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In order to investigate the impact of collective neutrino oscillations (CNO) on the neutrino sig-
nal from a nearby supernova, we perform 3-flavor neutrino oscillation simulations employing the
multiangle effect. The background hydrodynamic model is based on the neutrino hydrodynamic
simulation of a 8.8 M�progenitor star. We find that CNO commences after some 100 ms post
bounce. Before this, CNO is suppressed by matter-induced decoherence. In the inverted mass hi-
erarchy, the spectrum of ν̄e becomes softer after the onset of CNO. To evaluate the detectability
of this modification, we define a hardness ratio between the number of high energy neutrino events
and low energy neutrino events adopting a fixed critical energy. We show that Hyper-Kamiokande
(HK) can distinguish the effect of CNO for supernova distances out to ∼ 10 kpc. On the other hand,
for the normal mass hierarchy, the spectrum of νe becomes softer after the onset of CNO, and we
show that DUNE can distinguish this feature for supernova distances out to ∼ 10 kpc. More work
is necessary to optimize the best value of critical energy for maximum sensitivity. We also show
that if the spectrum of ν̄e in HK becomes softer due to CNO, the spectrum of νe in DUNE becomes
harder, and vice versa. This synergistic observations in ν̄e and νe, by HK and DUNE respectively,
will be an intriguing opportunity to test the occurrence of CNO.

I. INTRODUCTION

A major goal of low-energy neutrino astronomy is ob-
serving a high statistics neutrino signal from a nearby
core-collapse supernova [1]. The neutrino burst from
SN1987A was an epoch-making observation that demon-
strated the crucial link that massive stars release huge
amounts of energy at its endpoint in form of neutrinos
and trigger a supernova explosion. Even with limited
neutrino event statistics (about 20 events), the signal re-
vealed much about the importance of weak-interaction
physics in the core-collapse. Tens of thousands of neu-
trino events are expected from the next nearby core-
collapse supernova, and the events are anticipated to
provide unprecedented information of the explosion (see,
e.g., the reviews [2–9]).

There are multiple operational neutrino observatories
that can detect a high-statistics neutrino burst event
from a nearby supernova, e.g., SuperKamiokande (SK)
[10], IceCube [11–13] and KamLAND [14]. SK is able
to obtain both the light curve and spectrum of the neu-
trino. To decrease the background using coincident tag-
ging technique, SK will soon be upgraded with gadolin-
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ium [15]. IceCube plays an important role in detect-
ing time-variability of the signal with high statistics, by
taking advantage of its large volume [16]. KamLAND
is sensitive to low-energy neutrino and is even sensitive
to neutrinos emitted during the last Si-burning phase of
the progenitor [14]. In the future, large volume detectors
such as HyperKamiokande (HK) [17] and JUNO [18] will
become available for detecting electron anti-neutrinos out
to further distances, while DUNE [19] will dramatically
enhance the capabilities to detect electron neutrinos.

In parallel to the development of neutrino observa-
tion facilities, the theory of neutrino emission and their
propagation through the supernova and progenitor have
dramatically progressed [2, 3, 6]. The technique of neu-
trino radiation hydrodynamics has become highly sophis-
ticated [20–26] and can provide reliable neutrino lumi-
nosities and average energies. Using reliable techniques,
three dimensional simulations are now available [27–34]
and many interesting phenomena have been discovered,
e.g., SASI [31, 35], LESA [36], and low-T/|W | instability
[37].

Perhaps the most distinct progress in the theory of
neutrino propagation is the realization that Collective
Neutrino Oscillations (CNO) can operate in the super-
nova environment (see, e.g., reviews [38] and references
there in). CNO is an oscillation that happens in the high
density region of neutrinos and leads to a potential for
the flavor oscillation. In this sense, CNO is similar to
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the MSW effect [39, 40]; however, the effect of CNO is
complicated since the potential is made by the neutrinos
themselves, and makes the problem non-linear. Inter-
esting features of the oscillated neutrino energy spectra,
caused by so-called spectral swaps, have been obtained
by pioneering CNO studies [41–43]. To predict the spec-
tra, Duan et al. 2006 formulated the basic quantities and
oscillation modes [42]. Fogli et al. 2009 argued that spec-
tral splits emerge as dominant features in the inverted
mass hierarchy [43]. Note that the value of θ13 was not
known very well at the time of these studies [44].

Although initial works on CNO assumed generic mat-
ter and neutrino profiles, recent works employ the results
of numerical simulation of neutrino radiation hydrody-
namics [45–51]. One important finding in these works is
the importance of matter-induced decoherence, so-called
matter suppression [45, 46, 48, 52, 53]. Essentially, if
the matter density is higher than the neutrino density,
the wavelength of the neutrino’s wave function becomes
short and the different paths from the proto neutron star
cause significant decoherence of the wave functions. As
a result, CNO is highly suppressed in such epochs. After
this finding, extensive studies of CNO were provided by
Wu et al. 2015, where a progenitor of 18.0M�was used
[50]. The rate of neutrino events expected at SK and
DUNE were computed, and the possibility to distinguish
the neutrino mass hierarchy has been suggested.

One important lesson from previous studies is that the
final neutrino spectrum is significantly affected by not
only the neutrino fluxes, but average energies and angu-
lar distributions. Recently, Horowitz et al. 2017 proposed
a new reaction rate of neutrino nucleon scattering [54].
This causes the neutrino flux to significantly change, po-
tentially impacting previous CNO results [50].

In this paper, we investigate the impact of CNO on the
neutrino events from a nearby supernova and discuss its
detectability. We perform the first such study using the
set of new neutrino reaction rates of Horowitz et al. 2017
and Horowitz 2002 [54, 55] as well as the other new reac-
tion rates that are summarized in Ref. [56]. These new
reactions can change the neutrino emission and hence the
resulting neutrino oscillation and detection. The struc-
ture of the paper is as follows. In Section II, we introduce
our numerical schemes for the hydrodynamic simulations
and the neutrino oscillation computations. In Section III,
we discuss our results, starting with the dynamics of the
explosion, followed by features of neutrino oscillations,
and finally, the detectability of CNO. In Section IV, we
summarize our results.

II. METHODS

We performed two kinds of numerical simulations.
First one is the hydrodynamic simulation of core-collapse
supernova from a progenitor model. Second one is that
for the three flavor neutrino oscillations using snapshots
obtained by the hydrodynamic simulation. In this sec-

tion, we explain the numerical methods and settings for
each.

The hydrodynamic simulation was performed by
3DnSNe code (see the references [29, 52, 56–60] for re-
cent application of this code). The evolution of the vari-
ables are solved in coordinate of spherical polar geome-
try. A piecewise linear method with the geometrical cor-
rection is used to reconstruct variables at the cell edge,
where a modified van Leer limiter is employed to satisfy
the condition of total variation diminishing (TVD) [61].
The numerical flux is calculated by HLLC solver [62].
The models are computed on 1 dimensional spherical po-
lar coordinate grid with a resolution of 512 radial zones.
The radial grid is logarithmically spaced and covers from
the center up to the outer boundary of 5000 km. Recently
we updated our neutrino reactions [56]. Among them, the
effect of virial expansion on the neutrino nucleon scatter-
ing is important and this significantly changes the neu-
trino flux [54]. The equation of state used in the simula-
tion is the Lattimer and Swesty with incomprehensibil-
ity of K = 220 MeV [63]. Although the code employs
the relatively simple neutrino transport scheme of IDSA
(Isotropic Diffusion Source Approximation) [64], it nev-
ertheless can provide consistent results on neutrino lu-
minosities and average energies with more sophisticated
schemes (see Ref. [57] for detailed comparison).

The progenitor employed in this study is a 8.8M� star
[65–67]. The setup of the envelope is same to that of Ki-
taura et al. 2006 [68]. Since the density of the envelope is
low in this model, the matter suppression is weak and the
signature of CNO is expected. In the context of neutrino
oscillation, Saviano et al. 2012 also uses this progenitor
[48].

