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The existence of eV-mass sterile neutrinos is not ruled out because of persistent experimental
anomalies. Upcoming multimessenger detections of neutron-star merger remnants could provide indirect
constraints on the existence of these particles. We explore the active-sterile flavor conversion
phenomenology in a two-flavor scenario (one active plus one sterile species) as a function of the sterile
neutrino mixing parameters, the neutrino emission angle from the accretion torus, and the temporal
evolution of the merger remnant. The torus geometry and the neutron richness of the remnant are
responsible for the occurrence of multiple resonant active-sterile conversions. The number of resonances
strongly depends on the neutrino emission direction above or inside the remnant torus and leads to a large
production of sterile neutrinos (and no antineutrinos) in the proximity of the polar axis, as well as more
sterile antineutrinos than neutrinos in the equatorial region. As the black-hole torus evolves in time, the
shallower baryon density is responsible for more adiabatic flavor conversion, leading to larger regions of
the mass-mixing parameter space being affected by flavor mixing. Our findings imply that the production
of sterile states could have indirect implications on the disk cooling rate, its outflows, and related
electromagnetic observables which remain to be assessed.
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I. INTRODUCTION

The coalescence of a neutron star (NS) with another NS
or a black hole (BH) leads to the formation of a compact
binary merger. Compact binary mergers lose angular
momentum through the emission of gravitational waves.
This conjecture was recently confirmed through the detec-
tion of the gravitational-wave event GW170817 [1–8].
Electromagnetic follow-up observations across multiple
wave bands of GW170817 confirmed that NS merger
remnants are factories of the elements heavier than iron
and harbor short gamma-ray bursts [9–14].
While no neutrino has yet been observed from gravita-

tional-wave sources [15–17], thermal neutrinos are copi-
ously produced in binary NS mergers, with the neutrino
luminosities reaching up to 1054 erg=s within Oð100Þ ms
[18,19]. Neutrinos dominate the cooling of the NS merger
remnant and affect the ejecta composition, while neutrino
pair annihilation above the BH accretion disk contributes to
power the short gamma-ray burst jet [18–28].
Despite intense work, the treatment of neutrino transport

in hydrodynamical simulations of binary NS mergers is still
approximated because of the technical challenges linked to
the required three-dimensional general-relativistic magne-
tohydrodynamical modeling of the source. In addition,
neutrinos are treated as radiation, with the occurrence of
flavor conversion neglected. However, the protonization of

the merger remnant (i.e., the excess of electron antineu-
trinos with respect to electron neutrinos) presumably leads
to the occurrence of the matter-neutrino resonance due to
the cancellation of the matter potential involving inter-
actions of neutrinos with electrons and the neutrino-
neutrino potential [29–35]. Recent work has focused on
exploring the implications of ν − ν interactions on the
synthesis of the elements heavier than iron in the neutrino-
driven outflow and the physics of neutrino-cooled accretion
disks [36–42].
The expected large number of binary NS merger remnant

observations will offer unprecedented opportunities to
characterize the population of binary NS mergers, as well
as the physics of NSs and their nuclear equations of state
[43–46]. At the same time, upcoming multimessenger
observations of binary NS merger remnants and short
gamma-ray bursts could provide constraints on physics
beyond the Standard Model, see, e.g., Refs. [47–49] for
some examples. An interesting and unexplored scenario in
this regard concerns extra sterile neutrino families with eV
mass [50,51].
The existence of sterile families of neutrinos has not yet

been confirmed. However, to date, it is challenging to
interpret a number of experimental results within the
standard three neutrino flavor framework [52,53]. Earlier
hints on the existence of a fourth sterile neutrino family
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were provided by the LSND Collaboration experiment and
partly confirmed by MiniBooNE [54,55]. Along the same
lines, reactor neutrino data could have been explained by
invoking the existence of an eV-mass sterile neutrino; these
puzzling effects concerning reactor neutrino fluxes now
seem to be fully understood [56–60], despite remaining
uncertainties on the reactor energy spectra [61,62].
Additional anomalies were also found by the Gallium
experiments GALLEX and SAGE [63] and were recently
confirmed by the Baksan Experiment on Sterile Transitions
[64,65]. As a consequence, global fits invoking the exist-
ence of extra sterile neutrino families easily accommodate
some datasets but are somewhat in tension with others
[66–68]. Cosmological data do not rule out the existence of
light sterile neutrinos [69–72]. We refer the interested
reader to Refs. [50,52,53] for recent reviews on the topic
and details on the best-fit mixing parameters preferred by
the datasets quoted above.
The phenomenology of light sterile neutrinos in core-

