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We study the production of sterile neutrinos in supernovae, focusing in particular on the keV-MeV mass
range, which is the most interesting range if sterile neutrinos are to account for the dark matter in the
Universe. Focusing on the simplest scenario in which sterile neutrinos mix only with muon or tau neutrinos,
we argue that the production of keV-MeV sterile neutrinos can be strongly enhanced by a Mikheyev-
Smirnov-Wolfenstein (MSW) resonance, so that a substantial flux is expected to emerge from a supernova,
even if vacuum mixing angles between active and sterile neutrinos are tiny. Using energetics arguments,
this yields limits on the sterile neutrino parameter space that decrease to mixing angles on the order of
sin22θ ≲ 10−14 and are up to an order of magnitude stronger than those from X-ray observations. Although
supernova limits suffer from larger systematic uncertainties than X-ray limits, they apply also to scenarios
in which sterile neutrinos are not abundantly produced in the early Universe. We also compute the flux of
OðMeVÞ photons expected from the decay of sterile neutrinos produced in supernovae but find that it is
beyond current observational reach even for a nearby supernova.

DOI: 10.1103/PhysRevD.99.043012

I. INTRODUCTION

One of the most auspicious candidate particles for the
dark matter in the Universe is the sterile neutrino—an
electrically neutral fermion with a mass on the order of
keV-MeV that couples to ordinary matter only through a
tiny mass mixing with Standard Model (SM) neutrinos
[1,2]. In the simplest sterile neutrino scenarios, it is
assumed that the abundance of sterile neutrinos νs is zero
at the end of inflation, and they are later produced through
their mixing with SM (active) neutrinos νa [3,4] (see also
[5–7]). Experimental constraints on the mass of keV sterile
neutrinos and their mixing with SM neutrinos arise from
the measured DM relic density [8,9], from Pauli blocking
(the Tremaine-Gunn bound) [10,11], from Lyman-α forests
[12–14] and from X-ray searches for radiative decays of
sterile neutrinos νs → νa þ γ [15–20]. From the combina-
tion of these constraints, one concludes that the νs mass
should be ms ≳ 4 keV, and its mixing angle with the SM

neutrinos should be sin2 2θ ≲ 10−6 in the simple two-flavor
approximation.
In this paper, we add a new limit to this inventory of

constraints by considering sterile neutrino production in
core-collapse supernovae (SN) [21–31]. A supernova devel-
ops when a≳9 M⊙ star runs out of nuclear fuel. The thermal
pressure that normally counteracts gravity disappears, and
the core of the star collapses into a neutron star. The
temperature in the nascent neutron star is ≳MeV, so that
a thermal population of (active) neutrinos is produced. These
νa can oscillate into νs, which escapes the exploding star
unhindered and may carry away significant amounts of
energy [24,28,32]. Constraints on anomalous energy loss
from SN 1987A will thus allow us to constrain the sterile
neutrino parameters. As νa → νs conversion can be resonant
thanks to the ultrahighmatter density∼1014 g=cm3 in the SN
core, these limits will be very strong. The flux of sterile
neutrinos withOðMeVÞ energies escaping from a supernova
leads to a flux of secondary gamma-rays when they decay,
and we study this flux, as well.
Our main results are summarized in Fig. 1. The solid

orange exclusion region shows that, in the mass range
ms ∼ 2–80 keV, limits from energy loss in supernovae
surpass previous limits by up to 2 orders of magnitude in
sin2 2θ for the case when νs mixes with νμ or ντ. Note that,
unlike the other limits shown in Fig. 1, our bounds would
still hold if sterile neutrinos are not part of the DM in the
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Universe. In the following, we discuss in detail how we
have obtained our new limits and sensitivity estimates.

II. STERILE NEUTRINO PRODUCTION
IN SUPERNOVAE

We consider a simplified two-flavor oscillation picture
with mixing between a sterile neutrino1 νs and one species
of active neutrinos νx, x ¼ μ or τ. We do not consider

mixing between νs and electron neutrinos to avoid com-
plications arising from charged current interactions
between νe and electrons/positrons. The flavor basis
Hamiltonian describing neutrino propagation in matter
includes the vacuum oscillation term and a Mikheyev-
Smirnov-Wolfenstein (MSW) potential Vx that describes
coherent forward scattering of νx on the background matter
via Z exchange [37–39]:

H ¼ Δm2

4E

�− cos 2θ sin 2θ

sin 2θ cos 2θ

�
þ
�
Vx 0

0 0

�
: ð1Þ

Here, θ ≪ 1 is the νs–νx mixing angle in vacuum, and
Δm2 ≃m2

s is the mass squared difference between the
two mass eigenstates.2 The MSW potential is Vx ¼
� ffiffiffi

2
p

GFð−Nn=2þ Nνe − Nν̄eÞ, where GF is the Fermi
constant and Nn, Nνe , and N ν̄e are the neutron, electron
neutrino, and electron antineutrino number densities,
respectively. The þ (−) sign corresponds to the potential
experienced by neutrinos (antineutrinos). As jNνe − N ν̄e j ≪
Nn=2, the potential is positive for antineutrinos and negative
for neutrinos. Note that we neglect terms that would arise
from differences between the νx and ν̄x number densities
because such differences are expected to be small in the
parameter region where our limits will lie [32]. We have
checked that even adding an MSW potential corresponding
to a maximal asymmetry does not alter our results signifi-
cantly. We also neglect the momentum and angular depend-
ence of neutrino self-interactions [40,41] and instead restrict
ourselves to the simplified formalism used in [24,25,28].
Because Nn, Nνe , and Nν̄e are extremely large in the super-
nova core and gradually decrease with radius, most anti-
neutrinoswill encounter anMSWresonance on their way out
of the exploding star. At the resonance,

cos 2θ ¼ 2VxEres=m2
s ; ð2Þ

and the effective mixing angle θm in matter becomes
maximal [37–39,42].
We consider two physically different mechanisms for

sterile neutrino production in supernovae:
(i) Adiabatic flavor conversion at an MSW resonance. A

ν̄x of energyE streaming away from the supernova core
can convert to sterile antineutrino ðν̄sÞwhen the matter
density, and thus the MSW potential Vx, has reached
the value satisfying the resonance condition, Eq. (2)
[43]. Each point ðt; RÞ in time and space corresponds to
a specific value of Vx; therefore, antineutrinos of a
specific energy Eresðt; RÞ are resonantly converted at
this point. We take the local antineutrino luminosities
and spectra and the local matter densities from the

