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Abstract: The observation of electromagnetic counterparts to both high energy neutrinos and gravi-
tational waves marked the beginning of a new era in astrophysics. The multi-messenger approach
allows us to gain new insights into the most energetic events in the Universe such as gamma-ray
bursts, supernovas, and black hole mergers. Real-time multi-messenger alerts are the key compo-
nent of the observational strategies to unravel the transient signals expected from astrophysical
sources. Focusing on the high-energy regime, we present a historical perspective of multi-messenger
observations, the detectors and observational techniques used to study them, the status of the multi-
messenger alerts and the most significant results, together with an overview of the future prospects
in the field.
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1. Introduction

The last century was marked by a fast evolution in our understanding of the Universe
from the discovery of cosmic rays in 1912 to the first direct observation of gravitational
waves in 2015. Particle physics and astrophysics went hand in hand towards discoveries
of new particle species (antimatter, muons, pions, kaons, etc.) and the development of
detection techniques (from cloud chambers to semiconductor detectors). Nowadays, not
only photons but also charged particles (cosmic rays, CRs), neutrinos (ν), and gravitational
waves (GWs) act as cosmic messengers and bring us news from distant corners of the
Universe. We entered the era of multi-messenger astrophysics.

Very-high-energy (VHE, >100 GeV) γ rays play an important role in the multi-
messenger picture. They can be produced in both leptonic and hadronic interactions
and, therefore, together with neutrinos, can reveal the localization and properties of the
sources of CRs. They tell us about the highest particle energy (protons or electrons) reach-
able in these objects. The clues from their spectral shape reveal information about the
environment (photon or matter fields) and the magnetic field strength both internal and
external to the source. Recent discoveries of VHE γ-ray emission from Gamma Ray Bursts
(GRBs) provide us with evidence for their connection to GW emitting objects.

In this review, we summarize the last 30 years of involvement of ground-based γ-ray
telescopes in multi-messenger astrophysics, and give our perspective on the future develop-
ments in this field. We put a special emphasis on the follow-up of real-time alerts, which has
already proven to be a very successful approach to study the multi-messenger universe.

2. Historical Perspective

The source 1ES 1959+650, a near-by (z = 0.048) BL Lac type object, was the third
extragalactic source discovered in VHE γ rays [1]. Therefore, regular observations of
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this object were carried out, also in a form of coordinated multiwavelength campaigns,
which was a novelty at the time. One of them, performed in 2002 by the Whipple and
HEGRA VHE γ-ray instruments together with the Rossi X-Ray Timing Explorer, Boltwood
and Abastumani optical observatories as well as VLA and UMRAO, brought a rather
unexpected result. As reported in Ref. [2]: “Although the X-ray and γ-ray fluxes seemed to
be correlated in general, we found an orphan γ-ray flare that was not accompanied by an
X-ray flare.” This short statement, indicating a departure from a purely leptonic emission
scenario and a possibility of hadronic interactions at play [3] stirred the astro-particle
community. This was particularly good news for the scientists looking for cosmic neutrino
emissions with the AMANDA-II neutrino telescope. This small (∼0.01 km3) predecessor
of IceCube had been recently completed (in 2000) and taking data. Soon, reports of five
neutrino events observed from the direction of 1ES 1959+056, two of which arrived around
the time of the orphan VHE γ-ray flare, followed [4,5]. Unfortunately, due to the trial
factors arising from a posteriori choices of the time windows to be used for the statistical test,
the significance of this coincidence cannot be properly estimated. Nevertheless, it proved
the interest in simultaneous VHE γ-ray and neutrino observations—the idea for neutrino-
based target-of-opportunity (ToO) triggers was born [6]. The other way around is also true.
Real-time alerts of VHE γ-ray flares are of significant interest for the neutrino community.

While neutrino telescopes continuously monitor a large fraction of the sky, Imaging
Air Cherenkov Telescopes (IACTs) are pointed instruments. For simultaneous observations,
either a monitoring program or ToO observations are needed. As the sources of astrophysi-
cal neutrinos are not yet clearly identified, the ToO approach had to be chosen. One such
program is the Gamma-ray Follow-Up (GFU), run since 2012 by IceCube [7] in collabora-
tion with MAGIC, VERITAS, and H.E.S.S. [8]. The key idea is to identify neutrino source
candidates among the γ-ray emitters and search in real-time for time-variable neutrino
emission to reduce the overwhelming (six orders of magnitude) CR-induced background.
In the current implementation, there are more than 330 monitored sources (mostly Active
Galactic Nuclei, AGN) and the duration of the potential neutrino flare can vary from a few
seconds to six months.

The joint work between the neutrino and electromagnetic (EM) observatories, as
in [9] for example, demonstrated the power of a multi-messenger approach in astro-
physics, and led to the concept of the Astrophysical Multimessenger Observatory Network
(AMON) [10,11]. AMON is a continuous, real-time system designed to enable the dis-
covery of the sources of transient multi-messenger signals by sifting through streams
of sub-threshold events from several multi-messenger facilities, and correlating them in
real-time in search of spatial and temporal coincidences. The first prototype of the AMON
real-time system was built in 2013. The AMON server was designed to receive data (in-
cluding sub-threshold events) from the member observatories, and to send alerts to the
follow-up facilities when coincident signals were found. The prototype of the AMON
server went online (i.e., started processing archival data) in July 2014, and the HTTPS
client started running successfully at IceCube in August 2014. IceCube transmitted sim-
ulated neutrino events to AMON from August 2014 until February 2015, when AMON
started receiving neutrino data from IceCube in real-time. This was the first real-time sub-
threshold data stream. The connection with the Gamma-ray Coordinates Network (GCN)
was established in May 2015, and in August 2015, AMON started issuing real-time alerts
via GCN to some collaborators (e.g., VERITAS and MASTER) for developing and testing
their follow-up software and capabilities. By September 2015, archival data from Auger,
ANTARES, IceCube, Swift-BAT, Fermi-LAT, and aLIGO (S6) were written to the AMON
databases. AMON started the first coincidence analysis of archival data from participating
neutrino (IceCube) and EM observatories (Fermi-LAT and Swift-BAT) in December 2015.
The two high-uptime AMON production servers became fully operational in February
2016. These redundant servers were designed to have less than one hour of downtime
per year. AMON started distributing in real-time the IceCube high-energy starting event
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(HESE) [12,13] and the extremely high energy (EHE) [12] alerts to the broader astrophysical
community via GCN in April 2016.

