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Preface to “"High-Energy Gamma-Ray Astronomy:
Results on Fundamental Questions after 30 Years of
Ground-Based Observations”

What is here, is found elsewhere

What is not here, is nowhere!

Mahabharata

The Special Issue book of Universe is a major contribution to the documentation of the work
conducted in the previous decades and provides inspiration for the present and future generations.
After reading the articles in this book, having learnt of many new innovations, I finished with a
profound feeling of admiration for the human enterprise under development and so well described
here.

We are living through a transition period in ground gamma-ray astronomy. The Cherenkov
Telescope Array (CTA) Observatory is a game changer and the community is looking forward to
analyzing its data. This moment is perfectly captured and clearly developed by the authors of the
papers in the book. The papers have solid roots in the current generation of observatories and point
firmly to the expectations of what CTA will make possible. They allow us to foresee an even brighter
future for ground gamma-ray astronomy.

The editors, whom I have known for a long time, offer a great variety of subjects and views by
collecting research from specialists with different backgrounds. Anyone involved in the organization
of scientific publications knows this is not an easy task. Choosing the right combination of subjects
and finding experts with time to accept the invitation are demanding and perilous tasks. The editors
accepted this challenge with courage, and the success of this publication does not come as a surprise
for those who are aware of the quality of their scientific work.

Ibelong to the last generation of scientists who used the library to read papers during their PhD.
I still remember the excitement when a new printed volume of the main journals arrived. As students,
we used to spend at least one day per week in the library reading them. This was a special event and
we read countless papers from each volume—not only those directly related to our thesis. Journal
clubs to discuss the papers were far more common and students who did not know the basics about
the related fields were often easy to spot.

Thave to confess that if I had not accepted the invitation to write this foreword, I would probably
have read only one or two papers in this book. As I grew older, I changed my reading habits;
fortunately, the editors of this book required me to read all papers in a volume for the first time in
many years. Nowadays, the amount of information reaching us is beyond the processing capacity of
any human being. Choosing how to spend our time when finding valuable and relevant information
has become one of the most important skills. Usually, we choose the papers we are going to read
based on the following three pieces of information: title, authors and number of citations. If the
title indicates a subject we are interested in, we ask ourselves if we know the authors. Thanks to
technology, we can immediately check how many times the paper has been cited and viewed. Our
preference lies with the paper with the highest number of citations, those that are written by authors
we know, and research about subjects closely related to the information we seek before producing our
own research. Needless to say, this modern selection procedure has many biases.

It is likely that many of the scientists who come across this book will select which papers to read

using a selection procedure very similar to the one I described above. For the papers you will select



with this procedure, I need no argument to convince you to read them. However, my trust in the
quality of this book is so high that I would like to propose that you read at least one more paper from
an author you are unfamiliar with and about a subject not closely related to your own research. Try
selecting a paper without many citations or views. I am sure you will be surprised by the quality
of the paper and I am convinced that you will select to read another one from the collection. I also
believe there is a high probability that you will cite them in your next publication.

I am grateful for the authors who dedicated their time to writing these papers. I am grateful to
the journal Universe for making this collection available to the next generation. Above all, I thank the

editors for reminding me of my youth: reading an entire volume is, as I had forgotten, fun!

Luiz Vitor de Souza Filho
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Gamma-ray astronomy is the observational science that studies the cosmos in the last
unexplored electromagnetic window, namely, above the megaelectronvolt (EeV = 10° eV)
(MeV). This radiation is mostly produced as the result of very energetic parent charged
particles (cosmic rays) that have been accelerated during cosmic times to kinetic energies up
to exaelectronvolt (EeV = 10'® eV) and beyond. In the presence of other particles, photons
or magnetic fields, cosmic rays lose energy by emitting gamma rays and other carriers of
astrophysical information, such as neutrinos. The combined observation of these probes,
whose origin is closely linked, make up the multi-messenger astronomy framework, of
which gamma-rays are the key ingredient.

Since the discovery of the first TeV-emitting source a little over 30 years ago, ground-
based gamma-ray astronomy, and in particular the imaging air-Cherenkov technique
(IACT), has been a major actor in the many revolutions witnessed in the field of astro-
particle physics. Today, over 200 TeV objects of all classes have been discovered. This was
complemented by the results of satellite-borne detectors, which revolutionised our view of
the MeV-GeV sky by detecting thousands of high-energy emitters, as well as the diffuse
emission signature of cosmic ray propagation and interaction across the Galaxy. More
recently, shower front detectors have singled-out the first several PeVatrons candidates—the
putative accelerators of the most energetic cosmic rays in the Galaxy.

This is the general context which motivated the proposal of this Special Issue, for which
the goal is to document the tremendous efforts by the two generations of astrophysicists
who have taken the field from its first discovery to the successful instruments in operation
today. Our expectation is that the resulting volume may pay tribute and clearly demonstrate
the major challenges that were tackled and the solutions which were found, as well as to
review the main scientific and technological achievements by the field. We believe this
exercise becomes ever more relevant as we approach the beginning of a new era with the
start of operations of the next generation of instruments, such as CTA and LHAASO. We
hope the final result of this work will succeed in its objectives.

As a reading guide, one could approach this Special Issue starting from the contribu-
tion of P. Chadwick, “35 Years of Ground-Based Gamma-ray Astronomy” [1], on the history
of the field and the major challenges it faced until finally establishing itself as a mature field
of astronomy. This contribution is complemented by that of R. Mirzoyan on “Technological
Novelties of Ground-Based Very High Energy Gamma-Ray Astrophysics with the Imaging
Atmospheric Cherenkov Telescopes” [2], which presents in a clear account the details of
the specific technical challenges and how they were conquered.

These two introductory papers put into context the work of E. Amato and B. Olmi,
“The Crab Pulsar and Nebula as Seen in Gamma-Rays” [3], on the history of the observation
of the Crab Nebula, which reports the knowledge accumulated so far on this key source,
whose TeV detection is celebrated in this Special Issue. The statistical framework in which
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IACT data are analysed is a key aspect of the field, brilliantly presented by G. D’Amico
in his contribution “Statistical Tools for Imaging Atmospheric Cherenkov Telescopes” [4].
To further understand the detection and data analysis techniques, the reader can proceed to
the paper by C. Nigro, T. Hassan and L. Olivera-Nieto on the “Evolution of Data Formats
in Very-High-Energy Gamma-Ray Astronomy” [5], as well as “The Making of Catalogues
of Very-High-Energy gamma-ray Sources” [6] by M. de Naurois and “High-Energy Alerts
in the Multi-Messenger Era” [7] by D. Dorner, M. Mostafa and K. Satalecka

The physical results achieved by IACTs are further reported in a number of science
reviews. Cosmology and cosmic ray physics are discussed by L. Tibaldo, D. Gaggero
and P. Martin in “Gamma Rays as Probes of Cosmic-Ray Propagation and Interactions in
Galaxies” [8], by A. Franceschini in “Photon-Photon Interactions and the Opacity of the
Universe in Gamma Rays” [9] and by R. Alves Batista and A. Saveliev in “The Gamma-ray
Window to Intergalactic Magnetism” [10], reporting on the limits obtained with gamma-
rays in the intergalactic magnetic field.

Extragalactic astrophysics has now become the territory of multi-messenger astronomy.
In “Astrophysical Neutrinos and Blazars” [11], P. Giommi and P. Padovani narrate the
latest results on the connections between neutrinos and gamma-rays. The multi-messenger
connections are further investigated by L. Nava in “Gamma-ray Bursts at the Highest
Energies” [12]. P. Cristofari in “The Hunt for Pevatrons: The Case of Supernova Rem-
nants” [13] discussed the recent discoveries of PeV candidates and the tension with a naive
supernova explanation.

Gamma-ray astronomy observations can also constrain several New Physics topics,
as discussed by T. Terzi¢, D. Kerszberg and J. Striskovi¢ in “Probing Quantum Gravity
with Imaging Atmospheric Cherenkov Telescopes” [14] for the case of Lorentz Invariance
Violation searches and I. Batkovic, A. De Angelis, M. Doro and M. Manganaro in “Axion-
like Particle Searches with IACTs” [15] on the probing of these elusive particles.

Other contributions depict the general context in which IACTs have developed and
worked in the course of the past 30 years. K. K. Singh and K.K. Yadav in “20 Years of Indian
Gamma Ray Astronomy Using Imaging Cherenkov Telescopes and Road Ahead” [16], tell
the history of pioneering projects in India; meanwhile, A. Malizia and others report on the
“INTEGRAL View of TeV Sources: A Legacy for the CTA Project” [17]. Last but not least,
in “EAS Arrays at High Altitudes Start the Era of UHE gamma-ray Astronomy” [18], Z. Cao
tells us about the new revolution underway in gamma-ray astronomy and the discovery of
the first PeV source candidates.

Evidently, several relevant science topics are missing in this Special Issue. Extragalactic
astro-physics with IACTs has not been described systematically in this issue and could in
itself be the subject of a dedicated volume; the interested reader is referred to [19] for recent
reviews. On the galactic scale, IACTs have been the sources of successful studies, such as
studies on supernova remnants, pulsars and their associated nebula, binary systems, as
well as extended regions and objects glowing at very high energies. All of those fields of
research may allow us to finally build a complete theoretical model on the acceleration
of galactic cosmic rays, as well as their diffusion through the interstellar medium, with
important repercussions to our understanding of structure formation and the evolution
of galaxies.

Finally, IACTs have proven to be great probes of fundamental physics topics, specially
dark matter (DM) searches. DM can be seen through gamma-rays in their annihilation or
decay products. Interesting targets are both galactic (the Milky Way center and satellite
galaxies) and extragalactic (clusters of galaxies). A recent comprehensive review can be
found in [20], in which further searches such as those for Primordial Black Holes, Magnetic
Monopoles and Tau-Neutrinos are reported.

As a conclusion, we would like to greatly thank all our colleagues who accepted the
task of contributing to this Special Issue and have brilliantly done so over the unusually
challenging times of the COVID-19 Pandemic. To you, the reader, we hope that this volume
will prove a relevant and lasting reference and will succeed in conveying the exciting three
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decades that this newest among all fields of observational astronomy has undergone. We
also hope that the comprehensive picture emerging from all contributions may shed some
new light on the best strategies and paths to follow on keeping on investigating the sky
with very high-energy gamma-rays.

Author Contributions: U.B.d.A. and M.D. contributed equally to the ideation, the reviewing and
the editing of this Special Issue. All authors have read and agreed to the published version of
the manuscript.

Funding: M.D. acknowledges funding from Italian Ministry of Education, University and Research
(MIUR) through the “Dipartimenti di eccellenza” project Science of the Universe.

Acknowledgments: We acknowledge the support from the entire team of the MDPI Universe journal
for their initial invitation to a Special Issue on Gamma-ray Astronomy, and their continuous and
relentless support during all the phases of this project.
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Abbreviations

The following abbreviations are used in this manuscript:

MeV  megaelectronvolt 10° eV

GeV  gigaelectronvolt 102 eV

PeV  petaelectronvolt 10'° eV

EeV  exaelectronvolt 10'8 eV

IACT Imaging Atmospheric Cherenkov Telescope
DM Dark Matter
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Abstract: This paper provides a brief, personal account of the development of ground-based gamma-
ray astronomy, primarily over the last 35 years, with some digressions into the earlier history of the
field. Ideas related to the imaging of Cherenkov events and the potential for the use of arrays were in
existence for some time before the technical expertise required for their exploitation emerged. There
has been occasional controversy, great creativity and some heroic determination—all of it part of
establishing a new window into the universe.

Keywords: gamma-ray astronomy; astroparticle physics; Cherenkov telescopes

1. Introduction

It came as something of a surprise to be asked to write this review article, until I re-
alised that I have indeed been working in the field of ground-based gamma-ray astronomy
for over 35 years, having started my PhD in Durham with Ted Turver in 1984. I have
never managed to leave Durham (at least not for long), which either shows a singular lack
of imagination or great dedication to the cause. While I may not have gone anywhere,
ground-based gamma-ray astronomy certainly has, and this article is an attempt to give an
overview of that progress from a very particular position in a small city in the far north-east
of England. Others have written much more comprehensive overviews of the development
of ground-based gamma-ray astronomy than I could ever hope to [1,2]. This is therefore a
personal view, and I cannot claim that it is completely impartial or indeed complete at all.

2. The 1980s—Hunting the Snark

As I started my PhD, the telescopes that Durham operated at the Dugway Proving
Grounds in Utah, USA, had just shut down. Sundry parts arrived shortly thereafter in a
couple of shipping containers, and the group got on with salvaging the useful equipment—
primarily, a great deal of NIM electronics and some 5-inch and 3-inch diameter photomulti-
plier tubes (PMTs). There were 4 telescopes in the array at Dugway, known as the Mark I
telescopes. One of these was replaced by a Mark II telescope, so it was 3 Mark I instruments
and one Mark II telescope that came back to Durham in 1984. It is worth considering how
those telescopes came about, as it explains much of the direction of Durham’s work at
the time.

The starting point is a paper published by Turver and Weekes in 1978 [3]. In it, they de-
scribed some simulations that they had performed of Cherenkov light from gamma-ray and
proton-initiated airshowers. To our eyes now, the number of simulations seems extremely
small (there are never more than 100 simulations at a given energy and sometimes as few
as 9), but bearing in mind the computing facilities available at the time, this represented
a considerable effort. The proposal they made for a Cherenkov telescope system sounds
familiar to us now:

Two large reflectors of size and optical quality similar to the 10 m detector! would
be operated in parallel with a lateral spacing of about 100 m. Each reflector would
have a matrix of 5 cm phototubes (19 or 37 in each), each tube having a field of
view of 0.25° half-angle. The system would be triggered by a coincidence between
one or more detectors in each reflector; the pulse heights of all the tube outputs
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would then be recorded digitally (6 bit accuracy), so that two “images” would be
obtained of the angular distribution of the shower light with 0.5° resolution. By
analysis of the “images” in the two systems, it will be possible to determine the
energy and the angle of incidence of the shower to high precision.

Although the prospect of using the differences in the airshowers to separate the
gamma-rays from the overwhelming background of hadron events had been postulated
some time ago by Jelley and Porter [4], this represented a considerable step forward from
the state-of-the art in 1978—when even the Whipple reflector had only a single 5-inch
(12.5 cm) PMT at its focus. Even more, at a Royal Society meeting in 1981, a plan for the
future was developed [5]. This included an outline of what they described as a ‘third
generation’ experiment that would use both timing and imaging techniques (Figure 1).
There is also a list of potential sources in the paper; while they were not so lucky with the
Galactic objects (although, of course, the Crab Nebula was included), the short extragalactic
target list included Centaurus A, M87 and BL Lac, all of which are now known to be VHE
(very high energy) gamma-ray emitters.

-
|
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/ particle detector I

/ |
o 4
e A

Figure 1. The ‘third generation” gamma-ray telescope array proposed by Turver and Weekes [5].
The suggested energy range was 10 Gev to 10 TeV; each reflector would be 10-15 m in diameter and
be separated by 50-100 m.

To build more than one large, sophisticated telescope was beyond any one group’s
budget. The Whipple team built the first multi-PMT camera, while Durham went on
to experiment with the array concept, but without any imaging capability, hence the 4
Dugway telescopes. I suspect (though this is before even my time) that financial constraints
played a part on this. One can only speculate as to what might have happened had the two
approaches been brought together earlier.

The individual Durham telescopes (Figure 2) each consisted of three reflectors, with a
PMT acting as the detector for each reflector. The 3 PMTs were operated in coincidence,
as a way of reducing the noise in the system. In particular, this removed events produced
by muons passing through the detectors from the datastream. There was no array trig-
ger, but events common to more than one telescope were identified offline using event
timestamps. ‘Absolute” time was provided by a central crystal oscillator; this oscillator
slowly drifted from the correct time, so it required regular resetting from a radio signal.
The drift rate was not always the same—presumably due to differences in the ambient
temperature—so it was monitored regularly and only reset when required, because the
discontinuities caused by the resets were a nuisance when it came to the data analysis.
Nonetheless, roughly monthly resets were required, and a large, hand-written piece of
card with the characteristics of the clock drift for each reset was pinned to a door in the
observatory in Durham for reference when analysing data.
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Figure 2. One of the Durham Mark I telescopes situated at Dugway Proving Ground, Utah in the USA.

The Mark I telescope mirrors were army-surplus searchlight mirrors, much like the
mirror used by Jelley and Galbraith for the first atmospheric Cherenkov detector [6],
but larger (1.5 m diameter). The optics were not ideal, so they were improved by the use of
a secondary Cassegrain mirror system—dual-mirror Cherenkov telescopes are not so new
after all. The Mark II telescope departed from this design; there were still three reflectors,
but each consisted of seven custom-built mirrors with more suitable 250 cm focal lengths
made from machined and polished aluminium. A 3-inch (7.5 cm) PMT was placed at the
focus of each reflector.

2.1. Telescopes Everywhere

In August 1986, a NATO Advanced Research Workshop devoted to VHE Gamma
Ray Astronomy was held in Durham. This provides a useful survey of the field at the
time, and I briefly consider the science results in Section 2.3. There were many Cherenkov
systems dotted around the world; some were similar to Durham’s, with multiple individual
reflectors on a single mount, such as the Haleakala telescope in Hawaii, with its 6 reflectors,
and the array of 3 triple-reflector telescopes at Potchefstroom in South Africa. In Pachmarhi
in India, there were 18 individual telescopes, 10 with 0.9 m diameter mirrors and 8 with
1.5 m diameter mirrors, each on their own mount. The largest single array in terms of
mirror area was at Themis in France, where there were 7 telescopes, each 7 m in diameter.
The University of Adelaide had telescopes both at White Sands (3 single-reflector tele-
scopes of 5 m diameter) and a triple-reflector telescope in Woomera. Finally, the Whipple
Observatory was in the process of adding a second telescope to the first to create HER-
CULES? [7]. The ideas that HERCULES was designed to exploit would eventually have
profound effects.

2.2. The Durham Mark III Telescope

The workshop in 1986 marked, for Durham, the end of the construction phase of
the Mark III telescope. Ted Turver and Keith Orford had recognised that the southern
hemisphere would be, in all likelihood, a good hunting ground for gamma-ray astronomy,
so the telescope was built on the old Sydney University Giant Airshower Recorder (SUGAR)
site, near the small town of Narrabri in Australia. Like the Mark II telescope, the Mark III
had three reflectors consisting of multiple individual mirrors on a single mount (Figure 3).
In this case, the three ‘cameras’ consisted of 750 mm diameter PMTs arranged in a hexagonal
pattern. As before, the time reference was provided by a local oscillator cross-checked with
a radio signal. However, by now, we were using a rubidium oscillator (seen in Figure 4),
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which was much better than the crystal that had been used in Dugway. It required resetting
to the Royal Australian Navy signal only rarely.

Details of the Mark III can be found in [8]; I will just mention a few important or
unusual features here.

Figure 3. The Durham Mark III telescope under construction in Durham, with about 75% of the
mirrors in situ. Note the snow on the ground! It is also possible to see the edge of the Mark II
telescope at the bottom right, which was rebuilt in Durham for test purposes.

Figure 4. The Durham Mark III telescope control room. While the main DAQ was performed by a
Motorola 68000 computer situated under the console, the system’s interfaces were all BBC microcom-
puters. These were remarkable- and remarkably cheap-computers for their time. The copper box on
top of the console contains the rubidium oscillator used for timing.

2.2.1. Automatic Gain Control

Before imaging existed, there were a number of observing techniques employed in the
hope of detecting a signal. Tracking an object of interest was obviously possible, but did
not provide a good means of detecting a source that did not have a time-varying flux.
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The simplest technique was ‘drift scanning’, in which the telescope was kept at a fixed
position, and the object of interest was allowed to pass through the telescope field-of-view.
A source would then be identified by the rise in count-rate as it passed through the field-
of-view. This was the only method that could be used for extended objects, such as the
Galactic plane, in small field-of-view instruments. The final method, and the one most
often used with the Mark III, was ‘chopping’. Here, the central PMT and the off-axis PMT
in the same horizontal plane were alternately pointed at the source—in the Mark III's case,
the ON/OFF switch was made every 15 min. This allowed for the study of both constant
and time-varying objects.

The problem with all these techniques was that PMT gain could change by as much as
10%, going from dark to bright fields, resulting in a change in count-rate of a few percent.
This was of the same order as an (optimistically!) expected signal. The answer was to
stabilise the PMT gain by using the light from a green LED (blue LEDs were not available
in the 1980s) embedded into a perspex ring placed around the PMT entrance window,
thus distributing light across the PMT. The LED current was controlled via a feedback
loop which kept the anode current constant at the 1% level. This system, known by us in
Durham as automatic gain control, and by the Whipple folks as padding lamps, effectively
removed short-term variations caused by changes in night-sky background or atmospheric
conditions. The drawback was that this introduced extra noise into the system, although a
suitable coincidence requirement mitigated this.

2.2.2. Aluminium Surface, Honeycomb Mirrors

The Mark III telescope was equipped with lightweight mirrors, made using a con-
struction technique based on that of the antenna sections of the UK/NL millimetre-wave
telescope which the staff at the Rutherford Appleton Laboratory had built. The reflective
material, made by Alanod?®, was (and still is) designed for home interiors and lighting,
now increasingly for solar power. It wasn’t clear how it would perform outside for our
purposes, so samples were sent to Trevor Weekes at Whipple to put in the test system there.
A letter with the results (no e-mails then) came back some time later with the comment
“It’s very good—what is it?”. This was used for the 120, 60 cm diameter mirrors needed for
the Mark III telescope.

Each mirror surface was formed around a mould under vacuum and bonded to
aluminium honeycomb (used for aircraft construction) which had been crushed to approxi-
mately the correct profile. The back of this was bonded to a flat backplate and the whole
mirror was encircled by an aluminium ring to provide structural integrity. The reflectance
was reasonably good—over 75% between 300 and 500 nm—and the image of a point source
was around 10 mm in diameter, which corresponded to about 0.2°, more than adequate for
a telescope in which the field-of-view of each PMT was 1°.

These mirrors were cheap, lightweight, and turned out to be durable (particularly
when tools were inadvertently dropped on them). However, one drawback was that
on cold, damp, winter nights, condensation would form on the mirrors. A number of
approaches were tried to obviate this, including heating the mirrors, which would have
needed 120 kW for the whole telescope, and was quickly abandoned. The best approach
was to spray the mirrors before observing with a solution of what was called ‘high quality
wetting agent’ in any papers on the subject. It was, in fact, dishwasher rinse aid, purchased
in quantity from the supermarket in Narrabri. Heaven knows how their stock control
system coped with the apparently huge fluctuation in the washing of dishes in the area
between summer and winter. If it was particularly cold and damp, condensation would
start to form anyway, happily usually just as observations were finishing for the night.
The result the next morning was sparkling clean mirrors.

At the time, it was thought that the condensation was due to the honeycomb structure
of the mirrors. We now know that the main reason for condensation on mirrors is high
emissivity of the reflective surface in the infrared, which causes them to cool rapidly
when pointed to the cold night sky, so that when the relative humidity is high, the mirror
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temperature is soon below the dewpoint [9]. A similar composite structure employing
aluminium-coated glass reflective surfaces has, of course, proved rather successful.

2.2.3. Signal Enhancement

Although imaging was not possible with the Mark III telescope, the hexagonal geome-
try of the detector package did allow for some basic background reduction to be attempted.
The assumption was that all the gamma-ray events from the object being tracked would be
contained within the 1° field-of-view of the central PMT. The centres of the outer PMTs
were 2° from the middle of the central PMT; thus, they were used as a ‘guard ring’, and any
events which triggered one or more off-source channels as well as an on-source channel
would be rejected. This approach could have a software trigger added to it, which specified
the percentage of the on-source signal that should be detected off-source.

In hindsight, this was too crude to make an appreciable difference to the signal to
noise—but imaging was in its infancy at the time, and it was a good try.

2.3. Gamma-ray Sources (or Not)

I have already alluded to the NATO Advanced Research Workshop that was held
in 1986. Since detecting a constant source was a considerable challenge without imaging,
there was a great deal of concentration on variable sources. At that stage, nobody had
detected an active galactic nucleus, so efforts were concentrated on variable objects in the
Galaxy. This meant pulsars and binary systems containing neutron stars.

Back in 1986, the main source of excitement was Hercules X-1. An X-ray binary, this
is known to contain a 1.24 s pulsar and to show cyclotron lines, indicative of a strong
magnetic field. The first report of gamma-ray emission from Her X-1 came from Durham in
1984 [10]. At the 1986 meeting, the Durham, Whipple, and Haleakala groups all reported
the detection of pulsed emission from the object [11-13]. An episode of emission in April
1984 was observed simultaneously with both the Dugway and Whipple telescopes, which
independently measured the same pulse period [11]. Most of these reports translated into
journal papers, and indeed there were many further reports in the 1980s [14-17], including
a report from the Pachmarhi group of a strong burst of emission from the object [18].
Other binary systems came along too, sometimes without confirmation by more than one
telescope, sometimes with: SMC X-1, Vela X-1, Cen X-3, LMC X-4, 4U0115+63,... it is quite
a list [19]. The emission was generally episodic in nature and sometimes pulsed. There
was also a clutch of upper limits.

The most intriguing object at the time was Cygnus X-3, first detected in gamma-
rays in the 1970s with the Crimean Observatory telescopes [20,21]. This was followed
by a confirmation from the Whipple Observatory [22], from the solar energy facility at
Edwards Air Force Base [23] and from the Dugway telescopes [24]. All these observations
seemed to show the object’s characteristic 4.8 h periodicity, although the exact time of the
emission within the assumed orbit was not necessarily consistent. Most controversial were
Durham’s claims of a 12.6 ms pulsar in the system, first seen in the data from the Dugway
telescopes [25,26], and later from the Mark IV telescope operating on La Palma [27]. There
were several apparent confirmations of this result, but on closer inspection, most did not
stand up [28-30]. There was much discussion about the statistical approach taken, both for
and against [31,32].

We are jumping ahead here, but none of these apparent signals were confirmed once it
was possible to identify gamma-ray-induced images reliably. So what was going on? Was
everyone slightly crazy? Maybe, but it seems to me more likely that this was a case of a
series of marginally significant apparent signals reinforcing one another. Although in the
end we did not learn very much from the observations, Hillas [2] pointed out that it was
the Cygnus X-3 controversy in particular that kept ground-based gamma-ray astronomy
alive and spurred on the development of Cherenkov telescopes and particle detector
arrays. Cygnus X-3 is a known Fermi-LAT source, primarily detected in outburst [33],
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and perhaps in the near future we will genuinely detect gamma-rays from the object with
ground-based telescopes.

To go back to the aforementioned HERCULES detector, the intention was to add
another 10 m class telescope to sit alongside the Whipple telescope and two high-resolution
cameras (which then meant a pixel spacing of 0.25°) [7]. Hillas had already shown that
images produced by gamma-ray showers could be distinguished from hadron-induced
showers [34]. (In his modest way, Hillas never published this fundamentally important
work in a refereed journal; with 233 citations* and counting, it must be the most-cited cos-
mic ray conference paper in history.) The preamble to the description of HERCULES states:

Despite its obvious advantages, these ground-based techniques have not been
developed to their full potential; the total investment in all such experiments
on five continents since the early sixties amounts to only a few million dollars,
a small percentage of the cost of GRO®, which included EGRET.), DUMAND® or
a major experiment in high energy physics.

Although the second telescope did not go quite to plan, with the publication of the
Whipple team'’s ground-breaking detection of the Crab using the imaging atmospheric
Cherenkov technique in 1989 [35], everything started to look different, and the prospects
for more investment looked somewhat brighter. The imaging atmospheric Cherenkov
telescope (IACT) had come of age.

3. The 1990s: Towards a Major Atmospheric Cherenkov Detector

It has been said for many years that there is the Crab, and then there is the rest of
astronomy. The worry was that the rest of astronomy did not exist in very high-energy
(VHE) gamma-rays; for a couple of years the catalogue seemed to consist of only the Crab
Nebula. These worries were largely dispelled by the second object detected using the
imaging technique: the blazar Markarian 421 [36]. This was particularly exciting, because it
represented something new and completely unexpected—an active galaxy, no less, and one
which was not detected strongly in the data from the EGRET gamma-ray telescope on
board the Compton Gamma-Ray Observatory. This challenged the almost unspoken
assumption that whatever was detected from the ground must also be bright at lower
energies. The excitement was bolstered by the detection 4 years later of the second AGN
with the Whipple telescope, Mrk 501 [37]—an object that was below EGRET’s detectability
threshold. Here was a whole new scientific area that the ground-based telescopes could
exploit. It was convincing. It was time to build some bigger telescopes—but how, exactly?

The best way to go to give the sensitivity, angular resolution and energy resolution
that would enable ground-based gamma-ray astronomy to move forwards was by no
means clear. The options were discussed at length over a series of 6 international meetings
entitled “Towards a Major Atmospheric Cherenkov Detector’, which ran from 1992 (in
Paris) to 1999 (in Utah). (There was a seventh meeting in Paris some time later, in 2005.)

The starting position was that a single experiment was imminent, and a number of
working groups were set up at the first meeting with this in mind: a science working
group, a technical working group, and a simulations working group. These were reported
back at the second meeting in Calgary in 1993. There were updates from the various
groups around the world: Whipple had just completed a camera upgrade, which included
a rotating camera head surrounded by scintillators (for recording the passage of local
cosmic rays through the PMTs) on the 10 m telescope [38]; Durham had started stereoscopic
imaging with the Mark 3A and 5A telescopes [39]; The Nooitgedacht telescopes in South
Africa were moving to a system of 6 ‘mini-telescopes’ [40]; and the HEGRA? telescopes
destined for La Palma in the Canary Islands were in preparation [41]. There were also some
rather heroic experiments described, including GASP? at the South Pole [42]. Already by
this stage, we can see the beginnings of discussions about silicon-based detectors, too [43].

However, at this point, the world was not ready for a single, major detector- or even
collaboration. There was not, as yet, any consensus as to what ‘the” detector would look
like. As Weekes wrote in his postscript to the meeting:
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...is it really obvious that the next major advances in ground-based gamma-ray
astronomy will have to come with a single large “world” telescope? From my
reading of the discussion at the workshop the answer was “no!”; one is bigger
but more is better!

For the time being, it was on with more than one approach to the problem.

One option was to use an array of small mirrors spread across a large area. Measuring
the arrival times of the Cherenkov light at each detector with sub-nanosecond resolution
enabled very good directional information to be obtained, and wavefront sampling made
it possible to improve the signal:noise, by exploiting the fact that the light front from
a hadronic shower is much less uniform than that from gamma-rays. This approach
was investigated by THEMISTOCLE in France and by PACT in India. THEMISTOCLE’
consisted of 18 small (0.8 m diameter) parabolic mirrors spread over an area of around
1.7 x 10° m2. This was used to detect the Crab Nebula, but as the mirrors were small,
the threshold was high (3 TeV) and a 6.5¢" detection of the Crab required 162 h of on-source
observations [44]. PACT’, operated by the Tata Institute of Fundamental Research in India,
did better. Although this also used small (0.9 m) mirrors, they were deployed in 25 clusters
of 7, giving a lower threshold of 0.9 TeV. A test observation with half the array produced an
120 detection of the Crab Nebula in 31 h, comparable to the Whipple telescope [45]. A very
similar array located at Hanle in the Himalayas, the HAGAR'! Observatory, has made a
number of detections of AGN [46,47].

In 1991, a start was made on the construction of the HEGRA Cherenkov telescopes
on La Palma. By 1998, this consisted of 5 telescopes of relatively modest area (~ 8.5m?),
but importantly, all equipped with imaging cameras, eventually consisting of 271 pixels.
This was a true stereoscopic Cherenkov telescope system, and clearly demonstrated the
power of this technique, with its ability to locate gamma-rays to around 0.14 deg, and to
reject around 90% of hadron-induced images [48]. The telescopes proved their worth with
the detection of several new objects, including Cas A and M87 [49,50]; the final array ran
successfully until 2002, when other projects began to take precedence.'?

The Cherenkov array at Themis (CAT) was built on a similar timescale to the HEGRA
telescopes, with operations starting in 1996 and ending in 2001 [51]. Although the telescope
was small, with a 4.5 m diameter equivalent mirror, it was equipped with a 600-pixel
camera. High-resolution spatial information was used to distinguish the gamma-ray
events; by comparing the data to a detailed model it was possible to infer the position of
the source on the sky, the impact point on the ground and the energy of the gamma-ray,
even without stereoscopic information. This was also the first Cherenkov camera to contain
integrated readout electronics, as is now the norm.

The Durham Mark 6 Telescope
Meanwhile, Durham looked at combining the imaging technique with a 3-mirror

telescope system. Having constructed a small-scale prototype, the Mark 5A13, in 1992/3,
the eventual result was the Durham Mark 6 telescope, shown in Figure 5 [52].
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Figure 5. The Durham Mark 6 telescope in Narrabri, NSW, Australia. The telescope was around 20 m
from end-to-end.

The Mark 6 telescope comprised 3 parabolic reflectors on a single mount, once again
consisting of a honeycomb structure with an anodised aluminium skin, but this time
formed into triangular sectors, so that a continuous reflective surface was created. These
were too large for a vacuum chamber, but the relatively small sagitta of the mirrors,
mostly in one direction, meant that it was possible simply to stretch the surface over the
mould. However, we had probably reached the limit of the possible image quality with
the anodised aluminium skin. Although malleable and durable, with excellent reflectance,
there is a fundamental issue with the material that relates to the way it is manufactured.
As a rolled material, there is an inherent directionality in the material and hence in the
reflected light—the result had considerably diffuse reflectance in the direction in which
the underlying aluminium had been rolled. Some batches were better than others, but the
manufacturers did not know why. We seriously considered building aluminium-surface
mirrors for H.E.S.S. at one point, but the company was not able to pursue any research into
the reasons for the variations in quality without considerable financial input.

The camera at the focus of the central mirror represented Durham’s first serious
imaging camera (Figure 6), and consisted of 91 PMTs 2.5 cm in diameter with a surrounding
ring consisting of 18, 5 cm diameter PMTs. The flanking dishes had simpler cameras at their
foci, made of 19 close-packed hexagonal PMTs, which were 5.5 cm from flat-to-flat. These
PMTs had come free of charge from a medical device manufacturer as part of huge job lot.
Most of them were unused, either falling slightly out of specification, or having become
parted from their test data (no manufacturer of medical equipment can afford not to have
a full audit trail). This was very useful, as it enabled the best PMTs from the batch to be
selected and used for telescopes. My job, as it had been in 1984, was to test the PMTs and
construct the cameras—there was a lot of testing to be done, and I spent many hours sitting
in our underground ‘bunker’ as it was known, in which the university’s seismograph had
been located at one time. This was very dark and prone to mice, but at least it was warm;
the central heating pipes ran through it.
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Figure 6. The Durham Mark 6 telescope’s central camera.

The telescope was triggered via a coincidence between the central camera and corre-
sponding PMTs in the lower-resolution left and right cameras. The camera trigger required
that the left and right PMTs should be in the same region as at least 2 adjacent PMTs in
the central camera. This trigger, devised by the ever-ingenious Lowry McComb, enabled
the energy threshold to be lower than would usually be expected for a telescope situated
not much above sea level, though I think not as low as the simulations suggested. Al-
though there was no array trigger, once again, events from the Mark 6 could be correlated
with those from the other telescopes on site, the 5A and 3A (a slightly upgraded Mark III),
using the event timestamps.

Working in Australia was sometimes challenging. We had no onsite technical support,
which meant that if you broke something, you were the one who would be fixing it. This
made us all into careful and disciplined observers! The breakage which I personally hoped
would not happen on my shift was to the main drive shaft to the gearboxes on the telescope
drives. Occasionally these would snap, either due to general wear and tear or because a
gust of wind had caught the telescope in question. Once the gearbox was off the telescope
(no mean feat in itself), the top had to be prised off and the broken driveshaft removed
from the drive trains. I can still remember the noise as the cogs in a 196:1 ratio gearbox
moved—and the uncomfortable realisation that all of them needed to be put back into place.

