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Neutrino sources

Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.

10–6 10–3 100 103 106 109 1012 1015 1018
10–36

10–30

10–24

10–18

10–12

10–6

100

106

1012

1018

Energy E [eV]

N
eu

tr
in

o
flu

x
[e

V
–1

cm
–2

s–1
] CNB

BBN (3H)

BBN (n)

Solar (thermal)

DSNB

Solar (nuclear)

Atmospheric

Cosmogenic

Geoneutrinos

Reactors

IceCube data
(2017)

10–6 10–3 100 103 106 109 1012 1015 1018
10–18

10–12

10–6

100

106

1012

1018

Energy E [eV]

N
eu

tr
in

o
en

er
gy

flu
x

E
[c

m
–2

s–1
] CNB

BBN (3H)

BBN (n)

Solar (thermal)

DSNB

Solar (nuclear)

Atmospheric

Cosmogenic

Geoneutrinos

Reactors

IceCube data
(2017)

FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.
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FIG. 34. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 5). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓12, sin
2
✓13, sin

2
✓23, �,�m

2
21,�m

2
32) = (0.31, 0.025, 0.6, 40�, 7.6⇥10�5eV2

,+2.4⇥10�3eV2) unless oth-

erwise noted. The ✓23 octant e↵ect can be seen by comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). �

value is changed to 220� in (c) to be compared with 40� in (b). The mass hierarchy is inverted only in (d)

so ✓13 resonance (MSW) e↵ect disappears in this plot. For the inverted hierarchy the MSW e↵ect should

appear in the ⌫̄e flux, which is not shown in the plot.

happens with neutrinos in the case of normal mass hierarchy (�m
2
32 > 0), and with anti-neutrinos

in the case of inverted mass hierarchy (�m
2
32 < 0).

In order to demonstrate the behavior of these three terms, Fig. 34 shows how the ⌫e flux changes

as a function of neutrino energy based on a numerical calculation of oscillation probabilities, in

which the matter density profile in the Earth is taken into account [25, 68]. We adopted an

Earth model constructed by the median density in each of the dominant regions of the preliminary

reference Earth model (PREM) [69]: inner core (0  r < 1220km) 13.0 g/cm3, outer core (1220 

r < 3480km) 11.3 g/cm3, mantle (3480  r < 5701km) 5.0 g/cm3, and the crust (5701  r <

6371km) 3.3 g/cm3. In Fig. 34 dotted lines correspond to the ✓13 resonance term (the third term

in Eq. 5), which could make a significant contribution in the 5 ⇠ 10 GeV region if sin2 ✓13 is a few

“Fractional change of upward νe flux (cosΘzenith=-0.8)”

sin2θ23=0.4 or 0.6

CP=40o or 220o

Hierarchy is 
NH or IH

Resonance in νe 
(not shown) in the 

case of IH.

Through the matter effect in the Earth, we study on
• Mass hierarchy : resonance in multi-GeV νe or νe 
• CP δ               : interference btw two Δm2 driven oscill.
• θ23 octant        : magnitude of the resonance

3-flavor oscillation study

Direct messages from deep inside astronomical objects 
undisturbed by matters and EM fields
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Neutrino detection

Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.
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FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.

Vitagliano, Tamborra, and Raffelt: Grand unified neutrino spectrum at Earth …

Rev. Mod. Phys., Vol. 92, No. 4, October–December 2020 045006-3

Direct messages from deep inside astronomical objects 
undisturbed by matters and EM fields

Hard to detect..
Large underground detector

directly detected regions



Il Synergies at new frontiersMarch 26, 2024

5

Multi-messenger targets

Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.
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FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.

Vitagliano, Tamborra, and Raffelt: Grand unified neutrino spectrum at Earth …
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Various detectors with wide energy range

Figure 1. Distribution of neutrino sources in energy and distance traveled to the detector, and present and future
experiments aimed at detecting them. We focus on high-energy and ultra-high energy neutrinos. Updated from Ref. [4].

and the first Glashow resonance (⌫̄ee) candidate [20, 21]. Ongoing and future observations will refine the
measurements of the astrophysical neutrino observables (energy spectrum, flavor composition, distribution
of arrival directions and arrival times) and extend them beyond 10 PeV. For particle physics, this means
gaining sensitivity to smaller predicted e↵ects and extending the energy scale of fundamental physics that
can be tested. For astrophysics, this means probing the most energetic non-thermal sources of the Universe
indirectly through the di↵use flux, and directly through the discovery of point sources. Further, neutrinos
from transient astrophysical events, detected in spatial or temporal coincidence with cosmic rays and elec-
tromagnetic radiation [22–25], will improve our understanding of the extreme physical processes in these
environments. UHE neutrinos with energies exceeding 100 PeV, first predicted more than fifty years ago [26]
but still undiscovered, are the next frontier in probing fundamental physics and astrophysics at the ultimate
neutrino energies.

