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Recent multidimensional (multi-D) core-collapse supernova (CCSN) simulations characterize gravita-
tional waves (GWs) and neutrino signals, offering insight into universal properties of CCSN independent of
progenitor. Neutrino analysis in real observations, however, will be complicated due to the ambiguity of
self-induced neutrino flavor conversion (NFC), which poses an obstacle to extracting detailed physical
information. In this paper, we propose a novel approach to place a constraint on NFC from observed
quantities of GWs and neutrinos based on correlation analysis from recent, detailed multi-D CCSN
simulations. The proposed method can be used even in cases with low significance or no detection of GWs.
We also discuss how we can utilize electromagnetic observations to complement the proposed method.
Although our proposed method has uncertainties associated with CCSN modeling, the present result
will serve as a base for more detailed studies. Reducing the systematic errors involved in CCSN models is a
key to success in this multimessenger analysis that needs to be done in collaboration with different

theoretical groups.
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I. INTRODUCTION

The next galactic core-collapse supernova (CCSN) is a
promising candidate bringing the first simultaneous detec-
tion of gravitational waves (GWs) and neutrinos. These
signals not only directly probe the explosion mechanism of
CCSNe, but also provide insight into microphysical proper-
ties such as warm nuclear matter and quantum features of
neutrinos including flavor conversions. This great potential
has motivated efforts to develop realistic theoretical models
and high-fidelity detectors with various technologies.

There are many previous theoretical studies to under-
stand characteristic features of GWs and neutrino signals
(see reviews, e.g., [1] for GWs and [2—4] for neutrinos and
references therein). GW spectrogram analysis based on
multidimensional (multi-D) simulations is one of major
approaches to probe the interior physics of CCSNe [5-9].
This analysis can also be complemented by linear analysis
(or asteroseismology) of the protoneutron star (PNS)
[10-17] or neutrino signal [18-20]. These theoretical
studies are important efforts to maximize the scientific
gain from real observations. From the observational point
of view, however, detections of GWs from CCSNe are
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technically more difficult than compact binary coalescence,
due to the lack of definitive theoretical GW templates (see,
e.g., [21,22]). This indicates that the GW signal may not be
clear enough for analyzing detailed features including their
time structures and frequency-dependent features (see also
Fig. 5 in [23] for detection efficiency as a function of
distance during Ol and O2). While Andresen et al. [6]
suggested that the current operating GW detectors have the
ability to detect GW events only for <2 kpc CCSNe, other
groups, e.g., [5,24,25], suggested that the detection horizon
is 210 kpc. In pessimistic cases, we will obtain only the
upper limit of the total radiated energy of GWs (Egw),
posing a natural question; how we can utilize the upper
limit of Egw to extract physical information from real
observations? This is what motivates the present study.
There is also physical motivation in the present study.
Recent theoretical studies indicate that neutrino flavor
conversion (NFC) in CCSNe is more complicated than
the canonical picture with vacuum and matter effects (see,
e.g., [26]). Large flavor conversions can be triggered by
neutrino self-interactions (see [27-30] for recent reviews),
and the associated flavor conversion instabilities ubiqui-
tously occur in CCSNe [31-40]. Since these neutrino flavor
conversions hinge on multiple factors, e.g., the neutrino
energy spectrum, angular distributions, and neutrino-matter
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interactions, it is hard to determine a priori the mixing
degree of neutrinos via theoretical models. This indicates
that the survival probability of neutrinos needs to be treated
as an unknown variable in real observations. NFC is, hence,
a key uncertainty to extract physical information from the
neutrino signal. It is also worth to note that, although
neutral-current channels have the ability to provide NFC-
independent features of neutrino signal, they are lower
statistics than major detection channels mostly sensitive to
only electron-type neutrinos and their antipartners. Our
proposed method will be complementary to these analyses.

In this paper, we present a correlation analysis of GWs
and neutrino signals to PNS structure by using results of
most recent multi-D CCSN simulations, aiming to place a
constraint on NFC. We make a statement that GW signal
can break the degeneracy between NFC and neutrino
detection counts. The proposed method can be used even
in cases with low significance, or no detection of GWs,
which is of great use in the data analysis. We note that
CCSN models, and hence our results, depend on uncer-
tainties in input physics such as the nuclear equation-of-
state (EOS) (see also [41]) and neutrino reaction rates.
Improved experimental and theoretical constraints and
broader collaboration between CCSNe modeling groups
are necessary to resolve these uncertainties. Our aim with
this study is also to help guide the collaboration strategy
among GWs/neutrinos observations and theoretical studies.

