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measurement of reactor antineutrino spectra, but this capa-
bility is also useful for detecting CCSN neutrinos (An et al.
2016). Due to its large e!ective mass, IceCube will detect
! 100 times the number of neutrino events that SK will
(Abbasi et al. 2011)1. Taking advantage of these facilities,
the time structures and flavor-dependent features in neu-
trino signals are available for observation, and such data can
help us understand not only CCSN dynamics, but neutrino
flavor conversion in CCSN cores.

CCSN dynamics is governed by the complex interplay
between microphysics and macrophysics, which engenders
rich structures in its neutrino signal. With a future di-
rect detection of supernova neutrinos, the complex features
therein encoded will be best studied by comparing with
theoretical predictions of the signals obtained by the so-
phisticated numerical simulations. There have been many
such studies (see, e.g., Scholberg 2012; O’Connor & Ott
2013; Suwa et al. 2019; Li et al. 2019; Warren et al. 2019),
and groups have used either their own CCSN simula-
tions or publicly available models (Hüdepohl et al. 2010;
Nakazato et al. 2013). However, these neutrino data gener-
ally derive from spherically-symmetric CCSN simulations.
More importantly, such 1D studies generally employ arti-
ficial means to explode the model and to determine when
to explode it (see Hüdepohl et al. (2010) for an exception).
Such an approach is unavoidable, since shocks do not gener-
ally revive in state-of-the-art 1D simulations. It is, therefore,
preferable when developing theoretical predictions of neu-
trino signals to conduct multi-dimensional simulations for
which explosion is a common outcome.

In this paper, we present the first systematic study
of neutrino signals based on our 3D CCSN simulations.
Although previously there have been a few explorations
of the neutrino emissions from 3D models (see, e.g.,
Takiwaki & Kotake 2018; Vartanyan et al. 2019; Glas et al.
2019; Walk et al. 2019b,a; Müller 2019), little has been stud-
ied of the di!erences between 3D and 1D models in a de-
tector. In this paper, we develop a new analysis pipeline
by employing and extending the SNOwGLoBES detector
software2 and we discuss the unique characteristics of 3D
models, in particular their expected neutrino event rate, en-
ergy spectrum, angular dependences and time variation. We
use the Fornax code (Skinner et al. 2019) in our 3D CCSN
simulations. Fornax incorporates the important neutrino-
matter interactions and multi-group neutrino transport, tak-
ing into account the fluid-velocity dependence and general-
relativistic redshifts. The relatively speedy Fornax code has
allowed us to conduct many CCSN simulations across a wide
range of massive-star progenitors, with both exploding and
non-exploding outcomes. Although these CCSN models are
still provisional and need further improvements, the essen-
tial characteristics of the progenitor dependence may have
been captured adequately. All the numerical neutrino data
we use in this paper are publicly available3.

This paper is organized as follows. In Sec. 2, we briefly

1 We refer readers to e.g., Scholberg (2012) and references therein
for other available methodologies capable of addressing the detec-
tion of CCSN neutrinos.
2 See https://webhome.phy.duke.edu/~schol/snowglobes/ for
more details
3 from the link, https://www.astro.princeton.edu/~burrows/
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Figure 1. The time evolution of the mean shock radius for 3D
models upon which we focus in this paper. Color distinguishes
the ZAMS mass of the progenitor.
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Figure 2. The time evolution of the mass accretion rate measured
at 500 km.

summarize our numerical CCSNe models. We then provide
basic information for calculating neutrino signals in the de-
tector for normal-hierarchy and inverted-hierarchy neutrino
oscillation models. All results of our analysis are presented
in Sec. 3. Finally, in Sec. 4 we wrap up with a summary and
conclusions.

2 METHODS AND MODELS

2.1 3D CCSN Models

All technical details of the Fornax code that we employed
to generate our 3D CCSN models have been published in
a series of papers (Skinner et al. 2016; Radice et al. 2017;
Vartanyan et al. 2018; Skinner et al. 2019). We refer read-
ers to Burrows et al. (2019, 2020) for a detailed discussion
of these 3D models, Vartanyan et al. (2019) for an explo-
ration of the temporal an angular variations of the neutrino
signals, and Nagakura et al. (2020) for an analysis of PNS
convection.

MNRAS 000, 1–21 (2020)
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Figure 6. 3D color maps of the Ye distributions in the vicinity of PNS. The left and right panels correspond to post-bounce
times of t = 300ms and t = 500ms, respectively. From top to bottom, the results for the 9�, 19� and 25�M� models are
displayed.

vection. This trend can be seen by comparing two figures,
Figs. 3 and 10, in which stronger convection is seen to be
generated in models with a higher PNS mass2. This is more
clearly shown in Fig. 12, which compares for the various pro-
genitors the PNS mass and the transverse turbulent kinetic
energy in the convective region at T = 400 and 500 ms af-
ter bounce. Consistently, models with vigorous convection
tends to have higher baryon masses in the convective layer
itself (varying roughly by a factor of ⇠ 2; see Fig. 11). Of

2 Note that the total mass of the PNS is here defined as the mass
enclosed by an isodensity surface with ⇢ = 1011g/cm3.

course, the mass di↵erence enhances the spread in the ki-
netic energy of PNS motions between strongly and weakly
convective proto-neutron stars (Fig. 10).

The correlation between PNS mass and the vigor of PNS
convection is one of the most important findings in this pa-
per. It is in part a consequence of the deeper gravitational
potential well in models with a heavier PNS mass, which
thereby accelerates eddy motions. In addition, the acceler-
ated eddies induce stronger overshooting that expands the
convective layer, consistent with the trend seen in Fig. 5.
Note also that this is consistent with what we find in the
resolution dependence of PNS convection for 19M� mod-

MNRAS 000, 1–17 (2019)

Brief summary of 3D CCSN models produced by Princeton group

Many models achieve explosions based 
on delayed neutrino heating mechanism 
aided by multi-d fluid instability.

Explodability is not a monotonic 
function of ZAMS mass.

Proto-neutron star (PNS) convection 
commonly emerge in our simulations.

The PNS convection affects both 
gravitational wave and neutrino signals.

Fast neutrino flavor conversion would 
ubiquitously occur in CCSN core.
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Figure 7. Radial profiles of angle-averaged electron fraction (Ye) on top and entropy per baryon (S) on bottom panels at 200 (left-hand panel) and 500 ms
(right-hand panel) after bounce, respectively. On the right-hand panel, we do not include the 60 M! model.

3D radial profiles is that they are flat in the convective layer. This
is particularly true for the entropy profile, and is in sharp contrast
with what obtains in spherically symmetric models. Moreover, PNS
convection dredges up the surface matter of the PNS core, and
thereby smooths the otherwise sharp bumps in the radial profile of
Ye. It should be noted, however, that the Ye gradient on the outside of
the PNS is still negative, and this continues to drive PNS convection.
The negative Ye gradient is sustained by lepton loss at the outer edge
of the convective layer, in particular by lower energy !es that have
smaller interaction cross-sections.

We find that the convectively unstable region is always wider
than the unstable regions in 1D. There are several reasons for this
difference: (1) convective overshoot and the turbulent pressure, both
of which enlarge the convective layer, are artificially suppressed in
1D; and (2) PNS expansion due to the accelerated deleptonization
by PNS convection is suppressed in 1D (Buras et al. 2006). In fact,
the PNS radius is consistently larger in 3D than in 1D (Fig. 8).
These characteristics also affect the progenitor dependence of PNS
convection, which is discussed next.

3.2 Progenitor dependence of PNS convection

We now turn our attention to a more quantitative discussion of the
diversity observed in PNS convection. Importantly, we find that low-
mass progenitor models tend to have more quiet PNS convection.
Indeed, the 9 M! model, which is the lowest ZAMS mass model
among our model suite, has the weakest PNS convection (Fig. 5).

Figure 8. Comparison of the time evolution of the PNS radius between 3D
(thick lines) and 1D (thin lines) models for the three representative models.

Such a correlation between the ZAMS mass and the vigour of PNS
convection is, however, not rigorously monotonic. For instance, the
10 M! model experiences a bit stronger convection than found in
the 11 M! model.

The 20 and 25 M! models, on the other hand, have wider and
more vigorous convective layers than found in the other models.
Generally, models with wider convective zones experience more

MNRAS 492, 5764–5779 (2020)
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Figure 7. Radial profiles of angle-averaged electron fraction (Ye) on top and entropy per baryon (S) on bottom panels at 200 (left-hand panel) and 500 ms
(right-hand panel) after bounce, respectively. On the right-hand panel, we do not include the 60 M! model.

3D radial profiles is that they are flat in the convective layer. This
is particularly true for the entropy profile, and is in sharp contrast
with what obtains in spherically symmetric models. Moreover, PNS
convection dredges up the surface matter of the PNS core, and
thereby smooths the otherwise sharp bumps in the radial profile of
Ye. It should be noted, however, that the Ye gradient on the outside of
the PNS is still negative, and this continues to drive PNS convection.
The negative Ye gradient is sustained by lepton loss at the outer edge
of the convective layer, in particular by lower energy !es that have
smaller interaction cross-sections.

We find that the convectively unstable region is always wider
than the unstable regions in 1D. There are several reasons for this
difference: (1) convective overshoot and the turbulent pressure, both
of which enlarge the convective layer, are artificially suppressed in
1D; and (2) PNS expansion due to the accelerated deleptonization
by PNS convection is suppressed in 1D (Buras et al. 2006). In fact,
the PNS radius is consistently larger in 3D than in 1D (Fig. 8).
These characteristics also affect the progenitor dependence of PNS
convection, which is discussed next.

3.2 Progenitor dependence of PNS convection

We now turn our attention to a more quantitative discussion of the
diversity observed in PNS convection. Importantly, we find that low-
mass progenitor models tend to have more quiet PNS convection.
Indeed, the 9 M! model, which is the lowest ZAMS mass model
among our model suite, has the weakest PNS convection (Fig. 5).

Figure 8. Comparison of the time evolution of the PNS radius between 3D
(thick lines) and 1D (thin lines) models for the three representative models.

Such a correlation between the ZAMS mass and the vigour of PNS
convection is, however, not rigorously monotonic. For instance, the
10 M! model experiences a bit stronger convection than found in
the 11 M! model.

The 20 and 25 M! models, on the other hand, have wider and
more vigorous convective layers than found in the other models.
Generally, models with wider convective zones experience more
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Figure 15. The radial profile of the angle-averaged turbulent en-
ergy flux at 200, 400 and 500 ms after bounce from top to bottom,
respectively. The results for the 60M� model are not included in
the last two snapshots.

turbulent gain region before explosion, the corresponding
net turbulent energy flux is negative, not positive. This sig-
nificant di↵erence is due to the modest-to-large post-shock
accretion/infall speeds behind the shock as the accreted mat-
ter settles onto the inner core. This di↵erence highlights one
important distinct characteristic of PNS convection � it is
in a truly “stellar” convective zone in the classic stellar evo-
lution sense.

3.4 Neutrino emissions

The e↵ect of PNS convection on neutrino emissions is one
of the fundamental issues in CCSN theory. We focus in
our analysis on a subset of representative progenitors and
compare our 3D results with the results for corresponding
spherically-symmetric simulations to quantify the impact of
PNS convection.

First, we consider the e↵ect of PNS convection on delep-
tonization. Fig. 16 displays radial profiles of angle-average
Ye distributions for three selected progenitors (9�, 19�, and
25�M�) as a function of interior baryon mass coordinate3.
As shown in the figure, Ye at M & 0.4M� is quite di↵erent
from that for the spherically-symmetric simulations. In the
vicinity of the inner edge of the convective layer Ye is sys-
tematically smaller in 3D than in 1D, whereas there is the
opposite behavior at the outer edge. This is evidence that
PNS convection carries the leptons (mainly electrons) from
the inside to the outside of the convective zone. In addi-
tion, we find that the total electron number inside the PNS
is smaller in 3D than in 1D4, i.e., PNS convection works
to accelerate deleptonization of the PNS. More quantita-
tively, the core deleptonization rate is roughly two times
higher in 3D than in 1D. This can be seen using the elec-
tron lepton number (ELN) luminosity displayed in Fig. 17.
This phenomenon is mainly due to the fact that PNS con-
vection carries electrons (and ⌫es) from very optically thick
regions to the relatively thin regions. We note that at the
outer edge of the PNS convective zone most ⌫es are still
trapped, but that the lower-energy neutrinos preferentially
escape, enhancing deleptonization. We find, however, that
the di↵erence in the ELN luminosity between 1D and 3D
for the 19� and 25�M� models moderates with time. This
is in part due to the fact that ⌫e and ⌫̄e emissions undergo
a sharp drop at shock revival. Although there is some pro-
genitor dependence of core deleptonization, we confirm that
in general PNS convection accelerates it. This is consistent
with the results of previous 2D simulations (Buras et al.
2006).

Figure 18 displays the time evolution of the neu-
trino luminosity and the average neutrino energies for the
9�, 13�, 19� and 25�M� progenitors for both 3D and 1D
models; the 13M� model is added to this figure to repre-
sent non-exploding models. In the early post-bounce phase
(. 200 ms), we find that the 3D neutrino luminosities for all
species are slightly smaller than in 1D, with the di↵erence
being smaller still for the 9M� model. Later, the di↵erence
in neutrino luminosity between 1D and 3D depends upon
model and species. We now describe the origin of this com-
plexity.

As shown in Figs. 7 and 16, the matter distributions
in the envelope of the PNS in 3D are already di↵erent from
those in 1D, even during the early post-bounce phase (. 200
ms). This a↵ects the locations of the various neutrinospheres
and the thermodynamic state of the matter there. As dis-
played in Fig. 8, the PNS radius in 3D models is system-
atically larger than in 1D. This would work to increase the

3 see also the top panels of Fig. 7, which display the same quan-
tities. but as a function of radius.
4 The electron number can be computed using

R
dMYe(M),

which corresponds to the area in the Ye �M figure.

MNRAS 000, 1–16 (2019)
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Figure 7. Radial profiles of angle-averaged electron fraction (Ye) on top and entropy per baryon (S) on bottom panels at 200 (left-hand panel) and 500 ms
(right-hand panel) after bounce, respectively. On the right-hand panel, we do not include the 60 M! model.

3D radial profiles is that they are flat in the convective layer. This
is particularly true for the entropy profile, and is in sharp contrast
with what obtains in spherically symmetric models. Moreover, PNS
convection dredges up the surface matter of the PNS core, and
thereby smooths the otherwise sharp bumps in the radial profile of
Ye. It should be noted, however, that the Ye gradient on the outside of
the PNS is still negative, and this continues to drive PNS convection.
The negative Ye gradient is sustained by lepton loss at the outer edge
of the convective layer, in particular by lower energy !es that have
smaller interaction cross-sections.

We find that the convectively unstable region is always wider
than the unstable regions in 1D. There are several reasons for this
difference: (1) convective overshoot and the turbulent pressure, both
of which enlarge the convective layer, are artificially suppressed in
1D; and (2) PNS expansion due to the accelerated deleptonization
by PNS convection is suppressed in 1D (Buras et al. 2006). In fact,
the PNS radius is consistently larger in 3D than in 1D (Fig. 8).
These characteristics also affect the progenitor dependence of PNS
convection, which is discussed next.

3.2 Progenitor dependence of PNS convection

We now turn our attention to a more quantitative discussion of the
diversity observed in PNS convection. Importantly, we find that low-
mass progenitor models tend to have more quiet PNS convection.
Indeed, the 9 M! model, which is the lowest ZAMS mass model
among our model suite, has the weakest PNS convection (Fig. 5).

Figure 8. Comparison of the time evolution of the PNS radius between 3D
(thick lines) and 1D (thin lines) models for the three representative models.