A New Multi-Messenger Era

The first direct observation of gravitational waves from the merger of two black holes
occurred on 14 September 2015, and it was announced by the LIGO/Virgo Collaboration
(LVC) on 11 February 2016 [14]. Then, a GW event from the merger of two neutron stars
was observed on 17 August 2017 [15], and the aftermath of this merger was seen across
the electromagnetic spectrum [16]. This significant breakthrough in multi-messenger
astrophysics clearly emphasized the urgency to establish a real-time alert system for GW
events. The LVC started issuing public alerts through the GCN/TAN system from the
beginning of the third observing run (O3) in April 2019. A significant percentage of O3
candidate events detected by LIGO were accompanied by corresponding triggers at Virgo.
The values of the false alarm rate (FAR) were spread over a large range, with more than
half of the events with a FAR greater than one per 20 years. The Kamioka Gravitational
Wave Detector (KAGRA) in Japan became operational on February 25, 2020. However,
KAGRA does not report their signals in real-time as LIGO and Virgo do. The O3 run
(and therefore the GW alerts) ended earlier than scheduled on 27 March 2020 due to the
COVID-19 pandemic.

3. Paving the Way
3.1. Ground-Based Gamma-Ray Telescopes

IACTs are pointed instruments with a field of view (FoV) of ∼3◦ to 5◦. Therefore,
when receiving alerts, they require accurate information on the arrival direction of the
multi-messenger events. Fast repositioning is an important feature of these instruments to
be able to follow-up neutrino and other real-time alerts.

An example of the IACT adaptation for rapid follow-up are the MAGIC Telescopes.
They were designed to detect VHE γ-ray emission from GRBs. Therefore, they were built
with an extremely light-weight structure to allow for fast telescope movements. The system
for repositioning and tracking sources was designed for rapid follow-up and has been
equipped with calibration devices to track possible deformations of the structure [17].
Based on the fast repositioning, an automatic follow-up procedure was set up [18]. This
‘GRB mode’ needs to be enabled at the beginning of the night. To ensure the safety of the
shift crew, there are switches that stop the motion of the telescopes when the door on the
fence around the telescopes is opened. If an alert occurs when the ‘GRB mode’ is enabled,
the automatic alert system takes control over all the subsystems to point to the position of
the alert and start data taking as quickly as possible. Sub-minute times have been achieved
from receiving the alert to taking data [19,20].

Other IACTs have also implemented similar automatic follow-up systems, for exam-
ple, [21,22]. For example, the H.E.S.S. collaboration constructed the largest IACT in the
world to obtain the lowest energy threshold, which is important for these extragalactic
observations. The large size is combined with rapid slewing capabilities (<1 min anywhere
on the sky) and the deployment of a fully automatic alert system [21].

Although these automatic follow-up procedures were originally designed for GRB
alerts, it is possible to adapt them to respond to neutrino and GW alerts, for example, [23].

3.2. Neutrino Telescopes

The largest (1 km3) operating neutrino observatory is IceCube [24], located at the South
Pole. Two smaller detectors—ANTARES (∼0.01 km3) [25] and Baikal (∼0.4 km3) [26]—are
immersed in the Mediterranean Sea and Lake Baikal, respectively. All of them detect
neutrinos using the Cherenkov radiation from the secondary particles (muon, electron,
tau, and hadronic showers) that are produced in neutrino interactions in water or ice.
Neutrino telescopes use the bulk of the Earth as a shield against the atmospheric particle
background. Therefore, they are most sensitive to the sources located on the hemisphere
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opposite to their location (e.g., the Northern hemisphere in the case of IceCube). The first
astrophysical neutrino events were discovered with IceCube in 2013 [13], and more than
100 astrophysical candidates have been detected so far [27]. Although several types of
searches for neutrino sources have been performed, including correlation studies with
different sources catalogs [28,29] as well as blind searches in space and time [30,31], no
unambiguous identification of a neutrino source has been made at a discovery level. The
most significant excess (4.2σ pre-trials) in the IceCube 10-year exposure map is at the
location of the starburst galaxy NGC 1068. No VHE γ-ray excess has been detected from
this source, despite a deep observation campaign performed by MAGIC [32].

The first neutrino events identified as astrophysical in origin, the High Energy Starting
Events (HESE), were mostly of the cascade topology. This made the estimation of the
arrival direction difficult, especially in ice, where the scattering length is shorter than in
water. HESE events have localization uncertainties of the order of hundreds of square
degrees. Due to the improvements in background rejection and event reconstruction,
the diffuse astrophysical neutrino flux was also measured with track-like events; a.k.a.
Extremely High Energy (EHE) events [33]. The localization uncertainty of EHE events
was reduced to a few square degrees, that is, an area comparable to the typical field of
view of an IACT. The experience gained with these two streams and the advances in the
online event reconstruction allowed IceCube to establish the first public real-time neutrino
channels: the EHE and HESE alerts. The IceCube collaboration issued the first real-time
alert (EHE-160424A) on April 24, 2016, and it was followed up by all IACTs [34].

3.3. The GCN/TAN System

As the duration of GRBs is of the order of <2 (∼10–100) s for short (long) bursts, follow-
up observations must rely on fast communications. For this reason, the GRB Coordinates
Network (GCN)/Transient Astronomy Network (TAN) was started in 1992 [35]. The
GCN/TAN system currently distributes the locations of GRBs and other transients (in
the Notices) and also the reports (called Circulars) of the follow-up observations. The
GCN/TAN Notices consist of the real-time (and near real-time due to telemetry down-
link delays) distribution of GRB/transient locations (including images, spectra, and light
curves) detected by various spacecrafts such as Swift, Fermi, MAXI, INTEGRAL, IPN,
MOA (gravitational lensing events), and others. The latency for missions with real-time
downlinks is in the 2–10 s range. The GCN/TAN Circulars are natural language, prose-
style messages (as opposed to the “TOKEN: value” style of the Notices, easily readable by
a machine) from follow-up observers (ground-based and space-based optical, radio, X-ray,
TeV, and other particle observers) reporting on their results (detections or upper limits). The
GCN/TAN System is a very important tool in the context of multi-messenger astrophysics
for the communication of alerts and the coordination of follow-up observations.

Looking forward, the Time-domain Astronomy Coordination Hub (TACH) [36] is a
new effort to expand upon the GCN/TAN system. TACH will add new capabilities to GCN
to enable community coordination of follow-up observations including improved user
configuration flexibility, output protocols, reliability, speed, and cross-correlation between
missions. TACH will also provide the infrastructure for joint γ-ray mission localizations in
an open source platform, which will be especially relevant for the upcoming generation of
GRB satellites.

