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We return to interpreting the historical SN 1987A neutrino data from a modern perspective. To this end,
we construct a suite of spherically symmetric supernova models with the PROMETHEUS-VERTEX code, using
four different equations of state and five choices of final baryonic neutron-star (NS) mass in the
1.36-1.93M, range. Our models include muons and proto-neutron star (PNS) convection by a mixing-
length approximation. The time-integrated signals of our 1.44M , models agree reasonably well with the
combined data of the four relevant experiments, IMB, Kam-II, BUST, and LSD, but the high-threshold
IMB detector alone favors a NS mass of 1.7-1.8 M, whereas Kam-II alone prefers a mass around 1.4M .
The cumulative energy distributions in these two detectors are well-matched by models for such NS
masses, and the previous tension between predicted mean neutrino energies and the combined
measurements is gone, with and without flavor swap. Generally, our predicted signals do not strongly
depend on assumptions about flavor mixing, because the PNS flux spectra depend only weakly on
antineutrino flavor. While our models show compatibility with the events detected during the first seconds,
PNS convection and nucleon correlations in the neutrino opacities lead to short PNS cooling times of 5-9 s,
in conflict with the late-event bunches in Kam-II and BUST after 8-9 s, which are also difficult to explain
by background. Speculative interpretations include the onset of fallback of transiently ejected material onto
the NS, a late phase transition in the nuclear medium, e.g., from hadronic to quark matter, or other effects
that add to the standard PNS cooling emission and either stretch the signal or provide a late source of

energy. More research, including systematic 3D simulations, is needed to assess these open issues.
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I. INTRODUCTION

After almost four decades, the historical SN 1987A of
23" February 1987 remains the only case of a measured
neutrino signal from stellar core collapse. Today, many
large-scale detectors are running or in preparation so that
the neutrino signal from the next nearby supernova (SN)
will provide a bonanza of high-statistics information on the
dynamics of core collapse (CC) and SN explosion, on
neutrinos and their flavor-dependent interaction and propa-
gation, the nuclear equation of state, and hypothetical
feebly interacting particles. Also multimessenger informa-
tion including gravitational waves will yield new insights.
Standard and nonstandard astrophysical and particle-
physics ideas will be put to the test [1-28].

Until that time, however, the SN 1987A legacy data
remain the only direct test of such questions. Broadly, the
data agree with expectations, as confirmed in a number of
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studies following the event [29-39], but at that time,
theoretical understanding and numerical SN modeling were
in their infancy, and after almost four decades of progress,
this question deserves a fresh look, a sentiment also shared
by other recent authors [40—42]. How well do modern SN
models agree with the old data and are there open issues?
One motivation to return to this subject is the role of SN
1987A as a particle-physics laboratory, a topic that has
gained a fresh boost of activity over the past few years
[14,18,43-58]. However, here we do not delve into the
question of new physics, but simply ask about the match
between new models with old data.

One frontier of CCSN modeling has been the progress
from spherically symmetric (1D) to fully three-dimensional
(3D) simulations. Today, it is widely agreed that the
delayed neutrino-driven explosion mechanism proposed
by Bethe and Wilson [59] only a few years before SN
1987A is the correct paradigm, supported by the successful
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explosions obtained in multi-D simulations [60-67].
Nevertheless, to compare with the measured neutrino signal
from SN 1987A, self-consistently exploding SN models,
carried through all of the proto-neutron star (PNS) cooling
evolution in 3D with different nuclear equations of state
(EOSs), are not yet available. However, such detailed
modeling is probably not required for comparison with
the sparse SN 1987A neutrino data, which do not capture
details of the time structure of the neutrino emission, but
mainly test the phases of postbounce accretion and PNS
Kelvin-Helmholtz cooling.

Therefore, our study will be parametric in the sense that
we perform 1D simulations with artificially triggered
explosions, choosing the progenitor profile and instant of
explosion such that the final neutron star (NS) reaches a
chosen baryonic mass, where we specifically investigate
the range 1.36-1.93M . Moreover, we use four different
nuclear EOSs that are widely applied in CCSN simulations
and that are compatible with current experimental and
astrophysical constraints. These two “parameters” define
our model space.

The PNS mass is a more appropriate ordering parameter
than the usually considered progenitor birth mass [the one
on the zero-age main sequence (ZAMS)] for two reasons.
On the one hand, mass loss or gain (by stellar winds and
binary interaction) imply a severe uncertainty in the
connection between ZAMS mass and the stellar mass
before collapse and thus of the compact remnant. On the
other hand, the outcome of stellar evolution and core
collapse depends very nonmonotonically on the ZAMS
and precollapse mass [68—71]. The PNS mass, however,
correlates closely with the progenitor’s core compactness1
[72], which governs the neutrino emission of collapsing
stars in the preexplosion phase [73], as well as the
postexplosion neutrino emission of PNSs in 2D simulations
[74]. Therefore, the PNS mass, which lacks the ambiguity
of the chosen M value for the core compactness, serves well
as an ordering parameter for the neutrino signal in the
preexplosion as well as postexplosion phases.

Our numerical simulations employ the PROMETHEUS-
VERTEX neutrino-hydrodynamics code, which solves the
full energy and velocity-dependent neutrino transport for
all six species of neutrinos and antineutrinos with a state-
of-the-art implementation of the neutrino interactions. In
particular, the models take into account the presence of
muons in the hot PNS, including the corresponding muonic
neutrino interactions [75,76], although the u and 7 flavored
spectral differences turn out to be small in practice.
Therefore, we will usually only distinguish between 7,
and o, flux spectra, the latter being an average of v, and ;.

'"The compactness value for a certain enclosed mass M is
defined by &y = (M/Mg)/(R(M)/1000 km), where R(M) is
the radius enclosing mass M [68].

Numerical models at the time of SN 1987A suggested a
large flavor-dependent hierarchy of the average neutrino
energies and thus potentially large flavor-conversion
effects. Present-day models, on the other hand, yield only
relatively small differences so that the issues of flavor
dependence are not a dominant concern for our work.

The effects of flavor conversion are not included in our
SN and PNS simulations; neutrino masses and mixing
angles are effectively set to zero, following the standard
treatment of most SN simulations (with few and con-
strained exceptions [77]). The phenomenon of fast-flavor
conversion, which does not directly depend on neutrino
vacuum properties, is also left out as in all other SN
simulations except for recent parametric studies [78,79].
Perhaps the most fundamental development since SN
1987A has been the experimental and theoretical progress
in neutrino-flavor conversion physics, for which then only
the Homestake solar neutrino experiment provided first and
only preliminary evidence. Ironically, ab initio implemen-
tations in CCSN simulations remain elusive because of our
uncertain understanding of collective effects caused by
neutrino-neutrino refraction.

One intriguing 3D phenomenon that modifies the neu-
trino emission during the postbounce phase is asymmetric
neutrino emission by anisotropic accretion of postshock
matter onto the PNS and by the LESA (Lepton-number
Emission Self-sustained Asymmetry) effect, which is a
hemispheric asymmetry of lepton-number emission and
thus especially of the 7, flux and spectra due to low-order
spherical harmonics asymmetries of convection inside the
PNS [61,80-86]. In other words, the observed 7, signal
depends on the direction of observation relative to the SN.
This is a random and time-dependent variable [81] and as
such an unavoidable uncertainty of the expected species-
dependent neutrino fluxes. Once more, because the
differences between the 7, and U, flux spectra are not
large, this effect should be seen as an opportunity for future
high-statistics observations, but not as a major issue of the
SN 1987A data interpretation.

There is one important 3D effect that we cannot ignore;
Ledoux convection in the interior of the PNS and its long-
time impact on the PNS evolution by the lepton-number
and energy loss in neutrinos [87-93]. Ledoux convection is
driven by entropy and lepton-number gradients and as
such is generic. In our 1D simulations, we use a mixing-
length treatment to describe the accelerated energy and
lepton-number transport by this fluid-dynamic effect [94].
Actually, we will see that the cooling timescales of 5-9 s of
our models and the associated short signal durations are not
easily compatible with the SN 1987A data except in the
sense of a rare signal or background fluctuation of the
sparse data. This question has not been systematically
explored in previous analyses of SN 1987A data and
many numerical models do not include PNS convection
(e.g., Refs. [95-97], but contrariwise Refs. [10,98—100]).
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Many traditional SN 1987A particle-physics constraints
rely on the long signal duration that would be reduced by
novel channels of energy loss [101-106].

One of our main findings is that the questions of signal
duration, PNS convection, and novel energy losses require
further systematic studies. Such explorations should also
include 3D CCSN modeling for long evolution periods and
with different theories of the nuclear EOS, which affects
PNS convection [98], because only 3D simulations can
provide confirmation for the viability of the mixing-length
approximation for PNS convection over seconds. Moreover,
only 3D CCSN models can yield reliable answers for the
duration of the postbounce accretion phase, for accretion
and LESA asymmetries in the neutrino emission, and for
later fallback of initial SN ejecta. Clearly, such aspects reach
far beyond the scope of the present work.

To perform a direct comparison between models and
data, we have systematically collected the experimental
information that is somewhat scattered in the older liter-
ature. We provide many details in a long Appendix that
may also be useful for other researchers. We include data
from all four relevant experiments, IMB (Irvine-Michigan-
Brookhaven), Kamiokande-II (Kam-II), BUST (Baksan),
and LSD (Mont Blanc), in the latter case the nonobserva-
tion at the time when the other detectors registered the
neutrino signal. For the largest detector IMB, for the first
time we explicitly include the large uncertainty of the
trigger efficiency, leading roughly to a £50% uncertainty
of the expected event number, although the usual tension
between the average neutrino energies seen in IMB and
Kam-II persists in somewhat reduced form.

We will perform a variety of different analyses. First, we
consider a generic time-integrated neutrino signal, assum-
ing it is represented by a quasithermal spectrum, described
by the total energy in electron antineutrinos 7, arriving at
the detectors, their average energy, and the pinching
parameter a of the spectral shape. In this way we construct
confidence regions in parameter space, similar to those in
the previous literature, and compare them with the param-
eter values implied by our numerical models. We provide
similar results under the assumption that the late events
(after 6 s) in Kam-II and BUST are not associated with PNS
cooling. Moreover, we compare cumulative energy distri-
butions of the time-integrated signals with those measured
by three detectors.

The next type of analysis uses the energy-integrated but
time-dependent signal, which is compared with the time
structure of the detected events as well as with respect to the
overall predicted cooling periods and signal durations. We
defined the latter as the periods over which 95% of the
expected number of events would have arrived in a given
detector. It is this analysis that reveals a huge tension
between expected and observed signal durations and leads
us to speculate that the late events might have an origin
other than PNS cooling.

Finally, we perform a global maximum-likelihood com-
parison of our models, treating their PNS mass and EOS as
fit parameters. We believe that such a model comparison
makes only sense under the assumption that this class of
models can actually explain the data, which does not seem
to be the case for the late events. Therefore, we compare the
models under the assumption that within our model space,
the late events in Kam-II and BUST have a different
explanation than PNS cooling. In this case, the smaller-
mass models are clearly favored, driven by the small
number of events in Kam-II. Looking at individual detec-
tors, IMB alone would favor models with larger masses.

The remainder of our paper begins in Sec. II with a
description of our numerical models, their global proper-
ties, and the overall characteristics of their flavor-dependent
neutrino outputs. In Sec. III we provide a brief overview
of the detectors and data, leaving most of the details to
Appendix A. Next, in Sec. IV, we turn to the time-
integrated analysis with or without the late events as well
as assuming Maxwell-Boltzmann or quasithermal pinched
flux spectra. In Sec. V a time-dependent analysis follows
and in Sec. VI an overall model comparison. Section VII is
devoted to possible interpretations of the tension in the
observed time structure with our convective models before
summarizing our findings in Sec. VIII. Many technical
details and tables are relegated to a series of appendices.

II. NUMERICAL SUPERNOVA MODELS
A. Modeling tools and inputs

The neutrino transport module VERTEX of the
PROMETHEUS-VERTEX neutrino-hydrodynamics code inte-
grates the velocity-dependent (order v/c of the fluid
velocity ») neutrino energy and momentum equations,
discretized in space, time, and neutrino energy, for neu-
trinos and antineutrinos of all flavors. This set of angular-
moment equations of the Boltzmann equation is closed by a
variable Eddington factor obtained from the solution of a
model Boltzmann equation [107]. The time integration of
the coupled moment equations and Boltzmann equations is
performed implicitly in an iterative procedure to achieve
convergence up to a predefined precision. The solution of
the transport problem provides the source terms for lepton
number, energy, and momentum (pressure when neutrinos
are trapped) needed in the (1D and multi-D) PROMETHEUS
hydrodynamics module, which is an explicit, finite-volume
Eulerian multifluid code [108,109], based on the piecewise
parabolic method [110] and employing an exact, iterative
Riemann solver for real gases [111].

Although PROMETHEUS solves the conservation equations
of Newtonian hydrodynamics (for mass, energy, momentum,
and composition variables, i.e., nuclear species and electrons
and muons as charged leptons), the source term for gravity
includes general relativistic corrections [107,112], and the
VERTEX transport solver accounts for effects of general
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relativistic redshifting and time dilation [107]. The finite-
volume discretization of nearly all terms in the transport and
hydrodynamics equations permits an almost ideal global
conservation of lepton number and energy with numerical
errors in the percent range for the full CCSN problem
[107,113]. The 1D and multi-D versions of PROMETHEUS-
VERTEX were favorably tested against other codes used by the
community of CCSN modelers [113-116].

The CCSN and PNS models employed in this paper,
though computed in 1D, account for the effects of PNS
convection by a mixing-length treatment as described,
applied, and also tested against long-time 2D PNS cooling
simulations [94]. Neutrinos, which are trapped at the high-
density conditions in the PNS convection layer, are taken
into account in the criterion for Ledoux convection and the
convective fluxes by their beta-equilibrium conditions.
PNS convection has been shown to be a dominant factor
accelerating the electron lepton number and energy loss and
thus deleptonization and cooling of the hot PNS [94,98], a
fact that has recently been confirmed [100].

The EOS of the stellar medium is treated as a combi-
nation of different regimes. At densities above a certain
threshold pg,, a tabulated EOS for the interacting nuclear
components at high densities is applied, coupled to the EOS
contributions from photons, electrons and positrons as well
as (anti)muons, which are described as ideal boson or
fermion gases, respectively. The plasma modifications of
the photon and electron dispersion relations are ignored,
but all charged leptons take on their appropriate degree of
degeneracy, and the use of relativistic energy-momentum
relations with vacuum masses ensures a consistent tran-
sition to the limiting case of nonrelativistic particles at low
densities or temperatures. The threshold density py, is
chosen to be 10'! gcm™ after core bounce, where matter
in the postshock region is safely in nuclear statistical
equilibrium (NSE), and it is set to a lower value (down
to 108 gcm™) prior to bounce in order to connect the high-
density composition smoothly into the low-density regime
for high-density EOS models that assume a representative,
density-dependent heavy nucleus in NSE.

At densities below py,, the EOS is considered to be a mix
of ideal gases of photons, electrons, positrons, and a chosen
set of selected nuclear species, including heavy nuclei,
alpha particles, neutrons, protons, and light isotopes of He
and H (all treated as Boltzmann gases), with Coulomb
corrections taken into account approximately. Two regimes
are discriminated here: for temperatures above a value of
Tnse = 0.5 MeV ~ 5.8 GK, the nuclear composition is
assumed to be in NSE, whereas for lower temperatures,
the composition is determined by nuclear burning with a
small alpha network [117] or by a flashing approximation
[107]. The latter is used in all of the 1D calculations
performed for this study.

In our study, we use four different versions of the
high-density nuclear EOS, which are all widely used in

present-day CCSN simulations, namely the classical
LS220 EOS of Lattimer and Swesty [118] with a nuclear
incompressibility at saturation density of K = 220 MeV,
the SFHo and SFHx versions of Steiner, Fischer, and
Hempel [119,120], and DD2 of Typel et al. [120-122].
Saturation density, binding energy, incompressibility, sym-
metry energy, and slope of the symmetry energy are
compatible with current experimental and theoretical
constraints or very close to them, and the radii and
maximum masses of cold NSs computed with these EOS
models comply with astronomical bounds [123-125],2
including the gravitational-wave measurement of the NS
merger of GWI170817 [127] and x-ray measurements
with the Neutron Star Interior Composition ExploreR
(NICER) [128-131].

VERTEX includes all neutrino reactions that have been
identified as relevant for CCSNe and PNS cooling, obeying
detailed balance through the Kirchhoff-Planck relation,
in a state-of-the-art implementation as previously docu-
mented [132,133], upgraded more recently in various ways
and supplemented by neutrino interactions involving
muons [75,134,135]. Electron captures on a large set of
heavy nuclei in NSE are included according to refined rate
calculations including screening corrections [136,137].
Inelastic neutrino-nucleus scattering [138] as well as
coherent neutrino scattering with heavy nuclei and
alpha-particles are included [139], too, accounting for
ion-screening effects [140] and using a tabulated effective
rate for the entire, large ensemble of nuclei with the
integrated mass fraction renormalized to the nuclear com-
position provided by the high-density EOS. In the low-
density EOS regime the coherent scattering rates are
summed up over all considered species of heavy nuclei.
Moreover, neutrino interactions with a possible (minor)
admixture of lighter nuclei are taken into account approx-
imately. The implementation of coherent neutrino scatter-
ing off light clusters follows that for alpha particles.
Inelastic scattering and absorption are treated by applying
the free-nucleon rates of Ref. [141] for the nucleons in
these light clusters, assuming that these processes break up
the light clusters; therefore the energies of interacting
neutrinos are downshifted by the corresponding threshold
values (of ~2 MeV for deuterium and ~8 MeV for tritium
and *He). Correlation effects of the nucleons inside the light
nuclei, which further reduce the interaction rates at low
neutrino energies, are ignored.

Charged-current v, and 7, (direct URCA) interactions
with nonrelativistic free nucleons are treated with their
full reaction kinematics (see Ref. [132] for the numerical

?L$220 and SFHo are only marginally compatible with the
lower limit for the maximum NS mass of 2.19 (2.09)M, at lo
(30) confidence recently determined by a joined analysis of black
widow and redback pulsars [126]. This is a special motivation to
include both SFHo and SFHXx in our study, although in many
respects they yield very similar results.
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handling), taking into account nucleon recoil and weak-
magnetism corrections [142], nucleon-nucleon correlations
in the random-phase approximation (RPA) [143-145], effec-
tive nucleon masses and axial-vector quenching [132], as
well as nucleon mean-field potentials [146—148], where the
medium-dependent parameters are adopted from the con-
sidered high-density EOS.> Neutral-current neutrino-
nucleon scattering is also implemented with its full reaction
kinematics [132], including energy transfer by recoil and
many-body effects (due to both density and spin correlations
viaRPA) [143,144,149], weak-magnetism corrections [142],
and virial effects [150].

Neutrino-electron and positron scattering are imple-
mented according to the rates of Refs. [151,152], vv pair
production of all flavors by e~e™ annihilation follows the
treatments of Refs. [141,153], and nucleon-nucleon brems-
strahlung adopts the one-pion exchange approximation
[154], which was tested against improvements beyond this
description [155]. VERTEX also includes neutrino-pair
annihilation between different flavors and elastic scattering
of heavy-lepton neutrinos and antineutrinos with electron
neutrinos and antineutrinos [135,156].

The implementation of neutrino reactions involving
muons and antimuons is guided by Ref. [134] and detailed
in Ref. [135]. These reactions include neutrino scattering off
muons, muon decay to e*, charged-current muon neutrino
and antineutrino absorption by neutrons and protons
(accounting for nucleon recoil and in-medium effects
[145]), respectively, pair annihilation of muons and anti-
muons to neutrinos and antineutrinos of all flavors, and the
conversion between e* and u* by neutrino absorption [75].

For the 1D models considered in this paper, neutrino
transport (hydrodynamics) was followed up to 10,000 km
(6 x 107 km) with the number of radial zones dynamically
increasing from 233 (800) after core bounce to more than
670 (1200) at the end of the simulations, ensuring suffi-
ciently high resolution inside the PNS and in particular in
the density gradient at its surface, which steepens with
time. For the transport of neutrinos of all species, an energy
grid with 21 coupled bins (the first six equidistant, then
geometrically increasing) up to 380 MeV was used.

In summary, the main aspects discriminating our 1D
simulations of CCSN explosions and PNS cooling from
previous models used for comparison with the SN 1987A
data are the inclusion of nucleon-nucleon correlations
and medium effects in the neutrino-nucleon interactions,

3Our PNS simulations do not include neutron decays and their
inverse for the production and emission properties of 7,. These
three-body direct URCA reactions might somewhat lift the
luminosity and reduce the mean energy of the radiated 7, during
the late PNS cooling phase, at least in models ignoring the effects
of nucleon correlations and PNS convection [96]. These opposing
trends suggest little relevance for the late-time neutrino detection.
Test calculations with the neutron decays in our modeling setup
are on the way.

a mixing-length approximation for convection inside the
PNS, and of muons in the EOS of the high-density medium
and the neutrino transport. This implies a distinction of the
transport of v, and v, in addition to the slight differences
between heavy-lepton neutrinos and antineutrinos due to the
weak-magnetism corrections in their neutral-current scatter-
ing reactions with nucleons [132,142]. The differ-
ences in the transport and emission properties of the four
heavy-lepton neutrino species are, however, rather small and
therefore we will consider an average of 7, and o, when
discussing flavor oscillations with 7,. We did not take into
account neutrino-flavor conversions in our neutrino-hydro-
dynamic simulations, thus adopting the standard approach in
CCSN modeling (with few recent exceptions [77-79]).

B. Brief discussion of model results

1. Model overview

Our standard set of CCSN and PNS formation models
employs the full physics described above, including
muons, six-species neutrino transport, and convection.
We performed simulations that yielded baryonic PNS
masses of 1.36 M, 1.44M o, 1.62M o, 1.77M , and 1.93M o,
in each case with the four different nuclear EOS imple-
mentations (DD2, L.S220, SFHo, and SFHx) mentioned
before. Correspondingly, we defined a naming convention
for our models that specifies the mass and the EOS, e.g.,
1.62-SFHo (see Table I; the data files with the neutrino
outputs are available at the Garching Core-Collapse
Supernova Archive [157].).

In order to demonstrate the consequences of some of our
advanced physics ingredients, we also list simulations for
the 1.62M, models and all EOSs without convection,
denoted by an extension “-c¢” of their model names (e.g.,
1.62-SFHo-c), and two examples without muons, indicated
by an extension “-m” of their names (e.g., 1.62-SFHo-m).
We picked an average mass for these demonstration cases
because of its better compatibility with the SN 1987A
neutrino data, although muons are expected to generate
larger effects in higher-mass PNSs due to the more extreme
densities and temperatures there. In the two simulations
without muons we used four-species transport, because in
the absence of muons (and tauons) v, and v, experience the
same reaction rates, which differ from those of 7, and o, by
the weak-magnetism corrections in the charged-current and
neutral-current interactions with nucleons.

In all early CCSN and PNS models computed at the time
of SN 1987A and the following decade, but also in many
modern SN simulations, heavy-lepton neutrinos are lumped
together into a single species v,. Collectively treating all
species of heavy-lepton neutrinos, the time evolution of v,
is followed by solving a single transport problem with
opacities averaged for neutrinos and antineutrinos. Because
the weak-magnetism corrections imply only relatively
small differences in the cross sections, this description is
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TABLE L

convection. The models denoted by “-m” use four-species transport and no muons, those with the name extension “-c

Global properties of our PNS formation models, usually based on six-species neutrino transport with muons and

@ 9

use six-species

transport and muons but no convection. The detailed numerical neutrino outputs are available at the Garching Core-Collapse Supernova

Archive [157].

