PHYSICAL REVIEW D 109, 083025 (2024)
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The next Milky Way supernova will be an epochal event in multimessenger astronomy, critical to tests of
supernovae, neutrinos, and new physics. Realizing this potential depends on having realistic simulations of
core collapse. We investigate the neutrino predictions of modern models (1-, 2-, and 3-D) over the first
~1 s, making the first detailed comparisons of these models to each other and to the SN 1987A neutrino
data. Even with different methods and inputs, the models generally agree with each other. However, even
considering the low neutrino counts, the models generally disagree with data. What can cause this? We
show that neither neutrino oscillations nor different progenitor masses appear to be a sufficient solution. We

outline urgently needed work.
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I. INTRODUCTION

As spectacular as SN 1987A was for multimessenger
astronomy—with detections across the electromagnetic
spectrum, plus =~19 neutrino events [I-6]—the next
Milky Way core-collapse supernova should be much more
so [7-10]. We have dramatically better sensitivity to neu-
trinos, a key observable because they carry the dominant
energy release and because they probe the dynamics of the
inner core. And we have dramatically better sensitivity
across the electromagnetic spectrum and to gravitational
waves. Because nearby supernovae are rare—about (2 £ 1)/
century [11-13]—we likely have just one chance over the
next few decades to get this right.

To interpret the supernova data, numerical simulations of
core collapse will be essential. Recently, newly sophisticated
approaches—including 3-D, multienergy-group radiation-
hydrodynamics models of successful explosions—have
become available [14-28]. These models predict explosion
properties (e.g., final energies and remnant masses) as well
as neutrino signals up to ~1 s after core bounce, which is
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crucial for assessing explodability and which includes a large
fraction of the total emission. However, the readiness of
these models for comparison to the next supernova has not
been adequately assessed.

In this paper, we tackle two distinct but related problems.
Our first goal is to compare models to each other, which
gives an estimate of the modeling uncertainties. Our second
goal is to compare models to the SN 1987A data [1-4],
which gives an estimate of the physical uncertainties. There
is very limited prior work comparing models to each other
[18] and models to data [29,30]. What makes the present
work possible is advances in the breadth and precision of
supernova models, which give us new forensic tools to
examine the SN 1987A data.

In the following, we first consider a nominal case of a
20M, (initial mass) single-star progenitor with no neutrino
oscillations. This progenitor was initially thought to be
appropriate for SN 1987A [5,31] and thus has the broadest
set of supernova models. While neglecting neutrino oscil-
lations is not realistic, it matches supernova simulation
outputs and is well defined. We allow other aspects of the
simulations, including the dimensionality (1-D, 2-D, and
3-D), to vary freely so that we can include all modern
predictions [18-28]. Then, to test the impact of changing two
key theoretical inputs, we vary the neutrino-oscillation
scenario and the progenitor mass. Last, we conclude and
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discuss actions needed to prepare for the next Milky Way
neutrino burst.

In the Appendix, we provide supporting details.
Appendix A summarizes key aspects of the supernova
models, Appendix B shows the 1987A data we use,
Appendix C focuses on how the average energy and
spectrum parameter are calculated for each model,
Appendix D explains the calculation of the detected positron
energy spectra, Appendix E provides details about the
statistical tests, Appendix F explains our model selection
criteria compared to Ref. [32], Appendix G presents results
on progenitor variations, and Appendix H shows details of
the oscillation calculations.

II. REVIEW OF SUPERNOVA MODELS

In core-collapse supernovae [33-36], the white-dwarf-like
iron core of a massive star collapses to form a protoneutron
star (PNS), releasing nearly all of the gravitational binding
energy difference, E,o = (3/5)GMpyg/Rpns = 3 % 107 erg,
in neutrinos of all flavors with comparable fluences. Neutrinos
diffuse out of the hot, dense, neutron-rich PNS, decoupling at
the neutrinospheres, with average energies of ~10-15 MeV.
About half of the total energy is emitted in the first ~1 s after
core bounce, largely powered by accretion onto the PNS, with
the other half released over ~10 s, as the PNS cools and
deleptonizes. In the neutrino mechanism [37,38], after decou-
pling from the PNS, a few percent of the early-time neutrinos
interact with the collapsing layers of the star outside the PNS,
potentially reversing the infall and driving an explosion.

To understand the detailed physics and astrophysics of
core collapse, large-scale multidimensional simulations are
critical [14-28]. Starting from a preexplosion massive-star
progenitor model and choices for the equation of state and
neutrino opacities of dense matter, modern simulations
evolve the equations of nonequilibrium neutrino transport,
(magneto-)hydrodynamics, and gravity for as long as is
computationally feasible. In the last decade, the simulation
community has made significant progress toward showing
the viability of the neutrino mechanism in multidimensional
simulations and in predicting the observed properties of
supernovae. Nevertheless, these models have shortcomings,
including the neglect of neutrino oscillations, significant
uncertainties in the progenitor models, often under-resolved
hydrodynamic flows, and simulation times of <1 s after
bounce, which misses the PNS cooling phase [39-42].