Such a correlation between the ZAMS mass and the vigour of PNS
convection is, however, not rigorously monotonic. For instance, the
10 M! model experiences a bit stronger convection than found in
the 11 M! model.

The 20 and 25 M! models, on the other hand, have wider and
more vigorous convective layers than found in the other models.
Generally, models with wider convective zones experience more
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Figure 12. PNS mass vs. the transverse kinetic energy of PNS
convection. The upper and lower panels are for T = 400 and 500
ms, respectively, after bounce. The 60M� model is not included
in these plots.

they decline more sharply than `�
3
5 at ` > 10. This be-

havior seems not due to numerical resolution, since there
are no remarkable di↵erences in the spectra for the three
di↵erent resolution models of the 19M� progenitor (Na-
gakura et al. 2019a). In addition, we find that the spectrum
at lower `s (` . 10) strongly varies with progenitor. Mod-
els with stronger PNS convection tend to evince a sharper
decline in the spectrum � turbulent kinetic energy accumu-
lates in the large eddies. Some possible explanation for this
tendency might be found by observing the systematics of
PNS convection with radial width. As mentioned already,
models with stronger PNS convection tend to have convec-
tive layers with wider radial widths (Fig. 5), which results in
expanding the maximum eddy scale in the convective region.
As a result, stronger convection generates larger eddies more
e�ciently. The deviation from the Kolmogorov’s cascade at
higher `(>10) may also imply that momentum transfer by
neutrinos, or neutrino-drag, a↵ects the spectrum. Indeed,
neutrino di↵usion is more e�cient for smaller eddies, i.e.,
the e↵ects of neutrino viscosity are greater for smaller ed-
dies (van den Horn & van Weert 1984; Burrows & Lattimer
1988; Thompson & Duncan 1993; Guilet et al. 2015; Melson
& Janka 2019). We also note that the small to modest as-

pect ratio of the convective region may result in a quasi-2D
cascade, i.e. inverse from small to large scales. However, we
don’t yet feel comfortable, in lieu of even higher resolution
studies, highlighting this possibility at this time.

In Fig. 15, we provide angular maps of the turbulent
energy flux (kinetic and thermal energy flux) in the PNS
zone. Note that the total energy flux is dominated by the
thermal contribution, This is consistent with the fact that
the turbulent Mach number in PNS convection is less than
10%, i.e., the kinetic energy is less than a few % (§3.1).
In Fig. 15, a Mollweide projection of the turbulent energy
flux at 300 ms after core bounce is displayed. This is com-
puted at the isodensity surface where the matter density is
5⇥1013g/cm3, which is roughly located in the middle of the
convective layer. As shown in the figure, when overall PNS
convection is stronger, there are higher angular variations.
Indeed, the 25M� model has the strongest color contrast
of all the maps, while the 9M� model has the weakest con-
trast. These figures also clearly indicate that models with
stronger PNS convection have larger scale variations in the
angular directions. This is consistent with our finding that
the turbulent-kinetic-energy spectra at lower `s possess sig-
nificantly higher energies than at higher `s (Fig. 14).

Figure 16 of the angle-averaged turbulent energy flux at
three di↵erent time snapshots clearly shows that PNS con-
vection commonly generates net outgoing energy fluxes. This
is not a trivial outcome and could be of relevance in the pos-
sible generation of hydrodynamic waves (Gossan et al. 2019).
Indeed, as Fig. 15 demonstrates, incoming energy flux dom-
inates outgoing flux at some angular points. The dominance
of the outgoing energy flux indicates that energy transport
by buoyancy is more e�cient than that by downflows from
the outer edge of the convective layer. This is in part due
to the inhomogeneous matter distributions in background
flows, when there is a strong negative density gradient in
the convective layer. The thermal enthalpy is also higher at
smaller radii, indicating that energy transport by buoyant
motions is larger than that of downflows. It is also important
to mention that the energy flux is time-dependent and that
the peak flux grows with time for the duration of our simu-
lations. In accordance with the PNS contraction, the radial
width of the outgoing flux also changes. We note that in the
turbulent gain region before explosion, the corresponding
net turbulent energy flux is negative, not positive. This sig-
nificant di↵erence is due to the modest-to-large post-shock
accretion/infall speeds behind the shock as the accreted mat-
ter settles onto the inner core. This di↵erence highlights one
important distinct characteristic of PNS convection � it is
in a truly “stellar” convective zone in the classic stellar evo-
lution sense.

Figure 16 also suggests that models with stronger PNS
convection manifest higher angle-averaged turbulent energy
flux. Indeed, the 25M� model has the highest peak turbu-
lent energy flux. To further buttress our argument that the
PNS mass and the vigor of PNS convection are correlated,
we compare the PNS mass and the peak angle-averaged tur-
bulent energy flux in Fig. 17. This figure clearly displays this
positive correlation and lends confidence to our finding that
the PNS mass is an important determinant of the vigor of
PNS convection.

MNRAS 000, 1–17 (2019)

A systematic study of PNS convection in 3D CCSN 9

 0

 1

 2

 3

 4

 5

 6

 7

T
ra

n
s
v
e
rs

e
 K

in
e
ti

c
 E

n
e
rg

y
 [

1
0

4
9
 e

rg
]

9M�

10M�

11M�

12M�

13M�

14M�

15M�

16M�

17M�

18M�

19M�

19M�-h

19M�-l

20M�

25M�

Time = 400 ms

 0

 2

 4

 6

 8

 10

1.2 1.4 1.6 1.8 2

T
ra

n
s
v
e
rs

e
 K

in
e
ti

c
 E

n
e
rg

y
 [

1
0

4
9
 e

rg
]

PNS Mass [M�]

Time = 400 ms

Time = 500 ms

Figure 12. PNS mass vs. the transverse kinetic energy of PNS
convection. The upper and lower panels are for T = 400 and 500
ms, respectively, after bounce. The 60M� model is not included
in these plots.
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are no remarkable di↵erences in the spectra for the three
di↵erent resolution models of the 19M� progenitor (Na-
gakura et al. 2019a). In addition, we find that the spectrum
at lower `s (` . 10) strongly varies with progenitor. Mod-
els with stronger PNS convection tend to evince a sharper
decline in the spectrum � turbulent kinetic energy accumu-
lates in the large eddies. Some possible explanation for this
tendency might be found by observing the systematics of
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models with stronger PNS convection tend to have convec-
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e�ciently. The deviation from the Kolmogorov’s cascade at
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don’t yet feel comfortable, in lieu of even higher resolution
studies, highlighting this possibility at this time.

In Fig. 15, we provide angular maps of the turbulent
energy flux (kinetic and thermal energy flux) in the PNS
zone. Note that the total energy flux is dominated by the
thermal contribution, This is consistent with the fact that
the turbulent Mach number in PNS convection is less than
10%, i.e., the kinetic energy is less than a few % (§3.1).
In Fig. 15, a Mollweide projection of the turbulent energy
flux at 300 ms after core bounce is displayed. This is com-
puted at the isodensity surface where the matter density is
5⇥1013g/cm3, which is roughly located in the middle of the
convective layer. As shown in the figure, when overall PNS
convection is stronger, there are higher angular variations.
Indeed, the 25M� model has the strongest color contrast
of all the maps, while the 9M� model has the weakest con-
trast. These figures also clearly indicate that models with
stronger PNS convection have larger scale variations in the
angular directions. This is consistent with our finding that
the turbulent-kinetic-energy spectra at lower `s possess sig-
nificantly higher energies than at higher `s (Fig. 14).

Figure 16 of the angle-averaged turbulent energy flux at
three di↵erent time snapshots clearly shows that PNS con-
vection commonly generates net outgoing energy fluxes. This
is not a trivial outcome and could be of relevance in the pos-
sible generation of hydrodynamic waves (Gossan et al. 2019).
Indeed, as Fig. 15 demonstrates, incoming energy flux dom-
inates outgoing flux at some angular points. The dominance
of the outgoing energy flux indicates that energy transport
by buoyancy is more e�cient than that by downflows from
the outer edge of the convective layer. This is in part due
to the inhomogeneous matter distributions in background
flows, when there is a strong negative density gradient in
the convective layer. The thermal enthalpy is also higher at
smaller radii, indicating that energy transport by buoyant
motions is larger than that of downflows. It is also important
to mention that the energy flux is time-dependent and that
the peak flux grows with time for the duration of our simu-
lations. In accordance with the PNS contraction, the radial
width of the outgoing flux also changes. We note that in the
turbulent gain region before explosion, the corresponding
net turbulent energy flux is negative, not positive. This sig-
nificant di↵erence is due to the modest-to-large post-shock
accretion/infall speeds behind the shock as the accreted mat-
ter settles onto the inner core. This di↵erence highlights one
important distinct characteristic of PNS convection � it is
in a truly “stellar” convective zone in the classic stellar evo-
lution sense.

Figure 16 also suggests that models with stronger PNS
convection manifest higher angle-averaged turbulent energy
flux. Indeed, the 25M� model has the highest peak turbu-
lent energy flux. To further buttress our argument that the
PNS mass and the vigor of PNS convection are correlated,
we compare the PNS mass and the peak angle-averaged tur-
bulent energy flux in Fig. 17. This figure clearly displays this
positive correlation and lends confidence to our finding that
the PNS mass is an important determinant of the vigor of
PNS convection.
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4. Discussion

We have analyzed the GW signals from a large set of 3D
FORNAX CCSN simulations. Our calculations employed the
most advanced treatment for neutrino-transport and neutrino-
matter interactions available. The most robust feature is an
excess in the time–frequency diagram of the GW strain
following a characteristic track. The corresponding peak
frequency is associated with quadrupolar oscillation modes of
the PNS, so its measurement would allow us to constrain the
structure of the PNS. This in turn would have consequences for
the EOS and for the transport properties of warm nuclear
matter.

A signature of the SASI is found only in one progenitor. If
present and detected, this signature could potentially be
extremely valuable because it might be used to infer the time
at which the supernova shock is revived (Andresen et al.
2017, 2019). In combination with the knowledge of the time of
neutrino shock breakout (Wallace et al. 2016), this would
produce a strong constraint on the explosion mechanism.
Nevertheless, our results show that, in contrast with what
Andresen et al. (2017, 2019) claimed on the basis of a few
models affected by aliasing, it is the pulsation of the PNS that is
the most robust feature of the GW signal in 3D, and not the
SASI. Indeed, a signature of the SASI is found only in one of
our progenitors.

Our simulations also clearly demonstrate that GWs are
driven by convection at the periphery of the PNS and not by the
convection inside the neutron star as claimed by Andresen et al.
(2017). Finally, we have shown for the !rst time that a
measurement of the overall amplitude of the GW signal would
constrain the strength of turbulence induced by neutrino-driven
convection or SASI behind the shock. This would allow us to
probe directly the engine of CCSNe. Our results show that GW
observations are a promising avenue by which to probe the
otherwise inaccessible dynamics of the inner engine of CCSNe.
However, these observations will likely require the kind of high
sensitivity over a broad range of frequencies that only future
generation GW detectors can achieve.

Future work should develop the data analysis techniques
necessary to extract the features that we have identi!ed in the
waveforms, as well as systematic strategies to jointly analyze

GW and neutrino signals. First, the detection of the neutrino
burst will reveal the time and sky position of the supernova,
thus reducing the false alarm rate for the GW signal and the
number of free parameters needed for template-based searches
(Adams et al. 2013; Nakamura et al. 2016). Second, the
detection of correlated neutrino and GW temporal variability
might provide a way to diagnose large-scale chaotic motion in
the supernova core (Ott et al. 2012; Kuroda et al. 2017). We
also plan to extend this work with the study of progenitors with
moderate rotation and with relic perturbations from advanced
nuclear burning stages (Couch et al. 2015; Müller et al. 2017),
and to explore the GW signal over longer timescales.
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1548562), and at NERSC under their contract DE-AC03-
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Time

Any type of crossings (PNS convection)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only] 
(asymmetric ν emission)

Type I crossings [Exp-only] 
(nucleon-scattering + α    1 + cold matter)

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

�

� 1 s

�200 km

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
trajectory for the shock wave in exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. The green, blue, and brown color denote Type I, Type II, and any type of crossings,
respectively. In each region, we provide some representative characteristics of ELN-crossings. The
remark ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See text for
more detail.

anism for these is di↵erent. In Sec. III B, we conduct an
in-depth analysis of their physical origin.

We provide a schematic space-time diagram of ELN
crossings in Fig. 4. This figure summarizes the over-
all trends of crossings observed in our CCSN models.
We note that crossings relevant to PNS convection and
the pre-shock region drawn in Fig. 4 are not included in
Fig. 3. There is a technical reason why we do not include
the case with PNS convection in Fig. 3. This issue will be
discussed later. To facilitate the readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
ELN crossing generation.

B. Generation mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start by analyzing the Type-II crossings that
appear at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result from the 12 solar mass model as a rep-
resentative case. The progenitor-dependence is discussed
later. In Fig. 5, we show Mollweide projections of the
ELN crossing and some important quantities at 130 km
for the 12 solar mass model case. We find that the Type
II crossing has a rather scattered distribution (see the

top left panel). To see the trend more quantitatively, we
show �Gout in the left middle panel in Fig. 5, which cor-
responds to the ELN at µ = 1. Here �Gout and �Gin

are defined as follows. The energy-integrated number of
neutrinos at µ = 1 and �1 are written as

Gout =

Z
d(

"3

3
)fout("),

Gin =

Z
d(

"3

3
)fin("),

(2)

respectively, where " denotes the neutrino energy in units
of MeV. We stress that both fout and fin in Eq. 2 are the
basic output of our angular reconstruction computation
complemented by the ray-tracing method (see Sec. II B).
Here �G is the di↵erence of the ⌫e and ⌫̄e G values:

�G = G⌫e �G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, we find that ⌫̄e dominates over ⌫e in
some regions (blue-colored area), and these regions are
in one-to-one correspondence to the regions of Type-II
crossings. The one-to-one correspondence is attributed
to the fact that ⌫e always overwhelms ⌫̄e in µ = �1
(incoming) direction.
We find some interesting correlations between the

Type-II crossings and other physical quantities. These
correlations provide useful insight for studying the phys-
ical origin of the crossings. To quantify the correlations,

See also Kato-san and Zaizen-san’s talk
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Neutrino signals:

1. Explosion models have low 
neutrino luminosity than those 

with non-explosions

2. The average energy of electro-
type neutrinos and their anti-

partners are lower in 3D than 1D.

3. Neutrino luminosity of heavy-
leptonic neutrinos are higher in 3D 

than 1D.

(due to less accretion components)

(due to PNS convection)
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Figure 16. The radial profile of the angle-averaged turbulent en-
ergy flux at 200, 400 and 500 ms after bounce from top to bottom,
respectively. The results for the 60M� model are not included in
the last two snapshots.

neutrino luminosity, whereas the matter temperature at the
neutrinospheres is smaller than in 1D, working to decrease
the luminosity5. This competition can be characterized very

5 Consistent with the fact that the matter temperatures in 3D are
lower here than in 1D is that the average energy of the neutrinos
in 3D is smaller than in 1D (Fig. 20).
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Figure 17. The same as Fig. 12, but for the peak turbulent
energy flux.

roughly by a parameter, �, which is defined as

� ⌘ L⌫3D

L⌫1D
⇠ T4

⌫3DR2
⌫3D

T4
⌫1DR2

⌫1D

, (2)

where T⌫ and R⌫ denote the matter temperature and radius,
respectively, of the neutrinosphere6. We find that during the
early phase the latter e↵ect dominates the former (� < 1).
As a result, during this early phase the neutrino luminosity
is smaller in 3D. Unlike the case for the other species, the
production of ⌫̄es is suppressed by the Fermi degeneracy
of the ⌫es. Due to the enhanced supply of leptons by PNS
convection, this suppressive e↵ect on the density of ⌫̄es is
stronger in 3D than in 1D (Buras et al. 2006).