Flavor transitions of free-streaming neutrinos are cal-
culated as post processes of the hydrodynamic simulation
whose time snapshots give us the strength of the electron
matter potential [39, 40] and that of neutrino self interac-
tion [42, 50, 52, 53, 69–74]. Neutrino oscillation param-
eters in our simulation are given by the following val-
ues: sin2(2θ12) = 0.84, sin2(2θ23) = 1, sin2(2θ13) = 0.19,
∆m2

21 = 7.9 × 10−5 eV2, |∆m2
32| = 2.0 × 10−3 eV2 and

δCP = 0 where ∆m2
ij = m2

i −m2
j . We employ the bulb

model [42] and solve the time evolution of neutrino and
anti-neutrino density matrices in three-flavor multiangle
calculations based on Ref. [52].

We sample 50 points in neutrino energy E ≤ 60 MeV
and choose 1000 neutrino angular modes which are typ-
ical values to prevent numerical multiangle decoherence
[75]. The radius of the neutrinosphere is fixed at 30 km
which is close to sharp declines in the baryon density
profiles. In reality, the position of the neutrinosphere de-
pends on the neutrino energy and flavor. In the bulb
model, multiple neutrinospheres however cannot be em-
ployed. This is one of the major caveats of this study.
The results of adopting a different neutrinosphere radius
are shown in Appendix A.

The spectra of supernova neutrinos often show pinched
shapes [31, 76] compared to non-degenerate Fermi-Dirac
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distributions. To capture this feature, we set the initial
neutrino spectra on the surface of the neutrinosphere,
φi(E) (i = νe, ν̄e, νX) as Gamma distribution,

φi(E) = Φ0
i

Eαi

Γαi+1

(
αi + 1

〈Ei〉

)αi+1

exp

[
− (αi + 1)E

〈Ei〉

]
,

(1)

whose pinching parameter, αi =
〈E2

i 〉−2〈Ei〉2
〈Ei〉2−〈E2

i 〉
, is estimated

from the neutrino mean average energies 〈Ei〉 and rms

average energies,
√
〈E2

i 〉. These parameters as well as the
number luminosity, Φ0

i , are derived from the result of the
neutrino radiation hydrodynamic simulation (see Section
III A and the middle panel of FIG. 2). The multiangle
calculations are carried out up to 1500 km where CNO
have finished. In our simulation, MSW resonances do not
appear in neutrino energy E ≥ 3 MeV within 1500 km
because of high electron number density.

III. RESULTS

We discuss the impact of neutrino oscillations on the
detection rates at observation facilities HK, JUNO and
DUNE. We first introduce our hydrodynamic setups. In
particular, the radial profile of the density and electron
fraction as well as neutrino luminosity and energies are
employed from the hydrodynamic simulation. Then, we
introduce our calculation of neutrino oscillations, fol-
lowed by detection.

FIG. 1. Black Curve: Time evolution of Shock Radius. Color:
Time evolution of logarithmic density profile [g/cm3]. The
horizontal axis is the time after bounce in ms and the vertical
axis is the radial coordinates in km.

A. Hydrodynamic Model

The dynamics of the supernova explosion is character-
ized by the shock. In our mode, the shock revives quite

early by neutrino heating. The black curve of FIG. 1
shows the evolution of the averaged shock radius. The
shock revival time is 90 ms after bounce. We adopt the
widely used convention of shock revival time defined as
the time when the shock reaches 400 km [77]. This early
shock revival time is due to the low mass accretion rates
of this progenitor, which has very a diluted envelop (see
FIG. 2 of Ref. [78]). After shock revival, the shock con-
tinuously expands and reaches 1000 km at 120 ms after
bounce. This result agrees with previous works (e.g. FIG
3 of Ref. [79]). It should be noted that shock revival
happens even in 1D geometry for this progenitor.

After shock revival, the density of the shocked region
decreases. The color map of FIG. 1 shows the logarithmic
density as a function of time and radius. As shown later,
the region above 200 km is important for the neutrino
oscillation in this model. Before 50 ms postbounce, the
density in the region is high and exceeds 109 g/cm3. Dur-
ing this phase, the density gradually decreases with time
due to the decrease of the mass accretion rate. After
the shock revival around 90 ms post bounce, the den-
sity briefly increases as a function of time since mass is
ejected from the central region. During this epoch, the
density reaches ∼ 107−8 g/cm3 at ∼ 180 ms post bounce.
However, after this the density decreases due to the de-
crease of mass ejection from the central region. In the
calculation of neutrino oscillation, we select several time
snapshots and use the profiles of density, Ye at the cor-
responding times.

The information of neutrino spectra is necessary for
the input of the simulation of CNO. The evolutions of the
neutrino luminosities and energies are shown in FIG. 2.
The green, red and blue curves correspond to νe, ν̄e and
νX , respectively.

In the top panel, the luminosities after 150 ms post
bounce are not so deviated from that of Ref. [46]. Before
150 ms, our luminosities are higher than that of Ref. [46]
since an updated set of neutrino opacities is used (see
FIG. 15 of Ref. [56]). In our model, the luminosity of
anti-electron neutrino is larger than that of electron type
neutrino. This feature is not prominent in previous works
(see FIG. 1 of Ref. [46] and the hydrodynamic model of
Ref. [80] for the detail of the setting). Our feature may
originate from the employment of weak magnetism [55]
that is not used in previous works. The weak magnetism
decreases the opacity for the anti-electron neutrino mak-
ing them easier to escape. This would enlarge the anti-
neutrino luminosity.

In the middle panel, the hierarchy of the average en-
ergy is consistent with other simulations during the ac-
cretion phase: νX > ν̄e > νe. The average is also higher
compared to that of Ref. [46] due to the new reaction set
(see FIG. 15 of Ref [56] again). The hierarchy of number
luminosity has an interesting feature.

In the bottom panel, the number luminosity is shown
and initially the hierarchy is νX < ν̄e < νe, which is
typical in the accretion phase of core-collapse supernovae.
However, at 300 ms post bounce, all number luminosities



4

 0

 10

 20

 30

 40

 50

 0  50  100  150  200  250  300

Lu
m

in
os

ity
 [1

051
er

g/
s]

Time after bounce [ms]

νe
ν-eνX

 0

 5

 10

 15

 20

 25

 0  50  100  150  200  250  300

A
ve

ra
ge

 e
ne

rg
y 

[M
eV

]

Time after bounce [ms]

νe
ν-eνX

mean
 rms

 0

 5

 10

 15

 20

 25

 0  50  100  150  200  250  300

N
um

be
r 

lu
m

in
os

ity
 [1

056
/s

]

Time after bounce [ms]

νe
ν-eνX

FIG. 2. Time evolution of neutrino luminosity (top panel),
neutrino average energy (central panel), and neutrino num-
ber luminosity (bottom panel). In all, the green, red, and
blue curves correspond to νe, ν̄e and νX , respectively. In the
middle panel, the solid line denotes the mean energy and the
dotted line the rms energy. We evaluate the luminosities and
energies at 500km and assume the bulb model, i.e., those lu-
minosities and energies are set to the neutrino sphere in the
oscillation simulations.

converge and there is no hierarchy. This feature leads to
interesting flavor mixing as discussed later.

B. Neutrino Oscillation

Using snapshots taken from the hydrodynamic simu-
lation, we calculated the neutrino oscillation. We use
rotated frame of e− x− y instead of the flavor frame of
e− µ− τ [81]. In this section, we mainly focus on oscil-
lations. The application to detection is discussed in the
next section.

1. Appearance of CNO

FIG. 3. The survival probabilities of electron anti-neutrino
at a radius of 1500 km as functions of neutrino energy and
emission time. Top: the probability for the inverted mass
hierarchy. Bottom: the probability for the normal mass hi-
erarchy. In the both panels, we employ multi-angle method
to calculate neutrino oscillations and the Gamma function
(Eq. 1) is used for the neutrino spectrum.