III. REVIEW OF SUPERNOVA 1987A

Multi-messenger observations of SN 1987A confirmed
that a type-II supernova is driven by the collapse of the core
of a massive star into a PNS, powering a neutrino burst
from the core and a delayed optical burst from the
envelope [5,6].

The water-Cherenkov experiments Kamiokande-II
(Kam-II) and Irvine-Michigan-Brookhaven (IMB) detected
~]19 D, events in total via inverse beta decay,

U,+p—et+n, over ~10s [1-4]. (We neglect the
Baksan experiment because it was ~8 times smaller than
Kam-II and had significant backgrounds [43,44].) Though
only one flavor was clearly detected, the results were
broadly consistent with basic expectations for the total
energy, average neutrino energy, and duration of the
neutrino pulse. Theoretical analyses included comparisons
to the supernova models of the time [45-47], which were
far less sophisticated than those available today.

Observations across the electromagnetic spectrum, at the
time and since, have also been critical for understanding the
explosion [5,6,48]. Initially, it was thought that the pre- and
postsupernova observations were consistent with those
expected for a 20M, single-star progenitor [49-51].
Later work claimed that a binary-merger scenario is favored
[52], though there is no consensus on this. On the one hand,
the binary-progenitor models of Ref. [53] suggest that the
helium core mass may be substantially smaller—and the
envelope mass substantially larger—than the values found
for typical single-star progenitors. On the other hand, the
binary-progenitor models of Refs. [54,55] suggest that the
precollapse structure of the merger remnant is not so different
than that predicted for single-star 20M ; progenitors.

IV. COMPARING MODELS

We first consider the nominal case of a 20M ;, progenitor
and no neutrino oscillations. For all modern 1-, 2-, and 3-D
models with 20M 4 progenitors [18-28], we collect infor-
mation on their neutrino fluxes and spectra. We seek to
assess the full variation between models, though they are
not completely distinct, e.g., many share progenitors [56].
These models vary significantly, but we do not attempt to
adjudicate between them. Most multi-D models lead to
successful explosions, with explosion times ranging from
0.2-0.8 s. The model details are given in Appendix A.

Figure 1 shows their time profiles of 7, luminosity
and root-mean-square (RMS) energy (other flavors in
Appendix C). For the spectra, we assume a commonly
used form, f,(E,) = N(E,/(E,))*2e~(@tDE/(E)  where
(E,) is the average energy and « sets the spectrum shape
[57]. Different groups characterize spectra differently,
which we correct for in Appendix C.

To model the detected spectra, we follow standard
calculations (e.g., Refs. [58-62]) and give details in
Appendix D. The dominant process is 7, + p —» et +n
with free (hydrogen) protons, for which we take the cross
sections and kinematics from Refs. [63,64]. To model the
detectors, we take into account their fiducial masses, energy
resolutions, and trigger efficiencies [1-4]. Because of the
different detector responses, the detected positron energies
are expected to be significantly lower for Kam-II than IMB.
For the distance of SN 1987A, we use 51.4 kpc [65].

We compare the predicted and observed SN 1987A
neutrino data using simple, robust observables and stat-
istical tests. We conduct goodness-of-fit tests (computing
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FIG. 1. Neutrino (7,; others shown in Appendix C) luminosity
and RMS energy profiles from supernova simulations [18-28].

p-values) between pairs of models and between each model
and the SN 1987A data. Because we are testing goodness-
of-fit, rather than doing parameter estimation, maximum
likelihood is not a suitable method; see Appendix E.

The main panels of Figs. 2-4 show simple visual
comparisons of the counts and average detected energies.
For consistency, here we cut off all models at 0.5 s. For each
model, we forward-model the predicted signals, taking into
account properties of the individual detectors and Poisson
fluctuations. Because we are assessing goodness of fit for
many models, we directly calculate P(datajmodel) and
show the full uncertainties on the models instead of
the data.

The insets of Figs. 2—4 show our main statistical
calculations. Larger p-values indicate agreement; a priori,
we defined p < 0.05 as indicating inconsistency for a given
model, though our focus is on what happens for the majority
of models. Here, we allow each model to go to its full run
time (typically 0.5-1.5 s), considering both the counts in the
time profile and the shape of the energy spectrum, which we
treat separately, given the short timescale and the low
statistics. The spectrum p-value turns out to be the more
powerful indicator. For the counts tests, the p-values are the
one-sided cumulative Poisson probabilities. For the spectrum
tests, we use one-dimensional Kolmogorov-Smirnov statis-
tics, following Monte Carlo modeling of the predicted data.
We allow free time offsets between the predictions and the
data (core bounce to first event), finding that these values are
~(0.1 s for Kam-II and ~0.2 s for IMB, both small, so this
freedom does not affect our results.

20Mg, no oscillations |
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FIG. 2. Predicted counts and average energies of supernova
models (colors as in Fig. 1), compared to each other and to SN
1987A data. Our main calculations are in the inset.

