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Core-collapse supernovae can be a copious source of sterile neutrinos, hypothetical particles that mix
with active neutrinos. We develop two-dimensional stellar core-collapse models that incorporate the
mixing between tau neutrinos and heavy sterile neutrinos—those with the mass of 150-200 MeV—to
investigate signatures of sterile neutrinos in supernova observables. We find that the decay channel of a
sterile neutrino into a pion and a tau neutrino can enhance the explosion energy and the synthesized nickel
mass. Although the inclusion of sterile neutrinos considered in this study slightly reduce the neutrino and
gravitational-wave signals, we find that they are still detectable for a Galactic event. Furthermore, we point
out that if sterile neutrinos are as massive as ~200 MeV, they produce high-energy tau antineutrinos with
energies of ~80 MeV, the detection of which can be a smoking signature of the sterile neutrinos and

where Hyper-Kamiokande should play a pivotal role.
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I. INTRODUCTION

In the Standard Model of particle physics, neutrinos are
treated as massless left-handed fermions. However, obser-
vations of neutrino oscillations [e.g., [1,2] ] reveal that the
neutrino masses are nonzero. Although the origin of the
neutrino masses is under debate, introducing heavy right-
handed particles called sterile neutrinos [3,4] naturally leads
to finite masses of active neutrinos through the seesaw
mechanism [5-7].

Apart from the theoretical motivation above, there are
experimental hints of sterile neutrinos. For example, elec-
tron antineutrino fluxes from reactors are anomalously
smaller than theoretical expectations [8—10]. This deficit
could be explained by oscillations into sterile neutrinos [11].
Also, sterile neutrinos with mass ~keV work as a candidate
of dark matter [12—14]. Interestingly, x-ray observations of
galaxy clusters and galaxies with the XMM-Newton and
Chandra satellites detected a 3.5 keV line, which can be
interpreted as a signature of the radiative decay of 7.1 keV-
mass sterile neutrino dark matter [15-17]. Although the
sterile neutrino interpretation for these signatures is under
debate [e.g., [10,14,18-23] ], these studies motivate exper-
imental and astronomical explorations of the particle.
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Core-collapse supernovae are a useful laboratory for
sterile neutrinos because neutrinos play essential roles in
the supernova explosion mechanism. Sterile neutrinos can
be produced in supernova events through mixing with
active neutrinos and can affect the energy transfer inside.
Indeed, the effects of sterile neutrinos on supernovae
have been investigated for various sterile neutrino masses
mg = O(eV) [24-34], O(keV) [35-46], and > O(MeV)
[47-54]. Although these studies have gradually refined the
microphysics, they nonetheless have only adopted spheri-
cally symmetric supernova models. This is despite the fact
that, multidimensionality is essential to the supernova
explosion mechanism. Also, it is not possible to predict
gravitational wave signals with one-dimensional models.
In this study, we hence develop two-dimensional super-
nova models coupled with sterile neutrinos.

We focus on a heavy sterile neutrino model with
mg = 150-200 MeV and Lagrangian [48,52],

o~ m.
EzESM—f—ilDdes—y,,LHI/S—i-?SngS—i—H.C., (1)

where Lg; is the Standard Model Lagrangian, y, is a
Yukawa coupling constant, H is the SU(2), Higgs doublet,
and L is the lepton doublet. The Yukawa coupling term
leads to a Dirac mass term below the electroweak scale and
diagonalization of the Dirac and Majorana mass terms
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provides the masses of active and sterile neutrinos through
the seesaw mechanism. We assume that sterile neutrinos
mix with v,

v, = coS O v + sin @40,

vy = —sinf v, + cosO415, (2)

where v; and v, are the mass eigenstates and 6, is the
mixing angle. Heavy sterile neutrinos that mix with v,
and v, have been strongly excluded by terrestrial experi-
ments [55-57], but mixing with v, is less constrained. Core-
collapse supernovae can provide a unique way to constrain
the mixing angle 8,4 between v, and v,. Such a constraint
has been set from SN 1987A [48,51]. If sterile neutrinos
exist, they can freely escape from the proto-neutron star and
lead to an additional energy loss. Since this would affect the
neutrino signals observed from SN 1987A, the mixing angle
should be sin?@,4 <2 x 107® for mg = 200 MeV [48,51].
In our simulations, we adopt sterile neutrino parameters that
do not violate this constraint based on SN 1987A energy-
loss argument.

This paper is organized as follows. In Sec. II, we explain
our method to implement the transport of sterile neutrinos in
supernova simulations. In Sec. III, we show the results of
our simulations and discuss the effect of sterile neutrinos. In
Sec. IV, we summarize and discuss the implication of our
results. Throughout, we use natural units with 4 = ¢ = k =
G =1, where # is the Planck constant, ¢ is the speed of
light, k is the Boltzmann constant, and G is the gravitational
constant.

II. METHOD

In this work, we consider a sterile neutrino model
proposed in Ref. [48]. In a supernova core, a heavy sterile
neutrino v, is produced by the pair annihilation of v, and v,.
The processes considered in our calculation is tabulated in
Refs. [48,51]. Although the annihilation processes of v,-7,
pairs and electron-positron pairs can produce v, as well,
their contribution would be subdominant because these
species are degenerate in the supernova core. We adopt the
numerical result in Ref. [48] for the cooling rate induced by
the sterile neutrino production,

Qcool = 3 x 10%* ergem™3 57!

8 sin6, 4 T 72 mg 3)
5x108)\35Mev) SP\7 7T )

where T is the temperature.

