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The Cosmos in Neutrinos
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• Particle production and acceleration in cosmic accelerators 

• Cosmic ray, gamma-ray and neutrino connections 

• Sources

Lecture 2:  
Neutrinos from Cosmic Accelerators 

Intended Learning Objectives 



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

High Energy Neutrino Astronomy



Neutrinos

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

• Neutrinos are neutral, point back to the source.  
• Neutrinos come in three flavors. 
• Neutrinos do not interact with medium particles; ideal messengers.  
• Sensitive to distant (far away) sources. 
• Probe electromagnetically opaque sources. 
• Cross sections are very small. Neutrinos are hard to detect.  
• Neutrinos cover spots of the very high-energy universe.

Neutrinos



Cosmic Rays and Gamma-Rays

• Photons are neutral, point back to the source. 
• Interact with charged particles via inverse Compton, annihilation to electron positron 

pairs. 
• The observable distance in photons is limited.
Hinton and Hofmann,  Ann. Rev. Astron. Astrophys. 47 (2009) 523-565, arXiv: 1006.5210.

Photons

• Charged nuclei are deflected by magnetic fields. 
• The directional information carried by cosmic rays is lost at low-medium energies. 
• Cosmic rays preserve the directional information at the highest energies; bending radius 

is large against propagation distance (                        ).R =
pc

Ze
= B ⇥ rL

Cosmic rays

Anchordoqui, Phys. Rep. 801 (2019) 1-93, arXiv: 1807.09645.



Particle Production  
in Cosmic Accelerators



Particle Production and Acceleration
Cosmic accelerator 

[e, p, …heavy nuclei]

Confinement

Acceleration

Charged particles, gamma, neutrinos

Detection

e, p

Interaction

Propagation Interaction



Confinement

Hillas, Ann. Rev. Astron. Astrophys. 22 (1984) 425. Image credit: A. Taylor.
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Diffusive shock acceleration (first order Fermi acceleration) leads to a power-law energy 
distribution.

Let us assume to have plasma on both sides of the shock and an isotropic distribution of 
charged particles (obtained via diffusion in the magnetic field).

Diffusive Shock Acceleration

Charged particles (or cosmic rays) cross the shock back and forth multiple times, each time 
gaining energy.

Charged particle

Shock

Magnetic turbulence



Power Law Energy Distribution

The energy distribution of particles in cosmic accelerators is a power-law

with    being a constant. This energy distribution is a non-thermal one and it differs from the 
Maxwellian distribution.

N(E) / E↵

↵
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Proton-proton interactions Proton-photon interactions

Electron and muon neutrinos are produced by charged pion decay. 
Gamma-ray photons are produced by neutral pion decay. 
Charged particles, gamma-rays, and neutrinos carry information about the source.
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Propagation and Interaction

• Protons are deviated by magnetic fields; they interact 
in the Earth atmosphere giving rise to air showers. 

• Photons can feel absorption. 
• Neutrinos interact weakly, point back to the source.
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Propagation at Earth
The ratio of flavors at the source is expected to be ⌫e : ⌫µ : ⌫⌧ = 1 : 2 : 0

Neutrinos convert into each other by flavor mixing. One can proof that 

The distance to the source is much larger than the oscillation length.  When arriving at 
Earth, the original flavor admixture mixes up to ⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1

Now, using 2
P

1>j
=
P

i,j
�
P

i=j
, Eq. (B.17) can be re-written as
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Since �↵� = �2
↵�

, the first and second terms in (B.18) cancel each other, yielding
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i
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�i
. (B.19)

In matrix notation, we have
P (⌫↵ ! ⌫�) = P PT , (B.20)

where the decohered neutrino propagation matrix is
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(It is seen that decoherence returns the quantum mechanical realm to that of classical overlap
probabilities.)

The probabilities for flavor oscillation are then easily calculated to be

P (⌫µ ! ⌫µ) = P (⌫⌧ ! ⌫⌧ ) = P (⌫µ $ ⌫⌧ ) =
1

8
[4 � sin2(2✓�)] , (B.22)

P (⌫µ $ ⌫e) = P (⌫e $ ⌫⌧ ) =
1

4
sin2(2✓�) , (B.23)

and

P (⌫e ! ⌫e) = 1 �
1

2
sin2(2✓�) , (B.24)

with sin2(2✓�) ⇠ 8/9.

Neutrinos from astrophysical sources are expected to arise dominantly from the decays of
pions and their muon daughters, which results in initial flavor ratios N⌫e : N⌫µ : N⌫⌧ of nearly
1 : 2 : 0. Using (B.22), (B.23), and (B.24), it is straightforward to verify that the neutrinos
will arrive at Earth with equipartition on the three flavors, 1 : 1 : 1. The prediction for a
pure ⌫̄e source, originating via neutron �-decay, has di↵erent implications for the flavor ratios;
namely, a source flavor ratio 1 : 0 : 0 yields Earthly ratios ⇡ 5 : 2 : 2 [185]. And finally, the
“damped muon” source, wherein muon energy-losses at the source e↵ectively terminate the

pion decay chain at ⇡±
! µ±+

(�)

⌫µ , evolves the initial 0 : 1 : 0 flavor ratios to 4 : 7 : 7.

