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Multi-wavelength astronomy
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Phase 4 - Multiple mm sources detected at high 
significance, catalogs, systematic studies

Multimessenger astrophysics studies
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Most pressing questions for observational MMa 
• Counterpart identification.  

• Challenge: Non-photon observations tend to suffer from poor angular localizations.  

• Follow-up observation and study 

• Timescale of the emission is not always known.  

• Finding commonalities among the counterparts identified 

• Physical interpretation, predictions for next observations.
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Hadronic signatures

• Low-energy signatures (radio to X-rays) that indicate particle acceleration and interaction. 

• For other messengers (GW) we’ll look for evidence for HE particle acceleration in hadronic channels.
8
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Driving factors in multimessenger detections

• Angular resolution 

• Background rejection (astrophysical probability) 

• Response time, broadcast delays. 

• Sensitivity of follow-ups. Time and energy coverage.
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Multimessenger Instrumentation 

‣ 100% uptime 

‣ ~4  sky coverage 

‣ Angular resolution: 0.1°-15°

π

Neutrino telescopes
‣ Uptime: 100% (wide field) - 20% (pointed) 

‣ Wide field (  sr) and pointed (~deg2) 

‣ Angular resolution: arcsec-0.1°

π

EM telescopes
‣ 100% uptime 

‣ ~4  sky coverage 

‣ Angular resolution: 10-1000 deg2

π

GW interferometers
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compact objects that orbit each other—forming a so-called compact binary—will see
their orbital radius decrease as their potential energy is radiated away as gravita-
tional waves, and the two objects will spiral inwards, reaching high centripetal
acceleration, and eventually merge (see figure 3). Right before merging, two orbiting
black holes can circle each other up about a thousand times per second, reaching
velocities of more than half the speed of light.

Besides compact binary mergers, other interesting cosmic events can also produce
gravitational waves, as figure 3 shows. In a stellar core collapse, infalling matter may
emit gravitational waves if the fall is neither spherically nor axially symmetric;
symmetric acceleration effectively cancels out any emission. A newly formed
neutron star in the wake of a core collapse event is an even more promising source.
It rotates rapidly at a frequency of up to a thousand times per second. It deforms
into an elongated ellipse shape due to the centrifugal force, therefore losing axial
symmetry, and begins to emit gravitational waves. For a typical neutron star radius
of 10 km, the available rotational energy is ∼1045 J, or − ⊙M c10 2 2, where ⊙M is the

Figure 3. Gravitational wave emission.

Multimessenger Astronomy

9

gravitational waves 
emission and MM signatures

• Compact object mergers can lead to 
the creation of relativistic jets and 
therefore particle acceleration. 

• Hadronic emission possible 
(gammas and neutrinos)
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Murase & Bartos (https://arxiv.org/abs/1907.12506)

https://arxiv.org/abs/1907.12506
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GW170817

• First (and only so far) multimessenger detection with GWs.  

• VHE emission from GW sources?

12

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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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.
LIGO/Virgo + MMA partners


https://arxiv.org/abs/1710.05833

https://arxiv.org/abs/1710.05833


M. Santander - Multimessenger astroparticle physics an observational perspective — ISAPP 2022 School, University of Paris-Saclay

Gamma-ray bursts as VHE emitters

• Brightest gamma-ray transients.  

• Cosmological distances, besides GRB/jet physics they can provide EBL constraints.  

• Isotropic distribution and short duration requires a wide network of VHE observatories to follow-up these events.
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12 von Kienlin et al.

 

Fermi GBM GRBs in first ten years of operation

2356 GBM GRBs
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Figure 3. Sky distribution of GBM-triggered GRBs in celestial coordinates. Crosses indicate long GRBs (T90 > 2 s); asterisks
indicate short GRBs.

Non-GBM locations are listed for bursts that were detected by an instrument providing a better location accuracy
such as LAT, the Swift Burst Alert Telescope (BAT; Barthelmy et al. 2005) or X-ray Telescope (XRT; Burrows
et al. 2005), INTEGRAL (Mereghetti et al. 2003), or were localized more precisely by the Inter-Planetary Network
(IPN; Hurley et al. 2013). The higher-accuracy location source is listed under the column “Location Source”, which
lists only the name of the mission rather than the specific instrument on board that mission (e.g., Swift implies the
locations are either from Swift-BAT or Swift- XRT or Swift-UVOT). The errors on the GRB locations determined by
other instruments are not necessarily 1� values. For the GBM analysis, a location accuracy better than a few tenths
of a degree provides no added benefit because of significant systematic errors in GBM location.
The first column of Table 5 lists the GBM Trigger ID along with a conventional GRB name in the second column

as defined by the GRB-observing community10. For year 5–10, only GBM-triggered GRBs for which a GCN Circular
was issued are assigned a GRB name.
The criterion for issuing a GBM Detection/Observation Circular is if a GRB was either detected by any other mission

(as listed in the last column of Table 5) or if it generated an ARR to the Fermi spacecraft or the count rate in the
50–300 keV energy range summed over the triggered detectors exceeded 1000 counts per second above the background.
This arbitrary number was chosen at the beginning of the mission to focus on brighter events and not to issue too many
circulars. During the 10 year period of the catalog for about 1⁄3 of the GRBs Fermi GBM Detection / Observation
Circulars were released.
The third column lists the trigger time in universal time (UT). Table 5 also shows which algorithm was triggered,

along with its timescale and energy range. Note that the listed algorithm is the first one to exceed its threshold but
it may not be the only one. The table also lists other instruments that detected the same GRB11. Finally, we identify
the GBM GRBs for which an ARR was issued by the GBM FSW in the last column of Table 5. A total of 172 GRBs
(7.3% of the total) were followed by ARRs during the first nine years of Fermi, although the spacecraft might not have
slewed in every case for technical reasons, such as Earth limb constraints. The majority of these ARRs were due to
high peak fluxes. In addition, there were 48 ARRs that were issued for non-GRB triggers because of misclassification
by the GBM FSW.

4.2. GRB Duration, Peak Flux, and Fluence

10 Note that the entire table is consistent with the small change in the GRB naming convention that became e↵ective on 2010 January
1 (Barthelmy et al. 2009): if for a given date no burst has been published previously, then the first burst of the day observed by GBM
includes the A designation even if it is the only one for that day.

11 This information was drawn from the GCN archive accessible at http://gcn.gsfc.nasa.gov/gcn3 archive.html. A more complete list of
detections is available at http://www.ssl.berkeley.edu/ipn3/masterli.txt

https://arxiv.org/abs/2002.11460 

https://arxiv.org/abs/2002.11460
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Recent VHE detections of GRBs

• All IACTs (going back to Whipple) operate a GRB program in search for VHE emission. 

• Long-sought evidence first identified by MAGIC and H.E.S.S. in 2018-2019. 

• Similar energy in X-ray and VHE favors SSC models. 

• Four strong detections so far: GRB 190114C and 201216C by MAGIC, 180720B and 190829A by H.E.S.S.. Evidence of 
emission from a short GRB 160821B by MAGIC.

14

MAGIC, Nature 575, 459-463 (2019) H.E.S.S., Nature 575, 464-467 (2019)
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Transient sensitivity for IACTs

15

PoS(ICRC2019)673

CTA sensitivity to the transient sky

shown in Fig. 3, allows us to explore the CTA ability to detect short-term phenomena and its
improvement with respect to Fermi–LAT (Sec. 3.1), MAGIC (Sec. 3.2) and VERITAS (Sec. 3.3)
sensitivity. For the CTA sensitivity evaluation, using the full Southern array for a 20� zenith angle,
we make use of the standard On-Off method, that predicts a more conservative performance of the
array, while keeping in mind the limit of the method at very short exposures.

Figure 3: CTA differential sensitivity (Southern array, purple lines) as a function of the observation time
compared to the Fermi-LAT (red lines), MAGIC (orange lines) and VERITAS (light blue lines) sensitivity
at four selected energies (75, 100, 150 and 250 GeV).

3.1 Fermi-LAT

The Large Area Telescope (LAT) on board the NASA Fermi gamma-ray observatory [3] is a
pair-conversion telescope, composed of a Silicon tracker and a CsI calorimeter, covering the energy
range from 20 MeV to more than 300 GeV. We used FermiPy3, an open source analysis package
used by many in the Fermi-LAT collaboration, to calculate the flux sensitivity. Due to the well-
modeled background of the Fermi Large Area Telescope, the FermiPy flux sensitivity function
uses the Asimov method to find the expected normalization, for a given TS threshold and assuming
a fixed background model with no uncertainty in the background amplitude.

We used a livetime cube generated from real data and spacecraft file for 6 yrs of observation,
with the Pass 84 IRF ("P8R2_SOURCE_V6"). The TS threshold was the standard TS = 25. The
sensitivity spectrum was calculated for 18 energy bins, at 4 bins per decade for 32 MeV-1 TeV. We

3https://fermipy.readthedocs.io
4http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm

5

V. Fioretti et al. (CTA Consortium), PoS (ICRC 2019) 673

• Most sensitive instruments in the 
>100 GeV energy range.
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Follow-up of GW events with iACTs

• Given the horizon for GW BNS detections, extragalactic background light absorption not a major issue.

16

https://www.ligo.org/scientists/GWEMalerts.php
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Timescales for GW event alerts

• Critical for VHE follow-ups to reduce any latency. 

• As GW detectors improve it will be possible to even get early warnings!

17

Fig. 8 Alert timeline. The Preliminary GCN Notice is sent autonomously within 1–10 min after the GW
candidate trigger time. Some preliminary alerts may be retracted after human inspection for data quality,
instrumental conditions, and pipeline behavior. The human vetted Initial GCN Notice or Retraction GCN
Notice and associated GCN Circular are distributed within a few hours for BNS or NSBH sources and
within 1 day for BBH. Update notices and circulars are sent whenever the estimate of the parameters of
the signal significantly improves. Image adapted from the LIGO/Virgo Public Alerts User Guide (see
footnote 17)

Fig. 9 The four astrophysical categories in terms (BNS, NSBH, BBH, and MassGap) of component
masses m1 and m2, which are used to define the source classification. By convention, the component
masses are defined such that m1 > m2, so that the primary compact object in the binary (i.e., component
1), is always more massive than the secondary compact object (i.e., component 2). Image adapted from
the LIGO/Virgo Public Alerts User Guide (see footnote 17)

123

3 Page 30 of 69 B. P. Abbott et al.

LIGO, Virgo, KAGRA 
https://arxiv.org/abs/1304.0670
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Early efforts and current status efforts
• MAGIC performed its first follow-up (manual tiling) 

during O1.  

• VERITAS performed its first automatic tiling of the 
uncertainty region in O2 (GW170104). 

• Observational capabilities validated using known 
sources. 

18

EM GW follow-up 289

Figure 1. Left: The LIGO localization probability skymap of GW151226. Right: Zoom on the
region with the four MAGIC pointing positions of GW151226.

Table 1. The four pointing positions followed up by MAGIC. Observations on target 3 and
4 have been performed under moderate-to-strong moon illuminations. This made necessary a
dedicated analysis to account for the higher level of the night sky background. (a) V. Lipunov
et al., GCN Circular 18804 (2016). (b) E. Brocato et al., GCN Circular 18734 (2016).

# Target RA Dec (J2000) Duration Zenith angle

1 P GC 1200980(M AST ER OT )(a) 02 h 09m 05.800 s +1o 38′ 03.00” 48 min [27o , 30o ]
2 strip f rom GW map 02 h 38m 38.930 s +16o 36′ 59.27” 59 min [13o , 24o ]
3 F ield V ST (b) 02 h 38m 02.210 s +19o 13′ 12.00” 30 min [22o , 30o ]
4 F ield V ST (b) 03 h 18m 23.712 s +31o 13′ 12.00” 30 min [19o , 27o ]

stellar-mass NSNS, NSBH, and BBH mergers. Its false alarm rate (FAR), as determined
by the online analysis, passed the stated alert threshold of ∼ 1/month, later refined to
a FAR lower then one per hundred years (Abbot et al. 2016). The event probability sky
map (Singer & Price 2016) was concentrated in two long, thin arcs on opposite directions
in the sky (Fig. 1, left). The 50% credible region spans about 430 deg2 and the 90% region
about 1400 deg2.

Four sky pointing positions (Fig. 1, right) for MAGIC observations were manually
selected in the region showing maximum probability according to the visibility, observa-
tions of EM-partners, and overlap with existing catalogs. Observations started on 2015
December 28 at around 21 UT, covering the four ∼ 2.5 x 2.5 deg2 target regions reported
in Table 1. The observations were performed in the so-called wobble mode, where the
pointing position is offset by 0.4o from the camera center.

4. Results
The data analysis was performed using the standard MAGIC Analysis and Recon-

struction Software package (MARS) adapted to stereoscopic observations (Aleksić et al.
2016b). From neither of the 4 pointed regions we detected significant emission above the
instrument energy threshold. Furthermore, no VHE gamma-ray counterpart emission
was detected within the MAGIC Field of View (FoV). Integral upper limits (ULs, 95%
CL) above the energy threshold in the observed FoV are being estimated. The standard
MARS routine calculates the flux UL from the pointing position (nominal position) of
the telescopes. However the case of interest requires a different approach to determine
meaningful flux ULs, since the source position in the MAGIC FoV is not known. This is
a consequence of the fact that there is not a precise localization of the event and only a
probability skymap is provided to search for an EM emission.

�$$!#
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VERITAS 
https://arxiv.org/abs/1909.05228 

https://www.cambridge.org/core/journals/proceedings-of-the-international-astronomical-union/article/magic-electromagnetic-followup-of-gravitational-wave-alerts/F84A97773BE81B36071D59D258887F26
https://arxiv.org/abs/1909.05228
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H.E.S.S. follow-up of GW170817

19

(H.E.S.S.) https://arxiv.org/abs/1710.058628

Figure 2. Left: Pointing directions of the first night of H.E.S.S. follow-up observations starting August 17, 2017, at 17:59 UTC.
The circles illustrate a FoV with radius of 1.5� and the shown times are the starting times of each observation with respect to
GW170817. The LALInference map of GW170817 is shown as colored background, the red lines denote the uncertainty contours
of GRB170817A. Right: Map of significances of the gamma-ray emission in the region around SSS17a obtained during the first
observation of GW170817. The white circle has a diameter of 0.1�, corresponding to the H.E.S.S. point spread function and
also used for the oversampling of the map.

mine the H.E.S.S. pointing schedule for the night of Au-
gust 17/18. Three observation runs of 28min each were
scheduled. They are given in Tab. 1 and illustrated in
Fig. 2. The three observations were taken between Au-
gust 17, 17:59 - 19:30 UTC. For an effective FoV of 1.5�
radius of the H.E.S.S. 28 m telescope, they cover about
56% of the gravitational wave uncertainty region of the
final LALInference map. At the same time they include
about 86% of the probability density region obtained by
weighting the three-dimensional GW map with galax-
ies from the GLADE catalog. All three pointings are
compatible with GRB1707A within 2�. Whereas the
optical transient SSS17a had not been discovered at the
time our observations took place, the focus on a region
containing many galaxies compatible with the 3D-GW
map allowed us to cover NGC 4993 and SSS17a with
our first observation, i.e. starting 5.3h after the GW
event. We note that our observations have the shortest
time delay with respect to GW170817 by any ground-
based pointing instrument participating in the follow-up
of GW170817.

After the detection of SSS17a during the night of
August 17/18 we discontinued further coverage of the
GW uncertainty region and focussed on monitoring
the source in TeV gamma-rays. H.E.S.S. observations
were scheduled at the beginning of the following nights

around SSS17a as long as the location was visible from
the H.E.S.S. site within a maximum zenith angle of
about 60� and fulfilling the necessary observation con-
ditions. The obtained observations are summarized in
Table 1.

Table 1. H.E.S.S. follow-up observations of GW170817. All
pointings were taken with the default run duration of 28min
and are given in equatorial J2000 coordinates.

ID Observation time Pointing coordinates <zenith angle>

(UTC) [deg] [deg]

1a 2017-08-17 17:59 196.88, -23.17 59

1b 2017-08-17 18:27 198.19, -25.98 58

1c 2017-08-17 18:56 200.57, -30.15 62

2a 2017-08-18 17:55 197.75, -23.31 53

2b 2017-08-18 18:24 197.23, -23.79 60

3a 2017-08-19 17:56 197.21, -23.20 55

3b 2017-08-19 18:24 197.71, -23.71 60

5a 2017-08-21 18:15 197.24, -24.07 60

6a 2017-08-22 18:10 197.70, -24.38 60

3. DATA AND ANALYSIS

First follow-up before SSS17a discovery

11

(a) SSS17a: H.E.S.S. limits
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(b) GW170817: H.E.S.S. flux limit map

Figure 4. Left plot: Differential upper limits on the gamma-ray flux from SSS17a derived from the H.E.S.S monitoring
campaign and archival observations of the region. Right plot: Map showing the integral upper limits in the 270GeV to 8.55TeV
energy range (assuming an E�2 energy spectrum) derived from the H.E.S.S. follow-up observations of GW170817. The yellow
contours outline the localization of the GW event as provided by the LALInference map.

in the right plot of Fig. 4. First of all, it illustrates the
deep observations centered on SSS17a. Induced by the
radially decreasing acceptance of the telescope, the ob-
tained limits are less constraining when approaching the
border of the field-of-view. The figure also illustrates
the achieved ⇡ 50% coverage of the LALInference map
of GW170817, which is depicted by the yellow contours.

5. DISCUSSION AND CONCLUSION

The observations presented here represent the first
very-high-energy gamma-ray observations following the
merger of a binary neutron star system. A prepre-
pared scheduling procedure allowed fast reaction to the
event and provided efficient pointings within the gravi-
tational wave uncertainty region, covering observational
fields including that of the multi-wavelength counter-
part SSS17a even before it had been discovered from
optical observations. Following the discovery of this
counterpart in the optical band, subsequent extended
monitoring allowed deep observations to be made of this
source. Although the source was not detected within
the energy range 0.27 < E[TeV] < 8.55, the derived up-
per limits are the most stringent ones obtained on hour
to week-long timescales, of non-thermal emission from

GW170817 in the full gamma-ray domain ranging from
keV to TeV energies. They allow for the first time a con-
straint to be placed on the level of early-time very-high-
energy emission from the source, following the binary
neutron star merger. With a potential connection to a
kilonova type event, expected to give rise to the ejec-
tion of mildly relativistic outflows, further observations
of this object should be performed to probe particle ac-
celeration beyond TeV energies on longer timescales.

The support of the Namibian authorities and of the
University of Namibia in facilitating the construction
and operation of H.E.S.S. is gratefully acknowledged,
as is the support by the German Ministry for Educa-
tion and Research (BMBF), the Max Planck Society, the
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istry for Research, the CNRS-IN2P3 and the Astroparti-
cle Interdisciplinary Programme of the CNRS, the U.K.
Science and Technology Facilities Council (STFC), the
IPNP of the Charles University, the Czech Science Foun-
dation, the Polish Ministry of Science and Higher Ed-
ucation, the South African Department of Science and
Technology and National Research Foundation, the Uni-
versity of Namibia, the Innsbruck University, the Aus-
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Figure 1. Timeline of the observations following the detection of GW170817 with a focus on the high-energy, non-thermal
domain. A more complete picture of the multi-wavelength and multi-messenger campaign is given in (Abbott, B.P. et al. (LVC
and EM follow-up group) 2017).