collapse supernovae (SNe) has been widely investigated;
these particles could have an impact on the synthesis of
the elements heavier than iron as well as on shock revival
[73–77]. Their existence could also strongly affect the
expected neutrino signal from the next galactic SN [78,79].
However, despite similarities in terms of neutrino number
densities and energetics, the active-sterile flavor conversion
physics and its indirect consequences on the multimes-
senger emission have not been explored in the context of
binary NS mergers.
In this paper, we rely on the output from one of the

binary remnant simulations of Ref. [23] and, for the first
time, investigate the production of sterile particles from
active states through resonant neutrino-matter interactions,
and eventual reconversion into active states. Our work is
organized as follows. In Sec. II, we introduce our bench-
mark binary NS merger remnant model and its main
features. Section III focuses on the physics of active-sterile
flavor conversions in binary NS merger remnants. The
flavor conversion phenomenology is explored in Sec. IVas
a function of the active-sterile mixing parameters, while the
production of sterile particles as the BH torus evolves as a
function of time is outlined in Sec. V. Finally, a summary of
our findings is reported in Sec. VI.

II. BINARY NEUTRON STAR MERGER
REMNANT MODEL

We rely on outputs of a 2D (hereafter, assumed equivalent
to a 3D simulation carried out under the assumption of
cylindrical symmetry) hydrodynamical simulation of the BH
accretion torus formed in the postmerger phase of a compact
binary merger. Specifically, we adopt the model M3A8m3a5
presented in Ref. [23], based on subgrid viscosity and
neutrino moment transport, while neglecting the magnetic
field modeling. This simulation is set up by relying on an
idealized equilibrium torus around a central BH of 3M⊙; it

has a dimensionless BH spin parameter of 0.8, and a torus of
0.3M⊙. The total mass of the neutrino-driven (mostly
ejected at early times away from the equator) ejecta is
1.47 × 10−3M⊙, while the total outflow mass (driven out-
ward also close to the equator and mostly determined by the
viscously driven ejecta) is 66.2 × 10−3M⊙. We refer the
interested reader to Ref. [23] for details on the simula-
tion setup.
In this model, as the accretion torus forms, it starts to lose

mass while accreting onto the central BH. During the first
Oð10Þ ms, the environment is optically thick and neutrino
cooling is less efficient. As the density drops, it follows a
phase of neutrino-dominated accretion flow, during which
neutrino cooling balances viscous heating. As the mass and
density of the torus decrease, the neutrino production rate is
also reduced, until neutrino cooling is no longer efficient
and the torus enters a phase dominated by advection during
which the viscous heating drives the expansion of the torus
and launches outflows.
Figure 1 illustrates the characteristic properties of our

BH torus remnant model and displays the baryon mass
density, the electron fraction as well as the νe number
density, and the relative difference between the νe and ν̄e
number densities in the region above the disk. All quantities
have been extracted at 25 ms for representative purposes
and are shown in the x − z plane, under the assumption of
cylindrical symmetry around the z axis. Note that in the
following we track the flavor conversion physics along a
radial direction r, defined such that x ¼ r cos θ and
z ¼ r sin θ, with θ being the polar angle measured with
respect to the z axis.
One can see that nν̄e ≃ nνe in the polar region. However,

as a function of time, the BH torus evolves from a
configuration where nν̄e > nνe to one with nν̄e < nνe in
the proximity of the polar axis [23,38]. On the other hand,
nonelectron flavors of neutrinos and antineutrinos are
thermally produced in small amounts but can be generated
through flavor conversion [23].
At high densities, neutrinos are coupled to the matter

background. As the matter density decreases, neutrinos
decouple from matter and start to free stream. The neutrino
energy distributions for the electron flavors follow Fermi-
Dirac distributions with nonzero chemical potential in the
trapping regime and then tend to become pinched in the
free-streaming regime. In the numerical computations, we
rely on the numerical energy densities provided as output of
our benchmark NS merger model [23]. In order to assess
whether the production of sterile particles occurs while the
active neutrinos free stream, we estimate the location of the
decoupling surfaces by requiring that the following con-
dition is satisfied for the flux factor [38]

jFνe;ν̄e j
nνe;ν̄e

¼ 1

3
; ð1Þ
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where Fνe;ν̄e is the number flux and nνe;ν̄e is the number
density of νe or ν̄e extracted from our benchmark hydro-
dynamical simulation.
Sterile particles could be produced in the collisional

regime (see Sec. III); hence, we compute the mean free path
for the main neutral current (NC) and charged current (CC)
interactions (i.e., scattering of neutrinos on nucleons,
neutrino-(anti)neutrino scattering, bremsstrahlung proc-
esses, and beta reactions) by following Refs. [80–85]:

λνe;ν̄eðEÞ ¼
1P

CC;NCntσðEÞ
; ð2Þ

where σðEÞ is the interaction cross section and nt the
number density of targets. We assume that Pauli blocking
effects are negligible, because the torus has a mass density
much lower than the nuclear saturation density (ρB ≪
Oð1014Þ g=cm; see Fig. 1) and is only moderately degen-
erate for electrons (see, e.g., Fig. 1 of Ref. [38]).

