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Astrophysical Neutrinos and  
the Origin of the Elements: What’s Next?



• Ab-initio simulations of the collapse of massive stars/compact binary mergers 

• Supernova explosion mechanism(s) 

• Formation paths for NS & BH and birth properties 

• Relevance of magnetic field, rotation, general relativity 

• Impact of neutrino physics 

• Equation of state and nuclear uncertainties 

• What are the elements synthetized in supernovae? And in mergers? 

• Do we have a clear picture of the multi-messenger signals we should look for? 

• How do we optimize the multi-messenger detection prospects? 

• Signatures of BSM physics

Main Challenges



Multi-Messenger Detection Opportunities
Zwicky Transient Facility  

Super-Kamiokande 

Rubin Observatory  

How to combine astrophysical signals from detectors employing different technologies?  
What can we learn exploiting multi-waveband and multi-messenger observations?

Baikal-GVD  

and many more…  
RES-NOVA



What’s Next?

Figures from Nakamura et al., MNRAS (2016); Drout et al., Science (2017). 

Do we really know what to expect from the next core-collapse event and neutron-star merger?

2 K. Nakamura et al.
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Figure 1. Time sequence for neutrino (red lines for ⌫e and ⌫̄e and magenta line for ⌫x; ⌫x represents heavy lepton neutrino ⌫µ, ⌫⌧ , ⌫̄µ, or
⌫̄⌧ ), GW (blue line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating
17M� progenitor. The solid lines are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or
rough speculations. The left (right) panel x-axis shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the
core-collapse neutrino burst are shown as labeled. For the EM signal, the optical output of the progenitor, the SBO emission, the optical
plateau, and the decay tail are shown as labeled. The GW luminosity is highly fluctuating during our simulation and the blue shaded
area presents the region between the two straight lines fitting the high and low peaks during 3 – 5 seconds postbounce. The hight of
the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of anti-electron neutrino,
photons, and GW is ⇠ 6⇥ 1052 erg, ⇠ 4⇥ 1049 erg, and ⇠ 7⇥ 1046 erg, respectively. See the text for details.

cannot resolve individual neutrino events. Smaller detectors
with sensitivity to CCSN neutrinos include, e.g., Baksan,
Borexino, DayaBay, HALO, KamLAND, LVD, MiniBooNE,
and NO⌫A (for their detection potentials, see, e.g., recent
review Mirizzi et al. 2015). In the near-future, the Jiang-
men Underground Neutrino Observatory (JUNO, Li 2014)
will augment Super-K and IceCube, and with future ex-
periments such as Hyper-Kamiokande (Hyper-K, Abe et al.
2011) and Deep Underground Neutrino Experiment (DUNE,
Acciarri et al. 2015), neutrino event statistics and neutrino
flavor information will be dramatically improved. GW de-
tectors such as Advanced LIGO (aLIGO), Advanced Virgo
(adVirgo), and KAGRA are expected to be able to detect
CCSN GW out to a few kpc from the Earth, while future
detectors such as the Einstein Telescope (ET) can reach the
entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
⇠ 5⇥ 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ⇠ 10 seconds after the core collapse, a co-
pious ⇠ 3 ⇥ 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to the location of the core collapse within an error circle
of a few to ten degrees in the sky (Beacom & Vogel 1999;
Tomas et al. 2003; Bueno et al. 2003). This pointing infor-
mation is particularly important for electromagnetic signals,
which remain a crucial component of studies of CCSNe in
the Milky Way and nearby galaxies. A few hours to days
after the core collapse, the supernova shock breaks out of
the progenitor surface, suddenly releasing the photons be-
hind the shock in a flash bright in UV and X-rays, known as
shock breakout (SBO) emission (Matzner & McKee 1999;
Blinnikov et al. 2000; Tominaga et al. 2009; Gezari et al.
2010; Kistler et al. 2013). Although the SBO signal pro-
vides important information about the CCSN, such as the
radius of the progenitor, detection is di�cult because of its
short duration. Knowing where to anticipate the signal will
dramatically improve its detection prospects. In addition to
the SBO, more traditional studies of CCSN properties (e.g,
energy, composition, velocity) and its progenitor are impor-
tant diagnostics of a CCSN, and a well-observed early light
curve is important for accurate reconstruction of the CCSN
evolution (e.g., Tominaga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ⇠ 500 milliseconds following core collapse is thought to
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The next supernova The next kilonova



Neutrino Quantum Kinetics

⌫µ

⌫⌧

⌫e



Neutrino Flavor Conversion in Dense Media

Recent review: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021). Richers & Sen, arXiv: 2207.03561.

• MSW effect - coherent forward 
scattering with fermions
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Neutrinos also constitute a 
background to other neutrinos  
Fast pairwise neutrino flavor 
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• Vacuum oscillations - driven by 
Δm2

Neutrino oscillations 

I. Padilla-Gay, N3AS online seminar
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Neutrinos interact among themselves

IMPACT ON FLAVOR CONVERSION POORLY UNDERSTOOD!
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Figure 1. Lepton-number flux (⌫e minus ⌫̄e) for our 11.2 M� model as a function of direction for the indicated times post bounce. The latitudes and longitudes,
indicated by dotted lines, correspond to the angular coordinates of the polar grid of the numerical simulation. The flux in each panel is normalized to its average,
i.e., the quantity (F⌫e � F⌫̄e )/hF⌫e � F⌫̄e i is color coded. The lepton-number emission asymmetry is a large-scale feature which at later times has clear dipole
character. The black dots indicate the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole track
between 70 and 340 ms is shown as a dark-gray line. Once the dipole is strongly developed, its direction remains essentially stable and shows no correlation with
the x-, y-, and z-axes of the numerical grid. The dipole direction is also independent of polar hot spots, which are persistent, local features of moderate amplitude
and an artifact connected with numerical peculiarities near the z-axis as coordinate singularity of the polar grid.

expands the shock, increases the gain layer and, again, can
enhance the e�ciency of neutrino-energy deposition (Marek
& Janka 2009) even when convection is weak or its growth
is suppressed because of a small shock-stagnation radius
and correspondingly fast infall velocities in the gain layer
(Foglizzo, Scheck, & Janka 2006; Scheck et al. 2008). This
nonradial instability was first observed in 2D simulations with
a full 180� grid (Janka & Müller 1996; Mezzacappa et al.
1998; Janka et al. 2003, 2004), but not immediately rec-

ognized as a new e↵ect beyond large-scale convection. It
was unambiguously identified in 2D hydrodynamical simu-
lations of idealized, adiabatic (and thus non-convective) post-
shock accretion flows (Blondin, Mezzacappa, & DeMarino
2003). SASI was found to possess the highest growth rates
for the lowest-order (dipole and quadrupole) spherical har-
monics (Blondin & Mezzacappa 2006; Foglizzo et al. 2007;
Iwakami et al. 2008) and to give rise to spiral-mode mass
motions in 3D simulations (Blondin & Mezzacappa 2007;
Iwakami et al. 2009; Fernández 2010; Hanke et al. 2013) or
in 2D setups without the constraint of axisymmetry (Blondin
& Mezzacappa 2007; Yamasaki & Foglizzo 2008; Foglizzo
et al. 2012). The instability can be explained by an advective-
acoustic cycle of amplifying entropy and vorticity perturba-
tions in the cavity between accretion shock and PNS surface
(Foglizzo 2002; Foglizzo et al. 2007; Scheck et al. 2008;
Guilet & Foglizzo 2012) and has important consequences for
NS kicks (Scheck et al. 2004, 2006; Nordhaus et al. 2010b,
2012; Wongwathanarat, Janka, & Müller 2010, 2013) and
spins (Blondin & Mezzacappa 2007; Rantsiou et al. 2011;
Guilet & Fernández 2013), quasi-periodic neutrino emission
modulations (Marek, Janka, & Müller 2009; Lund et al.
2010; Tamborra et al. 2013), and SN gravitational-wave sig-

nals (Marek, Janka, & Müller 2009; Murphy, Ott, & Burrows
2009; Müller, Janka, & Marek 2013).

We here report the discovery of a new type of low-mode
nonradial instability, LESA, which we have observed in 3D
hydrodynamical simulations with detailed, energy-dependent,
three-flavor neutrino transport using the Prometheus-Vertex
code. Our current portfolio of simulated 3D models in-
cludes an 11.2 M� model that shows violent large-scale con-
vection but no obvious signs of SASI activity during the sim-
ulated period of postbounce evolution, a 20 M� model with
a long SASI phase, and a 27 M� model in which episodes of
SASI alternate with phases of dominant large-scale convec-
tion (Hanke et al. 2013; Tamborra et al. 2013). While all
models exhibit LESA, with di↵erent orientations of the emis-
sion dipole, the clearest case is the 11.2 M� model, because
the new e↵ect is not overlaid with SASI activity.

To provide a first impression of our new and intriguing phe-
nomenon we show in Fig. 1 the distribution of lepton-number
emission (⌫e minus ⌫̄e) for the 11.2 M� model over the stel-
lar surface at postbounce (p.b.) times of 148, 169, 210, and
240 ms. In each panel, the lepton-number flux is normalized
to the instantaneous average and the color scale covers the
range from �0.5 to 2.5 of this relative measure. We indicate
the positive dipole direction with a black dot, the negative
direction with a cross. We also show the track of the posi-
tive dipole direction as a dark-gray line, ranging from 70 ms
p.b., where the dipole begins forming, to the end of the sim-
ulation at 340 ms. While at 148 ms the dipole pattern is not
yet strong—a quadrupole component is clearly visible and
the dipole is still building up as we will see later—the subse-
quent snapshots reveal a strong dipole pattern with large am-
plitude: In the negative-dipole direction, the lepton-number
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tions treating neutrinos as radiation. However, a robust
assessment of the radiated neutrino spectra in the pres-
ence of flavor conversion will have to take into account
the hydrodynamic feedback on the thermodynamic prop-
erties and a more realistic implementation of the collision
term. The occurrence of flavor conversion in the vicin-
ity of the flavor-dependent neutrinospheres puts in per-
spective the existing literature naively assuming flavor-
independent neutrinospheres and a larger radius for the
onset of flavor conversion.
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Appendix A: Tests on numerical convergence

In this appendix, we perform a simulation with sig-
nificantly more spatial bins than in the main text to
demonstrate convergence. In order to do so, we consider
our benchmark system and perform simulations with the
self-interaction strength at rmin being µ0 = 104, 103,
and 102 km�1 with 150 spatial bins and compare the re-
sults with simulations performed with 7500 spatial bins
(i.e., 50 times higher spatial resolution). The choice of
a smaller µ0 allows us to perform numerical simulations
with a spatial resolution that is accurate enough to re-
solve length scales of the order of µ

�1
0 or smaller.

Figure 9 shows the convergence tests for µ0 = 104

km�1 for our two simulations with 150 (same as the one
presented in the main text) and 7500 radial bins, with
all other simulation inputs unchanged with respect to
our benchmark model (including the number of angular
bins kept fixed to 150). The top panel shows the di↵er-
ence in the electron neutrino number density, with and
and without flavor conversion obtained using 7500 spatial
bins. The results are same as the ones presented in Fig. 4
within reasonable numerical errors. This is evident from
the middle panel of Fig. 9, where we show the compar-
ison between the number densities averaged over angle
for the simulations with 150 and 7500 spatial bins. It is
also worth noticing that no small-scale spatial structure
is appreciable in the angle-averaged ⇢ee obtained with
7500 spatial bins. The bottom panel of Fig. 9 displays
the relative error between the two simulations. The er-
ror averaged over the radial range is 1.1%. This clearly
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FIG. 9. Tests on numerical convergence for µ0 = 104 km�1.
The top panel shows the di↵erence between ⇢ee with and with-
out mixing for µ0 = 104 km�1 computed using 7500 spatial
bins. The middle panel shows the initial angle averaged ⇢ee as
red dashed line. The red solid line and green solid line shows
are the angle averaged ⇢ee calculated using 150 (low resolu-
tion) and 7500 (high resolution) spatial bins. The red solid
line is di�cult to see due to the overlap with the green solid
line. The bottom panel shows the relative error between the
two simulations as a function of r. The overall error averaged
over radius is 1.1%. can we please use 150 and 7500 radial
bins instead of HR and LR in analogy with all other plots?
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FIG. 6. Growth rate of the flavor instability as a function
of radius obtained by adopting the steady state flavor distri-
butions. The orange line shows the growth rate for ! = 0
(fast conversion), whereas the blue line shows the growth for
! = 0.32 km�1 (slow conversion). Contrary to expectations,
flavor mixing is induced by slow instabilities; fast flavor in-
stabilities are only present around ⇠ 21 km.

eigenvalue ⌦ is the same for neutrinos and antineutrinos
and also the same for all values of cos ✓. When a flavor
instability is present, ⌦ has a positive imaginary com-
ponent, called growth rate and denoted by . It should
be noted that, although the complex eigenvalues are al-
ways present in complex conjugate pairs in the absence
of the collision term, this is not the case in the presence
of collisions [92], which we do not consider here. How-
ever, the presence of a neutrino flavor instability does not
necessarily imply significant flavor transformation [93].