59

See e.g. Anchordoqui et al., JHEAp (2014).



Figure taken from Ahlers & Halzen, Prog. Part. Phys. (2018).
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Figure 9: The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and the six-

year HESE analysis (magenta fit) compared to the flux of unresolved extragalactic �-ray sources [100] (blue data)

and ultra-high-energy cosmic rays [101] (green data). The neutrino spectra are indicated by the best-fit power-law

(solid line) and 1� uncertainty range (shaded range). We highlight the various multimessenger interfaces: A: The

joined production of charged pions (⇡±
) and neutral pions (⇡0

) in cosmic-ray interactions leads to the emission of

neutrinos (dashed blue) and �-rays (solid blue), respectively. B: Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green

dashed). C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with

cosmic background photons (GZK mechanism).

Note, that the relative production rates of pionic gamma rays and neutrinos only depend on the

ratio of charged-to-neutral pions produced in cosmic-ray interactions, denoted by K⇡ = N⇡±/N⇡0 .

Pion production of cosmic rays in interactions with photons can proceed resonantly in the processes

p + � ! �+ ! ⇡
0 + p and p + � ! �+ ! ⇡

+ + n. These channels produce charged and

neutral pions with probabilities 2/3 and 1/3, respectively. However, the additional contribution

of nonresonant pion production changes this ratio to approximately 1/2 and 1/2. In contrast,

cosmic rays interacting with matter, e.g., hydrogen in the Galactic disk, produce equal numbers

of pions of all three charges: p + p ! N⇡ [ ⇡0 + ⇡
+ + ⇡

�] +X, where N⇡ is the pion multiplicity.

From above arguments we have K⇡ ' 2 for cosmic ray interactions with gas (pp) and K⇡ ' 1 for

interactions with photons (p�).

With this approximation we can combine Eqs. (1) and (2) to derive a simple relation between

17

Messengers of the High Energy Sky



How Big Should the Detector Be?

If cosmic rays interact with the CMB, neutrinos with energy of 10^6 TeV (EeV) are produced.  
One event per cubic kilometer per year. Neutrinos point back at their source!

� + p ! n+ ⇡+, p+ ⇡0 ⇡ ! µ+ ⌫µ ! (e+ ⌫̄µ + ⌫e) + ⌫µ

Extragalactic  
cosmic rays



Neutrino “Telescopes”

 Image credit: P. Coyle.



IceCube has detected hundreds of neutrinos with energies over 100 TeV (10 times larger 
than the highest energies achieved by any particle at LHC). 

Some of these neutrinos have PeV energies, i.e. energies thousands of times greater than 
what’s needed to create the heaviest of the known fundamental particles. 

Detection of High Energy Neutrinos

IceCube Coll., Science 342 (2013); IceCube Coll., Astrophys. J. 833 (2016). IceCube Coll., arXiv: 1907.11266

HESE 7.5 Diffuse Austin Schneider

IceCube Preliminary

Figure 1: Deposited energy and reconstructed cosq distributions. Data are shown as black crosses and
the best-fit expectation as a stacked histogram with each color specifying a flux component: astrophysical
(golden), conventional atmospheric as mentioned above (red), and penetrating muons (purple); the best fit
prompt normalization is zero and is not shown. Left: distributions of observed and expected events as a
function of the reconstructed deposited energy. Events below 60 TeV (light blue vertical line) are not included
in the fit, but one sees good data-MC agreement extending into this energy range. Right: distribution of
observed and expected best-fit events as a function of the cosine of the reconstructed zenith angle.

in the aforementioned frequentist construction. These best-fit parameters are compatible with the
previous analysis using six [4] years of data. Figure 1 shows the data compared to the expected
number of events assuming the best-fit parameters, as a function of the reconstructed deposited
energy (left) and the cosine of the reconstructed zenith angle (right). The relatively flat distribution
in the cosine of the zenith angle cannot be reproduced by the atmospheric background components
alone, leading to the high significance of the astrophysical component reported in previous analyses
with respect to an atmospheric background only hypothesis.

Figure 2: Best fit parameters for the single power
law. Contours in blue represent results from this work,
while the orange contours show results from IceCube’s
9.5yr diffuse numu sample [24], and the purple con-
tours show results from IceCube’s multi-year cascade
sample [25]. Solid contours represent the 68.3% confi-
dence regions, and dashed contours the 95.4% confi-
dence regions.