III. ACTIVE-STERILE FLAVOR
CONVERSION PHYSICS

In this section, we introduce the equations of motion
describing the production of sterile particles. We then

investigate the resonant production of sterile particles in
NS merger remnants.

A. Neutrino equations of motion

For simplicity, in this paper, we work in the two-flavor
basis ðνe; νsÞ and focus on flavor conversion between
electron and sterile flavors. In fact, the nonelectron flavors
are produced through flavor mixing; however, we neglect
flavor conversion among the active flavors. The latter is an
approximation, in light of recent hints supporting evidence
for the development of non-negligible fast neutrino con-
version at high densities [36,86–89]. As shown in Ref.
[74], the production of sterile flavors may further trigger
flavor transformation in the active sector, repopulating it.
Nevertheless, because of the numerical challenges involved
in the modeling of neutrino self-interaction and since we
rely on mass and mixing angles between the active and
sterile sectors that are larger than the active sector mixing
parameters, we aim to provide a first explorative glimpse on
the production of sterile states in NS merger remnants. An
improved modeling of the flavor conversion physics in the
presence of sterile neutrinos is left to future work.
Under the assumption of stationarity, the evolution of the

neutrino field in the flavor space is described by the
Liouville equation [90]:

FIG. 1. Properties of the BH torus remnant at 25 ms in the plane spanned by x and z, under the assumption of cylindrical symmetry
around the z axis: baryon mass density (top left panel), electron fraction (top right panel), number density of electron neutrinos (bottom
left panel), and relative difference between electron neutrinos and antineutrinos (bottom right panel). The decoupling surfaces of νe and
ν̄e are shown in blue and red, respectively [see Eq. (1)]. In the top left panel, our benchmark neutrino emission directions defined by
θ ¼ 1°, 40°, 48°, and 90° are marked with dashed white lines.
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∂rρE ¼ −i½HE; ρE� þ CðρE; ρ̄EÞ; ð3Þ

∂rρ̄E ¼ −i½H̄E; ρ̄E� þ C̄ðρE; ρ̄EÞ; ð4Þ

where, for each energy mode E, ρE is a 2 × 2 density
matrix, whose diagonal terms are the neutrino number
densities for each flavor: ðnνe ; nνsÞ. The bar denotes
antineutrino quantities. We assume that sterile neutrinos
are generated through flavor conversion, i.e., the initial
conditions of our ensemble are such that ρE ¼ diagðn0νe ; 0Þ
and ρ̄E ¼ diagðn0ν̄e ; 0Þ. The Hamiltonian is

HE ¼ Hv;E þHm: ð5Þ

The vacuum term is a function of the active-sterile mixing
angle θv and the vacuum frequency ω ¼ Δm2=2E (with
Δm2 > 0 being the mass-squared difference):

Hv;E ¼ ω

�− cos 2θv sin 2θv
sin 2θv cos 2θv

�
: ð6Þ

The vacuum term has opposite sign for neutrinos and
antineutrinos. The matter term of the Hamiltonian takes
into account the coherent forward scattering on matter,

Hm ¼
�
λ 0

0 −λ

�
: ð7Þ

The effective matter potential is given by [73]

λ ¼
ffiffiffi
2

p
GFρB
2mN

ð3Ye − 1Þ; ð8Þ

where GF is the Fermi constant, ρB is the baryon mass
density, mN is the nucleon mass, and Ye ¼ ðne− − neþÞ=nB
is the electron fraction. The terms C and C̄ in Eqs. (3) and
(4) represent the collision terms due to the incoherent part
of the scattering on the matter background.
Equations (3) and (4) assume that neutrinos propagate

along radial directions (r) for simplicity, hence neglecting
the neutrino angular distributions. In fact, while the con-
tribution to the flavor conversion history from neutrinos
traveling along nonradial directions should not be negli-
gible, for this explorative work we expect the behavior
along the radial direction to be representative of the flavor
transformation phenomenology.
In dense regions, where the electron flavors are ther-

mally produced, neutrino flavor conversion is suppressed
because λ ≫ ω. As the matter density decreases, sterile
flavors can be resonantly produced if the Mikheyev-
Smirnov-Wolfenstein (MSW) resonance condition is sat-
isfied [91–93]:

λres ¼ �ω cos 2θv; ð9Þ

where the plus sign applies to neutrinos and the minus sign
to antineutrinos.
To quantify the amount of flavor conversion at each

resonance, we calculate the adiabaticity parameter γ at the
resonance [94]:

γ ¼ ω

π

sin2 2θv
cos 2θv

���� dλ=drλ

����
−1
: ð10Þ

The corresponding transition probability at the resonance
energy Eres is approximated by the Landau-Zener formula
[94–96]1:

Pνe→νsðEresÞ ≈ 1 − exp

�
−
π2

2
γ

�
: ð11Þ

Resonant conversion between ν̄e and ν̄s occurs when
λ < 0, i.e., Ye ≲ 1=3 [see Eq. (9)]. From Fig. 1, it thus
becomes evident that ν̄s’s cannot be produced around the
polar region, since Ye ≳ 1=3 there.
Sterile particles can also be produced collisionally [97].

However, for our benchmark NS merger remnant model
and sterile mass-mixing parameters, we have verified that
the collisional production of sterile (anti)neutrinos is
always negligible. An analogous situation occurs in the
SN context, where, however, keV-mass sterile states can be
produced collisionally [84,85].

B. Active-sterile flavor conversion

We now intend to investigate the active-sterile flavor
conversion phenomenology for our benchmark NS merger
remnant model. Figure 2 shows the radial neutrino-matter
forward scattering potential at t ¼ 25 ms for representative
radial directions with emission angles: θ ¼ 1°, 40°, 48°, and
90°. The θ ¼ 1° direction allows one to investigate the
flavor conversion physics in the proximity of the polar
region, and the corresponding λ is always positive. θ ¼ 40°
is representative of intermediate directions between the pole
and the equator where λ is both positive and negative. The
θ ¼ 48° potential represents intermediate directions along
which λ changes sign multiple times, while the θ ¼ 90°
potential shows the typical radial evolution of λ in the
proximity of the equator. Our representative radial direc-
tions are chosen to highlight the strong dependence of the
flavor conversion phenomenology on the emission angle.
All other directions in between these ones have similar
features. This is true even though some of our selected radial
trajectories originate from regions outside the decoupling
sphere. For instance, most trajectories originating from the
neutrinosphere will eventually evolve outward nearly radi-
ally at large radii and undergo flavor transformation similar
to one of our representative radial directions. The magnitude

1Note that, for our cases of interest, jλj ≫ jωj; however, if
λ → 0, Eq. (11) holds for θv ≪ 1 [95].
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of λ is the highest around the equatorial plane (see the
bottom right panel) and drops toward the polar axis (see the
top left panel); see also Eq. (8) and Fig. 1.
For ðsin2 θv;Δm2Þ ¼ ð10−2; 10−1 eV2Þ and E ∈ ½0.1;

300� MeV, we can see from Fig. 2 that (anti)neutrinos
undergo multiple resonances because of the spatial varia-
tions of Ye and ρB, as shown in Fig. 1. In order for the MSW
resonance to occur, the neutrino mean free path [Eq. (2)] has
to be larger than the resonance width,

Δres ¼ tan 2θv

���� dλ=drλ

����
−1
: ð12Þ

We have verified that this is always the case for all scenarios
considered in this work.
For the emission directions with θ ¼ 1°, 40° and

θ ¼ 48°, the first resonance occurs outside the decoupling
surfaces (see Fig. 2), where the production of νe ’s and ν̄e’s
has essentially stopped and the active flavors have entered
the free-streaming regime. This implies that a large pro-
duction of sterile particles may deplete the active sector
(which is not repopulated through thermal processes), with
implications for the electron abundance. On the other hand,
for the θ ¼ 90° direction, the first resonance occurs deep
inside in the torus, where νe’s and ν̄e’s are still being
thermally produced. As a consequence, although flavor

conversion at the first resonance may not significantly
impact the local number density of νe and ν̄e, quickly
replenished through thermal processes, it can potentially
affect the evolution of the disk. Moreover, for θ ¼ 90°,
neutrinos undergo MSW resonances before decoupling,
which means that not all neutrinos cross the MSW
resonances in the forward direction; yet, neglecting the
backward moving neutrinos should have negligible impli-
cations on our qualitative assessment of the impact of the
production of sterile states (see in the following and the
discussion in Sec. IV).
In order to evaluate the amount of flavor transformation

numerically, we introduce the νe survival probability at the
resonance radius ri:

Pνe→νeðE; riÞ ¼
nνeðE; riÞ
n0νeðE; riÞ

; ð13Þ

where the index 0 denotes the quantities before
flavor transformation and Pνe→νsðEÞ ¼ 1 − Pνe→νeðEÞ and
n0νeðE; riÞ is extracted from our benchmark hydrodynamical
simulation. A similar expression holds for Pν̄e→ν̄e.
Figure 3 shows the survival probability of νe ’s and ν̄e’s

for ðsin2 θv;Δm2Þ ¼ ð10−2; 10−1 eV2Þ and a selected neu-
trino energy E ¼ 20 MeV, obtained by solving Eqs. (3)
and (4) numerically [with initial conditions n0νeðE; r0Þ and

FIG. 2. Effective matter potential λ, extracted at t ¼ 25 ms, as a function of the radius for our selected radial directions with emission
angles: θ ¼ 1°, 40°, 48°, and 90°, from the top left panel to the right bottom panel, respectively (see Fig. 1). The green and red bands
show λres for ðsin2 θv;Δm2Þ ¼ ð10−2; 10−1 eV2Þ and E ∈ ½0.1; 300� MeV for neutrinos and antineutrinos, respectively. Owing to the
geometry of the torus, the shape and magnitude of λ greatly vary as functions of θ, and so do the resonance regions. For each θ, the
number of MSW resonances occurring for neutrinos and antineutrinos is marked by different hues. Each resonance is identified through
the change of sign of dλ=dr. For θ ¼ 90°, the neutrino and antineutrino decoupling surfaces are plotted as vertical lines in blue and red,
respectively. The radial directions θ ¼ 1°, 40°, and 48° fall outside the decoupling surfaces.
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n0ν̄eðE; r0Þ extracted from our benchmark merger simulation
at the innermost radius r0] and applying Eq. (13).

2 We warn
the reader that the resonance radii in Fig. 3 depend on the
neutrino energy and the active-sterile mixing parameters;
MSW resonances at smaller radii should be expected for
larger Δm2 (see Sec. IV).
The same computation can be carried out analytically. In

this case, the neutrino number density at each resonance
radius ri, occurring after neutrino decoupling, is

nνeðE; riÞ ¼ Pνe→νeðE; riÞnνeðE; ri−1Þ
�
ri−1
ri

�
2

þ Pνs→νeðE; riÞnνsðE; ri−1Þ
�
ri−1
ri

�
2

; ð14Þ

with the survival probability being computed through
Eq. (11) and i − 1 being the former resonance in the event

that multiple resonances take place (see Fig. 2). By
comparing with the outputs of our benchmark hydrody-
namical simulation, we verified that the neutrino number
density at ri−1 can be safely rescaled by ∼1=r2 in order
to compute the local number density at ri. However, a
special case occurs for the first resonance, where
nνeðE; r1Þ ¼ Pνe→νeðE; r1ÞnνeðE; r1Þ, with nνeðE; r1Þ being
extracted from our benchmark remnant simulation model.
Moreover, for θ ¼ 90°, the first MSW resonance occurs
before neutrino decoupling; hence, nνeðE;r2Þ ¼Pνe→
νeðE;r2ÞnνeðE;r2ÞþPνs→νeðE;r1ÞnνsðE;r1Þðr1=r2Þ2, where
nνeðE; r2Þ is extracted from our remnant simulation model.
Analogous expressions hold for nνsðE; riÞ. We find that
our analytical computations are in agreement with the
numerical ones (results not shown here).
We can see that the flavor conversion physics is highly

dependent on the emission direction and that more than two
resonances could occur for some directions, as is noticeable
in Fig. 2 (see, e.g., θ ¼ 48°). As expected, according to the
emission direction and for our fixed neutrino energy, the
adiabaticity of flavor conversion changes. This has the effect
that νs’s are minimally produced in the equatorial plane (see
θ ¼ 90°), whereas in the polar region no ν̄s’s are produced,
since no ν̄e–ν̄s resonances can occur (see θ ¼ 1°).
We warn the reader that, while our choice of the

representative radial directions aims to highlight the diver-
sity of the active-sterile flavor conversion phenomenology,

FIG. 3. Survival probabilities for νe (in green) and ν̄e (in red) with E ¼ 20 MeV and ðsin2 θv;Δm2Þ ¼ ð10−2; 10−1 eV2Þ for θ ¼ 1°,
40°, 48°, and 90° from the top left panel to the bottom right panel, respectively. Avarying number of resonances occurs for neutrinos and
antineutrinos, depending on θ, as visible from Fig. 2. Moreover, because of the spatial variation of the effective matter potential, the
adiabaticity of flavor conversion changes as a function of the radius.