The preceding decade has ushered in a new era of astroparticle physics, including high-energy neutrino
detection. Figure 1 shows that the potential outlined above will be achieved by a rich experimental pro-
gram of detectors in the next 10–20 years that are presently in di↵erent stages of planning, design, and
construction. We anticipate that the next decade will result in the construction of multiple high-energy
neutrino detectors spanning complementary regions of the sky, with di↵ering sensitivity to di↵erent energy
ranges between TeV and EeV, and complementary flavor-identification capabilities. While the preceding
decade was one of neutrino discovery at high energies, the coming years will be of higher-precision studies
at high energies and, plausibly, of discovery at ultra-high energies. These studies are further enhanced by
observations with all four messengers – cosmic rays, neutrinos, photons, and gravitational waves. For re-
views, see complementary Snowmass Whitepapers on each of these messengers [27–30] and the broad scope
of multi-messenger physics [31].

1.1 HE and UHE cosmic neutrinos in particle physics

There is a vast landscape of physics to explore at the highest energies, and high-energy cosmic neutrinos are
uniquely well-equipped for the task [4]. Their potential as probes of fundamental physics [3–5, 32, 33] was
identified early, but they were only discovered recently, in 2013, when the IceCube Neutrino Observatory
observed a di↵use flux of TeV–PeV cosmic neutrinos [8, 34–37]. Since then, there has been a gradual shift of
focus from proposing prospective tests of high-energy neutrino physics to performing real, data-driven tests,

– 2 –

arXiv 2203.08096
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Why high energy neutrinos?

Raffelt, and Weiss, 1994; Giunti and Studenikin, 2015), decay
and annihilation into Majoron-like bosons (Schechter and
Valle, 1982; Gelmini and Valle, 1984; Beacom and Bell, 2002;
Beacom et al., 2003; Pakvasa, Joshipura, and Mohanty, 2013;
Pagliaroli et al., 2015; Bustamante, Beacom, and Murase,
2017; Denton and Tamborra, 2018b; Funcke, Raffelt, and
Vitagliano, 2020), for the CNB large primordial asymmetries
and other novel early-Universe phenomena (Pastor, Pinto, and
Raffelt, 2009; Arteaga et al., 2017), or entirely new sources
such as dark-matter decay (Barger et al., 2002; Halzen and
Klein, 2010; Esmaili and Serpico, 2013; Fan and Reece, 2013;

Feldstein et al., 2013; Agashe et al., 2014; Bhattacharya,
Reno, and Sarcevic, 2014; Higaki, Kitano, and Sato, 2014;
Boucenna et al., 2015; Fong et al., 2015; Kopp, Liu, and
Wang, 2015; Murase et al., 2015; Rott, Kohri, and Park, 2015;
Chianese et al., 2016; Cohen et al., 2017; Chianese et al.,
2019) and annihilation in the Sun or Earth (Silk, Olive, and
Srednicki, 1985; Srednicki, Olive, and Silk, 1987; Ritz and
Seckel, 1988; Kamionkowski, 1991; Cirelli et al., 2005). In
this review we do not explore such topics and instead stay
in a minimal framework, which includes normal flavor
conversion.
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FIG. 1. Grand unified neutrino spectrum (GUNS) at Earth, integrated over directions and summed over flavors.
Therefore, flavor conversion between source and detector does not affect this plot. Solid lines are displayed for neutrinos,
dashed or dotted lines are displayed for antineutrinos, and superimposed dashed and solid lines are displayed for sources of both ν
and ν̄. The fluxes from BBN, Earth, and reactors encompass only antineutrinos and the Sun emits only neutrinos, whereas all other
components include both. The CNB is shown for a minimal mass spectrum of m1 ¼ 0, m2 ¼ 8.6, and m3 ¼ 50 meV, producing a
blackbody spectrum plus two monochromatic lines of nonrelativistic neutrinos with energies corresponding to m2 and m3.
See Appendix D for an exact description of the individual curves. Top panel: neutrino flux ϕ as a function of energy. Line
sources are in units of cm−2 s−1. Bottom panel: neutrino energy flux E × ϕ as a function of energy. Line sources are in units of
eV cm−2 s−1.
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Understand the most 
energetic mechanisms 

in the universe 
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Neutrino generation

