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Core-collapse supernovae undergoing a first-order quantum chromodynamics (QCD) phase transition

experience the collapse of the central protoneutron star that leads to a second bounce. This event is

accompanied by the release of a second neutrino burst. Unlike the first stellar core bounce neutrino burst,

which consists exclusively of electron neutrinos, the second burst is dominated by electron antineutrinos.

Such a condition makes QCD supernovae an ideal site for the occurrence of fast neutrino flavor conversion

(FFC), which can lead to rapid flavor equilibration and significantly impact the related neutrino signal. In this

work, we perform a detailed analysis of the conditions for fast flavor instability around and after the second

neutrino burst in QCD phase-transition supernova models launched from 25M⊙ and 40M⊙ progenitor

models. We evaluate the relevant instability criteria and find two major phases of FFC. The first phase is

closely associated with the collapse and the rapidly expanding shock wave, which is a direct consequence of

the protoneutron star collapse due to the phase transition. The second phase takes place a few milliseconds

later when electron degeneracy is restored near the protoneutron star surface.We also characterize the growth

rate of fast flavor instability and estimate its impact on the evolution of the neutrino flavor content. The

potential observational consequences on neutrino signals are evaluated by comparing a scenario assuming

complete flavor equipartition with other scenarios without FFC. Finally, we investigate how FFC may

influences r-process nucleosynthesis associated with QCD phase-transition-driven supernova explosions.

DOI: 10.1103/xl2w-dfzv

I. INTRODUCTION

Stars with zero age main sequence masses exceeding

approximately 8 − 9M⊙ are the progenitors of core-col-

lapse supernovae (SNe), which undergo stellar core col-

lapse at the end of their lives. The collapse halts with the

core bounce that leads to the formation of a hydrodynamic

shock wave, when normal nuclear matter density is

reached. This bounce shock expands rapidly but suffers

from energy losses owing to the dissociation of nuclei in

infalling material, from the still-collapsing outer layers of

the stellar core, and neutrino emission. The latter are related

to the shock propagation across the neutrinospheres of last

scattering, which releases a burst of electron neutrinos on

the order of 5–25 ms after core bounce. These energy losses

turn the expanding bounce shock into an accretion front.

The further evolution of this shock is driven by neutrino

heating and cooling in the postshock layers. The eventual

revival of the stalled bounce shock, due to the liberation of

energy from the interior of the protoneutron star (PNS),

which formed at core bounce, on the order of several

1053 erg of gravitational binding energy gain, is the key

subject of the supernova problem, i.e., the central engine

that results in massive star explosions. Pertaining to the
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question of how to revive the stalled shock, multiple

mechanisms have been proposed, including the standard

delayed-neutrino heating mechanism [1,2] and the mag-

netorotational SN [3]. Besides these, an additional mecha-

nism has been proposed in Refs. [4–6], which involves a

first-order quantum chromodynamics (QCD) phase tran-

sition from hadronic matter to deconfined quark matter.

The transition from hadronic to quark matter at supra-

nuclear density leads to the softening of the equations of

state (EOS). As a result, the PNS core undergoes a

supersonic collapse, and a second shock is launched when

the quark core bounces back. A large amount of latent heat

is released during the phase transition and can drive a

successful SN explosion once the second shock takes over

the standing accretion shock from stellar core bounce,

leaving behind a significantly more compact PNS with a

quark core. Numerous simulations for QCD phase-tran-

sition SNe have been performed in recent years [7–15],

which exhibit various features different from the standard

neutrino-heating SNe.

One important consequence is that the conditions in

QCD phase-transition-driven SN explosions, i.e., rapidly

expanding matter featuring a large neutron excess followed

by the slower high-entropy neutrino-driven wind (NDW),

enable the rapid neutron capture process (r process) to

produce elements beyond the second r-process peak

(atomic number Z ∼ 50). Traditionally, the r process was

associated with the NDW in canonical PNS that result from

neutrino-driven SN explosions [16–19]. Improved micro-

physics, including updated weak rates employed in self-

consistent SN simulations, which are based on three-flavor

Boltzmann neutrino transport, yield the nucleosynthesis of

light neutron-capture elements with a sharp drop of the

abundances beyond atomic number Z > 45 [20–24]. In

contrast, the QCD SN gives a wider variety of nucleosyn-

thesis conditions of the material ejected at different phases

[8,11,25]. Three types of ejecta have been classified: direct

ejecta, intermediate ejecta, and NDW. The direct ejecta

follow the second shock and expand at relativistic veloc-

ities. The expansion is fast enough such that weak

processes can only partly change the composition, i.e.,

reducing the neutron excess. The material that fails to be

directly ejected falls back toward the PNS at an inter-

mediate time stage. Before accretion onto the PNS surface,

the neutrino energy deposition renders their reejection.

Simultaneously, the very same process also reduces the

neutron richness of the intermediate ejecta, i.e., electron

neutrino and antineutrino absorptions on neutrons and

protons. In the last phase, NDW is launched from the

PNS surface. With a more compact PNS, the typical

entropy of NDW at a timescale of seconds is much higher

than that of the canonical wind, since the NDW entropy

depends sensitively on the mass-to-radius ratio of the

nascent PNS [19]. The large neutron excess in direct ejecta

and the high-entropy NDW create suitable conditions for

the strong r process to take place, with the production of

nuclei beyond the third r-process peak at mass number

A ∼ 190, including the actinides.

Another prominent feature of QCD phase-transition-

driven SNe is a millisecond burst neutrino signature

associated with the propagation of the second shock across

the neutrinospheres of last scattering [7,11–13,15]. While

this millisecond burst is mainly dominated by ν̄e, other

species are also largely present, making it an ideal detection

target for current and future generations of large-scale

neutrino detectors capable of detecting different flavors

[26]. The expected neutrino event rate during the milli-

second burst could be one order of magnitude larger than

that before or after the burst. A detection of such a burst

would not only reveal the occurrence of phase transition in

SN cores, but also provide an opportunity to probe other

aspects through multimessenger observations, including,

e.g., the improved determination of the position of galactic

SNe with triangulation using the pinpointed timing of the

burst [27] and the correlated analysis between gravitational

waves and the modulation of neutrino events [9,13,28].

There can be interesting implications of QCD phase

transition in other astrophysical environments as well

(e.g., [29–31]).

To fully understand the aforementioned features of QCD

SNe, an accurate treatment of neutrino radiation transport is

essential. In particular, the antineutrino-dominated burst

and the associated neutrino signal as well as the nuclear

composition in the ejecta above the PNS all depend on the

modeling of neutrino transport. However, despite the

implementation of six-species Boltzmann neutrino trans-

port, there is one incompletely understood but important

aspect of neutrino physics in current SN simulations,

namely, the so-called fast flavor conversion (FFC), which

are triggered by fast flavor instability (FFI); for recent

reviews, see Refs. [32,33]. When FFC occur, neutrinos

propagating in different directions and carrying opposite

electron-minus-heavy-flavor lepton number (νELN) can

transform their flavors at an extremely rapid rate within a

timescale of less than a nanosecond. While FFI was

identified only in very limited domains in spherically

symmetric neutrino-driven SN simulations [34], its more

general existence in various regions was found in multi-

dimensional SN and neutron star merger simulations [34–51].

The main reason that limits the FFI condition in spherically

symmetric canonical SNe [52–54] is the dominant emis-

sion of νe over ν̄e due to the deleptonization. It is natural to

wonder whether the ν̄e-dominated emission associated with

the release of the second neutrino burst in QCD phase-

transition-driven SNe can relax this constraint, leading to

general presence of FFI in such events. This motivates the

investigation of the FFI characteristics and their implica-

tions in QCD SNe.

In this work, we examine the occurrence condition of

FFI in a QCD SN model provided by [15]. We use this
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model as an example to present the basic features of the FFI

during the first few tens of milliseconds after the second

bounce, associated with the formation of the second shock

as a consequence of the first-order QCD phase transition

and subsequent PNS collapse, and explore their potential

impact on the neutrino signal and nucleosynthesis in the

direct ejecta. This paper is organized as follows. We

describe the evolution of key thermal quantities in the

QCD phase-transition SNe in Sec. II and relevant aspects of

the neutrino emission and transport in Sec. III. We present

detailed properties associated with the FFI and discuss its

potential implications in Sec. IV. Finally, we summarize

our conclusions in Sec. V. We adopt natural units with

ℏ ¼ c ¼ kB ¼ 1 throughout the paper.

II. NEUTRINO-RADIATION HYDRODYNAMICS

SIMULATIONS

We perform a self-consistent simulation of a SN explo-

sion that features an early first-order QCD phase transition.

In this section, we review the SN model and recap the

evolution toward and across the phase transition.

A. Core-collapse supernova model

The SN simulation is performed with AGILE-BOLTZTRAN,

which is based on spherically symmetric general relativistic

neutrino radiation hydrodynamics in comoving coordi-

nates [55–59], including six-species Boltzmann neutrino

transport assuming ultrarelativistic particles [60,61]. The

equations of radiation hydrodynamics are solved on an

adaptive baryon mass mesh [62,63], for which 207 radial

grid points are used for the current simulation. The

Boltzmann neutrino transport equation is solved using

the discrete-ordinate method. The neutrino phase space is

discretized with respect to the lateral momentum angles

cos θ∈ f−1;þ1g using six-point Gauss quadrature and to

the neutrino energy E∈ f3; 300g MeV using 24 bins

following the setup in Refs. [57,64]. The set of nonmuonic

weak interactions considered here can be found in Table I

in Ref. [15], with the references given therein. Because

muonic weak processes are omitted here, muon and tau

flavors are indistinguishable and are collectively denoted

by “x” even if they are treated separately in AGILE-

BOLTZTRAN. No neutrino oscillations are taken into

consideration in the SN model.

AGILE-BOLTZTRAN has a flexible EOS module that can

handle a variety of nuclear matter EOS [65–67,67,68],

including the presence of hadronic strange resonances [69],

and those including exotic phases at high density and

temperature [6,7,70,71]. The subsaturation density EOS is

based on the modified nuclear statistical equilibrium model

in Ref. [72], featuring several thousands of nuclear species

and including an approximate treatment of excited states.