2For θ ¼ 90°, neutrinos undergo flavor conversion before
decoupling; hence, the numerical solution of Eqs. (3) and (4)
is approximated, since it does not take into account the repopu-
lation term. However, for the mass-mixing parameters adopted in
Fig. 3 there is no production of sterile states in the first resonance
(due to the highly nonadiabatic MSW resonance), and therefore
the result is independent on the repopulation effects. The second
resonance occurs in the free-streaming regime, where Eqs. (3)
and (4) hold.
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not all of our benchmark radial directions have comparable
relevance for what concerns the astrophysical implications.
In fact, for neutrino paths starting within the neutrino
decoupling surfaces, Ye ≲ 1=3 in the innermost regions; on
the other hand, neutrinos start propagating from a region
with a high value of λ (i.e., Ye ≳ 1=3) toward regions with
lower λ (Ye ≲ 1=3) for θ ¼ 40° and 48°. As a consequence,
for θ ¼ 40° and 48°, the innermost MSW resonances may
appear to be peculiar because the trajectories start on the
black-hole horizon (large Ye). However, we note that
neutrinos emitted from the opposite side of the disk and
crossing the funnel would have gone through resonances
similar to those represented by θ ¼ 40° and 48°. Thus, our
selected radial directions provide a complete picture of the
flavor conversion phenomenology.
Interestingly, due to the torus geometry, the flavor

conversion phenomenology in NS merger remnants differs
from the SN one [73–77], where at most two MSW
resonances were observed. However, as in the SN case,
the innermost resonances are less adiabatic than the outer
ones because of the steep radial profile of λ. Another
difference with respect to the SN case is that ν̄e’s are
naturally more abundant in the compact merger scenario.
Figure 4 shows the active and sterile differential number

densities as functions of the energy for the same represen-
tative mixing parameters and emission directions as shown
in Fig. 3. We can see how the effects of the varying
adiabaticity and the occurrence of MSW resonances distort
the shape of the sterile distributions at 1000 km, creating

energy-dependent features. In addition, ν̄s’s are not pro-
duced in the surroundings of the polar region (θ ¼ 1°, top
left panel), while more ν̄s’s than νs’s are produced near the
equatorial region (θ ¼ 90°, bottom right panel).

IV. DEPENDENCE OF THE FLAVOR
CONVERSION PHENOMENOLOGY ON THE
STERILE MASS AND MIXING PARAMETERS

In this section, we investigate the physics of flavor
conversion and the production of sterile particles as
functions of the sterile mixing parameters. In what follows,
we scan the mass-mixing parameter space considered for
light sterile neutrinos [50,52,53]; because of the lack of
consensus on the mass-mixing sterile parameters necessary
to interpret the various experimental anomalies (see Sec. I),
we refrain from choosing benchmark mass-mixing sterile
parameters.

A. Occurrence of multiple MSW resonances

In order to compute the average amount of flavor mixing
across multiple resonances, we introduce the energy aver-
aged survival probability for neutrinos at each resonance:

hPνe→νeðriÞi ¼
R
dEPνe→νeðE; riÞnνeðE; ri−1ÞR

dEnνeðE; ri−1Þ
; ð15Þ

with Pνe→νeðE; riÞ defined as in Eq. (11). An analogous
expression holds for the survival probability of antineutri-
nos, hPν̄e→ν̄eðriÞi.

FIG. 4. Differential number densities of νe (dashed green line), ν̄e (dashed red line), νs (solid ochre line), and ν̄s (solid blue line) as
functions of energy for the same emission directions and mixing parameters as displayed in Fig. 3. The dashed lines have been extracted
at the innermost radius 8.02 km and the solid ones at 1000 km. Only sterile neutrinos are produced along θ ¼ 1°, while more sterile
antineutrinos than sterile neutrinos are produced along θ ¼ 90°.
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Figures 5–8 show contour plots of hPνe→νeðriÞi
(hPν̄e→ν̄eðriÞi) in the plane spanned by ðsin2 θv;Δm2) on
top (bottom). Each resonance is identified through the
number of times dλ=dr changes sign, as shown in Fig. 2.
The amount of flavor transformation that occurs within

each resonance region depends on λ, which controls which
ðsin2 θv;Δm2Þ undergo MSW resonances. On the other
hand, dλ=dr controls the adiabaticity of each resonance.
There are general features which most resonance regions

display, regardless of θ. The region of partial or full flavor

FIG. 5. Contour plot of the νe energy averaged survival probability at the three resonances [see Fig. 1 and Eq. (15)] for the emission
direction θ ¼ 1° in the plane spanned by sin2 θv and Δm2. Only neutrinos undergo resonances; no MSW resonance occurs for
antineutrinos. At the third resonance, the range and slope of the potential (see Fig. 2) allows for a larger region of the mass-mixing
parameter space to be affected by full flavor conversion.