The appearance of CNO is strongly affected by the
density profile. In our models, CNO appears before 100
ms post bounce. In FIG. 3, the survival probability after
CNO is shown as a function of the neutrino energy. The
top panel is for the inverted mass hierarchy. At 31 ms
post bounce, the survival probability is almost 1.0 and
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CNO is suppressed by the dense matter above the shock
wave (the radius is above ∼ 200 km). At 81 ms post
bounce, the density in the region becomes smaller and the
survival probability becomes 0.2 for most of the energy
range except a narrow range of a few MeV. The appear-
ance of CNO in such an early epoch is due to our choice
of the progenitor. The 8.8 M�star has an extraordinary
dilute envelop among the progenitors of core-collapse su-
pernovae (see FIG. 1 of Ref. [79]). At 181 ms, the density
of the region becomes slightly higher due to the shocked
matter arising from the center. At this point, the survival
probability becomes 1.0 due to matter suppression, but
only for neutrino energies below 10 MeV. The time of the
occurrence of CNO also depends on the neutrino spectral
shape. If the spectral shape is more like a Fermi-Dirac,
the onset time is significantly delayed and becomes 231
ms (see FIG. 15 in Appendix B).

The survival probability in the case for the normal
mass hierarchy is roughly similar to that of the inverted
mass hierarchy, but generally more suppressed. The bot-
tom panel of the FIG. 3 shows the evolution as functions
of neutrino energy and time. Like in the inverted mass
hierarchy, the appearance of CNO occurs before 100 ms.
However, at 181 ms postbounce, the CNO is suppressed
due to the increase in the matter density over all neu-
trino energies (see the density evolution at ∼ 200 km in
FIG. 1). Though the suppression also appears in the in-
verted mass hierarchy, it is stronger in the normal mass
hierarchy case. A strong suppression is also seen in the
Fermi-Dirac neutrino spectrum (see FIG. 15 in Appendix
B), where it can be seen that the appearance of CNO is
delayed to 281 ms which is later than in the inverted mass
hierarchy, 231 ms.

2. Neutrino oscillation in the inverted mass hierarchy

The radial profiles of conversion probabilities Peα =
P (ν̄e → ν̄α) (α = e, x, y) [71] are helpful to understand
the behavior of non-linear flavor transitions. In FIG. 4,
we present the conversion probabilities of anti-neutrinos
at 231 ms in the inverted mass hierarchy. Such prob-
abilities are derived from angle averaged diagonal com-
ponents of density matrices (see Eq. (11) in Ref. [52]).
The top panel corresponds to the evolution of survival
probabilities of ν̄e. The value of Pee remains unity as
long as flavor transitions are negligible. The middle and
bottom panels show how emitted ν̄e on the surface of
the neutrinosphere is transformed to ν̄y and ν̄x, respec-
tively. We are solving the time evolution of neutrino and
anti-neutrino density matrices in three-flavor multiangle
calculations. Non-diagonal components in neutrino self
interactions Hamiltonian grow up prominently when once
self interactions term couple with vacuum Hamiltonian.
Such non-diagonal potential gives rise to non-linear col-
lective motion in flavor space.

As expected, the electron anti-neutrino essentially ex-
perience CNO in the e − y sector in the inverted mass
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FIG. 4. The radial profiles of conversion probabilities of ν̄e at
231 ms post bounce. The inverted mass hierarchy is assumed
and multiangle scheme (labeled MA) is used. The different
colors show the profile at different energies of the neutrino:
red, green and violet correspond to 2.4, 12.0 and 40.0 MeV,
respectively.

hierarchy. In FIG. 4, we show the flavor evolution in the
inverted mass hierarchy for three ν̄e energies: 2.4 MeV,
12.0 MeV, and 40.0 MeV. It can be seen that CNO starts
around 250 km in the e− y sector: the survival probabil-
ity decreases (top panel) and the conversion probability
for e − y becomes larger (bottom panel), except for the
low energy component of 2.4 MeV.
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Subsequent CNO occurs in ν̄x at 450 km after the early
e − y mixing. Two types of non-linear transitions re-
flect the coupling of self interaction with two vacuum
frequencies, ωsolar = ∆m2

21/2E and ωatm = |∆m2
32|/2E.

Such three-flavor peculiar mixing is also found in previ-
ous numerical studies [71, 72] and arise from a small fla-
vor asymmetry in the neutrino number luminosity, e.g.,
at 231 ms: Φ0

νe : Φ0
ν̄e : Φ0

νx = 1.17 : 1.09 : 1.00. As
shown in the bottom panel of FIG. 2, the flavor asym-
metry becomes smaller as time proceeds, which enhances
the three flavor mixing in the post-accretion phase. At
600 km, CNO has finished and conversion probabilities
settle down to constant values. Then final flavor mixing
is energy dependent. For example, low energy electron
anti-neutrinos transform to other flavor ν̄x actively and
ν̄y returns to the original flux as shown by the 2.4 MeV
curves in FIG. 4. On the other hand, e − x mixings be-
come small in more energetic electron anti-neutrinos, for
example 12.0 and 40.0 MeV, even though the vacuum
frequency ωatm induces partially ν̄y − ν̄x conversions.

The top panel of FIG. 5 shows the spectrum of anti-
neutrinos at 231 ms post bounce after the CNO (i.e.,
at 1500km, in red), compared to the original ν̄e (green)
and νX (blue). This ν̄e spectrum traces the property of
survival probabilities in the top panel of FIG. 4. In the
high energy range, E > 12 MeV, a spectral oscillation
occurs actively in the e − y sector. The e − x conver-
sion is suppressed. Complete spectral swaps, which are
generally observed under the single angle approximation
[42], fails in multiangle simulations because the coher-
ence of non-linear flavor transitions are smeared out by
angular dispersion in the matter potential [82]. In the re-
gion of E < 12 MeV, the spectrum is rather closer to the
original spectrum and interestingly the e− x conversion
is dominant. In general, three flavor mixing would in-
duce complex spectral swaps in the outer layers different
from a simple two flavor picture. However, the low en-
ergy events do not strongly contribute to the total event
rates.

3. Neutrino oscillation in the normal mass hierarchy

In the case of normal mass hierarchy, CNO appears in
two typical time domains, ∼ 100 ms and ∼ 300 ms post
bounce, while it is suppressed around ∼ 200 ms. In the
case of inverted mass hierarchy, CNO continues after 50
ms after bounce. Such hierarchy differences may come
from the multiangle suppression [72] of the e − x and
e− y sectors.

At ∼ 100 ms, the e−x conversion occurs dominantly in
the normal mass hierarchy. The role of ν̄x in the normal
mass hierarchy is that of ν̄y in the inverted mass hierar-
chy. In the inverted mass hierarchy, the e− y conversion
occurs dominantly thorough almost all energy region and
in only low energy region, e − x conversion can happen.
This feature is clearly seen in FIG. 6. The survival prob-
abilities of 12.0 MeV and 40.0 MeV tend to about 0.2,
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FIG. 5. Flux spectra of electron anti-neutrinos in the in-
verted mass hierarchy (red solid). For comparison, the orig-
inal electron neutrino (green dotted) and heavy lepton neu-
trino (blue dotted) are shown. The time snapshot of 231 ms
is used. Top panel: CNO with the MA scheme (1500 km from
the center; note that the vertical axis has been rescaled to a
source distance of 10 kpc). Bottom panel: flux spectrum at
Earth, including all oscillation effects (CNO, MSW, vacuum).
Note that in both panels, the horizontal axis is logarithmic
for E < 20 MeV and liner for E > 20 MeV in the both panels
(indicated by the vertical dashed line).

while the survival probability of low energy neutrino (2.4
MeV) is about 0.5 at 1500 km. A significant fraction
of electron anti-neutrino is converted to x anti-neutrino.
CNO takes place before the MSW resonances because the
matter potential, λr =

√
2GFne, is higher than the at-

mospheric vacuum frequency, ωatm, around the onset of
CNO ∼ 700 km. The λr and ωatm are shown in FIG.7.
The upper band of the ωatm comes from that of the low-
est energy, 1.2 MeV. The low energy neutrino (E < 3
MeV) enters the region of MSW effects before the outer
boundary of 1500km. Since the low energy neutrino does
not strongly affect the observational signal, we do not
focus on this effect.