Figure 6 shows the growth rate as a function of radius
for ! = 0 (fast conversion) and ! = 0.32 km�1 adopted
in our work. Interestingly, for most of the radial range,
the neutrino flavor instability does not exist for ! = 0 for
the homogeneous mode because of the shape of our ELN
distributions. This implies that initially the neutrino fla-
vor evolution is not driven by ELN crossings, but by the
vacuum term for k = 0. Fast flavor instabilities are only
present in a small radial range around ⇠ 21 km. In addi-
tion, once triggered, fast flavor mixing is further a↵ected
by the vacuum frequency [55]. We stress that these find-
ings imply an interplay between fast and slow conversion
and do not intend to suggest that the slow modes are
dominant for any k. By comparing Fig. 6 with Figs. 4
and 5, we note that although the neutrino flavor instabil-
ity exists for r & 18 km, the magnitude of the neutrino
flavor transformation is not directly correlated to , in
agreement with the findings of Ref. [93] in the context of
fast flavor transformation.

VI. CHARACTERISTIC SCALES OF THE
PROBLEM

In the context of fast conversion, the time scale of fla-
vor evolution can be as large as µ

�1 in special cases (e.g.,
for ! = 0 and in the absence of collisions and advection).
For more realistic cases the time scales are smaller by a
few orders of magnitude.

One might naively confuse the time scale with the
length scale over which spatial structure is present and in
turn assume that this would infer the spatial resolution
required to perform a reliable numerical study. How-
ever, as demonstrated in Ref. [93], we stress that spa-
tial and temporal scales are not identical when advection
is taken into account; it is possible to get reliable re-
sults by coarse-graining over the small spatial structure,
if the latter is at all present, and reproduce the aver-
age flavor ratio, see also Appendix A and Ref. [93]. The
typical length scale of our problem should not be consid-
ered to be O(µ�1

0 ), as in e.g. Refs. [71, 87, 94–96]—these
works rely on a di↵erent system setup, with structures
at length scales of O(µ�1

0 ) and periodic boundary condi-
tions that may lead to cascades to smaller length scale
with time [97].

In our case, the characteristic length scale of the prob-
lem is determined by the flavor conversion one, as well
as the collision and advection scales. If neutrinos were
assumed to be emitted by a single surface, as sketched
in the left panel of Fig. 7, the typical length scale of
the problem would be given by the product of the fla-
vor conversion time scale and the speed of light (i.e., the
advection velocity). This would be the length scale seen
in a setup similar to the neutrino-bulb model, where the
decoupling region has an infinitesimal extent. However,
our decoupling region is much more extended than the
oscillation length scale, see right panel of Fig. 7. Hence,
at a given point, the resultant neutrino field is given by
the neutrinos emitted from various locations in the de-
coupling region (i.e. the small-scale structures that one
would see when considering one single emitting surface
are smeared as a result of the superposition of oscillating
patterns overlapping with each other, as sketched in the
right panel of Fig. 7).

For a density profile that is rapidly decreasing, as ours,
the extent of the decoupling region is roughly determined
by the inverse of the collision term, ⇠ C

�1. Although
it is not possible to estimate a priori the exact length
scale associated with the neutrino field in the presence of
flavor transformation, it is clear that the resultant length
scale should be between the oscillation and the collision
length scales. In summary, µ

�1
0 constitutes the minimum

length scale expected for flavor conversion, the maximum
being the collision length scale. As a consequence spatial
resolution of O(µ�1

0 ) may not be needed for numerical
convergence because of the interplay of flavor conversion
with collisions and advection.
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Figure 1 shows four representative examples and illustrates
the effect of the a and b parameters.
We have solved the EOMs for the cases A–D specified in

Fig. 1 and show the evolution Dz
1ðtÞ=D1 in Fig. 2. Recall

that D1 ¼ jD1j is conserved, so we really show cos ϑ with
ϑðtÞ the zenith angle ofD1ðtÞ in flavor space. Case A has no
instability, in agreement with the results of the linear
stability analysis, whereas B −D show the characteristic
behavior of an inverted pendulum. The waiting time
between dips depends logarithmically on the smallness
of the chosen seeds. The component

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDx

1Þ2 þ ðDy
1Þ2

p

grows exponentially during that period. (For an example,
see Supplemental Material [55]).
In Fig. 3 we show snapshots of the evolution of the entire

spectrum for case B at four times indicated in Fig. 2. So we
can see how the lepton-number flux evolves in time as a
function of v ¼ cos θ. All modes evolve coherently and
return to their initial position—the overall evolution
remains periodic within the limits of numerical precision.
The same applies to the analogous evolution of the lepton-
number modes SvðtÞ.

Finally, in Fig. 4 we show contours of Dz
1ðtÞ=D1jmin ¼

cosϑmin in the plane spanned by a and b overlaid with
contours of the growth rate obtained by the linear normal-
mode analysis [18,19]. Evidently large flavor conversion
does not always correlate with a large growth rate.
Moreover, seemingly similar ELN configurations can cause
very different flavor outcomes.
The coherence of all modes suggests a small number of

underlying degrees of freedom. In fact, by applying the
Gram matrix method [8], we find that our system with
single-crossed ELN spectra is equivalent to three discrete
angle modes, which form a gyroscopic flavor pendulum in
the unstable case (see Supplemental Material [55] for more
details).

FIG. 1. Representative ELN distributions gv defined in Eqs. (6a)
and (6b) for the shown values of a and b.

FIG. 2. Solutions for the z component (flavor direction) of the
lepton-number flux Dz

1ðtÞ for the cases A −D specified in Fig. 1,
where case A has no instability. We show the normalized quantity
cos ϑ ¼ Dz

1=D1. Its lowest point for each of cases B −D
perfectly agrees with cos ϑmin predicted in Eq. (13).

FIG. 3. Snapshots for Dz
vðtÞ for case B. The time shots are

chosen at t1–t4 indicated in Fig. 2 between the beginning of the
pendular dip and the maximum excursion.

FIG. 4. Contour plot of the growth rate in the plane spanned by
the parameters a and b [see Eqs. (6a) and (6b)]. The white
contours represent Dz

1ðtÞ=D1jmin. The locus of vanishing lepton
number (Dz

0 ¼ 0) is marked with a dashed line. We also mark our
configurations A −D. We see that large growth rates do not
always correspond to large flavor conversion.
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Figure 1 shows four representative examples and illustrates
the effect of the a and b parameters.
We have solved the EOMs for the cases A–D specified in

Fig. 1 and show the evolution Dz
1ðtÞ=D1 in Fig. 2. Recall

that D1 ¼ jD1j is conserved, so we really show cos ϑ with
ϑðtÞ the zenith angle ofD1ðtÞ in flavor space. Case A has no
instability, in agreement with the results of the linear
stability analysis, whereas B −D show the characteristic
behavior of an inverted pendulum. The waiting time
between dips depends logarithmically on the smallness
of the chosen seeds. The component

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDx

1Þ2 þ ðDy
1Þ2

p

grows exponentially during that period. (For an example,
see Supplemental Material [55]).
In Fig. 3 we show snapshots of the evolution of the entire

spectrum for case B at four times indicated in Fig. 2. So we
can see how the lepton-number flux evolves in time as a
function of v ¼ cos θ. All modes evolve coherently and
return to their initial position—the overall evolution
remains periodic within the limits of numerical precision.
The same applies to the analogous evolution of the lepton-
number modes SvðtÞ.

Finally, in Fig. 4 we show contours of Dz
1ðtÞ=D1jmin ¼

cosϑmin in the plane spanned by a and b overlaid with
contours of the growth rate obtained by the linear normal-
mode analysis [18,19]. Evidently large flavor conversion
does not always correlate with a large growth rate.
Moreover, seemingly similar ELN configurations can cause
very different flavor outcomes.
The coherence of all modes suggests a small number of

underlying degrees of freedom. In fact, by applying the
Gram matrix method [8], we find that our system with
single-crossed ELN spectra is equivalent to three discrete
angle modes, which form a gyroscopic flavor pendulum in
the unstable case (see Supplemental Material [55] for more
details).

FIG. 1. Representative ELN distributions gv defined in Eqs. (6a)
and (6b) for the shown values of a and b.

FIG. 2. Solutions for the z component (flavor direction) of the
lepton-number flux Dz

1ðtÞ for the cases A −D specified in Fig. 1,
where case A has no instability. We show the normalized quantity
cos ϑ ¼ Dz

1=D1. Its lowest point for each of cases B −D
perfectly agrees with cos ϑmin predicted in Eq. (13).

FIG. 3. Snapshots for Dz
vðtÞ for case B. The time shots are

chosen at t1–t4 indicated in Fig. 2 between the beginning of the
pendular dip and the maximum excursion.

FIG. 4. Contour plot of the growth rate in the plane spanned by
the parameters a and b [see Eqs. (6a) and (6b)]. The white
contours represent Dz

1ðtÞ=D1jmin. The locus of vanishing lepton
number (Dz

0 ¼ 0) is marked with a dashed line. We also mark our
configurations A −D. We see that large growth rates do not
always correspond to large flavor conversion.
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• We can predict the depth of flavor conversion without solving the evolution equations in a 
simple setup. 

• The amount of flavor conversion does not correlate with the growth rate obtained from the 
linear stability analysis. 

Which is the best way to implement flavor conversion physics in a parametrized fashion?



Shalgar & Tamborra, PRD (2023a), PRD (2023b, in press). Shalgar, Padilla-Gay, Tamborra, JCAP (2020). Shalgar, Tamborra, PRD 
(2020, 2021), ApJ (2019). Richers, Willcox, Ford, PRD (2021). Wu et al., PRD (2021). Nagakura, PRD (2022). …
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FIG. 3. Steady state neutrino flavor configuration in the ab-
sence of flavor mixing. These distributions (generated by im-
posing H = 0 in Eq. 1 and extracted at t = 10�4 s) are
the ones adopted as input to investigate the e↵ects of flavor
conversion. Top panel: Contour plot of ⇢ee (proportional to
the ⌫e number density) in the plane spanned by cos ✓ and r.
Middle panel: Same as in the top panel but for ⇢ee� ⇢̄ee (pro-
portional to the ELN density). The dashed line marks the
region where ELN crossings develop. Bottom panel: Angular
distributions of ⌫e, ⌫̄e and ⌫x at r = 19 km (solid) and 29 km
(dotted). As r increases, the angular distributions become
prominently forward peaked in a flavor-dependent fashion and
ELN crossings develop.

in the top panel of Fig. 4 show the angle averaged occu-
pation numbers of ⌫e and ⌫x. With respect to the case
without flavor conversion (dashed lines in Fig. 4), we see
that flavor conversion pushes the distributions of ⌫e and
⌫x towards each other, sensibly modifying them with re-
spect to the case without flavor conversion. However, we
stress that flavor equipartition is not a general outcome,
but it is linked to the specific flavor setup adopted in this
paper; we have found other flavor configurations that do
not lead to flavor equipartition (results not shown here),
see also Refs. [83, 87]. The impact of neutrino flavor

FIG. 4. Steady state neutrino flavor configuration in the pres-
ence of flavor mixing (extracted 5⇥ 10�5 s after the classical
steady state configuration is reached in our simulation). Top:
Angle averaged neutrino occupation numbers of ⌫e (in red)
and ⌫x (in blue) with (solid lines) and without (dashed lines)
neutrino mixing as functions of the radius. The vertical lines
mark the radii of decoupling (approximately defined as the
radius at which F⌫i = 1/3). A similar trend holds for an-
tineutrinos; however, note that flavor conversion induces a
di↵erence between ⌫x and ⌫̄x. Bottom: Contour plot of the
di↵erence between the ⌫e occupation number without (when
the classical steady state configuration is achieved) and with
neutrino mixing in the plane spanned by cos ✓ and r. Due to
the collective nature of the neutrino flavor evolution and fla-
vor lepton number conservation, the corresponding heatmap
for antineutrinos looks very similar and is not shown.

ª C°1

Extended emission surface.



• Non trivial interplay among neutrino conversion, collisions, and advection.   

• Neutrino decoupling from matter is affected by flavor conversion. 

• Flavor equilibration is not a general flavor outcome.

Towards the Full Solution 9

tions treating neutrinos as radiation. However, a robust
assessment of the radiated neutrino spectra in the pres-
ence of flavor conversion will have to take into account
the hydrodynamic feedback on the thermodynamic prop-
erties and a more realistic implementation of the collision
term. The occurrence of flavor conversion in the vicin-
ity of the flavor-dependent neutrinospheres puts in per-
spective the existing literature naively assuming flavor-
independent neutrinospheres and a larger radius for the
onset of flavor conversion.
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Appendix A: Tests on numerical convergence

In this appendix, we perform a simulation with sig-
nificantly more spatial bins than in the main text to
demonstrate convergence. In order to do so, we consider
our benchmark system and perform simulations with the
self-interaction strength at rmin being µ0 = 104, 103,
and 102 km�1 with 150 spatial bins and compare the re-
sults with simulations performed with 7500 spatial bins
(i.e., 50 times higher spatial resolution). The choice of
a smaller µ0 allows us to perform numerical simulations
with a spatial resolution that is accurate enough to re-
solve length scales of the order of µ

�1
0 or smaller.