In figure 2, the confidence regions for three different IceCube data-sets assuming an unbroken
single power law are shown. The three measurements have distinctly different best-fit points, but
appear to be compatible with each other within their 95.4% regions. In light of this we would like to
consider explanations for the different spectral indices beyond pure statistical variations. However,
as the three data-sets make distinctly different energy cuts, select for different morphological classes
of events, and have very different signal to background ratios in the energy ranges common between
them, it is clear that they may be measuring different portions of the neutrino flux. A possible
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Figure 1: Deposited energy and reconstructed cosq distributions. Data are shown as black crosses and
the best-fit expectation as a stacked histogram with each color specifying a flux component: astrophysical
(golden), conventional atmospheric as mentioned above (red), and penetrating muons (purple); the best fit
prompt normalization is zero and is not shown. Left: distributions of observed and expected events as a
function of the reconstructed deposited energy. Events below 60 TeV (light blue vertical line) are not included
in the fit, but one sees good data-MC agreement extending into this energy range. Right: distribution of
observed and expected best-fit events as a function of the cosine of the reconstructed zenith angle.

in the aforementioned frequentist construction. These best-fit parameters are compatible with the
previous analysis using six [4] years of data. Figure 1 shows the data compared to the expected
number of events assuming the best-fit parameters, as a function of the reconstructed deposited
energy (left) and the cosine of the reconstructed zenith angle (right). The relatively flat distribution
in the cosine of the zenith angle cannot be reproduced by the atmospheric background components
alone, leading to the high significance of the astrophysical component reported in previous analyses
with respect to an atmospheric background only hypothesis.
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law. Contours in blue represent results from this work,
while the orange contours show results from IceCube’s
9.5yr diffuse numu sample [24], and the purple con-
tours show results from IceCube’s multi-year cascade
sample [25]. Solid contours represent the 68.3% confi-
dence regions, and dashed contours the 95.4% confi-
dence regions.

In figure 2, the confidence regions for three different IceCube data-sets assuming an unbroken
single power law are shown. The three measurements have distinctly different best-fit points, but
appear to be compatible with each other within their 95.4% regions. In light of this we would like to
consider explanations for the different spectral indices beyond pure statistical variations. However,
as the three data-sets make distinctly different energy cuts, select for different morphological classes
of events, and have very different signal to background ratios in the energy ranges common between
them, it is clear that they may be measuring different portions of the neutrino flux. A possible
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Neutrino-Source Association:  
Transient Source (2017)

Figure taken from Aartsen et al.,J. Phys. G (2021).
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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 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.

As part of the various inspections to be carried out a posteriori, we also searched for astro-

physical counterparts in close proximity with the direction of the five locally most significant

spots in each of the three skymaps (reported in Tab. 2 (27)). We note that the nearby Seyfert I

galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the

map obtained with �=2.5. Because possible neutrino emission from NGC 4151 is not one of

the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple

7

Neutrino-Source Association:  
Steady Source (2022)

Abbasi et al., Science (2022). Photo Credit: Jack Pairin, IceCube/NSF.

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9



IceCube Neutrino 
Observatory 

 Image credits: IceCube Collaboration.

Starburst Galaxies

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-

7

Blazars

Page 29

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

Tidal Disruption Events or 
Superluminous Supernovae?

Our Galaxy

Many More Neutrino-Source Associations



Neutrino Flavor Ratio

best fit

Not yet possible to pinpoint the production mechanism.

Figure credit: F. Halzen @ NeuTel 2021. 

new neutrino physics ? 
oscillating PeV neutrinos (7.5 years HESE)Flavor composition at Earth
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Neutrino Sources
We need a large detector volume to overcome the small cross-section of neutrinos. This 
implies that the observed extragalactic neutrino events may come from a large number of 
weak sources.  

Which sources may be detectable?

Let us suppose that there is a class of sources with typical luminosity in neutrinos      and 
density     in space.  The total rate of neutrinos per unit area will be  

L⌫
⇢

F⌫ =

Z
L⌫⇢

d3r

4⇡r2
=

1

4⇡

Z
L⌫⇢d⌦dr

The flux per unit of solid angle is

dF⌫

d⌦
= ⇠

L⌫⇢RH

4⇡

where the Hubble radius isRH = c/H0 ' 4000 Mpc

The factor                  accounts for the cosmological evolution of the sources.⇠ ⇠ 2� 3



⇠
L⌫⇢RH

4⇡
=

E⌫dN⌫

d⌦d ln(E⌫)
= 2.8⇥ 10�8 GeV

cm2 s sr
= 1.3⇥ 1046

erg

Mpc2 yr sr

where the flux is normalized to the IceCube measurement for the sum of all three neutrino 
flavors and        spectrum. E�2

Inverting the equation above, one obtains the minimum power-density needed to produce 
the observed neutrino flux as

Viable sources must be above a line in luminosity-density space, otherwise they are not 
sufficiently luminous to produce the observed flux. 

If we compare this to the flux observed by IceCube, we have 

Neutrino Sources

⇢L⌫ =
4⇥ 1043

⇠

erg

Mpc3 yr
⇠ 1043

erg

Mpc3 yr



Figure from Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). 

The solid line shows the minimum total neutrino luminosity needed to provide the flux per 
flavor. The broken lines show the minimum luminosity if the efficiency for neutrino production 
is 0.1-10% of the total. 
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Where Are These Neutrinos Coming From?

★ Galactic origin 

★ Extragalactic origin 
• Star-forming galaxies 
• Gamma-ray bursts 
• Active galactic nuclei, blazars 
• Cluster of galaxies 
• Tidal disruption events 
• Low-power or choked sources
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NEW: Neutrinos from the Galactic plane 
4.5σ level of significance - IceCube 29.06.23 

ISAPP’23 |01-02.07.23 | E. Resconi 

Neutrinos from the Galactic Plane

IceCube Coll., Science (2023). 



