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We introduce a systematic and quantitative methodology for establishing the presence of neutrino
oscillatory signals due to the hadron-quark phase transition (PT) in failing core-collapse supernovae from
the observed neutrino event rate in water- or ice-based neutrino detectors. The methodology uses a
likelihood ratio in the frequency domain as a test-statistic; it is employed for quantitative analysis of
neutrino signals without assuming the frequency, amplitude, starting time, and duration of the PT-induced
oscillations present in the neutrino events and thus it is suitable for analyzing neutrino signals from a wide
variety of numerical simulations. We test the validity of this method by using a core-collapse simulation of
a 17 solar-mass star by Zha et al. [Astrophys. J. 911, 74 (2021) ]. Based on this model, we further report the
presence of a PT-induced oscillations quantitatively for a core-collapse supernovae out to a distance of
∼10 kpc, ∼5 kpc for IceCube and to a distance of ∼10 kpc, ∼5 kpc, and ∼1 kpc for a 0.4 Mt mass water
Cherenkov detector. This methodology will aid the investigation of a future galactic supernova and the
study of hadron-quark phase in the core of core-collapse supernovae.

DOI: 10.1103/PhysRevD.109.023005

I. INTRODUCTION

In 1987 the neutrino burst from supernova (SN) 1987A
in the Large Magellanic Cloud was observed within a time
interval of about 15 seconds, with a total of 24 neutrino
events detected in KAMIOKANDE-II, IMB, and Baksan
detectors [1–3]. Despite the small number of observed
neutrinos, the mean energy and temporal spreading of these
core-collapse SN (CCSN) neutrinos helped to pave the way
for a new era of neutrino and CCSNe physics [1,4,5]. In the
last three decades, the capabilities for CCSN neutrino
detection have increased by orders of magnitude. The
existing and the next generation neutrino detectors will
enable the observation of neutrinos from the next galactic
CCSN with good statistics, and thus provide unprecedented
and detailed features of the neutrino signal [6]. What can we
learn from the next CCSN neutrino detection? Since neu-
trinos are only interacting with matter via weak interactions,
they can be sensitive probes of nuclear physics [7–11] and
hydrodynamics [11–14] in the inner region of CCSNe.
The phase transition (PT) from hadronic to deconfined

quark matter is being explored by both terrestrial experi-
ments such as heavy-ion experiments [15] and observa-
tional studies of compact objects [16]. In the core of

CCSNe and in the interior of neutron stars, the densities
easily exceed the saturation density of n0 ≈ 0.16 fm−3,
which naturally raises a question: Does the core of compact
objects contain nonleptonic degrees of freedom other than
neutrons and protons? In search for the quark matter in
compact stars, there are mainly three scenarios being
explored: (1) quark matter in old accreting neutron stars
[17–19], (2) in protoneutron stars (PNS) after the CCSNe
explosions [20,21] and (3) in protocompact stars (PCS)
produced by progenitor’s iron cores in early postbounce
phase of CCSNe [10]. In the second scenario, the meta-
stability and subsequent collapse to a black hole of a PNS
containing quark matter are observable in current and
planned neutrino detectors [20]. Additionally, neutrinos
in a quark nova may deposit sufficient energy in the outer
layers of the star to cause significant mass ejection of the
nuclear envelope, which could be relevant to r-process
products injected into the inter-stellar medium [21]. In the
third scenario, the PT may soften the equation of state
(EoS), leading to further collapse and second bounce of
these PCS cores [8,10,22,23], in many cases dramatically
altering the ensuing dynamics. Additionally, since in this
scenario the PT appears in the early postbounce phase,
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imprints of PT on both the neutrino and gravitational-wave
(GW) signals are expected [8,10,22,24].
In the recent work by Zha et al. [22], it was found, for

their choice of EoS, that for a bounce compactness
parameter of 0.24 < ξ2.2 < 0.51 (see the definition of
compactness ξ in Sec. II B), the PCS experiences a second
bounce with subsequent oscillations. This induces oscil-
latory neutrino signals that could be observed on Earth. The
oscillatory signals observed in the Zha et al. models start at
∼500–1000 ms after bounce and last for ∼50 ms, with a
frequency at ∼800 Hz. As shown in the numerical simu-
lations, the damping time and the oscillation frequency of
the PT-induced neutrino signals are closely related to the
oscillation and damping of the PCSs in the failing CCSNe
cores. The oscillation and the damping of compact objects
has received increasing attention since it may (1) alter the
GW signals of binary mergers in the postmerger phase [25]
and (2) probe the nuclear physics such as properties of bulk
viscosity of hot and dense matter in the interior of massive
stars [16]. In this work, we explore the neutrino counterpart
that probes the hot and dense matter properties in compact
objects, and show that besides GW probes, the existence
and properties of a hadron-quark phase in the compact core
of CCSNe can be verified and measured in a systematic and
quantitative way using neutrino signals from a future
galactic CCSN.
The paper is outlined as follows: In Sec. II, we introduce

the essential physics of CCSN neutrino detection and the
hadron-quark PT in PCSs. In Sec. III, we discuss a novel
statistical method used in this work to quantitatively study
the existence and the oscillation features of PT-induced
neutrino signals. In Sec. IV, we provide our statistical
analysis results by using the neutrino signal frommodels by
Zha et al. as a test bed. Additionally, we suggest a method
to constrain the effective bulk viscosity of the hadron-quark
phase by measuring the frequency and the duration of the
PT-induced neutrino signal. We then discuss the potential
importance of the physical bulk viscosity in future numeri-
cal simulations. Finally, we conclude in Sec. V.

II. GENERALITIES

A. Supernova neutrino detection

In this section, we briefly discuss neutrino detection
methodologies in tank-based water-Cherenkov detectors
and in long-string water-Cherenkov detectors such as
IceCube. We further discuss the performance of observing
MeV galactic CCSN neutrinos in these two types of
neutrino detectors.
In tank-based water-Cherenkov detectors, for example

Super-K [26] or Hyper-K [27], the main channel for
CCSN neutrino detection is inverse beta decay (IBD)
ν̄e þ p → eþ þ n. In this channel, individual positrons
are detected via their Cherenkov photon signal with high
efficiency and excellent time resolution (microseconds or

less). In this way, a CCSN neutrino event triggered in a
tank-based water-Cherenkov detector corresponds to an
individual neutrino IBD reaction within the volume of the
detector. Both the ν̄e energy and the flux intensity could be
measured with this type of detector. In IceCube, 5160
photomultiplier tubes were placed in the deep Antarctic ice
to detect particle induced photons, with the main goal of
detecting neutrinos with energies greater than 100 GeV. For
a burst of MeV neutrinos, e.g., from a CCSN, Cherenkov
light induced by neutrino interactions increase the count
rate of all light sensors above their average value. Although
this increase in an individual light sensor is not statistically
significant, the effect will be clearly seen when considered
collectively over the many sensors. Therefore, individual
IBD reactions cannot be resolved and the ν̄e energy cannot
be measured in IceCube, but MeV neutrinos can still be
detected en masse in IceCube due to a collective rise in all
photomultiplier rates on top of the dark noise.
The performance of neutrino detectors mainly depends

on two quantities: (1) the detector size and (2) the back-
ground noise in the detector. Next generation water
Cherenkov detectors, like the planned Hyper-K, consist
of megaton-scale water tanks and are expected to see ∼105
neutrino events from a CCSN at 10 kpc through the IBD
channel. The background events in deep underground tank-
based water Cherenkov detectors are mainly due to other
neutrino sources such as cosmic rays or detector impurities,
and generally are negligible over the short timescale
(∼10 s of seconds) of a galactic CCSN. In this work, a
water Cherenkov detector of 0.37 Mt,1 in accordance with
the strategy of future Hyper-Kamiokande experiments
including two water-Cherenkov detectors [27], is consid-
ered and the low background events are ignored. The
IceCube detector, which monitors a volume of 1 km3 in
deep Antarctic ice for neutrino signals, is an even bigger
Cherenkov detector than Hyper-K, and ∼106 neutrino
interactions from a CCSN at 10 kpc will occur within
the effective volume [29,30]. In our work, for IceCube, a
background noise component is added using a modified
Gaussian distribution taking the spread to be 1.3

ffiffiffi
μ

p
where μ is the average detector background rate equal to
1475 ms−1. The factor of 1.3 is to account for correlated
hits from muons [29–31].