Figure 9 shows the convergence tests for µ0 = 104

km�1 for our two simulations with 150 (same as the one
presented in the main text) and 7500 radial bins, with
all other simulation inputs unchanged with respect to
our benchmark model (including the number of angular
bins kept fixed to 150). The top panel shows the di↵er-
ence in the electron neutrino number density, with and
and without flavor conversion obtained using 7500 spatial
bins. The results are same as the ones presented in Fig. 4
within reasonable numerical errors. This is evident from
the middle panel of Fig. 9, where we show the compar-
ison between the number densities averaged over angle
for the simulations with 150 and 7500 spatial bins. It is
also worth noticing that no small-scale spatial structure
is appreciable in the angle-averaged ⇢ee obtained with
7500 spatial bins. The bottom panel of Fig. 9 displays
the relative error between the two simulations. The er-
ror averaged over the radial range is 1.1%. This clearly
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FIG. 9. Tests on numerical convergence for µ0 = 104 km�1.
The top panel shows the di↵erence between ⇢ee with and with-
out mixing for µ0 = 104 km�1 computed using 7500 spatial
bins. The middle panel shows the initial angle averaged ⇢ee as
red dashed line. The red solid line and green solid line shows
are the angle averaged ⇢ee calculated using 150 (low resolu-
tion) and 7500 (high resolution) spatial bins. The red solid
line is di�cult to see due to the overlap with the green solid
line. The bottom panel shows the relative error between the
two simulations as a function of r. The overall error averaged
over radius is 1.1%. can we please use 150 and 7500 radial
bins instead of HR and LR in analogy with all other plots?

Are these conclusions still valid within in a more complex setup?  
Can we predict the steady state configuration a priori?

Shalgar & Tamborra, PRD (2023a), PRD (2023b, in press). Shalgar, Padilla-Gay, Tamborra, JCAP (2020). Shalgar, Tamborra, PRD 
(2020, 2021), ApJ (2019). Richers, Willcox, Ford, PRD (2021). Wu et al., PRD (2021). Nagakura, PRD (2022). …
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FIG. 6. Angular distributions of ⇢ee (in orange) and ⇢xx (in
green) for Case C at 20, 23, and 26 km, from top to bottom,
respectively. The dashed lines show the angular distributions
in the absence of neutrino mixing while the solid lines show
the same with neutrino mixing. Flavor transformation a↵ects
an angular range larger than the one where the ELN crossing
is initially present.

at r ' 18 km.

It is worth stressing that it is not possible to disen-
tangle the e↵ects of collisions and advection in our for-
malism. Nevertheless, their interplay ensures that neutri-
nos see di↵erent angular distributions over the simulation
time, thus capturing the essence of the e↵ects highlighted
in Refs. [47, 84].
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FIG. 7. Radial profile of the steady state angle-averaged ⇢ee
(in red) and ⇢xx (in blue) in the presence of advection and col-
lisions for Cases A, B, and C from top to bottom respectively.
The dashed lines show the angle averaged number densities in
the absence of neutrino flavor transformation, while the solid
lines show the same with neutrino flavor transformation. The
vertical lines mark the smallest radius at which the condition
in Eq. 16 is fulfilled. While flavor equipartition is achieved
in Case A, flavor equipartition is not reached in Cases B and
C. In all cases, the neutrino decoupling surfaces are a↵ected
by flavor conversion according to the strength of the collision
term.



• Slow and fast flavor instabilities can coexist.   

• Collisional instabilities seem to have a negligible impact in the decoupling region.

Shalgar & Tamborra, arXiv: 2307.10366.  
L. Johns, PRL (2023). Johns & Xiong, PRD (2022). Xiong et al., PRD (2023), arXiv: 2212.03750. Padilla-Gay, Tamborra, Raffelt, PRD 
(2022).

Collisional Flavor Instabilities 

Which is the impact of collisional instabilities?
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FIG. 6. Radial profile of the growth rate of the flavor instability (obtained under the assumption of homogeneity) at various time
snapshots (from tpb = 0.05 s in the top left panel to tpb = 1 s in the bottom right panel) for our benchmark SN model. Each
panel displays results obtained for four di↵erent scenarios. The blue line uses the vacuum and the self-interaction Hamiltonian
(slow instability), while the green line only considers the self-interaction Hamiltonian (fast instability); for both blue and green
lines, collisional damping is ignored. The same calculation is repeated to obtain the dashed red and dot-dashed orange lines,
but with collisional damping. It should be noted that, except for tpb = 0.12 s, the four lines are almost on top of each other
and di�cult to distinguish from each other. The location of the onset of ELN crossings is marked through the black vertical
line to guide the eye.

11 when !vac = 0, green curve), along with the growth
rates obtained when the vacuum and the collision terms
are included. We find regions of flavor instability for all
time snapshots considered in this work. Interestingly, in
all cases except for tpb = 0.12 s, the largest growth rate
is triggered by the ELN crossing (green curve), with re-

gions (especially at larger radii) where instabilities due
to !vac 6= 0 dominate (blue and dashed red curves), but
with a growth rate which is about three orders of mag-
nitude smaller than the first peak. The behavior of the
growth rate for tpb = 0.12 s represents a special case
(top right panel of Fig. 6); in fact, the fast instability is

6

FIG. 4. Polar diagram of the radial variation of the spectral
intensity of ⌫e, ⌫̄e, and ⌫x, from top to bottom respectively.
The selected radii and the time snapshot tpb = 0.05 s have
been chosen for illustrative purposes. One can see that the
neutrino distributions become progressively forward peaked
as r increases, with an angular spread that is largest for ⌫e,
followed by ⌫̄e, and then ⌫x.
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FIG. 5. Angular distribution of the ELN for tpb = 0.05 s ex-
tracted at di↵erent radii as indicated. We find ELN crossings
for all considered post-bounce time snapshots.

The linearized version of Eqs. 1 and 2 for the o↵-
diagonal terms of the density matrices is

i
@⇢ex

@t
= [(Hee � Hxx)⇢ex � (⇢ee � ⇢xx)Hex]

� i

2
(Ce

absorb + Cx
absorb)⇢ex , (10)

i
@⇢̄ex

@t
=

⇥
(H̄ee � H̄xx)⇢̄ex � (⇢̄ee � ⇢̄xx)H̄ex

⇤

� i

2
(C̄e

absorb + C̄x
absorb)⇢̄ex . (11)

It should be noted that the linearized equations for ⇢ex

and ⇢̄ex only depend on Cabsorb and C̄absorb. This is true
if neutrinos are in a steady-state configuration and hence
the direction changing term and the loss and the gain
terms balance each other out for the o↵-diagonal term.
Also, we assume that the emission term is responsible for
creating neutrinos in flavor eigenstates, not a↵ecting the
o↵-diagonal term in the linearized equations.

Equations 10 and 11 form an eigensystem for which
we calculate the eigenvalues following the procedure de-
scribed in Ref. [44]. In the absence of the collision
term, the eigenvalues of the system are complex conju-
gate pairs; however, due to the presence of the collision
term this is no longer true for Eqs. 10 and 11. The eigen-
mode that has the eigenvalue with the largest positive
imaginary term, which we denote by , dominates and is
responsible for an instability for which we can compute
its growth rate.

The growth rate of fast, slow and collisional flavor in-
stabilities is linked to three time scales of our system,
µ
�1, !

�1
vac, and the time between two successive collisions

of neutrinos–see also Refs. [13, 14]. The time scales asso-
ciated with each of the instability types (slow, fast, and
collisional) reflect the growth rate even when two or more
types of instabilities are simultaneously present.

Figure 6 shows the growth rates for the fast instability
(obtained by calculating the eigenvalues of Eqs. 10 and



Do We Solve the Right Equations of Motion?

Shalgar & Tamborra, PRD (2023). Johns, arXiv: 2305.04916. 
Figure from Cervia, Patwardhan, Balantekin, Coppersmith, Johnson, PRD (2019). Patwardhan et al., arXiv: 2301.00342.

•Many-body effects are neglected in modeling of neutrino propagation in dense media. 

• Existing many-body literature is based on closed neutrino systems with a finite number of 
particles. It is neither able to rule out nor to assess the validity of the mean field.

9

0.89

0.9

0.91

0.92

0.93

0.94

0.95

200 500 1000 2000

P
z
(!

2
)

r !�1
0

(a)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

200 500 1000 2000

S
(!

p
)

r !�1
0

(b)

FIG. 3. Left: Evolution of Pz of the neutrino with frequency !2 as a function of radius r, for a two-neutrino system with initial
condition |⌫e⌫ei. The two lines represent the adiabatic evolution using the many-body treatment and the mean-field evolution,
respectively. Right: Entanglement entropy as a function of r, for the same system. For an N = 2 system, the entanglement
entropy of both neutrinos must be identical by Eq. (13).
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FIG. 4. Same as Fig. 3, but for a system starting with an initial condition |⌫e⌫xi.

over the subspaces of the N � 1 other neutrinos, as per
Eq. (14). With this e↵ective one-body density matrix we
can calculate the entropy of entanglement between this
neutrino and the rest. Results found from this proce-
dure are displayed in Fig. 1b. As we expect, S ⇠ 0 in
the limit of small r ⇠ R⌫ . Further, as r grows (µ de-
creases), we find that entropy values eventually level o↵
to constant values as the collective oscillation strength
becomes much smaller than vacuum oscillation frequen-
cies (i.e., µ ⌧ !0). For the results displayed in this paper,
we use typical values for the parameters mentioned thus
far, summarized in Table I.

We investigated other measures of entanglement for
these evolved states in addition to the entanglement en-
tropy. For example, we calculated logarithmic negativity
of the subsystem for the neutrino with vacuum oscillation
frequency !N , as prescribed in Ref. [97]. Additionally, we
calculated the entanglement of formation, as defined by
Ref [94], of the e↵ective mixed, two-neutrino state corre-
sponding with oscillation frequencies !N�1 and !N after
taking the partial trace over all N � 2 other neutrinos.
We verified that both measures yield qualitatively sim-
ilar behavior to that of entanglement entropy and are
therefore not presented in this article.

Is the mean field approximation missing important physics? Is neutrino entanglement relevant?



Core-Collapse Supernovae

Figure credits: Royal Society
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Does Flavor Conversion Affect Supernova Mechanism?



 Ehring, Abbar, Janka, Raffelt, Tamborra, PRL (2023, in press). Ehring, Abbar, Janka, Raffelt, Tamborra, PRD (2023).  
 Nagakura, PRL (2023).

• Parametric implementation of flavor conversion in hydrodynamical simulations highlights 
non-trivial feedback on SN physics. 

• Flavor conversion aids the explosion for low mass progenitors (9-12 Msun) and hinders 
explosion of higher-mass models (20 Msun).

Does Flavor Conversion Affect Supernova Mechanism?

Are these conclusions general for all ZAMS masses? Do they hold in 3D?  
What are the implications for multi-messenger forecasts? 
What are the implications for nucleosynthesis?
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FIG. 1. Angle-averaged shock radii (top) and PNS radii (bottom; defined at ⇢ = 1011 g cm�3) vs. post-bounce time for the
indicated models. Black solid lines: Models noFC (no flavor conversions). Colored solid lines: Instantaneous FFCs for ⇢ < ⇢c

as labelled in the legend. The unsteady motion of the average shocks with contraction and expansion phases is caused by the
violent large-scale convective mass flows in the neutrino heated gain layer behind the CCSN shock. The sudden growth of rshock

(small at ⇠100ms for M9.0-2D and prominent at ⇠70ms for M11.2-2D and at ⇠220ms for M20.0-2D) signals a decrease of
mass accretion rate due to the arrival of the Si/O interface. For the noFC models, we also show the angle-averaged gain radius
(dashed black) and the mean radii for ⇢ = 109 and 1010 g cm�3 (dash-dotted and dotted black lines lines, respectively), all
smoothed with 10ms running averages. For the 9.0 and 11.2M� progenitors, FFCs support an earlier onset of the explosion,
whereas for 20.0M� they thwart it and the shock recedes even more rapidly.

els. We further assume that FFCs lead to complete flavor
equilibrium under the constraints of lepton number con-
servation, in particular also of electron neutrino lepton
number, as well as energy and total momentum conser-
vation, and with respecting the Pauli exclusion principle.
Our algorithm, defined in Eqs. (9), (10), (14), and (15)
of Ref. [27], is applied after each time step in each spa-
tial cell where ⇢ < ⇢c. Some recent studies have focused
on the asymptotic FFC state [30]. We stress that our
recipe leads to a converged state: it does not change if
the algorithm is applied twice.

Our simulations were evolved in 1D until 5ms pb (post
bounce) and then mapped onto a 2D polar coordinate
grid consisting of 640 logarithmically spaced radial zones
and 80 equidistant lateral ones. The central 2 km core
was still calculated in 1D, permitting larger time steps,
yet having negligible influence on the hydrodynamic evo-
lution. During the mapping, a random cell-by-cell per-
turbation of 0.1% of the local density was applied to seed
the hydrodynamic instabilities, which otherwise would
develop only due to uncontrolled numerical noise.

