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Compact Binary Mergers

Figure credit: Brian Metzger.
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Compact Binary Mergers vs. Supernovae

Neutrinos 
Features Antineutrino rich Neutrino rich

Event Type Mergers Core-Collapse SN

Physical 
Mechanism

Merging of two neutron 
stars

Core collapse of 
massive star

Neutrino 
Properties Comparable Comparable

LE-Detectability Poor detection chances Galactic source

HE-Detectability sGRB or magnetar Jets or shock-
powered interactions



Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). 

Neutrinos and Compact Binary Mergers
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Figure credit: Christian Spiering. Murase& Bartos, Ann. Rev. (2019). Fang & Metzger, ApJ (2017). Kimura et al., PRD (2018). Biehl et al., MNRAS 
(2018). Kyutoku, Kashiyama, PRD (2018). Tamborra, Ando, JCAP (2015). Gottlieb, Globus, ApJL (2021).

• No neutrinos detected from prompt short GRB phase yet. 

• Neutrinos from long-lived ms magnetar and internal shock propagating in kilonova ejecta.  

• Favorable detection opportunities with multi-messenger triggers.

High Energy Neutrinos from GRB 170817A? 

Short GRB Jets from Neutron-Star Mergers

I  � Introduction 
Why mass ejection from NS binaries is important ? 

1.  Electromagnetic counterparts of NS merger:           
Key for confirming gravitational-wave detection 
(talks by Korobkin……) 

2.  Ejecta could produce r-process heavy elements              
(talks by Foucart……..) 
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Metzger & Berger    2012�GW170817-GRB 170817A 
success of multi-messenger & 
multi-wavelength observations
• GRB afterglow from off-axis jet
• Kilonovae from merger ejecta

Metzger & Berger 12

see also Kimura, KM+ 18, Kyutoku & Kashiyama 18, 
Biehl+ 18, Ahlers & Halser 19, Decoene+ 20 

from KM & Bartos 19

next: neutrinos?

assumption
”stable magnetar”



Low Energy Neutrino Emission Properties

Mergers exhibit excess of antineutrinos over neutrinos (conversely to supernovae). 

Neutron star merger remnant
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Core-collapse supernova
Self-sustained asymmetry of lepton-number emission in supernovae 7
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Figure 4. Time evolution of spherically averaged neutrino emission prop-
erties (laboratory frame) for the 11.2 M� model. Top: Energy loss rates,
integrated over all directions, for ⌫e, ⌫̄e, and (one kind of) ⌫x. Bottom: Mean
energies, averaged over all directions. These results do not show any pecu-
liarities and are similar to comparable 1D and 2D simulations.

tios of energy-loss rates to number-loss rates.
This figure reveals the usual behavior during the postbounce

accretion phase (compare, e.g., with results by Marek & Janka
2009; Marek, Janka, & Müller 2009; Janka et al. 2012).
Ė⌫e after the shock-breakout burst is very close to Ė⌫̄e or even
slightly larger, while h✏⌫̄ei exceeds h✏⌫ei by a few MeV. Heavy-
lepton neutrinos have significantly lower individual luminosi-
ties because their production in the accretion layer of the PNS
is less e�cient due to the lack of charged-current processes,
and h✏⌫x

i is only slightly larger than h✏⌫̄ei because energy trans-
fers in neutrino-nucleon scatterings reduce the high-energy
spectrum of ⌫x di↵using outward from their deeper produc-
tion layers (Ra↵elt 2001; Keil, Ra↵elt, & Janka 2003).

Here as well as in the following discussion we mostly fo-
cus on the 11.2 M� star. This has two reasons. On the one
hand, the 11.2 M� model does not possess the violent SASI
episodes which massively a↵ect the neutrino-emission prop-
erties in the 20 and 27 M� cases (Tamborra et al. 2013, 2014;
Hanke et al. 2013), where they lead to time-dependent vari-
ations of the neutrino transport and radiation, superimposed
on the hemispheric asymmetry of the lepton-number emis-
sion dipole (Fig. 3). Such short-time fluctuations can ham-
per the easy visibility of the LESA-specific features. On the
other hand, outside of the SASI episodes diagnostic quantiti-
ties that we evaluate for the lepton-emission dipole in the 20
and 27 M� models look, qualitatively and quantitatively, very
similar to those that we present in more detail for the 11.2 M�

case. This will be shown in Fig. 12.

Figure 5. Time evolution of the ⌫e, ⌫̄e, and heavy-lepton neutrino (⌫x) num-
ber fluxes (top to bottom) relative to their directional averages for the 11.2 M�

model. We show hemispheric averages (accounting for projection e↵ects; see
text) as seen by distant observers who are located approximately in the direc-
tion of maximal lepton-number emission (black), in the opposite direction
(red) and in a representative transverse direction (dashed blue). The ⌫e and ⌫̄e
fluxes each exhibit a strong dipolar asymmetry, (anti-)aligned with the lepton-
number flux dipole, whereas the ⌫x flux is nearly isotropic except for a small
enhancement in the hemisphere of smallest lepton-number flux (red line).