Model EZd [B] Tena [S] tace [S] EiE [B] 7% [s] N [10°] 7, [s] N;"d [10%] 75 [s]
1.36-DD2 180.34 8.69 0.32 44.50 5.19 5.68 4.33 2717 1.37
1.36-L.S220 187.22 12.36 0.33 48.27 6.44 5.60 4.94 3.34 2.33
1.36-SFHo 196.25 10.50 0.32 46.12 6.18 5.76 5.15 2.88 1.45
1.36-SFHx 197.09 10.06 0.32 46.03 6.28 5.75 5.02 2.89 2.00
1.44-DD2 205.33 13.72 0.22 39.66 5.48 6.16 4.71 3.08 1.42
1.44-L.S220 215.36 14.84 0.23 43.09 6.85 6.02 5.23 3.96 2.60
1.44-SFHo 224.35 15.00 0.23 41.77 6.55 6.25 5.75 3.17 1.45
1.44-SFHx 225.07 11.72 0.22 40.68 6.66 6.23 5.48 3.17 2.05
1.62-DD2 262.53 10.75 0.51 80.87 5.99 7.06 5.10 3.84 1.56
1.62-1L.S220 272.63 13.58 0.51 88.32 7.22 6.77 4.76 5.56 3.80
1.62-SFHo 289.29 14.26 0.51 84.74 7.21 7.20 6.40 3.90 1.75
1.62-SFHx 291.33 13.45 0.51 84.73 7.36 7.19 6.23 391 227
1.77-DD2 314.41 11.26 0.62 105.19 6.44 7.78 5.53 4.50 1.69
1.77-LS220 328.32 16.33 0.62 116.04 7.91 7.40 4.71 7.05 4.47
1.77-SFHo 348.34 13.28 0.62 110.72 7.77 7.93 6.87 4.55 2.06
1.77-SFHx 351.38 13.91 0.62 110.82 7.97 791 6.80 4.56 2.29
1.93-DD2 375.79 12.81 0.60 121.90 6.93 8.57 6.02 5.24 1.99
1.93-LS220 396.17 19.95 0.60 135.34 8.69 8.09 4.57 8.96 5.53
1.93-SFHo 419.55 15.52 0.60 128.85 8.45 8.75 7.63 5.25 2.51
1.93-SFHx 425.18 16.38 0.60 129.17 8.74 8.74 7.63 5.33 2.57
1.62-DD2-c 256.90 13.95 0.47 71.39 8.78 6.93 9.44 3.77 0.78
1.61-LS220-c 264.67 20.92 0.47 78.17 12.67 6.70 12.72 5.55 0.94
1.62-SFHo-c 280.82 19.74 0.47 73.52 12.35 7.09 12.80 392 0.54
1.62-SFHx-c 279.80 18.75 0.47 73.26 12.87 7.04 12.48 3.97 0.65
1.62-DD2-m 260.43 9.58 0.51 80.73 5.67 6.94 5.03 0.03 0.01
1.62-SFHo-m 286.78 13.55 0.51 84.35 6.78 7.09 6.19 0.05 0.02

E2d Total energy emitted in neutrinos up to f,q; N Electron lepton number emitted up to f,,q.

EiSE Same up to f,..; N;“d Same for antimuon number.

f.ng Time at end of simulation; 7, Period over which 95% of N are emitted.
I, Time at end of accretion phase; 7; Time when 95% of Nf-,“d are reached first (nonmonotonic evolution).

7 Period over which 95% of ES¢ are emitted.

well justified for studying the hydrodynamics problem of
CCSNe. It is, however, not sufficient for high-fidelity
predictions of the CCSN neutrino emission and for inves-
tigating questions connected to three-flavor neutrino
oscillations.

2. Construction of PNS models

Since our simulations are 1D, the SN explosions are
triggered artificially by reducing the density in the infall
region ahead of the stalled shock by a factor of several 10.
This is done at a suitable postbounce time such that a PNS
of the desired mass is left behind when the shock begins to
expand outward quickly in response to the decreased ram
pressure of the preshock matter. The density is reduced to a
level that ensures—somewhat idealized—that the late-time
PNS cooling signal is not contaminated at any relevant

level by neutrino emission from fallback of matter that
starts an outward expansion with the SN shock but does not
become gravitationally unbound. Although fallback is a
common phenomenon in 3D simulations of neutrino-driven
explosions [117,158-160], its time dependence cannot be
modeled realistically in 1D. Moreover, in our study we are
interested in the question whether the SN 1987A neutrino
events can be explained by the emission solely originating
from PNS postbounce accretion and Kelvin-Helmholtz
cooling.

Since the NS mass is expected to correlate in most cases
with the iron-core mass or the mass of iron core plus silicon
shell (i.e., the mass enclosed by the Si/O composition
interface) of the progenitor [69,161,162], we employ
different stellar progenitors to obtain the PNSs of different
masses, namely a 9.0M progenitor [163] for the 1.36M
PNS, 18.8M and 18.6M, progenitors [71] for the 1.44M
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FIG. 1. Evolution of the 7, luminosities (top) and average energies (bottom) for our models with SFHo EOS and different NS masses

for the three main emission phases: shock breakout and prompt v, burst (left), postbounce accretion and shock revival (middle), and PNS
cooling (right). Note the different time and luminosity scales. Here and in the following similar plots, the neutrino emission properties
are shown for a distant observer at rest in the reference frame of the source.

and 1.62M 4 PNSs, respectively, a 27M ; progenitor [164]
for the 1.77M PNS, and a 20M, model [165] for the
1.93M PNS. The choice of these different progenitor
models ensures that the postbounce accretion phase of the
PNS is shorter for lower-mass NSs and longer for the more
massive ones (Fig. 1; Table I), compatible with the
tendency witnessed in self-consistent explosion models.
Note that the PNS mass is neither a monotonic function of
the precollapse mass nor of the ZAMS mass of the
progenitor star, as mentioned in Sec. .

3. Variations of neutrino signal with PNS mass

Table I lists the values of the postbounce times ?,.. when
the accretion phase ends in our models. PNS accretion in
1D simulations continues as long as the SN shock stagnates
and it is visible by the enhanced neutrino (mainly v, and 7,,)
emission associated with the settling of the accreted matter
onto the PNS surface (Figs. 1 and 2, middle panels). When
the explosion is triggered and the shock begins to run
outward, the inflow of matter to the PNS is stopped. This
terminates the accretion phase and is reflected in a steep

drop of the neutrino luminosities and mean energies from
their enhanced values to the level they possess during the
Kelvin-Helmholtz cooling of the PNS. The times t,.. are
defined at the base points of this steep decline from the
accretion plateau where the 7, luminosity transitions into
the long-time behavior of the PNS cooling. This is seen in
the middle panels of Fig. 1.

In Fig. 1 we also witness a clear correlation of the 7,
luminosities and after the initial ~50 ms after bounce also
of the mean energies with PNS mass during the different
emission phases, namely the phase of shock breakout
from the neutrinosphere and corresponding v, burst (left
panels; the v, burst is seen in Fig. 2), the postbounce
accretion phase of the PNS during shock stagnation
(middle panels), and PNS cooling after the onset of the
SN explosion (right panels). More massive PNSs are
formed as a consequence of higher mass accretion rates,
tend to have longer accretion phases and release more
gravitational binding energy by neutrino emission (for a
given nuclear EOS), all of which explains their higher
luminosities [73,166]. Similarly, higher-mass PNSs posses
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FIG.2. Evolution of the signal properties of different neutrino species for our model 1.44-SFHo during the three main emission phases
of Fig. 1. The upper three rows display the luminosities, average energies, and spectral pinching parameters for the a-fit (Appendix E).
While the model simulations were performed with six-species transport, the results are plotted here for v, and 7, as well as v, and 7,,
whose quantities are defined as arithmetic means of those of the y and 7 flavors. The bottom row shows the event rates by IBD predicted
for Kam-II and IMB, once assuming no flavor conversion (i.e., detection of the 7, flux) and another time for a complete flavor swap (i.e.,
detection of the v, flux). For IMB, the average trigger rate was used as discussed later in the text.

hotter neutrinospheres, radiating harder spectra [167,168].
Due to the structure of its 9M progenitor, the forma-
tion of the 1.36M, PNS is associated with a slightly
longer accretion phase than the 1.44M PNS (Table I),
which is reflected by the inversion of their neutrino
emission properties between ~0.15s and ~0.3 s after
bounce (Fig. 1).

4. Neutrino emission phases

The typical behavior of the neutrino properties (lumi-
nosities, mean energies, spectral pinching parameter a of
Ref. [169]) of v,, ¥,, and heavy-lepton neutrinos in the
three emission phases can be seen for the example of
model 1.44-SFHo in Fig. 2 (for a detailed description of
the evolution, see, e.g., Refs. [94,170]). The prominent
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shock-breakout burst of v, reaches a peak luminosity near
4 % 10° ergs™! (top left panel). During this phase, the
luminosities and mean energies of 7, and of all kinds of
heavy-lepton neutrinos (collectively denoted as v,) begin to
rise steeply (left upper two panels), faster for the v, because
the v, emission is initially suppressed due to the high
degeneracy of electrons (reducing the presence of posi-
trons) and of v, (quenching the pair production of v,7,) in
the shock-heated layers. Moreover, the escape of 7, is also
impeded by their frequent absorption on the still abundant
protons. We note in this context that the transport of 7, and
heavy-lepton neutrinos is disregarded before core bounce
and switched on only at bounce, because the production
of these neutrino species is strongly suppressed by the
high electron degeneracy before and during core collapse.
Therefore, during this prebounce evolution the emission
of v,, created by electron captures, dominates by several
orders of magnitude and 7, can be expected to be mea-
surable only from future CCSNe in the very close neigh-
borhood of the Sun.

During the accretion phase, matter falling through the
stagnant SN shock settles onto the newly formed PNS in a
hot, inflated mantle layer, which radiates mostly v, and 7,
produced by electron and positron captures onto free
protons and neutrons, respectively. Therefore the v, and
U, luminosities are up to a factor of 2 higher than the
individual ones of the heavy-lepton neutrinos (top middle
panel of Fig. 2). The v, are produced mainly by nucleon-
nucleon bremsstrahlung and by processes involving muons
in the higher-density core of the PNS, and they diffuse out
from there to escape from deeper but only slightly hotter
neutrinospheres (middle panel in the second row). When
the onset of the explosion terminates the PNS accretion, the
associated enhanced emission of v, and o, comes to an end
at around 7,... Subsequently, the luminosities of all neutrino
species are much more similar and decay quasiexponen-
tially in the PNS cooling phase. During this long-time
evolution and the preceding accretion phase, the mean
energies of the radiated 7, and of all heavy-lepton neutrinos
are a few MeV higher than those of v,. The U, spectra are
always harder than those of the v,, because weak-magnet-
ism corrections reduce (increase) the cross sections for
neutral-current neutrino scattering with nucleons for v, (v,)
[142]. However, the mean energies of 7, and of all heavy-
lepton neutrinos differ between each other by less than
about 1 MeV, and partially the mean energies of 7, are even
higher than those of v,. This is in stark contrast to the
classical SN and PNS cooling models computed at the
time of SN 1987A and is a consequence of including
nonconservative (i.e., energy-transfer) effects in neutrino-
nucleon scatterings, which softens the spectra of the
escaping v, [169,171].

The emitted spectra are always pinched (a 2 2.3) com-
pared to a Maxwell-Boltzmann spectrum (a = 2), decreas-
ing towards later times. Typically (but not always), the
spectra of v, and v, are more strongly pinched (a ~ 3-5)

than those of v, and U, (a ~ 2.5-3). The expected detection
rates in IMB and Kam-II are shown in Fig. 2, bottom
panels, under the assumption that the signal is caused by
inverse beta decay (IBD) events of the original 7, flux or of
the v, flux, assuming a complete flavor swap and defining
the o, properties as arithmetic averages of those of o,
and 7,.

5. Variations of neutrino signal with EOS

The employed high-density nuclear EOSs differ consid-
erably in their maximum masses and mass-radius relations
for cold NSs, although in all cases these are compatible
with astrophysical mass and radius constraints within the
current uncertainties. These differences are linked to differ-
ent nuclear matter properties such as the saturation density,
incompressibility, symmetry energy, and the slope of the
symmetry energy (all in agreement with current experi-
mental ranges or close to them; for a detailed discussion,
see Refs. [123—125]). The maximum gravitational masses
of cold NSs are 2.05M g, 2.06M, 2.13M, and 2.42M
for the LS220, SFHo, SFHx, and DD2 EOS, respectively,
and the radii of cold 1.4M 5 NSs are 12.67 km, 11.89 km,
11.99 km, and 13.22 km."* Judged from their small values
of this NS radius and the maximum masses, LS220,
SFHo, and SFHx are rather “soft” EOSs, whereas DD2
is relatively “stiff.” It is remarkable that in spite of
considerably different nuclear-matter and NS properties
of SFHo and SFHx, we generally (for all PNS masses) find
only small differences in the neutrino emission properties
for simulations with both EOSs, and these differences occur
mainly during the very late PNS cooling phase (Figs. 3
and 4).

The four considered EOSs also differ in their density
dependence of the nuclear symmetry energy. The symmetry
energy does not only determine the electron fraction in beta
equilibrium (e.g., [172—174]), but can also have important
consequences for PNS convection [98]. If the symmetry
energy increases sufficiently steeply as a function of baryon
density (still staying within current experimental con-
straints), negative lepton-number gradients can exert a
stabilizing effect on Ledoux convection for high densities
and low electron fractions. This counteracts the always
destabilizing influence of negative entropy gradients and is
in contrast to the situation at low densities and high electron
fractions, where both negative entropy and lepton gradients
drive convection. Thus, regions with negative entropy and
lepton gradients in the PNS interior initially develop
convection. But as the PNS neutronizes and contracts to
lower electron fractions and higher densities, a steep
increase of the symmetry energy can lead to a suppression
of convective activity. This is the case for the LS220 EOS.

“The mass-radius relations of SFHo and SFHx have a crossing
near a gravitational NS mass of 1.25M, but the radius
differences increase with the distance from this crossing point.
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Evolution of the 7, luminosities (top) and average energies (bottom) during the three main neutrino emission phases of Fig. 1

for our 1.44M models with different nuclear EOSs as indicated in the legend.

In PNS cooling simulations with this EOS convective
activity inside the PNS becomes weaker and spatially
more restricted after 2-3 s, which slows down the sub-
sequent loss of electron number and energy. This leads to a
characteristic decline of the luminosities and mean energies
of the radiated neutrinos at about this time (Fig. 3). The
decline is steeper and earlier than for all other nuclear
EOSs, which permit PNS convection to continue in a larger
volume of the PNS. Later on the time dependence of the
neutrino emission in the LS220 models flattens and the
luminosities and mean energies decrease more slowly and
stay on a higher level for longer periods than in simulations
with the other EOSs.

6. Properties of cumulative signals

Despite these prominent differences in the evolution of
the neutrino emission properties, the characteristic cooling
times, 7z (periods over which 95% of the total energy loss
E" happen; Table I), of the simulations with LS220 are
not much different from the corresponding times of the
SFHo and SFHx models. This is a consequence of a faster
initial loss of energy by neutrino emission in the first ~3 s
(Figs. 3 and 4) and lower ES% values than in the cases with

SFHo and SFHx EOS (Table I). The electron-deleptoniza-
tion times, 7, (postbounce times until 95% of the total
emitted electron-lepton number N¢™ are carried away), of
the simulations with L.S220 are usually even shorter than
with all other EOSs (except for low-mass PNSs with the
DD2 EOS), because N is smallest for LS220 compared
to the other EOSs (Table I). The reason is again the higher
nuclear symmetry energy of LS220 at high densities. In
particular the interaction part of the symmetry energy
implies higher electron and muon chemical potentials y, =
My = My — K, in beta-equilibrium [172-174] and therefore
a lower loss of electron-lepton number and a higher gain of
muon number during the PNS evolution (Fig. 4).

Since the greater stiffness of the DD2 EOS leads to larger
PNS radii, lower values of ESNY, smaller central densities
and temperatures, and therefore also lower neutrino opac-
ities, the energy loss of the PNSs is generally faster with
this EOS than for models with all other EOS cases. This
holds true also for the loss of electron-lepton number of
low-mass PNSs with the DD2 EOS, though it does not
apply for the higher-mass PNSs, where the L.S220 models
possess the clearly smallest values of N"¢ and thus of z,,, if
PNS convection is taken into account.
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FIG. 4. Evolution of the cumulative emitted electron lepton number (top), cumulative gain of muon lepton number in the PNS
(middle), and cumulative energy loss (bottom) during the three main neutrino emission phases of Fig. 1 for our 1.44M, models with

different nuclear EOSs as indicated in the legend.

Figure 4 shows the evolution of the cumulative emission
of electron-lepton number, i.e., the excess of v, over the 7,
emission, for our 1.44M 5 models with all four EOS cases.
About half of the total electron-lepton number is emitted
during the shock-breakout burst of v, within some 10 ms
after bounce. The electron-deleptonization continues fast
until convection reaches the center of the PNS and then
proceeds more slowly as the PNS cools further. Notice that,
all else being equal, more lepton number can be stored in
the form of electrons at higher temperatures. The times 7,
listed in Table I are typically roughly 1 s shorter than the

energy-loss times 7 for DD2, SFHo, and SFHx, but up to
~4 s shorter for LS220 (when PNS convection is included).

7. Signal variations in the antineutrino sector

Muon formation and the buildup of muon number in
the hot PNS is enabled by the high chemical potentials
of electrons and the high temperatures, which imply
particle energies well above the muon rest-mass energy
of 105.66 MeV. These conditions permit that weak reac-
tions involving muons x~ such as v, +e” 2v, +u,
v,tn2p+u, and U, +e 20, +p" (and similar
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reactions involving antimuons p™) can take place in the
high-density core of the PNS [75,175]. In analogy to
electrons and positrons, the thermally excited muons and
antimuons are distributed according to beta equilibrium,
fulfilling the chemical potential relation p, —p, =
Hp — Hp, Where p,, Hy,> Hns and p, are the chemical
potentials of muons, muon neutrinos, neutrons, and pro-
tons, respectively. In the neutrino-transparent state of the
cold NS without any net neutrino number, chemical
equilibrium implies y, = p, = p, — . The evolution to
this final state is driven by an overall excess emission of U,
compared to v,, but it can proceed nonmonotonically.
Taking the presence of muons into account, our six-
species neutrino transport has to make a distinction of v,
Uy, V., and U, because the fluxes and spectra of all species
are different due to the muon interactions and opposite
signs of the weak-magnetism corrections in the neutral-
current and charged-current processes of v and U with
nucleons. These weak-magnetism corrections reduce the
antineutrino interaction cross sections relative to those of
the neutrinos, allowing 7, to diffuse out of the PNS more
readily than v,. This accelerates the muonization of the
PNS medium by the development of an imbalance between
the v, and U, numbers in the PNS interior, leading to
transiently positive muon-neutrino chemical potentials Hy,-

The corresponding net muon number in the neutrino sector
is communicated to the charged-lepton sector by the muon-
involving weak interactions mentioned above, but it has to
decay later again on the way to the neutrinoless state
(corresponding to , = 0).

The cumulative antimuon numbers that are emitted
until the postbounce times z,,4 when the simulations are
stopped, are listed for our models in Table I, and the panels
in the middle row of Fig. 4 display the time evolution of
the cumulative gain of muon lepton number (i.e., loss of
antimuon number by the excess of 7, over v, emission) for
our 1.44M 5 models with all four EOS cases. This muo-
nization process is not monotonic because its evolution
depends on the temperature profile in the PNS as well as the
competing transport and emission of v, and ,,. Since more
leptons can be stored at higher temperatures, the change of
the net muon number reflects the thermal evolution of the
PNS, which heats up transiently in the dense core during its
electron-deleptonization [176,177]. PNSs deleptonize with
respect to their electron number from outside inward and
there is a continuous net loss of electron number by an
excess number emission of v, over 7,. In contrast, the
buildup of muon number follows the evolution of the
temperature maximum, where most of the v, and 7, are
created and facilitate the production of muons [75]. The
temperature has an off-center maximum for a few seconds,
which moves inward until the temperature peaks at the PNS
center and then gradually declines during the cooling
evolution. This complex evolution can lead to successive
periods of increasing and decreasing total net muon number

in the PNS. Finally, in the last phase, the transiently positive
muon neutrino chemical potential (which is established by
the faster diffusion of 7,) has to settle to zero for the
neutrinoless beta equilibrium in the cold, neutrino-trans-
parent state of the NS. Therefore, in order to come up with
an unambiguous definition of the muonization time 7
(Table I), we adopt for this characteristic time scale the first
instant in the evolution when the emitted anti-muon number
reaches 95% of its final value, thus neglecting the later
fluctuations.

In the bottom panels of Fig. 2 we show the predicted
detection rates of neutrinos in the Kam-II and IMB
detectors (see Sec. III). The IBD event rate in Kam-II
exhibits two crossings at about 50 ms after bounce and near
tacc» if we assume the signal to be caused once only by 7,
(no flavor conversion) and another time only by v, (full-
flavor conversion). In contrast, in IMB the event rate is
always larger if caused by 7,. In Kam-II the signal therefore
reflects the evolution of the v, vs the 7, luminosities (upper
panels of Fig. 2), whereas in IMB the signal is always larger
if caused by U, because of the higher neutrino energies
needed to trigger this detector (as will be discussed later).

In the context of the SN 1987A neutrino measurements
only the antineutrino sector is relevant. In the absence of
flavor conversion, the detected signal was caused by the 7,
emission of the forming PNS, and if this species does not
survive after flavor conversion the detection was exclu-
sively caused by heavy-lepton antineutrinos. For the
predicted event rates plotted in Fig. 2 and in our analysis
below, we assumed that the U, properties are arithmetic
averages of the 7, and U, emission from our source models.
Therefore, it is interesting how big the differences between
the 0, and v, properties are. These are visualized in Fig. 5,
which displays the relative differences between the lumi-
nosities, average energies, and expected event counts,
normalized by the sum of the these quantitities for o,
and 7., i.e., the plotted relative differences are computed
according to

8(0,. ;) = - ) (1)

Of course, the right-hand side here is symbolic for the
different quantities depending on these flavors. We con-
clude that despite the effects of muons, the relative
differences are fairly small, on the order of a few percent
at most, at least for the 1.44M, PNS considered in Fig. 5.
Therefore, is it well justified in the context of our analysis
to consider a mean species v, with arithmetically averaged
properties of 7, and 7.

8. Impact of PNS convection and muons

Finally, we repeat that our state-of-the-art CCSN and
PNS-cooling simulations compared to those at the time of
SN 1987A include, besides modern nuclear EOS models
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and a better numerical treatment of the neutrino trans-
port and reaction rates, several major improvements:
(1) nucleon-nucleon (RPA) correlations in the charged-
current and neutral-current neutrino-nucleon interactions
[100,132,143-146,149,178-182], which reduce the neu-
trino opacities and therefore shorten the PNS cooling times
considerably [98,100,183,184]; (2) PNS convection, which
is very efficient in transporting energy and lepton number
out of the dense PNS core and thus has an additional impact
on shortening the PNS cooling evolution, even dominating
the nucleon correlation effects [94,98,100,184]; and (3) the
presence of muons in the hot PNS medium.

In order to demonstrate some of these effects, we have
also simulated exemplary 1.62M cases with different
nuclear EOSs but without convection (model names with
extension “-¢”) or without muons (model names with
extension “-m”). Figure 6 compares the time evolution
of the neutrino emission properties (luminosities, mean
energies, cumulative emitted energies) of o, and v, at the
example of model 1.62-SFHo, and in Table I the character-
istic global parameters of these simulations and a few other
cases without convection or without muons are listed, too.

Convection leads to a sizable enhancement of the 7,
luminosity mainly after the postbounce accretion phase and
of the v, luminosity, which is generated in deeper PNS
layers, already during the accretion phase. Correspon-
dingly, the PNS cooling times 7y are significantly longer
for the simulations without convection. We stress that the
total neutrino energy and electron-lepton number released
in models with and without convection should, of course,
be identical. The differences seen in Table I are connected
to the still incomplete cooling of the nonconvective models
when their simulations were stopped at 7.4 and to small
nonconservative effects in the numerical implementation
(accumulating errors on the order of 1-2% over the entire
PNS evolution [183]). We anticipate here that the omission

113

of mixing-length convection will not solve the problem that
the neutrino emission times in our PNS cooling simulations
are too short to account for the last three events measured
by Kam-II and the last two events in BUST (Baksan). Even
without convection, the opacity reduction by nucleon-
nucleon correlations reduces the duration of the signal that
could be measured by these experiments to considerably
less than 10 s (see Sec. V C).

In the relatively low-mass PNS of the displayed results,
the effects of muons on the 7, and 7, (i.e., U,-U,-averaged)
emission are relatively small. Muons lead to a slight
increase of the mean energies during the accretion phase
(which can facilitate the shock revival in multidimensional
simulations [75]) due to a faster contraction of the PNS.
Since the final PNS radius is also a bit smaller, PNS cooling
including muons also releases slightly higher gravitational
binding energies via neutrino emission (despite internal
energy being stored in muon rest mass), and the late-time
neutrino luminosities and mean energies exhibit a small
enhancement for a bit longer cooling times.