Living with the wildlife in the bush was also interesting. We had various snakes,
enormous spiders (which liked to live inside the electronics), echidnas, a large goanna,
geckos in the house, some fabulous birds (not so fabulous when waking up those who had
been observing all night), and many wallabies that were surprisingly easy to walk into
at night. The local possum population was fascinated by the telescope mirrors, and we
would often wake up in the day to find they had left paw marks on them. I suspect that
anyone who has been observing at a remote site has similar stories to tell.

Some useful detections were made with the Mark 6 telescope, particularly PKS 2155-
304 [53]. This held the IACT redshift record for couple of years, and of course, has turned
out to provide a lot of science. There was some technical work too, and in particular Keith
Orford’s simulations of the effects of the geomagnetic field on Cherenkov images were
borne out of the Mark 6 observations [54]. However, by 2000 the funds came to a halt
and the time had come for us to pack up the telescopes in Australia. For ground-based
gamma-ray astronomy in general, things were also starting to move on.
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4. The 2000s: Opening the Window
4.1. Solar Farm Telescopes

It was—and indeed still is—very desirable to reduce the energy threshold of Cherenkov
telescopes to a few 10s of GeV, in order to provide seamless energy coverage with satellite-
based instruments. As so few Cherenkov photons are produced by low-energy showers,
the main requirement is to have an exceptionally large mirror area. An attractive (and
cheap) option to obtain the required area was to use solar power facilities. Here, large ar-
rays of mirrors (heliostats) tracked the Sun, focusing sunlight onto a single target situated in
a tower, thereby producing heat which was used to run a steam turbine. At night, of course,
the heliostats were not in use, so they could be turned into large area Cherenkov telescopes
by using them to track objects of interest. This idea was first proposed in 1982 [55], but was
difficult to implement due to noise created by the overlapping heliostat images. However,
a suitable arrangement of mirrors or Fresnel lenses could be used to improve the optics
and focus the light onto PMTs [56]. There were four such adapted arrays that started
operation in the 2000s. STACEE' in New Mexico ultimately used 64 heliostats, each of area
37 m? [57]; CACTUS'® in California similarly used 64 heliostats, each of area ~40 m? [58];
CELESTE'® in France eventually used 53 mirrors of area 54 m? [59]; and GRAAL'” in Spain
used 63 heliostats, each of area ~38 m? [60] (this last experiment used a slightly different
optical configuration to the others).

Adapted solar farm telescopes made several detections of the Crab, Mrk 421 and
Mrk 501 [61-64], as well as providing a number of upper limits, including of gamma-
ray bursts [65]. Indeed, CELESTE was the first Cherenkov telescope to detect an object
below 100 GeV [66]. (A nice review by Smith gives a summary of the various results [67]).
However, the optical system required was tricky and did not provide a large field-of-
view; it became clear that more conventional, although large, instruments would likely be
better for the detection of gamma-rays below 100 GeV. CELESTE was dismantled in 2004,
CACTUS ceased observations in 2005, STACEE stopped operations in 2007, and GRAAL
shut down at about the same time.

4.2. IACT Arrays

By around 2000, it had become clear that an array of IACTs, all of 10-m class or
larger and equipped with high-resolution cameras, would constitute that elusive major
atmospheric Cherenkov detector. We are therefore now almost approaching the present
day, and I do not propose to give a detailed summary of the next generation instruments
H.E.S.S., MAGIC and VERITAS. There are a number of papers giving technical details of
the telescopes [68-74], which are all in operation now. Their histories will be written by
others in the future.

In addition to the arrays currently in operation, mention should also be made of the
CANGAROO'® telescopes. The first CANGAROO telescope was 3.8 m in diameter and had
originally been designed for lunar ranging. Successive upgrades culminated in a 256-pixel
camera with a field-of-view of around 3° in 1995. This was followed by a 7 m telescope
with a 512-pixel camera, and by 2003 there were 4 telescopes of 10 m diameter, each with a
427-pixel camera, dubbed CANGAROO-III [75,76]. The telescopes’ mirrors were made of
aluminium-coated carbon fibre-reinforced plastic. These were vulnerable to damage in the
outdoor environment, and proved to be the Achilles heel of the telescopes. Nonetheless,
CANGAROO reported detections of several objects, particularly Galactic objects such as
RX J0852.0-4622 [77]. The last reported observations taken with the telescopes were in 2009.

Having closed down the Narrabri site in 2000, and with Ted Turver’s retirement hap-
pening at about the same time, we in Durham joined the H.E.S.S. Collaboration. The 4 tele-
scopes of H.E.S.S. I, each 12m in diameter and equipped with 960-pixel cameras (Figure 7),
have of course provided a wealth of results over the years. We were part of H.E.S.S. for a
lot of that time—until there was one of the intermittent UK funding crises, and our funds
ran out. Working in a large collaboration was a new experience, since we had always
run our telescopes on our own. It was a particular pleasure not to have to cover all the
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observing sessions; it had been quite a strain for a group of around 10 people to cover all
the dark moon periods over the years. When the telescopes were switched on, one of the
first objects to be observed was PKS 2155-304 [78]. Michael Punch sent round an e-mail
with the resulting detection and the wry comment that “this might interest our Durham
colleagues”. It certainly did! I also remember Heinz V6lk in a Collaboration Board meeting
in (I guess) 2004 commenting that we would have to manage the expectations of our PhD
students—there would not be “an object each” as he put it. Shortly afterwards, the first
Galactic plane scan results arrived [79], and I think it is fair to say that, just this once, Heinz
was proved wrong.

Figure 7. One of the H.E.S.S. I telescopes at the array’s inauguration in 2004.

The successes of these third generation telescopes have resulted in a considerable
catalogue of objects; indeed, there are now considerably more classes of object detected
than there were objects back in 2000. The excellent TeVCat'?, maintained by Deirdre Horan
and Scott Wakely (to whom the whole field owes a debt of gratitude), now lists 243 sources,
a figure that nobody would have believed possible back in 1984 when I started. There had
been a joke amongst gamma-ray astronomers—I am not sure where it originated—that
one photon constituted a detection, two was a spectrum, and three was variability. Now,
gamma-ray telescopes provided spectra and variability detection in abundance, and even
images, heralded by the H.E.S.S. detection of RX]J1713-3946 [80].

5. 2010 to the Present: May the Fourth Be with You

Even in 2000, when most telescope arrays were in the final stages of design or the early
stages of construction, there were ideas for the 4th generation of Cherenkov telescopes.
One of these was 5@5, a proposal to build an array of 5 telescopes at 5 km above sea
level, which would give an energy threshold of 5 GeV [81]. This was all part of a lively
debate regarding whether it was better to go to low energies to meet—and compete—with
satellite-based instruments or to do what satellites could not, and go to higher energy.
The answer, of course, was to do both, and so the Cherenkov telescope array (CTA)
concept began to emerge, with its large, medium and small telescopes covering the range
from a few 10 s of GeV to 100 s of TeV. No doubt there will be much more detail about
CTA in this volume, and there are two comprehensive guides to CTA and its scientific
objectives available [82,83], so I will confine myself (once again) to a few observations from
my perspective.

The arrival of Jim Hinton in the UK in 2006 gave the field a boost, and a number of
groups had begun to coalesce around CTA. There were a few false starts, but by 2012, we
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had a small amount of funding to get us going, and now there are 5 groups in the UK
forming a core CTA team, from Armagh Observatory & Planetarium, and the universities
of Leicester, Liverpool, Oxford and Durham?’. In 2021, we held a 2-day meeting about
CTA in the UK, which over 90 scientists attended. It was very different from that meeting
in 1986. We are no longer primarily discussing what may or may not actually be producing
gamma-rays; the scientific implications are taking centre-stage. There is interest from
AGN modellers, cosmologists, radio astronomers and particle physicists. Ground-based
gamma-ray astronomy has taken the place of one of the many tools which we use to try to
understand the Universe.

I have avoided discussing the particle detector arrays, largely because they are not
something with which I have been involved up until recently. However, the results from
HAWC [84] have shown us the value of such arrays with their ability to view the entire
overhead sky day and night, come rain or shine. The move to build a large particle detector
array in the southern hemisphere in the shape of the Southern Wide-field Gamma-ray
Observatory (SWGO) will be an important complement to CTA [85], but importantly,
LHAASO (Large High Altitude Air Shower Observatory) has revealed more, and more
energetic, objects than we might have expected, emphasising the importance of such instru-
ments in their own right [86]. Couple these with the neutrino detectors and gravitational
wave detectors and CTA, and it is easy to see that there’s a very exciting time ahead in
astroparticle physics. It's almost enough to make me wish I was starting again. Almost...
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The Whipple Telescope, operated at Mount Hopkins in Arizona.

High Energy Radiation Cameras Using Light Emitting Showers—this field has never been short of acronyms.

Available online: https://alanod.com, accessed on 30 August 2021.

As of 2 September 2021.

The Compton Gamma-Ray Observatory.

Deep Underwater Muon and Neutrino Detector array. Rather similar to KM3NeT in concept, it was cancelled in 1995, just before

full deployment.

High-Energy Gamma-Ray Astronomy.

Gamma-ray Astronomy at the South Pole.

A rather wonderful acronym—Tracking High Energy Muons In Showers Triggered On Cerenkov Light Emission.

17



Universe 2021, 7, 432

Pachmarhi array of Cherenkov telescopes.

High-Altitude GAmma Ray.

Durham also ran a telescope (the Mark IV) briefly on La Palma and I remember visiting the HEGRA Cherenkov telescopes. We
were impressed that all the cables were cut neatly to length and no longer. This gave the impression that a need for fault-checking
with an oscilloscope was not expected.

13 With the advent of imaging, the Durham telescope numbers changed from Roman to Arabic. I do not think that this was
intentional!

14 the Solar Tower Atmospheric Cherenkov Effect Experiment.

15 Converted Atmospheric Cherenkov Telescope Using Solar-2.

16" an acronym that seems to be shrouded in mystery.

17 Gamma Ray Astronomy at ALmeria.

18 Another magnificent acronym—Collaboration between Australia and Nippon (Japan) for a GAmma Ray Observatory in the
Outback.

19 Available online: http:/ /tevcat.uchicago.edu/, accessed on 3 September 2021.

20 Sadly, the University of Leeds group, which had done so much for ground-based gamma-ray astronomy and astroparticle physics
in general, disbanded in around 2013.
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Abstract: In the past three decades, the ground-based technique of imaging atmospheric Cherenkov
telescopes has established itself as a powerful discipline in science. Approximately 250 sources of
very high gamma rays of both galactic and extra-galactic origin have been discovered largely due to
this technique. The study of these sources is providing clues to many basic questions in astrophysics,
astro-particle physics, physics of cosmic rays and cosmology. The currently operational generation
of telescopes offer a solid performance. Further improvements of this technique led to the next-
generation large instrument known as the Cherenkov Telescope Array. In its final configuration, the
sensitivity of CTA will be several times higher than that of the currently best instruments VERITAS,
H.E.S.S., and MAGIC. This article is devoted to outlining the technological developments that shaped
this technique and led to today’s success.

Keywords: imaging atmospheric Cherenkov telescope; IACT; IACT technology; very high energy
gamma-ray telescope; ground-based gamma-ray astrophysics

1. Introduction

The classical book of Jelley [1] is a real jewel for researchers interested in Cherenkov
radiation. It covers diverse aspects of the bluish emission and in great detail. Despite it
being 65 years since the first edition of the book was introduced, it is still the table book
of many researchers. Many highly regarded papers have been devoted to the history
of Cherenkov emission and its use for ground-based very high energy (VHE) gamma
astrophysics ([2-7]). For more details, the reader is invited to read the recent highly
interesting book of D. Fegan [8], as well as the article from this author [9].

Some of the above publications show the chronological developments and a list of
instruments built and operated in different countries. Unlike those publications, in this
paper the author aims to highlight the chain of important technological developments,
which improved the technique and allowed us to consider this branch of science as mature
and established.

Below the author will to go into the details of important developments that led us to
today’s success.

2. Discovery of Cherenkov Emission in the Atmosphere

Galbraith and Jelley fixed a 25 cm diameter parabolic mirror of a short focal length
inside a dustbin and set a 2-inch PMT in its focus, see Figure 1. In a series of experiments,
they detected Cherenkov light flashes from air showers. Their discovery paper laid the
foundation of the atmospheric Cherenkov light detection technique in 1953 [10]. Further
developments of the latter gave rise to ground-based VHE gamma-ray astrophysics and
led to today’s powerful branch of astrophysics.
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Figure 1. The original detector of W. Galbraith and J. V. Jelley described in [10].

2.1. First Generation Atmospheric Cherenkov Telescopes

Here we pose an interesting question. Would the early researchers working in ground-
based VHE gamma-ray astronomy half a century ago have dreamed about its future scale
and impact as a well-established branch of science?

Before proceeding with these important questions, we would like to prepare the reader
with some basic information about the air showers, atmospheric Cherenkov light emission,
the threshold of a telescope, and some other useful information.

2.1.1. Extensive Air Showers and the Cherenkov Light Emission

The earth’s atmosphere is constantly bombarded by charged cosmic rays and neutral
gamma photons. The charged particles and gammas, with energies in excess of several to a
few tens of GeV, interact with the air molecules and trigger avalanche-like events known
as extended air showers (EAS). To illustrate, let us imagine a 1 TeV gamma entering the
atmosphere. In the vicinity of an air molecule, the incident photon can be converted into an
electron—positron pair: Yy — e~ + e*. The latter has a very high energy and will therefore
generate further gammas via the effect of bremsstrahlung in the electric field of the atomic
nuclei. The above two-step cycle can be repeated in multiple rounds. Apparently, after
each cycle, the number of secondary charged particles doubles while the original energy is
shared among them. The height at which the number of secondary particles reaches the
maximum is called the shower maximum. Typically, the secondary particles have an energy
of ~300 MeV at the shower maximum. When the secondary particle energy decreases below
the critical energy of ~84 MeV, the shower extinction phase starts.

A 2 TeV gamma can produce another generation of secondary particles compared
to 1 TeV due to its twice higher energy. One can therefore assume that there should be
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a linear relationship between the incident energy and the number of secondary particles.
The latter move at a higher speed than light in the atmosphere; Note that this is possible
because the refractive index of air is larger than in a vacuum, e.g., 1.00029 at sea level. Such
particles produce Cherenkov light. The opening angle of the Cherenkov light cone 6 can
be calculated from the simple relationship cosf = 1/n B, where n is the refractive index of
air at the given altitude and 8 = v/c is the relative velocity of the particle (c is the speed
of light). The 1 TeV gamma photon will produce ~130 Cherenkov photons per m? in the
wavelength range 300-600 nm, up to the so-called “hump” at ~130 m from the shower core
(for an observation altitude of ~2 km above sea level). A typical electromagnetic shower
has a time structure of 5-10 ns, as light and particles travel together (the latter being slightly
faster) similar to a pancake that is a few meters thick.

This hump is the result of a kind of self-focusing effect of Cherenkov light production;
the point of impact of a Cherenkov photon on the ground is the product of the Cherenkov
angle with its production height. While the Cherenkov light emission angle continues to
increase as particles penetrate deeper into the atmosphere (due to the increased density
and refractive index of air), the product of the angle with height shows some focusing effect
at 60-130 m from the shower core, see Figure 2a).
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Figure 2. (a) Lateral distribution of Cherenkov light emission from a single relativistic muon travers-
ing the atmosphere. The observation height is 600 m a.s.1. One can see the light focusing effect (the
“hump”) on the ground, at 70-130 m distance from the core. Image courtesy V. Samoliga. (b) The
lateral distribution of Cherenkov light from a 100 GeV gamma and 400 GeV proton. One can see the
“hump” at about 125 m distance from the shower axis (observation height 2.2 km a.s.1.). The “core
particles” and the “halo particles” are meant to show the impact parameter range where the light
arrives from high and low altitudes in the shower development, respectively.
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During the development of an air shower, the e~ e* will emit Cherenkov light within
a cone opening angles of ~0.2-1.2°. A 1 TeV gamma-ray shower is estimated to produce
~700 e~ e* pairs at the shower maximum. It may seem that the emitted Cherenkov light
should be concentrated within a circle of a radius equal to the distance to the hump. In
reality, the e~ and e* scatter multiple times along their motion, so the scattered light smears
the light distribution on the ground and can form a large angle with respect to the shower
axis, sending photons well beyond the hump. The multiple scattering angle is inversely
proportional to the particle energy, i.e., the lower the energy, the larger the scattering angle.
A simple estimate shows that the Cherenkov and multiple scattering angles (one sigma
value) are about 0.6-0.7° for the e~ e* energy of ~1 GeV. For lower energies, i. H. for lower
altitudes in the shower development, the multiple scattering effect becomes the dominant
mechanism to spread Cherenkov light on the ground.

A hadron-initiated shower behaves similarly to that produced by a gamma, since in the
hadron interaction, along with 7t+ and 7=, ¥ will also be born, which immediately decays
into two gammas: 1% — 27. These two gammas will initiate electromagnetic cascades as
described above. What makes the difference is that the charged 77+ and 77~ also decay and
the induced shower shows the hadron interaction signatures comprising hadrons, muons,
neutrons, neutrinos, etc., superimposed on the electromagnetic showers. The differences
between the hadron and electromagnetic showers will show up in their shapes and also in
their lateral distribution of Cherenkov light density (see Figure 2b). One can see that, unlike
protons, the gamma-rays can preferentially produce triggers in a measuring instrument
for the impact parameter range <130 m. The hadron showers will be much wider (due to
the transverse momentum of the three-particle decay), longer, and with a chaotic structure,
compared to gammas. Thus, a snapshot of both types of showers can help differentiating
them. That is exactly what the contemporary imaging atmospheric Cherenkov telescope
does; it can easily suppress hadrons by a few orders of magnitude while selecting gammas
with high efficiency.

An imaging Cherenkov telescope of ~10 m? mirror area will collect on average
130 ph/m? x 10 m? = 1300 Cherenkov photons from a 1 TeV gamma-ray EAS. Assuming
a ~10% conversion efficiency from Cherenkov photons to photoelectrons (ph.e.), one can
expect to get 130 ph.e. for an image. Such an image can be well parameterized and used
for efficient image selection.

Researchers have long wondered whether and how, for example, 50 GeV gamma-ray
showers can be observed. Please note that such a shower provides only five Cherenkov
photons per square meter area within the hump.

The formulation of this problem was due to the fact that many interesting phenomena
were expected in the energy range below 300 GeV.

In general, measuring the spectrum of a particular type of gamma-ray source over a
potentially broad energy range and bridging it with the spectrum of lower-energy satellite
missions could have provided a wealth of information.

Due to lower absorption by the extragalactic background light (EBL) the universe is
becoming increasingly transparent to lower energy gamma rays, i.e., signals from distant
active galactic nuclei (AGN), gamma ray bursts (GRB) and other possible remote transient
events expected to become visible, see paragraph 6. Furthermore, the weak signals from
pulsars were expected to become visible above the very low threshold ~10-20 GeV.

For a long time, up until the mid-1990s, the research community believed that measur-
ing such low-energy events required the operation of expensive telescope facilities with
unrealistically large mirror sizes, or converted solar power plants with several thousand
square meters of mirror area. This is discussed in more detail later in Sections 6 and 7.

2.1.2. Chudakov’s Telescopes in Crimea

Starting in 1960, A. Chudakov and colleagues built the first system of 12 telescopes
with a total mirror area of 21 m? in Crimea, near the shore of the Black Sea [11]. They
intended to find out whether one can (relatively easily) measure a signal from some
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“prominent” celestial source candidates. These telescopes were simple parabolic searchlight
mirrors of F/D = 0.6 m/1.55 m design with single 5 cm diameter PMTs in their foci. A
diaphragm provided an aperture of 1.75° FWHM. To reduce the large aberrations and
to improve the signal timing Chudakov designed a special lens set in front of the PMTs.
Each of the four independent mechanical mounts, set next to each other, carried three
rigidly connected telescopes, see Figure 3. The pointing precision was 0.2° and 0.4° in
elevation and azimuth, respectively. A coincidence system between these four telescopes
had an advanced feature—a simple rate-stabilizing electronic circuit for counter-acting the
variations of the light of the night sky (LoNS).

Figure 3. The telescope of A. Chudakov and colleagues in Crimea near the Black Sea shore.

The physical rate of showers was in the range of 3 Hz and the gamma-ray energy
threshold was estimated to be ~3.4 TeV.

Instead of continuous tracking, the so-called drift-scan mode was used for observations.
These were performed by pointing in advance at the expected source position and waiting
for it to slew through the field of view. Through repeated scans one could collect a
reasonable amount of data during one night.

The list of observed sources is impressive given the limited knowledge of X-ray
sources at the time. The educated guess was that radio sources should be good candidates
to observe.

They observed the Crab Nebula, Cygnus A, Cassiopea A, Virgo A, Perseus A, Sagit-
tarius A. Moreover, the clusters of galaxies Ursa Majoris II, Corona Borealis, Bootes, and
Coma Berenices were also observed.

The experiment was carried out for the duration of about 4 years.

Unfortunately, they did not succeed in measuring a signal from any of the observed
sources and, instead, derived only upper limits. For example, in the case of the Crab Nebula,
the derived upper limit was about 20 times higher compared to its currently measured flux.
In principle, they could have discovered the gamma-ray emission from the Crab Nebula
already ~60 years ago, but only at the expense of unreasonably long observations.

The list of sources above demonstrates that the researchers had a very smart observa-
tional program, even by today’s standards.
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Itis not so uncommon in the history of science that a chain of incremental achievements
step-by-step improve the technique and the technology, thus paving the road towards the
goal to develop a new branch of science. Not surprisingly, this was initially performed by
a handful of research groups scattered around the world. Perseverance may pay off and
guide to the needed technology and technique.

At the ICRC conference in Moscow in 1959 G. Cocconi claimed that with a cosmic-ray
instrument of ~1° resolution, operating at ~TeV energy range, one will measure a factor of
one thousand times higher gamma-ray signal over the background from the direction of
the Crab Nebula [12]. Unfortunately, this could not be confirmed by Chudakov and his
crew and it had a sobering effect.

Interestingly, over a long run such overoptimistic claims turn out to be wrong. Nev-
ertheless, they play an important role in sparking curiosity and generating activity in a
particular field.

Chudakov’s installation has probed the potential of the large size (~20 m?) array of
the first generation non-imaging telescopes, operating in a narrow time coincidence. The
hope of easy detection of cosmic gamma-ray sources turned out to be elusive, or at least
more complex, than was originally anticipated.

A. Chudakov became a famous and influential researcher on the international level.
Colleagues standing close to him used to tell that after non-detections of sources by his
instrument, he became really skeptical about the prospects of the ground-based gamma-ray
astronomy for a long time.

The distinguishing technical features of Chudakov’s instrument were (a) the relatively
large mirror area, which is essential for achieving a low detection threshold; (b) the narrow
time coincidence between somewhat separated telescopes, aiming to counteract the effect
of LoNS on signal detection; and (c) the best aperture for maximizing the signal/noise ratio
by selecting a special diameter of a diaphragm.

2.1.3. Other First-Generation Telescopes

In the following years many smaller-scale experiments were built and operated.

Several examples are listed below.

A new telescope of a very fast optical and electronic design, optimized for the pulsar
studies, was built in Glencullen valley not far from Dublin in 1967-1968. It was based on
four 0.9 m diameter F/2 mirrors (total area ~2.5 m?) and fast PMTs, put into coincidence
with a gate width of 3.5 ns. The intention was to increase the signal-to-noise ratio by
reducing the integrated charge from the LoNS. Later, that telescope was at first shifted to
Harwell and then to Malta, where it started observations in early 1969. As a result, flux
upper limits for several pulsars were set [13].

In another development, two 6.5 m diameter reflectors were set at a distance of
~120 m for stellar interferometry in Narrabri, Australia. In 1968, the researchers carried out
observations of the Crab Nebula and two pulsars. No signal was measured [14].

Grindlay and colleagues made a step forward by using the “double beam” observation
technique. Each telescope had two PMTs. While the main PMTs were inclined towards one
another at 0.4° for observing the shower maximum region from a selected source direction,
the other two PMTs were inclined to angles of 1.3° towards each other for measuring a
signal from the so-called “muon core” of the showers. Though obscure and mysterious
from today’s point of view, the authors claimed that in this way they could halve the
hadron background [15]. That was not much but the principle was interesting; upgrades
and modifications of it will be widely used in the future. The author is still curious if one
can imagine that effort as the first element of a form of two-pixel imaging?

The Haleakala telescope in Hawaii included six spherical, aluminum coated, coplanar
glass mirrors of f/1 optics with 1.5 m focus, set on a single equatorial mount. Two inde-
pendent sets of 18 PMTs in the focal planes observed separate areas of the sky, sharing the
same set of mirrors. Each tube within a set collected light from a different segment of the
total mirror area. The PMTs in the focal plane were operated in a fast single ph.e. detection
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mode [16]. When several tubes produced single ph.e. signals in a tight coincidence window,
a trigger was produced. Later, it turned out that this detection technique suffered from
exhaustive trigger rates from local muons.

The Nooitgedacht MK I telescope near Potchefstroom in the South African Republic
consisted of four equatorially mounted mini telescopes (MT), set 55 m apart. An MT
contained three light detectors, consisting of 1.5 m diameter, f/0.43 rhodium coated mirrors,
focusing light on a XP2020Q PMT. Later, these were modified to the MK II telescope, which
consisted of six MTs, set 225-322 m apart from each other. A single MT consisted of three
mirrors, forming an f/1 optic with a focal length of 1.94 m. A PMT in its prime focus
measured the ON source region, whereas the Cassegrain ring mirror in the focal plane
around the telescope’s axis reflected the light from the 4.5° OFF source region to a PMT
installed on the mirror level. Thus, one could simultaneously measure the ON and OFF
source regions. For details please see [17] and the references therein.

Another example is the first-generation telescopes of the Durham group, arranged
similar to the logo sign of Mercedes [18].

Please note that due to the flatter “plateau” of the lateral distribution of Cherenkov
light from gammas compared to hadrons, the separated by 50-100 m distance arrays of
telescopes could preferentially trigger on gammas at the hardware level (see Figure 2b).

The THEMISTOCLE array followed the approach of building a widely spaced array of
18 tracking telescopes in the south of France, each carrying a parabolic mirror 0.8 m in size.

These provided a shower collection area in excess of 10° m?. This installation measured
a signal from the Crab Nebula, but due to the small area of individual mirrors and the wide
spacing, it had a high threshold of ~3 TeV and a low sensitivity [19].

The PACT experiment in India was of a similar design to THEMISTOCLE, but with
higher sensitivity due to the larger size of both the mirror area of individual stations and
the cluster of distributed stations [20].

The HAGAR telescopes [21] are located in Hanle in Himalaya, at 4500 m a.s.l,, the
same location as the 21 m diameter MACE imaging Cherenkov telescope [22].

HAGAR includes seven telescopes located at the center and corners of a hexagon
inscribed in a circle of 50 m radius. The total reflector area of all the seven telescopes is
about 31 m?. Each telescope consists of seven parabolic glass mirrors of 0.9 m diameter.
Results on the Crab Nebula detection were recently published by this telescope [21].

The AIROBICC instrument of HEGRA on the Canary island of La Palma operated for
almost ten years, starting in 1992. It comprised an array of 100 optical detector stations,
each based on an 8-inch size PMT, coupled to a Winston cone-type light concentrator.
These stations were placed next to the particle (scintillator) detector array of HEGRA
for simultaneously measuring the Cherenkov light to particle density from air showers.
AIROBICC stations measured integrated Cherenkov light in a wide field of view of ~1 sr.
The fast timing between the detector stations allowed for the measurement of the incoming
direction of showers with a high precision [23]. Due to the LoNS integration in a wide field
of view, the threshold of AIROBICC for gamma rays was estimated to be a few tens of
TeV. The relatively small size of the array, coupled to the high threshold, did not enable
significant gamma-ray source detections.

Except for the 10 m diameter Whipple telescope, which played a central role in giving
birth to gamma astronomy (this will be discussed in some detail below), no major technical
improvements were achieved until the 1980s. In Figure 4, one can see a photo of the 10 m
diameter Whipple telescope.

As a rule, researchers used 0.6-1.5 m diameter military searchlight mirrors of the
parabolic shape of F/0.5 optics that suffered from poor angular resolution. They used
coincidence between several such mirror elements, which enabled the lowering of the
energy threshold of the instrument. Further, some of them used a number of PMTs for
simultaneously monitoring the source and the background regions.

29



Universe 2022, 8,219

Most of these are reflected in the proceedings of the workshop series of “Towards a
Major Atmospheric Cherenkov Detector” as well as in proceedings of the international
cosmic ray conferences.

Figure 4. Photo of the 10 m diameter pioneering Whipple IACT on Mount Hopkins in Arizona.

2.1.4. A Short Summary on the First-Generation Telescopes

Please note that most of those experiments were based on counting the number of
excess events from the ON-source and selected OFF-source regions. The fluctuations of
the LoNS play an important role because its instantaneous positive fluctuation can add-up
with a genuine small signal from a given shower and produce a trigger. Because of the
natural differences of the LoNS intensity in ON and OFF-source regions, such brightness
differences can produce a positive or negative excess. Early on researchers learned to
counteract the brightness differences in ON and OFF regions by inserting a weak light
source next to the PMT so that the sum light from it and LoNS stayed constant to a few
percent precision [11]. However, whether the achieved precision was enough for long
observations still remains a sensitive question.

One should keep in mind that these were (are) non-imaging telescopes, the out-
put signal of which solely depends on the count rate through the set in front of the
PMT diaphragm.

The technique used in the first-generation telescopes has improved over time. The
researchers understood the main issues and made important developments, which paved
the road for the next generation imaging telescopes.

The majority of the first-generation telescope installations from time to time reported
“signals” measured from some sources, including pulsars. While one could imagine that
sometimes some unknown at the time upper atmosphere light phenomena may have
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produced a short, sporadic excess, in the case of pulsars one of the probable reasons was
the improper statistical and systematic treatment of the data (see, for example, [15]).

Unfortunately, those reports could not stand any serious criticism from today’s point
of view. Those can be understood by considering the strong desire of the small, enthusiastic
groups of researchers to over-interpret small, insignificant and/or sporadic excess from
observations as indications of the searched for signal from sources.

It seems that over time, the unwritten rule of “source code” (analogous to “dress
code”) encouraged researchers reporting source detections at conferences.

Such source reports culminated by the end of 1980s (see [24]).

The net impact of these questionable reports proved important, as it allowed the
discipline to be kept alive in its infancy.

3. EAS Images in Cherenkov Light Obtained Using an Image Intensifier

The measurement of air shower image shapes by using an image intensifier by Hill and
Porter in 1960 [25] can be considered as a real milestone. They coupled a 25 cm diameter
wide-angle Schmidt telescope to an image intensifier and photographed the images of air
showers. At some point they understood the potentialities of ground-based gamma-ray
astronomy. At first, they noticed that the elliptical-shape shower images were offset from
the source direction as well as understood that the image shape depends on the impact
point of the shower axis. From here it was a stone’s throw to the idea that by using two
separated by some distance telescopes, one can derive the incoming direction of parent
particle as well as largely suppress the background.

This important aspect has been demonstrated by the stereoscopic systems of Imaging
Air Cherenkov Telescopes some 30 years later. It was the HEGRA collaboration that demon-
strated the advantages of the so-called “stereo” observations, see more below. Further, the
Crimean GT-48 telescopes pursued a similar goal, but their results remained more than
modest due to the separation of telescopes by only ~20m. Because of this, the telescopes
measured nearly the same images and the image parameters were strongly correlated, see
more below.

In the summer of 1985, during one of the visits to Crimea, the author asked the GT48
group leader Arnold Stepanian why he put the telescopes so close to each other. He
answered: “show me a single installation that has a higher count rate of air showers than
mine”. Thus, this complex array served to also provide a low detection threshold, which
incidentally was ~0.9 TeV according to their simulations.

4. The First Monte Carlo Simulations and the “Stereo” Observations

Victor Zatsepin (not to be confused with Georgy Zatsepin from GZK cutoff), a crew
member of A. Chudakov, published a remarkable Monte Carlo study paper in 1964 [26]. He
obtained the equal photon density contours of air shower images produced by gamma rays
as well as their angular distribution and radial photon densities. It is striking to read in that
paper “since the maximum intensity of the light from a shower does not coincide with the
direction of arrival of the primary particle, in researches in which the determination of the
angular coordinates of the primary particle is made by photographing the light flash from
the shower one should seek improved accuracy in this determination by photographing
the shower simultaneously from several positions”.

From the above it can be seen that some researchers clearly understood the potential
of coincidence measurements, now better known as stereoscopy, some 60 years ago.

The experiments with image intensifiers continued for some more years, but no further
breakthrough occurred.

5. The Second-Generation Telescopes
5.1. The 10 m Whipple Telescope

In 1967, Giovanni Fazio and colleagues began constructing a 10 m diameter, F/0.7
telescope on Mount Hopkins, at the Whipple observatory, at a height of 2300 m a.s.l. [27].
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The large diameter of the reflector of the telescope, together with a fast PMT in the focal
plane, provided a relatively low detection threshold for air showers. The telescope started
operating in 1968, initially with a single 5-inch PMT in the focus. Afterwards the number
of PMTs was at first increased to two and later to ten PMTs for simultaneous ON and OFF
source observations. In 1968 Trevor Weekes co-authored a publication with G. Fazio and
two more colleagues about observations of 13 gamma-ray source candidates. The Crab
Nebula was prominently in the list, but M87, M82, IC443 were also observed [28]. Only
flux upper limits above the threshold of ~2 TeV were derived. As we know from later
observations, the listed sources turned out to be gamma-ray emitters.

Already in 1977, T. Weekes and E. Turver suggested using a system of two telescopes
separated by 100 m, equipped with 37-pixel imaging cameras. The intention was to strongly
suppress the background [29]. The first imaging camera used 37 pixels of 0.5° size in a
hexagonal configuration and covered a field of view of 3.0° in the sky. This camera was
installed on the 10 m telescope in ~1983.

The next key development was the suggestion of Michael Hillas to parameterize the
images by using the second moments of the measured charge distributions in the camera
plane [30]. Interestingly, it is one of the rare cases where a conference contribution paper
collected a huge number of citations.

Using this formalism, the Whipple team succeeded in measuring the famous 9 sigma
signal from the Crab Nebula in 1989 [31].

This is considered as the birthday of the ground-based VHE gamma astronomy.

The scientific intuition and perseverance of Trevor Weekes and the small team around
him paid off after ~20 years of effort and gave birth to a new branch of science.

The technological novelties of the Whipple telescope were the use of the Davies—Cotton
optical design [32], for the 10 m diameter reflector and the 37-pixel imaging camera in its
focus. A few years later this camera was exchanged for a finer resolution one, employing
pixels of 0.25° in size. This has significantly improved the telescope’s sensitivity and
allowed it to lower its threshold from 700 GeVdown to ~300 GeV.

5.2. GT-48 in Crimea

Since the late 1960s the group in the Crimean Astrophysical Laboratory (CrAO) led by
Arnold Stepanian used two parabolic searchlight mirrors of 1.5 m diameter in coincidence
for studying gamma sources. They reported detections of Cassiopea and Cyg X3 in the
early 1970s, with the latter getting a particularly strong response from the community. In
the 1980s, the group started constructing a set of two large telescopes, separated by 20 m
distance, named GT-48. On each mount they built six telescopes, three of the imaging type
with 37 pixels and another three operating a single UV-sensitive, solar blind PMT. Every
telescope had four mirrors of 1.2 m diameter and 5 m focus. The goal of the Crimean group
was to profit from the stereo observations, see, for example [33]. Because they did not
want to sacrifice neither the threshold nor the coincidence rate, they put the telescopes at
20 m distance from each other. Their relatively small reflectors and the low altitude of the
location of 600 m a.s.l. provided a threshold of 900 GeV. The proximity of the telescopes
did not allow them to fully exploit the differences in image parameters otherwise seen
from largely separated detectors. In 1989, this installation was put into operation and in
subsequent years it measured a number of sources.

The technological novelties of the Crimean GT48 were the two sets of telescopes
separated by 20 m, the used solar blind PMTs for measuring the UV content of air showers
(the idea was that the muons in hadron showers produce more UV light) and the use of the
coincident technique.

