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Abstract: Sterile neutrinos can be produced through mixing with active neutrinos in the
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mixing (sin2 θ) from SN arise from SN1987A energy-loss, requiring Eloss < 1052 erg. In this
work, we discuss a novel bound on sterile neutrino parameter space arising from the energy
deposition through its decays inside the SN envelope. Using the observed underluminous
SN IIP population, this energy deposition is constrained to be below ∼ 1050 erg. Focusing
on sterile neutrino mixing only with tau neutrino, for heavy sterile masses ms in the range
100–500 MeV, we find stringent constraints on sin2 θτ reaching two orders of magnitude lower
than those from the SN1987A energy loss argument, thereby probing the mixing angles
required for Type-I seesaw mechanism. Similar bounds will also be applicable to sterile
mixing only with muons (sin2 θµ).
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1 Introduction

Although a great deal has been determined about neutrinos, the origin of neutrino mass
remains unknown. A particularly simple possibility is that the Standard Model (SM) is
augmented with at least two right-handed neutrinos which are singlets under SM interactions.
As a result, such states can generate Dirac masses through nonzero Yukawa couplings to
the SM lepton doublet and the Higgs, as well as Majorana masses at an unknown scale.
After electroweak symmetry breaking, the left- and right-handed neutrinos mass mix, which
effectively endows the “sterile neutrinos” with a suppressed coupling to the weak force,
where the suppression is controlled by the mixing angles. In addition to accounting for
neutrino masses, sterile neutrinos may play a role in unravelling other mysteries as well,
including acting as a dark matter candidate (keV sterile) [1, 2], and providing an origin
for the observed baryon asymmetry [3].

In the face of significant theoretical uncertainty regarding the masses of sterile neutrinos,
a wide range of varying experimental and theoretical probes have been brought to bear
on the existence of sterile neutrinos over many orders of magnitude in mass (e.g., [4–9]).
Such searches include colliders, beta decays, accelerators, as well as astrophysical and
cosmological signatures.

In the present paper, we investigate the impact of 10–500 MeV scale sterile neutrinos
on supernovae (SNe). Our work differs from previous studies on sterile neutrinos produced
in SNe in several ways. In refs. [10, 11] it was found that ∼ 100 MeV scale sterile neutrinos
can transport large quantities of energy and augment the explosion. Moreover strong limits
on sterile neutrinos have been derived on the argument that excessive energy loss would
catastrophically shorten the neutrino burst, in contradiction with observations; this has been
applied to eV [12, 13], keV [14–19], and ∼ 100 MeV scale sterile neutrinos [10, 11, 20–22].
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Here however we derive strong constraints on sterile neutrinos based on the argument
that they do not deposit more energy in the stellar envelope than what is observed in
underluminous Type IIP SNe. Thus the lowest energy SNe yet observed will provide the
strongest constraints. Similar arguments have been studied in axions [23].

As such, we extend the SM to include a heavy sterile neutrino νs which interacts with
the SM exclusively via the type I seesaw Lagrangian [27–29],

L ⊃ yνL̄H̃νs + ms

2 ν̄c
sνs, (1.1)

where H and L are the SU(2)L Higgs and lepton doublets respectively, yν is the neutrino Dirac
Yukawa matrix, and ms is the Majorana mass term. After Higgs field develops a vacuum
expecation value v, the resulting (3 + νs) neutrino mass matrix can be block diagonalized
by a matrix W into light and heavy fields [30, 31],

W =
(√

1 − BB† B

−B† √
1 − B†B

)
(1.2)

where B∗ ≃ mT
D m−1

s and mD = yν v/
√

2. In (1 + 1) case, the 2 × 2 orthogonal matrix can
be parametrized simply by an active-sterile mixing angle B ≃ sin θ.

At the low-scales relevant for our analysis, the main effect of eq. (1.1) is encoded in
the active-sterile mixing angle. The parameter space SNe are most sensitive to, in the
case of sterile-active mixing with electron (sin2 θe) is already strongly constrained from the
terrestrial probes. For instance, the bounds on sin2 θe from terrestrial experiments especially
for steriles heavier than 70 MeV can already probe mixing angles upto ∼ 10−9 [32–34]. In
absence of muons in the SNe, the cases for sterile-active mixing with muon or tau neutrino
are equivalent. Presence of muons can lead to extra channels for sterile neutrino production
through charged-current interactions. Therefore in this work, we assume that the sterile
neutrino mixes exclusively only with ντ . In terms of mass eigenstates ν1 and ν2,

ντ = cos θτ ν1 + sin θτ ν2

νs = − sin θτ ν1 + cos θτ ν2 (1.3)

where sin θτ denotes the mixing angle between the sterile and the tau neutrino.