At the later phase (& 400 ms), the di↵erence in neutrino
luminosity between 1D and 3D has a di↵erent origin than
during the earlier phase. The ⌫x luminosity in 3D is higher
than in 1D for all models, but the di↵erences between 1D
and 3D models for the ⌫e and ⌫̄e neutrinos depend upon
progenitor. The luminosities of the latter species are lower
in 3D than 1D for the 19� and 25�M� models, but higher in
9M� model. On the other hand, the ⌫e and ⌫̄e luminosities

6 Note that the e↵ect of Fermi degeneracy is not taken into ac-
count in Eq. 2 (see e.g., Nagakura et al. (2013)).
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Useful formula:
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Figure 3. The energy luminosity (left) and average neutrino energy (right) as a function of time for each
species of neutrino for all 3D models in this study. These are measured in the laboratory frame at 250 km.
For comparison, we display 1D counterparts as thin lines.

At the onset of collapse, our CCSN simulations are
performed in spherical symmetry by taking a matter pro-
file computed by stellar evolution models. In this study,
we include the results for 9-, 10-, 12-, 13-, 14-, 15-, 19-
and 25-M! models (8 models in total), enough to blanket
the overall progenitor dependence4. The initial 1D models
were calculated by Sukhbold et al. (2016), except for the
25-M! progenitor which was calculated by Sukhbold et al.
(2018). Once the simulation reached 10 ms after core bounce,
we mapped both matter and neutrino radiation profiles to
3D and imposed non-radial perturbations in the fluid ve-
locity following the prescription in Müller & Janka (2015).

4 All progenitor models employed in this paper are non-rotating
models.

We employed a spherical coordinate, dendritic mesh with
678"128"256 (r"!"") grid points covering 0 # r # 20, 000
km. The radial grid is logarithmically stretched outside the
inner $ 70 km.

The neutrino transport module in Fornax solves the
energy-dependent two moment equations for three neu-
trino species: electron-type neutrinos #e, electron-type anti-
neutrinos #̄e, and all the other heavy neutrinos bundled
into what we call “#x.” The fluid-velocity dependence is in-
cluded up to O(v/c) and the e!ect of general relativity is
approximate included using the scheme in Rampp & Janka
(2002). We use 12 energy groups which are logarithmically
distributed from 1 MeV to 300 MeV for #e and 1 MeV to
100 MeV for the other species (We note that we display the
result of 1D simulation for comparison, in which we employ

MNRAS 000, 1–24 (2020)

Luminosity Average-energy
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See also Nakazato-san and 
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8

Detector simulations for neutrino signal
CCSN neutrinos informed by 3D models 701

Figure 4. The time evolution of angle-averaged neutrino event rate detected through the major channel for each detector (from top to bottom, SK, DUNE, and
JUNO) for selected models (from left to right, 9-, 13-, 19-, and 25-M!). The colour distinguishes the neutrino oscillation model: no flavour conversions (red),
normal-mass hierarchy (blue), and inverted-mass hierarchy (green). For comparison, we also display 1D counterparts as thin lines. The distance to the CCSN
source is assumed to be 10 kpc.

A clue to understanding the difference is related to the average
energy of !̄e neutrinos at the source, which is shown in the right-
hand and middle panels of Fig. 3. As shown, the average energy is
systematically higher in 1D than 3D, which results in higher event
rates for !̄e neutrinos in SK and JUNO. As already mentioned in
Section 2.1, PNS convection affects neutrino emission through its
effect on the neutrinospheres. Due to PNS convection, the angle-
averaged neutrinospheres in 3D are located at larger radii and lower
matter temperatures than those in 1D. The latter effect reduces the
average energy of !̄e neutrinos in 3D, and this accounts for much of
the difference in neutrino detection rates. The same trend can also be
seen for event rates in DUNE (sensitive to !e neutrinos at the Earth),
which is higher in 1D than 3D for no-oscillation models (see the
middle panel of Fig. 4).

We now turn our attention to the case of the normal-mass hierarchy
(blue lines in Fig. 4), for which the survival probability of !̄e neutrinos
is "70 per cent. This indicates that the characteristics of !̄e neutrinos
at the CCSN source are still responsible for the major trends in the
event rates at SK and JUNO. We find that the difference in the event
rate between 1D and 3D models follows the same trend (however
modest) as found in the case with no flavour conversions. On the
other hand, the survival probability of !e neutrinos for the normal-
mass hierarchy is almost zero, implying that the event rates at DUNE
reflect the characteristics of !x neutrinos at the CCSN source. Since
the !x luminosity is lower than that for !e neutrinos at the CCSN
source, the event rate becomes smaller than that with no flavour
conversions. We find that there are no remarkable differences in the
event rates between 1D and 3D for all progenitor models at DUNE.

At first glance, this looks a bit strange, since the luminosity of !x

neutrinos at the source is systematically higher in 3D than that in 1D
(due to effects of PNS convection), while the average energy is very
similar for the two cases (see Fig. 3).

This complexity can be illuminated by studying high-energy !x

neutrinos at the source. Some fractions of !xs emitted in the vicinity of
PNS experience shock acceleration, which creates a non-thermal tail
in the energy spectrum (Hotokezaka and Nagakura, in preparation).
The smaller shock radius that accompanies high mass accretion
rates provides conducive conditions for shock acceleration actually
realized in our 1D models (except for the 9-M! model). Although
non-thermal neutrinos have a smaller contribution to luminosity
and average energy, they affect the neutrino event rate at terrestrial
detectors, perhaps in measurable ways. We emphasize that high-
energy neutrino emission in the 9-, 19-, and 25-M! models in 3D
is subtle, since the shock wave is revived and propagates through a
low-density medium, making neutrino acceleration inefficient. The
increase in neutrino event rate due to a non-thermal component
in 1D compensates for the reduction in the event rate due to the
absence of PNS convection. Hence, the dimensional dependence is
not remarkable for these progenitors. On the other hand, the shock
wave stalls and is not revived for the 3D model of 13-M!, i.e. non-
thermal neutrinos can contribute to its event rate. As a result, due to
PNS convection the event rate is higher in 3D than that in 1D.5

5It should be noted that the contribution of the high-energy component in
the 3D model is smaller than that of 1D. This is mainly because the shock

MNRAS 500, 696–717 (2021)
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Figure 4. The time evolution of angle-averaged neutrino event rate detected through the major channel for each detector (from top to bottom, SK, DUNE, and
JUNO) for selected models (from left to right, 9-, 13-, 19-, and 25-M!). The colour distinguishes the neutrino oscillation model: no flavour conversions (red),
normal-mass hierarchy (blue), and inverted-mass hierarchy (green). For comparison, we also display 1D counterparts as thin lines. The distance to the CCSN
source is assumed to be 10 kpc.

A clue to understanding the difference is related to the average
energy of !̄e neutrinos at the source, which is shown in the right-
hand and middle panels of Fig. 3. As shown, the average energy is
systematically higher in 1D than 3D, which results in higher event
rates for !̄e neutrinos in SK and JUNO. As already mentioned in
Section 2.1, PNS convection affects neutrino emission through its
effect on the neutrinospheres. Due to PNS convection, the angle-
averaged neutrinospheres in 3D are located at larger radii and lower
matter temperatures than those in 1D. The latter effect reduces the
average energy of !̄e neutrinos in 3D, and this accounts for much of
the difference in neutrino detection rates. The same trend can also be
seen for event rates in DUNE (sensitive to !e neutrinos at the Earth),
which is higher in 1D than 3D for no-oscillation models (see the
middle panel of Fig. 4).

We now turn our attention to the case of the normal-mass hierarchy
(blue lines in Fig. 4), for which the survival probability of !̄e neutrinos
is "70 per cent. This indicates that the characteristics of !̄e neutrinos
at the CCSN source are still responsible for the major trends in the
event rates at SK and JUNO. We find that the difference in the event
rate between 1D and 3D models follows the same trend (however
modest) as found in the case with no flavour conversions. On the
other hand, the survival probability of !e neutrinos for the normal-
mass hierarchy is almost zero, implying that the event rates at DUNE
reflect the characteristics of !x neutrinos at the CCSN source. Since
the !x luminosity is lower than that for !e neutrinos at the CCSN
source, the event rate becomes smaller than that with no flavour
conversions. We find that there are no remarkable differences in the
event rates between 1D and 3D for all progenitor models at DUNE.

At first glance, this looks a bit strange, since the luminosity of !x

neutrinos at the source is systematically higher in 3D than that in 1D
(due to effects of PNS convection), while the average energy is very
similar for the two cases (see Fig. 3).

This complexity can be illuminated by studying high-energy !x

neutrinos at the source. Some fractions of !xs emitted in the vicinity of
PNS experience shock acceleration, which creates a non-thermal tail
in the energy spectrum (Hotokezaka and Nagakura, in preparation).
The smaller shock radius that accompanies high mass accretion
rates provides conducive conditions for shock acceleration actually
realized in our 1D models (except for the 9-M! model). Although
non-thermal neutrinos have a smaller contribution to luminosity
and average energy, they affect the neutrino event rate at terrestrial
detectors, perhaps in measurable ways. We emphasize that high-
energy neutrino emission in the 9-, 19-, and 25-M! models in 3D
is subtle, since the shock wave is revived and propagates through a
low-density medium, making neutrino acceleration inefficient. The
increase in neutrino event rate due to a non-thermal component
in 1D compensates for the reduction in the event rate due to the
absence of PNS convection. Hence, the dimensional dependence is
not remarkable for these progenitors. On the other hand, the shock
wave stalls and is not revived for the 3D model of 13-M!, i.e. non-
thermal neutrinos can contribute to its event rate. As a result, due to
PNS convection the event rate is higher in 3D than that in 1D.5

5It should be noted that the contribution of the high-energy component in
the 3D model is smaller than that of 1D. This is mainly because the shock
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Figure 4. The time evolution of angle-averaged neutrino event rate detected through the major channel for each detector (from top to bottom, SK, DUNE, and
JUNO) for selected models (from left to right, 9-, 13-, 19-, and 25-M!). The colour distinguishes the neutrino oscillation model: no flavour conversions (red),
normal-mass hierarchy (blue), and inverted-mass hierarchy (green). For comparison, we also display 1D counterparts as thin lines. The distance to the CCSN
source is assumed to be 10 kpc.

A clue to understanding the difference is related to the average
energy of !̄e neutrinos at the source, which is shown in the right-
hand and middle panels of Fig. 3. As shown, the average energy is
systematically higher in 1D than 3D, which results in higher event
rates for !̄e neutrinos in SK and JUNO. As already mentioned in
Section 2.1, PNS convection affects neutrino emission through its
effect on the neutrinospheres. Due to PNS convection, the angle-
averaged neutrinospheres in 3D are located at larger radii and lower
matter temperatures than those in 1D. The latter effect reduces the
average energy of !̄e neutrinos in 3D, and this accounts for much of
the difference in neutrino detection rates. The same trend can also be
seen for event rates in DUNE (sensitive to !e neutrinos at the Earth),
which is higher in 1D than 3D for no-oscillation models (see the
middle panel of Fig. 4).

We now turn our attention to the case of the normal-mass hierarchy
(blue lines in Fig. 4), for which the survival probability of !̄e neutrinos
is "70 per cent. This indicates that the characteristics of !̄e neutrinos
at the CCSN source are still responsible for the major trends in the
event rates at SK and JUNO. We find that the difference in the event
rate between 1D and 3D models follows the same trend (however
modest) as found in the case with no flavour conversions. On the
other hand, the survival probability of !e neutrinos for the normal-
mass hierarchy is almost zero, implying that the event rates at DUNE
reflect the characteristics of !x neutrinos at the CCSN source. Since
the !x luminosity is lower than that for !e neutrinos at the CCSN
source, the event rate becomes smaller than that with no flavour
conversions. We find that there are no remarkable differences in the
event rates between 1D and 3D for all progenitor models at DUNE.

At first glance, this looks a bit strange, since the luminosity of !x

neutrinos at the source is systematically higher in 3D than that in 1D
(due to effects of PNS convection), while the average energy is very
similar for the two cases (see Fig. 3).

This complexity can be illuminated by studying high-energy !x

neutrinos at the source. Some fractions of !xs emitted in the vicinity of
PNS experience shock acceleration, which creates a non-thermal tail
in the energy spectrum (Hotokezaka and Nagakura, in preparation).
The smaller shock radius that accompanies high mass accretion
rates provides conducive conditions for shock acceleration actually
realized in our 1D models (except for the 9-M! model). Although
non-thermal neutrinos have a smaller contribution to luminosity
and average energy, they affect the neutrino event rate at terrestrial
detectors, perhaps in measurable ways. We emphasize that high-
energy neutrino emission in the 9-, 19-, and 25-M! models in 3D
is subtle, since the shock wave is revived and propagates through a
low-density medium, making neutrino acceleration inefficient. The
increase in neutrino event rate due to a non-thermal component
in 1D compensates for the reduction in the event rate due to the
absence of PNS convection. Hence, the dimensional dependence is
not remarkable for these progenitors. On the other hand, the shock
wave stalls and is not revived for the 3D model of 13-M!, i.e. non-
thermal neutrinos can contribute to its event rate. As a result, due to
PNS convection the event rate is higher in 3D than that in 1D.5

5It should be noted that the contribution of the high-energy component in
the 3D model is smaller than that of 1D. This is mainly because the shock
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Figure 4. The time evolution of angle-averaged neutrino event rate detected through the major channel for each detector (from top to bottom, SK, DUNE, and
JUNO) for selected models (from left to right, 9-, 13-, 19-, and 25-M!). The colour distinguishes the neutrino oscillation model: no flavour conversions (red),
normal-mass hierarchy (blue), and inverted-mass hierarchy (green). For comparison, we also display 1D counterparts as thin lines. The distance to the CCSN
source is assumed to be 10 kpc.

A clue to understanding the difference is related to the average
energy of !̄e neutrinos at the source, which is shown in the right-
hand and middle panels of Fig. 3. As shown, the average energy is
systematically higher in 1D than 3D, which results in higher event
rates for !̄e neutrinos in SK and JUNO. As already mentioned in
Section 2.1, PNS convection affects neutrino emission through its
effect on the neutrinospheres. Due to PNS convection, the angle-
averaged neutrinospheres in 3D are located at larger radii and lower
matter temperatures than those in 1D. The latter effect reduces the
average energy of !̄e neutrinos in 3D, and this accounts for much of
the difference in neutrino detection rates. The same trend can also be
seen for event rates in DUNE (sensitive to !e neutrinos at the Earth),
which is higher in 1D than 3D for no-oscillation models (see the
middle panel of Fig. 4).

We now turn our attention to the case of the normal-mass hierarchy
(blue lines in Fig. 4), for which the survival probability of !̄e neutrinos
is "70 per cent. This indicates that the characteristics of !̄e neutrinos
at the CCSN source are still responsible for the major trends in the
event rates at SK and JUNO. We find that the difference in the event
rate between 1D and 3D models follows the same trend (however
modest) as found in the case with no flavour conversions. On the
other hand, the survival probability of !e neutrinos for the normal-
mass hierarchy is almost zero, implying that the event rates at DUNE
reflect the characteristics of !x neutrinos at the CCSN source. Since
the !x luminosity is lower than that for !e neutrinos at the CCSN
source, the event rate becomes smaller than that with no flavour
conversions. We find that there are no remarkable differences in the
event rates between 1D and 3D for all progenitor models at DUNE.

At first glance, this looks a bit strange, since the luminosity of !x

neutrinos at the source is systematically higher in 3D than that in 1D
(due to effects of PNS convection), while the average energy is very
similar for the two cases (see Fig. 3).

