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Core collapse supernovae: overview



Stellar death: a core collapse supernova

Credit: Lucy Reading-Ikkanda/Quanta Magazine

Advanced 
nuclear fusion

Loss of pressure; free 
fall; core formation

time

Falling matter 
bounces; shockwave;
Cooling via neutrinos

Star explodes

Neutrino burst, ~ 10 s



Neutrinos from core collapse 
• Neutrinos thermalized in ultra-

dense matter
• Surface emission 
• Fermi-Dirac spectrum, E  ~ 10-15 MeV

• Neutrino cooling of proto-neutron 
star is most efficient
• gravitational binding energy: 
   Ln ~ G M2

f/Rf – G M2
i/Ri ~ 3 1053 ergs      

(Rf ~ 10 Km)

• Cooling timescale ~ neutrino 
diffusion time
• Time ~ (size2)/(mean free path) ~ 10 s

A collaboration of all fundamental forces
Gravity )

Nuclear forces )

Neutrino push ) Hydrodynamics )

(Crab nebula, SN seen in 1054)
Figure: Amol Dighe, talk at WHEPP XV, 2017



Direct narrative of near-core events 
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lent.) We focus on the detectors with the largest numbers
of identifiable events at late times; for others, see Ref. [3].

Because core collapses are so rare (a few per century
in the Milky Way and its satellites [18–23], the maxi-
mum range for detectable neutrino bursts), it is essential
that we make complete measurements. We may have
only one chance to detect a core collapse with high pre-
cision in all neutrino flavors. The present and planned
huge neutrino detectors are designed primarily to mea-
sure mixing using terrestrial sources, and are not fully op-
timized to detect core collapses. Theory work is needed
now to define expectations, assess readiness, and suggest
improvements. Further, once the neutrino-mixing mis-
sions of these detectors are achieved, it is not clear if all
of them (or any successors) will run long enough to detect
a Milky Way core collapse. Without the full flavor cover-
age of this complement of detectors, our ability to probe
core-collapse physics would be significantly degraded.

It is important to detect neutrinos to the latest pos-
sible times. This will probe PNS physics in detail and
accurately measure the total radiated energy and lepton
number. In nominal models, the physics beyond a few
seconds is dominated by PNS cooling, with increasingly
similar emission in all flavors. By “late-time” emission,
we mean the late PNS-cooling phase, which may begin
well before 10 s, as discussed in Sec. II. After a few tens of
seconds, the PNS becomes neutrino-transparent, leading
to a rapid drop in the fluxes, marking the formation of a
NS. But there are other possible outcomes, including BH
formation, which would sharply truncate the flux, and
which could occur early or late [24–32]. For SN 1987A,
the low statistics beyond 2 s—only 6 of the 19 events, and
all ⌫̄e—make it hard to measure the physics of NS forma-
tion or to test for more exotic outcomes. The fate of the
SN 1987A’s collapsed core is unknown [33–39], showing
the importance of better neutrino measurements.

In this paper, we present the first comprehensive study
of PNS-cooling neutrino signal detection from core col-
lapse, highlighting late times. We improve upon ear-
lier work [6, 40–47] by providing a complete conceptual
framework and by calculating results for all flavors, em-
phasizing spectra, and using detailed detection physics.
Many considerations make this timely: Super-K is adding
dissolved gadolinium, the design of DUNE is being fi-
nalized, and JUNO’s construction is nearly done. Our
goals are to frame and highlight the physics opportunities
of PNS-cooling neutrino detection, to motivate improve-
ments to experiments, and to encourage further simula-
tion and phenomenological work. Overall, our results—
which include new quantitative assessments of flavor cov-
erage, time profiles, spectra, and uncertainties—show
that the late-time frontier is very promising.

In the following, we begin by reviewing the physics
behind neutrino emission and detection (Sec. II) as well
as the details of the PNS simulation we use (Sec. III).
We then calculate detection signals for all flavors in the
PNS case (Sec. IV), interpret the physics prospects for
the PNS and BH cases (Sec. V), and conclude (Sec. VI).
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FIG. 1. Schematic illustration of the ⌫̄e emission profile from a
successful core-collapse supernova. The time axis is linear be-
fore 0 s, linear from 0 to 10�1 s with a di↵erent scale, and log-
arithmic after 10�1 s. The di↵erent physical phases—pre-SN
(red), accretion/pre-explosion (blue), and cooling (green)—
are shaded, with key periods noted. The labels on the top axis
show common—but not physically motivated—descriptions.

Phase Physics Opportunities

Pre-SN early warning, progenitor physics

Neutronization flavor mixing, SN distance, new physics

Accretion flavor mixing, SN direction, multi-D e↵ects

Early cooling equation of state, energy loss rates,
PNS radius, di↵usion time, new physics

Late cooling NS vs. BH formation, transparency time,
integrated losses, new physics

TABLE I. Key physics opportunities from detecting super-
nova neutrinos in di↵erent phases.

II. OVERVIEW OF CORE COLLAPSE AND
NEUTRINO EMISSION

In this section, we provide a conceptual framework for
the results and discussions that follow. We cover the case
of a successful core-collapse supernova, focusing on its un-
derlying physics and consequent neutrino emission—from
the explosion phase to the PNS cooling phase and then to
other possible late-time emission mechanisms—followed
by discussions of the e↵ects of neutrino mixing and the
needs for neutrino detection. Figure 1 is a schematic
overview of the ⌫̄e emission profile, with Table I high-
lighting key physics opportunities, as described in detail

Li, Roberts and Beacom, Phys.Rev.D 103 (2021) 2, 023016

Neutronization: e- + p à n  + νe 



High (low) statistics, low (high) probability

Pablo Fernandez,  Super-Kamiokande coll., PhD thesis, 2017.
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Detection of Neutrinos from Supernovae in Nearby Galaxies

Shin’ichiro Ando,1, 2 John F. Beacom,1, 3 and Hasan Yüksel1, 4
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While existing detectors would see a burst of many neutrinos from a Milky Way supernova, the
supernova rate is only a few per century. As an alternative, we propose the detection of ∼ 1 neutrino
per supernova from galaxies within 10 Mpc, in which there were at least 9 core-collapse supernovae
since 2002. With a future 1-Mton scale detector, this could be a faster method for measuring the
supernova neutrino spectrum, which is essential for calibrating numerical models and predicting the
redshifted diffuse spectrum from distant supernovae. It would also allow a >

∼
104 times more precise

trigger time than optical data alone for high-energy neutrinos and gravitational waves.

PACS numbers: 97.60.Bw, 95.55.Vj

One of the unsolved problems of astrophysics is how
core-collapse supernovae explode. Nuclear fusion reac-
tions in the core of a massive star produce progressively
heavier elements until a Chandrasekhar mass of iron is
formed, and electron degeneracy pressure cannot support
the core under the weight of the stellar envelope. The
core collapses until it reaches nuclear densities and neu-
trino emission begins; then an outgoing bounce shock
should form, unbinding the envelope and producing the
optical supernova. While successful in nature, in most
numerical supernova models, the shock stalls, so that the
fate of the entire star is to produce a black hole (after
substantial neutrino emission), but no optical supernova.

Since the gravitational energy release transferred to
neutrinos, about 3×1053 erg, is ∼ 100 times greater than
the required kinetic energy for the explosion, it is thought
that neutrino emission and interactions are a key diag-
nostic or ingredient of success. However, not enough is
directly known about the total energies and temperatures
of the neutrino flavors. The # 20 events from SN 1987A
were only crudely consistent with expectations for ν̄e, and
gave very little information on the other flavors [1]. It is
thus essential to collect more supernova neutrino events.
A Milky Way supernova would allow detailed measure-
ments, but the supernova rate is only a few per century.
If Super-Kamiokande were loaded with GdCl3 [2], the
diffuse supernova neutrino background (DSNB) [3, 4, 5]
could be cleanly detected, probing the supernova neu-
trino spectrum, but convolved with the rapidly evolving
star formation rate [6] up to redshift z # 1.