At ∼ 200 ms, the matter follows the expanding shock
and the density above 200km becomes higher. CNO
ceases at that time by the strong matter suppression.
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At ∼ 300 ms, CNO again occurs because the elec-
tron density becomes lower outside the neutrinosphere.
The three flavor mixing is significant due to the small
asymmetry between neutrino number luminosities[72].
We find that several types of CNO contribute in differ-
ent radius: e − y mixing (r < 270 km), e − x mixing
(r > 270 km) and x − y mixing (r > 340 km) in high
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FIG. 7. The time snapshots of matter potential λr =
√

2GFne
for 81 and 281 ms post bounce. The horizontal band shows the
values of atmospheric vacuum frequencies ωatm = |∆m2

32|/2E
for E [MeV] ∈ [1.2, 60]. The upper line corresponds that
of the lowest energy. The MSW resonance occurs when the
matter potential enters the band of ωatm.
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FIG. 8. The radial profiles of conversion probabilities of elec-
tron antineutrinos at 281 ms post bounce in the normal mass
hierarchy. The different colors show the profiles of different
conversion probabilities of ν̄e: Peα = P (ν̄e → ν̄α) (α = e, x, y)
whose energy is 40 MeV. The red, green and violet lines cor-
respond to Pee, Pex and Pey, respectively.

energy neutrinos and antineutrinos. For example, such
three flavor mixing of 40 MeV antineutrinos at 281 ms is
shown in FIG.8. The small amount of e − y conversion
starts around 150 km, which comes from the coupling of
neutrino self interactions with ωatm. After that, the sig-
nificant e − x conversion occurs around 270 km in this
later explosion phase. Then, a subsequent x− y conver-
sion around 340 km increases the three flavor mixing in
high energy antineutrinos. Such flavor conversion is also
confirmed in neutrinos. It seems that, in the normal mass
hierarchy, the e− x conversion becomes main process of
CNO in high energy neutrinos and antineutrinos across
the examined time window irrespective of the three fla-
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vor mixing in the later explosion phase. FIG.7 indicates
that the origin of the e−x conversion in the normal mass
hierarchy does not come from “ MSW prepared spectral
split” as confirmed in the neutronization neutrino burst
[83–85] because the value of λr does not reach that of
ωatm at the onset of the e− x conversion ∼ 270 km (see
the green curve of FIG.7).

The significant e − x conversion in the normal mass
hierarchy has not been shown by previous three flavor
simulations [71, 72, 81]. We discuss a possible mecha-
nism of such a new type of flavor mixing which would
be equivalent to an instability for normal mass hierar-
chy suggested in a recent work [86]. We begin with a
simpler problem. Namely, in two flavor collective neu-
trino oscillations, the relation between the direction of
vacuum polarization vector ωB and nonlinear polariza-
tion vector D is crucial for the development of nonlinear
effects [87]. Here, the direction of polarization vector
P = (Px, Py, Pz) is given by the sign of the z-component
(note in this discussion the meanings of x, y are differ-
ent from that of the rotated basis). The initial value of
nonlinear potential is independent of neutrino mass hier-
archy, so we only focus on the z-component of the vacuum
polarization vector in each neutrino sector. Now in real-
ity, we have to consider three flavor cases. In the rotated
basis (νe, νx, νy), the vacuum Hamiltonian of three flavor
neutrinos [52] is described by

Ω(E) =
∆m2

21

6E

 1− 3c212c
2
13 3c12s12c13 3c212s13c13

3c12s12c13 1− 3s2
12 −3s12c12s13

3c212s13c13 −3s12c12s13 1− 3c212s
2
13


+

∆m2
32

6E

 −1 + 3s2
13 0 3s13c13

0 −1 0
3s13c13 0 −1 + 3c213

 ,

(2)

where cij and sij stand for cos θij and sin θij , respec-
tively. This three flavor vacuum Hamiltonian is equiva-
lent to Eq. (6) in Ref. [81] even though we employ dif-
ferent normalization: Tr Ω(E) = 0. The nonlinear po-
tential of neutrino self interactions first couples to the
second term on the right hand side of Eq. (2) because
|∆m2

32|/∆m2
21 > O(10). From the definition of polar-

ization (Bloch) vectors in a 2 × 2 Hermite matrix [69],
the z-component of the vacuum Hamiltonian in the e−y
sector is obtained by the difference between two diagonal
components in the e− y sector,

Ω(E)ee − Ω(E)yy ∼ −
∆m2

32

2E
cos 2θ13, (3)

where the sign of ∆m2
32 depends on the neutrino mass

hierarchy. If the sign of Dz is positive, Φ0
νe > Φ0

ν̄e , the
positive sign in Eq. (3) is preferable for significant fla-
vor transitions in the e− y sector as shown in two flavor
CNO in the inverted mass hierarchy (∆m2

32 < 0) [42, 69].
We remark that some e− y conversion also appears even
in the normal mass hierarchy (e.g., the slight increase of
Pey within 270 km in FIG.8) if the asymmetry among

neutrino number luminosities Φ0
i (i = νe, ν̄e, νx) is small

enough to induce multiple spectral swaps in the inverted
mass hierarchy [71]. In our explosion model, the asym-
metry of neutrino number luminosity gradually decreases
as shown in the bottom panel of Fig. 2. The e−x conver-
sions in the normal mass hierarchy can be discussed in
the same way as e−y conversions above. Large instabili-
ties would appear in e−x conversions if the z-component
of the vacuum Hamiltonian in the e− x sector,

Ω(E)ee − Ω(E)xx = −∆m2
21

2E

(
cos 2θ12 − cos2 θ12 sin2 θ13

)
+

∆m2
32

2E
sin2 θ13.

(4)

takes positive values. In the inverted mass hierarchy
(∆m2

32 < 0), the sign of Eq. (4) is always negative be-
cause of ∆m2

21 > 0 and |∆m2
32|/∆m2

21 > O(10). How-
ever, Eq. (4) becomes positive in the normal mass hier-
archy (∆m2

32 > 0) if we impose a finite mixing angle θ13

larger than below a critical value

sin2 θ13 >
cos 2θ12

∆m2
32/∆m

2
21 + cos2 θ12

. (5)

This condition may be also applicable in a dense elec-
tron background before MSW resonances, because diag-
onal terms in the matter potential can be canceled out in
a co-rotating frame [42] which moves together with the
non-linear potential of neutrino self interactions. There-
fore, the above criterion may be applicable to a sparse
electron background. Our neutrino mixing parameters
satisfy the above condition. This is also true for more
updated values of neutrino mixing parameters [88]. On
the other hand, Eq. (5) is violated in case of small mix-
ing angle θ13 used in previous studies [71, 72, 81]. This
seems to be a plausible reason why the e− x conversions
in the normal mass hierarchy are discovered in our simu-
lation but not confirmed in Refs. [71, 72, 81]. As shown
in the bottom panel of FIG.3, flavor conversions in the
normal mass hierarchy are easily suppressed in a dense
electron background. Therefore, the e − x conversions
in the normal mass hierarchy would be fragile in more
massive progenitor models. Nevertheless, further studies
are necessary for more robust conclusions.

