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Neutrino Quantum Kinetics
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Neutrino Quantum Kinetic Equations

Recent reviews: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021). Richers & Sen, arXiv: 2207.03561. Volpe, Rev. Mod. Phys. (2024).

Flavor conversion physics

<latexit sha1_base64="71F+vbKL+CKPnvdvdoLyq8RvCtI="></latexit>

[@t + v ·rx + F ·rp] % = C(%, %̄) + ı[%,H]

Collisions with 
background medium  

Density Matrix  Advection

External field
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Do We Solve the Right Equations of Motion?

Shalgar & Tamborra, PRD (2023). Johns, arXiv: 2305.04916. Kost, Johns, Duan, PRD (2024). Cirigliano, Sen, Ymauchi, arXiv: 2404.16690. 
Figure from Cervia, Patwardhan, Balantekin, Coppersmith, Johnson, PRD (2019). Patwardhan et al., arXiv: 2301.00342. Frosty et al., JCAP (2020). 
Volpe et al., PRD (2013).

• Many-body effects are neglected in modeling of neutrino quantum kinetics. 

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



Sawyer, PRD (2005), Sawyer, PRL (2016). Izaguirre, Raffelt, Tamborra, PRL (2017). Chakraborty et al., Nucl. Phys. B (2016). Fiorillo & Raffelt, PRD 
(2023); arXiv: 2406.06708.

⌫e(p) + ⌫̄e(k) ! ⌫µ(p) + ⌫̄µ(k)
⌫e(p) + ⌫µ(k) ! ⌫µ(p) + ⌫e(k)

Pairwise flavor exchange by          scattering: ⌫ � ⌫

Fast Neutrino Conversion

Characteristic scale:                                             “fast” conversion
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A crossing in the neutrino lepton number 
angular distribution is responsible for 

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

0 50 100 150 200 250 300
t[100/µ]

0.0

0.2

0.4

0.6

0.8

1.0

co
s�

=
D

z 1
/D

1

t1 t2

t3

t4

D

C

B

A

cos �min

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

1(t) for the cases A–D specified in Fig. 1,
where Case A has no instability. We show the normalized
quantity cos# = Dz

1/D1. Its lowest point for each of Cases
B–D perfectly agrees with cos#min predicted in Eq. (13).
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FIG. 3. Snapshots for Dz
v(t) 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.

precision. The same applies to the analogous evolution
of the lepton-number modes Sv(t).

Finally, in Fig. 4 we show contours of Dz
1(t)/D1|min =

cos#min 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
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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

1(t)/D1|min. The locus of vanishing lep-
ton number (Dz

0 = 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.

rate. Moreover, seemingly similar ELN configurations
can cause very di↵erent 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 for more
details).
Pendulum in flavor space.—The first of the linearly

independent functions suggested by the Gram matrix is
the conserved vector G = D0 =

R
dvDv(t) of lepton

number. The second is the lepton-number flux R(t) =
D1(t) =

R
dv vDv(t) with conserved length. The third is

what we call J(t) =
R
dv wvDv(t) with unknown weight

function wv. They represent a gyroscopic pendulum, if
they obey the EOMs [8]

Ġ = 0 , Ṙ = µJ ⇥ R and J̇ = �G ⇥ R . (7)

In a mechanical analogy, G represents gravity, R the
center-of-mass position relative to the point of support,
J the total angular momentum, and µ�1 the moment
of inertia. Besides the conserved G, the EOMs imply
four conserved quantities: length R of the radius vector,
angular momentum Jz = J · G/G along “gravity,” spin
S = J ·R/R, and energy E = V +T = �G ·R+(µ/2)J2.
Moreover, the natural pendulum frequency �µ is given
by �2 = �GR/µ. We here assume that � > 0, a possible
negative sign is absorbed by redefining G = �D0.
We use coordinates where G defines the z-direction so

that G = (0, 0, G), whereas the pendulum is described in
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Interplay Among Flavor Conversion, 
Advection, and Collisions 

Neutrino conversion is dynamically affected by collisions and advection.  

Shalgar, Padilla-Gay, Tamborra, JCAP (2020). Shalgar, Tamborra, PRD (2021). Hansen, Shalgar, Tamborra, PRD (2022). Sasaki & Takiwaki, PTEP 
(2022). Martin et al., PRD (2021). Sigl, PRD (2022). Richers et al., PRD (2019). 
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dynamically modifies flavor conversion.
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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.



• Neutrino decoupling from matter can be affected by flavor conversion. 

• Flavor equipartition is not a generic 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?

Shalgar & Tamborra, PRD (2023a), PRD (2023b).
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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.



Flavor equipartition is always obtained when periodic boundary conditions are employed, 
independent of ELN configuration.