This complexity can be illuminated by studying high-energy !x

neutrinos at the source. Some fractions of !xs emitted in the vicinity of
PNS experience shock acceleration, which creates a non-thermal tail
in the energy spectrum (Hotokezaka and Nagakura, in preparation).
The smaller shock radius that accompanies high mass accretion
rates provides conducive conditions for shock acceleration actually
realized in our 1D models (except for the 9-M! model). Although
non-thermal neutrinos have a smaller contribution to luminosity
and average energy, they affect the neutrino event rate at terrestrial
detectors, perhaps in measurable ways. We emphasize that high-
energy neutrino emission in the 9-, 19-, and 25-M! models in 3D
is subtle, since the shock wave is revived and propagates through a
low-density medium, making neutrino acceleration inefficient. The
increase in neutrino event rate due to a non-thermal component
in 1D compensates for the reduction in the event rate due to the
absence of PNS convection. Hence, the dimensional dependence is
not remarkable for these progenitors. On the other hand, the shock
wave stalls and is not revived for the 3D model of 13-M!, i.e. non-
thermal neutrinos can contribute to its event rate. As a result, due to
PNS convection the event rate is higher in 3D than that in 1D.5

5It should be noted that the contribution of the high-energy component in
the 3D model is smaller than that of 1D. This is mainly because the shock

MNRAS 500, 696–717 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/500/1/696/5928570 by N
ational Astronom

ical O
bservatory of Japan user on 08 O

ctober 2021

Detection rate of neutrinos (SN@10kpc)
CCSN neutrinos informed by 3D models 707

Figure 10. The finite-time Fourier transform of the neutrino event rate in each detector (from top to bottom, SK, DUNE, JUNO, and IceCube). Left: no flavour
conversions. Middle: normal-mass hierarchy. Right: inverted-mass hierarchy. Colour distinguishes the 3D models. The distance to the CCSN source is assumed
to be 10 kpc. A remarkable sharp peak at !100 Hz, which corresponds to the temporal behaviour induced by the spiral SASI, is seen, but only for non-exploding
models. See the text for details.

note that in their analysis the SN ratio required to catch the temporal
behaviour seems to be smaller than ours. They might be setting
!2 (see the bottom panel of fig. 1 in Tamborra et al. 2013). Since
the SN ratio is proportional to d"1, the threshold distance becomes
2.5 times larger than ours by the difference in the SN ratio required for
detection. As such, their conclusions are based on optimistic choices,
and this accounts almost completely for the different conclusions.

For IceCube, on the other hand, the expected number of events
is two orders of magnitude larger than that in SK, suggesting that
it may be the most promising neutrino detector for investigating
the temporal behaviour due to the spiral SASI (see also Tamborra
et al. 2013; Walk et al. 2018). However, as mentioned, the noise
characteristics of IceCube are different from those in other detectors,
and this should be taken into account in the discussion of detectability.
Here, we consider this following Tamborra et al. (2013).

From equation (20), we obtain Nsignal = 200 for a CCSN at a
distance of d = 10 kpc.9 On the other hand, the background noise
can be estimated as 1.48 # 106 # (1/100) = 1.48 # 104, implying
that it is significantly larger than Nsignal. However, the background
noise is nearly in steady state. Hence, its time-averaged value can be
subtracted. After the subtraction of the time-averaged component,
the residual noise is the Poisson noise of the background and CCSN
signals, estimated as

Nnoise(IC) =
!

1.48 # 106

f
+ N10 kpc

!Tf

"
d

10 kpc

#"2
$0.5

, (22)

9In our simulations, we find that Nsignal is !500 (see the bottom panels of
Fig. 10), which is consistent to a factor of 2 with our rough estimate.
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Figure 10. The finite-time Fourier transform of the neutrino event rate in each detector (from top to bottom, SK, DUNE, JUNO, and IceCube). Left: no flavour
conversions. Middle: normal-mass hierarchy. Right: inverted-mass hierarchy. Colour distinguishes the 3D models. The distance to the CCSN source is assumed
to be 10 kpc. A remarkable sharp peak at !100 Hz, which corresponds to the temporal behaviour induced by the spiral SASI, is seen, but only for non-exploding
models. See the text for details.

note that in their analysis the SN ratio required to catch the temporal
behaviour seems to be smaller than ours. They might be setting
!2 (see the bottom panel of fig. 1 in Tamborra et al. 2013). Since
the SN ratio is proportional to d"1, the threshold distance becomes
2.5 times larger than ours by the difference in the SN ratio required for
detection. As such, their conclusions are based on optimistic choices,
and this accounts almost completely for the different conclusions.

For IceCube, on the other hand, the expected number of events
is two orders of magnitude larger than that in SK, suggesting that
it may be the most promising neutrino detector for investigating
the temporal behaviour due to the spiral SASI (see also Tamborra
et al. 2013; Walk et al. 2018). However, as mentioned, the noise
characteristics of IceCube are different from those in other detectors,
and this should be taken into account in the discussion of detectability.
Here, we consider this following Tamborra et al. (2013).

From equation (20), we obtain Nsignal = 200 for a CCSN at a
distance of d = 10 kpc.9 On the other hand, the background noise
can be estimated as 1.48 # 106 # (1/100) = 1.48 # 104, implying
that it is significantly larger than Nsignal. However, the background
noise is nearly in steady state. Hence, its time-averaged value can be
subtracted. After the subtraction of the time-averaged component,
the residual noise is the Poisson noise of the background and CCSN
signals, estimated as

Nnoise(IC) =
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1.48 # 106
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, (22)

9In our simulations, we find that Nsignal is !500 (see the bottom panels of
Fig. 10), which is consistent to a factor of 2 with our rough estimate.
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Figure 10. The finite-time Fourier transform of the neutrino event rate in each detector (from top to bottom, SK, DUNE, JUNO, and IceCube). Left: no flavour
conversions. Middle: normal-mass hierarchy. Right: inverted-mass hierarchy. Colour distinguishes the 3D models. The distance to the CCSN source is assumed
to be 10 kpc. A remarkable sharp peak at !100 Hz, which corresponds to the temporal behaviour induced by the spiral SASI, is seen, but only for non-exploding
models. See the text for details.

note that in their analysis the SN ratio required to catch the temporal
behaviour seems to be smaller than ours. They might be setting
!2 (see the bottom panel of fig. 1 in Tamborra et al. 2013). Since
the SN ratio is proportional to d"1, the threshold distance becomes
2.5 times larger than ours by the difference in the SN ratio required for
detection. As such, their conclusions are based on optimistic choices,
and this accounts almost completely for the different conclusions.

For IceCube, on the other hand, the expected number of events
is two orders of magnitude larger than that in SK, suggesting that
it may be the most promising neutrino detector for investigating
the temporal behaviour due to the spiral SASI (see also Tamborra
et al. 2013; Walk et al. 2018). However, as mentioned, the noise
characteristics of IceCube are different from those in other detectors,
and this should be taken into account in the discussion of detectability.
Here, we consider this following Tamborra et al. (2013).

From equation (20), we obtain Nsignal = 200 for a CCSN at a
distance of d = 10 kpc.9 On the other hand, the background noise
can be estimated as 1.48 # 106 # (1/100) = 1.48 # 104, implying
that it is significantly larger than Nsignal. However, the background
noise is nearly in steady state. Hence, its time-averaged value can be
subtracted. After the subtraction of the time-averaged component,
the residual noise is the Poisson noise of the background and CCSN
signals, estimated as

Nnoise(IC) =
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, (22)

9In our simulations, we find that Nsignal is !500 (see the bottom panels of
Fig. 10), which is consistent to a factor of 2 with our rough estimate.
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Figure 10. The finite-time Fourier transform of the neutrino event rate in each detector (from top to bottom, SK, DUNE, JUNO, and IceCube). Left: no flavour
conversions. Middle: normal-mass hierarchy. Right: inverted-mass hierarchy. Colour distinguishes the 3D models. The distance to the CCSN source is assumed
to be 10 kpc. A remarkable sharp peak at !100 Hz, which corresponds to the temporal behaviour induced by the spiral SASI, is seen, but only for non-exploding
models. See the text for details.

note that in their analysis the SN ratio required to catch the temporal
behaviour seems to be smaller than ours. They might be setting
!2 (see the bottom panel of fig. 1 in Tamborra et al. 2013). Since
the SN ratio is proportional to d"1, the threshold distance becomes
2.5 times larger than ours by the difference in the SN ratio required for
detection. As such, their conclusions are based on optimistic choices,
and this accounts almost completely for the different conclusions.

For IceCube, on the other hand, the expected number of events
is two orders of magnitude larger than that in SK, suggesting that
it may be the most promising neutrino detector for investigating
the temporal behaviour due to the spiral SASI (see also Tamborra
et al. 2013; Walk et al. 2018). However, as mentioned, the noise
characteristics of IceCube are different from those in other detectors,
and this should be taken into account in the discussion of detectability.
Here, we consider this following Tamborra et al. (2013).

From equation (20), we obtain Nsignal = 200 for a CCSN at a
distance of d = 10 kpc.9 On the other hand, the background noise
can be estimated as 1.48 # 106 # (1/100) = 1.48 # 104, implying
that it is significantly larger than Nsignal. However, the background
noise is nearly in steady state. Hence, its time-averaged value can be
subtracted. After the subtraction of the time-averaged component,
the residual noise is the Poisson noise of the background and CCSN
signals, estimated as

Nnoise(IC) =
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9In our simulations, we find that Nsignal is !500 (see the bottom panels of
Fig. 10), which is consistent to a factor of 2 with our rough estimate.
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Fourier spectrum of time variability

Failed CCSNe
(BH formation)

1. Neutrino detection rate in 3D models is different from that in 1D.

2. The information of fluid instability in CCSN core is imprinted in neutrino 
signal as time variability.

See also Mori-san’s talk
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Figure 10. Same as Fig. 8, but as a function of the total neutrino energy (TONE).

TONE. Note that the TONE monotonically increases with
time; thus, the map between time and TONE is monotonic
for each model. For neutrino oscillation models, we find that
TONE is less sensitive to progenitor. We also find that the
uncertainty due to the progenitor dependence is comparable
to that of the angular dependence (shaded region), i.e., the
error is within a few tens of percent. Hence, we conclude
that the correlation is nearly universal (with little progeni-
tor dependence). We emphasize that such universality is not
trivial, since the reaction channels used in this study are
not sensitive to heavy lepton neutrinos at the Earth. Nev-
ertheless, our result suggests that the cumulative number of
events in each reaction channel is universally correlated with
the TONE.

As shown in Fig. 10, the progenitor dependence of the

correlation is weaker for neutrino oscillation models vis à vis
the no-oscillation models. One of the reasons is that the to-
tal radiated energy of the four heavy lepton neutrinos (!µ,
!! and their anti-partners) constitutes the dominant contri-
bution to the TONE, although the individual contributions
are smaller than for the !e and !̄e neutrinos12. This fact
indicates that !x neutrinos at the source contain the most
important information concerning the radiated total energy.
For no-oscillation models, however, the observed data in the
major reaction channels for each detector do not reflect !x
neutrino properties at all, and as a result they tend to be
less sensitive to the total energy. It should be mentioned

12 This is mainly due to the absence of charged-current reactions
for heavy lepton neutrinos in supernova matter.
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Figure 10. Same as Fig. 8, but as a function of the total neutrino energy (TONE).

TONE. Note that the TONE monotonically increases with
time; thus, the map between time and TONE is monotonic
for each model. For neutrino oscillation models, we find that
TONE is less sensitive to progenitor. We also find that the
uncertainty due to the progenitor dependence is comparable
to that of the angular dependence (shaded region), i.e., the
error is within a few tens of percent. Hence, we conclude
that the correlation is nearly universal (with little progeni-
tor dependence). We emphasize that such universality is not
trivial, since the reaction channels used in this study are
not sensitive to heavy lepton neutrinos at the Earth. Nev-
ertheless, our result suggests that the cumulative number of
events in each reaction channel is universally correlated with
the TONE.

As shown in Fig. 10, the progenitor dependence of the

correlation is weaker for neutrino oscillation models vis à vis
the no-oscillation models. One of the reasons is that the to-
tal radiated energy of the four heavy lepton neutrinos (!µ,
!! and their anti-partners) constitutes the dominant contri-
bution to the TONE, although the individual contributions
are smaller than for the !e and !̄e neutrinos12. This fact
indicates that !x neutrinos at the source contain the most
important information concerning the radiated total energy.
For no-oscillation models, however, the observed data in the
major reaction channels for each detector do not reflect !x
neutrino properties at all, and as a result they tend to be
less sensitive to the total energy. It should be mentioned

12 This is mainly due to the absence of charged-current reactions
for heavy lepton neutrinos in supernova matter.
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Figure 10. Same as Fig. 8, but as a function of the total neutrino energy (TONE).

TONE. Note that the TONE monotonically increases with
time; thus, the map between time and TONE is monotonic
for each model. For neutrino oscillation models, we find that
TONE is less sensitive to progenitor. We also find that the
uncertainty due to the progenitor dependence is comparable
to that of the angular dependence (shaded region), i.e., the
error is within a few tens of percent. Hence, we conclude
that the correlation is nearly universal (with little progeni-
tor dependence). We emphasize that such universality is not
trivial, since the reaction channels used in this study are
not sensitive to heavy lepton neutrinos at the Earth. Nev-
ertheless, our result suggests that the cumulative number of
events in each reaction channel is universally correlated with
the TONE.

As shown in Fig. 10, the progenitor dependence of the

correlation is weaker for neutrino oscillation models vis à vis
the no-oscillation models. One of the reasons is that the to-
tal radiated energy of the four heavy lepton neutrinos (!µ,
!! and their anti-partners) constitutes the dominant contri-
bution to the TONE, although the individual contributions
are smaller than for the !e and !̄e neutrinos12. This fact
indicates that !x neutrinos at the source contain the most
important information concerning the radiated total energy.
For no-oscillation models, however, the observed data in the
major reaction channels for each detector do not reflect !x
neutrino properties at all, and as a result they tend to be
less sensitive to the total energy. It should be mentioned

12 This is mainly due to the absence of charged-current reactions
for heavy lepton neutrinos in supernova matter.
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Fitting Formula to estimate total emitted neutrino energy 
from cumulative number of events at each detector

CCSN neutrinos by long-term 2D simulations 15

higher with respect to the same TONE. On the other hand,
the deviation is smaller in the cases with flavor conversions.
For instance, an almost progenitor-independent correlation
emerges at DUNE for the normal-mass hierarchy. This is at-
tributed to the fact that the event counts reflect ⌫x at the
CCSN source in the neutrino oscillation model. We note that
⌫x constitutes the dominant contribution to TONE26. In the
cases with other detectors (SK, HK, JUNO and IceCube),
they also see a similar trend. It should be mentioned that
for these detectors the progenitor dependence of the corre-
lation is much smaller in the inverted-mass hierarchy than
in the normal one, since ⌫̄e at the Earth mostly reflects the
properties of the ⌫x at the supernova.
Below, we provide approximate formulae for the correla-

tions for the neutrino oscillation models. We first point out
that the quadratic fit used in Nagakura et al. (2021) can
not capture the simulation results iat later times adequately.
Hence, we fit them with a higher-order quartic polynominal.
It should be noted that, although the fit can be improved by
using cubic functions, we find that the functions break the
monotonic relation before TONE reaches 6 ⇥ 1053 erg. This
is actually unphysical. Hence, we employ quartic functions in
the fit. We confirm that monotonicity is guaranteed up to a
TONE of 1054 erg, which is a firm upper limit to the total
emission of CCSN neutrinos (see also Reed & Horowitz 2020).
The fitting formulae are given in the case of the normal

mass hierarchy as:

[SK� IBDp�NORMAL]

NCum =
�
220E52 + 5E2

52 � 0.074E3
52 + 0.0003E4

52

�

✓
V

32.5 ktons

◆✓
d

10 kpc

◆�2

, (23)