B. PT: Physics and numerical predictions

Here we summarize the essential physics for the oscil-
latory neutrino signals from failing CCSNe and refer
readers to Ref. [22] for the details. According to the current
understanding of the EoS for hot and dense matter [32], a
hadron-quark PT may take place in the PCS as it grows in
mass due to accretion. The PT can lead to the collapse of

1The first water-Cherenkov detector of Hyper-Kamiokande,
with the total mass of 258 kt, is expected to start operations in
2027 [28].
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the PCS and a second bounce shock wave is launched when
the core stiffens due to a high quark fraction. For a very
compact progenitor, this bounce shock cannot overcome
the ram pressure of the envelope and falls back onto the
core. The PCS starts to oscillate with the excess kinetic
energy until damped due to neutrino emission and bulk
viscosity. If the PCS mass exceeds the maximum value
allowed by the EoS, it collapses into a black hole.
Reference [22] investigated the consequences of the

hadron-quark PT in failing CCSNe with a hybrid EoS
(STOS-B145) including hadrons and quarks [33]. Twenty-
one progenitor models were chosen from Ref. [34] to study
the dependence of the PT on the progenitor compactness
ξM, defined as [35]

ξM ¼ M=M⊙

RðMbaryon ¼ MÞ=1000 km

����
t¼t0

: ð1Þ

Here, R is the radius that encloses a baryonic mass ofM at a
given time t0. In Ref. [22],M is chosen to be 2.2M⊙ which

is approximately the maximum baryonic mass of PCS
determined by the STOS-B145 EoS and t0 is set as the time
of first bounce due to the stiffening of the hadronic EoS.
With the STOS-B145 EoS, the PCS collapses when its

central density exceeds ∼2 × ρsat. In the models explored,
this occurs as early as ∼350 ms after the first bounce.
However, these models collapse directly to a black hole and
do not have a second bounce. For a set of progenitor models
with ξ2.2 between 0.24 and 0.51, the PCS does have a
second bounce and the remnant formed after this PT
oscillates for ∼50 ms with a frequency around ∼1 kHz.
The oscillation of PCS leads to oscillations in the effective
neutrino sphere temperature (TRν

) with the same frequency.
As shown in the bottom panel of Fig. 1, the emitted electron
antineutrino luminosity acquires a similar oscillatory
behavior. While the neutrino transport is handled self-
consistently within the simulation, we remark that the
imprint of PT on the neutrino luminosity could be under-
stood, to zeroth order, from simple oscillations in the
temperature of a black body. Consequently, the luminosity
scales with the temperature to the power of 4. The
amplitude as well as the frequency of the oscillation of
the neutrino luminosity depends on ξ2.2, as shown in Fig. 2.
In this work, we take the model s17 (a solar-metallicity
17M⊙ progenitor from Ref. [34] with ξ2.2 ¼ 0.349 and with
a moderate oscillatory amplitude) as a fiducial example to
demonstrate its detectability with our novel statistical
method. Meanwhile, we take the neutrino luminosity curve
with the same progenitor model but produced using
the STOS EoS [36] that has no PT as a reference model.FIG. 1. Central density (top), effective neutrinosphere temper-

ature of ν̄e (middle), and luminosity of ν̄e (bottom) as a function
of time in CCSN simulations with STOS (solid red) and STOS-
B145 (solid black) EoS. The zigzag feature in TRν

is due to the
finite discretization of simulation grid.

FIG. 2. The upper panel shows the central density oscillation
spectrum in models with different compactness parameter ξ2.2
as marked by the legends, while the lower panel shows the
oscillatory neutrino luminosity spectrum in models with different
compactness. The vertical dotted lines indicate the peak frequen-
cies in the spectrum of density oscillation.
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The evolution of central density, TRν
and luminosity of

electron antineutrino as a function of time are shown
together in Fig. 1 for both simulations with (STOS-
B145) and without (STOS) the PT.

III. TESTING FOR PT:
LIKELIHOOD RATIO METHOD

In this section, we introduce a statistical method to
estimate the detectability of the PT, and analyze the
oscillatory features of PT-induced neutrino signals. This
method is generalized from the work analyzing the features
of standing accretion shock instability (SASI) by Lin et al.
[37], and features in providing quantitative results of the
detectability of oscillations in neutrino events in a terrestrial
Cherenkov detector, where the noise is mainly driven by
the statistical fluctuations, and thus is strongly correlating
with the signal itself.
For CCSNe neutrino detection in a Cherenkov detector

the recorded events are analyzed after an initial time tST, in
time bins of width Δ. The jth time bin corresponds to the
time tj ¼ tST þ jΔ. We perform a discrete Fourier trans-
form of the time series of neutrino events fNðtjÞg over the
time interval ½tST; tST þ τ�, where the analyzed time series
starts at tST with duration of τ and contains Nbins ¼ τ=Δ
time bins. The neutrino events fNðtjÞg were calculated
using SNEWPY [38,39]. Note that tST and τ are tunable
parameters when searching for PT-induced signals. The
discrete frequency resolution is δ ¼ 1=τ. We define the
discrete Fourier-transformed neutrino signal as

hðkδÞ ¼
XNbins−1

j¼0

NðtjÞei2πjΔkδ; ð2Þ

and the one-sided power spectrum as:

PðkδÞ ¼
�
2jhðkδÞj2=N2

bins for 0 < kδ < fNyq;

jhðkδÞj2=N2
bins for kδ ¼ 0:

ð3Þ

We find the probability density distribution function (PDF)
of power PðkδÞ follows:

ProbðPðkδÞÞ ¼ 1

2
e−

1
2
ðPðkδÞ
Cσ2

þλ0ÞI0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ0
PðkδÞ
Cσ2

r �
1

Cσ2
; ð4Þ

where C ¼ 2=N2
bins, Ntot ¼

P
NðtjÞ, hR ¼ PNbins−1

j¼0 ×

NðtjÞ cosð2πtjkδÞ, hI ¼
PNbins−1

j¼0 NðtjÞ sinð2πtjkδÞ, λ0 ¼
ðh2R þ h2I Þ=σ2, and I0 is the modified Bessel function of
the first kind. Note that for Hyper-K σ2 ¼ Ntot=2, while for
IceCube σ2 ¼ ðNtot þ 1.32μÞ=2. The detailed derivation
of Eq. (4) is given in the Appendix of Ref. [37]. To test
the existence of PT imprints on neutrino signals, we first
design two parametric templates which characterize the
main features of neutrino signals with and without the

