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We investigate how hypothetical particles—sterile neutrinos—can be produced in the interior of
exploding supernovae via the resonant conversion of 7, and .. The novelty of our treatment lies in the
proper account of the resulting lepton number diffusion. We compute the yield of sterile neutrinos and find
that even after taking into account backreaction, sterile neutrinos can carry out a sizeable fraction of the
total energy of the explosion comparable to that of active neutrinos. The production is, however, sensitive to
the temperature in the inner supernovae regions, making robust predictions of challenging. In order to
understand whether this production affects supernova evolution and can therefore be constrained, detailed
simulations including the effects of sterile neutrinos are needed.
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I. INTRODUCTION AND OUTLOOK

Exploding supernovae (SNe) are characterized by high
temperatures 7 ~ O(10) MeV and high densities of
baryons. This makes them unique laboratories that can
copiously produce hypothetical feebly interacting particles
[1-3], including axions, dark photons, millicharged par-
ticles, sterile neutrinos (see, e.g., Refs. [4,5]).

SN medium is not transparent for neutrinos of all flavors,
and their dispersion relations change, as compared to the
vacuum case @ = |k| [6]. In the models with sterile
neutrinos (vy)—massive neutral particles, that mix with
active neutrinos—this may lead to the enhancement of
active-sterile mixing, similarly to the solar MSW
effect [7,8]. Feeble interaction of the resulting particles
allow them to escape from the interiors of SNe.

The question of sterile neutrino production during
supernovae explosion, their effects on explosion, and the
stellar nucleosynthesis has been studied in the past [9-28].
These studies mostly concentrated on the mixing of the
sterile neutrino with electron flavor, owing to the presence
of the significant electron lepton number L, in the super-
nova. The production of v, from u and 7z flavors has been
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considered in [17,24,29]." These works took into account
production via scattering in the constant-density core of the
supernova, expecting that the effect should be the strongest
there due to the high density of matter and temperature.

The question of production of v, mixed with v, has been
reanalyzed recently in [30] where it had been noticed that
outside the core the resonant MSW-like conversion of o,
into sterile neutrino v, was possible (see also [31]). It was
argued in [30] that such a conversion can be quite efficient
and can lead to a significant flux of v, for mixing angles as
small as sin*(26,,) ~ 1071,

In this work, we re-analyze sterile neutrino production in
the course of supernovae explosion, taking into account the
backreaction of sterile neutrino emission on the local
density of antineutrinos. We demonstrate that

(i) the local density of antineutrinos U, in the resonance

zone is quickly reduced (the chemical potential
u, 2 T is generated), thus slowing the sterile neu-
trino production,
(i1) the diffusion processes are not efficient enough to
restore the population of 7, in the resonance zone, and

(iii) the exact amount of energy carried by sterile
neutrinos is sensitive to the temperature in the inner
SN regions. This makes robust predictions of sterile
neutrino flux challenging, as these temperatures are
not sufficiently constrained.

'In what follows we will use the notation v, to denote

collectively (v,.v,) and o, for (,.7,), respectively.
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FIG. 1. Main result: Energy emitted by sterile neutrinos mixed

solely with v,, produced via resonant conversion during the first
second after the SN core bounce (thick solid lines). Thinner
dashed lines correspond to same emitted energy in the modified
model where the temperature is 10% lower. Note, that the
contours with energy output E, ~ 10° erg are only indicative,
as we did not include in our treatment the energy loss and cooling
due to sterile neutrinos. Although our analysis did not assume that
sterile neutrinos are dark matter particles, we overimpose the light
gray region to indicate where the correct dark matter abundance
of sterile neutrinos can be generated in the neutrino minimal
standard model (WUMSM see Sec. 111 G). Black dot with error bars
corresponds to the 3.5 keV signal of [32,33] interpreted in terms
of decays of sterile neutrino dark matter.

As a result the process of sterile neutrino production
eventually switches off. Nevertheless, we find that sterile
neutrinos can carry out a significant fraction of the total
energy of the explosion, comparable with the energy flux of
a flavor of active neutrinos. This constitutes the main result
of our paper.

The structure of the paper and the main points of
each section are as follows: Section II lists the formulas that
are sufficient to reproduce our results and explains basic
ingredients that enter the computations. Details
and comments accompanying these formulas are provided
in Appendixes. Section III presents our results: we estimate
the amount of energy carried away by v,, calculate their
spectra and evolution of the chemical potential of u and
flavors in space and time. Our main results are summarized in
Fig. 1. In Sec. IV, we conclude that although sterile neutrino
production can be quite efficient, it is difficult to obtain
robust constraints on sterile neutrino parameters based on
the scarce data we have and that one needs holistic
simulations of SN explosions, including sterile neutrinos
to see whether too much energy gets carried away through
this channel. Appendixes A-D provide background infor-
mation and additional cross-checks; details of the deriva-
tion of the kinetic equation; treatment of the diffusion, etc.

II. SKETCH OF THE COMPUTATIONS

In order to keep the presentation simple and spare
readers from technical details, we start by summari-
zing the main steps of our calculations and basic for-
mulas that would allow one to reproduce our results.
Details of the derivation and calculation are provided in
Appendix B below.

In order to compute the production of sterile neutrinos
we need to solve a system of coupled equations

(1) Firstequation (Eq. (1) below) describes the temporal
evolution of the distribution function of sterile
neutrinos, based on which one can compute, e.g.,
sterile neutrino energy flux.

(2) Second equation (Eq. (9) below) governs the
evolution of the chemical potential u.(r,1), that
describes the backreaction of the sterile neutrino
production on the population of active antineutrinos.

The number of v, with energy E, resonantly produced by
the time 7 and traveling into the solid angle d€2 is given by
(we assume that E~|p|, i.e., sterile neutrinos are
ultrarelativistic):

d*N,(t,E)
dE dQ

t -
- / ATRL(E)E* FU(Y Ries(E) E)P (E)e R/ Ay (1)
0

Expression (1) requires several comments. R(E) is the
radius, at which resonance condition is satisfied for anti-
neutrinos with the energy E. Relation r = R (E) can be
inverted to form E = E(r) and determines the value of
the energy of v, produced at radius r:

(2)

|
Ve (1) is the effective potential of antineutrinos [6]. For
the 7,

Gr

Veff(r) = _ENb(Yn - 2yv(, - ZYL/, - 4Yv,, - Zyﬂ)’ (3)

Here Y; E% is the asymmetry in ith particle

(i={n,p.e.u,7,v,,1,,1,}), Ny is the baryons number

015017-2



RESONANCE PRODUCTION OF KEV STERILE NEUTRINOS IN ...