5.3. High Energy Gamma Ray Astronomy (HEGRA)

The first telescope of HEGRA was designed in 1990, as a somewhat modified version
of the Yerevan Physics Institute (YerPhl) first Cherenkov telescope [34]. The latter was the
prototype of the planned five telescope “stereo” array (proposal from 1985) which was later
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adopted by the HEGRA collaboration. Further developments of it became known in the
community as the HEGRA air Cherenkov telescopes [35].

Originally each telescope was planned to have a 3 m diameter tessellated mirror of
5m? area and to be equipped with a 37-pixel imaging camera in the 5 m focal plane. The
pixels used light guides of a conical form (focons), made of UV transparent Plexiglas and
subtending an angular aperture of 0.41° [36]. The imaging camera was based on the Soviet
FEU-130 type special PMTs with GaP first dynode, providing a gain of 25-30 and thus a
very high amplitude resolution. The very high-quality glass mirrors were produced in
Yerevan Physics Institute. The mechanical mount of the first telescope was installed on the
Roquie de los Muchachos observatory in La Palma in late fall 1991 and the camera in mid-1992.
A ~5 sigma hint of the first signal from Crab appeared after two months of data taking,
in late fall 1992 [37]. In the following year the second telescope with the same pixel size
but with one more ring in the camera (61 pixels) and a larger reflector of 4.2 m was built
and put into operation at ~100 m distance from the first one. The stereo observations, the
power of which had been predicted in a dedicated Monte Carlo study paper in 1993 [38],
could start.

In the following years, four more telescopes of the same size as the second one but with
cameras of 271 pixels with a size of 0.25° were installed. In the end, the second telescope,
too, was given a 271-pixel camera and the array was completed in 1997. The last upgrade in
the same year was the increase in the mirror area of the first telescope to 10.3 m?. In Figure 5
one can see a photo of the HEGRA array. HEGRA operated until 2002. It convincingly
demonstrated the long-awaited power of stereo observations [39] and produced a wealth
of scientific results.

These second-generation imaging telescopes provided only a handful of sources, but
it became clear that still there was a big potential in the “stereo” technique that was just
waiting to be explored more extensively.

Figure 5. Photo of the HEGRA array. One can see four out of the six IACTs of HEGRA.

5.4. The 7-Telescope Array

The Japanese 7-Telescope Array was originally planned as a detector that included
two arrays, each with 127 imaging telescopes, operating in coincidence [40]. Each telescope
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had a 3 m diameter mirror and a 256-pixel camera. In 1996-1997, three out of seven
such telescopes were built and installed in Dugway proving grounds, Utah, USA. The
remaining four were planned to be installed within one year. The telescopes started taking
data on several interesting objects as, for example, the flaring MKN-501 and 1ES1959.
Unfortunately, a ~6 m long unarmed military missile lost its target and instead hit the data
taking containers. This array operated for less than one year in 1997.

The square PMTs and light guides used in these telescopes were innovative.

5.5. CLUE

The Italian CLUE collaboration tried to extend the application range of the IACT
technique into the deep near UV range. They installed an array of nine 1.8 m telescopes
at the HEGRA site on La Palma. They used a multi-wire, UV-light-sensitive proportional
chamber (MWPC) for recording the EAS images. A matrix of electrodes in the rear side
of the camera allowed to read out the images. The imaging camera was filled with a
gas mixture containing TMAE. It was believed to provide a quantum efficiency of 5-15%
in the range 190-230 nm. TMAE turned out to be an aggressive substance, attacking
the camera materials. Further, the short distance of Cherenkov light absorption in the
chosen wavelength range limited the imaging capabilities. These telescopes operated in
1997-1999. Clue reported detections of the Crab Nebula, Mkn 421 and Mkn 501, and the
lunar shadow [41].

5.6. CAT

The French CAT telescope, put into operation in late 1996 [42], on the same site as the
previous non-imaging ASGAT [43] and THEMISTOCLE [19] instruments, started operating
a 600-pixel high-resolution imaging camera based on a pixel size of 0.12°. Soon after the
telescope was put into operation, the researchers found out that due to the very fast pulses
from the PMTs, the detection efficiency of gamma-rays was quite low. After slowing down
the speed of pulses towards >2.5 ns, they recovered the high efficiency for triggering
gamma-rays. To counteract the bending of the relatively fragile mechanical frame of the
telescope, they used data from the several imaging cameras installed on the structure. This
was a successful telescope, which provided very interesting results.

5.7. CANGAROO

CANGAROO was a collaboration between several universities from Japan and the
university of Adelaide. The collaboration started operating a 3.8 m size single telescope
of parabolic shape that had been used for lunar ranging in the past. It started operating
in 1992 at a threshold of a few TeV and in the following years discovered several new
sources of gamma rays. Ten years later, four telescopes of 10 m size were built. These
telescopes made a number of discoveries and very interesting observations. The telescopes
had some differences in the design. Along with technical problems, mostly related to the
chosen type of mirrors, there were also technical and organizational problems related to
the data analysis. When the H.E.S.S. telescopes started to become operational in 2002-2004,
they could not confirm some of the CANGAROO results [44]. A few years later this array
terminated its operation.

6. The Very Low Threshold, EBL and Solar Power Plants as Gamma-Ray Telescopes

It was recognized rather early that mirror-based solar power plants can offer large
mirror areas of several thousand m? that could be used for collecting scarce photons from
sub-100 GeV gamma showers. There was no measuring instrument and the unexplored
energy range 10-300 GeV was considered as “terra incognita”. Many interesting physical
phenomena were expected there.

The universe is full of photons emitted by galaxies and stars during its evolution. The
EBL photons could be thought of as a kind of “gas” filling the space. The complex spectrum
of this light extends from UV to far infrared, see for example [45]. When a very high-energy
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gamma ray travels through space from a cosmologically distant source, it can interact with
one of these low-energy photons. If the energy of these two photons in the center of mass
system is more than twice the rest mass of the electron, an electron—positron pair can be
produced. This is an energy dependent phenomenon that limits the visibility of gamma ray
sources in the universe; the higher the energy, the stronger the absorption. This weakens
the flux of gamma rays from distant sources. The situation changes dramatically when
moving towards the energy range below 100 GeV, down to ~10-20 GeV; the universe is
becoming more and more transparent and very distant sources could be observed. Just
to give the reader a feel for it; from the famous Mrk-421 and Mrk-501 sources, located at
the redshift of ~0.03, the measured highest energy photons are limited to below 20 TeV
due to strong absorption. However, if the source is located at the redshift of ~1, given a
strong signal, some photons with energies up to ~200 GeV could still survive. Signals from
pulsars, from distant AGN, from GRB and from various transient events were anticipated
in the unexplored energy range 10-300 GeV.

The researchers were discussing about the possibilities if and how one can lower the
threshold of a Cherenkov telescope by more than one order of magnitude.

In the beginning of 1990s the threshold energy of the 10 m Whipple telescope of ~75 m?
reflecting area was estimated to be 300-400 GeV. The common belief was that for lowering
the threshold energy of a telescope by a factor of # one needs to increase its mirror area
by n? times. So, for example, for lowering the threshold energy of ~1 TeV of the ~10 m?
HEGRA CT1 telescope by a factor of 20 down to ~50 GeV one needed to increase its mirror
area by 400 times, i.e., one needed a mirror area of 4000 m?! For the very low threshold
project, it was proposed to build an array of nine telescopes, each 100 m in diameter [46].
Compared to the latter option, the existing solar power plants with their distributed mirror
surface area of several thousand square meters seemed to offer an interesting alternative.
Several solar power plants were rendered into gamma-ray detectors. The technique of
doing that was quite different for individual research teams from STACEE (NM, USA),
CACTUS (CA, USA), CELESTE (France) and GRAAL (Germany and Spain). For example,
while the GRAAL team [47] was attempting to collect Cherenkov photons from heliostats
in the field into a ~1 m-size Winston cone, STACEE tried to organize a kind of imaging in
the central light collection tower, directing light from individual heliostats to specific PMT
channels [48]. For a comprehensive review of converted solar power plants please see [49].

Some interesting measurements were performed by using these arrays. The French
CELESTE instrument tried to measure flux from the Crab Nebula down to ~60 GeV [50].
The comparison with today’s precise measurements show that their reported flux was
2.5 times too low.

With the operation of the MAGIC telescope one confirmed that the above assumed
relation of the threshold on the mirror area was wrong. As predicted, the threshold was
inversely proportional to the mirror area [51,52], i.e., for reducing the cited above CT1
threshold from 1 TeV down to 50 GeV, one needed to increase the mirror area by ~20 times,
i.e., to build a telescope with ~200 m? (see the next paragraph for more details). It became
obvious that the “classical” imaging method was able to provide much higher efficiency
than the solar power plant detectors, so shortly afterwards they ceased their operation.

7. The Threshold of an Imaging Air Cherenkov Telescope

It is interesting to note that the MAGIC-I telescope, that has only 236 m? of mirror area,
could successfully perform measurements also in the sub-100 GeV energy range, down to
50 GeV. This is in striking contrast to the above-mentioned statement about the threshold
dependency on the mirror area.

The issue of the threshold is interesting to illustrate on the example from a publication
by K. E. Turver and T. C. Weekes from 1981 [18]. There one can read:

“The energy threshold of a simple detector is inversely proportional to the diameter of the
light collector. An energy threshold of 10'! eV requires an effective aperture of 5-10 m.
To reach 101 eV requires an aperture of 50~100 m; such apertures would have been out

35



Universe 2022, 8, 219

of the question a few years ago but the development of large concentrators for solar energy
research makes this energy threshold a realistic possibility”.

The above-mentioned dependence of the threshold on the mirror area, that even today
is circulating in some publications, is not correct.

Please note that for sub-100 GeV gamma-ray astronomy the authors refer to the use of
large concentrators for solar energy, which in fact some 20 years later has happened (see
Section 6).

Unlike the non-imaging detectors, the lower threshold of an imaging telescope is
simply inversely proportional to the used mirror area (or to the squared-diameter). This can
be explained by the fact that for an imaging telescope it is not the fluctuations of the LoNS
that set the lower threshold, because the LoNS in the field of view is “split” between a large
number of pixels, which in addition are put into some coincidence scheme. A higher-level
requirement is that for analyzing an image one needs some minimum amount of charge,
on the order of ~100 photo electrons [51].

Realization of the latter relation played a key role for enabling the successful opera-
tion of the IACT technique in sub-100 GeV energy range, down to 10-20 GeV. This was
substantiated by proposing and building the pioneering 17 m diameter MAGIC telescope
project for sub-100 GeV gamma-ray astrophysics [52].

8. The Third Generation Telescopes

The third-generation telescopes were designed before the potential of the second-
generation telescopes was fully exploited. Already, in 1995, the first presentations on the
concrete concept of 17 m diameter MAGIC were made [53,54]. These were followed by the
VERITAS letter of intent in fall 1996 and in the next year by H.E.S.S. Both VERITAS and
H.E.S.S. were following the goal of conducting astrophysics with a stereo system of 10 m
diameter telescopes, based on well-known, proven technologies. These were well-known
thanks to the Whipple telescope and the fresh experience of HEGRA. Instead, the design
of MAGIC aimed to move to the sub-100 GeV energy range, down to 20-30 GeV, into the
“terra incognita”. Obviously, this task was significantly more demanding and challenging,
and several novel techniques and technologies were necessary for making it possible.

When HEGRA stopped operating in 2002, the collaboration split into two parts. One
part together with the scientists from France, largely people from the CAT experiment,
made the core of the H.E.S.S. collaboration and built their instrument in Namibia. The
other part stayed in La Palma, at the original site of HEGRA, and together with scientists
from Spain and Italy founded the MAGIC collaboration.

8.1. HE.S.S.

The application of the H.E.S.S. collaboration was supported by the German and French
financial agencies (while the VERITAS team had to wait for several more years to secure the
financial support). The H.E.S.S. collaboration built their telescopes and started operation
in Namibia in 2002-2004. At the beginning, the H.E.S.S. team performed a scan along
the galactic plane and developed a really rich harvest of galactic sources. This array has
turned out to be a very successful instrument, making a really high number of important
discoveries and measurements above the energies 160-200 GeV, see, for example, [55]. A
very large telescope of 28 m diameter was set in the center of H.E.S.S. in 2012. This also
allowed them to perform observations in the very low energy range of a several tens of
GeV [56].

The design and construction of the H.E.S.S. telescopes followed a conservative ap-
proach, based on proven technologies.

8.2. VERITAS

The VERITAS telescopes, unlike H.E.S.S., who operate imaging cameras of ~5° geomet-
rical apertures, use cameras of 3.5° field of view. Otherwise, both instruments are similar,
and both have increased the originally planned 10 m diameter of their telescopes to 12 m.
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For some time, the exact location of these telescopes in Arizona remained uncertain. In the
end VERITAS was built next to the administrative building of the Harvard-Smithsonian
Center for Astrophysics, not far from the foot of Mount Hopkins and was inaugurated in
2007. As one would expect, VERITAS also turned out to be a very successful instrument that,
in recent years, has realized a high number of important discoveries and measurements,
see, for example [57].

The design of the Veritas telescopes, similar with H.E.S.S., followed a conservative
approach.

One should mention the upgrade of VERITAS with high QE bialkali PMTs in 2012 [58],
which lowered the threshold down to ~90 GeV.

8.3. MAGIC

In the mid-1990s, an energy scale below ~300 GeV, down to 10-20 GeV, was considered
as “Terra Incognita”, simply because there was no instrument, neither on ground nor in
space, to observe.

The intention to build MAGIC was to operate a ground-based instrument in the energy
domain of <300 GeV, down to ~10 GeV. In the mid-1990s that was considered impossible.

Initially, mostly because of the financial and organizational constraints, the 17 m
diameter MAGIC was proposed as a stand-alone telescope [52-54]. Several innovations
were necessary for operating the single telescope that was also in the very low energy
range of <100 GeV, where a strong background from local muons was expected. MAGIC
researchers hoped to strongly suppress the different backgrounds by using an ultra-fast
opto-electronic design of the telescope. For this purpose, a reflector of parabolic design
was chosen, which can provide, for example, time resolution of <140 ps within the 1° field
of view. Spherical shape mirrors of 11 different radii of curvature, laid on the reflector,
provided a good approximation of the intended parabola. Along with this, very fast
hemispherical PMTs were developed for the needs of MAGIC by the company Electron
Tubes from England.

In combination with the light guides and a mat lacquer coating, these provided an
enhanced quantum efficiency [59].

The PMT analog signals were converted into light by using Vertical Cavity Surface
Emitting Laser (VCSEL) diodes operating at ~850 nm. This light, by using optical fibers,
was transported to the electronic room, where it was converted back into electrical pulses
with practically no degradation of time features.

The MAGIC-I telescope was built and put into operation in 2003-2004.

The fast signals were initially read out by using 300 MSample/s custom-built FADCs.

Starting in 2007 MAGIC-I used 2 GSample/s fast multiplexed FACDs for the read-
out [60].

The measurements showed a bandwidth of ~230 MHz for signal channels. This
ultra-fast timing allowed MAGIC to suppress further down the contribution from the
LoNS as well as the hadron-induced background by a factor of 2-3. For the first time
one could significantly enhance the sensitivity of a detector based on fast timing [61]. A
single telescope, which measures a given shower projected on its imaging camera as a
two-dimensional image, due to fast timing (one image every 500 ps) can also measure data
about the third, perpendicular to the camera direction, i.e., it can scan the image in three
directions, coming close to stereoscopic imaging.

By developing a special so-called SUM-trigger configuration (see more below), the
researchers could operate the stand-alone MAGIC-I telescope even at a very low threshold
of >25 GeV. This allowed them to discover a pulsed signal from the Crab pulsar, which
made a strong impact on the pulsar theory models [62].

The next serious improvement of MAGIC'’s sensitivity was due to the construction
and operation of an almost clone telescope, at 85 m distance from the first one in 2009, see
Figure 6. This has essentially doubled the sensitivity of the first telescope. By using the
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standard trigger MAGIC performed observations of some selected sources as, for example,
the Crab Nebula and its pulsar, at energies as low as ~50 GeV [63].

pr—— -y -
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Figure 6. The two 17 m diameter MAGIC IACTs at the ORM observatory in La Palma. In the center
one can see the experimental house. The white dome on top of the garages harbors the LIDAR
instrument. In the top left corner one can see the famous 4.3 m diameter William Herschel telescope.
The 2.5 m diameter Nordic optical telescope is located on the top-right summit. In the lower right
corner one can see the 4 m FACT telescope.

The imaging cameras on both MAGIC-I and MAGIC-II were upgraded in 2012. Along
with novel, higher QE hemispherical PMTs from Hamamatsu, developed for MAGIC, a
new capacitive memory based FADC readout system on DRS4, operated at ~2 GSample/s,
was introduced.

The MAGIC telescopes introduced a number of novelties into the field, some of which
later became the standard.

While some of the novelties were important from the operation reliability point of view
(fully sealed, actively temperature controlled and stabilized imaging camera by circulating
a liquid coolant in a closed loop), others (analog signal light transmission via optical fibers
for preserving the fast speed of pulses, hemispherical input window PMTs, coupled to
tailor to these light guides of special design, intended to enhance the detection efficiency of
photons due to double crossing of the PMT photo cathode by the impinging light) helped
to further improve the technique.

Special attention was paid to produce a light-weight reflector frame from reinforced
carbon fiber, for the reduced weight of the telescope and low needed momentum for fast
repositioning. This was considered as an important step for promptly reacting to alerts
from satellite missions on transient sources, such as, for example, GRBs. Though delayed,
nevertheless this feature has fully paid off on January 2019, when for the first time the most
intense gamma-ray signal at VHE was measured from the A 190114C only one minute after
its explosion [64,65]. Of course, the light-weight reflector frame was not for free; it bends
under varying gravitational loads when tracking a source. To counteract the deformations,
an Active Mirror Control system was developed. While tracking a source, this adjusts the
direction of every single mirror of ~1 m? area under computer control, providing the best
optical point spread function (PSF) in the focus [66].
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The other novelty was related to ultrafast speed of 2 GSample/s readout of the data.
This very fast readout of the data at every 500 ps allows one to obtain multiple images from
one and the same shower, tracing its development in time. Moreover, by integrating the
signal charge in only ~3 ns time window, one effectively suppresses the LoNS contribution.
All these has enhanced the background rejection power, allowing for the operation of the
telescopes in the energy domain of >20 GeV (see below).

SUM Trigger for MAGICs

One of the main obstacles for obtaining a low-threshold setting for an IACT is the
adverse effect of after-pulsing in PMTs [67].

The standard trigger threshold of the two MAGIC telescopes was halved by using a
so-called Sum-Trigger. Along with a circuit to suppress the importance of the after-pulsing,
the Sum-Trigger detects weak, loose images in ~0.5° wide patches. As already mentioned,
in 2008 it allowed for the revelation of pulsations from the Crab pulsar for energies of
>25 GeV [61].

The novel, professional version of the Sum-Trigger-II, developed for the two MAGICs
to work in coincidence, recently allowed the detection of a very weak signal from the
Geminga pulsar at energies of >15 GeV [68].

Physical novelty introduced by MAGIC: extend the threshold of an IACT technique
down to a ~20 GeV domain.

Technological novelties introduced by MAGIC:

a 2 GHz sampling;

b. Parabolic tessellated reflector;

c. Mat, hemispherical input window PMTs + tailored to these light guides for fast
timing and higher detection efficiency;

d Analog signal transmission via optical fibers;

e. Active Mirror Control system, for optimal PSF in the focus;

f Sealed, temperature controlled and stabilized imaging camera;

g.  Light-weight reflector frame made of reinforced carbon-fiber.

9. Fourth Generation Instruments
9.1. Cherenkov Telescope Array—The Major Instrument

The series of “Towards a Major Atmospheric Cherenkov Detector” workshops, taking
place between 1989 in Crimea (seen historically the workshop number “0”), and 2005 in
Paris (the last one), served its purpose. The researchers reached a consensus that one
needed to unify the efforts of different collaborations and of the entire community and to
move towards one major instrument. In 2006 a new collaboration was formed for building
the Cherenkov Telescope Array. This collaboration, which counts over ~1500 researchers,
includes practically all the researchers worldwide working with the atmospheric Cherenkov
technique and many newer groups with interest in exploring the sky in gamma rays with
unprecedented sensitivity. In the meantime, the CTA collaboration has produced advanced
prototypes of its constituent telescopes and moved into the construction phase. Originally
about 100 telescopes of 23 m, 12 m and 4-7 m size were planned for building in the
southern and northern observatories, covering the energy range from 10 GeV to more than
100 TeV [69,70]. This is going to be the major ground-based instrument for conducting
astrophysics by means of gamma rays for the next few decades.

The first Large Size Telescope (LST) is in its final stage of commissioning. It has already
measured gamma-ray signal from dozens of sources. Soon publications are scheduled from
this telescope [71].

Similarly, the prototypes of the Middle Size Telescope (MST), the double mirror,
9.7 m diameter Schwarzschild-Couder (SCT) telescope in Arizona and the small size (SST),
4 m prototype ASTRII telescope in Sicily have been built and successfully commissioned,
see [71] and the links therein.

One of the advances of the CTA telescopes can be considered as the wide field of
views of its telescopes. The study of the wide-FoV prime-focus telescopes began in 2005
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with publication [72]. Soon this has been expanded by the study of even wider FoV IACTs
of a more complex design, including two optical elements [73,74]. The ASTRII and SCT
followed the design [73].

The CTA is planning to operate LST, MST and SST telescopes of ~4.5°, ~8° and ~10°
apertures, correspondingly. The technology of these novel, fourth generation telescopes has
been refined practically everywhere. After saturating the gamma-ray detection efficiency of
individual telescopes, the CTA is pursuing the plan to use a large number of such telescopes
to cover a large area, for providing an exclusively high sensitivity.

Another technological progress of the CTA is the use of the advanced light sensors,
such as the classical PMTs with strongly improved parameters as well as the so-called SiPM,
see more on these below.

9.1.1. Enhanced Quantum Efficiency PMTs

In the first stage of the development work, initiated in ~2004, the researchers from
MAGIC, cooperating with the companies Electron Tubes Enterprises (London), Photonis
(France) and Hamamatsu (Japan), succeeded in increasing the peak QE of PMTs with
bialkali photo cathode from stagnating over ~40 years value of 25-27% up to ~32-35%.
Subsequently those PMTs were dubbed as “Superbialkali” type [75].

The second stage of the development was started by a group of researchers cooperating
with Hamamatsu and Electron Tubes in the frame of the CTA collaboration in 2009. One of
the novel technologies applied in the MST and LST telescopes of the CTA collaboration is
the use of novel 1.5-inch size PMTs with significantly improved parameters. At the end of
the development work the PMTs from Hamamatsu showed a somewhat better performance
than those from Electron Tubes and thus were selected for the use in CTA. It should be
noted that those developments revised all aspects of a classical PMT, including, for example,
the light emission of its dynode system, see Figure 7a. The latter effect caused a high-rate
of after-pulses [76]. A dedicated re-design reduced that negative effect. The novel PMTs
became commercially available from Hamamatsu in 2014. They show an average peak
quantum efficiency of ~43%, electron collection efficiency on the first dynode of 94-98%
(for wavelengths > 400 nm) and an after-pulsing rate of <0.02% for the set threshold of
>4 ph.e. The pulses from the 7-dynode PMTs measure ~2.5 ns Full Width at Half Maximum
(FWHM) level. The achieved record parameters make this PMT currently the best in the
world [77].

Use of such PMTs allows one to significantly lower the energy threshold of both the
MST and LST telescopes. In the latter case a threshold of ~20 GeV has already been reported.

9.1.2. SiPM-Based Imaging Camera

The emerging at the end of the 1990s of a new semiconductor light sensor technology,
dubbed as SiPM (Silicon Photo Multiplier), received a strong boost in the development,
especially for the possible use in the MAGIC IACT and the EUSO space missions [78]. The
parameters of the sensors started rapidly improving; already in 2008-2010 the majority
of parameters were almost saturated in pilot productions, as for example, a peak photon
detection efficiency (PDE) of ~60% along with a cross-talk of ~2.5% level has been re-
ported [79]. One of the remaining issues that still exists, but to a less degree, is the problem
of cross-talk, see Figure 7b [80,81]. Researchers started building the first custom-segments
of imaging cameras [80]. The first full-scale SiPM-based camera has been built and installed
on the left-over mechanical mount of the HEGRA third telescope in La Palma ten years
ago. Since then, the telescope dubbed as FACT is in successful operation, in recent years
in a robotic regime [82]. The potential of those relatively old SiPMs could not be fully
explored, mostly due to the mentioned cross-talk effect, which limited the PDE. With time
the SiPM parameters have significantly improved and both the double mirror structure
prototype telescopes ASTRII SST and the 9.7 m Schwarzschild-Couder (SCT) next to the
Veritas telescopes in Arizona, use SiPM-based cameras [71].
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Figure 7. (a) This photo shows the light emission leaking through the space between the dynode
system of the Hamamatsu R8619 PMT. Part of this light could arrive at the photocathode, causing
high-level after-pulsing. Later, the company installed baffles, which reduced the negative effect.
See [76] for details. (b) Light emission microscopy of a pilot SiPM sample (prod. By B. Dolgoshein
and team) under operational voltage. The narrowly focused (<4 um), weak laser beam shoots at
the location of the yellow-black dot on the surface of a 100 um size cell. One can also see that the
neighbor cells emit light. This is the essence of the cross-talk effect; a single incident photon can fire
more than one cell.
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The size of the largest SiPM is limited to <10 mm. This limits their direct application
mostly in SSTs. For using those in MSTs or LSTs, either one needs to use a significantly
higher number of sensors and readout channels (compared to the number of current PMTs),
or to group a large number of SiPMs for imitating one single larger-size sensor [83]. Please
note that it does not make much sense to use sensors with a size much less than the optical
PSF of a given telescope. Which of the above options will turn to be viable in future will
depend on the cost evolution of those sensors and of the readout channels, as well as the
ready availability of integral readout solutions.

9.2. TAIGA

An interesting hybrid approach has chosen the TAIGA pilot instrument in Tunka
valley near lake Baikal. One of the main goals is to explore the gamma-ray energy range
from several to 100s of TeV.

TAIGA includes 120 HiSCORE stations (improved version of the former timing array
AIROBICC), deployed in an area of 1 km? [84], two 4 m class IACTs with a 9.6° FoV [85]
and other types of Cherenkov light and particle detectors. The number of IACTs is planned
to be completed to four until the end of the next year.

A combination of the timing and imaging air shower detection techniques allows one
observing the novel “hybrid stereo” mode: the core position and the incoming direction of
a given shower can be obtained from HiSCORE, while its images from the IACTs will help
measuring the type (gamma or hadron) and the energy.

Placed at a distance of about 600 m from each other, the four IACTs with HISCORE
will compose a sensitive detector with a collection area in excess of 1 km?.

The TAIGA approach has the promise to offer a cost-effective solution for building a
highly sensitive detector of a very large area.

9.3. LHAASO

LHASSO is a multi-component, very large size cosmic and gamma-ray detector. It
is located in Sichuan Province of China, at a mountain altitude 4410 m a.s.l. It plans to
measure the cosmic and gamma rays in the energy range of >10'2 eV and 1011-10%5 eV, re-
spectively. LHAASO is designed to measure electrons, muons, Cherenkov and fluorescence
light. Recently it made an important discovery, with a dozen so-called PeVatron sources
identified [86]. The Wide Field-of-view Cherenkov Telescope Array (WFCTA) of LHAASO
includes eighteen telescopes, based on reflectors of 5 m? area [87]. Composite SiPM pixel
imaging cameras with a FoV of 16 x 16° are installed at their focal planes. Interestingly,
the telescopes are portable, so their configuration and location can be easily changed.

10. Conclusions

It is remarkable to see the progress, made from the first detection of cosmic rays via
Cherenkov light emission in the atmosphere in 1953 until present day. The original tiny
Cherenkov telescope has served its purpose. After about 70 years the Veritas, MAGIC,
H.E.S.S, and now the LST/CTA telescopes allow one to measure a significant gamma-ray
signal from the Crab Nebula in less than a minute. Essentially, the speculative presentation
of Cocconi from 1959 came true, if not exactly in the way he had predicted. Today we have
instruments with resolutions of 0.05-0.1°, which can measure a gamma-ray signal from
the Crab Nebula with the signal to noise ratio of 300:1 for energies above 100 GeV. In the
near future, the completed CTA instrument will further enhance that signal to noise ratio.
The hundreds of new discoveries made at the very high energies established the firm place
of the ground-based gamma-ray astrophysics as one of the rapidly evolving successful
branches in astronomy. One can anticipate much more numerous, important results in
cosmic rays, in multi-wavelength and messenger astrophysics and cosmology to become
available within the next ~10 years.
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Abstract: Slightly more than 30 years ago, Whipple detection of the Crab Nebula was the start of
Very High Energy gamma-ray astronomy. Since then, gamma-ray observations of this source have
continued to provide new surprises and challenges to theories, with the detection of fast variability,
pulsed emission up to unexpectedly high energy, and the very recent detection of photons with
energy exceeding 1 PeV. In this article, we review the impact of gamma-ray observations on our
understanding of this extraordinary accelerator.
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radiation mechanisms: nonthermal; gamma rays: general; acceleration of particles; astrophysical
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1. Introduction

The remains of the Supernova explosion in AD 1054 is likely the best studied astro-
physical system after the Sun [1]. The remnant consists of two different, bright, nonthermal
sources—the pulsar and the nebula. Both objects have played a key role in the development
of high-energy astrophysics. Thanks to their bright emission at all wavelengths, they have
been observed by virtually all new astronomical instruments and have been at the origin
of a wealth of important scientific discoveries.

The Crab pulsar was one of the first detected pulsars and actually the one that provided
smoking gun evidence for the identification of these radio sources as neutron stars. The
Crab nebula had long been known to be the result of a SN explosion [2]; in 1934, Baade and
Zwicky [3] suggested that supernova explosions might be signaling the transformation of
an ordinary star into a neutron star, but the prospects for revealing these objects (small
and presumably very dim) had been considered poor; in 1967, Pacini [4] suggested that a
fast-spinning, highly magnetized neutron star could be the energy source powering the
activity of the Crab Nebula; in 1968, the first pulsar was discovered and suggested to be a
white dwarf or a neutron star [5]. The discovery of pulsations from one of the two stars at
the center of the Crab nebula [6] served as the last piece of the pulsar puzzle.

The contribution of the Crab pulsar and nebula to the progress of science did not end
there, however. It is from this system that we have learned the basic physics behind the
energy release by a young neutron star—the star spins down due to the electromagnetic
torque and most of its rotational energy goes into the production of a relativistic magnetized
wind; if this wind is effectively confined, as is the case for the Crab pulsar, the neutron
star energy becomes detectable in the form of nonthermal emission by a surrounding
nebula—the Pulsar Wind Nebula (PWN hereafter). This class of sources, of which the Crab
nebula is the prototype, has typically a very broad nonthermal spectrum, often extending
from low radio frequencies (tens of MHz) to Very High Energy gamma-rays (E > 100 GeV
photons; VHE hereafter). In fact, they account for the majority of galactic sources emitting
TeV gamma-rays; further, a number of unidentified gamma-ray sources are likely to be
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associated with unobserved pulsars [7]. Finally, very recent measurements by the LHAASO
telescope [8] might indicate that PWNe are also the most numerous class of Extremely
High Energy (E > 100 TeV photons; EHE hereafter) gamma-rays emitters.

How exactly the star rotational energy is converted into the wind energy, and what
the composition of the wind is, are questions with only partial answers. At the same time,
the importance of these questions goes beyond pulsar physics, and, as we will discuss
in this article, has implications for our understanding of particle acceleration in extreme
conditions and up to the highest achievable energies, and on the origin of cosmic rays.
Gamma-ray emission offers a privileged window to investigate these questions.

On the other hand, gamma-ray observations of the Crab pulsar and nebula have
continued to surprise us with unpredicted discoveries, such as pulsations extending to
unexpectedly high energies, extremely fast variability at GeV energies, and detection of
photons at PeV energies. In the following, we discuss these discoveries and their impli-
cations for our understanding of pulsars, the physics of relativistic plasmas, and particle
acceleration up to the highest energies. The article is structured as follows: In Section 2,
we review our present understanding of the properties of pulsar magnetospheres, with
particular reference to the implications for pair production that come from the detection
of VHE pulsed emission. In Section 3, we review how modeling of the nebular plasma
has evolved, pushed by the improvement of observational capabilities at increasingly high
energy. In particular, we illustrate how 3D MHD modeling guided by high-resolution
X-ray data has affected our understanding of the wind properties and estimates of its
parameters, and the kind of information that gamma-rays can provide. In Section 3.2,
we discuss the problems in explaining particle acceleration in the Crab nebula and the
insight that can be gathered from modeling the time variability of the source. The two
major surprises that observations of the Crab nebula have offered us in recent years are
presented in Sections 3.3 and 3.4: the gamma-ray flares and the detection of PeV emission.
In Section 4, we discuss in what respects the Crab nebula is different from most other
objects in this source class, and how these differences might reflect in gamma-rays. Finally,
we provide our summary and outlook in Section 5.

2. The Crab Pulsar in Gamma-Rays: Origin of the Emission and Pair Multiplicity

As mentioned above, the Crab pulsar is a source whose existence had been predicted
even before discovery [4], based on the need for an energy source to power the Crab
nebula. Indeed, most of the pulsar spin-down energy, E ~ 5 x 103 erg s7!, ends up in
a magnetized wind expanding with relativistic bulk speed. At some distance from the
star, the wind is slowed down to match the conditions of nonrelativistic expansion of the
conducting cage of supernova ejecta that confines it. This transition is thought to occur at a
termination shock (TS hereafter), where the bulk energy of the outflow is dissipated and
particles are accelerated, giving rise, thereafter, to the bright nonthermal nebula. We will
worry about the bulk of the energy and address the nebular emission later in this article,
while this section is devoted to the ~1% of E that goes into direct electromagnetic radiation,
with a non-negligible fraction emitted in gamma-rays [9].

The Crab pulsar is the source in this class with the broadest detected emission spec-
trum, extending from a few x100 MHz to TeV photon energies [10]. While the advent of
Fermi-LAT has revealed that High Energy (100-300 MeV photons; HE hereafter) gamma-
ray pulsations are not uncommon among pulsars [11], despite recent efforts [12], no other
pulsar has been firmly detected at VHE. The detection of the Crab pulsar in gamma-rays
of progressively higher energy has had a tremendous impact on our ideas about pulsar
magnetospheres and the mechanisms behind their emission in the different wavebands.

In spite of the fact that pulsars were first recognized as pulsating radio sources (to
which they actually owe their name), and only later identified at shorter wavelengths,
pulses of radio emission have always been the most challenging to account for in terms
of theory, due to the coherent nature of their emission (see [13] for a review and [14,15]
for recent work on the subject). On the other hand, higher energy emission, from infrared
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frequencies upwards, is not coherent and has always appeared easier to understand as
the result of classical emission processes—such as synchrotron, curvature, and/or inverse
Compton (IC) radiation—depending on the frequency and on the model. While near-
infrared through optical-UV—and often also nonthermal X-ray—emission is commonly
accepted to be of synchrotron origin (see e.g., [16]), the process behind gamma-ray emis-
sion has long been debated [17]. Different emission mechanisms and different regions of
origin are assumed by the different models, and in fact, gamma-ray emission has long
been thought to hold the key to understanding the hidden workings of the star magneto-
sphere [18]. Indeed, fundamental constraints have come from gamma-ray observations,
especially in the VHE range.