For the low-density and low-temperature regime with

T < 0.45 MeV, a silicon-gas approximation is used for

the baryons, including Coulomb contributions. Further

contributions from electrons, positrons, and photons are

also added at all conditions based on Refs. [73,74].

The hadronic-quark hybrid EOS used in this study is

RDF-1.9 [75], featuring the DD2 hadronic EOS based on

the relativistic mean field parametrization [76], with

density-dependent nucleon-meson couplings. At high

density and temperatures, RDF-1.9 takes into account a

first-order phase transition to deconfined quark matter,

based on a phase-transition construction following the

Maxwell approach. The quark matter phase is modeled

using the string-flip EOS, derived from a certain trunca-

tion from the QCD gap equations and expressed in the

relativistic density functional (RDF) framework [77].

Specifically, the RDF-1.9 model features a low onset

density, compared to other RDF models from the catalog

of Ref. [75]. For T ¼ 0, we have an onset density for quark

matter of ρonset ¼ 4.6 × 1014 g cm−3, and for entropy per

particle s ¼ 3 we have ρonset ¼ 3.3 × 1014 g cm−3 [15].

The simulation discussed below is launched from the

stellar progenitor star with zero-age main sequence mass of

25M⊙ and solar metallicity, from the stellar evolution series

of Ref. [78]. Henceforth, the present investigation of the

selected model is denoted as s25a28 RDF-1.9. The sim-

ulation extends to a postbounce time of tpb ¼ 378 ms and

leads to a successful explosion driven by the first-order

QCD phase transition with a diagnostic breakout energy of

1.45 × 1051 erg. With this model, the phase transition

occurs earlier than for all other models with different

RDF EOS from the same progenitor star (further details

can be found in Ref. [15]). The second bounce following

the phase transition occurs at tpb ¼ 343 ms, which we

denote as the post-second-bounce time tp2b ¼ 0. The PNS

has an enclosed mass of aboutMPNS ¼ 2.0M⊙ with a quark

matter core of Mquark ¼ 1.72M⊙. This is below the maxi-

mummass that can be supported by the corresponding EOS

at the phase-transition onset to avoid collapsing into a black

hole (see Table 2 in Ref. [15]).

B. Evolution across QCD phase transition

The evolution of the rest-mass density ρ is shown in

Figs. 1(a) and 1(b), including first and second bounces.

The black dashed curve marks the PNS surface at

ρ ¼ 1011 g cm−3. Other dashed curves denote the radii

of neutrinospheres averaged over the full neutrino phase

space, following the setup in Ref. [79]. The first shock is

immediately launched after the first core bounce, resulting

in enhanced electron captures on shock-dissociated pro-

tons, leading to the well-studied emission of the νe burst of

∼5–25 ms. Afterward, all neutrinospheres and the PNS

start to shrink, while the shock continues to propagate

outward up to a radius of ≃140 km at tpb ≃ 70 ms. Without

QCD phase transition, the continuous shock retreat in

spherically symmetric supernova simulations with the

OCCURRENCE OF FAST NEUTRINO FLAVOR … PHYS. REV. D 112, 063024 (2025)

063024-3



s25a28 progenitor model will result in the formation of a

black hole once the accumulated PNS mass exceeds the

maximum mass for stable configurations [80–82]. The

infalling material falls onto the standing shock, whose

radius reduces to r ≃ 70 km at the moment before the QCD

phase transition. Meanwhile, all neutrinosphere radii as

well as the PNS radius, defined at ρ ¼ 1011 g cm−3, also

decrease to around 30–40 km right before the phase

transition takes place.

After the phase transition is triggered, the PNS starts to

undergo an adiabatic supersonic collapse. As a direct

consequence, a second hydrodynamic shock is launched

and propagates outward with a relativistic velocity of

around 60% of the speed of light. The shock quickly

reaches a radius of more than a few hundred kilometers in a

few milliseconds. The material at the PNS surface is

reheated by the shock passage and emits an intense and

anisotropic flux of neutrinos of all flavors. The neutrino-

sphere radii of νe and heavy lepton neutrinos νx extend to

∼80 km at maximum, while the maximum value is∼70 km

for ν̄e [see Figs. 1(a) and 1(b)]. After ∼2 ms, the post-

shocked material ahead of the PNS falls back again, which

launches another weaker shock wave with moderately

relativistic velocities on the order of a few percent of the

speed of light. At the same time, the PNS surface and the

neutrinosphere radii undergo a phase of acoustic oscilla-

tions with a damped amplitude until tpb ≃ 350 ms. Most

material above the PNS is ejected following the launch of

these shocks. After tpb ¼ 350 ms, the density profile above

the PNS surface steepens so that the neutrinosphere radii

retreat back toward the compact PNS surface at ∼20 km.

The evolution of entropy per particle, s, and electron

fraction, Ye, around the second core bounce are shown in

Figs. 1(c) and 1(d), respectively. For convenience, we use

the post-second-bounce time tp2b here as well as for the rest

of the paper. As the second bounce shock carries a

significant part of the gravitational binding energy asso-

ciated with the second collapse and latent heat released

from the first-order QCD phase transition, the material

above the bounced core is substantially heated up due to the

shock passage. In the postshock layers, a thin shell is

characterized by unusually high entropy s≳ 100, as indi-

cated by the red color in Fig. 1(c), with a moderately

neutron-rich composition with Ye ≃ 0.35. This thin shell is

followed by more neutron-rich ejecta with Ye ≃ 0.2 at

minimum. The low Ye values of these ejecta, which

originally reside at the PNS interior at higher densities,

are due to their extremely rapid expansion that limits

FIG. 1. Radial evolution of selected quantities for the reference SN model s25a28 RDF-1.9, showing the rest-mass density ρ (a),(b),

the entropy per particle s (c), and the electron fraction Ye (d), with respect to the postbounce time tpb (top panels) and post-second-

bounce time tp2b (bottom panels). Black, blue, red, and cyan dashed curves in (a) and (b) show the radii of PNS, νe-, ν̄e-, and νx-spheres,

respectively.
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neutrino exposures and prevents Ye from reaching values

near weak equilibrium. These ejecta are represented by the

region with yellow-to-orange colors in Fig. 1(d). In

contrast to the preceding high-entropy ejecta, these

subsequent ejecta have lower entropy s ≃ 10–20, which

is still higher than their original entropy inside the PNS

prior to the second collapse. Both components constitute

the direct ejecta.
On a longer timescale of several tens of milliseconds

after the second bounce, neutrinos begin to play an

important role in heating the intermediate ejecta and
reshaping the matter composition, partly due to their slower
expansion timescale. Neutrinos deposit energy into the
ejecta and increase the entropy continuously, to values of
s ∼ 30–40 for the region between radii of ∼30–150 km

after tp2b ∼ 10 ms. After this phase, the continuous NDW

outflow takes over. At tp2b ≳Oð100Þ ms, the entropy in the

NDW whose Ye ≲ 0.5 exceeds s ≃ 100, significantly

higher than in canonical SN explosion models, due to
the greater compactness of the PNS [19].

In addition to the general features discussed above, Fig. 2

shows the radial profiles of rest-mass density ρ, temperature

T, and radial velocity v, at eight different times, within a

few tens of milliseconds after the second bounce, to provide

a better understanding of the evolution of hydrodynamic

quantities. These plots show that the second bounce

takes place at a radius of about 7 km, where a density

jump from below the nuclear saturation density to ρ≳ 7 ×

1014 g cm−3 appears at tp2b ¼ 0 [black line in Fig. 2(a)].

The launched shock moves rapidly outward, characterized

by a maximum velocity of v ≃ 0.3 at tp2b ¼ 0.7 ms [blue

line in Fig. 2(c)] and v ≃ 0.55 at tp2b ¼ 1.4 ms [yellow line

in Fig. 2(c)]. The postshocked regions are significantly

heated, reaching T ≈ 5 MeV at a radius below about

115 km at tp2b ¼ 1.4 ms [yellow line in Fig. 2(b)]. At

tp2b ¼ 2.3 ms [red lines in Figs. 2(a) and 2(b)], both the

density and temperature drop to lower values as the

relativistic shock moves to increasingly larger radii.

Meanwhile, part of the material falls back onto the PNS

surface, e.g., 30 km≲ r≲ 55 km at tp2b ¼ 2.3 ms. This

leads to the aforementioned formation of an additional,

weaker shock that moves radially outward, reaching radii of

about 85 km at tp2b ∼ 6.9 ms (yellow lines in the bottom

panels in Fig. 2). The maximum velocity behind this shock

is v ≃ 0.04 at a radius of about 70 km. Afterward, both the

density and temperature profiles steepen above the PNS

surface, which becomes increasingly compact. For in-

stance, the density drops to ρ ≃ 109 g cm−3 at a radius

of around 30 km in a few tens of milliseconds after the

second bounce. This is consistent with the retreating

neutrinosphere radii shown in Fig. 1(b).

III. NEUTRINO FEATURES

As discussed above, the phase transition significantly

alters the neutron excess of the ejecta, the compactness of

the PNS, and the dynamics of the inner ejecta, within

Oð10Þ ms. All these effects shape the concurrent emission

properties of neutrinos such as luminosities, energy spectra,

and the flavor ratio among the different species.

A. Neutrino emission properties

Figure 3 shows the evolution of the neutrino number

luminosity and mean energy for −5 ms < tp2b < 35 ms.

The neutrino number luminosity Lnum
ν ≡ Lν=hEνi is

defined as the energy luminosity Lν divided by the neutrino

FIG. 2. Radial profiles of rest-mass density ρ, temperature T, radial velocity v, and electron fraction Ye at different post-second-bounce

times, tp2b, showing the early (a)–(d) and the later evolution (e)–(h).
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mean energy hEνi. Both quantities are evaluated at a

reference radius of 500 km in the comoving frame of

reference, which is sufficiently far away from the PNS in

the freely streaming regime. A detailed freely streaming

analysis has been conducted in Appendixes A and B

in Ref. [15].