V. RESULTS FOR THE NOMINAL CASE

Figure 2 shows the model-to-model comparisons for a
20M progenitor with no neutrino oscillations. The p-
values (not shown) obtained by comparing pairs of models
range over 0.06-0.52 for the counts (Kam-II and IMB
combined) and 0.03-0.99 for the spectra (Kam-II only, as
IMB has too few counts). Thus we find general agreement
among the model predictions. Considering the range and
complexity of the inputs and methods in supernova
modeling, this agreement is encouraging, though it remains
important to understand the residual differences. Also, this
agreement is partially due to restricting all models to a short
runtime of 0.5 s (see discussion near Fig. 3).

Figure 2 also shows the model-to-data comparisons. A
general disagreement in both the counts and spectra is
evident. The predicted counts are too high for Kam-II and
mostly too high for IMB. The predicted average detected
energies are too high for Kam-II and slightly too low for
IMB. (Because IMB has just one detected event in this time
range, we do not use the predicted spectrum in our statistical
tests; hence our results do not merely reflect the well-known
spectrum tension with Kam-II.) Quantitatively, no model-to-
data comparisons have both p-values larger than 0.05, and
many are much worse. The two p-values tend to be
correlated because the counts depend on E(E,); we show
both p-values for illustration. The results suggest that an
overall cooler neutrino spectrum could explain all of the data
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FIG. 3. Similar to Fig. 2, with the theory predictions from the
ALCAR 3-D model for 20M [27] and different oscillation
scenarios. The simulation cutoff time is 0.68 s. The gray symbols
show the p-values from other models (see Appendixes G and H).

except the detected average energy for IMB, which might be
accommodated by an enhanced spectrum tail [66,67].

VI. POSSIBLE SOLUTIONS:
NEUTRINO OSCILLATIONS

The data are affected by neutrino oscillations [9,68-72],
with the effects depending upon differences in the initial
neutrino luminosities and spectra, set by differences in their
production processes and opacities. The details depend on
the high densities of matter and other neutrinos, which are
uncertain [9]. Generally, large flavor conversions due to
coherent forward scattering on electrons are expected in the
stellar envelope [73], while conversions induced by for-
ward scattering of neutrinos among themselves and those
induced by inelastic collisions can occur starting from the
neutrinospheres [70-72].

We study the effects of oscillations with a few repre-
sentative cases. Considering only matter-induced effects, if
the neutrino mass ordering follows the inverted hierarchy
(IH), there can be a nearly complete exchange of the o, and
Uy (7, and ©;) flavors, with almost no change for the v, and
v, flavors [73]. In the normal hierarchy (NH), the opposite
occurs. With neutrino-induced effects, it is possible to have
nearly complete equilibration of all six flavors soon after
decoupling, because of rapid flavor conversions induced by

interactions of neutrinos among themselves [70-72].
Further details are in Appendix H.

Figure 3 shows the range of effects for neutrino-
oscillation scenarios (for the ALCAR 3-D [27] model and
a 20M , progenitor, chosen because it is 3-D and has a long
runtime). In general, oscillations decrease the predicted
counts and increase the average energies, as v, has lower
fluxes but higher energies than 7,. For most models
(including this one), the reduction in flux is more signifi-
cant. The poor agreement may indicate that neutrino
oscillations need to be implemented in supernova simu-
lations [74-76]. Note (see grayscale in inset) that the
models with reasonable p-values all have short runtimes.

VII. POSSIBLE SOLUTIONS:
SUPERNOVA PROGENITORS

The data are also affected by the choice of progenitor
[29,77]. The structure of the star at collapse determines the
accretion rate onto the PNS, which strongly influences the
neutrino emission. A key question is if models with
progenitors other than the 20M single-star cases would
better fit the SN 1987A data.

Figure 4 shows the effects of different choices of pro-
genitor mass, using the suite of FORNAX 2-D models [36],
chosen because of their wide range of progenitor masses
(we use 16 —30My) and long runtimes. None of the

| Varying progenitor masses (FORNAX 2-d) |
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FIG. 4. Similar to Fig. 2, with the theory predictions corre-
sponding to different progenitors from FORNAX 2-D models [36],
with no oscillations included.
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progenitors provides a good fit to the data. We have also
carried out this analysis (see selected results in Appendix G)
for the suites of models from Refs. [22,28,78-83], again
finding poor agreement with data. We also considered
nonisotropic emission [84-87]; however, the predicted
changes to the number flux are less than +20% and those
on the average energy are even less, too small to consistently
explain the observed discrepancies.

The lack of agreement between models and SN 1987A
data may indicate missing physics. Softening the predicted
neutrino spectra would require changing the thermody-
namic structure of the outer layers of the PNS or changing
the neutrino opacity in those regions. However, it may just
be that there are not enough models. There are not many
studies of the same progenitors with different simulation
codes, and there are also not many different progenitors in
use. Additionally, binary-merger models for the progenitor
of SN 1987A (which do not clearly map onto single-star
models) are needed, but only Ref. [55] provides neutrino
predictions. A broad range of new simulation work on
progenitors and core collapse is needed, especially com-
bining both high sophistication and long runtime. A big
step in that direction is made in Ref. [88] (for 19M ), but
which we find gives a comparably poor match to the SN
1987A data.

