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Ressel & Turner, Bull. Am. Astron. Soc. (1990). See also Hill, Masui, Scott, Appl. Spectrosc. (2018).
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Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). 
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The Cosmos in Neutrinos



Shoemaker et al. (2019). 

The Cosmos in Gravitational Waves– 2 –

Fig. 1.— The Universe emits gravitational radiation from a variety of sources across the gravita-
tional wave spectrum. Ground-based interferometers (e.g., LIGO, Cosmic Explorer shown here;
Virgo, KAGRA, LIGO-India, and Einstein Telescope are other present and future instruments),
space-based interferometers (e.g., LISA), and pulsar timing arrays (e.g., NANOGrav and the Inter-
national Pulsar Timing Array (IPTA)) provide access to a wide swath of this spectrum. Produced
with http://gwplotter.com/.

better statistics, more precise measurements, and ultimately reach to the edge of the universe for
O(100)M� systems.

With the arrival of LISA, tens of thousands of individual systems will be discovered, many of
which with masses inaccessible to ground-based detectors. The population of WD-WD binaries
in the Milky Way will enable investigations from the structure of our own galaxy, to the connec-
tion between WD-WD binaries and type Ia SNe (Adams et al. 2012). Beyond the Milky Way,
hundreds of heavy stellar-mass BH binaries far from coalescence will provide precious comple-
mentary information to that gathered by ground-based detectors. Systems such as GW150914 will
first sweep through the LISA band, crossing to the ground-based frequency band a few years later
(Sesana 2017). LISA will allow precise determination of the sky location and time of coalescence
weeks or more in advance, making it possible to schedule massive and deep EM coverage of the
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Powerful Probes in Astrophysics

Energy distribution

dN⌫

dE⌫

E⌫

Similar to photons

⌫e ⌫µ
⌫⌧

Neutrinos only!

Flavor ratio

dN⌫

dt

t

Light curve

Similar to photons



Neutrino “Telescopes”
HALO
SNO+ 

[P-ONE]

NovA

ANTARES
LVD, Borexino Baksan 

Baikal-GVD
KamLAND

Super-Kamiokande 
[Hyper-Kamiokande]

IceCube 
[IceCube-Gen2]

Fundamental to combine astrophysical signals from detectors employing different technologies (e.g., 
Cherenkov and liquid scintillator detectors).

Km3NeT

[DUNE, THEIA]

[JUNO, Jinping]

[GNO]



Pattavina, Ferreiro Iachellini, Tamborra, PRD (2020). Lang, McCabe, Reichard, Selvi, Tamborra, PRD (2016). Horowitz et al. PRD (2003). Drukier and 
Stodolsky, PRD (1984). Agnes et al., JCAP (2021).

• Flavor insensitive (complementary to other neutrino telescopes).  

• Compact size and excellent time resolution.
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Neutrino Telescopes Based on Coherent Scattering 

DarkSide-20k & ARGO

Neutrino “Telescopes”



Core-Collapse Supernovae  
& Compact Binary Mergers

Figure credits: Royal Society



The Next Local Supernova (SN 2XXXA)

Figure from Nakamura et al., MNRAS (2016). 

2 K. Nakamura et al.
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Figure 1. Time sequence for neutrino (red lines for ⌫e and ⌫̄e and magenta line for ⌫x; ⌫x represents heavy lepton neutrino ⌫µ, ⌫⌧ , ⌫̄µ, or
⌫̄⌧ ), GW (blue line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating
17M� 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 (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 labeled. For the EM signal, the optical output of the progenitor, the SBO emission, the optical
plateau, and the decay tail are shown as labeled. 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 seconds postbounce. The hight of
the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of anti-electron neutrino,
photons, and GW is ⇠ 6⇥ 1052 erg, ⇠ 4⇥ 1049 erg, and ⇠ 7⇥ 1046 erg, respectively. See the text for details.