PT-induced oscillations. For the signals with PT-induced
oscillatory activity we choose a single frequency function:

NPTðtÞ ¼ ðA − nÞð1þ a sinð2πfPTtÞÞ þ n; ð5Þ
where A is the time-averaged event number per bin in the
detector including instrumental noise (after possible exper-
imental cuts), a is the relative PToscillation amplitude, n is
the mean value of the background events per bin (n ¼ 0
for Hyper-K), and fPT is the nominal frequency of the
PT-induced neutrino event rate oscillation frequency. The
second template, for the signals without PT, is a constant:

NnoPTðtÞ ¼ A: ð6Þ

We then Fourier transform the time series of PT and no-PT
template in Eqs. (5) and (6) respectively, and get the power
of the templates PPT and PnoPT using Eq. (3). The PDF of
the power of the templates follows Eq. (4). In the following,
we denote the PDF of power of neutrino signal based on
PT/noPT template as ProbðP;ΩPT=noPTÞ, where ΩPT=noPT is
the set of parameters in PT(no-PT) template [see Eqs. (5)
and (6)]. Given the parametric PT and no-PT template, we
then define the likelihood functions of neutrino signals. The
likelihood that the neutrino power spectrum fPðkδÞg
agrees with PT template is

LðfPðkδÞg;ΩPTÞ ¼
Yb950 Hz=δc

k¼b400 Hz=δc
ProbðPðkδÞ;ΩPTÞ; ð7Þ

while the likelihood that neutrino power spectrum fPðkδÞg
agrees with no-PT template is

LðfPðkδÞg;ΩnoPTÞ ¼
Yb950 Hz=δc

k¼b400 Hz=δc
ProbðPðkδÞ;ΩnoPTÞ: ð8Þ

We then define the likelihood ratio:

LðfPgÞ ¼ L̃ðfPg; Ω̃PTÞ
L̃ðfPg; Ω̃noPTÞ

; ð9Þ

where L̃ is the maximized likelihood, Ω̃PT and Ω̃noPT are
the optimal template parameters given power spectrum
fPg. In Eqs. (7) and (8), the frequencies considered for
PT-induced signals are from 400 to 950 Hz. The Eq. (9)
serves as our “PT-meter” to identify the presence of PT.
Since the templates NPT [Eq. (5)] and NnoPT [Eq. (6)]
capture well the main features of the neutrino event rates of
the models with and without PT-induced oscillations
respectively, as the oscillatory features in the data become
more pronounced, the numerator Eq. (9) is likely to
increase (generally better fit for the PT template), while
at the same time the denominator is likely to decrease (poorer
fit for the no-PT template), so L is likely to increase. Vice-
versa, L will take lower values if the PT-induced oscillatory
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signals in the data becomeweaker. The input for thePT-meter
is the neutrino power spectrum fPðkδÞg, and it comes either
from predictions of numerical simulations or from future
observations of CCSNe neutrinos.
We first use fPðkδÞg from two theoretical models to

calibrate the L values of PT-meter in PT and no-PT
scenario. The models with and without PT activities are
based on the work by Zha et al. [22]. In the following the
model with PTactivities is denoted as ZOS21-STOS-B145,
which is the Zha-O’Connor-Schneider model using the
STOS-B145 EoS. And the model without PT activities is
denoted as ZOS21-STOS, which is the Zha-O’Connor-
Schneider model using the STOS EoS. The STOS EoS is a
nucleonic relativistic mean field EoS [36]. More details
about the models with and without PT activities are
discussed in Sec. II. By considering the shot noise, the
neutrino events predicted by the ZOS21-STOS-B145 and
the ZOS21-STOS are randomized. In this way, we get
the PDF of L in PT scenario [ProbPTðLÞ] and in no-PT
scenario [ProbnoPTðLÞ].
We previously defined ProbPTðLÞ and ProbnoPTðLÞ. In

the future, given fPðkδÞg from observations of CCSNe
neutrinos we might have Lobs, which is the observed
PT-meter value. We further define the threshold of
PT-meter, which is Lthr. The PT exists if Lobs > Lthr and
does not exist if Lobs < Lthr. The probability of correctly
claiming the PT existence is

PD ¼
Z

∞

Lthr

dL ProbPTðLÞ; ð10Þ

and the false alarm rate is

PFA ¼
Z

∞

Lthr

dL ProbnoPTðLÞ: ð11Þ

Here we introduce the PDF of the PT template param-
eters Ω̃PT. Note when calculating L, the relationship
between fPðkδÞg and Ω̃PT is a one-to-one relationship.
We determine the PDF of Ω̃PT by taking many realizations
and therefore sampling the distribution from the shot
noise. In our Monte Carlo simulations, we found this
PDF based on the ZOS21-STOS-B145 and the ZOS21-
STOS at various CCSNe distances. The mean of Ω̃PT relate
to the features of PT oscillations (such as oscillation
amplitude and frequencies). And the variation of Ω̃PT
relates to the uncertainties associated with our determina-
tion of the PT oscillation features due to the shot noise
inherent in any observation.

IV. RESULT

A. Time series and power spectrum

In this section we present the time series and power
spectrum of the neutrino signals predicted by the ZOS21-

STOS-B145 and the ZOS21-STOS models in IceCube and
Hyper-K.
Let us first discuss qualitatively the features of

PT-induced neutrino signals in the time and frequency
domain. As shown in Figs. 3 and 4, the PT-induced neutrino
signal in this model manifests itself by presenting a nearly
monochromatic oscillation of the number of neutrino
events from approximately 1000ms to 1040ms postbounce
in the time domain and correspondingly has a power peak
at around 800 Hz in the frequency domain. Additionally,
the PTactivity itself gives a strong burst at the beginning of
the PT, around ∼990 ms in the time domain. Before
stabilizing, this burst contains the first several oscillation
cycles from ∼990 ms to ∼1000 ms and forms a peak at
around 650 Hz in frequency domain, which is slightly
different from the main PT-induced peak at ∼800 Hz. Note
that the PT-induced oscillation observed in detectors is
unavoidably smeared by shot noise. In Fig. 3, we compared
the neutrino signals with and without shot noise in time
domain. Since the relative uncertainty due to shot noise
is ∝

ffiffiffiffi
N

p
=N ∝ D, as the SNe distance D increases the

PT-induced oscillation become more difficult to be distin-
guished from the observed neutrino events in the time
domain. The existence and the feature of PT-induced
oscillation may be easier to quantitatively analyze in
frequency domain.
We then discuss the qualitative features of the neutrino

signal in both the time and the frequency domain with
several sets of tST and τ to be used when searching for the
PT-induced signals. For example, as shown in the upper left
panel of Fig. 4, a time series with τ ≈ 150 ms and tST ≈
900 ms includes the neutrino signal before and during the
PT-induced oscillations. Correspondingly the burst indicat-
ing the start of PT-induced oscillations in time domain can
clearly be observed. In the lower left panel of Fig. 4 we
show the power spectrum of this neutrino signal. The very
first several oscillation cycles with highest amplitude from
990 to 1000 ms gives a peak at ∼650 Hz in frequency
domain as shown in the lower left panel of Fig. 4. As will be
shown in Sec. IV, in the PT-meter analysis the lower-
frequency peak at ∼650 Hz serves as an additional signal
indicating the start of PT-oscillations, and helps to deter-
mine the existence as well as the starting time of PT-
induced neutrino oscillations. In the right panels of Fig. 4,
we show the neutrino signal from 1000 to 1050 ms (top)
and its power spectrum (bottom). Only stable PT-induced
oscillation are included in this time range, and only a main
peak at ∼800 Hz is observed in the power spectrum. More
details will be discussed in the next section.