FIG. 1. Supernova bounds on the sterile neutrino mass ms and
mixing sin2 2θ (orange, this work) between νx (x ¼ μ or τ) and νs
flavors compared to previous constraints [17–19] from the
Tremaine-Gunn bound [10,11] (yellow), NuSTAR observation
of galactic center [33] (pale orange), X-ray searches in the
Andromeda Galaxy M31 [15] (green), the Fermi GBM all-sky
analysis [34] (purple), and the galactic [17] (dark blue) and
extragalactic [16,18,19] (gray) diffuse X-ray background. For the
latter constraint, we show also how it is modified if sterile
neutrinos account for only a fraction of the DM in the Universe. It
is understood that the other X-ray limits would shift in a similar
way if Ωh2 < 0.11. The hatched pink region indicates the region
preferred by the properties of the core of the Fornax dwarf galaxy
[35], whereas a yellow star shows the parameter point that could
explain the 3.5 keV X-ray line hinted at by Refs. [19,36]. Black
curves illustrate the parameter regions in which the Dodelson-
Widrow mechanism [3] (L ¼ 0) or the Shi-Fuller mechanism [4]
with lepton assymetry L > 0 would yield the correct DM relic
density Ωh2 ¼ 0.11. The hatched band at large ms indicates the
theoretical uncertainty in our limit stemming from our treatment
of energy transport inside the supernova (see Appendix A).

1In this work, for brevity, the term “sterile neutrino” is
denoting both sterile neutrinos and antineutrinos. The only
exception is when discussing the adiabatic production where
we refer explicitly to “sterile antineutrinos” because the reso-
nance appears in the antineutrino channel.

2In this paper, we refer to ms as the sterile neutrino mass, even
though we mean of course the mass of the heavy mass eigenstate
which is mostly a νs, with only a tiny admixture of νx.
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simulation of an 8.8 M⊙ supernova by the Garching
group [44] (see also [45–48]).
Hard scattering processes must be rare to give

antineutrinos sufficient time to convert adiabatically.
We therefore require the spatial width of the MSW
resonance regions,

Rwidth ¼ 2 sin 2θ

�
1

Vx

∂Vx

∂R
�

−1
; ð3Þ

to be smaller than the mean free path λmfp. The number
dNMSW

s =dE of ν̄s in an energy interval ½E;Eþ dE�
produced by adiabatic flavor conversion at the MSW
resonance is given by [24]

dNMSW
s

dE
¼

Z
t

0

dt04πR2
resnνðt0; RresÞ

× fxðEÞPresðEÞ
E2

Ē3
Θðλmfp − RwidthÞ: ð4Þ

Here, the time integral runs from the time of core
bounce (t0 ¼ 0) until ∼9 s later, and Rresðt0; EÞ is the
radius atwhich the resonance energy isE at time t0. The
quantity nνðt0; RresÞ is the active (anti)neutrino number
density at time t0 and radius Rres, fxðEÞ is the energy
distribution of active (anti)neutrinos, Ē is the average
(anti)neutrino energy, PresðEÞ is the flavor conversion
probability at the resonance, and the Heaviside Θ
function implements the condition that antineutrinos
must have enough time between collisions to convert
adiabatically. It is crucial that antineutrinos do not
encountermore than oneMSWresonance on their way
out of the supernova. (This would be different if we
considered mixing between νs and νe instead of νμ;τ
[26,27].) Note that we can make the strongly simplify-
ing assumption of radial symmetry, andwe also neglect
the depletion of active antineutrinos by conversion into
ν̄s. Moreover, we do not need to consider ν̄x streaming
inwards. They would convert to ν̄s at the resonance,
then travel through the core, and convert back to ν̄x on
its far side.
We parameterize fxðEÞ as [49]

fxðEÞ ¼
ð1þ αÞ3þα

Γð3þ αÞ
�
E
Ē

�
α

exp

�
−ð1þ αÞE

Ē

�
; ð5Þ

with normalization
R
∞
0 dEE2fxðEÞ ¼ Ē3. (This rela-

tion defines Ē.) The “pinching parameter” α desribes
the degree to which fxðEÞ differs from a Maxwell-
Boltzmann distribution.
The ν̄x → ν̄s conversion probability at the resonance

is given by the Landau-Zener formula [24,25,42],

PresðEÞ ¼ 1 − exp

�
−
π2

2

Rwidth

Lres
osc

�
; ð6Þ

with the oscillation length at the resonance,
Lres
osc ≃ 2π=ðVx sin 2θÞ.
We find that adiabatic flavor conversion occurs

mostly at radii ∼10–15 km, still inside the neutrino
sphere at ∼20–30 km. In Fig. 2, we compare
dNMSW

s =dE to the spectrum of active neutrinos. We
see that the sterile antineutrino spectrum extends to
higher energies because most of the flavor conversion
happens in a high-temperature region from which νs
can stream out freely, while νx are still trapped.

(ii) Collisional production. Sterile neutrinos can also be
produced from a mixed νx–νs state in hard scatter-
ings on nucleons, electrons, and positrons. We take
the interaction rate Γx to be approximately equal to
the dominant scattering rate on neutrons, with the
corresponding cross section given by [50,51]
σνn ≃ G2

FE
2
νð1þ g2AÞ=4π, with gA ≃ 1.23. The physi-

cal picture for collisional νs production is as follows:
starting with an ensemble of only νx at t ¼ 0, each of
them soon acquires a small νs admixture ∝ sin2 2θm
by oscillation. A collision causes the collapse of the
resulting mixed state into either a pure νx or a pure
νs. Afterwards, oscillations start anew, and νx are

FIG. 2. Time-integrated spectra of active neutrinos (blue) and
sterile neutrinos (green and red) produced in an 8.8 M⊙ super-
nova [44] during the first ∼9 s after the core bounce. Contribu-
tions from adiabatic flavor conversion and collisional production
are shown separately. The νs spectrum extends to much higher
energies than the νx spectrum because flavor conversion occurs in
a region where temperatures are much higher than those at the last
scattering surface of νx.
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quickly replenished. After many collisions, the νs
abundance is proportional to sin2 2θm and Γx.