VIII. CONCLUSIONS AND WAYS FORWARD

The SN 1987A neutrino and electromagnetic data, which
reasonably agreed with supernova models of the time, have
been of critical importance to our understanding of core-
collapse supernovae. It is commonly assumed that modern
supernova models—with 36 years of improvements—also
match the data. We revisit this assumption.

We show that modern supernova models (for a 20M
progenitor and no neutrino oscillations) disagree with
1987A neutrino data in the first ~0.5-1.5 s, where the
highest-precision models end. When we include the effects
of neutrino oscillations or vary the progenitor mass, the
tension with data changes somewhat but remains. We also
show that modern supernova models are in good agreement
with each other, which suggests that there may be a
common solution to the disagreement with SN 1987A
data, perhaps even one that also improves explosion
energies in simulations. There is a range of possibilities,
including that our implementation or even understanding of
the physics in the simulations is incomplete, that not
enough progenitor models have been considered, that the
initial neutrino spectra are significantly nonthermal, or that
neutrino oscillations need to be directly implemented in
supernova simulations. Separately, it would also be inter-
esting to reanalyze the raw data from both detectors, using

present detector-modeling and event-reconstruction tech-
niques, both vastly improved over those from 36 years ago.

To realize the full potential of the signals from the next
Milky Way supernova, the community will ultimately need
a set of modern models that agree (for the same progenitor
mass) with each other and the neutrino and electromagnetic
data. Confidence in this would greatly increase if the same
were achieved for SN 1987A. Reaching these goals should
be pursued with urgency. It is especially important that
multi-D supernova simulations push their run times out to a
few seconds, beyond which PNS cooling simulations may
be adequate.

Note added. A few months after our work appeared on
arXiv, Ref. [32] appeared, also investigating how modern
supernova simulation predictions compare to 1987A neu-
trino data. We discuss this paper in Appendix F.
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APPENDIX A: SUPERNOVA SIMULATIONS

Table I summarizes the list of supernova models
employed in this work. The p-values are computed up to
the maximum time in each simulation. We exclude four
models from our statistical tests: the 1-D FORNAX models
from Ref. [18] that have a known bug [89], a FLASH 3-D
simulation paper [26] that reports neutrino luminosities but
not average energies, and the PROMETHEUS-VERTEX 2-D
[22] and Zelmani 3-D [25] simulations, which only run
to 0.38 s.
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TABLE L

A summary of the supernova simulations considered. The progenitor mass refers to the zero-age main sequence mass. We

take the explosion time to be the moment when the mean shock radius reaches 500 km. The p-values are obtained from the comparison
between the model predictions and SN 1987A data. The p-values in the counts column are from comparing the total number of events in
Kam-II and IMB. Those in the spectrum column are from comparing the cumulative spectrum distribution in Kam-II only (because IMB
has too few counts). See the text for why some models do not have p-values.

Progenitor p-value | p-value
Code Dimension |Mass [Mg] |Explosion |fe [s] | Zgm [s] [(counts) | (spectra) References
3DnSNe-IDSA 0.50 0.043 0.027
AGILE-BOLTZTRAN 0.55 0.055 0.034
FLASH-MI1 0.71 0.015 0.002
For 1-D 20 [56] N/A N/A 10 O’Connor et al. [18]
GR1D 0.47 0.092 0.043
PROMETHEUS-VERTEX 0.87 0.003 3x107*
CHIMERA 2-D 20 [56] Yes 0.21 1.37 0.007 |7 x 10~* | Bruenn et al. [19,20]
FLASH 2-D 20 [56] Yes 0.82 1.06 0.035 0.003 O’Connor et al. [21]
PROMETHEUS-VERTEX 2-D 20 [56] Yes 0.36 0.38 Summa et al. [22]
IDSA 2-D 20 [56] Yes/No |0.4-0.6 | 0.68 0.35 0.047 Kotake et al. [23]
FORNAX 2-D 20 [56] No N/A 0.58 0.042 0.029 Vartanyan et al. [24]
Zelmani 3-D 20 [56] Yes 0.38 0.38 Ott et al. [25]
FLASH 3-D 20 [90] No N/A 0.50 O’Connor et al. [26]
ALCAR 3-D 20 [56] No N/A 0.68 0.012 0.002 Glas et al. [27]
FOrRNAX 3-D 20 [91] Yes 0.45 0.59 0.091 0.047 Burrows et al. [28]

APPENDIX B: SN 1987A DATA

Tables II and III show the 1987A events in Kam-II and
IMB that we used in this work. Note that there are later
detected events that we did not include because they are
after the longest simulation time that we consider, ~4.6 s.

APPENDIX C: NEUTRINO ENERGY SPECTRA
AND LUMINOSITIES

Figure 5 shows the time evolution of luminosity and
root-mean-square (RMS) energy for all flavors and for each

TABLEII. Kam-II data taken from Ref. [2]. The event energy is
the total energy of the detected positron.