Gamma-Ray Bursts

Image credit: Gomboc, Contemp. Phys. (2012).



ANTARES Coll., MNRAS (2020). IceCube Coll., ApJ (2017). Pitik, Tamborra, Petropoulou, JCAP (2021). 
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High Energy Neutrinos from Long GRBs 

• No successful detection of high energy neutrinos from long GRBs (<1% to diffuse emission). 

• Neutrino emission is strongly dependent on GRB emission mechanism. 

• Neutrino emission from low-power GRBs can be copious.

Gamma-ray bursts and blazars – not dominant
Gamma-ray bursts Blazars

1172 GRBs inspected, no correlation found
< 1% contribution to diPuse Aux

862 blazars inspected, no correlation found
< 27% contribution to diPuse Aux

IceCube, ApJ 2017
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      GW 170817

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

Figure credits: 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 credits: C. 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.

GRB 170817A—Gravitational Wave Follow-up 

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”



Blazars

Figure credit: Sophia Dagnello, NRAO/AUI/NSF.

Blazars (FSRQs & BL Lacs) constitute the most extreme subclass of AGNs with a relativistic jet closely 
aligned to the observer line of sight. A large sample of the Fermi sources are blazars. 



Figure credit: Foteini Oikonomou.

Blazars

• Blazar flares have been observed at different energy bands and with different durations from several 
years to a few minutes. 

• A few dozens of high energy neutrinos found along the same direction of blazars, some also in temporal 
association with a flare. 

High-energy accelerators 
Fermi-LAT 5 year map

3

Blazar emission models 
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e γsyn
e γIC?

p π0 γγ?

p γsyn?

Observations of  TXS 0506+056 in 2017 and model SED 
from Keivani et al ApJ 864 (2018) and MAGIC Coll. ApJ 863 (2018)
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IceCube Neutrinos and Blazars
Blazars cannot explain the observed diffuse neutrino flux, but several IceCube neutrino events are likely 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 

12

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.
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Do blazars produce all IceCube neutrinos?

IceCube, ApJ, 835 (2017) 

Blazars dominate 
the diffuse gamma-
ray background 
above 10 GeV

Fermi LAT blazars can only be responsible 
for a small fraction of the observed !’s.

Blazar Contribution to Diffuse Emission

Figure credit: IceCube, ApJ (2017). 

Fermi LAT blazars could explain a small fraction of the observed neutrinos, despite blazars 
being dominant sources in the diffuse gamma-ray background above 10 GeV.



Figure credit: Marek Kowalski @ ICRC 2021.

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

Blazar Contribution to Diffuse Emission



TXS 0506+056 & IC 170922A

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.

• Among 50 brightest blazars in 3LAC.

• First high-energy neutrino traced back to its birthplace?
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Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for the
most significant excess found in each period, with the P value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.

(from MJD 56937.81 to MJD 57096.21, inclusive of contributing events at boundary times).
For the box-shaped time window the uncertainties are discontinuous and not well-defined, but
the uncertainties for the Gaussian window show that it is consistent with the box-shaped time
window fit. Despite the different window shapes, which lead to different weightings of the
events as a function of time, both windows identify the same time interval as significant. For
the box-shaped time window, the best-fitting parameters are similar to those of the Gaussian
window, with fluence at 100 TeV and spectral index given by E2J100 = (2.2+1.0

�0.8) ⇥ 10
�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days
of �100 = (1.6+0.7

�0.6) ⇥ 10
�15 TeV�1 cm�2 s�1.

When we estimate the significance of the time-dependent result by performing the analysis
at the coordinates of TXS 0506+056 on randomized data sets, we allow in each trial a new fit
for all the parameters: �100, �, T0, TW. We find that the fraction of randomized trials that result
in a more significant excess than the real data is 7 ⇥ 10

�5 for the box-shaped time window
and 3 ⇥ 10

�5 for the Gaussian time window. This fraction, once corrected for the ratio of the
total observation time to the IC86b observation time (9.5 years / 3 years), results in P values of
2 ⇥ 10

�4 and 10
�4, respectively, corresponding to 3.5� and 3.7�. Because there is no a priori

reason to prefer one of the generic time-windows over the other, we take the more significant
one and include a trial factor of 2 for the final significance, which is then 3.5�.

Outside the 2012-2015 time period, the next most significant excess is found using the
Gaussian window in 2017 and includes the IceCube-170922A event. This time window is

5

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-

7

• Located ~4billion light years away.

• No clear correlation with events in time.
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Is there also a Gamma-ray Flare?

No gamma-ray activity during 
2014/15 neutrino flare

IC-170922A
neutrino 

flare
13±5 above the background of 
atmospheric neutrinos, 3.5σ

IceCube, Science 361, 2018, Garrappa et al. ApJ 880 2019, Padovani et al. MNRAS 480 2019

TXS 0506+056: What about Gamma-Rays?

Figure credit: A. Franckowiak. 



TXS 0506+056

Gao et al., Nat. Astron. (2019). Padovani et al., MNRAS (2019). 