We propose an intermediate regime, in which the num-
ber of events per supernova is ∼ 1, instead of $ 1 (Milky
Way) or% 1 (DSNB), motivated by the serious consider-
ation of 1-Mton scale water-Čerenkov detectors in Japan
(Hyper-Kamiokande [7]), the United States (UNO [8]),
and Europe (MEMPHYS [9]). These detectors, which
may operate for decades, are intended for proton decay
and long-baseline accelerator neutrino oscillation studies,
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FIG. 1: Cumulative calculated core-collapse supernova rate
versus distance. The dashed line is the continuum limit using
the GALEX z = 0 star formation rate [6]. For our partic-
ular local volume, and its fortuitous enhancement, we use a
galaxy catalog [11]; the stepped line is based on star formation
rates for individual galaxies, and the band is the uncertainty.
Some major galaxies are indicated, and those in boxes have
especially high optical supernova rates (see Table I).

but could also detect neutrinos from Milky Way super-
novae, a point which has attracted much interest [10].
The distance range of a 1-Mton detector is about 10 Mpc,
within which the calculated supernova rate is about one
per year, as shown in Fig. 1. Since the number of events
per supernova is small, background rejection requires a
coincidence of at least two neutrinos or one neutrino and
an optical (or other waveband) supernova.
Supernova Neutrino Detection.—For a Milky

Way supernova at 10 kpc, the expected number of events

Rate of collapses within distance D

• Water Cherenkov detectors:  
• 𝑁~	10!	 (D/10 kpc)

Photons from neutrinos: the gamma ray echo of a supernova neutrino burst
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When a star undergoes core collapse, a vast amount of energy is released in a ⇠ 10 s long burst of
neutrinos of all species. Inverse beta decay in the star’s hydrogen envelope causes an electromagnetic
cascade which ultimately results in a flare of gamma rays – an “echo” of the neutrino burst – at
the characteristic energy of 0.511 MeV. We study the phenomenology and detectability of this flare.
Its luminosity curve is characterized by a fast, seconds-long, rise and an equally fast decline, with
a minute- or hour-long plateau in between. For a near-Earth star (distance D . 1 kpc) the echo
will be observable at near future gamma ray telescopes with an e↵ective area of 103 cm2 or larger.
Its observation will inform us on the envelope size and composition. In conjunction with the direct
detection of the neutrino burst, it will also give information on the neutrino emission away from
the line of sight and will enable tests of neutrino propagation e↵ects between the stellar surface and
Earth.

A core collapse supernova is the most powerful neu-
trino emitter known so far. The ⇠ 10 s-long burst of
thermal neutrinos emitted from the ourskirts of the col-
lapsed core is the main cooling mechanism, and is a pow-
erful diagnostic tool of the physics that takes place in the
very dense and hot region deep inside the star.

Interestingly,
one of the best supernova neutrino detectors is the most
abundant element in the universe, Hydrogen. Indeed,
the process of inverse � decay, ⌫̄e + p ! e+ + n, has
a relatively large, well known, cross section [1, 2] and,
depending on the type of detector, it can provide infor-
mation on the energies and arrival times of the individ-
ual neutrinos detected. This simple, reliable method has
found application in water and liquid scintillator detec-
tors [3], and it was used in the first and only detection of
supernova neutrinos, the burst from SN1987A [4–6]. Its
evolution has been driven by the need of having larger
detector masses; e.g., about O(100) kt mass of water is
needed for high statistics detection of supernovae beyond
our galaxy. (CL: reconsider this)

The concept of Hydrogen as detector leads to an idea:
why not use the vast mass of Hydrogen in or near the star
itself as detector? This question was first studied several
decades ago, when it was observed [7, 8] that inverse
beta decay in the hydrogen envelope of the collapsing
star leads to a transient signal of positron annihilation
(e+ + e� ! � + �) signatures, mainly in the form of
0.511 MeV gamma rays [9][10][MM: added footnote].

⇤ Cecilia.Lunardini@asu.edu
† mkm7190@psu.edu

Due to the geometry of the system, these gamma rays
arrive at Earth as an echo, spread over a characteristic
time �t ⇠ R/c (with R being star’s radius), relative to
the neutrino burst. At the time, the predicted luminosity
of this echo was considered too low for observation, and
therefore this phenomenon was largely ignored since.

In this letter, we present a modern study of the gamma
ray echo of a supernova neutrino burst in the light of the
recent progress of MeV gamma ray surveys. We propose
it as a realistic, observable signature of core collapse and
discuss its physics potential. (CL: say better) To fix
the ideas, we focus on the case which is most favorable
for detection, where the gamma rays originate near the
surface of the star, and propagate without absorption to
Earth [11]; other situations involving dense circumstellar
media will be discussed briefly at the end, before con-
cluding.

Let’s begin by estimating the total intensity of the
echo. We assume a spherically symmetric star, and model
the flux of ⌫̄e reaching its the surface (after flavor con-
version, see, e.g. [12] for a review) as having total en-
ergy E⌫,tot = 5 1052 ergs. The commonly used “alpha
spectrum” is assumed for its energy distribution [13, 14],
with the first two momenta being hE⌫i = 15 MeV and
hE2

⌫i = 293.2 MeV2 (corresponding to the shape param-
eter ↵ = 2.3, where (1 + ↵)�1 = hE2

⌫i/hE⌫i
2
� 1). For

simplicity, we use a time-independent spectrum, so the
total number of ⌫̄e emitted is, simply, N⌫ = E⌫,tot/hE⌫i.
Two cross sections are relevant here: one is the spectrum-
averaged IBD cross sections, h�IBDi = 2.05 10�41 cm2,
the other is for the Compton scattering of gamma rays,
�C = 3 10�25 cm2, which we assume is the main channel
of photon absorption at the energies of interest. As an



Within our lifetime…. 
Guaranteed: 
multiple SNe, (quasi-)diffuse flux

Possible: 
single, galactic SN burst

Exceptional: 
single, near-Earth 
SN burst

Credit: ESA/Hubble, NASA

SmithsonianScience.org

Credit: Anglo-Australian observatory

This talk



Near Earth CCSNe: candidates
• 𝐷	 ≾ 1 kpc : 31 stars in supergiant phase

• E.g., Betelgeuse (D = 0.22 kpc), Antares (D=0.17 kpc)

Mukhopadhyay, CL, Timmes and Zuber, Astrophys.J. 899 (2020) 2, 153 



1. Pre-supernova neutrinos



Betelgeuse dimming? Check the neutrinos! 

• Before core collapse: 
dimming, mass ejection, 
could be observed 
• False alarms common

• Last stages of fusion chain
• rapid evolution of isotopic 

composition, density, 
temperature

• increase of neutrino emission
• detectable! 

A. C. Phillips, The Physics of Stars, 2nd Edition (Wiley, 1999)

Odrzywolek, Misiaszek, and Kutschera, 
Astropart. Phys. 21, 303 (2004)



Itoh, Hayashi, Nishikawa and Kohyama, 1996, ApJS, 102, 411 
Kato, Azari, Yamada, et al. 2015, ApJ, 808, 168
Kato, Yamada, Nagakura, et al. 2017, arXiv:1704.05480
Simpson et al., Astrophys.J. 885 (2019) 133
Guo et al.,  PLB 796 (2019)
Kato, Hirai and Nagakura, arxiv:2005.03124
Li et al. JCAP 05 (2020) 049
Mukhopadhyay, CL, Timmes and Zuber, 2004.02045



Direct probe of advanced stellar evolution

• Evolution of temperature, 
density
• ν from thermal processes

• isotopic evolution 
• ν from beta processes
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Si shell burning ignition

2

stellar evolution. In the later stages of nuclear burning, neutrinos become the main source of energy loss while also increasing

the entropy of the star as it nears core collapse (Woosley et al. 2002). The physics of these neutrinos is interesting also as an

important application of the more general problem of neutrino emission in hot and dense stellar matter.

With these motivations, studies have been conducted on the neutrino emissivity of stars in the presupernova stage. Most of the

literature so far has focused on neutrinos produced via thermal processes, for representative conditions (temperature, density and

chemical potential) of the stellar matter. The earliest works (Odrzywolek et al. 2004a,b; Kutschera et al. 2009) included only the

pair annihilation process, and parameters typical of the Si burning phase. The possibility to detect the resulting neutrino flux was

discussed, with encouraging conclusions. A more detailed study of presupernova neutrinos from thermal processes, and their

detectability, has appeared recently (Kato et al. 2015), including pair annihilation and plasmon decay. Rather than representative

parameters, this work uses realistic, time-evolving profiles of temperature, density and chemical potential from numerical models

of stellar evolution (Takahashi et al. 2013). A second paper by a subset of the authors of Kato et al. (2015) explores in detail the

pair annihilation neutrino spectra and detection potential in both current and future detectors, with emphasis on what the variation

in the neutrino signal can indicate about stellar evolution (Yoshida et al. 2016).