3.4. ATels

Discoveries of supernovae and other transient objects are usually made public via
Astronomer’s Telegrams (ATels [37]). ATels are short web-based notifications commonly
used to report and comment upon new astronomical observations of transient sources and
to eventually trigger follow-up observations. The prompt nature of the ATels facilitates the
distribution of observational results in the context of an unfolding transient astrophysical
event. In many cases, the triggering observation has more information, for example, the
full light curve, which is not included in the original ATel. Besides the daily emails with the
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selected areas of interest, readers may request the Instant Email Notices, which are used to
report the discovery of one of several different types of objects, as well as new outbursts of
previously known transients. The Instant Email Notices are sent immediately upon receipt.

Both GCN and ATels are widely used by all IACTs to coordinate their observations
and to announce source discoveries or alert follow-up results.

4. Current Situation

In this section, we present the state of the alerts from the point of view of γ-ray
telescopes. We first describe the alerts that are being sent from/within the γ-ray commu-
nity. We then introduce the alerts that are being sent to the γ-ray community both from
individual-messenger channels (either through AMON or direct-communication channels)
and from multi-messenger real-time coincidence analyses. Finally, we discuss how IACTs
receive and react to these alerts.

4.1. Sending Alerts

The γ-ray community communicates alerts very actively in the context of transients
and coordination of multiwavelength follow-ups for interesting events such as AGN
flares. For those events and based on a memorandum of understanding (MoU), the γ-ray
instruments such as FACT, Fermi, HAWC, H.E.S.S., MAGIC, and VERITAS exchange
information directly. Different trigger thresholds are set depending on the brightness of
the sources. These alerts are communicated via email. In the case of events with a wider
range of interest like the detection of a new γ-ray source or an exceptional flaring activity,
an additional ATel is issued. (ATels are also used to request multiwavelength observations.)
As described in Section 3.3, the GCN Circulars are the method of communication for
follow-up observations or upper limits in the case of non-detections.

In addition to the emails under the MoU, GCN Circulars, and ATels, FACT informs all
interested astronomers about flaring activities of blazars. A trigger threshold of three times
the flux of the Crab Nebula (Crab Unit, CU) at TeV energies is used for the brightest blazars:
Mrk 421 and Mrk 501, while for other blazars 0.5 CU is used [38]. Additionally, these alerts
are also sent to AMON. As the correlation of sub-threshold events is an important feature
of AMON, more elaborate trigger thresholds and algorithms are under investigation [39].

The HAWC collaboration sends two types of alerts under the MoU. The first alert
stream is an online flare monitor that is based on the detection of variability using Bayesian
blocks [40,41]. This stream is comprised of four channels that are used for different source
classes. The alerts are issued with a FAR of 7.5 events per year for each channel, resulting in
a total FAR of 30 events per year. One channel is dedicated to Mrk 421 and Mrk 501, and a
second channel is used for the rest of the known TeV sources. The other two channels are for
sources from the Fermi-LAT 2FHL catalog [42], one for nearby sources (with known redshift
smaller than 0.3) and the other one for the rest of the sources in that catalogue. The second
alert stream from HAWC is based on significant excesses (>5σ post trials) in the all-sky
map in different time scales (0.5, 1, 2 and 3 transits across the field of view of HAWC) [43].
These alerts are sent by email to MoU partners using different, pre-established FARs.

IACTs are follow-up instruments in general. They can produced their own alerts
though. For example, an AGN that flares while is being observed can trigger an alert.
In any case, there are no alerts being produced automatically as it can be done with an
instrument with a high duty cycle like HAWC.

4.2. AMON Pass-Through Alerts

Among the data constantly being sent to AMON, there are also single-messenger
events, that the triggering observatories want to distribute to the community in real
time. In these cases, AMON passes the event information as an alert to enable follow-up
observations in real time. An example of the importance of these pass-through channels is
the event IceCube-170922A [44] discussed below in Section 5.2.
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4.2.1. IceCube Tracks

AMON distributes alerts in real-time via GCN Notices containing the information
about neutrino events observed with IceCube that are likely of astrophysical origin [33].
There are two pass-through streams from IceCube. The first one is based on track-like
neutrino candidates. For each candidate event, the alert includes the localization in the sky
(with the 50% and 90% uncertainty radii), an estimate of the neutrino energy, a likelihood
that the event is an astrophysical neutrino (signalness), and the corresponding FAR.

The IceCube collaboration has developed three event selections that result in these
prompt high-energy track alerts. The Gamma-ray Follow-Up (GFU) track selection uses
a machine learning algorithm that, based on the muon energy or the deposited charge,
identifies coincidences of two or more tracks with a time window of up to three weeks [7].
These searches target sources from a predefined source catalog. Thus, GFU alerts are
optimized for γ-ray follow-up as they are likely to be of astrophysical origin. The first
GFU alert was sent in 2012. The HESE selection identifies high-energy neutrino events
where the interaction vertex is contained within the instrumented volume [13]. The EHE
track selection identifies PeV neutrinos. This selection was improved from the diffuse EHE
neutrino search [45] by optimizing the requirements on the quality of the fit, the declination,
and the total charge observed in the event (as a proxy for the neutrino energy). This
modification increased the astrophysical purity of track-like candidates and the sensitivity
to PeV neutrinos. These three selections combined provide a sample of likely-astrophysical
track-like neutrino events, predominantly arising from muon neutrino charge-current
interactions. The median angular resolution of these events is energy-dependent, but is
better than 0.25◦ for neutrino energies above 200 TeV.

These alerts are further classified (since 2019) as either Gold or Bronze alerts depending
on their average astrophysical purity1. Gold (Bronze) alerts are well-reconstructed, high-
energy, track-like neutrino candidates with a signalness greater than 50% (30%).

The expected all-sky annual alert rate is 28, where eight alerts are from astrophysical
neutrino events and 20 from atmospheric backgrounds. These rates are consistent with the
observed rates of alert-qualifying events in the 7-year archival IceCube data. These alerts are
not expected to be uniformly distributed in declination because there is a zenith dependence
of the atmospheric backgrounds and the distribution itself is energy dependent due to the
absorption of high-energy neutrinos in the Earth’s core. The declination distribution of
these alerts is expected to peak just above the equator in the Northern hemisphere.

4.2.2. IceCube Cascades

The high-energy track events were the first real-time alerts from IceCube because of
the good angular resolution and fast reconstruction of these events. In recent years, the
selection and reconstruction of high-energy cascade events has also been improved (and
made possible in near real time) by the use of two neural networks.