2 Low-energy supernovae

While SN1987A was unique in its proximity, SNe are not rare and can be used to study sterile
neutrinos in many ways. We focus on a sub-class of core-collapse SNe with low-explosion
energies, sometimes called underluminous Type IIP SNe, where the Type II represents the
presence of hydrogen in the spectra and the P represents the SN’s light-curve displaying a flat,
or plateau, shape in time. The luminosity and duration of the plateau reflects the explosion
energy, ejecta mass, nickel 56Ni mass and progenitor radius. Therefore, the explosion energy
can be inferred given the spectrum and the light curves. For example refs. [35–38] used fitting
formulae, simulations, and statistical inference along with quantifying the uncertainties,
to infer the most likely explosion energies for a collection of Type IIP SNe. The range
of inferred mean explosion energies for the population spans Eobs from 7.4 × 1049 erg to
4 × 1051 erg [38]. While the upper end of the reconstructed energies are larger than typical
predictions of numerical simulations, the lower end is approximately consistent with various
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simulated SNe. It should be noted however that typical predictions have not been simulated
to long enough times to observe the final saturated explosion energy, so predictions are in
practice lower limits of explosion energy. The spread in the reconstructed explosion energy
for one of the lowest energy SNIIP candidate SN2001DC is Eexp = 10−1.13±0.33 × 1051 erg
≃ 1049–1050 erg [38]. Here, we are interested in sterile neutrinos produced in the core which
can decay and deposit energies of a similar magnitude, and hence can be constrained from
the observations of lowest low-energy SNe, which we conservatively choose to be the 1σ upper
bound on the explosion energy, i.e., Edep < 1050 erg. Since numerical simulations are typically
under-powered compared to observations, we expect our constraints to be conservative, unless
some surprising systematic over-evaluation is discovered in simulations.

We will examine two massive stars with initial masses 8.8 M⊙ and 18.8 M⊙ for obtaining
bounds on the sterile neutrino parameter space. There are several reasons for these choices.
First, the SN explosion energy is not a simple monotonic function of the initial mass of the
progenitor. Instead, the explosion energy depends on the structure of the inner few solar
masses of the progenitor’s core, which in turn depends in a complex way to the progenitor
mass, metallicity or even final hydrogen mass [35, 39]. Second, light progenitors have
a systematically different core structure to those of Fe cored stars [40] which collapse by
electron capture on its ONeMg core, which typically explode more readily with lower explosion
energies [41, 42]. Our adopted 8.8 M⊙ progenitor aims to model this. Similarly, we adopt the
18.8 M⊙ as the typical massive star which evolves into a supergiant where its Fe core collapses
causing a Type IIP SN. Finally, estimates of the progenitor masses of underluminous Type
IIP supernovae cover a range: for example, SN1997D with estimated energy 1.0 × 1050 erg
has an estimated initial mass 10 ± 2 M⊙ [43], while SN2003Z has estimated 1.6 × 1050 erg
and 14.15 ± 0.95 M⊙ [44] and SN2008kb 1.8 × 1050 erg and 12.15 ± 0.75 M⊙ [44]. We thus
consider the reality of the progenitors of underluminous Type IIP to lie somewhere between
our adopted 8.8 M⊙ and 18.8 M⊙ progenitors.

2.1 Energy deposition

Since the explosion energies of SN IIP are inferred from the light curves and dependent on the
ejecta mass and the amount of 56Ni synthesized in the outer envelope, the limit on the energy
deposition by any exotic species is constrained to the mantle region of the SN; in other words,
we consider species which escape beyond the photosphere will simply present an energy sink
for the explosion. The total energy deposited by sterile neutrino produced in the SN core,
decaying outside the core but inside the SN envelope region (Rcore < r < Renv) is given by

Edep = η2
lapse

∫
dt

∫ Rcore

0
dr

∫ ∞

ms

dEs
dLs(r, Es, t)

dr dEs
Θ
(

Es − ms

ηlapse

)

