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• 1343 days of data with reconstructed 

energies above 1 TeV 

• Likelihood fit containing 3HWC J1908+063 

plus the nearby lobes of SS433

• Performed using the HAWC Accelerated 

Likelihood (HAL) plugin to 3ML (M
ulti-

mission maximum likelihood)

• Publicly available: https://g
ithub.com/

threeML/threeML 

Sky map with 10 events

Preliminary!

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.
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.
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Fermi-LAT finds Flaring Blazar, TXS 0506+056

Pre-trials significance: 4.1σ

10 public alerts and 41 archival events  
àPost-trials significance: 3.0σ  

Among 50 brightest Fermi blazars (3%)
Redshift 0.3365±0.0010

> 6PeV protons 
in the source

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
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Archival Search for VHE Counterparts to Sub-Threshold BNS Merger Candidates Colin Adams

credible regions for all O1 sub-threshold candidates on top of the < 40° zenith angle coverage of all
current and future-generation IACTs. The choice of the 50% credible region in this figure was made
purely for ease in visualization: if the 90% credible regions were plotted, they would cover nearly
the entire map. Notably, all present and future sky coverage regions (yellow shaded areas in the
figure) overlap with multiple 90% credible regions for BNS merger candidates. It is reasonable to
expect that a number of these candidates were coincidentally observed by other current-generation
instruments under the same conditions of the algorithm described above. The geographic bias in
GW detections, though non-negligible, does not preclude the participation of any IACT in such a
program in the past, present, or future.

Figure 2: The 50% credible regions of the 103 sub-threshold candidates from [15] are shown in red and are
presented in geographic coordinates. The sky coverage of the current (VERITAS, MAGIC, H.E.S.S.) and
future (CTA North1 and CTA South) IACT arrays at any given time, assuming a maximum zenith of 40°, are
shown in yellow.

Beyond this, there are also valuable real time applications to considering sub-threshold events.
In the context of transmission of alerts under a Memorandum of Understanding, it would be
marginally disruptive to adjust nightly observing schedules in the case of a sub-threshold candidate
alert to favor higher probability regions closer to purported coalescence times. In addition, there
are now 2.5 observing seasons worth of LIGO data for which sub-threshold candidates remain
to be published. If the O1 performance is scaled to these new observing seasons, considering
improvements in instrumentation and changing duty cycles, VERITAS could expect⇠ 70 additional
coincident observations with candidates.

Further, such studies will benefit greatly from the planned improvements to IACT observations
in the forthcoming era of gamma-ray astronomy brought by the Cherenkov Telescope Array (CTA).
Not only will CTA o�er a factor of ⇠ 5 improvement in field of view (FoV) area improvement over
VERITAS, but also the possibility of observations with a divergent pointing strategy that could see
a factor of 16 improvement [19].

1CTA N is co-located with MAGIC.
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PKS 1502+106

TXS 0506+056

3HSP J095507.9+355101  

Several d
ozen asso

ciatio
ns so far :

IceCube sends public ale
rts s

ince 2016 

Fermi-LAT follow up: 6 blazar
s in 23 

follow-ups (S. Garrap
pa #812)

Telamon (M. Sadler  #1320)

IceCube flares - X
-rays

 (Sharma #299)

Antares flares - ra
dio (Illuminati #

1137)

radio blazar
s + Antares (Aublin #1240

IACTs: (Satale
cka #

907)

4FGL J0658.6+0636+IC201114A:

(de Menezes #296, Rosales de Leon 

#308)

3.3σ IceCube Coll 10yr

 Point-Source Analysis
 (3 blazar
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pJ 893 (2020) 

Giommi et al M
NRAS 497 (2020) 

Hovatta
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&A 650 (2021)

Plavin
 et al A

pJ 908 (2021)

Evaluating the sign
ificance 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 Many thanks to all!



Outline

• Real time alert systems and multi-messenger networks 

• Blazars and active galactic nuclei 

• Tidal disruption events 

• Gravitational wave sources 

• Galactic sources 

• Conclusions

Disclaimer: This talk covers a selection of the most recent developments presented over the past two weeks. 
Not all suitable references are provided for each subject.  

Bonus: Homework for ICRC 2023!



Real Time Astronomy

Figure credits: Universe Today



 Real Time Astronomy with Baikal-GVD

Zhan Dzhilkibaev, PoS 002, Olga Suvorova, PoS 946. See Feifei Huang, PoS 941 for real time alerts with Km3NeT.

• Largest neutrino telescope in the Northern Hemisphere.  

• Alarm system to monitor the sky in real time (in place since fall 2020, delay of few hours).    

• Fast follow-up searches for coincidences of Baikal-GVD events with ANTARES and IceCube alerts. 

• Off-line searches based on electromagnetic data.

of 29

BAIKAL alerts

Since Sept 2020: data processing with a delay of
several hours. Nearest plans: HE alerts processing
with delay less than tens of minutes.

ANTARES alerts

Since the end of Dec 2018 Baikal-GVD follows
ANTARES alerts. Processed 48 alerts, among
which 3 possible coincidences were found in
cascade mode within 5° and dT ±1 day and are
under investigation with ANTARES.

ICECUBE alerts

Starting Sept 2020 Baikal-GVD follows IC alerts

(GCN) , 17 alerts.
Upper limits at 90% c.l. on the neutrino fluence:
~1÷2 GeV cm-2 for energy range 1TeV– 10PeV.
// E-2 spectral behavior; equal fluence in all flavors

Multimessenger studies

18

Sky map with 10 events Preliminary!
10 possible associations found!

Baikal-GVD construction status and schedule

Year Number of 

clusters

Number of 

OMs

2016 1 288

2017 2 576

2018 3 864

2019 5 1440

2020 7 2016

2021 8 2304

2022 10 2880

2023 12 3456

2024 14 4032

Effective volume 2021: 0.40 km3 (cascade mode)
7

Status 2021:  8 clusters, 3 laser stations, experimental 
strings

Deployment schedule



Marek Kowalski, PoS 022. Robert Stein, PoS 009.  Alex Pizzuto, PoS 952. Martina Karl, PoS 940.

IceCube Alerts & Real Time Follow-Up
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The public neutrino alert explosion
ICRC 2019

Gamma-ray bursts (GRBs) have long 
been considered potential neutrino 
sources 

First few GRBs detected by IACTs in real 
time

TARGETS: GAMMA-RAY BURSTS

7

Source Analysis  
p-value

Upper limit 
(x10-2 GeV cm-2)

GRB 200729A 1.0 5.3

GRB 201015A 1.0 5.9

GRB 201216C 1.0 4.0

Limits on neutrino emission from GRB 190114C

Alex Pizzuto, IceCube Fast Response Analysis, ICRC 2021
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p-value
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Limits on neutrino emission from GRB 190114C

Alex Pizzuto, IceCube Fast Response Analysis, ICRC 2021FRBs could provide promising environment for 
cosmic-ray acceleration 
✦ See Metzger et al. (2020) [2008.12318] 

Recent detection of FRB 200428A coincident 
with the Galactic magnetar SGR 1935+2154 
✦ Nearby FRB allows us to set stringent constraints 

on neutrino luminosity of FRBs 

Searched for neutrinos from FRB 200428A, no 
significant signal 

Limits allow us to constrain contribution of FRBs 
to the diffuse neutrino flux

TARGETS: FAST RADIO BURSTS

6*Figure from Nature 587, 43-44 (2020)Alex Pizzuto, IceCube Fast Response Analysis, ICRC 2021
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to the diffuse neutrino flux

TARGETS: FAST RADIO BURSTS

6*Figure from Nature 587, 43-44 (2020)Alex Pizzuto, IceCube Fast Response Analysis, ICRC 2021

• 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 and future ones aim to constrain populations of sources. 