cannot resolve individual neutrino events. Smaller detectors
with sensitivity to CCSN neutrinos include, e.g., Baksan,
Borexino, DayaBay, HALO, KamLAND, LVD, MiniBooNE,
and NO⌫A (for their detection potentials, see, e.g., recent
review Mirizzi et al. 2015). In the near-future, the Jiang-
men Underground Neutrino Observatory (JUNO, Li 2014)
will augment Super-K and IceCube, and with future ex-
periments such as Hyper-Kamiokande (Hyper-K, Abe et al.
2011) and Deep Underground Neutrino Experiment (DUNE,
Acciarri et al. 2015), neutrino event statistics and neutrino
flavor information will be dramatically improved. GW de-
tectors such as Advanced LIGO (aLIGO), Advanced Virgo
(adVirgo), and KAGRA are expected to be able to detect
CCSN GW out to a few kpc from the Earth, while future
detectors such as the Einstein Telescope (ET) can reach the
entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
⇠ 5⇥ 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ⇠ 10 seconds after the core collapse, a co-
pious ⇠ 3 ⇥ 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to the location of the core collapse within an error circle
of a few to ten degrees in the sky (Beacom & Vogel 1999;
Tomas et al. 2003; Bueno et al. 2003). This pointing infor-
mation is particularly important for electromagnetic signals,
which remain a crucial component of studies of CCSNe in
the Milky Way and nearby galaxies. A few hours to days
after the core collapse, the supernova shock breaks out of
the progenitor surface, suddenly releasing the photons be-
hind the shock in a flash bright in UV and X-rays, known as
shock breakout (SBO) emission (Matzner & McKee 1999;
Blinnikov et al. 2000; Tominaga et al. 2009; Gezari et al.
2010; Kistler et al. 2013). Although the SBO signal pro-
vides important information about the CCSN, such as the
radius of the progenitor, detection is di�cult because of its
short duration. Knowing where to anticipate the signal will
dramatically improve its detection prospects. In addition to
the SBO, more traditional studies of CCSN properties (e.g,
energy, composition, velocity) and its progenitor are impor-
tant diagnostics of a CCSN, and a well-observed early light
curve is important for accurate reconstruction of the CCSN
evolution (e.g., Tominaga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ⇠ 500 milliseconds following core collapse is thought to

MNRAS 000, 1–21 (2016)



Neutrino Alert
SuperNova Early Warning System 2.0.
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8 K. Nakamura et al.

Figure 5. The GW characteristics in the first 60 ms postbounce. Left: the inputted (solid red line) and reconstructed (dashed blue)
gravitational waveform. Right: the spectrogram of the reconstructed waveform in the frequency window [50, 500] Hz. Both panels are for
a CCSN at a distance of 8.5 kpc.

Time [ms]

Fr
eq

ue
nc

y 
[H

z]

10 20 30 40 50 60

50

100

150

200

250

300

350

400

450

500

1

2

3

4

5

6

7

8.5 kpc

Figure 6. SNR of the GW from a distance of 8.5 kpc estimated in time-frequency pixels. Left: analysis based on a GW search over
more than 1 second without a neutrino trigger. Right: SNR in the small time-frequency window with the aid of the neutrino timing
information, corresponding to the right panel of Figure 5. Note the di↵erent scale between the left and right panels.

timing information from neutrino observations. The max-
imal SNR for the prompt convection GW signal pixel in-
creases from ⇠ 3.5 to ⇠ 7.5. The latter almost meets the
conventional detection threshold.

3.3 Electromagnetic waves

The first electromagnetic signal from a CCSN is the emission
from SBO (e.g., Falk 1978; Klein & Chevalier 1978; Matzner
& McKee 1999). The e↵ective temperature of the SBO emis-
sion is estimated to be ⇠ 4⇥105K. Thus, the emission peaks
at UV wavelengths. However, as discussed below, CCSNe at
the Galactic Center are likely to su↵er from large interstellar
extinction. Therefore, the observed spectral distribution of
the SBO is likely not to peak at UV wavelengths, and ob-

servations in optical and NIR are more promising (Adams
et al. 2013). For Type IIP supernovae, the SBO emission in
optical and NIR wavelengths is expected to be fainter than
the main plateau emission, which we discuss below, by about
1 mag and 2 mag, respectively (Tominaga et al. 2011).