×
{

exp
[
−(Rcore − r)

Ldecay

]
− exp

[
−(Renv − r)

Ldecay

]}
, (2.1)

where ηlapse is the gravitational redshift factor, Es is the sterile neutrino energy, dLs(r,Es,t)
dr dEs

is
gradient of the differential sterile neutrino luminosity, Θ(x) is the Heaviside theta function
and Ldecay is the decay length. Note that at large mixing angles, the decay length becomes
comparable to the PNS radius and our treatment should not be taken as rigorous. Although
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the decay length formalism does give very good estimate of the trapping regime but we hope
to return to this trapping regime in future work with greater precision.

Sterile neutrinos produced in the SN core will also have to overcome the strong gravita-
tional attraction arising from such high matter densities to avoid trapping. If sterile neutrino
energy is sufficiently small, Es < ms/ηlapse, it will be gravitationally trapped inside the SN
core. The lapse factor ηlapse is the conversion factor relating the energy measured locally
in the SN frame to the energy measured at the same point by an observer at infinity. For
example in the weak-field limit of the Schwarzschild metric, the gravitational lapse factor
is given by ηlapse ≃ ms(1 + G M(r)/r). We also need to correct for the difference between
the local time and the observer time in the energy emission rate. Both of these effects taken
together lead to the inclusion of η2

lapse in the expression for Edep. In our case, we find that
our results are sensitive to the gravitational trapping (inside the core) only for heavy steriles.
Since energy spectrum for such heavy steriles is peaked at EN ∼ MN , there is not enough
kinetic energy available to escape the gravitational potential well and flux of the high energy
tail of the spectrum that does escape, is not sufficient to deposit considerable energy greater
than 1050 erg. Therefore, the SNIIP bound becomes less severe for such high masses.

3 Sterile neutrino production

In a SN core, sterile neutrinos can be produced by e+-e− or neutrino pair annihilation and
the inelastic scattering of (anti-)neutrinos. In earlier literature [10, 11, 22, 45], it was assumed
that the strong degeneracy of n, p, e+, e−, νe, ν̄e in the hot proto-neutron star core will render
pair-annihilation and inelastic scattering on the non-degenerate neutrino species (νµ, ντ ) the
dominant processes for νs production.

However in a recent work [46], the authors point out that the sterile neutrino production
increases drastically by including the scattering of neutrinos off of neutrons and protons,
i.e., ν + N → νs + N , which had been missed by previous studies. We have verified their
result by including this missing production channel and find that the νs production rate
gets higher by 1-2 orders of magnitude.

The amplitude for these relevant processes is given in table 1. Note that we have explicitly
listed the charge-conjugated processes in order to avoid any confusion.

3.1 Boltzmann transport

The evolution of sterile neutrino abundances is governed by the Boltzmann transport equation.
Since solving the exact transport equation is beyond the scope of the current study, we
simplify the task at hand for our purpose by assuming the medium is homogeneous and
isotropic [47]. This implies that the change in phase-space density will only be affected by
the scatterings/pair-annihilation processes in the SN core. In this case, the simplified kinetic
equation for sterile neutrino production is

∂fs

∂t
= Ccoll(fs), (3.1)

where fs is the sterile neutrino phase-space density distribution and Ccoll is the sum of
all possible collisional interactions. In our case, the collisional term for 2 → 2 particle
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Process (1 + 2 → 4 + 3) S|M |2/(8G2
F sin2 θτ )

ντ + ν̄τ → νs + ν̄τ 4u(u − m2
s)

ντ + ν̄τ → νs + ντ 4u(u − m2
s)

νµ + ν̄µ → νs + ν̄τ u(u − m2
s)

νµ + ν̄µ → νs + ντ u(u − m2
s)

ντ + ν̄τ → νs + ντ 2s(s − m2
s)

ν̄τ + ν̄τ → νs + ν̄τ 2s(s − m2
s)

νµ + ν̄τ → νs + νµ s(s − m2
s)

ν̄µ + ν̄τ → νs + ν̄µ s(s − m2
s)

ντ + ν̄µ → νs + ν̄µ u(u − m2
s)

νµ + ν̄τ → νs + νµ u(u − m2
s)

ντ (ν̄τ ) + e− → νs + e− 8[g2
L(p1 · p2)(p3 · p4) + g2

R(p1 · p3)(p2 · p4) − gLgRm2
e(p1 · p4)]