9. Flavor-dependent integrated properties

In addition to Table I, which provides data for the global
properties of the time-integrated neutrino emission of our
CCSN models, Table VII contains time-integrated data
(total radiated energy ESNY, average neutrino energy (e, ),
spectral pinching parameter a, and typical time scale of the
energy emission, 7z) for all neutrino species and all models
individually. For the antineutrinos of the three flavors also
characteristic quantities of the predicted signals in each of
the three detectors are listed (the total number of expected
events N, the average detected positron energy (e, ), the
signal duration 7 when 95% of all expected events have
accumulated, and the best-fit offset time between bounce
and the first detected event, 61).
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FIG. 6. Postbounce evolution of the luminosities (top), cumulative emitted energies (middle), and mean energies of 7, and 7, for our
1.62-SFHo model including PNS convection and muons compared to model 1.62-SFHo-c without convection (but including muons;
dashed lines in the left panels) and model 1.62-SFHo-m without muons (but including convection; dashed lines in the right panels). Note
the change of the scale on the x-axis from linear to logarithmic at 1 s. The neutrino luminosities emitted at postbounce times #,, > 1 s are

scaled by a factor of 5.

The total energies emitted in each neutrino species obey
near-equipartition within about 10%, with v, (or 7, in some
1.44M cases) carrying away the biggest fraction and 7,
the smallest. In models with massive NSs (> 1.62M, in our
set), which have longer postbounce accretion phases with
associated v, and U, emission, the relative energy share in
U, increases and comes close to that of z,, except for the
LS220 models, where the higher nuclear symmetry energy

leads to a higher buildup of muon number and thus more
energy loss in 7, (see Sec. Il B 6). Because of their weak-
magnetism-enhanced interaction cross sections with nucle-
ons, v, and v, always carry away the smallest part of the
total binding energy of the massive NSs.

The average energies of the time-integrated v, signals
are the lowest of all neutrino species, and the values
increase with the PNS mass from ~9.7 MeV to over
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11 MeV. The mean energies of all the other neutrinos are
nearly the same, in particular those of 7, 1, and v,, which
are 0.3-0.8 MeV larger than those of v, and v, (again
because of the opacity differences associated with the
weak-magnetism corrections).

The pinching parameters of all time-integrated spectra
range between about 2 and 3 with the tendency of lower
values (i.e., weaker spectral pinching) for softer EOSs and
more massive NSs. These values motivate our choice of
a-variation in Figs. 12 and 13. The time scales 7z of 95%
energy loss are shortest for v, because of the shock-
breakout burst, but nearly the same for all other neutrino
species with differences of at most ~1 s, leading to very
similar 95% detection times 7 for all antineutrino flavors.
Because of the emission differences described above,
the expected numbers of neutrino events, N, are higher
by 1-1.5 in Kam-II and essentially unchanged in IMB and
BUST, if complete flavor swap would occur and the 7, or v,
instead of the 7, were detected by inverse beta decay. The
predicted average energies of the produced positrons would
differ by at most ~1.5 MeV in this case.

III. SN 1987A NEUTRINO DATA

At the time of SN 1987A, four experiments were
sensitive to the neutrino burst as detailed in Appendix A.
By far the dominant detection process was IBD, v,+
p — n+ e*. The largest detector was the Irvine-Michigan-
Brookhaven (IMB) [185-188] water Cherenkov detector
with a sensitive mass of 6800 t, but relatively sparse photo
sensor coverage and concomitant high energy threshold. The
time sequence of registered events is given in Table II and
shown in the top panel of Fig. 7. We show the trigger
efficiency and its uncertainty in the top panel of Fig. 8 (for
more details see Appendix A 2 and Table VI). IMB had no
low-energy background for the short SN signal duration,

TABLE II. SN 1987A neutrinos in IMB [187]. Time relative to
the first event UT 7:35:41.374 4+ 50 ms. The energy refers to the
detected e™, its angle is relative to the opposite LMC direction
(i.e., the scattering angle).

Event number Time [sec] Ny;; Energy [MeV] Angle [Degree]

1 [+1p]® 0.000 47 38+7 80 £ 10
2 [+2u]® 0.412 61 37+7 44 £ 15
3 0.650 49 28+6 56 +£20
4 [+1pu] 1.141 60 39+7 65 £+ 20
5 [+2u]® 1.562 52 36 £9 33£15
6 [+5ul 2.684 61 36 £6 52+10
7 [+4ul* 5.010 44 19£5 42 +20
8 5.582 45 22+5 104 £ 20

"Number of muons following this event according to the
trigger numbers in Table III of Bionta et al. [186], with a total of
15 muons.

although it registered 15 atmospheric muons during the
SN burst.

To gain intuition for a SN signal, we have defined in
Appendix A2d a “fiducial SN” at a distance of 50 kpc
that emits a total of 5 x 10°% erg in 7, with a Maxwell-
Boltzmann spectrum. Assuming 7' = 4 MeV, this source
causes the production of 53.3 positrons from IBD in the
detector volume, of which 64f23g are expected to be seen,
to be compared with eight detected events. The uncertainty
is understood as maximum errors derived from the uncer-
tain trigger efficiency. The average observed event energy
was 31.9 MeV, to be compared with an expectation of
30.1737. Notice that the positron event energy, inferred
from the number of PMTs firing in connection with the
event, does not directly coincide with the real positron
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FIG. 7. SN 1987A neutrino data at IMB, Kam-II, BUST and
LSD. We show the detected positron energy as a function of time
relative to the first event at IMB (7:35:41.374 UT on 23 February
1987). The first events of Kam-II and BUST are aligned with that
of IMB because both detectors had a significant clock uncer-
tainty. For BUST, we also show an earlier event that was
attributed to background. LSD measured an additional burst
nearly five hours earlier not shown here. In Kam-II, event No. 6
and those after 17 s as well as the late LSD events (another one at
37.5 s) are usually attributed to background. The fiducial masses
shown for the scintillator detectors BUST and LSD are water
equivalents. The data are listed in Tables II-IV, the overall
detector properties in Table VI.
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FIG. 8. Detector properties. Top: Trigger efficiencies (for IMB
with maximum uncertainties). Middle: Event spectrum for our
fiducial SN (T = 4 MeV), normalized to 1 kt water equivalent
(5 kt for IMB). As a thin gray line, nearly identical with LSD, we
show the event spectrum without threshold. This illustrative plot
does not include “smearing” of the positron event energy by finite
energy resolution of the detectors. Botfom: Background rate in
Kam-II (total 0.187 Hz) and BUST (total 0.034 Hz) as function of
reconstructed event energy. These background events have
various sources, for example f decay of 24Bi in Kam-II.

energy due to Poisson fluctuations. Therefore, the event
distribution in terms of the positron event energy must
include a smearing due to the energy resolution, as we
discuss in Appendix C. In all tables and figures, we will
specify whether we are referring to neutrino energy,
positron energy, or positron event energy. We summarize
these results in Table V.

The second largest of the running experiments was the
Kamiokande-II (Kam-II) water Cherenkov detector with

2140 t sensitive mass [189—193], but much lower threshold
(Fig. 8), making it competitive for SN neutrino detection.
For our fiducial SN, a total of 16.7 positrons is produced in
the detector, of which 14.0 would be detected with an
average energy of 20.0 MeV.

The time sequence of SN 1987A events is shown in the
second panel of Fig. 7 such that the first events in IMB
and Kam-II are contemporaneous. As explained in more
detail in Appendix A, IMB had good absolute clock time,
whereas that of Kam-II was uncertain within £1 min so
that the relative timing is completely uncertain within the
burst duration of a few seconds.

Besides atmospheric muons at large energies, Kam-II
had a low-energy background mostly from the beta decay
of 21“Bi with a rate of 0.187 Hz. The spectrum is shown in
the bottom panel of Fig. 8, where we see that there is a
fairly clean energy cut between signal and background.
Usually event No. 6 (Table III) is attributed to background
as well as the very late events after 17 s. According to these
assumptions, there are 11 SN-related events with an
average energy of 15.4 MeV.

We will later see that the three late Kam-II events at
around 10 s are difficult to explain by PNS cooling. If
indeed they have a different origin as discussed later, then
we should only consider the first nine events minus No. 6 if
interpreted as background. In this case there are eight SN-
related events with an average energy of 17.4 MeV. It was
often mentioned that there is significant tension between
the average IMB and Kam-II event energies if interpreted as
coming from a common quasithermal 7, flux. This tension
is much smaller if the late Kam-II events are not part of the
cooling signal.

TABLE III. SN 1987A neutrinos in Kamiokande II [189]. Time
relative to the first event at UT 7:35:35 &+ 1 min.

Positron event Angle
Event number Time [sec] Ny; energy [MeV] [Degree]
1 0.000 58 20.0 £2.9 18+ 18
2 0.107 36 13.5+£32 40 +27
3 0.303 25 75+£20 108 + 32
4 0.324 26 92+27 70 +£30
5 0.507 39 12.8 £2.9 135+£23
6" 0.686 16 63+£1.7 68 + 77
7 1.541 83 354 +8.0 32+ 16
8 1.728 54 21.0+42 30+ 18
9 1.915 51 19.8 £3.2 38+£22
10 9.219 21 8.6+27 122 +30
11 10.433 37 13.0+2.6 49 +26
12 12.439 24 89+19 91 +£39
13*° 17.641 6.5+£1.6  103+50
14 20.257 54+14 110450
15%° 21.355 46+1.3 120 £+ 50
16 23.814 6.5+1.6 112 £ 50

“Usually attributed to background.
"Times and energies from Ref. [33], angles from Ref. [194].
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TABLE IV. SN 1987A neutrinos in BUST (Baksan) [195,196].
Time relative to event No. 1 at UT 7:36:11.818 +2/—54 s.

Event number Time [sec] Positron event energy [MeV]
0 —5.247 175+ 3.5
1 0.000 120+£24
2 0.435 18.0+3.6
3 1.710 233+4.7
4 7.687 170+ 34
5 9.099 20.1 £4.0

*Attributed to background by Alexeev et al. [195] based on the
time structure of the signals in the other detectors and was
dropped without mention in subsequent publications.

The third yet smaller detector was the Baksan
Underground Scintillator Telescope (BUST) [195-203]
with a water-equivalent mass of 280 t, meaning the mass
holding the same number of protons relevant for IBD. The
sensitive mass is only around 13% that of Kam-II and the
trigger efficiency is somewhat smaller, so from our fiducial
SN one expects 1.52 events with average energy 20.5 MeV.
BUST had a low-energy background of 0.034 Hz with a
much broader spectrum (see Fig. 8) so that there is no
energy cut between signal and background. On the con-
trary, they peak around the same energy of around 20 MeV.
However, over the full Kam-II duration of 13 s one would
expect only 0.44 background events. BUST observed 6
events, of which the one called No. 0 in Table IV was
dismissed as background based on the time structure of the
overall signal. BUST also had a significant clock uncer-
tainty and in Fig. 7 event No. 1 is aligned with No. 1 in
IMB. In our time-dependent analysis we will find that it is
indeed likely that this event was background. Considering
only the 5 remaining ones, the average observed energy is
18.1 MeV, compatible both with a SN or background
origin. However, if the BUST events were actually back-
ground, they would represent a rare upward Poisson
fluctuation.

If we interpret the late Kam-II events as not coming from
PNS cooling, the same cut should be applied to the BUST
data, reducing the signal to three events with an average
energy of 17.8 MeV (Table V). Either way, there is no
objective justification for not including the BUST signal in
our analysis.

The smallest relevant detector was the Liquid Scintillator
Detector (LSD) [204-208] in the Mont Blanc tunnel with a
w.e. mass of 126 t, but better trigger efficiency than BUST,
so the expected SN signal is about 2/3 that of BUST. This
detector observed a burst almost five hours earlier than the
other detectors, which subsequently has been dismissed
(see Appendix A 5 for a more detailed discussion). On the
other hand, LSD was of course also sensitive at the time of
the other detectors and it had good absolute clock time. As
shown in the bottom panel of Fig. 7, it observed an event at
around 19 s (and another one at 37.5 s) that should be

TABLE V. Time-integrated signal properties in the detectors for
our “fiducial” SN defined in Appendix A 2d and also used in
Fig. 8. (Total emitted 7, energy of 50 B and thermal Maxwell-
Boltzmann spectrum with 7 =4 MeV.)

IMB Kam-II. BUST LSD

Mass water equivalent 6800 t 2140t 280t 126t
Low-energy BKG [Hz] 0.187 0.034  0.012
Total signal (13 s)

Events 8 11 5

+ Likely BKG 1

Expected BKG e 24 0.44 0.16

(€.) MeV] 31.9 15.4 18.1
Reduced signal (6 s) without late events

Events 8 8 3

+ Likely BKG 1

Expected BKG e 1.1 0.20 0.07

(€,) [MeV] 31.9 17.4 17.8
Late signal alone (7-13 s)

Events e 3 2 -

Expected BKG e 1.1 0.20 0.07

(e,) MeV] 10.2 18.6 -
Expected signal from fiducial SN

Events 6,4‘_“3:87 14.0 1.52 0.96

(€.) MeV] 301729 200 205 192

attributed to background. LSD had a low-energy back-
ground rate of 0.012 Hz, so over 13 s one expects 0.16
events. Its nonobservation during the signal at the other
detectors provides a constraint on the overall neutrino flux.
This constraint is not very restrictive, but somewhat
counteracts the upward fluctuation at BUST. In any case,
there is no reason to exclude LSD from the analysis.

IV. FIT OF TIME-INTEGRATED FLUX

A. Maxwell-Boltzmann spectrum

As a first step to interpret the SN 1987A data beyond the
simple averages of the previous section, we perform a
maximume-likelihood analysis similar to previous works
and detailed in Appendix C. The main difference to
previous studies is including an upper limit from the
nonobservation at LSD and the uncertainty of the IMB
trigger efficiency, which has the main effect of increasing
the uncertainty of the measured event rate, whereas the
average event energies remain similar (see Appendix A 2
for more details). We treat the uncertainty of £0.05 and
uncertain energy calibration of £10% as separate nuisance
parameters, assuming a top-hat distribution between the
extreme values. Together these effects lead to the maximum
range shown in Fig. 8. Moreover, we model the background
spectrum rather than censoring individual events, where for
the signal duration we use 13 s as suggested by the full
Kam-II signal.
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We follow the procedure outlined in Appendix C to
obtain the time-integrated, energy-dependent event rate at
each of the experiments IMB, Kam-II, BUST, and LSD.
For each of them, we obtain a likelihood £ based on the
time-integrated, energy-dependent analysis according to
Eq. (C8). As in the previous section, we assume that each
detector observes a v, flux with a Maxwell-Boltzmann
spectrum that is given in terms of a temperature 7. Instead,
we use the average neutrino energy € = 37 as our spectral
parameter as it lends itself to generalization when we later
consider quasithermal (pinched) spectra. The total flux is
expressed in terms of the total energy E: emitted at a
distance of 50 kpc, for now ignoring the issue of flavor
conversion. The IMB likelihood in addition depends on the
two nuisance parameters ¢ and &£, describing the uncertainty
in the energy scale and normalization of the efficiency
curves as described in Appendix C.

We then proceed to fit separately each experiment, using
our maximum-likelihood definition. In the case of IMB, for
each choice of € and E.¢, we marginalize over the nuisance
parameters by maximizing the likelihood with respect to
them. For BUST, we use the detected events from Table IV,
including event number O conventionally attributed to
background, since we are anyway modeling also the
background spectrum for the detector following
Ref. [33]; we have verified that adding or removing this
event leads to negligible changes in the results. For LSD we
consider no detected event, i.e., we do not worry about their
very late events.

Figure 9 shows the 95% confidence contours in the
parameter space of € and E,, for all experiments separately.
We use the test statistic A as defined in Eq. (Cl11),
asymptotically distributed as a chi-squared variable with
two degrees of freedom under the null hypothesis.
Therefore, we obtain 68% and 95% confidence level
(CL) contours by setting A = 2.3 and A = 6, respectively.

The confidence regions for IMB and Kam-II are the
usual banana-shaped contours that allow for a large flux at
low energies due to the vanishing trigger efficiency. Even a
huge flux at very low energies would not be seen. If we
were to combine IMB with LSD, the nonobservation at the
small LSD detector would chop off the upper part of the
IMB banana because of the low LSD threshold.

However, if we combine IMB with Kam-II as in many
previous studies, we obtain the closed 95% confidence
region shown in green in Fig. 9 with a best-fit value close to
the parameters of our earlier fiducial SN. For such a joint
analysis of different experiments, we define as a likelihood
the product of the individual likelihoods, marginalized over
the nuisance parameters of IMB.

Similar to previous studies, we find a tension between
the Kam-II and IMB confidence regions. While at 2¢ these
overlap generously, Kam-II points to lower average 7,
energies than IMB, an effect that we already saw in Table V.
We find a similar tension with BUST, which also points to
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FIG. 9. Allowed regions (95% CL) for the total and average 7,
energy measured at different detectors, assuming a Maxwell-
Boltzmann spectrum with 7 = /3. Joint region and best-fit
value from IMB + Kam-II in green, from all experiments in
magenta.

somewhat larger (e; ) and significantly larger total flux.
Kam-II and BUST have similar trigger response, but the
latter has only 13% of the Kam-II mass, yet observed half
as many events. For LSD, since no event was observed in
the time frame of the other measurements, only an upper

bound on E;¢, is found. Notice that for our earlier fiducial
SN, LSD should have seen around 2/3 as many events as
BUST, so it is not ridiculously small by comparison. The
nonobservation at LSD is somewhat of a downward
fluctuation, the events at BUST a large upward fluctuation
of signal, background, or both. The impact of adding BUST
and LSD to the joint analysis of all the experiments is to
favor a region of slightly lower (¢;_ ) and higher Eig, due to
the large flux needed to explain the BUST observations.

B. Excluding late events

In our time-dependent comparison between numerical
models and SN 1987A data we will see that the late-time
Kam-II events as well as those at BUST are difficult to
explain by PNS cooling. We will discuss this topic in more
detail in Sec. VII and here only ask how the confidence
contours for the PNS cooling signal change under this
assumption. In other words, we assume that the PNS
cooling signal only lasts until 6 s, including all IMB
events, while leaving out Nos. 10-12 in Kam-II as well
as Nos. 4-5 in BUST. As we have already seen in Table V,
the remaining signals are more compatible (lesser tension
of average energies).

In Fig. 10 we show the shift of the confidence region and
best-fit parameters when we ignore the late Kam-II and
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FIG. 10. Confidence regions for all experiments combined,
with (magenta) and without (blue) the late-time events, assuming
a Maxwell-Boltzmann spectrum. We show 68% and 95% con-
fidence regions as well as best-fit points.

BUST events. As anticipated in Table V, the implied (e;, ) is
larger, whereas the required 7, flux to explain the data is
naturally smaller because there are fewer events to account
for and higher energies imply that a smaller flux is enough
to explain the same number of events.

C. Late events alone

As one speculation one may ask what is required to
explain the late Kam-II and BUST events by a SN fallback
signal that produces another 7, burst with a Maxwell-
Boltzmann spectrum? In Fig. 11 we show the correspond-
ing confidence contour and best fit point for Kam-II alone
(golden) and joint for all experiments (blue). For IMB and
LSD, this means no observation; for IMB, we fix the
efficiency parameters to their nominal values. The required
flux is very large, comparable to the initial burst, because
the small energies of the late events together with the
smaller cross section and smaller trigger efficiency require
a large flux to cause three events, which themselves on the
other hand are subject to huge Poisson fluctuations. The
total required flux is poorly constrained. Including all
detectors shifts the contours to larger v, energies and the
best-fit value to a smaller total flux, simply because the late
events in BUST have relatively high energies.

Concerning the total SN emitted energy, PNS and
fallback burst have different interpretations. We here only
fit parameters assuming a Maxwell-Boltzmann 7, flux
arrives at the detectors. However, the PNS cooling signal
produces fluxes of all flavors and we will see that flavor
conversion has only a small impact. On the other hand, if
the fallback signal stems from an accretion disk, it will
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FIG. 11. Confidence regions (68% and 95%) and best-fit point

(golden) if the three late Kam-II events are attributed to a
Maxwell-Boltzmann flux originating from a SN fallback signal.
Joint analysis from all experiments (notably two late BUST
events) in blue.

produce primarily 7, and v,, and the detected and emitted
fluxes can be more strongly modified by flavor conversion.
For a large 7, survival probability, the source will need to
emit much less total energy than during the PNS cooling
phase to explain the same number of events.

D. Pinched spectra

The neutrino fluxes emerging from a SN are not exactly
thermal, but rather tend to be “pinched,” meaning that they
are more narrowly peaked than a Maxwell-Boltzmann
spectrum. Of course, if neutrinos would emerge as truly
thermal radiation, their spectrum would be of Fermi-Dirac
type. Phenomenologically, the numerical quasithermal spec-
tra are well represented as a gamma distribution (“alpha fit”)
of the form, here for the fluence arriving at Earth,

_ Ve 1+a a
dfy(, _ Etot (1 + a) <€l/> e—(l+(1)e,,/€‘. (2)
€

de, T, ol 47rd§N

Ey is the total energy injected in 7, and T, is the gamma
function at argument x, not to be confused with the gamma
distribution itself. The normalization is arranged such that the
average energy is (e; ) = €, the latter being a fit para-
meter. A Maxwell-Boltzmann spectrum has a = 2 and then
€ = 3T . For larger pinching parameter (a > 2), the spectrum
is more narrowly peaked for the same average energy.
Instantaneous fluxes can be strongly pinched, depending
on flavor and SN emission phase, whereas the time-
integrated numerical fluxes tend to have @ = 2-3 as shown
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Joint 95% confidence contours from all experiments for the shown values of the pinching parameter. Thick contours include

all data, thin ones exclude the late-time events. Our model predictions are superimposed, ignoring flavor conversion, with different
colors indicating the different PNS masses. The four groups with different symbols correspond to the different EOS models. The one-
dimensional likelihoods marginalized over the complementary parameters are shown as a corner plot.

for our models in Table VII. For more technical details about
the gamma distribution see Appendix E.

Figure 12 shows the joint 95% confidence contours from
all experiments for the indicated values of the pinching
parameter « in the range 2-3, both including (thick lines)
and excluding (thin lines) the late-time events. We also
show the one-dimensional likelihoods marginalized over
the complementary parameters as a corner plot. We see that
the best-fit overall neutrino flux depends only minimally on
the assumed pinching, whereas the implied (e; ) is shifted
from around 11.3 MeV to around 13.1 MeV. The IMB
events, which are always in the tail of the distribution, pull
the implied average to higher values if the spectrum is more
narrowly pinched.

E. Model comparison

For comparison, we superimpose on the figure the
parameters derived from our suite of models, for now

ignoring flavor conversion. We find that the points lie more
or less within the range identified by the data, with a
relatively large tension with the heavy progenitors
M = 1.93M; we will see that this is indeed confirmed
by our more detailed analysis in the next section. Excluding
the late-time events does not strongly modify this con-
clusion. In principle, of course, each model also has its own
value of a so that each model would have to be compared
with only one of the contours. However, it is clear that one
cannot discriminate between the models in a meaningful
way based on this analysis. On the other hand, the 1.62M
models cluster around the best-fit values and in this regard
the exact pinching parameter and the late-time events make
no big difference.

F. Flavor conversion

We have already seen that the integrated 7, and o,
spectra are not very different so that flavor conversion will

083040-20



SUPERNOVA SIMULATIONS CONFRONT SN 1987A NEUTRINOS

PHYS. REV. D 108, 083040 (2023)

15 ‘
DD2 ° 136 Mo | LS220
e 1.44 M,
<]
= 10k 1.7T M ]| |
= 1.93 M,
>
20
g No swap
5]
< Swap
R 1
ﬁ ~
J
15 : ‘
SFHo SFHx
20
(5]
a 10f ]
=
&
5]
G
Ny
ER 1
e
0 10 15

15
Average 7, energy [MeV]

10

FIG. 13.

20
Average 7, energy [MeV]

Impact of flavor conversion. Same confidence contours as in Fig. 12 in each panel. For each EOS we show the model

predictions in a different panel for the different progenitor masses without (open circles) and with complete (plus signs) v,—v,

flavor swap.

not have a large impact on the signal. We here return to this
question and show in Fig. 13 the model predictions without
flavor swap (the same as in the previous figure) and with
complete swap of 7, with 7,, i.e., the signal is assumed to
be caused by the U, flux from the SN.