Hugo Ayala, PoS 958. Timothee Gregoire, PoS 934.  
See Fabian Schuessler, PoS 935 for Astro-COLIBRI.

AMON: A Multi-Messenger Network

NuEM channel (active since 1 yr):

• Searching for HE gamma-ray and neutrino coincidences.

• No counterparts found in archival coincidences.

AMON: a framework to perform multi-messenger searchers

• Real-time coincidences 

• Use of sub-threshold data 

• Archival Studies 

• Store events 

• Coincidence analyses 

• Triggering Observatories 

• Follow-up Observatories 

• Pass-Through 

• Broadcast directly to GCN/TAN

/155

The NuEM channel: analyses

IceCube + HAWCANTARES +Fermi LAT

IceCube +Fermi LAT ANTARES + HAWC*

Archival Analysis

Real-time analysis

*Preliminary results in this presentation/158

Coincidences in the NuEM Channel
• FAR threshold is < 4 per year for real-time alerts.  

• For archival coincidences we looked at the ones with <1 per year

/1512

Coincidences in the NuEM channel

• Real time coincidences.

• Archival studies (coincidence analysis).

• Triggering and follow-up Observatories.

• Using sub-threshold data.

• Broadcast directly to GCN/TAN.



Simone Garrappa, PoS 956. See Francesca Capel, PoS 981 for a discussion on evaluation of cosmic coincidences.

Follow-Up of Neutrino Alerts with Fermi-LAT 

• Improvement of follow-up strategies foreseen.

• Active proposals for follow-up observations with the European VLBI Network (EVN), Nordic Optical 
Telescope (NOT), RoboPol at Skinakas Observatory, Swift-XRT, etc.

Fermi-LAT follow-up observations of real time high-energy neutrino detections have identified 7 candidate 
counterparts (since 2019; scanning the whole sky every 3 hrs).
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Fermi-LAT follow-ups of neutrinos S. Garrappa
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Figure 3: Comparison of candidate neutrino blazars with all blazars in the 4LAC AGN sample adapted
from [16]. Star-shaped markers indicate candidate neutrino blazars already studied in the literature and black
circles show the new coincident sources (with identified counterpart) from Table 1.

2.3 Outstanding coincidences: PKS 1502+106 and IceCube-190730A

On July 30th 2019, IceCube reported the detection of a well reconstructed ’Gold’ neutrino event
with a 67% probability of being of astrophysical origin [17]. The only LAT source located within
the uncertainty region of IceCube-190730A was the FSRQ PKS 1502+106 (4FGL J1504.4+1029),
one of the highest redshift Fermi-blazars (z=1.84) [18], and the 15th brightest out of 2863 sources
in the 4LAC catalog in terms of gamma-ray energy flux at > 100 MeV.
Despite several flaring activity episodes having been observed from the source during the whole
LAT mission, PKS 1502+106 was detected in one of its lowest historical states, with no significant
detection up to the 1-week timescale before the neutrino arrival time. The source was observed in
a quiescent state for the entire year before the neutrino detection, after having been in a bright, con-
tinuous flaring state for almost 4.5 years [7]. A rich multi-wavelength campaign that was performed
for this target, did not show any remarkable activity for the source, except for radio observations
from OVRO [16] where the source was registered at one of its highest flux levels after a slow,
long-term increase that started in 2014.
Multi-wavelength observations of the source were studied in detail in [16] and they were modeled
under the hypothesis of hadronic processes in [19], obtaining predictions consistent with the obser-
vation of a single high-energy neutrino during the gamma-ray quiescient state. Interestingly, [20]
and [21] find that its radio properties also make PKS 1502+106 a valid candidate neutrino source.

6



Konstancja Satalecka, PoS 960.  
See Olga Sergijenko, PoS 975, Andrea Bulgarelli, PoS 937, Roberta Zarin, PoS 005 for CTA alert & follow-up systems.

Follow-Up of Neutrino Alerts with IACTs

• Observations of gamma-ray sources around a cluster of neutrino events identified by IceCube (GFU).

• Follow-up of single high-energy neutrino candidate event of astrophysical origin (e.g. IC-170922A).

• Observational strategies: fast reaction (<1day); deep exposures (FACT, HESS, VERITAS) or follow-up of 
many alerts (MAGIC).

• No VHE gamma-ray counterpart detected since IC-170922A/TXS+056 (MAGIC & VERITAS).
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IceCube-IACT neutrino ToOs Konstancja Satalecka

3. Results

A skymap of the overview of the direction of the alerts sent by IceCube as single neutrino
events and GFU neutrino flares are shown in Fig. 2. It highlights the follow-up observations of the
IACTs.

Figure 2: Sky map in equatorial coordinates showing IceCube alert positions observed by IACTs between
October 2017 and March 2021.

From October 2017 until December 2020, IceCube sent 62 single event public alerts2 out of
which 11 were observed by at least one IACT. A summary of the follow-up observations obtained
by the di�erent IACTs is given in Table 1. In total, each collaboration spent ⇠20 h of its observation
time on public IceCube alerts follow-up, although with di�erent approaches. FACT, H.E.S.S. and
VERITAS observed 3-5 alerts each but concentrated longer exposures on a few of them (e.g., FACT
observed IceCube-171106A for 19 h). On the other hand, MAGIC performed the highest number
of follow-ups (nine) but with a shorter average exposure.

In the years 2019-2020, IceCube sent 27 GFU alerts from 17 sources, 7 of those sources were
observed by the IACTs (cf. Table 2). One of them is marked as an "all-sky alert". This alert came
from a channel that uses the same algorithm for flare search as GFU, but it is not restricted to the
source list and therefore has a much larger number of associated statistical trials, requiring a higher
pre-trial significance to issue an alert. The nearest source (0.35� away) to the all-sky neutrino flare
localization was PMN J0325-1843. Detailed analyses of the obtained data sets are in progress and
will be the subject of a forthcoming publication. No significant VHE gamma-ray emission has been
found in the ROIs defined by the localisation uncertainty of the single neutrino events. For the
GFU alerts, no changes in source flux levels and spectra have been detected with respect to previous
observations.

2Full list available at: https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html and follow-
ing links. IceCube-200107A has been announced through a GCN Circular, several hours after its detection (see GCN #
26655).

5

Cherenkov telescope arrays (IACTs: FACT, H.E.S.S., MAGIC, VERITAS) operate a follow-up program 
of neutrino alerts sent by IceCube to identify VHE gamma-ray counterparts.
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IceCube-IACT neutrino ToOs Konstancja Satalecka

participating IACT. Note that the blazar TXS 0506+056 was not in the catalog of monitored sources
for this program, since prior to IceCube-170922A, its redshift was unknown. Otherwise, the GFU
program would have triggered follow-up observations already in 2014.

GFU alerts are emitted by IceCube when the neutrino flare passes a pre-defined significance
threshold (⇠3.0 - 3.5f for known gamma-ray sources, depending on the choice of each IACT, and
4.2f for all-sky alerts) . Access to the GFU alert stream is subject to a dedicated Memorandum of
Understanding (MoU) between IceCube and the IACT collaborations (currently H.E.S.S., MAGIC
and VERITAS). The distribution of the alerts is handled slightly di�erently for each follow-up
instrument. MAGIC and VERITAS receive the information via an automated e-mail message.
H.E.S.S. is informed via a dedicated VOEvent based alert stream allowing for fully automated
follow-up observations. The final decision to perform follow-up observations is taken by each
IACT independently and relies typically on a combination of several factors like the intrinsic
parameters of the neutrino flares (e.g., false alarm rate (FAR), duration of the flare, etc.), the
available visibility window, weather condition, etc. The aim of these observations is di�erent from
the ones outlined above for single-event alerts in that the associated source of the alert is known
and already identified as a GeV and/or TeV emitter. The IACT observations are therefore tailored
to determine the changes to the state of the source (e.g., quiescence vs. flaring or spectral changes).