In this study, we explore sterile neutrino mass m, of 150
and 200 MeV. This range of mass is particularly interesting
because the sterile neutrino is heavier than the neutral pion,
whose mass is m, ~ 135 MeV [58]. In this case, the decay

channel v — v,7° = v,yy and its charge conjugate

reaction are kinematically allowed, and its lifetime can
be estimated as [47,48,50]

_ 16x
= Gma(m? — ) 250,

sin’0,4 \ ! m =3/ 0.54
~ 66 § ; , (4
m <5 X 10—8) (200 MeV) (1 _ m_j> @)

where Gg is the Fermi coupling constant and f,~
131 MeV. If v, is heavier, other decay channels such as
vy — v,wx~ would appear. These processes will shorten
the lifetime of sterile neutrinos, but investigation of their
effects is beyond the scope of this study.

In order to simulate the transport of sterile neutrinos,
we solve the zeroth angular moment of the Boltzmann
equation [50],

Ts

0
§+V'f:Qcool_K€v (5)

where £ is the v energy per unit volume, F is the v, energy
flux, and « = 1/z,c is the opacity for the v, decay. We
adopt the ray-by-ray approximation, in which the non-
radial propagation of sterile neutrinos is not considered.
We adopt F = ¢& as the closure relation because sterile
neutrinos only feebly interact with the surrounding
material. The choice of the closure relation could be
justified by the feeble interaction of sterile neutrinos.
On the other hand, Ref. [50] adopts the two-moment
method to solve the Boltzmann equation for sterile and
active neutrinos. The nonlinear nature of the problem
prevents one from predicting the consequences of different
approximations. It is hence desirable to perform compar-
ative studies on sterile neutrino transport methods, which
are beyond the scope of this study.

When the density of the surrounding material is high
enough, the active neutrinos produced by the sterile neutrino
decay are absorbed locally and contribute to heating. On the
other hand, when the density is low, the active neutrinos will
freely escape. In this study, we follow the prescription in
Ref. [50] to calculate the efficiency of the additional heating
induced by sterile neutrino decay. If the density is higher
than 10'> gecm™, the active neutrinos are assumed to be
trapped and the heating rate is Qy., = ¥€. When density
is lower than 10'° gcm™, the heating rate is calculated
as Onea = kEx,,, where x,, =0.5(1+4 m2/mi). When
the density is intermediate, Q.. is linearly interpolated
between the two regimes. Once Q. and Q.. are obtained,
sterile neutrinos are coupled with the hydrodynamics
through

éein
(#) B = Qheat - Qcoolv (6)
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TABLE 1. Parameters for the supernova models developed in this study and results. We adopt a “Standard” model without sterile
neutrinos and six models with sterile neutrinos. Each of the latter models is designated by a pair of two integers that indicates the mass
and mixing angle, i.e., (m, [MeV], sin?@,,/107®). The fourth column shows the mean free path (MFP) of sterile neutrinos. The fifth
column shows the post-bounce time 7y, 509 at which the bounce shock reaches the radius 2000 km when angle averaged. The sixth
column shows the diagnostic explosion energy defined in Eq. (8). The seventh column shows the synthesized nickel mass defined in
Eg. (10). The eighth column shows the additional heating outside the simulated region based on Eq. (9). Egjag, Mni> Mpns, and E; are all

evaluated at t,, = Z5p 2000-

Model mg [MeV]  sin’@,  MFP [10* km] 75000 [mS]  Egige [10°" ergl  My[Mg]  Mpns[Mo]  Eg [10° erg]
Standard e 0 395 0.36 0.077 1.83 0

(150, 6) 150 6x 1078 11.5 370 0.61 0.086 1.82 8.77
(150, 10) 150 1 x 1077 6.92 360 0.76 0.084 1.82 12.2
(150, 20) 150 2 x 1077 3.46 321 2.02 0.089 1.80 15.3
(200, 6) 200 6x 1078 1.64 362 0.59 0.088 1.82 1.64
(200, 10) 200 1 x 1077 0.99 345 0.87 0.085 1.81 1.85
(200, 20) 200 2x 1077 0.49 316 2.26 0.105 1.78 1.66
where (%)D is the contribution of v in the source term of A. Additional cooling and heating

the energy equation.

We implement the transfer of sterile neutrinos described
above in the 3DnSNe code [59] to simulate the stellar
core collapse with axisymmetric geometry. The transfer
of active neutrinos is treated with a three-flavor isotropic
diffusion source approximation [60—62]. We also solve the
a network that includes 13 nuclei to consider the nuclear
energy generation and nucleosynthesis [63]. We adopt
the nuclear equation of state in Ref. [64] with K =
220 MeV. The spatial resolution of our two-dimensional
simulations is n, X ny = 512 x 128. The simulated region
is a sphere with the radius of 5000 km. The progenitor
model is the nonrotating 20M solar metallicity star
in Ref. [65].

III. RESULTS

In this work, we develop six models with sterile neutrinos
and one model without sterile neutrinos (the “Standard”
model). The v, mass is assumed to be 150 or 200 MeV and
the mixing angle is sin’0, =6 x 1078, 1 x 1077, or
2 x 1077, The characteristics of the models are tabulated
in Table L.

Note that while our chosen sterile neutrino parameters
evade the constraint in Ref. [51] that is based on the
supernova energy loss argument, they are in the excluded
region based on the explosion energy of low-energy
supernovae [52,53]. However, the explosion energy con-
straint is based on a post-process calculation of the sterile
neutrinos’ effects, and thus it is still worthwhile to inves-
tigate the dynamical effects of heavy sterile neutrinos in our
numerical implementation.

In this section, we discuss the properties of our models.
Each model is designated by a pair of two numbers,
(mg/1 MeV, sin?0,,/107%), throughout the paper.