3.3. Other flux asymmetries

The LESA phenomenon is a conspicuous order-unity ef-
fect of the directional lepton-number flux variation, but also
shows up in other quantities, notably in the directional varia-
tion of the individual ⌫e and ⌫̄e fluxes. To illustrate this point
we show in Fig. 5 these number fluxes as they would be seen
by a distant observer relative to their directional averages. We
use three viewing directions oriented relative to the lepton-
number dipole axis, i.e., an observer located in the direction of
maximal lepton-number flux (black lines), the opposite direc-
tion of minimal lepton-number flux (red lines), and a typical
direction transverse to the dipole axis (dashed blue lines).

A distant observer measures the integrated intensity over
a hemisphere of the radiating NS surface, projected on the
viewing direction. The corresponding “averaging” over the
visible hemisphere eliminates small-scale variations. To eval-
uate the observational quantities we follow the procedure de-
scribed in Sect. 3.1 of Müller, Janka, & Wongwathanarat
(2012) and in Appendix A of Tamborra et al. (2014) and cal-
culate the observable flux, here the number-flux N, from the
ray-by-ray-computed number-flux densities, Fn(R), at points
R on the radiating surface by an integration over the visible
hemisphere, cf. Eq. (7) in Müller, Janka, & Wongwathanarat

Figures from Wu, Tamborra et al., PRD (2017), Tamborra et al., PRD (2014).



Neutrino Interactions
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Matter-Neutrino Resonance

Flavor conversion phenomenology not present in supernovae. F⌫̄ > F⌫
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Figures from Wu, Tamborra et al., PRD (2017).



Matter-Neutrino Resonance

Figure from Malkus et al., PRD (2012).
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FIG. 2: Single Disk Model: All flavors of neutrinos and antineutrinos are emitted from a disk of the same size.
The neutrino and antineutrino temperatures differ, as in Table I. The horizontal axis in all plots is progress along

the neutrino trajectory in cm. Fig. 2a: Potentials entering Hamiltonian from electrons as in Eq. 4 and from
neutrinos as in Eq. 12 in the absence of oscillation. All other plots: The top panel shows the flux weighted electron
neutrino survival probability, 〈P 〉 in red solid lines, and the flux weighted electron antineutrino survival probability,
〈

P̄
〉

, in dashed amber line. In the bottom panel, we show the relative capture rates of the electron neutrinos and
antineutrinos. The relative capture rate of the neutrinos is a ratio of the electron neutrino capture rate when

oscillations are taken into account, λνe to the electron neutrino capture rate when oscillations are not present, λ0
νe ,

and is shown as the dark blue line. The relative electron antineutrino capture rate is the analogous ratio, λν̄e/λ
0
ν̄e ,

which we show in a light blue dashed line. Fig. 2b: No mu or tau neutrinos are emitted from the disk. Fig. 2c: Mu
and tau neutrino fluxes are rescaled; f0=0.35 relative to their blackbody fluxes. Fig. 2d: Mu and tau neutrino fluxes

are rescaled; f0=0.75

We now look at our numerical calculations to see if the transitions indeed occur. The results of these calculations
are shown in Figs. 2b, 2c and 2d. If there are no mu or tau neutrinos and antineutrinos, the transition results in flux
weighted survival probability for electron neutrinos dropping to nearly zero and the flux weighted survival probability
of electron antineutrinos returning to nearly one, as in Fig. 2b. This is the characteristic behavior of a standard
MNR described in [19]. The relative capture rates of electron neutrinos are shown in solid dark blue and electron
antineutrinos are shown in light dashed blue lines in the lower panel. Because no mu or tau neutrinos are present
initially, these relative capture rates track closely to the weighted survival probabilities.

Increasing the initial amount of mu and tau neutrinos by a small amount has little effect on the survival probabilities,
but a significant effect on the capture rates. This can be seen in Fig. 2c where a small quantity of mu and tau neutrinos
are now emitted from the disk. The number flux of each of these types of neutrinos and neutrinos is slightly under
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FIG. 2: Single Disk Model: All flavors of neutrinos and antineutrinos are emitted from a disk of the same size.
The neutrino and antineutrino temperatures differ, as in Table I. The horizontal axis in all plots is progress along

the neutrino trajectory in cm. Fig. 2a: Potentials entering Hamiltonian from electrons as in Eq. 4 and from
neutrinos as in Eq. 12 in the absence of oscillation. All other plots: The top panel shows the flux weighted electron
neutrino survival probability, 〈P 〉 in red solid lines, and the flux weighted electron antineutrino survival probability,
〈