10 15 20 25 30
-13

-12

-11

-10

-9
eV keV MeV GeV TeV PeV

log10(Frequency/Hertz)

lo
g 1
0(
E
2 d
N
/d
E
/e
rg
cm

-2
s-
1 )

Leptonic

Hadronic

Photons

Muon Neutrinos

Optical

X-ray

soft
hard

GeV-γ

TeV-γ

Absorbed
during
propagation

I.A.C
.T. sensitivity

Flux corresponding to

one νμ in IceCube

per 1/2 yr

Figure 3: Energy flux from TXS0506+056 across the electromagnetic spectrum and for
neutrinos. Data are representated with their uncertainties as colored bow-ties or as sensitivity
curves in the TeV band. Here the energy spectrum is modeled in our hybrid scenario with both
leptonic and hadronic contributions. High-energy photons are absorbed during propagation by
extragalactic background light, here indicated by the blue shaded region and modeled as in (14).

tirely be reproduced with a hadronic model, see Fig. 2, right panel; an in-depth investigation on

hadronic models is available in the Supplementary Information. This leaves the question what

the maximal neutrino flux during the flare can be, and what the photon signature of a hadronic

model actually is. The same constraint applies to the quiescent state, although it is weaker there.

Instead, both the quiescent and the flare state are easily described by a leptonic scenario (see

Fig. 2, left panel, for an example).

We propose the hybrid model displayed in Fig. 3, in which the bulk of photon emission

is of leptonic origin, and hadronic contributions are as strong as permitted by the X-ray data.

Modeling the flare on the basis of an increase in the particle-acceleration power alone will

5

Leptonic Model
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Figure 2: Spectral energy flux from TXS0506+056 flare for two hypothetical scenarios.
The energy spectrum is well reproduced by a purely leptonic model (left panel) with no neu-
trino production, whereas a simple hadronic model, in which the second hump comes from ⇡0

and ⇡± decays, overshoots the observed X-ray flux (right panel). Colored bow-ties indicate
the observed spectrum with uncertainties (2, 3, 7), and the approximate sensitivity of all cur-
rent TeV gamma-ray telescopes is indicated by that labeled Imaging Air Cherenkov Telescopes
(I.A.C.T.). Colored curves indicate model components as given in the legend. The dashed hor-
izontal green line corresponds to the expected level and energy range of the incident neutrino
flux to produce one muon neutrino in IceCube in 180 days, as observed.

gies ⇠ 10 PeV will interact with UV photons to produce charged and neutral pions (10, 11).

A charged pion decays (via a muon) into an electron or positron, which radiates just like any

other electron, and three neutrinos that can travel to Earth and are a smoking-gun signature for

the acceleration of cosmic nuclei. A neutral pion decays into two photons with similar energy

as that of the neutrinos, providing a direct relation between neutrino and photon emission. It

is occasionally assumed that hadronic photon emission is responsible for the high-energy com-

ponent of the spectrum (12), inspired by the case of Mrk 421 which has a different SED that

indeed allows this possibility, but a self-consistent analysis of all relevant processes indicates

that the synchrotron X-ray emission by secondary electrons would unavoidably overshoot the

observed flux (13). For this reason we find that the flare state of TXS0506+056 cannot en-

4

Hadronic Model Hybrid Model

No neutrino production Observed x-ray flux overshot All spectra well 
reproduced

TXS 0506+056 is likely a “masquerading BL-Lac” (i.e., flat-spectrum radio quasar with 
hidden broad lines and a standard accretion disk). 

Multi-zone models seem to work better. Clear picture of neutrino production under debate.



Figure 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.

As part of the various inspections to be carried out a posteriori, we also searched for astro-

physical counterparts in close proximity with the direction of the five locally most significant

spots in each of the three skymaps (reported in Tab. 2 (27)). We note that the nearby Seyfert I

galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the

map obtained with �=2.5. Because possible neutrino emission from NGC 4151 is not one of

the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple

7

Neutrinos from the Active Galaxy NGC 1068

Abbasi et al., Science (2022).

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9

is L⌫ = (2.9 ± 1.1stat) ⇥ 1042 erg s�1. This is significantly higher than the isotropic equivalent

gamma-ray luminosity observed by Fermi-LAT of 1.6 ⇥ 1041 erg s�1 in the energy range be-

tween 100 MeV and 100 GeV (40), and higher than the upper limits recently reported by the

MAGIC collaboration (41) (see Fig. 4).
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Figure 4: Spectral energy distribution of NGC 1068. Gray points show publicly available
multi-frequency measurements (42). Dark and light green error bars refer to gamma-ray mea-
surements from Fermi-LAT (33, 43) and MAGIC (41), respectively. The solid, dark blue line
shows the best-fit neutrino spectrum, and the corresponding blue band covers all powerlaw
neutrino fluxes that are consistent with the data at 95%C.L. It is shown in the energy range
between 1.5 TeV and 15 TeV where the flux measurement is well constrained. Two theoretical
AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional
details on the model construction of the light blue shaded region can be found in (46).

High-energy neutrinos are generated in or near astronomical sources as decay products of

charged mesons produced in proton-proton interactions (47), or interactions between protons

and low energy ambient radiation (48) (for a review see (49)). Along with those neutrinos,
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Exploring NGC 1068:  
A Non-Jetted AGN with Obscured Black Hole

Credit: NASA/JPL-Caltech

NGC 1068: 
Neutrinos as a new lens to explore the galaxy core. 