ντ (ν̄τ ) + e+ → νs + e+ 8[g2
R(p1 · p2)(p3 · p4) + g2

L(p1 · p3)(p2 · p4) − gLgRm2
e(p1 · p4)]

e− + e+ → νs + ντ (ν̄τ ) 8[g2
R(p1 · p4)(p2 · p3) + g2

L(p1 · p3)(p2 · p4) − gLgRm2
e(p3 · p4)]

ντ (ν̄τ ) + N → νs + N |M|2V V + |M|2AA + |M|2V A

Table 1. Matrix element squared S|M |2 for the dominant processes involved in sterile neutrino
production in units of 8G2

F sin2 θτ [10, 46], where gL = −0.5 + sin2 θW and gR = sin2 θW . The
complete expression for neutrino-nucleon scattering is provided in appendix A.

interactions can be written as

Ccoll = 1
2Es

∫
d3p̃2d3p̃3d3p̃4 Λ(fs, f2, f3, f4)

× S|M |212→34 δ4(ps + p2 − p3 − p4)(2π)4, (3.2)

where d3p̃i = d3pi/((2π3) 2Ei), Λ(fs, f2, f3, f4) = (1 − fs)(1 − f2)f3f4 − fsf2(1 − f3)(1 − f4)
is the phase-space factor including the Pauli blocking of the final states, S is the symmetry
factor, |M |2 is the interaction matrix element squared, Ei and pi are energy and momentum of
the i-th particle with subscript label s for sterile neutrino. For the range of interest for sin2 θτ ,
the sterile neutrino produced will not be trapped in the SN, hence we can safely assume fs = 0.
After numerically solving for fs, we can calculate the sterile neutrino luminosity dLs

dEs
as [22, 48]

dLs

dEs
= 2Es

π

∫
dr r2 dfs

dt
Es ps. (3.3)

As an example, we show this differential and integrated sterile neutrino luminosity in figures 1
and 2, respectively for reference sterile neutrino mass ms = 200 MeV.

3.2 Visible energy deposition

The sterile neutrino decays and deposits energy into the SN envelope. For the mass range of
interest and mixing only with ντ , the charged-current processes are kinematically forbidden.

– 5 –



J
C
A
P
0
3
(
2
0
2
5
)
0
5
2

tpb=1 s

tpb=3 s

200 250 300 350 400 450 500
1×1047

5×1047

1×1048

5×1048

1×1049

5×1049

1×1050

Es (MeV)

dL
s
/d
E
s
(e
rg
s-
1
M
eV

-
1 )

for ms= 200 MeV, sin
2θτ=10

-8

Figure 1. Differential sterile neutrino luminosity for sterile neutrino mass ms = 200 MeV and
sin2 θτ = 10−8 at different post-bounce times, see e.g., eq. (3.3).
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Figure 2. Integrated sterile neutrino luminosity plotted as a function of post-bounce time for sterile
neutrino mass ms = 200 MeV for different sin2 θτ , see eq. (3.3).

Therefore, we only consider following neutral current decays and their charge-conjugate
processes, assuming νs to be Majorana particles [49–53]. Note that the analytical expressions
for π0 decay mode width in refs. [49, 51, 52] differ by a factor of 2 (in the numerator)
compared to refs. [50, 53]. In this work, we use expressions given in ref. [52]. The relevant
decay modes for νs are

νs → ντ π0,

νs → ντ e+e−,

νs → ντ µ+µ−,

νs → ντ νxν̄x, (3.4)
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where x = (e, µ, τ). The process involving neutral pion tends to be the dominant decay mode
for higher masses while the electron channel contributes negligibly to the decay width. We
classify the first 3 listed processes as the visible decay modes while the last decay mode
entirely into neutrinos as invisible. Based on this classification, we will discuss two limiting
cases of energy deposition, (i) the entire energy from sterile decay is deposited, and (ii) only
the visible decay modes deposit their energy into the SN envelope. The energy deposition in
the latter case is determined by the branching ratio into the visible modes, given by