Before the second bounce, the evolution of neutrino

properties exhibit features similar to the canonical SNe

during the accretion phase. The number luminosity of νe is

larger than that of ν̄e by around 10%. For heavy lepton

flavors, the number luminosity of each neutrino species is

slightly less than half of νe or ν̄e number luminosities. The

mean energies follow the same hierarchy of hEνe
i <

hEνx
i < hEν̄e

i as the earlier accreting phase. Notice that

the mean energies of νx and ν̄x are not the same because of

the weak magnetism effect in the neutrino-nucleon scat-

tering [83].

During the PNS collapse right before the second bounce,

the associated contraction of the PNS radius leads to a

synchronized decrease of the neutrino number luminosities

of all flavors for ∼1 ms, shown by the dips around tp2b ≃
1.5 ms in Fig. 3(a). Note that the delay time is due to the

propagation of neutrinos from the neutrinospheres to the

radius of 500 km. At the same time, the increased

compactness, due to the contraction of PNS, reduces the

neutrino opacity. This allows neutrinos of higher energy to

escape more easily, leading to the synchronized increase of

the mean energy of all flavors. Afterward, the shock wave is

launched and the PNS expands, which substantially

enlarges and heats the radial regions responsible for

neutrino production. A prominent neutrino burst of all

flavors is released, associated with an increase of their

mean energy, which peaks at tp2b ≃ 3–4 ms.

While this burst enhances the neutrino number lumi-

nosities of all flavors, it is important to note that the

enhancement differs for different species. In particular,

because of the shock heating, the local weak equilibrium

condition of the originally very neutron-rich material

(Ye ≃ 0.1) above the bouncing core suddenly changes to

a new condition favoring higher Ye values. As a result, a net

protonization (or leptonization) of the material occurs,

which results in the dominant emission of ν̄e. At the

peak of the burst, around tp2b ¼ 3.5 ms, the ν̄e number

luminosity reaches Lnum
ν̄e

≃ 8 × 1057 s−1, much larger than

those of νx and ν̄x (Lnum
νx=ν̄x

≃ 4.4 × 1057 s−1), as well as νe

(Lnum
νe

≃ 3.5 × 1057 s−1). During this period, the mean

energy of heavy lepton flavors (hEν̄x
i ≈ 32 MeV) also

becomes larger than hEν̄e
i ≈ 23 MeV. The mean energy

of νe remains the lowest at around hEνe
i ≈ 21 MeV.

After the dominant burst related to the strong shock

passage across the neutrinospheres, the neutrino mean

energies of all flavors decrease momentarily to locally

minimal values around tp2b ¼ 4.5 ms and arise again

due to heating by the weaker shock generated from the

oscillatory motion around the PNS. The mean energies of

all flavors increase to hEνe
i ≃ 14 MeV, hEν̄e

i ≃ 19 MeV,

and hEνx
i ≃ 27 MeV, at tp2b ∼ 6 ms. Associated with this is

an increase in the neutrino number luminosities of all

flavors, peaking approximately 1.5 ms later.

Once the PNS settles into a quasistationary state that

gradually cools off, all neutrino number luminosities start

to decrease continuously. The decreasing rate of the νe
number luminosity is slower than those of heavy lepton

flavors, so that the hierarchy between them switches at

tp2b ≃ 9 ms. The order of neutrino mean energies among

different species does not change during this phase, while

their values slightly increase for several tens of millisec-

onds as it becomes easier for neutrinos with higher energies

to decouple from matter, before the eventual PNS cooling

sets in.

B. Local neutrino-antineutrino asymmetry

The evolution of the basic neutrino emission properties

around the second bounce discussed above is tied to the

presence of FFI near the neutrino decoupling region. As

the existence of the local energy-integrated νELN angular

crossing is a sufficient and necessary condition for

FIG. 3. Evolution of the neutrino number luminosities Lnum
ν in

(a) and mean energies hEνi in (b) as a function of the post-second-
bounce time tp2b, sampled in the comoving frame of reference at

500 km.
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FFI [84], this implies that FFI should be present in regions

where the asymmetry factor, defined as the ratio of νe and

ν̄e number densities, becomes 1. This is because, when

nν̄e=nνe ¼ 1, any slight difference in the νe and ν̄e angular

distributions guarantees a νELN angular crossing, assum-

ing that ν̄x and νx share exactly the same angular

distribution. On the other hand, when nν̄e=nνe ≫ 1 or

when nν̄e=nνe ≪ 1, it requires the two species to have very

different angular distributions to obtain an angular

crossing.

Figure 4(a) shows the radial profiles of the ratio nν̄e=nνe
as a function of tp2b, with solid black contours denoting

the locations corresponding to nν̄e=nνe ¼ 1. The effect

of the protonization on the ratio nν̄e=nνe due to the heating

of the phase-transition shock is evident. After the second

bounce, almost the entire region above the bounced core at

a radius of about 9 km has nν̄e=nνe > 1, except a shell with

a width of 5–10 km right below the PNS surface, where

0.6≲ nν̄e=nνe ≲ 1, after tp2b ≃ 5.5 ms. The formation of

this shell is related to the relatively faster cooling compared

to the inner parts, which, in turn, leads to a local thermal

equilibrium state of higher electron degeneracy, favoring

lower values of nν̄e=nνe . Note that this region corresponds

to the Ye ∼ 0.15 shell just below the PNS surface in

Fig. 1(d) shown by red color, indicating that deleptoniza-

tion takes place locally inside the PNS. As a result, there are

two major contours of nν̄e=nνe ¼ 1. The first one separates

the post-second-shock region above the inner core, labeled

by I and II in Fig. 4(a). The second one encloses the

aforementioned shell with nν̄e=nνe < 1 below the PNS,

denoted by labels III and IV. Note that there is another

contour curve of nν̄e=nνe ¼ 1 at radii greater than about

27 km, that exists only very briefly for about 0.4 ms up to

100 km. This is related to the change of local thermody-

namic conditions during the final stage of collapse that

leads to the reduction of the electron degeneracy, hence the

reduced equilibrium νe chemical potential.

Figure 4(a) also shows that several regions contain strong

νe–ν̄e asymmetry that should prevent the existence of

energy-integrated ELN angular crossings. The highly

degenerate PNS interior corresponding to radii less than

about 24 km before the second bounce and beneath the

contour line II after the bounce is dominated by electron

neutrinos with nν̄e=nνe < 0.5. The efficient protonization

and the associated dominant emission of ν̄e lead to

nν̄e=nνe ≳ 1.6 above the bounced core for 0≲ tp2b ≲

5 ms as well as the radial range between the contours

labeled by II and IV. As a result, no FFI is expected in these

domains.

C. Regions of FFI

While the above analysis of the asymmetry factor

provides insight on the location of FFI, the discrete-

ordinate neutrino transport adopted by the BOLTZTRAN

module provides detailed angular distributions of all

flavors, which allows a direct identification of ELN angular

crossings. Both black and gray shaded areas in Fig. 4(b) are

regions where angular crossings exist based on the simu-

lation data. In particular, the gray regions correspond to

those with “shallow” angular crossing, where the crossing

would have disappeared if the local angular distribution of

νELN density varies by ∼1030 cm−3 (around 0.1% of

neutrino number density near the neutrinospheres). The

shallow crossings primarily reside in the canonical SN

accreting phase before the second bounce at large radii

greater than about 70 km. These crossings originate from

the backward neutrino-nucleus scattering [34] and are not

expected to result in a significant amount of flavor con-

version [85].

FIG. 4. Evolution of radial profiles of the ratio of neutrino

number densities nν̄e=nνe (a) and regions associated with FFI

(b) as functions of tp2b. Black, blue, red, and cyan dashed curves

(a) show the radii of PNS, νe-, ν̄e-, and νx-spheres, respectively.

Black solid curves mark four contour lines of nν̄e=nνe ¼ 1. Both

black and gray domains (b) show the existence of ELN angular

crossing. Considering more variations may be achieved in

multidimensional SN simulations, the green and blue domains

show where FFI exists when the angular distribution of ν̄e is

amplified by 12% or suppressed by 10%, respectively. Below the

pink curves (b) is the region prohibiting any collective flavor

instability due to the violation of νELN.
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For the nonshallow crossings, they mainly show up in

two different domains. The first domain lies around the

nν̄e=nνe ¼ 1 contour segment I. They are associated with

the change of matter composition during the final stage of

collapse as well as the passage of the shock. These

crossings are confined within a time window of less than

1 ms, corresponding to mass shells that move rapidly

outward together with the shock wave. Subsequently, the

strong ν̄e-dominated condition, due to protonization above

the bounced core, inhibits the occurrence of FFI, until

nν̄e=nνe reduces at tp2b ≃ 5.5 ms. In particular, the second

domain of FFIs coincides with the shell enclosed by the

contour segments III and IV below the PNS surface

discussed in the previous subsection.

In principle, FFIs should exist around the contour

segment II due to the transition from small nν̄e=nνe to

large values. However, as this region lies deeply inside the

PNS and neutrinospheres, the neutrino distribution is

approximately isotropic. As a result, FFI is limited within

a rather thin shell where the asymmetry between νe and ν̄e
is small, hardly resolved by resolution of the hydrodynamic

simulations. Moreover, this implies the νe and νx equilib-

rium chemical potentials in this thin shell are both nearly

zero, indicating that the impact of any flavor conversion is

negligible [86].

Besides the two domains discussed above, FFIs may also

exist in extended neighboring regions due to the multidi-

mensional effects such as turbulence and convection that

cannot be modeled by the spherically symmetric SN

simulation, which may affect the nν̄e=nνe asymmetry

[87,88]. Assuming that multidimensional effects can lead

to changes of nν̄e by a factor between −10% and 12%

without affecting the normalized shape of its angular

distribution, it substantially enlarges the regions with

FFIs as shown by the green and blue domains in Fig. 4(b).