Choice of Boundary Conditions Matters 

Cornelius, Shalgar & Tamborra, JCAP (2024).  
Xiong et al., arXiv: 2403.17269 & arXiv: 2402.19252. Martin et al., PRD (2021). Zaizen & Nagakura, PRD (2023), Richers, Willcox, Ford, PRD (2021), 
Bhattacharyya and Dasgupta, PRL (2021). …
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Figure 5. Quasi-steady state neutrino flavor configuration with perturbations and no periodic bound-
ary conditions for Cases N1 (left panels) and N2 (right panels) at 50 µs. Top panels: Contour plots
of the di↵erence between ⇢ee with and without flavor conversion in the plane spanned by cos ✓ and r.
Flavor conversion mostly develops in the surroundings of the ELN crossings. The red spots represent
regions underdense in ⌫e due to flavor conversion with respect to the case without flavor conversion.
Bottom panels: Radial evolution of the angle-averaged ⇢ee (in red) and ⇢xx (in blue) for the cases
without flavor conversion (dashed lines), with flavor conversion and perturbations (solid lines), as well
as with flavor conversion and without perturbations (dotted lines). The relative di↵erence between
the solid and dotted lines is shown in the bottom panels.

respect to the ELN crossing region. At t = 15 µs, a perturbation is placed at r ' 25 km
and cos ✓ ' 0.9 (left panel). Such perturbation tends to move upwards to larger radii as
time increases because of neutrino advection. The expected trajectory of the perturbation
is represented by the gray line (see Eq. 3.1). Since the perturbation is placed at cos ✓ > 0 it
tends to reach larger radii with time. The middle panel of Fig. 6 displays a time snapshot at
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Figure 5. Quasi-steady state neutrino flavor configuration with perturbations and no periodic bound-
ary conditions for Cases N1 (left panels) and N2 (right panels) at 50 µs. Top panels: Contour plots
of the di↵erence between ⇢ee with and without flavor conversion in the plane spanned by cos ✓ and r.
Flavor conversion mostly develops in the surroundings of the ELN crossings. The red spots represent
regions underdense in ⌫e due to flavor conversion with respect to the case without flavor conversion.
Bottom panels: Radial evolution of the angle-averaged ⇢ee (in red) and ⇢xx (in blue) for the cases
without flavor conversion (dashed lines), with flavor conversion and perturbations (solid lines), as well
as with flavor conversion and without perturbations (dotted lines). The relative di↵erence between
the solid and dotted lines is shown in the bottom panels.

respect to the ELN crossing region. At t = 15 µs, a perturbation is placed at r ' 25 km
and cos ✓ ' 0.9 (left panel). Such perturbation tends to move upwards to larger radii as
time increases because of neutrino advection. The expected trajectory of the perturbation
is represented by the gray line (see Eq. 3.1). Since the perturbation is placed at cos ✓ > 0 it
tends to reach larger radii with time. The middle panel of Fig. 6 displays a time snapshot at
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Figure 7. Quasi-steady state neutrino configuration with perturbations and periodic boundary con-
ditions, for Cases N1 (top panels) and N2 (bottom panels). Left panels: Contour plot of ⇢ee in
the presence of flavor conversion at t = 50 µs in the plane spanned by cos ✓ and r. Middle panels:

Angle-averaged radial profile of ⇢ee (red) and ⇢̄ee (pink) with (solid lines) and without (dashed lines)
flavor conversion. Right panels: Angle-averaged Fourier power spectrum of the o↵-diagonal compo-
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flavor conversion spreads across the simulation shell and flavor equipartition is achieved. Note that
flavor conversion cascades down to smaller and smaller scales, until all Fourier modes are uniformly
occupied.

We see that ⇢ee evolves developing small scale structures with large fluctuations between 0
and 1. Moreover, in the backward (forward) direction, ⇢ee appears on average in light (dark)
blue, meaning that there are fewer (more) electron neutrinos. This is due to the forward
peakedness of the angular distribution of electron neutrinos. On average, flavor equipartition
is achieved as visible in the middle panels of Fig. 7 where the angle-averaged ⇢ee and ⇢̄ee

fluctuate around 0.5 as functions of the radius.
In order to investigate the di↵usion of flavor waves at small scales, we compute the
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• Flavor conversion is dynamically affected by collisions and advection. 

• Background fluctuations affect the flavor conversion physics across spatial regions.

Flavor Conversion in Multi-Dimensions 

Cornelius, Shalgar & Tamborra, arXiv: 2407.04769. 
Shalgar, Padilla-Gay, Tamborra, JCAP (2020). Padilla-Gay, Shalgar, Tamborra, JCAP (2021). Richers, Willcox, Ford, PRD (2021).
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Figure 7. Di↵erence in the ⌫e number density of the steady state configurations obtained without
flavor conversion (c) and with flavor conversion (q) for Cases NP (left, without perturbations), PH
(middle, with perturbations in vacuum Hamiltonian), and PC (right, with perturbations in collision
term). The top (bottom) panels refer to Case 1 (Case 2; cf. Appendix B). The perturbations in
the Hamiltonian or in the collision term contributes to break the symmetry in ⇥, giving rise to ⇥-
dependent quasi-steady state configurations, with flavor waves marginally spreading across neighbor
⇥ regions.