The shifts of the loci in this figure are so small that we
show them in different panels for each EOS, and then for
each progenitor mass. On the scale of the confidence
regions provided by the sparse SN 1987A data, these shifts
are minimal and certainly one cannot discriminate between
flavor conversion scenarios based on these data.

G. Cumulative energy spectrum

Figure 14 displays the cumulative energy distributions
for the neutrino events detected by all experiments com-
pared to the predicted signals from our SN and PNS
models. We include it here in our discussion of the
time-integrated signal properties although we need to
anticipate some choices of parameters that will play a role

for the time-dependent analysis presented in Sec. V.
Specifically, for IMB, we use the efficiency parameters &
and ¢ that best fit the time and energy structure according to
the procedure described in Sec. V B. The signal is time-
integrated; for Kam-II and BUST, the background is
integrated over a nominal signal duration of 13 s.

The cumulative energy distributions of Fig. 14 again
visualize, from a different perspective, the tension
between the three experiments that we already concluded
from the confidence contours in the parameter space of €
and Ey¢, and that we will also find in our time-dependent
analysis. The plots show that the cumulative energy
distribution in IMB is matched quite well by the most
massive (1.77M 4 and 1.93M ) of our PNS models, in
particular under the assumption of a full-flavor swap
between 7, and .. In contrast, the cumulative energy
distribution in Kam-II (also including the latest events) is
best compatible with the model signals of our lightest
(1.36M and 1.44M ) PNS cases. The BUST detection
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FIG. 14. Cumulative energy distributions in IMB, Kam-II, and BUST together with the expectations from our models for no-flavor
swap (top row) and full-flavor swap (bottom row). The black dashed lines for Kam-II and BUST leave out the late events.

can be matched only by some of our most massive PNS
models and if the last two BUST events are omitted from
the cumulative energy distribution. These results will be
confirmed by our comparison of the cumulative time
distributions (Fig. 16; Sec. V) and the test statistic A
measuring the quality of the fits (Fig.19; Sec VI).

Interestingly, however, the agreement between a subset
of our models and the Kam-II data cannot be achieved
equally well when the last three Kam-II events are
excluded. This is puzzling and a strange aspect of the
Kam-II measurement, whose time structure with the ~7 s
gap, followed by the three events more than 9 s after the
first one, poses many more challenges for an explanation by
PNS cooling signals than the IMB data. We will investigate
this aspect in more detail in the following section.

V. TIME-DEPENDENT ANALYSIS

A. Signal duration

We have seen that the time-integrated neutrino fluxes
produced by our models agree well with the data, given that
the sparse data themselves show many fluctuations or
tensions. However, when we turn to the time structure of
the model predictions, the picture changes because gen-
erally the signal duration implied by the models is too short.
As a simple definition of “signal duration” 7 we use the
time it takes for 95% of the expected events in a given
detector from a given SN model to build up. In Table VII
we tabulate 7 for all our models and the detectors IMB,
Kam-II, and BUST, assuming either that all events are

caused by the original 7, flux or by v, or U, assuming a
complete flavor swap. We show the same information
graphically in Fig. 15 for the no-swap case and only for
IMB and Kam-II. BUST and LSD predict similar signal

8 . . . . . .
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T e 1MB  © SFHx 1
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5 ¢ °
= Q (@]
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FIG. 15. Expected signal durations in IMB and Kam-II, i.e., the

time when 95% of the expected events have accrued, for all our
SN models based on the 7, signal without flavor conversion.
These results are also shown in Table VII, where the signal
duration based on full-flavor swap is provided as well.
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TABLE VI. Detector Parameters.

IMB [185-188]

Kam-II [189-193]

BUST [195-203]

LSD [204-208]

Target material Water Water Scintillator Scintillator
H20 HzO H2n+2Cn (n =~ 9)4d H2n+2Cn (n =~ 10)4
Active target mass 6800 t 2140 t 200 t (280 t w.e.)’ 90 t (126 t w.e.)
Number of protons 4.55 x 10* 1.43 x 102 1.87 x 103! 8.43 x 10
Number of electrons 2.27 x 103 7.15 x 1032 5.26 x 103! 2.37 x 103!
Number of !0 or 1°C 2.27 x 103 7.15 x 103! 8.47 x 103 3.81 x 10%
Energy resolution o5 [Eq. (A13)] V127 MeVE, \/0.60 MeVE, V072 MeVE, V0I5 MeVE,
Geographic location 41.7° N 36.4° N 43.3° N 45.9° N
81.3° W 137.3°E 42.7°E 6.9°E
Depth water equivalent 1570 m 2700 m 850 m 5200 m
Muon rate 2.7 Hz 0.37 Hz 15 Hz 1.0 x 1073 Hz
Low-E background rate 0 0.187 Hz 0.034 Hz 0.012 Hz
SN 1987A
Local time 2:35 am 4:35 pm 10:35 am 8:35 am
Elevation below horizon 42.4° 19.7° 55.3° 65.5°
Azimuth relative to South 28.0° W 14.0°E 26.3°E 37.5°E
Neutrino path in Earth 8592 km 4295 km 10476 km 11595 km
Maximum depth in Earth 1666 km 373 km 2744 km 3729 km

*Apparently the scintillator was the same, but n = 9, 9.6, or 10 are found in different papers. We use n = 9.5 for both cases, the exact

value making a £0.5% level difference.

Equivalent mass for a water detector with the same number of protons.

durations as Kam-II because of their similar detector
response.

The signal durations vary, but typically are 5-7 s, where
the LS220 models are exceptional in that they predict
particularly short durations at IMB. Generally, IMB yields
a significantly shorter duration than Kam-II and BUST,
because it is mostly sensitive to the higher-energy neutrinos
emitted in the early phase of the cooling. The signal duration
increases with NS mass, but is always much shorter than
suggested by the three late Kam-II events and the two late
BUST events.

B. Cumulative distributions

Another way of illustrating this point is to show the
observed cumulative event distribution as a function of time
for the different detectors together with expectations.
However, to compare data with models, we need the relative
offset time 6¢ between the SN bounce time (the zero model
time) relative to the first event in each detector. Because of the
clock uncertainties in Kam-II and BUST, there is an
independent o in each of them. It is determined for each
SN model and assumed source signal (7,, 7, or ;) and shown
in Table VII. We find 6r with a maximum-likelihood fit,
however leaving out the late events in Kam-II and BUST,
which may not be part of the PNS cooling signal. In any case,
the shifts are in the range of 10—100 ms and the late-time
events do not have any noticeable impact, as we have
verified.

One corollary of this exercise is that the maximum
likelihood never tries to pull event No. 0 at BUST into the

SN signal range. As expected in the original BUST
publication [195], the time structure strongly suggests this
event to be background.

With these insights we show the cumulative event
distribution for each detector in Fig. 16, where t = 0 is
the time of event No. 1 in each detector, whereas the curves
from the models are shifted by the best-fit offset times ¢
provided in Table VII. IMB has no background and in
Kam-II we show only the events attributed to the SN signal,
leaving out No. 6 that is identified as background by an
energy cut. In turn, for the model signal at Kam-II we only
integrate for reconstructed energies larger than 7.5 MeV, in
the range in which nonbackground events were detected.
One can easily see that the predicted cumulative distribu-
tions become practically flat at 5-7 s, reflecting the short
signal duration discussed earlier.

For BUST, one cannot make such an energy cut and
signal and background cannot be separated. In this case we
include the expected background that builds up linearly in
time, explaining the slope of the predictions at late times.
Without this effect, the predictions are as flat as in Kam-II
after 5-7 s.

For the case of IMB, the prediction itself is uncertain due to
the significant uncertainty of its trigger efficiency. For each
model, we use the trigger efficiency that maximizes agree-
ment with the data, i.e., we maximize the likelihood over the
two nuisance parameters & and ¢ discussed in Appendix C 1
around Eq. (C6). This optimization explains the smaller
spread in the IMB final event numbers relative to Kam-II,
where the more massive SN models are disfavored based on
the vast overprediction of total Kam-II event numbers.
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FIG. 16. Cumulative event distributions in IMB, Kam-II, and BUST together with the expectations from our models. Time is measured
relative to event No. 1 in each experiment, whereas the SN bounce time is shifted by 6t according to the best-fit values provided in
Table VII for each model. In BUST we include the background in the signal prediction, explaining the positive slope in the signal
prediction even at late times. Upper two rows: Full signal duration, using the 7, or v, flux in the rows as indicated (no- or full-flavor
swap). In IMB, we use the best-fit trigger efficiency, explaining the smaller spread in total signal prediction. Bottom two rows: Same for

the first second.

In the upper two rows we show the signal for the full
duration determined by the last Kam-II event. For the top
row, it is assumed to be caused by the original 7, flux (no
flavor conversion), in the second row by U, (complete
flavor swap). There is no big difference except that for a
full-flavor swap, the total event number (at the end time) is
slightly larger.

The effect of flavor swap is more pronounced in the early
signal that we show, for the first second, in the two bottom
rows. The conspicuous kink in the slope of the expectation
corresponds to the end of the accretion period 7, that is
listed in Table I. For the heavier models, 7,.. ~ 0.54-0.67 s,
whereas for the 1.44M, models it is around 0.2 s post-
bounce. As expected from the behavior of the models
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illustrated in Fig. 2, after a full-flavor swap, the event rate is
smaller until the crossover at ¢,.. and larger afterwards. For
most models, the early signal would prefer a full-flavor
swap, except of course BUST which has seen a large
upward fluctuation of events and therefore prefers the
largest predicted signal.

As discussed earlier, the flavor dependence is a thorny
issue that may not have the same answer for the full signal
duration. Flavor dependence may differ in time and model-
dependent ways from what is produced by our neutrino
transport scheme under the assumption of no conversions,
and flavor conversions may depend on these factors as well.
Moreover, because of large-scale neutrino emission anisot-
ropies connected to global asymmetries in the SN core such
as the LESA and SASI (standing accretion shock insta-
bility) phenomena [80,81,209], the early signal depends on
the observer direction in a 3D world. Therefore, juxtapos-
ing our no-swap and full-swap cases merely illustrates the
extreme effects of flavor that can be extracted from our 1D
models.

Generally we do not find the early 7, signal to be strongly
overpredicted by the models, although averaged over mod-
els, areduced early signal (by flavor swap) fits better in Kam-
IT in agreement with the findings of Ref. [41], in which,
however, BUST was left out from the analysis, where the
trend is the other way around. Moreover, it is not necessary
that all models fit the data well, since SN 1987A must have
had one specific but unknown final NS mass. Therefore, in
view of the huge Poisson uncertainty of the measured event
number during the first second, we do not find that there is a
particular problem between models and data for the early
signal, although, of course, the heavier-mass models strongly
overpredict the overall Kam-II event rate.

C. Late events

The three late events in Kam-II beginning at 9.2 s after
their first event and the two late ones in BUST, beginning at
7.7 s after their No. 1, are typically not consistent with our
models because of our short cooling times and concomitant
predicted signal durations. One way to illustrate this point
is to show the predicted detection rate, differential with
regard to detected energy and time, overlaid with the actual
data. For the case of model 1.44-SFHo we show such a plot
in Fig. 17, where detector backgrounds are included.

In BUST, the entire signal is a strong upward fluctuation
in that over 13 s, as defined by the overall Kam-II duration,
only 0.44 background events are expected. Assuming No. O
in BUST to be background and No. 1 to indicate the
beginning of the SN signal, and if the first three events are
attributed to the SN, the Poisson probability for two
additional background events anytime in 13 s is 6.2%,
and for two to appear in the period 7-13 s is 1.7%. This
probability is not extremely small and so it is not entirely
implausible that these two events could be attributed to
background.

Could these late events also come from an upward
fluctuation of the signal rather than of the background? To
answer this question we show in Fig. 18 the expected rate at
late times for a baryonic NS mass of 1.44M  compared with
the background rate. The expected signal, integrated after 7 s
for the shown EOS cases, is 2.24 x 1073 (DD2), 1.51 x 1072
(LS220), 2.06 x 102 (SFHo), and 2.38 x 102 (SFHx). We
have assumed complete flavor swap to maximize the
predicted signal at late times. For these models, clearly it
is much more likely that the late events are an upward
background fluctuation than an upward signal fluctuation.
These numbers confirm the visual impression of Fig. 17.
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Differential event distribution (signal and background) at each experiment, compared with the observations. Results

are shown for model 1.44-SFHo without flavor swap; the offset time for each experiment is chosen as the best-fit value reported

in Table VII.
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FIG. 18. Expected late signal for our 1.44M 5 models compared with background. We have assumed full-flavor swap (signal caused by

v,) to maximize the predicted signal. Left: BUST. The vertical lines indicate the timing of the two late events. Right: Kam-II. We show
the energy-integrated signal with ng‘ > 7.6 MeV, corresponding to Ny; > 20, as solid lines and ng‘ > 11.4 MeV, corresponding to

Ny > 30, as dashed lines. The vertical lines indicate the timing of the three late events.

The question of a background attribution of the three late
Kam-II events is more difficult to address because the
dominant background from radioactive decays strongly
peaks at 6 MeV and can be removed by an energy cut. For
the remaining background, with energies above 7.5 MeV or
so, no good spectral information is available. Moreover,
such events tend to be clustered near the surface of the
detector because they tend to be caused by radioactivity in
the surrounding rock or the PMTs themselves. Therefore,
the vertex location in the detector provides some impor-
tant clues.

The Kam-II Collaboration has provided the vertex
coordinates and directional cosines of all events [189].
Event No. 10 has (x> +y?)!/2 =7.18 m and z = 7.01 m,
where the cylindrical detector has the PMT surface at radius
7.2 m and overall height of 13.1 m. The coordinate z = 0 is
offset by 1 m in the positive (upward) vertical direction, so
the upper PMT plane is at z = 7.05 m. In other words,
event No. 10 is both close to the cylindrical walls and the
top layer in the detector corner, where most of the external
background shows up. From the directional cosines
reported in Table I of Ref. [189], we gather that the
electron or gamma was indeed pointing inward relative
to the cylindrical surface, but toward the top layer, so a
Cherenkov ring could not have been seen. Actually, we
believe that this is a typographical error in their Table I and
that cos y of this event should be reversed, making it point

inside the detector so that the Cherenkov ring would have
been visible on the opposite walls. Indeed, one needs to
reverse this sign to obtain the scattering angle reported in
their Table II. We conclude that this event came from
the outside direction and judging by its vertex position,
it is consistent with an external background entering the
detector.

EventNo. 11has (x*> +y?)"/? =424 mandz = —1.73 m,
so it is far from the walls, and thus much less likely to
come from the outside, yet has relatively high energy
of 13.0 2.6 MeV.

Finally, event No. 12 has (x> + y?)!/? = 4.29 mand z =
—0.97 m and thus is also far from the walls, but with its
relatively low energy of 8.9 1.9 MeV more plausibly
could come from low-energy radioactive background.

The event energies in Kam-II are primarily derived from
the number Ny;, of PMTs hit by these events. We have the
information that the background around the time of the SN
was 21.9 mHz for Ny;; > 20 and 1.18 mHz for Ny;, > 37
(see Sec. A3). We identify Ny;; =20 with the recon-
structed energy of 7.6 MeV and Ny; = 30 with 11.4 MeV.
If we attribute event No. 6 to background because of its low
energy, and the other of the early nine events to the SN, the
probability for three or more additional events with Ny >
20 during the full 13 s period is 0.3%. To find three such
background events in the 7-13 s period is 0.03%. To find
one or more background events with Ny;, > 30 in the 13 s
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period is 1.5%, and to get one or more in the 7-13 s interval
is 0.7%.

In the right panel of Fig. 18 we display the Kam-II signal
for the two conditions Ny;; > 20 or 30 compared with the
cited background information. For the models shown, the
background rate with Ny;, > 20 is larger than the SN signal,
so from this perspective, these events are more likely
background than SN signal. On the other hand No. 11,
which has N,;; = 37, is more likely an upward signal
fluctuation for all EOS other than DD2.

In summary, while it is not impossible to attribute the late
events in Kam-II and BUST to a combination of upward
background and signal fluctuations, these events do not fit
well to our signal predictions, also in view of the short
cooling timescales discussed earlier. Therefore, in Sec. VII
we will speculate about other options.

VI. OVERALL MODEL COMPARISON

As a final step, we compare the likelihood of our models
with the SN 1987A data. Backgrounds are now always
included and on the basis of energy and time, the likelihood

interpolates between the cases that a given event is signal or
background. As an indicator of the relative goodness of fit
among different models we use the test statistic (TS) A
defined in Eq. (C11), i.e., the log-likelihood difference.

We do not think that attempting to discriminate between
our models on the basis of the late events provides
meaningful information because within our model space,
the late events are a rare signal and/or background
fluctuation. One would favor a model that achieves the
best compromise between the least underprediction of the
late events and smallest overprediction of the total event
number, without a believable result on either end.
Therefore, in this analysis we assume that the late events
in Kam-II and BUST have a different explanation than the
cooling signal of our convective PNS models.

Our models are defined by their EOS and the final NS
mass. We can give a rough indication of the level by which
a model is preferred over another by assuming that the TS
follows a chi-squared distribution with two degrees of
freedom, by qualitatively considering the mass and the
EOS as if they were two parameters. Of course we do not
expect this to be strictly valid, since the EOS is not really a
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FIG. 19. Test statistic A for the different models, separately for each experiment, i.e., the log-likelihood relative to the maximum as
defined in Eq. (C11). Late-time events are excluded. We show in gradual shades of colors the 68.3%, 95%, and 99.7% confidence levels.
Signal caused by z, (top row) or v, (bottom row). One can only compare the models within one panel relative to each other, not between
panels, because A is normalized to zero in each panel for the best case.
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FIG. 20. Same as Fig. 19 for all experiments combined, i.e., common likelihood as a product of the individual ones and also including
the nonobservation at LSD. Results are shown both for the original 7, spectrum and for complete flavor swap.

continuous parameter, and furthermore because the sparse
data do not allow us to really expect a chi-squared distribu-
tion for the TS—as would be the case in the asymptotic limit
of many events—but this simplification allows us to show
indicative values for the confidence levels with which the
models are preferred relative to each other.

For each experiment we show in each panel of Fig. 19
the TS for the different models as a function of NS mass
and EOS given by the line colors as indicated. In the top
row, the signal is caused by the original ,, (no flavor swap)
and in the second row for 7, (full swap). With this method,
we can only compare models within a given panel, not
between panels, because the TS is normalized in each panel
to the best case, allowing only for a relative comparison.

In the left column we see that IMB alone would favor
larger-mass models to explain the relatively large number
of events. We have already included the uncertain trigger
efficiency as a nuisance parameter, so already the best
compromise between trigger efficiency and event number is
achieved. On the other hand, BUST has practically no
discriminatory power. If we attribute only the first three
events to the SN, the total event number is not strongly
overpredicted relative to the large Poisson uncertainty.

The model discrimination is most pronounced for
Kam-II with little difference between flavor-swap scenar-
i0s. The considerably overpredicted event numbers in the
higher-mass models strongly favor the lower-mass ones for
all cases of the EOS.

This effect is so strong that it dominates also in a
combined analysis of all experiments shown in Fig. 20,
where the global likelihood is a product of the individual
ones. The smaller-mass models are significantly favored.
The only exception is DD2, where the 1.44M and 1.77M 4
models are equivalent for the 7, case, but the lower mass is

strongly favored for 7,. This “anomaly” appears to be
driven by 1.44-DD2-7, being a particularly poor fit to IMB.
Broadly, the 1.44M, models are somewhat favored, and
the 1.93M, ones are clearly disfavored, but without a better
grasp of flavor conversion physics, one could not easily
dismiss any of the models with masses of 1.77M  or below.

VII. SPECULATIONS ABOUT LATE EVENTS

The late three Kam-II events as well as the last two
events in BUST are hard to explain by any of our models
that fit the IMB signal and that account for the rise of
the cumulative event numbers in Kam-II and IMB during
the first second. Convection and nucleon correlations in the
neutrino interactions included, the PNS cooling becomes so
short that the predicted event rates fall below ~0.5 s™! in
Kam-II at 7, ~ 6 s and are orders of magnitude below the
detected event rates at ,, 2 9 s (Fig. 2). Another feature of
the long Kam-II and BUST signals are the conspicuous
gaps of 7.3 s in Kam-II and 6.0 s in BUST preceding the
last events. Their low statistical probability (<2% in Kam-
II [210]) inspired early speculations that the signal consists
of several separate bursts and the last one might be
connected to a delayed nuclear phase transition in the
newborn NS [211,212]. Here we will briefly discuss such a
possibility as well as other physical effects that could
extend the measurable neutrino emission from the core of
SN 1987A beyond 10 s.

A. Reduced PNS convection

PNS convection is the primary cause for reducing the
cooling times in our simulations to below ~6 s for the main
period of neutrino emission with detection rates of at least
several 0.1 Hz (Figs. 2 and 18). Even for the LS220 EOS,
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Cumulative 7, event distributions at all experiments. The predictions for our 1.62M; models are shown with (solid) and

without (dashed) PNS convection, the experimental results of Kam-II and BUST with the late events included (solid) and excluded
(dashed). For IMB, we choose for each model both the efficiency parameters and the time offset of the first event with respect to bounce
that best fit the data. For Kam-II, we consider events integrated above 7.5 MeV to minimize the impact of the background; nevertheless,
for a fair comparison, we do include the background integrated above this threshold energy. For BUST, we include the background
spectrum without any threshold, explaining the increase of event number at late times.

which facilitates damping of convective activity after a few
seconds (due to the steeper density dependence of the
nuclear symmetry energy) and thus a slower decay of late
neutrino emission, the neutrino luminosities and mean
energies decline to a low level with detection rates below
0.1 Hz after only ~5 s (Figs. 3, 18, and Table VII). Even in
our simulations without convection, the luminosities and
mean neutrino energies reach the low values that corre-
spond to detection rates of < 0.1 Hz well before 10 s after
bounce (Fig. 6), mainly because nucleon-nucleon correla-
tions in the neutrino opacities alone shorten the cooling
times considerably [100,183,184]. Therefore, it is not
unexpected that switching off convection by itself cannot
solve the problem of the long-observed signal durations.
This expectation is confirmed by Fig. 21 and Table VII
and, in particular, Table VIII, where we extract some of the
numbers from the long Table VII in order to directly
compare convective and nonconvective models for our
1.62M, simulations with different EOSs. Of course, as
discussed before, all of the 1.62M ; models overpredict the
total number of events in Kam-II and underpredict those in
BUST. The middle panel of Fig. 21 also shows that even in
this extreme case the detection of three events after 8 s by
Kam-II cannot be accounted for, but almost all of the extra
events are expected in the time interval between 2 s and 9 s,
where Kam-II had its long detection gap; see also the
numbers for the detection periods z in Table VIII. In
contrast, for IMB both the convective and nonconvective
models are able to provide a reasonable match with the data
and the effects of PNS convection have less impact.
While our PNS cooling times of 5-8 s are fully com-
patible with other recent 1D calculations that include PNS
convection via a mixing-length treatment [98,100,184], one

needs to keep in mind that this description is an approxi-
mation of the multidimensional hydrodynamic transport,
which involves free parameters [94] and ultimately requires
validation by 3D simulations of the long-time evolution of
convective PNSs with different masses and nuclear EOS
cases (for a first step, see Ref. [93]). It is, however, unlikely
that 3D models will yield much longer time scales for the
internal PNS cooling, because over and undershooting at
the base and top of the convective layer in the PNS are not
accounted for by the 1D mixing-length approximation but
could increase the efficiency of convective transport in 3D.

B. Fallback

In 1D models, accretion ends as soon as the explosion
sets in and the shock begins to expand. A high-entropy
“bubble” develops between the neutrino-cooling PNS on
the one side and a thick, dense shell of stellar material
moving in the wake of the outgoing shock on the other side.
This bubble is filled by a low-density, spherical wind of
baryonic matter that is blown off the PNS surface by energy
transfer through neutrinos (e.g., Refs. [213-217]).

