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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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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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Pattavina, Ferreiro Iachellini, Tamborra, PRD (2020). Lang, McCabe, Reichard, Selvi, Tamborra, PRD (2016). Horowitz et al. 
PRD (2003). Drukier and Stodolsky, PRD (1984). Beacom, Farr, Vogel, PRD (2002). 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 

Figure credits: Royal Society



Detection Frontiers

Supernova in our Galaxy (one burst per 40 years). 

 

Excellent sensitivity to details. 

Supernova in nearby Galaxies (one burst per year).


Sensitivity to general properties. 

International Neutrino Summer School, Fermilab, July 2009John Beacom, The Ohio State University

Supernova Neutrino Detection Frontiers

Milky Way
zero or at most one supernova
excellent sensitivity to details
   one burst per ~ 40 years

Nearby Galaxies
one identified supernova at a time
direction known from astronomers
   one “burst” per ~ 1 year

Diffuse Supernova Neutrino Background
average supernova neutrino emission
no timing or direction
   (faint) signal is always there!

Diffuse Supernova Background 

(one supernova per second).

 

Average supernova emission. Guaranteed signal.

Georg Raffelt, MPI Physics, Munich ISAPP 2011, 4/8/11, Varenna, Italy 

Diffuse Supernova Neutrino Background (DSNB) 

Beacom & Vagins,   
PRL 93:171101,2004  



Figure from Abe et al., arXiv: 2109.11174. Moller et al., 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

• Independent test of local supernova rate.


• Constraints on fraction of black hole forming collapses. 


• Affected by binary interactions (mass transfer and mergers), uncertainties on stellar evolution. 
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FIG. 25. The 90% C.L. expected and observed upper limits on the extraterrestrial electron antineutrino flux from the present
work, in comparison with previously published results from SK [22, 23] and KamLAND [25] and DSNB theoretical predictions
from Fig. 1 (in gray). The upper limit from Ref. [22] (blue) has been derived in Ref. [23].

described in Ref. [22] and divide these backgrounds into
the following five categories.

a. Invisible muons and pions: this category re-
groups events with electrons produced by the decays of
invisible muons and pions. The energy distribution of
these electrons follows a Michel spectrum, whose shape
is independent of the Cherenkov angle and the neutron
multiplicity and will therefore be the same across all six
regions. For this study, we estimate the shape of the
Michel spectrum at SK directly from data, using a sam-
ple of electrons produced by cosmic ray muon decays
(a similar sample for atmospheric and accelerator neu-
trino oscillation and proton decay analyses is described
in Refs. [90, 91]). We then use the atmospheric neu-
trino Monte-Carlo simulation to compute the fractions
of background events in the di↵erent signal and back-
ground regions. Since electrons cannot be distinguished
from positrons at SK this background dominates in the
signal regions II and V and are negligible everywhere else.

b. ⌫e CC interactions: in this category we find back-
grounds arising from CC interactions of electron neutri-
nos and antineutrinos, with no visible muons and pions
in the final state. Their contributions will dominate in
the signal regions II and V above 50 MeV. We estimate
the associated spectral shapes in all regions using the
atmospheric neutrino Monte-Carlo simulation. Similarly
to Michel electrons, this background is negligible outside
the regions II and V.

c. µ/⇡-producing interactions: visible muons and
pions will be associated with low Cherenkov angles, as
these particles are significantly heavier than electrons.
The associated background will therefore dominate in
the low Cherenkov angle regions I and IV, and, after
positron candidate selection cuts, will be negligible in the
signal regions. We extract the associated spectral shapes
by considering an atmospheric Monte-Carlo sample with
only CC interactions, visible muons and pions, and no
electrons.



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).
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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.



SASI frequency evolution 
= Shock radius evolution

SASI

Neutrinos (and gravitational waves) probe 
black hole formation. 

Walk, Tamborra, Janka, Summa, Kresse, PRD (2020).

Fingerprints of Black Hole Formation 



Neutrino Alert

Network to alert astronomers of a burst.

SuperNova Early Warning System (SNEWS 2.0).

⌫
⌫

⌫

⌫ ⌫ ⌫⌫
⌫⌫

⌫

⌫ Determination of supernova direction with neutrinos. 

Crucial for electromagnetically dark or weak supernova.

SNEWS 2.0, New J. Phys. (2021). Beacom & Vogel (1999). Tomas et al. (2003). Fisher et al. (2015). Linzer & Scholberg, PRD 
(2019). Brdar, Lindner, Xu, JCAP (2018). Muehlbeier et al., PRD (2013). Sarfati, Hansen, Tamborra, arXiv: 2110.02347. Gullin 
et al., arXiv: 2109.13242.