Figure 7 summarizes our findings for the ⌫e quasi-steady state configurations for Case
1 (top panels) and Case 2 (bottom panels, presented in Appendix B and obtained for a
collision term leading to di↵erent ⌫̄e emission with respect to Case 1). At the innermost
radii, the angular distributions for all flavors are isotropic, flavor conversion being triggered
above ' 20 km. In the absence of any perturbations (left panels) and despite the di↵erent
neutrino self-interaction Hamiltonian between the 2D and 1D simulation setups, our findings
are qualitatively comparable with Cases B and C presented in Ref. [23]. This implies that
the quasi steady-state flavor configuration is in good approximation independent of ⇥, except
for a small left-right asymmetry.

In order to mimic fluctuations occurring in the neutrino and matter backgrounds, we
introduce perturbations in the vacuum term of the Hamiltonian (a↵ecting all flavors equally)
or in the collision term (in the emission term of ⌫e and ⌫̄e). In both scenarios, the presence
of perturbations contributes to break the symmetry in ⇥, giving rise to ⇥-dependent quasi-
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Collisional instabilities seem to have a negligible impact in the decoupling region, if ELN 
crossings exist. More work needed.

Shalgar & Tamborra, PRD (2024).  Nagakura & Zaizen, PRD (2023). Akaho et al., PRD (2024). 
Johns, PRL (2023). Johns & Xiong, PRD (2022). Xiong et al., PRD (2023). Johns & Xiong, PRD (2022). Padilla-Gay, Tamborra, Raffelt, PRD (2022).
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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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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



Crossings in the neutrino electron number angular distribution appear for t>0.25 s.  

Example: Core-Collapse Supernova 

Shalgar & Tamborra, arXiv: 2406.09504.
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Flavor equipartition due to flavor conversion depends on ELN crossing configuration.



Example: Core-Collapse Supernova 

• The neutrino heating rate increases by 15-25% due to flavor conversion.  

• Impact on multi-messenger observables?
Shalgar & Tamborra, arXiv: 2406.09504. 
Ehring, Abbar, Janka, Raffelt, Tamborra, PRL (2023). Nagakura, PRL (2023).
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Core-Collapse Supernovae

Figure credits: Royal Society
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• 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?
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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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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

  

9 Msun 11.2 Msun 20 Msun



⌫
⌫

⌫

⌫ ⌫ ⌫⌫
⌫⌫

⌫

⌫
Determination of supernova direction with neutrinos. 
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with tr = 6 ms, τr = 50 ms and Rmax
ν̄e

= 1.5 × 103 bin−1.
These parameters also provide an excellent fit to the first
100 ms of a numerical model from the Garching group [8]
that is available to us.

We may compare these assumptions with the early-
phase models of Ref. [7]. Lν̄e

rises nearly linearly to
L52 = 1.5–2 within 10 ms. The evolution of ⟨Eν̄e

⟩RMS =
(⟨E3

ν̄e

⟩/⟨Eν̄e
⟩)1/2 is also shown, a common quantity in

SN physics that characterizes, for example, the efficiency
of energy deposition; the IceCube rate is proportional
to ⟨Eν̄e

⟩2RMS. At 10 ms after onset, ⟨Eν̄e
⟩RMS reaches

15 MeV, implying ⟨E3
15⟩/⟨E15⟩ = 1. We thus estimate

10 ms after onset a rate of 280–370 bin−1, to be compared
with 270 bin−1 from Eq. (4). Therefore, our assumed sig-
nal rise is on the conservative side.

Of course, the early models do not fix τr and Rmax
ν̄e

separately; the crucial parameters are tr and Rmax
ν̄e

/τr.
The maximum rate that is reached long after bounce is
not relevant for determining the onset of the signal.

If flavor oscillations swap the ν̄e flux with ν̄x (some
combination of ν̄µ and ν̄τ ), the rise begins earlier be-
cause the large νe chemical potential during the prompt
νe burst does not suppress the early emission of ν̄x [7].
Moreover, the rise time is faster, ⟨E⟩RMS larger, and the
maximum luminosity smaller. We use Eq. (4) also for Rν̄x

with tr = 0, τr = 25 ms, and Rmax
ν̄x

= 1.0 × 103 bin−1.
Flavor oscillations are unavoidable and have been stud-

ied, for early neutrino emission, in Ref. [7]. Assuming
the normal mass hierarchy, sin2 Θ13

>
∼ 10−3, no collec-

tive oscillations,1 and a direct observation without Earth
effects, Table I of Ref. [7] reveals that the νe burst would
be completely swapped and thus nearly invisible because
the νxe− elastic scattering cross section is much smaller
than that of νe. The survival probability of ν̄e would be
cos2 Θ12 ≈ 2/3 with Θ12 the “solar” mixing angle. There-
fore, the effective detection rate would be 2

3 Rν̄e
+ 1

3 Rν̄x
.

We use this case as our main example.