B. Are there PT-induced quasiperiodic
neutrino signals?

As discussed in Sec. III, the duration and starting time of
the analyzed time series of neutrino events can be tuned by
changing tST and τ when calculating L. In each time series
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FIG. 4. Neutrino event rate (upper 2 panels) and its power spectrum (lower 2 panels) based on ZOS21-STOS-B145 at Hyper-K from
900 to 1050 ms after bounce (left) and from 1000 to 1050 ms after bounce (right), for distance D ¼ 10 kpc.

FIG. 3. Neutrino event rate at Hyper-K (upper panels) and IceCube (lower panels), with (right) and without (left) the shot noise at SNe
distance D ¼ 10 kpc.
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the PDFs of L based on the PT and no-PT numerical
simulations are generated. In Fig. 5, we present the PDF of
L in two different scenarios (PT and no-PT) for four
representative time series (noted at the top of each panel)
for a source at 5 kpc. The upper left and the lower right
panel of Fig. 5 represent PDFs of L for time series before
and after the PT-induced oscillation. The PDFs of L based
on the ZOS21-STOS-B145 and ZOS21-STOS in these two
panels are not distinguishable. The upper right panel of
Fig. 5 represents PDFs of L for time series including the
burst. Due to the large amplitude in the first several ms
of PT-induced oscillation, the PDFs of L based on the
ZOS21-STOS-B145 and ZOS21-STOS models can be
easily distinguished here. The lower left panel of Fig. 5
represents PDFs of L for time series during the stable
PT-induced oscillation. Although the PDFs of L based on
PTand no-PT models are different, one may not distinguish
them with high statistical confidence in this time series
based on the neutrino events from a CCSNe at 5 kpc in
Hyper-K due to the damping of PT-induced oscillation.
Indeed, as shown in the upper left panel of Fig. 6, the PD

with PFA ¼ 10% is only ≈30% in this specific time series.
The PD is larger in time series with similar starting time but
longer duration. Note the discrete frequency resolution
δ ¼ 1=τ, and the likelihood LðfPg;ΩPTÞ is a product of
probabilities at different discrete frequencies. So, having
longer duration and thus finer discrete frequency resolution
may increase the PD in time series with similar starting
time. Given PDFs of L in two scenarios, a threshold of Lthr
can be determined in various time series in accordance with
designated PFA, which is defined in Eq. (11). Given Lthr,
PD defined in Eq. (10) can be found in various time series.
In Fig. 6 and Fig. 7, we present a map of PD values at false
alarm rate PFA ¼ 10% in time series with different duration
and starting time.
Let us now discuss the PD map of Hyper-K at 5 kpc, for

illustration purposes. The analyzed neutrino signals can be
mainly classified into 3 types: (1) the analyzed time series
ends before or starts after the PT-induced oscillation; (2) the
analyzed time series starts before the PT-induced oscillation
and ends during the oscillation; (3) the analyzed time series
starts during the PT-induced oscillation and ends during or
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FIG. 5. Probability density distribution of L in Hyper-K at 5 kpc. The PDF of L is estimated based on the ZOS21-STOS-B145 and
ZOS21-STOS models, in both PT (Red) and no-PT (black dashed) scenario. The upper left, upper right, lower left, and lower right panel
corresponds to the PDF of Ls before the PT-induced oscillation, during the PT-induced oscillation transition, during the PT-induced
oscillation and after the PT-induced oscillation. The starting time and the duration of analyzed time series are shown at the top of
each panel.
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after the oscillation. Correspondingly, based on the mag-
nitude of PD, the map for Hyper-K at 5 kpc can be roughly
divided into 3 regions: (1) the region where PD ≈ 0;
(2) region where 0.9 < PD < 1; and (3) region where
0.4 < PD < 0.9. We see that when the analyzed time series
includes the burst, it has highest PD and thus highest ability
of distinguishing a PT from a no-PT scenario. This can be

understood easily since the oscillation amplitude at the
beginning is large. The region corresponding to the time
series that start during the oscillation has the second highest
PD, while the region corresponding to time series ending
before or starting after the oscillation has PD ≈ 0 and is
obviously lower than the PD values of the former 2 regions.
Similar behavior of PD distribution can be observed in

FIG. 6. Probability of detection at false alarm rate being 10%, at 1 (upper left), 5 (upper right), and 10 (lower) kpc in Hyper-K. The
vertical and horizontal axis are duration and starting time of analyzed neutrino time series, respectively.

FIG. 7. Probability of detection at false alarm rate being 10%, at 5 (left), and 10 (right) kpc in IceCube. The vertical and horizontal axis
are duration and starting time of analyzed neutrino time series respectively.
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maps for both Hyper-K and IceCube at various SNe
distances.
We now discuss the application of these PD maps for the

future detection of the PT-induced neutrino oscillations.
The PD maps (Figs. 6 and 7) help one to find a time series
with specific tST and τ where the PT-induced oscillations
can be distinguished from no-PT signals with high PD.
For example, in the upper right panel of Fig. 6, the best
candidates for testing PT-induced signals are the time series
including the burst at around 990 ms postbounce.
One may notice the distribution of PD values is unavoid-

ably model-dependent, since the PDFs of L in both PT and
no-PT scenarios are (and have to be) based on theoretical
predictions of PT/no-PT signals from numerical simula-
tions. We leave further discussion on the model depend-
ency of the PT distinction to Sec. V.

C. Parameter estimation

In this section we discuss the parameter estimation
using PT-meter. Following the method described in
Sec. III, we obtained the PDFs of optimal template
parameters Ω̃PT ¼ fã; f̃PTg.
We then estimate the mean and the standard deviations of

the nominal oscillation frequency f̃PT and amplitude ã, in

IceCube at 10 and 5 kpc and in Hyper-K at 10, 5, and 1 kpc.
In Figs. 8–10, for 10, 5, and 1 kpc, respectively, we
show the averaged f̃PT in various neutrino time series.
Additionally, in Tables I and II, the mean and the standard
deviations of f̃PT and ã for several selected time series in
Hyper-K at 1 kpc and 10 kpc, respectively.
For illustration purposes, we discuss the maps for Hyper-

K at 1 kpc in Fig. 10. We see that the time series with
starting times of 1000 ms < tST < 1030 ms and durations
of 30 ms < tdur < 70 ms have approximately the same
optimal frequencies at ≈800 Hz, forming a monochromatic
“cluster” in the f̃PT map. Such a “cluster” indicates that this
is the region including only PT-induced signals, because of
the monochromatic feature of PT-induced oscillation.
Additionally, we see that ã is obviously higher in the region
with tST ≈ 980 ms and tdur ≈ 30 ms. This is the region that
includes the burst in between the no-PT and PT time series.
Indeed, it is the oscillation in the first several ms of PT in the
burst that induces large ã in this region. Additionally, the ã of
time series starting at identical tST monotonically decreases
as tdur increases, because of the damping of PT-induced
oscillatory signals observed in the ZOS21-STOS-B145
model. Note for f̃PT evaluated at higher distances, its mean
may deviate from the theoretically predicted PT frequencies.