P̄
〉

, in dashed amber line. In the bottom panel, we show the relative capture rates of the electron neutrinos and
antineutrinos. The relative capture rate of the neutrinos is a ratio of the electron neutrino capture rate when

oscillations are taken into account, λνe to the electron neutrino capture rate when oscillations are not present, λ0
νe ,

and is shown as the dark blue line. The relative electron antineutrino capture rate is the analogous ratio, λν̄e/λ
0
ν̄e ,

which we show in a light blue dashed line. Fig. 2b: No mu or tau neutrinos are emitted from the disk. Fig. 2c: Mu
and tau neutrino fluxes are rescaled; f0=0.35 relative to their blackbody fluxes. Fig. 2d: Mu and tau neutrino fluxes

are rescaled; f0=0.75

We now look at our numerical calculations to see if the transitions indeed occur. The results of these calculations
are shown in Figs. 2b, 2c and 2d. If there are no mu or tau neutrinos and antineutrinos, the transition results in flux
weighted survival probability for electron neutrinos dropping to nearly zero and the flux weighted survival probability
of electron antineutrinos returning to nearly one, as in Fig. 2b. This is the characteristic behavior of a standard
MNR described in [19]. The relative capture rates of electron neutrinos are shown in solid dark blue and electron
antineutrinos are shown in light dashed blue lines in the lower panel. Because no mu or tau neutrinos are present
initially, these relative capture rates track closely to the weighted survival probabilities.

Increasing the initial amount of mu and tau neutrinos by a small amount has little effect on the survival probabilities,
but a significant effect on the capture rates. This can be seen in Fig. 2c where a small quantity of mu and tau neutrinos
are now emitted from the disk. The number flux of each of these types of neutrinos and neutrinos is slightly under

Because of antineutrino excess, the 
nu-nu potential enters in resonance 
with the matter one. 
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Do Neutrinos Affect Merger Physics?

Neutrino may play a major role especially for element production around the polar region and 
affect the cooling of the disk.



Just, Abbar, Wu, Tamborra, Janka, Capozzi, PRD (2022). Wu, Tamborra et al. PRD (2017). Wu & Tamborra, PRD (2017). 
Padilla-Gay, Shalgar, Tamborra, JCAP (2021). George, Wu, Tamborra, et al., PRD (2020). Fernandez, Richers, Mulyk, PRD 
(2022). Li & Siegel, PRL (2021). 

Neutrino Pairwise Conversion
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FIG. 7. Left panel: Abundance distributions as functions of the atomic mass number of elements synthesized in the ejected
material in models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 measured at t = 1d after the birth of the disk. The imprint
of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [37]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [136], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [136]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.
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thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [37]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [136], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [136]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).
The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.

• Linear stability analysis suggest pairwise conversions may occur everywhere above the 
remnant disk.  

• Flavor conversions may lead to an enhancement of nuclei with A>130 (kilonova implications). 

• More work needed to grasp how neutrinos affect electromagnetic emission.
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(dotted gray and dashed pink) and Lcoh (dashed blue) are computed from Eq. (16) using �m2

41
= 1 eV2

and ‡x = 2.1 ◊ 10≠4 nm for Lcoh,nuc

ste
[129], and ‡x = 10≠11 m for Lcoh,fi flight

ste [130]. Decoherence e�ects
are expected at L & Lcoh. Figure is taken from Ref. [111].

The WP results become compatible not only at large values of �m2

41
but also at the region around

�m2

41
= 2 eV2.

Reference [111] finds that the damping of the oscillations due to the wave packet size may have
important consequences for low-energy light sterile neutrino searches, accommodating apparently
contradictory results. The result strongly motivates further studies to improve our understanding of
the physics involved in the production and detection of the nuclear reactor and radioactive sources
neutrino experiments.

3.1.3 3+N Light Sterile Neutrinos

The generic model with three active and N sterile neutrino states can be considered as a viable ex-
planation of the anomaly seen experimentally. But it also provides a sterile-sector model-independent
framework for non-unitarity [138,139] tests.

We define the unitary mixing matrix U in the whole (3+N)◊ (3+N) space, and denote its 3◊3 active
space sub-matrix as N . Then, the probability of active neutrino oscillation P (‹— æ ‹–) in matter can
be written in the simple form as [139]

P (‹— æ ‹–) = C–— +

------

3ÿ

j=1

N–jN
ú
—j

------

2

≠ 2
ÿ

j ”=k

Re
Ë
(NX)–j(NX)ú

—j
(NX)ú

–k
(NX)—k

È

◊ sin2
(hk ≠ hj)x

2 ≠
ÿ

j ”=k

Im
Ë
(NX)–j(NX)ú

—j
(NX)ú

–k
(NX)—k

È
sin(hk ≠ hj)x, (17)

where –, — = e, µ, · denote the active neutrino flavor indices, i, j, k = 1, 2, 3 are the indices for the light

White Paper on Light Sterile Neutrino Searches and Related Phenomenology Snowmass 2021

Acero et al., arXiv: 2203.07323. 

Various experimental neutrino anomalies remain unsolved: 

• LSND Anomaly & MiniBooNe low-energy excess—apparent oscillatory appearance of 
electron (anti)neutrinos. 