Triangulation through the end tail of the neutrino curve


•  allows to achieve one order of magnitude improvement in the pointing precision


•  is insensitive to neutrino mixing scenario.

Sarfati, Hansen, Tamborra, arXiv: 2110.02347. Gullin et al., arXiv: 2109.13242. Muehlbeier et al., PRD (2013). Brdar, Lindner, 
Xu, JCAP (2018). Hansen, Lindner, Scholer, PRD (2020).
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FIG. 1. Neutrino flux as a function of time for the 1D spherically symmetric BH forming collapse model adopted in this work
(model s40c of Ref. [3] with tail modelled following Ref. [28]). The ⌫e flux is plotted in red, ⌫̄e in black and ⌫x = ⌫µ = ⌫⌧ = ⌫̄x in
blue. The left panel shows the the pre-bounce neutrinos and the deleptonization burst. The right panel displays the long-lasting
accretion phase followed by a tail at ⇠ 2100 ms.

well known Mikheyev-Smirnov-Wolfenstein (MSW) ef-
fect [60–62], relevant at large distances from the core,
neutrino-neutrino interaction is important in the inner-
most region, and especially in the neutrino decoupling
region [3, 63–65]. In addition, if the matter background
should have significant fluctuations, flavor conversion
physics would be futher a↵ected, as it happens in the
presence of turbulence [66, 67].

The modeling of the neutrino propagation and its fla-
vor evolution in the dense stellar core is an area of active
research due to the conceptual and numerical challenges
that it entails, see e.g. Refs. [3, 63, 64] for dedicated dis-
cussions. In order to factor in any uncertainty in the
neutrino signal linked to flavor mixing, in this paper, we
rely on two extreme mixing scenarios to illustrate the
maximum variability of the neutrino signal. The first
scenario that we consider is the absence of neutrino mix-
ing (referred to as “no-mix”), such that the neutrino sig-
nal is not a↵ected by flavor mixing. The second extreme
scenario is the one of full flavor mixing (referred to as
“full-mix”), such that the flux of ⌫e and the one of ⌫x are
swapped under the assumption of full flavor conversion;
and a similar assumption holds for ⌫̄e and ⌫̄x.

III. NEUTRINO TELESCOPES

In order to explore the pointing precision for a BH
forming collapse by relying on the final tail of the neu-
trino signal or on the bounce time, we consider three of
the largest existing and upcoming neutrino telescopes:
Hyper-Kamiokande (HK), the Deep Underground Neu-
trino Experiment (DUNE), and the IceCube Neutrino

TABLE I. Angular coordinates of the three neutrino detectors
employed in this work [41, 69].

Detector Latitude (deg) Longitude (deg)

HK 36.4 137.3

DUNE 44.4 �103.8

IC �90.0 0.0

Observatory (IC). In addition to their size, the geo-
graphic distribution of these detectors provides a power-
ful setup for triangulating BH forming collapses through
neutrinos. The main features of these detectors are in-
troduced in this section.

A. Hyper-Kamiokande

Hyper-Kamiokande [46] is an upcoming water
Cherenkov neutrino telescope, which will be located in
Japan and will be the successor of Super-Kamiokande,
well known for its sensitivity to supernova neutrinos due
to its high photocoverage [45]. Following Ref. [41], we
assume that the total mass of Hyper-Kamiokande will
be 374 kt with detection e�ciency ✏HK = 100% [68].
The angular coordinates of the geographical location of
Hyper-Kamiokande are reported in Table I.

The main channel of neutrino detection is inverse beta
decay (IBD): ⌫̄e+p ! e++n. Other sub-dominant chan-
nels are neutrino-electron elastic scattering and neutrino-
oxygen charged current interactions, but these are not
considered in this work. The neutrino event rate is
computed by folding the neutrino di↵erential flux de-
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Neutrino Interactions
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Linear phenomenon.

Recent review: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021).
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Non-linear phenomenon! 

Neutrinos interact among themselves.



Fast Pairwise Neutrino Conversion

Flavor conversion (vacuum or MSW):                       .
Lepton flavor violation by mass and mixing.

⌫e(p) ! ⌫µ(p)

 No net lepton flavor change.

⌫e(p) + ⌫̄e(k) ! ⌫µ(p) + ⌫̄µ(k)
⌫e(p) + ⌫µ(k) ! ⌫µ(p) + ⌫e(k)

Pairwise flavor exchange by          scattering: ⌫ � ⌫

Growth rate:                                                vs.                            .  
p
2GF (n⌫e � n⌫̄e) ' 6.42 m�1 � �m2

2E
' 0.5 km�1 “Fast” conversion

Neutrino angular distributions crucial. 