π+ → μ+ + νμ
μ+ → e+ + ν̄μ + νe

π0 → γ + γ

p + γ → n + π+

p + γ → p + π0

p + p → p + p + π0

p + p → p + n + π+

p + p → p + p + π+ + π−
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IceCube

https://icecube.wisc.edu/science/icecube/

First observation of high-energy 
astrophysical neutrinos (2012)

Hugely successful experiment at South Pole

Important discoveries followed

background including the baseline prompt atmospheric
neutrino flux [13] has a p value of 2:9! 10"3 (2:8!).
This value includes the uncertainties on the expected num-
ber of background events by marginalizing over a flat error
distribution. While the prompt component has large theo-
retical uncertainties, obtaining two or more events with a
probability of 10% would require a prompt flux that is
about 15 times higher than the central value of our
perturbative-QCD model. This contradicts our preliminary
upper limit on the prompt flux [15]. Using an extreme
prompt flux at the level of this upper limit, which covers
a potential unknown contribution from intrinsic charm
[17], yields a significance of 2:3!.

The two events are shown in Fig. 4. They are from the
IC86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon distri-
butions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino inter-
actions within the IceCube detector. There are no indica-
tions for photons from incoming or outgoing muon or tau
tracks. Hence, these events are most likely induced by
either CC interactions of "e or NC interactions of "e, "#,
or "$. CC interactions of "$ induce tau leptons with mean
decay lengths of about 50 m at these energies [18]. The
primary neutrino interaction and the secondary tau decay
initiate separate cascades which, in a fraction of such
events, lead to an observable double-peak structure in the
recorded waveforms. The two events do not show a sig-
nificant indication of such a signature. Figure 5 shows the
final-selection NPE distributions for the experimental data,
signal models, and background simulations. The two
events are near the NPE threshold of the analysis and are
consistent with a previous upper limit by IceCube [9] on an
unbroken E"2 flux, while a flux corresponding to this upper
limit predicts about 10 events above the NPE cut. The
cosmogenic neutrino model [11] predicts an event rate of
about 2 events in the corresponding live time but at sig-
nificantly higher energies.

Maximum-likelihood methods are used to reconstruct
the two events. The likelihood is the product of the Poisson
probabilities to observe the recorded number of

photoelectrons in a given time interval and DOM for a
cascade hypothesis which depends on the interaction ver-
tex, deposited energy and direction. Here, the time of
the first hit mainly determines the vertex position and the
recorded NPE plays a dominant role in estimating the
deposited energy. The hit information used in the recon-
struction is extracted from an unfolding procedure of the
waveforms. The open circles in Fig. 1 indicate the strings
closest to the reconstructed vertex positions. The recon-
structed deposited energies of the two cascades are 1.04
and 1.14 PeV, respectively, with combined statistical and
systematic uncertainties of #15% each. The errors on the
deposited energies are obtained by simulating cascade
events in the vicinity of the reconstructed energies and
vertices. The study is specifically performed on each event
and the larger of the two event uncertainties is cited for
both events. Thus, the error associated with the two events
differs from that of other cascade events observed in
IceCube [19]. Since there is no absolute energy standard
with adequate precision at these energies, the energy scale
is derived from simulations based on measured ice
properties and photomultiplier tube efficiencies which
are assured by measurements of atmospheric muons.
The main sources of systematic uncertainty on the