We selected three progenitors with di↵erent zero-age
main-sequence masses. One is the 20M� model [31] that
we used in our previous 1D study [27]. In addition, we
investigated a 9M� [32] and 11.2M� model [33]. The
9M� star consistently explodes in multi-D simulations,
although in some more quickly and about twice as ener-

getically [6, 8, 34] than in others [29, 35, 36]. The 11.2M�
model is less ready to blow up, exhibiting a delayed and
slow onset of shock expansion [37–40]. In contrast, the
20M� star failed to explode in most multi-D simulations
[29, 35, 41, 42].
The convention for naming our simulations follows our

previous one [27], supplemented with a numerical value
for the stellar mass: M9.0-2D-xxx, M11.2-2D-xxx, and
M20.0-2D-xxx. Here xxx is a placeholder for either noFC
(“no flavor conversion”) or for the FFC threshold density.
We implement ⇢c = 109 g cm�3, ..., 1014 g cm�3 in steps
of factors of 10, corresponding to xxx = 1e09, ..., 1e14.
Results.—In our previous 1D simulations [27] of the

20M� progenitor we found that FFCs caused a faster
and stronger shock contraction than without FFCs for all
threshold densities ⇢c and for all times (except for ⇢c =
1010 g cm�3 during a short period of about 70ms around
100ms pb). This finding suggested that FFCs tend to
hinder shock revival and neutrino-driven explosions, and
this conclusion is confirmed in 2D for the 20M� star
(Fig. 1).
However, our 9 and 11.2M� progenitors demonstrate

that this is not generally the case (Fig. 1). Including
FFCs, in particular for ⇢c = 109, 1010, 1011 g cm�3, yields
significantly earlier explosions. The main explanation is
a higher net heating rate per nucleon (qgain) for at least
⇠100ms pb. The increased qgain causes a persistently
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FIG. 1. Angle-averaged shock radii (top) and PNS radii (bottom; defined at ⇢ = 1011 g cm�3) vs. post-bounce time for the
indicated models. Black solid lines: Models noFC (no flavor conversions). Colored solid lines: Instantaneous FFCs for ⇢ < ⇢c

as labelled in the legend. The unsteady motion of the average shocks with contraction and expansion phases is caused by the
violent large-scale convective mass flows in the neutrino heated gain layer behind the CCSN shock. The sudden growth of rshock

(small at ⇠100ms for M9.0-2D and prominent at ⇠70ms for M11.2-2D and at ⇠220ms for M20.0-2D) signals a decrease of
mass accretion rate due to the arrival of the Si/O interface. For the noFC models, we also show the angle-averaged gain radius
(dashed black) and the mean radii for ⇢ = 109 and 1010 g cm�3 (dash-dotted and dotted black lines lines, respectively), all
smoothed with 10ms running averages. For the 9.0 and 11.2M� progenitors, FFCs support an earlier onset of the explosion,
whereas for 20.0M� they thwart it and the shock recedes even more rapidly.

els. We further assume that FFCs lead to complete flavor
equilibrium under the constraints of lepton number con-
servation, in particular also of electron neutrino lepton
number, as well as energy and total momentum conser-
vation, and with respecting the Pauli exclusion principle.
Our algorithm, defined in Eqs. (9), (10), (14), and (15)
of Ref. [27], is applied after each time step in each spa-
tial cell where ⇢ < ⇢c. Some recent studies have focused
on the asymptotic FFC state [30]. We stress that our
recipe leads to a converged state: it does not change if
the algorithm is applied twice.

Our simulations were evolved in 1D until 5ms pb (post
bounce) and then mapped onto a 2D polar coordinate
grid consisting of 640 logarithmically spaced radial zones
and 80 equidistant lateral ones. The central 2 km core
was still calculated in 1D, permitting larger time steps,
yet having negligible influence on the hydrodynamic evo-
lution. During the mapping, a random cell-by-cell per-
turbation of 0.1% of the local density was applied to seed
the hydrodynamic instabilities, which otherwise would
develop only due to uncontrolled numerical noise.

We selected three progenitors with di↵erent zero-age
main-sequence masses. One is the 20M� model [31] that
we used in our previous 1D study [27]. In addition, we
investigated a 9M� [32] and 11.2M� model [33]. The
9M� star consistently explodes in multi-D simulations,
although in some more quickly and about twice as ener-

getically [6, 8, 34] than in others [29, 35, 36]. The 11.2M�
model is less ready to blow up, exhibiting a delayed and
slow onset of shock expansion [37–40]. In contrast, the
20M� star failed to explode in most multi-D simulations
[29, 35, 41, 42].
The convention for naming our simulations follows our

previous one [27], supplemented with a numerical value
for the stellar mass: M9.0-2D-xxx, M11.2-2D-xxx, and
M20.0-2D-xxx. Here xxx is a placeholder for either noFC
(“no flavor conversion”) or for the FFC threshold density.
We implement ⇢c = 109 g cm�3, ..., 1014 g cm�3 in steps
of factors of 10, corresponding to xxx = 1e09, ..., 1e14.
Results.—In our previous 1D simulations [27] of the

20M� progenitor we found that FFCs caused a faster
and stronger shock contraction than without FFCs for all
threshold densities ⇢c and for all times (except for ⇢c =
1010 g cm�3 during a short period of about 70ms around
100ms pb). This finding suggested that FFCs tend to
hinder shock revival and neutrino-driven explosions, and
this conclusion is confirmed in 2D for the 20M� star
(Fig. 1).
However, our 9 and 11.2M� progenitors demonstrate

that this is not generally the case (Fig. 1). Including
FFCs, in particular for ⇢c = 109, 1010, 1011 g cm�3, yields
significantly earlier explosions. The main explanation is
a higher net heating rate per nucleon (qgain) for at least
⇠100ms pb. The increased qgain causes a persistently
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DSNB with Super-K-Gd

 SuperK-Gd results with 0.01% Gd already comparable to ~10 years of pre-Gd results.

SK-VI: successful Gd performance

Shunsaku Horiuchi 33
SuperK (Harada et al 2023)

Already comparable with 
~10 years of pre-Gd result!
SuperK most recently ran 
with ~0.01% Gd by mass
à ~50% captures on Gd
à Neutron tag efficiency 

approx doubled cf pre-Gd

Gd limits (552.2 days)
Past limits (2970 days)

Final efficiency 
~35.6%



Moller, Suliga, Tamborra et al., JCAP (2018). Kresse, Ertl, Janka, ApJ (2020). Horiuchi et al., PRD (2021). Ashida, Nakazato, 
Tsujimoto, arXiv: 2305.13543. Ziegler et al., MNRAS (2022).
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Figure 6. Core collapse supernova rate density: (Left Panel) Comparison of the predictions of the rate density of core-collapse supernovae assuming either a
Salpeter-like IMF (green dashed curve) or a varying IMF (blue solid curve) with observational data as a function of redshift. See Fig. 4 for discussion of features
at I = 0.5, I = 1.0, I = 1.1, I = 1.2, and I = 2.0. (Right Panel) Rate of supernovae in each of the galaxy morphologies we consider. Here, blue corresponds to
spiral galaxies, while green corresponds to spheroidal starburst galaxies. Again, dashed lines correspond to Salpeter-like IMFs, while solid lines correspond to
the varying IMF.

Figure 7. Fraction of black hole forming collapses: The fraction of super-
novae that result in black holes, rather than neutron stars. For the Salpeter-like
IMF, approximately 21% of stellar collapses lead to black hole formation (this
fraction is assumed to be constant as a function of the redshift for simplic-
ity), while for the varying IMF, this fraction depends on redshift, reaching
approximately 35% at I = 3.

of the DTD would be necessary to place meaningful constraints on
either IMF model.

3.5 Di�use Supernova Neutrino Background

Finally, in addition to directly observing of supernova rates, we can
look to the neutrinos supernovae produce in order to estimate their
rate, and therefore potentially probe the IMF. Despite being rela-
tively rare in any individual galaxy, supernovae are quite common
throughout the Universe. Combining this with the fact that a single
CCSN produces an immense number of neutrinos (approximately
1058 (Burrows & Vartanyan 2021; Mirizzi et al. 2016)) leads to the
emergence of a background of neutrinos that is isotropic and nearly
constant in time. This neutrino flux is commonly named the di�use

Figure 8. Type Ia supernova rate density: We compare the rate density of
type Ia supernovae, assuming either a Salpeter-like IMF (green dashed) or
varying IMF as described in the text (blue), to a selection of observed data.
See Fig. 4 for discussion of features at I = 0.5, I = 1.0, I = 1.1, I = 1.2, and
I = 2.0. Predictions of the supernova rate depend on a poorly constrained
delay time distribution, and by increasing the overall normalization of this
DTD by a factor of 2 (still within 1f uncertainties), we can increase the
varying IMF result from the blue solid curve to the blue dot-dashed curve.

supernova neutrino background (DSNB) (Bisnovatyi-Kogan & Sei-
dov 1984; Krauss et al. 1984; Wilson et al. 1986; Beacom 2010;
Lunardini 2016; Mirizzi et al. 2016).

Only in recent years have experiments begun to approach the
sensitivity necessary to directly observe the DSNB (Malek et al.
2003; Bays et al. 2012; Zhang et al. 2015; Abe et al. 2022, 2021;
Li et al. 2022). While no signal has yet been detected, the enrich-
ment of Super-Kamiokande (SK) with gadolinium (Beacom & Va-
gins 2004; Horiuchi et al. 2009) and the future proposed and planned
experiments such as Hyper-Kamiokande (HK), JUNO, Jinping, and
THEIA (An et al. 2016; Beacom et al. 2017; Abe et al. 2018; Sawatzki
et al. 2021; Li et al. 2022) are expected to have enough sensitivity

MNRAS 000, 1–14 (2022)
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Figure 9. Di�use supernova neutrino background flux: (Left Panel) We compare the predicted DSNB ā4 flux, assuming either a Salpeter-like (green dashed)
or varying IMF (blue solid) with the region probed by SK (hatched) (Abe et al. 2021). The red shaded region indicates the range of energies that could be
observable by SK with the addition of gadolinium. The di�erent IMFs might have an impact on the observed DSNB flux only at low energies, and it would be
di�cult to distinguish this di�erence against background neutrino sources. (Right Panel) We show the DSNB broken down into contributions from di�erent
redshift bins for the varying IMF. Because the emitted neutrinos are redshifted, distant supernovae only contribute significantly at low energies.

appear in the low-energy DSNB region (around 20 MeV). Variations
to the star formation histories, for example, could yield compara-
ble di�erences between DSNB predictions (Singh & Rentala 2021;
Kresse et al. 2021), which will be degenerate with di�erences due
to variations of the IMF. Furthermore, additional uncertainties in the
DSNB flux which may appear, independent of the choice of IMF,
include the unknown fraction of high-mass stars that evolve to black
holes and the neutrino spectra emitted during this evolution (Lu-
nardini 2009; Horiuchi et al. 2018; Kresse et al. 2021), the precise
normalization of the CCSN rate (Horiuchi et al. 2011; Mathews et al.
2014), the evolution of neutrino flavors in the dense medium en-
countered during supernovae (Duan et al. 2010; Chakraborty et al.
2016; Tamborra & Shalgar 2021), and any possible stellar binary
interactions (Horiuchi et al. 2021). To partially account for these un-
certainties in the following subsection 3.5.2, we include a systematic
uncertainty of 50% in our calculations of the discriminating power
of the detectors to the Varying IMF.

3.5.2 Expected Sensitivities of Super-Kamiokande and
Hyper-Kamiokande

Although no detection of the DSNB has yet been made, the strongest
constraints come from the SK experiment (Bays et al. 2012; Abe et al.
2021). In 2019, upgrades to SK began which allowed for the introduc-
tion of gadolinium into the SK tank by 2021. The gadolinium doping
will make the detection of electron antineutrinos significantly easier,
which will subsequently improve our ability to detect neutrinos from
the DSNB (Beacom & Vagins 2004). As a result, it is expected that
a positive measurement of the DSNB will be observed in the near
future (Li et al. 2022).

Figure 10 shows the predicted accumulated DSNB flux after 10
years of operation of HK (3740 kton yr exposure) compared to its
respective neutrino backgrounds, where we assume a concentration
of 0.1% GdCl3 in water. The blue solid (green dashed) line depicts
the combined neutrino flux from both the DSNB and background
sources, where we calculate the DSNB flux using a varying IMF
(Salpeter-like IMF). Sources of background neutrinos that we con-

Figure 10. Di�use supernova neutrino background rate: ā4 DSNB event
rates in HK enriched with gadolinium detectors for 10 yrs of data taking. The
sum of the ā4 DSNB event rate plus background rate for the Varying IMF
(Salpeter-like) is plotted with solid blue (dashed green) line. The backgrounds
rates are depicted as grey regions, and the error bars reflect the ±1f statistic
uncertainties. As discussed in the main text, while SK cannot distinguish the
two investigated IMF scenarios, HK might present a low significance hint
towards a particular scenario. Note that we do not show other astrophysical
uncertainties (e.g., errors on the SFR and uncertainty in the neutrino flux
modeling), but partially account for this with a systematic uncertainty (see
main text for details).

sider include atmospheric charged-current events, invisible muons,
9Li spallation, and reactor antineutrinos (Abe et al. 2018, 2021).

We can use a simple �j2 Pearson test to estimate the detection
prospects of distinguishing between the varying IMF and Salpeter-
like IMF. In both SK (225 kton yr exposure with 0.1% GdCl3) and
HK, the two IMFs are not distinguishable at the 3f level, even after 10
years of data collection. Furthermore, in SK, the two models remain
indistinguishable at the 1f level. However, in HK, the varying and
Salpeter-like IMFs are distinguishable at the 1.3f level. This marks

MNRAS 000, 1–14 (2022)
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Figure 3. Components of the DSNB flux spectrum, d�/dE, of electron antineutrinos arriving on Earth with energy E for the

case of our fiducial model (Z9.6&W18; M lim

NS,b =2.7M�; best-fit ↵). In the left panel, solid lines correspond to the contributions

from ECSNe (light), successful iron-core SNe (medium), and failed SNe (dark) to the total DSNB flux (dashed line). The right

panel shows the flux originating from di↵erent redshift intervals (light to dark for increasing redshift). To guide the eye, the

approximate detection window of (10 � 30)MeV is bracketed by shaded vertical bands.