BRvis = 1 − Γ(νs → ντ νxν̄x)
Γtot

, (3.5)

where Γtot is the total decay width calculated from all four decay modes.
We now discuss the efficacy of the branching ratio method. Two possible issues can

be raised for this approach. Firstly, the presence of a neutrino final state in the first 3
decay modes might take away a portion of the (assumed to-be) deposited energy. Secondly,
there might be possible energy deposition into the mantle from the secondary neutrinos
produced in the invisible decay channel. Before we address both of these issues, a crucial
fact to remember is that neutrinos can get trapped or multiply scatter in the hot and highly
dense SN environment, conditions for which can mainly occur in/near the proto-neutron
star core. In the first case for ms ≥ mπ, the decays of the sterile neutrino are dominated by
the pion mode. For mixing angles of interest, such steriles decay far inside the Renv, which
gives ντ produced to encounter high densities and undergo at least one scattering to deposit
substantial energy into the envelope.1 For ms ≤ mπ, the decays are dominated by the 3ν

mode, with average neutrino energy ∼ 80 MeV. Such energetic neutrinos would have been
trapped if produced near the core but for lighter νs (and relevant mixings), the average
decay length is far outside the SN. Hence, a major portion of the neutrino energy will not be
deposited and hence considering this channel as “invisible” is a good approximation. From
the above discussion, we can conclude that the branching ratio method is a good estimator
of the actual energy deposition from sterile neutrino decays. A proper inclusion of secondary
neutrino energy deposition is beyond the scope of the current work and we stress that it
should not affect very strongly the results presented here.

4 Reference SN models

In this work, we adopt two different SN progenitors to obtain the bounds in the mixing-mass
plane as well as to test the robustness of the bounds to the SN progenitor used. Since we are
concerned with very small mixing angles, we assume that the νs production does not affect
the standard SN processes. In the Garching model, we apply our reasoning to obtain realistic
bounds with the SFHo-18.8 model simulated by the Garching group, which adopts a 18.8 M⊙
progenitor and includes six-species neutrino transport [54–56]. The SFHo EoS [57] is used
and PNS convection is modeled by a mixing-length treatment [58]. We use the simulated

1Note that our discussion only centers around the decay lengths for the average secondary neutrino energies
in a distribution. Some of these neutrinos if not being trapped/scatter, doesn’t imply all of the produced
neutrino in the decay mode under consideration will free stream. The higher end tail of the energy spectrum
will most likely be deposited.
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Figure 3. Temperature (upper panels) and ηN neutron degeneracy parameter profiles (lower panels)
for 18.8 M⊙ and 8.8 M⊙ SN progenitors used in this work, at different post-bounce times tpb = (1, 3, 5) s.

SN evolution assuming Rcore ∼ 20 km for all post-bounce time sequences up to ∼ 10 s and
envelope extending up to ∼ 5 × 107 km.

We also consider a 8.8 M⊙ SN progenitor [42] (which is on the lower end of the progenitor
mass range that finally end up in a neutron star) to study the effect of progenitor dependence
on our bounds. This progenitor collapses via electron-capture on its ONeMg core with a final
baryonic mass of 1.366 M⊙ using Shen’s stiff baryonic equation of state [59] for hot dense
nuclear matter and a final neutron star radius of about 15 km. Also note that unlike the
18.8 M⊙ progenitor model, this simulated progenitor does not include muons or convection
in proto-neutron star. Although both of these models have peak temperatures of about
30–40 MeV, we find quite different bounds in each case (see lower right panel in figure 6
and discussion on results).

The SNIIP explosion bound discussed in this work has been calculated for two different
SN progenitors: (i) 18.8 M⊙, (ii) 8.8 M⊙. We provide time snapshots of the radial profiles
depicting variations in the temperature and magnitude of the chemical potential of the
muon neutrino in both of these progenitors, shown in figure 3 at different post-bounce times
tpb = 1,3 and 5 seconds.

It can be clearly seen that average temperatures in 18.8 M⊙ progenitor are higher (up
to ∼ 40 MeV) than 8.8 M⊙ (with highest temperatures around 30 MeV). The sterile neutrino
production rates is also dependent on muon neutrino chemical potential, which again are
comparatively higher for 18.8 M⊙ progenitor than the 8.8 M⊙ progenitor. We note two
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Figure 4. (Left) Luminosity lightcurves as function of post-bounce time (tpb) for active neutrinos (red)
and sterile neutrinos (blue) for the 18.8 M⊙ (solid) and 8.8 M⊙ (dashed) SN progenitors considered
in this work. Sterile neutrino parameters are set to ms = 200 MeV and sin2 θτ = 10−7. (Right) The
ratio of sterile neutrino to active neutrino luminosity for the same set of parameters as shown in the
left panel.

other important points that the ντ has vanishing chemical potential in both cases and the
production rate directly doesn’t depends on the density.