The first EM counterpart to GW170817 and GRB170817A
was detected in the near-infrared by the One-Meter
Two-Hemisphere (1M2H) collaboration with the 1m
Swope telescope at Las Campanas Observatory in
Chile on August 17 at 23:33 UTC, i.e. 10.87 hr after
GW170817 (Coulter et al. (1M2H Collaboration) 2017).
The source, located at ↵(J2000.0) = 13h09m48s.085 ±
0.018, �(J2000.0) = �23�2205300.343 ± 0.218, near
the early-type galaxy NGC 4993 at a distance of
42.5Mpc, got designated Swope Supernova Survey
2017a (SSS17a). It had an initial brightness of mag-
nitude 17.3 ± 0.1 in the i band (Coulter et al. (1M2H
Collaboration) GCN Circ. 21567). The IAU designa-
tion of the source is AT2017gfo. NGC 4993 is on the
list of possible candidates that had been identified by
"Global Relay of Observatories Watching Transients
Happen" network (Cook et al. (GROWTH Collabora-
tion) GCN Circ. 21519) via cross-matching the gravi-
tational wave localization with the "census of the local
universe" catalogue (Cook et al. 2016). The optical
transient was detected independently by five different
teams: the Distance Less Than 40Mpc (DLT40) survey
(Yang et al.), by Tanvir et al. (VISTA), Lipunov et
al. (MASTER), Allam et al. (DECam) and Arcavi et
al. (Las Cumbres Observatory). Archival searches (e.g.
ASAS-SN (Cowperthwaite et al. GCN Circ. 21533),
Hubble (Foley et al. GCN Circ. 21536), etc.) did not
show evidence of emission at this position in observa-
tions taken before the GW event.

The subsequent MWL follow-up campaign focused
mainly on the optical transient SSS17a. The monitor-
ing of the source in the UV, optical and near-infrared
domain allows the detailed description of its spectral
evolution over timescales extending from hours to sev-
eral days and weeks. The source has also been moni-
tored in UV and X-rays by Swift (Evans et al. (Swift)
2017) over several days. An X-ray source coincident with
the location of SSS17a has been discovered by Chandra
about 9 days after GW170817 (Troya et al. (Chandra)
2017). In the radio domain, the first counterpart con-
sistent with the optical transient position was identified
on September 2 and 3, 2017, (16 days after GW170817)
by two observations using the Jansky VLA (Mooley et
al. (JVLA/JAGWAR) GCN Circ. 21814; Corsi et al.
(VLA) GCN Circ. 21815).

This extensive monitoring campaign covering the full
EM spectrum, including the high-energy (HE) and very-
high-energy (VHE) gamma ray domains (the latter re-
ported in this paper) and searches for high-energy neu-
trinos, allowed us to monitor the evolution of the source
over several days. Focusing on the high-energy, non-
thermal domain, a subset of the observations obtained
during this campaign is shown in Fig. 1. Further de-
tails of this unprecedented multi-wavelength and multi-
messenger effort can be found in (Abbott, B.P. et al.
(LVC and EM follow-up group) 2017) and references
therein.

2.3. H.E.S.S. follow-up of GW170817

• First BNS merger, fast reaction to GW event and tiling of the 
uncertainty region. 

• No detection, constraints on potential  VHE counterpart  luminosity.

https://arxiv.org/abs/1710.05862
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LIGO, Virgo, KAGRA 
https://arxiv.org/abs/1304.0670

to 23.5 days. Even though the FAR estimation of single-detector
candidates is challenging (Callister et al. 2017), the matched-filter
pipelines are capable of identifying loud single-detector events.
GW170817 (Abbott et al. 2017b) was initially identified by
GSTLAL as a single-detector event. To further establish the
significance of GW190425, it was compared against the 169.5
days of background from O1 and O2 and 50 days of background
from O3 in the BNS part of the parameter space, and found to be
louder than any background event. The BNS region is defined as
the parameter space with component masses between 1 and 3 M:.
The results of this background analysis from the GSTLAL search
are shown in Figure 1, which shows the combined S/N–Y2 noise
probability density function for LHO, LLO, and Virgo. The
S/N–Y2 distributions from O1 and O2 are taken from the analysis
performed for GWTC-1 (Abbott et al. 2019c), while the S/N–Y2

distributions from O3 come from the low-latency search. The
S/N–Y2 background distributions are a subset of the parameters
that factor in the calculation of the log-likelihood ratio, which is
the detection statistic used by the GSTLAL search. These
background distributions allow us to include the S/N–Y2

information from all the triggers, and not just the trigger in
question while assigning the detection statistic. Events with low
S/Ns and accidentally small residuals would be disfavored by the
signal model, which also factors in the log-likelihood ratio.

As seen in Figure 1, there is no background recorded at the
GW190425 parameters in all the data searched over until now.
Thus, despite the caveats associated with finding signals in a
single detector, GW190425 is a highly significant event that
stands out above all background. In Appendix B we also show
the results from the PYCBC.

We sent out an alert ∼43 min after the trigger (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), which
included a sky map computed using a rapid Bayesian algorithm
(Singer & Price 2016). We assigned GW190425 a �99%
probability of belonging to the BNS source category. The
initial sky map had a 90% credible region of 10,200 deg2.
Although data from both LLO and Virgo were used to

constrain the sky location, it extended over a large area due to
the fact that the signal was only observed with high confidence
in a single observatory. Gravitational-wave localization relies
predominantly on measuring the time delay between observa-
tories. However, in this case it is primarily the observed stain
amplitude that localizes the signal, with the more likely parts of
the sky being dominated by positions where the the antenna
response of LLO is favorable.
We generated an improved sky map using a Bayesian

analysis that sampled over all binary system parameters (see
Section 4), producing a 90% credible sky area of 8284 deg2 and
a distance constrained to �

�159 Mpc71
69 . This sky map, and the

initial low-latency map, are shown in Figure 2. As a
comparison, GW170817 was localized to within 28 deg2 at a
90% credible level. The broad probability region in the sky
map for this event presented a significant challenge for follow-
up searches for electromagnetic counterparts. At the time of
writing, no clear detection of a counterpart has been reported in
coincidence with GW190425 (e.g., Coughlin et al. 2019;
Hosseinzadeh et al. 2019; Lundquist et al. 2019, but also see
Pozanenko et al. 2019), although a wide range of searches for
coincident electromagnetic or neutrino signals have been
performed and reported in the GCN Circular archive.203

4. Source Properties

We have inferred the parameters of the GW190425 source
using a coherent analysis of the data from LLO and Virgo (in
the frequency range 19.4–2048 Hz) following the methodology
described in AppendixB of Abbott et al. (2019c).204 The low-
frequency cutoff of 19.4 Hz was chosen such that the signal
was in-band for the 128 s of data chosen for analysis. In this
frequency range there were ∼3900 phase cycles before merger.
We cleaned the data from LLO to remove lines from

calibration and from known environmental artifacts (Davis
et al. 2019; Driggers et al. 2019). For Virgo, we used the low-
latency data. The LLO data were subsequently pre-processed
(Cornish & Littenberg 2015; Pankow et al. 2018) to remove the
noise transient discussed in Section 2. Details of the transient
model and the data analyzed can be found in Abbott et al.
(2019b). The results have been verified to be robust to this
glitch removal by comparing the analysis of the pre-processed

Figure 1. Combined S/N–Y2 noise probability density function for LHO, LLO,
and Virgo in the BNS region, computed by adding the normalized 2D
histograms of background triggers in the S/N–Y S N2 2 plane from the three
detectors. The gold star indicates GW190425. There is no background present
at the position of GW190425; it stands out above all of the background
recorded in the Advanced LIGO and Virgo detectors in the first three observing
runs. The background contains 169.5 days of data from O1 and O2 and the first
50 days of O3, at times when any of the detectors were operating. For
comparison the LLO and LHO triggers for GW170817 are also shown in the
plot as blue and red diamonds, respectively.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).

203 All GCN Circulars related to this event are archived athttps://gcn.gsfc.
nasa.gov/other/S190425z.gcn3.
204 From here on, we will use GW190425 to refer to the gravitational-wave
signal and as shorthand for the system that produced the signal.
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GW190425 - Second BNS merger detection

Fig. 6 Anticipated GW sky localization for CBC signals during the third and fourth runs (for O3, see
Sect. 5.1 and for O4, see Sect. 5.2). For O3, the detector sensitivities were taken to be representative of
the first 3 months of observations for aLIGO Hanford and Livingston, and AdV, and the highest expected
O3 sensitivity for KAGRA (see Fig. 1). For O4, the detector sensitivities were taken to be the target
sensitivities for aLIGO and AdV, and the mid of the interval expected for KAGRA during O4. Top: The
plot shows the cumulative fractions of events with sky-localization area smaller than the abscissa value.
Central: The plot shows the cumulative fractions of events with luminosity distance smaller than the
abscissa value. Bottom: The plot shows the cumulative fractions of events with comoving volume smaller
than the abscissa value. Sky-localization area (comoving volume) is given as the 90% credible region, the
smallest area (comoving volume) enclosing 90% of the total posterior probability. Results are obtained
using the low-latency BAYESTAR pipeline (Singer and Price 2016). The simulation accounts for an
independent 70% duty cycle for each detector, and the different sensitivity of each sub-network or
network of detectors. For O3, all the combinations of sub-networks of two operating detectors and the
three detector network (HLV) are included in the blue lines. All the combinations of sub-networks of two
and three operating detectors, and the four detector network (HLVK) are included in the orange lines for
O3 and in the green lines for O4. The O3 HLV and the O3 HLVK curves in the central panel are very
similar due to the modest contribution by KAGRA to the network SNR. Solid lines represent BNSs,
dashed lines NSBHs, dotted lines BBHs. As a comparison, the plots show the area, distance and volume
of GW170817 and GW170818, which are the best localized BNS and BBH signals during O1 and O2

123

Prospects for observing and localizing GW transients with aLIGO, AdV and KAGRA Page 23 of 69 3

• The field of view of IACTs is currently in the 3°-5° diameter (~10 deg2) 

• Searching for VHE emission requires tiling a large area very quickly. Trade-offs between exposure and coverage.  

• Localizations of counterparts will remain challenging for upcoming runs! Start of O4 set for the end of this year.

6 VERITAS et al.

UTC. The first VERITAS observation, a North255

wobble, was performed from 02:29:05 until256

02:44:05 UTC and had a probability of en-257

compassing the LIGO candidate of 0.13%.258

The second, a South wobble, was performed259

from 03:17:07 until 03:32:07 UTC and had a260

probability of encompassing the LIGO261

candidate of 0.17%. Here, we not only see262

observations that pass our temporal and spatial263

cuts, but also one that overlaps the t0 of the264

candidate: a fortuity made possible by our use265

of archival data.266

This algorithm was cross-checked using the in-267

tentional VERITAS follow up of the G330561268

BNS merger event in 2019 (Singer et al. 2019),269

shown in Figure 2. In addition to the 10270

triggered pointings chosen to observe at the271

points of highest LIGO localization prob-272

ability, the coincidence algorithm also identi-273

fied 4 additional spatially-coincident serendip-274

itous pointings taken within the time window275

defined above.276

Figure 2. The localization probability map, with
90% localization contours shown in black,
for 2019 BNS merger event G330561 presented in
equatorial coordinates. Ten VERITAS observations
(blue circles) trace the highest localization prob-
ability region of the LIGO skymap. Four serendip-
itous VERITAS observations (black circles) also
passed the spatial and temporal cuts of the algo-
rithm and were taken prior to initial VERITAS
follow-up.

3. VERITAS ANALYSIS277

VERITAS (Holder et al. 2006) is a VHE278

gamma-ray telescope array located at the Fred279

Lawrence Whipple Observatory in southern Ari-280

zona, USA. It consists of four imaging atmo-281

spheric Cherenkov telescopes which use tesse-282

lated, 12-meter diameter reflectors to collect283

Cherenkov light created by particle cascades,284

or air showers, initiated by gamma rays and285

cosmic rays in the Earth’s atmosphere. Each286

telescope records images of these showers287

using a focal-plane camera covering a 3.5°288

FoV. These images are then used to re-289

construct the direction and energy of the290

initiating gamma rays. The array is sensitive291

to gamma rays in the 80 GeV to 30 TeV energy292

range and is able to make a 5� detection of the293

Crab Nebula in under a minute6. VERITAS294

has long had a program to follow up on tran-295

sient events from multimessenger observatories296

such as IceCube and LIGO (Aartsen et al. 2017,297

2018a; Santander 2019).298

For each VERITAS observation pointing pass-299

ing the search algorithm described in the previ-300

ous section, we perform a point-source analysis301

using the standard analysis pipeline for VERI-302

TAS data (Acciari et al. 2008) to search for de-303

tection. After the data has been calibrated and304

cleaned (Daniel 2008; Cogan 2006), air shower305

images are parameterized using the Hillas mo-306

ment analysis (Hillas 1985). The scaled param-307

eters, used for event selection, are calculated308

from the moment analysis (Aharonian et al.309

1997; Krawczynski et al. 2006). Event selection310

cuts are chosen a priori. Given the uncertainty311

of the spectral features of short-duration GRBs312

at VHEs and the extragalactic nature of such313

events, we opt in this analysis for “soft cuts,”314

which have the best sensitivity at lower ener-315

gies, around a few hundred GeV, and are opti-316

6 See https://veritas.sao.arizona.
edu/about-veritas-mainmenu-81/
veritas-specifications-mainmenu-111

VERITAS follow-up 
https://arxiv.org/abs/1909.05228
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Figure 7. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization
(black countours) of LIGO BNS candidate C3 (2015-11-17T06_34_02).

Figure 8. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization
(black countours) of LIGO BNS candidate C4 (2015-12-04T01_53_39).

8 VERITAS et al.

(a) (b)

Figure 3. Results from VERITAS observations of the target SN 2014c (marked with a star), made in
coincidence with the LIGO BNS candidate C4. Panel (a) shows a skymap of upper limits on the integral
flux over [0.24 TeV, 30 TeV] for the two East/West wobbled observations, with the 50% and 90% localization
contours of the GW candidate overlaid. The distribution of the upper limits from (a) are shown in (b). The
geometric mean of this distribution is indicated by the vertical line.

(Ghirlanda et al. 2010). We choose this num-401

ber to account for the delay in the peak of402

GeV emission from the neutron star coales-403

cence, motivated by the 1.74 s delay between404

t0 of GW170817 and the GBM trigger for GRB405

170817A (Abbott et al. 2017c) and the 0.82 s406

delay between the GBM trigger and the peak407

of GeV emission for GRB 090510 (Ghirlanda408

et al. 2010). These �ts are then redshift-409

corrected to the model’s placement at 75410

Mpc, yielding 1.75 s and 0.44 s respec-411

tively.412

It should be noted that the physics of gener-413

ating photons of the order 100 GeV may dif-414

fer from that of generating high-MeV / low-415

GeV photons. In particular, if this simple syn-416

chrotron model is assumed, it requires excep-417

tionally high bulk Lorentz factors (� > 1500)418

to produce photons at the multi-GeV/TeV level419

(Inoue et al. 2013; Bartos et al. 2014; Ajello420

et al. 2020), likely suggesting a cutoff at these421

energies. However, as this cutoff remains uncer-422

tain (Wood 2016), it is worthwhile to consider423

the prospects in the speculative case where this424

emission continues out to TeV energies. It is425

also worth mentioning that the inverse Comp-426

ton process dominates TeV emission observed in427

long GRBs (Veres et al. 2019). As it is not clear428

how comparable the emission processes of long429

and short GRBs are, this places an additional430

caveat on the model considered in this paper.431

We show the results of the model compari-432

son in Figure 4. For each VERITAS skymap,433

we plot the geometric mean of the bounded434

Rolke et al. (2005) 99% upper limits on the live-435

time fluence from the observed region of sky.436

All VERITAS upper limits fall orders of mag-437

nitude below the estimated fluence from the438

GRB 090510 placed at a distance of 75 Mpc.439

Consequently, we constrain any VHE counter-440

parts in the VERITAS FoV at the time of ob-441

servation with emission similar to that predicted442

for GRB 090510 by the model. As mentioned in443

Section 1, it is unlikely that any of these over-444

• Serendipitous search for VHE emission coincident with 
sub-threshold GW events with VERITAS. 

• Pathfinder study for CTA and future GW detectors. 

• No VHE detection. ULs compared to GRB emission model.  

• Accepted for publication in ApJ (2021)
10 VERITAS et al.

Figure 4. The curves in this plot depict the estimated fluence evolution of the Bartos et al. (2014, 2019)
GRB model placed at 75 Mpc over the [0.24 TeV, 30 TeV] energy band. Each point of the curve is the
energy flux integrated from that point in time to n minutes later, where n is determined by the legend. Also
shown with dashed lines are fluence estimates from a source 3 orders of magnitude weaker. The geometric
means (µgeom) of the VERITAS upper limits on the fluence in each skymap (calculated from the common
Emin upper limits on the integral flux shown in Table 2) are plotted at the start time of each VERITAS
observation with respect to t0. Each observation is tagged with the label of its corresponding BNS candidate
(see Table 1). The colors of the µgeom points are coded by their observation livetime on the same color scale
as the model curve for easy comparison.

coincidence algorithm was a real BNS merger
event to be 26%. We further estimate, using the
VERITAS coverage of each candidate, that the
probability that at least one truly astrophysical
merger was observed by VERITAS with exact
spatial coincidence in the search time window
to be 0.04%. Despite the low probability of au-
thentic GW signals in these O1 candidates, and
the limited GW localization probability area
covered by their coincident VERITAS observa-
tions, it is important to bear in mind that future
data comes at no additional cost and minimal
to no burden on observing programs. Addition-
ally, the situation will only improve with the on-
set of new and upgraded instruments, and just
one positive result would be very high impact.
In the second and third observing runs from

Advanced LIGO, we will continue to identify
new sub-threshold BNS merger candidates all
while probing greater distances with enhanced
localization. If we scale our O1 performance
to O2 and O3, accounting for instrumental im-
provements and changing duty cycles, we pre-
dict the accumulation of ⇠ 70 or more addi-
tional LIGO sub-threshold BNS merger candi-
dates that VERITAS will coincidentally observe
some fraction of as a part of its routine obser-
vation, a factor of 10 improvement on our cur-
rent number. It is straightforward to general-
ize this method to the other currently operating
IACTs, H.E.S.S. and MAGIC, and with their in-
clusion we could also expect an additional 2-to-3
fold increase. While these improvements alone
may not be enough to place meaningful con-

C.B. Adams et al (VERITAS), 
arXiv/2106.01386

https://arxiv.org/abs/2106.01386
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Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & nµ + nµ 8yr (red))

North

South

Galactic Plane
180o

-90o

-180o

absorption
>90%

Figure 8: Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the

results of the eight-year upgoing track analysis [28] with reconstructed muon energy Eµ & 200 TeV (�). The events

of the six-year high-energy starting event (HESE) analysis with deposited energy larger than 100 TeV (tracks ⌦ and

cascades �) are also shown [98, 99, 28]. The thin circles indicate the median angular resolution of the cascade events

(�). The blue-shaded region indicates the zenith-dependent range where Earth absorption of 100 TeV neutrinos

becomes important, reaching more than 90% close to the nadir. The dashed line indicates the horizon and the star

(?) the Galactic Center. We highlight the four most energetic events in both analyses by their deposited energy

(magenta numbers) and reconstructed muon energy (red number).

by the Auger observatory [101] (green data). This might indicate a common origin of the signal

and provides excellent conditions for multi-messenger studies.