Table 2. DSNB ⌫̄e-flux contributions.

(0 � 10)MeV (10 � 20)MeV (20 � 30)MeV (30 � 40)MeV (0 � 40)MeV

Total DSNB Flux (⌫̄e) 22.7 cm�2s�1 5.4 cm�2s�1 0.6 cm�2s�1 0.1 cm�2s�1 28.8 cm�2s�1

ECSNe 2.6% 1.2% 0.5% 0.2% 2.3%

Iron-Core SNe 57.1% 51.8% 37.5% 23.9% 55.6%

Failed SNe 40.3% 47.0% 62.0% 75.8% 42.1%

0 6 z 6 1 28.3% 67.4% 88.7% 95.8% 37.2%

1 6 z 6 2 40.7% 29.3% 11.0% 4.2% 37.8%

2 6 z 6 3 19.0% 3.1% 0.3% < 0.1% 15.6%

3 6 z 6 4 10.0% 0.4% < 0.1% < 0.1% 7.9%

4 6 z 6 5 2.8% < 0.1% < 0.1% < 0.1% 2.2%

Note—Top row: Total DSNB flux of ⌫̄e for our fiducial model (Z9.6&W18; M lim

NS,b =2.7M�; best-fit ↵),

integrated over di↵erent energy intervals. Second to fourth row: Relative contributions from the various

source types (ECSNe/iron-core SNe/failed SNe with BH formation). Rows 5–9: Relative contributions

from di↵erent redshift intervals (see also Figure 3).

spectrum is shown by a black dashed line. This value is
much lower than the ⇠10% suggested by Mathews et al.
(2014) as they assumed a considerably wider ZAMS
mass range, (8 � 10)M�, compared to (8.7 � 9)M� ap-
plied in our work (see Jones et al. 2013; Doherty et al.
2015). Above 15MeV, the contribution of ECSNe ac-
counts for even less than 1% due to its more rapidly
declining spectrum (remember the low mean energy of
11.6MeV, as mentioned in Section 2). However, since
the exact mass window of ECSNe is still unclear (see,
e.g., Poelarends et al. 2008; Jones et al. 2013; Doherty
et al. 2015; Jones et al. 2016; Kirsebom et al. 2019; Zha
et al. 2019; Leung et al. 2020) and other sources such
as ultrastripped SNe, AIC, and MIC events might con-

tribute to the DSNB flux with source spectra similar
to those of ECSNe, we will consider an enhanced “low-
mass” component in Section 5.2.
“Conventional” iron-core SNe and failed SNe possess

comparable integrated fluxes (16.0 cm�2s�1 and 12.1
cm�2s�1) in case of our fiducial model as shown in Fig-
ure 3, yet with distinctly di↵erent spectral shapes. Be-
low ⇠15MeV, the contribution from successful explo-
sions is higher, whereas failed explosions dominate the
flux at high energies due to their generally harder spec-
tra (see bottom panel of Figure 2). This was pointed out
by previous works (e.g., Lunardini 2009; Keehn & Lu-
nardini 2012; Nakazato 2013; Priya & Lunardini 2017)
and can also be seen in Table 2, where we list the rela-

Do we predict the DSNB signal reliably?
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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 = 1 d 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. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
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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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. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
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.

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

Flavor conversion affects the cooling of the disk and enhances synthesis of elements with 
A>130 by a factor 2-3.
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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. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
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.

Neutrinos and Nucleosynthesis

Are these conclusions robust for a range of merger properties? 
  

More work needed to understand how neutrino physics affects kilonova properties.
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FIG. 8. Summary of the bounds derived in this work on

the new vector mediator coupling in the plane spanned by

the vector mass m
Z 0 and coupling g. Our new sensitivity

bounds come from considering non-standard neutrino-nucleus

(nucleon) interactions in the SN core (marked by solid and

dashed black lines), by detecting a neutrino burst from a

galactic SN (green line and hatched region), as well as 1 yr

exposure to solar and atmospheric neutrinos (orange line and

hatched region) in DARWIN and RES-NOVA-3 (RN-3). The

sensitivity of XENON1T has been calculated by relying on

the limits provided in Ref. [57] (light green). DARWIN and

RES-NOVA-3 have the potential to exclude the largest region

of the parameter space. The bounds plotted here are for a

vector mediator; similar ones have been derived for a scalar

mediator.

B. Comparison with existing bounds: vector

mediator for the U(1)B�L model

Here we discuss the constraints that apply to the mass

and the coupling of the new vector mediator for the

U(1)B�L gauge boson proposed in Ref. [77], with coupling

to quarks gq = 1/3gB�L and leptons (l) gl = g⌫ = �gB�L .

A summary of the constrained region of the parameter

space is reported in Fig. 9.• Non-standard coupling to quarks only. Con-

straints on the non-standard coupling to nucleons

or quarks (beige, right-slash hatched regions in

Fig. 9) to the new mediator can be split into two

categories: terrestrial experiments and astrophysi-

cal limits. Examples of the former come from the

pion decay experiments (⇡ decay) [93–95] and neu-

tron scattering on the 208Pb target (n-Pb) [96–98].

As for astrophysical constraints, one can consider

the nucleon-nucleon Bremsstrahlung as an addi-

tional source of SN cooling [99, 100] (SN 1987A q),

and the impact of non-standard interactions be-

tween protons on the Coulomb barrier penetration

in the sun [101] (Sun pp).
• Non-standard coupling to neutrinos only.

Constraints on non-standard mediators coupling to

neutrinos are plotted in beige as left-slash hatched

regions in Fig. 9. These bounds have been de-

rived by looking at the possible e↵ects of the non-

standard mediator on the decay of W and K [102]

(W decay, K decay). Non-standard interactions

could also cause visible e↵ects on high-energy neu-

trinos of astrophysical origin. If the high-energy

neutrinos interact with the relic neutrinos (cosmic

neutrino background, see, e.g., Ref. [61]) via the

exchange of a non-standard mediator, spectral dis-

tortions or delays should be expected in the signal

observable at Earth [103–108]. In Ref. [108], a sta-

tistical analysis has been performed to search for

signs of non-standard interactions among neutrinos

in the di↵use flux of high-energy neutrinos detected

by the IceCube Neutrino Observatory by relying on

the High Energy Starting Events (IC HESE). By

using similar arguments, another independent con-

straint has been reported in Ref. [109] by exploit-

ing the possible detection of high-energy neutrinos

from the blazar TXS 0506+056 (IC TXS).

The region of the parameter space disfavored by

non-standard interactions between neutrinos com-

ing from the SN 1987A was studied in Refs. [110,

111]. In this case, limits were placed by consid-

ering non-standard interactions of SN neutrinos

with relic neutrinos for mediator masses m
B�L .

0.1 MeV. Additionally, Ref. [111] examined the

consequences of non-standard neutrino-neutrino in-

teractions occurring in the SN core on the delayed

neutrino heating mechanism [63]. The region of

the parameter space disfavored by this argument is

shown in Fig. 9 (SN 1987A ⌫).

The impact of the non-standard vector mediator

on the Big Bang Nucleosynthesis (BBN) has been

discussed in Refs. [112, 113]. The Boltzmann equa-

tions in the isotropic and homogeneous Universe

have been solved in the presence of non-standard

interactions. The parameter space for which the

change in the number of the e↵ective relativistic de-

grees of freedom is such that �Ne↵ > 1 in the non-

standard scenario has been excluded; this was done

by translating the obtained �Ne↵ in the change in

the primordial abundance of deuterium, and mass

fraction of helium. The limit (BBN) in Fig. 9 comes

from Ref. [113].The existence of a new vector mediator might also

impact the cosmic microwave background (CMB)

through the e↵ect of increasing the power on small

scales in the Planck data [114, 115]. This limit is

indicated as CMB ⌫ in Fig. 9.
• Non-standard coupling to charged leptons

and any coupling. The coupling of the new

mediator to active neutrinos and charged lep-

tons allows to use the data from neutrino exper-

Non-standard coherent neutrino-

nucleus scattering in SNe
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FIG. 3. Constraints on the axion mass and coupling, obtained by investigating under which conditions fireball formation
occurs (black lines; below 1 MeV no fireball formation can occur since pair production cannot happen). The bounds due to
the non-observation of an axion-sourced fireball from GW170817/GRB 170817A are shown in red. For comparison, the SN
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dashed and dotted contours have been obtained for our two different EoS, as well as for symmetric and asymmetric NS merger
remnant models. The non-observation of an axion-sourced fireball from GW170817/GRB 170817A excludes a new region of
the parameter space, complementary to the one excluded from core-collapse SNe.

This condition determines the largest masses at which
our new bound closes to the right in Fig. 3.

From these equations, we see that the main remnant
parameters affecting our new bounds are the average
temperature of the HMNS (T ), the average space vol-
ume, and time duration of the event (R3�t). Notice that
the bottom tail of the bounds in Fig. 3 is determined by
Eq. (6) and depends very mildly on these parameters,
given the strong g6

a�� dependence. The ballpark of our
bounds for our suite of NS merger remnant models can be
inferred by the typical values T ' 18 MeV, R = 16 km,
and �t ' 1 s.

Which among these parameters are more uncertain?—
The largest uncertainty is associated to �t, the dura-

tion over which the NS merger remnant thermodynamic
properties can be considered constant before BH forma-
tion. For simplicity, we assume �t ' 1 s, although our
benchmark NS merger remnant simulations run up to
10 ms. On the other hand, existing work shows that the
time it takes for a HMNS to collapse into a BH can be
anywhere between 20 ms and more than 1 s [54, 59–66],
depending on the EoS, NS masses, and angular momen-
tum of the compact HMNS. As for GW170817/GRB
170817A, Ref. [67] presents at least two arguments in sup-
port of �t ' 1 s, based on the time needed to eject enough

material to power the observed optical/UV emission and
on the delay time of 1.74 s between the gravitational
waves and the electromagnetic signal. Other studies on
the subject reach similar conclusions [68–71], and also the
end-to-end simulations presented in Ref. [72] support the
delayed BH formation of GW170817. Yet, the delay of
the electromagnetic signal is not sufficient to conclusively
claim that the HMNS lasted for 1 s; in fact the prompt
�-ray emission may have been produced by the shock
breakout driven by the circumstellar material [73]. Even
in this case, a delay between the merger and jet break-
out should have been of the order of about 1 s, so the
collapse should still have happened after about 700 ms.
For the sake of simplicity, in the following, we assume
the temperature to be constant between 10 ms and the
time of BH formation, as found in numerical simulations,
see, e.g., Refs. [54, 55]. Notice that even if the collapse
happened earlier than 1 s our bounds would not suffer
significantly: our one-zone model shows that the floor of
the bound would be weaker by a factor (�t/1 s)1/6 while
the right boundary of the excluded region would weaken
at most by a factor (�t/1 s)1/2.

The thermodynamic properties of our benchmark NS
merger remnant simulations are conservative. Existing
models, e.g. the ones presented in Ref. [55, 74], reach

Radiatively decaying axions in mergers
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Majoron-like bosons would emerge from a supernova (SN) core by neutrino coalescence of the
form ⌫⌫ ! � and ⌫̄⌫̄ ! � with 100 MeV-range energies. Subsequent decays to (anti)neutrinos
of all flavors provide a flux component with energies much larger than the usual flux from the
“neutrino sphere.” The absence of 100 MeV-range events in the Kamiokande II and IMB signal of
SN 1987A implies that less than 1% of the total energy was thus emitted and provides the strongest
constraint on the majoron-neutrino coupling of g <⇠ 10�9 MeV/m� for 100 eV <⇠ m�

<⇠ 100 MeV. It
is straightforward to extend our new argument to other hypothetical feebly interacting particles.

Introduction.—The hot, dense cores of collapsing stars
are powerful testbeds for novel feebly interacting parti-
cles (FIPs), such as sterile neutrinos, dark photons, new
scalars, axions and axion-like particles, and many oth-
ers [1–3], notably including “secret” neutrino-neutrino
interactions [4–8]. In standard SN theory, the trapped
electron-lepton number (some 0.30 per baryon) and the
gravitational binding energy (some 10% of the formed
neutron star’s mass) are carried away by neutrinos on a
time scale of a few seconds. The neutrino burst from the
historical SN 1987A was observed in the Kamiokande-II
[9–13] and Irvine–Michigan–Brookhaven (IMB) [14–16]
water Cherenkov detectors and the Baksan Underground
Scintillation Telescope (BUST) [17, 18]. Despite sparse
statistics and several “anomalies,” it has been taken to
confirm the standard picture, leaving only limited room
for energy loss in the form of FIPs.

If the FIPs interact so strongly that they are trapped
themselves or decay before leaving the SN, they con-
tribute to energy transfer [19] and may strongly a↵ect
overall SN physics and the explosion mechanism. A
class of low-explosion-energy SNe provides particularly
strong constraints on such scenarios [20]. FIPs on the
trapping side of the SN-excluded regime are often con-
strained by other arguments, although allowed gaps may
remain, such as the historical “hadronic axion window”
or more recently the “cosmic triangle” for axion-like par-
ticles, both meanwhile closed.