• Reactor Neutrino Anomaly (solved) & Gallium anomaly—overall normalization discrepancy 
of electron (anti)neutrinos expected from fission reactors. 

• Cosmological data do not fully rule out sterile particles. 

Light Sterile Neutrinos
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Light Sterile Neutrinos in Supernovae

• Active-sterile flavor conversion has non-trivial feedback on electron abundance. 

• Changes in the electron fraction impact nucleosynthesis (not enough to enable r-process).  

• Active-sterile flavor conversion affects the mass loss rate and the wind velocity. 

Neutrino flavor oscillations and neutrino-driven wind nucleosynthesis 11
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the center of the PNS at different postbounce times t0 in both
the active and sterile cases and including the α-effect.

In Fig. 6 (right) the asymptotic Ye values (namely, Ye at
r ! 3 × 107 cm) are plotted as functions of the postbounce
time for each of the considered scenarios (active, sterile and
no oscillations cases). Note that the values in the active case
cannot be distinguished from those in the no oscillations case,
suggesting essentially negligible roles of the active-active os-
cillations on the evolution of Ye (see discussion in Sect. 5).

Furthermore, in the active case, Ye is systematically pushed
towards 0.5 by the α-effect, as we can see by comparing the
black dashed line with the black solid one (“incl. α-effect”
cases). In the sterile case (red solid line), neutrino oscilla-
tions combined with the α-effect lead to Ye being lower than
in the active case (black solid line) at early postbounce times
(t0 = 0.5 s), higher than in the active case at intermediate post-
bounce times (t0 = 1 s, 2 s, and 2.9 s) and again lower than in
the active case at late postbounce times (t0 = 6.5 s, and 7.5 s).

In particular, at late times, Ye in the sterile case and includ-
ing the α-effect becomes lower than Ye in the active case and
lower than Ye in the case without full α recombination, be-
cause both MSW νe-νs conversions happen so close to the
neutrinosphere that the α particle formation at larger radii fur-
ther enhances the Ye-reduction associated with the presence of
sterile neutrinos, although Ye remains always higher than 0.5.

In summary, the α-effect plays an important role in lower-
ing Ye especially at late times (t0 = 6.5 s and 7.5 s). This is due
to the higher entropy and the longer expansion timescale as a
result of the more compact PNS with the lower neutrino lumi-
nosities, resulting in a delay of the α recombination relative to
both the MSW νe-νs conversions and to a longer duration of
the α-effect (see also next section for more details). However,
although the α-effect has a strong impact on Ye and therefore
on the element production, it plays only a sub-leading role for
the neutrino oscillations and no detectable modifications are
expected for the neutrino fluxes at the Earth.

Because of the leading role of the α-effect compared to os-
cillations on Ye, especially at late times (see Fig. 6, where Ye
in the active and sterile cases including the α-effect is fairly
similar), we expect that the nucleosynthesis yields in the pres-
ence of oscillations are not significantly different from the
cases where oscillations are not considered (see Sect. 3.1).
This can be seen in Fig. 7, where we show the nucleosynthe-
sis yields obtained for the 7 representative trajectories in the
active and sterile cases relative to those without neutrino os-
cillations. In Fig. 7 (left) we notice that most of the isotopic
mass fraction ratios in the sterile case relative to the no oscilla-
tion case are lower than 2, with the exception of some isotopes
(with A < 60) which have enhanced production factors.

The most abundantly produced isotope in the relative com-
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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 ⌫e and ⌫e are shown in blue and red respectively (see Eq. 1). In the top left panel, our benchmark
neutrino emission directions defined by ✓ = 1�, 40�, 48� and 90� are marked with dashed white lines.

(⇢B ⌧ O(1014) g/cm3, see Fig. 1) and is only moderately
degenerate 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 (⌫e, ⌫s) and focus on flavor conversion between elec-
tron and sterile flavors. In fact, the non-electron 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 neu-
trino conversion at high densities [36, 86–89]. Similar to
what shown in Ref. [74], the production of sterile flavors
may further trigger flavor transformation in the active
sector, repopulating it. Nevertheless, because of the nu-
merical challenges involved in the modeling of neutrino
self-interaction and since we rely on mass and mixing
angles between the active and the 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]:

@r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) , (3)
@r⇢̄E = �i[H̄E , ⇢̄E ] + C̄(⇢E , ⇢̄E) , (4)

where, for each energy mode E, ⇢E is a 2⇥2 density ma-
trix, whose diagonal terms are the neutrino number den-

Black Hole Remnant Disk

Sigurðarson, Tamborra, Wu, PRD (2022). Just et al., MNRAS (2015).

t =25 ms  



Active-Sterile Flavor Evolution

Figure 2. Energy averaged mean free path of ⌫̄⌧ as a function of the radius for tpb = 0.05, 0.5
and 1 s. Neutrinos are coupled to the matter in the SN core, until they reach the decoupling region
roughly marked by the vertical lines indicating the ⌫⌧ neutrinosphere radius. After decoupling, ⌫⌧
(⌫̄⌧ )’s stream freely.

an approximation, but it should lead to reliable results for what concerns the impact of the
dynamical e↵ects due to the sterile neutrino production on the hydrodynamical quantities.
In fact, flavor conversions among the active states are expected to be suppressed in the region
where active-sterile conversions occur due to the high matter density and frequent collisions
with the SN medium.