A challenge to most galactic and extragalactic scenarios is the large neutrino flux in the range

of 10 � 100 TeV, which implies an equally high intensity of gamma rays from the decay of neu-

tral pions produced along with the charged pions that are the source of the observed neutrino

flux [14]. For extragalactic scenarios, this gamma-ray emission is not directly observed because of

strong absorption of photons by e
+
e
� pair production in the extragalactic background light (EBL)

and CMB. The high-energy leptons initiate electromagnetic showers of repeated inverse-Compton

scattering and pair production in the CMB that eventually yield photons that contribute to the

Fermi �-ray observations in the GeV-TeV range.

The extragalactic �-ray background observed by Fermi [100] has contributions from identified

15

• HE event rate is low. ~O(10) events / year.

• Consistent with isotropic distribution, favors extragalactic origin.  

• No apparent correlation with Galactic plane.
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• Non-thermal emission can be 

observed across the EM spectrum 
for most of these sources. 

• Wide variety of timescales and EM 
spectral features for these sources! 

• Broadcast neutrinos of 
potential astrophysical 
origin.
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Figure 5

Schematic picture of various high-energy multi-messenger transients.

Table 1 List of multi-messenger transients that can be promising emitters of high-

energy neutrinos and/or gravitational waves.

Source Rate density EM Luminosity Duration Typical Counterpart

[Gpc�3 yr�1] [erg s�1] [s]

Blazar flarea 10� 100 1046 � 1048 106 � 107 broadband

Tidal disruption event 0.01� 0.1 1047 � 1048 106 � 107 jetted (X)

100� 1000 1043.5 � 1044.5 > 106 � 107 tidal disruption event (optical,UV)

Long GRB 0.1� 1 1051 � 1052 10� 100 prompt (X, gamma)

Short GRB 10� 100 1051 � 1052 0.1� 1 prompt (X, gamma)

Low-luminosity GRB 100� 1000 1046 � 1047 1000� 10000 prompt (X, gamma)

GRB afterglow < 1046 � 1051, > 1� 10000 afterglow (broadband)

Supernova (II) 105 1041 � 1042 > 105 supernova (optical)

Supernova (Ibc) 3⇥ 104 1041 � 1042 > 105 supernova (optical)

Hypernova 3000 1042 � 1043 > 106 supernova (optical)

NS merger 300� 3000 1041 � 1042 > 105 kilonova (optical/IR)

1043 > 107 � 108 radio flare (broadband)

BH merger 10� 100 ? ? ?

WD merger 104 � 105 1041 � 1042 > 105 merger nova (optical)

a
Blazar flares such as the 2017 flare of TXS 0506+056 are assumed for the demonstration.

Abbreviations: BH, black hole; EM, electromagnetic; GRB, gamma-ray burst; NS, neutron star; WD,

white dwarf.

4.1. Blazar Flares

In general, blazars are highly variable objects that show broadband spectra from radio, op-

tical, X-ray, and gamma-rays. In the standard leptonic scenario for SEDs, the low-energy

and high-energy humps are explained by synchrotron emission and inverse-Compton radia-

tion from non-thermal electrons, respectively. For BL Lac objects that typically belong to a

low-luminous class of blazars, seed photons for the inverse-Compton scattering are mainly

supplied by the electron synchrotron process. In contrast, flat-spectrum radio quasars (FS-

14 Murase and Bartos

Murase & Bartos (https://arxiv.org/abs/1907.12506)

https://arxiv.org/abs/1907.12506
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Realtime alerts

• Original alert streams (2016-2019) 

• HESE: HE starting muon events. Median ang. resolution  
~1.5°. 3-4 / year. ~25% astrophysical fraction. 

• EHE: HE through-going muons. Median angular 
resolution < 0.5°.  4-6 / year. ~50% astrophysical 
fraction. 

• First alert on April 2016.  

• Alerts issued via GCN: 18 HESE, 9 EHE.
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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2017). A refined localization was reported four hours
later (Kopper & Blaufuss 2017): R.A.=77.43+1.3

�0.8 deg,
Dec.=+5.72+0.7

�0.4 deg (J2000; 90% containment ellipse).
The maximum likelihood neutrino position is R.A.
05h 09m 08.s784, Dec. +05� 450 13.0032 (J2000); see Fig. 1
for an illustration of the initial and final localizations.
EHE neutrino event reports include the neutrino ar-

rival time; direction (R.A. and Dec.), angular error (r50
for 50% containment; r90 for 90% containment), and
revision number; an estimate of the deposited charge,
an estimate of the neutrino energy, and the param-
eter signalness, an estimate of the probability that
the event was due to an astrophysical – rather than at-
mospheric – neutrino (Aartsen et al. 2017). Real-time
identification, localization, and reporting of IceCube HE
neutrinos is enabled by software in-place at the South
Pole since April 2016 (Aartsen et al. 2017).

2.2. Swift XRT Data

IceCube-170922A triggered the Neil Gehrels Swift Ob-
servatory in automated fashion via AMON cyberinfras-
tructure, resulting in rapid-response mosaic-type follow-
up observations, covering a roughly circular region of
sky centered on the prompt localization in a 19-point
tiling that began 3.25 hours after the neutrino detec-
tion. This initial epoch of Swift observations spanned
22.5 hours and accumulated ⇡800 s exposure per point-
ing. The mosaic tiling yielded coverage of a region
with radius ⇡0.8� centered on R.A. 05h 09m 08.s784, Dec.
+05� 450 13.0032 (J2000), amounting to a sky area of 2.1
deg2. XRT data were analyzed automatically, as data
were received at the University of Leicester, via the re-
duction routines of Evans et al. (2009, 2014). Nine X-ray
sources were detected in the covered region down to a
typical achieved depth of 3.8⇥10�13 erg cm�2 s�1 (0.3–
10.0 keV). Fig. 1 shows the exposure map for the 19-
point tiling pattern, along with the nine detected X-ray
sources. All detected sources were identified as coun-
terparts to known and cataloged stars, X-ray sources,
or radio sources (Keivani et al. 2017); fluxes of these
X-ray sources were consistent with previously measured
values.
Notably, Source 2 from these observations (marked

as X2 on Fig. 1), located 4.60 from the center of the
neutrino localization, was identified by us as the likely
X-ray counterpart to QSO J0509+0541, also known
as TXS 0506+056. This was the first report to con-
nect TXS 0506+056 to IceCube-170922A (Keivani et al.
2017).
Following the Fermi report that TXS 0506+056 was

in a rare GeV-flaring state (Tanaka et al. 2017), we com-
menced a Swift monitoring campaign on September 27

Figure 1. Swift XRT follow up of IceCube-170922A. X-ray
exposure map resulting from the adopted 19-point tiling pat-
tern centered on the initial IceCube neutrino localization is
shown in gray-scale, and the positions of all detected X-ray
sources with red points. The red dashed circle shows the ini-
tial 90%-containment region. The red solid ellipse shows the
updated 90%-containment region (Kopper & Blaufuss 2017).
Gray-scale levels indicate achieved exposure at each sky po-
sition, as shown by the color bar. White streaks are due to
dead regions on the XRT detector caused by a micrometeroid
impact (Abbey et al. 2006).

(Evans et al. 2017). Swift monitored TXS 0506+056 for
36 epochs by November 30 with 53.7 ks total exposure
time (Table 1).
To characterize the X-ray flux and spectral variability

of TXS 0506+056, we performed a power-law fit to each
individual Swift XRT observation (Table 1), as well as
to the summed spectrum from all listed epochs, using
XSPEC (Arnaud 1996). The observation on October 14
is excluded from the spectral analysis due to low expo-
sure time. The summed spectrum is adequately fit with
a single power-law spectral model having the Galactic
column density NH = 1.11 ⇥ 1021 cm�2, resulting in
a photon index ↵XRT = 2.37 ± 0.05 and mean flux of
2.27 ⇥ 10�12 erg cm�2 s�1(0.3–10.0 keV).
We note that this source has been observed on mul-

tiple previous occasions with Swift XRT, with results
published in the 1SXPS catalog (Evans et al. 2014).
In past observations, TXS 0506+056 exhibits a typical
flux of 1 ⇥ 10�12 erg cm�2 s�1, with one observation at
⇡ 2.8 ⇥ 10�12 erg cm�2 s�1 (0.3–10.0 keV). The source
was thus in an active X-ray flaring state by comparison
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• Alert system implemented in 2016 
• Automatically circulated to the astronomical community 

a few minutes after detection at the South Pole.
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Spectral energy distributions of blazars
• Broadband SED characterized by two broad emission “bumps” 

• Low energies (radio to X-ray): typically described by synchrotron 
emission from relativistic e-/e+ in the jet. 

• High energies (X-ray to gammas): less understood. Two main 
models: 

• Leptonic: inverse Compton scattering of lower energy photons from 
e-/e+ in the jet. 

• Hadronic: Decay of neutral pions from interactions of high-energy 
hadrons (i.e. cosmic rays) accelerated in the jet. Cosmic rays interact 

with low energy photons in the jet (p- ) or with gas/dust (p-p)γ
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4 P. Padovani et al.

Non-jetted AGN
Jet (HSP)
Jet (LSP)
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cm/mm

Sub-mm/FIR

MIR-NIR

Optical-UV

X-ray Gamma

HE VHE

Accretion disc
Hot corona
Reflection

Dusty torus
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Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or

facilities.

The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Adapted from Padovani et al. A&AR (2017)

Low energies
High energies

• The identification of hadronic signatures would reveal AGN as cosmic ray accelerators, solving a 
long-standing question of UHECR origin. 

• It would also provide insights into the particle acceleration in extreme EM and gravitational environments. 
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Figure 4: Broadband SED for the blazar TXS 0506+056 based on observations obtained
within 14 days of the detection of the IceCube-170922A event by the following instruments:
VLA (35), OVRO (36), Kanata/HONIR (50), Kiso/KWFC (40), SARA/UA (51), ASAS-
SN (52), Swift UVOT and XRT (53), NuSTAR (54), INTEGRAL (55), AGILE (56), Fermi-
LAT (22), MAGIC (27), VERITAS (57), H.E.S.S. (58) and HAWC (59). Specific observa-
tion dates and times are provided in the Supplementary material. Differential flux upper limits
(shown as colored bands and indicated as “UL” in the legend) are quoted at the 95% C.L. while
markers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder4 (60), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (17) and from
an analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for
absorption due to the EBL. The electromagnetic SED displays a “double-bump” feature, one
peaking in the optical-UV range and the second one in the GeV range in this case, which is
characteristic of the non-thermal emission from blazars. Note that even within this 14-day pe-
riod, there is variability observed in several of the energy bands shown (see Figure 3) and the
data are not all obtained simultaneously. Representative neutrino flux upper limits that produce
on average one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5
years (dashed black line) are shown assuming a spectrum of dN/dE / E�2.

13

• TXS 0506+056: Fermi blazar at z=0.34. Broad multi-wavelength follow-up campaign, led to the detection of the source >100 GeV by 
ground-based gamma-ray instruments. 

• 3σ chance coincidence correlation. Evidence for a connection between TXS 0506+056 and IC170922A.
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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6 Abeysekara et al.

Figure 1. VERITAS statistical-significance sky map for the region around TXS 0506+056.
The VLBA radio location of the blazar is indicated with a ‘+’ marker. The size of the
VERITAS point spread function for this analysis, at 68% containment, is shown as a white
circle in the lower left. The ‘x’ marker indicates the best-fit position of IC 170922A, with
dashed (dotted) lines indicating the 50% (90%) confidence-level regions for the neutrino
location (from IceCube Collaboration et al. (2018)).

Photons with energies between 100 MeV and 300 GeV that were detected within

15� of the location of TXS 0506+056 were selected for the analysis, while photons

with a zenith angle larger than 100� were discarded to reduce contamination from the

Earth’s albedo. The contribution from isotropic and Galactic di↵use backgrounds,

and sources in the 3FGL catalog (Acero et al. 2015) within 15� of the source position,

were included in the spectral fit with their spectral parameters fixed to their catalog

values, while the parameters for sources within 3� were allowed to vary freely during

the source spectral fit. The blazar spectral fit was performed with a binned-likelihood

method using the P8R2 SOURCE V6 instrument response functions.

TXS 0506+056 is strongly detected during the analyzed period, with a test-statistic

(TS) of more than 2100 from the Fermi -LAT analysis. The power-law best-fit spectral

parameters are a photon index � = 2.05 ± 0.03 (consistent with the 3FGL value of

2.04 ± 0.03) and a flux normalization N0 = (1.04 ± 0.05) ⇥ 10�11 cm�2 s�1 MeV�1

at an energy E0 of 1.44 GeV, about a factor of three higher than the 3FGL value

of (3.24 ± 0.10) ⇥ 10�12 in the same units. The spectral fit was repeated in seven

independent energy bins with equal logarithmic spacing in the 0.1 - 300 GeV range.

Best-fit flux values and 68% uncertainties, shown in Fig. 2, are reported for spectral

bins with a TS larger than 4. Flux upper limits at 95% CL are quoted otherwise.
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Modeling the 2017 neutrino emission

• Strong constraints on hadronic emission from X-ray observations 

• ~1% probability that the neutrino is associated with the source based on SED modeling.

30
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Table 7. Model-specific parameter values for leptonic models (LMs) for TXS 0506+056 discussed in the text

LMBB1a LMBB1b LMBB1c LMBB2a LMBB2b LMBB2c LMPL1a LMPL1b LMPL2a LMPL2b

L0(max)
p [1044 erg s�1] 0.54 0.27 0.34 1 5.4 10 0.54 0.54 10 10

sp 2 2.5 3 2 2 2 2 2 2 2

�0
p,min 1 3⇥ 106 3⇥ 106 1 1 1 1 1 1 1

�0
p,max [108] 30 30 30 1.6 0.16 0.016 30 30 0.016 0.016

u0
ext [erg cm�3] 0.033 0.033 0.067 0.04 0.08

T 0 [K] 3⇥ 105 n/a

↵ n/a 3 2 3 2

"0min [keV] n/a 0.05

"0max [keV] n/a 5

Note—See Table 5 for parameter definitions, and Table 6 for parameter values common to all LMs. In LMBB models, the external photon
field is blackbody-like with comoving temperature T 0, while in LMPL models, it is a power-law between comoving energies "0min and "0max,
with photon index ↵. In all cases, u0

ext is the comoving energy density of the external photon field. Note that the isotropic-equivalent
cosmic-ray proton luminosity is Lp = �4L0

p.
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Figure 4. Leptonic Model (LMBB2b) for the
TXS 0506+056 flare (Ep. 1). Two SED cases (gray
lines) are plotted against the observations (colored points,
showing allowed ranges at 90% confidence), one with
hadronic component set to the maximum allowed proton
luminosity L(max)

p ⇡ 2 ⇥ 1050 erg s�1 (solid gray), and the
other set to twice this maximal value (dashed gray line).
Corresponding all-flavor neutrino fluxes for the maximal
(solid red) and “twice maximal” (dashed line) cases are
also shown. Photon attenuation at "� ⇠> 3 ⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.

In what follows, we show that our neutrino flux limits
are fairly insensitive to the exact parameter values that
may a↵ect the photomeson production optical depth.
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Figure 5. Upper limits on the all-flavor neutrino (⌫ + ⌫̄)
fluxes predicted for our modeling of the SED in the leptonic
(LMx) and hadronic (HMx) models.

Proton maximum energy — Motivated by the hypoth-
esis that blazars are UHECR accelerators, i.e., at ener-
gies above 3 ⇥ 1018 eV (Murase et al. 2012), we ex-
plore the e↵ect of the proton maximum energy on the
neutrino flux upper limits. We thus explore cases with
�0
p,max

= 1.6 ⇥ 108, 1.6 ⇥ 109, and 3 ⇥ 109 – see Ta-
ble 7. Our results on the neutrino fluxes are presented
in Fig. 5.
Neutrino spectra in the LMBB1x models are more

extended in energy compared to the default case
(LMBB2b). They peak around 10 PeV (100 PeV) for
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expectation of an associated HE neutrino detection by
IceCube.

3.3. Hadronic Models (HMs)

In hadronic scenarios, while the low-energy peak in the
blazar’s SED is explained by synchrotron radiation from
relativistic primary electrons, the HE peak is explained
by EM cascades induced by pions and muons as de-
cay products of the photomeson production (Mannheim
1993; Mücke et al. 2003), or synchrotron radiation from
relativistic protons in the ultrahigh-energy range (Aha-
ronian 2000; Mücke et al. 2003). We coin this scenario
“HM”, which stands for Hadronic Model, in reference
to the hadronic origin of the �-rays. The synchrotron
and IC emission of secondary pairs may have an im-
portant contribution to the bolometric radiation of the
source. In contrast to the leptonic scenario (Sec. 3.2),
the parameters describing the proton distribution can be
directly constrained from the NuSTAR and Fermi LAT
data. For the TXS 0506+056 flare, in the hadronic sce-
nario, the SED can be fully explained without invoking
external radiation fields.
There are di↵erent combinations of parameters that

can successfully explain the SED in the HM sce-
nario (Böttcher et al. 2013; Cerruti et al. 2015). As
a starting point, we search for combinations of � and
B0 that lead to rough energy equipartition between
the magnetic field and protons, since the primary elec-
tron energy density is negligible in this scenario. With
analytical calculations we derive rough estimates of the
parameter values for equipartition: �eq ⇠ 5, B0

eq
⇠ 80 G,

R0
eq

⇠ 1016 cm, and "0p,max
⇠ 109 GeV (Petropoulou &

Dermer 2016).
The parameter values obtained by numerically mod-

eling the SED (see Fig. 6) are summarized in Table 8
and are similar to the estimates provided above. The
jet power computed for this parameter set (HM1) is
close to the minimum value expected in the hadronic
scenarios. More specifically, the absolute power of a
two-sided jet inferred for these parameters is Lj ⇡
2⇡cR02(�/2)2(u0

p + u0
e + u0

B) ⇠ 4 ⇥ 1047 erg s�1, with
u0
p ⇡ 2u0

B ⇠ 500 erg cm�3, where u0
p, u

0
e, u

0
B are comov-

ing energy densities of relativistic protons, electrons, and
magnetic fields, respectively. As demonstrated in Fig. 6,
the emission from the EM cascade forms a “bridge” be-
tween the low-energy and high-energy peaks of the SED
for � = �eq (gray dotted line). Despite minimizing the
power of the jet, the adopted set of parameters for HM1
cannot explain the SED due to the associated significant
EM cascade component.
The EM cascade emission can be suppressed if the

source becomes less opaque to the intra-source �� ab-

Table 8. Parameter values for hadronic models (HMs) for
TXS 0506+056 discussed in the text and presented in Fig. 6.