FIG. 6. Same as Fig. 5, but for θ ¼ 40°. Four MSW resonances occur for neutrinos (top panels), and two for antineutrinos (bottom
panels). Unlike Fig. 5, the region of the parameter space affected by flavor conversion is not always larger as outer resonances are met
(and the matter potential becomes shallower).
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conversion into sterile states has a triangular shape. This is
because the adidabaticity of the MSW resonance increases
as sin2 θv and/or Δm2 increase [see Eq. (10)]. These
triangular regions are bounded from above in most cases
since a high Δm2 causes λres to exceed the maximum value
of the potential λ within that region (or minimum value for
antineutrinos), resulting in an absence of resonances for the
upper part of the parameter space.
The bottom panels of Fig. 8 represent the survival

probability of antineutrinos for θ ¼ 90°. We see how the
first resonance is much less adiabatic than the second one.
This is due to how rapidly Ye crosses 1=3, while ρB is still
very large, causing dλ=dr ≫ 1; i.e., λ is very steep as it
changes sign for the first time (see Fig. 2). A similar trend
can be seen in the bottom panels of Figs. 6 and 7 for θ ¼ 40
and 48°, though not as prominently. Otherwise, the same

general features in the neutrino survival probability also
present themselves in the antineutrino plots.

B. Overall production of sterile neutrinos
and antineutrinos

Figures 9 and 10 show the overall number densities of
sterile neutrinos and antineutrinos at r ¼ 1000 km, respec-
tively, produced through multiple MSW resonances. The
lowest number density of resonantly produced sterile
particles is visible in the bottom left corner of the
ðsin2 θv;Δm2Þ plane for all panels of Figs. 9 and 10. In
general, as sin2 θv increases, the number density of sterile
neutrinos in Fig. 9 increases. The shape of the contours
closely follows the patterns shown in Figs. 5–8 and is a
direct consequence of multiple resonances. As expected,

FIG. 7. Same as Fig. 5, but for θ ¼ 48°. Six MSW resonances occur for neutrinos and four for antineutrinos.
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sterile neutrinos are abundantly produced for a larger
region of the mass-mixing parameter space for θ ¼ 1°.
In the top panels of Fig. 10 (for θ ¼ 40°; 48°), the

combined effect of all MSW resonances can be observed

in the asymptotic emission of ν̄s ’s. On the other hand, in the
bottom panel of Fig. 10 (θ ¼ 90°), the effect of the first
resonance is not visible in the top right part of the parameter
space. This is because ν̄s’s generated adiabatically at the

FIG. 8. Same as Fig. 5, but for θ ¼ 90°. One MSW resonance takes place for neutrinos and two for antineutrinos.

FIG. 9. Contour plot of the number density of sterile neutrinos at 1000 km in the plane spanned by ðsin2 θV;Δm2Þ for θ ¼ 1°, 40°, 48°,
and 90° from top left to bottom right, respectively. The number density of sterile neutrinos is maximal for a large region of the mass-
mixing parameter space for θ ¼ 1°.
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first resonance are reconverted back to ν̄e’s at the second
resonance. Thus, nν̄s in our plot is determined by the
conversions into sterile states occurring at the second
resonance; on the other hand, flavor conversion at the first
and second resonances leads to an enhanced nν̄e in the top
right corner of the parameter space.

V. ACTIVE-STERILE FLAVOR CONVERSION
AS A FUNCTION OF THE TORUS EVOLUTION

In this section, we explore the active-sterile flavor
conversion physics for three snapshots of the disk evolution
(t ¼ 10, 25, and 50 ms) and a fixed emission angle θ ¼ 90°.
The matter potential λ is shown in Fig. 11. One can see that

FIG. 10. Same as Fig. 9, but for sterile antineutrinos. The contour plot for θ ¼ 1° is omitted as no production of ν̄s ’s occurs. The
number density of sterile antineutrinos is maximal for a large region of the mass-mixing parameter space for θ ¼ 90°.