The radial flavor evolution of the neutrino field is described by the Liouville equation
for each energy mode E

@r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) and @r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) , (3.1)

where the bar denotes antineutrinos and ⇢ is the neutrino density matrix. The density matrix
for each energy mode E, ⇢E , is a 2 ⇥ 2 matrix in the flavor space spanned by (⌫⌧ , ⌫s), and
similarly for antineutrinos. The initial conditions for the neutrino field are assumed to be
⇢E = diag(n⌫⌧ , 0) and ⇢E = diag(n⌫̄⌧ , 0), i.e. we work under the assumption that ⌫s are only
generated through mixing with ⌫⌧ . The Hamiltonian HE in the flavor basis takes the form

HE = Hvac,E +Hm,E =
�m

2
s

2E


� cos 2✓ sin 2✓
sin 2✓ cos 2✓

�
+


Ve↵ 0
0 �Ve↵

�
, (3.2)

where Hvac is the vacuum term, function of the active-sterile mixing angle ✓ and the active-
sterile mass di↵erence �m

2
s. The e↵ective potential Ve↵ takes into account the forward

scattering potential [34]

Ve↵ =
p
2GFnB


�
1

2
Yn + Y⌫e + Y⌫µ + 2Y⌫⌧

�
, (3.3)
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sities for each flavor: (n⌫e , n⌫s). The bar denotes antineu-
trino quantities. We assume that sterile neutrinos are
generated through flavor conversion, i.e. the initial con-
ditions of our ensemble are such that ⇢E = diag(n0

⌫e
, 0)

and ⇢̄E = diag(n0
⌫̄e
, 0). The Hamiltonian is

HE = Hv,E +Hm . (5)

The vacuum term is a function of the active-sterile mixing
angle ✓v and the vacuum frequency ! = �m

2
/2E (with

�m
2
> 0 being the mass-squared difference):

Hv,E = !

✓
� cos 2✓v sin 2✓v
sin 2✓v cos 2✓v

◆
. (6)

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 =

✓
� 0
0 ��

◆
. (7)

The effective matter potential is given by [73]:

� =

p
2GF ⇢B

2mN
(3Ye � 1) , (8)

where GF is the Fermi constant, ⇢B is the baryon mass
density, mN is the nucleon mass, and Ye = (ne� �

ne+)/nB is the electron fraction. The terms C and C̄ in
Eqs. 3 and 4 represent the collision terms due to the inco-
herent part of the scattering on the matter background.

Equations 3 and 4 assume that neutrinos propagate
along radial directions (r) for simplicity, hence neglect-
ing the neutrino angular distributions. In fact, while the
contribution to the flavor conversion history from neutri-
nos traveling along non-radial directions should not be
negligible, for this explorative work we expect that the
behavior along the radial direction is representative of
the flavor transformation phenomenology.

In dense regions, where the electron flavors are
thermally produced, neutrino flavor conversion is sup-
pressed because � � !. As the matter density de-
creases, sterile flavors can be resonantly produced if the
Mikheyev–Smirnov–Wolfenstein (MSW) resonance con-
dition is satisfied [91–93]:

�res = ±! cos 2✓v , (9)

where + applies to neutrinos and � to antineutrinos.
To quantify the amount of flavor conversion at each

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

� =
!

⇡

sin2 2✓v
cos 2✓v

����
d�/dr

�

����
�1

. (10)

The corresponding transition probability at the reso-
nance energy Eres is approximated by the Landau-Zener

formula [94–96] 1:

P⌫e!⌫s(Eres) ⇡ 1� exp

✓
�
⇡
2

2
�

◆
. (11)

Resonant conversion between ⌫e and ⌫s occurs when
� < 0, i.e. Ye . 1/3 (see Eq. 9). From Fig. 1, it thus
becomes evident that ⌫̄s’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 al-
ways 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 = 25 ms for rep-
resentative radial directions with emission angles: ✓ = 1�,
40�, 48�, and 90�. The ✓ = 1� direction allows to inves-
tigate the flavor conversion physics in the proximity of
the polar region and the corresponding � is always posi-
tive. ✓ = 40� is representative of intermediate directions
between the pole and the equator where � is both pos-
itive and negative. The ✓ = 48� potential represents
intermediate directions along which � changes sign mul-
tiple times, while the ✓ = 90� potential shows the typical
radial evolution of � in the proximity of the equator.
Our representative radial directions are chosen to high-
light the strong dependence of the flavor conversion phe-
nomenology 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 orig-
inate from regions outside the decoupling sphere. For
instance, most trajectories originating from the neutri-
nosphere will eventually evolve outwards nearly radially
at large radii and undergo flavor transformation similar
to one of our represenative radial directions. The magni-
tude of � is the highest around the equatorial plane (see
bottom right panel) and drops towards the polar axis (see
top left panel), see also Eq. 8 and Fig. 1.