II. CORRELATION STUDY FROM CCSN MODELS
A. CCSN models

At present, performing multi-D numerical simulations is
the only possible way to quantify the GWs and neutrino
signals. During the last few years, neutrino-radiation-
hydrodynamic code, Formax [42] has been used extensively
to carry out a series of numerical simulations of CCSNe.
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FIG. 1.

We quantified these observable signals with explosion
models across a wide range of progenitor masses [43,44].
We solve neutrino transport by a multienergy (12 energy
group) and multispecies (3 species) two-moment approxi-
mation with M1 closure relation [45]. For all models,
SFHo equation-of-state [46], which is consistent with
nuclear experiments and astrophysical constraints, is used.
Reaction rates of neutrino-matter interactions are taken from
[47] but with some extensions such as many-body correc-
tions in their axial-vector part [48] and electron capture by
heavy nuclei [49]. For more detailed information on Fornax,
we refer readers to a series of our papers, e.g., [42].

B. Neutrino signal

In [50-52], we presented an in-depth analysis of neutrino
signal from CCSNe and found that there is a robust cor-
relation between the total neutrino energy (TONE or E,) and
the cumulative number of events (N¢,,,) in each detector.
This correlation, however, depends on NFC model; for
instance, N¢,,, for a reaction channel by inverse beta decay
on protons (IBD-p), which corresponds to the major reaction
for supernova neutrinos in Super-Kamiokande (SK) [53]
and Jiangmen Underground Neutrino Observatory (JUNO)
[54], widely varies depending on the survival probability
of neutrinos. To see the variation more quantitatively, we
compute N, by varying the survival probability of
electron-type antineutrinos (p) from 0 (maximum flavor
conversion) to 1 (no flavor conversion) for the 20M g
progenitor in [44,51], and the result is summarized in
Fig. 1. As shown in this figure, determining E, from
Ncum has an uncertainty of ~40% due to p.

In our previous study [55], we also found that PNS mass
(Mpys) has a strong correlation with E,. In the left panel of
Fig. 2, we show Mpyg as a function of E, by using the result
in [55]. We note that E, corresponds to the total emitted
neutrino energy up to a certain post-bounce time (7, which
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Ncum Versus E,, which is less dependent on progenitors [50,51] (but see some caveats in Sec. Il E). The color represents the

survival probability of electron-type antineutrinos (p). We highlight the case with p = 0 as a blue solid line. We assume a CCSN source
distance of 10 kpc. White-colored regions corresponds to the forbidden area from the correlation. We focus on a detection channel of
IBD-p. Left: SK. Right: JUNO. The detector volume is assumed to be 32.5 ktons and 20 ktons, respectively.
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FIG.2. Left: Plots of flavor- and time-integrated total neutrino energy (E,) versus PNS mass (Mpyg). Different color indicates different
postbounce time (7',) at which the correlation between Mpyg and E, is displayed. Right: Plots of radiated energy of GW (Egw) versus
PNS mass (Mpys) for CCSN models in [57] (red filled circles). We fit them quadratically (black solid line).

is measures from the time of core bounce), and we display
three cases with 7y, =1, 2, and 4 s in the figure. To
determine 7}, we need to identify the core-bounce time in
real observations, which is expected to be determined
within the uncertainty of a few tens of milliseconds [56].
Since the uncertainty is much smaller than 7}, which we
consider (>1 s), it does not affect our correlation study.
One thing we need to mention here is, however, that the
neutrino survival probability needs to be a priori set if we
determine Mpyg from N¢,,,. This motivates the use of a
GW signal to remove the ambiguity of neutrino oscillation.

C. Gravitational waves

Let us turn our attention to GWs. The characteristic
property of GWs in Fornax CCSN models have been studied
in [7,13,58,59], and very recently (author?) [57] carried out
a systematic study with long-term 3D simulations (>1 s)
and we quantify the total emitted energy of GWs (Egw).
Although the high-computational cost still limits the
number of models, we find a robust correlation between
Egw and the compactness of the progenitor for explosion
models. Observationally, this is useful, since Egy may be
the most easily constrained in real observations even for
cases with no detections [23]. We note that Egy is
dominated by aspherical matter motions in the frequency
range of 2100 Hz, whereas the low frequency components
including GW emission by anisotropic neutrino emission
has a negligible contribution [1,59,60].