HM1 HM2 HM3

B0 [G] 85

R0 [in 1016cm] 2 3 4.5

� 5.2 10 15

L0
e [in 1043 erg s�1] 9.3 0.6 0.06

se,1 1.8

se,2 4.2 3.6 3.6

�0
e,min [in 102] 6.3 1 1

�0
e,br [in 102] 7.9 6.3 5

�0
e,max 104

L0
p [in 1046 erg s�1] 2.7 0.1 0.01

sp 2.1

�0
p,min 1

�0
p,max 2⇥ 109

Note—Parameter definitions are provided in Table 5.
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Figure 6. Hadronic Model (HM3) for the SED of
TXS 0506+056 flare (Ep. 1), as computed for di↵erent values
of the Doppler factor (gray curves), together with resulting
all-flavor neutrino fluxes (red curves) and electromagnetic
observations (colored points, showing allowed ranges at 90%
confidence). Photon attenuation at "� ⇠> 3⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.

Keivani et al. (arXiv/1807.04537) among many others
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Figure 2: Time-independent weight of individual events during the IC86b period. Each
vertical line represents an event observed at the time indicated by calendar year (top) or MJD
(bottom). Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line
indicates the Event Weight: the product of the event’s spatial term and energy term in the
unbinned likelihood analysis evaluated at the location of TXS 0506+056 and assuming the best-
fitting spectral index � = 2.1 (30). The color for each event indicates an approximate value
in units of TeV of the reconstructed muon energy (Muon Energy Proxy), which the analysis
compares with expected muon energy distributions under different hypotheses. [A distribution
for the true neutrino energy of a single event can also be inferred from the event’s muon energy,
see (30)]. The dashed curve and the solid bracket indicate the best-fitting Gaussian and box-
shaped time windows, respectively. The distribution of event weights and times outside of the
best-fitting time windows is compatible with background.

centered at 22 September 2017 with duration TW = 19 days, � = 1.7 ± 0.6, and fluence
E2J100 = 0.2+0.4

�0.2 ⇥ 10
�4 TeV cm�2 at 100 TeV. No other event besides the IceCube-170922A

event contributes significantly to the best-fit. As a consequence, the uncertainty on the best-
fitting window location and width spans the entire IC86c period, because any window contain-
ing IceCube-170922A yields a similar value of the test statistic. Following the trial-correction
procedure for different observation periods as described above, the significance of this excess
is 1.4�. If the IceCube-170922A event is removed, no excess remains during this time period.
This agrees with the result of the rapid-response analysis (31) that is part of the IceCube alert
program, which found no other potential astrophysical neutrinos from the same region of the
sky during ±7 days centered on the time of IceCube-170922A.

We performed a time-integrated analysis at the coordinates of TXS 0506+056 using the full
9.5 year-data sample. The best-fitting parameters for the flux normalization and the spectral
index are �100 = (0.8+0.5

�0.4) ⇥ 10
�16 TeV�1 cm�2 s�1 and � = 2.0 ± 0.3, respectively. The

6

Archival neutrino events from IceCube

• Archival analysis revealed a 13±5 neutrino excess (3.5𝛔) in 2014-2015 over 110 days. 

• No follow-up campaign. What’s happening on the EM side?
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(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

IceCube (Science 2018)
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EM emission from TXS 0506+056 around the flare

• No evidence for EM flaring activity from the source in 2014-2015. 

• Most models over-predict the X-ray to gamma fluxes. 

• Multi-messenger follow ups with be crucial in the coming decade.
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Many modeling efforts for 2014-15/17: 
Reimer+ 2019, Cerruti+ 2018, Zhang+ 
2018, Keivani 2018+, Petropoulou+ 2019

4 Petropoulou et al.

Figure 1. Multi-wavelength light curve of TXS 0506+056 composed of optical/UV data (not corrected for extinction) from
ASAS-SN and Swift-UVOT (top panel), X-ray data from Swift and MAXI /GSC (middle panel), and gamma-ray data (in bins of
56.2 days) from Fermi-LAT (bottom panel). The shaded areas represent the epochs defined in Table 1 and used in our analysis.
The black dashed line indicates the detection time of IceCube-170922A. Swift-XRT observations after IceCube-170922A have
been taken from Keivani et al. (2018) and are shown for completeness. The MAXI /GSC and Swift-BAT upper limits have been
scaled by a factor of 1/3 for better visibility.

flux values at the central wavelength for each filter are
given in Table 2 and were used in the SED modeling
shown in Figure 2.

2.3. Swift-XRT

We use X-ray data from the Neil Gehrels Swift Ob-

servatory (Gehrels et al. 2004) X-ray telescope (XRT,
Burrows et al. 2005). Swift-XRT data products are
available though the UK Swift Science Data Centre4,
and have been analyzed by using standard pipeline com-
mands (Evans et al. 2007, 2009). The pipeline produces
light curves (i.e. count rate vs time) and spectral files
in the 0.3�10 keV energy band from all available obser-
vations. We identified five observations that fall within
the periods of interest (see middle panel in Figure 1)
and, for these, performed spectral fitting to constrain
the spectral properties of TXS 0506+056. Observations
taken after the detection of IceCube-170922A are not

4 http://www.swift.ac.uk/user objects/

included in this analysis, but are included in Figure 1
for completeness.
The X-ray spectra were binned using at least one

count per energy bin to allow the use of Cash statistics
(Cash 1979). The spectral analysis of our data was per-
formed with the xspec fitting package V. 12.10.0 (Ar-
naud 1996). All spectra were fitted with an absorbed
power-law model, where the interstellar absorption was
modeled using the tbnew code (Wilms et al. 2000, tbabs
in the newest xspec version), with Galactic abundances
for elements heavier that He (Wilms et al. 2000) and
appropriate atomic cross sections (Verner et al. 1996).
First, we fitted individual observations with a model
where all parameters were left free. Given the low statis-
tics, the derived best-fit values were not significantly
(i.e., beyond 3�) di↵erent among individual observa-
tions. We thus fitted all the individual data-sets simul-
taneously with the same model, using the same column
density for all five observations and the same power-
law slope for multiple observations within one epoch.
The normalization of each of the five spectra was left

Petropoulou, Murase, MS, ++ (2019)

14 Petropoulou et al.

Table 9. Upper limits on the 100 TeV – 10 PeV
all-flavor neutrino flux and muon neutrino rate for
muons above 30 TeV.

Epoch F (max)

⌫+⌫̄ [erg cm�2 s�1] Ṅ⌫µ+⌫̄µ [yr�1]

1 8.8⇥ 10�13 0.04

2† 7.3⇥ 10�12 0.2

2‡ 3.0⇥ 10�12 0.1

3 4.6⇥ 10�12 0.2

4 3.3⇥ 10�12 0.1

2017 3.6⇥ 10�12 0.1

Note—We also list the value for the LMBB2b
model of Keivani et al. (2018) for the 2017 flare
of TXS 0506+056. The atmospheric background
muon neutrino rate in the 100 TeV – 10 PeV en-
ergy range is Ṅ atm

⌫µ+⌫̄µ ⇠ 0.01 yr�1 for an angular
resolution of 0.5 deg.

†Swift-XRT high state.

‡Swift-XRT low state.

the X-ray flux is a better probe of the maximal
neutrino flux within our model, with F

(max)

⌫+⌫̄ / FX

(right panel of Figure 3). This is partly because
the SED has a valley in the X-ray range, which is
the most important for constraining hadronic com-
ponents. The X-ray coverage of the source before
the 2017 flare is very sparse (see Figure 1), thus
preventing a more sophisticated analysis than the
one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in-between
the four epochs we chose for our analysis. Such
changes in the jet parameters could happen in
highly variable blazars (e.g., Raiteri et al. 2013;
Ahnen et al. 2017). This limitation stems from the
lack of quasi-simultaneous multi-wavelength data
for long time windows and highlights the need for
X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporane-
ous. More specifically, the X-ray spectra are com-
puted from individual Swift-XRT observations of
duration of few ks each, while the gamma-ray spec-
trum is averaged over the whole epoch of interest
(⇠ 0.5 yr). In this regard, the Swift-XRT observa-
tions are instantaneous compared to the selected
time window. So, when we translate the maximal
neutrino flux, which is mainly set by the X-ray
flux, into an expected number of events and use

10−5 100 105 1010 1015

10−13

10−12

10−11

10−10

10−5 100 105 1010 1015

 ε [eV]

10−13

10−12

10−11

10−10

ε
 F

ε
 [
e
rg

 c
m

−
2
 s

−
1
]

Epoch 4 (MJD 56938−57096)

Figure 4. Same as in Figure 2, but for a case where the
model-predicted neutrino flux is compatible with the Ice-
Cube flux of epoch 4. Here, we assumed T 0

ext = 2 ⇥ 107 K
(or, equivalently, ✏0ext ' 5 keV) and L0

p = 1.7⇥ 1048 erg s�1.
All other parameters are the same as those listed in Table 8
for epoch 4.

�T = 0.5 yr as the typical duration, we may over-
estimate the number of neutrinos. The X-ray flux
variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a
factor of ⇠ 2.

5.2. Implications for the 2014-2015 neutrino flare

Here, we focus to the implications of our model for
the 2014-2015 neutrino flare. As an illustrative ex-
ample, we show in Figure 4 a case where the model-
predicted neutrino flux is compatible with the IceCube
flux of epoch 4. The parameters are the same as those
listed in Table 8, except for the characteristic external
photon energy (temperature) and the proton luminos-
ity, which now read ✏

0
ext

' 5 keV (T 0
ext

= 2 ⇥ 107 K)
and L

0
p = 1.7 ⇥ 1048 erg s�1, respectively. For the

adopted parameters, the electromagnetic emission of
the secondaries produced via photohadronic interactions
and photon-photon pair production reaches a flux of
⇠ (3 � 10) ⇥ 10�11 erg cm�2 s�1, which confirms the
analytical results of Murase et al. (2018). Such high X-
ray and gamma-ray fluxes clearly overshoot the MAXI,
Swift-BAT upper limits by a factor of ⇠ 2 � 3 and the
Fermi -LAT data by a factor of ⇠ 10, respectively. In
addition, this case is unlikely in astrophysical view, for

Hard X-ray  
 MeV
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Realtime alerts • Initial GCN Notice followed by GCN circular with refined position and error estimates (within couple of hours) 
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

• Typically followed up by multiple multimessenger/
multiwavelength facilities. 

• Example: IC-190503A event 
• ~145 TeV EHE event 
• Follows up by ZTF, ASAS-SN, Kanata, INTEGRAL, 

IceCube, Fermi-GBM, ANTARES, Fermi-LAT, Lick/
KAIT, Swift-XRT, Insight-HXMT (9 GCNs, 3 ATels)

IC-190503A

Notice

Refined
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Realtime alerts

• Signalness = Nsignal / (Nsignal + Nbackground)  

• Improved selection based on signalness 
combines through-going and starting tracks. 

• Doubled effective area at 0.1 - 1 PeV 

• Gold stream: ~50% signalness (16 issued) 

• Bronze stream: ~30% signalness (26 
issued)
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Unified track alert streams

• As of Dec 2nd, 2020: 16 gold and 26 bronze alerts issued
https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html[PoS-ICRC2019-1021]
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Realtime alerts
• HESE events are selected using a deep neural network 

(DNN) classifier.  

• 50% have an uncertainty < 7°, 68% is < 9°. 

• Signalness > 0.9 at energies above 100 TeV 

• Online July 2020, two alerts as of Dec 2020.
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Cascade alerts

https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html



M. Santander - Multimessenger astroparticle physics an observational perspective — ISAPP 2022 School, University of Paris-Saclay

Realtime alerts
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Cascade alerts

HEALPix FITS file 
circulated for each alert. 

GCN Notice

https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html
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Realtime alerts
• HAWC + IceCube: HAWC daily transit hotspot correlated by AMON 

with IceCube neutrinos within 3.5°. 

• Ranking statistic (RS) distribution derived from 2 years of scrambled 
data. Cuts on RS defined to send 4 alerts per year to GCN. 

• Started April 2020, 3 alerts sent so far
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Neutrino-gamma coincidences

statistic is based on Fisher’s method, where we combine all the information that we have from the
events. It is defined as:

�2
6`2n⌫

“ ´2 lnrp
�
p

HAWC
p

cluster

⌫π

i

p
IC,i

s, (1.1)

where p
�
quantifies the overlap of the spatial uncertainties of the events; p

HAWC
is the probability of

the HAWC event being compatible with a background fluctuation; p
cluster

is the probability of seeing
more than one neutrino from background in the HAWC transit period; and p

IC,i
is the probability

of measuring an energy/BDT score or higher for an Icecube event assuming it is a background event
(calculated using the energy/BDT score and zenith angle). The p

�
value is obtained from maximizing

a likelihood calculation that measures how much the position of the HAWC event and the IceCube
events overlap with each other. This is calculated as

�p~xq “
Nÿ

i“1

plnpSip~xqq ´ lnpBiqq (1.2)

where S corresponds to the uncertainties of the events, assuming Gaussian distributions on the sphere,
and B is the spatial background distribution from each detector at the position of the events. This
likelihood is maximized by finding the best position of the coincidence ~x. A higher � value means
the uncertainties of the events overlap more. This translates into a smaller p

�
. Since during the

likelihood the product of the Gaussian distributions leads to another gaussian, we use this to obtain
the uncertainty in the position of the coincidence. This leads the uncertainty to be similar in size to
the smallest uncertainty which in this case comes from the HAWC “hotspot” (Op0.2˝q). We will send
50% and 90% containment radius (1.18� and 2.15� for a 2D gaussian).

Due to the fact that we can have more than one neutrino in the time window, this a↵ects the degrees
of freedom of equation 1.1. Considering this, we transform the �2 to a p-value, with the corresponding
number of degrees of freedom, and then calculate the negative logarithm of this quantity. This is
represented as

�21 “ ´ log pp° �2
6`2n⌫

q, (1.3)

which is the value that we used to rank the coincidences. The false alarm rate (FAR) is a function of
this value.

1.4 Rate of coincidence alerts and latency

The analysis methods was run on scrambled datasets. These datasets corresponds to two years of
data. The scrambled process was done several times to obtain enough statistics to build the FAR
distribution. Figure 1.1 is the FAR as a function of the ranking statistic. The FAR reported will be
derived per coincidence based on the ranking statistic value found in Eq. 1.3 and the equation that
appears in Fig. 1.1 derived from the scrambled tests.

The rate of alerts that we will sent to GCN is 4 per year, which corresponds to a ranking statistic
threshold of 6.48.

Due to the way the HAWC analysis is performed, the location of the sky has to transit above the
HAWC detector before the analysis can start. This, depending on the declination, will take at least 6
hours before an alert can be sent. The coincidence analysis inside the AMON servers take less than a
minute to run after it receives the alert.

Figure 1.1: False alarm rate as a function of the ranking statistic obtained from the scrambled datasets

1.5 Description of the alert GCN notice content

The GCN notices contain information that should help follow-up observatories decide on following
possible multi-messenger sources, specifically the false alarm rate.

• GCN Stream: GCN Socket number. This corresponds to 172 for the Gamma-Nu stream.

• AMON Stream: Number of the AMON analysis stream. For this HAWC-IceCube analysis, the
value is 1.

• AMON ID: ID of the coincidence event.

• Revision: Revision of the coincidence.

• Right Ascension and Declination in several epochs (current, J2000 and J1950) with a 50% and
90% containment angular uncertainty.

• Time and date in universal time (UTC): this will correspond to the end of the HAWC transit.

• Time window: this will correspond to the time of the HAWC transit, which depends on the
declination. Given in seconds.

• False Alarm Rate: rate of random coincidences expected from the scrambled analysis.

• P-value: This is a default parameter for the Gamma-Nu GCN stream. No value is generated
for this analysis, though in general it will be the probability of observing a coincidence ranking
statsitic (or higher) assuming the coincidence is fortuitous. For this analysis it will be always 1.

It will also contain more information that is derived by GCN. These can be the position in other
coordinate systems, distance to the sun or moon, etc. See the example in the next section.

1.6 Example of alert message

//////////////////////////////////////////////////////////////////////
TITLE: GCN/AMON NOTICE
NOTICE_DATE: Sun 24 Feb 19 02:03:33 UT

https://gcn.gsfc.nasa.gov/amon_nu_em_coinc_events.html[PoS-ICRC2019-841]
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Get them on your phone!

• Search for IceCubeAR in the iOS App Store and in the Google Play Store

38
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Clustering searches
• Spatial correlations can reveal an astrophysical signal buried in the 

atmospheric neutrino background. 

• Optical follow-up (OFU): GRB/SN 

• 2+ events in 100 s, within 3.5° 

• Private alerts to ZTF and Swift 

• Gamma-ray follow-up (GFU):  

• Likelihood analysis on variable time-scales correlated with known or likely VHE 
gamma emitters.  

• Private alerts to MAGIC, VERITAS, H.E.S.S. 

• Online event selection / reconstruction 

• Similar sensitivity to previous offline searches
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Table 1: Details on IceCube events

ID IceCube Event ID Alert ID Time RA Dec Error Deposited energy
(s) (�) (�) (�) (TeV)

1 62474825 7, 8 0 26.0 [30.2] 39.9 [43.2] 4.5 [3.6] 0.26
2 62636100 7 +55.4 24.4 [24.2] 37.8 [38.4] 1.6 [0.9] 1.1
3 62729180 8 +87.3 27.2 [26.8] 40.7 [40.7] 1.4 [0.9] 0.52

Notes. The directions are the result of the reconstruction algorithm that was used in the follow-up program at the time of the alert (MPE fit), while
the values in brackets result from an alternative reconstruction algorithm with an improved ice model (Spline MPE fit). The error on the direction
is the radius of the 50% error circle. The last column shows an estimate of the energy deposited by the muons in the detector, which is a lower
limit on the neutrino energy. All times are relative to 2016-02-17 19:21:31.65 UTC.

factor the 50% error circle has to be increased such that it con-
tains the true neutrino direction for 90% of the simulated events.

All quoted directions were obtained with the multi-
photoelectron (MPE) fit (see Ahrens et al. 2004) which was used
for the follow-up program at the time of the alert. An improved
version of this algorithm, called Spline MPE, uses a more real-
istic model of light propagation in ice and on average reaches
a more precise reconstruction of the direction (Aartsen et al.
2014). The Spline MPE reconstruction has been used for the
follow-up program since May 2016. The Spline MPE fit yields
shifted coordinates which are shown in brackets in Table 1.
The reconstructed direction changes the most for the first event,
which deposited light in a relatively small number of DOMs due
to its low energy. Based on the Spline MPE fit, the average di-
rection of all three events is RA = 25.7�, Dec = 39.6� with error
circles of 0.6� (50%) and 1.9� (90%).

Based on the Spline MPE reconstruction, events 1 and 2 (see
Table 1) would no longer form a doublet, while events 2 and
3 would have formed a doublet. We expect the detection of 66
doublets per year due to background, and the ⇠5 most significant
doublets are followed up (see Sect. 2.3). The doublet consisting
of events 2 and 3 does not pass the significance threshold (com-
pare Sect. 2.3). Hence, the alert would not have been considered
interesting and no follow-up observations would have been trig-
gered even if our program had been running with the Spline MPE
reconstruction at the time of the alert.