[DUNE� CCAre�NORMAL]

NCum =
�
90E52 + 4.5E2

52 � 0.062E3
52 + 0.00028E4

52

�

✓
V

40 ktons

◆✓
d

10 kpc

◆�2

, (24)

[JUNO� IBDp�NORMAL]

NCum =
�
165E52 + 5.1E2

52 � 0.082E3
52 + 0.00039E4

52

�

✓
V

20 ktons

◆✓
d

10 kpc

◆�2

, (25)

[IceCube� IBDp�NORMAL]

NCum =
�
23000E52 + 600E2

52 � 9E3
52 + 0.04E4

52

�

✓
V

3.5Mtons

◆✓
d

10 kpc

◆�2

, (26)

26 We note that the neutrino luminosity of the individual species of
heavy leptonic neutrinos is smaller than that of ⌫e or ⌫̄e neutrinos.
However, we have four such species.

and in the case with the inverted mass hierarchy as

[SK� IBDp� InV]

NCum =
�
170E52 + 4E2

52 � 0.07E3
52 + 0.00036E4

52

�

✓
V

32.5 ktons

◆✓
d

10 kpc

◆�2

, (27)

[DUNE� CCAre� InV]

NCum =
�
90E52 + 4.5E2

52 � 0.062E3
52 + 0.00028E4

52

�

✓
V

40 ktons

◆✓
d

10 kpc

◆�2

, (28)

[JUNO� IBDp� InV]

NCum =
�
135E52 + 3E2

52 � 0.051E3
52 + 0.0003E4

52

�

✓
V

20 ktons

◆✓
d

10 kpc

◆�2

, (29)

[IceCube� IBDp� InV]

NCum =
�
18000E52 + 430E2

52 � 7E3
52 + 0.035E4

52

�

✓
V

3.5Mtons

◆✓
d

10 kpc

◆�2

, (30)

where NCum, E52, and V denote the cumulative number of
events, TONE in the units of 1052ergs, and the detector vol-
ume, respectively. We note that Eqs. 23 and 27 with V = 220
ktons represent the HK case.
There are two caveats regarding the fitting formulae. First,

although they are capable of reproducing the results of explo-
sion models, there is a systematic deviation for non-exploding
models for all the detectors for the normal mass hierarchy,
and for DUNE with the inverted mass hierarchy (see Fig. 14).
This is attributed to the fact that the accretion component
of ⌫es or ⌫̄es (at the supernova) at late times contributes sub-
stantially to the event counts (as discussed already). As a
result, the event counts tend to be higher than other cases
with respect to the same TONE (see also Fig. 13 and rele-
vant discussions). On the other hand, the systematic error is
roughly ⇠ 10%, which is the same level of uncertainty due to
the angular (observer direction) dependence (see Secs. 3.2 and
3.4 in Nagakura et al. 2021). This indicates that the errors
may be overwhelmed by other uncertainties. We, hence, do
not attempt any modifications to correct for the systematic
deviations of non-exploding models. The cumulative number
of events in our Fornax CCSN models tends to be slightly
higher than in others. This indicates that the TONE obtained
by our fitting formulae could be underestimated.
The fitting formulae provided should be very useful in real

observations, in particular for distant CCSNe. As discussed
in Nagakura et al. (2021); Nagakura (2021), the TONE can
be estimated through the retrieval of energy spectra for all
flavors of neutrino by using purely observed quantities at mul-
tiple detectors. However, the statistical error is very large un-
less the CCSN source is very close and this implies that the
retrieved TONE would not be accurate. Our fitting formulae,
on the other hand, need only energy- and time-integrated (cu-
mulative) event counts, which corresponds to the most sta-
tistically significant datum among observed quantities. For
instance, the error for SK, JUNO, and DUNE for the Large
Magellanic Cloud CCSNe (⇠ 50 kpc) is . 5%, and HK will
allow us to provide the TONE for CCSNe at the Andromeda
galaxy (⇠ 700 kpc) with ⇠ 10% errors. This indicates that
the statistical noise does not compromise the accuracy of the

MNRAS 000, 1–19 (2020)

There is an interesting correlation between 
the TOtal emitted Neutrino Energy (TONE) 

and cumulative number of events.

Mass and radius of proto-neutron star can 
be constrained from neutrino signal!
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New estimation method for time evolution of 
PNS mass and radius from neutrino signal Nagakura and Vartanyan
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Estimation of PNS structure from CCSN neutrinos 3
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Figure 1. Total emitted neutrino energy (TONE) as a function of
post-bounce time. Color distinguishes models. Solid and dashed
lines represent explosion and non-explosion models, respectively.

although the 3D models are also available in Vartanyan et al.
(2019a); Burrows et al. (2020). The reason of this choice is
that the 2D simulation is computationally much cheaper than
that of 3D, which allows the simulation of CCSN for a longer
time (⇠ 4 s after core bounce). We also find that the angular-
averaged neutrino signal is almost the same as that obtained
from 3D models; hence, we adopt the angle-averaged neutrino
data of the 2D models in this study. These models cover the
most of accretion phase in CCSN, which is the focused phase
in this study.
In these simulations, we cover a wide range of progen-

itor masses, spanning a zero-age main sequence mass of
9 � 25 M�. The initial conditions for the stellar progeni-
tors are provided in Sukhbold et al. (2018), and 2D simula-
tions were calculated, following the stellar collapse and post-
bounce evolution through ⇠ 4 s. Among the (18) models,
shock revival is achieved for all except for the 12- and 15 M�
models. The detailed analysis of their CCSN dynamics can
be found in (Burrows & Vartanyan 2021), and that of the
neutrino signal are presented in (Nagakura et al. 2021c).
Figure 1 shows the time evolution of TONE for our CCSN

models. As discussed in (Nagakura et al. 2021c), its time evo-
lution has rich progenitor-dependent features. As shown in
the figure, the 9M� model has the lowest TONE among all
models. This model has the steepest density gradient around
the core at the presupernova phase (see Fig. 1 in Burrows &
Vartanyan 2021), indicating that the mass accretion rate be-
comes the smallest among our CCSN models. This suppresses
the accretion component of neutrino emission, resulting in the
lowest TONE. On the contrary, 21M� model has the high-
est TONE. Contrary to the case of 9M� model, it has the
shallowest density gradient in the core at the presupernova
stage, leading the highest mass accretion rate onto PNS and
hence the highest TONE.
We show the time evolution of the PNS mass in the left

panel of Fig. 2 obtained from our CCSN simulations. This
displays the mass accretion history for each CCSN model,
which clearly shows that 9 and 21M� models have the lowest
and highest mass accretion rate onto the PNS, respectively

(consistent with the above discussion). By comparing TONE
and PNS mass, the correlation is obvious; the TONE becomes
higher for larger PNS mass. In the next section (Sec. 4), we
quantify the correlation. In the right panel of Fig. 2, on the
other hand, we display PNS radius as a function of time. We
find that the higher PNS mass tends to have the larger ra-
dius, and that the PNS shrinks monotonically with time. It
should be noted that the progenitor dependence of PNS ra-
dius becomes weaker with increasing time; indeed, all models
eventually follow the universal time evolution at & 1 s. We
also quantify these time-dependent features of PNS radius in
the next section.

4 CORRELATION BETWEEN TONE AND PNS

STRUCTURE

Let us first inspect a correlation between TONE and PNS
mass in the same time snapshots. In Fig. 3, we collect TONE
and PNS mass of each CCSN model at the time of 0.2, 0.5
and 2 s in each panel. As illustrated in the plot, the PNS
mass has a strong correlation to TONE. The red line in each
panel is a quadratic fit for the correlation; the coe�cients are
displayed in each panel.
It should be mentioned that the fitting function evolves

with time, indicating that we can obtain TONE by specifying
PNS mass and post-bounce time. In other words, we can draw
the time evolution of TONE along a constant PNS mass. We
fit them by a seventh degree function;

E52(t) =
7X

i=0

ait
i, (1)

where E52 denotes TONE in the unit of 1052erg, and t rep-
resents the time measured from core bounce in the unit of
second. The fitting coe�cients for PNS mass in the range of
1.2�2.2M� are summarized in Tab. 1. The time evolution of
TONE for selected PNS masses are displayed in Fig. 4. There
are two important remarks in our results. First, our fitting is
only valid in the post bounce time of 0.1 s . t . 4 s. In the
very early post-bounce phase (. 0.1 s), the time evolution
of TONE is rather steep, and it would be necessary to use
higher polynomials to fit the data. On the other hand, there
are other systematic errors in our method at . 0.2 s in our
method (see Secs. 5 and 6 for more detail); this drawback
in our method needs to be improved, although addressing
the issue is postponed to future work. We also note that our
neutrino data on CCSN models are available up to ⇠ 4 s, in-
dicating that our fitting functions are not reliable after that
time. Another remark is that we provide coe�cients for PNS
mass for each 0.1M� from 1.2� 2.2M� in Tab. 1. For cases
with other PNS masses, we can simply use a linear interpo-
lation or extrapolation from the adjacent data points.
As shown in Fig. 2, the time evolution of PNS radius is

insensitive to CCSN models. However, we find that the PNS
radius tends to be (slightly) larger for higher PNS mass at
. 1s. We, hence, evaluate the correlation quantitatively; the
results are summarized in Fig. 5. As expected, we find that
the PNS radius has a positive correlation to its mass at the
early post-bounce phase. It should be mentioned that the
correlation disappears in the late phase (see right panel of
Fig. 5). However, we confirm that the variance of PNS radius
is very small (see right panel in Fig. 5); hence, the fitting
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data is still useful. We also note that the uncertainty of EOS
would be more influential to estimate the radius in the late
phase, which will be discussed in Sec. 6.
We fit the relation between PNS mass and radius linearly at

each time snapshot. This allows us to estimate PNS radius by
giving PNS mass and time. This indicates that we can draw
the time evolution of PNS radius for a constant PNS mass.
We fit them by polynomial functions as

lnR10(t) =
7X

i=0

bit
i, (2)

where R10 denotes the PNS radius in the unit of 10 km; the
fitting coe�cients are summarized in Tab. 2. We also draw
the time evolution of PNS radius for selected PNS masses in
Fig. 6. In the next section, we demonstrate how these fitting
functions can be used for data analysis in real observations.

5 DEMONSTRATION

In this section, we demonstrate retrievals of time evolution of
PNS mass and radius from observed neutrino data by using
our proposed method. For the input data, we employ mock
data of observed neutrinos in Nagakura et al. (2021c), which
were computed by a detector software, SNOwGLoBES3. The
original CCSN models for these mock data are the same
as those used in this paper (Burrows & Vartanyan 2021).
By assuming neutrino oscillation models and the distance to
CCSN, we estimated the energy- and flavor dependent neu-
trino flux at Earth, and then the neutrino event count at
each detector were estimated through SNOwGLoBES (see
Nagakura et al. (2021c) in more detail). In this study, we

3 The software is available at https://webhome.phy.duke.edu/

~schol/snowglobes/.
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data is still useful. We also note that the uncertainty of EOS
would be more influential to estimate the radius in the late
phase, which will be discussed in Sec. 6.
We fit the relation between PNS mass and radius linearly at

each time snapshot. This allows us to estimate PNS radius by
giving PNS mass and time. This indicates that we can draw
the time evolution of PNS radius for a constant PNS mass.
We fit them by polynomial functions as

lnR10(t) =
7X

i=0

bit
i, (2)

where R10 denotes the PNS radius in the unit of 10 km; the
fitting coe�cients are summarized in Tab. 2. We also draw
the time evolution of PNS radius for selected PNS masses in
Fig. 6. In the next section, we demonstrate how these fitting
functions can be used for data analysis in real observations.

5 DEMONSTRATION

In this section, we demonstrate retrievals of time evolution of
PNS mass and radius from observed neutrino data by using
our proposed method. For the input data, we employ mock
data of observed neutrinos in Nagakura et al. (2021c), which
were computed by a detector software, SNOwGLoBES3. The
original CCSN models for these mock data are the same
as those used in this paper (Burrows & Vartanyan 2021).
By assuming neutrino oscillation models and the distance to
CCSN, we estimated the energy- and flavor dependent neu-
trino flux at Earth, and then the neutrino event count at
each detector were estimated through SNOwGLoBES (see
Nagakura et al. (2021c) in more detail). In this study, we

3 The software is available at https://webhome.phy.duke.edu/

~schol/snowglobes/.
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Table 1. Fitting coe�cients for the time evolution of TONE along the constant PNS mass. See Eq. 1 for definition of coe�cients.

PNS baryon-mass [M�] a0 a1 a2 a3 a4 a5 a6 a7

1.2 0.5333 13.93 -16.66 14.34 -7.168 2.039 -0.3076 1.909⇥ 10�2

1.3 0.5566 16.10 -18.10 15.13 -7.471 2.117 -0.3193 1.982⇥ 10�2

1.4 0.5831 18.34 -19.70 16.04 -7.850 2.220 -0.3348 2.080⇥ 10�2

1.5 0.6135 20.66 -21.43 17.11 -8.318 2.351 -0.3548 2.207⇥ 10�2

1.6 0.6486 23.06 -23.30 18.34 -8.888 2.513 -0.3800 2.367⇥ 10�2

1.7 0.6893 25.55 -25.35 19.78 -9.578 2.714 -0.4113 2.567⇥ 10�2

1.8 0.7371 28.15 -27.59 21.47 -10.41 2.959 -0.4496 2.813⇥ 10�2

1.9 0.7937 30.87 -30.06 23.43 -11.41 3.256 -0.4964 3.113⇥ 10�2

2.0 0.8619 33.72 -32.82 25.74 -12.61 3.615 -0.5530 3.477⇥ 10�2

2.1 0.9456 36.72 -35.90 28.47 -14.06 4.048 -0.6212 3.916⇥ 10�2

2.2 10.508 39.89 -39.38 31.69 -15.78 4.567 -0.7031 4.443⇥ 10�2

Table 2. Fitting coe�cients for the time evolution of PNS radius along the constant PNS mass. See Eq. 2 for definition of coe�cients.

PNS baryon-mass [M�] b0 b1 b2 b3 b4 b5 b6 b7

1.2 2.097 -3.545 4.855 -3.982 1.931 -0.5429 8.163⇥ 10�2 �5.062⇥ 10�3

1.3 2.140 -3.689 5.146 -4.302 2.120 -0.6042 9.178⇥ 10�2 �5.738⇥ 10�3

1.4 2.182 -3.826 5.422 -4.607 2.302 -0.6629 0.1015 �6.387⇥ 10�3

1.5 2.223 -3.957 5.686 -4.899 2.477 -0.7193 0.1109 �7.012⇥ 10�3

1.6 2.262 -4.082 5.938 -5.179 2.644 -0.7735 0.1199 �7.613⇥ 10�3

1.7 2.299 -4.201 6.178 -5.448 2.805 -0.8258 0.1286 �8.193⇥ 10�3

1.8 2.336 -4.314 6.409 -5.707 2.960 -0.8762 0.1369 �8.754⇥ 10�3

1.9 2.371 -4.424 6.630 -5.955 3.110 -0.9249 0.1450 �9.296⇥ 10�3

2.0 2.406 -4.528 6.842 -6.195 3.255 -0.9720 0.1529 �9.821⇥ 10�3

2.1 2.439 -4.629 7.047 -6.427 3.395 -1.0177 0.1605 �1.033⇥ 10�2

2.2 2.472 -4.725 7.244 -6.650 3.531 -1.0619 0.1679 �1.082⇥ 10�2

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 0.2  0.5  1  2  4

T
O

N
E

 [
1

0
5
2
 e

rg
]

Time [s]

MPNS=1.2M�

MPNS=1.4M�

MPNS=1.6M�

MPNS=1.8M�

MPNS=2.0M�

MPNS=2.2M�

Figure 4. TONE as a function of time along a constant PNS baryon-
mass: 1.2, 1.4, 1.6, 1.8, 2.0, and 2.2M�. The fitting function of each
line is summarized in Table 1.

consider cases for representative terrestrial neutrino obser-
vatories: SK (HK), DUNE, JUNO, and IceCube; and their
detector volume is assumed to be 32.5(220) ktons, 40 ktons,
20 ktons, and 3.5 Mtons, respectively. For simplicity, we only
consider the major reaction channel at each detector: IBD-p
for SK, HK, and IceCube; the charged-current reaction with
argon for DUNE. For neutrino oscillation models, we adopt
adiabatic Mikheyev-Smirnov-Wolfenstein (MSW) model for
both normal- and inverted mass hierarchy. The uncertainty
of neutrino oscillation model will be discussed in Sec. 6. In
this study, we do not take into account Poisson noise, whereas

the smearing e↵ects in detector response that are equipped
with SNOwGLoBES are included.