An overview of neutrino follow-ups is shown in Figure 1, which displays the delay and IACT
exposure for all single-event alerts observed by IACTs since October 2017 (i.e. after IceCube-
170922A) and GFU alerts from 2019-2020. The delay is calculated from the neutrino event arrival
time (single events) or flares threshold crossing time (multiplets) up to the start of the IACT
observation.

Figure 1: Delay vs exposure times for IACT follow-up of neutrino alerts from October 2017 until March
2021. The delay is calculated from the neutrino event arrival time (single events) or flare threshold crossing
time (multiplets) up to the start of the IACT observation. Highlighted are observations performed with a start
delay less than 100 s or with a total exposure longer than 4 h. Marker color represents the IACT observing
while the marker type represents the alert type.

4

Single-event alerts since 10-2017
GFU alerts from 2019-2020



Sessions # 25, 27, 28, 47.

• Crucial to foster fruitful collaborations among different Observatories. 

• Need to improve rapid alert systems and inclusive multi-messenger networks.  

• Necessary to coordinate efforts to establish efficient multi-messenger platforms & infrastructure. 

• Detection of single neutrinos limited by follow-up capacities. Think about the optimal strategies. 

Homework for ICRC 2023



Figure credit: theconversation.com

Blazars & Active Galactic Nuclei



Marek Kowalski, PoS 022. Foteini Oikonomou, PoS 030. Michael Kachelriess, PoS 018.

Connection among all messengers seems unlikely.

Emerging Picture

Blazars~80% Blazars<30%



IceCube Neutrino Events & Blazars
Blazars cannot explain the observed diffuse neutrino flux, but 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

Foteini Oikonomou, PoS 030.



ANTARES Neutrino Events & Blazars 

Paschal Coyle, PoS 042. Giulia Illuminati, PoS 1161.

Point source searches
Updated: ANTARES 13 years (3845 days of live time): 10162 tracks and 225 showers

2nd most significant cluster:
RA=343.8° δ=+23.5°
pre trial: 4.2 σ
Close to blazar MG3 J225517+2409 (orange star)

32

The most significant cluster:
RA=39.6° δ=+11.1°
pre trial: 4.3 σ (48% post)  
Within 1 degree of J0242+1101 (orange star)

1142 G. Illuminati
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Possible Association #1: TXS 0506+056

Marek Kowalski, PoS 022. Foteini Oikonomou, PoS 030.

TXS 0506+056 - first neutrino point source
A flaring Blazar in spacial and temporal coincidence with IC170922A
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���T[VW ]PL^ � ��� ���� ���� ���� ���� ����
QDQRVHFRQGV

Science 361 (2018) no.6398, eaat1378Science 361 (2018) no.6398, eaat1378

Archival analysis: Inconsistent with bkg-only at 3.5σ 
(In addition of the 3σ flaring Blazar coincidence)

Science 361 (2018) no.6398, 147-151Science 361 (2018) no.6398, 147-151

Science 361 (2018) no.6398, 147-151
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290 TeV muon neutrino coincident with bright flare of TXS 0506+056 (3σ) 
signalness of neutrino 56.5%
13±5 more neutrinos from direction of TXS 0506+056 seen in 2014-15 (3.5σ)

2009 2010 2011 2012 2013 2014 2015 2016 2017

0

1

2

3

4

5

�
lo

g
1
0

p

IC40 IC59 IC79 IC86a IC86b IC86c

IceCube-170922A

Gaussian Analysis

Box-shaped Analysis

1�

2�

3�

4�

Garrappa et al ApJ 880 (2019)

14



Possible Association #1: TXS 0506+056

Foteini Oikonomou, PoS 030. See Matteo Cerruti, PoS 979 for code comparison of hadronic models.
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Rui Xue, PoS 985. Ze-Rui Wang, PoS 984. Ilija Jaroschewski, PoS 991.

      TXS 0506+056: Alternative Models

10

TXS 0506+056 — 14-15 neutrino flare 4FGL J0955.1+3551 — IC-200107A 

30 days

250 days

10 yrs

Xue et al. 2021, ApJ, 906, 51

The inner-outer blob model for “orphan” neutrino flare

Model testable through a sensitive MeV gamma-ray instrument able to catch the MeV flare around the arrival 
time of a neutrino event from the blazar.

Neutrino emission from supermassive binary black hole merger (SMBBH). SMBBH merger accompanied 
by spin flip of the jet that would explain periodic emission. Testable with GW observations.

Multi-Zone Models

• No GeV gamma-ray activity found during the neutrino detection period;  possibly large opacity for gamma rays 
in the neutrino production region. 

• Continuous particle acceleration/injection in the inner blob at the jet base (hot X-ray corona). 

• The dissipation processes in outer blob are responsible for the multi-wavelength emission.

Alternative Scenarios

The inner-outer blob model for “orphan” neutrino flare

9

Xue et al. 2021, ApJ, 906, 51

1+234 = 1678 = 5×1090 erg/s : = 1



The story continues…
TXS 0506+056

 5

Flare Dec 2018

• Enhanced activity observed at VHE in two nights by MAGIC

• 3.8-σ detection on 2018 Dec 1, Flux (E > 90 GeV) = (9.8±2.5)x10-11 cm-2s-1

• 5.4-σ detection on 2018 Dec 3, Flux (E > 90 GeV) = (18.0±3.4)x10-11 cm-2s-1

• Low state with Flux (E > 90 GeV) < 1.0 x10-11 cm-2s-1

• Fermi-LAT observations show several short flares, differently from the long-term brightening 
observed in 2017

+ observations up to Feb 2021, 
analysis on-going
+ more data to be collected 
until Feb 2022

Nov 2017 Feb 2020

Daily binning

Weekly  binning

Konstancja Satalecka, PoS 875.

Multi-Epoch Monitoring of TXS 0506+056
TXS 0506+056 was sparsely monitored before 2017. Dedicated monitoring program with MAGIC and 
MWL (ATCA, OVRO, TELEAMON) partners. 

• Source not detected in VHE gamma-rays for most of the time. 

• On Dec 1st and 3rd, 2018 a VHE gamma-ray flare observed by MAGIC with flux comparable to the one in 2017. 

• SED modeled in the frame of lepto-hadronic model reveals a sub-dominant hadronic component; expected 
neutrino events rates compatible with IceCube and ANTARES observations.

The story continues…
TXS 0506+056

 6

Nov 2017 Feb 2021

• Optical, UV and X-ray light curves  
show variability on a daily scale 

• The X-ray flux changed by a factor of 
~2-3 over the monitoring period in 
both the soft and hard X-ray energy 
ranges

• Radio light curve shows an increasing 
trend with super-imposed episodes of 
relatively rapid variability

• Peak in the end of 2020 and then decay, 
which is still on-going



Possible Association #2: 3HSP J095507.9+355103HSP J095507.9+355101 + IC 200107A 
An extreme blazar at z = 0.557 coincident with a 300 TeV neutrino 
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Detected in a high, very 
hard and variable X-ray 
state shortly after the 
neutrino arrival.

Foteini Oikonomou, PoS 030.