We used simulated neutrino events following an E
�2.5 neu-

trino spectrum (compare Sect. 5.1) to calculate the probabil-
ity that three events from a point source form a triplet based
on the MPE reconstruction, which is not recovered when using
the Spline MPE algorithm. The resulting probability is 8%. For
background triplets (i.e., events that are aligned by chance but
do not stem from a point source) we evaluate scrambled data
(compare Sect. 3.2) and find that the probability is 36%. The
fact that the triplet is not re-detected when using the Spline MPE
algorithm is therefore a slight indication that it might not be of
astrophysical origin, but a coincidence of aligned background
events.

To test more precisely whether the three events are consis-
tent with a single point source origin we simulated events from
a similar zenith range. The true direction of the events is shifted
to the same position and we select events with comparable esti-
mated angular errors. We then check how often they are recon-
structed further from their true direction than the three detected
events. We quantify this by defining a test statistic equivalent to
the spatial term used in the standard point source analysis (Eq. 3
in Ref. Aartsen et al. 2017b) and find that this happens in ⇠75%
(⇠50% using the SplineMPE results) of all cases. Therefore, the
detected events are consistent with a point source origin when

Fig. 1: Location of the three neutrino candidates in the triplet with their
50% error circles. The plus sign shows the combined direction and the
shaded circle is the combined 50% error circle. The solid circles show
the results of the MPE reconstruction and the thin dashed circles cor-
respond to the results of the Spline MPE reconstruction (compare Ta-
ble 1). All further results are based on the MPE reconstruction which
was the reconstruction used for the follow-up program until May 2016.

considering their errors and the detector properties for this zenith
direction.

All following analyses are based on the MPE position and
error estimate which are shown as solid lines in Fig. 1. Compared
to the angular separations between the neutrino candidates the
mean position only changes slightly and the 50% error circle of
the MPE reconstruction fully contains the 50% error circle of the
Spline MPE fit.

3.1. Detector stability

Before triggering follow-up observations we examined the sta-
tus of the detector carefully. A set of selected trigger and filter
rates related to the analysis are monitored in real-time. Figure 2
shows the rate of the Simple Multiplicity Trigger, the Muon Fil-

ter, and the Online Level 2 Filter (see Sect. 2.2) near the time of
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MONITORING OF KNOWN Ɣ-RAY EMITTERS

‣ “Rolling analysis” on a 
pre-defined list of sources:

‣ 339 sources from 3LAC/3FHL catalogs

‣ Selected according to potential visibility  
in VHE gamma-rays with IACTs

‣ Generates 5—10 alerts per year at 3σ level

‣ TXS 0506+056 now monitored, 
would have triggered 2 alerts in 2014!

5.2 T��� C��������� A��������

Figure 5.4: Sketch of the time clustering algorithm. Vertical bars show the weights of
events, which were recorded over time. The right-most event triggers the
analysis. Orange arrows denote the time windows (expanding from the
trigger backwards in time), to which the point-source analysis is applied.
The time windows always start with an event whose weight exceeds a
defined threshold (set to 1), and end with the triggering event.

arbitrary event at time tk = 0 in that example, possible clusters with earlier events
(fulfilling the minimum event weight criterium) are constructed.

An algorithm testing variable flare durations should be unbiased towards the length
of the time window. However, in practice, a given dataset allows for testing many
more short time windows than long time windows. Thus, it will preferentially select
short duration flare candidates. Modifying the test statistic mitigates this effect by
introducing a penalty [127]:

⇤ = 2 log
 L(n̂s, �̂)
L(ns = 0)

U(ti, tk)
Tmax

�
, (5.10)

where U denotes the detector uptime during the tested time window, tk � ti, i.e. the
time during which the detector was operating normally and recording events (see
Sec. 3.6). Equation. 5.10 is evaluated on all selected time windows, choosing the one
with the largest test statistic.

This setup is equivalent to multiplying the signal and background PDFs from
Eqn. 5.1 and 5.2 with a time PDF of the form

PS
time(t) = PB

time(t) =
⇢
U(ti, tk)�1 ti < t < tk

0 else . (5.11)

The algorithm so far does account for two time-dependent effects. First, the detector
geometry the azimuthal symmetry axes and the rotation of the Earth cause a fluctuation
of up to 40 % in azimuthal acceptance, which has been included in the spatial PDF.
Second, although the detector uptime is generally very stable, interruptions in data
taking of up to one day have occurred in the past. This effect is relevant for flares
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Figure 6.3: Skymap showing the locations of the monitored sources in equatorial
coordinates. A different source list is created for each telescope, with the
sources indicated by different symbols. In total, 339 individual sources are
monitored for flares. All sources are listed in Appendix A.

Since the catalog flux is averaged over longer observations and does not reflect
the behavior during a flaring state, the extrapolation is done optimistically:
Based on the catalog values, the flux normalization is taken at the upper end of
the uncertainty range, and the spectral index is taken at the harder end of the
uncertainty range. In addition, the flux is scaled by a factor of 10 in order to
simulate a flare.

Aside from the Fermi source catalogs, the source lists are extended using sources found
in the TeVCat, a catalog of blazars observed at very high energy gamma-rays [151]. It
contains sources whose spectral energy distribution peaks at TeV energies, towards
which Fermi-LAT’s sensitivity decreases. Hence, these sources are not all classified as
being time-variable in the Fermi catalogs, but since their extremely energetic nature
may provide a suitable environment for neutrino production they are added to the
source lists.

Eventually, the selection yields 179 sources for MAGIC, 190 sources for VERITAS,
and 139 sources for H.E.S.S.. Accounting for the sources common to several lists,
339 individual sources are monitored. A complete list is given in Appendix A.

6.1.3 Alert Threshold

After the definition of the analysis and the source lists, the threshold for triggering an
alert shall be set.
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(a) Limits on short transients. (b) Limits on longer lasting transients.

Fig. 7: Flux upper limits from the multiwavelength observations. The confidence level varies between the di↵erent observations
as indicated in the legend and some limits depend on the assumed source spectrum (Swift XRT and BAT � = �2 and Fermi LAT
� = �2.1; see Sect. 4). For the optical telescopes, the limit corresponding to the deepest observation is shown, while for the other
instruments, all analyzed data were combined. The limit for the Swift BAT is purely based on the observation taken 100 s after the
detection of the first neutrino (compare Sect. 4.2.1) and hence applies to prompt gamma-ray emission. Follow-up observations were
triggered 22 h after the detection of the neutrino triplet.

shape as well as the measured normalization and consider sim-
ulated neutrino events which passed the event selection of the
follow-up program. We expect the detection of 600 astrophysical
muon neutrinos per year from the Northern sky. For this calcu-
lation, we extrapolated the measured neutrino spectrum down to
10 GeV, below the IceCube sensitivity threshold. If we were only
to consider events above 10TeV where the astrophysical flux has
been measured (Aartsen et al. 2015a), we would expect the de-
tection of 200 events per year. The large number of expected
astrophysical neutrino events results from the broad, inclusive
event selection of the follow-up program which aims to include
all well-reconstructed track events.

We simulate a population of transient neutrino sources that
accounts for the complete astrophysical neutrino flux. The cos-
mic star-formation rate approximately describes the redshift
distributions of several potential neutrino sources, like CC-
SNe (Cappellaro et al. 2015) and GRBs (Wanderman & Piran
2010; Salvaterra et al. 2012; Krühler et al. 2015) which how-
ever tend to be located at slightly larger redshifts. We simulated
a source population using the star-formation rate of Madau &
Dickinson (2014) and calculated for each source the probability
of detecting it with a certain number of neutrinos after apply-
ing the event selection of the follow-up program. We find that
a source detected with a single neutrino is located at a median
redshift of z = 1.1, as shown in Fig. 8.

To calculate the distance to a source detected with multi-
ple neutrinos, we have to simulate how bright the individual
sources are. We assume a population with a local source rate of
10�6 Mpc�3 yr�1, which corresponds to ⇠1% of the CCSN rate
(see e.g., Strolger et al. 2015). If this population accounts for the
astrophysical neutrino flux, we expect the detection of one neu-
trino triplet (or higher multiplet) per year. The rate of multiplet
alerts, however, strongly depends on the spectral shape and con-
sidered energy range of the neutrino flux. We further assumed
that the luminosity fluctuations between the neutrino sources fol-
low a log-normal distribution with a width of one astronomical

Fig. 8: Probability of detecting a neutrino source within a certain red-
shift. The figure was generated by simulating a population of transient
neutrino sources with a density of 10�6 Mpc�3 yr�1 distributed in red-
shift according to the star-formation rate and normalized to produce
the detected astrophysical neutrino flux. Sources detected with only one
single neutrino are on average far away (median redshift of 1.1), while
sources detected with three or more neutrinos must be located nearby.

magnitude, which is comparable to the luminosity spread of CC-
SNe in optical light at optical wavelengths.

Figure 8 shows that the source of a neutrino doublet has a
median redshift of z = 0.06 and the median redshift of a triplet
source is z= 0.023. We note that these results strongly depend on
the spectral shape of the astrophysical neutrino flux. Considering
only neutrino events with an energy above 10 TeV, the source
rate that yields one triplet per year is 3⇥ 10�8 Mpc�3 yr�1 and
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Neutrino follow-up programs with iacts

• All IACTs participate in neutrino follow-up programs. No VHE detections beyond TXS 0506+056. 

41

HMV

HMV

HV

MV

HMVFMV M

F

V HMVM

HM

HM

V
M

FMV

FM

M

M

M

H

M

M

M

M

HMV

H

HM

Equatorial coordinates

ANTARES singlet
IceCube singlet
IceCube GFU multiplet

FACT, H.E.S.S., IceCube, MAGIC, VERITAS 
https://arxiv.org/abs/2109.04350



M. Santander - Multimessenger astroparticle physics an observational perspective — ISAPP 2022 School, University of Paris-Saclay

A signal in radio?
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A cosmic collider?

43

Britzen et al. (A&A 630, A103, 2019)

S. Britzen et al.: A cosmic collider: Was the IceCube neutrino generated in a precessing jet-jet interaction in TXS 0506+056?

Fig. 3. Model geometry of the proposed jet interaction in the two-jet
scenario. The two jets and their sources are labeled in red (jet II) and in
blue (jet I). The viewing angles of the jets vs. the line of sight (l.o.s.) are
denoted by ↵I and ↵II. The angle between the jet directions is denoted
by ⇥. In addition to the projected alignment and inclinations indicated
in this (2D) sketch, there is an inclination in the third dimension.

right to the left in the image plane. We may speculate that this
second jet could originate from a second black hole (likely direc-
tion to second black hole indicated in Fig. 1b with a question
mark). The paths of the two jets seem to intersect.

Jet II seems to be closer to our line of sight and more strongly
Doppler beamed. The apparent speeds of the jet features are
higher (Table 1). The neutrino(s) might have been generated in
an interaction of two jets in a possible active supermassive binary
black hole system. We discuss this in more detail in Sect. 8.

Tracing the flux-density of each individual component
(1b–1h) reveals that each of these jet components goes through
a maximum in the flux-density evolution (see Fig. 2d, marked
by di↵erently colored rings). We checked where in the xy-plane
this maximum of flux-density occurs (Fig. 2b), and for all the
components 1b to 1h this flux peak is at the projected crossing
site of the inner jet features (1a–1a2) with the outer jet. This
brightening in flux-density is of small amplitude since all these
components appear to be fainter than the inner jet components.
This brightening and passing of the collision site occurs for 1h
roughly at the time of the neutrino event (Fig. 2d). Since all the
jet components “lighten up” in the same region, this is further
support for the collision scenario we proposed earlier.

We can estimate the interaction angle following the typi-
cal interrelation between the viewing angle of the jet compo-
nents and the apparent superluminal speed. We sketch the model
geometry of the proposed jet interaction in the two-jet scenario
in Fig. 3. For jet II with apparent velocities of about �II ' 10, a
viewing angle between ↵II = 1.5� and ↵II = 3� is needed in com-
bination with a proper Lorentz factor �II = 10 � 16. In contrast,
for jet I with an apparent velocity of about �I ' 2, a viewing
angle between ↵I = 5� and ↵I = 20� is likely in combination

with a proper Lorentz factor �I = 2 � 4. We can therefore esti-
mate the collision angle between ⇥ = ↵I + ↵II and ⇥ = ↵I � ↵II,
which also depends on the 3D alignment of the jet sources. In
numbers, this gives a ⇥ ' 15� and a large di↵erence in jet speed,
or a ⇥ ' 2� and a smaller di↵erence in jet speed. In any case the
di↵erence in the Lorentz factor is �� ' 10, which may indeed
lead to a powerful collision between the two jets.

3.5. Apparent speeds of jet features

The kinematic parameters derived for the components that could
be traced are listed in Table 1. As mentioned before, we used
the core feature as reference point for all the components, which
could be reliably identified. We refer to Fig. 1a for the labeling
of the components. The estimated time of ejection can only be
listed for those features that are part of the inner jet (1a, 1a1,
1a2) as we assume their origin is the core. The position angles
for only these components are listed in Col. 6. For the remaining
components it is not clear when and from which core they were
ejected.

The proper motions listed have all been determined by apply-
ing linear regression fits to the data (see Fig. 2a). If the one-jet
scenario is the proper model describing our results, all compo-
nents (1a–1h) will belong to jet I. If the two-jet scenario is the
proper description, components 1a, 1a1, 1a2 will belong to jet
I, and components 1b–1h to jet II. Components 1c and 1h move
along a curved path in the xy-plane. In the case that the two-
jet scenario is correct, the first data point for 1c might not be
correctly identified and for 1h the first three data points might
be misidentified. Only the component identifications for 1c and
1h need to be modified for switching between the one-jet and
two-jet scenario. The proper motions of components 1c and 1h
in Table 1 have been calculated for the two-jet scenario, without
those components that move on the curved path.

4. Modeling the precessing inner jet

As listed in Table 1 and indicated in Fig. 2c, the jet compo-
nents of jet I, 1a, 1a1, and 1a2, start under di↵erent position
angles with time. The flux-density and apparent velocity of 1a2
is higher compared to those of 1a and 1a1. Interpreted in geo-
metrical terms, the jet in more recent times is pointing closer to
the line of sight (i.e., moving toward us). This might indicate that
this jet is precessing.

We tested this hypothesis by constructing a simple pre-
cession model, which was previously used to explain periodic
radio variability and component positional and apparent velocity
changes in blazars (e.g., for OJ287 by Abraham 2000; Britzen
et al. 2018) and a radio galaxy (for 3C120 by Caproni 2004).
Within the precession model the jet is envisaged to undergo a
bulk precession motion, which leads to the periodic changes of
the Doppler boosting factor due to the changes of the viewing
angle of jet components. As a consequence, the underlying emis-
sion of the jet is a↵ected with respect to the observer since the
flux density in the observer’s frame depends on the Doppler fac-
tor as

S obs(t, ⌫) = S jet(⌫)�(�, �)⇠ , (1)

where S jet is the underlying non-thermal synchrotron jet emis-
sion in the source frame, S jet / ⌫�↵, with ↵ the spectral index,
and �(�, �) is the Doppler-beaming factor, which depends on
the Lorentz factor �, the jet component velocity � = v/c =q

1 � 1/�2
L, and the viewing angle � in the following way:
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1e
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1a
c = core

core I

core II ?

Jet I

Jet II

(b)(a)

Fig. 1. Panel a: one of 16 epochs reanalyzed with the components identified in this epoch (Nov. 14, 2010) marked. Shown is an image with the
difmap modelfit components superimposed (circles) and the components belonging to the inner jet (light blue arrow) and those features that seem
to belong to the spike (red arrow). The arrows indicate the dominant direction of motion. The filled ellipse in the bottom left corner gives the beam
size (point spread function). Panel b: image from a later epoch. The two potential jet scenarios are indicated (see text for details). The physical
nature of the spike is unclear. The spike in the two-jet scenario might be the jet of a potential second black hole. The second core (core II) is
therefore marked with a question mark.

study the question of why and how the neutrinos were produced
if they originate in TXS 0506+056. We later propose that the
enhanced neutrino activity in 2014–15 as well as the extremely
high-energy (EHE) neutrino were generated in a collision within
the jet.

Throughout the paper we adopt the following parame-
ters: a luminosity distance DL = 1.8277 Gpc at the source red-
shift of z= 0.3365 with cosmological parameters correspond-
ing to a ⇤CDM Universe with ⌦m = 0.308, ⌦� = 0.692, and
H0 = 67.8 km s�1 Mpc�1 (Planck Collaboration XIII 2016). Thus,
a proper motion of 1 mas yr�1 corresponds to an apparent super-
luminal speed of 16.18c, while 1 mas= 4.961 pc.

2. Observations and data reduction

We remodeled and reanalyzed 16 VLBA observations (15 GHz,
MOJAVE1) performed between January 2009 and March 2018.
The typical beam (point spread function) of these observations is
0.984 ⇥ 0.444 mas. Observations on September 6, 2015, had the
smallest beam with 0.942 ⇥ 0.406 mas. The beam indicates the
resolution, which is usually assumed to be one-fifth of the beam.
The beam of the observations depends on the projected length
and orientation of the vector between the antennas as viewed by
the celestial source. This changes as the Earth rotates.

Gaussian circular components were fitted to the data to
obtain the optimum set of parameters within the difmap-modelfit
program Shepherd (1997). Every epoch was fitted independently

1
https://www.physics.purdue.edu/MOJAVE/

from all the other epochs. The following parameters were fitted
to the data: the flux-density of the component, the radial distance
of the component center from the center of the map, the position
angle of the center of the component (degrees north –> east)
with respect to an imaginary line drawn vertically through the
map center, the full width at half maximum (FWHM) major axis
of the circular component.

The model-fitting procedure was performed blindly so as not
to impose any specific outcome. Since the unique neutrino detec-
tion from this source, we expected TXS 0506+056 to reveal spe-
cial properties. Therefore, without knowing what these peculiar
properties would be, we remodeled all the available MOJAVE
data to also allow very faint components.

With this new approach, any unusual morphology and mor-
phological changes should appear in the model-fitting process.
To allow for unusual morphologies, we also applied a new tech-
nique in the identification of the jet features. We identified pat-
terns in the jet motion by searching for a smooth evolution in
x- and y-coordinates with time for individual jet features. In par-
ticular, faint components do reappear in later epochs at similar
places, which makes us confident that these jet features are in
fact real. The excellent data quality of the MOJAVE program
allows such a deep analysis.

In Fig. 1a we show one of the images with difmap model
components superimposed. The point spread function (beam) is
shown as well.

Special care was taken to correctly identify the core compo-
nent in every individual data set. We used the brightest jet fea-
ture as reference point for all the jet components. Uncertainties
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• Point to unique jet kinematics of TXS 
0506+056 

• A few models are discussed: 

• Precessing inner jet. 

• Collision of jetted material. 

• Discovery of a binary AGN-jet on parsec 
scales?
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Other examples

• FSRQ PKS 0723–008 in the region 
of an high-energy neutrino track. 