IV. RECONSTRUCTING THE SIGNAL ONSET

A typical Monte Carlo realization of the IceCube signal
for our example is shown in Fig. 1. One can determine
the signal onset t0 within a few ms by naked eye. For a
SN closer than our standard distance of 10 kpc, one can
follow details of the neutrino light curve without any fit.

One can not separate the ν̄e and ν̄x components for
the example of Fig. 1. Therefore, we reconstruct a fit
with a single component of the form Eq. (4), assuming
the zero-signal background is well known and not fitted

1 In the normal hierarchy, collective oscillation effects are usually
absent. It has not been studied, however, if the early neutrino
signal can produce multiple splits that can arise also in the nor-
mal hierarchy [9]. Moreover, for a low-mass progenitor collective
phenomena can be important if the MSW resonances occur close
to the neutrino sphere [10, 11].

-100

 0

 100

 200

 300

 400

 500

 600

-10 -5  0  5  10  15  20  25  30

Ev
en

ts
 p

er
 b

in
 (1

.6
38

4 
m

s)

Time post bounce (ms)

-100

 0

 100

 200

 300

 400

 500

 600

-10 -5  0  5  10  15  20  25  30

Ev
en

ts
 p

er
 b

in
 (1

.6
38

4 
m

s)

Time post bounce (ms)

-100

 0

 100

 200

 300

 400

 500

 600

-10 -5  0  5  10  15  20  25  30

Ev
en

ts
 p

er
 b

in
 (1

.6
38

4 
m

s)

Time post bounce (ms)

FIG. 1: Typical Monte Carlo realization (red histogram) and
reconstructed fit (blue line) for the benchmark case discussed
in the text for a SN at 10 kpc.

here. Using a time interval until 100 ms post bounce,
we reconstruct t0 = 3.2 ± 1.0 ms (1σ). If we use only
data until 33 ms post bounce we find t0 = 3.0 ± 1.7 ms.
Indeed, if one fits Eq. (4) on an interval that ends long
before the plateau is reached, we effectively fit a second
order polynomial with a positive slope and negative sec-
ond derivative at tr, whereas the plateau itself is poorly
fitted and its assumed value plays little role. Depending
on the distance of the SN one will fit more or fewer details
of the overall neutrino light curve and there may be more
efficient estimators for tr. Our example only provides a
rough impression of what IceCube can do.

The reconstruction uncertainty of t0 scales approxi-
mately with neutrino flux, i.e., with SN distance squared.
The number of excess events above background marking
the onset of the signal has to be compared with the back-
ground fluctuations. Therefore, a significant number of
excess events above background requires a longer integra-
tion period if the flux is smaller, explaining this scaling
behavior.

The interpretation of t0 relative to the true bounce
time depends on the flavor oscillation scenario realized in
nature. This is influenced by many factors: The value of
Θ13, the mass ordering, the role of collective oscillation
effects, and the distance traveled in the Earth. Com-
bining the signal from different detectors, using future
laboratory information on neutrino parameters, and per-
haps the very coincidence with a gravitational-wave sig-
nal may allow one to disentangle some of these features.
However, as a first rough estimate it is sufficient to say
that the reconstructed t0 tends to be systematically de-
layed relative to the bounce time by no more than a few
ms. The statistical uncertainty of the t0 reconstruction
does not depend strongly on the oscillation scenario.

Neutrinos as matched filter for gravitational wave detection.
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Modeling: What’s Missing?
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Select other effects
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Horiuchi et al (2021)

Binaries: are common and can 
enhance progenitor numbers

Sana et al (2012)

Non-Universal IMF: may be 
environmentally dependent

Variable BH fraction: 
may be more common 
at high redshifts

Zieger et al (2022), Ashida et al (2023)

Various BSM physics
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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-
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Compact Binary Mergers

Figure credit: Price & Rosswog, Science (2006).



Nucleosynthesis of the Heavy Elements

Supernovae and neutron-star mergers

Ni Cu Zn Ag
Au

Hg Pb

+ ⌫e pe�n +

+p n+⌫̄e e+

Synthesis of new elements could not happen without neutrinos.
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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.