Sterile neutrinos contribute to both cooling and heating
in addition to the active neutrinos. Figure 1 shows the radial
profile of Q.. at the post-bounce time #,, = 0.2 s. The
cooling rate Q. reaches a peak at r~ 10 km. This is
because the temperature reaches the highest value,
~45 MeV, at this radius and Q,, 1s very sensitive to
the temperature as shown in Eq. (3). Figure 1 also shows
the radial profile of Q..» Which is obtained by solving
Eq. (5). When the sterile neutrino mass and the radius are
fixed, Qpey iS approximately proportional to sin*@,,
because both Q. and k are proportional to sin” ..

Figure 1 also shows the net heating and cooling rate

Qactive = Qheat,active - Qcool,active (7)

induced by active neutrinos. Here the “Standard” model
was used to estimate the Q, ;. profile. We can see that the
gain radius, where cooling balances with heating, is
located at r~353 km at 7, = 0.2 s. At this radius, the
contribution of sterile neutrinos on heating and cooling is
smaller than the contribution of active neutrinos. Hence,
the gain radius is not affected by sterile neutrinos. In
addition, the figure shows that Q. for m; = 200 MeV is
smaller than that for mg = 150 MeV when the mixing
angle is fixed. This is because of the Boltzmann factor in
Eq. (3). The difference in Q. is, however, less signifi-
cant. This can be attributed to the longer lifetime for lighter
sterile neutrinos, which leads to a smaller opacity. We note
that Q}., in the models with sin?@,, = 2 x 1077 reaches
~1% of Qpeataciive- The values are so high that they could
significantly affect supernova dynamics.

In Fig. 2, we show the luminosity Lg|,_sq xm Of sterile
neutrinos evaluated at r = 500 km. When m; is fixed, larger
mixing angles lead to higher luminosities. When the
mixing angle is fixed, the luminosities for the models with
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FIG. 1. The angular-averaged radial profile of the cooling rate
Q.00 and the heating rate Oy, induced by sterile neutrinos, with
mg = 150 MeV (upper) and 200 MeV (lower) but different
mixing angles. The solid lines indicate the net heating/cooling
rate by active neutrinos, |Qqeive|» as defined in Eq. (7). Here the
red and blue parts represent Q,.ive > 0 and Q,.ive < 0, respec-
tively. All shown for #,, = 0.2 s.

mg = 150 MeV are ~3—4 times higher than those for the
models with mg = 200 MeV, because the production of
heavy sterile neutrinos is suppressed by the Boltzmann factor.

25 . :
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FIG. 2. The active neutrino luminosity (thick solid black) and
the sterile neutrino luminosity Li|,_s00m (as labeled), all
evaluated at r = 500 km as functions of 7y,. The thin lines are
for the models with m, = 150 MeV while the thick lines are for
the models with m, = 200 MeV. Different line styles represent
different mixing angles.

Figure 2 also shows the total active neutrino luminosity
for the Standard Model without sterile neutrinos, i.e.,
L,=L, +L; +4L, , which is also evaluated at r =
500 km. We can see that L is lower than L, in almost all
models, with the exception of the (150, 20) model, which is
our highest mixing angle model and also the mass is low
enough so as to not be strongly Boltzmann suppressed. A
secondary effect in the (150, 20) model is that the proto-
neutron star cooling induced by the sterile neutrino pro-
duction is so efficient that the temperature at the region
where sterile neutrinos are produced is significantly lower.
As a result, the sterile neutrino luminosity starts decreasing
quickly from post-bounce time 7, ~0.34 s.

B. Explosion properties

The additional cooling and heating rates shown in Fig. 1
may significantly affect the explosion dynamics. Figure 3
shows the time evolution of the radius of the bounce shock.
Since the models are two dimensional, even the Standard
Model without sterile neutrinos achieves shock revival and
a successful explosion is triggered. However, Fig. 3 shows
that the additional heating induced by sterile neutrinos
leads to faster expansion of the bounce shock.

The effect of the additional heating can be seen in the
explosion energy as well. Figure 4 shows the diagnostic
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FIG. 3. The angle-averaged radius of the bounce shock as

functions of post-bounce time f,,. The upper panel is for the
models with mg = 150 MeV and the lower panel is for
mg = 200 MeV. The solid line shows the result for the Standard
Model for comparison.

023031-4



TWO-DIMENSIONAL MODELS OF CORE-COLLAPSE SUPERNOVA ...

PHYS. REV. D 110, 023031 (2024)

(150, 6) ~---- i
(150, 10) -~ I’
(150, 20) —— - |
1.5 Standard —— I i
=B I
5 /
— !
% /I =
= 1F | ) . e
Et // ’ -
o FE
051 / ‘,;',':" b
0 ! ! ! P d | | |
0 005 0.1 015 02 025 03 035 04 045
tpb [S]
2 T T T T T L] T L—a
(200, 6) ----- | ;
(200, 10) - ] 2
(200, 20) ——— | B
_ 1.5+ Standard | g B
= 1F / , i
= | .
2 / L, -
R h . .-
sa) /
051 S b
,/ . v
ol N
0 005 0.1 015 02 025 03 035 04 045
b [s]

FIG. 4. The diagnostic energy of explosion Eg,, as functions
of post-bounce time f,,. The upper panel is for the models
with mg = 150 MeV and the lower panel is for m; = 200 MeV.
The solid line shows the result for the Standard Model for
comparison.

energy of explosion defined as

1
Ediag = / dV <2p1}2 + e —p(b> N (8)
D

where p is the density, v is the velocity, e is the internal
energy density, and @ is the gravitational potential. The
volume integral is performed in the region D where
the integrand is positive and the radial velocity is outward.
Whereas Egj,, stalls at ~0.4 x 10°! erg in the Standard
Model without sterile neutrinos, it continues to increase
in the other models. Since Q.. increases as a function
of sin? @4, the explosion becomes more energetic when
sin® @4 is larger. This is qualitatively consistent with the
one-dimensional models of Ref. [50]. In particular, Eg;,o
exceeds 1.5 x 10°! erg in the models with sin?> @4 = 1 x
1077 and 2 x 1077 In these cases, the predicted explosion
energy is higher than the most frequent value, 0.6x
10°! erg, adopted for observed Type II supernovae [66].
This implies that the explosion energy is a useful observ-
able to constrain the nature of sterile neutrinos [52,53,67].