PHYS. REV. D 106, 015017 (2022)

density. All these quantities are functions of position, see
Appendix A. The effective potential for 7, is obtained by
the replacement y <> v and v, <> v, in (3). The baryon
density Ny, and asymmetries reach their maximal values in
the SN core. Therefore, the energy, entering (1) has a
minimal value and the spectrum of emitted sterile neutrinos
is cut at low energies.

Initial values of asymmetries Y; we use in the SN model
(see Appendix A) are such, that the potential (3) is negative,
meaning that the resonance occurs for antineutrinos.
Moreover, we found that the potential will not change
its sign during the production phase and hence we do not
consider any equation for neutrinos conversion.

Numerically, the resonance energy (2) is given by

m 2 PB
Epo~9 MeV - : . (4
res ¢ (10 keV) 3% 10" gjomd” Y

where we used for estimate Y, =03, ¥, =0.1 and
Y,=Y, =Y, =0.
The transition probability P,_,, is defined as:

ﬂ_zwahm:|
2 Losc ’

P._s=1—-exp [—

where Ry, 18 the width of the resonance region,

2 sin 26,
Riwhm = Fiog v o (6)
| =5

(derivative of Vg is evaluated at r = R.) and L, is the
oscillation length at the resonance

2w

L. =—— 7
e = v sin 20, )

The angle 6, is the vacuum active-sterile neutrino mixing
and all equations are derived for 6, < 1. The resonance is
effective when Rgynm = Loge, this ratio is o sin?(26,).

The distribution function fo describes outgoing anti-
neutrinos at the radius r = R,.;(E). This function has the
equilibrium form

- 1 1
fo(t,r E) = .
(27)" expl 4] + 1

(8)

The evolution of the antineutrino population is fully
encoded in the chemical potential u,(r, 1), we do not take
into account temperature evolution during the first second
of explosion.

Factor e~ Rmwmm/4np where Amfp 18 the mean free path of 7,
streaming radially outwards in the resonance region,
accounts for the neutrino damping [34], see Sec. I1I F below.

For the distribution (8) the relation between the chemical
potential and the asymmetry Y, is defined as:

1 (T
Y, =— 9
X Nb ( 6 + 67[2 ( )

and the evolution of Y, is given by the equation

ot 6 G2.r? or

oY (r.1) _aNy(r) 9 ( 2 aﬂx(r,z)> +Nﬂ

Ny(r) or b(7)

B2 (1. ) (B (1) 1. )Py (Enes (7)o 1) 225 (1) (10)

dr

where the first term describes the diffusion of the lepton
number and the second term—the change of lepton
asymmetry due to the conversion of antineutrinos
into v;.

Taking into account an implicit dependence of E,
on u,, we can solve (10) for u,(r, ), plug it into
Eq. (1), and find the distribution function of sterile
neutrinos N(E, 1).

III. RESULTS

A. Energy output in sterile neutrinos

The approach sketched in Sec. II allows us to calculate
the energy spectra and the total energy emitted in the
form of sterile neutrinos v, during the first second after the

2Notice, that this expression was obtained without any
assumption about the value of the chemical potential and is
valid for the case of p, > T as well.

|

core bounce.’ Our results are summarized in Fig. 1 (energy
carried out as a function of sterile neutrino parameters).
Figure 1 both summarizes the production within our
fiducial model and demonstrates the level of uncertainties
that we associate with such production (see explanation
below). Section IV further discusses the uncertainties and
how they influence our ability to constrain particle physics
models.

We stress that Fig. 1 does not correspond to any
constraints on sterile neutrino parameters. Given our
current knowledge about SN explosions in general and
about SN1987A in particular, it is impossible to determine

JAfter ~1 sec post-bounce the temperature of the area of
intense resonance conversion (r ~ 10-20 km) decreases signifi-
cantly and the production of sterile neutrinos is essentially
switched off. Note, that the temperature inside the core can still
be high so this switch off may be less relevant for the collisional
production.
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what energy loss would be incompatible with existing
scarce observations (see Sec. IV for discussion).

B. Qualitative explanation of the results

We start with outlining the results and explaining quali-
tatively the features of the contours in Fig. 1. The parameters
of sterile neutrinos are constrained by estimating the amount
of energy they may carry away (see Sec. IV for further
details). This energy is a nonmonotonic function of mass.
The higher is the mass, the higher is the resonance energy,
E,., given by Eq. (4). This energy reaches O(100) MeV for
mg ~ 30 keV.For E ., > T, the population of neutrinos is
exponentially suppressed, switching the sterile neutrino
production off as m, increases. For small masses of sterile
neutrinos, they are copiously produced, but carry less energy
“per particle”. As the mixing angle decreases for the fixed
mass, the conversion probability (5) decreases as well. As a
result, the number of emitted sterile neutrinos drops, which
explains why the contours close at small 6.

At large mixing angles the situation is different. The
resonance region increases with the increase of 6, and
eventually, becomes larger than the mean free path
[cf. Eq. (1)]. This, again, destroys the resonance condition
and conversion becomes nonefficient. This explains the
upper boundary of the contours in Fig. 1.

Formally, the maximal energy that can be carried
by sterile neutrinos in our fiducial model is EP** =
1.5 x 1073 erg, comparable with the total energy output
in active neutrinos, E, =~ 10% erg (per flavor). Such sterile
neutrinos would be a significant cooling agent, affecting the
temperature profile and effectively shutting down their own
production. This backreaction has not been taken into
account in our work and therefore their treatment is not
done self-consistently. Therefore the red contours in Fig. 1
are definitely an overestimation and are shown only for the
indication of the effect. In order to properly account for
sterile neutrinos with such a strong backreaction, one
would need a detailed numeric study. Here our goal was
to demonstrate, that the backreaction of lepton number
production is still a significant effect. This comment is
applicable also to other figures we present in the text.

C. Quantifying the uncertainties

The efficiency of the energy emission and, hence, our
ability to set meaningful bounds on the sterile neutrino
parameters is sensitive to the temperature in the postbounce
core. This quantity is not known experimentally and can only
be deduced from simulations. Unfortunately, there is a range
of viable models of supernova explosion and they can
provide quite different results regarding the parameters
inside the supernova. This is discussed in more detail in
Appendix A.