• MOJAVE light curve shows steady 
flux increase around the time of the 
neutrino event.
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Candidate for a track-type neutrino event 3

Table 1. Details of the source detection from the Second Planck compact source catalogue. (1) Source name in the PCCS2 catalogue, (2)
frequency, (3) J2000 right-ascension, (4) J2000 declination, (5) Galactic latitude, (6) Galactic longitude, (7) flux density as determined by
aperture photometry, (8) detection flux, (9) flux density as determined by PSF photometry, (10) flux density as determined by Gaussian
photometry. Due to its closeness and brightness we identify this source as being the flat-spectrum blazar PKS 0723-008.

Source ID ν RA Dec. b l Saper Sdet SPSF SGauss

(GHz) (◦) (◦) (◦) (◦) (mJy) (mJy) (mJy) (mJy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

PCCS2 030 G217.71+07.23 30 111.47 −0.92 7.23 217.71 3839 ± 476 4341± 96 3765± 196 3835 ± 47
PCCS2 044 G217.72+07.23 44 111.47 −0.93 7.23 217.71 3845 ± 758 4238 ± 165 3654± 362 3581 ± 27
PCCS2 070 G217.70+07.23 70 111.46 −0.92 7.23 217.70 4080 ± 298 4009 ± 110 3899± 593 3877 ± 38
PCCS2 100 G217.68+07.21 100 111.45 −0.91 7.22 217.68 3106 ± 227 3174± 61 3138± 231 3195 ± 47
PCCS2 143 G217.68+07.22 143 111.46 −0.91 7.23 217.69 2640 ± 157 2662± 44 2700± 323 2722 ± 47
PCCS2 217 G217.70+07.23 217 111.47 −0.92 7.24 217.70 2197 ± 109 2374± 41 2334± 439 2171 ± 64
PCCS2E 353 G217.71+07.22 353 111.47 −0.93 7.22 217.71 1758 ± 252 2056± 73 1743± 538 1699 ± 157
PCCS2E 545 G217.71+07.20 545 111.45 −0.94 7.21 217.71 1388 ± 569 1799 ± 112 1141 ± 1132 1526 ± 81
PCCS2E 857 G217.68+07.21 857 111.44 −0.91 7.21 217.69 1675 ± 839 1437 ± 206 348± 2987 2092 ± 282
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Figure 1. The left-hand panel shows the Planck (listed in Table 1) and WMAP spectrum of the candidate source. The spectral index is
α30GHz,857GHz = −0.18±0.04, consistent with the criterion of Gregorini et al. (1984) of assuming −0.5 as a dividing line in spectra with
the convention S(ν) ∼ να. The steepest part of the Planck spectrum is still slightly flat by this criterion, α70GHz,545GHz = −0.45± 0.03.
The right-hand panel shows the available spectral informations of PKS 0723–008 taken from the NASA/IPAC Extragalactic Database.
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Figure 2. The radio maps of PKS 0723-008 over 12 epochs, represented on logarithmic scale with base ten. They were produced by
processing the available VLBA visibilities provided by the MOJAVE team. Iso-flux density contours are in per cent of the peak flux
density marked in the left upper corner of the maps. They increase by factors of 1, except the last two epochs (marked by stars), where
the contours increase by factors of 2. In the middle the integrated flux density of the source at 15 GHz is represented as function of the
time. The time of the corresponding neutrino detection (ID5) is indicated by a red vertical line.

c© 0000 RAS, MNRAS 000, 1–??

Kun et. al (arXiv/1607.04041) 
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PKS 1502+106

• Neutrino event on July 30th, 2019 

• Among the brightest FSRQs.
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FIG. 2: Temporal variation of the γ-ray and radio brightness of PKS 1502+106. a: Fermi-LAT likelihood light
curve integrated between 100MeV and 300GeV (marked by black dots with error bars). b: OVRO flux density curve of
PKS1502+106 plotted with light blue dots, that is superimposed by the radio flux density curve binned to the Fermi-LAT light
curve (marked with dark blue squares). The detection time of the neutrino IC-190730A is labeled by a vertical purple line.
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FIG. 3: Fermi-LAT γ-ray flux vs OVRO radio flux den-
sity. The coloring corresponds to the central time of the 30-
days wide bins of the Fermi light curve (see color bar). The
bin in which the neutrino IC-190730A was detected, is marked
by a black box.

of the neutrino there is a sudden suppression in the γ flux
of the blazar, which then quickly rises again afterwards.
Therefore, we find that the neutrino detection coincided
with a local γ minimum.

V. EMISSION MODEL

Comparison of the Fermi-LAT γ-ray flux and the
OVRO 15GHz flux density suggests that PKS1502+106
was operating in two modes. In the first mode, the γ-ray
flux correlated with the radio emission both in flaring and
quiet phases, with no neutrinos produced. This mode
lasted until MJD 56510.17 when the radio flux density
was at its lowest (0.71 ± 0.01Jy). In the second mode
the γ-ray flux decreased while the radio flux density re-
mained high, and at a local minimum of the γ-ray flux
IceCube detected a 300TeV neutrino from the direction
of PKS1502+106.
The above results suggest that, in the first mode, γ-

rays originate in a transparent source with insufficient
target γ-ray or proton density to produce a detectable
neutrino flux. In the second mode a dense proton or
γ-ray target field provides the opportunity to produce
neutrinos. At the same time, the target field absorbs

Kun et. al (arXiv/2009.09792) 

Neutrino emission during gamma-ray low-state?
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6 Rodrigues et al.

Figure 2. The colored curves show the predicted multi-wavelength fluxes and all-flavor neutrino spectra from PKS 1502+106
obtained with the leptohadronic model (left) and the proton synchrotron model (right) under three di↵erent parameter sets,
indicated in Tab. 2. The shaded areas correspond to the uncertainty in the non-thermal proton power, also indicated in Tab. 2.
The colored data points represent multi-wavelength flux observations during each of the three states (see Fig. 1 and Tab. 1). The
gray points show archival radio data from the source. The interaction zone responsible for the optical/UV, X-ray, gamma-ray
and neutrino emission is too compact to produce this radio emission (due to strong synchrotron self-absorption). The radio
flux must therefore originate in synchrotron emission from a larger region of the jet, and is therefore uncorrelated with neutrino
production in these models.

role. On the other hand, the photons from hadronic pro-
cesses explain the X-ray observations, especially during
the flaring states.
As we can see by the blue band in the left-hand panel

of Fig. 2, the quiescent state can be fit within a range
of proton injection luminosities, which lead to di↵erent
levels of neutrino emission. The best fit, represented
by the blue curves, has a hadronic component, which is
responsible for neutrino emission. When this hadronic
component is completely removed, we obtain the lower
limit of the blue band, and there is no neutrino emis-
sion (the blue neutrino band extends down to zero). In
this purely leptonic limit, the simultaneous data shown
in blue is not fit as well in X-rays and gamma rays
above 1 GeV. However, as mentioned earlier, all results
within the colored bands lie within the 1 � spread in the
fluxes observed during the quiescent state in the 11 year
lightcurve. Therefore, the quiescent state of the source
is in general compatible with a purely leptonic scenario.
Contrary to the quiescent state, our parameter search

has revealed that the flaring states are not easily ex-
plained by a purely leptonic scenario. The relatively
bright and soft X-ray spectrum (see pink and yellow
data points) must harden around MeV energies in order
to explain the high gamma-ray fluxes, especially during
the hard gamma-ray flares. As explained in detail be-
low, in both the proton synchrotron and leptohadronic
models these X-rays originate in cascades initiated by
high-energy hadronic photons, which provide a neces-
sary component to bridge the two humps of the emission
spectrum.

In order to help understand the details of the two
models, in Fig. 3 we break down the multi-wavelength
fluxes shown in Fig. 2 into their di↵erent radiative com-
ponents. In the three left panels, we show the processes
responsible for the emission in the leptohadronic model.
As mentioned earlier, gamma-ray fluxes are dominated
by Compton scattering (light blue curve) of the exter-
nal thermal fields. Additionally, the accelerated protons
emit photons through photo-pion production (yellow)
and Bethe-Heitler pairs, which in turn radiate through
synchrotron and inverse Compton (orange). When these
high-energy photons annihilate with lower-energy target
photons, an electromagnetic cascade is created in the jet,
whose emission is shown in green. Above 100 GeV, the
emitted radiation is strongly attenuated by EBL inter-
actions, as represented by the purple band.
Considering only the leptonic emission, we would have

necessarily a deep gap between UV and X-rays, and the
inverse Compton emission provides a hard spectrum be-
tween X-rays and gamma rays. In the quiescent state
(upper left panel), this hard inverse Compton spectrum
can explain the X-ray observations above 1 keV, while
the photons from cascades and Bethe-Heitler emission
contribute to the soft X-rays. On the contrary, in the
flaring states (middle and lower panels), the observed
X-ray flux is softer. The cascade emission is therefore
necessary in this model to explain observations in this
energy range. This seems to provide some evidence of
proton interactions in the source solely from the perspec-
tive of the multi-wavelength behaviour of the source.

Modeling of PKS 1502+106

• Rodrigues et al. argue for neutrino emission during the quiescent state of the source.  

• Lepto-hadronic and proton synchrotron models describe the broadband SED of the source. 

• Soft X-ray spectrum suggest a hadronic contribution. 
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Figure 1. IceCube event locations on the sky, represented by blue ellipses. Dark blue ellipses are the original reported positional
error regions, light blue ones are enlarged to account for unknown systematics according to our analysis, see Section 3.1 for
details and Section 2.1 for the event sample selection. Stars represent all AGN within neutrino error regions from our complete
VLBI sample of AGN. Color represents the 8 GHz flux density integrated over the VLBI images of these AGN. Members of
the complete 8-GHz VLBI sample down to 150 mJy located outside the ellipses are shown by grey dots. The shown object
names denote four AGN with the strongest parsec-scales jets that are the most probable neutrino associations according to our
analysis: 1253�055 (3C 279), 1730�130 (NRAO 530), PKS 1741�038, and PKS 2145+067. We also show the location of the
first neutrino association TXS 0506+056.

monitored part of the sample, with 3-4 epochs per year,
is restricted to a declination range from �30� to +43�.
This range covers almost all of the IceCube high-energy
track events in our sample. The full RATAN-600 dataset
we use in our analysis has 1099 sources observed at least
five times, 758 of which observed at least ten times.
There is a rich multi-frequency dataset produced by

the F-GAMMA AGN broad-band spectrum monitoring
program (Fuhrmann et al. 2016). Unfortunately, the
published data cover the period until 2015 only (An-
gelakis et al. 2019). This is not long enough for our
analysis since many neutrino events were collected after
2015. We have not used these data in the paper.

3. STATISTICAL ANALYSIS

3.1. Flux Density of AGN Radio Emission from
Parsec Scales

We use the average historic VLBI flux density of AGN
(Section 2.2) to determine whether neutrino-emitting
ones tend to be stronger in terms of their radio emission

from compact parsec-scale central regions. We average
the flux density over all the sources lying inside the er-
ror regions of IceCube events and take this value as the
test statistic v. Then we test if it is significantly higher
than could arise by chance for randomly-selected AGN.
A Monte-Carlo method is employed for this testing in
the following way:

• Compute the statistic of interest using real posi-
tions of IceCube events. Denote its value as vreal.

• Repeat N = 10000 times the following:

Radio-selected AGN

• AGN near high-energy neutrino events seem to be louder in radio. 

• Correlation significance estimated at 0.2%.

47

Plavin et al. (arXiv/2001.00930) The origin of high-energy neutrinos in AGN 7

Figure 3. Average of VLBI flux densities for AGN inside
the IceCube error regions shown as a black triangle in com-
parison to 68%Monte-Carlo interval (blue horizontal line) for
randomly-shifted events. Flux densities for individual AGN
inside the error regions are also shown as vertical black ticks
for information.

above. The computed post-trial p-value is thus unaf-
fected by the multiple comparisons issue.
This approach results in the chance probability p =

0.2% of the average flux density of AGN around Ice-
Cube detections being as high as observed; thus, we con-
clude that the e↵ect is significant. The minimum pre-
trial p-value is 0.09% obtained for the additional error of
x = 0.5�. This x can be interpreted as a rough estimate
of IceCube systematic errors, though more knowledge
about the distribution of statistical uncertainty than
available in the event catalogs is required to study it
in more detail. We note that our result is in a very good
agreement with the independent IceCube systematic er-
rors estimate, < 1�, discussed in Section 2.1. Further in
this subsection and in Figures 1, 2, and 3, we use the
statistical error regions enlarged by this value, x = 0.5�.
Figure 1 demonstrates IceCube events on the sky to-

gether with AGN from our complete sample. Figure 2
specifically illustrates changes in the number of AGN
and in the angular distance distribution when taking
systematic errors into account. Figure 3 compares the
average of actual VLBI flux density values for AGN
within the neutrino error regions to Monte-Carlo real-
izations of this average for randomly-shifted positions of
neutrino events. This figure highlights that the actual
AGN being selected as possible neutrino counterparts
are, on average, stronger on parsec scales. Note that
the same analysis we performed for AGN observations
at 2, 5, 15, and 22 GHz resulted in a similar outcome.
However, we do not use these results here because only
the 8 GHz VLBI sample has the desired completeness
as discussed in Section 2.2.
We stress that VLBI observations are crucial for this

result. This can be illustrated by repeating the same
analysis for the NVSS (NRAO VLA Sky Survey, Con-
don et al. 1998) catalog containing a complete sample

Figure 4. Significance level of AGN within IceCube error
regions being stronger in terms of VLBI flux density when
removing up to four strongest sources from the analysis. Hor-
izontal lines indicate significance levels corresponding to 2�
and 3� di↵erence for a Gaussian distribution.

of 2 million radio sources without selection by the com-
pact VLBI component. We find that it does not show
any significant di↵erence in flux density between the
sources inside IceCube error regions and randomly se-
lected ones. However, limiting this analysis to the inter-
section of NVSS and our 8 GHz VLBI complete sample
(2919 sources) leads to a marginally significant di↵erence
in NVSS flux density: minimum pre-trial p-value is 2%.
This e↵ect does not appear when analysing the same
number of sources selected as strongest by NVSS flux
density itself. It would be interesting to analyze VLASS
(VLA Sky Survey, Myers & VLASS Survey Team 2018)
in this way when the data become available, as it has
higher sensitivity and resolution compared to NVSS, and
probes scales closer to those of VLBI.
Now, after we have established that neutrino-emitting

AGN have stronger compact radio emission than av-
erage, the next logical step is to estimate how many
sources drive this e↵ect. We repeat our analysis drop-
ping the strongest sources in terms of their flux density
one by one until the significance disappears, as illus-
trated in Figure 4. The p-value rises above 5% level
when four objects are removed, and we interpret this
as a lower bound on the number of AGN likely emit-
ting high-energy neutrinos. The four strongest sources
are 1253�055 (3C 279), PKS 2145+067, PKS 1741�038,
and 1730�130 (NRAO 530). See Table 2 for their prop-
erties. None of these AGN has been singled out as
sources of the observed IceCube neutrinos in the lit-
erature before. We show their names in all the plots
containing individual sources: Figures 1, 2, and 3
Note that the TXS 0506+056 blazar possibly associ-

ated with neutrino detection 170922A (Aartsen et al.
2018a) is not among those four AGN. Its average VLBI
flux density from 13 observing epochs in 1995-2018 is

VLBI 8 GHz > 150 mJy
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1. Mean flux density of the associated sources.
2. Mean activity index of the associated sources.
3. Number of flaring sources in the sample.

In Sect. 3.1, we describe how we match the neutrino positions
with our radio samples. Following Plavin et al. (2020a), we es-
timate the (unknown) systematic uncertainties in the IceCube
event positions using our data. We also describe how we gen-
erate random Monte Carlo samples to obtain the chance coin-
cidence probability in our analysis. In Sect. 3.2 we discuss the
analysis of the mean flux density, while the mean activity index
and the number of flaring sources in the sample are discussed in
Sect. 3.3.

3.1. Position matching and systematic uncertainty estimation

As described in Plavin et al. (2020a), in order to match the
neutrino positions with our samples, we must first translate the
⌦90 error regions into two-dimensional coverage regions. This
is done by multiplying the individual statistical errors in RA
and DEC with the ratio of 90% quantiles of two- and one-

dimensional Gaussian distributions:
p
� log(1�0.9)
erf�1(0.9)

⇡ 1.3 (Plavin
et al. 2020a). This way we obtain regions around the neutrino
events that are bounded by four quarters of ellipses.

Following Plavin et al. (2020a), we estimate the unknown
additional systematic uncertainty in the neutrino positions us-
ing our data. We leave the systematic uncertainty � free in our
analysis, and scan over a range from 0.1� to 1.0� with a step of
� = 0.1�. We then add � to the statistical uncertainties in RA
and DEC in all directions.

For each � we first find all the sources in our samples that
fall within the elliptical region around the neutrino event (see
Fig. 1 for an example). We then calculate the test statistic of
interest (mean flux density or activity index) for each source.
We repeat this step for random Monte Carlo samples. Similar to
Plavin et al. (2020a), we generate random comparison samples
by shifting the IceCube neutrino positions in RA while keep-
ing the DEC constant. This way we reproduce the e↵ect that the
sensitivity of the instrument depends only on zenith angle (Aart-
sen et al. 2017b). We then match these random neutrino samples
with our observed samples, and calculate the same test statistic
(mean flux density and activity index) for each associated ran-
dom source.

With this procedure we can estimate the distribution of the
test statistic under the null hypothesis of no association between
the neutrino events and the radio sources. We can then estimate,
under the null hypothesis, the chance probability of obtaining a
value of the test statistic equal or larger than the one obtained
from the data as,

p =
M + 1
N + 1

, (1)

where M is the number of random samples with a larger test
statistic than in the real data, and N is the number of random
samples (Davison & Hinkley 2013), which in our case is 10 000.
This is given as the pre-trial p-value when reporting our results.
We then select as the optimal systematic uncertainty the value
that gives the smallest pre-trial p-value.

In order to account for the factor resulting from these mul-
tiple trials, we again follow Plavin et al. (2020a) and insert the
calculation of the post-trial p-value into our Monte Carlo sim-
ulations. To do this, we treat each random sample as the real
observation, and calculate how many times we obtain as small
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Fig. 1. Example of the elliptical uncertainty region around the neutrino
event on Aug 12, 2015 (MJD 57246) and the positions of the three as-
sociations found for it in the OVRO sample. The solid black line shows
the statistical error ellipse of the neutrino position (shown with a black
cross), where the quarters are asymmetric in all directions. The blue
dashed line shows the additional systematic uncertainty � = 0.6� as
found optimal for the mean flux density analysis in the CGRaBS sam-
ple.

pre-trial p-value by chance as is obtained for the real data. This
will be M in Eq. 1, which we now use to obtain the post-trial
p-value.

3.2. Mean flux density

The mean flux densities of the associated sources in the di↵erent
samples are given in Table 2 for the OVRO samples and Table 3
for the Metsähovi sample. The optimal systematic uncertainty
� varies between 0.3� and 0.6� for the di↵erent samples due
to the random nature of the process. These are, however, similar
to values found by Plavin et al. (2020a). The optimal value and
the number of associations within this limit are given in Table 4.
When comparing the mean flux density values with random sam-
ples, we average the values of the individual sources within the
sample of associated sources to obtain a single parameter for the
sample. These are also given in Table 4, along with the resulting
pre-trial and post-trial p-values. The OVRO and Metsähovi light
curves of these sources are shown in Appendix A.