Nucleosynthesis in Neutron Star Mergers



Opportunities for New Physics Discoveries

Diamond, Fiorillo, Marques-Tavares, Tamborra, Vitagliano, PRL (2024). Martinez-Mirave, Tamborra, Tortola, JCAP (2024). Sigurðarson, Tamborra, Wu, 
PRD (2022). Suliga & Tamborra, PRD (2021). Suliga, Tamborra, Wu, JCAP (2019), JCAP (2020). Fiorillo et al., PRL (2023), PRL (2024). Caputo et al., 
PRL (2022). Sung et al., PRD (2021). Tang et al., JCAP (2020). Ray, Qian, PRD (2023); arXiv: 2404.14485. Tamborra et al., JCAP (2012).
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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
1987A cooling bounds [33, 34], bounds from low-energy SNe [34] (dotted and solid lines for conservative and fiducial bounds
respectively), �-ray [37] and X-ray [38] bounds due to axion decays from SN 1987A are also shown. The thick and thin solid,
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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FIG. 10. Same as Fig. 9, but for steri
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FIG. 11.
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e matter
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and red bands show �res
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2 ) and

E
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, 300
] MeV for neutrinos and antin
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evolv

es as a function
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ances changes.
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ance panel of Fig. 8 for ✓
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� ) could

potent
ially

accel
erate

the cooli
ng of the remnant disk and

lower Ye
in the disk in a similar fashion to what was

discussed
in Ref. [40].

In addition
, flavor

conv
ersio

n oc-

curring in the polar
regio

n at radii of O
(100

) km (see,

e.g.,
Fig. 2 or 3) would also

reduce the neutrino capture

rates
by nucleon

s in the polar
outflows where Ye

and the

nucleos
ynth

esis outcom
es are sensitive

to the abundance

of the elect
ron flavors

, like in the scenario
considered

in

Ref. [38].
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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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Figure 1.
Excluded regions at 90%

C.L. in the plane spanned by the invisible neutrino decay

parameters
↵
1 and

↵
2 obtained in this work from

solar and CCSN neutrinos as well as the DSNB

(shown in green, orange and blue, respectively). We also derive limits on neutrino decay from
the

observation of neutrinos from SN 1987A in red. For details on the derivation of the projected limits,

we refer the reader to Secs. 3 to 5. Solar data could set limits about 20 times more stringent than

the current ones, whereas from a CCSN at 10 kpc, the sensitivity would improve up to 6–7 orders of

magnitude. After 20 years of data taking, the DSNB could improve current bounds on
↵
1 of about

10 orders of magnitude.

and SAGE [52]. At 2� C.L., the limits read [53, 54]

↵
1 < 1.6⇥ 10 �13

eV 2

and
↵
2 < 4.5⇥ 10 �13

eV 2
,

(1.2)

or in terms of the ratio between neutrino lifetime and mass,

⌧1
m
1 > 4.2⇥ 10 �3

s/eV
and ⌧2

m
2 > 1.5⇥ 10 �3

s/eV
.

(1.3)

Despite the limited amount of available data, the detection of electron antineutrinos from

SN
1987A

also provides constraints on invisible neutrino decay. Such limits are generally

quoted as the electron-neutrino lifetime:
⌧
⌫̄e >

1.7
⇥ 10 5

[m
⌫̄e /E

⌫̄e ] [55], where
E
⌫̄e is the

electron-neutrino energy and
m
⌫̄e is an e↵ective mass, not properly defined. Current searches

for the di↵use supernova neutrino background (DSNB) at Super-Kamiokande are already

excluding the most optimistic DSNB models [56]. Nonetheless, since the signature of invisible

neutrino decay is a reduction of the flux with respect to its theoretical prediction, the lack of

data on the DSNB has not provided useful insights into this new physics scenario. This will

change soon due to the ongoing enrichment of Super-Kamiokande with Gadolinium [57].

In this work, we explore the prospects for constraining invisible neutrino decay through

upcoming large-scale neutrino telescopes relying on neutrinos with energy
O(0.1–100) MeV

– 3 –
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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
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IceCube Neutrino 
Observatory 
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Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-

7

Blazars

Page 29

TDE AT2019dsg / “Bran Stark” coincident 
with neutrino

R. Stein et al., 2020, astro-ph:2005.05340

neutrino

• Bright, radio-emitting TDE found coincident with IC191001A
• Radio reveals first direct evidence of a central engine in a thermal 

TDE. Data suggest that conditions are compatible with neutrino production
• TDEs are rare. Accounting for all 8 neutrino campaigns and ZTF TDE 

density (1 per 10000 sq. deg.), the probability to find any coincident radio-
emitting TDE is 0.5%

• Suggests TDEs contribute to the astrophysical neutrino flux (>3% of
total)

Days since discovery

Tidal Disruption Events/ 
Superluminous Supernovae?

Our Galaxy
Neutrino-Electromagnetic Associations

Active Galaxies

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9
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IceCube Coll., Astrophys. J. Lett. (2023).
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Figure 3. Upper limit on the contribution of di↵erent

SN types to the di↵use neutrino flux (⌫µ + ⌫̄µ) assuming

an E�2.5 energy spectrum compared with the measured dif-

fuse astrophysical neutrino flux (gray band). The limits are

derived from the corresponding strictest limit in Figure 2.

The choked-jet model refers to the 20-day box model as ex-

plained in Section 4. The energy range plotted here is the

central 90% energy range of the analyzed neutrino sample.

overlaps with the energy range in which the di↵use Ice-
Cube neutrino flux global fit was measured. The quoted
upper limits to the di↵use flux contribution are thus not
strongly dependent on the extrapolation of the measured
di↵use flux to lower energies, where the flux has not yet
been measured due to large atmospheric background.