Here, in order to indicate the level of uncertainties
we repeat our calculations in the model with the same
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FIG.2. Energy, emitted in the form of sterile neutrinos for fixed
masses m; = 10 keV (top plot) and 60 keV (bottom plot)
depending on the mixing angle. Different contours correspond
to temperature value modifier starting from 1 (fiducial model) that
produces the largest energy output, to the set of values 0.95, 0.9,
0.85, and 0.8 as a sequence of contours with decreased produc-
tion rate. We see that the model with ~20% smaller T, results
in 3—4-times lower energy yield in sterile neutrinos.

temperature profile, suppressed in amplitude by 20%—a
highly conservative estimate, as the uncertainty in temper-
atures can be much higher, see the comparison of temper-
ature in two different simulations at Fig. 6. However, even
these modifications can lead to significant changes in sterile
neutrino energy production. Figure 2 shows several addi-
tional “slices” at m,; = const that illustrates the dependence
of our results on assumed inner temperature 7'p,,.

D. The importance of diffusion

The solution of Eq. (10) allows to find the evolution of
the chemical potential u, that governs the distribution of
active antineutrinos. It is shown in Fig. 3. One sees that
u,/T can reach significant values (u, = T).

To demonstrate the importance of backreaction effects
we also studied two extreme scenarios: (i) the absence of
diffusion and (ii) the absence of backreaction (infinite
reservoir of neutrinos 7, at every energy and radius). In the
former case the production v, — v, stops very quickly, as
the resonant conversion “consumes” all active antineutrinos
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FIG. 3. Time evolution of the radial profiles of the chemical
potential . and of the asymmetry parameter Y, in the fiducial
model. Parameters of sterile neutrino are: mass m, = 7.1 keV,
the mixing angle sin® 20, = 5 x 10~'!. The production of asym-
metry starts at radii » = 10-20 km, and then diffuses both to the
inner region, where it remains partially trapped, and to the outer
regions, where it can be carried away via neutrino emission. Thus
by t~1 sec the chemical potential becomes negligible at r >
20 km while still being nonzero in the core region due to the rapid
decrease of the density of the SN and, hence, the increase of the
neutrino diffusion rate at larger radii.

at a given radius and there are no mechanisms to replenish
their population, as the large number of v, prevents the
creation of v, v, pairs via Pauli blocking. (see also
Appendix D for more details). Therefore the sizeable
production of sterile neutrinos is possible in this case only
for sufficiently large values of the mixing angle. In the case
(i1), the population of antineutrinos 7, gets immediately
restored and therefore the conversion rate remains the same
throughout the whole time 7, ~ 1 sec, being extremely
efficient. The production in the case (ii) stops only because
neutrinos sufficiently cool down with the SN. It is this
approximation that was used in [30] which explains higher
total energy emitted in sterile neutrinos in their case. The
realistic backreaction is in-between these two limiting
cases, as Fig. 4 demonstrates.

The spectra of the resulting sterile neutrinos with differ-
ent diffusion treatment are shown in Fig. 5.
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FIG. 4. Effects of the feedback. We show how energy contours
(E, = 0.5 x 107 erg) changes for three different feedback mech-
anisms: the depleted lepton number is not repopulated by any
means (“no diffusion” dashed line); the restoration of the lepton
number proceeds much faster than sterile neutrino production
(“no asymmetry” dashed-dotted line); and the case of the realistic
diffusion, as studied in this work. The mixing is with v, only and
the duration of emission is taken to be 1 sec for all three cases.

E. Difference between muon and tau mixings

Although the presented mechanism works for both
u- and 7-mixing, the treatment of these two flavors differs,
due to the fact that the temperature of the SN interior, as
well as the value of the muon neutrino chemical potential
Hy, (which appeared as a result of the backreaction), is high

enough for muon pairs to be present (but not for tau
leptons):

1050 J

> ]
(0]
=
Z | L1047 —---- No Asymmetry N, N
Realistic diffusion W\
1046 ... - No diffusion Y3
3
1045E ‘ ‘ ‘ "]
5 10 50 100
E, MeV
FIG. 5. Spectra of sterile neutrinos with mass m = 7.1 keV and

the mixing angle sin>26, = 5 x 10~'! produced during the first
second of explosion for three cases of different backreactions
from Fig. 4. Sterile neutrinos are mixed with z-flavor.
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Y, =Y, +7,
He — Hy, = Hn — Hp :ﬁ
Hy _,uvu = Hn — Hp :ﬂ (11)

Once we fix SN-model dependent variables like total
baryon density, the chemical potential of electrons, muon
chemical potential can be calculated which will affect
the neutrinos effective potential [Eq. (3)]. In the case of
z-leptons, their mass is too high even with nonzero y,,_to be
produced. But even in the case of muon neutrinos pro-
duction, the achieved Y, < 0.1 hence does not affect the
production at a noticeable level compared to tau-flavor
mixing and there is no difference in the resulting amount of
energy, carried by either flavor.' Therefore, our results
(Fig. 1) does not depend on mixing flavor. We do not
discuss here the influence of charged muons on the SN
explosion [35].

F. Damping

The neutrino damping [34] describes the probability that
a neutrino would interact with the medium while propa-
gating in the resonance region. This interaction will cause
the wave function to collapse to a pure flavor state, and its
resonance conversion will become impossible. One can
ignore the damping whenever Ry << Ay In the oppo-
site limit, the collisional production becomes important, as
the scattering has a finite probability to leave behind not
only pure active but also pure sterile state. The collisional
production has been considered before in many works (see,
e.g., Refs. [17,24,30,31]) and it is beyond the scope of the
current work to study how it combines with the resonant
production.

Its effect can be understood as follows: the width of
the resonance Ry, is independent on the energy and
proportional to the sin(26,) [Eq. (6)] while the mean
free path of active neutrinos scales with energy as E~2
(see Sec. C 2). Asaresult for a given mass m, and position
R.s (equivalently fixed resonance energy) the ratio
Riyhm/Amsp grows with 6. If one keeps the mixing angle
(and Ryyhym) fixed, but rather increases the mass—the
resonance energy is increasing [Eq. (2)]. Therefore the
mean free path of U, decreases and neutrino damping
becomes important.