A first neural network [46] is used to select cascade events contained inside of the
detector; that is, the cascade events in the HESE sample are the starting point for this
alert stream. The inputs of this classifier are the digitization of the waveforms (charge
vs. time) recorded at each IceCube optical module. The architecture of this deep neural
network is described in detail in Refs. [46,47]. This improved event selection is able to
better reject tracks. Thus, it reduces the amount of atmospheric muons and neutrinos and
leads to ∼8 events per year with an astrophysical purity larger than 85%. It is important to
mention that this event classifier does not make a selection based on angular resolution.
However, follow-up observatories are able to select events based on the angular uncertainty
(provided in the alerts) that best fit the capabilities of their instrument.

A second neural network [48], used for the event reconstruction, improves the an-
gular resolution. It takes a few seconds to run (instead of about a day for the previous
reconstruction), allowing the reconstruction of cascade events in real time. Similarly to the
event classifier, the input of the reconstruction network consists of a three-dimensional
grid approximating the detector, as well as two other grids for the lower and upper parts
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of DeepCore. These grids also have a fourth dimension containing the time and charge
information for each optical module. This neural network outputs the direction and the
energy of the incoming neutrino, and the uncertainties on both parameters. The improved
reconstruction results in 50% of the events having an angular resolution (68% containment)
better than 7◦, including systematic uncertainties. The 50% and 90% containment angular
error radii, corresponding to a circularized error, are reported in the alerts. However, the
neural network is able to compute more sophisticated error contours that can be asymmet-
rical. These contours are also reported in the alerts as FITS files containing the probability
density of the neutrino direction.

Cascade events from the Southern sky have a larger astrophysical purity because
atmospheric neutrinos can be rejected. Additionally, the number of cascade events from
astrophysical origin is lower in the Northern sky because the Earth is not transparent to
high-energy neutrinos. Thus, the probability that an event is of astrophysical origin that is
reported in the alerts accounts for three bins in zenith distance. Alerts are produced for
events with an astrophysical likelihood higher than 0.9, which corresponds to a FAR of
0.311 events per year.

4.2.3. HAWC GRB-like Triggers

Another important pass-through stream is the one dedicated to alerts from short
timescale excesses in HAWC data. HAWC monitors the multi-TeV sky with an instanta-
neous field of view of 2 sr and a duty cycle greater than 90%. These alerts contribute to the
on-going searches for VHE emission from GRBs, and especially for multiwavelength and
multi-messenger studies.

The search for excesses uses a fixed-width sliding time window over the ∼25 kHz of
air showers reconstructed online at the HAWC site. The spatial search is done up to 50◦

in zenith distance (i.e., declination approx. between −31◦ and 69◦), in ∼2◦ × 2◦ square
bins (in right ascension and declination), and for time windows of 0.2, 1, 10 and 100 s. In
each time window, all points in the FoV are tested against the null hypothesis that the local
air-shower count comes from the rate of cosmic rays that pass the background suppression
(∼500 Hz). Significant upward fluctuations from the expected number of background
counts are interpreted as candidate VHE photons from GRB emission.

The uncertainty in the position of the excess reported in the alerts was derived from
Monte Carlo simulations. The 68% containment radius is between 0.4◦ and 0.8◦ depending
on the number of background events.

The threshold for sending these alerts was set at one event per year. This high false-
positive threshold is due to the number of trials associated with searching the entire field
of view for all time windows. The trials calculation takes into account the fact that the
search algorithm compares probabilities from multiple bins to select the result that is least
consistent with the null hypothesis. The search algorithm and, more importantly, the
calculation of this post-search false positive rate are explained in more detail in Ref. [49].

4.3. Gravitational Wave Alerts

The LIGO Scientific Collaboration and the Virgo Collaboration jointly analyze their
data in real time to detect and localize transients from compact binary mergers and other
possible sources of gravitational waves. When a signal candidate is found, an alert is
distributed through the GCN/TAN System to search for possible counterparts such as
electromagnetic waves or neutrinos. It is important to note that the LVC does not use any
broker, and the GW alerts are sent directly to GCN by the LVC.

Before the initial alert, there might be cases in which an Early Warning Notice may
be issued up to tens of seconds before the merger. Early Warning alerts are rare, and
only possible for exceptionally loud and nearby coalescence events. Then, a Preliminary
Notice is issued automatically a few minutes after the GW candidate was detected. In
both cases, the signal must have passed automated data quality checks, and there is no
accompanying GCN Circular. Thus, these may be retracted later. An Initial Notice is issued
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only after human vetting, which is accompanied by a GCN Circular. If further analysis of
the data results in improved estimates of the sky localization, significance, and/or event
classification, an Update Notice is issued. There may be multiple updates for the same GW
event, and these updates may be issued within hours, days, or even weeks after the event.
As described in Section 4.5, further analysis may also conclude that the event is unlikely to
be from an astrophysical origin. In these cases, the candidate is withdrawn and a Retraction
Notice is issued.

GW alerts contain a unique identifier, a FAR, and a sky localization. The FAR quantifies
the significance of the event, and the sky localization consists of the posterior probability
distribution of the position of the source in the sky. Additionally, alerts for coalescence
events contain information about the luminosity distance, and inferred source classification
and properties.

The sources of GWs are localized in the sky using the observed time delays, amplitude
and phase consistency of the GW signals at the different sites. Two interferometers can
constrain the sky location to a broken annulus, and the presence of additional detectors in
the network improves the localization further. For example, the average sky localization
area (90% credible region) was 655 deg2 for the eleven confident signals detected during
O1 and O2, while the expected median for all types of binary systems during O3 with the
Advanced LIGO and Virgo network is ∼300 deg2 [50].

4.4. Multi-Messenger Alerts

AMON receives and stores astrophysical data, searches for multi-messenger coinci-
dences, and distributes electronic alerts for follow-up observations. As mentioned before,
AMON issues two distinct types of alerts, the pass-through alerts described in the previous
section in which AMON serves simply as a conduit for propagating the single-messenger
event information, and a second type from the coincidence analyses of two or more
data streams.

A coincidence analysis combines two or more data streams using a likelihood calcula-
tion to quantify the degree of correlation between different events. An FAR is determined
from scrambled datasets to build a representative distribution of random coincidences,
and a test statistics value is used to rank the coincidences. The FAR thresholds are verified
using archival data [51]. Finally, the collaborations contributing the streams used in the
coincidence analysis specify the thresholds for distributing the alerts.