3HSP J095507.9+355101 + IC 200107A 
An extreme blazar at z = 0.557 coincident with a 300 TeV neutrino 

2×
10

−1
2

4×
10

−1
2

6×
10

−1
2

X−
ra

y 
flu

x 
[e

rg
 c

m
−2

s−
1 ]

5.886×104 5.887×104 5.888×104 5.889×104 5.89×104

2×
10

−1
2

4×
10

−1
2

6×
10

−1
2

X−
ra

y 
flu

x 
[e

rg
 c

m
−2

s−
1 ]

Modified Julian Day

Average flux in 2012-2013

Average flux in 2012-2013

0.3-1.0 keV band 

2.0-10.0 keV band 

58860 58870 58880 58890 58900

10�10 10�9 10�8 10�7 10�6 10�5

Energy [GeV]

10�13

10�12

E
F

E
[e

rg
cm

�
2

s�
1
]

1044

1045

E
L

E
at

z=
0.

55
7

[e
rg

s�
1
]

Giommi, Padovani, FO, Glauch, Paiano, Resconi, A&A 640 (2020)
Paliya et al.  ApJ 893 (2020) 

19

3HSP J095507.9+355101 + IC 200107A 
An extreme blazar at z = 0.557 coincident with a 300 TeV neutrino 
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3HSP J095507.9+355101 + IC 200107A 

Neutrino production in interactions with jet photons

Scaling the neutrino flux with the X-ray flux of the source we obtained: 
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An extreme blazar at z = 0.557 coincident with a 300 TeV neutrino 

Nνμ
(E > 100 TeV) ≲ 0.1/10 years (IC Point Source)

≲ 0.01/10 years (IceCube GFU)

Petropoulou, FO, Mastichiadis et al,  ApJ, 889 (2020) 10year Swift-XRT Light curve 
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3HSP J095507.9+355101 + IC 200107A 

Neutrino production in interactions with jet photons

Scaling the neutrino flux with the X-ray flux of the source we obtained: 
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Nνμ
(E > 100 TeV) ≲ 0.1/10 years (IC Point Source)

≲ 0.01/10 years (IceCube GFU)

Petropoulou, FO, Mastichiadis et al,  ApJ, 889 (2020) 10year Swift-XRT Light curve 
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Maybe the neutrino detection 
was a coincidence?



Possible Association #3: PKS 1502+106

Detected in a quiescent 
state of weak gamma-ray 
activity at the time of  
neutrino arrival.

PKS 1502+106 + IC190730A 
A powerful flat spectrum radio quasar at z = 1.835 coincident with a 300 TeV neutrino 

Franckowiak et al. 2020, ApJ 893(2):162

Rodrigues, Garrappa, Gao, Paliya, Franckowiak, Winter, ApJ 912 (2021)

Second brightest extragalactic gamma-ray source  

21

see also Kun et al 2021 ApJL 911 (2021)
Britzen et al MNRAS 501 (2021)

Emitting region 
inside the BLR 

PKS 1502+106 + IC190730A 

Dust 
torus (IR)

Broad line region (UV) 

Rodrigues, Garrappa, Gao, Paliya, Franckowiak, Winter, ApJ 912 (2021)

No archival events, see 8yr Point Source Limits, Aartsen et al EPJC 79 (2019)

22

Lp ∼ 500 ∼ 10LEdd

No more neutrinos observed during flaring period?

Foteini Oikonomou, PoS 030. Xavier Rodrigues, PoS 1018. Rui Xue, PoS 985.



Abhishek Desai, PoS 949. Alexander Plavin, PoS 967. Matthias Kadler, PoS 974.

       Radio and Neutrino Correlations?
Internal absorption of gamma rays may cause a lack of energetic gamma-rays. 
Possible correlation between neutrinos and low-energy photons in the X-ray and radio bands. 

Hints that gamma-rays and neutrinos may be 
produced in different regions of blazars and are 
not directly related.
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MOJAVE AGN radio neutrino correlation

Figure 3: The upper limits derived for the MOJAVE time integrated stacking work (by using 437 sources)
for a spectral index of 2.0 are shown here. The energy range covered by our analysis (blue and orange) is
derived using the region where 90% of detected signal neutrinos would fall, under the assumption of an ⇢�2.0

spectrum. The upper limits shown by the green colored lines cover the energy range shown in Fig. 4 in [7]
and the energy range covered by grey line is obtained using the 40 TeV energy limit used by [5] to calculate
the lower limit flux. Note that all three analyses (this work, [7] and [4, 5]) make use of di�erent methods
with di�erent weighting schemes and source catalogs to study the correlation between radio observations
and neutrinos making it di�cult to make a direct comparison.

to also see how the neutrino flux behaves in di�erent energy bins, which is shown in Fig. 4. For
energies above 1 PeV, more neutrinos undergo earth absorption which can be seen from the figure.

Recently [7] performed a study making use of 8 GHz observations of radio-loud AGN found in
the Radio Fundamental Catalog (RFC)1 to perform a stacking analysis similar to the one described
here but using di�erent weights. They provide an upper limit at 95% C.L. for the stacking analysis
because of a lack of significant results (denoted by green data points and dashed lines in Fig. 3
and 4). While [7] use 8 GHz measurements as the weights to check for a proportional correlation
between 8 GHz flux densities and neutrinos, we make use of the 15 GHz observations to derive
an upper limit at 90% C.L. Both [7] and [4, 5] do not have the same constraints of the MOJAVE
sample as this work, namely the source population being limited to radio loud AGN with bright
cores. Moreover, because of di�erent weighting schemes and data used, a detailed comparison
between the three analysis is di�cult.

The di�use neutrino flux observed by the IceCube collaboration [14] and shown in Fig. 3
and 4 displays a unbroken power-law with spectral index of W= 2.19. Similar to the procedure
described by [16], we calculate the maximum contribution of this blazar dominated radio sample
to the di�use flux under the assumption of a spectral index of 2.0. The energy range for our upper
limits reflects the region where 90% of detected signal neutrinos would fall. If, instead, we calculate
the range where the analysis is most sensitive – by calculating threshold energies that degrade our
sensitivity by 5% – then this energy range shifts towards a higher energy range of 8 GeV to 50 PeV.
By using the energy limits of the di�use flux we find that the blazar dominated radio loud AGN

1http://astrogeo.org/rfc/

6

Correlation analysis between AGN radio observations reported 
in the MOJAVE XV catalog and 10 years of IceCube data
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MOJAVE AGN radio neutrino correlation

Figure 1: Left: Source distribution in Equatorial (J2000) coordinates of the MOJAVE XV dataset consisting
of a total of 437 AGNs observed in the 15 GHz band. Note that ⇠ 75% of the sources lie at positive
declination while the rest of the sources lie between 0° to �30° declination. IceCube is more sensitive at the
horizon and in the Northern Celestial Hemisphere. Right: Average flux histogram of the 437 AGN observed
at 15 GHz which is used as the weight for the stacking analysis.

from the MOJAVE observations, to search for neutrino correlations. The time-dependent study is
beyond the scope of this article and will be discussed in a separate work soon. The time-integrated
study and its results are described in this article. We also list our results alongside the recent work
performed by [4, 5, 7] to help us get a better understanding of the studies performed on AGN and
the di�erences seen in the results based on the methodology used for the study.

2. AGN Source Sample

The AGN radio catalog used for this analysis is the MOJAVE XV catalog [11], which consists
of 5321 observations of 437 AGN in the 15 GHz band using the Very Long Baseline Array (VLBA)
in full polarization between 1996 January 19 and 2016 December 26 (sky distribution shown in
Fig. 1). Out of the 437 AGN presented in the catalog, 392 sources are blazars while the rest of
the sources are radio galaxies (27 sources), narrow line Seyfert 1 (5 sources) and unidentified AGN
(13 sources). All these AGN have bright compact radio emission with flux densities greater than
50 mJy at 15 GHz. While the blazars in the sample are included due to their strong jets, the radio
galaxies are included due to a lower redshift value or because of GHz-peaked radio spectra (see
[11] for more details).