Up to a factor of 1=2, this intuitive picture leads
to the correct quantum mechanical Boltzmann equation
[1,3,23,52,53],

∂
∂t

dns
dE

¼ Γx

2
hPνx→νsi

dnx
dE

: ð7Þ

Here, dns=dE and dnx=dE are the energy spectra of sterile
and active neutrinos, respectively. At any given spacetime
point, dnxðt; R; EÞ=dE is related to the distribution function
in Eq. (5) via ð1=nxÞdnx=dE ¼ ðE2=Ē3ÞfxðEÞ. The aver-
aged oscillation probability hPνx→νsi is [1]

hPνx→νsi ¼
1

2

sin2 2θ
ðcos2θ− 2VxE=m2

sÞ2 þ sin2 2θþ ðΓxE=m2
sÞ2

:

ð8Þ

The extra term ðΓxE=m2
sÞ2 in the denominator compared to

the usual expression for the mixing angle in matter [42]
accounts for the suppression of νs production when λmfp is
much smaller than the oscillation length, so that oscillations
do not have time to develop between collisions (quantum
Zeno effect).
Integrating Eq. (7) over time and radius leads to the

energy spectrum of sterile neutrinos produced collisionally,

dN coll
s

dE
¼

Z
t

0

dt0
Z

Rcore

0

dR04πR02 Γx

2
hPνx→νsi

dnx
dE

: ð9Þ

We again evaluate dN s=dE numerically using the data
from [44]. The resulting νs spectra, shown in Fig. 2, can be
harder than the ones from adiabatic production because the
collisional production rate depends on Γx, which grows
proportional to E2.

III. CONSTRAINTS FROM
SUPERNOVA LUMINOSITY

We can constrain the energy output in sterile neutrinos
from SN 1987A by comparing the observed energy output
in active neutrinos of Ea ¼ few × 1053 ergs [54,55] to the
gravitational energy released in the collapse of a stellar core
at the Chandrasekhar mass, which is also on the order of
Etot ¼ few × 1053 ergs [44,56]. If a substantial fraction of
Etot was carried away by sterile neutrinos, the observed Ea
could not be explained.3 We therefore consider the ratio
Rðsin2 2θ; msÞ≡ Esðsin2 2θ; msÞ=Etot [21]. We assume

that R depends only weakly on the mass and type of
the progenitor star, so that the values obtained for the
supernova simulated in [44] are a good proxy for SN
1987A. Indeed, the energy emitted in neutrinos from the
simulated supernova is roughly 1.5 × 1053 erg [44], which
is on the same order of magnitude as in Supernova 1987A.
Our computation of νs production is only self-consistent

for R ≪ 1 because we neglect depletion of active neu-
trinos. Extrapolating it to larger values nevertheless and
setting a limit by requiring R < 1 yields the leftmost edge
of the hatched uncertainty band in Fig. 1. To obtain the right
edge of the band, we have also implemented a more robust
treatment of active neutrino fluxes that parametrizes both
depletion due to νs production and replenishment from
diffusion (see Appendix A for details).
Our limits on the νs parameter space are shown in Fig. 3

for adiabatically and collisionally produced νs separately and
in Fig. 1 for the combination of both productionmechanisms
(requiring R < 1). Due to MSW enhancement, our con-
straints become sin2 2θ ∼ 10−14 at ms ∼ 10–100 keV, sur-
passing all other limits in thismass range. The strength of our
bounds can be understood by noting that, according to
Eq. (8), strong resonant conversion is possible down to
sin2 2θ ∼ 10−14. At smaller values, the damping term
ðΓxE=m2

sÞ2 in the denominator suppresses hPνx→νsi at
resonance. Moreover, considering the smooth density pro-
files from [44] rather than assuming a constant density core
as, e.g., in Ref. [28] implies that, in the mass range between
10–100 keV, neutrinos of any energy will experience a
resonance somewhere along their trajectory. It is primarily
due to this effect that the limits on sin2 2θ presented here are

(a) (b)

FIG. 3. Constraints on the sterile neutrino parameter space from
energy loss in supernovae, considering (a) adiabatic νx → νs
conversion only or (b) collisional νs production only. The solid
and dotted orange curves correspond to different assumptions on
the maximum allowed energy loss, expressed here in terms of the
ratio R of the energy output in sterile neutrinos and the total
energy output. For comparison, we also show in green the
parameters for which the Dodelson-Widrow mechanism [3]
predicts the correct relic abundance of νs. In panel (b) for
R ¼ 1, the shaded region illustrates the theoretical uncertainty
in our limit stemming from our treatment of energy transport
inside the supernova (see Appendix A).

3A similar constraint could also be obtained by considering the
observed duration of the neutrino emission from SN 1987A.
Efficient production of sterile neutrinos would expedite the
cooling of the supernova core, shortening the neutrino burst
[28,32].
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(in the most sensitive region around ms ¼ 50 keV) about
3–4 orders of magnitude stronger than those in Ref. [28].
The shape of the exclusion regions in Fig. 3 can be

understood as follows. For adiabatic conversion at small
ms, the oscillation length at the MSW resonance Lres

osc is
large, making flavor conversion nonadiabatic according to
Eq. (6). At large ms ≳ 100 keV, the resonance condition of
Eq. (2) cannot be satistifed. At ms ∼ few × 10 keV, adia-
batic flavor conversion is most effective at low
sin2 2θ ∼ 10−14. For larger sin2 2θ, the radial width Rwidth
of the resonance region becomes too large, so that neutrinos
scatter before having a chance to convert. Also, collisional
production is most effective when the mixing angle in
matter is MSW enhanced. At ms ≲ 10 keV, the resonance
condition of Eq. (2) is fulfilled only in the outer regions of
the supernova, where the scattering rate is too low for
effective collisional production. At ms ≳ 100 keV, the
resonance condition is never satisfied.