FIG. 4 (color online). The two observed events from
(a) August 2011 and (b) January 2012. Each sphere represents
a DOM. Colors represent the arrival times of the photons where
red indicates early and blue late times. The size of the spheres is
a measure for the recorded number of photoelectrons.  NPE
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FIG. 5 (color online). NPE distributions for 615.9 days of live
time at final selection level. The black points are the experimen-
tal data. The error bars on the data show the Feldman-Cousins
68% confidence interval [25]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmos-
pheric neutrino (dotted light green) and the baseline prompt
atmospheric neutrino (dotted-dashed green) background. The
error bars on the line and the shaded blue region are the
statistical and systematic uncertainties, respectively. The red
line represents the cosmogenic neutrino model [11]. The shaded
region is the allowed level of the cosmogenic " flux by Ahlers
et al. [26]. The orange line represents an E"2 power-law flux up
to an energy of 109 GeV with an all-flavor normalization of
E2%"eþ"#þ"$

¼ 3:6! 10"8 GeV sr"1 s"1 cm"2, which is the in-

tegral upper limit obtained in a previous search in a similar
energy range [9]. The signal fluxes are summed over all neutrino
flavors, assuming a flavor ratio of "e:"#:"$ ¼ 1:1:1.

PRL 111, 021103 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
12 JULY 2013

021103-5

PRL 111, 021103 (2013)
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Cosmic background radiations

Figure 4. Selected present-day measurements of high-energy gamma rays by Fermi-LAT [117], high-energy neutrinos
by IceCube [21, 118, 119], and ultra-high-energy cosmic rays by the Pierre Auger Observatory [120] and the Telescope
Array (TA) [121]. The three neutrino measurements are independent and utilise di↵erent event topology: contained
cascades (solid points), partially-contained cascades (light blue diamonds) and through-going tracks (blue crosses).
Error bars and upper limits represent 68% confidence intervals. For the track sample only bins in the sensitive energy
range are shown while the fit was done from 100 GeV to 100 PeV.

1.4 Present and future experimental landscape

Figure 4 shows the present-day landscape of measurements of high-energy cosmic messengers: gamma rays,
neutrinos, and ultra-high-energy cosmic rays. A complete picture of the high-energy Universe is necessarily
multi-messenger in nature. Below, we focus on neutrinos, but point out scenarios where gamma rays and
cosmic rays o↵er complementary information.

IceCube, presently the largest neutrino telescope, is an in-ice Cherenkov detector in Antarctica. It
instruments 1 km3 of deep underground ice with thousands of photomultipliers that collect the light emitted
by particle showers initiated by high-energy neutrino interactions. From the amount of light collected and
its spatial and temporal profiles, IceCube infers the energy, flavor, and arrival direction of the neutrinos.
Because the bulk of their arrival directions is broadly consistent with an isotropic distribution, the di↵use
neutrino flux that IceCube sees is likely of predominant extragalactic origin, though the sources are unknown,
save for two promising source associations [22–24]. In particle physics, IceCube has measured the TeV–PeV
neutrino-nucleon cross section [17, 18, 122] and inelasticity distribution [19] for the first time, probed charm
production in neutrino interactions [19], and seen hints of the first high-energy ⌫⌧ [123], and the Glashow
resonance (indicating ⌫̄e) [20, 21]. ANTARES, a Cherenkov detector in the Mediterranean Sea operating
until recently, nears the sensitivity to the IceCube di↵use neutrino flux [16, 124]. Three new telescopes
under construction, KM3NeT [124, 125], P-ONE [126], and Baikal-GVD [127], will improve our sensitivity to
TeV–PeV neutrinos to the Southern Sky. The next generation of IceCube, IceCube-Gen2 [128], will improve
our sensitivity across a broad energy range from the TeV scale to the EeV scale.

In the next 10–20 years, new detectors may improve our sensitivity to neutrino energies above the
energy range where that of IceCube becomes too small to detect a significant flux. There are several planned
experiments targeting the PeV energy range to determine the high-energy spectrum of the astrophysical
flux observed by IceCube. Observation of a spectral cut-o↵ or the continuation of the power-law spectrum
would help reveal the sources of these neutrinos while also extending our observations of neutrinos into a new

– 6 –
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First signal from transient source

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
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Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
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indications at the 3s level of high-energy neutrino
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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First signal from steady source
(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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From the galactic plane

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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From the galactic plane

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute
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Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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Future neutrino telescope
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More and more neutrino signals!
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SN1987A
Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

Water Cherenkov
Kamiokande-II 

(1kton) IMB-3 (8kton)