Event Time [s] Energy [MeV]
1 0.000 20.0
2 0.107 13.5
3 0.303 7.5
4 0.324 9.2
5 0.507 12.8
6 1.541 354
7 1.728 21.0
8 1.915 19.8

model. It is evident by eye that there is relatively good
agreement, with some exceptions. Most of these quantities
are taken directly from publications, but some require a
conversion from average energies, (E,), to root-mean-

square energies, \/(E2). Some require changing from
the fluid frame to an infinite observer frame.

Our calculations require the full neutrino energy dis-
tribution function, f(E,), which is assumed to be already
integrated over neutrino propagation angle. Sometimes the
output f(E,) from a given model is publicly released,
usually in the form of large numerical tables. However, this
is available only for very few models. Fortunately, in
Ref. [57], a good analytical approximation for f(E,) has

TABLE III. IMB data taken from Ref. [4]. The event energy is
the total energy of the detected positron.

Event Time [s] Energy [MeV]
1 0.000 38
2 0.412 37
3 0.650 28
4 1.141 39
5 1.562 36
6 2.684 36
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Neutrino luminosities (top) and RMS energies (bottom) of v,, 7., and v, from numerical simulations. The neutronization burst

luminosity goes up to ~5 x 107 erg/s. The v, luminosity is shown for only one of the four flavors. The two PNS cooling models are

from Refs. [40,92].
been found (we include the E? factor in the phase-space
integral, not the distribution function):
E \22 _@E
f(a,E —N< ”) e &I,
( U) <ED>

where (E,) is the average neutrino energy, defined as
_ [ dEE(E,)
J dEEXf(E,)’

and a, representing the amount of spectrum pinching, is
defined as

(C1)
(E,)

(€2)

(E?) 2+a
(E)? 1+a’

(C3)

and V is a normalization factor that ensures the distribution
function integrates to the local neutrino number density.
For a Fermi-Dirac distribution with zero chemical potential,
we have (E,) ~3.15T, where T is the temperature, and

V(E2) = 1.14(E,).

The pinched spectrum f(a, E,) defined in Eq. (C1) is
what we use to calculate the theoretical predictions for SN
1987A. We need both (E,) and \/(E?), but some models
only provide one of them, either through numerical tables
or figures. To solve this lack of information, we fit for a
simple relation between (E,) and /(E?) using the models
that provide both. Figure 6 shows /(E?) as a function of

(E,) for these models. Most models predict /(E?) to
be between 1.08(FE,) and 1.13(E,) in the energy range
12-20 MeV, where the average energies of most models
fall. Thus, we adopt the following relation between average
and root-mean-square neutrino energy

(E2) = 1.025(E,) 4 0.005(E, )2, (C4)

which fits most of the models well, and is at most 10%
away from the FORNAX results. Equation (C4) is then used
to compute a relation between a and (E,).
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FIG. 6. (E?) as a function of (E,) obtained from the
numerical simulations where both are provided. The black line
is the relation we use in this work.

(EJ)/(E,) as
opposed to E., = +/(E2). We find that taking this into
account leads to negligible changes to the predicted event

rates, so we interpret all RMS energies as /(E7).

Some models provide neutrino predictions in the comov-
ing frame of the stellar fluid. However, we need quantities
defined in the laboratory frame. We use the transformations
between these frames from Ref. [23]. For the neutrino
luminosity, the transformation reads:

Note that some groups define E,,, =

L= in/]uid(l + U,/C)/(l - 1},/6), (CS)
10
o Kam-II data
—— 0.18E 4+ 0.14VE
= 87 .
)
2
g 67
E
)
N
g 44
>
50 Z
: -4
83 24 °
0 T T T
0 10 20 30 40

Positron total energy [MeV]

and for the average energy, it is

VIER) = /™41 4 0,/0)/\/1 = (w,/0)%. (C6)

with v, being the radial velocity and ¢ the speed of light. In
Ref. [23], it is assumed v, = —0.06¢, which is the average
infall velocity at 500 km over the entire 250 ms post
bounce. Considering that the transformation between
frames is at the level of O(10%), our approximation can
be safely applied to all models.

APPENDIX D: DETECTED POSITRON
ENERGY SPECTRUM

We follow the standard approach to compute the positron
spectrum [58—-62]. As a first step to predicting the detected
positron energy spectrum, we calculate the spectrum as a
function of the true positron total energy E_ :

dowp(E,. E.)

D1
dE+ ? ( )

o(E.,) / dE,E2f((E,).a)

where dopp/dE., is the differential cross section for the
inverse beta decay [63,64] and f({E,),a) is defined
in Eq. (C1).

To turn g(E,) into an observed spectrum, we need to
convolve it with the detector energy resolution and effi-
ciency. We detail the Kam-II case. The trigger has a
threshold of Nyp; > 20 (the number of hit photomultiplier
tubes), which is equivalent (on average) to a detected
energy, E,., of 7.5 MeV. The detected spectrum is then

1.0
0.8
> 0.6-
=
9]
3
=
E 04
02 — Kam-1I€'(E4)
---- This work €'(E4)
7 N R €(E+)
0.0 : T T T
0 10 20 30 40

Positron total energy [MeV]

FIG. 7. Left: the black dots represent the energy uncertainty for each event detected in Kam-II, whereas the continuous line is a fit to
this data; we use the fit to get the width of the Gaussian energy resolution function defined in the text. Right: the efficiency of Kam-II as a
function of the true positron total energy. Note that our calculation perfectly overlaps the line provided by Kam-II.
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N(Eqel) o / AE . g(E.)e(E)R(Egq. E)0(Ege —7.5).