After cooling envelope emission following shock break-
out emission (e.g., Chevalier & Fransson 2008; Nakar & Sari
2010; Rabinak & Waxman 2011), Type IIP supernovae en-
ter the plateau phase lasting about 100 days. The luminosity
and duration of the plateau can be estimated by equations
(A16)–(A17) using Mej, Ek, and R0. The solid (blue) lines
in Figure 7 show schematic light curves after the plateau
phase for our s17.0 model placed at 8.5 kpc distance. The
luminosity is then converted to optical (V -band, 0.55 µm)
and NIR (K-band, 2.2 µm) magnitudes assuming a bolo-

MNRAS 000, 1–21 (2016)

Neutrino timing for GW detection. 

SNEWS 2.0, arXiv: 2011.00035. Tomas et al. (2003). Fisher et al. (2015). Linzer & Scholberg, PRD (2019). Brdar et al., JCAP (2018). Muehlbeier et al., 
PRD (2013). Segerlund et al. (2021). Mukhopadhayay et al., ApJ (2020). Pagliaroli et al., PRL (2009), Halzen & Raffelt PRD (2009). Nakamura et al., 
MNRAS (2016).



Supernova Explosion Mechanism 

Tamborra et al., PRL (2013),  PRD (2014). Kuroda et al., ApJ (2017). Walk, Tamborra et al., PRD (2018), PRD (2019). Melson et al., APpJL (2015). 
Andresen et al., MNRAS (2017,2019). Recent reviews: Burrows & Vartanyan (2021). Janka (2017). Mirizzi, Tamborra et al. (2016). 
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SASI modes

Standing Accretion Shock Instability (SASI)

Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)

Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)

Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)

Neutrinos and gravitational waves carry 
imprints of the physics occurring before the 
explosion.



Figure from Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). Moller, Suliga, Tamborra, Denton, JCAP (2018). Kresse, Ertl, Janka, ApJ (2020).   
Nakazato et al., ApJ (2015). Horiouchi et al., MNRAS (2018). Lunardini & Tamborra, JCAP (2012). Horiuchi et al., PRD (2021).

Diffuse Supernova Neutrino Background

• The diffuse supernova neutrino background is a guaranteed signal!  

• Independent test of supernova rate. 

• Constraints on fraction of black hole forming collapses.  

• Affected by binary interactions (mass transfer and mergers). 
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Neutrino Interactions
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Linear phenomenon.

Recent review: Tamborra & Shalgar, Ann. Rev. (2021, in press).
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Non-linear phenomenon! 

Neutrinos interact among themselves.



      GW 170817

First joint detection of gravitational and electromagnetic radiation (GW170817 & GRB170817A).

Figure credit: Abbott et al., ApJ (2017), ESA.

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.



Figure credit: Christian Spiering. Murase& Bartos, Ann. Rev. (2019). Fang & Metzger, ApJ (2017). Kimura et al., PRD (2018). Biehl et al., MNRAS 
(2018). Kyutoku & Kashiyama, PRD (2018). Ahlers & Halser, MNRAS (2019). Tamborra & Ando, JCAP (2015). Kimura et al., ApJ (2017).

•No neutrinos detected from prompt short GRB phase. 

•Neutrinos from long-lived ms magnetar following the merger. 

•Neutrinos from internal shock propagating in kilonova ejecta.  

• Favorable detection opportunities with multi-messenger triggers.

High Energy Neutrinos from GRB 170817A? 

Short GRB Jets from Neutron-Star Mergers

I  � Introduction 
Why mass ejection from NS binaries is important ? 

1.  Electromagnetic counterparts of NS merger:           
Key for confirming gravitational-wave detection 
(talks by Korobkin……) 

2.  Ejecta could produce r-process heavy elements              
(talks by Foucart……..) 

BH

θobs

θj
Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Metzger & Berger    2012�GW170817-GRB 170817A 
success of multi-messenger & 

multi-wavelength observations

• GRB afterglow from off-axis jet
• Kilonovae from merger ejecta

Metzger & Berger 12

see also Kimura, KM+ 18, Kyutoku & Kashiyama 18, 
Biehl+ 18, Ahlers & Halser 19, Decoene+ 20 

from KM & Bartos 19

next: neutrinos?

assumption
”stable magnetar”



Abe et al., arXiv: 2104.09196. Doga Veske, ICRC 2021, PoS 950.