C. Detectability of the feature of CNO

Next we discuss the detectability of the signatures of

CNO. The neutrino flux at Earth, f
(f)
ν , can be estimated

by Eqs. (23) and (24) of Ref. [50]. In these equations,
the effect of MSW is included and that of Earth effect is
not included. The rotated frame of e− x− y is also used
[81]. For convenience, we summarize the relevant parts.
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For normal mass hierarchy, the equations are

f (f)
νe = s2

13f
(a)
νe + c212c

2
13f

(a)
νx + s2

12c
2
13f

(a)
νy , (6)

f
(f)
ν̄e = c212c

2
13f

(a)
ν̄e + s2

12c
2
13f

(a)
ν̄x + s2

13f
(a)
ν̄y . (7)

For inverted mass hierarchy, the equations are

f (f)
νe = s2

12c
2
13f

(a)
νe + c212c

2
13f

(a)
νx + s2

13f
(a)
νy , (8)

f
(f)
ν̄e = s2

13f
(a)
ν̄e + s2

12c
2
13f

(a)
ν̄x + c212c

2
13f

(a)
ν̄y . (9)

In the above equations, cij and sij stand for cos θij and
sin θij , respectively. We denote our spectrum after CNO

as f
(a)
ν

1.
In the case of inverted mass hierarchy, the anti-

neutrino experience MSW resonances after CNO. At the
high resonance, ν̄e and ν̄y are completely swapped. At
the low resonance, ν̄e and ν̄x are mixed and 70% of the
ν̄e survives. In short, we obtain an approximate equation
from Eq. (9):

f
(f)
ν̄e ∼ 0.7(1− ε)f (o)

ν̄e + (0.3 + 0.7ε)f
(o)
ν̄X , (10)

where the f
(o)
ν represents the “original flux” and ε is the

survival probability of ν̄e just after CNO, i.e., f
(a)
ν̄e =

εf
(o)
ν̄e + (1 − ε)f

(o)
ν̄X . Here conversion between e − y is

assumed. Namely we substituted the following equations

to Eq. (9), f
(a)
ν̄y = (1 − ε)f

(o)
ν̄e + εf

(o)
ν̄X and f

(a)
ν̄x = f

(o)
ν̄X .

This assumption is most valid for the time between 100
ms to 300 ms post bounce. Though e − x and e − y
conversions can be seen during this phase (e.g., FIG. 4),
the e − x effect is not so prominent in intermediate and
high energies relevant for detection.

Roughly speaking, the survival probability of ν̄e af-
ter the occurrence of CNO is 0.3 for E > 15 MeV (see
FIG. 3). Substituting ε = 0.3 into the equations above,

we obtain f
(a)
ν̄e = 0.3f

(o)
ν̄e +0.7f

(o)
ν̄X . This can be confirmed

in the top panel of FIG. 5. Above ∼ 15 MeV, the red

line, f
(a)
ν̄e , is closer to the blue line, f

(o)
ν̄X . From Eq. (10),

we obtain f
(f)
ν̄e = 0.49f

(o)
ν̄e +0.51f

(o)
ν̄X for ε = 0.3. This can

be confirmed in the bottom panel of FIG. 5, where the

red line, f
(f)
ν̄e , sits almost at midpoint between the blue

line, f
(o)
ν̄X , and the green line, f

(o)
ν̄e , for this energy range.

1. Detection Property of ν̄e

The neutrinos that reach Earth can be detected by
neutrino observation facilities. The main interaction for

1 In Ref. [50], f
(a)
ν is denoted as f

(i)
ν , where the superscript (i)

means the “initial flux”. We change the superscript to (a) in
order to avoid confusion with the “original flux” before CNO.
In our study, neutrinos that have not reached the point of high
resonance is labeled as the initial flux that the authors define.
See also Eq. (19) for their definition of the variable [50].

ν̄e is the inverse-beta decay. The event rate of the inverse-
beta decay, dN

dt [1/s], can be evaluated by the following

equation 2:

dN

dt
= Ntar

∫
Eth

FσdE, (11)

where Ntar is the number of the target in the de-
tector, Eth is the threshold energy of the detector,
F [/MeV/cm2/s] is the number flux of neutrino at earth
and σ [cm2] is the cross section of the target to neutri-
nos. The variables in the integral depend on the energy
of the neutrino, E [MeV]. It should be noted that F is
proportional to the inverse square of the source distance.
The fluxes shown in FIG. 5 assume a source distance of
10 kpc, corresponding approximately to the distance to
the Galactic center.

For the case of HK detector, we adopt

Ntar = NA

(
2MH

MH2O

)
ρH2OV, (12)

where V is the volume of the detector, set to 220 kton, NA

is Avogadro constant, and ρH2O is the density of water.

In the equation,
(

2MH

MH2O

)
is the mass fraction of hydrogen

in H2O and equals 2
18 . We use the cross section of σ =

9.77 × 10−44
(

E
1 [MeV]

)2

[cm2]. Including corrections of

order 1/Mp to the cross section and kinematics [89] yields
typically 10–20% reduction in event rates depending on
detection threshold. The threshold energy is set to Eth =
8.3 MeV [90].

Thousand of neutrinos will be detected in every 50 ms
bin if a supernova occurs near the Galactic center. The
event number in 50 ms bins, N , is shown in the top panel
of FIG. 9 in solid lines (the left axis). The definition of
the number is N = dN

dt × ∆t and ∆t = 0.05 [s]. The
error bar of the line, ±δN , is evaluated by Poisson er-
ror, i.e., δN/N = 1/

√
N . The red/blue color represents

the event number with/without CNO. Naively, one may
expect that the with/without CNO scenarios can be dis-
tinguished since their difference is larger than the Poisson
error. However, this neglects other sources of errors com-
ing from our limited knowledge on the progenitor. For
example, it is hard to know the detailed structure of the
stellar core in reality, which strongly affects the neutrino
luminosity [91, 92]. And if the explosion happen in our
Galaxy, the evaluation of its distance is oftentimes dif-
ficult. The distance to the supernova can easily change

2 Here we ignore the dependence of kinetic energy of the scattered
particle in the cross section. In general, we have to take into
account that. For example, in the case of the scattering of neu-
trino and electron, the kinetic energy of the electron should be
considered in the equation. In the case of inverse-beta decay, the
kinetic energy is identically determined and we do not have to
include it explicitly in the equation.
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FIG. 9. Evolution of event number in 50 ms bins (solid lines,
left axis) and the hardness ratio (dotted lines, right axis).
Top: That of HK in the inverted mass hierarchy. A volume
of 220 kton is adopted. Middle: That of HK in the normal
mass hierarchy. Bottom: That of JUNO in the inverted mass
hierarchy. See the text for adopted detector parameters.

the neutrino luminosity [93]. These uncertainties can be
larger than the difference between with/without CNO.

While it may be difficult to distinguish the
with/without CNO scenarios based solely on the event
number, there are ways to circumvent much of the addi-
tional systematic uncertainties. To see the effect of CNO,

we define the hardness ratio, RH/L, following Ref. [94]:

RH/L =
NEc<E

NE<Ec

, (13)

where NEc<E and NE<Ec
are event numbers whose neu-

trino energy is above Ec and below Ec, respectively. The
error of the ratio is given by the following equation:

δRH/L/RH/L =
δNEc<E

NEc<E
+
δNE<Ec

NE<Ec

=
1√

NEc<E

+
1√

NE<Ec

. (14)

This ratio is sensitive to the neutrino average energy and
not sensitive to the integrated flux. That means the error
from the stellar structure and distance of the source does
not strongly affect the ratio.

The evolution of the hardness ratio with Ec = 20 MeV
is shown in the top panel of FIG. 9 in dotted lines (the
right axis). The blue line corresponds the ratio without
CNO. Due to MSW high-resonance, the spectrum of ν̄e
at Earth is exactly that of the original νX . The red line
is depicted with the effect of CNO. CNO changes the
spectrum and some fraction of the original spectrum of ν̄e
remains in the spectrum at Earth. Compare to the case
without CNO, the spectrum with CNO becomes softer
since the average energy of the original ν̄e is lower than
that of the original νX .

When CNO happens, the hardness ratio suddenly be-
comes smaller. This feature is easy to distinguish from
that of without CNO since the ratio naturally tend to
increase as time goes by. The latter trend is seen in the
blue dotted line in the top panel of FIG. 9. During this
phase, the neutron star is shrinking. Then the neutrino
spectrum naturally evolves to become hard as the neutri-
nosphere becomes smaller and the effective temperature
becomes higher. Since the effect of CNO is the opposite
of this generic trend, it can be easily identified. The error
bar of the hardness ratio at 20 kpc source is less than the
difference between the models with and without CNO.
We can distinguish the two models even if we take the
1σ Poisson error into account.