The general picture of the pulsar immediate vicinities is thought to be as follows. A
pulsar is an excellent, highly magnetized, and fast-spinning conductor. While inside it,
charges organize themselves so as to screen the electric field; the unscreened field at the
surface is strong enough to extract electrons and possibly even ions from the star, generating
a corotating magnetosphere around the star [19]. The corotating magnetosphere can only
extend up to a distance from the pulsar such that corotation does not imply superluminal
motion: this defines the light cylinderradius Ry ¢ = cP, with ¢ the speed of light and P the
star rotation period. Magnetic field lines originating close enough to the pulsar magnetic
axis (the so-called polar cap region) will not close within R;c and will form the open
magnetosphere. Particles flowing along these lines meet regions of unscreened electric
potential where they are accelerated and emit high-energy radiation that subsequently
leads to pair production. It is through this process that each electron extracted from the star
gives rise to k electrons, with x >> 1 the so-called pulsar multiplicity. The open field lines
are finally loaded with orders of magnitude more particles than originally extracted from
the star surface: these particles flow away from the pulsar, carrying with them most of the
star rotational energy in the form of a magnetized relativistic wind, as we discuss further
below. The exact multiplicity, i.e., the exact amount of pair production that should be
expected from the magnetosphere of a given pulsar, is still a controversial subject (e.g., [20]).
A way to estimate x from observations is by observing and modeling the PWNe, when
possible. However, even in the case of the Crab nebula, the results obtained from this
kind of observations are controversial, as we will discuss in more detail later in this article.
Alternative constraints on the magnetospheric models and on the number of pairs they
produce can be derived from gamma-ray observations.

The big expectation in terms of the information that pulsed VHE emission might hold
relates exactly to the topic of pair production. Particles extracted from the star quickly
accelerate during the extraction process and emit high-energy photons. In the intense
magnetic field close to the star, photons with sufficiently large energies are absorbed and
initiate a pair production cascade. The threshold energy for photons to escape rather
than be absorbed, and give rise to a new generation of pairs, depends on the magnetic
field strength; therefore, it will be different at different locations in the magnetosphere.
This is why the detection of high-energy gamma-rays was long awaited as a probe of the
location of cascade development and the pair emission process. For the former, three main
possible locations have been suggested since the early times of pulsar studies—the polar
caps [21,22], the slot gaps [23,24], and the outer gaps [25]. In the first model, gamma-ray
emission would come from the pulsar vicinity and should show a superexponential cut-off
at ~ GeV energies, while in the latter two, it would come from larger distances from the
pulsar and be the result of curvature or Inverse Compton radiation, rather than synchrotron.

In addition to gap models, another scenario that satisfies this constraint is one in
which particle acceleration and subsequent gamma-ray emission occurs in the equatorial
current sheet of the pulsar wind, as a consequence of magnetic reconnection in the striped
wind, taking place at distances from the pulsar comparable to R ¢ or larger, e.g., [26]. If
this process occurs close to R ¢, for young and energetic pulsars, such as Crab, it can come
with associated pair creation: accelerated particles emit synchrotron gamma-ray photons
that may create pairs through y—y interaction [27].
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The detection by Fermi of a large number of gamma-ray pulsars immediately seemed
to disfavor polar caps as the main site of gamma-ray emission [28]: the simplest argument
in this sense is the large number of detected pulsars, easier to reconcile with the wider
beam of radiation predicted by models locating the emission further from the pulsar. More
stringent constraints came from the detection of VHE pulsations from the Crab pulsar
by MAGIC [29,30] and VERITAS [31]: starting from 2008, the two telescopes detected
pulsed emission from Crab at progressively higher energy, with the current record being
1.5 TeV [32].

These data enforce the view that gamma-ray emission comes from distances of order
Ry or larger, with VHE gamma-rays most likely resulting from IC scattering of lower-
energy photons. At lower gamma-ray energies, the physical mechanism behind the emis-
sion is still debated between curvature [33], synchrotron [34], and synchro-curvature [35].
The spatial location of the emission, however, seems better established. Indeed, in the last
15 years, there has been enormous progress in terms of modeling the pulsar magnetosphere
and in the detailed comparison between models and data. Numerical studies of the pulsar
magnetosphere have been evolving from the force-free and full MHD regime towards
global PIC simulations including pair creation (see [36] for a review, and references therein
for further details). These latter studies are clearly the frontier in a complex multiscale
problem such as that of the pulsar magnetosphere. The general consensus is that when-
ever the pair supply is sufficient to screen the electric field, the magnetosphere is globally
well-described by the force-free solution ([37] and references therein), with the formation
of a Y point near the light cylinder, where the equatorial current sheet connects with the
two curved current sheets that form along the separatrix between open and closed field
lines. In this case, different prescriptions about the location of pair creation lead to similar
results [38—40]. This is expected to be the case for young, fast-spinning pulsars [41], such
as the Crab and most gamma-ray-emitting pulsars. For these objects, current numerical
simulations predict, in fact, that most of the high-energy radiation results from synchrotron
emission in the vicinity of the light cylinder [26,27,34]. In the case of the Crab pulsar, this
idea also gains support from the fact that detailed modeling of the light curve and optical
polarization [34] leads to determine values of the inclination between the pulsar magnetic
and rotation axis and of the viewing angle that are in agreement with estimates based on
completely different considerations related to the morphology of the nebula in X-rays [42].

The VHE emission from the Crab pulsar has never been computed within the re-
fined global approach to magnetospheric dynamics and emission modeling discussed
above. However, phenomenological modeling of phase-resolved spectra above 60 MeV [43]
strongly suggest that emission above 60 GeV comes from regions near or even beyond
the light cylinder. In addition, even before the detection of pulsed TeV radiation, Mochol
and Petri [44] predicted multi-TeV gamma-rays as a distinctive signature of gamma-ray
production via synchrotron-self-Compton at tens of R.

3. The Crab Nebula: What We Learn from Gamma-Rays

The Crab nebula has been known as a source of VHE gamma-rays since the late
1980s [45], and was detected, for the first time, at MeV photon energies in the early
1990s [46]. The observed emission was readily interpreted as the result of IC scatter-
ing between the relativistic leptons populating the nebula and ambient photons, mainly
contributed by the cosmic microwave background (CMB), thermal dust emission, and
nebular synchrotron emission [47,48].

In the last 15 years, the advent of the current generation of HE (Fermi-LAT and
AGILE) and VHE (MAGIC, VERITAS, H.ES.S., HAWC, Tibet As-y, LHAASO) gamma-
ray telescopes has allowed us to gain much deeper insight in the properties of the Crab
nebula at these highest energies, and has also brought two big surprises: variability in the
MeV range [49-51] and detection up to unexpectedly high energies [52]. In Figure 1, we
show the most recent measurements of the Crab nebula gamma-ray spectrum, including
LHAASO data points, showing emission beyond 1 PeV—about the highest energy we think

50



Universe 2021, 7, 448

achievable by galactic accelerators, based on measurements of the cosmic ray spectrum
at the Earth (see e.g., [53] for a recent review). Before discussing the most impressive
surprises that came from gamma-rays and how they have impacted our understanding
of the Crab nebula, we briefly review the physical picture of the nebular dynamics and
emission properties that has been built through time, thanks to constant improvements in
the quality of observations, theories, and numerical modeling.
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Figure 1. Focus on the gamma-ray spectrum of the Crab nebula. Data from different instruments are
shown with diverse symbols/colors—namely, green rectangles for HEGRA data [54], blue squares for
HESS data [55], pink circles for Fermi-LAT ones [56], red diamonds for MAGIC data [57,58], orange
stars for HAWC [59], brown triangles for Tibet AS-y [60], and violet ones for LHAASQO data [61].
Figure courtesy of Michele Fiori.

3.1. Modeling the Nebular Plasma

The Crab nebula is the PWN for which most models were developed and over which
most of our understanding of the entire class is based. As we mentioned in Section 1
most of the rotational energy lost by the pulsar goes into accelerating a relativistic outflow,
mostly made of pairs (though the presence of ions is not excluded, as we will discuss later)
and a toroidal magnetic field. The outflow starts out cold (low emissivity, as highlighted by
the presence of an underluminous region surrounding the pulsar [1]) and highly relativistic,
until it reaches the termination shock (TS). Since the outflow is electromagnetically driven,
it must start out as highly magnetized at Ryc: the ratio between Poynting flux and particle
kinetic energy, o, is thought to be c(R;¢c) ~ 10* [62,63]. In contrast, the magnetization
must be much lower at the TS, in order for the flow to be effectively slowed down. Initial es-
timates of ¢ at the TS, based on steady-state 1D magnetohydrodynamics (MHD) modeling,
would give 0(Rys) ~ 1073, equal to the ratio between the nebular expansion velocity and
the speed of light. This estimate has later been revised towards larger values of o in light
of 3D MHD numerical modeling, as we discuss below, but the general consensus is still
that 0 (R7g) cannot be much larger than unity. How the conversion of the flow energy from
magnetic to kinetic occurs, between R; ¢ and Rryg, is still a matter of debate—the so-called
o-problem—and some of the suggested mechanisms could show radiative signatures in
the gamma-ray band (e.g., [26]), while keeping dark in other wavebands. In fact, at least
at low latitudes around the pulsar rotational equator, a plausible mechanism for energy
conversion in the wind is offered by the existence of a magnetically striped region [64].
In an angular sector, whose extent depends on the inclination between the pulsar spin
and magnetic axes, 6;, a current sheet develops between toroidal field lines of alternating
polarity [37]: this is an ideal place for magnetic reconnection to occur and transfer energy
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from the field to the plasma [64]. Where along the flow and whether efficiently enough
this energy conversion occurs is an open question, the answer to which depends on the
pair-loading of the flow [65]—namely, on the pulsar multiplicity k—again, a parameter to
be preferentially investigated in gamma-rays. This latter statement is true in two respects:
constraints on pair production in the magnetosphere can be gained from pulsed gamma-
ray emission, as discussed in Section 2, but a more direct estimate of the number of pairs
injected in the nebula can be obtained from detailed modeling of the nebular emission
spectrum and morphology. This is discussed in the following.

The morphology of the synchrotron nebula is known in great detail, at photon ener-
gies from radio to X-rays (see Figure 2), and hence, represents both a driver and a very
challenging test for theoretical and numerical models. The size of the nebula is observed
to vary noticeably with the energy of the emitting electrons, and consequently, with the
observation waveband. The higher the energy of the electrons is, the shorter the distance
they travel before losing most of their energy due to synchrotron radiation.

Figure 2. Left panel: The Crab nebula as seen in radio with the National Radio Astronomy Observatory (credits: M.
Bietenholz, T. Burchell NRAO/AUI/NSF; B. Schoening/NOAO/AURA /NSF). Right panel: The Crab nebula in X-rays, as
seen by Chandra (credits: Chandra X-ray Observatory NASA /CXC/SAQO/F.Seward et al.).

The most advanced available modeling of the Crab nebula so far is based on the assump-
tion that beyond the TS, MHD provides a good description of the flow dynamics. 1D MHD
models, both stationary and self-similar, were proposed since the 1970s [66-68], as well as
stationary 2D solutions [69]. These models could generally account for the size shrinkage
of the nebula with increasing frequency as a result of advection and synchrotron losses, for
an average magnetic field in the nebula close to the equipartition value and for the syn-
chrotron luminosity of the nebula, assuming a wind magnetization o ~ 3 x 103, a wind
Lorentz factor ', &~ 3 x 10°, and an injection rate of particles in the nebula N~ 1038 s 1.
Particles responsible for radio emission could not be accounted for with these values of
the parameters.

The discovery by Chandra of a jet-torus morphology of the inner nebula [70] prompted
efforts to model the system with 2D axisymmetric MHD simulations, assuming a latitude
dependence of the pulsar outflow [71,72]. The latter was taken in agreement with the split-
monopole solution proposed by [73], and later proved to provide a very good description
of the force-free pulsar magnetosphere [37]: the pulsar wind flows along streamlines that
become asymptotically radial beyond R;c and has an embedded magnetic field that is
predominantly toroidal, with alternating polarity in a region 26; around the equator. In this
angular sector, magnetic dissipation is usually assumed to occur before the TS.
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The energy flux in the wind has a latitude-dependent distribution, with most of the
energy concentrated in the pulsar equatorial plane. As a consequence, the pulsar wind TS
does not have a spherical surface, but rather, a highly oblate shape, being much closer to
the pulsar along the rotational axis than at the equator. The obliquity of the shock front
plays a key role to explain the X-ray observations of polar jets. These appear to originate
so close to the pulsar position that, if the shock were spherical, they would have to be
collimated directly in the highly relativistic plasma upstream of the shock, where known
mechanisms are inefficient [74]. 2D MHD simulations proved that collimation happens, in
fact, in the downstream plasma, as soon as magnetic hoop stresses are sufficiently strong,
namely, as soon as the magnetic field in the nebula can reach equipartition. This reflects in
a lower limit on the wind magnetization for the jets’ formation: o 2 1072 [71,72,75], about
one order of magnitude larger than the value provided by 1D models.

A schematic representation of the flow geometry can be seen in the left panel of
Figure 3. In the right panel of the same figure, we show a simulated X-ray image of the
Crab nebula.
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Figure 3. Left panel: Cartoon of the inner nebula geometry (the oblate TS, jets formation, striped wind) with the identification
of the accelerating regions for particles responsible for the wisps emission at different wavelengths. Right panel: Surface

brightness map at X-ray energies (1 keV), with intensity normalized to the maximum value and expressed in logarithmic
scale. Reprinted with permission from Del Zanna et al. (2006) © 2006 ESO.

2D axisymmetric models have proven very successful at accounting for the morpho-
logical properties of the Crab nebula emission. They very well reproduce most of the
observed brightness features in the inner nebula in very fine detail, including the X-ray
rings and the knot [70,76]. On a larger scale, they account reasonably well for the shape
of the nebula (elongated along the pulsar rotation axis [77]) and for size shrinkage with
increasing frequency, from radio to X-rays [75].

As far as gamma-rays are concerned, no detailed morphological information is avail-
able, due to the very limited angular resolution of gamma-ray telescopes. For a long time,
the only available information simply constrained the gamma-ray nebula to lie within the
radio synchrotron one [55,78,79]. The first direct measurement of the Crab nebula extension
in gamma-rays became available last year, thanks to the H. E. S. S. telescope [80]. With
the analysis of 22 h of observations collected during 6 years of operation, the PWN radial
extension was finally determined: it turns out to be ~52” in the 700 GeV-5 TeV energy
range, and hence, smaller than in the UV (where the extension is ~2.5") and very similar to
the X-ray size (~50"), which is perfectly consistent with a picture in which TeV gamma-rays
are produced by synchrotron X-ray emitting particles. This is also in very good agreement
with the results of the only available effort at computing simulated gamma-ray emission
maps of the Crab nebula [81]. In this work, the IC emission was computed on top of a 2D
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MHD numerical model and maps were produced for different photon energies, showing a
shrinkage with increasing energy similar to that observed between radio and X-rays. This
can be seen in Figure 4, which also clearly shows how the jet-torus structure should become
visible again at TeV energies. Probing the nebular morphology at this level of detail in VHE
gamma-rays is however beyond the reach of current and planned instruments [82].
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Figure 4. IC surface brightness maps at various energies in the gamma-ray range. Each map is normalized to its maximum
and plotted in logarithmic scale. Reprinted from Volpi et al. (2008) © 2008 ESO.
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One thing that gamma-rays can readily probe, however, is the goodness of 2D MHD
models at correctly describing the energy content of the nebula: in fact, the main limitations
inherent to the assumption of axisymmetry become apparent as soon as one compares the
IC spectrum computed from simulations with the available data. As shown in Figure 5, the
2D MHD simulations largely overpredict the IC flux. Indeed, the limits of axisymmetric
models are evident when trying to describe the large-scale properties of the PWN, primarily
the global magnetic field structure. The imposed symmetry reflects in an artificial pileup of
magnetic loops along the polar axis and an enhanced compression of the magnetic field in
the inner nebula. In order to reproduce the nebular morphology, one is then forced to adopt
an artificially low magnetization of the flow (¢ < 0.1), and as a result, the overall magnetic
energy in the nebula is underestimated. In order to reproduce the synchrotron spectrum,
one is then forced to inject in the nebula a number of particles larger than in reality, which
is readily revealed by the IC flux. The particle energy losses are also underestimated, and
this forces one to assume an injection spectrum for high-energy particles that is steeper
than what is deduced from X-ray spectral index maps of the inner nebula [75].

- 1 .
3 1 ]
j e ¥ — 1 ! 1 5
20 25 30 22 24 26 28 30
log(v/Hz) log(wHz)

Figure 5. Total integrated spectrum of the Crab nebula computed on top of the 2D MHD numerical model by [77]. The
zoom-in on the gamma-ray spectrum highlights the fact that the IC emission can be correctly reproduced if the magnetic field

strength is artificially rescaled so as to ensure an average value of ~200 uG (this is how the spectrum in the inset is obtained).

Different symbols-colors reproduce data at the different energy bands, as taken from [83] and references therein.
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The solution to many of these problems appeared with results from the first 3D MHD
simulations [84]. With the third spatial dimension available, kink-type plasma instabilities
produce considerable mixing of the magnetic field in the entire nebula, with an ensuing
high level of magnetic dissipation. This definitely allows for the increase of the initial
magnetization in the pulsar wind to values of order of unity [84-87]. The main limitation
of 3D models is that they require a huge amount of numerical resources and time to be
performed. For this reason, in [84], only a very initial phase of evolution of the Crab nebula
was investigated, for a total of ~70 years, so that the self-similar expansion phase was
not yet reached. A longer simulation, fully reaching the self-similar expansion phase, was
presented in [85]. Synchrotron emission maps computed on top of these simulations show
that, for parameters appropriate to reproduce the X-ray morphology, the surface brightness
distribution at radio and optical frequencies becomes much more uniform in 3D, reflecting
the structure of the magnetic field, which appears to be rather different from what was
originally found based on 2D models [88], with differences increasing with distance from
the shock and from the equatorial plane.

In Figure 6, we show color maps of the magnetic field strengths in 2D (left) and 3D
(right) corresponding to o = 0.025 and o = 1, respectively. The first thing to notice is that in
3D, the pile-up of field lines around the polar axis is much reduced and their filling factor
in the nebula much more uniform. This is due to the fact that, even injecting a toroidal
magnetic field at the shock surface, the mixing is so efficient that a poloidal component
immediately develops, becoming comparable in magnitude to the toroidal one within a
distance from the pulsar of order 2-3 times the TS radius. On the other hand, the magnetic
field remains almost toroidal in the inner nebula, making predictions from 2D axisymmetric
models limited to this region still valid.

-5.0 -4.5 -4.0 -35 -3.0
log(IBI) [G]
Figure 6. Comparison of the magnetic field intensity (in logarithmic scale and units of G) between a
2D MHD model and a 3D one, which both reproduce the X-ray morphology (from original simulations
presented in [85,88]).

The second noticeable thing is that, in spite of the much higher magnetization adopted
for the 3D simulation (a factor 40 larger ¢), the average magnetic field in the nebula is only
about a factor 2 higher than in 2D. This is a result of efficient magnetic dissipation: [85]
found that magnetic dissipation is so high that even an initial magnetization of order unity
is not enough to lead to an average magnetic field of the expected strength order ~150-200
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uG, so that the actual wind magnetization might have to be even larger than unity, revising
by more than 3 orders of magnitude the initial estimate based on 1D steady state modeling
and strongly mitigating the o-problem.

Before concluding this section, we think it is important to remark that in current 3D
simulations, magnetic dissipation has a purely numerical origin, while the actual physical
process at work in the Crab nebula plasma remains unconstrained. In reality, how much of
the injected toroidal field is left at any point in the nebula can be constrained by comparison
of polarization maps with observations (see e.g., [84,89]). Important new insights in this
respect will soon be provided by the availability of X-ray polarimetric observations [90].

3.2. Time-Variability and Particle Acceleration

The era of multi-D MHD simulations also opened up the possibility of using spatially
resolved time-variability as an additional, powerful diagnostic for the physical properties
of the plasma in the nebula and, most notably, for the processes responsible for particle
acceleration within it. Brightness variations of the nebular structures has been known
to occur, at optical frequencies, for a long time: the so-called wisps were first identified
by [91]. These features, strongly resembling outward propagating plasma waves, appear at
distances from the pulsar comparable with the TS radius in the equatorial plane, and then
progressively fade while moving outward, with time-scales from weeks to months [92].
Similar features were later observed both in the X-rays [70] and in the radio band [93,94].
In spite of these morphology variations, however, the integrated emission was found to
vary only by a few percent per year [95].

The wisp’s appearance and time evolution, however, is not the same at all wavelengths [96],
and varies in a way that, within the MHD framework, can only be interpreted as due to
differences in the particle spectrum at different locations along the shock front, or, in other
words, to particles in different energy ranges being accelerated in different places [88].
On the other hand, the plasma conditions along the TS front are expected to be highly
nonuniform, especially in terms of magnetization of the flow (see Figure 3), and this is an
important parameter to determine the kind of acceleration process that can be locally at
work, as we discuss below.

In fact, how particle acceleration occurs in the Crab nebula in different energy ranges
is not understood (see e.g., [97,98] for a review). The nebular synchrotron spectrum is con-
sistent with a broken power-law, with a particle spectral index yr = 1.6 for radio-emitting
particles and yx = 2.2 for X-ray-emitting ones (see e.g., [99]). At the highest energies,
particles must be accelerated at the TS; otherwise, the decrease in size of the nebula with
increasing frequencies could not be explained. On the other hand, radio-emitting particles
could be, in principle, accelerated anywhere in the nebula. The evidence of the coexistence
of two different particle populations has been suggested by Bandiera et al. [100] after a
comparison of radio, millimetric, and X-ray maps of the Crab nebula. The observation of
wisps at radio frequencies seemed to exclude this possibility [93], but at a closer look, this
phenomenon can well be accounted for within the MHD framework as simply due to the
structure of the magnetic field and of the MHD flow: [77] showed that radio emission maps
and time-variability can be reproduced even assuming that radio emitting particles are uni-
formly distributed in the nebula, as would be the case for diffuse acceleration in the body
of the nebula, associated with stochastic magnetic reconnection or Fermi-II process due to
MHD turbulence. The frequency-dependent behavior of the wisps can only be accounted
for, within MHD transport, if X-ray-emitting particles are accelerated in the equatorial
sector of the TS, while lower-energy particles are predominantly accelerated elsewhere,
either in the body of the nebula or at high latitudes at the TS [88]. In Figure 7, we show,
on the left, the radio emission map obtained by [77], assuming a uniform distribution of
radio-emitting particles in the nebula. The right panel of the same figure shows, instead, the
time-evolution of the surface brightness peak at radio (orange) and X-ray (blue) frequencies
when particles are injected in the sectors of the TS shown in Figure 3, highlighted with the
corresponding colors.
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With an estimated Lorentz factor of the wind in the range 10*~107, the shock in the
Crab nebula is among the most relativistic in nature. The mechanism usually invoked for
particle acceleration in astrophysical sources, diffusive shock acceleration, or first-order
Fermi process (Fermi-I), can only work at such a shock if the magnetization of the wind is
low enough, o < 1073 [101] (see [102] for a review). This condition can only be realized
in a small equatorial sector of the wind, assuming efficient magnetic reconnection in the
striped wind upstream of the shock, or in the vicinity of the polar axis, when the magnetic
field naturally decreases and O-point-type reconnection is also possible. The results
found by [88] concerning the preferred location of X-ray emitting particle acceleration are
consistent with acceleration occurring mainly in the equatorial region and 7yx is consistent
with the outcome of Fermi-I acceleration. A question that remains open, and waits to be
addressed in the framework of 3D MHD simulations, is whether a sufficiently large fraction
of the flow satisfies the condition of low ¢ required by the Fermi-I process.

Other possible acceleration mechanisms that have been suggested are associated
with driven magnetic reconnection occurring at the TS [103] or resonant absorption of ion
cyclotron waves [104,105]. The former requires very large wind magnetization (¢ 2 30 at
the TS) and pair multiplicity (x > 108), while the latter requires the presence of ions in the
pulsar wind. Both questions are again to be addressed by gamma-ray observations (see
e.g., [98]).

As far as requirements on «x are concerned, from the point of view of pulsar theory,
a value as large as x ~ 108 seems very difficult to account for, in spite of the recent and
ongoing evolution of pulsar magnetospheric models (Section 2). In addition, with x & 10,
the wind would reconnect before the TS [65] (with possible signatures in gamma-rays [26])
and the magnetization could not be as high as required. Finally, even ignoring all the
theoretical difficulties, and simply counting the number of particles that have accumulated
in the nebula during its history, through combined modeling of the synchrotron and IC
spectrum, that value of « is too large by ~ 2-3 orders of magnitude [106]. Of course, the
lack of evidence and/or motivation for large x does not exclude the possibility for magnetic
reconnection to be responsible for acceleration in a limited energy range, as we further
discuss in Section 3.3.

Concerning acceleration via ion-cyclotron absorption, this mechanism requires a
sizable fraction of the wind energy to be carried by ions [105], and hence, that the pulsar
multiplicity be not too large x < 10% [98]. The implied population of ions would be made
of particles with a Lorentz factor equal to that of the wind, 10* < Ty < 107, and the only
direct probe of their presence can come from gamma-ray or neutrino emission [107]. Recent
LHAASQO observation of the Crab nebula might hold important clues in this respect [61].
This aspect will be further discussed in Section 3.4.

Of course, the possibility of analyzing spatially resolved time-variations in the gamma-
rays would provide essential clues to the acceleration mechanism, but this type of analysis
is currently out of reach due to the poor spatial resolution of the observations. According to
the picture discussed above, variations in the TeV domain are not expected to be dramatic
in the case of Crab: being the emission mostly due to the interaction between radio
emitting particles and internal synchrotron radiation [81], a radio-wisp-like behavior is
expected, accompanied by very small variations of the integrated flux. However, the
situation is completely different in the GeV range, where one is looking at the cut-off of the
synchrotron spectrum and, hence, in the case of Crab, at particles that have acceleration
times comparable with radiation loss times. The dramatic consequences that this fact
has on the Crab-integrated emission in the GeV energy range will be the subject of the
next section.
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Figure 7. Left panel: Surface brightness map at a 1.4 GHz radio frequency. Small scales have been subtracted and the map

convolved with the VLA PSF. The intensity is given in linear scale and in m]Jy/arcsec

2 units. The emitting particles are

assumed as uniformly distributed in the nebula. Right panel: Non-coincidence of the X-ray (aquamarine circles) and radio at
5 GHz (orange diamonds) wisps, produced by particles accelerated in the regions highlighted with the same colors in the
left panel of Figure 3. More discussion on this can be found in [88]. The map in the left panel is reprinted with permission
from Olmi et al. (2014) © 2014 Olmi et al.

3.3. The Crab Flares and Their Implications for Particle Acceleration

A much unexpected discovery that came from gamma-ray observations of the Crab
Nebula was that of episodes of extremely fast gamma-ray variability, the so-called gamma-
ray flares. Global variations of the emissivity were predicted in the Fermi band as a
consequence of rapid synchrotron burn-off of particles at the high-energy cut-off of the
distribution [108]. Assuming radiation reaction limited acceleration, the maximum energy
up to which electrons can be accelerated is

6ren\ /2 _
Emax,rad = mEC2< or g) ~ 6 PeV .’]1/2B7i/2, (1)

where c is the speed of light; e and 1, are the electron charge and mass, respectively; o7 is
the Thomson cross section; and we have assumed the acceleration to be due to an electric
field 7 B, with B the magnetic field strength. The second equality provides an estimate
of the maximum achievable energy for magnetic field strengths in units of B_4 = 1074 G,
corresponding to the value estimated as the nebular average. One can easily see that PeV
energies can only be reached for 77 ~ 1 and magnetic field strengths not much in excess of
1074 G.

In this synchrotron-loss limited regime, it is easy to see that the maximum energy of
synchrotron-emitted photons only depends on 7 and reads

~ 230 7 MeV . )

€max,sync =
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Global emissivity variations are therefore expected [108] in the hundreds of MeV
range on time-scales:

6
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The big surprise came with Agile [49] and Fermi [50] observations showing, on top of
continuous small variations, some dramatic events, where not only the flux increases by a
factor of several (up to 30 for the most spectacular event, in April 2011) over a period of
one to a few weeks, but the emission extends well beyond €max sync, reaching GeV photon
energies. In addition, the amount of energy released is typically non-negligible, and in
the biggest detected flare, was really huge, corresponding to an isotropic luminosity of
Limax = 4 x 1036 erg/s ~ 0.01E. At present, 17 flares have been clearly identified [109], with
a flare rate of 1.5 per year. In addition to episodes of sudden increase of the gamma-ray
flux, dips are observed in the same energy band [110].

The flares are not easy to interpret, and up to now, there is still no accepted model
to explain them. First of all, emission beyond 230 MeV implies 77 > 1, which cannot be
accommodated within ideal MHD. The possible solutions to this puzzle are as follows:
(1) the acceleration is due to a nonideal mechanism with # >> 1, as can be the case for
magnetic reconnection; (2) the acceleration occurs in a region of low magnetic field and then
the emission occurs in a more magnetized region; (3) the emission comes from particles
with mildly relativistic bulk motion, so that the frequency and power of the radiation are
actually Lorentz-boosted. All these possibilities have been widely explored in the literature.
In the first suggested scenario, acceleration of particles responsible for the flare would
be part of the process of magnetic reconnection occurring in the vicinities of the TS. This
idea has been thoroughly investigated by means of numerical simulations [111,112]. The
general conclusion of these works is that acceleration by X-point magnetic reconnection
would in fact explain emission beyond the synchrotron cut-off and a highly variable flux.
In the brightest flare, the flux doubles in less than 8 h [113]. Such a short time-scale implies
emission from a very compact region, of size L ~ 3 x 10~* pc; in addition, if interpreted
in terms of Equation (3), it implies B = 171/3 3.7 mG. Clearly, this finding is challenging
for any value of # < 1, and in fact, as we will discuss later in more detail, it is challenging
even for 17 ~ 1, in light of the recent LHAASO observations (see Section 4).

In a reconnection scenario, the fast time-scale can be associated with the high level of
fragmentation of the reconnection layer, made of a chain of magnetic islands, or plasmoids.
Furthermore, these move with relativistic bulk speeds, which helps enhancing the intensity
and frequency of the emitted radiation via Doppler boosting. Additional beaming is also
provided by kinetic effects associated with the anisotropy of the particle distribution in
the reconnection layer [114]. Despite all these promising features, 3D PIC simulations
of magnetic reconnection indicate that the process is not fast enough to fully account
for the properties of Crab flares [115]: the reconnection rate is typically found to be
Urec/c < 0.1 [116], likely translating into too weak an electric field.

A possible alternative is provided by explosive magnetic reconnection [117-120],
where the process occurs on a dynamical time-scale. Very high Lorentz factors can be
reached, because the highest energy particles are accelerated by the parallel electric field
in the current layers and only suffer radiation losses after leaving the layer, building a
scenario in which acceleration and radiation occur separately and the requirement 77 > 1
imposed by Equation (1) is not an issue anymore. In addition, the radiation is beamed,
which helps with fast variability, and also with the implied energetics.

Besides scenarios invoking magnetic reconnection, a different class of models has
attempted to explain the flares within the standard picture of Fermi acceleration. An early
suggestion by [121] is that the flare emission be interpreted as synchrotron emission in
the cut-off regime in a magnetic field with stochastic fluctuations, such as is expected
downstream of a shock that is efficiently accelerating particles. An interesting aspect of this
picture is that it is proven to explain not only flux increases, but also depressions [110]. The
required magnetic field strength to explain the flare is in the mG range. The highly turbulent
structure invoked by [110,121] could be the outcome of another scenario that has received
much attention—that of a corrugated shock with mildly relativistic motion [122,123]. Of
course, the constraint from Equation (3) would be relaxed if the variability has a different
origin (unrelated to the acceleration time-scale) or if the emission comes from regions where

59



Universe 2021, 7, 448

the plasma is moving with a mildly relativistic speed, in which case the intrinsic time-scale
of the variations would be longer by a factor equal to the flow Lorentz factor. More recently,
a modified picture of the shock, taking into account the latitudinal dependence of the
magnetic field, has been numerically investigated [124], proving that mildly relativistic
bulk motion develops, with Lorentz factor I';, ~ 3-4, enough to strongly relax all the
constraints on frequency, time-variability, and energetics of the flare. In particular, with
I'y in this range, also the previously discussed mechanism of ion-cyclotron absorption
provides values in the right ballpark for the abovementioned quantities, even with a
magnetic field around 100 uG.

3.4. Constraints on the Pulsar Wind Composition from >100 TeV Emission

As discussed above, the pulsar wind is generally considered to be mostly composed
of electron—positron pairs, while the possible presence of a hadronic component is still a
matter of debate [48,107,125,126]. If present, despite being a minority by number, hadrons
could even be energetically dominant in the wind, changing drastically our understanding
of the pulsar wind properties. The relativistic hadrons possibly present in the Crab nebula
could generate electromagnetic emission in the form of VHE gamma-rays deriving from
decay of neutral pions produced in nuclear collisions with the gas in the SN ejecta. This
spectral contribution is only expected to become detectable above 100~ 150 TeV, where IC
scattering emission starts to be suppressed by the Klein—-Nishina effect.

The current IACTs (Imaging Atmospheric Cherenkov Telescopes), such as H. E. S. S.
and MAGIC, could find no evidence of hadronic emission up to their sensitivity limit
around tens of TeV. Emission beyond 100 TeV is currently only accessible with sufficient
sensitivity by water Cherenkov detectors and air shower detectors. Indeed, the Crab nebula
was detected above 100 TeV by HAWC employing the former technique [59] and by Tibet
AS-v [60] employing the latter. Very recently, LHAASQO, combining both techniques, has
obtained the record-breaking detection of >PeV photons from this source [8], opening
up a window to finally see the possible emergence of the hadronic contribution. In fact,
the increasing uncertainties above 500 TeV make the LHAASO spectrum still consistent
with a purely leptonic origin of the emission. Under such an assumption, the PeV range
data can be effectively used to constrain the strength of the magnetic field at the shock,
which cannot exceed (112 = 15) uG or otherwise, as one can readily see from Equation (1),
even assuming maximally efficient acceleration (7 = 1), radiation reaction would make
it impossible to achieve particle acceleration up to the 2.8 PeV energy needed to explain
the highest energy data point as due to IC scattering in the Klein-Nishina regime. A side
remark is that in such a field, even a 2.8 PeV electron would emit synchrotron radiation at
50 MeV; even a Lorentz boost by a factor I'y, ~ 3—4 would not be enough to account for
the Crab gamma-ray flares. In other words, the flares should come from a different region
of the nebula, with higher magnetic field, or otherwise imply the presence of 210 PeV
electrons, extremely close to the maximum potential drop available from the Crab pulsar,
which is also the limiting energy for particles accelerated anywhere in the nebula (see
Section 4).

On the other hand, taken at face value, the LHAASO data seem to suggest that a
new component might be showing up at the highest energies. This new component is
consistent with a quasi-monochromatic distribution of protons with energy around 10 PeV
(as discussed in Vercellone et al. in preparation). This is exactly what would be expected
by models assuming that protons are part of the wind emanating from the Crab pulsar
with a Lorentz factor Ty, ~ 10 in this case, their Larmor radius in a 100 uG is of order Rts,
so large that their energy distribution would not be much altered at the shock [105]. Of
course, smoking gun evidence would be the detection of neutrinos [107], likely possible
with the upcoming sensitivity improvement of dedicated experiments.

As far as gamma-ray data alone are concerned, in order to find clear evidence for
the emergence of a hadronic component, more precise data and better modeling of the
IC emission are needed, as well as a better understanding of the possible systematics
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entailed by the different techniques of VHE photon detection. The high-altitude detectors
provide flux measurements that are usually below those measured by IACT (comparing
H.E.S.S.and MAGIC Crab data points with respect to Tibet As-y and LHAASO). While the
discrepancy is not large, the error bars attached to the points do not overlap (see Figure 1),
which is somewhat puzzling, being that the Crab nebula is the primary calibration source
in this energy range. This lack of overlap might be due to systematic errors not being
included in the error bars. On the other hand, multiple independent measurements of
the Crab nebula spectrum in this energy range offer the perfect opportunity to properly
asses the systematics of these complex observations. Decisive insight will be provided by
next-generation IACTs with good sensitivity beyond 100 TeV as the CTA SSTs (Small Size
Telescopes) in the southern hemisphere and ASTRI Mini-Array in the north.