For (sin2 ✓v,�m
2) = (10�2

, 10�1 eV2) and
E 2 [0.1, 300] MeV, we can see from Fig. 2 that
(anti)neutrinos undergo multiple resonances because
of the spatial variations of Ye and ⇢B 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

1
Note that, for our cases of interest, |�| � |!|; however, if � ! 0,
Eq. 11 holds for ✓v ⌧ 1 [95].

Figure 2. Energy averaged mean free path of ⌫̄⌧ as a function of the radius for tpb = 0.05, 0.5
and 1 s. Neutrinos are coupled to the matter in the SN core, until they reach the decoupling region
roughly marked by the vertical lines indicating the ⌫⌧ neutrinosphere radius. After decoupling, ⌫⌧
(⌫̄⌧ )’s stream freely.

an approximation, but it should lead to reliable results for what concerns the impact of the
dynamical e↵ects due to the sterile neutrino production on the hydrodynamical quantities.
In fact, flavor conversions among the active states are expected to be suppressed in the region
where active-sterile conversions occur due to the high matter density and frequent collisions
with the SN medium.

The radial flavor evolution of the neutrino field is described by the Liouville equation
for each energy mode E

@r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) and @r⇢E = �i[HE , ⇢E ] + C(⇢E , ⇢̄E) , (3.1)

where the bar denotes antineutrinos and ⇢ is the neutrino density matrix. The density matrix
for each energy mode E, ⇢E , is a 2 ⇥ 2 matrix in the flavor space spanned by (⌫⌧ , ⌫s), and
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ne+)/nB is the electron fraction. The terms C and C̄ in
Eqs. 3 and 4 represent the collision terms due to the inco-
herent part of the scattering on the matter background.

Equations 3 and 4 assume that neutrinos propagate
along radial directions (r) for simplicity, hence neglect-
ing the neutrino angular distributions. In fact, while the
contribution to the flavor conversion history from neutri-
nos traveling along non-radial directions should not be
negligible, for this explorative work we expect that the
behavior along the radial direction is representative of
the flavor transformation phenomenology.

In dense regions, where the electron flavors are
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pressed because � � !. As the matter density de-
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Mikheyev–Smirnov–Wolfenstein (MSW) resonance con-
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Resonant conversion between ⌫e and ⌫s occurs when
� < 0, i.e. Ye . 1/3 (see Eq. 9). From Fig. 1, it thus
becomes evident that ⌫̄s’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 al-
ways 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-
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Our representative radial directions are chosen to high-
light the strong dependence of the flavor conversion phe-
nomenology on the emission angle. All other directions
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even though some of our selected radial trajectories orig-
inate from regions outside the decoupling sphere. For
instance, most trajectories originating from the neutri-
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• Flavor conversion physics is highly dependent on the emission direction.  
Multiple resonances could occur for some directions.  

• Sterile neutrinos are minimally produced in the equatorial plane.  
Sterile antineutrinos are not produced in the polar region. 

• Flavor conversion phenomenology in NS merger remnants differs from the SN one.  
   Similar to the SN case, the innermost resonances are less adiabatic than the outer ones.  
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FIG. 2. Effective matter potential �, extracted at t = 25 ms, as a function of the radius for our selected radial directions with
emission angles: ✓ = 1�, 40�, 48� and 90�, from top left to right bottom, respectively (see Fig. 1). The green and red bands
show �res for

�
sin2

✓v,�m
2
�
= (10�2

, 10�1 eV2) and E 2 [0.1, 300] MeV for neutrinos and antineutrinos, respectively. Due to
the geometry of the torus, the shape and magnitude of � greatly vary as functions of ✓, and so do the resonance regions. For
each ✓, 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 d�/dr. For ✓ = 90�, the neutrino and antineutrino decoupling surfaces are plotted
as vertical lines in blue and red respectively. The radial directions ✓ = 1�, 40�, and 48� fall outside the decoupling surfaces.

the resonance width,

�res = tan 2✓v

����
d�/dr

�

����
�1

. (12)

We verified that this is always the case for all scenarios
considered in this work.

For the emission directions with ✓ = 1�, 40� and
✓ = 48�, the first resonance occurs outside the decou-
pling surfaces (see Fig. 2), where the production of ⌫e’s
and ⌫̄e’s has essentially stopped and the active flavors
have entered the free-streaming regime. This implies
that a large production of sterile particles may deplete
the active sector (which is not repopulated through ther-
mal processes), with implications on the electron abun-
dance. On the other hand, for the ✓ = 90� direction, the
first resonance occurs deep inside in the torus, where ⌫e’s
and ⌫̄e’s are still being thermally produced. As a conse-
quence, although flavor conversion at the first resonance
may not significantly impact the local number density of
⌫e and ⌫̄e, quickly replenished through thermal processes,
it can potentially affect the evolution of the disk. More-
over, for ✓ = 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 implications on our qualitative assessment of
the impact of the production of sterile states (see in the
following and discussion in Sec. IV).