It should be noted that the diagnostic energy of the
explosion defined in Eq. (8) cannot be directly compared
with observed explosion energies, because Egj,e does not
consider effects of the overburden and sterile neutrinos that
decay outside the simulated region. The overburden reduces
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FIG. 5. The synthesized nickel mass My; as a function of 7y,

The upper panel is for the models with m; = 150 MeV and the
lower panel is for the ones with m; = 200 MeV. The solid line
shows the result for the Standard Model and the others are for the
models with sterile neutrinos.

the explosion energy by ~(0.2-0.3) x 10°! erg from the
diagnostic energy when the shock radius is in the range of
2000-5000 km [68]. On the other hand, even if the decay
happens outside the shock radius, it enhances the internal
energy in the envelope and mitigates the overburden effect,
leading to an enhancement of the asymptotic value for the
explosion energy. The additional heating induced by sterile
neutrinos which decay outside the simulated region enhan-
ces the explosion energy and can be estimated as

t
E, = xyy/) dtprs|r:5000 km> (9)

where Lg|,_s000 km 1S the sterile neutrino luminosity at
radius r = 5000 km. As shown in Table I, E is between
(2-20) x 10°" erg, which is significantly larger than Eg,,,
in our parameter range. This implies that the explosion
energy would grow beyond Eg,, as the bounce shock
propagates through the stellar envelope.

In Fig. 5 we show the *°Ni mass,

MNi:/dVXNiP’ (10)
D

where Xy; is the *°Ni mass fraction and the volume integral
is performed in the same region as the integral in Eq. (8).
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FIG. 6. The luminosities of v,, 7,, and vy as functions of 7,,. The contribution of decay (anti)neutrinos is not included. The upper
panels are for the models with mg; = 150 MeV and the lower panels are for the ones with m; = 200 MeV. The solid line shows the result
for the “Standard” model and the others are for the models with sterile neutrinos.

The nickel mass saturates at ~0.07M in the Standard
Model and becomes larger when the sterile neutrinos are
considered. Nickel is mainly produced in the hot region
where the temperature exceeds ~5 x 10° K and complete
silicon burning occurs [e.g., [69-72]]. Due to the addi-
tional heating induced by sterile neutrinos, the volume of
the hot region becomes larger and the resultant nickel
masses can exceed 0.1M .

One can estimate the nickel mass in supernova events from
their light curves [73,74]. For example, the ejected nickel
mass for SN 1987A is estimated to be 0.07M , [74]. Also,ina
recent meta-analysis [75] on observational papers of Type 11
supernovae, the median of the nickel mass is estimated to be
0.032M  and the number of events with My; > 0.1M is
less than 10% of the total events. The comparison between
these observations and our models implies that the models
with My; > 0.1M g overproduce nickel, although it would be
necessary to perform more systematic simulations for a wide
range of stellar parameters to obtain a solid constraint on the
sterile neutrino. Furthermore, we discuss the limitations of
two-dimensional simulations in Sec IV.

C. Active neutrinos

The burst of active neutrino accompanying the core
collapse can be detected by terrestrial detectors. The

neutrino signal would provide information on the proper-
ties and dynamics in the collapsing core [e.g. [76,77] ]. In
particular, the energy transport induced by sterile neutrinos
can affect the signals of active neutrinos.

Figure 6 shows the luminosity of active neutrinos,
namely electron neutrinos, electron (anti)neutrinos, and
heavy lepton neutrinos. Note that the active neutrinos
produced in sterile neutrino decays are not included.
One can see that the luminosities of all flavors decrease
as a function of the mixing angle. This is because the mass
accretion is suppressed by the additional heating induced
by the sterile neutrino decay. Similar decrease of active
neutrino luminosities has been reported in two-dimensional
supernova models with axionlike particles [68] and QCD
axions [78] as well.

Figure 7 shows the mean energy (E) of active neutrinos
produced through the standard processes. Again, the active
neutrinos produced in sterile neutrino decays are not
included. Although the well-known hierarchy (E(v,)) <
(E(7,)) < (E(vy)) is unchanged by sterile neutrinos, the
absolute energies are affected by sterile neutrinos.
The effect of sterile neutrinos is largely dependent on
the sterile neutrino mass. When m, = 200 MeV, the mean
energies are lower than those in the Standard Model. This
is because the temperature in the proto-neutron star is
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FIG. 7.

The mean energies of v,, 7,, and vy as a function of .