FIG. 8. Averaged frequencies f̃PT (left) and amplitude a (right) in various time series, at 10 kpc in Hyper-K (upper) and IceCube
(lower). The vertical and horizontal axis are duration and starting time of analyzed neutrino time series respectively.
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Indeed, at 10 kpc, as shown in Table I, the mean of f̃PT
corresponding to time series with tST ¼ 1010 ms and tdur ¼
30 ms is approximately 700 Hz, which is lower than
the theoretically predicted PT frequency ∼800 Hz in the
ZOS21-STOS-B145 model with PT. At 10 kpc, the shot
noise induces a PDF of f̃PT that spread over a wide range of
values. Thus, the impact of finite range of chosen available

frequency (which is 400–950 Hz in this work) cannot be
ignored on the mean of f̃PT. Such a “finite size effect” is not
surprising in discrete signal processing. Indeed, the Nyquist
frequency fnyq ¼ 1=2Δ defines the upper bound of the
chosen available frequency. In this work with Δ¼ 0.5ms,
the fnyq ¼ 1000 Hz. To estimate the possible impact of finite
range of chosen available frequencies, we calculated the

FIG. 9. Averaged frequencies f̃PT (left) and amplitude a (right) in various time series, at 5 kpc in Hyper-K (upper) and IceCube
(lower). The vertical and horizontal axis are duration and starting time of analyzed neutrino time series respectively.

FIG. 10. Averaged frequencies f̃PT (left) and amplitude a (right) in various time series, at 1 kpc in Hyper-K. The vertical and horizontal
axis are duration and starting time of analyzed neutrino time series, respectively.
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standard deviation, δf. If the range of f̃PT � 3δf is well
within the available frequency, the “finite size effect” can
be safely ignored and the f̃PT can be used to estimate PT
frequencies.
Finally we discuss the duration and starting time of

PT-induced oscillation. Since the PT oscillation is almost a
monochromatic oscillation [22], by looking at the optimal
frequencies and amplitudes extracted from various neutrino
time series, we can estimate the duration and starting time
of the PT-induced oscillations. For example, in Hyper-K at
1 kpc (i.e., Fig. 10), the monochromatic region of f̃PT ≈
800 Hz starts at tST ≈ 1000 ms, suggesting that PT-induced
oscillation starts around 1000 ms after bounce. The
“cluster” with almost constant f̃PT ends before the time
series starting at 1040 ms, which indicates that the ending
moment of PT-induced oscillations is at around 1040 ms.
Additionally, the starting time of the oscillation can also
be obtained by searching for the burst with highest ã values
in the map of ã distributions. In this way we can measure
the oscillation duration and the starting time. Analysis
on neutrino signals from Hyper-K with the CCSNe at a
distance of 1 kpc approximately reproduces the PT features
predicted in the ZOS21-STOS-B145 model. Based on
Figs. 8 and 9, at larger distances such as 5 and 10 kpc,

we estimate that tST ≈ 1000 ms and tdur ≈ 30 ms. At 1 kpc,
the estimated tdur deviates from the theoretically predicted
one by ∼10%. The duration inferred for source distances of
5 and 10 kpc is shorter than the one inferred at 1 kpc and
deviates from the theoretically predicted tdur by ∼30%. This
is due to the fact that the oscillatory signal tail with lower
amplitude is more difficult to distinguished from the shot
noise at larger distances. In this work, the resolution of tdur
is 10 ms. A more accurate determination of duration of
PT-induced oscillations may be achieved by increasing the
resolution of tdur. In IceCube we have tST ≈ 990 ms and
tdur ≈ 50 ms at 5 kpc, tST ≈ 1000 ms and tdur ≈ 30 ms at
10 kpc. The estimated tdur on IceCube at 5 kpc agrees well
with the theoretical predicted tdur, and has ∼30% deviation
from theoretical predicted one at 10 kpc.

D. Physics of PT parameters: Oscillatory neutrino
signal and oscillating proto compact stars

In Fig. 2, amplitudes of the central density ρ̃ and neutrino
luminosity L̃ν oscillation are both shown in the frequency
domain. It is interesting to note that as the compactness
of the progenitor increases, the PT-induced frequency of
both the density and the neutrino luminosity oscillation
increases. However, the relationship between progenitor
compactness and oscillating PCS frequencies may be
heavily model-dependent, and a complete exploration of
such a compactness-PCS oscillation frequency relationship
is left for future studies.
Regardless of the underlying progenitor compactness,

the frequency of the PT-induced neutrino luminosity
oscillations fPT is approximately fPCS and tdur is approx-
imately τdamp, where fPCS is the frequency of the PCS
density oscillation and τdamp is the damping timescale of the
PCS. Due to the strong correlation between the oscillatory
PT-induced neutrino signals and the oscillating PCS den-
sities explained in Sec. II, we can estimate the frequency
and damping timescale of PCS oscillations by measuring
the fPT and tdur of the PT-induced neutrino signal. With the
measured oscillation frequency and duration, we make the
suggestion that for the first time the effective bulk viscosity
of hadron-quark matter in PCSs could be constrained via
the neutrino signal. The damping time of an oscillating
spherical star is [25]:

τdamp ¼ 2
ϵ

dϵ=dt
¼ 2κ−1s

ω2ξ
; ð12Þ

where ϵ is the energy density of an adiabatic PCS density
oscillation, ξ is the PCS effective bulk viscosity, ω is the
oscillation frequency of the PCS density, and κs is the
adiabatic compressibility. Note, the adiabatic and isothermal
quantities become equivalent at zero temperature. At finite
temperature, because thermal equilibration is slow in neu-
trino-transparent nuclear matter in PCS conditions, we
consider adiabatic density oscillations and compressibility

TABLE I. Mean and standard deviation of the parameter
distributions for Hyper-K at 10 kpc.

PT (ms) f Hz δf=hfiHz a δa=hai
[940, 30] 658.5 0.22 0.099 0.33
[940, 40] 666.7 0.22 0.088 0.31
[940, 50] 653.4 0.21 0.080 0.24
[940, 60] 632.0 0.18 0.086 0.27
[940, 70] 651.6 0.13 0.096 0.24
[1010, 30] 695.6 0.22 0.095 0.30
[1010, 40] 706.5 0.20 0.076 0.30
[1010, 50] 695.4 0.21 0.065 0.27
[1010, 60] 698.8 0.22 0.068 0.29
[1010, 70] 695.1 0.22 0.065 0.30

TABLE II. Mean and standard deviation of the parameter
distributions for Hyper-K at 1 kpc.