In the case of normal mass hierarchy, the hardness ratio
of ν̄e becomes hard with the effect of CNO. We calculate
the flux at Earth using Eq. (7). An approximate equation
of Eq. (7) is

f
(f)
ν̄e ∼ (0.3 + 0.4ε)f

(o)
ν̄e + (0.7− 0.4ε)f

(o)
ν̄X , (15)

where ε is the survival probability of ν̄e just after CNO
(conversion between e − x is assumed). The event rate
and the hardness ratio with Ec = 20 MeV are given in
the middle panel of FIG. 9. The blue line corresponds
that of without CNO model, i.e., ε = 1. In the normal
mass hierarchy, MSW high resonance does not affect the
spectrum of ν̄e and 70% of ν̄e survives at MSW low reso-
nance (see Eq. (15)). As a result, the spectrum at Earth
is similar to that of the original ν̄e and the hardness ratio
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FIG. 10. Same to FIG. 5 but for the normal mass hierarchy.
The time snapshot of 81 ms is used.

is low. The red lines show the results with CNO. In this
case, CNO decreases the survival probability of ν̄e. The
spectrum of ν̄e at Earth contains a large fraction from
the original νX . As a result, the hardness ratio becomes
higher.

The value of ε can be seen in the bottom panel FIG. 3.
The spectra at 81 ms post bounce is shown in FIG. 10.
In this time, the survival probability, ε, is 0.2 and a large
fraction of the electron anti-neutrinos is converted to x
anti-neutrinos. The top panel of FIG. 10 shows the spec-
tra after CNO (1500 km). The spectrum of electron anti-
neutrino is closer to that of the original ν̄X . After CNO,
the neutrinos experience MSW-low resonance and the x
anti-neutrinos and electron anti-neutrinos are mixed. In
this case, the x anti-neutrino contains a large fraction of
original ν̄e and the electron anti-neutrino spectrum after
MSW-low resonance becomes softer. This is shown in
the bottom panel of FIG. 10. The electron anti-neutrino
spectrum (red curve) is softer than that of that after
CNO (red curve in the top panel of FIG. 10).

At the onset of CNO, we will therefore see a rapid rise
of the hardness ratio. Unfortunately, this leaves from
level of degeneracy with the natural rise of the hardness
due to the evolution of the proto neutrino star. One
would have to compare the rise times of the hardness

ratio to draw a robust conclusion. While the error bar
of the hardness ratio at a source distance of 20 kpc is
smaller than the difference of the models with and with-
out CNO, we have to consider the degeneracy. We con-
clude that the source distance should be less than ∼ 10
kpc to test the presence of CNO. The statistical error will
improve linearly with distance, increasing the potential
to distinguish between models. A statistical statement
will require us to marginalize over the degeneracy stated
above and also work with multiple time bins, which are
beyond the scope of this work, but, e.g., a 3σ statement
should require distances of less than 3.3 kpc.

The value of the hardness ratio depends on the detec-
tor. The event rate and the hardness ratio of JUNO are
given in the bottom panel of FIG. 9. Since the energy
threshold of JUNO is lower than HK, JUNO can capture
low energy neutrinos. Reflecting that feature, the value
of the hardness ratio becomes low compared to that of
HK. However, the overall features are not so different.
Due to the smaller volume of JUNO, the statistical er-
rors are comparable to the difference between the with
and without CNO predictions, showing the source dis-
tance should be less than some 5 kpc to distinguish the
effect of CNO. We use Eq. (11) to evaluate the event
number. We assume that JUNO is a 20 kton detector
[95]. First we evaluate the event rate in KamLAND and
later multiply a factor coming from the volume difference
of (20/0.7) to obtain the rate in JUNO. The number of
target proton in KamLAND, Ntar, is 5.98×1031 for each
0.7 kton, fiducial volume [96]. It should be noted that
KamLAND uses dodekan and the density and mass ratio
for H2O cannot be applied. The cross section is same as
that of HK. The energy threshold is 1.8 MeV.

2. Detection Property of νe

CNO is also expected in the electron neutrinos, where
the oscillation property is as interesting as that of elec-
tron anti-neutrinos. Although it is difficult to detect
larger numbers of clean νes with detectors currently in
operation, the future large-volume liquid argon detector,
DUNE, is expected to change this. To prepare for this
era, we next predict the oscillation property in νe.

The top panel of FIG. 11 shows the spectrum in the
case of the inverted mass hierarchy. After CNO, the neu-
trinos experience the MSW low resonance, and 30% of
the νe survives. From Eq. (8),

f (f)
νe ∼ 0.3εf (o)

νe + (1.0− 0.3ε)f (o)
νX , (16)

where ε is the survival probability just after CNO (e− y
conversion is assumed). MSW low resonance significantly
makes the fraction of the original νe at Earth lower: if
CNO does not happen, the fraction is maximum at 30%
and CNO makes the fraction lower. The bottom panel
of FIG. 11 shows the spectrum at Earth. The spectrum
(red curve) almost looks like that of original νX (blue
curve).
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FIG. 11. Same as FIG. 5, but for electron neutrinos. Note
that in both panels, the horizontal axis is logarithmic for
E < 15 MeV and liner for E > 15 MeV in the both pan-
els (indicated by the vertical dashed line).

For normal mass hierarchy, we obtain an approximate
formula from Eq. (6) by similar analysis as above:

f (f)
νe ∼ (0.7− 0.7ε)f (o)

νe + (0.3 + 0.7ε)f (o)
νX , (17)

where ε is the survival probability just after CNO (e− x
conversion is assumed).

The νe emitted in the supernova can be detected in
large numbers. Of the existing and planned neutrino de-
tectors, DUNE is the primary detector with an expected
high-statistics, clean νe signal [97]. We use the cross sec-
tion of the primary charge-current interaction on liquid
argon, νe + 40Ar → e− + 40K∗ based on the random
phase approximation scheme of Ref. [98]. Using Eq. (11)
we compute the event rates due to this reaction. We
evaluate the number of the target nuclei taking DUNE’s
total fiducial volume to be 40 kton. We adopt a detection
threshold of 5 MeV νe energy and for simplicity assume a
detection efficiency of 100%. The true threshold and effi-
ciency remain to be determined. In reality, the supernova
neutrino’s low energy means that the interaction prod-
ucts may only leave stub-like tracks and blips in the liquid
argon time-projection chamber; also, the signal may be
vulnerable to radioactive and cosmogenic backgrounds
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FIG. 12. Event number and hardness ratio in 50 ms bins, both
for νe detected by DUNE. Note that a lower Ec is adopted
that in FIG. 9. Top: the case of inverted mass hierarchy and
a source distance of 2 kpc. Bottom: the case of normal mass
hierarchy and a source distance of 8 kpc.

[99]. More work is ongoing to understand the efficiency
as a function of detector configuration. We estimate the
number of events in 50 ms bins and the hardness ratio
with Ec = 15 MeV, and show their time evolutions in
FIG. 12.

In the case of inverted mass hierarchy, the spectrum of
νe becomes hard after CNO. In the top panel of FIG. 12,
the blue (red) line is the event number and the hardness
ratio without (with) CNO. Equation (16) shows that the
CNO decreases the fraction of original νe in the spec-
trum at Earth and increases the fraction of original νX .
As a result, the spectrum becomes hard after CNO hap-
pen. That feature appears before 281 ms. In the later
explosion phase, such as 331 and 381 ms, however, x− y
mixing after e − y conversion as shown in bottom panel
of FIG. 4 occurs actively in the neutrino sector. Such
prominent three flavor mixing makes the hardness ratio
of νe small in the inverted mass hierarchy. This behavior
can be explained by considering the survival probability
η in the x− y conversions. The final νe flux on Earth is
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described by

f (f)
νe ∼ [0.3ε+ 0.7(1− η)(1− ε)]f (o)

νe

+ [1.0− 0.3ε− 0.7(1− η)(1− ε)]f (o)
νX ,

(18)

which reproduces Eq.(16) under the two flavor limit in
e − y sector (η → 1). As shown in Eq.(18), three flavor
mixing (0 ≤ η < 1) increases the fraction of original νe
which prevents hard νe spectrum at Earth. To make the
error bar of the hardness ratio smaller than the model
difference, the source distance should be less than ∼ 2
kpc.