Because νe’s dominate over ν̄e’s during the canonical SN

accreting phase, an increase of 12% for nν̄e (equivalently, to

an ∼10% decrease of nνe) extends the FFI region down to

r ∼ 35 km, even reaching inside the neutrinospheres of

both νe and ν̄e. In contrast, when a 10% decrease is applied

to nν̄e , the unstable region is extended to larger radii of

around 50–70 km, in general, reaching a maximum radius

∼85 km at tp2b ∼ 11 ms.

In addition, other types of flavor instabilities, including

the slow and collisional ones (see, e.g., [44,53,54,89–93])

can exist. The pink curves in Fig. 4(b) delineate the

boundary below which no collective flavor instabilities

should take place due to the constraint from the con-

servation of νELN [94]. Below the pink curves, no

crossing exists in the full neutrino energy-angle corre-

lated distributions, which forbids any collective flavor

instabilities. The only exception is the horizontal line at

r ∼ 9 km corresponding to the contour segment II shown

in Fig. 4(a). Although slow and collisional flavor insta-

bilities may exist in the domain above the pink curve at

r ∼ 13 km, we defer a thorough investigation on these

instabilities to future work.

D. ELN angular distributions

Figure 5 shows the energy-integrated ELN angular

distribution for ten snapshots to further elaborate on the

emergence of the ELN crossings and their relations with the

phase-transition dynamics. The panels shown in the left

(right) column correspond to snapshots taken during the

first (second) phase of the FFIs aforementioned.

At bounce (tp2b ¼ 0), the ELN in regions between

20 km≲ r≲ 30 km becomes negative. The angular cross-

ings exist at 30 km≲ r≲ 45 km due to the reason dis-

cussed in the previous section. The crossing velocity

appears around v≳ −1 at a radius of about 30 km and

moves to v≲ 1 at a radius of about 45 km. After bounce,

the ELNs in regions swiped by the strong shock wave

become dominated by ν̄e as shown by the blue horizontal

band between 9 km≲ r≲ 12 km at tp2b ¼ 0.5 ms and

8 km≲ r≲ 26 km at tp2b ¼ 0.7 ms. ELN crossings appear

right above the shock and move rapidly outward.

Afterward, the second phase of FFI emerges at

t ¼ 5.9 ms above a radius of about 22 km due to the

cooling of the outer part of the PNS, which reincreases the

νe degeneracy as discussed before. As shown in the three

middle panels at the right column in Fig. 5, the transition

from nν̄e=nνe > 1 to nν̄e=nνe < 1 below the neutrino-

spheres, together with the fact that the ν̄e angular distri-

bution is more forward peaked than that of νe due to the

earlier decoupling, lead to the formation of regions where

νe (ν̄e) dominates the backward (forward) propagating

direction above nν̄e=nνe ≃ 1. The PNS cools off but con-

tinuously emits more ν̄e’s than νe’s as the consequence of

protonization. The same feature remains until tp2b ¼
35.4 ms shown in the lower right panel in Fig. 5, indicating

the robust presence of ELN crossings in QCD phase-

transition SNe.

E. Progenitor dependence

The occurrence times of the QCD phase transition and

second shock bounce also depend on the progenitor

properties. To illustrate the difference and similarity in a

different progenitor mass, we repeat the same analysis for

the model s40a28 RDF-1.2 from [15]. This SN model starts

from a stellar progenitor star of 40M⊙ with solar metallicity

from Ref. [78], with the second shock occurring at a longer

postbounce time tpb ∼ 923 ms.

Figure 6(a) shows the radial profiles of the ratio nν̄e=nνe
in the same fashion as in Fig. 4. Before the second bounce,

the PNS radius is about 22 km, slightly less than the value

in the s25a28 model. The rapid protonization accompanied

with the shock heating leads to a prompt switch from the

condition of nν̄e=nνe ≲ 1 to nν̄e=nνe > 1 above the inner

core at tp2b ∼ 0, which is separated by the contour lines I
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and II. Correspondingly, a fast-moving region for FFI is

spotted in Fig. 6(b) at tp2b ∼ 0–1 ms.

After ∼4 ms, the neutrino emission near the top of the

PNS starts to favor the electron neutrino instead of

antineutrino. A region of nν̄e=nνe < 1 surrounded by the

contours III and IV emerges due to the cooling, which

overlaps with the second phase of FFI, ranging from

∼20 km to ∼50 km at most at tp2b ∼ 10 ms. When consid-

ering the potential variation of the ν̄e flux due to multidi-

mensional effects, the green and blue bands show the

extended regions with FFI during the canonical SN evolu-

tion and after the phase transition, respectively. Neither of

them results in new FFI in the intermediate region from

tp2b ∼ 1 to 4 ms due to the large amount of asymmetry

between ν̄e and νe. These results suggest that themechanism

resulting in the presence of FFCs in QCD SN is general and

qualitatively unaffected by the progenitor masses.

IV. INVESTIGATIONS OF FAST FLAVOR

INSTABILITY

In this section, we investigate the properties of FFI

mainly based on the SN model s25a28 RDF-1.9 and

discuss its potential impact on the neutrino signal and

nucleosynthesis.

A. Linear stability analysis and FFI growth rates

We perform the two-flavor linear stability analysis

between the electron and muon flavors for the FFI,

following the approach used in, e.g., [53,86]. Note that

we neglect the potential impact of other type of instabilities,

the angular advection, as well as effects due to inhomo-

geneous matter [95] and neutrino number densities.

For each time t, the linearized equation in a local region

surrounding radius r is

FIG. 5. Neutrino ELN angular distributions showing radial profiles of the radial velocity v, for different times tp2b.
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ð∂t þ v∂rÞϱ ¼ −i½Hνν; ϱ�; ð1Þ

where ϱ is the density matrix of neutrinos and

Hνν ¼
ffiffiffi

2

p
GF

Z

dE0dv0ð1 − vv0Þðϱ − ϱ̄�Þ: ð2Þ

Equation (1) also applies to antineutrinos when replacing ϱ

by ϱ̄ and Hνν by −H�
νν. Assuming the collective unstable

mode in the form of ϱex − ϱ̄�ex ¼ QðΩ; K; E; vÞe−iðΩt−KxÞ,
the off-diagonal part of Eq. (1) becomes

½Ω − Kv −ΦðvÞ�QðE; vÞ

¼ −
ffiffiffi

2

p
GFGðE; vÞ

Z

dE0dv0ð1 − vv0ÞQðE0; v0Þ; ð3Þ

where ΦðvÞ ¼
ffiffiffi

2
p

GF

R

dE0dv0ð1 − vv0ÞGðE0; v0Þ and

GðE; vÞ ¼ ϱee − ϱxx − ϱ̄ee þ ϱ̄xx.

At each time t and radius r, we solve for the eigenvalues
ofΩ and the corresponding eigenvectors for a wide range of

K’s. If FFI exists, the unstable mode whose growth rate

ImðΩÞ is maximal among all K modes is recorded.

Figure 7(a) shows the obtained maximum growth rate

ImðΩÞ as a function of time and radius. The magnitude of

FFI growth rates after the second core bounce can be larger

than 105 km−1, particularly in the vicinity of the PNS

surface. As the radius increases, the growth rate decreases

by around 1 or 2 orders of magnitude but remains much

larger than the unstable growth rate during the pre-second-

bounce phase due to the shallow crossings originated from

FIG. 6. Evolution of radial profiles of the ratio of neutrino

number densities nν̄e=nνe (a) and regions associated with FFI

(b) as functions of tp2b for the SN model s40a28 RDF-1.2.

Definitions of legends and regions are the same as in Fig. 4.

FIG. 7. Maximum growth rate ImðΩÞ (a), nν̄e survival ratio (b),

and angle-integrated nν̄e survival probability (c) as a function of

time tp2b and radius r. Black, blue, green, and cyan dashed curves

in (b) and (c) show the radii of PNS, νe-, ν̄e-, and νx-spheres,

respectively.
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the backscattered neutrinos, indicated by the yellow region

with growth rates only about 102 km−1 at the upper left

corner of the same panel. This analysis quantitatively

confirms the existence of FFIs and the associated FFC

time scale in phase-transition SNe.

B. Estimation on the flavor conversions

As these FFIs locate near the neutrinospheres, it requires

solving the neutrino quantum kinetic equation [96–99] or

applying effective prescriptions in a hydrodynamic simu-

lation to capture the possibly associated feedback effect

[86] and the actual impact on SN dynamics [100].

Nonetheless, we estimate the potential effects from FFCs

on the change of flavor content of neutrinos by applying the

prescription “power 1=2” in three flavors obtained in our

previous studies [101] to the local neutrino distributions at

all space-time grids where the FFIs are found.

For each energy-integrated distribution GðvÞ ¼
R

dE0GðE0; vÞ, we determine the crossing velocity and

evaluate the integrals of GðvÞ on both sides of the crossing

where GðvÞ is positive and negative. Assuming the con-

servation of the local νELN, the prescription provides the

survival probability for electron flavors as PeeðvÞ, which
can be applied to unoscillated number densities ϱ0 and ϱ̄0 to

obtain the postoscillation angular distributions

ϱee ¼ Peeϱ
0
ee þ ð1 − PeeÞ

ϱ0μμ þ ϱ0ττ

2
; ð4Þ

ϱ̄ee ¼ Peeϱ̄
0
ee þ ð1 − PeeÞ

ϱ̄0μμ þ ϱ̄0ττ

2
; ð5Þ

in the absence of any difference between muon and tau

flavors.

After obtaining the postoscillation neutrino angular

distributions, we integrate it over the energy and angular

space to obtain the corresponding number densities nν̄α for
any species α. We show the ν̄e survival ratio defined as

nν̄e=n
0
ν̄e

and the angle-integrated ν̄e survival probability,

ðnν̄e − n0ν̄xÞ=ðn0ν̄e − n0ν̄xÞ, in Figs. 7(b) and 7(c), respectively.
Here, we choose ν̄e because its luminosity dominates over

other neutrino species after the second bounce. In the first

brief phase of FFI around tp2b ¼ 0, Fig. 7(b) shows that a

reduction of more than 30% in ν̄e number density takes

place, with the maximum converted region generally

following the moving shock. For the later phase of FFI

at tp2b ≳ 5.5 ms, significant reduction of up to ∼20% in nν̄e
at the PNS surface also occurs. For both phases, the

minimum value of the ν̄e survival probability reaches

∼1=3, indicating that near-complete flavor equipartition

is achieved.