PT (ms) f Hz δf=hfi Hz a δa=hai
[940, 30] 640.6 0.23 0.018 0.63
[940, 40] 663.7 0.21 0.014 0.47
[940, 50] 611.1 0.21 0.045 0.34
[940, 60] 560.0 0.0 0.066 0.07
[940, 70] 734.9 0.01 0.073 0.06
[1010, 30] 802.1 0.008 0.048 0.13
[1010, 40] 807.3 0.012 0.033 0.16
[1010, 50] 818.7 0.006 0.032 0.23
[1010, 60] 818.9 0.006 0.030 0.15
[1010, 70] 819.4 0.007 0.029 0.11
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here. Readers are referred to [25] for more details about
isothermal and adiabatic quantities. With κ−1s ¼ ρc2S, we
have [16]:

τdamp ¼
2ρ̄c2S
ω2ξ

: ð13Þ

For illustration purpose, let us take the frequency ω and
damping duration τdamp based on the ZOS21-STOS-B145
model and measured by the PT-meter. As reported in pre-
vious section, in this case ω ¼ 2π × fPCS ≈ 2π × 800 Hz
and τdamp ≈ 50 ms. Taking a 10 km core (roughly where
mixed phase extends to), the averaged density of hadron-
quark phase is ρ̄ ≈ 5.2 × 1014 g cm−3 ≈ 1.9ρ0 in [22],
where ρ0 is the saturation density. The speed of sound
of matter with the presence of quark is constrained by c2S ≤
1=3 at densities high enough that quark matter is nearly
perturbative [40]. Combined together, we then have:

ξeff ⪅ 2.5 × 1029 g=ðcm sÞ: ð14Þ

Theoretical calculations of the bulk viscosity ξtheo of the
hadron-quark mixed phase can be heavily model-dependent
because of the unknown surface tension between quark and
hadronic matter, and is beyond the scope of this work.
However, it is interesting to compare the effective viscosity
ξeff extracted from the future measurements of PT-induced
neutrino oscillation features with the ξtheo coming from
theoretical calculations of bulk viscosity of hadron-quark
matter. Any microphysical viscosity comparable to ξeff may
affect the dynamics of the star and, hence, the neutrino
emission of failing CCSNe. Additionally, an ξtheo compa-
rable to ξeff motivates a self-consistent numerical simu-
lations including physical viscosities.

V. SUMMARY AND DISCUSSION

In this work we use a novel likelihood method (the PT-
meter) to estimate the detectability and the quantitative
features of the PT-induced neutrino signals from failing
CCSNe. Based on numerical simulations of a failed CCSN
including a PT [22], we found the PT-induced neutrino
signals from a failing CCSN of a distance within 10 kpc
can be identified in both IceCube and Hyper-K with high
statistical confidence. The statistical confidence of the PT
detection in various time series of the neutrino signal is
quantitatively described using the detection probability
(PD) at fixed false alarm rate (PFA). We then estimate
the frequency, amplitude, and duration of the PT-induced
neutrino signals. We further relate these features with the
properties of oscillating PCS in failing CCSNe. We show
that the effective bulk viscosity of oscillating PCSs can
be constrained by the measurement of fPT and tdur in the
PT-induced neutrino signal.
We then discuss the application of PT-meter in more

detail. The PT-meter determines if imprints of the PTon the

neutrino signals exist by comparing theL [see Eq. (9)] from
observations with the theoretically predicted PDF of L
from numerical simulations with and without PT activities.
This method provides a systematic and quantitative test for
theories predicting PT activities. We outline the procedure
of applying PT-meter on future observations of neutrino
signals from failing CCSNe in the following:

(i) Preparation I—Fourier transform neutrino signals
with various τs and tSTs from two models to be
compared with observations, using Eq. (3). The
chosen τs and tSTs are illustrated in Figs. 6 and 7.

(ii) Preparation II—Simulate the realistic Fourier trans-
formed neutrino signals by taking many realizations
of these two models and therefore sampling the
distribution from the shot noise. Calculate the Ls of
these realizations using Eq. (9), and determine the
PDFs of L.

(iii) Preparation III—Given the PDFs of L based on two
models, a receiver operating characteristic (ROC)
curve (PD as a function of PFA) can be determined.
Find the optimal τ and tST of the neutrino signal, that
give the best ROC curve. Determine the Lthr that
gives low PFA and high PD based on the PDFs of L
in the neutrino signals with optimal τ and tST .

(iv) Determination of existence of PT-induced oscillations
—Fourier transform the observed neutrino signalwith
τs and tSTs defined in step one, calculate the Lobss
based on observations using Eq. (9). Compare Lobs
with Lthr in neutrino signals with optimal τ and tST
found in step three. If Lobs > Lthr, model with PT is
favored given the observation, with PD and PFA
corresponding to the chosen Lthr.

(v) Determination of features of PT-induced oscillations
—Based on observed neutrino signals, produce a
map of fPT in various τs and tSTs similar as Fig. 10.
The starting time and the duration of the PT can be
found by localizing the monochromatic cluster of
fPT on this map, and the characteristic frequency of
PT is the averaged frequency in the cluster of this
map, as discussed in Sec. IV C. The relative un-
certainties of observed PT features is approximately
to be the same as the ones obtained from simulations
at the same distance (see Sec. IV C).

Note, in this paper introducing the prototype of the
PT-meter, a core-collapse simulation of a 17 solar-mass star
by Zha et al. [22] is used as representative of a future
PT-induced oscillatory signal. In reality, the strength and
the starting time of the PT-induced oscillatory signals may
not be the same as the prediction of this model. If the real
PT-induced signal starts much earlier than the model
predicts, or the real PT-induced signal has much smaller
oscillation amplitude, the PT-meter may “miss” the signal
and give a false negative result. The occurrence of false
negative result may come with two inconsistent behaviors
of the PT-meter: (1) the Lobs is obviously higher than the L
of the chosen PT model in a region before or after the
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predicted PT-induced imprints; and (2) the map of fPT
similar as that in Fig. 10 but produced based on real signal
has an obvious monochromatic cluster, while the PT-meter
gives a negative result of PT existence. The inconsistent
behaviors of PT-meter suggest that models with other tST
and PT-induced oscillation amplitude may need to be con-
sidered and be compared with observations. In Sec. IV, we
discuss the most basic situation, where the PT-meter is
applied to distinguish two models with and without PT
activities by Zha et al. Note that, the impact of equation of
states, neutrino transport schemes, and dimensionality of
the simulations on PT-induced neutrino oscillatory signals
have not been systematically studied. And some of the
aforementioned factors may induce quantitative and even
qualitative differences on the PT-induced neutrino signals.
We discuss some dependencies on the equation of state
and dimensionality in more detail in the Appendix.
Consequently, it will be interesting to use this method to
compare multiple numerical simulations of failing CCSNe.
In this way one can construct a global comparison of
numerical simulations with PT activities.
Although the phase-transition-induced PCS bounce does

not always induce the quasiperiodic kilo Hertz neutrino
signals, it might be true that these late-time oscillating
neutrino signals can only be produced immediately after
the PT-induced core bounce. Consequently, the detection of
kilo Hertz oscillating neutrino signals complements the
detection of phase transitions using the second neutrino
burst discussed in Refs. [10,23]. More importantly, the
combination of the detection of the second neutrino burst
with the detection or nondetection of quasiperiodic neutrino
signalsmay provide additional information of the underlying
hybrid EoS as well as the rotation speed of the PCS. If the
CCSN is nonrotating and one observes the quasiperiodic
oscillations of neutrino signals, the frequency as well as the
damping time provides a unique way of estimating the
effective viscosity of PCS, as discussed in this work.
For the first time by using the PT-meter, we have a

systematic and quantitative statistical method to compare
the observations to numerical simulations with and without
PT-induced neutrino signals. Additionally, if a time series is
identified to have PT-induced oscillation with high stat-
istical confidence level (namely, high PD), the optimal
parameters of the template characterizing the PT-induced
oscillations can be used to constrain the effective bulk
viscosity in protocompact stars, as discussed in Sec. IV D.
Finally, similar to the SASI [12], the PT leaves imprints on
both the neutrino and the GW signals of failing CCSNe. In
the future, it could be interesting to combine the neutrino
analysis with a GW analysis to study PT activities.
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APPENDIX: EoS-, ROTATION-DEPENDENT
PT-INDUCED NEUTRINO SIGNALS