(D2)

where €(E ) is the intrinsic detector efficiency (not taking
into account the Eyy cut), R(Eg, E,) is the energy
resolution function and O(Ey. — 7.5) is the Heaviside step
function. We assume R(Ey, E, ) to be a Gaussian function,
with the width o having the form aE | + b\/E, where the
second term arises from the Poisson fluctuations on Ny,
while the first term roughly accounts for systematics. The
black dots in Fig. 7 (left panel) represent the energy errors
of each event detected in Kam-II [2]. We obtain the
following expression for the width from a functional fit:

oKaml(E ) = 0.18E, + 0.14\/E_. (D3)

The published trigger efficiency curve from Fig. 3 of
Ref. [2] should be interpreted as ¢/(E. ), combining the
intrinsic detector efficiency and the trigger cut:

¢(E,) = e(E,) [ dEsuR(Bue ENO(Esa=75). (D)

Figure 7 (right panel) shows the trigger efficiency we have
computed (pink dashed line) in comparison with the one
published by Kam-II (black solid line), which match
perfectly. In addition, we also show the inferred intrinsic
efficiency e(E_) with the dotted line.

A similar procedure has been applied for IMB. Figure 8
displays both the energy resolution (left panel) and the
efficiency (right panel) extracted for this experiment.

1.0
e IMBE(E,)
This work €’(E4) ?
0.8 1
e(Ey) .
é\ 0.6 .
3
g
Sy
B 04+
?
0.2 1
¢
0.0 T T T T T
20 30 40 50 60

Positron total energy [MeV]

Same as Fig. 7, but for IMB, which only provides efficiencies at a few energy points.

APPENDIX E: STATISTICAL METHODS

1. Calculating the time offset

As the supernova neutrinos reach Earth, the expected
number of events increases as a function of time because
the supernova signal is rising. However, due to the limited
statistics, the first detected event is generally expected to occur
at 0.1-0.2 s after the neutronization burst peak. In addition,
because the two detectors, KamlII and IMB did not record the
absolute time difference of their respective first events, this
time offset has to be applied separately to KamlII and IMB.

The method we use for calculating the offset time is the
following. First, we look only at data as a function of time,
and we discard energy information. For example, let us
consider one simulation running up to 0.6 s. Let us also
assume that KamlI data has the following detection times
for each event: (0.0,0.1,....¢,) s. We test offsets in the
range [0, 0.5] s. For every offset (f,), the detection times
with respect to the arrival of the neutronization peak,
which can be taken as r =0 in simulations, become
(0.0 + 19,0.1 + g, ..., 1, + ty). Next, we compute the
p-value as P; x P,, where P is the Poisson probability
of predicting N events and getting N’ events, i.e., what we
quote as the p-value for rates. P, is the Kolmogorov-
Smirnov test p-value obtained by comparing the detected
and predicted temporal shapes (see Fig. 9 left panel for the
spectrum example). We get an array of p-values, one for
each value of #,. We choose the time offset for which the
p-value is maximal. In general, in the plausible range of
time offset, i.e., [0.1, 0.2] s, the p-value is rather constant
because the data is sparse, and we are not including more
events to Kamll data when shifting the time. Concerning
IMB, the number of events can change for some models,
which we do use when computing p-values. However, their
number would still be so low that their contribution to the
combined p-value is only marginal.
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FIG. 9. A demonstration of p-value calculation. Left: the cumulative energy distribution of the IDSA 2-D model and 1987A data and

the corresponding test statistic. Right: the test statistic distribution.

2. Cumulative distributions and
Kolmogorov-Smirnov tests

To compute the p-values for the spectrum shape, we use
a Kolmogorov-Smirnov test. Figure 9 (left panel) illustrates
the test statistic. We use one specific model, IDSA 2-D
[23], as a concrete example. First, we utilize all the
available information and set 7., to be the simulation
run time, 0.67 s for this model. We then integrate the energy
spectrum up to . and plot the cumulative distribution
(blue dashed line). Next, we cut the 1987A Kam-II data
also at 7., allowing a variable offset time. The black
steps show the cumulative spectrum of the data within
0.67 s. The test statistic is the maximum vertical distance
between these two curves, TS,,.

To compute p-values, we run Monte Carlo simulations of
each detector to build the test statistic distribution, shown in
Fig. 9 (right panel). For this model, we sample many
realizations of the data, letting both the total counts and the
energy points vary, and compute the test statistic between
the model and each realization. The p-value is determined
by the fractional area of the p-value distribution more
extreme than TS,,.