Recent 3D simulations suggest, however, that the volume
between PNS and shock is filled by downflows of postshock
matter that falls inward to the close vicinity of the PNS,
where it absorbs energy from neutrinos and from where it
expands outward again, adding considerable amounts of
energy to the explosion of the SN [117,160,218]. This
generically multidimensional hydrodynamic phenomenon
of long-lasting simultaneous inflow and outflow activity can
be reliably modeled only in 3D, because the assumed
axisymmetry in 2D simulations imposes artificial constraints
on the flow geometry and dynamics [219]. In 3D simulations
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of successful SN explosions, the accretion luminosity from
the downflows is found to contribute significantly to the
neutrino emission only for postbounce periods of less than a
second [74,117,218]. Therefore we have confidence that our
1D models can capture the essential effects of additional
neutrino emission by postbounce PNS accretion sufficiently
well for comparisons with the SN 1987A neutrinos, even if
the time profile of this early signal phase differs from the 3D
predictions.

However, it is a viable possibility that the late neutrino
emission beyond 5 s after bounce, when the luminosity from
the PNS interior declines to low values, is affected by an
accretion component associated with the sustained down-
flows of matter towards the PNS. When the neutrino energy
deposition in the vicinity of the PNS declines and thus the
driving force of outflows gradually abates, the downflows
will gradually transition to fallback of matter that is initially
swept out by the SN shock but ultimately cannot escape the
gravitational pull of the new-born NS. This fallback material
can end up on the NS surface and release its gravitational
binding energy by radiating neutrinos.

The 7.3 s and 6 s gaps in the Kam-II and BUST signals
and the subsequent detection of a larger bunch of late
events with relatively low neutrino energies in both experi-
ments suggest a more quiescent period, followed by an
eruptive episode of neutrino emission rather than a con-
tinuous accretion luminosity. The gaps could be plausibly
explained by a pause or relatively inactive phase of the
neutrino production, whose beginning is marked by the last
IMB event, at latest.

Figure 11 implies that an energy of a few 10! erg emitted
in 7, could be sufficient to account for the late events in Kam-
ITand BUST. If the energy requirement is as low as this value,
it corresponds to an accreted mass of only some 1072M, fora
PNS with a mass of 1.5M and a radius of about 12 km
[Eq. (8) in [220]], provided the gravitational binding energy
of this mass is radiated equally in v, and 7, because the v,
emission can be assumed to be of minor importance. Such
fallback masses, accreted with rates around ~1072M, s~!
over several seconds, do not appear to be implausible
[159,220,221]. Since the fallback matter is likely to carry
high angular momentum [117,159], it might form a cen-
trifugally supported accretion torus or accretion belt around
the effectively cold NS. The neutrino release from such a low-
density accretion belt will be dominated by v, and 7,, in
contrast to the production of significant additional v,
emission at the high-density conditions for radial accretion
of spherically symmetric flows [222]. Moreover, because the
thermodynamic conditions of the emission region envisioned
here could be similar to those in accretion tori around black
holes [223-226], the escaping neutrinos will be cooler than
estimated for the spherical situation.

For these reasons, accretion of fallback matter with
dynamically relevant angular momentum seems to be an
interesting scenario to explain the latest events measured by

Kam-II and BUST, if energies of the 7, burst in the lower part
of the banana-shaped volumes in Fig. 11 are considered. The
opposite conclusion, however, applies if the energy require-
ment is set by the most likely values in these confidence
regions, because these energies are comparable to the energy
carried by the previous PNS cooling signal [220]. Fallback
accretion must be expected to be a highly variable phenome-
non, which depends sensitively on the explosion properties
and the core structure of the progenitor star, and which
deserves closer investigation by 3D simulations.

C. Nuclear phase transition

Phase transitions (for example between hadrons and
quarks in QCD or in the form of pion or kaon condensation)
in the high-density nuclear matter of the hot PNS were
discussed as a possible mechanism to trigger and strengthen
CCSN explosions even before SN 1987A [227-230]. They
garnered attention also in later years for the same reason
[231,232], but also to explain the 7 s gap and following
three neutrino events in the Kam-II measurement [211,212]
and as a path to black hole formation [233]. More recently
the topic has received new attention not only as an alter-
native mechanism to drive CCSN explosions [234,235],
but also as a source of characteristic multimessenger signals
(neutrinos, gravitational waves, transiron elements; e.g.,
Refs. [236-238]).

The exact physical conditions under which the phase
transition takes place, the PNS evolution time until it
happens, and the associated energy release depend strongly
on its physical nature (first or second order; [229,230]).
Also the detailed assumptions about the nuclear medium
play a crucial role [235,236,238]. PNS cooling times of
several seconds prior to the phase change in the EOS seem
to be possible.

Because of PNS reheating by the energy released in its
internal reconfiguration (contraction and/or release of latent
heat) this phenomenon was proposed as a cause of a late
neutrino burst after a short initial phase of PNS cooling and
the 7 s Kam-II gap [211,212]. The total energy as well as the
particle energies of the emitted neutrinos were estimated to
be compatible with those of the last three Kam-II events.
Detailed simulations with modern SN codes and physics for
sufficiently long evolution periods, using progenitor and
phase-transition models adjusted to the questions of SN
1987A, are, however, missing. Therefore, a nuclear phase-
transition scenario for the Kam-II and BUST gaps and
subsequent events remains only speculative for the
time being.

VIII. DISCUSSION AND OUTLOOK

We have taken a fresh look at the old question of
interpreting the unique SN 1987A neutrino observations
in terms of modern numerical models. From the outset it is
clear that the sparse data do not provide very detailed
information in time and energy space, for which reason one
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can limit the discussion to broad and overall signal features.
For example, multidimensional, large-scale hydrodynamic
phenomena such as the SASI and LESA modes can cause
fast, high-amplitude time variations and can make the
signal depend on the observer direction, all of which are
unlikely to be diagnosed from the sparse SN 1987A data.

Since such effects necessarily require 3D simulations,
but leaving them out is no major shortcoming for our
project goals, we have decided against considering a
necessarily limited set of 2D or 3D simulations that cover
only constrained postexplosion evolution periods. Instead,
we opted for a more systematic approach by constructing a
larger suite of spherically symmetric models in the param-
eter space of four different cases of the nuclear EOS and
five choices of the final baryonic NS mass in the range of
1.36-1.93M . The NS masses are fixed by using different
progenitors and by adjusting the end time 7, of the
postbounce accretion phase, when the explosion is man-
ually triggered. Our 1D models include lepton-number and
energy transport by PNS convection via a mixing-length
approximation, and they are computed until the end of the
deleptonization and neutrino cooling of the PNS.

Naturally, the detailed time evolution of the neutrino
emission properties during the PNS accretion phase before
and after the onset of the SN explosion is different in 3D
compared to 1D models, because shock expansion or
contraction phases influence the accretion emission by
the PNS. In 3D compared to 1D, the accretion flow to the
PNS and the corresponding accretion luminosity can be
reduced by shock expansion before the explosion begins.
But PNS accretion and associated neutrino emission con-
tinue for a few 100 ms still after the shock expansion has
begun. This is in contrast to the 1D situation, because by
construction a 1D treatment excludes long-time accretion
downflows and simultaneous neutrino-heated outflows of
matter as well as the subsequent fallback of transiently
ejected gas seen in multi-D simulations. Therefore we
primarily focus on the signal connected to the long-time
neutrino cooling of the PNS. However, despite the
differences in the time structure around the onset of the
explosion, one can expect that, overall, the integrated
neutrino signal from postbounce accretion, lasting typically
~0.3-1 s in 3D, is sufficiently well represented by 1D
results that lead to the same final NS mass. For this reason
we consider our 1D models also qualified for a comparison
with the sparse SN 1987A neutrino data even in the first
second of the measured signal.

Neutrino transport is implemented using the latest
microphysics for six species and including muons in the
EOS, but ignoring flavor conversion. Actually, the differ-
ence between the predicted 7, and 7, flux spectra is small
so that in the analysis we usually consider either 7, or v, an
arithmetic average of 7, and 7. For detection, we only use
inverse beta decay, ignoring the small contribution from
elastic scattering on electrons. Our results depend only

weakly on the events being caused by the primary 7, or o,
flux (after assumed complete swap) because the sparse data
are not informative about the small differences. The true
role of flavor evolution in SN physics is not fully under-
stood, especially the impact of fast-flavor conversion deep
inside the SN core. While these effects could be quite
relevant for the neutrino-driven explosion physics or
neutrino-induced nucleosynthesis, their impact is relatively
minor for the SN 1987A data interpretation.

Concerning the measurements, we use the data from all
four relevant detectors IMB, Kam-II, BUST, and LSD, for the
latter the nonobservation during the detection period of the
others. For the first time we have systematically included
the reported uncertainties of the IMB trigger efficiencies,
causing arate uncertainty roughly on a 50% level. We have
documented a large amount of scattered information about
the data in Appendix A. The largest detector (IMB) and the
smallest (LSD) are essentially background free, Kam-II has a
noticable low-energy background that, however, is energeti-
cally well-separated from the expected signal, whereas the
BUST background spectrum peaks in the same energy region
as the signal. While we systematically include all detectors
and take account of their backgrounds, the main information
derives from IMB and Kam-II. Leaving out the small
detectors BUST and LSD would not dramatically change
our findings.

Within the perimeters of our model space, a number of
interesting conclusions follow. Ignoring the time structure
of the observations, the time-integrated event numbers and
average neutrino energies broadly agree with expectations
as illustrated, in particular, by Fig. 12 for a common
analysis of all experiments, although the intermediate-mass
models are somewhat favored. A common analysis, how-
ever, somewhat hides the opposing trends particularly
implied by the IMB data alone and the Kam-II data alone.
The former prefers our higher-mass models, primarily
caused by IMB’s large detected energies. Such models,
on the other hand, strongly overpredict the total Kam-II
event rate. IMB itself, with its uncertain trigger rate, is
much more adaptable to the overall flux. In the common
analysis, Kam-II wins so that overall the 1.44M 5 models
are favored as a compromise.

Concerning the time structure, within our model class,
we do not find that the event number during the first second
is strongly overpredicted, somewhat contradicting recent
findings based on a heterogeneous selection of models
taken from the literature [41]. It is however true that
complete flavor swap 7, <> v, during the first second
makes the bulk of our models agree better with the
cumulative distributions shown in the bottom rows of
Fig. 16, especially for Kam-II. This could be the same
effect observed in Ref. [41]. However, SN 1987A corre-
sponds at most to one of our models, not an average, and
also for the 7, emission we find models that match both the
detected signals by Kam-II and IMB, for example our 1.62-
DD2 case. Moreover, some of our low-mass models even
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undershoot the number of detected neutrino events in the
first second for the original 7, spectra, and more matches
could be expected if we had cooling simulations of PNSs
with 1.50-1.55M 4 in our model set.

It is true, however, that the average event energies in
Kam-II during the first second are considerably smaller
than predicted by any model [41]. This effect is driven by
the low energies of two of the five Kam-II events that were
recorded within the first 0.5 s. We look at this question in
more detail in Appendix D and, using the approach of
Ref. [41] (with some improvements), we also find low
p-values, but never as small as theirs. For many of our
models, the effect is on the order of 20, for the worst cases
not even 3¢. Most important in our opinion, however, is the
fact that this effect is restricted to the first second and
disappears for a broader time window. We interpret the low
energies of events No. 3 and 4 in Kam-II as a local signal
fluctuation or upward background fluctuation. Such local
fluctuations should not be overinterpreted, keeping in mind
the look-elsewhere effect. An anomaly in a chosen subset
of data can look locally much more significant than it is
globally. Therefore, based on the first second of data, there
is no compelling indication that SN 1987A is outside of our
model space.

This picture radically changes when we consider the full-
time structure. Our short cooling periods do not easily
account for the late events in Kam-II and BUST, whereas
there is no problem with the 5.6 s burst duration at IMB. On
the other hand, the triplet of late Kam-II events, beginning at
9.2 s after their first, and the doublet of BUST events after
7.7 s would each require an extreme signal fluctuation. In
contrast to IMB, these detectors had non-negligible back-
ground rates, but the late events would also require an
unlikely background fluctuation. As has been commented
many times, besides the Kam-II and BUST signals lasting
for a very long time, both had large gaps between their
initial main burst and the late ones, giving the impression of
two bursts.

The SN 1987A data are sparse and different experiments
show various tensions with each other and unlikely
features, such as the measured burst in LSD around five
hours before the other experiments, the angle distribution in
IMB, the large number of events in BUST, and the long
time gaps in both the Kam-II and BUST data. Of course,
any sparse data could show many anomalies, depending on
what one would perceive as an “anomaly” without an
objective definition. In this sense, this effect perhaps should
not be overinterpreted.

However, if one attributes the late events to SN 1987A and
not to background, one may first think that our mixing-length
treatment of PNS convection is mainly responsible, but
unphysically switching it off does not strongly improve
the situation because the relatively small neutrino opacities,
caused by standard nucleon-nucleon correlations, still engen-
der short cooling times. Many SN models in the literature do
not include PNS convection, nucleon correlation, or neither.

While these are standard effects, it would be useful to dig
deeper, and especially a more systematic evaluation of PNS
convection in 3D studies is strongly mandated.

Searching for explanations beyond PNS cooling, but
within standard physics, fallback of matter after the end of
PNS neutrino cooling is one possibility. While we are
confident that our 1D simulations account for the main
PNS cooling emission, late and potentially episodic accretion
flows or fallback after a more quiescent phase are distinct
options outside of our original model space. A systematic
quantitative 3D exploration is a compelling task for the
future.

More exotic explanations could include late-phase tran-
sitions in the nuclear medium. The release of gravitational
energy by PNS contraction and/or of latent heat could power
a late neutrino burst, but reliable quantitative interpretations
of the SN 1987A data are missing and should be pursued.

Considering yet more exotic speculations, we mention
secret neutrino-neutrino interactions [239] that could cause
neutrinos to behave as a relativistic fluid instead of an ideal
fermion gas [240]. Such discussions have been recently
revived [241] and show that, despite the potentially dramatic
modification of the neutrino behavior, the observable burst
properties remain quite similar to the standard case and are
regulated by PNS cooling [242,243]. However, the secret
interactions would couple all species to become a single fluid
and the spectral mean opacity would increase, so it is
conceivable that the cooling time could become somewhat
larger. This may not be a huge effect and its impact also
depends on the role of convection, but still this scenario
deserves some attention if one were to entertain such
“crazy” ideas.

Our analysis of the SN 1987A neutrino data is not
conclusive concerning the best choice of nuclear EOS
among the tested models. The cumulative energy distribu-
tions (Fig. 14) and cumulative event distributions (Fig. 16)
exhibit considerable degeneracy between NS mass and
EOS, in particular for the predicted IMB signal. The test
statistics for the individual experiments (Fig. 19) reveal
mild preferences for different EOS models; SFHo and
SFHX in the case of IMB, but DD2 and LS220 for Kam-II.
However, the same analysis for all experiments combined
(Fig. 20) suggests a slightly better acceptance of DD2 for
the higher values of the tested NS masses, but it has no clear
discriminatory power of the EOS in the cases of the most
favored lower-mass NSs.

A future high-statistics galactic SN observation may go a
long way to clarifying the many open questions, especially
with regard to the late signal [20]. Indeed, the interesting
outlook for probing the late neutrino signal with the current
and future generations of large detectors has been some-
what underappreciated in the literature. While possible
fallback effects would naturally vary from case to case, the
PNS cooling signal should easily show up, but on the other
hand, fallback could potentially cover more subtle effects
of late phase transitions.
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The SN 1987A signal duration has often been used to
constrain the coupling strength of axions and other novel
particles that extract energy from the deep interior of the
PNS, energy that is subsequently missing to drive neutrino
emission. Such constraints, based on the signal duration,
are much more sensitive than using the overall energy
measured in neutrinos. In an early paper coauthored by one
of us [101] shortly after SN 1987A, actually the IMB signal
duration was used as a yardstick for the cooling time, not
the late Kam-II events. Still, over the years, the exact
relation between such cooling arguments, realistic SN
models, and the actual SN 1987A data was somewhat
lost, especially in the later context of PNS convection and/
or the correlation-reduced opacities, effects that are not
included in all models that were used as reference cases.

As a consequence of our present findings, we plan to
return to a similar analysis as performed in this paper to
study the sensitivity of the actually observed signal to non-
neutrino energy losses, based on a set of self-consistent
models that include the new effects. Of course, the high-
statistics observation of the next nearby SN would go a
long way to clarifying such questions on the data side of
these arguments. From the particle-physics perspective, this
is perhaps the most interesting question to be settled by the
next SN neutrino observation.

The model signals of this paper are available in our
Garching Core-Collapse  Supernova Archive upon
request [244].
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APPENDIX A: SN 1987A NEUTRINO
OBSERVATIONS

In this appendix we collect the experimental data. Some of
the information is scattered between papers, proceedings,

and private communications cited in secondary papers, and
there are various minor discrepancies.

1. Location and timing

Supernova 1987A was the explosion of the blue super-
giant Sanduleak —69 202 in the Large Magellanic Cloud in
the Southern Sky. The Equatorial Coordinates (epoch
J2000.0) are’ Right Ascension 05°3528.020” and
Declination —69°16'11.07".

An often-cited distance determination of 51.4 4+ 1.2 kpc
relies on the light curve measurement and concomitant
geometric size determination of the SN ring [245,246],
which implies a distance to the LMC barycenter of
51.7 £ 1.3 kpc. In other words, SN 1987A is closer to
us than the LMC barycenter by some 0.3 kpc, a value which
itself is uncertain by 0.3 kpc. On the other hand, a recent
geometric distance determination to the LMC is 49.59 +
0.09 = 0.544y kpe [247]. Overall, we adopt

dSN =50 kpC (Al)
as a simple value that is consistent with these findings.
Small distance uncertainties have no practical bearing on
our study.

The first evidence for optical brightening was found on
23 February 1987 at 10:39 UT (Universal Time) on plates
taken by McNaught [248,249]. Based on the first neutrino
in the IMB detector (see below), the explosion occurred
around 3 hours earlier at UT 7:35:41.374 4+ 50 ms. From
this information follow the Horizontal Coordinates of SN
1987A at the four detector locations provided in Table VI,
i.e., expressed as the elevation below the horizon and the
azimuth deviation from the southern direction.® At the time
of explosion, the SN was at the zenith at geographic
location 69°16' S and 177°20' E in the Southern Ocean,
north of McMurdo Station about one third the distance to
New Zealand.

2. IMB detector
a. General description

At the time of the explosion, there were four running
experiments that were big enough that they could have
detected the neutrino flux. The largest one was the Irvine-
Michigan-Brookhaven water Cherenkov detector, an
experiment built to look for proton decay [185], that
was located in the Morton-Thiokol salt mine (Fairport,
Ohio, USA), with the geographic coordinates 41.7° N and
81.3° W at a depth of 1570 m w.e. (water equivalent) [186].

3 https://simbad.cds.unistra.fr/simbad/sim-fbasic
query SN 1987A.

6http://xjubier.free.fr/en/site_pages/astronomy/coordinates—
Converter.html.

using the
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IMB was equipped with 2048 8-inch photomultiplier
tubes (PMTs) such that 6,800 tons of water (of a total of
8,000 tons) were within the PMT planes, taken as the
fiducial volume for the SN 1987A search [187]. A failure of
a high-voltage power supply shortly before SN 1987A left a
contiguous quarter of the PMTs off line with a geometric
effect on the trigger efficiency that was later calibrated. The
detector was triggered when at least 20 PMTs fired in 50 ns,
corresponding to an energy threshold of 15-25 MeV for
showering particles [187].

The absolute time of an event was recorded with an
uncertainty +50 ms thanks to the WWVB clock, a time-
signal radio station operated by the National Institute of
Standards and Technology [250]. The first event occurred
at UT 7:35:41.374 on 23 February 1987, corresponding to
2:35 am local time on an early Monday morning.

At its relatively shallow depth, the flux of atmospheric
muons caused a trigger rate of 2.7 Hz. Muons were
recognized by tracks entering the detector from the outside
and of course coming mostly from above. The detector is
dead for 35 ms after each trigger. The SN 1987A signal
consisted of eight events and in addition 15 muons were
recorded over a period of 5.6 s [186]. On average, one
would expect 2.7 Hz x 5.6 s = 15.1 muon triggers, in
agreement with the measured number.

Atmospheric neutrinos are recognized as contained events
and occurred at a rate of around 2/day in the energy range
20-2000MeV [186],1.e., they are irrelevant as a background.

b. SN 1987A signal

The SN 1987A burst was found by looking in the
recorded data for low-energy event clusters, where “low
energy” was defined as fewer than 100 PMTs firing,
corresponding roughly to a 75 MeV energy cut. A period
of 6.4 h, beginning at UT 5:00:00, was subdivided in 2304
nonoverlapping 10 s intervals, showing events commensu-
rate with a Poisson distribution of 0.077 events/s. There
was no 10 s cluster with more than five events, and only one
with nine events. One of these was recognized as a muon,
leaving a cluster of eight events attributed to SN neutrinos
listed in Table II and shown in Fig. 7.

The cited background of 0.077 Hz refers to the raw rate
relevant to this search for an event cluster. However,
subsequently each event can be examined for its detailed
properties and usually can be attributed to its origin such as
corner-clipping through-going muons. Indeed, one of the
originally nine events was thus recognized as a muon, not a
SN neutrino. The probability that any of the remaining eight
events was caused by some unidentifiable background is
negligible.” In this sense, the IMB SN neutrino events are
actually background free.

"Cited after the addendum of Ref. [251] who attribute this
information to a private communication from J. van der Velde of
the IMB Collaboration.

The SN 1987A events should be due mostly to inverse
beta-decay with a practically isotropic distribution of final-
state e™. However, IMB found a conspicuous directional
correlation in the opposite direction of SN 1987A, i.e., the
events look “forward peaked.” This effect is not explained
by the detector’s geometrical bias due to the 25% PMT
failure, which however caused a bias in the azimuth
distribution around the LMC direction [187]. We return
to this question in Appendix A 7.

c. Trigger efficiency

The trigger efficiency as a function of e* energy E, was
recalibrated in view of the partial detector outage [187]. In
their Fig. 1, itis shown for E, = 20, ..., 60 MeV in steps of
10 MeV as reproduced in our Fig. 22 with a systematic
uncertainty of +0.05, implying a significant uncertainty at
low energies. Burrows [30] has provided an analytic fit for
the average trigger efficiency that fits the data well®

0.3975x —0.02625x2 —-0.59 for 1.9 <x<7.6
NMB =

0.915 for 7.6 < x,

(A2)

where x = E,/10 MeV. The asymptotic value of 0.915 at
large energies cannot be found in the IMB papers.
However, the range above 60 MeV is of no significance
for our study, so we do not worry about where this value
came from.

Of greater significance is the systematic range £0.05 that
makes a big difference at small energies. It appears that this
issue has not been addressed in earlier SN 1987A analyses,
also not by Loredo and Lamb [33] who have performed the
most detailed previous study. Moreover, there is an overall
+10% systematic uncertainty of the overall energy scale
[187] which also seems to have been ignored in pre-
vious works.

InFig. 22 we show the trigger efficiency Eq. (A2) £0.05 as
a dark gray band. We interpret the +-10% uncertain energy
calibration such that the trigger efficiency should be shifted
relative to the true source spectrum, so the extreme trigger
efficiencies would be 7 (0.9x) or npp(1.1x) instead of
n(x). These two effects lead to nearly identical modified
trigger efficiencies, i.e., applying the £10% energy uncer-
tainty alone leads to range nearly identical to the dark gray
band. Applying the energy modification to the +0.05 shifted
cases leads to the wider gray band as an extreme range.

d. Fiducial supernova

To gain some intuition for the impact of the trigger
uncertainty we define a “fiducial supernova” that emits a

At the time of his writing, the second IMB paper [187] was
not yet available, so the updated information must have come
from [188] that is cited in his paper.
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total energy of 3 x 10°3 erg equipartitioned among six
neutrino species and is at a distance of 50 kpc. The
spectrum is taken to be of Maxwell-Boltzmann form with
temperature T

frE) = Z et (A3)

Ve

which is normalized and has (E,) = 37T. Then the 7,
fluence at the detector is

349 x 10" cm™
Pe T T /MeV

(A4)

The main detection channel in all four experiments is
inverse beta decay. For a given experiment, the produced
positron spectrum is therefore

dN,
dE,

= onDeo-D(,p(Ee + Q)’/[(Ee)fT<Ee + Q)? (AS)

where Q = 1.293 MeV is the proton-neutron mass differ-
ence and n,, is the number of proton targets in the detector.