3.3. Time-Dependent analysis

3.3.1. Mean activity index

Because both OVRO and Metsähovi light curves are well sam-
pled, we can estimate whether any of the associated blazars show
flaring behavior during the arrival time of the neutrino. Follow-
ing Plavin et al. (2020a), we use the activity index (A.I.), defined
as the mean flux density within a time window around the neu-
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Fig. A.2. OVRO light curves of the associated sources. The neutrino arrival time is shown with a blue solid line, while the blue dashed lines
indicate the window of 2.3 yrs around the neutrino event.

Article number, page 15 of 17

• No evidence for correlation in the OVRO 
sample (12-28% of the 57 neutrinos 
evaluated). 

• Associations are mostly LSP FSRQs, although 
the sample is also dominated by that subclass.
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Association probability a critical factor
• We don’t know (yet!) what exactly we’re looking for! 

• Sources are transient or highly variable, hampering strong predictions. An emerging pattern is necessary.  

• Calculation of probabilities is a critical factor in correlation claims.
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have to be collected after the non-EM trigger. The error regions from
neutrino or gravitational wave facilities are on the scale of degrees,
thus it often requires multiple pointings to collect the necessary EM
data. It is also not clear when is the optimal time to search for the
counterpart, as the relative time-scales of EM and non-EM radiation
depends on the physical source of the emission. For example, for
SNe the neutrino signal precedes the EM signal by many days. An
optimal follow-up facility would, therefore, have a large (ideally
all-sky) field of view, and high level of sensitivity. Due to the high
rate of transient events in the Universe, multiwavelength capabilities
are also desirable, for example to help distinguish rapidly between
GRBs and flare stars.

The Swift satellite (Gehrels et al. 2004) arguably provides the best
existing facility for the EM follow-up of non-EM triggers, at least
in X-rays. Although the X-ray telescope (XRT; Burrows et al. 2005)
has only a modest field of view (radius ∼ 0.◦2), the Swift spacecraft
is capable of rapid slewing, and has the ability to ‘tile’ regions on
the sky, so as to cover a large error region in a single spacecraft
orbit. The XRT is sensitive to 5 × 10−13 erg cm−2 s−1 in 1 ks (0.3–
10 keV), and can localize sources to a 90 per cent confidence radius
of 3.5 arcsec (improving to 1.4 arcsec for brighter sources; Goad
et al. 2007; Evans et al. 2009).

Evans et al. (2012) reported on Swift follow-up of two gravi-
tational wave triggers from the LIGO-Virgo (Abbott et al. 2009;
Accadia et al. 2012) facilities. No X-ray counterpart to the gravita-
tional triggers could be found, and indeed it transpired that neither
of the gravitational wave triggers was in fact real (one was a sub-
threshold noise event, the other an artificial signal introduced to
the data as a blind test of the detection algorithms). In this work,
we report on the search with Swift-XRT for X-ray counterparts to
20 neutrino-doublet triggers from the IceCube facility (Achterberg
et al. 2006), and discuss the challenges related to identifying the
EM counterpart. A neutrino doublet (or multiplet) was defined as
two or more neutrinos detected within 100 s of each other, and with
an angular separation of at most 3.◦5; more details about this is given
in a companion paper (Aartsen et al., in preparation).

The Swift follow-up observations began as soon as possible after
the neutrino trigger, implicitly assuming that the X-ray emission
from the astrophysical neutrino source is temporally coincident
with (or only a few hours after) the neutrino emission. We consider
two ways of identifying the X-ray counterpart: by its brightness
compared to reference catalogues, or by its temporal variability (in
particular, whether it shows signs of fading, as may be expected
following some form of outburst).

We did not set the threshold at which Swift will respond to a
neutrino trigger based on theoretical predictions of neutrino flux
(which are highly uncertain due to the lack of observational con-
straint), instead we set it such that IceCube would be expected to
produce roughly six spurious (i.e. non-astrophysical) triggers per
year, which represents a compromise between sensitivity to astro-
physical neutrinos, and the value of Swift’s observing time. The
companion paper (Aartsen et al., in preparation) will discuss the
expected rate of doublet triggers from the background and from as-
trophysical objects, and consider the lack of neutrino triplets during
this experiment.

This paper is organized as follows. In Section 2 we describe the
follow-up observing strategy employed by Swift, and in Section 3 we
overview the data analysis techniques. In Section 4 we consider the
sources detected, and attempt to identify if either of these is likely
to be the counterpart to the neutrino trigger, which we expect to be
a source undergoing some form of outburst. Finally, in Section 5 we
consider the implications of our findings for future EM follow-up

Figure 1. An example exposure map of a 7-tile Swift-XRT observation of
an IceCube trigger. This observation was taken with the on-board tiling, so
the exposure in each field has been built up over multiple spacecraft orbits;
the pointing is slightly different on each orbit, hence the blurring round the
edges of the fields. The black lines and dots are the bad columns and pixels
on the CCD.

of non-EM triggers, in particular, the expected gravitational wave
triggers from the Advanced-LIGO–Virgo facility.

Throughout the paper we have assumed a cosmology with
H0 = 71 km s−1 Mpc−1, !m = 0.27, !vac = 0.73. Unless oth-
erwise stated, all quoted errors are at the 90 per cent confidence
level, and upper limits at the 3σ (=99.7 per cent) confidence level.

2 SWIFT’S OBSERVI NG STRATEGY

Following IceCube triggers, high-priority Target of Opportunity
(ToO) requests were submitted to Swift. Due to the efficient and
flexible operation of Swift, observations were able to begin rapidly
once the ToO was received: the median time from IceCube trigger
to the first Swift observation was 1.8 h. The IceCube 50 per cent
error radius is typically >0.◦5, whereas the Swift-XRT has a field of
view of radius of 0.◦2, therefore it was necessary to observe the error
region in a series of seven overlapping ‘tiles’: an example exposure
map is shown in Fig. 1 . Initially this tiling had to be performed by
manually commanding seven separate observations as Swift Auto-
matic Targets;2 each tile was consequently observed on a separate
spacecraft orbit. Under this system, all of the requested exposure in
a given tile (typically 1–2 ks) was gathered in a single spacecraft
pointing;3 however, for each successive field the delay between the
trigger and the observation increased by ∼ 96 min (Swift’s orbital
period). On 2011 August 10 the software on-board Swift was mod-
ified to support automatic tiling. In this system, which was used
from trigger #3 onwards (Table 1), a single Automatic Target is

2 That is, the observations were not in the pre-planned science timeline,
and overrode targets which were. The times of the observations were set
automatically by the on-board software.

3 XRT can observe a single target for a maximum of 2.7 ks per 96-min
spacecraft orbit.
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Figure 6. The sensitivity of Swift-XRT (black lines), and the expected
number of serendipitous source expected per XRT field above this limit (red
lines), as a function of exposure time. The solid lines correspond to the
50 per cent completeness level, and the dashed lines the 90 per cent com-
pleteness level. Note that the two y-axes do not correspond with each other,
but are only related via the x-axis and plotted data. The green horizontal line
shows the sensitivity limit of the RASS (Voges et al. 1999), corresponding to
0.1 PSPC ct s−1 (converted to 0.3–10 keV flux assuming the canonical AGN
spectrum described in the text), at which level the RASS covers 92 per cent
of the sky. The XSS 2–10 keV band limit is at a similar level (3 × 10−12

erg cm−2 s−1; Warwick et al. 2012).

of cases we should have found an uncatalogued source above the
RASS/XSS limit, if the neutrino triggers were related to GRBs. The
lack of any such object rules out the idea that all 20 triggers arose
from GRBs with >99 per cent (i.e. 3σ ) confidence. However, the
companion paper to this one (Aartsen et al., in preparation) shows
that many (or all) of the neutrino triggers could have been spurious;
if even half of the triggers were spurious, this significance drops to
below 3σ .

The lack of bright sources does not mean that we did not de-
tect a GRB afterglow: in more than half of the triggers, by the
time Swift observed, the afterglow would have faded below the
RASS/XSS limit. However, the ability to identify an afterglow at
these lower fluxes is hampered by the density of expected (uncata-
logued) sources, as illustrated in Fig. 6. This shows the level (black)
at which XRT is 50 and 90 per cent complete (Evans et al. 2014),
and the expected number of serendipitous sources (red) per XRT
field of view above these levels (Section 4.2) as a function of ex-
posure time. The green line corresponds to the typical RASS/XSS
limit. The XRT 90 per cent completeness level reaches the RASS
and XSS limits in an exposure of ∼ 350 s; and we expect ∼ 0.01
serendipitous sources per XRT field with fluxes above this limit.
That is, in a 7-tile observation such as those reported in this paper,
any detected source below the flux limit set by the existing large-
area catalogues, will have a probability of being serendipitous of
≥0.07, i.e. we cannot expect to identify the counterpart with even
2σ confidence.

It is impossible therefore, for us to identify the counterpart to the
neutrino triggers reported in this paper based on the source flux at
detection, and in any future follow-up of astrophysical neutrinos, we
would expect at best 50 per cent of GRB afterglows to be identified
in this way.

While neutrinos are expected from all GRBs, a prime candidate
for the sources of gravitational waves are nearby short GRBs, which
arise from the merging of two neutron stars. The middle panel
of Fig. 5 shows the flux distribution of the short GRBs detected

by the Swift-XRT: they are much fainter than long GRBs and we
are unlikely to observe any before they fall below the limits of
existing catalogues. However, the horizon distance of aLIGO is
around 200 Mpc (Abadie et al. 2010a), whereas the average short
GRB redshift in the Swift sample is 0.72 (Rowlinson et al. 2013),
corresponding to a luminosity distance of ∼ 4000 Mpc. Thus on-axis
short GRBs detected by aLIGO should be a factor of ∼ 400 brighter
than those detected by Swift, although the time axis of the light
curve is compressed by the reduced time dilation, which shortens
any plateau phase. In the bottom panel of Fig. 5, we have shifted
the XRT afterglows from the redshifts given in Rowlinson et al.
(2013) to 200 Mpc (z = 0.045). In this case ∼ 80 per cent of short
GRBs would be above the RASS limit one hour after the trigger, and
50 per cent would still be that bright at eight hours. These results are
less optimistic than those reported by Kanner et al. (2012), however
they used only short GRBs with known redshift (giving a smaller
sample), whereas we have included short GRBs with no known
redshift, assigning to them the mean short GRB redshift of 0.72. It
should also be noted, that in ten years of operation, Swift has not
yet detected a short GRB less than 500 Mpc away (GRB 061201,
z = 0.111; Berger 2006), and indeed no short GRB thousands of
times brighter than the typical Swift short GRBs has been reported
in over twenty years of observations by various facilities. This tells
us that nearby short GRBs, which may trigger aLIGO, are extremely
rare.

5.1.1 Increasing the sensitivity

Our ability to identify a counterpart by its brightness would be en-
hanced if we had a more sensitive reference catalogue. For example,
Fig. 6 shows that if Swift-XRT had conducted a 2 ks observation of
a field prior to an IceCube trigger, then the list of known sources
at that location would be 90 per cent complete down to a flux five
times below the RASS limit; for hard or absorbed sources the in-
crease in sensitivity is significantly more pronounced. At such lev-
els, 95 per cent (50 per cent) of the Swift-detected GRBs would be
bright enough to be confirmed as new (non-serendipitous) sources
in an observation at one (eight) hours after the trigger.

To pre-image the entire sky with Swift-XRT, at 2 ks per field, is
clearly not practical (it would require around 18 yr of observing
time!), although some subset of the sky, for example, correspond-
ing to the galaxies deemed most likely to yield a short GRB that
aLIGO would detect, could potentially be observed. The forthcom-
ing eRosita mission, expected to launch in 2016, will produce an
all-sky survey in the 0.2–10 keV band which will be a factor of 30
more sensitive than the RASS (Cappelluti et al. 2011). This will
provide a valuable resource for identifying new sources in Swift-
XRT observations of non-EM triggers. In the meantime, catalogues
such as the 1CSC (Evans et al. 2010), 3XMMi-DR4 (Watson et al.,
in preparation) and 1SXPS (Evans et al. 2014) could be used when
available, but their sky coverage is very limited.

5.2 Identifying counterparts by fading light curves

Transient events by definition fade over time. However, in our
follow-up observations, only 19 (out of 109) sources were bright
enough (or observed for long enough) to yield two or more light
curve bins, and 12 of these occurred in the field of trigger #7, which
was observed for an unusually long time to allow us to rule out the
possible counterpart in that field (Section 4.1). Also, not all tran-
sient sources fade on the time-scale of a single observation. GRBs,
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Fast response analysis
• Fast response analysis following: 

• IceCube HE alerts (search for additional, LE nus). 102 up to Dec 
2020. 

• HE astrophysical events with potential neutrino emission: ATels, 
GCN, etc. 60 up to Dec 2020.
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Did IceCube see something?

AT2018cow

[PoS-ICRC2019-1026]
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Gravitational waves
• Two independent analysis of neutrino candidates within 500 s of the GW 

trigger. 

• Unbinned maximum likelihood search: test for point source consistent with GW 
localization. 

• Bayesian approach: probability of a joint GW+nu joint signal with astrophysical priors  

• Results are reported in GCN circulars. 56 GW follow-ups during O3 run of 
LIGO/Virgo. 

• Example: GW190728, BBH merger 

• p-value ~ 0.01 in both analyses, triggered MWL follow-up  

• https://gcn.gsfc.nasa.gov/gcn3/25210.gcn3
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[Astrophys. J. Lett. 898 (2020) L10]
 Swift follow-up
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Galactic supernovae
• A Galactic core-collapse supernova would be seen by IceCube as an overall increase in the DOM noise rate produced by 

Cherenkov photons from 10 MeV neutrino interactions. 

• SNDAQ searches for correlated noise rate increases in a 0.5 s time bin with respect to a moving average calculated over a 

5 min window. Can be triggered by SNEWS and LIGO GW alerts. SNDAQ retrieves waveforms from HitSpool buffers.  

• Alerts over significance threshold sent to SNEWS.

±
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Supernovae in IceCube Spencer Griswold

Figure 1: Top and side view of ⇠ 3.4⇥105 simulated supernova n interaction vertices registered by IceCube
DOMs. The dust layer between -1950m and -2050m and the denser DeepCore subarray are clearly visible.

Construction of IceCube finished in 2011, and since 2015 the trigger-capable uptime of the
detector has averaged 99.7% around the clock. Due to the non-Poissonian character of the dark
noise in the IceCube DOMs [4], the data acquisition system incorporates an artificial deadtime of
t = 250 µs to reduce the dark rate Rdark(t) by ⇡ 50%. The deadtime also lowers the detector count
rate by a factor 0.87/(1+Rdark(t)/NDOM · t), where NDOM is the number of participating optical
modules. DOM rates are counted in 1.6384 ms time bins. A dedicated online software system
(SNDAQ) rebins the data to 2 ms and searches the data stream for collective rate increases charac-
teristic of a supernova. SNDAQ computes a moving-average search for rate increases using fixed
time bins of 0.5, 1.5, 4, and 10 s based on the typical timescales of features in the supernova neu-
trino light curve [4]. Since October 2018, the online search has been supplemented by a Bayesian
Blocks algorithm, a dynamic self-learning histogramming method with variable bin widths [6].
The Bayesian Blocks search provides a model-independent trigger for signals exceeding a duration
of 0.5 s, with a trigger threshold that can be tuned to a chosen false positive rate.

Since the timing accuracy of the online monitor is limited to 2 ms, an improved readout system
has operated since 2014 to buffer and extract the full DOM waveforms if triggered by a supernova
candidate [7]. Since 2018, the automatic buffer has included triggers from the Supernova Early
Warning System (SNEWS) [8] and LIGO-Virgo gravitational wave alerts [9].

2. Detector Simulation and Expected Performance

Currently, three simulation schemes are used to estimate the expected rates in IceCube. In
increasing order of speed and decreasing order of sophistication, they are: a GEANT-4 based sim-
ulation of individual supernova neutrino interactions in the ice and a GPU raytracer for Cherenkov
photons; ASTERIA, a fast parameterized simulation of the detector response written in Python
[10]; and an implementation of the IceCube detector response in SNOwGLoBES [11], useful for
quick comparisons of IceCube with other supernova detectors.

The GEANT simulation uses the IceCube offline simulation software and produces recon-
structed events with an average rate of 15 events s�1; one of every 450 interactions in the sparsely
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Supernovae in IceCube Spencer Griswold

analysis, five core-collapse supernova simulations in spherical symmetry, covering a large spread
of neutrino emission, were selected as benchmark models.

The minimal initial mass of a progenitor that can produce a supernova is (8± 1) M� [22].
For such low masses, the collapse is induced by electron capture in a degenerate O-Ne-Mg core.
The collapse of a 8.8 M� O-Ne-Mg progenitor (the “Hüdepohl model” [13]) is an example where
1D simulations yield neutrino-powered supernova explosions. This low mass model, with a total
emitted energy of 1.7⇥ 1053 erg and hEn̄ei ⇡ 11.6 MeV, represents a conservative lower limit on
the expected n̄e luminosity and energy spectrum. A second model, corresponding to an 11.2 M�
progenitor [23], yields a total emitted energy of 2.1⇥ 1053 erg and hEn̄ei ⇡ 12.9 MeV. Our third
and fourth benchmark models use higher mass progenitors: a 27 M� star that yields 3.3⇥1053 erg
and hEn̄ei ⇡ 13.7 MeV [23]; and a 1D model with a forced explosion of a 30 M� progenitor that
yields 1.97⇥ 1053 M� and hEn̄ei ⇡ 16.2 MeV [12]. For stellar masses > 25 M�, gravitational
collapse may lead to a limited explosion followed after ⇠ 1 s by the formation of a black hole; stars
> 40 M� are not expected to explode at all. Such a “Black Hole model” has two distinguishing
features: an average energy hEn̄ei roughly twice as large as in exploding stars, due to the continual
accretion of material on the core; and a sharp cutoff in the neutrino flux after ⇠ 1 s [15]. For this
analysis, we assume a 30M� progenitor and a hard equation of state.

More than 80% of supernovae may be obscured by dust and would thus not be optically vis-
ible [24]. The search method should therefore not depend on external information. In IceCube,
SNDAQ computes a moving average test statistic x = Dµ/sDµ , where Dµ is the most likely col-
lective rate deviation of all DOM hit rates from their running average. The uncertainty sDµ is
calculated from the data themselves, thus accounting for non-Poissonian behaviour in the dark
rates. The test statistic x (also termed pre-trial significance) should be distributed as a zero-mean
unit Gaussian if no correlations are present in the rates. The calculation was done in overlapping
1.5 s time intervals using 500 ms time steps. The largest x value in a 10 s time interval was selected.