Let us describe the rationale behind the correlation
between Egyw and the compactness of presupernova pro-
genitor. The progenitor with the higher compactness core,
in general, has higher mass accretion onto PNS in the
postbounce phase (see also [61]), that also leads to heavier
Mpys. Strong turbulent energy fluxes are accompanied by
the large mass accretion onto PNS for explosion models,

which is the major driving force emitting GWs. Here, we
should make an important remark. The turbulence in
postshock region tends to be weak for nonexploding (or
black hole formation) cases [57], since the accretion is
more spherical and the post-shock accretion flow has
higher temperature (i.e., low Mach number) than those
in explosion models. This indicates that the correlation
between Egyw and the compactness disappears in nonex-
ploding models. For this reason, we adopt only explosion
models in this correlation study. Although it is a limitation
of the present work, the failure of explosion seems to be
perhaps rarer than ordinary CCSNe [44,62]; hence, our
proposed method will be applied in the majority of the
death of massive stars.

In the right panel of Fig. 2, we plot Mpys (in the unit of
solar mass, M) as a function of radiated GW energy (Egw
in the unit of 1046 erg) for 3D explosion models in [57]. We
note that GW strain is estimated by using the quadrupole
approximation [63]. The positive correlation can be clearly
seen, and we show the quadratic fit as a black solid line in
this figure. We note that the minimum mass of Mpyg
obtained from the fitting function, 1.36M, is not physical
but rather an artifact due to the accuracy of polynominal
fitting. The actual minimum PNS can be lower. We also
quantify the coefficient of determination and standard
deviation for the fitting function, which are 0.988 and
0.018, respectively. The latter is estimated based on a
normalized error defined as (Mpxs() — Mpns(r))/ Mpns(1)s
where Mpyg(q) and Mpyg(r) denote PNS mass at data point
and that estimated by the fitting function, respectively.

D. Demonstration

Below we describe how to place a constraint on p by
using these three progenitor-independent correlations. We
provide a flowchart of our proposed method in Fig. 3.
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FIG. 3.
output, respectively.

For readers seeking more detailed understandings of our
method, necessary references at each procedure are also
described. As the first step, we need to set 7},. According to
[57], Egw is mostly saturated up to T, ~ 2 s, meanwhile the
correlation of neutrino signal which we discussed in [51,55]
is guaranteed up to T}, ~ 4 s; hence it should be set in the
range of 2 s < T, < 4 s. Next, we estimate Mpyg from Egy
(see the right panel in Fig. 2), and then E, can be obtained
from the correlation to Mpys for given T, (see the left panel in
Fig. 2). E, provides the expected range of N, depending
on survival probability of neutrinos (see Fig. 1), and we can
determine p by using the observed Ncyp,-

Figure 4 depicts the summary of our proposed method.
The color map displays p as a function of Egw and Ny
for a representative case of 7}, =4 s. To guide the eye,
the correspondence between Mpyg and Egy can be seen
as green vertical lines for three values of Mpyg: 1.5M,
1.7M o, and 2.0M . This clearly illustrates that p can be
obtained from 7}, and two observed quantities, Egy and
Ncum- We note that, in real observations, Egy will be
determined with errors, which depends on the signal-to-
noise ratio (SNR). If Egy is determined within the error of
a few tens of percent, p can be constrained very well.

Finally, let us consider how we can use our proposed
method in cases with no detection of GWs. We first need to
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Flowchart of our proposed analysis. Red, blue, and green borders of each square distinguish observed quantities, theories, and

estimate the distance to the CCSN source, which is
expected to be given by neutrino and electromagnetic
signals (see also Sec. I E for more details). The obtained
distance can be used to estimate the upper limit of Egw
(see, e.g., [23]), that also provides the upper limit of Mpyg
(see right panel of Fig. 2). On the other hand, the observed
Ncum gives another upper limit of Mpyg only through the
correlation between Mpyg and neutrino signal. Our pro-
posed method becomes very meaningful if the upper limit
of Mpns constrained by GW is smaller than that constrained
by only the neutrino signal. In this case, N, and the upper
limit of Egy offers the lower limit of p, i.e., narrowing
down the possible p candidate. This is very informative to
determine NFC in CCSN core.