Liquid Scintillator
Baksan

First observation in Feb. 23-24 
by optical telescope in Chile

Published paper by Kamiokande 
on March. 7

Optical Neutrino(Feb. 24 1:30~4:30 (UTC)) (Feb. 23 7:35 (UTC))
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If a nearby supernova happens now...
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Supernova as ‘Multi-physics’ object

Supernova 
(neutron star)

Electromagnetic
• Coulomb collision of 
proton and electron 
• final remnants are 
pulsar, magnetar

Weak interaction
• neutrino interactions 
• ~99% of energy is 
emitted by neutrinosNeutrinos

Gravitational 
Wave

Gravitational
• energy budget ~1053 erg 
• core collapse 
• general relativistic 
objects (NS/BH)

Strong interaction
• nuclear equation of state 
• structure of neutron star 
• nuleosynthesis

Neutron star

EM wave

Neutron star merger

Y. Suwa
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Multi-messenger emission
3298 K. Nakamura et al.

Figure 1. Time sequence for neutrino (red lines for νe and ν̄e and magenta line for νx; νx represents heavy lepton neutrino νµ, ντ , ν̄µ, or ν̄τ ), GW (blue
line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating 17 M! progenitor. The solid lines
are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or rough speculations. The left-hand (right-) panel x-axis
shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the core-collapse neutrino burst are shown as labelled. For the EM signal,
the optical output of the progenitor, the SBO emission, the optical plateau, and the decay tail are shown as labelled. The GW luminosity is highly fluctuating
during our simulation and the blue shaded area presents the region between the two straight lines fitting the high and low peaks during 3–5 s post-bounce. The
hight of the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of antielectron neutrino, photons, and
GW is ∼6 × 1052 erg, ∼4 × 1049 erg, and ∼7 × 1046 erg, respectively. See the text for details.

Table 1. Detectable signals, detectors, and their horizons.

Extremely nearby event @ O(1 kpc) Galactic event @ O(10 kpc) Extragalactic event @ O(1 Mpc)
(see Section 4) (see Section 3) (see Section 5)

Signals Detector Horizon Detector Horizon Detector Horizon

Neutrino Pre-SN ν̄e KamLand <1 kpc – –
HK (20XX-) <3 kpc

ν̄e burst SK Galaxya SK Galaxy HK <a few Mpc
ν̄e burst JUNO (201X-) Galaxy JUNO Galaxy –
νe burst DUNE (20XX-) Galaxy DUNE Galaxy –

GW Waveformc H-L-V-Kd <several kpc
detection H-L-V-K !8.5 kpc ET (20XX-) !100 kpc

EM Optical <1 m class 1–8 m classb <1 m class
NIR <1 m class <1 m class <1 m class

Notes. aDetectable throughout the Galaxy.
b∼25 per cent of SNe are too faint to be detected. (Section 3.4, see also Fig. 9).
cWaveform means detection with sufficient signal to noise to unravel the GW waveform.
dA network of aLIGO Hanford and Livingston, adVirgo, and KAGRA (Section 2.4).

the signals. For example, we demonstrate that the information of the
core bounce timing provided by neutrinos can be used to improve
the sensitivity of GW detection. Importantly, this increases the GW
horizon from some ∼2 to ∼8.5 kpc (based on our numerical model),
which opens up the Galactic Center region to GW detection even
for non-rotating progenitors [GW signals from collapse of rapidly
rotating cores are circularly polarized (Hayama et al. 2016) and
significantly stronger (e.g. Kotake 2013)].

The paper is organized as follows. In Section 2, we summarize
our setup. We describe our core-collapse simulation, methods for
calculating multimessenger signals, and summarize the detectors
we consider and the method for determining signal detections. We
discuss the case of a CCSN in the Galactic Center in Section 3, the

case of an extremely nearby CCSN in Section 4, and the case of
a CCSN in neighbouring galaxies in Section 5. Sections 3–5 are
all similarly organized in the following way: descriptions of the
multimessenger signals separately, followed by a discussion of the
merits and the ideal procedures for their combination. In Section 6,
we conclude with an overall discussion and summary of our results.