Figure 5: Test statistic x (in units
of Gaussian s ) vs. progenitor dis-
tance, simulated with ASTERIA and
SNDAQ for the five models discussed
in this paper: the O-Ne-Mg core from
Hüdepohl et al. [13]; an 11.2 M�
star [23]; a 27 M� star [23]; a forced
explosion of a 30 M� star [12]; and
a failed supernova which formed a
black hole [12].

Starting with a data set encompassing 3911 days from April 17, 2008 to December 31, 2018,
several requirements are introduced to select high quality data. Short runs (< 10 min), runs taken
with calibration light sources, and runs with an incomplete detector configuration were discarded,
removing 2.6% of the data. Livetimes ranging between 95.8% and 98.3% were achieved between
2013 and 2019, while the livetime from 2008 to 2012 are ⇠ 90%. The total livetime after quality
cuts corresponds to 3670 days.

The parameterized simulation [10], verified to produce the same results as the GEANT-4

6

Supernovae in IceCube Spencer Griswold

parison to the background, i.e., on the distance, the luminosity, and the average neutrino energy in
the time period studied. Fig. 3 shows a comparison of three models which deliver n̄e luminosities
of 2.9⇥ 1051, 3⇥ 1052, and 4.7⇥ 1052 erg within the first 1.5s from the explosions of 8.8 M�,
20 M� and 40 M� progenitors. The average n̄e energies in this range are 12.4, 14.8, and 23.1MeV,
respectively. Oscillations have not been taken into account. For comparison, orange lines corre-
sponding to the fiducial volumes of Super-Kamiokande (22.5kt), JUNO (20kt) and the planned
Hyper-Kamiokande experiment (260kt) are also drawn, as well as a progenitor probability density
distribution [16]. At larger distances, the IceCube artificial deadime improves the sensitivity (solid
curves) while at low distances, the deadtime cuts into the signal, eventually reaching a rate of 1/t .
For progenitors that are not overly light and distances up to the center of our Galaxy, IceCube is
the best instrument to detect neutrino flux variations during the accretion phase.

Figure 4: Left: Changes in the rate of simulated DOM hits from a 13 M� supernova [12] 10 kpc from Earth
found by Bayesian Blocks [6]. Right: RMS error in the estimate of the start time t0 vs. supernova distance.

Figure 4 shows the simulated DOM hits in IceCube produced by a 13 M� progenitor near the
Galactic Center [12]. The Bayesian Blocks algorithm implemented in SNDAQ [6] has identified
statistically significant changes in the hit rate binned in 2 ms without any model assumptions about
the underlying explosion. Of particular interest is the time t0 when the signal is first detected
above background, since this initial real-time determination can be combined with data from other
neutrino telescopes to triangulate the location of the supernova [17, 18]. The RMS error in t0 as
a function of distance to the supernova, shown in the right panel of Fig. 4, is ⇠ 3� 4 ms for a
progenitor 10 kpc from Earth.

3. Search for Galactic Supernovae

The rate of Galactic stellar collapses, including optically obscured and failed supernovae
which produce black holes, is estimated to be 1.7 to 2.5 per 100 years [19]. The Baksan experi-
ment (31.3 years of livetime) quotes a 90% C.L. limit of < 7.4 core collapse supernovae per century
within 20 kpc [20], and LVD (23.5 years of livetime) quotes a 90% C.L. limit of < 9.8 per century
within 25 kpc [21]. Both LVD and Baksan determined their limits by adopting phenomenological
models that were parameterized to fit the observation of SN1987A.

As discussed in Section 2, the neutrino emission from a core collapse supernova may vary by
an order of magnitude depending on the mass and type of progenitor. It is therefore important to
specify which models have been assumed for a supernova search with a neutrino detector. In this

5

[A&A 535, 2011, A109]

[PoS-ICRC2019-889]

13  at 10 kpcM⊙

DOM hits from SN ν
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More neutrinos with better angular resolution

53

IceCube Gen2
‣ 6.2-9.5 km3 volume. >5x  

improvement in sensitivity over 
IceCube. 

‣ ~0.2° angular resolution. 

‣ Deployment to start in mid 2020s.

Baikal-GVD

‣ Target km3-scale detector (104 
sensors). 

KM3NeT
‣ Target km3-scale detector (~4k 

sensors in ARCA) 
‣ 0.1° angular resolution
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!3

Current status of neutrino astronomy 

First evidence for a neutrino source from the position of TXS
            threshold for further neutrino sources might be reached

IceCube is most sensitive around the horizon, but might miss 
similar sources elsewhere

IceCube 7year PS arXiv:1609.04981  ~30% sky coverage

�TXS
0 = 8 · 10�13TeV cm�2s�1

<latexit sha1_base64="9rHOd5Jj9SUyaQ6RcQ7+qi4vSsA=">AAACGnicbZDLSsNAFIYn9VbrLerSzWAR3FiSVrAboejGZcXeoIlhMpm0QycXZiZCCXkON76KGxeKuBM3vo2TNgtt/WHgn++cw8z53ZhRIQ3jWyutrK6tb5Q3K1vbO7t7+v5BT0QJx6SLIxbxgYsEYTQkXUklI4OYExS4jPTdyXVe7z8QLmgUduQ0JnaARiH1KUZSIUc3rXhMHeM+7QzuMngJmxb2IglNRc7MRgY7pAdxoC71DIqcZY5eNWrGTHDZmIWpgkJtR/+0vAgnAQklZkiIoWnE0k4RlxQzklWsRJAY4QkakaGyIQqIsNPZahk8UcSDfsTVCSWc0d8TKQqEmAau6gyQHIvFWg7/qw0T6TftlIZxIkmI5w/5CYMygnlO0KOcYMmmyiDMqforxGPEEZYqzYoKwVxcedn06jWzUavfnldbV0UcZXAEjsEpMMEFaIEb0AZdgMEjeAav4E170l60d+1j3lrSiplD8Efa1w//iZ5Y</latexit>

arXiv:1807.08816 , arXiv:1807.08794
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M. Huber

• IceCube is most sensitive near the celestial equator. 

• A source similar to TXS 0506+056 may be missed if elsewhere in the sky. 

• A network of neutrino telescopes is desirable to cover the entire sky with similar sensitivity.

~30% sky coverage from IceCube

IceCube-Gen2

A global neutrino telescope network
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!13

: Simplified Combined field of view

A global neutrino telescope network

55

M. Huber

• An improvement of ~25x in sensitivity could be accomplished by this network (wrt current IceCube). 

• Prompt, well-reconstructed alerts from this network would enable sensitive EM follow-ups.

!15

Relative Improvement to IceCube Sensitivity

IceCube P-One

+ + +

GVD KM3NeT

up to a factor 
of ~25

Sensitive to spectral index
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Baikal-GVD

KM3NeT
LHAASOMAGIC/CTA-N

H.E.S.S.SWGO
CTA-S
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Prospects for future iact follow-ups

• Instantaneous effective area for a combined IceCube (current generation) + Baikal-GVD + KM3NeT using IceCube-86  
effective areas for orientation at 100 TeV (where the astrophysical flux starts to dominate). 

• Highest sensitivity for a combined global network of neutrino telescopes (e.g. PLE𝝼M concept)

νμ

https://pos.sissa.it/395/1185/
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Figure 4: Broadband SED for the blazar TXS 0506+056 based on observations obtained
within 14 days of the detection of the IceCube-170922A event by the following instruments:
VLA (35), OVRO (36), Kanata/HONIR (50), Kiso/KWFC (40), SARA/UA (51), ASAS-
SN (52), Swift UVOT and XRT (53), NuSTAR (54), INTEGRAL (55), AGILE (56), Fermi-
LAT (22), MAGIC (27), VERITAS (57), H.E.S.S. (58) and HAWC (59). Specific observa-
tion dates and times are provided in the Supplementary material. Differential flux upper limits
(shown as colored bands and indicated as “UL” in the legend) are quoted at the 95% C.L. while
markers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder4 (60), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (17) and from
an analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for
absorption due to the EBL. The electromagnetic SED displays a “double-bump” feature, one
peaking in the optical-UV range and the second one in the GeV range in this case, which is
characteristic of the non-thermal emission from blazars. Note that even within this 14-day pe-
riod, there is variability observed in several of the energy bands shown (see Figure 3) and the
data are not all obtained simultaneously. Representative neutrino flux upper limits that produce
on average one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5
years (dashed black line) are shown assuming a spectrum of dN/dE / E�2.

13

The EM side

57

X-rays

MeV - GeV

VHE
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X-ray coverage
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Neil Gehrels Swift Observatory 

XRT sensitivity in the 0.3-10 keV 
Fast response, low overhead. 
~10-13 erg/cm2/s in ~2 ks

~0.4 deg FoV

Launched in 2004. 

SVOM (China-France)

Rapid follow-ups of GRBs

Launch date of Mid 2023

0.2-10 keV

“Lobster eye” optics with 
1 deg FoV


Jul 2020: NJU-HKU 
No.1 lobster-eye 
demonstrator launched.
Einstein Probe (China-ESA)

Late 2022 launch


Einstein Probe (EP) mission

• A space observatory for all-sky monitoring to discover & study 
high-energy transients and variability in X-rays

• CAS’s mission with international participation

WXT (12 modules)  FXT(2 modules)

lobster-eye MPO + CMOS

FoV:  3600 sq deg (1.1 sr)

band: 0.5 – 5 keV soft X-ray

eff. area: ~3 cm2 @1keV 

FWHM: ~ 5’, positioning <1’

Sensitivity: 10-100 x increase

Wolter-1 type + CCD

FoV: 38’ 

band: 0.3-10keV

eff. area: 2x 300cm2 @1keV 

angular FWHM: 30”

positioning accuracy: <10”

On-board data processing

Autonomous slew & 
follow-up in 3-5 min

Fast alert data downlink 
and uplink (ToO)

Einstein Probe (EP) mission

• A space observatory for all-sky monitoring to discover & study 
high-energy transients and variability in X-rays

• CAS’s mission with international participation

WXT (12 modules)  FXT(2 modules)

lobster-eye MPO + CMOS

FoV:  3600 sq deg (1.1 sr)

band: 0.5 – 5 keV soft X-ray

eff. area: ~3 cm2 @1keV 

FWHM: ~ 5’, positioning <1’

Sensitivity: 10-100 x increase

Wolter-1 type + CCD

FoV: 38’ 

band: 0.3-10keV

eff. area: 2x 300cm2 @1keV 

angular FWHM: 30”

positioning accuracy: <10”

On-board data processing

Autonomous slew & 
follow-up in 3-5 min

Fast alert data downlink 
and uplink (ToO)
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X-ray coverage
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TAP (NASA)

Theseus
Soft X-ray Imager (SXI): 0.3 - 5 
keV

Total FoV of ~0.5 sr with a 
localization accuracy of <2’


XGIS: 2 keV - 10 MeV with FoV 
>2 sr with < 15’ GRB localization 


Not selected yet

Clampin/ASD 
10

STAR-X: Survey and Time-domain Astrophysical Research EXplorer

PI:   William W. Zhang 
DPI: Ann Hornschemeier   

X-ray Telescope (XRT) UV Telescope 
(UVT)

PSF 2.5” on-axis
10”  0.5o off-axis 4.5”

FOV 1 deg2 1 deg2

Band width 0.5 – 5 keV 160 – 350 nm

Effective 
Areas

@1keV: 1,800 cm2 on-axis
900 cm2 0.5o off-
axis

7 different filters:
25 - 55 cm2

TOO 
Response ~60 minutes 

Field of 
Regard 80% of the sky every 90 minutes

Surveying the Ever-Changing Universe Courtesy W. Zhang, NASA

W. Zhang (NASA)

STAR-X (NASA)
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Figure 8: Left The 3� on-axis point source continuum sensitivity for a 5 year AMEGO mission compared with
the Fermi-LAT (same incident angle and e�ciency over 5 years), COMPTEL27 and EGRET28 (40% e�ciency
over two weeks), and NuSTAR19 and SPI29 (exposure of 106 seconds). We assumed a 5-year mission with a 20%
observation e�ciency (due to field of view and South Atlantic Anomaly). Right The 3� narrow-line sensitivity
for AMEGO is compared to INTEGRAL/SPI and COMPTEL.

3.3 Energy Resolution

The energy resolution is given by the FWHM of the reconstructed photopeak reported as a percentage of the
incident energy �E/E. The energy resolution for pair events, which was found to be ⇠10% at 1 GeV, is
not shown here since it is not an instrument requirement. However, as discussed above, we expect the energy
resolution in the pair regime to improve once the Fermi-LAT reconstruction tools are implemented.

Figure 7 (c) shows the energy resolution for Compton events. An energy resolution of 1% FWHM/E is
achieved at 1 MeV. The energy resolution for Untracked Compton events is better than that seen for tracked
Compton events for two reasons. First, the Low Energy Calorimeter dominates the Untracked Compton event
classification and the CZT has better energy resolution than the DSSDs in the Tracker. Second, the energy
resolution for tracked events will often be worse since more interactions are recorded (at least two in the tracker,
by definition), and the errors add up for each measurement.

3.4 Continuum and Narrow-Line Sensitivity

The sensitivity of a telescope is a measure of its capability to detect faint a sources; a lower sensitivity is better.
For gamma-ray telescope, the sensitivity can be calculated based on the background rate, the e↵ective area, the
angular resolution, and, in the case of the narrow-line sensitivity, the energy resolution.

The sensitivity has been calculated di↵erently for the two regimes of the AMEGO telescope. In the Compton
regime (.10 MeV), where the background is dominated by activation in the instrument and surrounding passive
material, we have performed full background simulations in MEGAlib which include activation. We have then
used MEGAlib’s SensitivityOptimizer program to determine the continuum sensitivity for this range. In the pair
regime (&10 MeV), where the backgrounds are well understood and modeled from Fermi-LAT observations, we
have calculated the sensitivity analytically by

Isrc =
E

AeffTobs
⇥

0

@n2
sig

2
+

s
n4
sig

4
+

n2
sigAEffTobsNBd⌦

E

1

A , (1)

where E is the energy, Aeff is the e↵ective area, Tobs is the observation time, nsig is the significance (3� is used
here), and NB is the background. The parameter d⌦ is defined as 2⇡(1� cos(2⇥PSF )), with PSF given by the
angular resolution. The background models used for both the input to the low energy MEGAlib simulations and
the high energy analytical calculation include Galactic, extra-galactic, and di↵use emission, while the activation
simulations also include models of cosmic-ray particles in low-earth orbit.
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MeV-GeV coverage

• AMEGO angular resolution: 3° (1 MeV), 10° (10 MeV) 

• AMEGO prototype (ComPair) to be tested in 2021, balloon flight in 2022.  

• Explorer mission (AMEGO-X) in development for MidEx AO. 2.5 sr FoV. 0.3-1 GeV. 

• European MeV effort concentrated on All-Sky-Astrogamm mission study.

60

Sensitivity in the 0.1-300 GeV 
Large FoV (all-sky coverage in few days)

Launched in 2008. 

Fermi-LAT

All sky Medium Energy 
Gamma-ray Observatory 

(AMEGO)

PI: Julie McEnery (GSFC)
AMEGO

AS-Astrogamm

Kierans et al. 2020
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VHE coverage

• CTA to provide a x10 improvement in sensivity in the VHE band (>50 GeV). Prototypes telescopes 
already detecting sources, observations to start in ~2025. 

• Neutrino follow-ups and strong AGN science program for CTA.  

• Air shower arrays (HAWC, LHAASO, proposed SWGO) provide large FoV coverage with high duty cycle 
although with a higher threshold.
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4 M. Santander

of PeV photons and neutrinos to our galaxy. Past gamma-ray observations have
been used to test the association of the astrophysical neutrinos with the Galactic
Plane [10, 11], the Galactic Halo [12], and the Fermi “bubbles” [13]. The sensitivity
of these tests will be greatly improved by observations from current and future air-
shower arrays, such as IceTop [14], HAWC [15], LHAASO [16] and HiScore [17].

Neutrino correlations with sources of extragalactic gamma-rays can be inves-
tigated at GeV–TeV energies, where absorption is not as severe, if the hadronic
gamma emission extends to this energy range. The main instruments in this band
are the Fermi Large Area Telescope (LAT) [18], the H.E.S.S. [19], MAGIC [20], and
VERITAS [21] ground-based telescopes, and the HAWC array. The sensitivities of
current and future gamma-ray telescopes are shown in Fig. 2.

Fig. 2. Di↵erential 5� sensitivity of current (solid lines) and future (dashed lines) gamma-ray
observatories. The Fermi-LAT [22, 23] sensitivity curve is given for a 10 year exposure at two
galactic latitudes (30� and 90�). The Fermi-LAT and HAWC curves are given for quarter-decade
energy bins. The VERITAS [24], MAGIC [25], H.E.S.S. [26], and CTA [27] curves are given for 50
hours of observation and 5 energy bins per decade. The HAWC 300 sensitivity [15], and that of the
future HiScore [17] and LHAASO [28] arrays, is given for a five-year exposure. For reference, the
shaded grey regions indicate, from the top, 100%, 10%, and 1% levels of the gamma-ray spectrum
of the Crab nebula.

The connection between the neutrino flux and extragalactic radiation back-
grounds has been explored in recent studies. Simple extrapolations of the astro-
physical neutrino flux down to GeV energies lead to an associated photon flux that
can account for a significant fraction or even overflow (depending on the assumed
neutrino spectral index) the isotropic gamma-ray background (IGRB) measured
by Fermi -LAT [29]. However, Fermi source population studies [30] indicate that
the IGRB is dominated by unresolved AGNs (typically assumed to be leptonic
sources) which results in a lower fraction of the IGRB that could be connected to

CTA

HAWC

LHAASO

SWGO in the Southern Hemisphere
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Communication infrastructure 
• Current infrastructure relies largely on the NASA gamma-ray 

coordinates network. 

• GCN notices and free-text circulars.  

• Challenging for high alert rates, interpretation. 

• Other networks (AMON) target multimessenger triggers. 
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https://gcn.gsfc.nasa.gov/

https://www.amon.psu.edu/
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Alert brokers
• Current push largely driven by the needs of the Vera Rubin Observatory 

(millions of transients per night)
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AMPEL

LASAIR

• Some efforts are targeted specifically for MMA alerts. Upgrades to GCN (TACH)

Hopskotch 
https://heasarc.gsfc.nasa.gov/wsgi-scripts/tach/gcn_v2/tach.wsgi/
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Astro-colibri

• Associated phone app!
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https://astro-colibri.com/
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Summary
• Exciting time for observational multimessenger astrophysics: 

• First GW+EM source unambiguously identified 

• Evidence for the first multimessenger sources of EM + TeV neutrinos 

• Still in the early discovery phase. Main goal is identifying additional sources! 

• Main requirements are improved angular resolution and sensitivities, broad EM spectral coverage.  

• Improvements in communication infrastructure are a must given the large expected rate of 
multimessenger triggers.  
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Hands-on session
• We’ll do three activities: 

A. Follow-up of a GW event with an IACT. 

B. Follow-up of a neutrino event with an IACT.  

C. Searching for neutrino sources in neutrino telescope data.  

• Jupyter notebooks are available here: https://github.com/jmsantander/isapp2022  

• Get a copy: git clone https://github.com/jmsantander/isapp2022.git
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https://github.com/jmsantander/isapp2022