E. Limitations

We add some important remarks in the present study.
First, both detector and Poisson noises in SK and JUNO do
not compromise the estimation of E, from N¢,,. Although
the detector noise is a critical issue to retrieve energy
spectrum of neutrinos from observed data [64], we only
need energy-integrated number of events in our method,
which is not affected by the detector noise. The Poisson
noise of N¢,n, 1S also very small (less than a few percent),
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FIG. 4. Ncun versus Egw. Color map and line types are the same as those used in Fig. 1. The vertical green lines at each panel
highlight Mpng = 1.5M, 1.7M,, and 2.0M , which is a one-to-one relation with Egy (see the left panel of Fig. 2). Left and right
panels show the case with SK and JUNO, respectively for T, = 4 s.
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since the total number of event counts is more than a few
thousands for Galactic CCSNe. It should be mentioned,
however, that neutrino detections by other channels, e.g.,
electron scatterings, need to be separated for the precise
determination of IBD-p events. The gadolinium (Gd)
doping in the water Cherenkov detector improves the
neutron-tagging efficiency, which increases the accuracy
of separation between IBD-p and electron-scattering events
[65]. Gd has already been loaded in SK, and SK-VI (the
first SK-Gd project) operated from August 2020 to June
2022 with 5.4 tons of gadolinium (0.01% mass concen-
tration) [66] with a neutron capture efficiency of ~50%. At
the moment, SK-Gd is operating with 0.033% mass
concentration of Gd (~75% neutron capture efficiency),
and the SK-Gd project plans to increase the concentration
up to ~0.1% in future, potentially offering ~90% neutron
capture efficiency [67]. Angular distributions of neutrino
events also offer another means to distinguish IBD-p and
electron scattering. We can, hence, expect that IBD-p
events will be identified well, although the quantitative
discussion should be made in real observations.'

Second, there is some degree of progenitor dependence
in the correlation between E, and N¢,,,, which is <10% for
IBD-p events in SK and JUNO (see Fig. 14 in [51]).2 The
progenitor dependence tends to be remarkable in the case
with no flavor conversion (i.e., p = 1), whereas it mono-
tonically decreases with p — 0. This is attributed to the two
reasons. The first one is that IBD-p becomes sensitive to
heavy-leptonic neutrinos at the CCSN source, which
dominates the irradiated energy of neutrinos. This enhances
the correlation between E, and N¢,,,. The other reason is
that neutrino luminosity of heavy-leptonic neutrinos is
dominated by the diffusion component, while the accretion
component plays a non-negligible role in electron-type
neutrinos and antineutrinos. The accretion component
depends on the density profile of progenitor, indicating
that the progenitor dependence tends to be stronger. Since
the case with no flavor conversion, N¢,, is determined
only by electron-type neutrinos at the source, leading to
relatively larger progenitor dependence. This consideration
suggests that, if p = 1 is obtained in real data analysis, we
need to keep in mind the progenitor-dependent uncertainty.

Third, Ny, in general depends on the observer direc-
tion, and the angular variation of the time-integrated event
rate would be more than 10% for some CCSNe [50,58].

'We note that, if we quantify the correlation between E, and
Ncum including electron-scattering events, we do not have to
carry out the separation of the two reaction channels. On the other
hand, we need to make sure whether there is a robust correlation
between E, and N¢,,,. The detailed study is postponed to future
work.

*We note that the correlation becomes weaker if we include
nonexplosion models. As we have already mentioned, however,
our proposed method can be used only for explosion models,
since the correlation between Egyw and Mpys almost disappers for
nonexploding models.