Recent review: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021).



 -sphere ⌫

Shock wave

80 km 200 km 1500 km

Non-linear flavor 
transformation (fast)

Supernova envelope

 Recent review: Tamborra & Shalgar, Ann. Rev. Nucl. Part. Sci. (2021).

Non-linear flavor 
transformation (slow)

Linear flavor 
transformation

Simplified Picture of Flavor Conversions


ne ' 1037 cm�3 ne ' 1032 cm�3

n⌫ ' 1036 cm�3 n⌫ ' 1032 cm�3 n⌫ ' 1030 cm�3
ne ' 1031 cm�3



Non-Linear Flavor Conversion
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• Growth rate of flavor instability is not predictive of the amount of flavor mixing. 


• Neutrino conversion is strongly affected by direction-changing collisions.  


• Flavor instabilities are damped by neutrino advection. 


• Further work needed!

Neutrino advectionCollisionsGrowth rate vs. 
conversion probability
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Padilla-Gay, Tamborra, Raffelt, arXiv: 2109.14627. Shalgar, Padilla-Gay, Tamborra, JCAP (2020). Shalrgar, Tamborra, PRD 
(2020, 2021). Richers, Willcox, Ford, PRD (2021). Sigl, arXiv: 2109.00091. Wu et al., PRD (2021). Johns, arXiv: 2104.11369. 
Martin et al., PRD (2021). …
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Compact Binary Mergers

Figure credit: Price & Rosswog, Science (2006).



Compact Binary Mergers

Figure credit: Brian Metzger.

Multi-Messenger Merger Timeline

Fernandez & BDM 2016

~ TeV – PeV
neutrinos

& cosmic rays ~TeV – PeV
cosmic rays

~MeV Neutrinos



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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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). Gottlieb & Globus, ApJL (2021).

• 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

eobs

ej
Tidal Tail & Disk Wind

EjectaïISM Shock

Merger Ejecta 

v ~ 0.1ï0.3 c

Optical (hoursïdays)

Kilonova
Optical (t ~ 1 day)

JetïISM Shock (Afterglow)

GRB
(t ~ 0.1ï1 s)

Radio (weeksïyears)

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”



Cosmic Accelerators



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. Reusch et 
al., arXiv: 2111.09390. Abbasi et al., arXiv: 2111.10299. Pitik, Tamborra, Angus, Auchettl, arXiv: 2110.06944.

Measured Astrophysical Neutrino Flux
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Arrival directions of most energetic neutrino events
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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

+ TDE AT2019dsg, TDE/SLSN AT2019fdr

& a dozen of likely associations?

Neutrinos mostly of extragalactic origin.



Marek Kowalski, ICRC 2021, PoS 022.

IceCube Alerts & Real Time Follow-Up

Ja
n

20
16

Ju
ly

20
16

Ja
n

20
17

Ju
ly

20
17

Ja
n

20
18

Ju
ly

20
18

Ja
n

20
19

Ju
ly

20
19

Ja
n

20
20

Ju
ly

20
20

Ja
n

20
21

Ju
ly

20
21

0

20

40

60

Ic
eC

ub
e

R
ea

lt
im

e
A
le

rt
s

(e
xc

lu
di

ng
re

tr
ac

ti
on

s)

HESE/EHE (0.12 per week)

Gold/Bronze (0.47 per week)

11| A TDE coincident with a high-energy neutrino  | Robert Stein | ICRC 2021 | 13/07/2021

The public neutrino alert explosion
2019

• IceCube releases alerts & responds to transient searches in real time. 


•Used over 50 times (GRBs, FRBs, blazar flares, …); no significant detection.


•Current limits constrain nearby bright transients; future ones aim to constrain populations of 
sources. 