Before concluding this section, we notice that the Crab nebula is not the only source
to have been detected at EHE. Very recently, LHAASO [8] has also detected about ten
more EHE emitters in the Galaxy (partially overlapping with the sources already detected
by HAWC [127] beyond 56 TeV). For the majority of these sources, the distance between
the center of the emission and the nearest pulsar is less than or comparable with the
instrument PSF, so it is not unlikely that almost all these PeVatrons are associated with
pulsars (and possibly leptonic in nature [128]). The much better spatial resolution of IACTs
might also help to shed light on the real nature of these extreme accelerators, and assess
whether acceleration of particles to PeV energies and beyond is a generic property of PWNe
powered by energetic pulsars, rather than a unique property of Crab.

4. The Crab Nebula and the Other PWNe

While being considered as the prototype PWN, the Crab nebula is different from all
other sources in this class in many respects, especially when it comes to gamma-rays. The
first noticeable difference is that Crab is the only known PWN whose gamma-ray spectrum
is partly formed with internal synchrotron radiation as a target. This is a consequence of
its very bright synchrotron emission, due to the young age and high magnetic field. In
addition, for the same reason, particle acceleration here is limited by radiation reaction,
which is likely not the case for older objects with lower magnetic fields. In the latter,
electrons can in principle be accelerated up to higher energies, comparable with the entire
pulsar potential drop. In fact, the maximum achievable energy in the dissipation region,
assumed to be located at a distance Rg from the pulsar, is Emax = eBrsRts, where an
electric field of the same strength as the magnetic field has been assumed. On the other
hand, the magnetic field at Ryg can be estimated based on pressure equilibrium between the
ram-pressure-dominated flow upstream of Ryg and the downstream Brg = ¢/2\/E/c/Rts
with ¢ < 1, the fraction of wind energy that is turned into magnetic energy. As a result,
Emax ~ ¢'/%e\/E/c—namely, a fraction ¢'/2 of the pulsar potential drop, Edrop = €V E/c.

The fact that in the majority of the observed PWNe, the maximum particle energy is not
limited by radiation losses, might have something to do with the lack of flare observations
from any source other than the Crab. It certainly has important implications for the escape
of particles from evolved systems. At the same time, the fact that in evolved sources, the
VHE spectrum is uniquely due to upscattering of CMB photons (and occasionally local
IR), has important consequences for the ratio between emission in different energy bands.
Particles responsible for the IC emission are generally less energetic than those responsible
for the high-energy synchrotron emission: a ~10-TeV electron produces gamma-rays at
1 TeV, with the CMB as a target, while 1-keV synchrotron emission is produced by ~50-TeV
electrons in an ambient magnetic field of 10 puG. This difference in energy of the emitting
electrons reflects in the different lifetime of a PWN in gamma-rays and X-rays, making the
PWN to be still bright in gamma-rays when the X-ray emission is very low or even totally
faded away.

Considering a rate of birth of 1 pulsar every 100 years in our Galaxy [129], and an
average lifetime of PWNe in gamma-rays of order of 100 kyr, the total number of PWNe
possibly detectable at TeV energies is of the order of 1000. Most of these would be too old to
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be observed at other frequencies. Evolved PWNe have in fact extended and diffused radio
emission, difficult to reveal on top of the background, while X-rays are hardly detectable
due to the burn-off of the emitting particle population. Moreover, old systems have gone
through the so-called reverberation phase, when the SN reverse shock—traveling towards
the center of the SN explosion—interacts with the PWN, likely causing a contraction of
the nebula, with the consequent compression of the magnetic field and increase of the
particle radiation losses [130-132]. Due to the system geometry and/or to the properties
of the surrounding medium, the reverse shock is likely to be nonspherical and causes an
asymmetric deformation of the nebula [133]. Additional deformation is likely induced by
the PSR proper motion: the mean value of the kick velocity in the PSR population is of order
Vpsr ~ 350 km/s [129], so that in a large fraction of sources, the pulsar will accumulate
a sizable displacement from the TeV-emitting nebula during the system evolution. The
expected asymmetries and displacement from the parent pulsar position are then an
important complication for the gamma-ray identification of PWNe. As an example, out of
the 24 extended sources revealed in the H. E. S. S. galactic plane survey [7], only 14 have a
multi-wavelength counterpart that allows for a firm association of the source with a PWN.
In the Fermi-LAT 3FGL catalog [134], unidentified sources represent around ~20% of the
detections at VHE. It seems plausible that many of these unidentified, bright gamma-ray
sources are actually PWNe: the implication is that this class can cover up to 40% of the
total gamma-ray sources in the sky. A property of evolved PWNe that has attracted much
attention in recent times is the release in the ISM of relativistic electron—positron pairs. This
process has implications that go beyond PWN physics, since the pairs released by PWNe
are currently the best candidates to provide an astrophysical explanation for the so-called
positron excess observed in cosmic rays at energies above ~10 GeV [135-137].

The most energetic particles in the nebula, with energy close to Egop, have been
shown to efficiently escape from the head of the bow shock that forms at the interface
between the PWN and the ISM, once the pulsar has emerged from the SNR (bow shock
PWN). Those particles have large Larmor radii, comparable with the bow shock thickness
in the head of the system, and can stream in the outer medium along the magnetopause at
the contact discontinuity between the nebula and the ISM [138].

Depending on their energy and on the properties of the surrounding ISM, the escaping
particles are expected to form diffuse halos around the bow shock head or extended and
collimated jets, eventually misaligned with the pulsar direction of motion (see Figure 8),
and somehow similar structures have been observed in the last years to emerge from many
bow shock nebulae in the X-rays [133,139-144].

The escaping particle flux also shows evidence of effective charge separation.

This property could play a key role to understand the formation of the so-called
gamma-ray halos. This new class of sources was first identified by HAWC, which detected
extended halos of multi-TeV emission surrounding two evolved systems: Geminga (PSR
B0633+17) and the Monogem (PSR B06556+14) [145]. The size of the halo around Geminga
is much larger than the observed size of the nebula in X-rays (~25 pc vs. ~0.2 pc), so
that it must be produced by particles that have escaped from the system. On the other
hand, the extension is too small to be produced by particles that propagate in the standard
Galactic diffusion coefficient, since the expected size would be a factor of ~100 larger in
that case. A possible explanation has been searched for in a modification of the diffusion
properties around that source, possibly conveyed by self-generated turbulence associated
with electrons and positrons leaking the nebula [146], or due to the injection of MHD
turbulence by the parent SNR [147]. At present, understanding the formation of TeV halos
is one of the big challenges in high-energy astrophysics (see e.g., Lopez-Coto et al. in
preparation), both for their possible implications for galactic cosmic ray transport and
for their implications for future gamma-ray observations. In fact, these could provide an
important source of confusion, being weak and extended and not easy to identify. The
number of expected detectable halos in the TeV sky is also still a matter of debate, with
estimates ranging from many (~50-240 [148] to a few [149]. The need for better theoretical
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understanding and physically motivated predictions of their abundance and location is
apparent.

In this respect, the Crab nebula is certainly not a prototype, and a better understanding
of this source is doubtful to help.

escaping leptons energy: 51 TeV escaping leptons energy: 15 TeV

/ VPSR

Figure 8. Maps of bow shock nebulae from 3D MHD simulations with density contours (in gray color) and the flux of
escaping leptons (of two different energies). Dots of different colors indicate particles injected at different locations in the
pulsar wind: the majority of escaping particles are injected in the polar region of the wind (red and green), while very few of
them come from the equatorial region. In both plots, the PSR direction of motion is aligned with the Z direction, while the
magnetic field, with strength Bigyy = 0.01p55pm V§SR (with pjgp the ISM mass density) lies in the orthogonal plane. Plots have
been elaborated based on the simulations presented in [138]. The figure on the left is reprinted from Olmi & Bucciantini
2019 © 2019 Olmi & Bucciantini.

5. Summary and Future Prospects

The Crab nebula and its pulsar are certainly among the most-studied astrophysical
sources in the sky, and as such, they provide an excellent laboratory to investigate many
aspects of high-energy astrophysics and relativistic plasma physics. At the same time, this
system has proven to be an endless source of surprises. The discovery of the Crab pulsar
was the confirmation that radio pulsars are actually rotating neutron stars, while the study
of the Crab nebula has taught us that most of the pulsar spin-down energy goes into a
highly relativistic and magnetized outflow. In this article, we reviewed what we have
learned about the pulsar and the nebula in the last two decades. While both objects have a
very broad emission spectrum, high-energy observations, and gamma-ray observations in
particular, have played a special role in recent developments.

We have seen in Section 2 how HE and VHE observations have put stringent con-
straints on the origin of pulsed gamma-ray emission, enforcing the view that it is produced
far from the pulsar, at distances 2 R, and suggesting new scenarios for the related process
of pair creation.

In Section 3, we reviewed how our understanding of the PWN plasma dynamics has
changed in recent years, thanks to a combination of improved modeling and high-quality
observations. We discussed how 2D and 3D MHD models of the nebular dynamics have
allowed researchers to solve (or alleviate) some of the mysteries of the Crab nebula, such as
the wisps activity, the origin of the X-ray emitting jet, or the o-problem. The jet is explained
as a result of an anisotropic energy flow from the pulsar (higher along the pulsar rotational
equator than along the polar axis) and the dynamical effect of the hoop stresses associated
with the toroidal magnetic field. This explanation requires the wind magnetization ¢ to
be sufficiently large. The latter must be much larger than the value of ¢ ~ 1073 that was
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originally estimated, and likely ¢ 2 a few, in order for the gamma-ray spectrum of the
nebula to be correctly accounted for. The variability of the wisps is naturally found in time-
dependent MHD modeling, and the wisps appearance at different wavelengths implies
different locations for the acceleration of particles in different energy ranges: in particular,
X-ray-emitting particles must be accelerated in the equatorial sector of the shock, while
lower-energy particles can be accelerated anywhere. What mechanisms are responsible for
particle acceleration in the different energy ranges is an unsettled question, because all the
proposed mechanisms have strengths and weaknesses, and none can be completely ruled
out for lack of better knowledge of the wind composition and magnetization at different
locations along the shock front.

In spite of our ignorance of what process is actually at work, in Sections 3.3 and 3.4,
we have shown how extraordinary an accelerator the Crab nebula is, as highlighted in the
last decade by the gamma-ray flares and, very recently, by the detection of PeV photons.
Several different scenarios have been proposed to explain the flare, with its emission
beyond the synchrotron cut-off frequency and extremely fast variability. However, most of
these proposals assume the emission to come from a region with mG strength magnetic
field. Such a value of the field is one order of magnitude larger than implied by the
detection of PeV emission, if this is of leptonic origin and due to IC scattering.

The PeV data are also especially intriguing because there is a suggestion that a new
component might be showing up at the VHEs, consistent with a quasi-monochromatic
distribution of protons with energy ~10 PeV. The presence of hadrons in the pulsar wind
would be a paradigm-changing discovery—not only would it change the current view of
the pulsar outflow (with effects on the modeling of both the pulsar magnetosphere and the
nebula), but it would also have consequences on cosmic ray astrophysics, lending support
to the idea that fast-spinning, highly magnetized neutron stars can be major contributors
of ultra-high-energy cosmic rays.

However, as we discussed in Section 3.4, smoking gun evidence for the presence of
hadrons in the Crab pulsar wind requires more precise data and possibly better control on
the systematics at VHE. The contribution of hadrons in the Crab spectrum is expected to
emerge above around 150-200 TeV, where IC starts to be suppressed by the Klein—-Nishina
effect. The next generation of IACTs (CTA and ASTRI Mini-Array), with sensitivity ex-
tended to this energy range, is likely to play a crucial role in finally answering this question.

As we discussed in Section 4, the gamma-ray astronomy community has long been
interested in PWNe as the dominant class of galactic sources, and this interest has been
recently increased by the discovery of gamma-ray halos around pulsars. The advent of
the new generation of high-sensitivity and high-resolution IACTs, with special reference
to CTA, will give us access to a huge amount of new data. PWNe will be the largest
population of gamma-ray sources in future surveys (possibly up to 40% of the total). The
expected number of newly detected PWNe by CTA is of order 200, while the number of
detectable halos is right now very uncertain.

In terms of the population of gamma-ray emitting PWNe, the Crab cannot be consid-
ered as prototypical: due to its young age and high magnetic field, the Crab is, in fact, the
known PWN whose IC spectrum is partly due to self-synchrotron radiation and one of the
few gamma-ray-emitting PWNe in which the maximum particle energy is determined by
radiation losses, rather than shortage of available potential. Especially, the latter condition
is critical in determining the presence or absence of a halo, since only particles close to
the maximum pulsar potential drop are expected to efficiently escape from the nebula
and form an IC scattering halo. Based on available simulations, efficient particle escape
at lower energy is only possible from the tail of pulsar Bow shock nebulae. This is an
important aspect to assess quantitatively in view of explaining the cosmic ray positron
excess as due to pulsars. Measurements of the total lepton spectrum at VHE, which will
be possible with next-generation IACTs, will contribute to clarifying this issue. On the
other hand, more refined modeling of the highest-energy particle escape and associated
plasma instabilities should help clarify the nature of gamma-ray halos and their expected
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abundance. These are again crucial problems for cosmic ray physics, since they could
imply a change of our description of particle transport in the Galaxy. At the same time, the
detectability of gamma-ray halos, as well as that of evolved PWNe is a major challenge for
gamma-ray astronomy, since these weak and extended sources not only are scientifically
interesting, but also need to be taken into account carefully as background contributors
against the detection of other sources—most notably, potential hadronic PeVatrons, whose
identification is one of the main science goals of upcoming facilities.

Going back to Crab, this source is very different, in many respects, from the evolved
PWNe that future IACTs will detect in very large numbers. In this sense, the Crab is not
the source to look at if the purpose is that of learning about the average properties of
gamma-ray-emitting PWNe. On the other hand, the Crab keeps being the best place to
learn about the processes that make these objects such extreme accelerators, both in terms
of efficiency and achievable energies. By looking at this ever-surprising source, future
IACTs might be able to tell us that PWNe are themselves hadronic PeVatrons.
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Abstract: The development of Imaging Atmospheric Cherenkov Telescopes (IACTs) unveiled the
sky in the teraelectronvolt regime, initiating the so-called “TeV revolution”, at the beginning of
the new millennium. This revolution was also facilitated by the implementation and adaptation
of statistical tools for analyzing the shower images collected by these telescopes and inferring the
properties of the astrophysical sources that produce such events. Image reconstruction techniques,
background discrimination, and signal-detection analyses are just a few of the pioneering studies
applied in recent decades in the analysis of IACTs data. This (succinct) review has the intent of
summarizing the most common statistical tools that are used for analyzing data collected with IACTs,
focusing on their application in the full analysis chain, including references to existing literature for a
deeper examination.

Keywords: statistical analysis; gamma rays; IACTs; likelihood; bayes

1. Introduction

Any scientific experiment would be incomplete if only the collected data were reported.
A statistical analysis is needed in order to interpret the data and to draw conclusions from
the experiment. This is the case for experiments that are imaging the Cherenkov light
emitted by a cascade of secondary particles produced by the interaction of gamma rays
and cosmic rays within the Earth’s atmosphere. They are called Imaging Atmospheric
Cherenkov telescopes and popular examples are MAGIC [1], HESS [2], VERITAS [3], and
CTA [4], which is currently under construction. By “statistic” we mean any function
S' computed from the observed data assuming the truth of a model. Very well-known
examples of such functions are the mean, the variance and the )(2. As the observed data
consists of random variables, the statistic itself is a random variable whose distribution
can be derived either from theoretical considerations or empirically using Monte Carlo
(MC) simulations. A statistical analysis is therefore performed by comparing the observed
value of the statistic with the frequency distribution of the values of the statistic from
hypothetical infinite repetition of the same experiment assuming a given model of interest.
This approach is usually called the “classical” or “frequentist” approach. This comparison
(referred to as the test statistic) between the observed statistic and its long-run distribution
allows the analyzer to draw a conclusion from the observed data with a procedure that is
right? (1 — a) - 100% of the time. The value (1 — &) - 100% is referred to as the confidence
level (CL). It is important to underline that it is the procedure, not the conclusion, which
is correct (1 — a) - 100% of the time. To better clarify this point we can consider the
following claim: “a flux of 10713 - cm~2 s~! from the observation of a gamma ray burst
is excluded at 95% CL”. Claiming that such a value of the flux is excluded is obviously
always wrong in infinite experiments in which the true flux of the observed gamma ray
burst is 10713 - cm =2 s~!. However, in these infinite experiments, the procedure would
lead the analyzer to this wrong conclusion only 5% of the time>. The procedure, i.e., the
test statistic and the value « for its significance, is usually dictated by many factors, such as
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the assumptions about the underlying model, the way the data have been collected and,
sometimes, also by the biased conclusions* one is willing to derive from the experiment.
A common principle [6] is to choose the test statistic with the maximum power, where the
power of the statistic is the probability of rejecting a hypothesis that is false. According
to the Neyman-Pearson lemma the most powerful statistic is the likelihood ratio, usually
defined in the literature, for reasons that will be clear soon, as follows

£(0|Dohs)

= , 1
L(GlDobs) ( )

—2log

which by definition can only take values bigger or equal than zero, since by § we have
defined the values of the model parameters that maximize the likelihood £. The likelihood
is a function of the model parameters 6 defined as the probability of obtaining the observed
data D, assuming 6 to be true:

E(G‘Dnbs) = p(Dobsw)' (2

Searching for the parameter values  that maximize the likelihood in Equation (2) is
also referred to as fitting the model to the data. If nuisance parameters® 7t are present in
the model, 77 is maximized to the value 7 in the numerator of Equation (1) letting 6 be free,
resulting in the so-called likelihood profile

£(0|Dabs) = ‘C( 78[( )|Dubs) (3)

Taking the log value of the likelihood ratio as done in Equation (1) allows making use
of Wilk’s theorem [7], which states that under certain circumstances this random variable
has a x? distribution with degrees of freedom given by the number of the free parameters.
This property makes the likelihood ratio a very appealing statistic, whose usage has a very
broad application, and it will indeed appear many times in this manuscript. Yet, it must be
used cautiously: the interested reader may refer to Ref. [8] for a critical review of the usage
and abuse of the likelihood ratio.

The frequentist theory described so far may be considered unsatisfactory by some [9]
with its dependence on long-run distributions from infinite experiments and its arbitrariness
in the choice of the statistic. An alternative approach is provided by the “Bayesian” or

“probabilistic” approach, in which probabilistic statements about hypotheses and model

parameters are made through the Bayes theorem

_ P(Dois|0)p(6)
p(G‘DObS) - p(ngs) .

The prior probability p(#) captures the available knowledge about the parameters, or,
more generally, about the hypotheses under study. The so-called evidence p(D,s) can be
seen as a normalization factor. It follows from probability theory that

Dbs Z P Dops ‘9 ()

©

In this case nuisance parameters are treated via the marginalization

p(6Dops) = ZP(Grﬂ|Dobs)r (6)
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or, in other words, instead of profiling the likelihood by fixing 7 to 7(8), one marginalizes
the likelihood by integrating out 7. Another way of looking at Equation (4) is to consider the
odds of a hypothesis defined as the ratio of its probability of being true and not being true

__p#H) _p()
"0 =000 = ) ?

where # and H are mutually exclusive and collectively exhaustive hypotheses. Using the
odds formalism the Bayes theorem takes the following form

. P(Dops|H)
0(H|Dyps) = BF-0(H), with BF (Do)’
where BF stands for the Bayes Factor, i.e., the likelihood ratio of two competing hypotheses.
After the measurement the Bayesian approach leads us to update the odds we assign to a
given hypothesis by multiplying it with the BE. Unlike the frequentist approach where the
goal is to provide a statement about the long-run performance of a test statistic, in Bayes
theory we are not interested in hypothetical infinite experiments but in calculating the
probability of hypotheses from the observed data and from our prior knowledge of them.

Going deep into the details of the statistical analysis and the difference between the
frequentist and Bayesian theory goes beyond the scope of this paper, the interested readers
may refer to Refs. [10,11] and references therein. Yet, this brief introduction of the basic
principles and definitions used for performing an inference analysis in both the frequentist
and Bayesian approach is necessary for reviewing the statistical tools used in IACTs analysis
in the next sections.

The typical workflow of an IACTs analysis is schematically shown in Figure 1, where,
starting from the shower images, the variable s (the expected number of signal events) is
derived, which is then used for inferring the flux ® of gamma rays by taking into account
the instrument response function (IRF) of the telescopes.

®)

inference analysis

Raw images Events Expected y-ray  Observed Intrinsic
counts flux Aux
« Energy, diroction,

= Energy, direction, ...
nergy, direction, ..
nergy, direction, ...
« Energy, direction, ...
» Energy, direction, ... I W [

Model 0 ]

parameters

[Backgroundl [ Expusuw] | IRF |

Figure 1. Schematic workflow of the inference analysis performed in order to estimate the intrinsic
flux ® of gamma rays (and the values of its parameters ) from the recorded images. The acronym
IRF stands for Instrument Response Function (see Section 4). The bold arrows (going from the right
to the left) show the relation of cause and effect. The aim of the inference analysis (shown as a thin
arrow going from the left to the right) is to invert such relation.

In the remaining part of this section, the structure of the paper is outlined. First we
discuss in Section 2 the most common techniques implemented for performing the event
reconstruction from the shower images detected with IACTs. The goal of these techniques’
yields is to obtain a list with the estimated energy, direction, and discriminating variables
for each of the candidate gamma ray events.

Using this event list, it is then shown in Section 3 how to estimate the strength of the
signal s and how confidently we can claim that a gamma ray source is producing part of
the recorded events.
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The final result of the statistical analysis is the differential gamma ray flux ®, which
corresponds to the number N, of expected photons per unit energy (E), time (t), and
area (A):

N dN, (E, t,f)
O(E, t,0) = “IEdAdr (©)]

where i is the photon direction. We denote with @ the observed flux, i.e., the flux of events
actually observed by the telescopes when the IRF of the telescope is included. The expected
counts s is connected to @' by taking into account the exposure of the observation, i.e., by
integrating @’ over the temporal, energetic and spatial range in which the events have been
collected. This is the topic of Section 4, in which the way the source flux and its model
parameters are obtained is also discussed.

2. Event Reconstruction Techniques

The first statistical analysis one has to face in IACTs is the reduction of the recorded
images in the camera of the telescopes to a few parameters of interest. The Cherenkov light
from the shower of secondary particles is reflected by mirrors and focused on a camera
with photomultipliers composing the pixels of the shower image (see Figure 2). The event
reconstruction consists therefore in extracting from the photo-electron (PhE) counts and
arrival time of each pixel the following variables:

e the energy of the primary gamma ray that initiated the shower,
e its arrival direction,
e and one or more discriminating variables.

The role of these discriminating variables is to provide information on how likely
one event can be associated with a gamma ray or to the background composed mainly by
hadronic cosmic rays. The background estimation and the signal extraction are discussed
in Section 3, while for the remaining part of this section the most commonly used event
reconstruction tools are reviewed.

150 300 pa

1.0 TeV gamma shower 2.6 TeV proton shower

Figure 2. Difference between the images of gamma-induced (left) and hadron-induced (right) showers
in the camera of a IACT. Reprinted with permission from Ref. [12]. Copyright 2009 Volk et al.

2.1. Hillas Method

The most common event reconstruction technique is based on the moments (up to the
second order) of the pixel amplitudes in the camera, referred to as Hillas parameters [13].
This technique can be thought of as fitting an ellipse to the pixels: a likelihood function that
depends on the Hillas parameters is maximized under the assumption that the Cherenkov
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light from a shower initiated by a gamma ray would produce an elliptical shape in the
camera. The set of parameters includes variables such as the total PhE counts in all pixels,
the PhE-weighted barycenter of the pixel positions, and the time gradient of the pixel
arrival times. If more than one telescope is involved, then these single-image parameters
can be combined in order to obtain stereoscopic parameters giving a 3-dimensional recon-
struction of the event [14]. The calculation of these parameters is easily affected by image
noise and night-sky background, which requires a cleaning procedure in order to remove
the pixels that do not contain the shower image. Moreover, the dim and small shower
images below 100 GeV can result in parameters values affected by large fluctuations and
systematic uncertainties, which is the reason why the instrument response function of
IACTs deteriorates at lower energies. Techniques based on Hillas parameters have been
implemented since the 1980s and are used in a variety of experiments such as MAGIC [14]
and HESS [15], demonstrating the robustness and reliability of the method.

After the parametrization of the event is completed, the gamma ray energy is estimated
from the shower impact parameter and from the photon density is measured with each
telescope. This is done by constructing look-up tables for different observational conditions,
filled with MC information about the true energy of the gamma ray as a function of the
simulated image amplitude and impact parameter. The arrival direction is obtained from
the crossing point of the main ellipse orientations in the individual cameras. A weighted
combination of some Hillas parameters can be used as a discriminating variable [15]. More
refined techniques have been developed, aimed at improving the inference analysis on the
gamma ray properties starting from the Hillas parameters (see Section 2.5).

2.2. Semi-Analytical Method

Despite the robustness and stability under different conditions of the Hillas method,
additional reconstruction procedures have been explored in order to exploit more informa-
tion from the recorded image. The so-called semi-analytical method consists of fitting to the
shower images a model of the Cherenkov light produced by a gamma ray shower as seen by
the camera. A first implementation of this method can be found in Ref. [16] from the CAT
collaboration in the late 1990s. In this pioneering implementation, the 2D-models are stored
in a look-up table and compared to the observed image via a x-function of the gamma
ray energy, the impact parameter and the source position in the focal plane. This function
is defined as the sum of the squared differences over all pixels between the expected PhE
content and the actual observed one. This sum is weighted according to the Phe count
quadratic error. A x? minimization is performed to obtain the best fit parameter of the
gamma ray, while the resulting x? is then used as a discriminating variable. This method
has been re-implemented and subsequently improved by the HESS collaboration [17],
where the x> minimization has been substituted by the minimization of a log-likelihood
defined as

InL= ) InLi=-2 Y Inp(nl). (10)
pixels i pixels i

The variable 7; is the observed PhE count in the pixel 7, while 6 are the shower model
parameters. This method is referred to as semi-analytical because the template library
of shower images is produced with MC simulations which are usually carried out with
dedicated software such as KASKADE [18] and CORSIKA [19]. Compared with the Hillas
method, a more precise estimation of the energy and direction of the primary gamma ray is
provided by this reconstruction technique, especially at low energies.

2.3. 3D-Gaussian Model

An additional approach is given in Refs. [20,21], where the single-pixel PhE counts are
fitted to an analytical gaussian air shower model. This method, referred to as a 3D model
or 3D Gaussian model, assumes an isotropic angular distribution of the shower, and its
rotational symmetry with respect to its incident direction is used to select gamma ray events.
As usual a likelihood function is maximized with respect to the shower parameters. This
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maximization process is rather fast thanks to the simpler assumption of the 3D-Gaussian
model. More recently [22] the 3D-model was combined with a multivariate analysis that
makes use of the so-called Boosted Decision Tree (see Section 2.5) and adapted to the detection
necessity of IACTs, particularly for the discovery of new faint sources.

2.4. MC Template-Based Analysis

The previously mentioned methods in Sections 2.2 and 2.3 strongly rely on a model fit
that becomes more difficult to describe as we reach higher energies. The more energetic the
gamma ray, the more particles are produced, and a large fraction of the latter is capable
of reaching the ground. This causes strong fluctuations in the fit model above ~10 TeV.
Moreover, in these approaches, the quality of the model fit is inevitably worsened by
instrumental effects and atmospheric conditions which require approximations in order to
be taken into account. To overcome these issues and improve the accuracy of the analysis,
the authors of Ref. [23] proposed an Image Pixel-wise fit for Atmospheric Cherenkov Tele-
scopes (IMPACT). In this approach, the template shower images are produced using more
detailed and time consuming MC simulations. The simulation chain consists in simulating
the air shower with CORSIKA [19] which is then combined with sim_telarray® [24] for
reproducing the instrumental effects of the telescopes. The sensitivity is improved by a
factor of 2 when the ImPACT reconstruction method is implemented, relative to the Hillas-
based method (see Section 2.1). Compared with the 2D-model, some improvements were
shown at higher energies. A similar implementation for the VERITAS telescopes can be
found in Ref. [25]. The role of realistic MC simulations has been very recently emphasized
by the authors of Ref. [26], who proposed a new simulation and analysis framework as
an alternative to the current way MC templates are obtained. In the existing paradigm,
simulations are generated from pre-defined observation and instrument settings, such as
the zenith of the observation or the configuration of the camera. Each simulation can be
then seen as a grid point in the setting-parameters space. The analyzer willing to use a
“run”’ performed with some given settings has to look for the adjacent grid points either
by interpolating them or by taking the closest one. Instead in the run-wise simulation
approach described in Ref. [26], simulations are generated on a run-by-run basis. In this
way observational conditions are fully taken into account, thus leading to more realistic
MC simulations that reduce systematic uncertainties and improve the scientific output of
the statistical analysis.

2.5. Multivariate Analysis

To date, we described techniques for parametrizing an event detected by IACTs. These
parameters are then used for inferring the energy, the arrival direction of the primary
gamma ray, and discriminating variables. The latter are used to tell how likely the event
can be associated with a gamma ray. The usage of discriminating variables is quite simple:
all the events with values of the parameter larger (or smaller, depending on the kind
of variable) than a pre-defined threshold are retained and considered to be gamma-like
events, i.e., originating from a gamma ray. A different approach that avoids cutting data by
exploiting the full probability distribution function (PDF) of the discriminating variable will
be discussed in Section 3. Once a discriminating variable is chosen and a fixed threshold
is defined, the separation (or discrimination) power can be obtained from the so-called
Q value

€y
Q e (11)
where €, is the efficiency of the selection procedure given by the fraction of events belong-
ing to the population x surviving the selection (h stands for hadrons which compose the
background population). This classification problem becomes considerably more difficult
when more than one parameter can be actually used for discriminating signal events from
the background population. Multivariate methods consist of combining several of the
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shower parameters into one single discriminating parameter. The main advantages of these
approaches are that

* nonlinear correlations between the parameters are taken into account and
e  those parameters with no discrimination power are ignored.

A detailed review and comparison of different multivariate methods for event clas-
sification in IACTs can be found in Ref. [27]. In this section, we provide a brief de-
scription of the currently most used methods, the Boosted Decision Tree (BDT) and the
Random Forest (RF) [28]. The BDT approach, implemented for the HESS [29,30] and VERI-
TAS [31] telescopes, is a binary tree where events are sorted into small subsets by applying a
series of cuts until a given condition is fulfilled. This condition might be given by requiring
that the number of events in a leaf is smaller than a predefined value or that the signal
over the background ratio in a leaf must be large enough. The term “boosted” refers to
the fact that more than one individual decision trees are combined in a single classifier
by performing a weighted average. The boosting allows improving the stability of the
technique with respect to fluctuations in the training sample and is able to considerably
enhance the performance of the gamma/hadron separation compared to a single decision
tree. Like the BDT approach, the RF method, implemented for the MAGIC telescopes [32],
also relies on decision trees, which are built up and combined with some elements of
random choice. As for the BDT, training samples of the two classes of population (signal
and background) are needed for constructing the decision trees. Once the classifier has been
properly® trained, the algorithm can be used to assign to each event a single discriminating
variable whose distribution on a test gamma and hadron population can be seen in Figure 3.
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Figure 3. Left panel: distribution for background events (hatched red) and simulated - (blue filled)
of the discriminating variable given in output from the BDT method implemented by the HESS
collaboration. Reprinted with permission from ref. [30] Copyright 2010 Fiasson et al. Right panel:
distribution for background events (black) and simulated < (blue) of the discriminating variable
(called hadronness) given in output from the RF method implemented by the MAGIC collaboration.
Reprinted with permission from Ref. [33] Copyright 2009 Colin et al.

2.6. Deep Learning Methods

The multivariate methods described in Section 2.5 for discriminating the signal events
from the background have shown a great capability in improving the sensitivity of IACTs.
This effort has been recently pushed forward by Deep Learning (DL) [34] techniques
for object recognition in images. Such algorithms, which require more computational
power, are getting more and more attention thanks to the improvements during recent
decades in the usage of CPU and GPUs for matrix operations. When it comes to image
processing, the leading DL algorithm is Convolutional Neural Networks (CNNs) whose
first application in the context of IACTs can be found in Ref. [35], where a CNN was applied
in the simple case of muon-ring events. This work served as a pathfinder for the application
of CNN s for gamma/hadron separation from the raw recorded images.

A CNN is made of many connected layers which in turn consist of different nodes.
The first layer is the input image whose pixels represent its nodes. The inputs in a new
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layer are convolved with kernels that have to be trained. Each new layer is in general much
smaller than the input one, and allows identifying features in the previous layer. Adding
more and more layers, one aims to extract more and more complex features, which can be
possibly used to identify those discriminating features in the images that otherwise would
not be considered in other event-classifier algorithms. For a more detailed review and
description of DL and CNNs algorithms, we refer the reader to Refs. [34,36] and references
therein. The training process in CNN can be computationally demanding, due mainly to
the very large number of parameters. The main advantages of DL relative to previous
event reconstruction methods in IACT is that CNNs do not need the image parameters
(such as the Hillas ones), and therefore all the features contained in the image are fully
exploited, while they might get lost or suppressed during the parametrization. Recent
applications of CNNs in the image processing of IACTs data can be found in Refs. [37-40],
where the algorithm was also implemented for the energy and arrival direction estimation
of the gamma rays.

3. Detection Significance and Background Modeling

The final result of the statistical analysis described in Section 2 is a list containing
useful information about the candidate gamma ray events, such as their estimated energy
and arrival direction. Neglecting any background contamination, the total number n of
events in such a list would be a random variable distributed according to the Poisson PMF

sYl

P(nls) = e s (12)
where s is the expected number of signal counts. The problem is that the majority of the
observed events are actually generated by hadronic cosmic rays, while only a small fraction
(which for the case of a bright source such as the Crab Nebula is of the order of 1073) can
be associated with gamma rays. By applying a signal extraction selection on the data based
on a discrimination variable, it is possible to reduce the background by a factor of 100 or
more, thus increasing the signal-to-noise ratio close to 1 for a bright source. In order to
infer the gamma ray flux from the resulting event list it is essential to first estimate the
remaining background contamination. We can consider three different scenarios (which
are the topic of Sections 3.1-3.3, respectively) where the expected background count b in
the target region is:

e zero or negligible relative to the source counts,
e known precisely,
e  estimated from an OFF measurement.

The latter case is the most common one and requires the definition of two regions: a
region of interest (ROI), also referred to as target, test or ON region, and a background con-
trol region, called OFF region. The ON and OFF regions provide, respectively, independent
Ny and N, £f counts, where the latter is ideally void of any signal event. A normalization
factor « is introduced to account for differences (such as the acceptance and the exposure
time) between the ON and OFF region. It can be defined as

— Jon Alx, bdxdt

O e Alx, tdxdt’

(13)

where A(x,t) is the instrument acceptance, which is a function of the observation time ¢
and of all observational parameters (such as the FoV position or the zenith angle) here
denoted for simplicity with x. The goal of the background modeling analysis is to provide
the values of a and N, s that are then used for estimating the signal s along with the
detection significance.

78



Universe 2022, 8, 90

3.1. The Background Is Zero or Negligible

Although very rare, in some analyses the background b in the ON region may be
assumed to be zero or negligible relative to the signal s. Given the simplicity of this case, it
is worth dwelling on it, discussing with examples the statistical conclusions that can be
drawn from a measurement using the frequentist and Bayesian approach. In this scenario
the likelihood function is trivially

L(s) = P(Nonls), (14)

where P is the Poisson distribution (see Equation (12)) with observed and expected counts
Nou and s, respectively. Using the likelihood ratio defined in Equation (1) as a statistic,
and taking into account that § = N, is the value of s that maximizes the likelihood, we get
for any s > 0 the following statistic

S =2-(5—=Non) — 2N,y - (logs —log Noy ). (15)

Such a statistic, known in the literature as the Cash statistic or C-statistic [41], has a
straightforward meaning: if we measured N, counts in the ON region and assumed that
the true signal rate is s, then the value obtained from S according to Wilks’ theorem is
a random variable that follows a x? distribution with 1 degree of freedom. This can be
checked by performing MC simulations as shown in the left plot of Figure 4. The smaller
the true value of s the more difficult it is to find an exact distribution for the statistic S
which, due to the discreteness of the Poisson distribution, cannot be assumed anymore to
be a x? variable. For small expected signal counts s, it is therefore necessary to get the CDF
of § from MC simulations.