IV. PHOTON FLUX FROM νs → νaγ

Sterile neutrinos, once produced, decay to photons via
νs → νaγ, a process mediated by loop diagrams involving
charged leptons and W bosons. The decay rate is [57,58]

Γνs→νaγ ¼ 1.38 × 10−29 sec−1
�
sin22θ
10−7

��
ms

1 keV

�
5

: ð10Þ

Thus, if νs are abundantly produced in a supernova,
we expect the explosion to be accompanied by a flux
of energetic [Oð1–100 MeVÞ] secondary gamma-rays.
Photons in this energy range are not normally expected
from a supernova or supernova remnant, both of which emit
X-rays only at energies ≲10 keV [59,60]. The arrival times
of the gamma-rays from νs decay are spread out over a time
interval,

Δt ≃ 3.6 hrs ×

�
d

1 kpc

��
ms

1 keV

�
2
�
1 MeV
Eγ

�
2

; ð11Þ

where d is the distance to the supernova and Eγ is the
gamma-ray energy. Sterile neutrinos decaying immediately
after their production lead to gamma-rays that reach the
Earth at the same time as the active neutrino burst. Gamma-
rays from νs decaying only after traveling a distance ≃d are
delayed by Δt.
The photon flux from νs decay in units of

cm−2 s−1MeV−1 is given by

dϕγðEγÞ
dEγ

¼ 2

4πΔtd2

�
1 − exp

�
−
d
γ
Γνs→νaγ

��
dN νsðEνÞ

dEν
;

ð12Þ

where γ ¼ 2Eγ=ms is the Lorentz boost factor. The factor in
brackets accounts for the νs decay probability. Note that the

FIG. 4. Photon flux from the decay of sterile neutrinos
produced in a nearby (d ¼ 1 kpc) supernova for two different
benchmark points in the ms– sin2 2θ plane. We compare to
observed spectra of diffuse gamma-rays from COMPTEL
[61–63], EGRET [64–66], and Fermi-LAT [67], assuming
angular bin sizes of 1 degree for COMPTEL, 5 degrees for
EGRET, and 3 degrees for Fermi-LAT [71].

FIG. 5. Expected photon flux from the decay of sterile
neutrinos produced in a supernova at distance d ¼ 1 kpc. We
compare to our new energy loss limits from Fig. 1 (orange region)
and to constraints from X-ray searches [15–19,34] (green, dark
blue, gray, and light blue regions).
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sterile neutrino spectrum dNνsðEνÞ=dEν is evaluated at
Eν ¼ 2Eγ.
We plot dϕγðEγÞ=dEγ for two sets of benchmark

parameters in Fig. 4, and the total gamma-ray flux as a
function of sin2 2θ and ms is shown in Fig. 5. As expected
from Fig. 2, and taking into account Eγ ¼ Eν=2, the photon
spectrum peaks at E ∼ 10–100 MeV. Compared to obser-
vations [61–67], we find that the signal is still several
orders of magnitude below the uncertainty on the back-
ground. A direct observation of the νs-induced photon
signal is therefore challenging even for the next generation
of Compton telescopes [68–70] and would require a factor
∼105 improvement compared to the projected sensitivity of
ComPair [69] for a supernova at 1 kpc.

V. DISCUSSION AND CONCLUSIONS

In conclusion, we have computed the flux of hypothetical
keV-MeVsterile neutrinos νs froma supernova.Wehave then
used our results to constrain the νs parameter space using
energy loss arguments (Fig. 1). Let us summarize once again
the assumptions and approximations on which these limits
are based: (i) we constrain mixing of νs with νμ or ντ, but not
with νe; (ii) we rely on the supernova simulation from [44]
being a good proxy for SN 1987A, but in terms of the total
energy output and in terms of the time-dependent matter
density and neutrino flux profiles; (iii) we use an approximate
treatment of energy transport in the supernova, which is
relevant for the replenishment of neutrinos that have con-
verted into νs (Appendix A). Although we expect our results
to be correct at the order-of-magnitude level, a more refined
treatment, e.g., by implementing νμ;τ → νs conversion
directly in a hydrodynamical supernova simulation, is cer-
tainly desirable. On the other hand, it is important to note that
limits derived from supernovae are independent of the
cosmological abundance of sterile neutrinos; i.e., they apply
even to scenarioswhere νs production in the earlyUniverse is
suppressed or where νs are diluted after their production.
In the last part of the paper, we have estimated the gamma-

ray flux from νs produced in a nearby supernova. However,
we conclude that observing such a signal will be challenging
even for the next generation of Compton telescopes. The
signal may come within reach if sterile neutrinos exist with
the parameters suggested by the 3.5 keV X-ray line found in
Refs. [19,36] and if a very nearby supernova (≲100 pc)
occurs.
Directions for future work include a more detailed

calculation of the νs flux from a supernova, going beyond
the two-flavor approximation and with a more detailed
treatment of collective effects.
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APPENDIX A: DEPLETION OF ACTIVE
NEUTRINOS

In our treatment of adiabatic and collisional production
of sterile neutrinos, we did not yet address in detail the
impact of active neutrino depletion on the νs production
rate. More precisely, when active neutrinos are converted to
νs in the MSW resonance region, their number density in
this region quickly decreases. Simultaneously, neutrinos
from elsewhere in the supernova diffuse into the resonance
region, partially compensating the loss due to νs produc-
tion. In the following, we present our method for taking
depletion and diffusion into account.
The differential equations governing active and sterile

neutrino energy transport to and from a small volume
element V in a time window t are

1

V
dEa

dt
¼ −Γas þ Γsa þ Ia −Oa; ðA1Þ

1

V
dEs

dt
¼ Γas − Γsa þ Is −Os: ðA2Þ

Here, Ea (Es) is the total energy carried by the active
(sterile) neutrinos in the volume element V at radius r, Γas
(Γsa) is the rate of energy transfer by νa → νs (νs → νa)
conversion, and IsðaÞ and OsðaÞ represent the inflow and
outflow of energy in sterile (active) neutrinos. All of these
quantities should be understood to be functions of radius r
and time t. We will not include IsðaÞ and OsðaÞ directly but
will implement a simplified treatment of neutrino transport
at the very end of the following derivation. From Eq. (9),
Γas reads
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Γas ¼
Z

dE
Γx

2
hPνx→νsinx

E2

Ē3
fxðEÞE: ðA3Þ

Γsa is obtained by replacing the active neutrino energy
distribution and number density with the corresponding
quantities for sterile neutrinos. This term is, however,
negligible because the strongest νs production occurs at
the MSW resonance, and we can assume that they
encounter no more than one resonance [see discussion
below Eq. (4)]. Motivated by the relation nxĒ ¼ Ea=V, we
also define

Γ̃as ≡ 1

V

Z
dE

Γx

2
hPνx→νsi

E2

Ē3
fxðEÞE: ðA4Þ

With this definition, and with the simplification mentioned
above, Eqs. (A1) and (A2) turn into

1

V
dEa

dt
¼ −

Ea

Ē
Γ̃as; ðA5Þ

1

V
dEs

dt
¼ Ea

Ē
Γ̃as: ðA6Þ

By solving Eq. (A5) for Ea and inserting the solution into
Eq. (A6), we arrive at