The sterile neutrino production rate depends mainly on the sterile energy, sterile mass
and the radial distribution of temperature. For SFHo-18.8, the outer layer of the core is
the hottest in the first few time steps, as the in-falling matter towards the iron core first
heats up the core edge. Thus, the maximum production occurs at edges of the core for
the first few ms after tpb = 0. But as the inner core gets hotter with time, the maximum
production rate shifts closer to the center. The total production rate grows with time up
to ∼ 3–4 s after which it falls off rapidly.

It is easy to see that for masses ms ≲ T , the high energy sterile states can be produced
easily. For heavier steriles, although mainly produced at rest, energies up to ∼ (6–8) T are
feasible (since production is through 2 → 2 scattering processes). However, some higher
energy states for heavier steriles can still be produced with modest Boltzmann suppression.

For better comparison of the dependence on the SN progenitor, we also plot the luminosity
lightcurves for active neutrinos and sterile neutrinos as functions of the post-bounce time
(tpb), for both 18.8 M⊙ and 8.8 M⊙ SN progenitors in figure 4 (left panel). The sterile neutrino
mass and mixing angles have been set to ms = 200 MeV and sin2 θτ = 10−7 respectively.
It can be seen that the sterile neutrino luminosity is subdominant compared to the active
neutrino luminosity in both progenitors. However, the net fluxes for both sterile neutrino as
well as active neutrino fluxes differ by approximately an order of magnitude. In addition,
we also plot the ratio of sterile neutrino to active neutrino luminosities in the right panel.
Note that the ratio should always be less than 1 for a consistent treatment of sterile neutrino
production, which is indeed the case for ms = 200 MeV and sin2 θτ = 10−7.

4.1 Fitting functions

Ideally, scaling behaviors can be extracted exactly for the sterile neutrino production rate.
However, such scaling behaviors should not be expected to hold exactly in the case of space
and time dependent quantities. The temperature and chemical potentials that determine the
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luminosity vary significantly depending on the radial position and the post-bounce time for the
simulated SN progenitors. Thus, the total luminosity for each SN progenitor will be expected
to show different scaling behavior with respect to temperature, chemical potential and masses.

For simplicity, we have extracted approximate fitting functions for the sterile neutrino
luminosity for both progenitors from the production rates calculated in this work. The
approximate fitting functions valid for ms > 10 MeV are

L18.8 M⊙
s = 1.161 × 1053 erg

s

(
sin2 θτ

10−7

)(
T

40 MeV

)7.55
(

|ηmin
N |
1.0

)1.52

Exp
(−ms

T

)
(4.1)

L8.8 M⊙
s = 4.88 × 1053 erg

s

(
sin2 θτ

10−7

)(
T

30 MeV

)6
(

|ηmin
N |
0.1

)−0.8

Exp
(−ms

T

)
. (4.2)

These luminosity fitting functions should be evaluated with temperature T and degeneracy
parameter |ηN | (≡ (µ∗

N − m∗
N )/T ) corresponding roughly to the maximum and minimum

values of these quantities respectively, for a given post-bounce time. As can be seen in
both cases, Ls strongly depends on the temperature along with a exponential Boltzmann
suppression factor. Note that these fitting functions are applicable in the regime where the
mean free path of sterile neutrino exceeds Rcore.

Using these fitting functions, we can estimate the relative ratio of the bounds expected
from two different progenitors. The integrated luminosity from the fitting function for
ms = 200 MeV and sin2 θτ = 10−7, E

8.8 M⊙
int is ∼ 3.5 × 1051 erg/s while for E

18.8 M⊙
int is ∼ 2.5 ×

1052 erg/s, also in accordance with the sterile neutrino flux shown in figure 4 (left panel).
The duration of dominant production lasts about 3 s for both 18.8 M⊙ and 18.8 M⊙ SN
progenitors. Since for such heavy mass and strong coupling, the sterile neutrino can decay
inside the SN envelope, the total deposited energy in each case is 0.84 Eint, where the factor
of 0.84 is the fraction of sterile neutrino decays into visible decay modes for ms = 200. On
comparing these deposited energies, we would expect the SNIIP bound at ms = 200 MeV
for 18.8 M⊙ to be an order of magnitude stronger than 8.8 M⊙ SN progenitor. This is in
accordance with results obtained in figure 6. In principle, given the respective SN progenitors,
eqs. (4.1) and (4.2) can be roughly used to obtain bounds in figure 5.