1
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Figure 4. A comparison between the frequentist (left panel) and Bayesian (right panel) conclusion
from the experiment result N,;, = 82 on the hypothesis that the gamma ray expected counts is 65.4
and no background is present. Left panel: in black the cumulative distribution function (CDF) of the
statistic defined in Equation (15) from 10° simulations assuming s = 65.4, while in grey the expected
CDF of a x? random variable. The step shape of the CDF of the statistic is due to the discrete nature
of the Poisson distribution. Dashed lines show the point in which the statistic is 3.9 and the CDF is
0.952. Right panel: evolution of the BF defined in Equation (19) as a function of the expected counts
57, using s; = 65.4 and Ny, = 82. Dashed lines show the point in which the expected counts are 65.4
and by definition the BF is 1.

We can be interested, for instance, in the hypothesis H: “the number of expected
signal events (for a given temporal and energetic bin and surface area) is s = 65.4”.
After having performed the experiment, we obtain from the measurement N,, = 82 events.
In this scenario, by computing the statistic in Equation (15) we get S = 3.9. If H( was true
we would have observed a value of the statistic equal or greater than 3.9 only 4.8% of the
time (see the left panel of Figure 4). The conclusion of the frequentist approach is therefore
that H( can be excluded with a 95.2% CL or in other words with a 1.98 ¢ significance. The
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latter is obtained by expressing the CL in multiples of the standard deviation ¢ of a normal
distribution via the inverse of the error function’:

V2 erf 1(CL). (16)

The aim of the Bayesian approach is instead to provide a probabilistic statement about
s, which is not fixed as in the frequentist approach. By applying the Bayes theorem, we get
that the PDF of s is (up to a normalization factor)

p(s|Non) & P(Nouls) - p(s), (17)

where p(s) is the prior PDF of s, which encloses the prior knowledge the analyzer has on
the source’s signal. In the Bayesian context we can compare two hypotheses s = s; and
s = s as follows

p(s1|Non) p(s1)
221 o) B , (18)
p(s2|Non) p(s2)
where
S_l NOVI
BF = (7) e 1T, (19)
52

The evolution of the BF as a function of the expected counts s,, using s; = 65.4 (which
is our hypothesis H; of interest) and the experiment result N,, = 82 is shown in the
right panel of Figure 4. It is worth noticing that the BF is connected to the statistic in
Equation (15) via

—2logBF =S, (20)

in which s; = s and s; = N,y. Lastly, it can be shown that assuming a uniform prior'’ the
PDF of s in Equation (17) is

Non

p(s|Non) = P(Nouls) = N et (21)
on-

3.2. The Background Is Known Precisely

This is the case in which we know from theoretical or experimental considerations the
true value b of the background. This happens for instance in the field-of-view-background
model, where the entire FoV (excluding positions where y-ray events are expected) is used
for modeling the background. Since the OFF region is composed by the entire FoV and the
ON region by a small portion of it, we have & < 1. Therefore the Poissonian fluctuations
of the background contamination in the ON region can be neglected, being given by

O'(OLNOff) = oc,/N(,ff. (22)

Indeed the detection significance of the “known” and “unknown” background cases
coincide for @ < 1 (see Section 3.3). Thus, in the field-of-view-background model we can
make the assumption of knowing precisely the background, given by the product aNy .

The likelihood function is

L(s) = P(Nouls +b), (23)

which reaches its maximum value for § = N,,, — b. The statistic is obtained from the Cash
one defined in Equation (15) in which s has been substituted with s + b. An important
difference between the previous case, in which the background was assumed to be zero, is
that now the statistic is also defined for the hypothesis s = 0. For this no-source hypothesis
it is common to slightly modify the Cash statistic by taking the square root of it and by

80



Universe 2022, 8, 90

introducing a sign that is arbitrarily chosen to be positive when the excess N,; — b is
positive, yielding

Szi\/Z-(Eng,,)fZND”-(logEflogNan). (24)

In this way, for large enough counts (N, 2 10) the statistic is a random variable that
follows a normal distribution with mean zero and variance 1 (as shown in the left panel of
Figure 5). This allows immediately converting the output of S in a significance level. If for
instance we assume b = 10 and we observe N,, = 21 events, then S = 3.0 which means
that the no-source hypothesis can be excluded with a significance of 3 ¢.
hgrond

Known backgronnd Unknown |

Figure 5. Distribution of the Cash statistic in Equation (24) (left panel) and the Li&Ma statistic in
Equation (28) (right panel) from measurements in which the background is known precisely to be
b = 10 or must be estimated from the OFF counts N, ff with & = 1, respectively. In both simulations,
the true values of s and b are 0 and 10, respectively. In both plots, the PDF of a normal distribution
with mean zero and variance 1 is shown in grey as reference. In both cases 10° simulations were
performed. The distribution in the left panel looks to be less populated due to the fact that having the
background fixed to 10 (and not estimated from an OFF measurement) limits the number of possible
outcomes of the statistic.

3.3. The Background Is Estimated from an OFF Measurement

Let us consider the most common scenario, in which we do not know the background b
and therefore need to estimate it by performing OFF measurements, supposedly void of any
signal. Such OFF measurements can be performed following one of the below procedures:

®  On-Off background: the OFF counts are taken from (usually consecutive) observations
made under identical conditions, meaning that a is simply given by t,n/t,¢s with ton
and t,s the exposure time for the ON and OFF observation, respectively. The main ad-
vantage of this method is that no assumption is required for the acceptance, except that
it is the same for the ON and OFF regions. The drawback of this approach is that
dedicated OFF observations are needed, thus “stealing” time from the on-source ones.

*  Wobble or reflected-region background: the OFF counts are taken from regions located,
on a run-by-run basis, at identical distances from the center of the field of view. Each
of the OFF regions is obtained by reflecting the ON region with respect to the FoV
center. This is the reason this method is called the reflected-region method. If we have n
OFF regions then « is equal to 1/n. This technique was originally applied to wobble
observations [43] and was later on used also in other observation modes.

e Ring background: the OFF counts are taken from a ring around the ROI or around the
center of the field of view.

e Template background: the OFF counts are given by those events that have been dis-
carded in the signal extraction selection based on a discriminating variable. In this
method, first developed for the HEGRA experiment [44] and more recently refined for
HESS [45], the discarded events are used to template the background.
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For a more detailed review of the background modeling and comparison of the
different methods see Ref. [46].

From one of the above-mentioned procedures, once we obtained the value of « and
Nyff, the inference analysis on s is performed using the following likelihood:

ﬁ(s,b) = P(Ngn | s+ ﬂéb) . P(Noff ‘ b) =
_ (s+ab)Nr oy A

Noy ! 7anf! e . (25)

We are not directly interested in knowing the background, which is therefore a nui-
sance parameter. Thus, in the frequentist approach we have to profile the likelihood (see

Equation (3)) by fixing b to the value b that maximizes £ for a given s (see for instance
Ref. [47] for a derivation of I;) e,

N+ /N2 4(1+1/a)sNogy
- 2(1+a) ’ 26)

T

with N = Noy + Nogs — (1 +1/a)s. Performing as usual the logarithm of the likelihood
ratio we have

L(s,b) Non <Naff>
<~ =2|Np,1 <~ | + Nyrrl = +
£G.D) { o °g<s+a@> R

+S+(1+D¢)?J—Non_Noff}/ 27)

S = —2log

S

where § = Nop — aN, ¢ and b=N, rf are the values!! that maximizes the likelihood in

Equation (25), while bis given in Equation (26) and maximizes £ for a given s . The statistic
in Equation (27) depends only on the free parameter s and according to Wilks’ theorem
it follows a x? distribution with 1 degree of freedom. It can then be used for hypothesis
testing, in particular the “s = 0” hypothesis'?> from which we can obtain the detection
significance. Similarly to Equation (24), we can take the square root of Equation (27) and
set s = 0, yielding the statistic

1/2
N,
Nou ng(l(zx—&-l)I\L,,,) +N0fflog<(a+)ff>] , (28)

S==+V2 -
o Ng]/’ + Noff Ngn + Noff

where the sign is arbitrarily chosen to be positive when the excess Noy — a N,y is positive.
This expression is the well-known “Li&Ma” [48] formula for computing the detection
significance in ON/OFF measurements. As shown in the right panel of Figure 5 for
large enough counts (Nou, Nysr 2 10) the statistic in Equation (28) distributes according
to a normal distribution with mean zero and variance 1. We can again consider the
example in which N,,; = 21 counts have been observed in the ON region, but instead of
assuming a known background b = 10, our background is instead estimated from the
OFF measurement N, = 10 with « = 1. Using the statistic in Equation (28) we get a
detection significance of 2 ¢, which is smaller than the 3 ¢ obtained from the Cash statistic
where the background is assumed to be known precisely. A comparison of different values
of Ny, between the Cash (Equation (24)) and Li&Ma (Equation (28)) statistic is shown in
Figure 6, where one can see that the former becomes bigger than the latter as more events
are observed in the ON region. This is due to the fact that the Li&Ma statistics account
for the Poissonian fluctuations in the observed counts N, . These fluctuations make an
association with the gamma ray excess with the source signal less likely. When & < 1 the
two statistics give the same result.
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The Li&Ma expression in Equation (28) based on the likelihood ratio is not the only
statistic used for rejecting the background-only hypothesis in Poisson counting experiments.
One can find in the literature the so-called “signal-to-noise ratio”

Ngn — D‘Noff

A/ Non + lszoff

which has the disadvantages of following a normal distribution only for values of « close
to 1 and for large enough counts [48]. Another approach is to compute the p-value from
the observed N, counts, i.e., the probability of observing a total count bigger than N,
under the assumption of the only-background hypothesis. If we ignore uncertainties in the
background we have

S = (29)

> T'(Non, 0, ab)
-value = P(nlab) = —F7—%, 30
p X Plalad) = S (30)

written in terms of the incomplete gamma function I'. When we want to include the fact
that the background is estimated from an OFF measurement, it is convenient to introduce
the variable Nyot = Nyy + N, ffs and it can be shown [49] that the observed quantity N,
follows (for a given Niot) a binomial distribution B with success probability p = a/ (1 + «)
and total numer of attempts Njot. The p-value is

ad ,B(P/Nmz/Naff"Fl)
-value = B(n|Nit, 0) = 20—, 31
p-v n:ZND” (Nt 0) = =59, D) @1)
with B the incomplete and complete beta functions (distinguished by the number of argu-
ments). Finally the statistic is defined from the above p-values using

S=V2erf1(1-2- p-value). (32)

A review and comparison of these statistics applied to the ON/OFF measurement
can be found in Refs. [48-51]. Finally, it is worth mentioning that different extensions
and refined versions of the Li&Ma expression in Equation (28) were introduced, each one
with its application to a particular problem. The problem of including PSF'® information
in the likelihood is addressed in Refs. [52-54] , while the problem of including the prior
knowledge of the source light curve is considered in Ref. [55] . Assessing the role in
the detection significance of systematic uncertainties, especially those rising from the
normalization factor «, is performed in the studies of Refs. [51,56,57].
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Figure 6. Comparison between the Li&Ma statistic in Equation (28) (x-axis) and the Cash statistic in
Equation (24) (y-axis). In both plots, each point shows the significance for a different N, ranging
from 10 (where the significance is zero in both cases) to 56. For the Cash formula b is fixed to 10 in
both plots, while for the Li&Ma formula N, ff is 10 with « = 1 in the left plot, and N, ff = 1000 with
« = 0.01in the right plot. As a reference the equation y = x (dashed line) is shown. One can see that
the Li&Ma statistic converges to the Cash one when « < 1.

Following the prescriptions of probability theory, in the Bayesian approach, the signal
s is estimated by defining its PDF in which the nuisance parameter b has been marginalized:

p(s | Non, Nosp; ) /Ow db P (Nou|s + ab)P (Nogs|b)p(b) p(s). (33)

Assuming flat priors p(s) and p(b) (with s > 0 and b > 0) it can be shown [58] that
the integral in Equation (33) is

Non (Non + Ngff — Ns)! sNS

p(S | Non/Noff;DC) X Z .

-, 34
N5:0(1+1/”‘)_NS(NW*NS)! Ns!e GY

where N; is a bound variable whose physical meaning will be clear soon. Thus, the PDF
of the expected signal counts s is given by a weighted sum of Poisson distributions with
observed counts ranging from 0 to N,,;. One can recognize (see Refs. [58,59] for a detailed
explanation) in Equation (34) a marginalization over the variable N;. The weights in
the sum of Equation (34) are indeed the PMF of the number of signal events N; in the
ON region:
(Non + Noff — N;)!

(14+1/a)=Ns(Noy — Ns)!*

In the left plot of Figure 7 the PDF of s and the PMF of N; from Equations (34) and (35),
respectively, are shown. The best estimate of s can be then obtained from the mode of the
PDF in Equation (34). The evolution of the Bayesian estimation of s as a function of the
excess Nop — aN, r¢ can be found in the right plot of Figure 7.

p(Ns | NDn,Nfo;a) x (35)
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Figure 7. Left panel: Points show the PMF defined in Equation (35) of the number of signal events
Ns, while lines show the PDF defined in Equation (34) of the expected signal counts s. Different colors
are used to distinguish the different counts N, ff (160 in red, 120 in blue and 10 in black), while Ny,
and « are fixed to 80 and 0.5, respectively. Right panel: The mode of the PDF defined in Equation (34)
as a function of the excess Ny, — aN, ff- As a dashed line the equation x = y is shown for reference.

We can now compare the two hypotheses H,; and H,, respectively, “the observed
counts in the ON region are produced by the source and background” and “the observed
counts in the ON region are only produced by the background”. The BF is (see Ref. [60]) in
this case (assuming again flat priors for s and b)

_ p(Non|Nosp o, Horp) 1 Non! Nov (Non + Nygr — Ns)!

BF = = — . , (36
P(Non‘Noff;D‘/Hb) Smax (Non+Noff)! No=0 (1+1/0<)7N;(Nan*Ns)! (36)

where Spqy is the maximum prior value of s, i.e., p(s) = 1/Spax. From the above expression,
one can then compute the odds of H_}, following

0(Hs 15| Non, Nofs, ) = BF - 0(Hsis), (37)

with

o(Hssp) = p(Hsv) _ p(Hsin) 8)

S 1-p(Hswe)  p(He)
and p(Hs;p) and p(H;) the priors of the two competing hypothesis H,;, and H,, respec-
tively. The above odds can be expressed in a “frequentist-fashion” way by converting the
posterior probability of H;, in a significance value using the inverse error function:

S=V2-erf! (1 - p(Hb|Nan,Noff,0c)) (39)

as shown for instance in Ref. [61] where both constant and Jeffreys’s [62] priors are assumed
and a comparison with the Li&Ma significance (see Equation (28)) is shown. More recently
this effort has been pushed forward in Ref. [63], where an objective Bayesian solution is
proposed and compared to the result of Ref. [61]. The main advantage of these Bayesian
solutions is that there are no restrictions in the number of counts Ny» and N, ¢, while
the frequentist ones holds only when the counts are large enough. Yet, it is important to
not confuse the two approaches, since they aim at finding the solution of two different
problems: studying the long-run performance of a statistic in the frequentist approach and
deriving the probability of hypotheses in the Bayesian approach.

Lastly, it is worth mentioning that it is possible [59] to extend the PDF of s in
Equation (34) by including the information on how the discriminating variables distribute
for a signal or background population. The authors of Ref. [59] showed that by performing
such extension not only can one avoid discarding data based on a discrimination variable
(which inevitably discards also part of the signal events) but one can also increase the
resolution of the signal estimation.

85



Universe 2022, 8, 90

3.4. Bounds, Confidence and Credible Intervals

We have shown so far how, given the number of events observed in the ROI, one can
estimate the source signal s and its significance. However, the statistical analysis would be
incomplete without also reporting lower and upper bounds on the inferred parameters.
In the former case they are referred to in the literature as lower limits (LLs), while in the
latter as upper limits (ULs), with the interpretation that values of the parameters below
the LL or above the UL are more unlikely to be true. They are particularly useful when
the detection is not significant, for instance when the source is too dim, and therefore one
would like to provide an UL on the strength of the signal s.

In the frequentist approach, these bounds are obtained by looking at the log-run
behavior of the statistic: a threshold value S* of the statistic is defined such that in infinite
experiments with fixed parameter 0, we would have observed S < §* only x% of the time.
The lower or upper bound 6, is then defined such that S(6x) = S*. In other words, we
look for the values of the parameter that are excluded with a x% CL. The statistic S is
generally constructed to increase monotonically for values of § smaller or bigger than the
best estimated value 6, which is by definition the value whose exclusion can be claimed
with a 0% CL. For an UL (LL) this means that values of 0 bigger (smaller) than 6, are
excluded with higher CL and they are therefore less likely to be true. This is schematically
shown in the left panel of Figure 8 where the statistic S is shown as a function of the
parameter 6 for different experiments in which 6 is fixed to the true value § (vertical line).

By searching for 0y such that S(6y) = S* we obtain a LL #5* and UL 64L. By construc-
tion only x% of these curves have S(f) < S*, which are shown in black in the left plot of
Figure 8, while the remaining curves are shown in grey. This implies that the true value
0 lies in the interval [0LF, 0UL] x% of the time. Such interval is referred to as confidence
interval (CI) and it is said to cover the true value of 6 x% of the time.

Trie { Ir

Figure 8. Evolution of the statistic S as a function of the model parameter 6 from different pseudo-
experiments with fixed true value 0. Vertical line shows the true value of 6, while the horizontal one
shows the threshold S* for the statistic such that S(f) < S* only x% of the time. Black curves are
those that fulfill this condition while grey ones are those that do not. In the left plot the intersection
between the curves and the line S = §* defines CIs which by construction cover the true value of 0
x% of the time. These CIs cannot be anymore constructed for the curves in the right plot where the
statistic has below S* more than one minimum. In both plots the curves shown are not specific on
any particular problem but only serve as a schematic representation.

The condition that values more extreme than the obtained bounds are rejected with
more CL applies for the analysis described in Sections 3.1-3.3, but in general it is not always
true, as shown schematically in the right plot of Figure 8. In such cases LLs, ULs and CIs
do not have a straightforward interpretation. This is the reason why it is good practice to
report in the result of the statistical analysis also the likelihood shape as a function of the
free parameters.
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If x is chosen to be 68, the interval between the lower and upper bounds defines
the so-called 68% CI. When the background is estimated from an OFF measurement (see
Section 3.3) we can use the statistic defined in Equation (27) which is a x> random variable
with 1 degree of freedom'#. By looking for the bounds for which S = 1 we obtain the 68%
ClI of 5, that for large count numbers is given by

[8 = \/Now + 6Nygg , 8+ /Now + 22Ny (40)

where § is the estimated signal given by Ny, — aN,
When looking for the UL, the CL is usually set to 95%, with other common values being
90% or 99.9%. In this case the UL so5 is obtained by solving S(s¢5) = 3.84. The coverage of
the 68% and 95% Cl is shown in Figure 9 for different true signal and background counts.
As one can see from this figure by imposing S = 1 or 3.84 we have a good coverage (of 68%
and 95%, respectively) for large enough counts. Although when the counts are too small
the Cls tend to undercover the true value of s. Such problem is well-known and it requires
ad hoc adjustments [47,64] in order to recover the desired coverage.
In the Bayesian context, the concept of coverage is meaningless, since the objective of
the analysis is not to look for the long-run performance of a given statistic, but to provide a
probabilistic statement on the model parameters. In this case, Cls are replaced by credible
intervals whose purpose is to provide the analyzer an interval where the model parameter
lies with a given probability. Let us assume that we are interested in finding the 68%
credible interval (s, s;] of the signal s. By using the PDF of s in Equation (33) such interval
is defined as follows o
/S P(s | Now, Nysy;a) ds = 0.68 (41)
Vo1
where s1 and s, can be chosen!® to include the values of highest probability density. Simi-
larly the 95% UL sy, on s is obtained from

/ P(s | Non, Nosf;a) ds = 0.05. 42)
SuL

rie expectod backgron unts b =10

Figure 9. Evolution of the coverage of the CIs obtained from solving & = 1 (grey line) or S = 3.84
(black line) as a function of the signal s. S is the statistic defined in Equation (27). The dashed
horizontal lines show the expected coverage from the assumption that S is a y?-random variable
with 1 degree of freedom. In each MC simulation the observed counts N,; and N, ff were simulated
from a Poisson distribution with expected counts s 4 ab and b, respectively. Left panel: the expected
background count is fixed to 1. Right panel: the expected background count is fixed to 10. In both
plots & = 0.5 is assumed.

A comparison between the confidence and credible intervals, computed with the
frequentist and Bayesian approach, respectively, can be found in Refs. [59,61,63]. When

87



Universe 2022, 8, 90

comparing them it is although important to remember that the two approaches are provid-
ing the answer to two completely different questions. In the frequentist case the analyzer is
given a procedure for computing the interval that in infinite experiments will cover the
true value of the parameters a desired fraction of the time. The parameter is fixed in these
infinite experiments and the coverage is usually checked by performing MC simulations.
In the Bayesian approach instead the model parameters are not fixed and they lie in the
computed interval with a given probability.

4. Flux Estimation and Model Parameter Inference

We have reached the final step of the inference analysis (see Figure 1) which started
in Section 2 from the shower image data: estimate the source flux and model parameters.
Starting point of this analysis is the expected signal count s, whose estimation from the
events list is described in Section 3. Taking into account the exposure of the observation
given by the energetic (E), temporal (t) and solid angle (Q2) range (hereafter denote by A) in
which the events have been collected we have

5= / &' (E,, &y, t)dE,df,dt (43)
A

where @’ is the differential observed flux with units of 1/( solid angle x time X energy),
while E; and fi; are the reconstructed energy and arrival direction (for the time a perfect
temporal resolution is assumed being of the order of hundreds of nanoseconds). The ob-
served flux is given by the convolution of the differential source flux ® with the IRF of
the telescope:

&' (E,, fir, t) / / ) - IRF(E,, Ay, E, ) dE dAfi. (44)

The IRF can be though as the probability of detecting a photon with energy E and
arrival direction fi and assigning to it a reconstructed energy and arrival direction E, and
fi,, respectively. Following the rules of conditional probability the IRF can be expanded
as follows:

IRF(E,, #i,, E, #) = IRF(E, | A, E,A) - IRF(f, | E, A1) - IRF(E, ). (45)

Since E; and fi, are conditional independent variables'® given E and #i, the above
expression can be rewritten as

IRF(E,, #,, E,#) = D(E, | E,f) - PSE(a, | E, ) - ¢(E, ), (46)

where we have identified the first term with the energy dispersion D, the second one
with the point spread function (PSF) and the last term with the collection efficiency e of
the telescopes. To date, we have made the assumption that the observation parameters
(such as the zenith angle of the observation) are (or can be assumed to be) constant during
the observation.

We can further simplify the IRF expression by ignoring (i.e., by integrating out) the
information on the arrival direction f, thus reducing the dimension of the problem from
3 to 1. This assumption is justified if, for instance, the observation is performed on a
point-like source, which will be also assumed hereafter to be steady. Having simplified our
problem!”, Equations (43) and (44) can be then rewritten, respectively, as

5= / @/ (E,)dE, (47)

@/(E,) = /q> D(E, | E) - ¢(E)dE. 48)
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In order to get the flux ® from the expected counts s two approaches are used: unfolding
and forward folding.

4.1. Unfolding

If we divide the energy range in bins, the expected counts of gamma ray in the i-th bin
A; of reconstructed energy is (when combining Equations (47) and (48))

si :/A dE,Z/A dE®(E)D(E,|E)e(E) = YR, 5;, 49)
i joo j
where 5; is the expected number of gamma rays from the source flux in the j-th bin A, i.e.,
5 = /A ®(E)dE. (50)
j

The matrix R; ; is the response matrix which is the probability of detecting (due to the
collection efficiency ¢) a photon with energy in the range A; and assign to it (due to the
energy dispersion D) a different energy bin A;. From Equation (49) its expression in formula
is given by

1
Rj=- [ dE / dE®(E)D(E,|E)e(E), 1)
5j /A A;
while in practice R; ; is estimated from MC simulations as

n?]-
Ri,j = mr (52)
]
where N ]7 is the total number of gamma ray events simulated (according to an assumed

source flux ®) with true energy in the energy range A, and n?j the number of those same
events that have been detected by the telescope with a reconstructed energy in the energy
range A;. Clearly, by summing over i we recover the binned collection efficiency

Ej = ZRI‘[]'. (53)
i

An example of the binned collection efficiency along with the energy dispersion from
the same experiment can be found in Figure 10.
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Figure 10. Left panel: Evolution in energy of the collection efficiency (E) multiplied by the collection
area of the telescope, which for IACTs is generally of the order of 10° m?. Right panel: evolution
in reconstructed /estimated energy and true energy of the binned dispersion energy (or migration
matrix). Both figures are Reprinted with permission from Ref. [67] Copyright 2007 Albert et al.
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Goal of the unfolding procedure is to find a solution of Equation (49), by inverting the
response matrix
5= R;ilsi. (54)
i

Thus, unfolding is basically a deconvolution problem and shares its typical problems,
like the fact that the response matrix is, in general, non-invertible. As all ill-posed problems
regularization procedures are required in order to find a solution and to prevent overfit-
ting. In the context of IACTs analysis, common regularization procedures are those of
Tikhonov [68], Bertero [69] and Schmelling [70]. For a more detailed discussion and compar-
ison of these approaches with applications to data collected with the MAGIC telescopes see
Ref. [67]. It is good practice to show the unfolding result with several of these approaches
to cross-check the reconstructed flux and to also report along with the reconstructed flux
points §; their correlation matrix. Such a correlation matrix is needed if one is willing to fit
the flux points §; with a spectral model.

To date, the unfolding approach has been discussed as a geometrical problem: given a
known vector s and a known matrix R, we wish to invert R in order to find the unknown
vector 5 as shown in Equation (54). In the Bayesian unfolding approach instead the problem
is a probabilistic one: given our prior knowledge I and the expected counts s; in the
reconstructed energy bins, we wish to get the probability distribution of §;

p(si|5;,1) - p(3]1)
Yip(sils, 1) - p(51)

p(5ilsi 1) = (55)

The prior p(5;|I) is the binned normalized ( L; p(5j/I) = 1) flux that we initially
assumed for the source, while the term p(s; |35;,I) is the probability of measuring an
expected signal count in the reconstructed energy bin A; given the true signal count 5; in
the energy bin A;. This term is related to the response matrix defined in Equation (51).

An iterative method for getting the posterior in Equation (55) that takes as a prior p(5;|I)
the posterior obtained from a previous iteration can be found in Ref. [71] and later on
revised and improved by the same author in Ref. [72] . More recently the author of Ref. [73]
proposed a fully Bayesian unfolding with applications to numerous examples.

4.2. Forward Folding

The main advantage of the unfolding algorithm is its ability to show a distribution
that is as much as possible equivalent to the observed distribution of events with physical
and instrumental effects being removed. Although some assumptions about the flux are
inevitable as discussed in Section 4.1, the desired outcome of the unfolding procedure is to
“interpret” the data as little as possible.

In the total opposite direction, we can find the forward folding approach. In this case,
a parametric model for the intrinsic flux is assumed and the final result is to provide an
estimate of the free model parameters 6. When it is reasonable to believe that the source flux
can be described by one or a family of parametric functions, the forward folding is always
preferable to the unfolding one, being easier to implement and free of those problems that
are typical of the unfolding methods which are cured by regularization. The problem falls
therefore within the realm of “fitting” problems: searching for the values 6 that maximize
the likelihood function, defined as the probability of getting the observed data given the
model parameters . The observed data are the list of N, events (obtained from the shower
image as discussed in Section 2) with their reconstructed energy, arrival direction and time
(hereafter denoted for simplicity x). If the background is estimated from an OFF region (see
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Section 3.3) one has to take into account also the observed counts N, in the OFF region
and the normalization factor a. The likelihood function is

[:(9 |7T, Non,Noff,D(,Xl,. .. XNM) =

Noy fsx,\eﬂ)-&-f( )
pr10) - Pl ab)- PNy lt) - [ (EELLEREL)

where 7t are the nuisance parameters of the model and p (7t | 8) their probability distribution
given 0. The function f; is the differential source flux with the IRF of the telescopes being
taken into account, such that

/dx fs(x|0,m) =s, (57)

where s is the expected signal counts in the ON region. The expected background count b
in the OFF region is instead provided by

/ dx fy(x) = b (58)

where f, is the differential background template model. The function P is the Poisson
distribution defined in Equation (12). The likelihood function defined in Equation (56) is
usually referred to as “unbinned likelihood” to distinguish it from its binned version

all bins

L) =p(]8) - [] Li0lm NSLND 0),  (59)

£@|m, Ny, ..., N o
i=1

offr

where L; is the likelihood of the single i-th bin (in which Ng(,iq) and N é})f counts have been
observed in the ON and OFF region, respectively) given by

Li(6 |7, N N ) = PNG) [5i(0, ) + abi) - PN, | 7). (60)

The variable b; has to be treated as a nuisance parameter and fixed to the value
given in Equation (26) if the frequentist approach is implemented or integrated out in the
Bayesian one. The variable s;(6, 77) is instead obtained by the integral in Equation (57) with
integration limits on x defined by the bin under consideration.

The forward folding procedure applied in IACTs can be found for instance in funda-
mental physics studies, such as the search for dark matter [74] or tests of the equivalence
principle from the time of flight of cosmic gamma rays [75].

5. Discussion

From the discovery of the TeV emission from the Crab nebula in 1989 by the Whipple
collaboration [76], IACTs have been able in recent decades to give birth to a mature field
of gamma ray astronomy. Instruments such as MAGIC, HESS, and VERITAS discovered
numerous astrophysical sources at TeV energies, allowing investigation of the physics of
remote cosmic objects. Apart from the technological development needed for the con-
struction and maintenance of these telescopes, a huge effort has been carried out in recent
decades to adapt and explore statistical tools aimed at extracting all of the information
contained in the collected data.

The most challenging issue in the analysis of IACTs data is the predominant presence
of background events that require detailed studies such as the estimation of the background
from OFF regions as discussed in Section 3.3. Gamma rays only compose a small fraction
of the cosmic flux that hits our atmosphere producing the Cherenkov light observed by the
telescopes. Techniques such as the “multivariate analysis” (see Section 2.5) or the CNNs
(see Section 2.6 ) are the current state of the art for discriminating gamma rays events from
the background.
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Another important factor that makes the statistical analysis so important and challeng-
ing for these instruments is that unfortunately we do not have a pure source of gamma
rays, which is steady and under our control, and can then be used for calibrating the
telescopes. The closest we have to a steady and bright gamma ray source is the Crab
Nebula [77], which is indeed used as a standard for calibrating the instrument whenever
an IACT observatory starts its operations. In order to infer instrumental properties, such
as the energy threshold, a signal from the Crab Nebula is collected and then compared
with the expected (obtained from MC simulations) response. MC simulations are therefore
of huge importance for IACTs and, moreover, they also provide a way for training the
BTD and RF algorithms briefly discussed in Section 2.5. The problem is that instrumental
effects (such as the reflectance of the mirrors) and the atmospheric conditions have to be
taken into account in these MC simulations, which in most cases requires approximations
and idealized instrumental parametrizations. This is the reason why different efforts were
made as discussed in Section 2.4 for making these MC simulations as realistic as possible.

Once the above issues are overcome, we have to quantify, given the list of detected
events, how likely it is that a flux of gamma rays has been detected and how confidently
we can set some values to such a flux. This has been discussed in Section 3 where we
showed, using the frequentist and Bayesian approach, different solutions to this problem,
emphasizing with examples their differences and mentioning some of the most recent
developments. Lastly in Section 4, the IRF is taken into account in order to provide a flux
estimation which is as much as possible similar to the intrinsic flux of gamma rays.

With the construction of CTA [78], the next generation of IACTs has ten times more
sensitivity than the current instruments, and the statistical tools described in this review
will become more and more indispensable in order to put the capability of the telescopes at
its limits.
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BDT Boosted Decision Tree

BF Bayes Factor

CDF Cumulative Distribution Function
CI Confidence Interval

CL Confidence Level

CNN Convolutional Neural Networks
DL Deep Learning

IACT Imaging Atmospheric Cherenkov Telecope
ImPACT  Image Pixel-wise Atmospheric Cherenkov Telescopes

IRF Instrument Response Function
LL Lower Limit

MC Monte Carlo

PDF Probability Distribution Function
PhE Photo-Electron

PMF Probability Mass Function

PSF Point Spread Function

RF Random Forest

ROI Region of Interest

UL Upper Limit

Notes

1

Hereafter throughout the paper the symbol S is used for the statistic, while the generic symbol p() is used to indicate all
probability density functions (PDFs) and probability mass functions (PMFs) (the former applies to continuous variables and the
latter to discrete variables).

By convention « is the probability of making a type I error, i.e., rejecting a hypothesis that is true. It is also refereed as the
statistical significance or p-value.

Here we are assuming that the analyzer would make this conclusion every time that the observed statistic falls above the
95th-percentile of the statistic distribution.

4 The misuse and misinterpretation of statistical tests in the scientific community led the American Statistical Association (ASA) to
release in 2016 a statement [5] on the correct use of statistical significance and p-values.

5 By nuisance parameters we mean parameters that are not of interest but must be accounted for.

6 The sim_telarray code is a program that given as input a complete set of photon bunches simulates the camera response of the
telescope.

7 In IACTs a run is generally referred to as a data taking (lasting roughly half an hour) performed on a given target under the same
conditions throughout the entire observation.

8 On the one hand it is important to train the classifier to maximize the separation between the signal and background, and on the
other it is also crucial to avoid overtraining (also referred to as overfitting), i.e., avoiding the classifier to characterize statistical
fluctuations from the training samples wrongly as true features of the event classes.

J One can check that by computing v/S one would get the same value of Equation (16). That is because S is a x? random variable.

10 See for instance Ref. [42] for a review of the problem regarding the choice of the priors.
1 Indeed one can check that Equation (26) yields b= Nofr whens = Nop — aNysy .
12 Ifs = 0 then b = (Non + Nogr)/ (1 + ) and the term (1 + oc)@ — Noun — Ny s in Equation (27) vanishes.
13 PSF stands for Point Spread Function. See Section 4 for its definition.
14 The CDF of a x?2 distribution with 1 degree of freedom is 0.68 for X% =1and 0.95 for x2 = 3.84.
15 Another way to choose s1 and s; is to guarantee that the mean is the central value of the interval (s, s;]. In principle, one is free
to pick up infinitely intervals from the constraint given by Equation (41). A more detailed discussion on this topic can be found in
Ref. [65].
16 Generally the performance of the energy and direction reconstruction only depends on the event true energy and arrival direction,
which justifies the assumption that E, and fi, are conditional independent variables.
17 For a more accurate discussion that includes also other variables (such as the photon direction fi) one can check Ref. [66].
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Abstract: Most major scientific results produced by ground-based gamma-ray telescopes in the last
30 years have been obtained by expert members of the collaborations operating these instruments.
This is due to the proprietary data and software policies adopted by these collaborations. However,
the advent of the next generation of telescopes and their operation as observatories open to the
astronomical community, along with a generally increasing demand for open science, confront
gamma-ray astronomers with the challenge of sharing their data and analysis tools. As a consequence,
in the last few years, the development of open-source science tools has progressed in parallel with
the endeavour to define a standardised data format for astronomical gamma-ray data. The latter
constitutes the main topic of this review. Common data specifications provide equally important
benefits to the current and future generation of gamma-ray instruments: they allow the data from
different instruments, including legacy data from decommissioned telescopes, to be easily combined
and analysed within the same software framework. In addition, standardised data accessible to the
public, and analysable with open-source software, grant fully-reproducible results. In this article, we
provide an overview of the evolution of the data format for gamma-ray astronomical data, focusing
on its progression from private and diverse specifications to prototypical open and standardised
ones. The latter have already been successfully employed in a number of publications paving the
way to the analysis of data from the next generation of gamma-ray instruments, and to an open and
reproducible way of conducting gamma-ray astronomy.