1

V
dEs

dt
¼ Eaðr; 0Þ

Ē
Γ̃as exp

�
−
1

V

Z
t;Δr

dV 0dt0
Γ̃as

Ē

�
; ðA7Þ

where Eaðr; 0Þ is energy stored in active neutrinos at radius
r at the beginning of the supernovae cooling phase.
We now model the inflow and outflow terms by con-

voluting Eq. (A7) with a Gaussian whose width σ repre-
sents the scale for active neutrino transport during the
cooling phase:

1

V
dEs

dt
¼ Γ̃as

Z
V
dV̂

Eaðr; 0Þ
Ē

Gðr; μ ¼ r̂; σ ¼ σÞ

× exp

�
−
1

V̂

Z
t;Δr¼V̂

dV 0dt0
Γ̃as

Ē

�
; ðA8Þ

where the Gaussian is a truncated Gaussian in the ½0; rSN�
interval given by

Gðr; μ; σÞ ¼ κðμ; σÞeðr−μÞ2
2σ2 θðrÞθðrSN − rÞ; ðA9Þ

with κðμ; σÞ being the appropriate normalization factor to
integrate to unity and θ the Heaviside function. We have
also implemented an alternative phenomenological pro-
cedure in which the exponential that describes depletion of
active neutrinos in Eq. (A7) is modified. In particular, we
include an extra factor that suppresses the impact of
depletion over time:

1

V
dEs

dt
¼ Eaðr; 0Þ

Ē
Γ̃as exp

�
−
1

V

Z
t;Δr

dV 0dt0
Γ̃as

Ē
t − t0

σ

�
:

ðA10Þ

In other words, the depletion factor at time t depends
mostly on νs production that happened recently, whereas
the νa that have been converted to νs longer ago (t − t0 ≳ σ)
are assumed to have been replenished by diffusion.
We have verified that we obtain similar results using both

techniques. The one based on Eq. (A10) is more stable and
produces fewer numerical artifacts. The results obtained by
applying the phenomenological based procedure, using τ,
are presented in Fig. 3.

FIG. 6. (Left) Supernova density as a function of time t and
radius r. (Right) Supernova temperature as a function of t and r.
The leftmost edge of the plots at t ¼ 0 corresponds to the onset of
the cooling phase.

FIG. 7. For a specific point in time, t ¼ 0.3 s, we plot the MSW
resonance energy Eres (blue), the average neutrino energy Ē (red),
and the MSW potential generated by ordinary matter Vn (green)
and by neutrinos Vν (gray) as a function of radius r.
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APPENDIX B: HYDRODYNAMICAL EVOLUTION
AND ENERGY BUDGET

In this Appendix, we show several ancillary plots
illustrating the input and output of our simulations of
sterile neutrino production in supernovae. In Fig. 6, we plot
the properties of the supernova simulation from Ref. [44]
on which the results of this paper are based. In particular,
the two panels show contours of constant density (left) and
temperature (right) as a function of the distance from the
center of the star and of the times elapsed since the
supernova bounce. We see that nuclear densities are
reached in the inner core, and the supernova temperature
is on the order of a few MeV.
Several quantities relevant to neutrino oscillations are

plotted in Fig. 7 for a specific point in time at t ¼ 0.3 s after
the bounce. In particular, we compare the energy of the
MSW resonance (blue) to the average neutrino energy (red).

The intersection of the two curves indicates that the region
favorable for adiabatic νx → νs conversion lies at a few tensof
kilometers from the center of the star. We also show the
contributions of coherent forward scattering on neutrinos Vν

(gray) andneutronsVn (green) to the totalmatter potentialVx.
In Fig. 8, we show the total integrated energy Ee carried

out of the star by sterile neutrinos. We see that such
transport is most efficient during the first second after the
bounce. Comparing the different parameter points shown in
Fig. 8, we observe that significantly more energy is lost into
sterile neutrinos for ms > 10 keV than for masses below
this threshold. The reason is that, at masses greater than
10 keV, resonant flavor conversion in matter is effective.
Finally, in Fig. 9, we plot the energy loss rate as a function

of radius for a specific parameter point (sin2 2θ ¼ 10−13,
ms ¼ 30 keV). We see that both adiabatic and collisional
conversion are relevant in the inner core (r≲ 15 km), with
the adiabatic contribution being stronger. At larger radii,
adiabatic conversion becomes ineffective because, due to the
lower density, resonance energy increases to values outside
the neutrino spectrum.

[1] K. Abazajian, G.M. Fuller, and M. Patel, Sterile neutrino hot,
warm, and cold dark matter, Phys. Rev. D 64, 023501 (2001).

[2] A. Kusenko, Sterile neutrinos: The dark side of the light
fermions, Phys. Rep. 481, 1 (2009).

[3] S. Dodelson and L. M. Widrow, Sterile-Neutrinos as Dark
Matter, Phys. Rev. Lett. 72, 17 (1994).

[4] X.-D. Shi and G.M. Fuller, A New Dark Matter Candidate:
Nonthermal Sterile Neutrinos, Phys. Rev. Lett. 82, 2832
(1999).

[5] K. Petraki and A. Kusenko, Dark-matter sterile neutrinos in
models with a gauge singlet in the Higgs sector, Phys. Rev.
D 77, 065014 (2008).

[6] A. Merle, V. Niro, and D. Schmidt, New production mecha-
nism for keV sterile neutrino dark matter by decays of frozen-
in scalars, J. Cosmol. Astropart. Phys. 03 (2014) 028.

[7] A. Merle, A. Schneider, and M. Totzauer, Dodelson-Widrow
production of sterile neutrino dark matter with non-trivial
initial abundance, J. Cosmol. Astropart. Phys. 04 (2016) 003.

FIG. 8. Cumulative energy carried out of the supernovae
explosion by collisionally produced sterile neutrinos for several
parameter points.

FIG. 9. Energy loss rate into νs via both collisional and
adiabatic conversion for the parameter point sin2 2θ ¼ 10−13

andms ¼ 30 keV at t ¼ 1 s. Adiabatic contribution dominates at
r≲ 15 km, where the resonance condition can be satisfied.