While the MOJAVE source sample is considered to be complete in terms of VLBA sources
observed with high flux densities (>1.5 Jy) at 15 GHz, for a larger, unbiased study such as this, it is
considered to be a flux-limited sample. Moreover, sources in the MOJAVE catalog are only located
at declinations greater than �30°, meaning that a completeness correction is required to account for
the spatial limitations and flux limitations of the sample. To estimate the completeness, a source
count distribution of the sample is derived by using the radio luminosity function given by the
MOJAVE-XVII work [12]. The luminosity function is derived from 15 GHz data of 409 radio-loud
AGN observed using VLBA. There is a decrease in the number of sources used by the MOJAVE
XVII sample because of an additional condition of a minimum flux density of 0.1 Jy at 15 GHz and
with at least 5 VLBA observation epochs spaced in time. The Lorentz factor and viewing angle
distributions of the source sample (Fig.11 of [12]) are used to simulate the sky for any one source

3

Radio loud AGN can not explain more than  6% of the diffuse 
neutrino flux.

Correlation analysis between  VLBI sample with 10 
years of IceCube dataNeutrino & VLBI

Datasets

Complete VLBI sample of 3411 blazars 
http://astrogeo.org/rfc/: 30 yr of observations, S > 0.15 Jy 

Neutrinos: IceCube tracks, public 
• Above 200 TeV: “alerts”, 57 events 
2009-2019,  around half are astrophysical 

• All energies: likelihood map 
Events ~10 TeV dominate 
712830 events in 2008-2015, around 2000 astrophysical

When Blazars    
Produce Neutrinos?

Predominantly during flares in the jet!

• Neutrinos arrive when blazars are 
brighter at high radio frequencies 

• Effect strongest for PKS 1502+106 

• Independent confirmation:               
Hovatta+2021 at 15 GHz, OVRO

Average radio flux around neutrino arrivals 
RATAN-600 monitoring

Alexander Plavin – Neutrinos from Blazars

Neutrinos arrive when 
blazars are brighter in 
radio (strong effect 
for PKS 1502+106)
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Radio loud blazars II
>3σ pre-trial
J1500-2358
J1517-4424 
J1606+2717 
J1418-3509 
J0242+1101 
J0732-0150
J0641-3554

1137 G. Illuminati

2 tracks
2 showers

       Radio and Neutrino Correlations?

Radio loud blazars I
Inspired by A. V. Plavin et al, 2021 ApJ 908 157, search for correlation
between IC neutrino candidates and radio blazars in VLBI data (2774 objects)

Use the ANTARES PS sample 2007-2020 (10162 tracks) with same stacking
method yields a post-trial p-value of 2.2 10−2 (about 2.3 σ)

Simple pair counting shows indication of a collective excess of neutrino-blazar pairs 
at sub-degree angular scale (about 62 pairs in excess)

35

1240 J. Aublin

Correlation analysis between VLBI sample with 13 years of ANTARES data.

Indication for collective excess of neutrino-blazar pairs.

37

J0242+1101: potential radio-g-n association
1137 G. Illuminati

Julien Aublin, PoS 1164. Paschal Coyle, PoS 042. Giulia Illuminati, PoS 972.

See also Zhan Dzhilkibaev, PoS 002 for potential  
neutrino correlations with radio blazars observed by  
Baikal-GVD.



• 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? Leptonic or lepto-hadronic models? 

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

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

Figure credit: Foteini Oikonomou. Sessions # 25, 48, 49.

Future prospects 
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•Monitoring and new instruments will be crucial for assessing future associations

•Theoretical modelling efforts also ramped up (see Cerutti #905) 

νγ

28

Homework for ICRC 2023



Figure credit: NASA/CXC/M. Weiss

Tidal Distruption Events



Multi-Wavelength Observations of AT2019dsg

Robert Stein, PoS 009.

• 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). 

Page 3

Observation of a neutrino from AT2019dsg - recap

| ICRC 2021 | Walter Winter & Cecilia Lunardini

Stein et al, Nature Astronomy 5 (2021) 510;
see also talk by Robert Stein

Evolving 
radio signal
→ Central 

engine, 
Outflow?

Optical/UV
A TDE!

Observed in X-rays!
Rapid decay → Obscuration or TX drop

Note that
EX [keV] ~0.1/En [100 TeV]

for pg interactions!
(for G=1 or external target)

→ Connection with n production?

TX ~0.06 keV



Neutrinos from AT2019dsg

Robert Stein, PoS 009. Winter & Lunardini, PoS 997.

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

• Various theoretical scenarios currently under debate. 

• Is this TDE special? See Strotjohann et al., A&A (2019). 

• Neutrinos from TDEs could contribute up to 26% to diffuse neutrino flux.  

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



Another TDE-Neutrino Association?

Robert Stein, PoS 009.

38

The search continues…

Have since found second event, AT2019fdr, coincident with IC200530A.  

Second paper in prep, led by S. Reusch.

| A TDE coincident with a high-energy neutrino  | Robert Stein | ICRC 2021 | 13/07/2021
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• Is AT2019fdr a TDE in a narrow-line Seyfert Galaxy? 

• Classified as probably TDE, but AGN flare origin cannot excluded. 

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



Neutrino Searches with ANTARES and Baikal-GVD

Olga Suvorova, PoS 946. Zhan Dzhilkibaev, PoS 002. Giulia Illuminati, PoS 1161. Robert Stein, PoS 009.

Within 5 deg from the declination of AT2019, 
Baikal-GVD finds 5 cluster of events currently 
under investigation.

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

AT2019dsg neutrino searches reported by ANTARES and Baikal-GVD

No significant neutrino excess reported by ANTARES in the TeV-PeV range, but neutrino 
predictions lie below the ANTARES sensitivity. 

Baikal-GVD reported preliminary indications of a possible excess, but analysis still ongoing. 

See contribution #1161 and #946 for more details!

PoS(ICRC2021)946 
Suvorova et al.

PoS(ICRC2021)1161 
Illuminati et al.

LATEX TikZposter

Searches for point-like sources of cosmic

neutrinos with 13 years of ANTARES data

G. Illuminati, on behalf of the ANTARES Collaboration

INFN - Sezione di Bologna, Viale Berti-Pichat 6/2, 40127 Bologna, Italy
Dipartimento di Fisica e Astronomia dell’Università, Viale Berti Pichat 6/2, 40127 Bologna,

Italy

Searches for point-like sources of cosmic

neutrinos with 13 years of ANTARES data

G. Illuminati, on behalf of the ANTARES Collaboration

INFN - Sezione di Bologna, Viale Berti-Pichat 6/2, 40127 Bologna, Italy
Dipartimento di Fisica e Astronomia dell’Università, Viale Berti Pichat 6/2, 40127 Bologna,

Italy

ANTARES telescope and data set

ANTARES telescope:
•Three-dimensional array of 885 photomultiplier tubes

• 2500 m below the surface of the Mediterranean Sea

• 40 km o↵-shore from Toulon, France
Data set:

•From January 29, 2007 until February 29, 2020 - 3845 days livetime

• 10162 track and 225 shower events

•Event selection optimised for 5� discovery of E�2.0 point-sources

•Tracks: ⇠0.4� median angular resolution

• Showers: ⇠3� median angular resolution

Search method: unbinned likelihood

• Signal and background PDFs
given by the product of a direc-
tional and an energy term

•Free parameters: source equa-
torial coordinates and/or num-
ber of signal events

•Test statistic:
Q = logLmax � logLbkg

Full-sky search

PRELIMINARY

Sky map of pre-trial p-values found at
each investigated direction.