Figure 4. Di↵erential sensitivity as a function of energy for

di↵erent source declinations � with one year of experimen-

tal data. One can see the maximum sensitivity is achieved

around 105 GeV for sources located in the northern sky and

close to the equator. For sources located in the southern sky,

the overall sensitivity is much worse, but also peaks at higher

energies of 106 GeV.

6. CONCLUSION

We have presented a search for neutrinos from certain
types of CCSNe with IceCube. In a stacking analysis
we correlated more than 1000 SNe from optical surveys
with roughly 700,000 muon-track events recorded by Ice-
Cube. The standard stacking method was extended to
allow for fitting of individual weights for each source,
in order to account for expected variation in the neu-
trino flux from individual sources. SNe type IIn, IIP
and stripped-envelope SNe were tested individually with
various neutrino emission time models. No significant
temporal and spatial correlation of neutrinos and the
cataloged SNe was found, allowing us to set upper limits
on the contribution of those SNe to the di↵use neutrino
flux.
CCSNe of type IIn, IIP and stripped-envelope SNe

contribute less than 34%, 60% and 27% ,respectively, to
the di↵use neutrino flux at the 90% confidence level, as-
suming CSM interaction and an extrapolation of the dif-
fuse neutrino spectrum to low energies following an un-
broken power law with index -2.5. Assuming a choked-
jet, stripped-envelope SNe can not contribute more than
15%.
Upper limits on the total neutrino energy emitted by

a single CSM interacting source are at levels comparable
to model predictions by Murase et al. (2011) (see Fig.
2) while model predictions from Zirakashvili & Ptuskin
(2016) are strongly disfavored. Note that the model pre-
diction could easily be adjusted to lower neutrino flux
predictions by assuming a lower CSM density or a lower
kinetic SN energy.
Improvements to the presented limits are expected in

the near future with optical survey instruments such
as the Zwicky Transient Factory (Graham et al. 2019)
which is able to undertake a high-cadence survey across
a large fraction of the sky, providing SN catalogs with
much greater completeness. In combination with next-
generation neutrino telescopes, this will significantly
boost the sensitivity of this type of analysis, allowing
us to probe dimmer neutrino emitters and smaller con-
tributions of CCSNe to the di↵use neutrino flux.
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• No significant spatial or temporal correlation of high-energy neutrinos with supernovae 
found yet (upper limit on total energy emitted in neutrinos: 1.3×10      erg for SNe IIn). 

• SNe IIn (SNe IIP) do not contribute more than 33.9.6% (59.9%) to the diffuse neutrino flux 
observed by IceCube.
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Figure 11. Detection prospects of nearby supernovae using gamma-ray (left) and neutrino telescopes
(right). Top left panel: Gamma-ray energy fluxes from the di↵erent YSN Types at 10 Mpc as functions
of the observed particle energy. The one year Fermi-LAT sensitivity is shown by the thick light brown
dashed curve [85] and the thick green dotted curve represents the 100 hour CTA sensitivity [86].
Type IIn YSNe may be detected by both Fermi-LAT and CTA, while all other sources will be too
dim at 10 Mpc. Top right panel: Corresponding muon neutrino energy fluxes. The sensitivities of
IceCube, IceCube-Gen2 and KM3NeT for point source detection are plotted (thick dashed lines) in
dark cyan (IceCube) [90], red (IceCube-Gen2) [91] and dark brown (KM3NeT) [92]. The sensitivities
of IceCube, IceCube-Gen2 and KM3NeT are plotted for the declination angle � = 0o. All these
neutrino observatories will be able to detect YSNe at distances smaller than 10 Mpc. Bottom left
panel: Gamma-ray YSN detection horizon for Fermi-LAT (light brown) and CTA (green) as functions
of the YSN Type. For each YSN Type, the error band takes into account the model uncertainties
(see Sec. 5.5). Fermi-LAT and CTA could detect YSNe up to 10 Mpc (see YSNe IIn); CTA could
have better sensitivity than Fermi-LAT and reach up to 2 Mpc for YSNe Ib/c (LT). Bottom right
panel: Corresponding neutrino YSN detection horizon for IceCube (dark cyan), IceCube-Gen2 (red)
and KM3NeT (dark brown). IceCube-Gen2 will be able to detect YSNe up to ⇠ 4 Mpc (see YSNe
Type IIn).

6 Detection prospects of nearby young supernovae in gamma-rays and
neutrinos

As shown in the previous Section, the di↵use backgrounds of neutrinos and gamma-rays from
YSNe have large uncertainties due to the widely varying model parameters. The detection
of neutrinos and gamma-rays from nearby YSNe will help to further constrain these model
parameters and can potentially provide complementary understanding of shock-CSM inter-

– 23 –

Gamma-rays Neutrinos

• SNe of Type IIn and II-P detectable in gamma-rays and neutrinos in the local universe. 