ARGÜELLES, BRDAR, and KOPP PHYS. REV. D 99, 043012 (2019)

043012-8

https://doi.org/10.1103/PhysRevD.64.023501
https://doi.org/10.1016/j.physrep.2009.07.004
https://doi.org/10.1103/PhysRevLett.72.17
https://doi.org/10.1103/PhysRevLett.82.2832
https://doi.org/10.1103/PhysRevLett.82.2832
https://doi.org/10.1103/PhysRevD.77.065014
https://doi.org/10.1103/PhysRevD.77.065014
https://doi.org/10.1088/1475-7516/2014/03/028
https://doi.org/10.1088/1475-7516/2016/04/003


[8] P. A. R. Ade et al. (Planck Collaboration), Planck 2015
results. XIII. Cosmological parameters, Astron. Astrophys.
594, A13 (2016).

[9] A. C. Vincent, E. F. Martinez, P. Hernandez, M. Lattanzi,
and O. Mena, Revisiting cosmological bounds on sterile
neutrinos, J. Cosmol. Astropart. Phys. 04 (2015) 006.

[10] S. Tremaine and J. E. Gunn, Dynamical Role of Light
Neutral Leptons in Cosmology, Phys. Rev. Lett. 42, 407
(1979).

[11] D. Iakubovskyi, Constraining properties of dark matter
particles using astrophysical data, Ph.D. thesis, Leiden
University, 2013.

[12] J. Baur, N. Palanque-Delabrouille, C. Yche, C. Magneville,
and M. Viel, Lyman-alpha forests cool warm dark matter, in
SDSS-IV collaboration meeting, 2015, J. Cosmol. Astro-
part. Phys. 08 (2016) 012.

[13] A.Merle and A. Schneider, Production of sterile neutrino dark
matter and the 3.5 keV line, Phys. Lett. B 749, 283 (2015).

[14] A. Schneider, Astrophysical constraints on resonantly pro-
duced sterile neutrino dark matter, J. Cosmol. Astropart.
Phys. 04 (2016) 059.

[15] S. Horiuchi, P. J. Humphrey, J. Onorbe, K. N. Abazajian, M.
Kaplinghat, and S. Garrison-Kimmel, Sterile neutrino dark
matter bounds from galaxies of the Local Group, Phys. Rev.
D 89, 025017 (2014).

[16] A. Boyarsky, A. Neronov, O. Ruchayskiy, and M.
Shaposhnikov, Constraints on sterile neutrino as a dark
matter candidate from the diffuse x-ray background, Mon.
Not. R. Astron. Soc. 370, 213 (2006).

[17] K. N. Abazajian, M. Markevitch, S. M. Koushiappas, and
R. C. Hickox, Limits on the radiative decay of sterile
neutrino dark matter from the unresolved cosmic and soft
X-ray backgrounds, Phys. Rev. D 75, 063511 (2007).

[18] K. N. Abazajian, Detection of dark matter decay in the
X-ray, arXiv:0903.2040.

[19] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M.
Loewenstein, and S. W. Randall, Detection of an unidenti-
fied emission line in the stacked X-ray spectrum of galaxy
clusters, Astrophys. J. 789, 13 (2014).

[20] N. Sekiya, N. Y. Yamasaki, and K. Mitsuda, A search for a
keV signature of radiatively decaying dark matter with
Suzaku XIS observations of the X-ray diffuse background,
Publ. Astron. Soc. Jpn. 68, SP1 (2015).

[21] S. P. Mikheev and A. Yu. Smirnov, Resonant oscillations
and limitations found on neutrino parameter values from the
possible observation of a neutrino burst from the gravita-
tional collapse of a star, Pis’ma Zh. Eksp. Teor. Fiz. 46,
11 (1987) [JETP Lett. 46, 10 (1987)].

[22] K. Kainulainen, J. Maalampi, and J. T. Peltoniemi, Inert
neutrinos in supernovae, Nucl. Phys. B358, 435 (1991).

[23] G. Raffelt and G. Sigl, Neutrino flavor conversion in a
supernova core, Astropart. Phys. 1, 165 (1993).

[24] X. Shi and G. Sigl, A Type II supernovae constraint on
electron-neutrino—sterile-neutrino mixing, Phys. Lett. B
323, 360 (1994); Erratum, Phys. Lett. B 324, 516 (1994).

[25] H. Nunokawa, J. T. Peltoniemi, A. Rossi, and J. W. F. Valle,
Supernova bounds on resonant active sterile neutrino con-
versions, Phys. Rev. D 56, 1704 (1997).

[26] J. Hidaka and G. M. Fuller, Dark matter sterile neutrinos
in stellar collapse: Alteration of energy/lepton number

transport and a mechanism for supernova explosion en-
hancement, Phys. Rev. D 74, 125015 (2006).

[27] J. Hidaka and G. M. Fuller, Sterile neutrino-enhanced
supernova explosions, Phys. Rev. D 76, 083516 (2007).

[28] G. G. Raffelt and S. Zhou, Supernova bound on keV-mass
sterile neutrinos reexamined, Phys. Rev. D 83, 093014
(2011).

[29] M.-R. Wu, T. Fischer, L. Huther, G. Martnez-Pinedo, and
Y.-Z. Qian, Impact of active-sterile neutrino mixing on
supernova explosion and nucleosynthesis, Phys. Rev. D 89,
061303 (2014).

[30] M. L. Warren, M. Meixner, G. Mathews, J. Hidaka, and T.
Kajino, Sterile neutrino oscillations in core-collapse super-
nova simulations, arXiv:1405.6101.

[31] M. Warren, G. J. Mathews, M. Meixner, J. Hidaka, and T.
Kajino, A review of the impact of sterile neutrino dark
matter on core-collapse supernovae, Int. J. Mod. Phys. A 31,
1650137 (2016).

[32] G. G. Raffelt, Astrophysical methods to constrain axions and
other novel particle phenomena, Phys. Rep. 198, 1 (1990).

[33] K. Perez, K. C. Y. Ng, J. F. Beacom, C. Hersh, S. Horiuchi,
and R. Krivonos, Almost closing the MSM sterile neutrino
dark matter window with NuSTAR, Phys. Rev. D 95,
123002 (2017).

[34] K. C. Y. Ng, S. Horiuchi, J. M. Gaskins, M. Smith, and
R. Preece, Improved limits on sterile neutrino dark matter
using full-sky fermi-GBM data, Phys. Rev. D 92, 043503
(2015).