The upper panels are for the models with my = 150 MeV and the

lower panels are for the ones with m, = 200 MeV. The solid line shows the result for the “Standard” model and the others are for the

models with sterile neutrinos.

decreased by the additional cooling induced by the sterile
neutrino production. This behavior is similar to the
supernova models with axionlike particles [68]. On the
other hand, when m, = 150 MeV, the neutrino mean
energies tend to become higher because of sterile neu-
trinos. This can be attributed to contraction of the proto-
neutron star induced by the additional cooling effect.
When the temperature is fixed, the sterile neutrino
production rate is higher when sterile neutrinos are lighter
because of the Boltzmann factor, as we can see in Eq. (3).
As a result, the cooling effect for the models with m, =
150 MeV becomes more significant compared with the
models with my =200 MeV. The high cooling rate
induces the proto-neutron star contraction and increases
the central temperature 7. For example, the (150, 20)
model shows T.=30.8 MeV at the post-bounce time
Ipp = 370 ms, whereas the (200, 20) model shows
T.~?25.5 MeV. The increase in the mean energy is the
most significant for heavy lepton neutrinos because vy
interacts with the surrounding matter only through the
neutral-current reactions and the radius of neutrinosphere
is the smallest. This effect of the proto-neutron contraction
is similar to that reported in supernova models with QCD
axions [78].

Since we consider sterile neutrinos that decay into tau
neutrinos, there is a contribution of the daughter neutrinos to
the neutrino luminosity. Figure 8 shows the luminosities of
the tau neutrinos produced by sterile neutrino decay, Ljecay-
In our parameter range, L.,y does not exceed the lumi-
nosity of tau neutrinos produced in the neutrinosphere, Lgy;.
Contrary to Lgy, Lgecay increases as a function of the mixing

= 0.09 -
z (130,6) - -~

s 0.08 (150, 10) -~

> (150,20) —
7 0077 "Qooe) - --

= 006 | (200,10) ===
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5005}

=

L 0041
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&

g002}
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T oo0rr P

— 0 P . . | | |

0 005 01 015 02 025 03 035 04 045
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FIG. 8. The luminosity of decay tau (anti)neutrinos as a function
of #,,. The thin lines are for the models with m, = 150 MeV and
the thick lines are for the models with m; = 200 MeV.
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FIG. 9. The mean energy of decay tau (anti)neutrinos as a
function of #,. The thin lines are for the models with m, =
150 MeV and the thick lines are for the models with
m, = 200 MeV, as shown in the labels.

angle because larger mixing angles lead to higher sterile
neutrino fluxes. Compared with the large difference in the
sterile neutrino luminosity found in Fig. 2, the difference of
Lgecay between the models with different sterile neutrino
masses is less significant. This is because the fraction of the
sterile neutrino energy which is distributed to tau neutrinos
is different. The fraction is given by 1 —x,, ~9.5% for
mg = 150 MeV and ~27% for m, = 200 MeV. Thus,
heavier sterile neutrinos give a larger fraction of their
energy to tau neutrinos.

Since sterile neutrinos are heavier than the mean energies
for active neutrinos, decay tau neutrinos can be more
energetic than the main component of the supernova
neutrino signal. Figure 9 shows the mean energy of decay
neutrinos, which is denoted as (Egecay). One can see that
(Eqecay) is sensitive to the sterile neutrino mass. The mean
energy reaches ~80 MeV when m, = 200 MeV, whereas
(Egecay) ~ 28 MeV when mg = 150 MeV. This behavior of
the mean energy can be explained as follows. The average
Lorentz factor for sterile neutrinos is estimated as [48,50]

T \04 m -1
~13 : , 11
4 <35 MeV) <200 Mev> (1)

where T is the temperature at the region where sterile
neutrinos are produced. Thus, the mean energy of decay
neutrinos can be roughly estimated as

my
(Egecay) = ymg(1 = x,,) = 130 MeV(l - 2>, (12)

S

where the weak temperature dependence is neglected. This
expression shows that the mass dependence of <Edecay>
originates from the kinematics of the sterile neutrino decay.
We consider the detectability of this higher energy neutrino
flux next.

TABLEII. The number of neutrino events Ngy, integrated from
Iy, = 0 s to 0.4 s from a supernova at D = 8.5 kpc observed by
Hyper-Kamiokande. Here, neutrinos only from the neutrino-
sphere are counted (see Table III for the contribution from sterile
neutrino decays). We consider four cases for different treatments
of the neutrino oscillation. In the “No Oscillation” case, oscil-
lation is not implemented. In the “NH” and “IH” cases, the MSW
effect is taken into account, assuming the normal and the inverted
mass hierarchies, respectively. In the “Swap” case, the complete
flavor swap between 7, and 7, is assumed.

Model No Oscillation NH H Swap
Standard 30539 30698 31018 31030
(150, 6) 29666 30014 30714 30739
(150, 10) 29803 29981 30338 30350
(150, 20) 28436 28793 29513 29538
(200, 6) 29408 29774 30513 30539
(200, 10) 29142 29510 30251 30278
(200, 20) 27038 27851 29489 29547

D. Event number of decay neutrinos

Although the luminosity L., of decay neutrinos is
lower than Lgy,, their high mean energy for m, = 200 MeV
could lead to distinguishable signatures in neutrino signals
from a nearby supernova event [48,51]. In this section, we
estimate the electron antineutrino event number that could
be detected by Hyper-Kamiokande [79,80].

The neutrino flux observed on Earth would be affected
by neutrino oscillation during propagation in stellar matter
and vacuum. However, neutrinos in a dense environment
could experience complicated processes such as collective
oscillation [e.g., [81-84]] and the collisional flavor insta-
bility [e.g., [85,86] ], whose accurate treatment has not been
established. We hence consider four phenomenological
cases as shown in Tables II and III.