5 Results

We display our main results in figure 5 only assuming non-zero tau neutrino mixing with the
sterile state. For the red shaded region, we assume no more than 1050 erg energy deposition
for the 18.8 M⊙ progenitor, and only include contributions from the electromagnetic decay
products of the sterile. We also calculate the SN energy loss bound for the 18.8 M⊙ progenitor,
shown as light blue shaded region. We see that the low-energy SN constraint can be close to
two orders of magnitude stronger than the energy loss bounds obtained from SN1987A [22],
and provides the leading constraint on the mixing angle for 60 MeV ≲ ms ≲ 500 MeV. Also
included in figure 5 is the region favored by the canonical Type-I seesaw models for neutrino
masses (dashed brown curves) and BBN bounds assuming standard cosmology [24–26, 60].
We note that the BBN bounds exclude the region below the green curve in figure 5. However,
in the presence of a lepton asymmetry these constraints can be substantially weakened [61].
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Figure 5. Bounds on sterile-active mixing sin2 θτ as a function of sterile mass ms. The red shaded
region shows the low-energy SN bound assuming full energy deposition from decaying sterile inside
the SN envelope (Fe core 18.8 M⊙ progenitor) extending upto 5 × 1012 cm. The blue-shaded region is
the bound from energy loss in SN1987A calculated for the same 18.8 M⊙ progenitor. Other displayed
constraints include BBN bounds assuming standard cosmology [24–26] and the parameter region
favored by conventional Type-I seesaw models labeled ‘SeeSaw Band’.

We also discuss the effects of SN envelope size, gravitational trapping, energy deposition
and different progenitor models in figure 6. The base model for constraint labeled ‘Low
Energy SNIIP Bound’ is shown as red shaded region and includes energy deposition from
visible decay modes along with gravitational trapping effect taken into account for an Fe core
18.8 M⊙ progenitor with Renv = 5 × 1012 cm. In the first panel, it can be clearly seen that a
larger SN envelope size provides a larger volume for energy deposition by sterile neutrino
decays, therefore leading to a stronger constraint. The enhancement is quite significant for
lighter sterile neutrino masses, since their high boost factor compared to heavier steriles
require additional time for same energy deposition through decays. From the upper right
panel, we find that the constraint could be similarly stronger if all the sterile decay products
including the active neutrinos deposit energy in the envelope. By including the effect of
gravitational trapping (lower left panel), the constraint becomes weaker for heavier sterile
masses especially for ms > 100 MeV. Finally, for the lower right panel, we see that the
bound is significantly weakened if the progenitor mass is lowered to 8.8 M⊙. We reason
that our bounds depend strongly on the progenitor model is due to the fact that sterile
neutrino production depends sensitively on T . The temperature profiles for 18.8 M⊙ SN have
consistently higher temperatures for all t = (0–10) s as compared to the 8.8 M⊙ progenitor.
It should be noted however that even in this case, our results provide constraints stronger
than the cooling bound in the 100–400 MeV mass window.
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Figure 6. Comparison for bounds on sterile-active mixing sin2 θτ as a function of sterile mass ms,
based on (a) effect of the SN envelope size Renv, (b) effect of energy deposition from visible decay
modes vs. all decay modes, (c) effect of gravitational trapping, (d) effect of different progenitor models
(shown for an Fe core 18.8 M⊙ progenitor and a ONeMg core 8.8 M⊙ progenitor, as labeled). The base
model for constraint labeled ‘Low Energy SNIIP Bound’ includes energy deposition from visible decay
modes along with gravitational trapping effect taken into account for an Fe core 18.8 M⊙ progenitor
with Renv = 5 × 1012 cm.

We note that while we have fixed to mass-mixing with the tau-neutrino in figure 5, we
expect qualitatively similar results for mixing with the muon-neutrino.