[35] L. E. Strigari, J. S. Bullock, M. Kaplinghat, A. V. Kravtsov,
O. Y. Gnedin, K. Abazajian, and A. A. Klypin, A large
dark matter core in the fornax dwarf spheroidal galaxy,
Astrophys. J. 652, 306 (2006).

[36] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, and J. Franse,
An Unidentified Line in X-Ray Spectra of the Andromeda
Galaxy and Perseus Galaxy Cluster, Phys. Rev. Lett. 113,
251301 (2014).

[37] L. Wolfenstein, Neutrino Oscillations in Matter, Phys. Rev.
D 17, 2369 (1978).

[38] S. P.MikheevandA.Yu.Smirnov,Resonance amplificationof
oscillations inmatter and spectroscopy of solar neutrinos,Yad.
Fiz. 42, 1441 (1985) [Sov. J. Nucl. Phys. 42, 913 (1985)].

[39] S. P. Mikheev and A. Yu. Smirnov, Resonant amplification
of neutrino oscillations in matter and solar neutrino spec-
troscopy, Nuovo Cimento C 9, 17 (1986).

[40] H. Duan, G. M. Fuller, and Y.-Z. Qian, Collective neutrino
oscillations, Annu. Rev. Nucl. Part. Sci. 60, 569 (2010).

[41] B. Dasgupta and A. Dighe, Collective three-flavor oscil-
lations of supernova neutrinos, Phys. Rev. D 77, 113002
(2008).

[42] E. K. Akhmedov, Neutrino physics, arXiv:hep-ph/0001264.
[43] S. P. Mikheev and A. Yu. Smirnov, Neutrino oscillations in a

variable density medium and neutrino bursts due to the
gravitational collapse of stars, Zh. Eksp. Teor. Fiz. 91, 7
(1986) [Sov. Phys. JETP 64, 4 (1986)].

[44] L. Hüdepohl, B. Müller, H. Janka, A. Marek, and G. G.
Raffelt, Neutrino Signal of Electron-Capture Supernovae
from Core Collapse to Cooling, Phys. Rev. Lett. 104, 251101
(2010); Erratum, Phys. Rev. Lett. 105, 249901(E) (2010),
machine-readable data from http://wwwmpa.mpa-garching
.mpg.de/ccsnarchive/data/Huedepohl2010-data/index.html;

PRODUCTION OF KEV STERILE NEUTRINOS IN SUPERNOVAE … PHYS. REV. D 99, 043012 (2019)

043012-9

https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1088/1475-7516/2015/04/006
https://doi.org/10.1103/PhysRevLett.42.407
https://doi.org/10.1103/PhysRevLett.42.407
https://doi.org/10.1088/1475-7516/2016/08/012
https://doi.org/10.1088/1475-7516/2016/08/012
https://doi.org/10.1016/j.physletb.2015.07.080
https://doi.org/10.1088/1475-7516/2016/04/059
https://doi.org/10.1088/1475-7516/2016/04/059
https://doi.org/10.1103/PhysRevD.89.025017
https://doi.org/10.1103/PhysRevD.89.025017
https://doi.org/10.1111/j.1365-2966.2006.10458.x
https://doi.org/10.1111/j.1365-2966.2006.10458.x
https://doi.org/10.1103/PhysRevD.75.063511
http://arXiv.org/abs/0903.2040
https://doi.org/10.1088/0004-637X/789/1/13
https://doi.org/10.1093/pasj/psv081
https://doi.org/10.1016/0550-3213(91)90354-Z
https://doi.org/10.1016/0927-6505(93)90020-E
https://doi.org/10.1016/0370-2693(94)91232-7
https://doi.org/10.1016/0370-2693(94)91232-7
https://doi.org/10.1016/0370-2693(94)90233-X
https://doi.org/10.1103/PhysRevD.56.1704
https://doi.org/10.1103/PhysRevD.74.125015
https://doi.org/10.1103/PhysRevD.76.083516
https://doi.org/10.1103/PhysRevD.83.093014
https://doi.org/10.1103/PhysRevD.83.093014
https://doi.org/10.1103/PhysRevD.89.061303
https://doi.org/10.1103/PhysRevD.89.061303
http://arXiv.org/abs/1405.6101
https://doi.org/10.1142/S0217751X16501372
https://doi.org/10.1142/S0217751X16501372
https://doi.org/10.1016/0370-1573(90)90054-6
https://doi.org/10.1103/PhysRevD.95.123002
https://doi.org/10.1103/PhysRevD.95.123002
https://doi.org/10.1103/PhysRevD.92.043503
https://doi.org/10.1103/PhysRevD.92.043503
https://doi.org/10.1086/506381
https://doi.org/10.1103/PhysRevLett.113.251301
https://doi.org/10.1103/PhysRevLett.113.251301
https://doi.org/10.1103/PhysRevD.17.2369
https://doi.org/10.1103/PhysRevD.17.2369
https://doi.org/10.1007/BF02508049
https://doi.org/10.1146/annurev.nucl.012809.104524
https://doi.org/10.1103/PhysRevD.77.113002
https://doi.org/10.1103/PhysRevD.77.113002
http://arXiv.org/abs/hep-ph/0001264
https://doi.org/10.1103/PhysRevLett.104.251101
https://doi.org/10.1103/PhysRevLett.104.251101
https://doi.org/10.1103/PhysRevLett.105.249901
http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/data/Huedepohl2010-data/index.html
http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/data/Huedepohl2010-data/index.html
http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/data/Huedepohl2010-data/index.html
http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/data/Huedepohl2010-data/index.html
http://wwwmpa.mpa-garching.mpg.de/ccsnarchive/data/Huedepohl2010-data/index.html


we use results for the model with full neutrino inter-
actions (Sf).

[45] M. Rampp and H. T. Janka, Radiation hydrodynamics with
neutrinos: Variable Eddington factor method for core
collapse supernova simulations, Astron. Astrophys. 396,
361 (2002).

[46] M. Liebendoerfer, M. Rampp, H. T. Janka, and A.
Mezzacappa, Supernova simulations with Boltzmann neu-
trino transport: A Comparison of methods, Astrophys. J.
620, 840 (2005).

[47] A. Marek, H. Dimmelmeier, H. T. Janka, E. Muller, and R.
Buras, Exploring the relativistic regime with Newtonian
hydrodynamics: An Improved effective gravitational poten-
tial for supernova simulations, Astron. Astrophys. 445, 273
(2006).