In the last several decades, the measurements from heavy
ion collision experiments have strengthened the constraints

FIG. 11. Top: time evolution of the central density in eight
selected nonrotating 1D models with progenitor masses varying
from 15.02M⊙ to 15.79M⊙. Bottom: time evolution of the
neutrino luminosity in 8 selected nonrotating 1D models with
progenitor mass varying from 15.02M⊙ to 15.79M⊙. Note that in
models with progenitor mass of 15.49M⊙ and 15.63M⊙, the PCS
immediately collapse to black holes upon reaching the PT and
the neutrino luminosities terminate at ∼3.1 s and ∼3.2 s after the
first bounce.
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on EoSs [41–43], and several new types of hybrid EoSs
[42,44,45] have widely been used in recent simulations of
CCSNe considering the existence of quark matter. It is also
worth mentioning that the rotation of compact stars may
heavily influence the PT-induced core collapse. Here, we
discuss some dependencies of the PT-induced neutrino
signals on the EoS and on the PCS rotation rate.
We first studied eight additional one-dimensional, non-

rotating CCSNe simulations with progenitor masses
between 15M⊙ and 16M⊙ using the RDF1.4 EoS [42].
Among these eight simulations, two immediately collapse
to black holes upon reaching the PT and six of them
explode following the PT. In the nonrotating CCSNe
models using RDF1.4 EoS, the central densities of the
PCSs after the second bounce are much higher than the
ones based on our simulation using STOS-B145 in Fig. 1.
Additionally, the shock wave does propagate outward
without being stalled near the neutrinosphere for a long
time after the second collapse as is the case in the main
model studied here. We further observe that there are no
obvious oscillations in either the central densities or the
neutrino luminosities based on these eight models. The
central densities as well as the neutrino luminosities of
these eight additional models are presented in Fig. 11. This,
however, does not exclude the possibilities of observing
quasiperiodic oscillations in nonrotating models using

state-of-the-art hybrid EoS different from RDF1.4 [46].
The relationship between the EoS and the neutron star
quasiperiodic oscillations was systematically studied in
Refs. [47–49]. However, the relationship between the EoS
and the oscillations in PCSs studied here is less clear. The
properties of the EoS may influence the expansion of the
shock wave, and further influence the occurrence proba-
bility of oscillations in PCS. It would be interesting to
systematically study the effect of the EoS on PCS oscil-
lations in CCSNe in future investigations.
In Ref. [50], rotating models using the RDF1.9 EoS were

studied. The central density of PCS at the second bounce
decreases as the rotation speed increases because of the
added rotational support. The quasiperiodic radial oscillation
mode (with l ¼ 0) is still severely damped in the center of the
PCS but becomes less damped at larger radius [50].
Correspondingly, oscillations in both the PCS radii and in
the neutrino luminosities are observed [50]. Although the
excitation mechanism of PCS oscillation modes in rotating
models could be different from that in nonrotating ones, the
frequency as well as the amplitude of the oscillations in the
rotating models observed in Ref. [50], is the same order of
magnitude as the ones from the nonrotating models using
STOS-B145 explored here. It suggests that the PT-meter
method proposed in this work, is also suitable to study the
quasiperiodic neutrino signals from rotating CCSNe.

[1] K. Hirata, T. Kajita, M. Koshiba, M. Nakahata, Y. Oyama,
N. Sato, A. Suzuki, M. Takita, Y. Totsuka, T. Kifune et al.,
Phys. Rev. Lett. 58, 1490 (1987).

[2] R. M. Bionta et al., Phys. Rev. Lett. 58, 1494 (1987).
[3] E. Alexeyev, L. Alexeyeva, I. Krivosheina, and V.

Volchenko, Phys. Lett. B 205, 209 (1988).
[4] D. Page, M. V. Beznogov, I. Garibay, J. M. Lattimer,

M. Prakash, and H.-T. Janka, Astrophys. J. 898, 125
(2020).

[5] J. M. Lattimer and A. Yahil, Astrophys. J. 340, 426 (1989).
[6] K. Scholberg, Annu. Rev. Nucl. Part. Sci. 62, 81 (2012).
[7] B. Müller, Annu. Rev. Nucl. Part. Sci. 69, 253 (2019).
[8] S. Zha, E. P. O’Connor, M.-c. Chu, L.-M. Lin, and S. M.

Couch, Phys. Rev. Lett. 125, 051102 (2020); 127, 219901
(E) (2021).

[9] M. L. Warren, S. M. Couch, E. P. O’Connor, and V.
Morozova, Astrophys. J. 898, 139 (2020).

[10] I. Sagert, T. Fischer, M. Hempel, G. Pagliara, J. Schaffner-
Bielich, A. Mezzacappa, F. K. Thielemann, and M.
Liebendorfer, Phys. Rev. Lett. 102, 081101 (2009).

[11] S. Horiuchi and J. P. Kneller, J. Phys. G 45, 043002
(2018).

[12] I. Tamborra, F. Hanke, B. Müller, H.-T. Janka, and G.
Raffelt, Phys. Rev. Lett. 111, 121104 (2013).

[13] I. Tamborra, F. Hanke, H.-T. Janka, B. Müller, G. G. Raffelt,
and A. Marek, Astrophys. J. 792, 96 (2014).

[14] H. Nagakura, A. Burrows, D. Vartanyan, and D. Radice,
Mon. Not. R. Astron. Soc. 500, 696 (2020).

[15] W. Busza, K. Rajagopal, and W. van der Schee, Annu. Rev.
Nucl. Part. Sci. 68, 339 (2018).

[16] E. R. Most, S. P. Harris, C. Plumberg, M. G. Alford, J.
Noronha, J. Noronha-Hostler, F. Pretorius, H. Witek, and N.
Yunes, Mon. Not. R. Astron. Soc. 509, 1096 (2021).

[17] L.-M. Lin, K. S. Cheng, M.-C. Chu, and W.-M. Suen,
Astrophys. J. 639, 382 (2006).

[18] E. B. Abdikamalov, H. Dimmelmeier, L. Rezzolla, and J. C.
Miller, Mon. Not. R. Astron. Soc. 394, 52 (2009).

[19] B. Niebergal, R. Ouyed, and P. Jaikumar, Phys. Rev. C 82,
062801 (2010).

[20] J. A. Pons, A. W. Steiner, M. Prakash, and J. M. Lattimer,
Phys. Rev. Lett. 86, 5223 (2001).

[21] P. Keranen, R. Ouyed, and P. Jaikumar, Astrophys. J. 618,
485 (2004).

[22] S. Zha, E. P. O’Connor, and A. da Silva Schneider,
Astrophys. J. 911, 74 (2021).

[23] 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).