Assuming T = 4 MeV, we show in Fig. 22 the expected
event spectrum in IMB if the trigger efficiency were 100%
(red dashed line), providing 53.3 expected positrons in the
detector volume. Including the average trigger efficiency,
this is reduced to 6.4 events. In Fig. 22 we also show the
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FIG.22. Trigger efficiency in IMB. Data points from Ref. [187],
fit function according to Eq. (A2) +0.05 systematic uncertainty
(dark gray band). For the broader gray band, the energy
calibration uncertainty of +10% is included. We also show the
positron event spectrum from a fiducial SN with an assumed
Maxwell-Boltzmann spectrum with 7 =4 MeV (red bands for
the different trigger efficiencies) and for a hypothetical 100%
trigger efficiency (dashed). The positron spectra caused by the SN
were multiplied by the indicated factors to fit the curves on a
common scale. The hypothetical total event number under the
dashed curve is 53.3, which is reduced to 6.4 after including the
average trigger efficiency. These illustrative energy spectra do not
include “smearing” by finite energy resolution.

event spectra for the +0.05 uncertainty (darker red band),
corresponding to 5.1-8.0 events. Applying in addition the
+10% energy uncertainty leads to the wider red band and
an event range of 3.6—10.1.

We conclude that the uncertain IMB trigger efficiency has
a strong impact on the expected number of events. On the
other hand, the impact on the expected average event energy
is much smaller as we glean from Fig. 22. The normalization
of the red curves changes more strongly than their shape. For
the intermediate trigger efficiency, the average event energy
would be 30.1 MeV. Including £0.05 leads to 29.0—
31.1 MeV, where the effect goes in the direction that a
global increase by 40.05 leads to more events with some-
what lower average energies. Including the energy scale
uncertainty provides the range 28.0-33.0 MeV.

To better understand the impact of the trigger uncertainty
on our parameter estimates and model comparison, we derive
the confidence regions in emitted SN 19987A energy and
average energy €; , assuming a Maxwell-Boltzmann spec-
trum; Fig. 23 shows these regions. The details of how we
construct such plots is explained in Appendix C. We see that
the confidence regions are strongly extended in the vertical
direction (total energy or total event number), whereas the
implied &;_ range is not strongly changed for plausible total

energies around 3 x 10°3 erg.

3. Kamiokande II
a. General description and trigger efficiency

The second largest detector was the Kamiokande I water
Cherenkov detector in the Mozumi Mine, Kamioka Section
of Hida, Gifu Prefecture, Japan, with geographic coordinates
36.4° N and 137.3° E [193]. For the SN 1987A search, the

Trigger efficiency
—— Max low
—— Average
—— Max high

5 10 15 20 25
Average 7, energy [MeV]

FIG. 23. Confidence regions (95%) and best-fit points for SN
1987A energy emission and average neutrino energy implied by
the IMB data. The contours are for the maximally high or low and
the average trigger efficiency.
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fiducial mass was 2,140 metric tons, where the entire volume
up to the plane of the PMTs was taken [189,191,192]. This
detector was built in 1983 to search for nucleon decay
(Kamiokande = Kamioka Nucleon Decay Experiment)
[190] and later upgraded to Kamiokande II (Kam-II) to
search for solar v, in the 10 MeV range. The photo cathode
coverage was increased and radioactive backgrounds
decreased to lower the threshold and solar data were taken
since the end of 1986. Despite its smaller mass, the low
threshold made Kam-II competitive for the SN 1987A
discovery.

In analogy to IMB, Burrows [30] has also given an
analytic approximation for the Kam-II trigger efficiency,
which however we do not find satisfactory. Digitizing
Fig. 3 of Ref. [189], we find that a surprisingly simple-fit
function is

34 2
=0.932 1 —_ fi 4 (A6
NKam /\/ + (12—7)(? + x2> or x > ( )

and zero for x < 4, where x = E,/MeV. We have also
compared with the trigger efficiency given in Ref. [193],
which is very similar. We show our 7k, in Fig. 24 together
with the signal spectrum from a fiducial SN (as defined
earlier) with an assumed Maxwell-Boltzmann 7, spectrum
with 7' =4 MeV.

At a greater depth of 2700 m w.e., the atmospheric muon
trigger rate was only 0.37 Hz and indeed, 8 muons were
found in the 45 s time interval surrounding the SN burst,
four of them before the burst and another four roughly after
event No. 12. Notice that in 45 s one would have expected
0.37 x 45 = 16.7 muons, so there was a significant down-
ward fluctuation. Atmospheric neutrinos, in the form
of fully contained events, show up once every few days.
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FIG. 24. Trigger efficiency in Kam-II following our fit function
Eq. (A6). We also show the event spectrum from a fiducial SN
with an assumed Maxwell-Boltzmann spectrum with 7 = 4 MeV
(red solid line) and for hypothetically 100% trigger efficiency
(dashed), leading to 14.0 (16.7) events. These illustrative energy
spectra do not include “smearing” by finite energy resolution.

Low-energy radioactive backgrounds triggered with around
0.23 Hz. The trigger dead time is less than 50 ns after
an event.

To find the SN 1987A burst, the Kam-II Collaboration
pioneered the method also applied by IBM. The data
recorded on a magnetic tape were searched for low-energy
event clusters, where the definition was less than 170 PMTs
firing (E, <50 MeV). We show the burst in Fig. 7 as a
function of time after the first SN event.

In Table III we list these events according to Ref. [189]
and in addition four later events that almost certainly should
be attributed to background. These were shown in the
Moriond (March 1987) proceedings [191] and later by
Krivoruchenko in a discussion of the scattering angle
distribution [194], the information attributed to a private
communication by Y. Totsuka. Later they were shown
again in the context of a detailed analysis of the SN 1987A
neutrinos [33], attributed to a private communication by
Y. Totsuka, A. Mann, and S.-B. Kim, but the exact times
and energies differ from the earlier listing. We show them
based on the earlier paper [191], whereas the angles, not
shown there, are taken from [194].

The absolute timing is poorly known, probably to within
415 s based on comparing the computer clock with a wrist
watch, but a conservative uncertainty of +1 min was
officially stated. A power outage in the mine on February
26 prevented a recalibration of the computer clock [252]. The
signal arrived at 4:35 pm on Monday, 23 February 1987, but
this was a substitute holiday. According to the working-day
schedule, the magnetic tape would have been exchanged at
4:30 pm and the signal might have been missed.

There is a conspicuous gap of 7.3 s between events 9 and
10. Recently, one member of the Kamiokande Collaboration
has speculated that the gap could have been caused by a fault
of the magnetic tape drive [253]. He noted that during that
gap, there are also no other events (low-energy background
or atmospheric muons) and that the probability for such a
long gap was very small. However, according to a private
communication by M. Nakahata, this explanation is not
viable because the event numbers were continuous across the
gap. The event number was generated by the front-end
electronics and the trigger system. When the number of hit
PMTs within 100 ns was more than a given threshold value, a
trigger was generated and the electronics system read out
timing and charge information of each individual PMT. The
event number was incremented by one whenever a trigger
happened. If events had been lost by a tape-write error, there
would have had to be an event-number gap as well.

b. Low-energy background

Some of the low-energy events around the SN 1987 A burst
can be detector background. We treat this question in the
maximum-likelihood analysis along the lines of Loredo and
Lamb [33]. They have published the Kam-II background
spectrum in their Fig. 2(a), citing a private communication,
but without providing further details. The digitized data
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FIG. 25. Background spectrum in Kam-II according to Ref. [33]
(black dots) for a time interval of 10 s, yielding a total of 1.87
expected events. We also show our fit function Eq. (A7) together
with its error Eq. (A8) as a one-sigma band, i.e., statistically
around 68% of the data points for the ten-hour measurement
period should be found within the gray band. (In Ref. [33] the
corresponding error is shown for each data point.) Also shown is
a “fiducial” SN signal with an assumed Maxwell-Boltzmann
spectrum with 7 =3 MeV (blue) and 4 MeV (red) that would
yield a total of 9.0 (14.0) events. These illustrative energy spectra
do not include “smearing” by finite energy resolution.

points from their Fig. 2(a) are shown in our Fig. 25, yielding a
total rate of 0.187 Hz, in agreement with what they state.

In Kam-II, each event consists of a certain number Ny, of
photomultipliers hit during a narrow time window corre-
sponding to the time of flight of photons from the
reconstructed vertex to the PMTs [193]. In Fig. 2(a) of
Ref. [33], the energy of each data point must correspond to
a certain Np;;.. By inspection of this plot it is clear that, e.g.,
Npit = 16 for the maximum at an energy near 6 MeV or
N = 37 for the point at 14.1 MeV. Indeed, the data points
are uniformly spaced on the horizontal axis and correspond
to the relation ¢/MeV = 0.38N,;. This agrees within
rounding errors with what is stated in the Kam-II paper
[189], although for larger energies, the relation is not
strictly linear and in detail, the reconstructed energy
depends on vertex location.

The shown data probably correspond to the total event
numbers 7 in each such channel and the shown uncertainty
must indicate their ++/n range. Taking Ny; = 16 (energy
near 6 MeV) as an example, the uncertainty shown in Fig. 2(a)
of Ref. [33] is a fractional error £0.0305. If this is interpreted
as+1/ \/r_l this measurement was based on n = 0.030572 =
1075 events. The rate is 0.080 s~! MeV~! and the bin width is
0.38 MeV, so the rate in this channel is 0.030 s~!, implying
that it took around 35400 s to accrue these events, which is
nearly exactly ten hours. Similar numbers follow from the
other data points. We conclude that the background shown in
Fig. 2(a) of Ref. [33] corresponds to the background partly
shown in Fig. 4 of the Kam-II paper [189] for £5 hours
around the SN burst.

Next we compare with information provided directly in
the Kam-II paper [189]. From their Fig. 10(a) we learn that
around the time of the SN, the rate for events with Ny;; > 20
was 0.0219 Hz. (Notice that in this figure they give a rate
per 10 s.) From our digitized data we find a slightly smaller
value 0.0203 Hz. From their Fig. 12 we learn that the rate
for Ny; <20 was 5.37/30 s = 0.179 Hz, to be compared
with our 0.174 Hz. Within the uncertainties caused by data
extracted from a plot, these values are all consistent.

The tails of the shown background spectrum depends on
few events per Ny; channel and suffers from digitiza-
tion uncertainties, so the tails are not reliable. Therefore,
instead of an interpolating function between these fluctu-
ating data points as used in Ref. [33] one may equally use a
convenient fit function such as the one shown in Fig. 25.
It is

5 _ 084x 000l
T A\B+ (x -6 54 (x—12)?

> MeV-!ls !
(A7)

where x is the energy in MeV, and integrates to a total rate
of 0.187 Hz. Notice that the background has fat tails and is
not well-approximated by a Gaussian.

If this were the exact background spectrum, we can
imagine to measure it in bins of width 0.38 MeV for
ten hours, leading to data that should fluctuate in similar
ways to those shown in Fig. 25. Then the y/n Gaussian
fluctuation from bin to bin should be given by

BKam
Err(Bgn) = |/ oo Kam
T(Bram) =\ 038 MeV 10 1

In other words, around 68% of all data points should lie
between the curves By, £ Err(Bg,m) shown in Fig. 25 as
a gray band, which is very approximately the case.

We also show the signal of a fiducial SN defined earlier
in Sec. A2d. It assumes a Maxwell-Boltzmann spectrum
with 7 =3 MeV (blue curve) or 4 MeV (red) that would
yield 9.0 (14.0) events in Kam-II, compared with a back-
ground in 10 s of 1.87 events. We glean from this figure that
background and expected signal are well separated. It is
clear, for example, that event No. 6 and the ones beyond
No. 12, that have energies around 6 MeV, are very likely
background.

The background with Ny <20 (e < 7.5 MeV) origi-
nates primarily from 2'“Bi (8-decay endpoint 3.26 MeV),
which itself derives from 2>’Rn decays. Their overall rate in
the Kam-II volume is huge, perhaps some 10* Hz [193],
but the trigger efficiency is low, leading to the shown
background spectrum that peaks around 6 MeV recon-
structed energy, which however is caused by the f spectrum
with an endpoint of 3.26 MeV true energy.

For larger energies (NVy;; > 23), the background is caused
by radioactive decays outside the detector, including y rays

(A8)
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from the surrounding rock. These backgrounds are con-
centrated near the detector surface. Therefore, the proba-
bility that a given higher-energy event might be background
depends strongly on the vertex location and cannot be
captured by a volume-averaged background rate in a
quantitatively meaningful way. For example, the late-event
No. 11 with Ny; = 37 is far away from the walls, and as
such does not look like background.

From Fig. 10(b) of Ref. [189] we learn that the rate of
events with Ny, > 30 was 1.18 x 1073 Hz. (They only give
two digits, but to reproduce “the expected 8 x 107! entries
in 2.7 days”, one can reconstruct the third digit.) We have
adjusted our fit-function Eq. (A7) to reproduce this higher-
energy background.

Returning to the total background rate of 0.187 Hz, it is
smaller than 0.23 Hz stated elsewhere in the Kam-II paper,
which we believe should be interpreted as the raw trigger
rate. A trigger is formed if 20 PMTs fire within a 100 ns
time window. After the vertex has been reconstructed, only
those PMTs are counted into Ny; that could have contrib-
uted to the signal by virtue of the time of flight from the
vertex to the PMT, so Ny; will often be smaller and can lead
to the many observed events with Ny; < 20. The PMTs
have a large dark current [254] and low-energy back-
grounds can trigger PMTs that are unrelated to the
Cherenkov ring of a given event. Apparently not every
raw trigger leads to a clearly reconstructed event, pro-
bably explaining why the background rate of 0.187 Hz in
the Ny, distribution is smaller than the raw trigger rate
of 0.23 Hz.

We also stress that the raw trigger threshold of 20 PMTs
in 100 ns is not the same as an energy threshold on
observed SN neutrinos, i.e., it is not a threshold for the
reconstructed Np;;, in contrast to what appears to have been
assumed in Ref. [41], e.g., in their Eq. (D2).

4. BUST (Baksan)
a. General description and trigger efficiency

The third experiment to observe SN 1987A neutrinos
was the Baksan Scintillator Underground Telescope
(BUST), operated by the Institute of Nuclear Research
(Moscow) [195-203]. This instrument is located in the
Baksan underground laboratory under Mount Andyrchi in
the North Caucasus. The tunnel entrance is near the village
“Neutrino” in the Baksan valley and geographically located
at43.3° N and 42.7° E. BUST is located in a chamber 550 m
from the entrance and thus at a depth of only 850 m w.e.,
whereas other chambers are much deeper in the mountain.

BUST consists of 3150 separate elements’ of dimension
70 x 70 x 30 cm, filled with scintillator based on ‘“white
spirit” (C,H,,,,» with n ~9) and is viewed by one FEU-49

This number is given as 3132 in [198] and as 3156 in [195],
whereas in later papers one reads 3150.
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FIG. 26. Trigger efficiency in BUST (Baksan) following the fit
function Eq. (A9). We also show the event spectrum from a
fiducial SN with an assumed Maxwell-Boltzmann spectrum with
T =4 MeV (red solid line) and for hypothetically 100% trigger
efficiency (dashed), leading to 1.52 (2.19) events. These illus-
trative energy spectra do not include “smearing” by finite energy
resolution.

photomultiplier with a photocathode diameter 15 cm. The
elements are arranged in eight planes, four horizontal, and
four vertical. The atmospheric muon rate is around 15 Hz
[199]. The search for low-energy neutrinos uses the inner
part of the detector (1200 segments) with a mass of 130 t
and looks for events that trigger one and only one
individual segment with E, <50 MeV. For the period
around SN 1987A, the rate for such singles events was
0.0127 Hz [195,196]. BUST has surveyed the galaxy for
SN neutrino bursts since mid-1980 and is still operating
today [200,202,203], but no signal was observed other than
SN 1987A. To search for a suspected signal, the sensitive
mass can be increased to 200 t, which increases the singles
rate to 0.033 Hz.
The average trigger efficiency was provided as a fit
function (x = E,/MeV) in Ref. [196]
Npax = 0.8[1 — e~ G/1017°], (A9)
shown in Fig. 26. In analogy to Kam-II, we also show the
signal spectrum of a fiducial SN that would lead to 1.5
events, or 2.2 events if the trigger efficiency were 100%.

b. SN 1987A signal

Around the time of SN 1987A, a bunch of six events was
found with the properties shown in Table IV, apparently
around 30 s later than the IMB signal. However, while the
clock synchronization with UT is usually £2 s, the clock was
observed to have shifted forward by 54 s between February
17 and March 11 for unknown reasons. So the observed
signal is probably contemporaneous with IMB and Kam IL

In the first BUST paper reporting the SN 1987A burst
[195], the event No. O in Table IV was attributed to
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background on the basis of the time structure, i.e., it was
assumed that the events No. 1-3 should have been near the
SN bounce time, but such an identification on the basis of
the assumed source properties is not justified as a prior
assumption. In later publications, this event was never
mentioned again.

Loredo and Lamb [33] have performed a detailed
analysis of the SN 1987A signal, stressing that data should
not be censored, but backgrounds should be identified
based on the relevant likelihood, and for that reason have
included events Nos. 13-16 in Kam-II as well as detailed
background models for both Kam-II and BUST. On the
other hand, they do not mention event No. 0 in BUST and
thus must have censored it after all.

Unfortunately, it is not documented in which part of the
detector the signals occurred. Using 200 t detector mass,
the additional 70 t of outer segments contribute a back-
ground of 0.071 Hz and so the possible attribution to
background of a given event strongly depends on location
within the entire BUST.

Censoring event No. 0, a five-event burst within 9 s
would randomly occur around 0.7/day. Therefore, on the
basis of this signal alone, one could not claim the
observation of core-collapse neutrinos. On the other hand,
the observation around that time do constrain the properties
of the source that caused the Kam-II and IMB events. One
cannot ignore the BUST observations on the basis that they
alone would not have been a convincing detection.

c. Low-energy background

In analogy to Kam-II, Loredo and Lamb [33] have
provided the BUST background spectrum in their Fig. 2(b),
once more attributed to a private communication. We show
these data points, referring to bins of width 1 MeV, in our
Fig. 27 as black dots. They also show errors for each point,

which we find to be exactly reproduced by v/Rate/0.1935
in the units of that figure, so these errors once more are
simply +/n fluctuations of the number of events in each
such bin. From these errors we conclude that unexpectedly
this background once more corresponds to a measurement
period of 10 hours as in Kam-II. These data add to a
background rate of 0.0345 Hz, in agreement with what
Loredo and Lamb state, whereas the BUST paper states
0.033 Hz.

There is no objective way of smoothing these noisy data.
Loredo and Lamb [33] have used an interpolation based on
a three-point running average, but have found that the exact
representation of the background makes no practical differ-
ence. In this spirit we choose a somewhat arbitrary fit
function

13.3\ ! 20.9 \6]-1/5
Bpy = 103 MeV~ls™H [ —= ) +
X 50 —x

(A10)
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FIG. 27. Background spectrum in BUST according to [33]
(black dots) for a time interval of 10 s, yielding a total 0.34
expected events. We also show our fit function Eq. (A10) with its
error given in Eq. (All) as a one-sigma gray band, i.e., the
expected scatter of the data points for the ten-hour measurement
period. (In Ref. [33] the corresponding error is shown for each
data point.) Also shown is a “fiducial” SN signal with an assumed
Maxwell-Boltzmann spectrum with 7 =3 MeV (blue) and
4 MeV (red) that would yield a total of 0.93 (1.52) events.
The illustrative predicted SN energy spectra do not include
“smearing” by finite energy resolution. The background events
refer directly to the reconstructed energy and no such smearing
would be applied.

for 0 < x < 50 and zero otherwise, where x = E,/MeV.
This function indeed integrates to 0.0345 Hz. In analogy to
Kam-II, we can imagine to measure it in bins of width
1 MeV for ten hours, leading to data that should fluctuate in
similar ways to those shown in Fig. 27. Then the /n
Gaussian fluctuation from bin to bin should be given by

Bpax
Err(Bpa) = /1 MoV 0

In Fig. 27 we show Bg, + Err(Bg,) as a gray band.
Around 68% of all data points should be found within this
band, which is approximately the case.

For comparison, we also show the expected positron
spectrum for a fiducial SN with 7 =3 and 4 MeV,
respectively, that would yield a total of 0.93 (1.52) events.
In contrast to Kam-II, signal and background cannot be
separated by an energy cut.

(Al1)

5. LSD (Mont Blanc)

A fourth instrument was the Liquid Scintillation
Detector (LSD), located in the gallery of the Mont
Blanc tunnel, between Italy and France [204,205] at the
approximate geographic location given in Table VI. It has
vertical depth of 5200 m w.e., the atmospheric muon rate in
the entire detector is only around 3.5/hour.

LSD was specifically built to search for a galactic SN
burst with a typical assumed distance of 10 kpc. It worked
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similar to the BUST detector and indeed was a collabo-
ration between researchers from the University of Torino
(Italy) and the Institute of Nuclear Research in Moscow.
LSD used 72 liquid scintillator modules of dimension
100 x 150 x 100 cm?, arranged in three horizontal layers
for a total mass of 90 tons. Each module was equipped with
three PMTs of the same type as in BUST. The scintillator
was prepared at INR with the same properties as the one
used in BUST.

The low-energy radioactive background from the rock is
shielded with more than 200 tons of iron slabs, reducing
the trigger rate to 0.012 Hz. In an IBD reaction 7, + p —
n + e, on average after 170 ps the neutron is captured as
n+ p—d+y(22 MeV). Thanks to the iron shielding,
this 2.2 MeV signature can also be detected. On average,
this signature is seen in 40% of all cases in the same module
where the IBD has taken place.

The combined signal of the three photomultipliers is
recorded if they are in threefold coincidence within 150 ns.
A 1 MeV energy loss yields on average 15 photoelectrons
in one PMT. From Fig. 2 of Ref. [208] we infer the
approximate trigger efficiency (x = E,/MeV)

nsp = [14(1.9684 — 1.124x +0.16x%)723]71/23 | (A12)

for x > 3.7 and zero otherwise. We show this function
together with the spectrum of a fiducial SN in Fig. 28. The
expected number of events is about 2/3 that of BUST.
The LSD Collaboration was the first to declare the
possible discovery of SN neutrinos due to the detection of
five events in an interval of 7 s, beginning at UT 2:52:36.79
[205-207], almost five hours earlier than the other detectors
which observed nothing special at the LSD time. The five
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FIG. 28. Trigger efficiency in LSD (Mont Blanc) following the

fit function Eq. (A12). We also show the event spectrum from a
fiducial SN with an assumed Maxwell-Boltzmann spectrum with
T =4 MeV (red solid line) and for hypothetically 100% trigger
efficiency (dashed), leading to 0.962 (0.987) events. These
illustrative energy spectra do not include “smearing” by finite
energy resolution.

events were in different segments, three of them interior. In
one case, an accompanying 1.2 MeV pulse was observed
278 ps later, possibly caused by the subsequent neutron
capture.

No similar high-multiplicity event was found during the
entire LSD operation beginning around 1984 and ended
with the devastating fire in the Mont Blanc Tunnel on
March 24, 1999, although after 1988, the background had
been further reduced.

The absolute event timing at LSD was accurate to
+2 ms. At the time of the IMB burst, LSD did not observe
any events, but it found one event at UT 7:36:00.5
(10 MeV) and one at 7:36:18.9 (9 MeV), i.e., 19 s and
38 s after the first IMB event. Based on the LSD efficiency,
the nonobservation of events at the IMB time provides
some constraints on the neutrino signal properties.

The LSD Collaboration has also studied time correla-
tions with the background events in other detectors at the
LSD time as well as two small gravitational wave detectors
that were operating at that time, see e.g., [255,256], without
leading to a tangible physical interpretation. No satisfactory
explanation of the LSD burst has been proposed because
even a double-bang SN scenario, apart from its astrophysi-
cal problems, leaves open why the other detectors saw
nothing at the LSD time. Therefore, the community has
settled for the LSD event as not related to SN 1987A.

Later, a “double-bang” scenario based on a rotating
collapsar model was proposed that suggests a large v, flux
from deleptonization as a first burst, but few antineutrinos
[257]. The authors pointed out that a large v, burst could
have caused charged-current events in the iron shielding
and subsequent production of multi-MeV gamma-rays that
could have entered the scintillator and caused the observed
events. The CC cross section on iron is very large relative to
that on oxygen or carbon. Such a burst would have been
missed by the other detectors.

6. Energy resolution

The neutrino energy is estimated from the number of
PMTs hit or the number of photoelectrons triggered in the
PMTs. The fluctuation of this number is roughly Gaussian.
Therefore, the energy resolution 6 must be proportional to
VE,. While the true energy resolution depends on the exact
pattern of the Cherenkov ring and detector location of the
event, we use an average resolution that we write in the
form

Op = \/E,,Ee.