The lower values of the survival ratio for ν̄e (or more

reduction of nν̄e) in the first phase than in the second is

related to the larger asymmetry in nν̄e and nν̄x for the

former. The ν̄e number luminosity is nearly twice the ν̄x one

at the peak [tp2b ∼ 3.4 ms in Fig. 3(a)], while this ratio

reduces to ∼1.3 for tp2b > 7 ms, leading to relatively more

conversion from ν̄x to ν̄e that increases the ν̄e survival ratio.

At larger radii, the estimated survival ratios decrease,

consistent with higher values of ν̄e survival probabilities

shown in Fig. 7(c), due to the angular crossing moving

toward v ¼ −1 (see Fig. 5). However, we remind the

readers that this trend is obtained based on the simulation

data without including neutrino oscillations. If flavor

conversions take place at inner radii, the flavor content

at outer radii could be affected when the flavor waves

propagate outward [86]. Therefore, larger amount of flavor

conversions outside the PNS surface may still be possible.

For the upper left corner where the instabilities are weak,

the corresponding ν̄e survival ratios are typically ≲0.05%

and are not expected to lead to significant consequences to

the SN dynamics and observables.

C. Neutrino signals

The impact of FFC on the neutrino flavor content near

the PNS should affect the emerging neutrino energy spectra

and the associated signals from QCD phase-transition SNe.

As demonstrated in previous studies [9,13,26–28], the

strong millisecond neutrino burst in all flavors guarantees

its detection in all current and upcoming large-scale

neutrino experiments, which offers robust identification

of the phase-transition nature with a galactic event. In this

subsection, we examine the potential signature of FFC in

such neutrino signals.

We follow the procedure described in [7,102] to calculate

the expected neutrino event rates from a galactic QCD SN

at a distance to Earth of 10 kpc in Hyper-Kamiokande (HK)

[103] and in Deep Underground Neutrino Experiment

(DUNE) [104], taking the fiducial volume of 200 kton

for HK and 40 kton for DUNE. The event rate for each

distinct detection channel is approximately calculated by

dN

dt
ðtÞ ¼ Ni

X

α

Z

∞

Eth

F⊕
να
ðE; tÞσναðEÞdE; ð6Þ

where Ni is the number of target, F⊕
να

is the neutrino flux

arriving at Earth, and Eth and σνα are the threshold neutrino

energy and the cross section for the corresponding inter-

action taken from [105] with the neutrino-nucleus inter-

action cross section computed in [106], respectively. The

event rate for antineutrinos is calculated in a similar way by

replacing ν by ν̄ in Eq. (6). We assume 100% detection

efficiency for simplicity and neglect the Earth matter effect.

For different oscillation scenarios that affect F⊕
να
, we

examine three distinct cases: the normal ordering (NO),

inverted ordering (IO), and complete flavor equipartition.

Given that nν̄e=nνe ∼ 1where strong FFIs are present, flavor

equipartition can be viewed as a good proxy to estimate the
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impact of FFC on neutrino signals. For νe and ν̄e, their

fluxes (F⊕
νe
and F⊕

ν̄e
) in each of these cases are related to the

flux without considering any oscillation effect, F⊕;0
να and

F⊕;0
ν̄α

, by

F⊕
νe
¼ s2

13
F⊕;0
νe þ c2

13
F⊕;0
νx ðNOÞ;

F⊕
νe
¼ 1

3
F⊕;0
νe þ 2

3
F⊕;0
νx ðequiÞ;

F⊕
νe
¼ s2

12
c2
13
F⊕;0
νe þ ðc2

12
c2
13
þ s2

13
ÞF⊕;0

νx ðIOÞ ð7Þ

and

F⊕

ν̄e
¼ c2

12
c2
13
F⊕;0
ν̄e

þ ðs2
12
c2
13
þ s2

13
ÞF⊕;0

ν̄x
ðNOÞ;

F⊕

ν̄e
¼ 1

3
F⊕;0
ν̄e

þ 2

3
F⊕;0
ν̄x

ðequiÞ;

F⊕

ν̄e
¼ s2

13
F⊕;0
ν̄e

þ c2
13
F⊕;0
ν̄x

ðIOÞ; ð8Þ

where cij and sij are for cos θij and sin θij with the

corresponding mixing angle θij values used in [7].

The top and middle panels in Fig. 8 show the expected

event rates per millisecond of the inverse β decay (IBD)

and charged-current ν̄e-
16O interaction in HK, as well as

the charged-current νe and ν̄e interaction with 40Ar in

DUNE for NO, IO, and flavor equipartition cases. In

addition, we also plot results obtained assuming no flavor

conversions at all as references. Clearly, the event rate

from the IBD channel in HK is the largest, giving rise to

Oð103Þ events during the 2–3 ms window of the burst.

Interestingly, the event rates of the IBD channel during

the peak are nearly independent of the assumed oscil-

lation scenarios, broadly consistent with what was

reported in [7,26]. Before and after the burst, different

oscillation scenarios lead to different IBD event rates.

For all other channels shown in Fig. 8, despite their

smaller event number than the IBD channel, a clear

difference among all scenarios can be observed during

and after the burst.

The above results can be understood in terms of Lnum
ν and

hEνi by examining Eq. (8), since the event rate of a

particular channel is roughly proportional to the neutrino

flux at Earth multiplied by the square of the difference

between their average energy and the threshold energy of

the interaction. Given that c2
13

is close to 1 and c2
12
∼ 2=3,

we expect a smooth transition from ð2F⊕;0
ν̄e

þ F⊕;0
ν̄x

Þ=3 in

NO, to the intermediate scenario with complete flavor

equipartition, and finally to F⊕

ν̄e
≈ F⊕;0

ν̄x
in IO. Next, the

event rate ratio between NO and IO cases can be approxi-

mated by

R̄ ¼
�

1

3
þ 2

3

Lnum
ν̄e

Lnum
ν̄x

��

1

3
þ 2

3

hEν̄e
i − Eth

hEν̄x
i − Eth

�

2

: ð9Þ

From Fig. 3, we can read Lnum
ν̄e

=Lnum
ν̄x

is approximately 1.8

at the peak of tp2b ∼ 4 ms. If taking Eth ≈ 0 for IBD, we

have ðhEν̄x
i − EthÞ=ðhEν̄e

i − EthÞ ≈ 1.33, which cancels the

ratio of number luminosities and leads to R̄ ≈ 1. For the

channels for ν̄e interactions with O and Ar, Eth ≈ 15 MeV,

and, hence, ðhEν̄x
i − EthÞ=ðhEν̄e

i − EthÞ ≈ 1.9 as well as

R̄ ≈ 0.72. This is consistent with the pattern where the

event rate at the peak in the NO case is around two-thirds of

the IO case. The event rate with complete flavor equi-

partition lies in between the NO and IO cases, given that

only 1=3 of the unoscillated F⊕;0
ν̄e

remains in Eq. (7).

For the neutrino absorption channel, Eq. (7) implies

F⊕
νe
≈ F⊕;0

νx for NO, and the IO scenario behaves similarly to

the one with complete flavor equipartition after FFCs. The

event rates for the νe-Ar channel in the IO and flavor

equipartition cases are roughly three-fourths that in the NO

case at the peak. This can be understood by examining R
corresponding to Eq. (7):

FIG. 8. Event rates as a function of time tp2b in four different

channels for the HK (200 kton) and DUNE (40 kton) detectors,

respectively, in the top and middle panels. Comparisons are made

among three scenarios for IO, NO, and complete flavor equi-

partition. The distance to the galactic QCD SN is 10 kpc. The

bottom panels show the event rates where the complete flavor

equipartition is achieved only before 3 ms and after 7.5 ms

suggested by the FFC analysis. A shaded area is marked in all

panels where FFC is expected to have no direct impact.
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R ¼
�

2

3
þ 1

3

Lnum
νe

Lnum
νx

��

2

3
þ 1

3

hEνe
i − Eth

hEνx
i − Eth

�

2

: ð10Þ

Given that the luminosity ratio Lnum
νe

=Lnum
νx

is approximately

0.8 and taking Eth ≈ 0 so that hEνx
i=hEνe

i ≈ 1.4, we

have R ≈ 0.76.

We note that the event rates shown in Fig. 8 are

computed assuming flavor equipartition takes place all

the time. If we take into account the actual presence of

FFIs in different phases as analyzed in previous sections

and assume that no other types of flavor instabilities occur,

the corresponding event rates will jump from either the IO

or NO curve to the flavor equipartition curve after the

peak. To accurately reflect the FFC analysis, we consider

a case transitioning from the equilibration scenario

to NO at tp2b ¼ 3 ms and back to equilibration again at

tp2b ¼ 7.5 ms, accounting for the traveling time to a radius

of 500 km where the luminosity and spectrum are evalu-

ated. A shaded area is also marked in all panels to indicate

the time window where FFC is expected to have no direct

impact. The event rates labeled as “FFC” are shown in the

bottom panels in Fig. 8 for two detection channels. The first

jump of the total event rate at ∼3 ms occurs when the event

rates are rising steeply during the burst and appears difficult

to be identified. On the other hand, an anticorrelated change

in event rates for different detection channels can be

observed near the second jump. Such a jump, if detectable

in neutrino signals, can also be used to infer the occurrence

of FFCs. The delay time of this jump from the peak time

may also be related to other characteristics of the phase

transition such as the progenitor mass as discussed in

Sec. III E.

Although the total event number of the IBD channel only

weakly depends on the oscillation scenario, difference

should exist in the reconstructed neutrino energy spectrum,

which could be used as diagnostics for FFCs [86,107,108].