Until now, the role of β processes in presupernova neutrinos has been discussed only in the basics, in the works of Odrzywolek

and Heger (Odrzywolek 2009; Odrzywolek and Heger 2010). There, arguments of nuclear statistical equilibrium or α-networks

are used to determine isotopic composition. In Odrzywolek and Heger (2010), it is explicitly emphasized that both methods

are inadequate, and that a full, self-consistent stellar evolution simulation, with a large and accurate nuclear reaction network is

ultimately needed.

In this work, such rigorous approach is realized for the first time. We present a new, comprehensive calculation of the pre-

supernova neutrino emission, which includes, in addition to the main thermal processes (pair annihilation, plasmon decay, and

the photoneutrino process), a detailed treatment of β decay and electron capture. These processes are modeled using updated

nuclear rate tables (Langanke and Martinez-Pinedo 2001; Oda et al. 1994) as a supplement to the classic ones by Fuller, Fowler

and Newman (Fuller et al. 1980, 1982a,b, 1985). The relevant microphysics is then applied to a realistic star using the detailed,

time-evolving profiles of temperature, density, and nuclear isotopic composition from the state-of-the-art stellar evolution code

MESA (Modules for Experiments in Stellar Astrophysics) (Paxton et al. 2011, 2013, 2015). We place emphasis on modeling

of the neutrino spectrum above a realistic detection threshold of 2 MeV; this requires including certain β processes that are

subdominant in the total energy budget of the star.

The paper is structured as follows. After a summary of background information (sec. 2), the relevant formalism of neutrino

emissivities and spectra is discussed in sec. 2.1 for β-processes, and in sec. 2.2 for thermal processes. In sec. 3 numerical

results are shown for several steps of a star’s presupernova evolution, and for different progenitor stars, as modeled by MESA. A

discussion and final considerations are given in sec. 4.

Table 1. Summary of the processes included in this work, with the main references to prior literature.

Processes Formulae Main References

β± decay A(N,Z)→ A(N − 1,Z + 1) + e− + νe

A(N,Z)→ A(N + 1,Z − 1) + e+ + νe Fuller et al. (1980, 1982b,a, 1985),

Beta Langanke and Martinez-Pinedo (2001),

e+/e− capture A(N,Z) + e− → A(N + 1,Z − 1) + νe Oda et al. (1994); Odrzywolek (2009)

A(N,Z) + e+ → A(N − 1, Z + 1) + νe

plasma γ∗ → να + να Ratkovic et al. (2003); Odrzywolek (2007)

Thermal photoneutrino e± + γ → e± + να + να Dutta et al. (2004)

pair e+ + e− → να + να Misiaszek et al. (2006)

2. NEUTRINO PRODUCTION IN A PRESUPERNOVA ENVIRONMENT

About ∼ 103 years before becoming a supernova, a star begins to experience the fusion of heavy (beyond helium) elements.

First, carbon fusion is ignited; as the temperature and density increases, then the fusion of Ne, O, and Si take place in the core

of the star. Each stage is faster than the previous one: the core O burning phase only lasts a few months, and the core Si burning
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• β-processes important in detectable window!
• few isotopes contribute to most of signal
• Importance of medium-mass species: Al, P, Na, Ne,… 
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FIG. 3: Neutrino spectra for di↵erent processes, for the sample points (c1), (c2) and (s2) in Table II (from top to bottom, in the order they
appear in the table), and for ⌫e (left column) and ⌫̄e (right column). The detectable part of the spectrum is shown with light background.
Relevant thermodynamic quantities are listed, with units as reported in Table II.

30P 31S

32P

~ center of star, t=-107 d

K .M. Patton. CL, R. Farmer and F. X. Timmes, 
ApJ 851 (2017) no.1, 6 ;  ApJ. 840 (2017) no.1, 2



Detectability of pre-supernova neutrinos
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spectacular signal for Betelgeuse (D=200 pc), in ~6 hrs:
~ 50 events at DUNE 
~ 800 events at HyperK (E>4.5 MeV) 
> 2000 events at JUNO 

K .M. Patton. CL, R. Farmer and F. X. Timmes, ApJ 851 (2017) no.1, 6



Early alert
• Alert ~12 hours pre-collapse, for 15 Msun star at D=150 pc (e.g., Betelgeuse)
• SuperK-Gd at 0.033% Gd concentration
•  

Pre-SN neutrino search in KamLAND and Super-Kamiokande 15

Table 2. Warning time of the KamLAND-only, SK-only, and combined search for each pre-SN neutrino models, neutrino
mass orderings and reactor activities, assuming a Betelgeuse-like pre-SN star of 15M�. The latency due to data processing
is not taken into account.

Warning time [hour]

Alert system Pre-SN model Mass ordering Low reactor activity Medium reactor activity High reactor activity

KamLAND Odrzywolek NO 8.3 6.5 5.5

IO 0.9 N/A N/A

Patton NO 8.1 6.1 5.0

IO 0.8 0.2 N/A

SK Odrzywolek NO 6.7 6.3 5.9

IO 2.4 2.1 1.9

Patton NO 12.0 10.9 9.8

IO 4.7 4.3 3.9

Combined Odrzywolek NO 9.8 8.0 7.3

IO 3.0 2.5 2.2

Patton NO 14.2 12.4 11.2

IO 5.4 4.6 4.2

Note—N/A denotes not applicable, meaning the expected significance does not reach the alert criteria.

Time before core collapse [hour]
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Figure 13. Combined sensitivity to pre-SN neutrinos as a function of time based on the detection capability of KamLAND and
SK-Gd with 0.03% Gd concentration, assuming medium reactor activity, following the Odrzywolek model (red) and the Patton
model (blue). Solid (dashed) lines are for normal (inverted) neutrino mass ordering. Horizontal dotted-dashed lines indicate
false alarm rate = 1, 10, and, 100 per century.

invalidated. In addition to the above situations, there may also be network connection problems which can delay the
data transfer. Therefore, the di↵erences between the current time and the time when data are processed will also be
checked. The individual KamLAND and SK pre-SN alert systems gather the above information, and exchange them
between the servers of KamLAND and SK, as illustrated in Figure 15. The update frequency of the input is once
every 5 minutes for each of the experiments. These inputs will be processed by the combined pre-SN alert software,
yielding a result of the combined pre-SN search. The result will be exported to users, and the alert decision will be
made based on the result.

SuperK + KAMLAND, Abe et al., arxiv:2404.09920 ; see also 
Machado et al., Astrophys. J., 935, 40 



Impact of pre-supernova alert
• Prepare scientific community
• Make technical preparations for upcoming neutrino burst and GW
• Localization of progenitor 
• Point direction-dependent detectors (telescopes, axion detectors, etc.)
• Shield sensitive equipment

• Inform governments and public 
• Set up community viewings, educational opportunities
• Prevent disinformation (conspiracy theories, etc.)



Pointing with liquid scintillator
• Sensitivity up to 1 kpc; angular error ~70° from 
• Need ~10 kt liquid scintillator detector (JUNO)
• Can provide shortlist of 4-10 candidates, about 1 hour prior to collapse

• Possible long term improvements: 
• ~30° with THEIA (100 kt)
• ~10° with LS+Lithium 

8 Mukhopadhyay et al.

t = -4.0 hours t = -4.0 hours

t = -1.0 hour t = -1.0 hour

t = -2 minutes t = -2 minutes

Figure 8. Angular error cones at 68% C.L. and 90% C.L. for LS (orange and maroon contours), and LS-Li (indigo and black
contours) at 4 hours, 1 hour and 2 minutes prior to the core collapse. The left panels correspond to Betelgeuse (D=0.222 kpc,
M ' 15 M�); the right panels to Antares (D=0.169 kpc, M ' 15 M�). The presence of background is considered in all cases
according to An et al. (2016). The number of events is based on the model by Patton et al. (2017b).