Neutrinos carry information about the obscured supermassive black hole



TXS 0506+056
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see C. Bellenghi, H. Niederhausen (MIAPbP’23)

We don’t know, but other Seyfert are appearingDo We See More Seyfert Galaxies?

Credit: E. Resconi, C. Bellenghi, H. Niederhausen (MIAPbP’23).



Tidal Disruption Events

M. Rees, Nature (1988).
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Neutrino Emission

K. Hayasaki, Nat. Astr. (2021).

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

• Various theoretical scenarios currently under debate.

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

 

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 



Contribution of TDEs to Diffuse Emission

Figure credit: Stein, PoS ICRC2019 (2020). Lunardini & Winter, PRD (2017). 

TDEs could contribute up to 26% of the IceCube diffuse astrophysical flux. 

The
observation of
a neutrino

from the Tidal
Disruption

Event
AT2019dsg: a
concordance

model

Cecilia
Lunardini

Theory and upper limits

TDEs contribute to up to ⇠ 26% of the di↵use astrophysical
flux at IceCube.

������ ����� ���� ��������� ����

������� ������ ��� ��� (����) ��

� � � � � � �
-��

-��

-�

-�

-�

-�

����� [�/���]

��
� �

�[
Φ

μ
(�
��

�-
�
��

-�
��

-�
)]

������

������

������� �������

������ ���-������

������ ������

Bounds: R. Stein, PoS ICRC2019, 1016 (2020)

Theory curve: Lunardini and Winter, PRD 95 (2017) 12, 123001



A TDE-Neutrino Association?

Reusch et al., PRL (2022). Pitik, Tamborra, Angus, Auchettl, ApJ (2022). 

• Is AT2019fdr a TDE in a narrow-line Seyfert Galaxy? Neutrino event (IC200530A, 80 TeV) observed in 
coincidence with AT2019fdr. 

• Classified as probably TDE, but AGN flare/SN origin cannot excluded. 
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Superluminous Supernovae
4 Pitik et al.

Rbo

Rdec

RCSM

Ejecta

Forward shock

CSM

Figure 2. Schematic representation of AT2019fdr after the explo-
sion, assuming spherical symmetry. The central compact object (in
black) is surrounded by the SN ejecta (orange region, with the bor-
deaux arrows indicating the propagation of the ejected material) and
a dense CSM envelope (yellow region) which extends up to its outer
edge marked by RCSM. The color gradient describes the density gra-
dient (from darker to lighter hues as the density decreases). The
dashed black line marks the position of the breakout radius (Rbo).
The indigo line represents the forward shock that propagates ra-
dially outwards. The black dotted line marks the location of the
deceleration radius of the ejecta (Rdec). The latter is located at radii
smaller than RCSM (as in this sketch) for a relatively large CSM mass
compared to the ejecta mass or larger than RCSM for very massive
ejecta and rarefied CSM; see Eq. 4. For extremely large MCSM/Mej,
it is possible that Rdec < Rbo.

Bromberg 2008; Katz et al. 2011; Murase et al. 2011). E�-
cient particle acceleration takes place at radii larger than that
of the shock breakout (Rbo), where initially trapped photons
are free to di↵use out to the photosphere; the shock breakout
radius is computed by solving the following equation:

⌧T (Rbo) =
Z RCSM

Rbo

⇢CSM(R)esdR =
c

vsh
, (3)

where es ⇠ 0.34 cm2g�1 (Pan et al. 2013) is the electron
scattering opacity at solar abundances, and c is the speed of
light. When the SN ejecta mass Mej becomes comparable to
the swept-up mass from the CSM, the ejecta enters the CSM-
dominated phase. This transition happens at the deceleration
radius

Rdec =
Mejvw

Ṁ
. (4)

Note that Rdec may be located at radii smaller than RCSM as
shown in Fig. 2, or larger than RCSM according to the relative
ratio between Mej and MCSM (i.e., if MCSM > Mej, then Rdec <

RCSM and viceversa). Furthermore, for MCSM extremely large
with respect to Mej, Rdec can even be smaller than Rbo. For
R > Rdec, the forward shock radius evolves as (Suzuki et al.
2020)

Rsh(t) = Rdec

✓ t
tdec

◆2/3
. (5)

where we have assumed adiabatic dynamical evolution for
the sake of simplicity. At radii larger than Rbo, di↵u-
sive shock acceleration of the incoming CSM protons takes
place. Following Finke & Dermer (2012); Petropoulou et al.
(2016), the proton injection rate for a wind density profile is

Qp(�p,R)⌘
d2Np

d�pdR
=

9⇡"pR2
bonbo

8ln(�p,max/�p,min)

"
vsh(Rbo)

c

#2
(6)