As described in previous sections, we use the time-
dependent cumulative number of neutrino events (NCum) at
each detector. Under the adiabatic MSW neutrino oscillation
model, we can estimate TONE (E52) from NCum as (see also
Eqs. 23-30 in Nagakura et al. (2021c)),

[SK� IBDp�NORMAL]

NCum =
�
220E52 + 5E2

52 � 0.074E3
52 + 0.0003E4

52

�

✓
V

32.5 ktons

◆✓
d

10 kpc

◆�2

, (3)

[DUNE� CCAre�NORMAL]

NCum =
�
90E52 + 4.5E2

52 � 0.062E3
52 + 0.00028E4

52

�

✓
V

40 ktons

◆✓
d

10 kpc

◆�2

, (4)

[JUNO� IBDp�NORMAL]

NCum =
�
165E52 + 5.1E2

52 � 0.082E3
52 + 0.00039E4

52

�

✓
V

20 ktons

◆✓
d

10 kpc

◆�2

, (5)

[IceCube� IBDp�NORMAL]

NCum =
�
23000E52 + 600E2

52 � 9E3
52 + 0.04E4

52

�

✓
V

3.5Mtons

◆✓
d

10 kpc

◆�2

, (6)

in the normal mass hierarchy; V denotes the detector volume.
In the case with the inverted mass hierarchy, the functions
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6 LIMITATIONS

Although we have tested the capability of our proposed
method in Sec. 5, there are some uncertainties that are not in-
corporated in the demonstration. In this section, we describe
them with discussions.

(i) Distance to CCSN:
The estimation of TONE from cumulative number of events

at each detector requires the measurement of distance to

CCSN. It may be determined from neutrino signal if the neu-
tronization burst at early post-bounce phase (a few millisec-
onds after core bounce) can be detected. This is by virtue of
the so-called Mazurek’s law, leading to universal inner core
properties in the collapsing phase (see, e.g., Bruenn 1985;
Liebendörfer et al. 2003). As a result, neutronization burst
does not depend on progenitors (Thompson et al. 2003; Wal-
lace et al. 2016; Nagakura et al. 2019a), i.e., the burst signal
may be used as a standard candle to measure the distance.
It should be noted, however, that the detection possibility of
neutronization burst depends on neutrino oscillation models,
which is one of the major uncertainties in our analysis (see
below), indicating that other signals such as electro-magnetic
waves and GWs would be necessary to increase the accuracy
of the measurement.

(ii) Time of core bounce:
In our method, we need to identify time of core bounce (see

Eqs. 1 and 2). Similar as the above discussion, the neutroniza-
tion burst may be the most useful signal to estimate the time.
However, the detectability of neutronization burst would de-
pend on neutrino oscillation models as discussed already. It

should also be mentioned, on the other hand, that ⌫̄e and
(�)
⌫ x

become abundant a little later after neutronization burst (a
few tens of milliseconds), indicating that the first detection
of neutrinos should be within the same time scale regardless
of neutrino oscillation models6. We also note that GW signal
may also be useful to estimate the time of core bounce. If

6 However, the statistics depends on the distance to CCSN. See
below for more details.
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6 LIMITATIONS

Although we have tested the capability of our proposed
method in Sec. 5, there are some uncertainties that are not in-
corporated in the demonstration. In this section, we describe
them with discussions.

(i) Distance to CCSN:
The estimation of TONE from cumulative number of events

at each detector requires the measurement of distance to

CCSN. It may be determined from neutrino signal if the neu-
tronization burst at early post-bounce phase (a few millisec-
onds after core bounce) can be detected. This is by virtue of
the so-called Mazurek’s law, leading to universal inner core
properties in the collapsing phase (see, e.g., Bruenn 1985;
Liebendörfer et al. 2003). As a result, neutronization burst
does not depend on progenitors (Thompson et al. 2003; Wal-
lace et al. 2016; Nagakura et al. 2019a), i.e., the burst signal
may be used as a standard candle to measure the distance.
It should be noted, however, that the detection possibility of
neutronization burst depends on neutrino oscillation models,
which is one of the major uncertainties in our analysis (see
below), indicating that other signals such as electro-magnetic
waves and GWs would be necessary to increase the accuracy
of the measurement.

(ii) Time of core bounce:
In our method, we need to identify time of core bounce (see

Eqs. 1 and 2). Similar as the above discussion, the neutroniza-
tion burst may be the most useful signal to estimate the time.
However, the detectability of neutronization burst would de-
pend on neutrino oscillation models as discussed already. It

should also be mentioned, on the other hand, that ⌫̄e and
(�)
⌫ x

become abundant a little later after neutronization burst (a
few tens of milliseconds), indicating that the first detection
of neutrinos should be within the same time scale regardless
of neutrino oscillation models6. We also note that GW signal
may also be useful to estimate the time of core bounce. If

6 However, the statistics depends on the distance to CCSN. See
below for more details.
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3. Estimating PNS mass and radius from TONE by another 
fitting formula (publicly available)
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higher with respect to the same TONE. On the other hand,
the deviation is smaller in the cases with flavor conversions.
For instance, an almost progenitor-independent correlation
emerges at DUNE for the normal-mass hierarchy. This is at-
tributed to the fact that the event counts reflect ⌫x at the
CCSN source in the neutrino oscillation model. We note that
⌫x constitutes the dominant contribution to TONE26. In the
cases with other detectors (SK, HK, JUNO and IceCube),
they also see a similar trend. It should be mentioned that
for these detectors the progenitor dependence of the corre-
lation is much smaller in the inverted-mass hierarchy than
in the normal one, since ⌫̄e at the Earth mostly reflects the
properties of the ⌫x at the supernova.
Below, we provide approximate formulae for the correla-

tions for the neutrino oscillation models. We first point out
that the quadratic fit used in Nagakura et al. (2021) can
not capture the simulation results iat later times adequately.
Hence, we fit them with a higher-order quartic polynominal.
It should be noted that, although the fit can be improved by
using cubic functions, we find that the functions break the
monotonic relation before TONE reaches 6 ⇥ 1053 erg. This
is actually unphysical. Hence, we employ quartic functions in
the fit. We confirm that monotonicity is guaranteed up to a
TONE of 1054 erg, which is a firm upper limit to the total
emission of CCSN neutrinos (see also Reed & Horowitz 2020).
The fitting formulae are given in the case of the normal

mass hierarchy as:

[SK� IBDp�NORMAL]

NCum =
�
220E52 + 5E2

52 � 0.074E3
52 + 0.0003E4

52

�

✓
V

32.5 ktons

◆✓
d

10 kpc

◆�2

, (23)

[DUNE� CCAre�NORMAL]

NCum =
�
90E52 + 4.5E2

52 � 0.062E3
52 + 0.00028E4

52

�

✓
V

40 ktons

◆✓
d

10 kpc

◆�2

, (24)

[JUNO� IBDp�NORMAL]

NCum =
�
165E52 + 5.1E2

52 � 0.082E3
52 + 0.00039E4

52

�

✓
V

20 ktons

◆✓
d

10 kpc

◆�2

, (25)

[IceCube� IBDp�NORMAL]

NCum =
�
23000E52 + 600E2

52 � 9E3
52 + 0.04E4

52

�

✓
V

3.5Mtons

◆✓
d

10 kpc

◆�2

, (26)

26 We note that the neutrino luminosity of the individual species of
heavy leptonic neutrinos is smaller than that of ⌫e or ⌫̄e neutrinos.
However, we have four such species.

and in the case with the inverted mass hierarchy as

[SK� IBDp� InV]

NCum =
�
170E52 + 4E2

52 � 0.07E3
52 + 0.00036E4

52

�

✓
V

32.5 ktons

◆✓
d

10 kpc

◆�2

, (27)

[DUNE� CCAre� InV]

NCum =
�
90E52 + 4.5E2

52 � 0.062E3
52 + 0.00028E4

52

�

✓
V

40 ktons

◆✓
d

10 kpc

◆�2

, (28)

[JUNO� IBDp� InV]

NCum =
�
135E52 + 3E2

52 � 0.051E3
52 + 0.0003E4
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�

✓
V

20 ktons

◆✓
d

10 kpc

◆�2

, (29)

[IceCube� IBDp� InV]

NCum =
�
18000E52 + 430E2

52 � 7E3
52 + 0.035E4

52

�

✓
V

3.5Mtons

◆✓
d

10 kpc

◆�2

, (30)

where NCum, E52, and V denote the cumulative number of
events, TONE in the units of 1052ergs, and the detector vol-
ume, respectively. We note that Eqs. 23 and 27 with V = 220
ktons represent the HK case.
There are two caveats regarding the fitting formulae. First,

although they are capable of reproducing the results of explo-
sion models, there is a systematic deviation for non-exploding
models for all the detectors for the normal mass hierarchy,
and for DUNE with the inverted mass hierarchy (see Fig. 14).
This is attributed to the fact that the accretion component
of ⌫es or ⌫̄es (at the supernova) at late times contributes sub-
stantially to the event counts (as discussed already). As a
result, the event counts tend to be higher than other cases
with respect to the same TONE (see also Fig. 13 and rele-
vant discussions). On the other hand, the systematic error is
roughly ⇠ 10%, which is the same level of uncertainty due to
the angular (observer direction) dependence (see Secs. 3.2 and
3.4 in Nagakura et al. 2021). This indicates that the errors
may be overwhelmed by other uncertainties. We, hence, do
not attempt any modifications to correct for the systematic
deviations of non-exploding models. The cumulative number
of events in our Fornax CCSN models tends to be slightly
higher than in others. This indicates that the TONE obtained
by our fitting formulae could be underestimated.
The fitting formulae provided should be very useful in real

observations, in particular for distant CCSNe. As discussed
in Nagakura et al. (2021); Nagakura (2021), the TONE can
be estimated through the retrieval of energy spectra for all
flavors of neutrino by using purely observed quantities at mul-
tiple detectors. However, the statistical error is very large un-
less the CCSN source is very close and this implies that the
retrieved TONE would not be accurate. Our fitting formulae,
on the other hand, need only energy- and time-integrated (cu-
mulative) event counts, which corresponds to the most sta-
tistically significant datum among observed quantities. For
instance, the error for SK, JUNO, and DUNE for the Large
Magellanic Cloud CCSNe (⇠ 50 kpc) is . 5%, and HK will
allow us to provide the TONE for CCSNe at the Andromeda
galaxy (⇠ 700 kpc) with ⇠ 10% errors. This indicates that
the statistical noise does not compromise the accuracy of the
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scattered electrons flight in the forward directions. The lat-
ter property provides a way to untangle esc and IBD events
(note that angular distributions of all IBD events are almost
isotropic), and the addition of gadolinium to detectors fur-
ther enhances the sensitivity to distinguish them. Hence, we
assume full tagging e!ciencies for the two channels in this
paper. Note that we identify esc events through Cherenkov
lights from scattered electrons; implying that we will obtain
flavor-integrated events. This is a reason why we can not di-
rectly use the channel to reconstruct spectrum of individual
neutrino species.

In this study, we assume that the available detector
scale in SK and HK are 32.5 ktons (Abe et al. 2016) and 220
ktons (Hyper-Kamiokande Proto-Collaboration et al. 2018),
respectively. We note that the latter is a facotr of ! 1.5 to
! 3 smaller than that used in previous studies (see e.g.,
Minakata et al. (2008); Gallo Rosso et al. (2018a,b)), i.e.,
the detection significance on HK becomes more modest than
those earlier studies. As another remark, other channels as
charged-current and neutral-current reactions with Oxygen,
will be useful for the spectrum analysis at high-energy (! 50
MeV) neutrinos. Those event rates will be, however, minor
and, more importantly, there are large uncertainties on their
cross-sections4; hence we omit those channels in this study
just for simplicity.

In DUNE, we assume that the detector volume is 40
kton and employ a channel of charged-current reaction with
Argon

!e +
40Ar " e! + 40K", (3)

which provides the most accurate estimation of !e among
current and future-planed detectors; indeed, its event rate
to CCSN neutrinos would be comparable to that of IBD on
SK (see, e.g., Seadrow et al. (2018)). By virtue of its high
sensitivity to !e, DUNE has been expected to play a pivotal
role to probe the neutrino mass hierarchy by observing neu-
trinos at the earlier post bounce phase (" 20ms). We take
advantage of the merit by another way; the data is used to
distinguish the individual species event in reaction channels
sensitive to all flavors (such as esc on SK/HK). As we de-
scribe in the next section, this allows us to use esc events at
SK/HK to measure !x spectra there.

3 STRATEGY FOR SPECTRUM

RECONSTRUCTION

In this section, We describe the detail of our strategy to ob-
tain neutrino spectra of all flavors at CCSN sources by using
multiple channels of di"erent detectors. As a simplification,
we assume that all heavy leptonic neutrinos and their anti-
particles have an identical spectrum at CCSN sources5.

4 Note that there have been many e!forts to estimate accurate
cross sections for neutrino-nucleus interactions from both theoret-
ical and experimental approaches. See Formaggio & Zeller (2012)
and references therein for a review.
5 Although it is a reasonable approximation to CCSN neutrinos,
this is not true in reality: indeed, neutrino-matter interactions are
not exactly the same among them (see e.g. Horowitz (2002) for
di!erent e!ects of weak magnetism between neutrinos and anti-
neutrinos) and the spectrum deviation among di!erent species

Given the assumption and taking into flavor conver-
sions, neutrino fluxes at the Earth can be expressed as (see
Dighe & Smirnov (2000))

F i
e(") = pi(")F 0

e (") +
!

1# pi(")
"

F 0
x ("), (4)

F̄ i
e(") = p̄i(")F̄ 0

e (") +
!

1# p̄i(")
"

F̄ 0
x ("), (5)

F i
x(") =

1
2

!

1# pi(")
"

F 0
e (") +

1
2

!

1 + pi(")
"

F 0
x ("), (6)

F̄ i
x(") =

1
2

!

1# p̄i(")
"

F̄ 0
e (") +

1
2

!

1 + p̄i(")
"

F̄ 0
x ("), (7)

where F , p and " denote flux, survival probability and energy
of neutrinos, respectively; F 0 is the neutrino flux without fla-
vor conversions (i.e., F 0

x = F̄ 0
x under our assumption); ”Ā”

represents A of anti-neutrinos; the subscripts indicates neu-
trino species; the superscript ”i”on F and p distinguishes de-
tectors6, i.e., it is either SK/HK or DUNE in this study. We
also note that we distinguish F i

x and F̄ i
x in our method un-

like those in previous studies. It is necessary to handle them
separately in order to estimate species dependent events on
detectors, since their cross section to matter interaction is
di"erent between !x and !̄x.