In the “No Oscillation” case, it is assumed that neutrinos
do not oscillate during their propagation. In the normal
hierarchy (“NH”) and inverted hierarchy (“IH”) cases, we
consider the matter (Mikheyev—Smirnov—Wolfenstein,
MSW) effect [87-89], assuming the normal and the
inverted hierarchies for the active neutrino masses,

TABLE III. The same as Table II, but for the number of
neutrino detections from sterile neutrino decay, N gecay-

Model No Oscillation NH H Swap
Standard 0 0 0 0
(150, 6) 0 274 553 1588
(150, 10) 0 429 1045 2481
(150, 20) 0 705 1949 4077
(200, 6) 0 794 2196 4594
(200, 10) 0 1279 3533 7391
(200, 20) 0 2058 5686 11897
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respectively. In the “Swap” case, we assume that the
electron antineutrino flux on Earth is equal to the tau
antineutrino flux on the neutrinosphere up to the geomet-
rical factor.

The no oscillation case implies that the electron anti-
neutrino flux on Earth is the same as the flux from the
neutrinosphere up to the geometrical factor 1/D?, where D
is the distance to the event. In the “NH” and “IH” cases,
active neutrinos undergo flavor mixing induced by inter-
actions with the surrounding matter during propagation. If
we assume adiabaticity, this matter effect changes the
neutrino flavors at the resonance density [e.g., [90,91] ],

Pres = TchTY—E

~ 1.3 x 10> gecm™

0.5\ /1 MeV Am?
X COS29<Y9> ( £ ) <10_5 eV2>’ (13)

where Am? is a mass squared difference, E is the neutrino
energy, my is the nucleon mass, Y, is the electron mole
fraction, and @ is a mixing angle. It follows that, for the
H-resonance, py.s & 3.9 x 10> gecm™ for m, = 200 MeV
and p, ~ 1.1 x 103 gem™ for mg = 150 MeV, assuming
E R (Egecay). These densities correspond to the radius
Fres ® 7.4 x 10* km for mg =200 MeV and r =~ 5.3 x
10* km for m, = 150 MeV. It then turns out that r. is

longer than the mean free path A of sterile neutrinos with
mg = 200 MeV, which is shown in Table I, whereas r
can be shorter than A, when mg = 150 MeV. Thus, in the
case of the inverted mass hierarchy, almost all decay tau
antineutrinos would undergo the H-resonance when
mg = 200 MeV, whereas a part of the decay antineutrinos
can evade the H-resonance when mg = 150 MeV. On
the other hand, we do not consider the effect of the
L-resonance because it does not affect the antineutrino
sector [90,91].

Considering the above estimates, we calculate the
electron antineutrino flux on the Earth as follows in the
“NH” and “IH” cases. In the case of the normal mass
hierarchy, tau antineutrinos do not experience the MSW
resonance. The electron antineutrino flux on Earth can then
be estimated as [92,93]

f(ye) - CIZCHfSM( e) + slzc]:’,(fSM(Vx) + S23fdecay( ))
+ SlS(fSM(l/y) + C23fdecay(l/f))
~ ciafsm(e) + 51 (Fsm(Py) + 533  decay(P2)), (14)

where v, and v, are rotated basis defined as
(v o) ) = Rzt 05)([ve) [y} ). Ros i the rota-
tion matrix in the 2-3 space, fq\ is the flux of neutrinos
produced on the neutrinosphere, fgec,y is the flux of decay
neutrinos, and c¢;; = cos;; and s;; = sin6;; for integers i
and j. In the case of the inverted hierarchy,

F(@e) = sT3(Fsm(Pe) + 633673 Getay (P)) + 512613 (Fsm (D) + 533 Ffecay (Pr)

+ | = 12823 = 512€23513€” [ fatay (7)) + cTacTs (Fsm(Py) + 33 flecay (72)

+ [512523 = €12€23513€” P fonay ()

R 5T (Fsm(Tx) + 533 ey () + 12533  Getay (Pe)) + 1o (Fsm(By) + €33 ecay () + 512593 f ety (B2)), - (15)

where § is the CP violation phase and f}. (7;) and

Jiecay(P:) are the decay neutrino fluxes from the region

where r < r and r > r., respectively. In Eq. (15), we
assume the incoherent vacuum oscillation of decay neutrinos
produced at r > 1.

Tables II and III show the electron antineutrino event
numbers integrated over 7, = 0-0.4 s observed by Hyper-
Kamiokande through the inverse }-decay. Here we use
53, =0.310 and 53, = 0.558 [94] and ignore the CP
violation phase. We assume a supernova event at the
Galactic Center, whose distance to the Solar System

D = 8.5 kpc. The volume of Hyper-Kamiokande is
assumed to be 220 kt and the detection threshold neutrino
energy is assumed to be 8.3 MeV. The spectrum of

neutrinos is fitted by a function [95],

(1 + a)(lJra) E®

E
rite @ (o) 09

where a = ((E?) —2(E))/({E) — (E?)), to estimate the
number Ngy of neutrinos from the neutrinosphere. For
the decay neutrino number Ny, We treat decay neu-
trinos as monoenergetic particles with mean energy shown
in Fig. 9.

The tables show that when the mixing angle is larger, Nqy
becomes smaller because the active neutrino luminosity is
decreased by sterile neutrinos. On the other hand, the
contribution of decay neutrinos increases as the mixing angle

f(E) =
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FIG. 10. The number spectra dn/dE of tau antineutrinos at
fpp = 0.35 s. The solid line shows the component produced on
the neutrinosphere in the “Standard” model, and the broken lines
show the contribution of decay antineutrinos. The thin lines are
for the models with mg = 150 MeV and the thick lines are for the
models with m, = 200 MeV, as shown in the labels.

becomes larger because of the higher sterile neutrino lumi-
nosity. Furthermore, the contribution of Ngy to the total
neutrino event number is larger than N g,y in the parameter
region discussed in this study. In the “No Oscillation” case,
decay neutrinos cannot be detected using the inverse # decay
because they are tau antineutrinos. On the other hand, the
expected event number becomes the largest in the “Swap”
case because all of the decay neutrinos are swapped with
electron antineutrinos. Although the accurate treatment for
the neutrino oscillation is not established, the “Swap” case
works as an upper limit on the decay neutrino event number.