Radiative decays en route to Earth and beyond provide
strong limits using �-ray observations from SN 1987A
and the cosmic di↵use background [21–26]. Similar argu-
ments pertain to kilonovae [27] and hypernovae [28].

In other cases, FIP decays include active neutrinos. In
the free-streaming limit, FIPs escape from the inner SN
core and so their decays provide 100-MeV-range events,
much larger than the usual neutrino burst of few 10 MeV
that emerges from the “neutrino sphere” at the edge of
the SN core. The background of atmospheric muons has
yet larger energies and so the new signal would stick out
in a future SN neutrino observation, o↵ering an intrigu-

ing detection opportunity [7]. Our main point is that,
by the same token, SN 1987A provides restrictive lim-
its because the legacy data do not sport any events with
such intermediate energies. This constraint is far more
restrictive than the traditional energy-loss argument.
We illustrate our new argument with the simple case

of nonstandard or “secret” neutrino-neutrino interactions
[4–8], mediated by a (pseudo)scalar � (mass m�) that we
call majoron and take to interact with all flavors with
the same strength g. We consider m�

>⇠ 100 eV so that
neutrino masses and refractive matter potentials can be
ignored. The lepton-number violating production chan-
nels ⌫̄⌫̄ ! � and ⌫⌫ ! � and corresponding decays yield
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FIG. 1. Constraints on the majoron coupling in the m�–g�m�

plane from SN 1987A energy loss (green) and the absence of
100 MeV-range (“high-E”) events (blue). The shaded range
brackets the cold (upper curves) vs. hot (lower curves) SN
models, i.e., the Garching muonic models SFHo-18.8 and
LS220-s20.0 [29]. Above the dashed line, majorons with a
reference kinetic energy of 100 MeV decay before leaving the
SN core. The “ceiling” of the energy-loss bound is probably
outside this figure, but we are not confident about its exact
location. The schematic BBN bounds are taken from Fig. 1
of Ref. [30], based on the cosmic radiation density. Somewhat
more restrictive limits may follow from the CMB (see text).
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di↵erent evolution in that it peaks much earlier, because

it depends only on T and therefore this process is already

e↵ective in the hot PNS mantle shortly after bounce.

All luminosities are understood for a distant observer,

i.e., we implement redshift corrections for particles emit-

ted deeply in the PNS gravitational potential and, for

larger m
a , we discard those that are gravitationally

trapped (for details, see Supplemental Material).

We finally compute the time-integrated energy depo-

sition E
mantle (Eq. 1) and show

in Fig. 2 our refer-

ence limit for E
mantle <

0.1B and a progenitor with

R⇤ =
5 ⇥ 10 13

cm
(red-shaded). The dotted line uses

a smaller star (R⇤ = 3⇥ 10 12
cm), whereas the thin solid

line in addition relaxes the constraint to E
mantle < 1B,

although this weaker case is only shown for illustration.

The lower parts of the curves for small masses obey

G
a�� /

m�1a .
For these parameters, �

a!2� is large,

so the exponentials in Eq. (1) can be expanded and

E
mantle /

G 2
a�� ⇥ R⇤ G 2

a��m 4
a . The first factor comes

from ALP production, the second one from decay.

The upper parts of the curves instead correspond to

�
a!2� ' R

NS , but should not be taken as rigorous re-

sults. Here ALPs dominate energy transfer within the

PNS and probably also deposit too much energy out-

side, but this “trapping regime” requires a more detailed

study to make the contours precise. Nevertheless, for

MFPs larger than R
NS and smaller than a few times this

radius, the energy deposition is huge and therefore ex-

cluded by LESNe despite our approximations.

Finally, for �
a!2� >

⇠ R⇤ the ALPs decay outside of

the progenitor and contribute to the di↵use cosmic �-ray

background [3]. Extending the recipe described in Ref. [7]

to larger ALP masses we find the gray-shaded exclusion

range shown in Fig. 2. We also indicate the constraint

from the absence of excess �-ray counts in conjunction

with the SN 1987A neutrino signal [11] (solid green), the

FIG. 1. Luminosity evolution of our reference SN model for

neutrinos (red), ALPs by Primako↵ emission (blue) and by

photon coalescence (black). The ALP mass m
a = 55 MeV

was chosen to make Primako↵ and coalescence roughly equal.

G
a�� =

10 �8
GeV �1

was chosen to match L
⌫ at 1 s post

bounce, corresponding to the SN 1987A cooling argument.
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FIG. 2. ALP parameters ruled out by radiative energy de-

position <
0.1B and progenitor radius R⇤ =

5 ⇥ 10 13
cm

(red-shaded region). The thin blue line uses a one-zone PNS

description instead of the Garching reference model (see text

for details). The dotted line uses a smaller progenitor with

R⇤ = 3 ⇥ 10 12
cm, whereas the thin solid line in addition re-

laxes the constraint to 1B energy deposition. We also show

the indicated constraints from beam dump experiments [63],

the extragalactic �-ray background, �-ray observations of

SN 1987A, and the SN 1987A neutrino signal [7]. Here the

double arrows point towards the excluded regions.

bounds from beam dump experiments [63] (purple con-

tour), and the free streaming limit of the neutrino cooling

argument for SN1987A [7] (solid blue).

One-zone
SN

core.—For a quick estimate of the ex-

cluded parameters of more general cases beyond ALPs,

one can use a schematic one-zone model of the SN core.

In analogy to a simple method to estimate SN 1987A

cooling limits [2], we propose to use T = 30 MeV and

nuclear density ⇢ = 3 ⇥ 10 14
g cm�3, corresponding to a

baryon density of 0.181 fm �3
. A baryonic NS mass of

1.35M
� implies a volume of 9000 km 3

and a core radius

of 12.9 km. Assuming a proton abundance for Primako↵

emission of Y
p =

0.15, a cooling duration of 3 s, and

R⇤ = 5⇥10 13
cm we find the thin-blue exclusion contour

in Fig. 2. While our parameters were somewhat cali-

brated to achieve good agreement, the main features of

this plot follow from overall properties of the SN core.

Discussion
and outlook.—We have argued that the low

explosion energies observed in certain low-luminosity CC-

SNe constrain the total energy deposition in the progen-

itor star by radiative particle decays to less than about

0.1B. Specifically for ALPs, an otherwise allowed range

of m
a and G

a�� is ruled out (see Fig. 2).

Instead of using a time sequence of numerical PNS

models, the main results also follow from
a schematic

one-zone PNS representation that may be useful for a

first exploration of more general cases beyond ALPs.

We have
not assumed that the usual neutrino-driven

mechanism
powers CCSNe, although neutrino heating

exterior to the PNS is unavoidable. In 9–10M
� pro-
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10.
Exclusion regions in the (sin 2

2✓,m
s ) parameter space of sterile neutrino dark mat-

ter.
Existing bounds include the X-ray constraints from

observations of the M31 galaxy [40, 41]

(NuSTAR+Chandra, in pink, for a more complete list of X-ray observational limits see, e.g., [6]),

the di↵use X-ray background constraints [42, 43] (in blue), the Fermi Gamma-Ray Burst Monitor

all-sky spectral analysis [44] (in brown), the thermal overproduction through the Dodelson-Widrow

mechanism
[45, 46] (in grey); the 3.5 keV

line limit is plotted as a yellow
star [47, 48]. The future

sensitivities of KATRIN
[49] and ATHENA

[50] are displayed as hatched regions. For comparison,

the SN
exclusion region obtained without [with] dynamical feedback is plotted as a blue dashed (red

dash-dotted) line for the
⌫
e �

⌫
s (⌫

⌧ �
⌫
s [16]) mixing on the left [right] panel. The (sin 2

2✓,m
s )

parameter space is unconstrained for the
⌫
e �

⌫
s mixing (and almost unconstrained for the

⌫
⌧ �

⌫
s

mixing) from
SNe when the dynamical feedback due to the production of sterile particles is taken into

account.
where

E
⌫s ,⌫̄s is the energy emitted in sterile neutrinos and antineutrinos, and

E
⌫s!

⌫e ,⌫̄s!
⌫̄e

is the energy reconverted from
the sterile to the active sector from

R
⇠

12 km
to

R
⌫ .

Figure 11 shows the contour plot of the ratio
R
introduced in Eq. 6.1 in the (sin 2

2✓,m
s )

parameter space. The net energy deposition in the outer layer of the proto-neutron star is

positive (R &
1) only in a small region of the (sin 2

2✓,m
s ) parameter space for large sin 2

2✓.

Outside this range, the net energy deposition is negative (R .
1). For

m
s '

a few
keV

and sin 2
2✓ &

10 �8
, the net energy deposition can reach up to

⇠
50%

of
E
G,out . This may

potentially cause the outer part of the proto-neutron star to expand and enhance the emission

of active neutrino flavor, as argued in Ref. [17]. We also note that, in our modeling, nearly all

the reconverted
⌫e and

⌫̄e are reabsorbed inside the neutrinosphere. Thus, the reconversion

of sterile particles into active ones during the accretion phase do not directly contribute to

the heating.7
C
onclusions

The mixing between electron and sterile neutrinos with mass between 1 and 100 keV
is

deemed to fundamentally a↵ect the supernova mechanism. In this work, we shed new
light

on this issue by implementing the first complete, radial and time-dependent modeling of the

mixing between electron and sterile neutrinos in the supernova core.– 19 –

keV mass sterile 

neutrinos in SNe

What are the signatures of BSM physics in supernovae and mergers?

and many more… 
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High Energy Particle Emission from Collapsars

• State-of-the-art collapsar jet simulations predict neutrino signal different than expected. 

• Subphotospheric neutrinos have lower energies than previously expected; detection 
possible with IceCube DeepCore but challenging unless source is close-by (z < 1).
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neutrino production may occur at the sites discussed in
Refs. [57, 71, 76]. It is still to be proven whether further
particle acceleration can occur in magnetized unsuccess-
ful jets at the same sites, namely at RIS ' Rh . Renv.

If the jet head is halted in the extended envelope at the
position Rh, the neutrino signal produced at the acceler-
ation sites discussed in Sec. IV can be attenuated because
of neutrino propagation in matter between Rh and Renv.
The attenuation factor for the neutrino fluence scales ap-

proximately as fatt ' exp[�
R Renv

Rh
⇢(R)/(2mp)�CC

⌫ (E⌫)],

where ⇢(R) is given in Eq. 28 and �
CC
⌫ is the cross sec-

tion for neutrino-charged current interactions which is
the dominant process in the GeV–TeV energy range of
interest [143]. Attenuation is relevant when fatt ⌧ 1;
for the density profile in Eq. 28, we find that this con-
dition is fulfilled for E⌫ & 100 TeV, i.e. it is negligible
for the scenarios investigated in this paper. Neutrino fla-
vor conversion may also occur in choked jets [144–146],
nevertheless for our collapsar scenarios the flavor com-
position at Earth is not substantially altered [147]. Fur-
ther attenuation of the neutrino signal may be caused
by the increase of the jet-cocoon mixing in the presence
of a massive envelope, which cannot be analytically es-
timated. Hence, the results presented in Sec. IV for the
subphotospheric neutrino signal expected on Earth still
shall be interpreted as an upper limit for a magnetized
jet halted in an extended envelope.

VI. EXPECTED SUBPHOTOSPHERIC
NEUTRINO EMISSION

By relying on the findings of Secs. IV and V, in this
section we present the total fluence expected for subpho-
tospheric neutrinos produced in collapsar jets. We also
compare our finding with the existing literature. Our re-
sults are sensitive to the underlying reference simulations.
Yet they urge to move towards a more robust modelling
than the one provided by analytical treatments.

A. Neutrino fluence

Figure 13 shows the total subphotospheric muon neu-
trino fluence, where the lower limit is set by �0 = 15 and
the upper limit by �0 = 200. In the former case, only
internal sub-shocks are a viable mechanism for neutrino
production, since the magnetization along the jet is not
large enough to sustain magnetic reconnection; see Fig. 9.
In the latter scenario, both sub-shocks and magnetic re-
connection contribute to shape the neutrino energy dis-
tribution from the optically thick region; see Figs. 7 and
9. The neutrino fluence has a cuto↵ at E⌫ ' 4⇥104 GeV
(E⌫ ' 103 GeV) for �0 = 200 (�0 = 15). This is due to
the large baryon density in the outflow, which substan-
tially limits the maximum energy at which protons can
be accelerated.

FIG. 13. Muon neutrino fluence on Earth for a collapsar jet
at z = 2. The purple band represents the range of variability
of the subphotospheric neutrino production (optically thick
region); the lower limit corresponds to the fluence obtained
for �0 = 15 (as displayed in Fig. 9), while the upper limit
is obtained for �0 = 200 (see Figs. 7 and 9). The purple
dashed line corresponds to the neutrino fluence expected for
�0 = 2000; see main text for details. For comparison, we
show the benchmark muon neutrino fluence from the opti-
cally thin region (above the photosphere) of a successful col-
lapsar jet, namely a GRB (see Appendix D). The red line
represents the atmospheric background expected during the
jet lifetime [148–150]. The neutrino signal in the optically
thick region of the outflow extends up to E⌫ ' 4 ⇥ 104 GeV
(E⌫ ' 103 GeV) for �0 = 200 (�0 = 15) and it lies below
the atmospheric background. For �0 = 2000, the neutrino
signal extends up to E⌫ . 7⇥ 104 GeV and it is comparable
in intensity to the atmospheric background.