G. Sterile neutrino as dark matter

So far we did not make any reference to sterile
neutrinos being dark matter particles. The lifetime of
sterile neutrinos lighter than two electron is given by
(assuming for simplicity that €, is the only non-
negligible mixing)

*As the change in the effective potential and hence the
resonance energy was too small.

101! 20 keV\?3
~2 x 10% 12
T R2X S“(sin%zex))( m, ) (12)

—much longer than the lifetime of the Universe when
6% ~ 107", And indeed such particles represent a viable
dark matter candidate (as suggested in [15,17,36-38],
see [39] for a review).

We compute the energy output for a sterile neutrino
with mass m; = 7.1 keV and mixing angle sin?20, =
(2 -20) x 107", Decay of such a sterile neutrino dark
matter would produce an x-ray line, consistent with the
observations of [32,33] and many subsequent works, see
[39] for details. In this case, the energy output would
be E; = 1.5 x 107 erg.

The gray shaded region in Fig. 1 shows the para-
meter space of the neutrino minimal standard model
WMSM) [40,41], see [42] for review where sterile neu-
trinos would have correct dark matter abundance (parts
of this parameter space are excluded by x-ray and
structure formation constraints, see [39] for review.
The upper boundary corresponds to the parameters of
the nonresonant dark matter production [17,36,38],
while in the rest of the region the correct dark matter
abundance can be obtained in the presence of primordial
lepton asymmetry [17,37,43]. The maximal value of
lepton asymmetry required to produce the correct dark
matter abundance depends on the ratio of the mixing
angles and differs, for example, in the model where
0, =0,=0, as opposed to that with only 6, #0
[43,44]. We conservatively chose to plot the lower
bound corresponding to the maximal value of the lepton
asymmetry attainable in the vMSM [42].

IV. DISCUSSION

In this paper, we analyzed the process of sterile
neutrino creation during the explosion of a core-collapse
supernova. Sterile neutrinos are produced via mixing
with active antineutrinos of u and/or 7 flavors (collec-
tively, 7,). The hot and dense supernova environment
is nontransparent for neutrinos and their dispersion
changes as compared to the propagation in a vacuum.
Therefore, the mixing with sterile neutrinos can become
resonant (the MSW-like effect), leading to the effective
conversion of antineutrinos r, into sterile neutrinos with
mass in the range 5 keV <m, <40 keV and mixing
angles sin’(26,) reaching 10~® and below. The question
of sterile neutrino production during supernovae explo-
sion, their effects on explosion, and on the stellar nucleo-
synthesis has been studied in the past for sterile neutrinos
ranging in masses from eV to GeV [9-30,45-47]. With few
exceptions (e.g., Refs. [17,24,29,30]) these studies con-
centrated on the mixings of sterile neutrino with electron
flavor. Recent work [30] argued that the fast production
of sterile neutrinos is possible due to the MSW-like
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resonance outside the SN core region when mixing with
U,. However, the authors of [30] did not account for the
depletion of the population of 7, in the resonance region
and kept the distribution of active antineutrinos at its
equilibrium level, thus providing a “stock” of antineu-
trinos to be converted. In reality, the depletion of the
active antineutrinos slows down the conversion process;
the v, — o, pair creation repopulates the abandoned
states, and the above-equilibrium excess of v, gets
diffused away.

In this work, we properly took into account the
diffusion of the lepton number and the backreaction of
sterile neutrinos on the neutrino distribution. Our results
show that sterile neutrinos can carry away the amount of
energy, comparable to that of active neutrino flavors (see
Fig. 1). While the energy output can reach 10> ergs—a
ballpark figure associated with an SN explosion—this
does not lead to the bounds that are both strong and
robust.

Indeed, two main types of bounds from supernovae
exist: energy loss and energy-loss rate bounds, see, e.g.,
Refs. [1-3,48]. The emission of any exotic component
can be capped from above by E,,—the total energy
available in an explosion. The latter is the difference
between the binding energies of a progenitor and a
remnant. The estimates of the total released energy
E., depend on whether the remnant is a black hole or
a neutron star. It is generally believed that the remnant of
SN1987A is a neutron star, although the remnant has not
been found [49] after more than 30 years of searches.
The NS remnant can still be hidden behind SN debris
[49,50] and there is a rising possibility that the remnant is
indeed the NS according to recent work [S1]. If the
remnant is the neutron star, its binding energy can be
estimated as

Mys \2 /10 k
Eng ~ 6.3 x 105 erg (&) <2 o ) ( (;Nsm> (13)
. ©

with the coefficient C~ 0.6 [52-54]. The estimates put
the mass for the SN1987A remnant in the range
Mys >~ 1.7-1.9 M, see [49] for review. Alternative
scenarios for a black hole formation in the SN1987A
explosion exist [55-58]. In any case, the energy emitted
in sterile neutrinos (Fig. 1) is smaller than Eyg.

The energy loss rate argument [1-3] €Eoypa S
10 erg/ sec is based on the shortening of the active
neutrino signal duration in presence of additional cool-
ing channel. The corresponding study was provided
for the case of axions [59-61] and although there might
be differences in details of production mechanisms
(namely, the area of production in the case of the
resonant neutrino production correspond mostly to
regions, that are located outside the core and up to

neutrinosphere while axions are produced the most
intensively in the core), we can expect the same
order-of-magnitude constraint. The same bound, of
course, can be applied for sterile neutrinos, produce
via scatterings [14,17,18,23,24].

In addition to the previous points, the output of sterile
neutrinos is sensitive to the temperature (and tem-
perature profile) in the inner regions of the SN. For
mg ~ O(1 keV) the available neutrino population scales
as E2, in the whole SN region where the condition
E.s(R)<T holds. For m;~O(100keV), since E, > T
everywhere, the number of “available” neutrinos scales
exponentially with the inner temperature. The temper-
ature dependence is thus more pronounced for the
higher mass sterile neutrinos.

No observables are sensitive to the temperatures in these
regions as the emission of active neutrinos happens from
the outer regions—the neutrinosphere with R,gp > Ryeg.
Therefore, even detailed measurements of the neutrino
fluxes would not tell us about the conditions under which
sterile neutrinos were produced. Knowledge of the
temperature profile (that would allow recovering
T(R.s) given the “measurement” of T(R,g,,) can only
be inferred from the simulations (similar to, e.g.,
Refs. [26,28] that however deal with heavier sterile
neutrinos and/or different production mechanisms and
influence on the SN dynamics). Such bonds will neces-
sarily be model-dependent. We leave the self-consistent
treatment of these cases to future works.