4.4.1. ANTARES-Fermi

This alert is a real-time search for coincidences between γ rays observed with Fermi-LAT
and neutrinos detected with ANTARES. The ANTARES collaboration sends their neutrino
data to AMON in real time over a private stream. Photon data from the LAT is downloaded,
as it becomes publicly available on the LAT FTP server2. The LAT data are filtered to select
photons with energies between 100 MeV and 300 GeV, a LAT zenith angle of less than 90◦,
and arrival times within the boundaries of the good time intervals provided by the LAT
satellite files. A γ−ν coincidence is defined as any photons arriving within 5◦ and 1000 s of
an ANTARES neutrino. A pseudo-log-likelihood test statistic (TS) is calculated for each
coincidence, as described in Ref. [52]. This TS takes into account the point spread functions
(PSF) of each photon and each neutrino, and the number of neutrinos and gamma rays in
the coincidence. There is also a temporal weighting function for each neutrino and γ ray in
the coincidence that is equal to one for particles within 100 s of the (average) arrival time.
Between 100 s and 1000 s, this function scales inversely proportional to this time difference
to allow for possible longer-timescale associations (as might result from low-luminosity
GRBs, for example) while maintaining a preference for shorter-timescale associations. The
TS also accounts for the γ-ray backgrounds for each photon at the coincidence location,
and a factor (established by the ANTARES Collaboration for each individual neutrino
candidate) that represents its likelihood for being of astrophysical origin. Alerts more
significant than a 4/year threshold are sent out via GCN to the AMON follow-up partners.
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The latency of these alerts is temporarily of the order of one day because the ANTARES
collaboration reviews manually the neutrino(s) that participate in the coincidence.

4.4.2. IceCube-HAWC

These AMON alerts are also based on the sub-threshold detections of γ rays and
neutrinos. More specifically, they are produced using data from the daily monitoring
stream of the HAWC Observatory [49] and the track stream from IceCube [33]. The HAWC
data consist of the daily excesses with a significance higher than 2.75σ. These so-called
“hotspots” are locations in the sky with a cluster of events above the estimated cosmic-
ray background level, and are identified online during a full transit of that sky location
above the detector. Most of these events are expected to be background fluctuations.
The IceCube data are generated by the online event selection (described in Section 4.2.1)
and reconstruction algorithms that are tuned to select track-like, through-going neutrino
events. It is also dominated by background events, which in this case are atmospheric
neutrino events in the Northern hemisphere, and high-energy atmospheric muons in the
Southern hemisphere.

The coincidences are defined by a temporal and spatial criteria. Namely, the se-
lected neutrinos must be detected during the transit time of the HAWC hotspot, and its
reconstructed arrival direction must be within a radius of 3.5◦ from the HAWC hotspot
localization. A ranking statistic, based on Fisher’s method, is then calculated by combining
the spatial uncertainties of the γ-ray and neutrino events, the probability of the HAWC
event being compatible with a background fluctuation, the probability of seeing more
than one neutrino from background in the HAWC transit period, and the probability of
measuring such an energy (or higher) for the IceCube event assuming it is a background
event. The uncertainty on the best position of the coincidences is O(0.2◦), because it is
dominated by the uncertainty on the location of the γ-ray excesses. The alerts include the
50% and 90% containment radii around the best position of the coincidence. The FARs were
determined from scrambled datasets. The reported FARs are derived for each coincidence
based on the ranking statistic described in detail in Ref. [53]. The rate of alerts being
sent to GCN is four per year. The latency of these alerts could be about 6 h because the
location of the hotspot has to transit above the HAWC detector before the analysis can start.
The coincidence analysis in the AMON servers takes less than a minute to run after the
sub-threshold triggers are received.

4.5. Offline Updates, Revisions of Alerts

The real-time distribution of transient events is possible through rapid computations
on-site (in space, at the South Pole, etc.) without human intervention. Thus, it may occur
that an offline, more precise and more time-consuming reconstruction differs from the
original information in the notice. In these cases, either a correction or a retraction is
issued. For example, if a high energy neutrino is no longer identified as astrophysical,
then a retraction notice is issued. Similarly, the automated on-board Fermi flight software
generates GRB position notifications in real time. But if the ground-based, human-involved
processing results in a revised position, the updated information is transmitted within a
few hours after the burst. This is a feature common to all the alert streams that is crucial to
conduct efficient follow-up observations.

4.6. Receiving Alerts, Follow-Ups

The ground-based γ-ray telescopes receive the various alerts by GCN, VOEvent
and/or email. Details on the follow-up programs of the current generation of IACTs are
described in [7,34,44,54–58]. In the initial stages, follow-up observations were manually
scheduled. Currently, if an alert arrives during a dark night, IACT telescopes use a fast,
automatic re-pointing that allows for an immediate observation. In the case of full Moon or
bad weather, the observations are sometimes postponed for up to a few days after the alert
and then scheduled manually.
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A recent report discusses the single-neutrino alerts that have been followed up by
IACTs since October 2017 [8]. No detection of VHE γ-ray emission was announced in
connection to a single neutrino alert. No change in the source emission was observed
following-up a flare detected within the GFU program.

H.E.S.S. is the only operating IACT located in the Southern hemisphere, and the
ANTARES neutrino detector also obtains the best sensitivity in the Southern sky. Therefore,
the two experiments complement each other very well. Their alert systems are linked
directly using a VOEvent protocol [59,60], which allows for a rapid exchange of alerts
between the two experiments. So far H.E.S.S. has reported follow-up observations of two
ANTARES alerts, one of them (ANT170130) with a record response time of 32 s after the
neutrino alert [61]. This work highlights the synergy between KM3NeT and CTA South,
and will facilitate the implementation of an early system for mutual real-time follow-up
observations, and exchanges of data such as flares, spectral/angular shapes, and so forth.

In the early phase of GW searches (corresponding to the O1 and O2 runs), the alerts
were private; that is, GCN Notices were sent only to those observers that had an MoU with
the LVC. Notices were made public after the LVC published the corresponding GW events.
Ad hoc follow-up observations during the O1 and O2 interval include the BH–BH merger
GW151226 [62] by MAGIC [63] and GW170104 [64] by VERITAS3. The first complete scans
of the uncertainty regions were possible during O2 when GW events started being detected
by all three interferometers. For example, the binary black hole merger GW170814 [65] was
followed up by H.E.S.S.4

Although during O3 the Notices were immediately publicly distributed without the
need of an MoU, the issue of the large localization maps remained. Thus, dedicated
follow-up procedures needed to be devised. Examples of these procedures include the
MAGIC Automatic Alert System [66] and the H.E.S.S. automatic GW follow-up chain [23].
This algorithm was optimized to initiate GW follow-up observations within less than 1
min after receiving the alert. As a consequence, H.E.S.S. observed six GW events out of
the 67 non-retracted GW events detected during the first three observation runs of LIGO
and Virgo.