A less fortunate scenario is shown in the left panels
in Figure 9 (details in Table 4) for � Canis Majoris
(distance D = 0.513 kpc). The number of events was
calculated according to the 15 M� model in Figure 1.
The lower signal statistics (the number of events barely
reaches 60), and the larger relative importance of the
background result in a decreased angular sensitivity. We
find that LS will only eliminate roughly half of the sky if
we use the 68% C.L. error cone. When combined with an
approximate distance estimate, this coarse angular in-
formation might lead to identifying ⇠ 10 stars as poten-

tial candidates. With LS-Li, the list of candidates might
be slightly shorter but a unique identification would be
very unlikely, even immediately before collapse.
A 30M� case is represented by the right panels in

Figure 9 (and detailed in Table 5) for S Monocerotis A
(distance D = 0.282 kpc). An hour prior to the collapse
' 120 events are expected, allowing LS to shorten the
progenitor list to ' 12 stars within the error cone at
68% C.L. Whereas, LS-Li narrows the progenitor list
down to ' 3 stars with the same C.L. one hour prior

Mukhopadhyay, CL, Timmes and Zuber, Astrophys.J. 899 (2020) 2, 153

Betelgeuse
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When a star undergoes core collapse, a vast amount of energy is released in a ⇠ 10 s long burst of
neutrinos of all species. Inverse beta decay in the star’s hydrogen envelope causes an electromagnetic
cascade which ultimately results in a flare of gamma rays – an “echo” of the neutrino burst – at
the characteristic energy of 0.511 MeV. We study the phenomenology and detectability of this flare.
Its luminosity curve is characterized by a fast, seconds-long, rise and an equally fast decline, with
a minute- or hour-long plateau in between. For a near-Earth star (distance D . 1 kpc) the echo
will be observable at near future gamma ray telescopes with an e↵ective area of 103 cm2 or larger.
Its observation will inform us on the envelope size and composition. In conjunction with the direct
detection of the neutrino burst, it will also give information on the neutrino emission away from
the line of sight and will enable tests of neutrino propagation e↵ects between the stellar surface and
Earth.

A core collapse supernova is the most powerful neu-
trino emitter known so far. The ⇠ 10 s-long burst of
thermal neutrinos emitted from the ourskirts of the col-
lapsed core is the main cooling mechanism, and is a pow-
erful diagnostic tool of the physics that takes place in the
very dense and hot region deep inside the star.

Interestingly,
one of the best supernova neutrino detectors is the most
abundant element in the universe, Hydrogen. Indeed,
the process of inverse � decay, ⌫̄e + p ! e+ + n, has
a relatively large, well known, cross section [1, 2] and,
depending on the type of detector, it can provide infor-
mation on the energies and arrival times of the individ-
ual neutrinos detected. This simple, reliable method has
found application in water and liquid scintillator detec-
tors [3], and it was used in the first and only detection of
supernova neutrinos, the burst from SN1987A [4–6]. Its
evolution has been driven by the need of having larger
detector masses; e.g., about O(100) kt mass of water is
needed for high statistics detection of supernovae beyond
our galaxy. (CL: reconsider this)

The concept of Hydrogen as detector leads to an idea:
why not use the vast mass of Hydrogen in or near the star
itself as detector? This question was first studied several
decades ago, when it was observed [7, 8] that inverse
beta decay in the hydrogen envelope of the collapsing
star leads to a transient signal of positron annihilation
(e+ + e� ! � + �) signatures, mainly in the form of
0.511 MeV gamma rays [9][10][MM: added footnote].

⇤ Cecilia.Lunardini@asu.edu
† mkm7190@psu.edu

Due to the geometry of the system, these gamma rays
arrive at Earth as an echo, spread over a characteristic
time �t ⇠ R/c (with R being star’s radius), relative to
the neutrino burst. At the time, the predicted luminosity
of this echo was considered too low for observation, and
therefore this phenomenon was largely ignored since.

In this letter, we present a modern study of the gamma
ray echo of a supernova neutrino burst in the light of the
recent progress of MeV gamma ray surveys. We propose
it as a realistic, observable signature of core collapse and
discuss its physics potential. (CL: say better) To fix
the ideas, we focus on the case which is most favorable
for detection, where the gamma rays originate near the
surface of the star, and propagate without absorption to
Earth [11]; other situations involving dense circumstellar
media will be discussed briefly at the end, before con-
cluding.

Let’s begin by estimating the total intensity of the
echo. We assume a spherically symmetric star, and model
the flux of ⌫̄e reaching its the surface (after flavor con-
version, see, e.g. [12] for a review) as having total en-
ergy E⌫,tot = 5 1052 ergs. The commonly used “alpha
spectrum” is assumed for its energy distribution [13, 14],
with the first two momenta being hE⌫i = 15 MeV and
hE2

⌫i = 293.2 MeV2 (corresponding to the shape param-
eter ↵ = 2.3, where (1 + ↵)�1 = hE2

⌫i/hE⌫i
2
� 1). For

simplicity, we use a time-independent spectrum, so the
total number of ⌫̄e emitted is, simply, N⌫ = E⌫,tot/hE⌫i.
Two cross sections are relevant here: one is the spectrum-
averaged IBD cross sections, h�IBDi = 2.05 10�41 cm2,
the other is for the Compton scattering of gamma rays,
�C = 3 10�25 cm2, which we assume is the main channel
of photon absorption at the energies of interest. As an



2. The gamma ray echo 



Star as a neutrino mega-detector?
• IBD in the star’s envelope:

• Positrons lose energy and annihilate at rest :  
• 0.511 MeV gamma rays signature!  
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Lu and Qian, PRD 76, 103002 (2007)



A gamma ray echo of SN neutrinos

• photon flux from surface shell (dR ∼ photon m.f.p. ≪ R ) 

• Photon-neutrino time delay : Δ𝑡 = !
"
	(1 − 𝑐𝑜𝑠𝜃)

3

spectrum centered at E� = 0.511 MeV, with width (full
width at half maximum) �E� ' 2 keV. Accounting for
the fact that each annihilation produces two photons, we
therefore estimate ⌘� = 2P = 1.74 which will be used
here as reference value. (CL: From Mainak’s text I

inferred ⌘� = P (Yp/Ye) ' 0.72. We may have to

discuss this. )

Let us now describe the expected gamma ray lightcurve
at Earth, for a star at distance D, and a given neutrino
number luminosity L⌫(t) = dN⌫/dt. From eq. (1), and
basic geometry arguments (see fig. 2) one obtains the
gamma ray flux at Earth (in the absence of absorption
e↵ects, see discussion below): (CL: Explain the ge-

ometry? say that we consider a very thin shell)

��(t, R,D) =
⌘�

8⇡D2

Yph�IBDi

Ye�C

Z 1
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(1� cos ✓)
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Yph�IBDi

Ye�C

Z 1

�1
B(y)L⌫(t� y)dy , (3)

(CL: check equation below for factors of 2, etc.

) where c is the speed of light, and B is a box func-
tion normalized to 1 : B(y) = c/R for 0  y  R/c,
and B(y) = 0 elsewhere. The second line of eq. (3)
emphasizes that the echo is described by a convolution
operation (see, e.g., the formalism in [16]). Here t = 0 is
set to be the start of the neutrino burst as observed at
Earth. (CL: this formula need rechecking. )

For illustration, here we model the neutrino luminosity
as a truncated exponential:

L⌫(t) =

(
L0e�t/⌧ 0  t  t0
0 elsewhere

, (4)

where the limit t0 ! +1 (no truncation) well approxi-
mates the case of a neutron-star forming collapse, where
the proto-neutron star cools smoothly by neutrino emis-
sion over several tens of seconds. The case t0 . 1 s
could describe a collapse with direct black-hole forma-
tion (failed supernova, see, e.g. [17–19]), for which the
neutrino emission is truncated sharply when the neutri-
nosphere falls below the gravitational radius (CL: at-

tention... in latest models the truncation is not

sharp). Here we take t0 = 1 s (for black hole forma-
tion) and ⌧ = 3 s; we also assume that the neutrino
energy spectrum is time-independent (we checked that
including a realistic time-varying spectrum only has a
minor e↵ect). The description in eq. (4) captures the
overall shape of the luminosity curve over a multi-second
timescale, which is su�cient for the present scope. We
note that fast fluctuations (time scale 0.1 s or less) such
as those expected in the first second or so of the neutrino
burst [20, 21] would in any case be smoothed out by the
integration in eq. (3), and therefore have a negligible
e↵ect on the gamma ray lightcurve.