This indicates that the uncertainty of observer location
potentially becomes a major systematic error in our
proposed method. It is worth noting, however, that the
asymmetry of neutrino emission can be estimated if
low-frequency (below ~10 Hz) GWs are detected. This
is because the so-called memory effect of neutrino
emision seems to dominate GWs in this frequency range
[59,60,68-72]. This indicates that the multiband GW
analysis offers valuable information for our proposed
method. In fact, it is impossible to constrain the asymmetry
of neutrino emission only by neutrino observations.
Fourth, precise estimations of E, and Egy require
accurate determinations of distance to the CCSN source.
The distance may be constrained by the neutronization
burst within the error of ~5% [73].3 Electromagnetic wave
(EM) observations can also provide another independent
measurement; for instance, the angular diameter distance
can be estimated from the angular size of the ejecta and its
spatial size. The former is given by observations, and the
latter is estimated by two quantities; the time since the
explosion and the expansion veloity of the ejecta deduced
from theoretical considerations. We also note that the
preexplosion image of CCSN progenitor may be available
in the catalog of nearby red supergiants. This observation
also offers the distance information independently from
others. Although the precision of the measurement hinges
on the CCSN event, the cross-check among these inde-
pendent measurements will reduce the distance uncertainty.
Fifth, one has to keep in mind another caveat in the
present study. p is assumed to be constant in time when we
quantify the correlation between E, from N,,,. However, p
is in general time dependent. This indicates that our proposed
method has the ability to constrain only the time-averaged p,
and that systematic errors may become large if p varies
with time considerably. The maximum error is quantified
in principle by changing p as a function of time in our
correlation study. We leave this problem for the future.
Sixth, we summarize potential systematic errors inherent
in our CCSN models. The sensitivity to input physics (EOS
and neutrino-matter interactions) to the correlation remains
uncertain; indeed, we focused only the SFHo EOS and
neutrino-matter interactions in our CCSN models, that would
affect the correlations quantitatively. As another caveat,
rotation may be an important contributor to GW and neutrino
signals. However, our correlation study is made for non-
rotating progenitors. We also note that CCSN models may
have endemic unknown systematic errors due to complex
numerical implementations of input physics.
Finally, we discuss how these systematic uncertainties
and errors in observed quantities affect constraints on

3It should be noted that the authors in [73] assumed a megaton
water Cherenkov detector in this estimation. This indicates that
the error in real observations would be larger than their estimation
even for Hyper-Kamiokande (its fiducial volume for supernova-
neutrino analysis is planned to be ~220 ktons).
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P, which provides the range of application for our proposed
method. As displayed in Fig. 4, ~30% error in Ncyp,
overwhelms the variation by p. This indicates that other
potential uncertainties (e.g., distance error, angular varia-
tions, progenitor dependences, and systematic errors in
CCSN models) become a critical problem in our proposed
method, if they lead to the same amount of uncertainty
in Ncun. For similar reasons, the error in Egw (and an
associated uncertainty in the correlation between Egy and
Mpys) needs to be within ~40% to place a constraint on p.
As already pointed out, however, the upper limit of Egy is
still meaningful even if GWs are not observed.

Last but not least, it is very important to carry out a
similar correlation study based on models simulated by
different CCSN groups so as to reduce the systematic
uncertainties in our proposed method. The survival prob-
ability of neutrinos and PNS mass will be estimated
independently in each group, and then they will be
compared among different groups. Such a collaborative
work is indispensable to quantify the theoretical uncer-
tainty, and it also increases statistics in the correlation
analysis. We leave all these detailed investigations and
fruitful collaborations as future work.

III. SUMMARY

In this paper, we propose a new approach of GW-
neutrino joint analysis for CCSNe, based on the correlation
study of most recent multi-D CCSN explosion models.
Our method is designed so as to determine the survival
probability of neutrinos and PNS mass, which are both key
ingredients to characterize CCSN dynamics. One of the

useful features in the proposed method is that we can apply
it even in cases with no detection of GWs. This is a great
advantage compared to other proposed GW-neutrino analy-
sis, for instance GW spectrogram analysis [5—17], that
commonly requires GW data with high SNR.

Finally, we put a comment on how EM signal can
complement the proposed method. In recent CCSN sim-
ulations, a positive correlation between PNS mass and
explosion energy of CCSNe can be seen, albeit somewhat
weaker correlations than GWs and neutrinos. According
to [61], the explosion energy can reach >10°! erg only if
Mpys is larger than ~1.7M. This exhibits that the EM
observations offer an independent constraint on Mpyg, and
they can be used as a consistency check to that obtained
from the present method. As such, there is surely room for
improvements, but this study offers a feasible way for
multimessenger analyses with numerical CCSN models.

IV. DATA AVAILABILITY

The data underlying this article will be shared on
reasonable request to the corresponding author.
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