子星形成時と比較して、ニュートリノ光度と平均エネルギーが高い 
特に、中性子星の最大質量が大きい状態方程式ほど顕著 
Super-Kamiokande観測による制限： 
2個以上のイベントクラスターは発見されなかった 
これらを組み合わせることで、状態方程式に制限を与えた
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