From the stated energy uncertainties of the events listed for
the different detectors, we extract the values shown in
Table VL

In the spirit of using an average trigger efficiency for the
entire detector, it is consistent to also use an average energy

(A13)
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resolution in the maximum likelihood analysis instead of
the resolution stated for each specific event.

For IMB, E, ~ 1.3 MeV for most events and the average
is 1.36. However, No. 5 is an outlier with £, = 2.25 and
taking it out reduces the average to 1.23. No. 6 is also a less
extreme outlier with £, = 1.0. Taking this one out as well
increases the average to 1.27 which is the number we will
use. Of course, few-percent variations of E; make no
tangible difference.

For Kam-II, E, ~0.63 MeV using all listed 16 events.
However, No. 7 is an outlier with £, = 1.81 and taking it out
reduces the average to 0.55. Taking also out Nos. 13-16,
that were not formally published, increases the average
again to 0.61. On the other hand, using only the 11 events
usually attributed to the SN, including the outlier, one finds
0.74, very close to what was used in Ref. [32]. We adopt
or = 0.60 as a compromise between these results.

For BUST, we use all six listed events, providing
E, =0.72 MeV, similar to Kam-II.

For LSD, the event energies for the five events of the
“early burst” are very similar, on average 6.7 MeV. An
average precision of energy determination of 15% was
stated, implying E, = 0.15? x 6.7 MeV = 0.15 MeV,
much better than in BUST. It means that they typically
picked up about five times as many scintillation photos for
a given event.

In our likelihood analysis, we construct the expected
event spectrum for a given SN model and detector in that
we begin with the 7, spectrum, apply the IBD cross section
to obtain the positron spectrum, apply the detector effi-
ciency curve, and finally smear the positron spectrum with
a Gaussian that depends on positron energy E, as described
here. In other words, we interpret the trigger efficiencies to
be given as functions of the true E, that is subsequently
reconstructed with imperfect precision.

We also mention that the Gaussian energy smearing
of the event spectrum leaves the total event number
unchanged, but also the average expected event energy.
The smearing modifies the variance and higher moments of
the event spectrum, which however are here not interesting
given the sparse data. The energy smearing is a small effect
in our overall analysis.

7. Angular distribution

The main detection process is IBD that should provide
a nearly isotropic event distribution, although at higher
energies it is slightly forward biased (Sec. B 1). In Fig. 29
we show the distribution of the scattering angles and event
energies for IMB and Kam-II, the only detectors that pro-
vide directional information. It has been noted many times
that the distribution looks forward peaked, especially the
higher-energy events [258,259]. An early detailed analysis
was performed by Krivoruchenko [194] who found a very
small probability that the signal is a random manifesta-
tion of an essentially isotropic distribution. In principle,

50 [

Positron Event Energy [MeV]

P I S S ' PR T
0.0 0.5 1.0
Cos ©

07||||||||
-1.0 -0.5

FIG. 29. Distribution of scattering angles and energies of the
IMB (black) and Kam-II (blue) events with approximate 1o error
regions, excluding the Kam-II event No. 6 which is likely
background. Notice that the directional errors are for the
scattering angle €, whereas here we show cos 6, leading to lo
error ellipses that are strongly distorted near the forward or
backward directions.

electron-scattering events are strongly forward peaked, so
one can speculate, see e.g., Ref. [35], that one or a few of
the events could come from this process. However, the
detected electron has less energy than the primary neutrino,
so such events would be expected at lower, not at higher,
energies. Moreover, the electron-scattering distribution
should be more strongly forward peaked. In general, due
to the low cross sections of neutrino-electron scattering at
the relevant energy scale, the expected number of events
from this process is always much smaller than 1 for
reasonable energies injected from the supernova.

Konishi et al. [260] have argued that the probability for a
directional clustering is much larger if one considers
spherical tests, i.e., considers angular clustering in all
possible directions, not just a forward-backward bias
relative to the source. On the other hand, if the events
were clustered in some other direction would be less
significant for the interpretation as some other process or
some other particle. It would signify perhaps a detector bias
as indeed IMB had because of the failed part of the detector
which indeed introduced an azimuthal bias, but no strong
forward-backward preference.

One idea held that the signal was not caused by neutrinos
but instead some new X° bosons that scatter coherently
on oxygen and thus generate the observed angular character-
istic [259]. However, the required cross section is excluded
by stellar energy-loss bounds from the reverse process [261].

No viable explanation other than a rare statistical
fluctuation is available.
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8. Neutrino path in the Earth

The distance that neutrinos travel through the Earth
matter affects the flavor regeneration effect. If the SN
occurred at an elevation 6 below the horizon at a given
detector location, the distance traveled through Earth matter
and the greatest depth from the surface are

L, = Rg2siné, (Al4a)

D, = Rg(1 —cosé), (A14b)
where Rg = 6371 km is the average Earth radius. In this
way we find these parameters given in Table VI.

Slightly different distances are found in the literature.
Lunardini and Smirnov [262] state 8535 km for IMB.
The IMB Collaboration stated § = 42°, compared to our
42.4° a rounding difference that would mostly explain
the small difference to our 8592 km. The Kam-II
Collaboration states & = 19.7°, identical to our value.
Lunardini and Smirnov state a distance of 4363 km,
compared to our 4295 km, so they would require
6~20.1° but still a rounding error to 20° would go
in the right direction. Of course, these are all small
differences of no practical significance.

APPENDIX B: DETECTION CROSS SECTIONS

1. Inverse beta decay

The primary channel for neutrino detection from SN
1987A was IBD 7, + p — et + n on the hydrogen nuclei
of water or oil. Neglecting the recoil of the proton, the final
positron has an energy E, = E, — Q, with O = 1.293 MeV,
and it emits Cherenkov or scintillation light visible in the
detector. At typical SN energies, 7, and 7, are kinematically
unable to interact via charged current (CC).

An analytic approximation for the IBD cross section,
precise on the few per mille level for £, < 300 MeV, was
given in Eq. (25) of Ref. [263]

Op,p = 10_43 sz(Eu - Q) \/ (EI/ - Q)2 - ng{/} (Bl)

where

B =-0.07056+0.020181In(E,) —0.001953In*(E,)  (B2)
and energies are in MeV. The cross section is shown
in Fig. 30.

Near threshold, the usual lowest-order result is 0.952 x
1078 cm?(E, — Q)\/(E, — Q)*> — m2 that was used in
some SN 1987A analysis papers. The modification arises
from recoil effects and in particular from weak magnetism
[264,265]. At the energies of the IMB events of around
40 MeV, the naive result overestimates the true cross
section by some 35%.

10—39
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FIG. 30. Charged-current neutrino cross sections per target
particle. Solid lines for 7,, dashed lines for v,.

Recoil and weak magnetism also modify the angular
distribution of the positron relative to the incoming 7,.
Using only the largest corrections, Vogel and Beacom find
for the average scattering angle [266]

- Af+rf)g| E
(cos 0) —m”e + {1 "‘W} my
— _0.034v, + 2452 (B3)

my

where f =1, g = 1.26, and f;, = u,, — u, = 3.706 are the
different form factors and v, is the positron velocity. From
their numerical result, one finds approximately

(cos @) = —0.035 + 0.0024E,/MeV. (B4)
At low energies, the cross section slightly favors back-
ward directions, at roughly 15 MeV it is isotropic, and at
the IMB energies of roughly 40 MeV, the forward bias
is (cos @) ~ 0.06.

If the angular distribution is roughly (1+ acos®)/2,
then a = 3(cos @). Therefore, the angular bias is not very
small at the IMB energies.

2. Oxygen and carbon

Above about 70 MeV, neutrino interactions in a water
Cherenkov detector are dominated by CC reactions on
oxygen of the form v, + %0 — e~ + X, where X is an
excited nuclear state dominated by '°F* [5,267,268] and a
similar reaction for antineutrinos, where the dominant final
state is '°N*. The final state e retains memory of the initial
neutrino energy. While we do not account for this reaction
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in our analysis, we show the corresponding cross sections
in Fig. 30, extracted from Ref. [5]. We do not show the
corresponding neutral current cross sections, which are
even smaller in the range of interest.

For the BUST and LSD scintillator detectors, the addi-
tional processes v, + 2C = ’N®) 4+ ¢~ and 7, 4+ 'C —
2B(*) 4 ¢ occur with an approximate threshold of
30 MeV. We also do not account for this reaction, which
would be relevant at higher energies than the range we are
interested in, and we limit ourselves to showing the
corresponding cross sections in Fig. 30.

3. Neutrino-electron scattering

Elastic scattering on electrons is another detection
channel both in water Cherenkov and scintillator detectors.
The cross section is well known [269] and shown for v, and
7, in Fig. 30. For v and v of the other flavors, it is a factor
6—7 smaller than for v,. While there are ten electrons per
water molecule, but only two protons, the detection rate
through electron scattering is much smaller than IBD.
Notice also that in IBD, the positron takes essentially the
full ¥, energy, whereas the electron energy in elastic
scattering is significantly degraded on average.

The higher-energy detected SN 1987A neutrinos are
somewhat forward peaked (Appendix A7), suggesting
at first a connection to elastic electron scattering. How-
ever, they are not forward peaked enough, so indepen-
dently of the small cross section, this channel is not a good
explanation for the angle distribution. In our analysis,
finally we will only use IBD.

APPENDIX C: LIKELIHOOD ANALYSIS

1. Likelihood function

Our goal is to compare the SN 1987A data with
theoretical models and select among alternatives by means
of a maximum likelihood analysis. Our models can be
generic representations that depend on a number of para-
meters (such as the total emitted energy and the neutrino
spectral shape) or can be the output of numerical simu-
lations, which also depend on parameters such as the EOS,
the progenitor mass, the presence or absence of PNS
convection, as well as neutrino mixing parameters.

The only relevant detection reaction is inverse beta
decay. Therefore, the only relevant output of the models
for a given choice of SN and neutrino parameters is the
spectral 7, flux @, (E,, ), in units of cm™s™' MeV~!, ata
given detector location. The spectral rate of visible posi-
trons caused by the SN in each detector therefore is (units
s7! MeV™)

REN (Ee’ t) = q)i/e (Ew t)diep(Ev)

s io(E).  (C1)

where 65 , is the IBD cross section from Eq. (B1), 5(E,)
the trigger efficiency, n, the number of target protons given

in Table VI for each experiment, and Q = 1.293 MeV the
neutron-proton mass difference.

The positron spectrum is not directly observable. Each
positron excites a certain number of photomultipliers Ny;
which translates nearly linearly to the positron energy with
Poisson fluctuations. However, for the SN 1987A data,
each event was individually studied, and the energy
determined not by a global scaling to Ny, but determined
on the basis of its vertex location and direction. For
example, event No. 7 in Kam-II is an outlier with a larger
stated energy than behooves its Ny; and a larger stated
energy uncertainty than corresponds to the Poisson fluc-
tuation of Ny;. In the small scintillator detectors BUST
and LSD, the energy follows from the photoelectrons
created in one (BUST) or three (LSD) PMTs observing
a given cell of scintillator.

Our main approximation is to neglect the dependence on
the vertex position in the detector and positron direction. In
other words, we do not use the energy uncertainty stated for
each event, but rather a global Gaussian energy resolution
according to Eq. (A13). Therefore, we smear the spectrum
according to

_ 2

V2rog ’

where o = \/E,E, according to Eq. (A13) with a param-
eter E, for each detector as discussed in Sec. A 6 and listed
in Table VI.

During the SN detection, some events may have been
caused by background that we assume is constant during
the short detection period. In IMB, there was no back-
ground, whereas for Kam-II and BUST we use the
approximate spectra provided in Egs. (A7) and (A10).
Therefore, overall

RN (Eger 1) :/dEeREN(Ee,t) (C2)

Rdet(Edet’ t) = R(Sigi (Edet’ t) + B(Edet) (C3)
is the expected event rate.

In comparing the observed data in a given detector with
the model flux, we define a likelihood

[: = eXp |:— / RdetdtdEdet:| HRdCt<E([iet’ ti + 5t) (C4)

Here the index i refers to the observed events, and we
account for a time delay 67 which measures the temporal
offset between the first measured event at each experiment
and the SN bounce time, namely the zero time of our
models. Due to the clock uncertainties, of is an independent
parameter for each experiment and will be used as a
nuisance parameter in our studies.

The term in the exponent is the expected number of
events, which for the SN source is an integral over the SN
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duration, in practice from the bounce time to the end of the
simulation. The background contribution to the event
number is Bz, where B = [dE4B(Egy) is the energy-
integrated background rate (units s~!). For 7 we somewhat
arbitrarily use the time between the first and last recorded
event in a given detector. However, ¢757 is a factor in the
likelihood that does not depend on SN model parameters
and as such drops out from model comparison.

The clock of LSD relative to IMB was fixed, but LSD
had no events, obviating a Jt for this small detector. The
absence of events also provides constraining information.
In this case the likelihood is

L =exp {— / Riet dtdEdet], (C5)

namely the probability of observing no event during the
supernova explosion.

An additional complication is the possible dead-time
effect after each recorded event, which is negligible except
for IMB, where the detector cannot record fresh events for
35 ms after each trigger. Over the 5.6 s between first and
last SN event, there were 15 recorded muons, but their exact
timing is not documented. Otherwise one could set the
trigger rate to zero for 35 ms after each muon. Moreover,
after each of the eight SN events, the detector is also dead,
and this would cause a significant temporal anticorrelation
if the event rate were large. Within the recorded burst
duration of 5.6 s, there were 23 triggers, causing an overall
dead time of 23 x35 ms =0.805s or 14% of 5.6 s.
Therefore, as a pragmatic recipe we include an overall
reduction factor 0.86 on the event rate, or equivalently,
multiply the trigger efficiency with 0.86. (The IMB paper
[187] mentions an overall 13% dead time effect, presum-
ably based on a rounded duration of 6 s.)

Yet another complication arises for IMB because the
trigger efficiency is small in the SN energy range so that the
trigger uncertainty has a strong impact on the expected
event rate. The trigger efficiency has an uncertainty of
40.05 and a relative uncertainty of 10% is reported for the
energy scale for which the efficiency is given. Therefore,
we write the trigger efficiency in terms of two nuisance
parameters —1 < < +1 and —1 < ¢ < +1 in the form

L (E,) = 0.05¢ + npysl(1 + 0.10)E,],  (C6)
where #pyp is the function given in Eq. (A2) with a small
modification. The behavior at small energies is continued to
negative values and 7Sl (E,) is taken to be zero whenever
it would become negative. In this way one obtains the gray
band in Fig. 22 that continue to zero trigger efficiency
without a cutoff. To speed up the computation, for the ¢
parameter we only compute the spectrum for { = —1, 0, 1
and use a quadratic interpolation for intermediate values.

2. Energy and time-integrated analysis

We also perform a separate time-integrated, energy-
dependent analysis. To this end we define the detected
event spectrum

N(/iet(Edet) :/Rdet(Edetvt)dt' (C7)

However, it is not necessarily obvious of how to treat the
detector background, i.e, over which duration the back-
ground event spectrum should be taken, a question mainly
relevant for Kam-II and BUST. Depending on context, we
will make different assumptions about this question. The
likelihood is

£ =exp |- [ M| [TNgulERe). (08

where again in the exponential is the total event number.
For the energy-integrated, time-dependent analysis, we
instead define the energy-integrated event rate

Ndet(t) = /Rdet(Edet’ t)dEdet (C9)

and
L, = exp [— / Ndetdt:| HNdet(ti +0ot).  (C10)

is the likelihood for a given experiment.

3. Test statistic

In comparing among different models, we use as a
measure of comparison the test statistic

A= —2log(L/L), (CI11)

where £ denotes the maximum likelihood among the
chosen class of models. In the limit of a large number
of data, the asymptotic distribution of this TS in the null
hypothesis is known by Wilk’s theorem to be a chi-squared
distribution, with a number of degrees of freedom equal to
the number of parameters of the model space. We use this
result both for our phenomenological fits with a pinched
energy distribution, and for the comparison with the SN
models. The asymptotic distribution corresponding to a
large number of data is of course not exactly realized in the
measurements of SN 1987A; we will nonetheless use this
approach, with the caveat that our confidence levels may be
slightly overestimated because of the limited statistics.
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4. Goodness of fit

We also want to provide a measurement of the goodness
of fit that a certain model provides to the data themselves.
For this purpose, we define as a TS the logarithm of the
likelihood to be tested itself

4= —2log L — 2/f(x)dx 23 log[f(x)]. (C12)

where for simplicity of notation we denote by f(x) the
distribution of events according to a generic variable, which
could be either energy or time or both. Notice that f(x) is
normalized to the total number of expected events.

Under the null hypothesis that the events are distributed
according to the distribution to be tested, the expected value
of the TS is

) = Z/f(x)dx—Z/f(x) log f(x)dx. (C13)
The spread of the TS around this value o2 = (y?) — (y)?
can be evaluated to be

=4 / F)log2f(x)dx. (C14)

For values of y not too far from the expected (y), the
distribution of y can be approximated as a normal dis-
tribution. As an indicative measure of the goodness of fit,
we will use this approximation; notice that this does not
rely on the assumption of large statistics, but only on the
assumption that the observed y does not lie too far from the
expected ().

APPENDIX D: FIRST SECOND OF EMISSION

Recently, a large heterogeneous suite of SN models with
a variety of physical assumptions was compared with the
neutrino measurements of SN 1987A [41]. The analysis
was limited to the “first second” of emission with the
philosophy that the models tend to exhibit basic agreement
in this short period that largely excludes PNS cooling, so
this would be a useful test of theory vs observation, and
moreover, many multi-D models in the literature have not
been evolved far beyond this period. Of course, we have
taken the opposite approach and primarily focused on PNS
cooling. Their main finding is a strong tension between
data and models, whereas we have stated that we do not see
a significant discrepancy between our models and the first-
second data. What is the origin of the difference in
conclusion? Our following discussion refers to version 1
of the arXiv posting of Ref. [41].

As a first remark, they have ignored the BUST data,
whereas the IMB data during this period is too sparse to
play any role. So effectively, only the first five events in

Kam-II are used, i.e., the period of 0-0.507 s after the first
event; No. 6 was interpreted as background and left out,
and No. 7 (which they call No. 6) at 1.541 s is already
beyond their test window, in which No. 1 was somewhat
shifted in time relative to the SN bounce time.
Reference [41] identifies two main tensions with these
five Kam-II events in that the models overpredict the
number of events and their average energy.

Visual inspection of our Fig. 17 reveals that the Kam-II
data indeed do not look like a “typical” representation of
the model, and interpreting No. 6 as background, in
particular leaves Nos. 3 and 4 looking as “outliers” relative
to the signal prediction, but also relative to the other data.
Of course, one or both could be background, although this
would have to be a significant upward fluctuation. The
question of these low-energy events was discussed a long
time ago in a dedicated paper [36]. Reference [41] does not
include background in their analysis, but assumes a sharp
cut between signal and background at E, = 7.5 MeV,
leaving No. 3 exactly on threshold. We mention that these
two events are located directly at the detector’s cylindrical
surface near the floor, making a background interpretation
somewhat more plausible.

It is clear that this feature of the Kam-II data, which is the
main source of discrepancy with models, cannot be
explained by plausible SN models as it would require a
sudden dip of the 7, signal or its energies. Our interpretation
is that of a local signal or background fluctuation of the
sparse data. While it may look locally significant, such
fluctuations somewhere in the data can well be expected in
the spirit of the “look-elsewhere effect”. The overall SN
1987 A data are full of anomalies, like the notable deviation
from the isotropy of events in both detectors we have
discussed in Sec. A 7. However, it is hard to make them
statistically objective in the absence of a definition of what is
an anomaly.

A goodness-of-fit test of data vs models should include
simultaneously the time and energy distributions, as a two-
dimensional Kolmogorov-Smirnov test does. Instead, in
Ref. [41] the number of events and their energies were
separately tested, which means, among other issues, that the
eventenergies of a SN model for the first 1.5 s were compared
with data within an 0.5 s period. The absence of events within
1 s of the test period is in itself a large fluctuation.

The number of events predicted in the first second is
found by Ref. [41] to be larger than the observed one for all
of their models. However, even within these models, there
are some that are in a less than 26 tension with the data, so
this finding is not statistically significant. Within our set of
models, not only do we not obtain a significant tension, but
we even find models that underpredict the number of events
in the first second, as shown in Fig. 16, depending mostly
on the final NS mass.

A more significant tension is found in Ref. [41] with the
neutrino energy spectrum at Kam-II, driven by the low
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energies of events No. 3 and No. 4. A simple test to quantify
this impression would be the average event energies. How-
ever, Ref. [41] opted for a one-dimensional Kolmogorov-
Smirnov test for the spectral shape of the observed neutrinos
compared with the theoretically expected one. For each
model, the predicted spectrum was determined from the
entire simulation period; this varies for different models
between 0.38—1.37 s. For all of the models, the p-values
from these KS tests (determined by a Monte Carlo) are lower
than 5%, which is interpreted as a statistically significant
tension between all of the SN models analyzed with the data.

The time and energy structure of the early Kam-II data
implies that this discrepancy must be present in any SN
model that is even only vaguely similar to those used
in Ref. [41], which certainly applies to our models. We
illustrate this point by following the approach of Ref. [41]
for the event spectrum, although with some differences in
detail. We include the detector background and do not
impose an unphysical threshold at 7.5 MeV on the signal
prediction, but instead follow our usual treatment for
predicting the detection signal from a given model. We
then perform Kolmogorov-Smirnov tests on the Kam-II
data, comparing them with all of our models, taken only up
to a time ?#.f, and we let the latter vary. We neglect any
possible offset between the first Kam-II event and the
bounce time of the models. (Instead, in Ref. [41] the offset
was chosen to minimize the discrepancy.)

In practice, for each model we compare the predicted
cumulative event distribution as a function of positron
energy with the observed cumulative event distribution,
using as a test statistic (TS) the maximum distance
between the two distributions. For each model, we then
perform a Monte Carlo sampling from the theoretical
distribution of 10000 samples with the same size as the
observed one, and extract the expected distribution of the
TS; we then define as the p-value the probability that a
data sample extracted from the expected distribution
would sport a TS larger than the observed value.
Figure 31 shows the corresponding p-values as a function
of .o for our entire suite of models.

Cutting the signal at 7.,; around 1 s indeed leads to a
tension with the data, with the p-values for most models
being around or lower than the 2¢ threshold of 5%.
However, crucially, if one extends the cutoff time 7y,
the p-value rapidly returns to reasonable values which are
not in tension with the data. We recall that there are no
Kam-II events in the period 0.5 < ¢ < 1.5 s, explaining
the 1 s width of the depression in these curves. While
none of our models, with our procedure, crosses the 3¢
threshold, the general feature observed in Ref. [41] is
unavoidably present as it is caused by a real feature of
the data.

However, given that the global p-value even at 7,
2 s is already large, we interpret this effect as a local
fluctuation of the data, and the relatively small p-values as

— LS220
—— SFHo
SFHx
........... 1.36 M,
-oo- 1.44Mg
........... 1.62M¢, _|

————— 1.77M,
------ 1.93M,,

p-value

1078 S -
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Cutoff time, teutoft [3]

FIG. 31. Results of the Kolmogorov-Smirnov test for the
spectral shape of Kam-II neutrinos with our suite of models,
up to a maximum time 7.,s. We assume no offset between the
first event and ¢ = 0 of our models.

a local significance that should not be overinterpreted if one
pays attention to the look-elsewhere phenomenon.

APPENDIX E: GAMMA DISTRIBUTION

Neutrinos emerging from a CCSN typically follow a
quasithermal spectrum that can be approximately repre-
sented by a so-called gamma distribution, colloquially
sometimes referred to as a-fit [169,270]

(1+a)* e

=l+a

e—(1+(’)€»/5"
l—‘lJra €

fule,) = (E1)

where I', is the gamma function at argument x, not to be
confused with our gamma distribution. This function is
normalized and has the first two moments

(e) =€, (E2)
() —?1352. (E3)

Conversely, for a given empirical or numerical result for
f.(€,), the parameter € is given as the average energy (e,)
and the “pinching parameter” as

_ =2(e) +(¢?)
(€) = (e?)
Besides the overall normalization, the approximate repre-

sentation is chosen to provide the exact first and second
energy moments.