FIG. 11. Effective matter potential λ as a function of the radius for three different time snapshots, t ¼ 10, 25, and 50 ms in the
equatorial plane, i.e., for θ ¼ 90°. The green and red bands show λres for ðsin2 θv;Δm2Þ ¼ ð10−2; 10−1 eV2Þ and E ∈ ½0.1; 300� MeV for
neutrinos and antineutrinos, respectively. As λ evolves as a function of time, the number of MSW resonances changes.
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the MSW resonance patterns are similar to the ones
investigated in Fig. 2 for t ¼ 25 ms. Features similar to
those illustrated in Fig. 2 can be found for the radial profiles
of λ along the polar region and for some intermediate values
of θ. However, in the proximity of the equatorial plane
(θ ¼ 90°), the electron fraction drops, causing λ to change
sign in the innermost regions for t > 25 ms. As a conse-
quence, no MSW resonances occur for νe at t ¼ 50 ms, and
one fewer MSW resonance takes place for ν̄e with respect
to the t ¼ 25 ms case. Nevertheless, since the innermost
resonances were mainly nonadiabatic, we do not find large
changes in the overall flavor conversion physics, as shown
in Fig. 12 (see Fig. 8 for comparison).
As t increases, the matter gradient along the radial

directions becomes gentler because of the drop in baryon
density, resulting in more adiabatic resonances and a larger
region of the mass-mixing parameter space affected by
flavor conversion at t ¼ 50 ms than at t ¼ 10 ms, as can be
seen in Fig. 12.

VI. OUTLOOK

By relying on a two-flavor framework (one active plus
one sterile species), we have explored the active-sterile
flavor conversion phenomenology in compact binary
merger remnants for the first time. We have investigated
the production of sterile states as a function of the sterile
neutrino mixing parameters, representative radial directions
of neutrino emission from the accretion torus, and temporal
evolution of the merger remnant.
Because of the torus geometry and the neutron richness

of the environment, large flavor conversion occurs for

antineutrinos. In particular, unlike the SN case, we find
that multiple (up to six; see Fig. 2) MSW resonances can
take place, depending upon the neutrino emission direc-
tion. It is important to stress that, while our representative
radial directions highlight differences in the active-sterile
flavor conversion phenomenology, the impact of active-
sterile neutrino conversion on the physics of the remnant is
direction dependent. However, an assessment of the latter
is beyond the scope of this work. The torus geometry is
responsible for a large production of sterile neutrinos (and
no antineutrinos) near the polar region, and more sterile
antineutrinos than neutrinos in the equatorial region.
While we rely on the output of one hydrodynamical
simulation of a BH accretion torus [23], our main con-
clusions should be generic, as they are fundamentally
linked to the characteristic properties and geometry of
binary merger remnants.
As the BH torus evolves, the active-sterile oscillation

phenomenology remains unchanged overall. However, the
shallower baryon density at later times is responsible for
more adiabatic flavor conversion that leads to a larger
region of the mass-mixing parameter space being affected
by active-sterile flavor conversion.
Our findings rely on a simplified framework for what

concerns the modeling of the flavor conversion physics. We
neglect any impact of neutrino-neutrino interaction on the
active-sterile neutrino conversion because of the uncertain-
ties currently involved in our understanding of this phe-
nomenon and the related numerical challenges. Yet, within
a simplified framework, it has been proven that neutrino
self-interaction could further affect the active-sterile con-
version physics in the SN context [74–77].

FIG. 12. Contour plot of the νe and ν̄e energy averaged survival probabilities for the emission direction θ ¼ 90° at t ¼ 10 ms (top
panels, for νe’s and ν̄e’s) and 50 ms (bottom panel, for ν̄e’s). As time increases, the region of the mass-mixing parameter space affected
by flavor conversion becomes larger.
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Despite the caveats of our modeling, our results robustly
suggest that the nontrivial active-sterile flavor phenom-
enology occurring in merger remnants can have indirect
implications on the disk cooling rate and its outflows. For
instance, by relying on the findings of Ref. [40], we deduce
that the adiabaticity of νe and ν̄e flavor conversion into
sterile states inside the neutrino sphere (see, e.g., the first
resonance panel of Fig. 8 for θ ¼ 90°) could potentially
accelerate the cooling of the remnant disk and lower Ye in
the disk in a fashion similar to what was discussed in
Ref. [40]. In addition, flavor conversion occurring in the
polar region at radii of Oð100Þ km (see, e.g., Figs. 2 or 3)
would also reduce the neutrino capture rates by nucleons in
the polar outflows, where Ye and the nucleosynthesis
outcomes are sensitive to the abundance of the electron
flavors, as in the scenario considered in Ref. [38].
A robust assessment of the impact of the active-sterile

flavor conversion physics on the electromagnetic observ-
ables as well as on the disk cooling rate are left to future
work, to be conducted after a reliable modeling of the
active-active conversion physics in the presence of neutrino
self-interactions becomes available. In order to place robust

constraints on the sterile mixing parameters through future
multimessenger observations, a survey of the flavor con-
version phenomenology for various compact binary merger
models and related feedback on the observables will be
required. This work proves the unexplored potential of
upcoming multimessenger observations of compact binary
merger remnants to unveil the existence of sterile neutrinos.
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