This Monte Carlo sample is also used to compute the
error bars in Figs. 2-4. The vertical error bars follow
Poisson fluctuations, as expected. The horizontal error bars
are the standard deviation of the mean for the detected
positron energies in each detector. As noted in the main
text, the results shown in the main panels of those figures
are simple visual comparisons, with the insets showing our
full statistical calculations.

Figure 10 (top panel) shows how the cumulative counts
for the models compare to 1987A data. The green shading
indicate smearing over all models, including those for
different oscillation scenarios and progenitor masses in
Ref. [82]. Here we clearly see the trend of models

predicting too high of event counts throughout the entire
1 s. Figure 10 (bottom panel) shows the cumulative energy
spectra of all models, and similarly, the green shading
indicate the model range.

One may be tempted to use likelihood as a test statistic to
compute p-values. Here we follow the discussions in
Ref. [93] (Chapter 11) and explain why this is not a robust
statistical procedure. The essential point is that we are
doing a goodness-of-fit test. While maximum likelihood is
a good method for parameter estimation, it does not work as
a goodness-of-fit test, regardless of whether one works in
the frequentist or Bayesian framework. A simple demonstra-
tion of why is to consider a uniform distribution A(x) = 1
between (0, 1), where we want to test whether some random
numbers {x;} are drawn from this distribution. Clearly any
dataset would generate a likelihood of 1, so this fails as a
goodness-of-fit test. The lesson is generically applicable to
other distributions because we can always transform a smooth
distribution to a uniform one by changing variables. Attempts
at goodness-of-fit tests with maximum likelihood thus give
different results depending on if one uses x, log x, or another
choice as the dependent variable. This model dependence
renders the results uninformative.

APPENDIX F: MODEL SELECTION COMPARED
TO FIORILLO et al.

A few months after our work appeared on arXiv,
Ref. [32] appeared, also investigating how modern super-
nova simulation predictions compare to 1987A neutrino
data. We view this paper as largely complementary, as we
focus on explosion models (only available at early times)
while they focus on PNS cooling models (most suitable for
late times) and statistical tests of the complete signal, which
seems to be dominated by late times.
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FIG. 10. Cumulative counts (top panel) and cumulative spectra (bottom panel) of models compared to SN 1987A data. The green
shading shows the density of all models considered in this work, including the alternative scenarios with neutrino oscillation and

different progenitor masses.

Reference [32] also comments on the early time signals,
claiming that there is no tension between modern simulations
and the 1987A neutrino data, in contrast to our results. Even
though there are differences in the treatments regarding
experimental data, statistical procedure, etc., we think the
crucial difference between the two groups is in the supernova
simulations considered. We explain this point here.

Figure 11 shows that the nominal models in Ref. [32]
have much lower luminosities (and significantly lower

average energies) than the models we consider. This
immediately brings their theoretical predictions for the
detected signals closer to the early time SN 1987A data,
which are dominated by the KamlI data.

The main reason for this difference in luminosities and
average energies is that we consider models focused on the
explosion phase and, therefore, consider primarily the
results of 2- and 3-D simulations (although we also
compare to the results of 1-D simulations). In contrast,

083025-11



LI, BEACOM, ROBERTS, and CAPOZZI

PHYS. REV. D 109, 083025 (2024)

10%
4 —— Nominal case in our work

= i
~

&0 i
~
o

= i
=)
=

>~ i
2
R
o)
5
g

O 10t ]

] 1.4-1.9M., PNS
T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5

tpostfbounce [s]

FIG. 11.

301
25
— 20
> i
z ]
= ]
— 15
N> T
S
10
5‘: 175
0- T T T T T T T T T T T

LI
0.0 0.5 1.0 1.5

fpost—bounce [s]

Comparison of supernova models: the 1-, 2-, 3-D models used in our work (purple lines; see Fig. 1) and the 1-D models used

in Ref. [32] (orange lines, corresponding to various PNS masses). From bottom to top at a time of 1.0 s, these are 1.36, 1.44, 1.62, 1.77,
and 1.93M ; we show the 1.93M, case with a thick line. These correspond to progenitor masses of 9.0, 18.8, 18.6, 27, and 20M , (note
that the order is nonmonotonic); we show the 20M case with a thick line. Note that in their fits they emphasize models with
substantially lower neutrino luminosities (and somewhat lower average energies) than found in the multi-D models we consider, either
because their models employ progenitors that give intrinsically lower luminosities or because they are artificially cut off accretion near

0.6 s by their explosion prescription.

Ref. [32] considers only 1-D models, which are most suited
for studying the PNS cooling phase. Because these 1-D
models do not naturally explode, an explosion must be
artificially imposed to prevent collapse to a black hole and
have the models give a long-term neutrino signal. In
Ref. [32], they trigger explosions by removing most of
the infalling material outside of the supernova shock at a
prescribed time after bounce. As a result, the mass of the
PNS in their models and the time of shock runaway are
determined by this tunable parameter. Abruptly shutting off
accretion by removing most of the outer layers of the star
causes the neutrino luminosity to drop rapidly, which is
evident in Fig. 11.