Finally, we note that the same challenges are faced by
energy loss bounds applied to other hypothetical very
weakly interacting particles: axions, dark photons, milli-
charged particles, etc.
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Note added.—When this manuscript was finished, the
paper [31] appeared that also investigates the production
of vy, mixed with v, in the SN interior. Reference [31]
analyzes the evolution of the lepton asymmetry Y, due to
the resonance conversion and the collisional production as
well as the feedback on the effective potential. The main
difference for the resonance conversion study is that we
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account for the neutrino’s lepton number diffusion which
eases the backreaction. Therefore our results are qualita-
tively similar, the difference can be attributed to different
SN explosion models.

APPENDIX A: THE FIDUCIAL SUPERNOVA
MODEL

The main goal of our paper is to demonstrate the effect
of backreaction from the build-up of the lepton asym-
metry on the resonant production of sterile neutrinos. The
sterile neutrino emission depends on the spatial and
temporal distribution of density of baryons pp, temper-
ature, asymmetries of electrons and of neutrinos Y,, Y, .
These quantities cannot be measured directly and in
general require the numerical solution of a system of
hydrodynamic transport equations to learn something
about their properties. This introduces a number of
systematic uncertainties.

Different numerical approaches to the supernova
give broadly consistent results (see, e.g., the comparison
of codes and approximations in [62,63]). Typical
differences in various observables obtained with dif-
ferent codes are O(10%). On the other hand, differ-
ent assumptions about the SN progenitors can lead to
very different temperature profiles (under otherwise
equivalent assumptions), see example in Fig. 6.
The difference of T, can lead to order-of-magnitude
changes in the number of produced sterile neutrinos (see
Appendix E) at fixed mass and mixing angle.

Another important uncertainty comes from the
unknown equation of state (EoS) of nuclear matter.
Different equations of state (see, e.g., Refs. [69-72])
appear as a result of different treatment of nuclear matter
and its composition, see, e.g., Ref. [73]. The evolution of
proto-neutron stars and corresponding neutrino signal
under the assumption of different EoS were actively
studied [74-82]. The nuclear equation of state can even
be decisive in whether the simulation of an explosion
would be successful [8§1-84]. Overall, depending on the
nuclear equation of state, the parameters that are crucial
for the production of sterile neutrinos—temperature,
density, and lepton asymmetries—can vary significantly
(see, for example, comparison of numeric results
in [77,79]).

Given all these uncertainties, in this work, we pur-
posely do not establish any constraints and demonstrate
that the current state of the art (both observational and
theoretical) does not allow us to provide any robust
constraints.

However, in order to perform the analysis and esti-
mates the magnitude of the described effects, we adopt a

>The progenitor of the SN1987A is a blue supergiant star
Sk — 62°202 [64] whose mass is estimated to be in the range
15-20 M [65].

10 — Progenitor 13 Mgyn
5! — Progenitor 15 Msun’
>
]
=
1t
0.5
0.1t . . . . . 3
5 10 50 100 5001000 5000
r, km

FIG. 6. Dependence of the temperature profiles (and in par-
ticular of the maximal temperature, 7.,) on the mass of
progenitors. Both temperature profiles are for the same post-
bounce time f,, ~250 m sec and obtained as a result of
simulations with the same numerical code [66]. The plots are
shown for two different progenitor models with the main
sequence masses of 13 My [67] and 15 M, [68] that provided
the initial conditions for the corresponding runs. The uncertainty
in the determination of the mass of the progenitor of the
SN1987A is 15-20 M [see, e.g., Ref. [65]]. Although the
selected time for a snapshot does not correspond to the period,
when everything in the SN is settled down, we believe it perfectly
demonstrates mentioned potential discrepancy in the SN media
conditions during the explosion which can be relevant for the
sterile neutrino production.

fiducial SN model, compute sterile neutrino production
within it, and then quantify possible uncertainties. Our
model is based on a 1D hydrodynamic simulation of an
SN model [85] with the progenitor mass of 18.6 My and
SFHo nuclear equation of state [79] and the gravitational
mass of 1.4 Mg. To allow for simplified analytical
treatment of the problem, instead of using the exact
temporal evolution of the SN background we use a
model, when we have three snapshots for density,
temperature and electron asymmetry profile obtained in
simulation at post-bound times 7, = 0.05, 0.5, 1 sec (see
Fig. 7). We use these parameters from snapshots as static
background during the correspondent time intervals
0<r<0.05 005<tr<05, 05<r<1) and evolve
the HNL production as well as p/7z-asymmetry over this
static background. So, for every new time interval, the
initial profile of the lepton asymmetry is taken from the
previous step evolution. While keeping the calculation as
simple as for the completely static profile, this allows to
follow the changes in production rate during different
postbounce times.

Somewhat similar model and a similar approach have
been recently used, e.g., in [31,86]. At times tyy > 1 sec,
the temperature drops down to the values below few
MeV, which results in a low rate of v, creation. That is
why we do not take into account times 7 > 1 sec.
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FIG.7. Radial profiles of density, temperature, electron and electron neutrino asymmetries, taken as snapshots from 1D hydrodynamic
simulations of the 18.6 M, supernovae explosion [85]. Postbounce times are t,, = 0.05, 0.5, 1 sec. Black lines show the (time-

independent) profiles in our toy model, used in Appendix E below.

APPENDIX B: RESONANT STERILE NEUTRINOS
PRODUCTION

For completeness, we reproduce the formalism of the
resonant conversion for neutrinos propagating in the media
with changing density. Each of the flavor states v,, 7, as
well as v, obeys the Dirac equation and as a consequence
the Klein-Gordon equation. When particles are ultrarela-
tivistic in the medium of variable density this equation can
be brought into the form (see, e.g., the book [Ref. [2]
Chap. 8]):

where the “effective Hamiltonian” is

sin 260) N (Veff(r) 0>
cos 26, 0 0/

(B2)

m? (— cos 26,

Hege(r) = AE

—sin 26,

Here V. is the effective potential of U, given by (see
Eq. (3) for details/notations):

Gr

Veff(r) = _7§Nb(yn - 2er - ZYI/, _4Y’/M _2Yy)
Ny
= 1L4eV( 2 ) (¥, —2Y, —2Y, -4, -2v,).
0

(B3)

my is the mass of sterile neutrino, E is its energy (m, < E)
and we have neglected masses of the active neutrinos; 0, is
the vacuum active-sterile mixing angle. The sign of V. is
such that only the mixing o, — v, is relevant and therefore
we have omitted v, state in Eq. (BI).