⇥

✓ R
Rbo

◆2↵
��k

p H(�p � �p,min)H(�p,max � �p) ,

where the parameter ↵ dictates the radial dependence of the
shock velocity (vsh / R↵), it is ↵ = �1/7 in the free ex-
pansion phase (R < Rdec) and ↵ = �1/2 in the decelerating
phase (R > Rdec). The fraction of the shocked thermal energy
stored in relativistic protons is "p, while H(x) = 1 for x > 0
and zero otherwise. We set the proton spectral index k = 2
and the minimum Lorentz factor of the accelerated protons
�p, min = 1. The maximum Lorentz factor of protons (�p, max)
is obtained by requiring that the acceleration timescale in
the Bohm limit, tacc ⇠ 20�pmpc3/3eBv2

sh (Protheroe & Clay
2004), is shorter than the total cooling timescale for pro-
tons: tacc  tp,cool. B =

q
32⇡"Bmpv2

shnCSM is the mag-
netic field in the post-shock region, whose energy density
is a fraction "B of the post-shock thermal energy density
Uth = (9/8)mpv2

shnCSM. The latter is obtained by consider-
ing the Rankine-Hugoniot jump conditions across a strong
non-relativistic shock with compression ratio approximately
equal to 4.

The most relevant energy loss mechanisms for protons
are inelastic pp collisions and the cooling due to adia-
batic expansion of the shocked shell, hence t�1

p,cool = t�1
pp + t�1

ad ,
with tpp = (4kpp�ppnCSMc)�1, where we assume constant in-
elasticity kpp = 0.5 and energy-dependent cross-section
�pp(Ep) (Zyla et al. 2020). Following Fang et al. (2020),
the adiabatic cooling is tad = min[tdyn, tcool], where tcool
is the typical cooling time of the thermal gas behind the
shock and tdyn is the dynamical time of the shock. When
the shock is radiative, the particle acceleration region is
shrank to a characteristic length ⇠ vshtcool, limiting the max-
imum achievable particle energy. The cooling time is tcool =
3kBT/2nsh⇤(T ) (Franco et al. 1992) where kB is the Boltz-
mann constant, nsh = 4nCSM is the density of the shocked re-
gion, and ⇤(T ) is the cooling function capturing the physics
of radiative cooling. Here T is the gas temperature im-
mediately behind the forward shock front obtained by the
Rankine-Hugoniot conditions, given by:

T = 2
(� � 1)
(� + 1)2

µmHv2
sh

kB
, (7)
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Figure 4. Muon neutrino and antineutrino fluence from AT2019fdr
as a function of the neutrino energy. The reconstructed neutrino
energy (E⌫ ⇠ 80 TeV) for IC200530 is marked by a black dotted
vertical line. The band encloses the uncertainties on the parameters
characterizing AT2019fdr, see Table 1. In the proximity of the en-
ergy of interest for the interpretation of IC200530, the fluence can
vary up to a factor O(105) in magnitude. Within the allowed param-
eter space, the lowest fluence is foreseen for configurations with
large RCSM, low MCSM and high Mej. The largest neutrino fluence
is instead obtained for intermediate values of MCSM and low Mej,
which moreover allow a higher proton energy cuto↵.

a vertical dotted line), the neutrino event rate is expected to
vary between [1.3 ⇥ 10�8, 3.3 ⇥ 10�5] days�1.

It is important to note that only a sub-sample of the SLSN
parameter set reported in Table 1 allows us to obtain a neu-
trino signal compatible with our observational constraints.
For example, none of the SLSN scenarios with Ẽk = 1053 erg
and RCSM = 2 ⇥ 1016 cm passes our selection criteria, since
the shock crosses the CSM envelope in a time shorter than
394 days.

4.2. Dependence of the neutrino signal on the parameters of
AT2019fdr

In order to better explore the dependence of the neutrino
signal expected in IceCube on Mej and MCSM, for Ẽk =
1053 erg, first we investigate the neutrino fluence as a func-
tion of MCSM for fixed RCSM and Mej and then we fix MCSM
and vary Mej. The choice of MCSM and Mej is guided by the
SLSN configurations that better highlight the changes in the
neutrino fluence for Rbo 7 Rdec. From the panel on the left in
Fig. 6, we see that the fluence increases as MCSM increases
up to MCSM = 85 M�. For larger MCSM, Rbo > Rdec, and
therefore a turnover with a slow drop can be observed. Fur-
thermore, a slight shift of the neutrino cuto↵ energy towards
lower energies is visible as MCSM increases. The latter is due
to the enhanced pp energy loss determined by the larger den-

Figure 5. Muon neutrino and antineutrino event rate expected at
the IceCube Neutrino Observatory from AT2019fdr as a function of
the time after the shock breakout. The band marks the uncertainty
on the neutrino event rate due to the SLSN model parameters, see
Table 1. The event rate increases rapidly at early times. After peak,
the event rates for the SLSN scenarios representing the edges of the
envelope decline because of the dominant decreasing trend of vsh as
a function of time. In some intermediate scenarios, the increasing
trend of Ep,max and shallow decrease of vsh can be compensated, pro-
viding an increasing event rate at the moment of the detection. The
neutrino event IC200530 has been observed ⇠ 394 days after tbo as
indicated by the dotted vertical line. In the proximity of the detec-
tion day, the event rate can vary up to a factor O(103) in magnitude.

sity as well as the smaller vsh, which prevent particles from
being accelerated to higher energies (see Eq.22).