14 The Super-Kamiokande collaboration

(a) Limits on E
⌫µ
iso

(b) Limits on Eall�flavors

iso

Figure 4. 90% C.L. upper limits on the isotropic energy emitted in neutrinos for the 36 GW triggers followed up by SK, as a
function of source distance. The distance and its error, as well as the source type (indicated by the di↵erent colors and markers),
are provided using the data from Abbott et al. (2020b) (m < 3M� = NS, m > 3M� = BH). The limits are following two lines
E90%

iso

/ distance2 based on geometrical considerations, one of the lines shows events dominated by UPMU ⌫
⌫

/⌫̄
µ

contributions
(giving more stringent limits) while the other line contains GW triggers that are less constrained. The two GW used in Table 3
are labelled in the plots.

(a) Limits on E
iso

assuming same emission (b) Limits on f
⌫

assuming scaling with total mass

Figure 5. 90% C.L. upper limits on the isotropic energy emitted in neutrinos by combining GW triggers with the same nature,
for ⌫

µ

, ⌫
µ

+ ⌫̄
µ

, ⌫
e

+ ⌫̄
e

and all-flavor emission (assuming equipartition). The left figure shows the results assuming all selected
sources are emitting the same E

iso

while the right figure is assuming neutrino emission is scaling with the total mass of the
binary system.

5.2. Low-energy neutrino emission

As for the flux limits, the low-energy case is much simpler. E
iso

limits are directly obtained by scaling the flux limits
using the source distance estimate. In case per-flavor limits are combined, the limit on the total energy emitted in all
flavors, assuming equipartition, is however dominated by the ⌫̄e limit. To cover the distance uncertainty, the following

Gravitational Wave Follow-up

No significant neutrino counterpart found. 

Upper limits on the neutrino emission can be placed based on their non-observation.

Offline searches
•O1-O2

• Analyzed 10 BBH and 1 BNS merger from LIGO-Virgo’s first 
gravitational wave transients catalog GWTC-1

• Aartsen et al., ApJL 898 L10 (2020)
• No significant neutrino counterpart is found with the most 

significant having p-value 16%.

•O3a
• 33 OPA alerts – 7 OPA alert retractions + 13 new offline 

events = 39 catalog events in GWTC-2
• Lowest p-value is 1.2%, not significant considering the total 

number of events
• 2 week follow-up on GW190425, GW190426_152155 and 

GW190814 also did not show significant results.

20-Jul-21 DOĞA VESKE 8

•Lowest 𝐸𝑖𝑠𝑜 90% U.L belongs to GW170817 as 1.7 × 1051 ergs, due to it being the closest at 40 Mpc

IceCube PreliminarySuper-Kamiokande



Wu, Tamborra, Just, Janka, PRD (2017). Wu & Tamborra, PRD (2017). George et al., PRD (2020). Padilla-Gay, Shalgar, Tamborra, JCAP (2021). Li & 
Siegel, PRL (2021).

Flavor conversion may lead to an enhancement of nuclei with A>130 (kilonova implications). 
More work needed!
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Cosmic Accelerators



Image credits: https://icecube.wisc.edu/science/highlights/neutrino_astronomy

High Energy Neutrino Astronomy

• 20% of the Universe is opaque to electromagnetic radiation. 

• Non-thermal Universe powered by cosmic accelerators.



Measured Astrophysical Neutrino Flux

Are we seeing a spectral flattening of energy spectrum?

Figures taken from Ahlers & Halzen, Prog. Part. Phys. (2018). See also arXiv: 2011.03545.