Our goal is to obtain F 0 for all flavor of neutrinos and
then convert them to those at a CCSN source. The con-
cept is very simple and straightforward. Given neutrino os-
cillation models, the unknown variables are three, F 0

e , F̄
0
e

and F 0
x (= F̄ 0

x ), hence we need three independent observed
data which we chose IBD and esc on SN/HK and CC-Ar
on DUNE. More detailed description of the procedure is
as follows. We compute FDUNE

e and F̄ SK/HK
e by using data

of CC-Ar on DUNE and IBD on SN/HK, respectively (see
Sec. ?? for our spectrum unfolding techniques). As a result,
the left hand side of Eq. 4 with i = DUNE and that of
Eq. 5 with i = SK/HK are obtained, indicating that these
two equations provide two independent relations to the three
unknown F 0s7. At the next step, we set a trial neutrino flux
to one of F 0 and then we solve Eq. 4 with i = DUNE and
Eq. 5 with i = SK/HK, which provides the rest of F 0s.
By using the F 0s, we can reproduce all neutrino spectra
at SK/HK through Eqs. 4 to 7, i.e. F SK/HK

j and F̄ SK/HK

j

where j = e, x. Those spectra should be consistent with the
esc events at SK/HK; hence we iteratively search a trial
neutrino flux until it satisfies the esc events.

Although the method is mathematically rigorous, it has
several problems in a practical sense.

increases with neutrino energy. Analyses at high energy neutrinos
require di!erent techniques and methods from those presented in
this paper, which are being currently undertaken and published
elsewhere.
6 The survival probability of neutrinos are di!erent among detec-
tors since Earth matter e!ects depend on the position of detector
at Earth (Lunardini & Smirnov 2001).
7 Note that those two equations are degenerated only if pDUNE =
p̄
SK/HK = 0, which seems, however, not to be realistic. Hence, we

do not consider the case in this paper.
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signals are publicly available. Nakazato et al. (2013) also
provided theoretical templates of neutrino signals for CC-
SNe with various mass progenitors based on their spherically
symmetric CCSN simulations with full Boltzmann neutrino
transport. Employing the Nakazato models, Suwa et al.
(2019) estimated the neutrino event rate at SK. Similar
analysyes is now possible to any simulated CCSN models
by using a detector simulation software, SNOwGLoBES2,
in which detector responses to individual reaction chan-
nel are provided (see e.g., Scholberg (2012, 2018) for more
details.). For instances, O’Connor & Ott (2013) employed
SNOwGLoBES to estimate IBD event rate in a Water
Cherenkov to their spherically symmetric CCSN models.
Seadrow et al. (2018) developed an analysis pipeline based
on SNOwGLoBES and estimated neutrino event rate on
multiple detectors to their spherically symmetric and ax-
isymmetric CCSN models. Warren et al. (2019) carried out
a systematic study of neutrino signals for 600 CCSN numeri-
cal models by SNOwGLoBES and analyzed their correlation
to gravitational waves. The capability of these detector re-
sponse softwares keeps evolving, which will increasingly fill
the gap between numerical/theoretical CCSN models to ac-
tual observations.

Although those detector simulations are very useful on
the theoretical side, the actual data analysis will be more
complicated. Neutrino signals will be extracted by taking
either unfolding or statistical techniques to observed data
smeared out by various e!ects. Detector responsess may be
one of the primary causes of the smearing, which depends
on its instrument and reaction channels. This issue is usu-
ally handled with response matrices to injected signals. They
are determined and calibrated through Monte Carlo simula-
tions of detector responses. It is well known, however, that
the spectral reconstructions with those response matrices
belong to the case of ill-posed problems, in which artificial
oscillations are easily arisen by small errors and noises in de-
tectors; thus it should be handled by appropriate treatments
(see Sec. ?? for more details).

Aside from the detector response, the presence of noise
is another major obstacle on the data analysis; hence, they
should be reduced or at least handled with appropriate pre-
scriptions. In noisy data, template-based signal extraction
method may be one possible way to extract real signals3,
which seems, however, not to be appropriate to CCSN neu-
trino analysis. It is attributed to the fact that CCSN is a
messy system due to a complicated interplay between fluid
dynamics, weak interactions and neutrino transport; those
e!ects are encoded in neutrino signals. Instead, parameter
estimation of neutrino signals by statistical approaches such
as !2- (Barger et al. 2002; Minakata 2002; Lu et al. 2016;
Minakata et al. 2008) or likelihood (Gallo Rosso et al. 2017,
2018a) analyses have been frequently adopted in the litera-
ture based on an assumption that neutrino spectra can be
expressed with a simple analytic formula (see Sec. ?? for
the explict expression of the analytic formula). Although it
is very powerful to data analyses with low statistics, this
approach heavily relies on the analytic formula and may

2 SNOwGLoBES is available at
http://www.phy.duke.edu/ schol/ snowglobes .
3 It is used in gravitational wave data analyses

discard some important characteristics of neutrino signals
(such as spectral swap induced by neutrino-neutrino self-
interactions, see, e.g., Duan et al. (2010)). Hence, it is mean-
ingful to consider how we can relax the assumption and max-
imize the scientific return from the data analysis.

In this paper we propose a novel approach to reconstruct
neutrino spectra of all flavors at a CCSN source, having in
mind the use of data on multiple detectors; SK/HK and
DUNE. In our method, we combine two spectral unfolding
techniques, a singular value decomposition (SVD) approach
and analytic formula; its choice depends on reaction chan-
nels and the distance to the CCSN source. Any neutrino
oscillation models can be applied to our method; no matter
how flavor conversions depend on time, neutrino energy and
the detector location, implying that collective neutrino oscil-
lations, Earth matter e!ects and nonadiabatic flavor evolu-
tion can be handled in principle. We assess the capability of
our method by demonstrating spectral inversions to a neu-
trino data computed by a recent three-dimensional CCSN
simulation in Nagakura et al. (2019); Burrows et al. (2019);
Nagakura et al. (2020). The event rates to the neutrino data
are computed with SNOwGLoBES with taking into account
the smearing e!ects and Poisson noise to mimic real obser-
vations. Although the method is not perfect and remains to
be updated, this study will guide the community how we
can e"ciently couple observed data on multiple detectors to
place constraints on neutrino properties at CCSN sources.

This paper is organized as follows.

2 DETECTOR CHARACTERISTICS

We first summarize detector characteristics relevant to this
study; two channels from SK or HK and one channel from
DUNE. It should be stressed that this choice is not defini-
tive but rather an example; indeed some channels can be re-
placed by others even at di!erent detectors. Note also that
neutrino data on other channels can be used as consistency
checks (even if they are not directly involved in our spectral
inversion method) or could play an important role to deter-
mine survival probabilities of each neutrino (see Sec. ?? for
more details). Addressing the issues with; what combination
of channels at di!erent detectors provides the most precise
measurement of neutrino properties; how we can maximally
utilize each data to extract spectral information, requires
more detailed study; hence we postpone the issue in forth-
coming papers.

We adopt two reaction chanels of SK or HK detector,
which are IBD on protons,

"̄e + p ! e+ + n, (1)

and esc,

" + e! ! " + e!. (2)

The former corresponds to the primary interaction channel
for CCSN neutrinos. The energy and angular dependences
of the reaction is well known and the detection procedure
has been well established; each event can be identified by
detecting Cherenkov lights from positrons producted by the
reaction. The latter channel is, on the other hand, a subdom-
inant process but has some useful properties; it is sensitive to
all flavors of neutrinos including their anti-particles and the
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signals are publicly available. Nakazato et al. (2013) also
provided theoretical templates of neutrino signals for CC-
SNe with various mass progenitors based on their spherically
symmetric CCSN simulations with full Boltzmann neutrino
transport. Employing the Nakazato models, Suwa et al.
(2019) estimated the neutrino event rate at SK. Similar
analysyes is now possible to any simulated CCSN models
by using a detector simulation software, SNOwGLoBES2,
in which detector responses to individual reaction chan-
nel are provided (see e.g., Scholberg (2012, 2018) for more
details.). For instances, O’Connor & Ott (2013) employed
SNOwGLoBES to estimate IBD event rate in a Water
Cherenkov to their spherically symmetric CCSN models.
Seadrow et al. (2018) developed an analysis pipeline based
on SNOwGLoBES and estimated neutrino event rate on
multiple detectors to their spherically symmetric and ax-
isymmetric CCSN models. Warren et al. (2019) carried out
a systematic study of neutrino signals for 600 CCSN numeri-
cal models by SNOwGLoBES and analyzed their correlation
to gravitational waves. The capability of these detector re-
sponse softwares keeps evolving, which will increasingly fill
the gap between numerical/theoretical CCSN models to ac-
tual observations.

Although those detector simulations are very useful on
the theoretical side, the actual data analysis will be more
complicated. Neutrino signals will be extracted by taking
either unfolding or statistical techniques to observed data
smeared out by various e!ects. Detector responsess may be
one of the primary causes of the smearing, which depends
on its instrument and reaction channels. This issue is usu-
ally handled with response matrices to injected signals. They
are determined and calibrated through Monte Carlo simula-
tions of detector responses. It is well known, however, that
the spectral reconstructions with those response matrices
belong to the case of ill-posed problems, in which artificial
oscillations are easily arisen by small errors and noises in de-
tectors; thus it should be handled by appropriate treatments
(see Sec. ?? for more details).

Aside from the detector response, the presence of noise
is another major obstacle on the data analysis; hence, they
should be reduced or at least handled with appropriate pre-
scriptions. In noisy data, template-based signal extraction
method may be one possible way to extract real signals3,
which seems, however, not to be appropriate to CCSN neu-
trino analysis. It is attributed to the fact that CCSN is a
messy system due to a complicated interplay between fluid
dynamics, weak interactions and neutrino transport; those
e!ects are encoded in neutrino signals. Instead, parameter
estimation of neutrino signals by statistical approaches such
as !2- (Barger et al. 2002; Minakata 2002; Lu et al. 2016;
Minakata et al. 2008) or likelihood (Gallo Rosso et al. 2017,
2018a) analyses have been frequently adopted in the litera-
ture based on an assumption that neutrino spectra can be
expressed with a simple analytic formula (see Sec. ?? for
the explict expression of the analytic formula). Although it
is very powerful to data analyses with low statistics, this
approach heavily relies on the analytic formula and may

2 SNOwGLoBES is available at
http://www.phy.duke.edu/ schol/ snowglobes .
3 It is used in gravitational wave data analyses

discard some important characteristics of neutrino signals
(such as spectral swap induced by neutrino-neutrino self-
interactions, see, e.g., Duan et al. (2010)). Hence, it is mean-
ingful to consider how we can relax the assumption and max-
imize the scientific return from the data analysis.

In this paper we propose a novel approach to reconstruct
neutrino spectra of all flavors at a CCSN source, having in
mind the use of data on multiple detectors; SK/HK and
DUNE. In our method, we combine two spectral unfolding
techniques, a singular value decomposition (SVD) approach
and analytic formula; its choice depends on reaction chan-
nels and the distance to the CCSN source. Any neutrino
oscillation models can be applied to our method; no matter
how flavor conversions depend on time, neutrino energy and
the detector location, implying that collective neutrino oscil-
lations, Earth matter e!ects and nonadiabatic flavor evolu-
tion can be handled in principle. We assess the capability of
our method by demonstrating spectral inversions to a neu-
trino data computed by a recent three-dimensional CCSN
simulation in Nagakura et al. (2019); Burrows et al. (2019);
Nagakura et al. (2020). The event rates to the neutrino data
are computed with SNOwGLoBES with taking into account
the smearing e!ects and Poisson noise to mimic real obser-
vations. Although the method is not perfect and remains to
be updated, this study will guide the community how we
can e"ciently couple observed data on multiple detectors to
place constraints on neutrino properties at CCSN sources.

This paper is organized as follows.

2 DETECTOR CHARACTERISTICS

We first summarize detector characteristics relevant to this
study; two channels from SK or HK and one channel from
DUNE. It should be stressed that this choice is not defini-
tive but rather an example; indeed some channels can be re-
placed by others even at di!erent detectors. Note also that
neutrino data on other channels can be used as consistency
checks (even if they are not directly involved in our spectral
inversion method) or could play an important role to deter-
mine survival probabilities of each neutrino (see Sec. ?? for
more details). Addressing the issues with; what combination
of channels at di!erent detectors provides the most precise
measurement of neutrino properties; how we can maximally
utilize each data to extract spectral information, requires
more detailed study; hence we postpone the issue in forth-
coming papers.

We adopt two reaction chanels of SK or HK detector,
which are IBD on protons,

"̄e + p ! e+ + n, (1)

and esc,

" + e! ! " + e!. (2)

The former corresponds to the primary interaction channel
for CCSN neutrinos. The energy and angular dependences
of the reaction is well known and the detection procedure
has been well established; each event can be identified by
detecting Cherenkov lights from positrons producted by the
reaction. The latter channel is, on the other hand, a subdom-
inant process but has some useful properties; it is sensitive to
all flavors of neutrinos including their anti-particles and the
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scattered electrons flight in the forward directions. The lat-
ter property provides a way to untangle esc and IBD events
(note that angular distributions of all IBD events are almost
isotropic), and the addition of gadolinium to detectors fur-
ther enhances the sensitivity to distinguish them. Hence, we
assume full tagging e!ciencies for the two channels in this
paper. Note that we identify esc events through Cherenkov
lights from scattered electrons; implying that we will obtain
flavor-integrated events. This is a reason why we can not di-
rectly use the channel to reconstruct spectrum of individual
neutrino species.

In this study, we assume that the available detector
scale in SK and HK are 32.5 ktons (Abe et al. 2016) and 220
ktons (Hyper-Kamiokande Proto-Collaboration et al. 2018),
respectively. We note that the latter is a facotr of ! 1.5 to
! 3 smaller than that used in previous studies (see e.g.,
Minakata et al. (2008); Gallo Rosso et al. (2018a,b)), i.e.,
the detection significance on HK becomes more modest than
those earlier studies. As another remark, other channels as
charged-current and neutral-current reactions with Oxygen,
will be useful for the spectrum analysis at high-energy (! 50
MeV) neutrinos. Those event rates will be, however, minor
and, more importantly, there are large uncertainties on their
cross-sections4; hence we omit those channels in this study
just for simplicity.

In DUNE, we assume that the detector volume is 40
kton and employ a channel of charged-current reaction with
Argon

!e +
40Ar " e! + 40K", (3)

which provides the most accurate estimation of !e among
current and future-planed detectors; indeed, its event rate
to CCSN neutrinos would be comparable to that of IBD on
SK (see, e.g., Seadrow et al. (2018)). By virtue of its high
sensitivity to !e, DUNE has been expected to play a pivotal
role to probe the neutrino mass hierarchy by observing neu-
trinos at the earlier post bounce phase (" 20ms). We take
advantage of the merit by another way; the data is used to
distinguish the individual species event in reaction channels
sensitive to all flavors (such as esc on SK/HK). As we de-
scribe in the next section, this allows us to use esc events at
SK/HK to measure !x spectra there.

3 STRATEGY FOR SPECTRUM

RECONSTRUCTION

In this section, We describe the detail of our strategy to ob-
tain neutrino spectra of all flavors at CCSN sources by using
multiple channels of di"erent detectors. As a simplification,
we assume that all heavy leptonic neutrinos and their anti-
particles have an identical spectrum at CCSN sources5.

4 Note that there have been many e!forts to estimate accurate
cross sections for neutrino-nucleus interactions from both theoret-
ical and experimental approaches. See Formaggio & Zeller (2012)
and references therein for a review.
5 Although it is a reasonable approximation to CCSN neutrinos,
this is not true in reality: indeed, neutrino-matter interactions are
not exactly the same among them (see e.g. Horowitz (2002) for
di!erent e!ects of weak magnetism between neutrinos and anti-
neutrinos) and the spectrum deviation among di!erent species

Given the assumption and taking into flavor conver-
sions, neutrino fluxes at the Earth can be expressed as (see
Dighe & Smirnov (2000))
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where F , p and " denote flux, survival probability and energy
of neutrinos, respectively; F 0 is the neutrino flux without fla-
vor conversions (i.e., F 0

x = F̄ 0
x under our assumption); ”Ā”

represents A of anti-neutrinos; the subscripts indicates neu-
trino species; the superscript ”i”on F and p distinguishes de-
tectors6, i.e., it is either SK/HK or DUNE in this study. We
also note that we distinguish F i

x and F̄ i
x in our method un-

like those in previous studies. It is necessary to handle them
separately in order to estimate species dependent events on
detectors, since their cross section to matter interaction is
di"erent between !x and !̄x.