2 SE T U P

In this section, we describe the setup of exploring multimessenger
signals from CCSNe. We first describe the setup of our numeri-
cal CCSN calculation, followed by how neutrino, GW, and optical
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Super-Kamiokande with Gd
B. Pointon

“Remove” IBD signal 
with neutron signal

J.Beacom and M.Vagins PRL 93, 171101 (2004)
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Super-Kamiokande with Gd
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with neutron signal
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Target of the early alert
K.Nakamura et. al. MNRAS 461, 3296 (2016)M.Kistler, W.Haxton, H.Yuksel, 
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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. The latency due to data processing is not
taken into account.

Time to core-collapse [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.
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Figure 12. 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 the 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.

The combined pre-SN alert system aims to provide early warning of a potential CCSN upon the detection of pre-SN408

neutrinos in the KamLAND and SK detectors. It is now operational, ready to issue alarms of CCSNs. The workflow409

of the system is introduced in the followings.410

The system receives from both detectors the numbers of pre-SN neutrino candidates and the expected numbers of411

background. Processed by the DAQ systems, events in the two detectors are selected by their own selection processes412

following the descriptions in Section 3.1 and Section 4.1. The individual pre-SN alert software of KamLAND (SK) then413

counts the number of observed candidates NKL (NSK) within a 24-hour (12-hour) time window. The expected number414
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pre-SN neutrinos
Si-burning phasePre-supernova (pre-SN) neutrino

2024/2/29 第10回 超新星ニュートリノ研究会 4

• All flavor neutrinos are predominantly emitted in neutrino cooling phase during the last stage of 
massive (M > 8 M⊙) stars.

Ø Thermal pair production: !"!# → ν$ν
Ø Weak interactions

• Main processes are

• KamLAND and Super-Kamiokande are 
capable to detect the neutrinos from nearby stars. 

Pre-SN !ν! SN !ν!
core collapse

• The observation of pre-SN neutrinos provides

Ø Hints toward understanding of the 
neutrino mass ordering

Ø Early alarm system before core collapse

Ø Insight into stelar evolution

Ø Betelgeuse (15 M⊙ , 150pc) etc.

[1]

[2]

Ref) Asakura et al. 2016

[2] Kelly M. Patton et al (2017)
[1] Odrzywolek et al. (2010)

volume. Closer to the onset of the gravitational collapse, the
final structure of the neutrino-cooled star is an iron core
surrounded by shells containing the products of the sequence of
elemental nuclear burning phases. At this point, neutrino-
cooled stars are commonly called pre-supernova stars.

Although many processes contribute to the neutrino emis-
sion from pre-supernova stars, at the very high temperatures at
this stage the electron-positron annihilation process generating
thermal neutrinos (Equation (1)) is the star’s dominant form of
cooling:

¯ ( )n n+ l ++ -e e , 1x x

where x= e, μ, and τ.
The Si-burning phase, which is expected to last for just a few

days at temperatures of approximately 3× 109 K (Woosley
et al. 1978; Odrzywolek et al. 2004), creates an iron core whose
inability to generate energy via fusion into still heavier
elements can then initiate the CCSN. The electron anti-
neutrinos emitted at the Si-burning stage, which correspond to
the 1/3 of the anti-neutrino flux (Odrzywolek et al. 2011), can
exceed the energy threshold of IBD reactions, making their
detection possible in SK-Gd. Figure 1 shows the expected
number of IBD interactions in SK for different Betelgeuse-like
pre-supernova models during the final 10 hr prior to core
collapse for 15 Me stars located 150 pc away from Earth.

Pre-supernovae n̄ se have never been observed before; their
detection would not only provide unique, unperturbed information
detailing otherwise hidden stellar interiors, but also contribute
evidence regarding which neutrino mass hierarchy is the correct
one (Guo et al. 2019; Kato et al. 2020). Being able to detect them
also opens the possibility of creating a pre-supernova alarm for
SK, potentially delivering alerts hours before the arrival of any
other CCSN signals since the emission of pre-supernova neutrinos
takes place over a very long timescale compared to the subsequent
supernova burst neutrinos upon which most supernova alarms are
based.