The result for the neutron-star forming collapse is suf-

ficiently simple, and is:
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.

(5)
(CL: format the equation above to make it fit. )

This expression describes the “phases” of the star as seen
by an observer at Earth (see fig. 1): first, there is an in-
crease in flux (0  t  R/c), when the surface of the
star becomes bright in a circle around the line of sight,
and the circle expands. After a time comparable with
the neutrino emission timescale, ⇠ 3⌧ , the luminosity
of echo has reached a plateau. This behavior describes
the phase where the gamma-ray emitting region of the
star – as seen at Earth – is made of an expanding an-
nulus where the intensity of emission is at its maximum,
whereas the region near the line of sight emits less in-
tensely due to the decline on L⌫ . The plateau lasts until
t = R/c, when the entire visible face of the star has be-
come bright in gamma rays; at later times the star still
appears completely illuminated, but the gamma ray flux
declines over a timescale ⇠ ⌧ because all the points on
its surface are receiving a neutrino flux that is past its
peak luminosity.
As Eq. (3) and fig. 3 show, the echo becomes fainter

and longer for larger envelope radii; for a reference radius
R = 1013 cm and distance D = 1 kpc to the star, we
estimate a duration of R/c ' 3.3 103 s (approximately
5.5 minutes) and maximum flux �� ⇠ 3 10�6 cm�3s�1.
The case of a failed supernova (for which the analytical

result is complicated, and will be omitted for simplicity)
is illustrated in fig. 3. Qualitatively, the behavior is
similar to the previous case, with the di↵erence that the
transition between rise and plateau is sharper, reflecting
the sudden drop of L⌫ . In this case, an observer at Earth
would see a sharp boundary between a fully illuminated
annulus and a completely dark circle centered the line of
sight. Compared to a neutron-star-forming collapse, the
same total energy is emitted in neutrinos over a shorter

3

spectrum centered at E� = 0.511 MeV, with width (full
width at half maximum) �E� ' 2 keV. Accounting for
the fact that each annihilation produces two photons, we
therefore estimate ⌘� = 2P = 1.74 which will be used
here as reference value. (CL: From Mainak’s text I

inferred ⌘� = P (Yp/Ye) ' 0.72. We may have to

discuss this. )

Let us now describe the expected gamma ray lightcurve
at Earth, for a star at distance D, and a given neutrino
number luminosity L⌫(t) = dN⌫/dt. From eq. (1), and
basic geometry arguments (see fig. 2) one obtains the
gamma ray flux at Earth (in the absence of absorption
e↵ects, see discussion below): (CL: Explain the ge-

ometry? say that we consider a very thin shell)
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B(y)L⌫(t� y)dy , (3)

(CL: check equation below for factors of 2, etc.

) where c is the speed of light, and B is a box func-
tion normalized to 1 : B(y) = c/R for 0  y  R/c,
and B(y) = 0 elsewhere. The second line of eq. (3)
emphasizes that the echo is described by a convolution
operation (see, e.g., the formalism in [16]). Here t = 0 is
set to be the start of the neutrino burst as observed at
Earth. (CL: this formula need rechecking. )

For illustration, here we model the neutrino luminosity
as a truncated exponential:

L⌫(t) =

(
L0e�t/⌧ 0  t  t0
0 elsewhere

, (4)

where the limit t0 ! +1 (no truncation) well approxi-
mates the case of a neutron-star forming collapse, where
the proto-neutron star cools smoothly by neutrino emis-
sion over several tens of seconds. The case t0 . 1 s
could describe a collapse with direct black-hole forma-
tion (failed supernova, see, e.g. [17–19]), for which the
neutrino emission is truncated sharply when the neutri-
nosphere falls below the gravitational radius (CL: at-

tention... in latest models the truncation is not

sharp). Here we take t0 = 1 s (for black hole forma-
tion) and ⌧ = 3 s; we also assume that the neutrino
energy spectrum is time-independent (we checked that
including a realistic time-varying spectrum only has a
minor e↵ect). The description in eq. (4) captures the
overall shape of the luminosity curve over a multi-second
timescale, which is su�cient for the present scope. We
note that fast fluctuations (time scale 0.1 s or less) such
as those expected in the first second or so of the neutrino
burst [20, 21] would in any case be smoothed out by the
integration in eq. (3), and therefore have a negligible
e↵ect on the gamma ray lightcurve.

The result for the neutron-star forming collapse is suf-

ficiently simple, and is:
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(5)
(CL: format the equation above to make it fit. )

This expression describes the “phases” of the star as seen
by an observer at Earth (see fig. 1): first, there is an in-
crease in flux (0  t  R/c), when the surface of the
star becomes bright in a circle around the line of sight,
and the circle expands. After a time comparable with
the neutrino emission timescale, ⇠ 3⌧ , the luminosity
of echo has reached a plateau. This behavior describes
the phase where the gamma-ray emitting region of the
star – as seen at Earth – is made of an expanding an-
nulus where the intensity of emission is at its maximum,
whereas the region near the line of sight emits less in-
tensely due to the decline on L⌫ . The plateau lasts until
t = R/c, when the entire visible face of the star has be-
come bright in gamma rays; at later times the star still
appears completely illuminated, but the gamma ray flux
declines over a timescale ⇠ ⌧ because all the points on
its surface are receiving a neutrino flux that is past its
peak luminosity.
As Eq. (3) and fig. 3 show, the echo becomes fainter

and longer for larger envelope radii; for a reference radius
R = 1013 cm and distance D = 1 kpc to the star, we
estimate a duration of R/c ' 3.3 103 s (approximately
5.5 minutes) and maximum flux �� ⇠ 3 10�6 cm�3s�1.
The case of a failed supernova (for which the analytical

result is complicated, and will be omitted for simplicity)
is illustrated in fig. 3. Qualitatively, the behavior is
similar to the previous case, with the di↵erence that the
transition between rise and plateau is sharper, reflecting
the sudden drop of L⌫ . In this case, an observer at Earth
would see a sharp boundary between a fully illuminated
annulus and a completely dark circle centered the line of
sight. Compared to a neutron-star-forming collapse, the
same total energy is emitted in neutrinos over a shorter

(𝜂! ≃ 1.74, avg. number of 0.511 MeV photons per positron) 



• Minutes/hours-long echo, starts in coincidence with neutrino burst
• Main background: diffuse galactic 0.511 MeV flux
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What can we learn?
• Test neutrino emission away from line of sight 
• Complementary measurement of stellar radius
• Test for stellar envelope composition 
• Star as near detector (neutrino flux at star’s surface)



3. The gravitational wave memory



The GW memory of SN neutrinos
• Memory = a permanent distortion of the local space time metric 
• due to anisotropic matter/energy emission 

• Neutrino emission timescale t ~ O(10) s à sub-Hz scale
•  promising for future Deci-Hz detectors! 
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The gravitational memory of supernova neutrinos

a permanent distortion of the local space time metric
due to anisotropic matter/energy emission

hxxTT = h(t) =
2G

rc4

Z t�r/c

�1
dt0L⌫(t

0)↵(t0)

emission timescale �t ⇠ O(10) s ! sub-Hz scale
promising for future Deci-Hz detectors!
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Probing the near-core dynamics: anisotropy
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Figure 12. Neutrino energy fluxes of dlν/(dΩdS) (Equation (13)) of model A at t = 370 ms, seen from the northern hemisphere (left), the equator (middle), and the
southern hemisphere (right), respectively.
(A color version of this figure is available in the online journal.)

Table 1
Model Summary

Model Lνe (1052 erg s−1) ∆t(ms) hν,fin (10−22) |htot,max| (10−22) EGW,ν (10−12 M"c2)

A 6.8 509 8.7 7.7 0.44
B 6.7 570 2.2 9.1 1.32
C 6.6 740 6.1 8.0 1.39
D 6.4 800 4.8 6.1 0.49

Notes. Lνe denotes the input luminosity. ∆t represents the simulation time. hν,fin and htot,max represent the
amplitudes of the neutrino-originated GWs at the end of the simulations and the maximum amplitudes (neutrino
+ matter) during the simulation time. EGW,ν is the radiated energy in the form of the neutrino GWs in unit of
M"c2. Note that the supernova is assumed to be located at a distance of 10 kpc.

growth in the GW amplitudes. Large negative amplitudes seen
for some other epochs in other model such as model C (left
panel of Figure 5) are also from the same reason. Such a feature
is genuine outcome of the neutrino emission in the lateral
direction, which is able to be captured correctly by the ray-
tracing calculation.