5. Highlight Results

Multi-messenger observations allow us to exploit the synergies that are inherent in
the signals emitted from cosmic sources via the electromagnetic, gravitational wave, high-
energy neutrino, and cosmic-ray channels. The candidate sources expected to emit in two
or more of these messengers include active galactic nuclei, gamma-ray bursts, supernovae,
white dwarfs, and neutron stars. The EM counterparts have already made possible the
first identification of the source of a binary neutron star (BNS) merger and have provided
evidence of an association between a high-energy neutrino and a gamma-ray flare from a
blazar. More importantly, we think that multi-messenger observations have the potential
to illuminate questions of fundamental physics and to provide unique measurements
and independent insights that will completely revolutionize our understanding of high-
energy astrophysics. The results that we highlight in this section emphasize the need for a
systematic approach to move forward from the “pioneering” phase into the “expansion”
stage, where Multi-Messenger Astrophysics becomes a field of its own.

5.1. Gamma-Ray Bursts

GRBs are the most luminous explosions in our Universe. Their energy release in X
rays and γ rays can be ∼1051−54 erg in a matter of seconds (assuming that GRBs radiate
isotropically) [67]. Known since the 1970’s and observed at a rate of ∼1/day by X-ray
satellites, GRBs were the reason behind the implementation of automatic alert follow-up
systems by the IACTs. As described in Section 3.1, the process evolved through several
stages. For example, MAGIC obtained light-weighted, fast moving telescopes from a
dedicated hardware design. Trigger and software solutions also lowered the energy
threshold, and allowed for detection of distant sources up to redshifts of ∼1.0 [68–70].
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These factors and the observation strategies honed for more than a decade resulted in the
discovery of GRB 190114C by MAGIC [19,71] and the detection of GRB 180720B afterglow
by H.E.S.S. [72]. The former was obtained with observations starting as fast as 52 s after
the trigger. The latter came from observations ∼11 h after the trigger. These two significant
results demonstrate how the differentiation of the follow-up strategies allow us to study
the temporal evolution of transient events. Both observations confirmed that the γ-ray
emission from GRBs can reach up to TeV energies and revealed that this component is as
powerful as the already known low-energy synchrotron component.

Since those breakthrough results, two more detections were announced: GRB 190829A
by H.E.S.S. [73], and GRB 201216C by MAGIC5. The H.E.S.S. observations of the former
were performed on three consecutive nights, between 4 hrs and 56 hrs after the trigger. The
similar characteristics in the X-ray and γ-ray bands proves difficult to describe the emission
with simple one-zone models. The latter, at z = 1.1, is the most distant source detected
by an IACTs so far. All the discussed detections concern long GRBs, whose precursors
are Supernova explosions. So far only hints of VHE γ-ray emission from a short GRB
have been reported for GRB 160821B [20]. Short GRBs are particularly interesting due to
their connection to GW-emitting BNS mergers. For a more detailed discussion of GRBs
and the role of IACT follow-up observations, we refer the reader to another review in this
issue [74].

5.2. TXS 0506+056—Neutrino Blazar?

On 22 September 2017, a high-energy track event was detected by the IceCube real-
time alert system. An automated alert6 was distributed to the community within less
than a minute, including an initial estimate of the arrival direction and energy (∼120 TeV)
of the event. Subsequent multiwavelength EM observations revealed a high probability
coincidence with the known blazar TXS 0506+056, which was flaring in γ rays at that
time [44]. The chance coincidence for the correlation was excluded at a confidence level
of 99.73%, making this the most significant association between a HE neutrino and an
astrophysical γ-ray source up to date.

The H.E.S.S. telescopes were the first IACT on target with the follow-up delay of
only 4 h with respect to the neutrino event arrival time. No significant γ-ray emission
was detected [75]. VHE γ-ray emission from this source was discovered with the MAGIC
telescopes thanks to the low-energy threshold and persistent observation strategy [76,77],
and later confirmed by the VERITAS observatory [78]. IACT observations during this
flaring period show TXS 0506+056 as a highly variable VHE γ-ray emitter [54].

Various theoretical explanations followed these exciting results [9,79–81]. Among
others, the MAGIC Collaboration explored the multiwavelength broad-band emission
from this source, and the connection of the observed γ rays with the observed neutrino
and cosmic rays in the jets of the AGN [77]. In fact, this work shows numerical evidence
that TXS 0506+056 is able to accelerate CRs up to energies of ∼1018 eV. The assumptions
on the geometrical structure of the TXS 0506+056 jets, which were made to explain the
neutrino emission, were confirmed with 15 GHz very long baseline interferometry (VLBI)
imaging [82].

A dedicated study of past IceCube observations of this object revealed another highly
significant period of neutrino activity in 2014–2015, establishing it as a first potential source
of cosmic neutrinos [83]. It is worth mentioning that this flare did not trigger a GFU alert
only because the source redshift was unknown at that time [84] and the GFU program
relies on sources with known redshift. TXS 0506+056 was added to the source list during
the GFU upgrade in 2019.

Unfortunately, there is very little multiwavelength data, in particular no VHE γ-ray
data, for the 2014–2015 neutrino flaring period. IACTs started to regularly monitor this
source after the neutrino alert of 2017. (VERITAS observed TXS 0506+056 in 2016–2017;
that is, prior to IC170922A, with no detection.) Both MAGIC and VERITAS, together
with multiwavelength partners, perform unbiased monitoring observations to study the
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long term behavior of TXS 0506+056 [85,86]. Open questions include the object’s nature
(FSRQ vs BL Lac [87]) and its duty cycle, which is an important ingredient to derive the
coincidence probability between the different messengers.

5.3. GW170817

The detection of the first BNS system GW170817 [15] marked the start of a new era
of multi-messenger astrophysics [16]. The multi-year follow-up campaigns of this single
event enabled observations across the entire EM spectrum that confirmed that the merger
of two neutron stars is able to power high-energy transients, such as short GRBs [88] and
kilonovae. The H.E.S.S. observations of this event started on 17 August 2017 at 17:59 UTC,
only ∼5 min after the localization map was made public by the LVC, and 5.3 h after the
original GW170817 alert. They found no significant γ-ray emission. Their upper limits on
the VHE γ-ray flux constrained for the first time the non-thermal, high-energy emission
following a BNS merger [89]. H.E.S.S. also performed a long-term campaign (between
124 and 272 days after the GW event) on the remnant of the BNS merger, covering the
maximum in the X-ray emission. They derived limits on the magnetic field of the remnant
in the context of different source scenarios [90].

Results from this single multi-messenger event clearly demonstrate the potential of
multi-messenger astrophysics. This event also highlights the need for population studies
to disentangle the physics at the source and the interactions in the environment.

6. Discussion

The multi-messenger detections in recent years have produced an enormous leap
forward in our understanding of highly energetic, transient events. On the other hand,
the observation of astrophysical sources via non-electromagnetic messengers has faced
equally enormous challenges. New solutions are needed to meet the increased demand for
low-latency analyses, and reach the promised greater rewards in the years ahead.