•Most significant cluster (red arrow)
found at (RA = 39.6�, � = 11.1�), 4.3�
pre-trial (48% post-trial) significance

• Second most significant cluster (green
arrow) found at (RA = 343.8�, � =
23.5�)

Candidate-list search

PRELIMINARY

• 121 sources investigated

•No significant evidence of cosmic neutrino source found

•Highest significant source: radio-bright blazar
J0242+1101, 3.8� pre-trial (2.4� post-trial) significance

• J0242+1101 is located at 1� angular distance from the full-
sky hotspot

•Most significant sources after J0242+1101:
TXS 0506+056 (2.8�), HESSJ0632+057 (2.1�),
the Galactic Centre (2.0�)

• 90% C.L. limits on the one-flavour neutrino flux normaliza-
tion set

Interesting locations

PRELIMINARY PRELIMINARY PRELIMINARY

Green circles: 1� and 5� distance from the centre. Blue dots: tracks. Red dots: showers.
Darker shades of red and blue indicate higher value of the energy estimator.

•Left: full-sky hotspot, close to
J0242+1101 (orange star)

•Centre: TXS 0506+056

•Right: Second full-sky hotspot,
close to blazar MG3 J225517+2409
(orange star) and IceCube high-
energy muon track (grey star)

Search at the tidal disruption events AT2019dsg and AT2019fdr

•Limited data set: from TDE discovery (April 2019) until last
available fully-calibrated ANTARES data (February 2020)

•Only one event detected within 5� from both TDEs

•Upper limits on the one-flavour neutrino flux and fluence
normalisation for three spectral indices �: 2.0, 2.5, 3.0

Within 5 deg from the declination of both TDEs, 
ANTARES finds 1 event only.  

Upper limits on one-flavour neutrino flux. 



Figure credit: Robert Stein. Session # 28.

• ~2 dozen candidates across 
many observatories 

• Sparse datasets with poor 
multi-wavelength coverage

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

 

>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.

Homework for ICRC 2023



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



      GW 170817

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

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

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

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

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

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

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

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

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

2

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



BDM & Berger 12 

Electromagnetic Counterparts

BDM & Berger 12

Γβ>>1

GW170817
~ 25o

Electromagnetic Counterparts: AT2017gfo

Brian Metzger, PoS 035. Antonio Stamerra, PoS 944.

Blue KN: 1.6x10-2 M8, v ~ 0.26 c
Red KN: 4x10-2 M8, v ~ 0.1 c

Two-Component Kilonova

Villar+18

“fast blue”

“slow red”

Kasen, BDM et al. 2017

Kilonova colors reveal ejecta composition and 
provide information on ejecta source.

“Blue” + “Red” Kilonova Models

"
e.g. Kasen & Barnes 13; BDM & Fernandez 14; Perego+14, Kawaguchi+18,20

Red                 
(e.g. disk wind)

BH

NS NS

fewer neutrons

more neutrons



Brian Metzger, PoS 035.
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By using EM observations to ascertain the outcomes of a large population of future GW-detected mergers, 
we could assess the diversity of their r-process contributions and probe the NS EoS. 

Multi-Messenger Measurements



Electromagnetic Counterparts: GRB 170817

Brian Metzger, PoS 035. Kazuya Takahashi, PoS 1010.

BDM & Berger 12 

Electromagnetic Counterparts

BDM & Berger 12

Γβ>>1

GW170817
~ 25o

sides of the jet 
(“cocoon”)

Γ

θjet

Γ

~1/Γ

Γ Γ

Jet slows as it sweeps up ISM

~ 3

~ 3

Afterglow of Gamma-ray Burst Jet

Non-Thermal Synchrotron Radiation

radio

X-ray

Hallian+17
Margutti+17, +18
Haggard+17
Alexander+17
Kasiwal+17
Troja+17
Mooley+17
Kim+17

Wu & MacFadyen 18

Consistent with a powerful GRB viewed off-axis. 

The time evolution of the electron power-law index can be observable in future off-axis GRB afterglows 
and provide constraints on particle acceleration across trans-relativistic shocks.



3.5-4.3s excess relative 
to afterglow model

Hajela+21

GRB 170817 or AT2017gfo?

Brian Metzger, PoS 035.

3.4 years later: X-rays are still there!

…but radio has continued to fade
=> change in spectral slope or new emission component

Haleja+21; see also Balasubramanian+21 Troja+21

X-rays radio

3.4 years later: X-rays are still there!

…but radio has continued to fade
=> change in spectral slope or new emission component

Haleja+21; see also Balasubramanian+21 Troja+21

X-rays radio

Fastest tail of ejecta

Hajela+21; see also Nedora+21



Neutrinos from Compact Binary Mergers?
Neutrinos from Magnetar Nebula

(e.g. Murase+09; Gao+13; Fang+14, Fang & BDM 17)

Fang & BDM 17

Neutrinos from magnetar nebula.

Neutrinos from interactions of confined UHECRs with the 
thermal and not-thermal radiation fields originated by the 
ejected material.

Neutrinos from shock breakout.

Neutrinos from Jet & Cocoon Breakout

Gottlieb & Globus 21 

(see Murase & Ioka 2013; Globus et al. 2015; Biehl et al. 2018; Kimura et al. 2018a) 

Jet breakout

Results and conclusions

Neutrino fluxes
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νCosmogenic 
νBNS-mergers 

Neutrino flux

Simone Rossoni

a
Denise Boncioli

b,c
Günter Sigl

a
Study of the interaction of cosmic rays and the production of high-energy neutrinos in binary-neutron-star mergers16 July 2021 9 / 12

Brian Metzger, PoS 035. Simone Rossoni, PoS 1004.



      IceCube Follow-Up of GW Sources

Aswathi Balagopal, PoS 939. Doga Veske, PoS 950.  
See Michael Schimp, PoS 968 for searches of UHE neutrino counterparts with AUGER.

Searches for neutrino counterparts (10-100s GeV). Similar 
exposure for north and south hemispheres.

Low energy searches with IceCube Deep Core

A. Balagopal V.1, R. Hussain1, A. Pizzuto1 for the IceCube Collaboration, PoS(ICRC2021)939

Event selection originally 
developed for tau
neutrino appearance 
studies[1]

Neutrinos of all flavors

Includes data from both 
Southern and Northern 
hemispheres

Angular resolution worse
than that of high-energy 
events

Event selection has an 
average rate of 4.5 mHz

1

2

3

4

5

6

1University of Wisconsin-Madison

Gravitational Wave Follow-up with the GRECO DatasetThe GRECO Dataset

Signal PDF Background
 PDF

signal events background 
events

Look for spatially and temporally coincident neutrinos by likelihood 
maximization Spatial prior from GW 

skymap (direction 
dependent)
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Model predictions for GRB 170817A
[Mon.Not.Roy.Astron.Soc. 476 (2018) 1, 1191-1197]

IceCube Preliminary

246810

GFU integral sensitivity (GW170817)
GRECO integral sensitivity (GW170817)
GRECO point source sensitivity ( = 23.38 )
GFU point source sensitivity ( = 23.38 )
ELOWEN upper limit (GW170817)

Effective Area

Summary

References

The IceCube DeepCore

Contact: abalagopalv@icecube.wisc.edu
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90% flux sensitivity of 
muon neutrinos (flux 
normalization that 90% of 
the time will lead to a TS > 
median background TS) for 
all 11 GW events in O1 & 
O2 runs of LIGO-Virgo[7]

Differential point source sensitivities and 
integral sensitivities (with spatial prior) of 

IceCube low-energy and high-energy 
analyses, upper limit of IceCube very-low 
energy analysis, and model predictions of 

low-energy neutrino emissions[8]

Nearly uniform 
effective area which 
varies by less than an 
order of magnitude 
across the whole sky[2]

[2]

Complements high-
energy[3] and extremely 
low-energy[4] datasets

Has already been used to 
search for astrophysical 
transients[4]

Unbinned maximum likelihood method used to look for transients 
(method similar to the high-energy analysis[6])