For future convenience we will introduce the notation

m;

Ay =—. B4
=57 (B4)

When V. = 0 the eigenvalues of the Hamiltonian (B2) are
:I:%As and the vacuum active-sterile oscillation length is
given by n/A;.

Notice that [He(r), Hege(r')] # 0 for 8y # 0 and there-
fore exact solution of Eq. (B1) is complicated. For the
propagation inside the star where |Vlog V.| < A one
can, however, solve this equation in the adiabatic limit.
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To this end one diagonalizes (B2) at every point by the
matrix U(r), given by

Ui — (—cos o(r)

sinO(r)
—siné(r) ) (BS)

cosO(r)

where the matter mixing angle 0(r) is defined (assuming
0y < 1)

A

tan 29(7') ~ 260 m

+ O(63) (B6)

From Eq. (B6) one sees that deep inside the SN, where
Ay < |Veg(rin)| and Vg <0, one has tan26;, - —0 <
0, — 5, because @ is confined to 0 < 6 < 7. On the other
hand, when the condition

Ag+ Ver(r) =0 (B7)
is satisfied, one has a resonance and 6., — 7. Due to the
sign of effective potential, resonance condition (B7) can be
satisfied only for antineutrinos. Equation (B7) establishes a
relation between the antineutrino energy and the radius of
the resonance, R,.:

m;

Veff (Rres) = T A5

°E (B8)

which leads to Eq. (2).
Diagonalization of the Hamiltonian (B2) gives two
eigenvalues E, ,(r) such that

Vv
g (8, + Ver)? + 40203 (BY)

Ea,b(r> = 2

and two eigenfunctions (mass eigenstates) v,,. In the
medium with variable density the states v,, propagate
according to the equation, similar to Eq. (B1):

. d (va) ( E,(r) i9’(r)> (%)
11— =
dr \ vy, —i0'(r) Ey(r)) \v,
The off-diagonal elements in the rh.s. are equal to
—iU"0,U and are responsible for transition between differ-

ent mass eigenstates that would be absent for & = 0. Let us
introduce a parameter of nonadiabaticity, y

(B10)

__o0
"TEM-ED) B

Its value determines whether a transition between
different levels is possible. When y — 0, the evolution is
fully adiabatic and transitions between mass eigenstates
are negligible (this is the case, for example, in the Sun).
It turns out that for small 6, y can be different from zero

1072
1051 — Sin?26=107"% |
— Sin?20=10"°
@
FIG. 8. Evolution with radius of the adiabaticity parameter
Y=5% ‘i/E;, [Eq. (B11)]. It can reach large values in a very narrow

region around the resonance (R =~ 16.3 km in this case) and is
extremely small outside it. The energy of the neutrino equals
E =40 MeV, sterile neutrino mass m; = 10 keV. For smaller
angle, the value of this parameter can be larger than 1. It shows
that conversion goes nonadiabatically while for larger angle it
acquire value < 1 everywhere, so the conversion is totally
adiabatic.

only in a narrow region around the resonance for a wide
range of densities (effective potential) profiles (see
Fig. 8). This is the region where the mixing angle
changes its value significantly. Defining this region as
where 6(r) changes from sin?20 =1 to sin®20 =1
(i.e., £<6(r) <37 we get its width Rpyp,, = 2sin(26,)/
(log Ve (Ries))', Eq. (6). The nonadiabaticity parameter
is maximal at the resonance and can be expressed
through the width of the resonance

_ 1 Losc

= B12
T wahm ( )

where L, is the oscillation length at resonance (7). The
probability of transition between mass states v, and v,
after crossing the resonance is given by [87]

1 1
Px—»szi_ 5_

where 0, ~7—mixing angle, at the point of neutrino

state creation and ., = 0(7oy) =~ y—the vacuum mix-
ing angle. P,, is a probability of transition between
mass eigenstates due to nonadiabatic change of V. In
the case, when Ry, 1s much smaller than the charac-
teristic scale, over which V4 is changing, the effective
potential can be approximated as a linear function of
(r — Ry,) around the resonance. In this case the Landau-
Zener formula appears

Pna> cos 20;, cos 20, (B13)

P, = exp [— Zﬁ] . (B14)
v
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FIG. 9. Energy levels E, (black), E, (red) of the system,
depending on the radius. Mixing angle is chosen as
sin?260 = 1073, mass m, = 10 keV, momentum p = 30 MeV.
The y-axis shows m, ;/2E. The closest distance between energy
levels is at the resonance where the transition between the levels
is the most likely.

For small vacuum mixing angles one has 6;, ~7 and
O ® 0y < 1, Eq. (B13) can be rewritten as

P._,=1—exp {_21] (B15)
14

Figure 9 illustrates the above considerations. Energy
levels E,(r) and E,(r) do not cross. The value E, — E,,
reaches its minimum as r — R.. In the case of fully
adiabatic propagation (i.e., change of the radius) one
remains on the same energy level E,(r) or E,(r). As a
result, a state |v,) that is mostly |v,) deep inside the star
would remain mostly |v,) everywhere and would exit the
star as mostly sterile state |v,). The probability of such a
process for 0, < 1 is given by P ~ cos?g, — 1—the
result familiar from the MSW effect in the Sun. This can
be seen from Eq. (B15) when the parameter of non-
adiabaticity y — 0.

The nondiagonal elements in the Hamiltonian make
propagation nonadiabatic. Therefore, although levels do
not cross, when they are approaching close to each other,
a transition between them can occur. As a result, the
probability for an active neutrino to pass a resonance
region without conversion remains finite. One can con-
sider the limit y > 1, where the probability behaves

T _ﬂ_zwahm
as P, Ry =51 1.