6.1. Real-Time Tools, Alerts, and Follow-Up Campaigns

Multi-messenger astrophysics relies heavily on sharing alerts in real time. In turn,
these alerts have to be prioritized by each experiment considering their features, capabilities,
and scientific objectives. It would be ideal to develop a set of common tools to identify
potential sources of GWs and high energy neutrinos, and a community-wide coordination
to maximize the number of multi-messenger observations. Only automated, systematic
campaigns will guarantee unbiased coincidences and an optimized use of wide-field, all-
sky survey instruments and target of opportunity observations with narrow field of view
telescopes. Given the number of alerts expected from the next generation of neutrino, GW,
and electromagnetic observatories, this automatization of the observing campaigns has
become a requirement.

Although many resources for EM counterpart identification exist, such as source
catalogues and archival repositories (e.g., ASDC7, OpenUniverse8, VO9), they are still not
fully connected to the real-time alert brokers. The first steps toward this connection are
starting to be realized. One example is the novel tool called AstroCOLIBRI [91] that collects
in one place the real-time alerts and the relevant information about the persistent and
transient sources in the vicinity of the event. There is still some work to be done to fully
integrate the natural language resources (e.g., GCN Notices and ATels) into the system.

It is also clear that, thanks to the increasing number of more sensitive telescopes
that are planned or under construction (e.g., Vera Rubin Observatory, SKA), astronomy
is entering the era of Big Data. Processing large amount of information very fast will be
crucial to enable immediate follow-up of potential counterparts.

6.2. The Big Data Challenge and Real-Time Analyses

On the receiver end, efficient observation routines need to be implemented. This is
especially important for pointing instruments that face hard choices such as: where to
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point? For how long? Is the origin of dark matter more important topic than GW follow-up?
It is important to solve these issues before the next generation of experiments bring us an
order of magnitude more real-time alerts.

In fact, the difficulties do not stop with an established multi-messenger coincidence.
To estimate the significance of such coincidences, we will need data on the long-term
behavior of the sources or reliable statistics of the transient occurrences. Currently, only a
small number of VHE γ-ray emitters are monitored regularly and most of them are nearby
blazars, for example, [92]. Moreover the monitoring is often biased towards flaring events,
which prevents a proper estimation of the emission duty cycle.

7. Outlook
7.1. Multi-Messenger Alerts

There are several AMON coincidence alert streams under development. Similarly to
the channel described in Section 4.4.2, AMON is in the final stages to start issuing alerts
using sub-threshold detections of γ rays from HAWC and neutrinos from ANTARES [93].
The AMON Team is working to generate and distribute low-latency alerts from the real-
time coincidence analysis between Fermi-LAT data and the sub-threshold stream from
IceCube. The archival analysis [94] showed hints of a possible correlation between the
neutrino positions and persistently bright portions of the γ-ray sky. These AMON alerts
will prompt rapid-response follow-up observations that could test a possible signature
of γ-ray correlated structure in the high-energy neutrino sky. The AMON Team is also
developing a correlation analysis using a new capability of the Swift Observatory that
provides event-level data from the BAT on demand [95] to respond in real-time to transient
triggers from sub-threshold GW events [96]. The goal of this coincidence stream is to
identify short GRB-like emission with an arcminute localization for the sub-threshold
GW triggers during O4. Finally, the AMON Team is developing an outlier detection
method [97] to make a model independent combination of the sub-threshold data from
multiple neutrino and gamma-ray experiments [98].

While cosmic rays have played a small role in real-time multi-messenger alerts,
the Pierre Auger Collaboration is implementing a new data stream that will send to
AMON ultra-high energy photon candidates. This stream will contain events with energies
above 1 EeV that satisfy a certain sub-threshold photon selection based on a Multivariate
analysis [99].

7.2. VHE γ Rays

The IACT community will also soon posses a new instrument to investigate the
Universe at very high energies and with sensitivity an order of magnitude higher than
the current telescopes generation. The future Cherenkov Telescope Array (CTA) [100] is
under construction in two locations. CTA-North will be hosted at the Canary Island of La
Palma (the same site as FACT and MAGIC) and CTA-South near Paranal in Chile. Both
will consist of several telescopes, whose capacities are adapted to efficiently cover different
energy ranges: 23-meter Large Size Telescope (LST), 12-meter Medium Size Telescope
(MST) and 4-meter Small Size Telescope (STS). CTA has several performance characteristics
which are important in the context of the follow-up of transient astrophysical messengers,
like neutrinos and GWs. The first one is the ability to rapidly re-position to any location in
the sky. For example the LSTs can re-position to anywhere in the sky above 30◦ in just 20 s.
The second one is a large FoV. For LSTs it is ∼4◦, for MSTs ∼8◦ and for SSTs ∼10◦. What
is more, the CTA real-time analysis will search for transients in the whole CTA FoV and
send alerts [101,102]. Therefore CTA will not only passively receive and follow-up alerts
but be an active player among the multi-messenger observatories. CTA will explore the
GeV−TeV sky with a deeper sensitivity than previous IACT instruments. The larger field
of view, the flexibility to map very large and arbitrary sky patches, and the rapid response
time will make CTA an ideal instrument to detect possible VHE γ-ray counterparts to GW
and neutrino events.
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The Large High Altitude Air Shower Observatory (LHAASO) has recently started
operations and has already published about a dozen UHE cosmic accelerators in our
galaxy [103]. Although LHAASO has also detected γ rays with energies above 1 PeV [104],
their real-time alert system is under construction. In a longer time scale, the Southern
Wide-field Gamma-ray Observatory (SWGO) will complement the existing and planned
instruments to conduct these crucial observations in the Southern Hemisphere. SWGO
will participate in archival analyses and in real-time searches for transients at different
timescales covering a region of the sky not accessible to either HAWC or LHAASO [105].

7.3. HE Neutrinos

After ten years of data taking, the IceCube detector has started to see hints of neutrino
emission from several sources, one of them being the famous blazar TXS 0506+056 [30].
However, those hints are at the level of ∼3 standard deviations and do not yet reach the
discovery level of ≥5 standard deviations. In the next five years or so, neutrino astronomy
will get a significant boost through the installation of several km3-scale facilities, such as
Baikal-GVD [26] and KM3NeT [106]. By ∼2025, each one of these should have an effective
detection volume comparable to the current IceCube observatory. A new initiative called
the Planetary Neutrino Monitoring System (PLEνM [107]) has been proposed to move
beyond the signal hints into source detections and neutrino astronomy. The goal is to
combine the exposures of current and future neutrino telescopes distributed around the
world. PLEνM will have full-sky coverage and will reach up to four times the exposure
available today. On a longer timescale, an extension of the existing IceCube experiment,
called IceCube-Gen2 [108], is planned to be deployed in the 2030 decade. The hybrid
design, including radio and light-sensor arrays in ice and a surface array incorporated
as a veto, will boost the discovery potential at the ultra-high energies (>100 PeV), not
yet accessible to IceCube. On a similar timescale, the Pacific Ocean Neutrino Experiment
(P-ONE [109]) will deploy a multi-cubic-kilometre neutrino telescope in the Pacific Ocean.