[1] M. G. Aartsen et al. Phys. rev. D. 99, 032007, 2019
[2] M. Larson et al. PoS(ICRC2021)1131
[3] M. G. Aartsen et al. JINST 11 P11009, 2016
[4] G. de Wasseige et al. PoS(ICRC2019)865
[5] R. Abbasi et al. arXiv:2011.05096
[6] M. G. Aartsen et al. ApJL 898 L10, 2020
[7] B. P. Abbott et al. Phys. Rev. X 9, 031040, 2019 
[8] D. Biehl, et al. Mon. Not. Roy. Astron. Soc. 476 no. 1, (2018) 1191–1197

Runs over all pixels

The IceCube Neutrino 
Observatory at the South 
Pole observes astrophysical 
neutrinos with energies 
greater than 100s of Gev

Horizontal string spacing: 
125 m; vertical spacing of 
optical sensors (DOM): 
17  m

IceCube DeepCore: the 
infill array of IceCube with 
DOMs of higher quantum 
efficiency and deployed in 
the clearest ice

DeepCore string spacing: 72m; DOM spacing: 
7m
This lowers the threshold down to ~ 10 GeV

Angular uncertainty of 𝜈𝜇+𝜈𝜇 with random forest
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GW170817

GW170818

GW170823

IceCube Preliminary

Region containing 68% 
prob. in the GW skymap

Declination with max. 
prob. in the GW skymap

Sensitivities of GRECO to GW events in 
O1 & O2 runs

Data selection focused on IceCube DeepCore to probe neutrinos 
with energies above 10 GeV
Enables the detection of astrophysical transients at these low 
energies
Used to follow-up gravitational-wave events as a complementary 
study to similar high-energy analyses with IceCube
Flux sensitivity of muon neutrinos shown; which will be updated 
with neutrinos of all flavours in the future

Gravitational Wave Follow-Up Using Low Energy Neutrinos in IceCube DeepCore

Offline searches
•O1-O2

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

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

significant having p-value 16%.

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

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

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

GW190814 also did not show significant results.

20-Jul-21 DOĞA VESKE 8

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

IceCube Preliminary

Real time & offline searches of high-energy neutrinos

No significant neutrino counterpart found yet.

Two analyses for the HE neutrino follow-up: 

20-Jul-21 DOĞA VESKE 5

Two analyses for the high energy neutrino 
follow-up
Low-Latency Algorithm for Multi-messenger Astrophysics (LLAMA)

◦ Test statistic calculates odds ratio for a common source by including astrophysical emission priors in order to 
use the distance information from the GW detection

Unbinned Maximum Likelihood (UML)
◦ Test statistic uses the best fit for the signal neutrino count and spectral index

•Both analyses look for neutrinos ±500s around the GW event.

•At the end a frequentist p-value is found
◦ Background distributions for UML are calculated for each skymap
◦ LLAMA uses pre-computed background distributions for different source types for using the distance info 

considering GW detectors sensitivity to each source type

•Extended search (until 14 days after the merger) for binaries containing neutron stars.
20-Jul-21 DOĞA VESKE 5

Two analyses for the high energy neutrino 
follow-up
Low-Latency Algorithm for Multi-messenger Astrophysics (LLAMA)

◦ Test statistic calculates odds ratio for a common source by including astrophysical emission priors in order to 
use the distance information from the GW detection

Unbinned Maximum Likelihood (UML)
◦ Test statistic uses the best fit for the signal neutrino count and spectral index

•Both analyses look for neutrinos ±500s around the GW event.

•At the end a frequentist p-value is found
◦ Background distributions for UML are calculated for each skymap
◦ LLAMA uses pre-computed background distributions for different source types for using the distance info 

considering GW detectors sensitivity to each source type

•Extended search (until 14 days after the merger) for binaries containing neutron stars.



Mathieu Lamoureux, PoS 947

Future real-time public release of follow-ups for the LIGO/Virgo’s O4 run.

Super-Kamiokande Follow-Up of GW Sources

Limits on E
iso 12

• The total energy in ⌫ from the source (assuming isotropic) is Eiso = 4⇡d2
R

dn
dE ⇥ E dE

) Eiso limits obtained by using the 3D localisation skymap from the LVC data release.
• We can stack events by nature, assuming same emission (or E

iso

/ M
source

in backup).

Individual limits on E
⌫µ

iso

Preliminary

Stacked limits on E all-flavours
iso

Preliminary

This is done assuming the flux at Earth is equally distributed between the flavours (⌫
e

: ⌫µ : ⌫⌧ = 1 : 1 : 1)

Ten SK high-energy events in time coincidence 8
GW190424 180648 GW190426 152155 GW190513 205428 GW190527 092055

GW190602 175927 GW190620 030421 GW190728 064510 GW190814

GW190910 112807 GW190924 021846 All plots are Preliminary

Skymaps in equatorial coordinates
Red: GW localisation and 90% contour
Blue: SK FC events with 1� angular uncertainty
Green: SK UPMU events.

Shaded area: SK upgoing sky.

Ten SK high-energy events in time coincidence



VHE Gamma-Ray Counterparts of GW Sources

Colin Adams, PoS 950. Barbara Patricelli, PoS 998. Halim Ashkar, PoS 943, PoS 936. Roberta Zarin, PoS 005.

• Short GRBs may emit VHE radiation as proven by MAGIC and H.E.S.S. observations.  

• No VHE counterpart to GWs has been observed so far (sub-threshold merger candidates identified in 
LIGO’s O1 used to search in archival observations from VERITAS; upper limits on the integral flux). 

• Follow-up observations of 4 BBH events performed by H.E.S.S. during O2 and O3 LIGO/Virgo runs and 
rapid follow-up strategy developed. Deeper observations expected for LIGO/Virgo’s O4 run. 

• CTA will be key (unprecedented sensitivity, rapid slewing capabilities, large field-of-view). Simulations 
predict CTA N and CTA S will be sensitive to detect on axis and off-axis GRBs with a delay up to 10 mins.
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Archival Search for VHE Counterparts to Sub-Threshold BNS Merger Candidates Colin Adams

credible regions for all O1 sub-threshold candidates on top of the < 40° zenith angle coverage of all
current and future-generation IACTs. The choice of the 50% credible region in this figure was made
purely for ease in visualization: if the 90% credible regions were plotted, they would cover nearly
the entire map. Notably, all present and future sky coverage regions (yellow shaded areas in the
figure) overlap with multiple 90% credible regions for BNS merger candidates. It is reasonable to
expect that a number of these candidates were coincidentally observed by other current-generation
instruments under the same conditions of the algorithm described above. The geographic bias in
GW detections, though non-negligible, does not preclude the participation of any IACT in such a
program in the past, present, or future.

Figure 2: The 50% credible regions of the 103 sub-threshold candidates from [15] are shown in red and are
presented in geographic coordinates. The sky coverage of the current (VERITAS, MAGIC, H.E.S.S.) and
future (CTA North1 and CTA South) IACT arrays at any given time, assuming a maximum zenith of 40°, are
shown in yellow.

Beyond this, there are also valuable real time applications to considering sub-threshold events.
In the context of transmission of alerts under a Memorandum of Understanding, it would be
marginally disruptive to adjust nightly observing schedules in the case of a sub-threshold candidate
alert to favor higher probability regions closer to purported coalescence times. In addition, there
are now 2.5 observing seasons worth of LIGO data for which sub-threshold candidates remain
to be published. If the O1 performance is scaled to these new observing seasons, considering
improvements in instrumentation and changing duty cycles, VERITAS could expect⇠ 70 additional
coincident observations with candidates.