IceCube Preliminary

Figure 7: Unfolded spectrum for six years of HESE neutrino events starting inside the detector. The yellow and

red bands show the 1� uncertainties on the result of a two-power-law fit. Superimposed is the best fit to eight years

of the upgoing muon neutrino data (pink). Note the consistency of the red and pink bands. Figure from Ref. [28].

analysis that has lowered the threshold of the starting-event analysis [35] and by a variety of other

analyses. The astrophysical flux measured by IceCube is not featureless; either the spectrum of

cosmic accelerators cannot be described by a single power law or a second component of cosmic

neutrino sources emerges in the spectrum. Because of the self-veto of atmospheric neutrinos in the

HESE analysis, i.e., the veto triggered by accompanying atmospheric muons, it is very difficult to

accommodate the component below 100 TeV as a feature in the atmospheric background.

In Figure 8 we show the arrival directions of the most energetic events in the eight-year upgoing

⌫µ+⌫̄µ analysis (�) and the six-year HESE data sets. The HESE data are separated into tracks (⌦)

and cascades (�). The median angular resolution of the cascade events is indicated by thin circles

around the best-fit position. The most energetic muons with energy Eµ > 200 TeV in the upgoing

⌫µ + ⌫̄µ data set accumulate near the horizon in the Northern Hemisphere. Elsewhere, muon

neutrinos are increasingly absorbed in the Earth before reaching the vicinity of the detector because

of their relatively large high-energy cross sections. This causes the apparent anisotropy of the

events in the Northern Hemisphere. Also HESE events with deposited energy of E
dep

> 100 TeV

suffer from absorption in the Earth and are therefore mostly detected when originating in the

Southern Hemisphere. After correcting for absorption, the arrival directions of cosmic neutrinos

are isotropic, suggesting extragalactic sources. In fact, no correlation of the arrival directions of

13

Spectral analysis vs different channels

11

Combined spectral index:   γ=2.50±0.09 
High-energy tracks:            γ=2.13±0.13 
Prompt component < 1.06 x Enberg et al. (2008) 

Are we seeing a  
spectral flattening of  
astrophysical neutrinos? 

Eν>190 TeV

Eν>25 TeV

IceCube: ICRC2015, PRD 2015, ApJ 2015, PRL2014

IceCube preliminary
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.

5

Figure taken from Aartsen et al., arXiv: 2008.04323. Stein et al., Nature Astronomy (2021). IceCube Coll., Science 2018. Blaufuss (IceCube), GCN 
Circular 21916, Tanaka et al. (Fermi-LAT), AT 10791, Fox et al. (Swift and NuSTAR), AT 10845, Mirzoyan et al. (MAGIC), AT 10817, de Naurois et al. 
(HESS), AT 10787, Mukherjee et al. (VERITAS), AT 10833.

Measured Astrophysical Neutrino Flux

No evidence of clustering in arrival directions of high-energy neutrinos. 
    

Neutrinos of extragalactic origin.

+ TDE AT2019dsg-IC191001A 
coincidence & a dozen more 

likely associations?



Figure credit: Marek Kowalski, ICRC 2021, PoS 022.

Blazars~80% Blazars<30%

Multimessenger spectroscopy
with 7.5 years of High-Energy Starting Events

PRD (2021), https://arxiv.org/abs/2011.03545

γ ! • Spectral index of astro. flux: γ=2.3-2.9 
depends on analysis / energy range 

• Similar energies among messengers … 

• … but also evidence for different origin! 

• Gamma-obscured sources? 

Other channels: Phys.Rev.Lett. 125 (2020), 
PoS ICRC2019, 1017 (2020), Phys.Rev.D 99 
(2019) 3, 032004

 The first decade of discoveries

10

Do we really see a connection among all messengers?

Where Are These Neutrinos Coming From?



• Find the sources of IceCube’s high energy neutrinos.  

• Identify any connection with UHECR, electromagnetic emission, and gravitational waves. 

• Understand production mechanisms of high energy cosmic particles. 

• Use multi-messenger data to obtain a unique view on sources. 

• Test physics beyond the Standard Model. 

Emerging Tasks



Where Are These Neutrinos Coming From?