A key distinguishing feature of the decay neutrinos is its
higher energy. As shown in Fig. 9, when m, = 200 MeV,
(Egecay) Teaches 80 MeV, which is much higher than the
mean energy of neutrinos from the neutrinosphere. This
leads to a possibility that decay neutrinos could form a
distinguishable bump in the neutrino spectrum [51].
Figure 10 shows the number spectra of tau antineutrinos
that are produced by the sterile neutrino decay (shown in
the broken lines) and standard processes (shown in the solid
line) at 7, = 350 ms. Here, instead of the fitting formula
Eq. (3) used in the simulations to reduce computational
cost, we evaluate the collisional integral in order to explore
the spectra of decay neutrinos,

1 N B e
Ceon = E d3P2d3P3d3P4(1 = f2)f3f4

X S|M|25<4)(Ps + p2—p3— P4)(2ﬂ')4’ (17)

where E; is the sterile neutrino energy, ps, pa2, P3, and py
are the momenta of neutrinos involved in the reactions, f»,
f3, and f, are the Fermi-Dirac distributions of active
neutrinos, S is the symmetry factor, and |M|?> is the
amplitude tabulated in Refs. [48,51]. We adopt a reduction

100 T T T
Standard
(200, 6) -----
- (200, 10) ===
5 ’ el (200, 20) ——~
S 10 i
- .
o
£
Z 0l f
5]
& .
01 . .
50 150 200 250 300
Positron Energy [MeV]
FIG. 11. The neutrino event number observed by Hyper-

Kamiokande as functions of the positron energy in 1 MeV bins,
integrated over 7, = 0-0.4 s. The supernova is assumed to be
located at D = 8.5 kpc and the “Swap” case is adopted to take
into account neutrino oscillations. The solid line shows the
component produced on the neutrinosphere in the “Standard”
model, and the broken lines show the contribution of decay
antineutrinos in the models with my = 200 MeV.

method developed in Refs. [96-98] to calculate the integral.
We then estimate the decay neutrino spectrum as [51]

dn _ ms / " dE

dE 2E Jg,
where p; is the sterile neutrino momentum, dn,/dE; is the
sterile neutrino spectrum obtained from the collisional
integral, £ = (m? —m2)/2ms, and E;, = mi(E*> + E?)/
2EE.

Figure 10 shows that decay antineutrinos form a
high-energy bump at E ~ 60 MeV in the cases of m; =
200 MeV, while the bump is located at E ~ 20 MeV in the
mg = 150 MeV cases. Although the total event number of
the decay component observed by water-Cherenkov detec-
tors will be smaller than the standard component as shown
in Tables II and III, the bump could appear in the spectrum
as a detectable high-energy component at E 2 60 MeV if
mg ~ 200 MeV. On the other hand, when sterile neutrinos
are lighter, it would be difficult to distinguish the signals of
decay neutrinos from the standard component.

Figure 11 shows the expected neutrino event number per
1 MeV observed by Hyper-Kamiokande as a function of the
positron energy. The supernova event is assumed to be
located at D = 8.5 kpc and the neutrino oscillation is
treated with the “Swap” scheme, which gives an upper
limit on the electron antineutrino flux on Earth. One can see
that, if we adopt the energy bin width of ~10 MeV, the
decay antineutrinos up to E ~ 250 MeV would be above
the detection threshold. This implies that the high-energy
tail of the neutrino spectrum will play a critical role in
investigating a signature of sterile neutrinos. We note,
however, that high-energy neutrinos could be produced
nonthermally by shock acceleration even without sterile
neutrinos [e.g., [99,100] ]. Nevertheless, given the typically

1 dng

il 18
* ps dE, (18)
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power-law nature of nonthermal emission, the spectra could
be a distinguishing feature. Since detailed studies on the
shock acceleration with multidimensional supernova mod-
els have yet to be conducted, we leave a detailed com-
parison between the nonthermal component and the
nonstandard decay component for future study.

E. Gravitational waves

Multidimensional supernova models have indicated that
a nearby supernova event can be a source of gravitational
waves (GWs; e.g., [91]), although they have not been
detected yet. GWs can provide information on the super-
nova core because of their feeble interaction with matter.

In general, GWs can be decomposed into two modes,
the plus mode and the cross mode. Axisymmetric models
can only predict the plus mode. Figure 12 shows the strain
of the GW plus mode observed from the equatorial
direction. In all of the models, the amplitude of the GW
strain ki, is tiny until 7, ~0.15 s because the mass
accretion is spherically symmetric. However, it becomes
larger after the phase because asymmetric motion behind
the bounce shock starts growing. We can see that the strain
becomes smaller when the mixing angle is larger. This is
because the mass accretion on a proto-neutron star is

80 T
Standard
60  (150,6) ~===- -
(150, 10) ==
(150,20) ———

FIG. 12. The strain &, of the gravitational wave (GW) plus
mode times the distance D to the supernova event as a function of
tpy- The upper panel is for the models with m; = 150 MeV and
the lower panel is for the ones with mg =200 MeV. The solid
line shows the result for the “Standard” model and the others are
for the models with sterile neutrinos.
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FIG. 13. The characteristic GW strain defined in Eq. (19) divided
by +/f from a supernova event at D = 8.5 kpc. Sensitivities of
Advenced LIGO [102], Advanced VIRGO [103], and KAGRA
[104] are also shown. The upper panel is for the models with m, =
150 MeV and the lower panel is for the ones with mg = 200 MeV.
The solid line shows the result for the “Standard” model and the
others are for the models with sterile neutrinos.