[48] R. Buras, M. Rampp, H. T. Janka, and K. Kifonidis,
Two-dimensional hydrodynamic core-collapse supernova
simulations with spectral neutrino transport. 1. Numerical
method and results for a 15 solar mass star, Astron.
Astrophys. 447, 1049 (2006).

[49] M. T. Keil, G. G. Raffelt, and H.-T. Janka, Monte Carlo
study of supernova neutrino spectra formation, Astrophys. J.
590, 971 (2003).

[50] C. Giunti and C.W. Kim, Fundamentals of Neutrino
Physics and Astrophysics (Oxford University Press, Oxford,
UK, 2007).

[51] J. Peltoniemi, The ultimate neutrino page, http://cupp.oulu
.fi/neutrino/.

[52] L. Stodolsky, On the Treatment of neutrino oscillations in a
thermal environment, Phys. Rev. D 36, 2273 (1987).

[53] M. J. Thomson, Damping of quantum coherence by elastic
and inelastic processes, Phys. Rev. A 45, 2243 (1992).

[54] T. J. Loredo and D. Q. Lamb, Bayesian analysis of neutrinos
observed from supernova SN-1987A, Phys. Rev. D 65,
063002 (2002).

[55] G. Pagliaroli, F. Vissani, M. L. Costantini, and A.
Ianni, Improved analysis of SN1987A antineutrino events,
Astropart. Phys. 31, 163 (2009).

[56] K. Zuber, Neutrino Physics, Series in High Energy Physics,
Cosmology and Gravitation (Taylor & Francis, London,
2011), 2nd ed.

[57] P. B. Pal and L. Wolfenstein, Radiative decays of massive
neutrinos, Phys. Rev. D 25, 766 (1982).

[58] Z. Xing and S. Zhou, Neutrinos in Particle Physics,
Astronomy and Cosmology, Advanced Topics in Science
and Technology in China (Springer, Berlin, Heidelberg,
2011).

[59] A. M. Soderberg et al., An extremely luminous X-ray
outburst marking the birth of a normal supernova, Nature
(London) 453, 469 (2008).

[60] J. Vink, Supernova remnants: The X-ray perspective,
Astron. Astrophys. Rev. 20, 49 (2012).

[61] A.W. Strong, K. Bennett, H. Bloemen, R. Diehl, W.
Hermsen, D. Morris, V. Schoenfelder, J. G. Stacy, C. de
Vries, M. Varendorff, C. Winkler, and G. Youssefi, Diffuse
continuum gamma rays from the Galaxy observed by
COMPTEL, Astron. Astrophys. 292, 82 (1994).

[62] S. C. Kappadath, J. Ryan, K. Bennett, H. Bloemen,
D. Forrest, W. Hermsen, R. M. Kippen, M. McConnell,
V. Schoenfelder, R. van Dijk, M. Varendorff, G.
Weidenspointner, and C. Winkler, The preliminary cosmic
diffuse γ-ray spectrum from 800 keV to 30 MeV measured
with COMPTEL, Astron. Astrophys. Proc. Suppl. 120, 619
(1996).

[63] R. L. Kinzer, W. R. Purcell, and J. D. Kurfess, Gamma-ray
emission from the inner galactic ridge, Astrophys. J. 515,
215 (1999).

[64] S. D. Hunter et al., EGRET observations of the diffuse
gamma-ray emission from the galactic plane, Astrophys. J.
481, 205 (1997).

[65] P. Sreekumar et al. (EGRET Collaboration), EGRET
observations of the extragalactic gamma-ray emission,
Astrophys. J. 494, 523 (1998).

[66] P. Sreekumar, F. W. Stecker, and S. C. Kappadath, The
extragalactic diffuse gamma-ray emission, AIP Conf. Proc.
410, 344 (1997).

[67] M. Ackermann et al. (Fermi-LAT Collaboration), The
spectrum of isotropic diffuse gamma-ray emission between
100 MeV and 820 GeV, Astrophys. J. 799, 86 (2015).

[68] S. D. Hunter et al., A pair production telescope for medium-
energy gamma-ray polarimetry, Astropart. Phys. 59, 18
(2014).

[69] A. A. Moiseev et al., Compton-pair production space
telescope (ComPair) for MeV gamma-ray astronomy,
arXiv:1508.07349.

[70] M. Tavani et al. (e-ASTROGAM Collaboration), Science
with e-ASTROGAM (A space mission for MeV-GeV
gamma-ray astrophysics), arXiv:1711.01265.

[71] V. Schönfelder and G. Kanbach, Imaging through Compton
scattering and pair creation, Observing Photons in Space:
A Guide to Experimental Space Astronomy (Springer,
New York, 2013), pp. 225–242.

ARGÜELLES, BRDAR, and KOPP PHYS. REV. D 99, 043012 (2019)

043012-10

https://doi.org/10.1051/0004-6361:20021398
https://doi.org/10.1051/0004-6361:20021398
https://doi.org/10.1086/427203
https://doi.org/10.1086/427203
https://doi.org/10.1051/0004-6361:20052840
https://doi.org/10.1051/0004-6361:20052840
https://doi.org/10.1051/0004-6361:20053783
https://doi.org/10.1051/0004-6361:20053783
https://doi.org/10.1086/375130
https://doi.org/10.1086/375130
http://cupp.oulu.fi/neutrino/
http://cupp.oulu.fi/neutrino/
http://cupp.oulu.fi/neutrino/
https://doi.org/10.1103/PhysRevD.36.2273
https://doi.org/10.1103/PhysRevA.45.2243
https://doi.org/10.1103/PhysRevD.65.063002
https://doi.org/10.1103/PhysRevD.65.063002
https://doi.org/10.1016/j.astropartphys.2008.12.010
https://doi.org/10.1103/PhysRevD.25.766
https://doi.org/10.1038/nature06997
https://doi.org/10.1038/nature06997
https://doi.org/10.1007/s00159-011-0049-1
https://doi.org/10.1086/306997
https://doi.org/10.1086/306997
https://doi.org/10.1086/304012
https://doi.org/10.1086/304012
https://doi.org/10.1086/305222
https://doi.org/10.1063/1.54124
https://doi.org/10.1063/1.54124
https://doi.org/10.1088/0004-637X/799/1/86
https://doi.org/10.1016/j.astropartphys.2014.04.002
https://doi.org/10.1016/j.astropartphys.2014.04.002
http://arXiv.org/abs/1508.07349
http://arXiv.org/abs/1711.01265