It is noted that the appearance of the negative growth has
no systematic dependence of the input luminosities. In fact, as
seen from Figure 5, the negative growth is observed for the
intermediate luminosities models (models B and C), but not for
the highest (model A) and smallest luminosity models (model
D) (see also |htot,max| in Table 1). This should reflect the nature
of the SASI which grows chaotically and non-locally. Albeit
with the negative growth, our results suggest that the positively
growing features dominate over the negatively ones for the 2D
models (see hν,fin in Table 1). This is due to the presence of the
symmetry axis, along which the SASI develops preferentially
and the resulting anisotropies become larger.

As mentioned earlier, the neutrino GWs become more than
one order of magnitude smaller than the previous estimation
(compare EGW,ν in Table 1 and the one in Kotake et al.
2007). This stems not only from the incursion of the negative
contributions but also from the appropriate estimation of the
neutrino absorptions made possible by the ray-tracing method.
Previously, the neutrino luminosity was estimated simply by
summing up the local neutrino cooling rates outside the PNSs
(Kotake et al. 2007), which fails to take into account the neutrino
absorption correctly (λ in Equation (11)). These two factors
make the amplitudes much smaller than the previous estimation.
As a result, the neutrino GWs, albeit dominant over the matter
GWs in the lower frequencies below ∼ 10 Hz (Figure 17),
become very difficult to be detected for ground-based detectors
whose sensitivity is limited mainly by the seismic noises at such

-0.05

-0.04

-0.03

-0.02

-0.01

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0  100  200  300  400  500

α

Time [ms]

model A
model B

Figure 13. Time evolution of the neutrino anisotropy parameter (:α in
Equation (15)) for models A and B. α keeps positive value with time in the
later phase (& 400 ms) when the low-modes explosion is triggered by SASI
along the symmetry axis.
(A color version of this figure is available in the online journal.)

lower frequencies (Ando & The TAMA Collaboration 2002;
Thorne 1995; Weinstein 2002; LCGT Collaboration 1999).

On the other hand, the GWs from matter motions seem
marginally within the detection limits of the currently running
detector of the first LIGO, and the detection seems more feasible
for the detectors in the next generation such as LCGT and
the advanced LIGO for a Galactic supernova. The spectra of
the matter GWs have double peaks namely near 100 Hz and
1 kHz. While the latter comes from the rapidly varying local
hydrodynamical instabilities with milliseconds timescales, the
former is associated with the longer-term overturns of O(10)
ms induced by $ = 2 mode of SASI (see e.g., Figure 5 in

fig. from Kotake, Iwakami, Ohnishi and Yamada, Astrophys. J. 704 (2009) 951

See also Muller, Janka and Wongwathanarat, Astron. Astrophys. 537 (2012) 
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B 6.7 570 2.2 9.1 1.32
C 6.6 740 6.1 8.0 1.39
D 6.4 800 4.8 6.1 0.49

Notes. Lνe denotes the input luminosity. ∆t represents the simulation time. hν,fin and htot,max represent the
amplitudes of the neutrino-originated GWs at the end of the simulations and the maximum amplitudes (neutrino
+ matter) during the simulation time. EGW,ν is the radiated energy in the form of the neutrino GWs in unit of
M"c2. Note that the supernova is assumed to be located at a distance of 10 kpc.

growth in the GW amplitudes. Large negative amplitudes seen
for some other epochs in other model such as model C (left
panel of Figure 5) are also from the same reason. Such a feature
is genuine outcome of the neutrino emission in the lateral
direction, which is able to be captured correctly by the ray-
tracing calculation.

It is noted that the appearance of the negative growth has
no systematic dependence of the input luminosities. In fact, as
seen from Figure 5, the negative growth is observed for the
intermediate luminosities models (models B and C), but not for
the highest (model A) and smallest luminosity models (model
D) (see also |htot,max| in Table 1). This should reflect the nature
of the SASI which grows chaotically and non-locally. Albeit
with the negative growth, our results suggest that the positively
growing features dominate over the negatively ones for the 2D
models (see hν,fin in Table 1). This is due to the presence of the
symmetry axis, along which the SASI develops preferentially
and the resulting anisotropies become larger.

As mentioned earlier, the neutrino GWs become more than
one order of magnitude smaller than the previous estimation
(compare EGW,ν in Table 1 and the one in Kotake et al.
2007). This stems not only from the incursion of the negative
contributions but also from the appropriate estimation of the
neutrino absorptions made possible by the ray-tracing method.
Previously, the neutrino luminosity was estimated simply by
summing up the local neutrino cooling rates outside the PNSs
(Kotake et al. 2007), which fails to take into account the neutrino
absorption correctly (λ in Equation (11)). These two factors
make the amplitudes much smaller than the previous estimation.
As a result, the neutrino GWs, albeit dominant over the matter
GWs in the lower frequencies below ∼ 10 Hz (Figure 17),
become very difficult to be detected for ground-based detectors
whose sensitivity is limited mainly by the seismic noises at such
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lower frequencies (Ando & The TAMA Collaboration 2002;
Thorne 1995; Weinstein 2002; LCGT Collaboration 1999).

On the other hand, the GWs from matter motions seem
marginally within the detection limits of the currently running
detector of the first LIGO, and the detection seems more feasible
for the detectors in the next generation such as LCGT and
the advanced LIGO for a Galactic supernova. The spectra of
the matter GWs have double peaks namely near 100 Hz and
1 kHz. While the latter comes from the rapidly varying local
hydrodynamical instabilities with milliseconds timescales, the
former is associated with the longer-term overturns of O(10)
ms induced by $ = 2 mode of SASI (see e.g., Figure 5 in

fig. from Kotake, Iwakami, Ohnishi and Yamada, Astrophys. J. 704 (2009) 951

• Develops during accretion phase 
• Due to convection and Standing Accretion Shock Instabilities (SASI)
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Building a phenomenological model

M. Mukhopadhyay, C. Cardona and CL, JCAP 07 (2021), 055

toy L⌫(t): global shape (only valid locally) :
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M. Mukhopadhyay, C. Cardona and CL, JCAP 07 (2021), 055 
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Reproducing numerical results 

• toy model reproduces low frequency trends (relevant for Deci-Hz 
detectors)

left data: Vartanyan and Burrows, Astrophys. J. 901 (2020) 108 ; 
right data: Kotake, Iwakami, Ohnishi and Yamada, Astrophys. J. 704 (2009) 951.
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• toy h(t) reproduces numerical result
• dashed: computed from L(t) and ⍺(t)
• dot-dashed: toy formula for h(t) with effective parameters
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Data: Kotake, Iwakami, Ohnishi and Yamada,
 Astrophys. J. 704 (2009) 951. 
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Detectability

hc (f ) ⌘ 2f |h̃(f )| (h̃: Fourier transform)
A- and LA- : anisotropy in accretion phase only ;
w- : anisotropy is non-zero throughout
(D=10 kpc)
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Detectable even in most pessimistic cases!M. Mukhopadhyay, C. Cardona and CL, JCAP 07 (2021), 055



Summary of detection prospects 
Accretion only model, Ac3G. Detectable with Advanced LIGO for near-Earth SN ! 

C. Richardson et al., PRD 105 (2022) 10, 103008
K. Gill, arxiv:2405.13211 



Physics potential 
• Another General Relativity prediction will be confirmed 
• Precision tests of gravity: quantum effects? Non-linear memory?

• A new multimessenger component
• potential for supernova alerts

• test anisotropy → probe fluid dynamics in accretion phase
• jointly with detected neutrino burst: precision measurement? 



Discussion and conclusions



Near Earth supernova: preparedness is key!

• Global event that will reach the masses
• Unique opportunity (and responsibility!) to educate

• Predictable up to a day in advance
• thanks to pre-supernova neutrinos

Are you prepared? 
What would you do? 