7.4. Gravitational Waves

On the GW front, the LIGO/Virgo/KAGRA collaboration is making good progress
in preparation for O4. Although there is no definitive start date for O4 at the time of this
writing, it is clear that O4 will not begin before August 2022. Assuming that there are no
unexpected obstacles, the four-detector network is expected to achieve design sensitivity
with a range of almost 200 Mpc in O4. Further down the line, it is possible that the LIGO-
India detector may come online and become part of the international GW network at some
point during O5.

As seen in the past observations, source localization using only timing for a two-site
network yields an annulus on the sky. Adding the signal amplitude and phase resolves
this to only parts of the annulus. However, even then sources are localized to regions of
hundreds to thousands of square degrees [110,111]. For three detectors, the time delays
restrict the source to two sky regions which are mirror images with respect to the plane
passing through the three sites. Requiring consistent amplitudes and phase in all the
detectors typically eliminates one of these regions [112]. Thus, this typically yields regions
with areas of several tens to hundreds of square degrees. A large improvement of the
localization capability is expected for O4, where the expanded network of detectors is
also accompanied by higher sensitivities. With four (or more) interferometers, timing
information alone is sufficient to localize to a single sky region, while the additional
baselines help to localize within regions smaller than ten square degrees for some signals.

The LIGO/Virgo/KAGRA collaboration expects ∼10 detections of BNS mergers per
year in O4. (For estimating the number of events expected to be detected in O4 they used
an intermediate sensitivity curve for KAGRA and the target sensitivity curve for Advanced
LIGO and for Advanced Virgo.) The median 90% credible region for the localization area
of BNS is 33 deg2, while 38–44% (12–16%) of the events are expected to have a 90% credible
region smaller than 20 deg2 (5 deg2). Then, there are ∼80 expected detections of binary
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black holes (BBH). The median 90% credible region for the localization area of BBH is
41 deg2. Similarly, 35–39% (11–14%) of the BBH events are expected to have a 90% credible
region smaller than 20 deg2 (5 deg2) [50].

It is natural to expect even in the near future an increasing number of multi-messenger
detections of binary mergers. This will make it possible to determine the equation of
state of neutron stars, to probe the properties of different components of the ejected
mass, to answer whether the BNS mergers are the primary channel of formation of heavy
elements, and to understand the structure of the relativistic jets and the physics behind
their formation. Also joint GW—neutrino observations with IceCube and KM3NeT may
reveal coincident emissions of high-energy neutrinos from BNS mergers or other energetic
astrophysical phenomena.

7.5. Supporting Infrastructure

Besides the current efforts to combine γ-ray data with the detections of gravitational
waves and high-energy neutrinos, there are several initiatives to support and enhance multi-
messenger astrophysics. One example of these projects is the Scalable Cyberinfrastructure
to support Multi-Messenger Astrophysics (SCiMMA) [113], which is funded by the U.S.
National Science Foundation. The main goal of this community-wide project is to provide
the necessary scalable cyberinfrastructure to support multi-messenger astrophysics by
rapidly handling, combining, and analyzing the very large-scale distributed data from all
the types of astrophysical measurements. Their proposed cyberinfrastructure will allow
the community to take full advantage of the current facilities and also the next-generation
projects for multi-messenger astrophysics.

Similarly, on the other side of the Atlantic the European Open Science Cloud (EOSC)
is an open multi-disciplinary environment for hosting and processing research data to
support EU science. The EOSC Future project plans to develop an environment with
interoperable research data sets and other research outputs including publications and
code, professional data services, and access to resources such as compute and storage
and services like data discovery and archive. The EOSC Future will support European
researchers in managing the entire lifecycle of data from sharing, managing and exploiting
their own data to discovering, re-using and recombining the data sets of others [114].
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Abbreviations
The following abbreviations are used in this manuscript:

ANTARES Astronomy with a Neutrino Telescope and Abyss environmental RESearch
AMON Astrophysical Multimessenger Observatory Network
Baikal-GVD Baikal-Gigaton Volume Detector
CR Cosmic Ray
CTA Cherenkov Telescope Array
FACT First G-APD Cherenkov Telescope
FAR False Alarm Rate
G-APD Geiger-mode Avalanche Photodiodes
GCN/TAN GRB Coordinates Network/Transient Astronomy Network
GFU Gamma-ray Follow-Up
GRB Gamma-Ray Burst
GW Gravitational Wave
HAWC High Altitude Water Cherenkov
H.E.S.S. High Energy Stereoscopic System
IACT Imaging Atmospheric Cherenkov Telescope
KAGRA Kamioka Gravitational Wave Detector
KM3NeT Cubic Kilometre Neutrino Telescope
LHAASO Large High Altitude Air Shower Observatory
LVC LIGO/Virgo Collaboration
MAGIC Major Atmospheric Gamma Imaging Cherenkov Telescopes
P-ONE Pacific Ocean Neutrino Experiment
VERITAS Very Energetic Radiation Imaging Telescope Array System
VHE Very-High-Energy

Notes
1 The GCN document describing the IceCube high-energy neutrino track alerts can be found at:

https://gcn.gsfc.nasa.gov/doc/IceCube_High_Energy_Neutrino_Track_Alerts_v2.pdf (accessed on 19 October 2021).
2 The LAT photon data are located at: https://heasarc.gsfc.nasa.gov/FTP/fermi/data/lat/weekly/photon/ (accessed on

19 October 2021).
3 https://gcn.gsfc.nasa.gov/gcn3/21153.gcn3 (accessed on 19 October 2021).
4 https://gcn.gsfc.nasa.gov/gcn3/21673.gcn3 (accessed on 19 October 2021).
5 https://gcn.gsfc.nasa.gov/other/201216C.gcn3 (accessed on 19 October 2021).
6 IceCube Collaboration, GRB Coordinates Network/AMON Notices 50579430_130033 (2017).
7 www.asdc.asi.it (accessed on 19 October 2021).
8 openuniverse.asi.it (accessed on 19 October 2021).
9 ivoa.net (accessed on 19 October 2021).
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