6 Conclusion and future directions

The present paper has examined the implications of heavy sterile neutrinos for low-energy
Type IIP SNe (SNIIP). We pointed out that sterile neutrino decays can over-power SNe beyond
the energies of SNIIP, thus placing stringent limits on sterile neutrino parameter space that are
beyond those from SN1987A and potentially reach into the regime of Type-I seesaw models.

This work can be extended in a number of directions. Firstly, in our work, we did not
perform a dedicated numerical treatment of core collapse and the impacts of in-situ sterile
neutrino production and decay. Instead, the main aim of our work was to motivate that
the bound from SNIIP explosion energy is substantially better than existing limits from
SN1987A cooling bound by 1-2 orders of magnitude. Thus, our results motivate future detailed
numerical investigations of heavy sterile neutrinos in core-collapse supernovae. Secondly,
we have only considered mixing with one active neutrino flavor at a time. It would be
worthwhile to examine more generic flavor structure assumptions. Thirdly, it is possible that
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the production and decay of sterile neutrinos is not controlled by the EW force. For example,
sterile transition magnetic moments have been widely studied [62–65]. We also anticipate
low-energy SNe placing stringent constraints on transition magnetic moments [64–66].

Moreover, even while restricting to mass-mixing, there are additional avenues to be
explored. Given that SNe are efficient production sites of sterile neutrinos, the impact of
the escaping sterile neutrinos (and their decay products) could be significant. In particular,
for axions it is known that requiring that the axions not produce a photon flux above the
diffuse gamma-ray background leads to strong bounds at low masses [67, 68]. Secondly, the
high-energy neutrino flux produced by the decaying sterile neutrinos may also be detectable
at future neutrino experiments like DUNE and Hyper-K [22], and a detailed follow-up in
light of our results may yield new constraints.

In conclusion, we have found that low-energy SNe can provide stronger constraints than
SN1987A energy-loss bound on sterile neutrinos in the 60–500 MeV range. In addition, these
bounds probe theoretically well-motivated parameter space predicted by Type-I seesaw models
of neutrino masses. In future work we plan to return to this scenario and explore implications
of the neutrino and gamma-rays emerging from sterile decays beyond the SN envelope.
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Note added

Two months after our work appeared on the arXiv pre-print server, another work appeared
about supernovae constraints on sterile neutrinos [46]. In their work, the authors point
out that the sterile neutrino production increases drastically by including the scattering of
neutrinos off of neutrons and protons, i.e., ν + N → νs + N , which had been missed by
previous studies. We have verified their result by including this missing production channel
and find that the low-energy SN constraint gets stronger by 1-2 orders of magnitude. In
addition, our work delves deeper into the observational aspects for low-energy supernovae
constraints and also compares the effect of envelope size, gravitational trapping, visible energy
deposition and different progenitor models on the SNIIP constraints.

We also find that the bounds in their work are slightly stronger than reported by us
in figure 5. The primary reasons being their assumptions about larger SN core radius2

2Naively this volume enhancement leads to their SNIIP constraints stronger by a factor of 8 compared to a
20 km SN core profile.
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(40 km) and larger envelope size (2.5 × 1013 cm). However, our assumptions on SN core radius
(20 km) and envelope size (5 × 1012 cm) are more in line with the standard expectation for
SN progenitors with lowest explosion energies ∼ 1050 erg.

A Neutrino-nucleon scattering

The sterile neutrino production rate through neutrino scattering off nucleons N depends on
the following expression |M|2V V + |M|2V A + |M|2AA [46, 69], with

|M|2V V = 2 G2
V [(p1 · p2)(p3 · p4) + (p2 · p4)(p1 · p3) − m2 m3 (p1 · p4)] , (A.1)

|M|2V A = 4 GV GA [(p1 · p2)(p3 · p4) − (p2 · p4)(p1 · p3)] , (A.2)

|M|2AA = 2 G2
A [(p1 · p2)(p3 · p4) + (p2 · p4)(p1 · p3) + m2 m3 (p1 · p4)] , (A.3)

GV → Gn
V = 1

2 , Gp
V = 1

2 − 2 sin2 θW , (A.4)

GA → Gn
A = gA

2 , Gp
A = gA

2 . (A.5)

where the variables GV,A with superscript (n, p) stands for vector and axial charges for neutron
and proton respectively, and gA = 1.27 the axial vector coupling constant, respectively.
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