For simplicity, we calculate the mean energy of neutrino

events

hEνσνi ¼
P

α

R

∞
Eth

F⊕
να
ðE; tÞσναðEÞEdE

P

α

R

∞

Eth
F⊕
να
ðE; tÞσναðEÞdE

; ð11Þ

as a measure for the change in the neutrino energy spectra.

The left panels in Fig. 9 show that, for the IBD channel, the

values of hEνσνi in three oscillation scenarios can differ

from each other by ∼4 MeV. Because the mean energy

peaks slightly earlier than the luminosity (see Fig. 3), a

transition from NO to complete flavor equilibration sce-

nario at tp2b ¼ 3 ms is more pronounced than that in the

total event rate before the shaded area of the non-FFC

phase. For the second jump at 7.5 ms, an increase of the

mean energy from ∼27 to 31 MeVappears. Similar features

can also be found for the ν̄e-
16O channel shown in the right

panels in Fig. 9.

D. Potential implications on nucleosynthesis

The SN driven by the hadron-quark phase transition has

been shown as a possible r-process site, where heavy

elements above the second r-process peak are being formed

in neutron-rich materials of the direct ejecta shortly after the

second bounce as well as in the later NDW. As the yields of

heavy elements depend on accurate modeling of the matter

composition and, hence, neutrino flavor content, we

explore the impact of FFC discussed above on nucleosyn-

thesis outcome in direct ejecta.

Since the first phase of FFI mainly follows the position

of the shock front, the resulting change of the neutrino

content does not affect the direct ejecta behind the shock.

On the other hand, despite the delayed appearance of the

second FFI phase of ∼5 ms after the second bounce,

neutrinos emitted after that intersect with the trajectories

of the direct ejecta, as shown in Fig. 10, and can, thus,

affect the nucleosynthesis condition therein. For example,

neutrinos emitted at t ∼ 5 ms (first red solid line) intersect

the trajectories of direct ejecta (black curves whose radii

increase monotonically over time) at ∼200–500 km. At

these radii, neutrino fluxes are still high enough to affect the

electron fraction of the ejecta.

We use one trajectory to demonstrate the potential

implications for FFCs on the nucleosynthesis consequence.

This trajectory is highlighted by orange color in Fig. 10 and

FIG. 9. Mean energy of neutrino events as a function of time

tp2b for the HK (200 kton) detectors in IBD and ν̄e-
16O channels,

respectively. The distance to the galactic QCD SN is 10 kpc. The

top panels compare three scenarios for IO, NO, and complete

flavor equipartition. The bottom panels show the event rates

where the complete flavor equipartition is achieved only before

3 ms and after 7.5 ms suggested by the FFC analysis. A shaded

area is marked in all panels where FFC is expected to have no

direct impact.
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has the highest abundance yields beyond second r-process
peak among all trajectories in direct ejecta. We introduce

two cases to mimic the effect of FFCs and compare them

with results obtained without including FFCs. The first case

assumes, once again, complete flavor equipartition above

the neutrinospheres and use the corresponding fluxes and

mean energies of all neutrino species to perform the

nucleosynthesis calculations. For the second case, we

reduce the fluxes of νe and ν̄e to one-third of their original

values and keep all other quantities untouched, which

corresponds to flavor equipartition if the amount of initial

νx is negligible.

For both cases, we use the same nuclear reaction network

as in Refs. [109,110] to perform the nucleosynthesis

calculations. The network uses experimentally measured

nuclear masses, decay rates, and reaction rates, together

with theoretical predictions when experimental data are not

available (see details in [111]). We use the set of nuclear

reactions with neutron capture and photodisintegration

reactions corrected based on HFB21 mass model [112]

and the beta decay rates provided by [113] for neutron-rich

nuclei. The density evolution of the ejecta trajectory is

taken directly from the SN simulation before tp2b ¼ 35 ms.

After that, we extrapolate the density evolution by ρ ∝ t−3,
featuring homologous and adiabatic expansion. The tem-

perature evolution of the ejecta takes into account the

feedback from nuclear heating and is calculated by the

reaction network. The (anti)neutrino absorptions on nucle-

ons are included because they can be strongly affected

by FFCs.

The solid lines in Fig. 11 show the elemental abundance

yields for the example trajectory at 1 Gyr for the cases with

and without FFCs. For the case assuming flavor equiparti-

tion due to FFCs, it reduces the amount of heavy element

production above the second r-process peak by nearly a

factor of 10. The reasons are twofold. First, although flavor

equipartition results in an overall reduced νe and ν̄e fluxes,

it also enhances the νe and ν̄e mean energies. When the

increasing of neutrino mean energy dominates over the flux

reduction, the absorption rates becomes larger. The top

panel in Fig. 12 compares the sum of νe and ν̄e absorption

rates λνe þ λν̄e among different oscillation scenarios. The

total absorption rate in complete flavor equipartition is

about 1.8 times larger than the case without any flavor

oscillations at 10 GK. Although this ratio decreases to ≈1.3

at 8 GK, it remains larger than 1 at T ≳ 5 GK. Second,

unlike the typical NDW, where Ye at relevant temperatures

can be well approximated by the equilibrium value Y
eq
e ≡

ð1þ λν̄e=λνeÞ−1 ignoring the electron captures and neu-

trino-nucleus interaction, the associated timescale for

neutrino absorption is ∼Oð100Þ ms, longer than the

expansion timescale of the direct ejecta of ∼Oð10Þ ms.

Hence, the ejecta Ye is typically less than Y
eq
e , and Y

eq
e is

also slightly less than what is expected in a canonical SN.

For the example without any oscillations, Y
eq
e can be as low

as 0.3 at 10 GK when the neutrino emission is dominated

by ν̄e, while it increases to ≈0.45 below 7 GK. A complete

flavor equipartition can enhance the νe absorption rate more

strongly and raise the value of Y
eq
e to ≈0.5 at 10 GK and

≈0.52 at 7 GK. Both factors result in a slightly increased Ye

of the ejecta at 3–5 GK by ≈0.01, leading to reduced

production of elements above Z ∼ 50.

For the case where the νe and ν̄e fluxes are reduced to

one-third of their original values, it simply reduces the

neutrino absorption rates. Because the neutrino mean

energy is not changed at all, the value of Y
eq
e remains

the same. As a result, the net effect is a reduction of Ye by

FIG. 10. Trajectories of Lagrangian mass ejecta (black curves,

enclosed mass 1.976M⊙ ≤ M ≤ 1.99M⊙) on top of the relevant

temperature regions (blue colored domains) with respect to time

tp2b and radius r. The domain with T > 10 GK is not colored.

Red lines show the trajectories of relativistic neutrinos with the

radial velocity v ¼ 1 emitted from the PNS (black dashed curve).

The orange curve shows the selected trajectory for the nucleo-

synthesis calculation.

FIG. 11. Comparison of the elemental abundance YðZÞ as a

function of atomic number Z from the orange trajectory in Fig. 10

(solid curves) and all direct ejecta (dotted curves) without and

with including the treatment of FFCs.
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≈0.01 at 3–5 GK, which enhances the abundance yields of

heavy elements.

We note here that similar effects happen for other

trajectories in the direct ejecta, whose overall nucleosyn-

thesis yields are shown by the dotted curves in Fig. 11 for

all different schemes with or without including FFCs.

V. DISCUSSION AND CONCLUSIONS

We mainly explored the conditions for the occurrence of

FFI in hadron-quark phase-transition SNe based on a 25M⊙

progenitor model and have found their general presence

around the PNS surface after the second shock bounce

triggered by phase transition. By examining the evolution

of the characteristic thermodynamic quantities in the period

of a few ten milliseconds after the second bounce and the

corresponding neutrino emission properties, we delineate

their relations with the existence of FFIs.

Because of the protonization of the PNS interior caused

by the strong heating of the second bounce shock, the

asymmetry factor for neutrino number density nν̄e=nνe, a
key indicator of FFIs, switches from smaller than 1 to larger

than 1 for most regions above the bounced inner core. By

analyzing the neutrino angular distributions obtained from

the SN simulation, we found that ELN angular crossings

exist in extended spatial regions around nν̄e=nνe ∼ 1

primarily in two distinct phases. First, the angular crossings

above the PNS appear for a very brief phase of ∼1 ms,

which is related to the rapid change of thermodynamical

properties during the final millisecond of the collapse and

the launch of the shock wave. Afterward, the ν̄e-dominated

condition due to protonization prohibits ELN crossings for

∼5 ms. Crossings reappear in an extended region below

and around the PNS surface after that and robustly persist

for several tens of milliseconds. Stability analysis con-

firmed that the FFI growth rates in these regions reach

∼Oð105Þ km−1, which should lead to vigorous FFCs

around the FFI domains. Moreover, by applying the

empirical flavor redistribution formulas to neutrino angular

distributions in domains where FFIs are found, we found

that flavor equipartition due to FFCs around nν̄e=nνe ∼ 1

can be achieved for both phases. Qualitatively similar

behaviors have also been observed in another phase-

transition SN model with a 40M⊙ progenitor mass.

With the identification of the presence of FFIs and the

implied flavor equipartition, we have further explored

the potential impact of FFCs on neutrino signals and on

r-process nucleosynthesis in the direct ejecta of phase-

transition SNe. For the neutrino signals, we estimated the

expected event rates for a galactic phase-transition SN at

10 kpc in HK and in DUNE assuming different flavor

oscillation scenarios in NO, IO, and flavor equipartition.

Substantial differences generally exist in the channels of

IBD, ν̄e-O, νe-Ar, and ν̄e-Ar. While the total event rate of

the IBD channel around the first peak of the millisecond

neutrino burst in HK shows less sensitivity to the chosen

oscillation scenario, a difference is expected in the recon-

structed neutrino energy spectrum. A detection of a sudden

jump in event rates during the postbounce phase may be

used to identify the occurrence of FFCs.

For the impact on nucleosynthesis, we demonstrated that

flavor equipartition results in a slight increase of neutron

richness of the direct ejecta, mainly due to increased νe
average energy from the conversion of νx to νe. This effect

results in reduced heavy element abundance above the

second r-process peak by a factor of a few. If we assume

that FFCs lead to a reduction of νe and ν̄e fluxes to one-

third of their original values, it results in reduced Ye and

increased heavy element production above the second peak.