Further, such studies will benefit greatly from the planned improvements to IACT observations
in the forthcoming era of gamma-ray astronomy brought by the Cherenkov Telescope Array (CTA).
Not only will CTA o�er a factor of ⇠ 5 improvement in field of view (FoV) area improvement over
VERITAS, but also the possibility of observations with a divergent pointing strategy that could see
a factor of 16 improvement [19].

1CTA N is co-located with MAGIC.

4

BBH mergers follow-up with H.E.S.S. Halim Ashkar

4. Discussion

A coverage of the localisation uncertainty greater than 50% is achieved with the H.E.S.S.
pointing pattern except for S190512at. Therefore the derived upper limits can be assumed as
spatially constraining. The question now is, how much the upper limits of the H.E.S.S. instruments
using the tiling pointing pattern (described in Sec. 2) that maximizes coverage are constraining. To
assess this, the upper limits derived here are compared to the VHE emission of H.E.S.S detected
GRBs and to extrapolated emission from Fermi-LAT [31] GRBs with known redshifts and extended
emission.

We start by comparing the luminosity upper limits. For the Fermi-LAT GRBs, the spectrum
measured by the LAT at late times in the 100 MeV to 100 GeV band is extrapolated into the
H.E.S.S. energy bands (1-10 TeV) using the spectral index measured by the LAT at these times. The
emission is then extended in time using the power-law decay index measured by the LAT at late-
time. The energy flux is then converted to isotropic luminosity at the GRB redshifts. The detected
H.E.S.S. VHE GRBs, GRB 180720B [32] and GRB 1908929A [33] are also shown for comparison.
Their detection time is similar to the observation delays of the GW events observed with H.E.S.S.
Their EBL corrected energy flux extrapolation is also converted into isotropic luminosity. The
isotropic luminosity from the LAT extrapolations and the VHE GRBs are compared in Fig. 2 to the
H.E.S.S. upper limits. We also include the upper limits derived from the GW170817 short term
observations [18]. From the left plot of Fig. 2, we see that the upper limits derived from the H.E.S.S.

Figure 2: Mean (orange points) and standard deviation (orange bands) of the per-pixel luminosity upper limit
maps (right) and and the integral energy flux upper limits (left) for the BBH events. The luminosity upper
limits are of all five GW upper limits are calculated assuming an intrinsic ⇢�2 spectrum, although the upper
limit for GW170817 is calculated with a slightly di�erent energy range. The integral energy flux upper limits
are calculated from the per-pixel EBL-absorbed integrated energy flux upper limit maps. These are calculated
using the specific energy range and index for each event, based on the redshift in Tab. 1. The luminosity upper
limits are compared to luminosity extrapolation of Fermi-LAT GRBs (grey lines) with known redshift, The
luminosity from H.E.S.S. detected VHE GRBs and to the H.E.S.S. upper limit on GW170817 (black) [18]
and the intergral energy flux upper limits are compared to the energy flux extrapolations of LAT GRBs (grey
lines) into the specific energy band of S190728q and, to the EBL-absorbed energy flux of H.E.S.S. detected
VHE GRBs and to the GW170817 energy flux upper limits. The EBL absorption for the GRBs is calculated
based on the redshift of S190728q. From [30].

observations lie below some of the extrapolated LAT GRB level. They are also at the same level

5

H.E.S.S. upper limits on BBH mergers
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Gravitational wave detector network

•Detectors with different 
sensitivities
•Detections so far are from LIGO 
and Virgo detectors
•A network of detectors is 
important for sensitivity and 
localization

Figure credit: Doga Veske. Sessions # 27, 28.

• Network of detectors with different sensitivities and locations crucial for future event characterizations. 

• Need to get ready for expected larger number of multi-messenger detections.  

• Mapping of the ingoing binary properties on the diverse outcomes through population studies. 

• Crucial to gain insight and better understand neutron star physics and merger properties. 

Homework for ICRC 2023



Figure credit: ESO

Galactic Sources and Starbursts



 PeVatron Candidate: MGRO J1908+06

Kelly Malone, PoS 810. Dmitriy Kostunin, PoS 779.

K. Malone

Significance map of the region 

�6

• 1343 days of data with reconstructed 
energies above 1 TeV 

• Likelihood fit containing 3HWC J1908+063 
plus the nearby lobes of SS433

• Performed using the HAWC Accelerated 
Likelihood (HAL) plugin to 3ML (Multi-
mission maximum likelihood)

• Publicly available: https://github.com/
threeML/threeML 

K. Malone

Potential spectral hardening feature
• When the last three energy bins are 

subdivided into six smaller bins of 
equal size, an apparent flattening in 
the spectrum can be seen by eye. 

• Deviation from best-fit log-parabola 
by ~2 sigma.

• Second population of particles at the 
highest energies? 

• See poster on searches for spectral 
hardening in HAWC sources

�12

• Source detected beyond 100 TeV, implications for acceleration of cosmic rays?  

• Hints for related neutrino emission from IceCube. 

• 2 SNRs, 3 pulsars and other objects in the proximity of the source. 

• Leptonic or hadronic scenario? 

K. Malone

Modeling indicates that two populations of particles 
are needed to explain the shape of the spectrum
• HAWC’s uncertainties are currently 

too large to determine if this 
second component is leptonic or 
hadronic in origin.

• Interesting target for upcoming 
gamma-ray experiments with better 
sensitivity at the highest energies 

• Implications for detections by multi-
messenger experiments

�13

• HAWC: potential hardening feature > 100 TeV. Does this hint towards a second population of particles at 
the highest energies?  

• H.E.S.S.: no hardening feature (lower statistics), but multiple components may exist in the nebula.

See Kaya Mori, PoS 963 for NuSTAR observation campaign of pulsars wind nebulae.



Starbursts and Galactic Winds

Maria Werhahn, PoS 665 & Paula Kornecki, PoS 456. Enrico Peretti, PoS 995 & Giovanni Morlino, PoS 444.

Starburst Galaxies: Cosmic ray spectra in 3D MHD simulations and multi-messenger predictions.

Structure and evolution

6

• Forward and reverse shocks are 
decoupled and the wind bubble
inflates

• 𝑅𝑠ℎ~ 
(   𝑀𝑢1 4𝜋𝑃ℎ)1/2 𝑡 > 𝑡𝑝

𝑡2/5 𝑡 < 𝑡𝑝

• 𝑅𝐹𝑆~𝑡3/5
I. Peretti

Enrico Peretti

SBN or AGN

Cool wind

Shocked wind

Shocked CGM

Observational perspectives

16

CTA
IceCube Gen2

Gamma rays and neutrinos are copiously produced. 
The escaping flux of protons and nuclei could contribute to the flux of cosmic rays observed at Earth.

Galactic Wind Super Bubbles: Protons accelerated up to 100s PeV at termination shock. 
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II) γ-ray emission
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II) γ-ray emission
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II) γ-ray emission
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II) FIR - γ-ray relation and γ-ray spectra
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II) FIR - γ-ray relation and γ-ray spectra
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Figure credit: Maria Werhahn. Sessions # 26, 55.

• What is powering the galactic Pevatrons? What are the conditions for efficient particle acceleration? 

• Are pulsars with nebulae (PWNe) efficient PeVatrons? What are the conditions which make acceleration 
very efficient? Crucial to observe more PWNe at various ages and environments. 

• Hadronic or leptonic origin for these extreme TeV sources? Multi-messenger observations will be crucial. 

• Need to progress in the modelling of starbursts and super bubbles.
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Conclusions

• Tremendous progress in multi-messenger searches of astrophysical sources.  

• Scientific breakthroughs made possible by cooperation among different collaborations. 

• We need to get ready for the growing number of neutrino events possibly associated to 
astrophysical sources as well as gravitational wave detections. 

• Interpretation of multi-messenger data requires a major step forward in source modeling.

Thank you!

Very exciting times ahed!!