Figures taken from Aartsen et al., arXiv: 2008.04323. Mertsch, Rameez, Tamborra, JCAP (2017). Musase & Waxman, PRD 
(2016). Ando, Tamborra, Zandanel, PRL (2015). Feyereisen, Tamborra, Ando, JCAP (2017).
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Figure 10: Left: Comparison of the effective local density and luminosity of extragalactic neutrino source pop-
ulations to the discovery potential of IceCube and IceCube-Gen2. We indicate several candidate populations
(î) by the required neutrino luminosity to account for the full diffuse flux [48] (see also [111]). The orange
band indicates the luminosity / density range that is compatible with the total observed diffuse neutrino flux.
The lower (upper) edge of the band assumes rapid (no) redshift evolution. The shaded regions indicate Ice-
Cube’s (blue, dashed line) and IceCube-Gen2’s (green, solid line) ability to discover one or more sources of
the population (E2�⌫µ+⌫̄µ ⌃ 10�12 TeV/cm2/s in the Northern Hemisphere [112]). Right: The same compar-
ison for transient neutrino sources parametrized by their local rate density and bolometric energy [113]. The
discovery potential for the closest source is based on 10 years of livetime (E2F⌫µ+⌫̄µ ⌃ 0.1 GeV/cm2 in the
Northern Hemisphere [114]). Only the IceCube-Gen2 optical array has been considered for this figure.

IceCube’s capability of identifying sources is limited to high-luminosity neutrino sources
that have a low density in the local universe, such as blazars, and neutrino transients with
a low rate, such as GRBs. Accordingly, IceCube has set stringent constraints on the con-
tribution of these two source populations to the observed cosmic neutrino flux (cf. Section
2.1 and references therein), thus establishing that rather lower-luminosity / higher-density
populations must be responsible for the bulk of cosmic neutrinos. The brightest sources of
such populations would still be below the detection threshold of IceCube and can only be
identified with a more sensitive instrument.

Figure 10 compares the identification capabilities of IceCube and IceCube-Gen2 for the
most common neutrino source and transient candidates. If sources like radio-quiet and/or
low-luminosity AGNs, galaxy clusters, starburst galaxies, or transients like CCSNe pro-
duce the majority of cosmic neutrinos, they can be identified only with a detector with a five
times better sensitivity such as IceCube-Gen2. In combination with correlation or stack-
ing searches, IceCube-Gen2 can identify a cumulative signal from populations where the
closest sources have up to 20 times fainter neutrino fluxes than point sources detectable
by IceCube. So their signal remains in reach, even if several of the candidate populations
contribute similar fractions to the total observed neutrino flux.

15

Steady sources Transient sources



Fingerprints of Source Properties
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Bustamante & Tamborra, PRD (2020). Denton & Tamborra, ApJ (2018). Esmaili & Murase, JCAP (2018). Tamborra & Ando, PRD (2016).  Senno et al., 
PRD (2015). Meszaros & Waxman, PRL (2001). Levan et al., ApJ (2014). Winter, PRD (2013). Ando, Tamborra, Zandanel, PRL (2015). 

IceCube data can already constrain, e.g.: 

• Fraction of supernovae harboring (choked) jets. 

•Magnetic field of the sources. 

• Source redshift evolution.
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

Figure taken from Ackermann et al., arXiv: 1903.04333. Suliga, Tamborra, PRD (2021). Suliga, Tamborra, Wu JCAP (2019, 2020). Tamborra et al., JCAP 
(2012). Bustamante, Rosenstrom, Shalgar, Tamborra, PRD (2020). Shalgar, Tamborra, Bustamante, PRD (2021). Denton & Tamborra, PRL (2018).

A Laboratory for New Physics



Conclusions 

Thanks!

Neutrinos are fundamental cosmic messengers.

Neutrino mixing relevant, not yet complete understanding.

Low energy neutrinos carry imprints of the source engine 
and affect the synthesis of the heavy elements.

High energy neutrinos carry information on source aftermath. 
Sources unknown. Growing number of likely associations.

Astrophysical neutrinos are probes of new physics.