(E4)
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A function of this form is a surprisingly good fit
for the instantaneous emerging SN neutrino fluxes [270].
A Maxwell-Boltzmann spectrum corresponds to a = 2,
whereas a > 2 to “pinching,” where the variance is smaller.
The instantaneous spectra are more or less strongly
pinched, whereas the time-integrated ones come fairly
close to the Maxwell-Boltzmann case.

The neutrino fluxes coming from our simulations are
represented by their instantaneous luminosity (energy flux)
as well as the instantaneous € and a, separately for all six
species.

The time-integrated spectra are obtained by expressing
the instantaneous ones through the tabulated parameters
(L,€, a), integrating over time, and finding the correspond-
ing parameters for the integrated spectrum.

APPENDIX F: FLAVOR CONVERSION

1. Flavor-dependent spectral hierarchy?

Flavor conversion of SN 1987A neutrinos is a topic
with a chequered history. Numerical SN modeling was
still in its infancy at that time. The now-standard neutrino
mechanism for driving the explosion had been discovered
and explained by Bethe and Wilson only a few years
earlier [59]. The standard paradigm at that time held that
the heavy-lepton neutrino species, collectively called v,,
had much larger average energies, perhaps twice higher,
than the electron-flavored ones.'” An example for the
time-dependent neutrino signal representative of that
generation of numerical models has circulated even in
the recent literature under the name of “Livermore
model” [272]. Moreover, the only solar neutrino data
came from the Homestake experiment and the solar
neutrino problem had several flavor-conversion solutions
based on the MSW effect, which itself had just been
discovered around the same time [273,274]. The low
energies of the SN 1987A events clearly excluded the
Large Mixing Angle (LMA) solution [271], which later
turned out to be the correct one [275]. The hopes for
neutrinos from the next galactic SN as a laboratory for
flavor conversion largely rested on the expectation of a
large flavor dependence of the flux spectra.

The standard physical explanation for the expected
large v, energies was that heavy-flavor neutrinos decou-
ple deeper inside, where the ambient temperature is larger
and thus the v, should emerge with larger spectral
energies. However, v, continue to scatter on nucleons
without significant energy exchange even after pair
processes, then taken to be e~e™ annihilation, had frozen
out. The quadratic energy dependence of the scattering
cross section lets lower-energy v, pass the “scattering
atmosphere” more easily, tilting the spectrum to lower

Several examples for such models and their flavor-dependent
spectral properties can be found in Table I of Ref. [271].

energies relative to that at the “energy sphere.” Overall,
simple transport models suggest that there could not be a
large hierarchy of average energies [171]. The appearance
of such large hierarchies, e.g., in the Livermore model,
probably has to be attributed to a simplified neutrino
transport scheme and incomplete sets of neutrino inter-
action processes. For example, heavy-flavor pairs are
mostly produced by nucleon bremsstrahlung, not by e~e™
annihilation.

Be that as it may, present-day SN simulations pro-
duce flavor-dependent fluxes that are broadly consis-
tent between all groups and with our results. On the
other hand, flavor-conversion is not included in numeri-
cal simulations. One justification is that large matter
effects in the dense SN medium “demix” neutrinos:
The propagation and interaction eigenstates very nearly
coincide.

2. Fast-flavor conversion

This logic was challenged by the insight that neutrino-
neutrino refraction can cause collective flavor conversion
potentially even in high-density regions. In particular, the
phenomenon of fast-flavor conversion (FFC) features a
classical instability of the mean field of neutrino flavor
driven by crossed angular distributions of the flavor
lepton number fluxes. FFC has been a topic of vivid
discussion in the recent literature, ranging from concep-
tual issues (mean-field treatment vs many-body quantum
entanglement) to phenomenological studies concerning
the neutrino angle distribution and concerning the impact
on SN explosion physics and nucleosynthesis in SNe and
NS mergers. Recent parametric studies, assuming a
maximum effect at densities below some chosen thresh-
old value, reveal that the modified neutrino spectral
fluxes can both help and hinder the explosion [78,79].
References to the current state of the FFC discussion are
provided in these papers.

However, currently there exists no practical and well-
justified recipe for reliably implementing FFCs in SN
simulations. In 1D models, the conditions for FFC
probably would not arise [276] and so in this sense
our models are self-consistent. However, if FFC is a real
physical effect, it would have to be included in some
effective way in analogy to convection that also would
not arise in spherical symmetry, but is included according
to a mixing-length prescription. Therefore, the flavor
dependence of the output of current-generation simula-
tions is not well-justified.

3. Spectral swaps by collective effects

If the FFC phenomenon did not operate after all and
neutrinos would emerge with their “naive” spectra from
the decoupling regions, the “neutrino spheres”, flavor
conversion would still occur on the way out. Neutrino-
neutrino refraction would still be important and can drive
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what nowadays would be called “slow” flavor conver-
sion."! Here the mean-field instability would be related to
the species-dependent spectra (not the angular distribu-
tion), depends on neutrino masses, and operates on much
larger scales, leading to flavor swaps of some part of the
spectrum. On the other hand, there are many unresolved
complications related to instabilities on smaller scales or
the “halo effect”, the refractive effect of back-scattered
neutrinos that have a large refractive effect based on their
broad angular distribution relative to those emitted from
the small PNS surface. The examination of these phe-
nomena led to the study of FFC without reaching a final
conclusion about the impact of slow conversions. In
general, both slow and fast conversions would be
expected to occur and the two phenomena do not
necessarily factorize. Based on the current state of the
art, the outcome of any kind of collective neutrino flavor
conversion cannot be asserted with confidence.

4. MSW conversion

Whatever neutrino fluxes emerge from the neutrino
spheres, and their collective modification, still need to
stream away through the density gradient provided by the
progenitor star. Here they would likely undergo adiabatic
flavor evolution, which in general is a three-flavor effect. In
general, of course, collective and MSW evolution may not
be spatially separated, depending on the progenitor’s matter
profile.

Considering only the matter effect, if the propagation
begins at sufficiently large density, the neutrino flavor
eigenstates are essentially propagation eigenstates and
emerge as such from the surface of the star, then corre-
sponding to mass eigenstates. These would propagate as
such to the detector and then need to be projected back to
the detected v, state. A neutrino state beginning as 7, at
high density would emerge as v; (the mass eigenstate
No. 1) if the neutrino mass ordering is normal, and as 5 if it
is inverted [2,277]."

Assuming that the heavy-lepton flavor spectra are similar
and can be expressed as a common 7, spectrum, the flux
detected by IBD is

Fit = pF) +(1-p)F} . (F1)

where the fluxes “0” are the ones produced at high density
in the SN, before adiabatic conversion, and p is the 7,

"For a review of SN flavor oscillations effects circa 2015,
before the era of FFC, see Ref. [94].

"This is seen most easily in the level diagram Fig. 5 of
Ref. [2]. Notice, however, that the asymptotic behavior at large
density is not correctly shown, cf. Fig. 35 of Ref. [277].

survival probability. Depending on the mass ordering, one

finds [2]
) { cos’0y ~0.68 Normal,
p =

5 (F2)
|Upsl*2~0.02  Inverted.

In this scenario, one would never expect to observe the

original 7, flux. In the main text, we will also refer to p as

the “swap parameter.”

5. Earth effect

Whatever happens in terms of flavor evolution within the
SN and during propagation through the progenitor star, the
distance to the SN is so large that the different mass
eigenstates would have decohered even if they do not
emerge as mass eigenstates. In this sense, what arrives at
Earth is an incoherent superposition of fluxes of mass
eigenstates. These evolve through the Earth matter to the
detectors over different distances (Table VI) so that the
different detectors could not have measured the same
fluxes. In the above MSW scenario, such Earth matter
effects would primarily show up for the case of normal
mass ordering. This effect can cause different spectra
measured at different detectors and might have explained
the spectral tension between the Kam-II and IMB mea-
surements [262].

However, the solar mass difference is today known to
be larger than thought at that time, reducing the impact of
the Earth matter effect. (The propagation through the
Earth is more similar to vacuum.) Moreover, the expected
flavor-dependent spectral differences are much smaller.
Therefore, while the Earth effect could still be of interest
in the context of a high-statistics future SN neutrino
observation (cf. Fig. 39 of Ref. [94]), its impact on the
SN 1987A signal interpretation is minimal for any
realistic scenario.

6. Summary

The flavor-dependent output of current-generation
numerical SN models is not well justified due to a lack
of theoretical understanding and practical algorithm for
implementing collective neutrino flavor evolution. It is also
not obvious if an average flux between the 7, and v, fluxes
of our models is a better approximation or even if such a
procedure can bracket the possible extremes. On the other
hand, the flavor-dependent impact on the SN 1987A signal
interpretation is fairly small. Therefore, in the absence of
practical alternatives, we often show results as if the signal
were caused by 7, alone (no-flavor conversion) or by 7,
alone (full-flavor swap). Our conclusions do not strongly
depend on this question.
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APPENDIX G: SUPERNOVA MODELS: ADDITIONAL TABLES

TABLE VII. Time-integrated neutrino emission properties for all of our CCSN models and all neutrino species. For each  flavor also
characteristic properties of the predicted signals in the three detectors are listed, assuming that all measured events are caused by IBD
reactions of this flavor alone, provided complete flavor conversion took place. The detailed numerical neutrino outputs are available at
the Garching Core-Collapse Supernova Archive [157]. Time-integrated neutrino flux properties of our supernova models.

Kam-II IMB BUST
E{c(?td <€v> TE <€e> <€e> <€e>

Model [B] [MeV] «a [s] N [MeV] z[s] ot[s] N [MeV] z[s] ot[s] N [MeV] 7 [s] ot [s]

1.36-DD2 v, 2879 1247 295 505 7.85 18.64 4.68 0.06 242 2801 439 0.08 0.85 19.09 4.64 0.08
v, 3086 1247 233 527 877 19.85 4.81 003 336 2954 429 0.04 096 2028 477 0.04
v, 30.16 1244 233 528 855 19.82 4.83 0.03 3.27 2954 432 0.04 093 2026 479 0.04
v, 29.09 1197 238 5.28

1.36-L.S220 o, 28.98 1238 245 635 8.09 1943 447 0.06 2.89 29.04 323 0.08 0.88 19.87 429 0.08
p, 3256 1272 197 644 9778 21.12 443 0.03 452 3099 299 0.04 1.07 2153 424 0.04
v, 31.69 12,65 195 6.53 946 21.08 450 0.03 436 3098 3.02 0.04 1.04 2149 431 0.04
v, 3043 12.14 2.02 6.61

1.36-SFHo v, 31.00 1257 283 597 8.62 1899 540 0.06 2.83 2842 4.87 0.09 094 1942 535 0.08
v, 33.81 12.68 226 632 9.89 20.32 558 003 4.08 30.08 472 008 1.08 20.74 551 0.04
v, 33.01 12.65 225 631 9.62 2029 5.62 003 395 3007 477 0.08 1.05 20.71 554 0.04
v, 31.86 12.16 2.30 6.33

1.36-SFHx v, 31.09 1258 2.83 6.05 8.65 1900 547 0.06 285 2843 491 0.09 094 1943 541 0.08
v, 3399 12.68 226 643 993 2033 5.67 003 410 30.10 475 0.08 1.09 20.75 559 0.04
U, 33.19 12.65 225 642 9.67 20.30 5.70 0.03 397 30.09 4.80 0.08 1.06 20.72 5.63 0.04
v, 32.04 12.16 231 6.43

1.44-DD2 v, 3226 1248 290 535 8.84 1875 496 0.05 278 28.16 4.66 0.09 096 19.19 492 0.06
v, 35.53 1259 232 556 10.24 20.03 5.07 002 4.04 2972 453 005 1.12 2046 5.03 0.03
v, 3471 1256 231 557 998 20.01 5.10 0.02 392 29.71 456 0.05 1.09 2044 5.05 0.03
v, 3349 12.08 236 5.57

1.44-1.S220 p, 32.83 1242 240 6.79 925 1959 4.74 0.06 3.39 2924 346 0.10 1.01 20.02 4.55 0.08
v, 3791 12.87 194 6.83 11.59 21.37 4.62 003 554 31.21 3.18 008 1.27 21.76 4.43 0.04
v, 36.86 12.80 193 693 11.20 2133 4.69 0.03 533 3120 3.21 0.08 1.23 21.73 450 0.04
v, 3537 1227 2.00 7.04

1.44-SFHo v, 3488 12.61 2.78 634 9.76 19.12 574 0.05 329 2859 519 0.11 1.07 19.55 5.68 0.06
v, 39.08 12.82 224 6.67 11.60 20.54 589 0.02 4.94 3029 498 0.06 1.27 2095 5.81 0.03
v, 38.13 12,79 224 6.67 11.29 20.51 592 0.02 4.78 30.27 5.04 0.06 1.24 2092 585 0.03
v, 3681 12.28 2.29 6.68

1.44-SFHx v, 3493 12.61 278 644 9.77 19.12 582 0.05 329 2859 524 0.11 1.07 19.54 5.76 0.06
v, 3925 12.82 224 6.80 11.64 20.54 598 0.03 496 3030 502 0.09 1.28 2095 590 0.03
v, 3830 12.78 224 6.79 11.33 20.51 6.02 0.03 4.80 30.28 5.08 0.09 1.24 20.92 594 0.03

(Table continued)
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TABLE VII. (Continued)

Kam-II IMB BUST
Eic(?ld <€v> TE <€e> <66> <€e>

Model [B] [MeV] a [s] N [MeV] z[s] 6t[s] N [MeV] z[s] 6t[s] N [MeV] =z ([s] 6t [s]
v, 38.81 994 3.00 6.19
v, 3699 12.28 229 6.80
v, 3678 1228 229 6.81

1.62-DD2 v, 4336 13.01 2.86 5.79 12.59 1949 535 0.08 450 2883 497 0.07 1.38 19.88 5.31 0.05
v, 4461 1290 228 6.10 13.30 20.55 5.57 0.03 5.66 3024 496 0.04 1.46 2095 5.52 0.03
U, 4354 1286 227 6.11 1294 20.52 559 0.03 548 30.23 5.00 0.04 142 2092 554 0.03
v, 47.18 1024 2.80 5.59
v, 4200 12.36 232 6.11

1.62-LS220 v, 43.99 13.13 236 7.00 13.35 20.64 485 0.05 5.74 30.22 3.57 0.15 147 21.02 4.67 0.05
v, 47.10 13.32 192 7.26 15.03 22.08 494 003 7.84 3191 347 0.06 1.65 2245 475 0.04
v, 45.67 1323 190 7.40 1448 22.03 5.02 003 7.51 31.89 350 0.06 1.59 2240 482 0.04
v, 48.43 10.56 247 6.65
v, 4373 12.68 197 7.45

1.62-SFHo v, 4720 13.18 2.71 691 14.06 19.99 6.21 0.05 546 2940 553 0.14 154 2036 6.15 0.05
v, 4954 13.18 2.18 7.38 1528 21.17 6.51 0.03 7.09 3092 550 0.05 1.68 21.55 6.44 0.04
U, 4830 13.14 2.18 7.38 1484 21.13 6.56 0.03 6.85 3090 556 0.05 1.63 21.51 648 0.04
v, 51.30 10.52 271 6.68
v, 46.63 12.61 223 7.39

1.62-SFHx v, 4743 13.19 2.71 7.04 14.15 20.01 6.31 0.05 5.52 2944 558 0.13 155 20.39 6.24 0.05
U, 4998 13.18 2.17 7.54 1543 2120 6.62 003 7.19 3096 554 0.04 1.70 21.58 6.53 0.04
v, 4871 13.14 217 7.54 1498 21.15 6.67 0.03 694 3094 561 0.04 1.65 21.53 6.58 0.04
U, 51.44 1052 270 6.77
v, 41.05 12.61 222 7.54

1.77-DD2 v, 5272 1330 2.80 6.20 15.81 20.00 5.72 0.06 6.14 2939 527 0.15 1.74 20.37 5.68 0.08
U, 5328 13.11 225 657 1626 2091 6.00 003 7.28 30.61 534 0.10 1.79 2129 594 0.04
v, 5196 13.07 224 6.59 1580 20.88 6.03 0.03 7.04 3059 538 0.10 1.73 21.26 597 0.04
U, 56.45 1054 2.64 5.99
v, 50.13 12.56 229 6.57

1.77-LS220 v, 53.88 1346 2.25 7.58 1699 2136 5.08 0.06 8.07 31.00 3.75 0.15 1.87 21.72 4.89 0.09
U, 56.60 13.53 1.84 7.98 1852 2259 524 0.03 1025 3241 375 0.10 2.04 2294 5.05 0.05
v, 5478 1343 1.82 8.17 17.80 2253 532 0.03 9.79 3239 378 0.10 196 22.89 5.12 0.05
U, 5830 1090 226 17.16
v, 5239 12.88 1.89 8.22

1.77-SFHo U, 57.63 13.53 2.65 7.42 17.81 20.59 6.67 0.06 7.58 30.08 5.87 0.15 1.96 20.95 6.60 0.09
U, 59.51 1345 216 796 1886 21.62 7.04 0.03 9.27 31.37 594 0.10 2.08 21.98 6.95 0.04
v, 5798 13.40 2.15 7.97 1830 21.57 7.09 0.03 894 31.35 6.01 0.10 2.01 2193 7.01 0.04
v, 61.68 10.87 255 7.17
v, 5598 12.86 220 7.96

1.77-SFHx v, 5798 13.53 2.63 7.60 1793 20.62 6.80 0.06 7.66 30.11 593 0.15 197 2098 6.72 0.08
v, 60.17 1345 2.14 8.17 19.08 21.66 7.18 0.03 943 3143 599 0.10 2.10 22.02 7.08 0.04
U, 5859 1340 2.13 8.18 1850 21.60 7.23 0.03 9.08 3140 6.07 0.10 2.04 2197 7.15 0.04
v, 6191 10.86 2.53 7.32
v, 56.60 12.86 2.19 8.17
v, 56.14 12.84 2.18 8.20

B
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TABLE VII. (Continued)

Kam-II IMB BUST

Eic(?ld <€v> TE <€e> <66> <€e>
Model [B] [MeV] a [s] N [MeV] z[s] 6t[s] N [MeV] z[s] 6t[s] N [MeV] =z ([s] 6t [s]

1.93-DD2 63.66 13.56 274 6.66 19.62 2045 6.13 005 8.16 29.85 561 0.10 2.16 20.80 6.08 0.08
63.63 13.33 220 7.07 19.88 21.31 645 003 939 31.02 573 0.10 2.19 21.68 640 0.04
62.00 13.28 220 7.09 1929 2127 648 0.03 9.07 31.00 578 0.10 2.12 21.64 643 0.04
6722 10.80 254 644 ..
59.83 12.76 225 7.07

65.64 13.80 2.15 8.25 2146 22.06 535 006 11.12 31.69 4.00 0.10 237 2239 5.19 0.08
68.38 13.79 1.76 8.82 23.00 23.19 556 0.03 13.58 32.99 4.06 0.10 2.54 2352 538 0.04
66.05 13.67 174 9.04 22.05 23.12 565 0.03 1293 3295 4.09 0.10 243 2345 545 0.04
63.12 13.11 1.81 9.03

69.96 13.83 2.57 8.05 2231 21.15 720 0.05 1026 30.66 625 0.10 246 2148 7.13 0.08
71,72 1370 2.09 8.66 2334 22.11 7.63 0.03 12.19 31.88 640 0.10 2.57 2246 7.54 0.04
69.80 13.65 2.09 8.67 22.61 22.05 7.68 0.03 11.73 31.85 648 0.10 249 2240 7.60 0.04
6742 13.09 2.14 8.65

7070 13.84 2.55 8.32 2259 2120 7.41 005 1046 3072 637 0.10 249 21.54 733 0.08
72.88 13.70 2.08 8.96 23.74 22.17 7.85 0.03 1248 31.96 6.52 0.10 2.62 2251 7.76 0.04
70.88 13.64 2.07 897 2298 22.10 7.92 0.03 11.99 31.92 6.62 0.10 2.53 2245 7.83 0.04
68.51 13.09 2.12 8.95

4230 1251 2.62 8.12 11.84 1931 6.84 008 413 2890 559 0.14 129 19.74 6.70 0.08
4359 12.07 2.15 893 12.04 19.77 7.57 003 458 2971 591 003 131 2024 7.41 0.04
42.83 12.01 2.15 9.06 11.76 19.71 7.70 0.03 444 29.69 6.00 003 128 20.19 7.54 0.04
41.04 1156 2.19 9.09

4126 1158 2.19 9.09 --.
4343 1227 2.03 12.07 1230 2039 7.83 005 5.14 3044 477 0.15 135 2082 7.51 0.08
4511 1199 1.74 12.77 12.72 2092 841 003 576 31.19 501 0.1 139 2138 8.09 0.04
44.02 11.89 1.73 12.98 1229 20.83 856 0.03 551 31.14 512 0.1 134 2130 823 0.04
4776 10.03 221 1199 ...
42.00 1143 1.79 13.08

4235 1144 1.80 13.07 ---
45.66 1243 240 1139 12.79 19.69 892 0.08 478 2949 6.67 0.14 1.40 20.12 8.73 0.08
47.99 11.98 2.04 12.62 13.14 20.02 10.01 0.03 522 30.12 7.30 0.03 143 2049 9.80 0.04
47.15 1191 2.03 12.75 12.82 19.95 10.18 0.03 5.03 30.08 7.45 0.03 140 2042 9.98 0.04
45.12 1144 2.07 12.86

4536 1240 239 11.88 12.64 1970 9.13 0.08 473 29.55 674 0.14 138 20.14 894 0.08
47.84 1190 2.04 13.18 12.94 19.95 1029 0.03 5.08 30.09 7.47 003 1.41 2043 10.08 0.04
47.06 11.83 2.03 13.31 12.63 19.88 1044 003 491 30.04 7.62 0.03 137 2036 1024 0.04
45.02 11.38 2.07 13.37

4531 1140 2.08 13.36

4338 13.05 293 548 1259 1943 5.13 0.05 445 28.74 4.82 0.07 138 19.82 5.09 0.05
4340 1295 231 5.77 1298 20.55 536 0.03 552 30.22 486 0.04 142 2094 532 0.04
4340 1295 231 5.77 1298 20.55 536 0.03 552 3022 486 0.04 142 2094 532 0.04
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TABLE VII. (Continued)

Kam-II IMB BUST
Eic(?ld <€v> TE <€e> <66> <€e>
Model [B] [MeV] a [s] N [MeV] z[s] 6t[s] N [MeV] z[s] 6t[s] N [MeV] =z ([s] 6t [s]
v, 46.88 10.24 2.87 5.32
v, 41.68 1244 236 5.79
1.62-SFHo-m v, 47.14 1322 2.78 647 14.03 1991 589 0.09 5.37 2929 532 0.07 154 20.28 5.84 0.04
D, 48.17 1322 221 694 1489 21.15 622 003 6.89 30.88 535 0.05 1.64 21.53 6.15 0.04
v, 48.17 1322 221 694 1489 21.15 6.22 0.03 6.89 30.88 535 0.05 1.64 21.53 6.15 0.04
v, 5090 10.51 2.77 6.28
v, 4620 12.68 227 6.96
v, 4620 12.68 227 6.96

ES Total energy emitted in neutrinos up to fe,q; (€,) Average neutrino energy of the time-integrated spectrum.

a Pinch parameter of the time-integrated spectrum; 7 Period over which 95% of ES)¢ are emitted.

N Number of detected events; (e,) Average energy of the detected positrons.

7 Period over which 95% of the total events are detected; 6¢ Best-fit offset time between bounce and first detected event.

TABLE VIII. Temporal properties of the signal for our 1.62M  models, with and without convection. For each experiment, the signal
is computed assuming 7, alone without accounting for any flavor conversion. For model 1.62-L.S220, the corresponding model without
convection is 1.61-LS220-c.

Cooling timescale 7y [s] Kam-II duration 7 [s] IMB duration 7 [s] BUST duration 7 [s]

Model W conv. w/o conv. W conv. w/0 conv. W conv. w/o conv. W conv. w/o conv.
1.62-DD2 5.99 8.78 5.35 6.84 4.97 5.59 5.31 6.70
1.62-L.S220 7.22 12.67 4.85 7.83 3.57 4.77 4.67 7.51
1.62-SFHo 7.21 12.35 6.21 8.92 5.53 6.67 6.15 8.73
1.62-SFHx 7.36 12.87 6.31 9.13 5.58 6.74 6.24 8.94

7 Period over which 95% of the total energy (ESM) are emitted.

7 Period over which 95% of the total events are detected.
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