In order to evaluate the amount of flavor transforma-
tion numerically, we introduce the ⌫e survival probability
at the resonance radius ri:

P⌫e!⌫e(E, ri) =
n⌫e(E, ri)

n0
⌫e
(E, ri)

, (13)

where the index 0 denotes quantities before flavor trans-
formation and P⌫e!⌫s(E) = 1�P⌫e!⌫e(E) and n

0
⌫e
(E, ri)

is extracted from our benchmark hydrodynamical simu-
lation. A similar expression holds for P⌫̄e!⌫̄e .

Figure 3 shows the survival probability of ⌫e’s and ⌫̄e’s
for (sin2 ✓v,�m

2) = (10�2
, 10�1 eV2) and a selected neu-

trino energy E = 20 MeV, obtained by solving Eqs. 3
and 4 numerically (with initial conditions n0

⌫e
(E, r0) and

n
0
⌫̄e
(E, r0) extracted from our benchmark merger simula-

sin2 θv = 10−2  and ∆m2 = 10−1 eV2  
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FIG. 3. Survival probabilities for ⌫e (in green) and ⌫e (in red) with E = 20 MeV and
�
sin2

✓v,�m
2
�
= (10�2

, 10�1 eV2) for
✓ = 1�, 40�, 48�, and 90� from top left to bottom right, respectively. A varying number of resonances occurs for neutrinos
and antineutrinos depending on ✓, 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.

tion at the innermost radius r0) and applying Eq. 13 2.
We warn the reader that the resonance radii in Fig. 3 de-
pend on the neutrino energy and the active sterile mixing
parameters; MSW resonances at smaller radii should be
expected for larger �m

2 (see Sec. IV).
The same computation can be carried out analytically;

in this case, the neutrino number density at each reso-
nance radius ri, occurring after neutrino decoupling, is:

n⌫e(E, ri) = P⌫e!⌫e(E, ri)n⌫e(E, ri�1)

✓
ri�1

ri

◆2

+

P⌫s!⌫e(E, ri)n⌫s(E, ri�1)

✓
ri�1

ri

◆2

,(14)

with the survival probability being computed trough
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

2
For ✓ = 90�, neutrinos undergo flavor conversion before decou-

pling, hence the numerical solution of Eqs. 3 and 4 is approxi-

mated since it does not take into account the repopulation 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 non-adiabatic 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.

hydrodynamical simulation, we verified 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 n⌫e(E, r1) = P⌫e!⌫e(E, r1)n⌫e(E, r1)
with n⌫e(E, r1) being extracted from our benchmark
remnant simulation model. Moreover, for ✓ = 90�,
the first MSW resonance occurs before neutrino de-
coupling, hence n⌫e(E, r2) = P⌫e!⌫e(E, r2)n⌫e(E, r2) +
P⌫s!⌫e(E, r1)n⌫s(E, r1)(r1/r2)2, where n⌫e(E, r2) is ex-
tracted from our remnant simulation model. Analogous
expressions hold for n⌫s(E, ri). We find that our analyt-
ical 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 more than two
resonances could occur for some directions, as already
noticeable from Fig. 2 (see, e.g., ✓ = 48�). As ex-
pected, according to the emission direction and for our
fixed neutrino energy, the adiabaticity of flavor conver-
sion changes. This has the effect that ⌫s’s are minimally
produced in the equatorial plane (see ✓ = 90�), whereas
in the polar region, no ⌫̄s’s are produced since no ⌫̄e–⌫̄s
resonances can occur (see ✓ = 1�).

We warn the reader that, while our choice of the repre-
sentative radial directions aims to highlight the diversity
of the active-sterile flavor conversion phenomenology, not
all our benchmark radial directions have comparable rel-
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FIG. 4. Differential number densities of ⌫e (dashed green line), ⌫e (dashed red line), ⌫s (solid ochre line) and ⌫̄s (solid blue line)
as functions of energy for the same emission directions and mixing parameters 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 ✓ = 1�,
while more sterile antineutrinos than sterile neutrinos are produced along ✓ = 90�.

FIG. 5. Contour plot of the ⌫e energy averaged survival probability at the three resonances (see Fig. 1 and Eq. 15) for the
emission direction ✓ = 1� in the plane spanned by sin2

✓v and �m
2. Only neutrinos undergo resonaces, 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.

the first resonance is not visible in the top right part of
the parameter space. This is because ⌫̄s’s generated adi-
abatically at the first resonance are reconverted back to
⌫̄e’s at the second resonance. Thus n⌫̄s in our plot is
determined by the conversions into sterile states occur-
ring at the second resonance; on the other hand, flavor
conversion at the first and second resonances leads to an
enhanced n⌫̄e 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 con-
version physics for three snapshots of the disk evolution
(t = 10, 25, and 50 ms) and a fixed emission angle
✓ = 90�. The matter potential, �, is shown in Fig. 11.
One can see that the MSW resonance patterns are similar
to the ones investigated in Fig. 2 for t = 25 ms. Similar
features to the ones illustrated in Fig. 2 can be found
for the radial profiles of � along the polar region and for

Flavor Conversion Phenomenology

Sigurðarson, Tamborra, Wu, PRD (2022).