Our work has established the presence of FFI in QCD

phase-transition SNe and points to a new possibility of

investigating neutrino flavor conversions with the associ-

ated observables. Further studies are needed to address

effects due to various assumptions taken in this work, such

as the break of spherical symmetry, beyond simple post-

processing data from a SN model without accounting for

feedback of flavor conversions, as well as the dependence

on the employed EOS and the variety of progenitor masses.

In addition, the nature of the QCD phase transition in SNe

remains inconclusive and could well be of the second-order

or crossover type. For any type other than the first order, the

FIG. 12. Comparison of the total neutrino absorption rate and

electron fraction Ye as a function of temperature T from the

orange trajectory in Fig. 10 without and with including the

treatment of FFCs.
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entire scenario may change qualitatively. All these steps are

essential for obtaining accurate multimessenger signal

predictions of phase-transition SNe, which may ultimately

be used to probe the nature of dense matter at the highest

density.
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Université) and LabEx CARMIN (ANR-10-LABX-59-01).

The supernova simulations were performed at the Wroclaw

Center for Scientific Computing and Networking (WCSS).

The calculations related to neutrino flavor instability were

performed at the Virgo computing cluster of the GSI

Helmholtzzentrum für Schwerionenforschung. The work

is partially funded by the European Union.

Views and opinions expressed are, however, those of the

author(s) only and do not necessarily reflect those of the

European Union or the European Research Council

Executive Agency. Neither the European Union nor the

granting authority can be held responsible for them.

DATA AVAILABILITY

The data that support the findings of this article are

openly available [117].

[1] S. A. Colgate and R. H. White, Astrophys. J. 143, 626

(1966).

[2] H. A. Bethe and J. R. Wilson, Astrophys. J. 295, 14 (1985).

[3] J. M. Leblanc and J. R. Wilson, Astrophys. J. 161, 541

(1970).

[4] M. Takahara and K. Sato, Astrophys. J. 335, 301 (1988).

[5] N. A. Gentile, M. B. Aufderheide, G. J. Mathews, F. D.

Swesty, and G. M. Fuller, Astrophys. J. 414, 701 (1993).

[6] I. Sagert, T. Fischer, M. Hempel, G. Pagliara, J. Schaffner-

Bielich, A. Mezzacappa, F. K. Thielemann, and M.

Liebendörfer, Phys. Rev. Lett. 102, 081101 (2009).

[7] T. Fischer, N. U. F. Bastian, M. R. Wu, P. Baklanov, E.

Sorokina, S. Blinnikov, S. Typel, T. Klähn, and D. B.

Blaschke, Nat. Astron. 2, 980 (2018).

[8] T. Fischer, M.-R. Wu, B. Wehmeyer, N.-U. F. Bastian, G.

Martínez-Pinedo, and F.-K. Thielemann, Astrophys. J.

894, 9 (2020).

[9] S. Zha, E. P. O’Connor, M. C. Chu, L. M. Lin, and S. M.

Couch, Phys. Rev. Lett. 127, 219901 (2020); 125, 051102

(2020).

[10] T. Fischer, Eur. Phys. J. A 57, 270 (2021).

[11] P. Jakobus, B. Müller, A. Heger, A. Motornenko, J.

Steinheimer, and H. Stoecker, Mon. Not. R. Astron.

Soc. 516, 2554 (2022).

[12] T. Kuroda, T. Fischer, T. Takiwaki, and K. Kotake, As-

trophys. J. 924, 38 (2022).

[13] S. Zha and E. O’Connor, Phys. Rev. D 106, 123037

(2022).

[14] P. Jakobus, B. Müller, A. Heger, S. Zha, J. Powell, J.

Steinheimer, A. Motornenko, and H. Stoecker, Phys. Rev.

Lett. 131, 191201 (2023).

[15] N. K. Largani, T. Fischer, and N.-U. F. Bastian, Astrophys.

J. 964, 143 (2024).

[16] S. E. Woosley, J. R. Wilson, G. J. Mathews, R. D.

Hoffman, and B. S. Meyer, Astrophys. J. 433, 229 (1994).

[17] J. Witti, H.-T. Janka, and K. Takahashi, Astron. Astrophys.

286, 841 (1994), https://ui.adsabs.harvard.edu/abs/

1994A&A...286..841W.

[18] K. Takahashi, J. Witti, and H.-T. Janka, Astron. Astrophys.

286, 857 (1994), https://ui.adsabs.harvard.edu/abs/1994A

%26A...286..857T.

[19] Y.-Z. Qian and S. E. Woosley, Astrophys. J. 471, 331

(1996).

[20] G. Stockinger, H.-T. Janka, D. Kresse, T. Melson, T. Ertl,

M. Gabler, A. Gessner, A. Wongwathanarat, A. Tolstov,

S.-C. Leung, K. Nomoto, and A. Heger, Mon. Not. R.

Astron. Soc. 496, 2039 (2020).

[21] R. Bollig, N. Yadav, D. Kresse, H.-T. Janka, B. Müller, and

A. Heger, Astrophys. J. 915, 28 (2021).

[22] M. Witt, A. Psaltis, H. Yasin, C. Horn, M. Reichert, T.

Kuroda, M. Obergaulinger, S. M. Couch, and A. Arcones,

Astrophys. J. 921, 19 (2021).

[23] T. Wang and A. Burrows, Astrophys. J. 954, 114 (2023).

[24] T. Fischer, G. Guo, K. Langanke, G. Martínez-Pinedo,

Y.-Z. Qian, and M.-R. Wu, Prog. Part. Nucl. Phys. 137,

104107 (2024).

ZEWEI XIONG et al. PHYS. REV. D 112, 063024 (2025)

063024-16



[25] N. Nishimura, T. Fischer, F.-K. Thielemann, C. Fröhlich,

M. Hempel, R. Käppeli, G. Martínez-Pinedo, T. Rauscher,

I. Sagert, and C. Winteler, Astrophys. J. 758, 9 (2012).

[26] B. Dasgupta, T. Fischer, S. Horiuchi, M. Liebendörfer, A.

Mirizzi, I. Sagert, and J. Schaffner-Bielich, Phys. Rev. D

81, 103005 (2010).

[27] T. Pitik, D. J. Heimsoth, A. M. Suliga, and A. B.

Balantekin, Phys. Rev. D 106, 103007 (2022).

[28] Z. Lin, S. Zha, E. P. O’connor, and A.W. Steiner, Phys.

Rev. D 109, 023005 (2024).

[29] A. Bauswein, N. U. F. Bastian, D. B. Blaschke, K.

Chatziioannou, J. A. Clark, T. Fischer, and M. Oertel,

Phys. Rev. Lett. 122, 061102 (2019).

[30] E. R. Most, L. J. Papenfort, V. Dexheimer, M. Hanauske, S.

Schramm, H. Stöcker, and L. Rezzolla, Phys. Rev. Lett.

122, 061101 (2019).

[31] J. C. L. Chan, H. H.-Y. Ng, and P. C.-K. Cheong, arXiv:

2412.10046.

[32] M. C. Volpe, Rev. Mod. Phys. 96, 025004 (2024).

[33] L. Johns, S. Richers, and M.-R. Wu, 10.1146/annurev-

nucl-121423-100853 (2025).

[34] T. Morinaga, H. Nagakura, C. Kato, and S. Yamada, Phys.

Rev. Res. 2, 012046 (2020).

[35] S. Abbar, H. Duan, K. Sumiyoshi, T. Takiwaki, and M. C.

Volpe, Phys. Rev. D 100, 043004 (2019).

[36] M. Delfan Azari, S. Yamada, T. Morinaga, W. Iwakami, H.

Okawa, H. Nagakura, and K. Sumiyoshi, Phys. Rev. D 99,

103011 (2019).

[37] M. Delfan Azari, S. Yamada, T. Morinaga, H. Nagakura, S.

Furusawa, A. Harada, H. Okawa, W. Iwakami, and K.

Sumiyoshi, Phys. Rev. D 101, 023018 (2020).

[38] H. Nagakura, T. Morinaga, C. Kato, and S. Yamada,

Astrophys. J. 886, 139 (2019).

[39] S. Abbar, H. Duan, K. Sumiyoshi, T. Takiwaki, and M. C.

Volpe, Phys. Rev. D 101, 043016 (2020).

[40] R. Glas, H.-T. Janka, F. Capozzi, M. Sen, B. Dasgupta, A.

Mirizzi, and G. Sigl, Phys. Rev. D 101, 063001 (2020).

[41] H. Nagakura, A. Burrows, L. Johns, and G. M. Fuller,

Phys. Rev. D 104, 083025 (2021).

[42] S. Abbar, F. Capozzi, R. Glas, H. T. Janka, and I.

Tamborra, Phys. Rev. D 103, 063033 (2021).

[43] A. Harada and H. Nagakura, Astrophys. J. 924, 109

(2022).

[44] R. Akaho, J. Liu, H. Nagakura, M. Zaizen, and S. Yamada,

Phys. Rev. D 109, 023012 (2024).

[45] M. R. Wu, I. Tamborra, O. Just, and H. T. Janka, Phys. Rev.

D 96, 123015 (2017).

[46] M. George, M.-R. Wu, I. Tamborra, R. Ardevol-Pulpillo,

and H.-T. Janka, Phys. Rev. D 102, 103015 (2020).

[47] X. Li and D.M. Siegel, Phys. Rev. Lett. 126, 251101

(2021).

[48] O. Just, S. Abbar, M. R. Wu, I. Tamborra, H. T. Janka, and

F. Capozzi, Phys. Rev. D 105, 083024 (2022).

[49] R. Fernández, S. Richers, N. Mulyk, and S. Fahlman, Phys.

Rev. D 106, 103003 (2022).

[50] P. Mukhopadhyay, J. Miller, and G. C. McLaughlin, As-

trophys. J. 974, 110 (2024).