Keywords: very-high-energy gamma-ray astronomy; astroparticle physics; open science; data format

1. Introduction

Gamma-ray astronomy, currently observing the non-thermal universe over more than
7 decades in energy, is conducted with different classes of instruments operating in two
complementary energy ranges [1]. Space-borne telescopes, sensitive in the so-called high-
energy regime (HE, 100MeV < E < 100GeV), directly detect the gamma rays through
their pair-conversion in an instrumented volume [2]. Ground-based telescopes, sensitive
in the so-called very-high-energy regime (VHE, E > 100 GeV), detect the particle cascade
(or shower) generated by gamma rays interacting with atmospheric nuclei (via e* pair
production and Bremsstrahlung) using two different techniques [3]. Imaging atmospheric
Cherenkov telescopes (IACTs) use a large reflector (~10m) and a photomultiplier camera
to image the Cherenkov light emitted by the charged component of the shower. Particle
samplers rely on an array of detectors (distributed over a surface up to a ~km?) to directly
sample the charged component using, for example, scintillators or water tanks in which
further Cherenkov light is produced and detected (water Cherenkov detectors, WCD).
VHE astroparticle physics will be revolutionised in this decade by an upcoming generation
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of ground-based instruments built with the objective to improve by an order of magnitude
the sensitivity of the current ones: the Cherenkov telescope array (CTA) [4] for IACTs; the
Large High Altitude Air Shower Observatory (LHAASO) [5] and the Southern Wide-field
Gamma-ray Observatory (SWGO) [6] for particle samplers.

In addition to different detection techniques, the current generation of HE and VHE
instruments adopt distinct data and software policies. As typical for space observatories,
HE gamma-ray telescopes retained their data proprietary for a limited amount of time
(usually one year) before releasing them publicly. This has been the case for both currently
operating HE gamma-ray telescopes: the Fermi Large Area Telescope (Fermi-LAT) [7] and
the Astrorivelatore Gamma ad Immagini Leggero (AGILE) [8]. Their data are nowadays
made promptly available via web-based platforms, referred to as science data centers,
providing astronomers with an interface to retrieve the data and the science tools to per-
form their analysis [9,10]. VHE telescopes of the current generation, on the other hand,
have been operated under more strict data and software policies. Telescopes like the
high energy stereoscopic system (H.E.S.S.) or the major atmospheric gamma-ray imag-
ing Cherenkov (MAGIC) have traditionally produced scientific results with proprietary
data and closed-source software [11,12]. Few examples of public VHE data or software
exist, worth mentioning are: the very energetic radiation imaging telescope array system
(VERITAS), that has publicly released under an open-source license one of its analysis
chains [13]; the first g-Apd Cherenkov telescope (FACT), that has made public its analysis
chain [14], a small sub-sample of its data and quick-look analyses results on all the data
collected [15]; and the high-altitude water Cherenkov (HAWC), that has provided some
high-level data, mostly meant to reproduce results of major publications [16]. More recent
efforts of data sharing in a standardised format will be covered later in this review. Gener-
ally speaking, beside sparse endeavours, VHE gamma-ray data largely remain inaccessible
to astronomers outside the collaborations gathering them. This situation is bound to change
with the forthcoming CTA that will represent the first gamma-ray experiment operated
as a proposal-driven open observatory [17]. External scientists will be able to submit
observational proposals; data will be proprietary to the principal investigators typically
for one year and then released to the public. This implies, as in the case of HE gamma-ray
instruments, the necessity to produce accessible data and tools for users external to the
collaboration to perform their scientific analyses.

In light of these requirements, VHE gamma-ray astronomers have started developing
open-source data-analysis tools (e.g., ctools [18] and Gammapy [19]) and, in parallel, a
standardised format for astronomical gamma-ray data. This review will focus on the
latter. The data level expected to be shared by the next generation of VHE observatories
with external observers (as already routinely done by Fermi-LAT and AGILE) is a high
data level whose purpose is the production of scientific results (i.e., measurement of the
properties of an astrophysical source: flux, morphology, etc.). It contains a reduced amount
of information compared to the low (or calibrated) data level strictly connected with the
particular detection or analysis technique. Specifically it contains lists of detected photons
with their estimated physical observables (energy, direction, etc.) and a characterisation
of the response of the system. It is abstract enough to represent data from instruments
employing diverse detection techniques, such as IACT and WCD. Being difficult to detach
the discussion on high-level data format from the software provided to analyse it, we might
comment as well upon aspects of software development and policies.

This review is thus structured: the progression of the data format from previous
specifications is discussed in Section 2, along with its current status and working principles.
In Section 3 we review some projects that have already successfully employed the format,
either to validate the capabilities of the science tools, to illustrate the possibility of multi-
instrument analysis with current gamma-ray instruments and to extend the format to
particle samplers. In Section 4, we gather some ideas for the future of the format and its
possible expansion. We provide our conclusions in Section 5.
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2. Data Formats for Very-High-Energy Gamma-Ray Astronomy
2.1. Background: Data Model in the Current Generation of VHE Instruments

VHE gamma-ray astronomy inherited, along with the hardware techniques, the soft-
ware solutions of particle physics. In the late 1990s and early 2000s, C++ and the ROOT [20]
framework dominated the field. Hence, software for VHE data reduction and analysis
has been mostly built in this environment. As already commented, even if some of these
tools are accessible, little documentation is publicly available about the private analysis
chains and the data they produce. Nonetheless, from the available material, a common data
reduction workflow can be inferred for VHE gamma-ray telescope, sketched in Figure 1.
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Figure 1. Schematisation of the progressive data reduction and data levels of an IACT. Raw data contain the signal sampled
from the photomultipliers at the occurrence of a trigger event (Data Level 0). Calibrated data (Data Level 1) contain the
pixelated image of the Cherenkov light of the shower. The latter can be parametrised with few geometrical quantities and
used to determine the observables of the original shower, including its probability of being a gamma-ray shower (Data
Level 2). The detected events can be gathered in a list of gamma ray candidates, together with the functions representing the
response of the system (the so-called instrument response function, IRF), e.g., the collection area of the system as a function
of the energy or the bias of its energy reconstruction (Data Level 3). This information can be used to perform a statistical
analysis obtaining the so-called science products, in this case the spectrum of the source (Data Level 4).

In the case of an IACT, the raw output of the data acquisition typically consists of
binary files containing the waveforms of all the camera pixels, sampled at the occurrence
of a trigger event. The raw data are reduced to a list of quantities per pixel (e.g., charge
and arrival time) aggregated in the so-called calibrated files with size of several GB for
each observational run, typically around ~30 min (in what follows the sizes indicated
per each data level are taken from [21], so they refer to VERITAS. One can compare with
similar figures reported in [22] for MAGIC). The Cherenkov light of the shower typically
illuminates a few pixels in the camera, this pixelated image, representing the distribution of
Cherenkov photons, can be parametrised with simple geometrical quantities [23] connected
to the shower properties. Image parameters can be fed, at the next data level, to algorithms
estimating these properties (e.g., energy and direction of the primary) and classifying the
showers initiated by gamma rays against those initiated by cosmic rays, the irreducible
background of ground-based gamma-ray telescopes. In the case of particle samplers,
such as WCD, the data reduction workflow is similar but instead of camera images, the
information is extracted from the pattern in the charge deposited by the shower across
the array, as well as from its time evolution. Raw parameters derived from this charge
distribution are fed into reconstruction algorithms that, in turn, estimate the relevant
shower parameters, such as those mentioned above (see [24] for an overview of the HAWC
data reduction pipeline). Having estimated the properties of the shower and of the primary
particle generating it, a list of gamma-ray candidates can hence be assembled at the next
data level.
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At this stage, the information stored within the data products, generally denoted
as high-level, is independent of the detection technique, as well as the calibration and
analysis methods. High-level data typically consist of a list of gamma-ray events along
with a parametrisation of the response of the system, the so-called instrument response
function (IRF). The latter provides the information necessary to perform a statistical analysis
estimating, for example, the significance of the signal, the flux spectrum, or the light curve
of the source, which we refer to as science products.

All along the current-generation closed-source analysis chains the data, progressively
reduced, are stored in the format associated with the ROOT framework, with each collabo-
ration reiterating the effort of defining custom specifications for a data model that shares
several commonalities between different experiments. Moreover, even if readable via ROOT,
the content of these data products cannot be interpreted by a non-expert analyser. There
are noticeable efforts to provide analysis tools wrapping these diverse analysis software
such as the multi-mission maximum likelihood framework [25]. The ultimate limitation
of these tools is though the availability of the experiments to expose their closed-source
software and data format and the necessity to implement a new plug-in for each of the
instruments considered.

Without a common data model or a general software tool oriented to external users,
the current generation of VHE instruments faces different concerns in different time per-
spectives. At present, multi-instrument analyses simply cannot be performed within a
common analysis framework using their proprietary data products. For what concerns the
future, as the end of their operation approaches, it is worth to start considering the access to
the wealth of data they gathered. If their legacy data are to be made public then a release in
their original format will make necessary a release of the analysis software as well, which,
in turn, has to be maintained. In addition to not being designed for the usage by a large
community, this software can rely on libraries that will eventually become deprecated.

2.2. GADF: A Unifying Effort

In the second half of the 2010s, partly to prototype the high-level data format of
the forthcoming CTA and partly to exploit the newly available open-source data-analysis
software such as ctools and Gammapy, VHE astronomers started to explore several software-
independent implementations of these high-level data. In 2016, in order to coordinate the
parallel efforts and to foster the definition of a common and standardised data model, the
Data Formats for Gamma-ray Astronomy forum (shortly referred to as the “gamma astro data
formats”, GADF) [26] was established. A community-driven initiative, the GADF consists
of a documentation [27] hosted on GitHub [28] (Figure 2), specifying the naming scheme,
the content, and the metadata of the files containing high-level gamma-ray observations.
Though high-level products are the focus of the initiative, specifications for science products
are also under discussion. The documentation, openly provided with a Creative Commons
Attribution 4.0 license, evolves with the typical GitHub workflow: any interested user
can propose changes via issues that will be discussed among the active members of the
initiative, and implemented via pull requests that will be ultimately merged once a consensus
is reached. Despite the bias towards IACTs, the flexible development of the format allows
to accommodate data from other types of instruments, such as space-borne telescopes or
WCD. The format has achieved a stable definition and counts already two minor releases,
the present being 0.2 [29].

This section illustrates the guiding principles adopted in the development of the
GADF specifications, gives an overview of their actual content and highlights the features
that make them generalisable to different gamma-ray instruments. The first version of
the GADF was designed for IACT, since the major contributors were VHE astronomers
preparing for CTA. The data model and the breakdown of the data levels foreseen for CTA
are presented in [30], introducing the following naming convention (see also Figure 1):
the raw output of the data acquisition is defined as data level 0 (DLO0); calibrated files as
data level 1 (DL1); reconstructed shower parameters as data level 2 (DL2); sets of selected
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gamma-ray events and the instrument response as data level 3 (DL3); science products
(spectra, light curves, sky maps) as data level 4 (DL4), and observatory results as catalogues,
such as data level 5 (DL5). This nomenclature is used within the GADF and will be also
adopted in the following text.

Figure 2. (Left): GitHub repository hosting the development of the data formats for gamma-ray astronomy specifications.
(Right): The repository contains a documentation written in sphinx whose html version can be explored on readthedocs.

2.2.1. Format Specifications

As the GADF is currently the only provider of standardised specifications for high-
level VHE gamma-ray data, science tools as ctools and Gammapy base their data structures
on them. Compatibility with open-source data-analysis software is not the only objective
of the standardisation effort. One of the guiding principles of the GADEF is to produce data
whose content is clearly documented and easy to interpret. The file format chosen to host
the data is the flexible image transport system (FITS) [31], representing a long-time standard
in astronomy at all wavelengths. Another fundamental requirement in the design of the
data specifications was to rely as much as possible on already well-established standards
used in other FITS files productions, such as those by the missions gathered under NASA’s
High Energy Astrophysics Science Archive Research Center (HEASARC) [32]. NASA’s
Office of Guest Investigator Program (OGIP) FITS working group [33] already disseminates
to the high-energy astrophysics community recommendations on FITS data productions.
These include standards on keyword usage in metadata, on storage of time information,
representation of response functions that the GADF extensively follows. The adherence of
the GADF to widely used standards ensures additional compatibility with tools already in
use by high-energy astrophysicists, such as the FTOOLS [34].

As pointed out, the aim of the GADF initiative was to produce specifications for
high-level data, therefore, it mostly focuses on the DL3. Nonetheless, the forum discusses
data levels higher than the DL3. For example, the OGIP spectral file format [35] is adopted
to represent VHE gamma-ray one-dimensional (energy-dependent) spectral data. The
compeatibility with the OGIP standards ensures that DL3 products can be reduced to spectral
data digestible by other established multi-mission analysis tools such as sherpa [36,37].
Prototypical specifications for DL4 (such as sky maps, flux points and lightcurves) are
under discussion and not yet stable.

2.2.2. GADF DL3 Data

The DL3 is the data level that contains a list of gamma-ray event candidates and the
response of the system. All the information in the DL3 files is therefore post-calibration, i.e.,
already incorporating all the low-level information related to the detector (calibration, gain
corrections, digital-count-to-photo-electron conversion) that is hence omitted. A FITS file
consists of many extensions, called header data units (HDUs). Each HDU is composed by
a header unit, typically containing metadata, and a data unit, containing a n-dimensional
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array (an image) or a table (in ASCII or binary format). All data units in DL3 files are stored
as binary tables.

One of the file extensions contains the event list and, in the associated data unit, a
flat table with a column for each event property (see Figure 3). In the current specifica-
tions columns listing the events identification number (in the DAQ system), energy, sky
coordinates (right ascension and declination) and timestamp are mandatory. Optional
columns might include results of the classification algorithms (e.g., a gammanness score)
and quantities related to the reconstruction (e.g., image or shower parameters). Each
file corresponds to a single observing run, therefore the events header unit contains the
identification number of the data acquisition run, the type and number of telescopes used
in the observation, information about the location of the instrument and its observation
mode along with time and duration of the observation. Another HDU is dedicated to a
list of good time intervals (GTI), specifying the time periods within the event lists with
adequate scientific quality.
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Figure 3. Example of a DL3 file compliant with the GADF specifications. Top: the header data units
(or extensions) of the file contain the event lists, under (EVENTS), followed by those representing the
good time intervals (GTI) and the instrument response components: effective area (AEFF), energy
dispersion (EDISP), point spread function (PSF) and background (BKG). Bottom: event list table and
its content.

The response of the system is needed to properly relate the reconstructed events
with astrophysical source properties. It is assumed that this response can be factorised
in different components. The components considered are: the effective area, describing
the acceptance of the system to gamma-ray events; the energy dispersion (or migration
matrix), describing the probability distribution of the energy estimator and the point
spread function (PSF), describing the probability distribution of the direction estimator.
The background rate (measuring the rate of cosmic ray events misclassified as gamma
rays) might be included among the IRF components, however it is not mandatory. The IRF
components depend on observational (e.g., atmospheric conditions, zenith and azimuth
angle of the pointing) and physical quantities (e.g., the energy or direction of the showers).
The IRF components considered in the format are valid for a single exposure, which is
typically defined by constant observational conditions (e.g., zenith range, atmospheric
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quality, etc.), hence considering any such dependency of the IRF averaged out. In the
current specifications, the dependencies on physical quantities considered are the photon
energy and the offset of its position from the centre of the instrument field of view (a
response symmetric with the offset coordinate is assumed). As an example, Figure 4
illustrates the energy and offset dependency of the effective area component for a H.E.S.S.
observation stored in the GADF DL3 format. IRF components are not stored in flat tables:
energy and offset bin edges are stored in separate columns, and a last column contains a
multi-dimensional array corresponding to the response in each bin. OGIP specifications
are followed in storing both events and IRF components.
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Figure 4. Example of visualisation of the effective area of a IACT and its dependency on energy and offset angle. The IRF

component is read from DL3 files and displayed using Gammapy.

3. Projects Successfully Using the Standardised Data Format

To illustrate the maturity of the GADF standardisation effort, we review, in the follow-
ing sections, projects that have successfully employed its specifications.

3.1. The H.E.S.S. First Public Test Data Release

The H.E.S.S. collaboration was the first to publicly release a test dataset in a DL3
format compliant with the GADF specifications. Few observations, amounting roughly to
~50 h of observation time, gathered between 2004 and 2008 were published in the so called
H.E.S.S. DL3 Data Release 1 (H.E.S.S. DL3 DR1) [38,39] to promote the standardisation
effort but also to allow to test the open-source science tools in development with actual
IACT data. The data release contains 30 h of observations of sources representing different
galactic and extragalactic science cases, and 20 h of observations of field of views empty of
known gamma-ray emitters, also labelled as off data, to be used for background estimation.
Table 1 summarises the content of this data release.

Table 1. Content of the H.E.S.S. Data Level 3 Data Release 1.

Source Type Case Study Time/h
Crab Nebula Pulsar Wind Nebula ~ point-like, steady source 1.9
PKS 2155-304 Blazar point-like, variable source 9.8
MSH 15-52 Pulsar Wind Nebula small-extension, steady source 9.1

RX J1713.7-3946 Supernova Remnant  large-extension, steady source 7.0

off data various background estimation 20.7

3.2. The Joint-Crab Project

With multi-instrument analyses being one of the main objectives of the standardisation
effort, after the first public release of GADF-compliant DL3 data, the next step in the format
validation would have naturally been the combination of data from different experiments.
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In the so-called joint-crab project [40], Crab Nebula observations from Fermi-LAT and four
of the currently operating IACTs, produced in a GADF-compliant format, were combined
in the first multi-instrument and fully-reproducible gamma-ray analysis. The datasets
used were:

. 7 yr of Fermi-LAT observations, obtained in the custom high-level, DL3, format with
which they are publicly released. They were reduced, before the final statistical
analysis, to OGIP spectral data;

e 2hof H.E.S.S. observations selected from the H.E.S.S. DL3 DR1 (see Section 3.1);

* 40 min of MAGIC observations produced and released specifically for this project;

e 40 min of VERITAS observations produced and released specifically for this project;

¢ 10h of FACT observations from their already public data sample (see Section 2.1).

To illustrate a prototypical analysis example, the Crab Nebula spectrum (Figure 5
right) was estimated, combining all the observations in an energy-dependent (or one-
dimensional) joint binned likelihood. In this analysis technique, classically employed by
IACT, source and background events are extracted via aperture photometry (Figure 5 left)
and then an energy-dependent analytical flux model is folded with the response of the
system to estimate the number of counts maximising the Poissonian likelihood describing
the counts in each energy bin. The joint-crab project relied only on open-source software for
its statistical analyses (Gammapy). Datasets, scripts reproducing all the analysis steps and
tutorial notebooks are publicly provided on GitHub [41], along with a conda environment
freezing the exact dependencies used in the paper and a docker container [42] to guarantee
a long-term reproducibility. The entire package was also archived on zenodo [43]. Given the
approach proposed and the assets openly made available, this work not only implements
the first fully-reproducible gamma-ray analysis but also constitutes the first joint public
release of IACT DL3 data.
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Figure 5. (Left): Source counts vs estimated energy extracted via aperture photometry, per each of
the instrument datasets in [40]. (Right): Estimated flux spectrum of the Crab Nebula obtained from
the individual instrument datasets (same colour code as in the figure on the left) and considering
all the datasets in the same joint likelihood (red). The grey dashed line represents a bibliographic
reference. In all cases the analytical flux model considered in the likelihood is a curved power-law.
Figures from [40].

3.3. Analysis of the H.E.S.S. Public Data Release with Ctools

In addition to evolving in parallel with the GADE, the open-source science tools can
recognise data with its specifications as input. In [44], the H.E.S.S. DL3 DR1 (Section 3.1)
was used to test the capabilities of ctools, until then mainly used to analyse simulated
CTA observations and calculate prospects for its observational capabilities. The authors
presented a method to build a parametric model describing the spatial and spectral dis-
tribution of the background events in the H.E.S.S. DL3 DR1. The latter was used to
perform a spectro-morphological (three-dimensional) analysis estimating the spectrum of
the 4 sources included in the data release. Differently than in the one-dimensional analysis
described in Section 3.2, the sources positions and morphology are included among the
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parameters of the model used to estimate the flux. Source and background counts are not
separated, rather the background is included among the components of a model that in
this case predicts the flux in the entire field of view, allowing to take into account multiple
sources at a time (see [18] Section 2 for a detailed explanation). This approach has been
successfully used by the Fermi-LAT collaboration for all its scientific publications. The re-
sults of binned and unbinned three-dimensional likelihood analyses are compared against
the simpler one-dimensional binned analysis, also implemented in ctools, and against
bibliographic references obtained from the same sources. The consistency of the results
obtained with ctools with the different statistical methods applied and with the literature
(see Figure 6 left) testifies the maturity not only of the science tool, but also of the GADF
scheme that correctly encapsulates all the information needed for correct reproduction of
scientific results. The paper finally illustrates the capability of ctools, being built on the
gammalib library [18], to simultaneously analyse gamma-ray data with different specifica-
tions, i.e., to analyse Fermi-LAT data in their own high-level format (without the reduction
described in Section 3.2) and IACT DL3 data compliant with the GADF specifications.
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Figure 6. Flux spectrum of the extended gamma-ray source RX]J1713.7-3946. (Left): Comparison of
the result obtained from the H.E.S.S. DL3 DRI using ctools’ three-dimensional unbinned likelihood
analysis (red) against the literature (blue). Figure from [44]. (Right): Comparison of the result
obtained from the H.E.S.S. DL3 DR1 using ctools’ (green) and Gammapy’s (blue) three-dimensional
likelihood analyses against a result obtained on the very same data sample with the H.E.S.S. private
analysis chain (red), performing a one-dimensional analysis. A bibliographic reference, the same as
in the figure on the left, is given in grey. Figure from [45].

3.4. Validation of Open-Source Science Tools and Background Model Construction in
y-ray Astronomy

Expanding on the project described in Section 3.3, ref. [45] aims at testing both Gammapy
and ctools using the H.E.S.S. DL3 DR1. The results of the one-dimensional and three-
dimensional analyses provided by both science tools are validated against each other. For
the three-dimensional analysis, a novel background model is used, not parameterised from
the off sources within the H.E.S.S. DL3 DR1, but built using ~4000 h of H.E.S.S. private
observations. For this work, the results of the science tools are validated not only against
the literature, but also against the results obtained with one of the closed-source analysis
chains of the H.E.S.S. collaboration, performing a classical one-dimensional analysis on
the exact same observations included in the H.E.S.S. data release (see Figure 6 right). The
agreement of the results of the different science tools among them and with the private
analysis chain represents a landmark in the analysis tools and data formats validation for
future VHE gamma-ray analyses.

3.5. Open and Standardised Formats for «yv-Ray Analysis Applied to HAWC Observatory Data

The GADEF specifications were primarily developed by and for the IACT community.
However, due to their generality, it is possible to use them to format data from WCD,
such as the HAWC observatory, as shown by [46]. In this work the authors presented the
first GADF-compliant production of event lists and instrument response functions for a
ground-based wide-field instrument. These data products were then used to reproduce
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with excellent agreement the published spectrum of the Crab Nebula as measured by
HAWC. This result, shown in Figure 7, was obtained using the open-source software
Gammapy. As highlighted by Section 3.2, a common data format and shared analysis tools
allow multi-instrument joint analysis and effective data sharing. This synergy between
experiments is particularly relevant given the complementary nature of pointing and wide-
field instruments. This will be specially relevant for the joint scientific exploitation of future
observatories such as SWGO and CTA.
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Figure 7. Estimated flux spectrum of the Crab Nebula derived from the GADF data production using
Gammapy (blue) compared against the reference HAWC spectrum from [47] (orange). The bottom
panel shows the residual comparison of the obtained flux points with the reference spectrum. Figure
from [46].

4. Discussion

The future of data formats in gamma-ray astronomy will very likely be linked to the
future of the GADF initiative. As discussed over the text, this community-driven initiative
has proposed the first available set of specifications for high-level data for the current and
next generation of ground-based gamma-ray instruments. In this section, we will discuss
the main limitations affecting current specifications, as well as foreseeable ways in which
they will evolve over the next decade.

One of the main drivers of the evolution and improvement of the GADF will be
the target requirements imposed by the future ground-based observatories. These will
impose high-level data (and especially, the IRFs) to be described and parameterised in
more complex ways, directly benefiting also the current generation of instruments. Pos-
sible extensions of the format to meet these requirements could include: a better field of
view binning approach, removing the assumption of radial symmetry; inclusion of time
dependency in the IRF components; distinguishing between different event types based
on the hardware, reconstruction or analysis settings. Mature format specifications will be
crucial for defining and testing current instruments legacy data, as they face the challenge
of digesting decades of data (taken by instruments with evolving capabilities) and ensuring
their proper use and interpretation.

In order to confront these challenges and to ensure the long-term feasibility of the
GADF specifications, a more formal governance structure is needed. For this reason, a
body of representatives from the high-energy ground-based community will be defined to
act as a coordination committee. This governance definition effort, currently in progress,
will inherit from the evolution of similar community-driven initiatives (for instance, the
Astropy Project role responsibilities [48]).

Even if the GADF specifications were inspired by high-energy satellites and primarily
developed by and for the IACT community, they are able to represent high-level data
products from other event-based high-energy astrophysical instruments. As shown in
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Section 3.5, other high-energy gamma-ray observatories, such as WCD (like HAWC or
the future SWGO) naturally fit the GADF specifications, allowing the use of available
open-source data analysis tools. In the coming years, the inclusion of other observatories
will be explored, especially in the context of high-energy multi-messenger astronomy:
allowing the inclusion of data from neutrino or even gravitational wave observatories
would require some changes to the specifications, but at the same time would naturally
allow the use of common science tools for joint multi-messenger analyses.

5. Conclusions

This review presented an outlook on the evolution of the data format in VHE gamma-
ray astronomy from private and diverse specifications to the open and standardised ones
proposed under the GADF initiative. The GADF initiative is presented as a community-
driven effort to provide a common and open high-level data format for gamma-ray instru-
ments. The specifications proposed within the GADF refer to high-level data products that
would allow the production of scientific results: they are independent of the particular
detection technique, thus allowing to accommodate data from different telescopes (e.g.,
IACT and WCD). The format definition was driven by the requirement to operate the next
generation of gamma-ray instruments (such as CTA) as open observatories, with the conse-
quent need of providing non-expert external users with open data products that are easy to
interpret. Another aspect of this demand was the development of open-source gamma-ray
data-analysis tools, whose evolution is now also linked to the data standardisation effort.

Current GADF specifications have proven to be robust by several publications analysing
GADEF-compliant data with these open-source science tools, validating their results against
those obtained with the established closed-source software in use by current collaborations.
These publications confirmed not only the correctness of the information incorporated
in the format specifications but, at the same time, the capabilities of this new generation
of open-source science tools. Other publications have instead proven the feasibility of
multi-instrument and fully-reproducible analyses once the common format and open
software are used. Even if future instruments are driving the open data and software
development, the current generation can significantly benefit from their advancement.
Their adoption ensures a larger user and maintainer base for the legacy data of current
instruments, and, eventually, more sophisticated data storage and analysis techniques.
The H.E.S.S. collaboration already pioneered a first public release of GADF-compliant
data. All currently operating VHE gamma-ray experiments are nowadays also able to
produce GADF-compliant data products, though for the moment they have mostly been
used internally. Multi-instrument scientific projects using these data products are on their
way, sharing data among collaborations through the use of memoranda of understanding.

The standardisation effort remains open to the inclusion not only of more gamma-
ray instruments but also of telescopes observing the universe with other messengers.
With the initiative being community-driven, high-energy astrophysicist in need of new
extensions to the format are able to propose them. The recent efforts reviewed in this
issue successfully employing GADF-compliant data and open-source analysis tools will
surely foster their usage for further scientific projects. The GADF does not represent an
isolated effort and aims at maintaining compatibility with other established standards in
high-energy astronomy, such as the OGIP (on which the GADF largely draws), or those
used for high-level products within the virtual observatory [49]. Promoting the use of open-
source analysis tools, as well as common open data formats will distinguish high-energy
astrophysics in the future as one of the few branches of modern science unconcerned by
the reproducibility dilemma affecting many other disciplines [50].
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Abstract: Thirty years after the discovery of the first very-high-energy ~-ray source by the Whipple
telescope, the field experienced a revolution mainly driven by the third generation of imaging
atmospheric Cherenkov telescopes (IACTs). The combined use of large mirrors and the invention of
the imaging technique at the Whipple telescope, stereoscopic observations, developed by the HEGRA
array and the fine-grained camera, pioneered by the CAT telescope, led to a jump by a factor of more
than ten in sensitivity. The advent of advanced analysis techniques led to a vast improvement in
background rejection, as well as in angular and energy resolutions. Recent instruments already have
to deal with a very large amount of data (petabytes), containing a large number of sources often very
extended (at least within the Galactic plane) and overlapping each other, and the situation will become
even more dramatic with future instruments. The first large catalogues of sources have emerged
during the last decade, which required numerous, dedicated observations and developments, but
also made the first population studies possible. This paper is an attempt to summarize the evolution
of the field towards the building up of the source catalogues, to describe the first population studies
already made possible, and to give some perspectives in the context of the upcoming, new generation
of instruments.

Keywords: very-high-energy «-ray astronomy; atmospheric Cherenkov telescopes; source catalogues

1. Introduction

Soon after the discovery of cosmic rays by Victor Hess in 2012 [1], it was realised that
very-high-energy -y rays could allow the identification of their sources, mainly because,
in contrast to charged cosmic rays, neutral - rays are unaffected by extragalactic and
galactic magnetic fields, and therefore travel undeflected in space. Direct observation of
high-energy v rays from space is, however, limited to energies <100 GeV due to the steeply
falling source flux as a function of increasing energy. At the same time, due to the overall
thickness of the atmosphere (1 kg cm™2), high-energy particles (7 rays or charged nuclei)
entering the atmosphere do not reach the ground, but interact at high altitudes and trigger
the development of a so-called “extended air shower (EAS)” of particles. These showers
contain numerous ultra-relativistic electrons and positrons, travelling faster than light in
the air and consequently emitting ultrashort (nanosecond) flashes of Cherenkov light [2].
After an initial suggestion from Blackett [3], the first attempts to detect the Cherenkov
light emitted by atmospheric showers dates back to 1953 [4]. It took, however, several
decades before the emergence of ground-based very-high-energy gamma-ray astronomy.
The Whipple collaboration established the imaging atmospheric Cherenkov technique [5],
whereby large telescopes, equipped with an ultra-fast camera, capture the Cherenkov light
emitted by ultrarelativistic electrons and positrons in the atmospheric showers, and form
the image of the latter. A detailed analysis of the shower image allows the reconstruction of
the parameters of the incoming particle: direction of arrival, impact on the ground, energy,
and, on a statistical basis, allows for the discrimination of -y rays from the much more
numerous charged cosmic rays.

During the last decades, the field of very-high-energy (VHE) -ray energies over
100 GeV evolved from the observation of isolated, well defined sources to very large
projects, spanning several years, and covering a large fraction of the sky. These projects
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resulted in very large and inhomogeneous data sets, with deep exposures on specific regions
of interest (ROI) and much shallower exposures on other ones. The resulting large exposure
gradients are tricky to handle in analysis pipelines and imposed the development of new
acceptance determination and background subtraction techniques. In addition, these
large data sets are acquired across several years, resulting in very diverse observational
conditions, in terms of array configuration (number of operational telescopes, trigger
settings, etc.), zenith angle, night sky brightness (NSB), etc. Dedicated analysis techniques
have been developed to permit the consistent analysis of such data sets which are key
ingredients for the build-up of catalogues. The first catalogues, elaborated in the last decade,
revolutionised our view on the VHE sky and initiated the statistical analysis of populations
of the same type, revealing some of their evolution scheme. The next generation of
instruments, and in particular, the upcoming Cherenkov telescope array (CTA), will sample
the sky with unprecedented sensitivity and is expected to make quantitative studies on
source populations a major activity, thus pushing forward our understanding of particle
acceleration and «y-ray production in VHE sources.

This paper is divided into three sections. The first is dedicated to the technical aspects
of catalogue construction. In a second part, the existing major surveys are described,
together with the first population studies that they made possible. The third and last
section presents the upcoming projects and some personal perspectives.

2. Technical Aspect of Survey and Catalogue Constructions

In the VHE 7y-ray domain, the construction of catalogues arises essentially from two
different observational strategies. On the one hand, observations were historically mainly
conducted on sources of particular interest, identified from observations at different wave-
lengths (targeted observations). This mode of observation is still valid for extragalactic
observations, where the density of sources of sufficient brightness is not high enough to
undertake systematic surveys. Such targeted observations result in sparse and incom-
plete catalogues with very heterogeneous depth. On the other hand, a few large-scale
surveys (survey observations) have been conducted, essentially in the Galactic plane (see
Section 3.1), allowing for (partially) unbiased samples of sources. These two observational
strategies have numerous implications, first on the way the array of telescopes is operated,
but also on the way in which the analysis pipeline is constructed and run. In this section,
we review the technical aspects of the catalogue construction. The important steps towards
a source catalogue are:

®  Array operation and observational strategy: the way in which the array of telescopes
is operated and optimised for a given physics goal (optimised on sensitivity or on
field-of-view (FoV) width for instance).

e Event reconstruction and classification: separation of y-like events from the much
more numerous background-like events and construction of events classes.

*  Background model: determination of the expected background in the field of view,
taking into account the instrument response.

e Excluded region determination: identification of regions which are potentially con-
taminated by genuine y-ray signal. These regions should not be used to estimate the
remaining background in the subsequent background subtraction procedure, so as to
avoid signal over-subtraction.

e Background subtraction: comparison of the number of events in a region of interest
with the expected number of events (coming from the background model), to assess
the potential existence of a localised excess.

*  Automated catalogue pipeline: separation of regions of significant y-ray emission
into individual source components and extraction of their physical characteristics
(flux, energy spectrum, morphology, temporal variability, ...).
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2.1. Observational Strategies

Observations of IACTs are usually divided into chunks of ~30 min, called runs, which
could correspond to an exposure time in different domains of astronomy. This typical
duration results from a trade-off between opposite constraints: on the one hand, it takes
some time to slew the telescopes to a different target, to configure the system and to start
the observations, so a run should not be too short (at least a few minutes). Since the
instrument trigger rate ranges from a few hundreds of Hz to a few kHz, it takes at least a
few minutes to collect enough events to be able to assess the instrument performance and
stability (and to be able to estimate the background, see Section 2.4). On the other hand,
the instrument response function varies strongly with the observational conditions (and in
particular with the zenith angle and meteorological conditions, both on time scales of a
few minutes), making very long runs more prone to systematics and more complicated
to analyse.

Since any astronomical source can only be observed for a few hours every night, and
only during certain periods of the year, and given the very low flux of very high energy
< rays, even from the strongest known sources, many runs, spread over days, months
and even years have to be combined in a consistent manner in the analysis procedure to
produce a stacked data-set. This observation procedure also requires the performance of the
instrument and the atmosphere to be monitored precisely over very long periods of time.
The current generation of IACTs carry out two main modes of pointing corresponding to
the targeted and survey modes of observation:

. Wobble mode of observation (Figure 1, left), where several observations are taken with
different pointing directions around the source of interest. The source is displaced
with respect to the centre of the field of view, to allow for proper background deter-
mination (Section 2.4.3). This mode of observation is appropriate for point-like or
moderately large sources of known position, and in particular for targeted observa-
tions. Historically, the pointing positions were taken with a shift in the right ascension
(RA) equal to the temporal separation between runs, in order to reproduce the exact
same trajectory of the telescopes on the sky for each pair of runs. By doing so, no
correction for the variation of telescope response had to be applied, simplifying a lot
the analysis. Recent IACTs, using more elaborate background models (Section 2.3),
dropped this observational constraint and combined observations with wobble offset
in any direction (right ascension, declination or any other coordinate).

®  Survey mode of observation (Figure 1, right), where a large region of the sky is scanned
with observations overlapping each other (in order to minimise the background
gradients). Several rows can be conducted in parallel or one after the other, and
different spacing between pointing positions can be used. This mode of observation
is usually optimised to maximise the sky coverage, while minimising the acceptance
variations across the surveyed region.