LIN, ZHA, O’CONNOR, and STEINER PHYS. REV. D 109, 023005 (2024)

023005-14

https://doi.org/10.1103/PhysRevLett.58.1490
https://doi.org/10.1103/PhysRevLett.58.1494
https://doi.org/10.1016/0370-2693(88)91651-6
https://doi.org/10.3847/1538-4357/ab93c2
https://doi.org/10.3847/1538-4357/ab93c2
https://doi.org/10.1086/167404
https://doi.org/10.1146/annurev-nucl-102711-095006
https://doi.org/10.1146/annurev-nucl-101918-023434
https://doi.org/10.1103/PhysRevLett.125.051102
https://doi.org/10.1103/PhysRevLett.127.219901
https://doi.org/10.1103/PhysRevLett.127.219901
https://doi.org/10.3847/1538-4357/ab97b7
https://doi.org/10.1103/PhysRevLett.102.081101
https://doi.org/10.1088/1361-6471/aaa90a
https://doi.org/10.1088/1361-6471/aaa90a
https://doi.org/10.1103/PhysRevLett.111.121104
https://doi.org/10.1088/0004-637X/792/2/96
https://doi.org/10.1093/mnras/staa2691
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1093/mnras/stab2793
https://doi.org/10.1086/499202
https://doi.org/10.1111/j.1365-2966.2008.14056.x
https://doi.org/10.1103/PhysRevC.82.062801
https://doi.org/10.1103/PhysRevC.82.062801
https://doi.org/10.1103/PhysRevLett.86.5223
https://doi.org/10.1086/425992
https://doi.org/10.1086/425992
https://doi.org/10.3847/1538-4357/abec4c
https://doi.org/10.1038/s41550-018-0583-0


[24] T. Kuroda, T. Fischer, T. Takiwaki, and K. Kotake,
Astrophys. J. 924, 38 (2022).

[25] M. G. Alford and S. P. Harris, Phys. Rev. C 100, 035803
(2019).

[26] M. Ikeda, A. Takeda, Y. Fukuda, M. R. Vagins, K. Abe, T.
Iida, K. Ishihara, J. Kameda, Y. Koshio, A. Minamino et al.,
Astrophys. J. 669, 519 (2007).

[27] K. Abe et al. (Hyper-Kamiokande), arXiv:1805.04163.
[28] K. Abe et al. (Hyper-Kamiokande Collaboration), arXiv:

2009.00794.
[29] R. Abbasi, Y. Abdou, T. Abu-Zayyad, M. Ackermann, J.

Adams, J. A. Aguilar, M. Ahlers, M. M. Allen, D. Altmann,
K. Andeen et al., Astron. Astrophys. 535, A109 (2011).

[30] L. Köpke (IceCube Collaboration), J. Phys. Conf. Ser. 1029,
012001 (2018).

[31] M. Segerlund, E. O’Sullivan, and E. O’Connor, arXiv:
2101.10624.

[32] M. Oertel, M. Hempel, T. Klähn, and S. Typel, Rev. Mod.
Phys. 89, 015007 (2017).

[33] 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).

[34] T. Sukhbold, S. E. Woosley, and A. Heger, Astrophys. J.
860, 93 (2018).

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

[36] H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi,
Astrophys. J. Suppl. Ser. 197, 20 (2011).

[37] Z. Lin, C. Lunardini, M. Zanolin, K. Kotake, and C.
Richardson, Phys. Rev. D 101, 123028 (2020).

[38] A. Baxter, S. BenZvi, J. Jaimes, A. Coleiro, M. Molla, D.
Dornic, S. Griswold, T. Goldhagen, A. Graf, A. Habig et al.,
J. Open Source Software 6, 3772 (2021).

[39] A. L. Baxter, S. Benzvi, J. C. Jaimes, A. Coleiro, M. C.
Molla, D. Dornic, T. Goldhagen, A. Graf, S. Griswold, A.
Habig et al., Astrophys. J. 925, 107 (2022).

[40] E. Annala, T. Gorda, A. Kurkela, J. Nättilä, and A.
Vuorinen, Nat. Phys. 16, 907 (2020).

[41] P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298,
1592 (2002).

[42] N.-U. F. Bastian, Phys. Rev. D 103, 023001 (2021).
[43] S. Huth et al., Nature (London) 606, 276 (2022).
[44] D. Alvarez-Castillo, A. Ayriyan, S. Benic, D. Blaschke,

H. Grigorian, and S. Typel, Eur. Phys. J. A 52, 69 (2016).
[45] M. A. R. Kaltenborn, N.-U. F. Bastian, and D. B. Blaschke,

Phys. Rev. D 96, 056024 (2017).
[46] P. Jakobus, B. Mueller, A. Heger, A. Motornenko, J.

Steinheimer, and H. Stoecker, Mon. Not. R. Astron. Soc.
516, 2554 (2022).

[47] T.-T. Sun, Z.-Y. Zheng, H. Chen, G. F. Burgio, and H.-J.
Schulze, Phys. Rev. D 103, 103003 (2021).

[48] A. Kunjipurayil, T. Zhao, B. Kumar, B. K. Agrawal, and M.
Prakash, Phys. Rev. D 106, 063005 (2022).

[49] T. Zhao and J. M. Lattimer, Phys. Rev. D 106, 123002
(2022).

[50] S. Zha and E. O’Connor, Phys. Rev. D 106, 123037
(2022).

DETECTABILITY OF NEUTRINO-SIGNAL FLUCTUATIONS … PHYS. REV. D 109, 023005 (2024)

023005-15

https://doi.org/10.3847/1538-4357/ac31a8
https://doi.org/10.1103/PhysRevC.100.035803
https://doi.org/10.1103/PhysRevC.100.035803
https://doi.org/10.1086/521547
https://arXiv.org/abs/1805.04163
https://arXiv.org/abs/2009.00794
https://arXiv.org/abs/2009.00794
https://doi.org/10.1051/0004-6361/201117810
https://doi.org/10.1088/1742-6596/1029/1/012001
https://doi.org/10.1088/1742-6596/1029/1/012001
https://arXiv.org/abs/2101.10624
https://arXiv.org/abs/2101.10624
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1088/0067-0049/194/2/39
https://doi.org/10.1088/0067-0049/194/2/39
https://doi.org/10.3847/1538-4357/aac2da
https://doi.org/10.3847/1538-4357/aac2da
https://doi.org/10.1088/0004-637X/730/2/70
https://doi.org/10.1088/0004-637X/730/2/70
https://doi.org/10.1088/0067-0049/197/2/20
https://doi.org/10.1103/PhysRevD.101.123028
https://doi.org/10.21105/joss.03772
https://doi.org/10.3847/1538-4357/ac350f
https://doi.org/10.1038/s41567-020-0914-9
https://doi.org/10.1126/science.1078070
https://doi.org/10.1126/science.1078070
https://doi.org/10.1103/PhysRevD.103.023001
https://doi.org/10.1038/s41586-022-04750-w
https://doi.org/10.1140/epja/i2016-16069-2
https://doi.org/10.1103/PhysRevD.96.056024
https://doi.org/10.1093/mnras/stac2352
https://doi.org/10.1093/mnras/stac2352
https://doi.org/10.1103/PhysRevD.103.103003
https://doi.org/10.1103/PhysRevD.106.063005
https://doi.org/10.1103/PhysRevD.106.123002
https://doi.org/10.1103/PhysRevD.106.123002
https://doi.org/10.1103/PhysRevD.106.123037
https://doi.org/10.1103/PhysRevD.106.123037