In the right panel of Fig. 6, we observe an enhancement
of the fluence as Mej decreases. Nevertheless, this trend is
inverted for Mej . 13 M�, representative of the regime with
Rbo > Rdec, where the lower vsh is responsible for a slight
decrease in the neutrino production, together with a shift of
the neutrino energy cuto↵ to lower energies.

Figure 7 shows the temporal evolution of the muon neu-
trino and antineutrino flux for the scenarios with the highest
(left panel) and the lowest (right panel) expected number of
neutrinos. In all cases, the flux decreases as time increases
and shifts to lower or higher energies, for the most optimistic
and pessimistic scenarios, respectively. Around the day of
detection, the flux in the best scenario is a factor O(105)
larger than the most pessimistic scenario.

In order to investigate the origin of IC200530, we integrate
the event rate over 394 days of the neutrino signal for all se-
lected SLSN configurations and obtain the total number of
muon neutrino and antineutrino events, N⌫µ+⌫̄µ (Eq. 21). A
contour plot of N⌫µ+⌫̄µ in the plane spanned by Mej and MCSM

is shown in Fig. 8 for RCSM = 4 ⇥ 1016 cm and Ẽk = 1053 erg
as a representative example. The allowed region of the pa-

Thermal neutrinos are produced in the supernova core. High-energy (non thermal neutrinos) can be 
produced via pp collisions between the relativistic protons accelerated at the forward shock and the cold 
protons of the circumstellar medium. 

Pitik, Tamborra, Angus, Auchettl, ApJ (2022). 
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IceCube Coll., Astrophys. J. Lett. (2023). 
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Figure 3. Upper limit on the contribution of di↵erent

SN types to the di↵use neutrino flux (⌫µ + ⌫̄µ) assuming

an E�2.5 energy spectrum compared with the measured dif-

fuse astrophysical neutrino flux (gray band). The limits are

derived from the corresponding strictest limit in Figure 2.

The choked-jet model refers to the 20-day box model as ex-

plained in Section 4. The energy range plotted here is the

central 90% energy range of the analyzed neutrino sample.

overlaps with the energy range in which the di↵use Ice-
Cube neutrino flux global fit was measured. The quoted
upper limits to the di↵use flux contribution are thus not
strongly dependent on the extrapolation of the measured
di↵use flux to lower energies, where the flux has not yet
been measured due to large atmospheric background.

Figure 4. Di↵erential sensitivity as a function of energy for

di↵erent source declinations � with one year of experimen-

tal data. One can see the maximum sensitivity is achieved

around 105 GeV for sources located in the northern sky and

close to the equator. For sources located in the southern sky,

the overall sensitivity is much worse, but also peaks at higher

energies of 106 GeV.

6. CONCLUSION

We have presented a search for neutrinos from certain
types of CCSNe with IceCube. In a stacking analysis
we correlated more than 1000 SNe from optical surveys
with roughly 700,000 muon-track events recorded by Ice-
Cube. The standard stacking method was extended to
allow for fitting of individual weights for each source,
in order to account for expected variation in the neu-
trino flux from individual sources. SNe type IIn, IIP
and stripped-envelope SNe were tested individually with
various neutrino emission time models. No significant
temporal and spatial correlation of neutrinos and the
cataloged SNe was found, allowing us to set upper limits
on the contribution of those SNe to the di↵use neutrino
flux.
CCSNe of type IIn, IIP and stripped-envelope SNe

contribute less than 34%, 60% and 27% ,respectively, to
the di↵use neutrino flux at the 90% confidence level, as-
suming CSM interaction and an extrapolation of the dif-
fuse neutrino spectrum to low energies following an un-
broken power law with index -2.5. Assuming a choked-
jet, stripped-envelope SNe can not contribute more than
15%.
Upper limits on the total neutrino energy emitted by

a single CSM interacting source are at levels comparable
to model predictions by Murase et al. (2011) (see Fig.
2) while model predictions from Zirakashvili & Ptuskin
(2016) are strongly disfavored. Note that the model pre-
diction could easily be adjusted to lower neutrino flux
predictions by assuming a lower CSM density or a lower
kinetic SN energy.
Improvements to the presented limits are expected in

the near future with optical survey instruments such
as the Zwicky Transient Factory (Graham et al. 2019)
which is able to undertake a high-cadence survey across
a large fraction of the sky, providing SN catalogs with
much greater completeness. In combination with next-
generation neutrino telescopes, this will significantly
boost the sensitivity of this type of analysis, allowing
us to probe dimmer neutrino emitters and smaller con-
tributions of CCSNe to the di↵use neutrino flux.
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• No significant spatial or temporal correlation of high-energy neutrinos with supernovae 
found yet (upper limit on total energy emitted in neutrinos: 1.3×10      erg for SNe IIn). 

• SNe IIn (SNe IIP) do not contribute more than 33.9.6% (59.9%) to the diffuse neutrino flux 
observed by IceCube.
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Take Home Messages

• High energy neutrinos of astrophysical origin: a new lens to learn about the (dark) universe. 

• Growing number of neutrino observations in coincidence with EM emission. 

• Acceleration sites and mechanisms of production of neutrinos and EM radiation to be better 
understood. 
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