As pointed out in Ref. [44], GRB jets may have initial
magnetization larger than the ones considered in this pa-
per (�0 & 1000) in order to reach the observed Lorentz
factors of a few hundreds. Because of numerical limita-
tions, jet simulations with such large �0 are not yet avail-
able. Nevertheless, we extrapolate the radial profiles of
the jet characteristic quantities (h⇢0ji, h�ji, h�ji) for a
relativistic jet with �0 = 2000 by assuming a constant
scaling ratio on the basis of the simulations with �0 = 15
and �0 = 200 (see Fig. 2), while the temperature is kept
unchanged. The corresponding neutrino fluence increases
up to one order of magnitude compared to the one ob-
tained for �0 = 200, as shown in Fig. 13 (dashed purple
line). Yet, the larger baryon density and magnetic field
in the jet are such that the neutrino spectrum extends up
to energies . 7 ⇥ 104 GeV. While this result should be
interpreted as an order of magnitude computation and
may change if it were to be obtained by relying on self-
consistent jet simulations, it provides a good insight on
what to expect.

Ẽj ¼
R t̃j
0 dt̃L̃jðt̃Þ.1 The simulation reveals that the disk-jet

system develops misalignment relative to the CO axis. This
results in the jet wobbling with an angle θw ≃ 0.2 rad
throughout its propagation. The effective opening angle of
the jet is ≃θj þ θw ¼ 0.3 rad. It is useful to define the total
isotropic-equivalent luminosity of the jet L̃iso ¼ L̃j=ðθ2j=2Þ,
since it is directly related to the observed quantities on
Earth [3]. The postbreakout jet isotropic luminosity is
L̃iso ≃ 1054 erg s−1, although it might seem that this lumi-
nosity lies in the tail of the luminosity distribution of long
duration GRBs [87], L̃iso effectively observed would be
smaller because of the jet wobbling and therefore within
average or just above the peak of the luminosity distribution
of long GRBs [87]; see Ref. [88] for a detailed discussion.
Our benchmark simulation does not constrain the jet
lifetime. Hence, we assume tj ¼ 10 s, which is represen-
tative of long GRBs [89]. Note that other sources of
interest—such as LFBOTs or low luminosity GRBs—have
typical luminosity smaller than the ones of long GRBs,
see e.g., Refs. [11,90,91].

The magnetic field of the CO plays a crucial role in the
launching of the jet. A fundamental quantity entering the
dynamics of the outflow is its magnetization,

σ ¼ B02

4πρ0c2
; ð1Þ

where B0 is the comoving magnetic field strength and ρ0 is
the comoving matter density in the jet. Simulations are
performed for two initial magnetizations: σ0 ¼ 15 and
σ0 ¼ 200. The initial magnetization of the jet corresponds
to the maximum asymptotic velocity that each fluid
element in the outflow can reach, if no mixing takes place.
Because the jet wobbles, it is convenient to describe the

jet dynamics in terms of angle averaged quantities, namely
the energy-flux weighted quantities. The top panels of
Fig. 2 show the jet proper velocity hβjΓji, magnetization
hσji, and comoving matter density hρ0ji, where the symbol
h…i denotes angle averaged quantities. Here, βj and Γj are
the dimensionless velocity and the Lorentz factor of the jet,
respectively. The left (right) panel has been obtained for
σ0 ¼ 15 (σ0 ¼ 200), and all quantities have been extracted
when the jet head is at R ≃ 10R⋆. The magnetization of the
jet hσji decreases with the radius, a fraction of which is
dissipated, while some is invested in accelerating the bulk
motion, hence the increase in hβjΓji. This hints towards
efficient conversion of magnetic energy into kinetic energy,
up to R ≃ 3 × 108 cm (R ≃ 2 × 109 cm) for σ0 ¼ 15
(σ0 ¼ 200). At this distance from the CO, both hσji and
hβjΓji start showing an erratic behavior, induced by the
entrainment of stellar material from the cocoon in the jet. In
Fig. 3 we show the comoving angle averaged temperature
hT 0

ji and magnetic field hB0
ji along the jet, when the jet

head reaches R ¼ 6R⋆, as in Fig. 2. The temperature and
the magnetic field profiles are similar for both initial
configurations with σ0 ¼ 15 and σ0 ¼ 200.
While it propagates through the star, the jet inflates a

high pressure region, the cocoon, which plays a funda-
mental role in the collimation of the jet [23–27]. The
cocoon, see also Fig. 1, is characterized by the average
proper velocity hβcΓci, magnetization hσci, and comoving
matter density hρ0ci, whose radial profiles are shown in the
bottom panels of Fig. 2. The cocoon magnetization is
hσci ≲ 0.1 throughout its whole evolution. The cocoon
propagates at nonrelativistic to mildly relativistic velocities,
with hβcΓci≲ 1. The isocontour in Fig. 1 shows the
existence of the countercocoon (white/brown region),
which collides with the cocoon outside the star at the
distance R ≃ 2R⋆.
The jet-cocoon mixing observed in Fig. 2 plays a crucial

role in the definition of the outflow optical depth, since it
increases the jet baryon density and it reduces the jet Lorentz
factor. Hence, we show a contour plot of the Thompson
optical depth τ of the outflow in Fig. 4. The latter is highly

FIG. 1. Isocontour of the matter density of the star (yellow)
and the cocoon (white/brown) combined with the asymptotic
proper velocity of the jet (gray/blue) for the simulation with
σ0 ¼ 15 extracted when the jet head is at R ≃ 10R⋆ ¼ 4 × 1011.
The jet is collimated by the cocoon, which breaks out from the
star. A shock develops at the interface between the cocoon and
the countercocoon (same colors as the cocoon, but on the
opposite axis).

1We adopt three different reference frames throughout this
paper: the CO frame, the observer frame and the jet comoving
frame. Quantities in each of these frames are denoted as: X̃, X,
and X0, respectively.
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Do we know which multi-messenger signals to expect?



Multi-Messenger Follow-Up Programs

Guarini, Tamborra et al., in prep. Pitik, Tamborra, Lincetto, Franckowiack, MNRAS (2023).

• Stacking neutrino searches relying on “standard candles” are not optimal.  

• Essential to combine radio and UVOIR observations to aid neutrino searches.

Are existing follow-up programs tailored to learn about source physics?
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56

Contact discontinuity
Shocked CSM
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FIG. 1. Sketch (not to scale) of the outflow (orange/yellow region) launched by the collapsing star and powered by a central
heating source (red region), moving at velocity vej. The heating can be due to fallback material on the BH, spin-down of
the magnetar, and/or 56Ni decay, and hydrogen recombination. A jetted outflow can be harbored (gray region). The outflow
expands and interacts with a dense CSM (blue region), forming a forward shock and a reverse shock. The former propagates
outwards and it shocks the CSM (red outermost shell), the latter propagates inwards and it shocks the ejecta (light gray shell).
The two shocked regions are separated by a contact discontinuity (black dotted line). The forward shock (moving at velocity
vsh) breaks out from the CSM at the breakout radius (Rbo, dotted red line), where non-thermal production of particles starts.
Neutrino production can take place at the forward shock propagating in the CSM and eventually in the magnetar wind and/or
in the jet.

where ✏j is a constant factor parametrizing the frac-
tion of accreted energy which is used to power the disk
wind (or jetted outflow), namely its e�ciency. The
heating of the spherical ejecta occurs either because of
a jet which becomes unstable and looses power [60] or
a mildly-relativistic wind which is launched by the inner
accretion disk and collides with the more massive outflow
emitted at the explosion [61]. In both cases, the energy
available to heat the collapsar outflow is given by Eq. 9;
see also the discussion in Ref. [58]..

Figure 3 (top left panel) shows the energy radiated
across the electromagnetic wavebands (Eq. 5) through
fallback of matter on the BH, relative to the total SN
explosion energy (ESN ' 3 ⇥ 1053 erg). The bulk of ra-
diation powered by fallback onto the BH is emitted in
the Infrared-Optical-Ultraviolet (UVOIR) band due to
the opacity of the outflow. X-rays may become observ-
able at later times, yet we do not consider this signal in
our treatment as it would become relevant at times much

later than the ones considered in this work; see [62] for
details.

2. Magnetar spin down

Assuming a dipole configuration for the magnetic field,
the injected luminosity from the spin down of the com-
pact object is

Lsd
inj(t) =

Esd

tsd
⇣
1 + t

tsd

⌘2 , (10)

where Esd = I⌦2/2 is the initial rotational energy of
the magnetar, which depends on the moment of inertia
(I) and angular velocity of the neutron star (⌦). The
spin-down timescale tsd is related to the neutron star
magnetic field B14 = B/(1014G) and the spin period
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Ẽj ¼
R t̃j
0 dt̃L̃jðt̃Þ.1 The simulation reveals that the disk-jet

system develops misalignment relative to the CO axis. This
results in the jet wobbling with an angle θw ≃ 0.2 rad
throughout its propagation. The effective opening angle of
the jet is ≃θj þ θw ¼ 0.3 rad. It is useful to define the total
isotropic-equivalent luminosity of the jet L̃iso ¼ L̃j=ðθ2j=2Þ,
since it is directly related to the observed quantities on
Earth [3]. The postbreakout jet isotropic luminosity is
L̃iso ≃ 1054 erg s−1, although it might seem that this lumi-
nosity lies in the tail of the luminosity distribution of long
duration GRBs [87], L̃iso effectively observed would be
smaller because of the jet wobbling and therefore within
average or just above the peak of the luminosity distribution
of long GRBs [87]; see Ref. [88] for a detailed discussion.
Our benchmark simulation does not constrain the jet
lifetime. Hence, we assume tj ¼ 10 s, which is represen-
tative of long GRBs [89]. Note that other sources of
interest—such as LFBOTs or low luminosity GRBs—have
typical luminosity smaller than the ones of long GRBs,
see e.g., Refs. [11,90,91].

The magnetic field of the CO plays a crucial role in the
launching of the jet. A fundamental quantity entering the
dynamics of the outflow is its magnetization,

σ ¼ B02

4πρ0c2
; ð1Þ

where B0 is the comoving magnetic field strength and ρ0 is
the comoving matter density in the jet. Simulations are
performed for two initial magnetizations: σ0 ¼ 15 and
σ0 ¼ 200. The initial magnetization of the jet corresponds
to the maximum asymptotic velocity that each fluid
element in the outflow can reach, if no mixing takes place.
Because the jet wobbles, it is convenient to describe the

jet dynamics in terms of angle averaged quantities, namely
the energy-flux weighted quantities. The top panels of
Fig. 2 show the jet proper velocity hβjΓji, magnetization
hσji, and comoving matter density hρ0ji, where the symbol
h…i denotes angle averaged quantities. Here, βj and Γj are
the dimensionless velocity and the Lorentz factor of the jet,
respectively. The left (right) panel has been obtained for
σ0 ¼ 15 (σ0 ¼ 200), and all quantities have been extracted
when the jet head is at R ≃ 10R⋆. The magnetization of the
jet hσji decreases with the radius, a fraction of which is
dissipated, while some is invested in accelerating the bulk
motion, hence the increase in hβjΓji. This hints towards
efficient conversion of magnetic energy into kinetic energy,
up to R ≃ 3 × 108 cm (R ≃ 2 × 109 cm) for σ0 ¼ 15
(σ0 ¼ 200). At this distance from the CO, both hσji and
hβjΓji start showing an erratic behavior, induced by the
entrainment of stellar material from the cocoon in the jet. In
Fig. 3 we show the comoving angle averaged temperature
hT 0

ji and magnetic field hB0
ji along the jet, when the jet

head reaches R ¼ 6R⋆, as in Fig. 2. The temperature and
the magnetic field profiles are similar for both initial
configurations with σ0 ¼ 15 and σ0 ¼ 200.
While it propagates through the star, the jet inflates a

high pressure region, the cocoon, which plays a funda-
mental role in the collimation of the jet [23–27]. The
cocoon, see also Fig. 1, is characterized by the average
proper velocity hβcΓci, magnetization hσci, and comoving
matter density hρ0ci, whose radial profiles are shown in the
bottom panels of Fig. 2. The cocoon magnetization is
hσci ≲ 0.1 throughout its whole evolution. The cocoon
propagates at nonrelativistic to mildly relativistic velocities,
with hβcΓci≲ 1. The isocontour in Fig. 1 shows the
existence of the countercocoon (white/brown region),
which collides with the cocoon outside the star at the
distance R ≃ 2R⋆.
The jet-cocoon mixing observed in Fig. 2 plays a crucial

role in the definition of the outflow optical depth, since it
increases the jet baryon density and it reduces the jet Lorentz
factor. Hence, we show a contour plot of the Thompson
optical depth τ of the outflow in Fig. 4. The latter is highly

FIG. 1. Isocontour of the matter density of the star (yellow)
and the cocoon (white/brown) combined with the asymptotic
proper velocity of the jet (gray/blue) for the simulation with
σ0 ¼ 15 extracted when the jet head is at R ≃ 10R⋆ ¼ 4 × 1011.
The jet is collimated by the cocoon, which breaks out from the
star. A shock develops at the interface between the cocoon and
the countercocoon (same colors as the cocoon, but on the
opposite axis).