3.1. Pre-supernova Models

In addition to pair annihilation ⟶ n̄n+ -e e for the cooling
of massive stars, beta processes are expected to also contribute

significantly at the pre-supernova stage, with an average more
energetic n̄e flux (Patton et al. 2017). Due to the large
interaction cross section for IBD at both the typical pair
annihilation and beta process energies, only electron anti-
neutrinos from the silicon burning phase are expected to be
detected in SK (Odrzywolek et al. 2004).
Following previous analyses (Simpson et al. 2019), in order

to perform estimations of the expected signal from pre-
supernova neutrinos in SK, two models for the thermody-
namics of stellar evolution were used: (Odrzywolek &
Heger 2010) and Patton et al. (2017). Both models provide
online data sets for the calculation of anti-neutrino emission
during the pre-supernova stage. The first, earlier model from
(Odrzywolek & Heger 2010) assumes that the entire neutrino
flux comes from pair annihilation. For the nuclear isotopic
composition of the star, this model assumes a nuclear statistical
equilibrium, which is a treatment only dependent on the
temperature, density, and electron fraction, making a flux
estimate by post-processing an already existing stellar model.
The second model (Patton et al. 2017) includes a more
complete evaluation of the neutrino flux from the pre-
supernova stars, considering the contribution of individual
isotopes to the stellar evolution, which affects the neutrino
emission rate from weak nuclear processes. The model also
includes contributions not only from pair annihilation, but also
from other thermal and nuclear processes such as plasmon
decay, photoneutrino process, β-decay, and electron capture.
For signal estimations, the flavor oscillations of electron anti-

neutrinos as they travel through the stellar volumes were taken
into account. The description of oscillations in matter is called the
Mikheyev–Smirnov–Wolfenstein (MSW) effect (Smirnov 2005).
The ratio by which the flux of electron anti-neutrinos is changed
depends on the electron number density of the star and the
neutrino mass ordering (as yet unknown), which changes the
mixing parameters. Different transition probabilities are assumed
for normal and inverted neutrino mass ordering to account for this
change in the ratio of electron flavor neutrinos due to the dense
stellar medium in addition to the effects of oscillations in vacuum.

4. Analysis Strategy

The detection of low energy electron anti-neutrinos from
pre-supernova stars in SK is mainly through the IBD
interaction, where the products are a prompt positron and a
delayed neutron. Searches for IBD events consider the
coincidence of the products of the interaction.
Previous analysis (Simpson et al. 2019) of the sensitivity of

SK to pre-supernova stars considered the detection of two
different detection channels; in addition to the search for
prompt and delayed parts, the search for just the delayed
neutrons individually was also used to calculate the expected
sensitivity. For this analysis, however, only coincidence events
are considered since, due to the higher rate of single neutron
events, the further development of an online alert system
would be negatively affected by a significant increase of the
processing time. For this reason, techniques were developed to
optimize the online selection of only coincidence events, while
the single neutron events will be utilized in a planned future
improvement of the alert system to post-check data in case of
potential alerts.

Figure 1. Number of pre-supernova IBD interactions in the 22.5 kt SK FV
integrated over the last 10 hr prior to the CCSN as a function of the n̄E e. The
Betelgeuse-like models consider stars with initial masses of 15 Me located 150
pc away from Earth, for both normal neutrino mass ordering (NO) and inverted
neutrino mass ordering (IO).
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Expected energy distribution 
Betelgeuse-like (15Msun, 150pc)

L.Machado et. al. 
ApJ. 935:40 (2022)

Online combined alert between 
SK and KamLAND is running

https://www.lowbg.org/presnalarm/

Preliminary

Alert will be issued at the latest 
2.6 hours before core collapse 

of the Betelgeuse-like SN
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SNEWS

Combining signals from the detectors around the world 
for a high-confidence prompt alert (~a few seconds)

snews.bnl.gov

The Supernova Early Warning System 1.0

Nature Reviews

Simple 10-sec coincidence → email alert + socket connection +GCN
Running in automated mode since 2005 (no nearby CCSNe...)

recently completed

recently completed

+KM3NeT, SNO+
+ NOvA, XENON
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GW coincidence
ApJ 811, 86 (2015)
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Future neutrino detectors
JUNO Hyper-Kamiokande

DUNE

One supernova 
nearby galaxy!
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Summary
• Neutrino is the important role of multi-messenger 
astronomy. 

• High-energy astrophysical neutrinos are key for 
understanding the energetic mechanisms in the 
universe. IceCube is successful to detect several 
signals, and provided the important information. 

• Several neutrino detectors are waiting the next 
supernova nearby galaxy. Once it happens, the 
core-collapse mechanism will be well understood.