For the five luminosity profiles from Ref. [32], as shown
in Fig. 11, two are significantly lower than ours at all times,
making them closer to the Kam-II data. For one of these
profiles, the progenitor mass is very small (9M ). For the
other three profiles, while the initial luminosities are more
like ours, they drop precipitously in the first second, the
time period we focus on, again making the predicted counts
closer to the Kam-II data and rather unlike what is expected
from most of the 2- and 3-D models.

APPENDIX G: PROGENITORS FROM
DIFFERENT GROUPS

In Fig. 4, we show a comparison between model
predictions and data for different values of the progenitor

mass, but only for FORNAX 2-D. Here we provide further
details.

Figure 12 shows the cumulative distributions for differ-
ent progenitors by FLASH 1-D [82] compared to 1987A
data [83]. This is the study with the largest suites of
progenitor models. Because of the huge number of models,
we decide not to label any specific progenitors but rather
focus on some general points. First, there are clearly two
families of curves, one with steeply rising event rates and
one with flattening event rates beyond =~0.5s. The
first family corresponds to models where the supernova
failed to explode and the second to successful explosions.
Interestingly, models with successful explosions are thus
closer to the SN 1987A data. This means there may be a
strong connection between the two questions “Does the
model explode?” and “Does the model match the data?”
Further exploration of that conjecture is needed.

Combining results from all groups with long-term
simulations for a range of progenitor models, Fig. 13 (left
panel) shows how the p-values for the energy spectrum for
FLASH [82], VERTEX [22] and FORNAX [36] change with
the progenitor mass in 10 — 80M . This panel assumes a
cutoff time of 7., = 0.5 s. In this case, most of the
p-values lie above the dashed line that represents our
p = 0.05 threshold. Then most of these models appear
to be in agreement with data, especially in the range
10 —20M . On the other hand, the right panel uses
fouoff = 1.3 s. In this case, a general disagreement with
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data is clearly visible. We stress that the choice of # i =
0.5 s is only to make the time range for each simulation
equal. It is unsurprising that restricting the time range lessens
the statistical tension. The p-values for the case where 7

is equal to the cutoff time of each simulations are the ones to
be taken as references, since ultimately we would like all
simulations to agree with data for the entire duration of the
neutrino burst.
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FIG. 12. Cumulative numbers of events for different progenitors simulated with FLASH 1-D [82].
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APPENDIX H: SUPERNOVA NEUTRINO
OSCILLATION TREATMENT

We consider a few illustrative oscillation scenarios in the
main text, focusing on exploring the possible impact of
oscillations on the model-data comparison. We use the
following equation for calculating the oscillated flux fﬂe of
U, as a function of the unoscillated fluxes.

fz?e :fDeP(De_’De)ﬁ_fﬂrx[l_P(De_)De)]’ (Hl)
where P(0, — 7,) = cos? 60y, ~0.7inNH, P(v, — 7,) =0
in IH and P(0, — 7,) = 1 for flavor equilibration.

In Figs. 14-17, we show the effects of oscillations on the
predicted event rates, spectra, and p-values for models from
different groups. For simulations with the same dimen-
sions, we sort the results in ascending order of simulation
time. While some models have reasonable p-values, in
general the fit worsen as the simulation time increases;
when the runtimes are short, models can appear better than
they likely are. This point seems to be confirmed by the
results of Ref. [88] (for 19M ), a sophisticated model with
a long runtime, which also gives a poor match to the SN
1987A data. It would be desirable to have more models that
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run longer. Finally, the goal is to have nearly all models fit
the data well.

The p-values for counts and spectra tend to be correlated.
The most basic reason is that the detected average energy
depends on the neutrino average energy (E) and the counts
depends on E\(E). There is also a nontrivial interplay in
the p-values. As an example, let us consider the ALCAR 3-D
results, as shown in the main text in Fig. 3. Oscillations
convert 7, and 7, into each other, which means that the
detected 7, spectrum has a lower number of neutrinos and
an increased average energy with respect to the one at
production. Because without oscillations theoretical pre-
dictions give a higher flux compared to data, their inclusion
makes the counts p-value better. On the other hand, the
unoscillated value of the average energy for 7, is higher
than that the observed one in the Kam-II data, thus
oscillations should, in principle, make the spectrum p-value
worse. But the opposite happens because the spectrum
p-value includes information on counts in a subtle way.
To explain why, let us look at Fig. 9. If we increase the
predicted average energy, the predicted spectrum (blue
dashed line in the left panel) shifts to the right, increasing
the test statistic relative to data. However, to calculate a
p-value for a test statistic, we run Monte Carlo samples based
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FIG. 14. Different oscillation scenarios for 3-D simulations.
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FIG. 15. Different oscillation scenarios for 2-D simulations.
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FIG. 16. Different oscillation scenarios for 1-D simulations.
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on the blue dashed curve. With oscillations, because of the
lower flux, we would generally sample fewer events for the
mock data samples, which would increase the mock test
statistic because of the coarse steps. In combination, it is not

clear whether the spectrum p-value would increase or
decrease, but what seems to happen in most of the models
is that the spectrum p-values end up increasing because they
are dominated by the bad fit due to the counts.
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