suppressed by the additional heating. Also, when the
mixing angle is sufficiently large, the GW waveform
deviates from 0. Except for the (200, 20) model, the strain
maintains positive values. This memory effect can be
attributed to the asymmetric expansion of matter [101].
The positive deviation implies a prolate explosion,
whereas the negative deviation implies an oblate explo-
sion. Since the matter tends to expand towards the polar
direction, the explosion often becomes prolate.
Figure 13 shows the characteristic strain defined as

[ 2 dEgw
hehar = V| ——— 19
char 7Z'D2 df ( )

where dEgw/df is the GW spectral energy density. In this
figure, D is fixed to 8.5 kpc. All models show a peak at
f~1KkHz. In a lower frequency region at f ~ 100 kHz,
the (150, 20) model shows an enhancement compared with
the other models. This is because the model produces the
highest luminosity of sterile neutrinos, as shown in Fig. 2,
and hence causes the most significant memory effect.
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FIG. 14. The spectrograms for the “Standard” and (150, 20)
models, where the color shows the value of /,,. The supernova
event is assumed to be located at D = 8.5 kpc.

Figure 13 shows the sensitivity of Advanced LIGO [102],
Advanced VIRGO [103], and KAGRA [104] as well. It
can be seen that the GW signals would be observable in
our parameter range if a supernova event appears at the
Galactic Center.

Figure 14 shows the spectrograms for the “Standard” and
(150, 20) models. One can see that the two spectrograms
are similar to each other and it would be difficult to
distinguish them observationally. In general, the GW
spectrum is dependent on the protoneutron star (PNS)
mass and radius. However, the effects of sterile neutrinos
are too small to cause qualitative differences in the GW
spectrum in our parameter region.

IV. DISCUSSION

In this study, we performed two-dimensional simulations
of stellar core collapse including the transport of heavy sterile
neutrinos. We found that photons produced through the
decay channel v, — v,2° — v,yy can heat the stellar material
to enhance the explosion energy and the synthesized nickel
mass. In addition, sterile neutrinos can suppress active
neutrino and GW signals from a nearby supernova event,
although they could be still observed if the event appears at
the Galactic Center. Interestingly, the additional cooling
induced by the sterile neutrino production led to the proto-
neutron star contraction and increased the active neutrino
mean energy when mg = 150 MeV. It was also found that
decay tau neutrinos have higher mean energies than neutrinos
from the neutrinosphere when mg = 200 MeV. In this case,
it would be possible to detect a high energy bump in neutrino
spectra by, e.g., Hyper-Kamiokande, which would be a
signature of sterile neutrinos.

It has been pointed out that one of the most useful
observables to constrain feebly-interacting particles that
are produced in supernovae is the explosion energy
[67,105,106]. Since the explosion energy for our sterile
neutrino models reaches ~10°! erg and is still increasing at
the end of the simulations, the sterile neutrino parameters
with sin? @, =1 x 1077 for mg ~ 150-200 MeV would
presumably be excluded. Recently, this argument was

applied to the explosion energies of low-energy supernova
events to obtain tight constraints [52,53]. Although the
parameter range in this study is in the excluded region based
on the explosion energy, our prediction on multimessenger
signals from a nearby supernova event would work as a
method to obtain an independent constraint. Apart from the
explosion energy, we showed the effects of sterile neutrinos
on the thermal component of active neutrinos and GWs in
Sec. III. Although the signals are slightly suppressed, their
variations are within model uncertainties. We hence conclude
that the high-energy bump in the neutrino spectrum and the
enhanced explosion energy would be particularly useful for
the search of heavy sterile neutrinos.

It is known that two- and three-dimensional supernova
models can behave in qualitatively different ways [e.g.,
[61,107-112]], because turbulence cascades to small
scales in three-dimensional models, whereas it cascades
to large scales in two-dimensional models. In addition,
two-dimensional models cannot predict the cross-mode of
GWs. More sophisticated treatment of general relativity
(GR) would be indispensable to obtain temperature of
proto-neutron stars [111,113-115]. It is hence desirable to
perform three-dimensional GR simulations that take sterile
neutrinos into account to provide more accurate predic-
tions. It would also be important to improve the transport
scheme for sterile neutrinos. In our simulations, the
transport is treated with the ray-by-ray approximation,
in which sterile neutrinos propagate only in the radial
direction. Although it could be computationally expensive,
improving the transport scheme would lead to more
accurate results.

Finally, in this study we have not taken into account
detailed neutrino oscillation, e.g., fast flavor conversion
[116-119] and collisional flavor instability [85]. Those
flavor conversions may affect the neutrino heating rate
and explodability of supernovae [120-123]. In strongly
magnetized proto-neutron stars, spin-flavor precession
would mix the flavors [124,125]. Neutrinos also may
lead to chiral plasma instability [126—128]. These ingre-
dients should be considered in the future to update the
“Standard” model.

In summary, in this work we focused on heavy sterile
neutrinos with m, ~200 MeV in the context of core-
collapse supernovae. However, the parameter space for
the sterile neutrino particle is vast, and different masses can
cause various phenomena in supernovae [24-45]. Such
phenomenology has been investigated only with one-
dimensional supernova models. Although one can estimate
sterile neutrino luminosities from a supernova core with
one-dimensional models, signatures of sterile neutrinos in
multimessenger signals from supernova events cannot be
predicted without multidimensional simulations. It is hence
desirable to extend this study to a wider range of the
parameter space to fully utilize supernovae as a laboratory
for sterile neutrinos.
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