On the other hand, CNO makes the spectrum soft in
the case of normal mass hierarchy regardless of three fla-
vor mixing. The bottom panel of FIG. 12 shows the time
evolution of event rate and the hardness ratio for the nor-
mal mass hierarchy. The blue line is without CNO, i.e.,
ε = 1 in Eq. (17). Here, the survival probability of νe
at Earth is 0 by the MSW high resonance. CNO cancels
the effect of the MSW high resonance. Then the survival
probability become finite and at most 70% (see Eq. (17)
and substitute ε = 0). Although the MSW low resonance
also decreases the survival probability, still a fraction of
the original νe remains at Earth. This makes the spec-
trum soft. Since the amplitude of this softening is large
compared to the error bar of the hardness ratio, the sta-
tistical errors remain smaller than the model difference
out to source distance of ∼ 8 kpc.

Compared to the case in HK, we need closer source
distance to distinguish the effect of CNO in DUNE. The
larger statistical error originates from the smaller NE<Ec

.
Since we do not optimise the value of Ec here, changing
the value of Ec could decrease the error in the future
studies.

3. Synergistic observation

We summarize the effect of CNO in Table I. In the case
of the inverted mass hierarchy, the ν̄e spectrum without
CNO is hard since the original-νX spectrum is observed
at Earth (see the second column of the third row). The
spectrum becomes soft if CNO takes place (see the third
column of the third row). On the other hand, the spec-
trum of νe is soft before the occurrence of CNO (see
Eq. (16)). Here, CNO makes the spectrum hard before
the three flavor mixing in CNO is switched on. After
the non-linear three flavor mixing, the fraction of origi-
nal νe increases and the spectrum becomes soft (see third
column of the fourth row). To warn of this complicated
behavior, we add a ∗ mark in the table.

The role of CNO in the normal mass hierarchy has the
opposite effect as in the inverted mass hierarchy. Namely,
the soft spectrum of ν̄e becomes harder with the onset of
CNO. The CNO make the hard spectrum of νe softer.
These are summarized in the last two columns of table I.

Interestingly, the effect of CNO is such that when the
spectrum of ν̄e is harder, that of νe is softer. This means

synergistic observations of ν̄e and νe would be valuable to
look for the occurrence of CNO. In this respect, the result
from HK and DUNE will complement reach other very
strongly. The horizon for joint observation appears to be
slightly smaller than 10 kpc. For example, DUNE may
capture the onset of CNO in the inverted mass hierarchy
for sources closer than ∼ 2 kpc (see top panel of FIG. 12).

Hierarchy Inverted Inverted Normal Normal
CNO Off On Off On

ν̄e spectrum Hard Soft Soft Hard
νe spectrum Soft Hard∗ Hard Soft

TABLE I. Summary of the effect of CNO. See text for the
meaning of ∗.

IV. SUMMARY AND DISCUSSION

We performed neutrino radiation hydrodynamic simu-
lation of a 8.8 M�progenitor and used the profile of the
simulation to investigate the impact of collective neu-
trino oscillation (CNO) on the detected neutrinos on
Earth. We considered Hyper-Kamiokande (HK), JUNO,
and DUNE, and evaluated detectability defining a hard-
ness ratio of the observed neutrino spectra. Our findings
are summarized as follows.

• CNO happens after 100 ms after bounce; it is sup-
pressed by matter induced decoherence before this
time. The dilute envelope structure of the progen-
itor is the main reason for such an early emergence
of CNO. The precise time can be affected by the
spectral shape.

• In the case of inverted mass hierarchy, the spec-
trum of ν̄e becomes softer after CNO sets in. The
hardness ratio that we defined in Eq. (13) is help-
ful to identify the onset of the CNO effect. HK can
distinguish this effect when the supernova happens
within a distance of ∼ 10 kpc.

• In the case of normal mass hierarchy, the spectrum
of νe becomes softer after CNO happens. DUNE
can distinguish this effect when the supernova hap-
pens within a distance of ∼ 10 kpc.

• If the spectrum of ν̄e becomes softer due to CNO,
the spectrum of νe becomes harder (and vice versa).
This provides a synergistic opportunity to combine
the ν̄e and νe from HK and DUNE as a valuable
method to test the occurrence of CNO.

There are several limitations in this study. First, we
finished our hydrodynamic simulations at 331 ms after
bounce, since the density of the envelope becomes too
low and protrudes the region of our tabulated EoS. Due
to that, we cannot investigate how long this CNO con-
tinues. Second, for the neutrino oscillation part, we have
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not included the effect of the neutrino-nucleon interac-
tions [100], the feed back of the oscillation to the hydro-
dynamics [101], the effect of the halo [102, 103], multi-
azimuthal-angle instability [104], fast flavor conversion
[105–108] and non-standard neutrino self-interactions
[109, 110], all of which can affect the resulting patterns.
More studies will be needed to elucidate their effects and
to draw robust conclusions about their detectability and
differentiation.
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Physical Review Letters 108, 061101 (2012).

[50] M.-R. Wu, Y.-Z. Qian, G. Mart́ınez-Pinedo, T. Fischer,
and L. Huther, Physical Review D 91, 065016 (2015).

[51] B. Dasgupta, E. OConnor, and C. D. Ott, Physical
Review D 85, 065008 (2012).

[52] H. Sasaki et al., Physical Review D 96, 043013 (2017).
[53] M. Zaizen, T. Yoshida, K. Sumiyoshi, and H. Umeda,

Phys. Rev. D98, 103020 (2018), 1811.03320.
[54] C. J. Horowitz, O. L. Caballero, Z. Lin, E. O’Connor,

and A. Schwenk, Physical Review C 95, 1 (2017).
[55] C. J. Horowitz, Physical Review D 65, 043001 (2002).
[56] K. Kotake, T. Takiwaki, T. Fischer, K. Nakamura, and

G. Mart́ınez-Pinedo, The Astrophysical Journal 853,
170 (2018).

[57] E. OConnor et al., Journal of Physics G: Nuclear and
Particle Physics 45, 104001 (2018).

[58] K. Nakamura et al., Monthly Notices of the Royal As-
tronomical Society 461 (2016).

[59] H. Sotani and T. Takiwaki, Physical Review D 94,
044043 (2016).

[60] K. Nakamura, T. Takiwaki, T. Kuroda, and K. Kotake,
Publications of the Astronomical Society of Japan 67,
107 (2015).

[61] A. Mignone, Journal of Computational Physics 270,
784 (2014).

[62] E. F. Toro, M. Spruce, and W. Speares, Shock Waves
4, 25 (1994).

[63] J. M. Lattimer and F. Douglas Swesty, Nuclear Physics
A 535, 331 (1991).

[64] M. Liebendörfer, S. C. Whitehouse, and T. Fischer, As-
trophysical Journal 698, 1174 (2009).

[65] K. Nomoto, The Astrophysical Journal 277, 791 (1984).
[66] K. Nomoto, The Astrophysical Journal 322, 206 (1987).
[67] N. Tominaga, S. I. Blinnikov, and K. Nomoto, The

Astrophysical Journal 771, L12 (2013).
[68] F. S. Kitaura, H.-T. Janka, and W. Hillebrandt, As-

tronomy & Astrophysics 450, 345 (2006).
[69] G. L. Fogli, E. Lisi, A. Marrone, and A. Mirizzi, JCAP

0712, 010 (2007), 0707.1998.
[70] B. Dasgupta, A. Dighe, G. G. Raffelt, and A. Yu.