High-Energy Neutrinos from Blazars?
Several IceCube neutrino events may be in coincidence with blazars.
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Blazars coincident with high-energy neutrinos

PKS 1502+106 (z = 1.839) + 
IC190730A

TXS 0506+056 (z = 0.3365) 
+ IC170922A 

3HSP J095507.9+355101 
(z = 0.557) +IC200107A 
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PKS 1502+106

TXS 0506+056

3HSP J095507.9+355101  

Several dozen associations so far :

IceCube sends public alerts since 2016 
Fermi-LAT follow up: 6 blazars in 23 

follow-ups (S. Garrappa #812)
Telamon (M. Sadler  #1320)

IceCube flares - X-rays (Sharma #299)
Antares flares - radio (Illuminati #1137)
radio blazars + Antares (Aublin #1240

IACTs: (Satalecka #907)

4FGL J0658.6+0636+IC201114A:
(de Menezes #296, Rosales de Leon 

#308)

3.3σ IceCube Coll 10yr
 Point-Source Analysis (3 blazars)

 Franckowiak et al ApJ 893 (2020) 
Giommi et al MNRAS 497 (2020) 

Hovatta et al A&A 650 (2021)
Plavin et al ApJ 908 (2021)

Evaluating the significance of 
coincidences: Capel #1346 

Blazars coincident with high-energy neutrinos

PKS B1424-418+IC35 Kadler, Nat Phys 12 (2016), Gao, Pohl, Winter, ApJ 843 (2017)11

Figure credit: Foteini Oikonomou.

• Models statistically consistent with the detection of neutrinos but require extreme parameters, 
atypical of the blazar population.


• Need to move beyond one-zone model as well as investigate time variability. 


• Where are neutrinos and photons produced?


• Multi-wavelength long-term evolution needs to be explored. 


• Emerging trend of possible correlation between neutrino and radio/X-ray data to be understood. 



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 Neutrinos Coming From?
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TDE AT2019dsg / “Bran Stark” coincident 
with neutrino

R. Stein et al., 2020, astro-ph:2005.05340

neutrino

• Bright, radio-emitting TDE found coincident with IC191001A
• Radio reveals first direct evidence of a central engine in a thermal 

TDE. Data suggest that conditions are compatible with neutrino production
• TDEs are rare. Accounting for all 8 neutrino campaigns and ZTF TDE 

density (1 per 10000 sq. deg.), the probability to find any coincident radio-
emitting TDE is 0.5%

• Suggests TDEs contribute to the astrophysical neutrino flux (>3% of
total)

Days since discovery

TDE AT2019dsg-IC191001A coincidence?

Stein et al., Nature Astronomy (2021).

• Discovered by ZTF in April 2019. Second brightest ZTF TDE. 


• Copious UV emission, rapid decay in X-rays, very large bolometric flux.


• Extended synchrotron emitting outflow emerging from radio analysis.


• Neutrino detected 175 days after discovery (0.2 PeV). 



TDE AT2019dsg-IC191001A coincidence?

K. Hayasaki, arXiv: 2102.11879. Winter & Lunardini, Nat. Astr. (2021). Liu et al., PRD (2020). Murase et al., ApJ (2020).

• Conditions appear consistent with the production/detection of one PeV neutrino.


• Various theoretical scenarios currently under debate.
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Neutrinos from Tidal Disruption Events

Suggested neutrino production 
zones include: 

i. Relativistic Jets 

ii. The accretion disk  

iii.The disk corona 

iv.The wind/outflow

Nat Astron 5 436–437 (2021) 
Hayasaki

Neutrino production sites include:


• Relativistic jet

• Accretion disk/corona

• Wind/outflow




Another TDE-Neutrino Association?

Reusch et al., arXiv: 2111.09390. Pitik, Tamborra, Angus, Auchettl, arXiv: 2110.06944.

• Second event, AT 2019fdr, coincident with another neutrino event (IC200530A, 80 TeV).


• Is AT2019fdr a TDE in a narrow-line Seyfert Galaxy or a superluminous supernova?
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Figure credit: Robert Stein.

TDE-Neutrino Associations

• ~2 dozen candidates across 
many observatories 

• Sparse datasets with poor 
multi-wavelength coverage
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>1 TDE / month

ApJ 908 4 (2021) 
van Velzen et al.

The view from 2019 2021:

You are here
The TDE explosion…

PASP 131 078001 (2019) 
Graham et al.

ZTF started in 

March 2017

• We are entering a new era for the detection of TDEs, does this have implications on 
neutrino detection?


• Where are the neutrinos produced?


• Need to improve on our understanding of the TDE population.



Neutrino Sources

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). Bustamante & Tamborra, PRD 
(2020). Winter, PRD (2013).
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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

IceCube data can already constrain, e.g. magnetic field, redshift evolution of the sources, 
effective local density.
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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.

What About New Physics?

• Non-standard physics may impact the neutrino emission properties and the duration of the 
neutrino burst.


• Non-standard physics may have an effect on the source physics.




Conclusions 

Thank you!

Neutrinos are fundamental cosmic messengers.

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

Neutrino mixing relevant, not yet complete understanding.

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