Our goal is to obtain F 0 for all flavor of neutrinos and
then convert them to those at a CCSN source. The con-
cept is very simple and straightforward. Given neutrino os-
cillation models, the unknown variables are three, F 0

e , F̄
0
e

and F 0
x (= F̄ 0

x ), hence we need three independent observed
data which we chose IBD and esc on SN/HK and CC-Ar
on DUNE. More detailed description of the procedure is
as follows. We compute FDUNE

e and F̄ SK/HK
e by using data

of CC-Ar on DUNE and IBD on SN/HK, respectively (see
Sec. ?? for our spectrum unfolding techniques). As a result,
the left hand side of Eq. 4 with i = DUNE and that of
Eq. 5 with i = SK/HK are obtained, indicating that these
two equations provide two independent relations to the three
unknown F 0s7. At the next step, we set a trial neutrino flux
to one of F 0 and then we solve Eq. 4 with i = DUNE and
Eq. 5 with i = SK/HK, which provides the rest of F 0s.
By using the F 0s, we can reproduce all neutrino spectra
at SK/HK through Eqs. 4 to 7, i.e. F SK/HK

j and F̄ SK/HK

j

where j = e, x. Those spectra should be consistent with the
esc events at SK/HK; hence we iteratively search a trial
neutrino flux until it satisfies the esc events.

Although the method is mathematically rigorous, it has
several problems in a practical sense.

increases with neutrino energy. Analyses at high energy neutrinos
require di!erent techniques and methods from those presented in
this paper, which are being currently undertaken and published
elsewhere.
6 The survival probability of neutrinos are di!erent among detec-
tors since Earth matter e!ects depend on the position of detector
at Earth (Lunardini & Smirnov 2001).
7 Note that those two equations are degenerated only if pDUNE =
p̄
SK/HK = 0, which seems, however, not to be realistic. Hence, we

do not consider the case in this paper.

MNRAS 000, 1–4 (2020)
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New spectral reconstruction method (SVD approach) 
with multiple detectors

Normal mass hierarchy Inverted mass hierarchy

IBD + ESC-e @ Hyper-K   +   CC-Ar @ DUNE
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Retrieved neutrino spectra at CCSN source
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Neutrino shock acceleration in CCSNe Neutrino shock acceleration in CCSN 91

Figure 1. Schematic picture of the neutrino shock acceleration in CCSN.
Note that the shock acceleration occurs only for !µ, !" , and their antipartners
(see the text for more details). Those neutrinos are emitted at the energy sphere
(which is almost identical to the neutrino sphere and located at !30 km) with a
thermal spectrum. During the flight in the post-shock flows, they go through
multiple-scatterings, which influences on the thermal spectrum, although
the spectrum sustains the quasi-thermal feature (see e.g. Suwa 2013; Suwa,
Tahara & Komatsu 2019b; Kato et al. 2020; Wang & Burrows 2020). In
the pre-shock region, the dominant opacity is coherent scatterings with heavy
nuclei, on the other hand. Some neutrinos are back scattered by them and then
cross the shock wave. In the post-shock flows, neutrinos have scatterings with
nucleons again. Some fractions of neutrinos escape from the post-shock flows
after repeating the same process (see equation 5 for the condition) during
which neutrinos gain the energy from the shock wave and create the non-
thermal spectrum. The reachable maximum energy is !100 and !200 MeV
for !µ, !" , respectively. See the text for more details.

shock crossing is roughly
!

#E

E

"
"

|vu # vd |
c

, (1)

where c is the speed of light and the symbol of $% denotes the
average. The acceleration stops when the energy loss on each
scattering becomes comparable to the gained energy (equation 1)
or the accelerated particle is absorbed by matter. For electron-type
neutrinos (!e) and their antipartners (!̄e), no shock accelerations
occur in practice, since their shock acceleration is hampered by the
reactions of !e + n & e# + p and !̄e + p & e+ + n. The cross-
section for these reactions increases with energy, implying that the
accelerated neutrinos for !e and !̄e would be immediately absorbed.

For !µ and !" , on the other hand, the situation is very different
from that of the electron-type (see also Fig. 1), since their charged
current reactions are absent at least up to !100 MeV neutrinos.1 Let
us first estimate the upper limit of neutrino energy (Emax) without
absorption processes. This is mainly determined by the balance
between the energy loss of scatterings and the energy gain by the
shock acceleration (equation 1) , i.e.

|vu # vd |
c

! Emax

M
, (2)

where M is the mass of the scattering particle, i.e. nucleons and
nucleus in the downstream and upstream, respectively. Since nucle-

1Strictly speaking, weak processes such as neutrino pair annihilations and
the inverse process of nucleon–nucleon bremsstrahlung work similar as
neutrino absorptions by matter. However, those reactions are negligible for
the considered situation.

Figure 2. Schematic picture of expected spectra for all flavours of neutrinos
(at a CCSN source) when the neutrino shock acceleration occurs.

ons have the lighter mass, 1 GeV, the shock acceleration is limited
by the nucleon recoil effect in the downstream.2 Since the fluid-
velocity difference between up- and downstream at the shock wave
is "0.2c, we obtain Emax ! 200 MeV.3 This is smaller than the mass
of tau (!1 GeV), indicating that !" can be in principle accelerated
up to !200 MeV. On the other hand, the !µ acceleration stops before
reaching !200 MeV, since the !µ absorption via charged-current
reactions, e.g. !µ + n & p + µ# and !̄µ + p & n + µ+, emerge
above !100 MeV. !µ are mainly absorbed by nucleons and nuclei in
the down- and upstream, respectively, meanwhile muons produced in
these processes decay immediately and emit !µ at the lower energy
('100 MeV). Consequently, the spectrum of !µ is expected to have
a sharp cut off around 100 MeV. This fact suggests that the energy
spectrum is remarkably different between !µ and !" in the energy
range of 100 MeV ! E ! 200 MeV, which provides a precious
environment to study the neutrino oscillation in CCSN (see Section 4
for more details). Note that the numbers of shock crossings for which
a seed neutrino with an energy of 50 MeV is accelerated to 100 and
200 MeV are roughly 5 and 10, respectively. As a summary, we
draw a schematic picture of the expected feature of neutrino number
spectrum around the shock wave in Fig. 2.

To assess the detectability of the high energy neutrinos created
by the neutrino shock acceleration, it is necessary to consider the
acceleration time-scale and the escape probability of the neutrinos
from the system. To estimate the time-scale, we first take a look at
the optical depth (" s),

"s(t, E) =
# (

rsh(t)
dr$ (E)n(t, r), (3)

" 1
$ rsh

100 km

%#3.4
&

E

50 MeV

'%

, (4)

where $ is the cross-section of neutrino-nucleus scattering and
we assume that neutrinos are scattered by iron via neutral-current
reactions. Here we use the number density of nucleons in post-shock
region, r ) rsh, and nuclei in pre-shock region, r > rsh, described by
equation (56) in Appendix. The time evolution of the shock radius is

2But see Appendix for a discussion regarding the effect of light nuclei.
3We note that the nucleus–neutrino inelastic scattering in the upstream and
the electron scattering in the downstream should be taken into account
for more quantitative arguments; indeed they reduce the efficiency of the
shock acceleration. However, this effect does not change significantly our
discussion. We will discuss these effect in Section 3 for more details.
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the pre-shock region, the dominant opacity is coherent scatterings with heavy
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cross the shock wave. In the post-shock flows, neutrinos have scatterings with
nucleons again. Some fractions of neutrinos escape from the post-shock flows
after repeating the same process (see equation 5 for the condition) during
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neutrinos (!e) and their antipartners (!̄e), no shock accelerations
occur in practice, since their shock acceleration is hampered by the
reactions of !e + n & e# + p and !̄e + p & e+ + n. The cross-
section for these reactions increases with energy, implying that the
accelerated neutrinos for !e and !̄e would be immediately absorbed.

For !µ and !" , on the other hand, the situation is very different
from that of the electron-type (see also Fig. 1), since their charged
current reactions are absent at least up to !100 MeV neutrinos.1 Let
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ons have the lighter mass, 1 GeV, the shock acceleration is limited
by the nucleon recoil effect in the downstream.2 Since the fluid-
velocity difference between up- and downstream at the shock wave
is "0.2c, we obtain Emax ! 200 MeV.3 This is smaller than the mass
of tau (!1 GeV), indicating that !" can be in principle accelerated
up to !200 MeV. On the other hand, the !µ acceleration stops before
reaching !200 MeV, since the !µ absorption via charged-current
reactions, e.g. !µ + n & p + µ# and !̄µ + p & n + µ+, emerge
above !100 MeV. !µ are mainly absorbed by nucleons and nuclei in
the down- and upstream, respectively, meanwhile muons produced in
these processes decay immediately and emit !µ at the lower energy
('100 MeV). Consequently, the spectrum of !µ is expected to have
a sharp cut off around 100 MeV. This fact suggests that the energy
spectrum is remarkably different between !µ and !" in the energy
range of 100 MeV ! E ! 200 MeV, which provides a precious
environment to study the neutrino oscillation in CCSN (see Section 4
for more details). Note that the numbers of shock crossings for which
a seed neutrino with an energy of 50 MeV is accelerated to 100 and
200 MeV are roughly 5 and 10, respectively. As a summary, we
draw a schematic picture of the expected feature of neutrino number
spectrum around the shock wave in Fig. 2.

To assess the detectability of the high energy neutrinos created
by the neutrino shock acceleration, it is necessary to consider the
acceleration time-scale and the escape probability of the neutrinos
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we assume that neutrinos are scattered by iron via neutral-current
reactions. Here we use the number density of nucleons in post-shock
region, r ) rsh, and nuclei in pre-shock region, r > rsh, described by
equation (56) in Appendix. The time evolution of the shock radius is

2But see Appendix for a discussion regarding the effect of light nuclei.
3We note that the nucleus–neutrino inelastic scattering in the upstream and
the electron scattering in the downstream should be taken into account
for more quantitative arguments; indeed they reduce the efficiency of the
shock acceleration. However, this effect does not change significantly our
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Figure 5. Emergent spectra of !µ and !" at 10–30 ms after the bounce,
obtained by our Monte Carlo simulations. For comparison, we display a !µ

spectrum at 40–70 ms after the bounce, a thermal spectrum of zero chemical
potential with T = 5.2 MeV, and a function given by equation (14). with
Q = 10 MeV.

injection time of each particle is chosen from a certain time window
after the bounce with a uniform distribution, corresponding to a
constant neutrino luminosity. We stop following each Monte Carlo
particle when it reaches either the inner boundary r = 30 km or the
outer boundary r = 700 km. The particles reach the outer radius are
considered to freely escape afterward.

Fig. 5 shows the !µ and !" spectra 10–30 ms after the bounce. For
comparison, we also show a thermal spectrum of zero chemical
potential with 5.2 MeV, which describes the numerical spectra
around the peak. Both the !µ and !" spectra significantly exceed
the thermal spectral above ! 50 MeV. The !µ spectrum has a sharp
cut off at ! 100 MeV because the cross-section of muon creation
sharply rises.8 The magnitudes of the non-thermal tail relative to
the flux expected from the thermal distribution around 80 MeV
are approximately (8,8,13,5,3) at t = (15, 20, 25, 30, 35) ms post-
bounce. As we discussed in the previous section, the effect of the
neutrino acceleration to the observed spectra is the most significant
around 25 ms post-bounce corresponding to " ! c/vu at ! 100 MeV.
Fig. 6 shows the emergent !" spectra at different escape times, tesc,
at 150 km, where we inject all neutrinos at t = 10 ms. The low-
energy neutrinos escape quickly, implying that these neutrinos do
not experience any scatterings. On the contrary, the neutrinos in
the high-energy tail escapes at ! 2.5 ms, which agrees with our
estimation discussed in the previous section.

We also study the case of failed CCSN, in which we assume that
a shock wave stays at 80 km. The velocity of the upstream at 80 km
is set to be 0.2c and the density at the shock front is characterized
by the mass accretion rate, Ṁ . The radial profile of the former is
assumed to be proportional to r"0.5 and the latter is determined from
Ṁ = constant. Unlike the CCSN model, the density and velocity
profiles of the failed CCSN model are assumed to be stationary.
Fig. 7 shows the !" spectra in the case of failed CCSN. The emerging
spectrum depends on the mass accretion rate. Roughly speaking, the
neutrino shock acceleration occurs when (Ṁ/1M#/s)(80 km/rsh) !
1 is satisfied.

We note that neutrinos gain the energy due to the converging flow
in the upstream, which potentially contribute to the non-thermal

8We observe the cut off in the !µ spectrum in Fig. 5 slightly less than the muon
restmass because !µ in the lab frame is blue shifted in the fluid rest-frame in
the upstream.

Figure 6. Emergent spectra of !" at different arrival times for the early post-
bounce phase of a CCSN. Here we inject neutrinos at t = 10 ms after the
bounce and observe the emergent neutrino spectra at a radius of 150 km.

Figure 7. Same as Fig. 5 but for the late post-bounce phase in failed CCSN
with different mass accretion rates Ṁ .

spectra (Blandford & Payne 1981; Suwa 2013). This mechanism
works, however, only in the case that the shock is located deep
inside the scattering atmosphere, $ 100 km. On the other hand, most
of accelerated neutrinos advect inwards in such a case, indicating
that they give less impact on observable neutrinos. To assess this
argument, we analyse the relation between number of returns to the
downstream and neutrino energies in the case of the failed CCSN
with 2M# s"1; the result is shown in Fig. 8. The positive correlation
between these two quantities can be clearly seen in the figure. We,
thus, conclude that the (observable) non-thermal neutrinos which we
found in our Monte Carlo simulations are primary created by shock
acceleration, which is consistent with our analytic discussion made
in Section 2.

4 D ETECTA BILITY

We assess the detectability of the high energy neutrinos in some
representative terrestrial neutrino detectors. We first describe basic
assumptions for computing the event counts on each detector in
Section 4.1. We then present the results for the early post-bounce
phase in Section 4.2. The similar estimation but for the later phase
in the case with failed CCSN is presented in Section 4.3. Finally,
we discuss a possibility of muon productions in these detectors in
Section 4.4.
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Non-thermal neutrinos is produced 
through Fermi acceleration.

This leads to an interesting observational 
consequence in CCSN neutrinos.

(See also Kazanas and Ellison 1981,  Giovanoni et al. 1989)
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Cumulative number of neutrino events at each detector

Non-thermal neutrinos in CCSN 7
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Summary
Multi-D CCSN models are nowadays available with high physical fidelity of the
associated macro- and microphysics calculations.

PNS convection commonly emerges in CCSN core, which needs to be modeled
appropriately to extract physical information from GW and neutrino signals.

Collective neutrino oscillation commonly occurs in CCSN core, indicating that this
should be accommodated in theoretical/numerical CCSN models (in future…).

Information on multi-D fluid instabilities would be imprinted in temporal features
of neutrino signals.

We developed new analysis pipelines for which to estimate time evolution of PNS
mass and radius from neutrino signal, and for which to retrieve neutrino energy
spectrum by using observed data at multiple neutrino detectors.

High energy neutrinos (> 100 MeV) by shock acceleration may be observed in
CCSN neutrinos.