Unique scientific opportunities 
• Pre-supernova neutrinos: learn about pre-collapse phase 
• E.g., watch the silicon shell burning ignition in real time

• Observe phenomena where neutrinos are the source
• Gamma ray echo: probe physics at the star’s envelope
• GW memory: test GR, and more





BACKUP



Presupernova evolution
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• Main contributing isotopes : 
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Numbers of events

8

detector composition mass interval Nel
� Nel NCC

� NCC Ntot = Nel + NCC

JUNO CnH2n 17 kt Ee � 0.5 MeV 9.3 39.0 0 12.3 51.3
[4.1] [ 28.8] [ 0] 36.9 [65.8]

SuperKamiokande H2O 22.5 kt Ee � 4.5 MeV 0.11 0.17 0 0.65 0.82
[0.04] [0.08 ] [0] [1.9] [2.0]

DUNE LAr 40 kt E � 5 MeV 0.07 0.1 0.64 0.91 1.0
0.03 0.05 [ 0.04] [ 0.17 ] [0.22 ]

TABLE II: Numbers of events expected in the two hours prior to collapse, for a presupernova at distance d = 1 kpc with mass M = 25 M� and
the inverted mass hierarchy. The numbers in brackets refer to the normal mass hierarchy. .. (add parameters, etc., ) (Note: the numbers here

have about a 50% error due to the approximations used in the calculation. ) The results for Betelgeuse (d = 0.2 kpc) can be obtained by
rescaling by a factor of 25. (omit?) (check detector masses again)

contribute to the presupernova ⌫e flux in the detectable energy
window, (... continue... say what they are and if they are

the most abundant, or rare ones, etc.. ). The possibility that
neutrino detectors may test the physics of these isotopes is of
great interest (... justify the interest, otherwise it is just an

emotional statement.)
In closing, we stress that our calculation used the best avail-

able instruments: a state of the art stellar evolution code, com-
bined with the most up-to-date studies of nuclear rates and
beta spectra. Still, these instruments are a↵ected by uncer-
tainties, which, naturally, a↵ect the results in this paper. In
particular, while total emissivities are relatively robust (?), it
is likely that the highest energy tails of the neutrino spectrum,
in the detectable window, be very sensitive to the details of the
calculation, i.e., the temperature profile of the star, the nuclear
abundances and the quantities in the nuclear tables we have
used. (be more precise here.) Specifically for neutrino spec-
tra, a source of error lies in the single-strength approximation
that is adopted here (sec. II). (say better... how to call it? )
A very recent paper [? ], which appeared while this work was
being finalized, presents an exploratory study of this error and
finds.... (continue... ). A systematic extension of this result

to the many isotopes included in MESA would be highly de-
sirable to improve our results. Another interesting addition to
the code would be the contribution of neutrino pair production
.... (continue and cite both Wendell’s and Guo’s paper... if

public, of course!!! ), which is currently omitted in MESA.
Until these important improvements become available, our

results have to be interpreted conservatively, as a proof of the
possibility that current and near future detectors might be able
to test the models of �p in a presupernova. (find a better way

to say this... continue and finish on a high note. )
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el = elastic scattering on electrons
CC  = Charged Current on nuclei
β = contribution of neutrinos from beta processes

  ..   = results for inverted mass hierarchy
[ .. ] = results for normal mass hierarchy

2 hours pre-collapse, D = 1 kpc  (for Betelgeuse : multiply by 25)
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Experimental sensitivity

• LS : Linear AlkylBenzene (SNO+, JUNO)
• Directionality limited by neutron thermalizing before capture
• Resolution of e+ annihilation also important

• LS-Li : LS with Lithium salts for faster n capture:  
• Enhanced directionality by shortening neutron capture range
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ideal actual
Th concentrations in comparison to the continental crust, begin
melting once reaching a depths of about 80–200 km15. At these levels
(100–200 km), hydrous partial melting of the ocean crust occurs,
resulting in hydrous, alkali-rich silicic magmas that permeate the
overlying mantle wedge, fluxing the mantle beneath the volcanic
arc. These magmas rise and react with overlying lithospheric mantle
and crust, often enriching these melts in incompatible elements like
U and Th, as these large ions fit poorly into many crystal lattices. As a
result, the concentrations of U and Th in these melt diapirs increase
as they rise to the surface as they differentiate toward granitic
magma. Overall this process leads to the evolved state of the contin-
ental crust with enrichments of Th and U, the heat producing ele-
ments, towards the surface.

In this work, we propose a novel method to map out the U and Th
distribution inside the Earth utilizing lithium (6Li)-loaded dir-
ectional geo-neutrino detectors. Based on the outcome of our experi-
mental modeling of the detector’s angular resolution, it is anticipated
that only the 6Li-loaded detector would provide radiographic (neu-
trinographic) images of U and Th distribution. In the following sec-
tions, Monte-Carlo simulation results obtained from tracking the
neutrino trajectories with a 6Li -loaded LS detector will be discussed
along with the outcome of our high-resolution LS detector model
experiments as well as the simulated image showing the hypothetical
U and Th distribution inside a magmatic reservoir that was imaged
with seismic tomography by Matsubara et al (2000)16.

Results
Principle of directional geo-neutrino observation. Beta-decays of
radionuclides 238U, 235U, 232Th, and 40K and others inside the earth
produce low energy anti-electron neutrinos. The generated neutrinos
traverse through the earth without being disturbed due to their lack
of charge and extremely small interaction cross section with matter.
These neutrinos are called geo-neutrinos. The flux of geo-neutrinos
(Q) observed with a detector located a distance r from a radioactive
reservoir distributed in a spatial domain V can be calculated by:

Q~A
ð

n
a rð Þr rð Þ

r2 dr, ð1Þ

where a(r) is the concentration of the radionuclides and r(r) is the
rock density. A is the elementary dependent factor that is expressed
as a product of the number of antineutrinos per decay chain, decay
constant, abundance of radioactive isotopes, and average survival
probability.

The neutrino energies attributed to 238U decay chain and to 232Th
decay chain are all below 3.3 MeV. A relationship between energy of
the incoming neutrino and the resolving power has been developed
by Vogel and Beacom17 in terms of positron and neutron emission
angles (with respect to the neutrino direction). However, directional
measurements of neutrinos with these energies have never been suc-
cessful at satisfactory levels because the neutron capture point cannot
be well identified although they retain the directional information of
the incoming neutrinos. Angular resolution of geo-neutrino tracking
depends on how precisely one can determine the vertex points where
the inverse beta decay reaction (!ve 1 p R n 1 e1) occurs in a liquid
scintillation (LS) detector.

The improvement of directional geo-neutrino observations will be
achieved by (A) positioning the e1 annihilation point17, and (B)
shortening the neutron capture range. (A) can be handled by utilizing
high position-resolution detectors for precisely measuring the posi-
tion of the 2 annihilation gamma rays emitted in opposite directions.
In the case of (B), if the neutron capture range is shortened, scatter-
ings during the thermalization process are then suppressed, allowing
one to measure the initial travel direction of the neutron. A LS
detector that incorporates an isotope with a large thermal-neutron
capturing cross section enhances its directionality potential by redu-
cing the capture time for the neutron and improves the capability of

identifying the initial interaction position. Such detectors at Palo
Verde18 and CHOOZ19 were the first experiments to make directional
measurements of anti-electron neutrinos originated from nuclear
reactors. Although the CHOOZ detector had a superior directional
sensitivity, its tracking miss-identification remains too excessive
(73% for .60u and 45% for .90u) to apply to prospective directional
geo-neutrino observations19. In these experiments, gadolinium (Gd),
which produces high-energy capture gamma rays, was doped into the
LS, however, these gamma rays are diffuse and will mask the neutron
capture point, hence degrading the tracking quality.

However, unlike Gd, lithium (6Li) emits a triton instead of gamma
rays when the neutron is captured on 6Li: 6Li 1 n R t (2.73 MeV) 1 a
(2.05 MeV), and therefore in comparison to other methods, gamma
rays do not interfere as much with the detection of the neutron
capture point. Its natural abundance and neutron capture cross sec-
tion are summarized in Table 1. Those for 10B (as another candidate
dopant) are also shown in this table.