Smirnov, Phys. Rev. Lett. 103, 051105 (2009),
0904.3542.

[71] B. Dasgupta, A. Mirizzi, I. Tamborra, and R. Tomas,
Phys. Rev. D81, 093008 (2010), 1002.2943.

[72] A. Mirizzi and R. Tomas, Phys. Rev. D84, 033013
(2011), 1012.1339.

[73] H. Duan and A. Friedland, Phys. Rev. Lett. 106, 091101
(2011), 1006.2359.

[74] S. Birol, Y. Pehlivan, A. B. Balantekin, and T. Kajino,
Phys. Rev. D98, 083002 (2018), 1805.11767.

[75] A. Esteban-Pretel, S. Pastor, R. Tomas, G. G. Raffelt,
and G. Sigl, Phys. Rev. D76, 125018 (2007), 0706.2498.

[76] I. Tamborra, B. Müller, L. Hüdepohl, H.-T. Janka, and
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Appendix A: Dependence of position of
neutrinosphere

In our simulations, we employ the single-bulb model
and use a fixed neutrinosphere radius of R = 30 km irre-
spective of the postbounce time [42]. We should keep in
mind that, originally, the neutrinosphere radius depends
on the explosion time, as well as the neutrino energy and
neutrino species. Further study is required to consider
all of these effects on the CNO. Some previous works
[111–113] employ a multi-bulb model which incorporates
the flavor dependence in the neutrinosphere. Here, we
show the impacts of the neutrinosphere radius, keeping
to the simple bulb model but by changing the radius
of the neutrinosphere from 30 km to 50 km. Since the
neutrinosphere radius continues to shrink with post
bounce time, our simple demonstration is helpful to
understand the uncertainty caused by the time-evolution
of the neutrinosphere.

FIG. 13 shows the evolution of survival probabilities
of ν̄e in the inverted mass hierarchy at 181 ms. In this
explosion epoch, CNO can be regarded as two flavor os-
cillations in the e− y sector because of the decoupling of
the x type neutrinos. The onset of CNO is 455 (570) km
in case of R = 30 (50) km, respectively. Such delayed
non-linear effects in the large neutrinosphere radius is
well explained by the relation between the neutrinosphere
radius and instability radius: rinst ∝ R1/2 [73]. In multi-
angle simulations, significant non-linear flavor transitions
occur when the dispersion of nonlinear self interactions
are comparable with that of vacuum Hamiltonian [73].

Final values of survival probabilities after CNO
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(r > 1000 km) are also sensitive to the neutrinosphere
radius. Flavor mixings in the larger neutrinosphere
(R = 50 km) are more prominent than in the smaller
radius model (R = 30 km). The strength of the matter
potential is smaller in the outer region because of
decreasing baryon density. The angular dispersion in the
matter potential [73, 82] does not suppress the coherence
of non-linear flavor transitions if the onset of flavor
transitions is delayed. Therefore, CNO occurs more
actively in the large neutrinosphere model. A spectral
swap after CNO can be seen in FIG. 14. The spectra
of electron antineutrinos in both models are similar in
low energy region (E < Ec = 20 MeV). However, at
high energies (E > Ec), the spectrum of ν̄e is slightly
closer to the original spectrum of ν̄X in the R = 50
km model compared with the R = 30 km model. This
enhanced spectral swap reflects active non-linear flavor
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transitions without suffering from strong multiangle
matter suppression as shown in FIG. 13. Such increased
energetic ν̄e in the R = 50 km model makes the hardness
ratio of ν̄e softer, which would be helpful to distinguish
the effect of CNO.

So far, we have shown the result of CNO at 181 ms by
imposing R = 50 km, but properties of delayed CNO as
confirmed in FIGs. 13,14 are also common in other explo-
sion phases. The neutrinosphere radius becomes smaller
as the explosion proceeds. Therefore, it seems that the
hardness ratio of ν̄e as shown in FIG. 9 tends to be softer
(harder) in earlier (later) explosion phases, respectively,
if we consider the time-evolution of the neutrinosphere
radius. In the normal mass hierarchy, the hardness ratio
of νe would show such a trend.

FIG. 15. Same as FIG. 3, but with non-degenerate Fermi
Dirac distributions for the initial neutrino spectra.

Appendix B: Fermi Dirac spectra

In this appendix, we show the neutrino oscillation
properties using non-degenerate Fermi-Dirac (FD) spec-
tra as the initial spectra. While we adopted a Gamma

distribution [76] as the initial spectra in the main body of
this paper, another popular choice is the FD distribution
[69]. The initial neutrino spectra at the neutrinosphere
is set with αi = 2 in Eq. (1) and only the mean average
energy of neutrinos are used to define the spectra (see
middle panel of FIG. 2 for the mean average energies).

The biggest difference from the Gamma distribution is
the time of onset of CNO. FIG. 15 shows the survival
probabilities as functions of time and neutrino energy.
The top panel is for the inverted mass hierarchy. In this
case, CNO appears about 200 ms after bounce, which
is 100 ms longer than the Gamma spectra (compare top
panels of FIGs. 3 and FIG. 15).

The delayed commence of CNO features with the FD
spectrum also appears in the normal mass hierarchy. The
bottom panel of FIG. 15 shows the survival probabilities
as functions of time and neutrino energy in the case for
the normal mass hierarchy. CNO features first appear
at about 300 ms while the corresponding in the case of
Gamma distribution is 100 ms (see the bottom panel of
FIG. 3).
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FIG. 16. Same to FIG. 9 but for the FD initial spectra. Dif-
ferent from FIG. 9, the result for JUNO is omitted. Note that
the source distance is assumed to 10 kpc while 20 kpc is used
in FIG. 9.

Furthermore, we evaluate the predicted event rate at
HK and the hardness ratio in the case of FD spectra.
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The spectrum at Earth can be obtained by Eq. (9). The
predicted event number and the hardness ratio are cal-
culated by Eq. (11) and Eq. (13), respectively. FIG. 16
shows the time evolution of event number and the hard-
ness ratio in 50 ms bin.

CNO makes the spectrum of ν̄e at Earth softer in the
inverted mass hierarchy. In the top panel of FIG. 16,
the hardness ratio drops after the onset of CNO. This
is qualitatively the same as for the Gamma distribution
initial spectra (see top panel of FIG. 9). Quantitatively,
the impact of CNO with the FD spectra is smaller since
the initial spectrum of ν̄e is more similar to that of ν̄X .
The hardness ratio drops only ∼ 0.5 in the FD case. By
comparison, in the case of the Gamma distribution, the
impact is more significant and the drop is ∼ 1.0 (see top
panel of FIG. 9).

On the other hand, in the case of the normal mass
hierarchy CNO makes makes the spectrum of ν̄e at Earth
harder. The bottom panel of FIG. 16 shows the evolution
of the hardness ratio. In this case, the rise of the hardness
ratio is ∼ 1.0 at 300 ms and the impact is similar to that
of the Gamma distribution spectra (see middle panel of
FIG. 9).
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FIG. 17. Same to FIG. 12 but for the FD initial spectra.

As in the main body of this article, we can also cal-
culate CNO of νe using the FD initial spectra, and eval-
uate the events rate in DUNE. The results are shown
in FIG. 17. In the inverted mass hierarchy, the spec-
trum at Earth becomes harder when CNO starts. That
is essentially the same as the results with the Gamma
distribution spectrum (see the top panel of FIG. 12).
Similar to ν̄e, the impact of CNO is smaller compared
to the Gamma distribution spectrum since the spectral
shapes of νe and νX are more similar with each other
when adopting the FD initial spectra. The rise of the
hardness ratio due to CNO is ∼ 2 at 231 ms with the FD
spectra and ∼ 4 with the Gamma spectra. The results for
the normal mass hierarchy is shown in the bottom panel
of FIG. 17. Here, CNO decreases the hardness ratio of
νe. Similar to the inverted mass hierarchy, the impact of
CNO with the FD spectra is smaller compared to that
with the Gamma spectra.