1We adopt three different reference frames throughout this
paper: the CO frame, the observer frame and the jet comoving
frame. Quantities in each of these frames are denoted as: X̃, X,
and X0, respectively.
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Figure 1. Lepton-number flux (⌫e minus ⌫̄e) for our 11.2 M� model as a function of direction for the indicated times post bounce. The latitudes and longitudes,
indicated by dotted lines, correspond to the angular coordinates of the polar grid of the numerical simulation. The flux in each panel is normalized to its average,
i.e., the quantity (F⌫e � F⌫̄e )/hF⌫e � F⌫̄e i is color coded. The lepton-number emission asymmetry is a large-scale feature which at later times has clear dipole
character. The black dots indicate the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole track
between 70 and 340 ms is shown as a dark-gray line. Once the dipole is strongly developed, its direction remains essentially stable and shows no correlation with
the x-, y-, and z-axes of the numerical grid. The dipole direction is also independent of polar hot spots, which are persistent, local features of moderate amplitude
and an artifact connected with numerical peculiarities near the z-axis as coordinate singularity of the polar grid.

expands the shock, increases the gain layer and, again, can
enhance the e�ciency of neutrino-energy deposition (Marek
& Janka 2009) even when convection is weak or its growth
is suppressed because of a small shock-stagnation radius
and correspondingly fast infall velocities in the gain layer
(Foglizzo, Scheck, & Janka 2006; Scheck et al. 2008). This
nonradial instability was first observed in 2D simulations with
a full 180� grid (Janka & Müller 1996; Mezzacappa et al.
1998; Janka et al. 2003, 2004), but not immediately rec-

ognized as a new e↵ect beyond large-scale convection. It
was unambiguously identified in 2D hydrodynamical simu-
lations of idealized, adiabatic (and thus non-convective) post-
shock accretion flows (Blondin, Mezzacappa, & DeMarino
2003). SASI was found to possess the highest growth rates
for the lowest-order (dipole and quadrupole) spherical har-
monics (Blondin & Mezzacappa 2006; Foglizzo et al. 2007;
Iwakami et al. 2008) and to give rise to spiral-mode mass
motions in 3D simulations (Blondin & Mezzacappa 2007;
Iwakami et al. 2009; Fernández 2010; Hanke et al. 2013) or
in 2D setups without the constraint of axisymmetry (Blondin
& Mezzacappa 2007; Yamasaki & Foglizzo 2008; Foglizzo
et al. 2012). The instability can be explained by an advective-
acoustic cycle of amplifying entropy and vorticity perturba-
tions in the cavity between accretion shock and PNS surface
(Foglizzo 2002; Foglizzo et al. 2007; Scheck et al. 2008;
Guilet & Foglizzo 2012) and has important consequences for
NS kicks (Scheck et al. 2004, 2006; Nordhaus et al. 2010b,
2012; Wongwathanarat, Janka, & Müller 2010, 2013) and
spins (Blondin & Mezzacappa 2007; Rantsiou et al. 2011;
Guilet & Fernández 2013), quasi-periodic neutrino emission
modulations (Marek, Janka, & Müller 2009; Lund et al.
2010; Tamborra et al. 2013), and SN gravitational-wave sig-

nals (Marek, Janka, & Müller 2009; Murphy, Ott, & Burrows
2009; Müller, Janka, & Marek 2013).

We here report the discovery of a new type of low-mode
nonradial instability, LESA, which we have observed in 3D
hydrodynamical simulations with detailed, energy-dependent,
three-flavor neutrino transport using the Prometheus-Vertex
code. Our current portfolio of simulated 3D models in-
cludes an 11.2 M� model that shows violent large-scale con-
vection but no obvious signs of SASI activity during the sim-
ulated period of postbounce evolution, a 20 M� model with
a long SASI phase, and a 27 M� model in which episodes of
SASI alternate with phases of dominant large-scale convec-
tion (Hanke et al. 2013; Tamborra et al. 2013). While all
models exhibit LESA, with di↵erent orientations of the emis-
sion dipole, the clearest case is the 11.2 M� model, because
the new e↵ect is not overlaid with SASI activity.

To provide a first impression of our new and intriguing phe-
nomenon we show in Fig. 1 the distribution of lepton-number
emission (⌫e minus ⌫̄e) for the 11.2 M� model over the stel-
lar surface at postbounce (p.b.) times of 148, 169, 210, and
240 ms. In each panel, the lepton-number flux is normalized
to the instantaneous average and the color scale covers the
range from �0.5 to 2.5 of this relative measure. We indicate
the positive dipole direction with a black dot, the negative
direction with a cross. We also show the track of the posi-
tive dipole direction as a dark-gray line, ranging from 70 ms
p.b., where the dipole begins forming, to the end of the sim-
ulation at 340 ms. While at 148 ms the dipole pattern is not
yet strong—a quadrupole component is clearly visible and
the dipole is still building up as we will see later—the subse-
quent snapshots reveal a strong dipole pattern with large am-
plitude: In the negative-dipole direction, the lepton-number
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Figure 1. Lepton-number flux (⌫e minus ⌫̄e) for our 11.2 M� model as a function of direction for the indicated times post bounce. The latitudes and longitudes,
indicated by dotted lines, correspond to the angular coordinates of the polar grid of the numerical simulation. The flux in each panel is normalized to its average,
i.e., the quantity (F⌫e � F⌫̄e )/hF⌫e � F⌫̄e i is color coded. The lepton-number emission asymmetry is a large-scale feature which at later times has clear dipole
character. The black dots indicate the positive dipole direction of the flux distribution, the black crosses mark the negative dipole direction. The dipole track
between 70 and 340 ms is shown as a dark-gray line. Once the dipole is strongly developed, its direction remains essentially stable and shows no correlation with
the x-, y-, and z-axes of the numerical grid. The dipole direction is also independent of polar hot spots, which are persistent, local features of moderate amplitude
and an artifact connected with numerical peculiarities near the z-axis as coordinate singularity of the polar grid.

expands the shock, increases the gain layer and, again, can
enhance the e�ciency of neutrino-energy deposition (Marek
& Janka 2009) even when convection is weak or its growth
is suppressed because of a small shock-stagnation radius
and correspondingly fast infall velocities in the gain layer
(Foglizzo, Scheck, & Janka 2006; Scheck et al. 2008). This
nonradial instability was first observed in 2D simulations with
a full 180� grid (Janka & Müller 1996; Mezzacappa et al.
1998; Janka et al. 2003, 2004), but not immediately rec-

ognized as a new e↵ect beyond large-scale convection. It
was unambiguously identified in 2D hydrodynamical simu-
lations of idealized, adiabatic (and thus non-convective) post-
shock accretion flows (Blondin, Mezzacappa, & DeMarino
2003). SASI was found to possess the highest growth rates
for the lowest-order (dipole and quadrupole) spherical har-
monics (Blondin & Mezzacappa 2006; Foglizzo et al. 2007;
Iwakami et al. 2008) and to give rise to spiral-mode mass
motions in 3D simulations (Blondin & Mezzacappa 2007;
Iwakami et al. 2009; Fernández 2010; Hanke et al. 2013) or
in 2D setups without the constraint of axisymmetry (Blondin
& Mezzacappa 2007; Yamasaki & Foglizzo 2008; Foglizzo
et al. 2012). The instability can be explained by an advective-
acoustic cycle of amplifying entropy and vorticity perturba-
tions in the cavity between accretion shock and PNS surface
(Foglizzo 2002; Foglizzo et al. 2007; Scheck et al. 2008;
Guilet & Foglizzo 2012) and has important consequences for
NS kicks (Scheck et al. 2004, 2006; Nordhaus et al. 2010b,
2012; Wongwathanarat, Janka, & Müller 2010, 2013) and
spins (Blondin & Mezzacappa 2007; Rantsiou et al. 2011;
Guilet & Fernández 2013), quasi-periodic neutrino emission
modulations (Marek, Janka, & Müller 2009; Lund et al.
2010; Tamborra et al. 2013), and SN gravitational-wave sig-

nals (Marek, Janka, & Müller 2009; Murphy, Ott, & Burrows
2009; Müller, Janka, & Marek 2013).

We here report the discovery of a new type of low-mode
nonradial instability, LESA, which we have observed in 3D
hydrodynamical simulations with detailed, energy-dependent,
three-flavor neutrino transport using the Prometheus-Vertex
code. Our current portfolio of simulated 3D models in-
cludes an 11.2 M� model that shows violent large-scale con-
vection but no obvious signs of SASI activity during the sim-
ulated period of postbounce evolution, a 20 M� model with
a long SASI phase, and a 27 M� model in which episodes of
SASI alternate with phases of dominant large-scale convec-
tion (Hanke et al. 2013; Tamborra et al. 2013). While all
models exhibit LESA, with di↵erent orientations of the emis-
sion dipole, the clearest case is the 11.2 M� model, because
the new e↵ect is not overlaid with SASI activity.

To provide a first impression of our new and intriguing phe-
nomenon we show in Fig. 1 the distribution of lepton-number
emission (⌫e minus ⌫̄e) for the 11.2 M� model over the stel-
lar surface at postbounce (p.b.) times of 148, 169, 210, and
240 ms. In each panel, the lepton-number flux is normalized
to the instantaneous average and the color scale covers the
range from �0.5 to 2.5 of this relative measure. We indicate
the positive dipole direction with a black dot, the negative
direction with a cross. We also show the track of the posi-
tive dipole direction as a dark-gray line, ranging from 70 ms
p.b., where the dipole begins forming, to the end of the sim-
ulation at 340 ms. While at 148 ms the dipole pattern is not
yet strong—a quadrupole component is clearly visible and
the dipole is still building up as we will see later—the subse-
quent snapshots reveal a strong dipole pattern with large am-
plitude: In the negative-dipole direction, the lepton-number
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WIND SCENARIOSHELL SCENARIO

Figure 1. Schematic representation of an interaction-powered SN, under the assumption of spherical symmetry. The central compact object (in black) is
surrounded by the SN ejecta (brown) and a compact shell extended up to 'CSM,s ('CSM,w) from the center of explosion for the shell scenario on the left (and
the wind scenario, on the right). For the wind density profile, the color gradient tracks the density gradient (from darker to lighter hues as the density decreases).
The region of interaction marked through the yellow-white circle represents the forward shock 'sh that propagates radially outwards. The solid olive line marks
the position of the breakout radius ('bo), where the first light leaks out, and the shock becomes collisionless. The dashed dark green line marks the location of
the deceleration radius of the ejecta ('dec). The latter is located at radii smaller than 'CSM (as in this sketch) for a relatively large CSM mass compared to the
ejecta mass or radii larger than 'CSM for massive ejecta and rarefied CSM; note that we could have 'dec < 'bo for extremely large "CSM/"ej. The dashed
bordeaux line represents the photospheric radius 'ph, where the radiation decouples from the CSM matter and stream in the outer space freely.

accelerating particles during the timescales of interest, is significantly
lower than the one of the forward shock (Ellison et al. 2007; Patnaude
& Fesen 2009; Schure et al. 2010; Slane et al. 2015; Sato et al. 2018;
Suzuki et al. 2020; Zirakashvili & Ptuskin 2016).

Following Chevalier (1982); Moriya et al. (2013), we assume that
the thickness of the shocked region is much smaller than its radius,
'sh. As long as the mass of the SN ejecta is larger than the swept-
up CSM mass, which we define as the ejecta dominated phase (or
free expansion phase), the expansion of the forward shock radius is
described by (Moriya et al. 2013):

'sh (C) = '¢ +


(3 � B) (4 � B)

(= � 4) (= � 3)
6=
⌫

� 1
=�B

C
=�3
=�B , (4)

with ⌫ defined as in Eq. 1, and hereafter we assume that the interac-
tion starts at C = 0.

When the swept-up CSM mass becomes comparable to the SN
ejecta mass, the ejecta start to slow down, entering the CSM domi-
nated phase. This happens at the deceleration radius, defined as the
radius 'dec at which

Ø 'dec
'¢

4c'2dCSM3' = "ej, namely

'dec =

3 � B

4c⌫
"ej + '3�B

¢

� 1
3�B

. (5)

According to the relative ratio between "ej and "CSM, the decelera-
tion can occur inside or outside the CSM shell (where a dilute stellar
wind surrounds the collapsing star). After this transition, the forward
shock evolves as (Suzuki et al. 2020):

'sh (C) = 'dec

✓
C

Cdec

◆ 2
5�B

. (6)

Differentiating Eqs. 4 and 6, we obtain the forward shock velocity as
a function of time:

Esh (C) =
3'sh (C)

3C
=

8>>><
>>>:
=�3
=�B


(3�B) (4�B)
(=�4) (=�3)

6=
⌫

� 1
=�B

C
B�3
=�B ' < 'dec

2
5�B 'dec

� C
Cdec

� B�3
5�B ' � 'dec .

(7)

We consider the dynamical evolution under the assumption that the
shock is adiabatic for two reasons. First, we want to compare our
results with the literature on the properties of the SN lightcurves
extrapolated by relying on semi-analytic models for the adiabatic
expansion, see e.g. Suzuki et al. (2020). Second, it has been shown
that, in the radiative regime, 'sh has the same temporal dependence
as the self-similar solution / C (=�3)/(=�B) in the free expansion
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