• Gamma-rays and neutrinos can probe the structure of circumstellar medium and test of particle acceleration.

IIn (8.8%)
II-P (48.2%)
IIb/II-L (17%)
Ib/c late time (2.6%)
Ib/c (26%)

Figure 5. Local rate of core-collapse SNe [160]. Type II-P SNe are the most abundant ones at z = 0.
Type Ib/c and IIb/II-L SNe are also more frequent than Type IIn SNe. We assume Type Ib/c (LT)
SNe to be 10% of SNe Ib/c [137]; the total rate of SNe Ib/c (i.e., 26%) includes the one of Ib/c (LT)
SNe.

Hence, we assume that all SN Types follow the core-collapse SN rate as a function of the
redshift. In addition, in order to take into account that some SN Types are more common
than others, we follow Ref. [160] and assume that the fraction of di↵erent core-collapse SN
Types at z = 0 (⇣) holds at higher z as well. The fraction of di↵erent SN Types at z = 0 is
shown in Fig. 5.

The rate of core-collapse SNe is given by [163–165]:

RCCSN(z) =

Z
125M�

8M�

dMRSN(z,M), (5.2)

where

RSN(z,M) =
⌘(M)

R
125M�
0.5M�

dMM⌘(M)
RSFR(z), (5.3)

with ⌘(M) / M
�2.35 being the initial mass function (following the Salpeter law) [166]. The

star formation rate RSFR is [167],

RSFR(z) = C0

"
(1 + z)p1k +

✓
1 + z

5000

◆
p2k

+

✓
1 + z

9

◆
p3k

#
1/k

, (5.4)

where k = �10, p1 = 3.4, p2 = �0.3 and p3 = �3.5. The constant of proportionality C0

is determined by normalizing the SN rate to the local SN rate as
R
125M�
8M�

dMRSN(0,M) =

1.25± 0.5⇥ 10�4 Mpc�3yr�1 [168].
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Figure 1. Top: Charateristic properties of our benchmark jet simulation at 7 s and in the x–z plane. From left to right we
show the radial component of the Lorentz factor �rad, the logarithmic comoving mass density log10(⇢

0), and the logarithmic
magnetization log10(�). In order to highlight the location of the relativistic jet, we plot here the jet region with viewing angle
�0.4 rad < ✓ < 0.4 rad; the dotted white line marks ✓ = 0 to guide the eye. The blue, purple, red, and yellow isocontour lines
correspond to the radial Lorentz factor �rad equal to 1.5, 3, 10, and 25. At 7 s, the relativistic jet sits around 1.4–2⇥ 1011 cm
and it is surrounded by a mildly relativistic cocoon, whose comoving mass density (magnetization) is larger (smaller) than that
of the jet. The jet simulation inputs from the shaded region at r & 1.8⇥ 1011 cm for the 7 s snapshot are not considered in our
investigation of the particle acceleration sites. Instead, an extrapolation procedure based on a comoving shell located between
1.48–1.8 ⇥ 1011 cm for the 7 s snapshot is adopted (see main text for details and region delimited by the white solid lines in
the top panels); we then extend such extrapolation up to ' 1012 cm, which is slightly below the photosphere, i.e. beyond the
jet evolution computed through the GR-MHD simulation. We model the acceleration and particle production following the
evolution of the comoving shell, moving out from 1⇥ 1011 cm, as sketched in the left panel. Bottom: Evolution of �rad, ⇢

0 and
� for ✓ = � = 0 (thus, along the dotted line in the upper panel) for 5.0, 5.5, 6.0, 6.5, and 7.0 s. In the left plot, we indicate the
average Lorentz factor of the last snapshot h�radi7s with a dashed purple line. The shaded band marks the jet region considered
in our multi-messenger emission modeling, which in the two right plots corresponds to the thick, non-transparent lines. In the
middle bottom plot of ⇢0, we show the power-law extrapolation of the density as a dashed black line, while in the right plot of
� we indicate the average magnetization at 7 s within the jet region as dashed purple line (see main text for details).

• Origin of observed Band-like photon spectrum in short GRBs is poorly understood. 

• Bulk of non-thermal photon spectrum can stem from hadronic processes below the 
photosphere (usually just invoked for neutrino production). 

Leptonic processes only  
(usually considered)

Leptonic + hadronic processes 
(our work)
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Figure 3. Evolution of the comoving spectral energy distribution of photons with radius, split in three regions (see also Fig. 2).
In the magnetic reconnection region (first panel from the left), the local enhancement of the magnetization enables magnetic
reconnection and the subsequent acceleration of electrons. In the expansion region (second panel), no energy dissipation takes
place and therefore the photon distribution peak shifts to lower energies, with overall lower photon density as a result of the
plasma expansion. Finally, in the sub-shock region (third panel), both protons and electrons are accelerated at collisionless
sub-shocks, leading to the appearance of a non-thermal high-energy tail and a softening of the spectrum below the distribution
peak. In order to highlight the impact of hadronic processes, the photon distribution obtained without non-thermal protons is
also shown in the sub-shock region (fourth panel). To highlight the evolution of the photon distribution, a power-law fit at the
final snapshot of each region is provided.