1. Mixing with the electron flavor

The described mechanism can of course be used
for v, — vy, mixing as considered in a number of papers
[9,12,45,46]. The effective potential for v, /D, is, however,
different from (3):

5 G
V’;f’ye(r) =T 7;;Nb(_2Ye +7, _4ng - 2Yb1 - ZYW)-

(B16)

(the upper sign is for v,, the lower—for 7,). Using the
relations (11) one can see that the effective potential (B16)
changes its sign as one moves away from the core. As a
result, the production is possible for both electron neutrinos
and antineutrinos. While the resonant conversion for 7,
proceeds similarly to 7,, for electron neutrinos the reso-
nance condition is satisfied at two different radii. So v,
converted at an inner radius can be reconverted to active
neutrinos at an outer radius, reducing the effectiveness
of the production (see, e.g., [Ref. [45] Fig. 3]). The
kinetic equation (1) does not take this into account.
Another important effect is that the value of ¥, is tightly
connected with the electron-positron asymmetry Y, via
beta-equilibrium condition. Therefore, efficient resonant
conversion may shift beta-equilibrium and in this was
significantly affect the nucleosynthesis in supernovae (see
[88]). A proper self-consistent treatment of these processes
are beyond the scope of this paper, therefore, we limit
ourselves only to the mixing with x and 7 flavors.

APPENDIX C: BACKREACTION OF STERILE
NEUTRINOS

1. Evolution of x-flavor population

The active-sterile conversion depletes the number of
antineutrinos of given energy at a given radius [the two are
related via Eq. (2)]. Therefore, the conversion could have
led to the deviation of the ¥, distribution function from its
initial equilibrium form. However, other processes such as
nucleon-neutrino scatterings

U,+N—->0b,+N (C1)
lead to the change of the shape of the antineutrino
distribution function without changing the total number
of antineutrinos at the radius r. The nucleon-nucleon
bremsstrahlung production of neutrino pairs,

N+N->N+N+0v,+v,, (C2)
partially repopulates the number of 7, (without changing
the total lepton number). The process (C2) is stopped by the
neutrino Pauli blocking. The reaction rates of the processes
(C1)—(C2) are faster than sterile neutrino conversion rate

[89]. Therefore we can always describe the population of U,
by the equilibrium distribution function,

- 1 1

Ix(E.r.1) =
(27)? exp[iEJr;’gr()”)] +1

(C3)
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(with p, — —pu, for neutrino distribution function). The
evolution of the neutrino population is fully encoded into
the evolution of the chemical potential ux.é

The evolution of the chemical potential affects the
effective potential Vg and, therefore, the resonance energy
(2) via the change of the lepton number Y,. It can be seen
from (2) that with the growth of Y, the resonance energy
increases so that the number density of active antineutrinos
with energy E > E, diminishes and as a result the
production stops.

The nonzero chemical potential y, ~ T means that neu-
trino average energy increases. For the muon flavor large
values of p(r, 1), increase the number of neutrinos that can
participate in the production of muons in reactions, like

Vy+n—ptu (C4)
v,+e s u+u, (C5)
Vy+0, = p +et (C6)

leading to the non-negligible population of x~. Similar
reactions are possible for antineutrinos and antimuons, but
the number density of 7, is extremely small in this regime,
leading to negligible production of . So the muon lepton
asymmetry will be stored not only in neutrinos but in muons
as well. The population of 7+ leptons remains negligible
because of their large mass.

2. Diffusion

The inhomogeneous chemical potential y . (r, t) triggers
the lepton number diffusion processes. Neutrinos (whose
number exceeds greatly that of antineutrinos) diffuse away
and the reactions like (C2) then replenish population of
antineutrinos.

A typical time scale for the diffusion over the distance

R? . i
. where Ay, is the mean free path of (anti)

neutrinos of x-flavor. The neutrino’s mean free path
depends on the neutrino energy and matter density. A
straightforward computation of neutrino scattering in a
medium of nonrelativistic nucleons gives Apg, ~ 8

R is it =

Typical values of neutrino energies in supernovae is
E ~O(100) MeV and densities can reach N, ~2 X
10 cm™ so diffusion time can be as low as

®Recall that we only analyze the duration of time 7, ~ 1 sec
and therefore neglect temporal change of the temperature profile.

7Sufﬁciently large asymmetry could cause the effective po-
tential to change the sign and therefore cause conversion v, — v;.
Such a process would result in washing out of the asymmetry. We
will see below that this does not happen for the realistic values of
the parameters.

Recall that we are interested only in the diffusion of y or 7
flavors and therefore only neutral current processes contribute to
the scattering of both neutrinos and antineutrinos.

O(1072 sec)—much below the period of time over
which we analyse the sterile neutrino production.
Therefore diffusion cannot be neglected. Strictly speak-
ing, the diffusion approximation is not valid for R 2 R,
where the density drops below p < 10'' g¢/cm® and
neutrinos start to free stream. The region of the neutrino-
sphere thus serves as a “sink” of lepton asymmetry. We
can, however, ignore this correction thanks to the
following consideration: (i) neutrinos are actively con-
verted at Ry, < R,gy. (i) The value of the lepton
asymmetry at R > R, does not influence directly this
conversion rate because the diffusion rate at these “low”
densities becomes very high (fp;y << 1 sec). As a result
lepton asymmetry is washed out faster than it is pro-
duced. So it cannot accumulate and affect the value of
the asymmetry in the inner region. To check these
arguments we artificially increased the diffusion coeffi-
cient at R ~ R,y to effectively mimic free-streaming of
neutrinos. The resulting asymmetry evolution appeared to
be absolutely identical to the original scenario at a given
accuracy. Therefore, no additional treatment for the
lepton number inside the neutrinosphere is needed.

To describe the evolution of the lepton asymmetry we
use (D2) with the diffusion coefficient D(r, E) given by the
relaxation time approximation:

j'mfp(r’ E) 77:

D(r,E) = =
(r. E) 3 3GZN,(r)E?