[51] H. Nagakura, K. Sumiyoshi, S. Fujibayashi, Y. Sekiguchi,

and M. Shibata, arXiv:2504.20143.

[52] I. Tamborra, L. Hüdepohl, G. G. Raffelt, and H.-T. Janka,

Astrophys. J. 839, 132 (2017).

[53] Z. Xiong, M.-R. Wu, G. Martínez-Pinedo, T. Fischer, M.

George, C.-Y. Lin, and L. Johns, Phys. Rev. D 107, 083016

(2023).

[54] J. Liu, R. Akaho, A. Ito, H. Nagakura, M. Zaizen, and S.

Yamada, Phys. Rev. D 108, 123024 (2023).

[55] A. Mezzacappa and S. W. Bruenn, Astrophys. J. 405, 637

(1993).

[56] A. Mezzacappa and S. W. Bruenn, Astrophys. J. 410, 740

(1993).

[57] A. Mezzacappa and S. W. Bruenn, Astrophys. J. 405, 669

(1993).

[58] M. Liebendörfer, A. Mezzacappa, and F.-K. Thielemann,

Phys. Rev. D 63, 104003 (2001).

[59] M. Liebendorfer, O. E. B. Messer, A. Mezzacappa, S. W.

Bruenn, C. Y. Cardall, and F.-K. Thielemann, Astrophys. J.

Suppl. Ser. 150, 263 (2004).

[60] R. W. Lindquist, Ann. Phys. (N.Y.) 37, 487 (1966).

[61] T. Fischer, G. Guo, G. Martínez-Pinedo, M. Liebendörfer,

and A. Mezzacappa, Phys. Rev. D 102, 123001 (2020).

[62] M. Liebendorfer, S. Rosswog, and F.-K. Thielemann,

Astrophys. J. Suppl. Ser. 141, 229 (2002).

[63] T. Fischer, S. C. Whitehouse, A. Mezzacappa, F.-K. K.

Thielemann, and M. Liebendörfer, Astron. Astrophys. 517,

A80 (2010).

[64] S. W. Bruenn, Astrophys. J. Suppl. Ser. 58, 771 (1985).

[65] J. M. Lattimer and F. Douglas Swesty, Nucl. Phys. A535,

331 (1991).

[66] H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi, Nucl.

Phys. A637, 435 (1998).

[67] M. Hempel, T. Fischer, J. Schaffner-Bielich, and M.

Liebendörfer, Astrophys. J. 748, 70 (2012).

[68] A. W. Steiner, M. Hempel, and T. Fischer, Astrophys. J.

774, 17 (2013).

[69] T. Fischer, J. M. Camalich, H. Kochankovski, and L. Tolos,

J. Cosmol. Astropart. Phys. 01 (2025) 061.

[70] T. Fischer, I. Sagert, G. Pagliara, M. Hempel, J. Schaffner-

Bielich, T. Rauscher, F. K. Thielemann, R. Käppeli, G.

Martínez-Pinedo, and M. Liebendörfer, Astrophys. J.

Suppl. Ser. 194, 39 (2011).

[71] T. Fischer, Eur. Phys. J. A 57, 270 (2021).

[72] M. Hempel and J. Schaffner-Bielich, Nucl. Phys. A837,

210 (2010).

[73] F. X. Timmes and D. Arnett, Astrophys. J. Suppl. Ser. 125,

277 (1999).

[74] F. X. Timmes and F. D. Swesty, Astrophys. J. Suppl. Ser.

126, 501 (2000).

[75] N.-U. F. Bastian, Phys. Rev. D 103, 023001 (2021).

[76] S. Typel, G. Röpke, T. Klähn, D. Blaschke, and H. H.

Wolter, Phys. Rev. C 81, 015803 (2010).

[77] M. A. R. Kaltenborn, N.-U. F. Bastian, and D. B. Blaschke,

Phys. Rev. D 96, 056024 (2017).

[78] T. Rauscher, A. Heger, R. D. Hoffman, and S. E. Woosley,

Astrophys. J. 576, 323 (2002).

[79] T. Fischer, G. Martínez-Pinedo, M. Hempel, and M.

Liebendörfer, Phys. Rev. D 85, 083003 (2012).

[80] K. Sumiyoshi, S. Yamada, H. Suzuki, and S. Chiba, Phys.

Rev. Lett. 97, 091101 (2006).

OCCURRENCE OF FAST NEUTRINO FLAVOR … PHYS. REV. D 112, 063024 (2025)

063024-17



[81] T. Fischer, S. C. Whitehouse, A. Mezzacappa, F.-K. K.

Thielemann, and M. Liebendörfer, Astron. Astrophys. 499,

1 (2009).

[82] E. O’Connor and C. D. Ott, Astrophys. J. 730, 70 (2011).

[83] C. J. Horowitz, Phys. Rev. D 65, 043001 (2002).

[84] T. Morinaga, Phys. Rev. D 105, L101301 (2022).

[85] S. Abbar and F. Capozzi, J. Cosmol. Astropart. Phys. 03

(2022) 051.

[86] Z. Xiong, M.-R. Wu, M. George, C.-Y. Lin, N. K. Largani,

T. Fischer, and G. Martínez-Pinedo, Phys. Rev. D 109,

123008 (2024).

[87] I. Tamborra, F. Hanke, H. T. Janka, B. Müller, G. G.

Raffelt, and A. Marek, Astrophys. J. 792, 96 (2014).

[88] H. Nagakura, A. Burrows, D. Radice, and D. Vartanyan,

Mon. Not. R. Astron. Soc. 492, 5764 (2020).

[89] S. Shalgar and I. Tamborra, Phys. Rev. D 107, 063025

(2023).

[90] L. Johns, Phys. Rev. Lett. 130, 191001 (2023).

[91] L. Johns and Z. Xiong, Phys. Rev. D 106, 103029 (2022).

[92] Z. Xiong, L. Johns, M.-R. Wu, and H. Duan, Phys. Rev. D

108, 083002 (2023).

[93] C. Kato, H. Nagakura, and M. Zaizen, Phys. Rev. D 108,

023006 (2023).

[94] B. Dasgupta, Phys. Rev. Lett. 128, 081102 (2022).

[95] S. Bhattacharyya, M.-R. Wu, and Z. Xiong, arXiv:2504

.11316.

[96] G. Sigl and G. Raffelt, Nucl. Phys. B406, 423 (1993).

[97] A. Vlasenko, G. M. Fuller, and V. Cirigliano, Phys. Rev. D

89, 105004 (2014).

[98] C. Volpe, Int. J. Mod. Phys. E 24, 1541009 (2015).

[99] D. N. Blaschke and V. Cirigliano, Phys. Rev. D 94, 033009

(2016).

[100] T. Wang and A. Burrows, arXiv:2503.04896.

[101] Z. Xiong, R. Wu, S. Abbar, S. Bhattacharyya, M. George,

and C.-Y. Lin, Phys. Rev. D 108, 063003 (2023).

[102] M. R. Wu, Y. Z. Qian, G. Martínez-Pinedo, T. Fischer, and

L. Huther, Phys. Rev. D 91, 065016 (2015).

[103] K. Abe, K. Abe, H. Aihara, A. Aimi, R. Akutsu, C.

Andreopoulos, I. Anghel, L. H. V. Anthony, M. Antonova,

Y. Ashida, V. Aushev, M. Barbi, G. J. Barker, G. Barr, P.

Beltrame et al. (Hyper-Kamiokande Collaboration),

arXiv:1805.04163.

[104] B. Abi, R. Acciarri, M. A. Acero, G. Adamov, D. Adams,

M. Adinolfi, Z. Ahmad, J. Ahmed, T. Alion, S. A.

Monsalve, C. Alt, J. Anderson, C. Andreopoulos, M. P.

Andrews, F. Andrianala et al. (DUNE Collaboration),

arXiv:2002.03005.

[105] K. Scholberg, Annu. Rev. Nucl. Part. Sci. 62, 81 (2012).

[106] E. Kolbe, K. Langanke, G. Martínez-Pinedo, and P. Vogel,

J. Phys. G 29, 2569 (2003).

[107] H. Nagakura and M. Zaizen, Phys. Rev. D 108, 123003

(2023).

[108] S. Abbar and M. C. Volpe, Phys. Rev. D 111, 083005

(2025).

[109] L. J. Shingles, C. E. Collins, V. Vijayan, A. Flörs, O. Just,

G. Leck, Z. Xiong, A. Bauswein, G. Martínez-Pinedo, and

S. A. Sim, Astrophys. J. Lett. 954, L41 (2023).

[110] O. Just, V. Vijayan, Z. Xiong, S. Goriely, T. Soultanis, A.

Bauswein, J. Guilet, H.-T. Janka, and G. Martínez-Pinedo,

Astrophys. J. Lett. 951, L12 (2023).

[111] J. D. J. Mendoza-Temis, M. R. Wu, K. Langanke, G.

Martínez-Pinedo, A. Bauswein, and H. T. Janka, Phys.

Rev. C 92, 055805 (2015).

[112] S. Goriely, N. Chamel, and J. M. Pearson, Phys. Rev. C 82,

035804 (2010).

[113] T. Marketin, L. Huther, and G. Martínez-Pinedo, Phys.

Rev. C 93, 025805 (2016).

[114] J. D. Hunter, Comput. Sci. Eng. 9, 90 (2007).

[115] S. van der Walt, S. C. Colbert, and G. Varoquaux, Comput.

Sci. Eng. 13, 22 (2011).

[116] P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T.

Reddy, D. Cournapeau, E. Burovski, P. Peterson, W.

Weckesser, J. Bright, S. J. van der Walt, M. Brett, J.

Wilson, K. J. Millman, N. Mayorov, A. R. J. Nelson

et al., Nat. Methods 17, 261 (2020).

[117] Z. Xiong, M.-R. Wu, N. K. Largani, T. Fischer, G.

Martínez-Pinedo, Zenodo v1 (2025), 10.5281/zenodo

.16778316.

ZEWEI XIONG et al. PHYS. REV. D 112, 063024 (2025)

063024-18