Figures 3 and 4 show our findings on the time evo-
lution of the photon and neutrino spectral energy dis-
tributions, respectively, between 1011 cm and 1012 cm
obtained by solving Eq. 5 and relying on the evolution of
the shell introduced above. In the following, we outline
the main features of the particle distributions consider-
ing the three jet regions introduced before (see Fig. 2):

1. Magnetic reconnection region. During the ramp-
up of the magnetization � at 1.0⇥ 1011 cm < r <
1.3⇥1011 cm, the photon distribution evolves as a
thermal one; adiabatic expansion and the decreas-
ing thermal electron temperature are responsible
for the shift of the distribution peak at lower ener-
gies and a decrease in number density. The slope
of such a spectrum is E0n�(E0

�) / E02
� .

As magnetic reconnection becomes active for r &
1.3 ⇥ 1011 cm, two e↵ects manifest: 1. A non-
thermal photon population is injected. The latter
appears as a non-thermal tail at E0

� & 102 keV in
the initial power-law distribution. At lower ener-
gies, e�cient Comptonization of the synchrotron
seed photons induces a softening of the spectrum
between E0

� ⇠ 10�1–1 keV. At the lowest ener-
gies, the plasma is still in thermal equilibrium, its
thermal shape induces a “bump”-feature at the
turnover energy. 2. Due to the low � . 10, protons
are not accelerated above thermal energy. Sub-

sequently, roughly half of the dissipated energy
heats the thermal population. Since photons and
electrons are still coupled, the peak of the photon
thermal spectrum is consequently shifted to higher
energies. As the energy dissipation ceases and
the electron acceleration stops, the non-thermal
signatures directly disappear and a narrow Wien
spectrum approximately scaling as E02.43

� is evi-
dent (light orange line in the leftmost panel of
Fig. 3). Due to proton acceleration being ine�-
cient, no neutrino production is expected.

2. Expansion region. As the jet expands without fur-
ther energy dissipation, the plasma cools and di-
lutes. Hence, the peak of the photon distribution
moves to lower energies, and lower photon den-
sities are achieved. The redistribution of photons
abundantly present due to the previous dissipation
phase yields a spectrum scaling approximately as
E01.12

� (in the region where the spectrum is not
in thermal equilibrium for E0

� & 10�2 keV—see
the second panel to the left of Fig. 3). As the
plasma moves outwards, the turnover energy at
which photons are still in equilibrium shifts to
lower energies, broadening the the soft part of the
spectrum.
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• State-of-the-art collapsar jet simulations predict neutrino signal different than expected. 

• Subphotospheric neutrinos have lower energies than previously expected; detectable with 
IceCube DeepCore.
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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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Figure credits: IceCube Collaboration, Astrophys. J. Suppl. (2023).

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

• Essential to combine X-ray/radio and UVOIR observations to aid neutrino searches. 

• Neutrino bright transients may not be gamma-ray bright.

Optimizing Follow-Up Programs

Pitik, Tamborra, Lincetto, Franckowiack, MNRAS (2023). Guarini, Tamborra, Margutti, Ramirez-Ruiz, PRD (2023).
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Figure 2. The cumulative number of alerts as a function of time. The solid black and red lines show the number of gold and
bronze alerts respectively, while the magenta line shows the combined number for all alerts. The dashed green line and the
shaded green band show the median and standard deviation of the best-fit Poisson distribution to the number of alerts in each
category.

Table 1. The number of expected signal and background events, and the total observed events
for each alert stream in ⇠9.6 years of the catalog live time. The expected number of events are
calculated for the best-fit di↵use muon neutrino flux (Abbasi et al. 2022a) with a spectral index
of 2.37.

Event Type Expected Signal Expected Background Total Expected Total Observed

GFU Gold 54.3 47 101.3 72

GFU Bronze 40.2 138 178.2 164

HESE Gold 5.3 4 9.3 9

HESE Bronze 1.6 9 10.6 8

EHE Gold 3.9 19 22.9 22
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Conclusions

• Fantastic progress in multi-messenger searches of astrophysical sources. 
  
• Modeling of neutrino quantum kinetics in compact sources advances swiftly.  

• Neutrino flavor conversion impacts the supernova mechanism and kilonova lightcurve. 

• The number of likely high-energy neutrino-electromagnetic associations is increasing. 

• Robust 1:1 neutrino-gamma-ray connection is not so obvious as previously expected. 

• We need to optimize multi-messenger follow-up programs for growing number of high-
energy neutrino alerts.

Thanks!