(C7)

(Appendix D).
The collisional production of sterile neutrinos can also
affect the evolution of the chemical potential. Indeed,
let Fﬁfﬂyx be the rate of collisional production of sterile
neutrinos v, — vy, while ng’ﬂwx be a similar rate for
antineutrino production (of course, v, and 7, produce
sterile states of opposite helicity). Naively, one could
argue that as there are more v, than v, in the resonance
region, the collisions will predominantly convert v, — v,
thus decreasing the asymmetry. This is, however, not the
case as the collision rates are not the same, Fﬁfﬂyb\ <
Fg‘;ﬂws in the resonance region, see, e.g., Ref. [17] where
the resonance enhancement/suppression of the collisional
production rate is discussed. Indeed, the collision rates
are proportional to sin?(26). In the resonance region,
angle for antineutrinos is 6% ~ O(1), while for neutrinos
Oris :%HO, as one can see by replacing V4 — —V 4 in
Eq. (B6) and making use of the condition (B7). As a

result
reoll o 0%F90H

Uy—lg 1 e 2

(C8)

With chemical potential reaching p,/T ~ 3 (see Fig. 3)
ng ~ 10‘2nyx and therefore we conclude that collisions
do not contribute significantly to the wash out of lepton
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FIG. 10. The same as for Fig. 3, but without diffusion. In this case, asymmetry increases at every point independently. In the absence of
diffusion the maximum asymmetry is sufficiently larger, but V. still does not change its sign. The peak position is changing slightly due
to the change of resonance condition Eq. (2) with the build-up of the asymmetry Y as well as with the change of parameters of SN.

asymmetry for mixing angles that we are considering.
Evolution of neutrino asymmetry without the diffusion is
presented at Fig. 10.

3. Effects on the electron flavor population

As mentioned before, in the case of the mixing
with v,, the development of the chemical potential of
the muon lepton number would lead to the asymmetry in
charged muons. In its turn, this will affect electrons and
electron neutrinos via the charge neutrality condition
Y,=Y,+Y, changing the asymmetry of electrons.
Connection between charged leptons and correspondent
neutrinos is expressed with beta-equilibrium relations:

My =Py, = Hn —Hp = 2 <C9)

He = Hy, = Hn — Hp = //'2 (ClO)

Charge neutrality and beta-equilibrium allow us to
connect all these parameters of the supernovae medium.
As a consequence of the increase of the muon neutrino
chemical potential, we will have decreased values of
electron density and density of v,. This effect, how-
ever, affects the overall results only marginally, as even
with backreaction, muon neutrinos chemical potential
(see Fig. 3).

APPENDIX D: LEPTON ASYMMETRY
EVOLUTION

We start from radial diffusion equation for distribution
function with a source

of(rEst) 10
ot - F2or

of (r,E. 1)

<ﬂDUJD Py

) +1,(r,E, 1)

(D1)

where f, is the distribution function of v, (7,), D(E, r) is
the diffusion coefficient, I .(r, E, t) is the source. By taking
Eq. (D1) for neutrinos and antineutrinos, integrating their
difference over momentum, and dividing by N, we find:

v, (re) 11
ot _Nb(r)rz

/%Gm&m%m@mﬂ

- FAE) )P+ 5,001 (02)
here S,(r,t) is the integrated source of asymmetry
Sx(ra t) = LErzes(r’ t)fgut(Eres(r)’ r, t)
Ny(r)
dE
X Peos(B(n)or) = (rr) (DY)
r

Combining these results together, we arrive to the final
equation describing the evolution of lepton number, Eq. (10).

APPENDIX E: QUANTIFYING
THE UNCERTAINTIES

The production of sterile neutrinos is most sensitive to
the maximum temperature in the SN as it defines the
population of the highest-energy active neutrinos, that will
be available for conversion. In order to quantify the
uncertainties due to variation of different parameters, we
adopt the toy model which has no temporal evolution. In
this way, we can estimate the sensitivity of our results on
the models not measured directly.

The baryon density is approximated as a constant inside
the supernova core (r < R.,..) and decays exponentially at
larger radii,

r— Rcore

s > R El
Rcore } r core ( )

PB = Po €Xp {—
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TABLE 1. Parameters of the toy model of the supernova
adopted in this section. Temperature is chosen to decrease
linearly from T, at r =0 to T, at r =50 km and is also
constant during the first second. See Appendix A for other details.

Core radius Reore = 10 km
Maximum temperature T max = 30 MeV
Minimum temperature Tmin = 3 MeV

Baryon core density po =3 x 1()14%
Ny = 10 cm™3

Y, =03

Baryon core number density
Proton fraction

Temperature is chosen to decrease linearly from 7', at
r=0to T, at r = 50 km and is also constant during the
first second. Proton number fraction remains constant and it
is just a simplification for our model (note that does not
necessarily mean that we define the number of electrons as
there may be a change of population of other charge
massive leptons). Numerical values of the relevant param-
eters are specified in Table L.

Comparison with the simulation snapshots (Fig. 2)
shows, that the values of asymmetries are on the same

-8f E;: 1053 e;'g
Es= 10%2 erg
-9r Es=10%" erg
—10}
< E
(5: -1} S
@ E(v1rsec)
S-12
o
= Y \ow
-13¢
L S \ S
-15¢, | ] | | | I
0 10 20 30 40 50 60
Mass [keV]
FIG. 11.

order of value, while density decreases slower and
temperature can be both higher, and lower, than in the
fiducial model but is, again of the same order. So, our toy
model serves as a fair representation of the realistic
profile.

We see, that although the parameters of the SN in
specific regions differ significantly (at the outer radii r =
20-30 km for density and inner radii r~ 10 km for
temperature), the maximum total energy outcome has
not changed significantly. This happens due to a very
strong backreaction that localizes the production to a
compact spatial region in the interior of the neutron star.

In order to quantify the uncertainties, The change of
energy outcome with temperature decrease is also of
the same order (while the temperature modification has
also a similar factor of 15%-20%). It shows, that
uncertainty of the result due to exact temperature inside
supernovae was not a feature of the specific model we
used. The results for emitted energy for toy model and for
small variations of temperature within it are presented
at Fig. 11.

F — Tomax = 30 MeV
Trmax = 25 MeV

— Tmax = 35 MeV

— Quadratic profile

-13 -12 -11 -10 -9 -8
Log+o(Sin?26)

Left panel: energy emitted by sterile neutrinos in toy model (thick lines) and modified toy model of Sec. E (thin dashed lines)

—when central temperature in the SN is decreased to 25 MeV, which correspond to scaling of temperature for ~15%. Shaded region
shows the corresponding “uncertainty” of production. Sterile neutrino are considered mixed solely with v,. Right panel: uncertainties
related to the SN temperature models. Energy, emitted in the form of sterile neutrinos as a function of the mixing angle for the mass
mg; = 20 keV. The curves show the effects of changing the maximal temperature 7,,, by =5 MeV as well as and different scaling of the
temperature profile between T, and T, (quadratic rather than linear).
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