Model experiments for positioning the annihilation gamma-rays.
The positioning resolution of the gamma rays generated via the
prompt positron’s annihilation was experimentally modeled. Fig. 1
(a) shows the quality of the imaging detector that we developed for
the directional geo-neutrino observations. The image shows the
trajectory of a muon in the LS. As can be clearly seen in this figure,
the trajectory is determined with the precision of ,62.5 cm. In
order to confirm the positioning resolution of gamma rays more
quantitatively, we created a gamma-ray beam by collimating the
gamma rays from the 60Co radiation checking source with a lead
(Pb) plate. In order to visually demonstrate the quality of the
positioning, a pin hole (with a diameter of 10 mm) was created in
the Pb plate, and a bright spot was measured. Fig. 1 (b) shows two
bright spots measured at different positions of the Pb plate (the
center to center distance is 20 mm). The best fitting gives that the
positioning resolution is 8.7 mm (at a 1s CL). Our result confirms
that the present positioning resolution of the geo-neutrino detector
can be improved to at least 2 cm/(E MeV)0.5 for the small-size
detector (with a volume less than a few m3).

Modelling of the angular resolution. Fig. 2 compares the Monte-
Carlo simulated neutron capture (a) and reconstructed points (b)
for10B and 6Li loaded and Kamland LS. The neutron capture point
refers to the distance (Lcapture) of which the neutron traverses right
after the inverse beta decay reaction (!ve 1 P R e1 1 n) until being
captured by the given elements; the reconstructed point refers to the
reconstructed distance (Lreconstruct) between the reacted proton and
the point where the charged particle is emitted. The charged particles
include alpha particle, triton nucleus, and gamma-ray recoil
particles. Since the neutron capture cross section is largest for10B,
the thermal diffusion effect is minimized. The typical distance for
neutron capture is 3.0 cm, 4.4 cm, and 6.5 cm for10B (1.0wt%), 6Li
(0.15wt%) loaded, and KamLAND LS respectively. As can be seen in
the figure, only the 6Li loaded LS is capable of retaining the neutron
capture position information while the neutron capture on10B also
emits alpha particle, but the signal is masked by the subsequently

Table 1 | Natural abundance and the neutron capture cross section

of the candidate elements: boron and lithium32. The neutron capture

cross section of1H is 0.3 barn

Element Natural Abundance (%) Cross section (barn)

B - 767
10B 20 3835
11B 80 0.0055
Li - 70.5
6Li 7.59 940
7Li 92.41 0.0454

www.nature.com/scientificreports
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Pre-SN Localization 5

n

θ
γ

_
eν p

X(i)
pn

e+

Figure 4. The geometry of Inverse Beta Decay in liquid
scintillator. Shown are the incoming anti-neutrino (brown),
proton (black), outgoing positron and its annihilation point
(blue), outgoing neutron, its subsequent scattering events
and its capture point (red), and the outgoing photon (or-

ange). The vector X(i)
pn originates at the positron annihi-

lation location and points in the direction of the neutron
capture point. ✓ is the angle between X(i)

pn and the incoming
neutrino momentum.

Figure 5. Normalized distributions of cos ✓ for LS and LS-
Li, for di↵erent values of the signal-to-background ratio, ↵ =
NS/NBkg (numbers in legend). Here, ↵ = 1 means absence
of background, NBkg = 0.

Using these, one can find the forward-backward asym-
metry, which is a measurable parameter:

a0
2

=
NF �NB

NF +NB
. (2)

Here NF and NB are the numbers of events in the for-
ward (✓  ⇡/2) and backward (✓ > ⇡/2) direction re-
spectively. We obtain a0 ' 0.16 for LS, which is con-
sistent with the distributions shown in Apollonio et al.
(2000), and a0 ' 0.78 for LS-Li.
Let us now generalize to the case with a non-zero

background, and define the signal-to-background ratio,
↵ = NS/NBkg. For simplicity, the background is mod-
eled as isotropic and constant in time. Suppose that

NS , ↵, and a0 are known. In this case, the total angular
distribution of the N events will be a linear combination
of two components, one for the directional signal

NB,S =
NS

2

⇣
1�

a0
2

⌘
NF,S =

NS

2

⇣
1 +

a0
2

⌘
, (3)

and the other for the isotropic background

NB,Bkg =
NBkg

2
NF,Bkg =

NBkg

2
. (4)

The two distributions have a relative weight of ↵, which
yields the forward-backward asymmetry as

a

2
=

(NF,S +NF,Bkg)� (NB,S +NB,Bkg)

(NF,S +NF,Bkg) + (NB,S +NB,Bkg)
. (5)

In the small background limit, NBkg ! 0, then ↵ ! 1

and a ! a0. In the large background limit NBkg ! 1,
then ↵ ! 0 and a ! 0.
Figure 5 shows the angular distribution for di↵erent

signal-to-noise ratios ↵ (see Table 1 for the correspond-
ing values of a). For LS the ↵ = 1 curve (blue solid)
is taken from Equation (1), and for LS-Li the ↵ = 1

curve (red solid) is taken from Equation (1). For LS-Li,
an enhancement in the directionality is achieved as a
result of an improved reconstruction of the positron an-
nihilation point and a shortening of the neutron capture
range. Enhancement in the directionality decreases for
LS and LS-Li as the background becomes larger.
From here on, for all cases we adopt an approximate

linear distribution for the N events in the detector:

f(cos ✓) =
1

2

⇣
1 + a cos ✓

⌘
. (6)

This form is accurate – yielding results that are com-
mensurate with those obtained from the distributions
in Figure 5 – and it allows to describe our results as
functions of the varying parameter a in a general and
transparent manner.

Table 1. Values of a for
the curves in Figure 5.

↵ LS LS-Si

1 0.1580 0.7820

10.0 0.1418 0.7165

3.0 0.1170 0.5911

Rigorously, a depends on the neutrino energy. We
investigated the uncertainty associated with treating a
as a (energy-independent) constant, and found it to be

Forward-Backward 
asymmetry

LS-Li
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Preparedness: near-Earth supernova 
• Danger of Data Acquisition System overload!
• New SuperK preotection module with veto

Fig. 16 Hits per a hardware counter as measured by the SN module for a supernova

burst at a distance of 800 pc from the Earth assuming the Nakazato model. The horizontal

axis is the time measured from the first hit. The peak area meets the trigger condition of

the SN module.

In this window and there are SN triggers which meet the condition of Veto module around

0.445 s shown in Table 2, and during which the QBEEs would be vetoed by the Veto module.

In this way, the amount of dead-time incurred by supernovae as a function of distance

is calculated and summarized in Figure 18. The simulation results show that supernovae

begin to trigger the Veto module at distances between 700 pc and 850 pc. For SK-Gd the

module is triggered by more distant supernovae than pure water due to the gamma rays

emitted when neutrons are caputured by Gd. The Gd doping increases the total veto dead-

time by approximately a factor of 1.6 regardless of the supernova’s distance. Comparing the

Nakazato and Mori models, we find that the distance at which the Nakazato model triggers

Veto module is closer than that for the Mori model, as expected by the higer luminosity

in the former. Table 4 summarizes the distances at which veto signals start being issued.

With a 0.011% concentration of Gd, this distance is closer by 20-30 pc and the start of the

Nakazato model is closer by 100 pc than that of the Mori model.

8 Summary

This paper describes new DAQ modules introduced at SK to insure the as much data as

possible from a nearby supernova is recorded without overflowing or crashing the standard

QBEE-based DAQ. These modules, the SN module and Veto module, e↵ectively prescale

25

Protection module 
is triggered

D=0.8 kpc

M. Mori et al. (SuperK. coll.), arxiv:2404.08725
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How to calculate the memory
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Y� 

Observer

Extended
Source

(0,0,r)

solving Einstein’s equation, in weak-field approximation: gµ⌫ = ⌘µ⌫ + hµ⌫

longitudinal polarization (hxxTT = �hyyTT = �h+TT ):

hxxTT =
2G

rc4

Z t�r/c

�1
dt0

Z

4⇡
(1 + cos ✓) cos 2�

dL⌫(⌦0, t0)

d⌦0 d⌦0.

Change of separation of free-falling masses: �lj =
1
2h

TT
jk lk



Accretion only models (D=10 kpc)
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Long term evolution models: ingredients

Model: wlCA
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Model: wl4GNZ
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