• Energy dependent features appear due to multiple resonances. 

• Sterile antineutrinos are not produced in the polar region. 

• More sterile antineutrinos than neutrinos are produced in the equatorial region.  

sin2 θv = 10−2  and ∆m2 = 10−1 eV2  

E = 20 MeV 



• The adiabaticity of the MSW resonance increases as sin2 θv and/or ∆m2 increase.  

• A high ∆m2 causes λres to exceed the minimum value of λ, resulting in the absence of 
resonances for the upper part of the parameter space.  

• The lowest number density of resonantly produced sterile particles is visible in the bottom 
left corner of the (sin2 θv,∆m2) plane.

Flavor Conversion Phenomenology

Sigurðarson, Tamborra, Wu, PRD (2022).
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FIG. 10. Same as Fig. 9, but for sterile antineutrinos. The contour plot for ✓ = 1� is omitted as no production of ⌫̄s’s occurs.
The number density of sterile antineutrinos is maximal for a large region of the mass-mixing parameter space for ✓ = 90�.

FIG. 11. Effective matter potential � as a function of the radius for three different time snapshots, t = 10, 25 and 50 ms
in the equatorial plane, i.e. for ✓ = 90�. The green and red bands show �res for

�
sin2

✓v,�m
2
�
= (10�2

, 10�1 eV2) and
E 2 [0.1, 300] MeV for neutrinos and antineutrinos, respectively. As � evolves as a function of time, the number of MSW
resonances changes.

e.g., the 1st resonance panel of Fig. 8 for ✓ = 90�) could
potentially accelerate the cooling of the remnant disk and
lower Ye in the disk in a similar fashion to what was
discussed in Ref. [40]. In addition, flavor conversion oc-
curring in the polar region at radii of O(100) km (see,
e.g., Fig. 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, like in the scenario considered in
Ref. [38].

A robust assessment of the impact of the active-sterile
flavor conversion physics on the electromagnetic observ-
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FIG. 10. Same as Fig. 9, but for sterile antineutrinos. The contour plot for ✓ = 1� is omitted as no production of ⌫̄s’s occurs.
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FIG. 11. Effective matter potential � as a function of the radius for three different time snapshots, t = 10, 25 and 50 ms
in the equatorial plane, i.e. for ✓ = 90�. The green and red bands show �res for

�
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= (10�2

, 10�1 eV2) and
E 2 [0.1, 300] MeV for neutrinos and antineutrinos, respectively. As � evolves as a function of time, the number of MSW
resonances changes.

e.g., the 1st resonance panel of Fig. 8 for ✓ = 90�) could
potentially accelerate the cooling of the remnant disk and
lower Ye in the disk in a similar fashion to what was
discussed in Ref. [40]. In addition, flavor conversion oc-
curring in the polar region at radii of O(100) km (see,
e.g., Fig. 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, like in the scenario considered in
Ref. [38].

A robust assessment of the impact of the active-sterile
flavor conversion physics on the electromagnetic observ-

Sterile antineutrinos
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e.g., the 1st resonance panel of Fig. 8 for ✓ = 90�) could
potentially accelerate the cooling of the remnant disk and
lower Ye in the disk in a similar fashion to what was
discussed in Ref. [40]. In addition, flavor conversion oc-
curring in the polar region at radii of O(100) km (see,
e.g., Fig. 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, like in the scenario considered in
Ref. [38].

A robust assessment of the impact of the active-sterile
flavor conversion physics on the electromagnetic observ-

Phenomenology: Time Dependence

• In the proximity of the equatorial plane, the electron fraction drops causing λ to change 
sign in the innermost regions for t > 25 ms. 

• As t increases, the matter gradient becomes gentler, resulting in adiabatic resonances. 

• As t increases, a larger region of the parameter space is affected by flavor conversion.

Fixed emission angle: θ = 90◦

Sigurðarson, Tamborra, Wu, PRD (2022).

sin2 θv = 10−2  and ∆m2 = 10−1 eV2  



Conclusions

• Compact binary merger remnants are as rich in neutrinos as supernovae. 

• The impact of neutrino physics on the merger physics remains to be understood. 

• The merger setup favors multiple active-sterile MSW resonances. 

• Sterile (anti)neutrino production is strongly direction dependent.  

Large production of sterile (anti)neutrinos in the polar (equatorial) region.  

• As the BH torus evolves, the active-sterile phenomenology remains unchanged qualitatively. 

• Active-sterile conversion can have implications on the disk cooling rate and its outflows.

Thank you!