(LNN [ LRERKENN
COD RSNy,
NN \<\XXX//

Figure 1. (Left:) Classical Wobble pointing mode, where the source is offset in the field of view.
(Right:) Survey pointing mode, with observations overlapping with each other. The black “+” mark
denotes the pointing direction for the various runs, and the blue circles the instrument field of view.
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These two modes of observation correspond also to different possible pointing opti-
misation schemes. In the wobble observation mode, one usually wants to reach the best
possible sensitivity. To achieve that, all telescopes are pointed in the same direction (parallel
pointing) (Figure 2a), or even pointed at the altitude of the maximum of development
of the showers (convergent pointing—Figure 2b) to maximise the collection of light. In
contrast, in the survey mode of observation, one might want to increase the sky coverage 3
at the expense of point-like sensitivity. This can be achieved by splitting the array in several
groups of telescopes pointing at different directions, or even, although this was not yet
effectively used, by implementing a divergent pointing mode (Figure 2c) where telescopes
point on directions slightly offset from each other to increase the effective field of view.
Technically, divergent pointing can easily be implemented as a convergent pointing to a
negative altitude. Convergent pointing at very low altitude (a few km above the ground,
Figure 2d), also denoted skewed pointing here, can also be used, and is technically not more
difficult to implement.

[ VYYYN

LR I Pror s e s YY ¢ s oroxou

) o (d)

Figure 2. From left to right: (a) parallel pointing, (b) convergent pointing at high altitude, (c) divergent pointing, (d) con-

vergent pointing at low altitude, also denoted skewed pointing.

Depending on the telescope angular separation, divergent pointing can result in a
non-flat exposure across the sky, which can significantly complicate the subsequent steps
of the analysis. To investigate the merits of each telescope pointing strategy, we performed
a simulation of an array of 37 H.E.S.S.-I telescopes (5° z FoV each) placed on a square grid
with lines of 3, 5,7, 7, 7, 5, 3 telescopes at the altitude of the H.E.S.S. site (1800m a.s.l)
(Figure 3), and separated by 120 m each (for a total array size of 720 x 720 m?). Pointing
altitudes ranging from 3 km to 10 km above site level were used in both convergent and
divergent (negative altitude) modes, and parallel pointing was also included for reference.
Diffuse y-rays between 100 GeV and 10 TeV (20° 2 cone opening angle) were simulated
on a circle of 700 m (enclosed in the array), using the kaskade/Smash simulation chain
developed for H.E.S.S. [6]. Data were analysed using the Model++ [7] within the H.E.S.S.
software framework. Results of this simulation are presented in Figures 4 and 5.

Figure 3. Array of 37 H.E.S.S.-I telescopes used in the simulation of various pointings.

Figure 4, a shows that convergent pointing at high altitude maximises the event
multiplicity (number of triggered telescopes). As a consequence, this mode of observation
also maximises the precision of the reconstruction (angular and energy resolution in
particular), as shown in panel d. In contrast, this corresponds to a rather modest size of the
effective field of view, as measured by the squared angular distance of the observed events
to the optical axis (panel b).

As expected, the largest effective fields of view are obtained by pointing at low altitude,
either in divergent or convergent (skewed) modes, as shown in panel b, with rather similar
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and quite flat distributions. Panel ¢ shows the distribution of squared impact distance with
respect to the centre of the array, which is used to derive the effective area of the array. Low
altitude pointings (convergent or divergent) tend to select mostly events close to the array
centre, whereas convergent pointing at high altitude tends to maximise the effective area.
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Figure 4. Comparison of performances of various pointing strategies. From left to right: (a) Event
multiplicity, (b) Squared angular distance to optical axis, (¢) Squared impact distance to the centre of
the array, (d) Event reconstruction precision, measured as the fit uncertainty on the event direction.

From the squared angular distance and squared impact distance distributions (panel
b and c), an integrated aperture can be derived, which corresponds, to a normalisation factor,
to the rate of detected y-rays. The integrated aperture for the presented simulation is
displayed in Figure 5 as a function of the inverse of the pointing altitude (such that parallel
pointing is at the origin of the X axis, negative values correspond to divergent pointings,
and positive ones to convergent pointings). It turns out that for this particular simulated
array configuration, the detection rate is maximised for moderate divergent pointing (at
an altitude of —6 km), thus confirming the potential of the divergent observation mode.
In particular, for a uniform distribution of sources with sufficient density, as expected
in the extragalactic sky, divergent pointing might indeed be the most effective mode of
observation. On the other hand, distant sources are affected by y-ray absorption by pair
creation on the EBL. Limiting this absorption requires the reduction of the energy threshold
to its minimum possible, which is better achieved in convergent pointing mode. These
preliminary results, although confirming the findings of other authors (e.g., [8]), need
to be confirmed by a full scale simulation using realistic, next generation arrays (CTA)
and investigating not only the integrated aperture, but also the event reconstruction, y-
hadron separation and background subtraction. The question of background modelling
and subtraction might become complicated to handle (due to possible non-trivial variations
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across the FoV), and will certainly require further studies before such alternate pointing
strategies can be used in large-scale surveys.
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Figure 5. Integrated aperture for the various pointing strategies.

2.2. Event Separation and Classification

Genuine vy-rays represent a tiny fraction (~0.01%) of the events recorded by IACTs,
the vast majority being charged cosmic rays, composed of mainly protons and nuclei, but
also a small fraction of cosmic electrons. The details of event reconstruction and -hadron
separation are covered in an extensive bibliography and could be the subject of a review
on their own, and will not be covered here. A very large spectrum of techniques is indeed
used in the field, ranging from simple image parametrisation to template fitting, and even
image deep learning techniques. Whatever method is used to reconstruct the events, one
or several discriminating parameters are constructed to separate y-ray events from the
charged cosmic rays. The probability density functions (PDFs) for the y-ray and charged
cosmic-ray events always overlap, rendering a perfect separation impossible. In particular,
a small (~107%) fraction of protons generate a 7t high in the atmosphere, which initiates
the development of an electromagnetic shower which is very similar to that induced by
y-rays. Similarly, electrons also initiate electromagnetic showers and are therefore almost
indistinguishable from genuine -rays. The discriminating parameters can be used to
construct several, well separated event classes used in the subsequent steps of the analysis.
Two main event classes are usually used:

e 7-like events: these events are very likely (probability depending on the analysis
strategy) to originate from a genuine v ray.

e background-like events: these events have a marginal, tiny probability of originating
from a genuine 7 ray, and most likely come from a charged cosmic ray.

Due to the overlap of the PDPFs, this classification is incomplete, with many events
falling between the two cases. The separation also remains imperfect, as some remaining
background events always survive the selection. Alternatively, one can make use of the full
PDFs to derive a “gammaness” or “hadroness” parameter (e.g., [9]), giving the probability
for the event to respectively originate from a <-ray or a charged cosmic ray. So far, the
subsequent steps of the analysis, and in particular the background subtraction, have not
really been adapted to the use of continuous probability distributions, so the use of event
classes remains the state-of-the-art for what concerns IACTs.

Different event selection strategies can be used, which can be visualised in an efficiency
vs. purity plane (Figure 6), where the efficiency denotes the fraction of v rays that are
retained in the analysis, while the purity is the relative fraction of 7 rays in the selected
sample, i.e., one minus the background contamination fraction. It is, in general, possible
to achieve a very high v-ray efficiency (retain almost all 4’s) but at the price of large
background contamination (bottom-right in the plot). It is also possible to have a rather
large purity of the sample (almost no background) but at the price of a very bad efficiency
to <y rays (top-left). One usually denotes as “loose selection” a selection corresponding to
first case, while “hard selection” is used for a high purity, low efficiency selection strategy. In

116



Universe 2021, 7, 421

general, low-energy showers are subject to more statistical fluctuations, and are therefore
more difficult to distinguish from hadronic showers. As a consequence, hard selections
usually lead to a higher energy threshold than loose selections.

Hard
selection

Purity

Loose
selection

Efficiency

Figure 6. Efficiency-purity plot.

The question of optimal selection strategy is fully non-trivial, as it is intimately linked
to the questions of background subtraction (Section 2.4.1) and background systematics
(Section 2.4.9). In terms of pure statistics, a theoretical optimal selection exists along the
curve (red point), which maximises the statistical significance of the detection of a given
7-ray source. This optimal point however differs for each and every source, as it depends
on the source intensity and spectral shape. If it is possible to adapt the selection to the
source characteristics in the case of individual, targeted observation, large scale surveys
used in catalogue construction require, in contrast, a homogeneous selection to be used
consistently throughout the whole data set. One general trend that can guide the choice
is the fact that, due to the steeper energy spectrum of cosmic rays compared to that of
galactic y-ray sources, the background is reduced faster than the signal when moving
towards harder selection cuts. In order to maximise the detection potential of faint sources,
rather hard selection cuts were used in most surveys so far, with the drawback of reduced
efficiency at low energies. Hard cuts also have the advantage of significantly mitigating
the problems arising from the imperfect modelling of the acceptance and uncontrolled
background systematics.

Since the population of VHE sources might actually vary with the energy domain,
future surveys might be optimised also towards low energy, imposing the use of looser
cuts. It is also possible to release several sub-versions of the same catalogue, corresponding
to different selection schemes, as has already been done in other experiments such as
Fermi-LAT or HAWC.

2.3. Acceptance—Background Model

The term background model or acceptance denotes the shape of the distribution of
events across the field of view in the absence of genuine y-ray sources. It can be determined
for the various event classes (Section 2.2), and needs to be determined in particular for
7-like events prior to background subtraction (Section 2.4). For genuine y-rays it is usually
determined from Monte Carlo simulation, whereas for cosmic ray events, it is usually
determined directly from the data, either from the considered data set, or from a different,
control data set. The background distribution across the field of view depends on multiple
parameters, and must be derived for each and every analysis configuration. It depends of
course on the array geometry (number of telescopes and position), on the reconstruction
method and on the event selection, but also on the observational conditions (zenith angle)
and on the energy. The deeper the observations, the more accurate the background models
needs to be to avoid uncontrolled systematics across the field of view.

The background model is usually determined on a run-by-run basis, and is then
reprojected onto the sky to compute the background model for the full data set, as shown in
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Figure 7; left: background models are determined for every run, and then stacked together.
Several algorithms have been developed for the computation of acceptance:

Exclude Region‘

Figure 7. (Left) Stacking of background models for a data set with different pointing. (Right) Radial
acceptance determination in the presence of known or putative y-ray sources.

2.3.1. Radial Acceptance

The radial acceptance model is the simplest acceptance model, and the easiest to
implement. It assumes a rotational symmetry of the instrument response around the
pointing direction, which is an acceptable assumption for not-too-deep data sets. Thanks to
its simplicity, it can be determined easily in different energy slices, thus providing the input
for a 3D analysis. Radial acceptance curves usually depend also on the zenith angle range.
The incorporation of both zenith angle bands and energy slices results in a 3-dimensional
model which represents the current state-of-the-art.

To avoid contamination of the acceptance, known or putative y-ray sources can be
excluded from the acceptance determination, if not overlapping with the centre of the FoV,
by excluding a sector from the radial acceptance determination (Figure 7, right). Additional
gradients, due in particular to the variation of zenith angle across the field of view, can also
be taken into account.

The evolution of the radial acceptance curves with zenith angle (left) and energy (right)
is shown in Figure 8 for the H.E.S.S.- array of 4 telescopes, and for a given reconstruction
(Model++ Std). For a different reconstruction and/or a different set of cuts, the curves will
be different but will exhibit a similar trend. As can be seen from the figure, differences of
more than 20% between different bands can easily exist, stressing the fact that the use of
zenith angle bands is mandatory to avoid systematic effects.

s F g
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Figure 8. (Left) Radial acceptance curves for different zenith angle bands. (Right) Radial acceptance curves for different

energy bands.
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The advantages and drawbacks of the radial acceptance model are the following:
Advantages

e Conceptually easy

¢ Known sources (if not overlapping with the neater of the FoV) can be excluded easily
®  Acceptance can be determined from the actual data set or from an alternate one

e  Can be computed in energy slices and in zenith angle bands

e  Simple gradients (zenith angle gradient) can be taken into account rather easily

Drawbacks

e Does not take into account the non-symmetrical response of the camera, nor the actual
array shape

*  Does not take into account inhomogeneities of response

®  Does not take into account varying conditions (NSB, etc.)

e Requires a significant amount of data to be already taken with the corresponding
array configuration

2.3.2. 2D Acceptance

Bi-dimensional acceptance (or “2D” acceptance) is relatively similar in principle to
radial acceptance, but without the assumption of radial symmetry. The response of the
array is computed in the nominal frame (i.e., in the frame attached to the pointing direction)
for every run, and then reprojected onto the celestial coordinates. Instead of a radial
description of the instrument response, a 2D representation is used. Since the input
statistics are spread over a wider phase space, 2D acceptance needs more data than radial
acceptance to be produced with a similar level of precision.

The exclusion of known and/or putative y-ray sources is also more complicated than
for the radial acceptance, because sources move in the field of view during the observations.
One working algorithm is depicted in Figure 9: throughout the observations, an exposure
map is computed by counting the faction of time in which each pixel is not within one
excluded region (top left). The exposure maps of each run are stacked together (top
right), with a weight corresponding to the total number of events per run. An event map
is computed at the same time for each run, excluding the events in the corresponding
region (bottom left). The event maps of all runs are summed up. The final acceptance
map is then computed by taking the ratio of the stacked event map to the exposure map
(bottom right). The whole procedure can be performed in parallel for different event
classes (7-like, hadron-like), for different zenith angle bands, or for different energy slice
bands. An implementation of the 2D acceptance model has recently been made available
in gammapy [10].

The advantages and drawbacks of the 2D acceptance model are the following:
Advantages

*  Takes into account actual camera shape and inhomogeneities of response

e Known sources can be excluded as soon as several different pointing positions are
used in the data set (one needs to make sure, however, that no part of the FoV is
excluded in all pointing positions)

e Acceptance can be determined from the actual data set or an alternate one (i.e.,
extragalactic observations)

e  Can be computed in energy slices

e  Simple gradients (zenith angle gradient) can be taken into account

Drawbacks

®  Technically more complicated

®  Requires a minimum number of runs with sources at different locations

e Does not take into account varying conditions (NSB, optical efficiency, ...)

®  Requires a significant amount of data to be already taken with the corresponding
array configuration

119



Universe 2021, 7, 421

Run 1 Run 2 Exposure Map

%

Events Map Exposure Map Acceptance Map

Figure 9. 2D acceptance determination. (Top) Determination of the exposure map by stacking of
maps from individual runs. (Bottom) Determination of the final acceptance map from the ratio of the
event maps to the exposure map. Reproduced from [11].

Both the radial and the 2D acceptance models assume some underlying symmetry.
In particular, they assume that the distribution of events in the field of view does not
vary with the azimuth angle of the observation (for a given zenith angle band). This
assumption appears in practice reasonable for arrays with a sufficient number of telescopes
and high degree of symmetry. For very sparse or very asymmetric arrays (or when
some telescopes are non-operational), this becomes a limitation. For instance, in the
case of a two-telescope system such as MAGIC, the acceptance exhibits an elongated,
altitude/azimuth-dependant shape, which can be partially corrected by Monte Carlo
simulations (and references therein, [12]). In addition, the asymmetry caused by the
direction of the magnetic field and the induced asymmetric broadening of showers can
induce some additional acceptance systematics, particularly at low energy. Generating
acceptance models for different array sub-configurations and for different azimuth bands
can quickly become prohibitive, as it further increases the amount of required data. In very
deep observations, the imperfection of the acceptance models can be readily observed [11].

2.3.3. Simulated Acceptance

Since the advent of so-called RunWise simulations [13], the possibility of generating
an acceptance model exclusively from simulations has been investigated [14]. While
theoretically possible, the simulation of cosmic ray background is in practice prohibitive in
terms of computing time, due to the extremely large phase space and rather low triggering
efficiency. Moreover, we are interested mostly in the -like acceptance, corresponding to
the tiny fraction of background events surviving selection cuts. It was instead assumed
that «y-like acceptance would be rather close to genuine vy-ray acceptance, and could be
derived from <y-ray simulations. For this purpose, diffuse y-ray simulations over the field
of view are generated for each individual run, using settings as close as possible to the
real observations. Actual calibration coefficients per pixel are used (gains, flat-fielding,
non-operational pixels, level of NSB, pixel threshold, ...) and the evolution of the pointing
direction during the run (due to the rotation of the sky) is reproduced in the simulation. It
has already been shown in [13] that the RunWise simulation offers a more precise modelling
of the instrument response than classical simulations performed on specific grid points of
the phase space. Now, it appears that RunWise simulations can also be used to generate
more precise acceptance models, by taking into account properly any inhomogeneity of
response, as well as varying, atmospheric conditions.
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One important point to address in this scheme is the aforementioned difference
between the cosmic ray <-like and y-ray events, which might exhibit a different distribution
across the field of view. It has been shown however that diffuse y-ray simulations reproduce
fairly well the 7-like hadronic background, and that a radial correction, obtained by
comparing simulations and actual data from fields free of y-ray emission, can account for
the difference and lead to a usable background model. The advantages and drawbacks of
the simulated acceptance model are the following:

Advantages

e Conceptually rather simple

e Takes into account the actual array configuration for each individual run

¢ Takes into account varying conditions (NSB, high voltage gradients, pixel gains, ...)
across the field of view

®  Reproduces naturally the zenith angle gradients (no correction needs to be applied
afterwards)

®  One model per run, no need to generate zenith angle slices or whatsoever, nor to use
a multidimensional interpolation scheme

e No need to exclude known or putative y-ray sources, no risk of contamination by
large scale diffuse emission

e Can be derived as soon as observations are made; no need for a large, pre-existing
data set

Drawbacks

e  Computationally more intensive (in order to produce enough statistics)

*  Needs to be produced for every run

®  Requires some radial corrections due to the difference between cosmic-ray v-like
events and real gammas

2.3.4. Comparison Elements and Limits

For most moderately deep observations, the radial and 2D models usually perform
similarly well. Figure 10 shows a comparison between the radial (top) and 2D acceptance
(middle) models for a very large data set of more than 5000 runs (2500 h of observations)
in the inner galactic plane (I € [—50,50]°). The two models agreed within ~1% (bottom
panel), which is generally sufficient for the standard analyses. This value is similar to what
is quoted in [15], where a typical detector acceptance inhomogeneity of the order of 3% is
also mentioned, with possible larger values in specific fields that have large NSB variations
and/or large zenith angles.

Analysis of deep fields with the current generation of instruments is, however, already
dominated by background systematics arising from, amongst others, an imperfect deter-
mination of the acceptance. The actual layout of the telescopes has an altitude /azimuth
dependant imprint on the acceptance, which is not fully predicted by neither the radial
nor the 2D acceptance model. Improving the precision of the acceptance model is a major,
but mandatory challenge for the next generation instruments. CTA, with a factor of ten
larger effective area, will require the acceptance to be determined with a sub-percent level.
This will require significant efforts to include the various sources of systematic differences,
arising in particular from the actual array layout or the variation of NSB across the field
of view.
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Figure 10. Comparison of radial and 2D acceptances determination.

2.4. Background Subtraction

The next step in data analysis corresponds to the comparison of the recorded number
of -like events in a region of interest with an expected number of background events,
in order to assess the putative presence of a significant excess signalling the presence of
a y-ray source. The evaluation of the expected number of background events can arise
from different origins: -like events in different parts of the field of view or in different
regions of the sky, with various reprojection techniques, hadron-like events at the same
location, or Monte Carlo simulations. Throughout the history of VHE 7-ray astronomy, a
variety of techniques have been developed; some of them suitable for source detection and
morphology determination, some of them also used to derive the energy spectrum of the
sources. This dichotomy arises because the detector response varies with observational
conditions, and, in particular, depends strongly on the zenith angle: to be able to determine
the energy spectrum of the source, the background subtraction needs to be performed in
different energy slices (“Cube” analysis). Some background subtraction techniques are
done on a run-by-run basis; some use the complete stacked data set. The main algorithms
used in the field are:

®  Reflected background, using y-like events in regions at identical distances from the
centre of the field of view, on a run-by-run basis,

e On-Off background, using 7-like events in identical regions of different, usually
consecutive (but not always) observations,

*  Ring background, using y-like events in a ring around the ROI or around the centre
of the field of view,

e Template background, using hadron-like events at the test position,

e  Field-of-view background, using calculated acceptance as background,

*  RunWise Simulated background, using completely simulated background.

2.4.1. Basics of Background Statistics

When subtracting some background estimate from the number of recorded <y-like
events in an ROI, one needs to assess the significance of the resulting excess (or deficit). The
computation of this significance depends on the way in which background is estimated.
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Whether the background is estimated from the number of events in a different region
of the phase space (i.e., from a different direction, or from a different event class), the
number of background events is subject to Poisson fluctuations, just like the number of
7-like events in the ROL In that case, the Li and Ma statistics [16] apply. Considering
Non, the number of v-like events in the ROI and Ny, the number of background events
with a normalisation ratio «, the significance of an excess Non — & X Ny is given by
S = v/ —2InA, where A is the likelihood ratio between the null (background only) and the
(signal+background) hypotheses:

A= Po(NoH,NOff|§0) _ |: ® (Non + Noff>:|Non 5 |: 1 (Non +Noff):|Noff M
P(Non, Noff|§r E) 1+« Non 1+uw Nogt

This method applies to the reflected, on-off, ring and template backgrounds (see
Sections 2.4.3-2.4.7). In contrast, when the background is estimated from a model, and not
subject to Poisson fluctuations (as in the field-of-view background), one should use the
so-called cash statistics [17], from which a similar formula can be derived:

= = \N
Py(Non|Bo) ( B > on _
A= —— — 7 = Non — B 2

P(Non/S,B)  \Non exp (Non — ) @)

This method, however, assumes perfect knowledge of the background model, which
is, in practice, incorrect. Some ways in which to take into account the uncertainty in the
background model are discussed in Section 2.4.9.

2.4.2. Excluded Regions

When subtracting some background estimate from the number of events in the ROI,
it is of prime importance to ensure that the background estimate used is not itself con-
taminated by v rays. This issue is relevant when the background is estimated from the
population of 7-like events in different regions of the sky, as for the reflected or ring
background in particular. This concern also applies to the case when some normalisation
factor between the number of y-ray candidates and hadron-like events is required, which
is the case for the template or field-of-view background. All in all, the definition of proper
“excluded regions”, possibly contaminated by genuine v-ray events from an astrophysical
source, appears more or less mandatory.

The definition of excluded regions is usually done manually, at least for targeted
observations or for modest regions of the sky. In some cases however, such as when
constructing a complete catalogue over a large region of the sky populated with many
sources, an automatic procedure is required to avoid biases, and becomes mandatory. Such
an iterative procedure was used in the H.E.S.S. Galactic plane survey [18], see Section 3.1,
by excluding all regions with a statistical significance > 5 ¢ augmented by a margin of 0.3°
around them.

2.4.3. Reflected Regions

The reflected background uses y-like events from the same observation, and from
regions located at the same angular distance from the centre of the field of view (Figure 11).
For each observation (pointing direction displayed as black star in Figure 11), the ROI (red
circle) is located at a different angular distance from the pointing direction. OFF regions
(blue circles) of identical shape are spaced evenly in the field of view, at the same angular
distance from the pointing direction. Regions which intersect one or several excluded
regions (grey regions) are then eliminated from the background estimate.
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OFF Regions
(1 pointing)

Excluded Regions

Figure 11. Illustration of the reflected regions background, for two different observation positions
(shown as black stars). The positions of the selected OFF regions are shown as filled circles. The
excluded regions, which have non-empty overlap with excluded regions (displayed in grey) are
shown as dashed circles.

Besides its technical simplicity, the main advantage of the reflected background resides
in the fact that, with all regions being located at the same distance from the pointing
direction, no radial dependence of the acceptance has to be taken into account. Only
gradients caused by the variation of the zenith angle across the field of view need to be
accounted for in the # normalisation factor. Moreover, with the acceptance being essentially
the same in all regions (with identical energy dependence), the reflected background is
very well suited to the determination of the energy spectrum of the source.

In contrast, since the background regions differ for every test position, and are different
for each run, the determination of sky maps using this technique appears non-trivial (The
author is not aware of any implementation of the reflected background algorithm suitable to
the production of sky maps). Note that there is one case in which the reflected background
cannot be used: when the ROI overlaps with the pointing direction, no OFF regions can be
found with this algorithm. This imposes the need for the careful planning of observations.

2.4.4. On-Off Background

The On-Off background is somewhat similar in spirit to the reflected background. It
also uses ‘y-like events in the field of view, but instead of taking the control (OFF) regions
from different positions in the same run, it uses pairs of runs with the same observing
conditions. This was one of the first methods used in the field [5], as it is particularly
robust to systematics. Observations were paired in right ascension, such that the telescope
trajectory on the sky was completely identical in both runs, thus cancelling the effect of the
varying zenith angle.

The On-Off background also allows the energy spectra to be derived, and is suitable
for very extended sources, but presents two main disadvantages: first, the amount of data
needed is at least doubled, since for every ON run, a paired OFF run is needed. Using a
single OFF run for each ON run gives &« = 1 in Equation (1), and means that the fluctuations
in the background are dominant in the calculation of the significance. To limit the effect
of the fluctuations in the background, one might need 5-10 OFF runs per ON run, which
further increases the amount of data, and leads to very poor efficiency. Second, it requires
the OFF run to be clear of 7y rays. With the large increase of known <y-ray sources in recent
decades, this becomes tricky, if not impossible, in crowded regions such as the galactic
plane. Nowadays, the On-Off background is barely used anymore. It is still used in very
specific projects concerning very extended sources (covering most of the field of view),
for which other methods fail, e.g., [19]. OFF runs are no longer taken from dedicated
observations, but from archival observations of extragalactic fields taken under similar
conditions that are empty of y-ray sources. This method, where archival data are used
instead of paired observation, is also called matched run background.
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Figure 12. Principle of Ring- and Adaptative Ring Backgrounds. From left to right: (a) ring background in camera frame,
(b) ring background in astronomical frame, (c) ring background in astronomical frame with excluded regions (d) adaptative

2.4.5. Ring Background

The ring background [15] also only uses -like events, but from a different part of the
phase space. The overall idea is to compute the expected number of background events in
the ROI using a ring around its position (see Figure 12). The radius and thickness of the
ring have a direct influence on the normalisation ratio «, and thus on the final statistics.
In general, the size (area) of the ring should be set to a value that is large compared to
the size of the ROI (to limit the statistical fluctuations in the OFF regions), but should not
exceed a significant fraction of the size of the field of view, to avoid introducing additional

systematics.

* @
a) b) c) d)

ring background.

Two different versions of the ring background currently exist, corresponding to differ-

ent use cases:

e The ring can be constructed around the pointing direction in the camera frame
(Figure 12a), and then differ from run to run. This algorithm is then very similar
to that of the reflected regions, and shares the same general properties (spectral

reconstruction capabilities, ... )

e The ring can be constructed around the ROI in the astronomical frame (equatorial,
galactic, ..., Figure 12b—d), and then uses the stacked data set, instead of individual
runs to generate sky maps. The determination of the energy spectrum of the source is,
however, very challenging in this version, because the ring around the ROI encom-
passes many different runs, corresponding to different observational conditions which
need different response functions. The ring background can, however, be performed
in energy slices (thus requiring the acceptance to also be determined in energy slices).

By averaging the background over a large region around the RO], the ring background
is rather robust against localised background systematics in the OFF region caused, in
particular, by small-scale variations of the NSB (bright stars, ...). It also permits large
values of « in Equation (1), thus reducing the effect of the background fluctuations and
improving the statistical power of the analysis. The drawback is that it tends to remove
any large structure of y-ray emission, such as the large-scale galactic diffuse emission.

2.4.6. Adaptative Ring Background

In very crowded regions, such as the Galactic plane, the presence of (very) extended
sources can make large fractions of the ring unusable, as shown in Figure 12d. The
normalisation ratio « then takes very different values depending on the position of the ROI,
leading to inhomogeneous performances. In some cases, the full ring would be excluded,
leading to holes in the significance map. For that reason, the concept of adaptative ring
background was introduced in [18]: for a given test position, the size of the ring is increased
progressively until the acceptance integrated within the ring (and outside excluded regions)

reaches at least four times the acceptance integrated in the ROIL
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2.4.7. Template Background

The template background [20] differs completely from the previous models. It makes
use of the fact that only a small fraction of events in the ROI are -like events, the vast
majority being cosmic ray events, also denoted as hadron-like events, which can be used
to estimate the background. It assumes that the rate of -like and cosmic-ray events are,
to some predictable factor, proportional. The ratio between the two is estimated from the
ratio of the relative acceptances to y-like and hadron-like events calculated previously.

Until relatively recently, the template background was only used to derive the mor-
phology of y-ray sources. Spectrum determination appears very challenging, since the
population of events is made from the superposition of 3 categories, for which the response
functions have to be determined, either from Monte Carlo simulation or from OFF data:

e 7-like events in the ROI (entering the ON sample), mostly made of hadronic and
electronic cosmic rays within the y-like selection

e true y-ray events, corresponding to signal being sought (also entering the ON sample)

*  hadron-like events in the ROI (entering the OFF sample)

A method was proposed in [21], in which the template background normalisation is
done in reconstructed energy bands, and various lookup corrections are made to correct
for the different shape of the acceptance for -like and hadron-like events. Although it
provides consistent results with classical methods and can be applied in crowded regions
where there are no y-ray free regions (which will be a clear advantage in the context of
the upcoming CTA), its complexity might introduce new systematics which are not easy
to assess. This is a substantial problem at low energies where the ratio of -like events
to hadron-like events degrades. In general, such methods work rather well with hard
selections, but are subject to large systematics when using loose selections.

2.4.8. Field-of-View Background

In the field-of-view background [15], the acceptance is directly used as the background
model, with a normalisation factor usually derived from specific regions in the field-of-
view (regions assumed to be free from <-ray emission, such as side bands in the case
of the Galactic plane). The acceptance can be derived from the same data set, or from
OFF observations. Since much larger statistics are used to derive the acceptance at each
test position, the statistical fluctuations of the background model are usually considered
negligible, and the cash statistics are used (Equation (2)). The field-of-view background
can be applied to very extended sources, or even to diffuse structures, and has the largest
statistical power (as the normalisation factor « is null), but is prone to systematics induced
by the imperfect determination of the acceptance.

The field-of-view background was, until now, rarely used in VHE +y-ray astronomy. It
has recently been used in a detailed comparison between the H.E.S.S. and HAWC views of
the galactic plane [22].

2.4.9. Assessment of Systematics

When the background is properly modelled, the significance distribution derived from
Equations (1) or (2) (depending on the algorithm used) should follow a normal distribution.
In the presence of non-negligible systematic differences between the actual background
distribution and its model, the distribution is widened. Noting v the Gaussian width of
the significance distribution, the relative level of background systematics fsyst in the field
of view can be estimated simply as

2

05, — 1
f syst = fT 3)
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where (B) is the average number of background events per sky bin. This simple evaluation
provides an easy-to-calculate, single number per field, but does not take into account
the fact that the number of background events varies significantly across the field of
view, notably in the presence of strong acceptance gradients. More elaborate models
have been developed to quantify more precisely the level of background systematics,
e.g., [23]. State-of-the art analyses of IACT data reach background systematics of the
order of 1-2%. Background systematics can arise in particular from variation of the night
sky background across the field of view, the variation of calibration coefficients (high
voltage, pixel gains, ...) across the camera, changing atmospheric conditions, but also
pointing direction with respect to the earth’s magnetic field direction (which affects the
lateral development of showers). When using the simulated acceptance (Section 2.3.3), the
systematics level should not depend much on the FoV, because most of the predictable,
field-of-view dependant effects are properly taken into account in the acceptance. For
other acceptance models, the field-of-view effects are expected to be the dominant source
of systematics.

Background systematics are already the limiting factor for very deep exposures and/or
very extended sources in the current generation of instruments, and have been identified
as a major challenge for the next generation instruments, and in particular for CTA. In
this context, several strategies for the mitigation of the background systematics have
already been investigated. In [24], it is proposed to take the systematics into account
by adding an uncertainty to the « factor in Equation (1), and by modelling the resulting
significance distribution. This restores the correct statistical behaviour of the significance
across the field of view (and in particular its normal distribution), but the price to pay
is a significant reduction of the sensitivity. In [25], a joint-likelihood is used to compute
the total significance instead of stacking the individual observations together. The «
parameter is modelled as a random variable for each observation. This solves some of the
problems that occur when stacking observations with very different values of « for which
the error propagation appears problematic, while offering equivalent or superior sensitivity,
but it implies a good knowledge of the a distribution for each observation. In [12], no
assumption on the shape of the acceptance is made. Instead, observations are grouped by
similar observational conditions (array configuration, zenith angle, ...), and a generalised
likelihood ratio is used to derive simultaneously the signal and the background at a given
position, assuming identical relative acceptance shapes for the observations belonging to
the same group. It does not, however, solve the problem of field-of-view systematics which
vary from observation to observation, even within the same group.

2.4.10. Comparison

A comparison of three background subtraction algorithms, using the same data set as
for Figure 10 (100° of the H.E.S.S. galactic plane survey), with a top-hat smoothing of 0.25°),
is shown in Figure 13. The panels look overall very similar, however the template and
field-of-view backgrounds tend to produce more “diffuse” emission or “bridges” between
the well identified, localised sources and exhibit consistently larger systematics than the
ring background. Note, however, that in this example, the acceptance model (here 2D
acceptance) was determined using the same data set, and might therefore contain some
residual contamination from large-scale galactic diffuse emission. Moreover, the excluded
regions were not optimised again for this analysis and might be undersized. This example
should therefore serve as an illustration of the sensitivity differences between different
algorithms, and not as an input for a scientific discussion.
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Figure 13. Comparison of three background subtraction algorithms for the inner 100° of the H.E.S.S. Galactic plane survey,
with a source size of 0.25° (Top) ring background. (Middle) template background. (Bottom) field-of-view background.

2.5. Toward Template Fitting

Template fitting is the state-of-the-art in high-energy <-ray astronomy, and is the
default in Fermi-LAT data analysis: the counts maps or photon lists are compared in an
iterative procedure to a composite model using a Likelihood analysis. The model describing
the data is built from the following ingredients:

e amodel of isotropic diffuse emission, corresponding to extra-galactic diffuse 7 rays,
unresolved extra-galactic sources, and residual (misclassified) cosmic-ray emission.

e a model of the Galactic diffuse emission, which is developed using, in particular,
spectroscopic HI and CO surveys as tracers of the interstellar gas, and diffusion codes
such as GALPROP [26] (https://galprop.stanford.edu/, accessed on 28 October 2021)
to derive the inverse Compton emission

® asource model, comprising the y-ray source properties (morphology and energy
spectrum) within the region of interest. Characteristics of the sources (position,
shape, energy spectrum and brightness) can be fixed (for instance to the published
values) or kept free, in which case they will be adjusted throughout the log-likelihood
maximisation procedure.

Additional models for large scale components, such as the Fermi Bubbles for instance,
can be incorporated as well. The source model is usually constructed iteratively, by adding
new sources until the likelihood converges. In contrast to the high-energy domain, template
fitting is so far still in its infancy in very high-energy <y-ray data analysis, but will certainly
become one of the major, if not the default, analysis procedure in the coming years.

Building on its success in high-energy -ray astronomy, the MAGIC collaboration
recently implemented such a template fitting procedure [27]. Open-source software such
as gammapy [10] and ctools [28] already propose a template fitting procedure. One very
important difference with respect to high-energy <y-ray astronomy lies in the way in which
the background model is generated: high-energy «-ray instruments are signal dominated,
and the so called background consists mostly of genuine <y rays, but of diffuse origin. This
model can be incorporated directly in the final part of the analysis, using the standard
instrument response functions. In contrast, IACTs are background-dominated, and the
remaining background consists of mostly hadronic or electronic cosmic rays, which are
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much more complicated to evaluate. The model used in template fitting analysis must,
therefore, incorporate such a background model, or acceptance, produced by the procedure
described in Section 2.3.

2.6. Catalogue Pipelines

In this section, the tools used in the final part of the catalogue construction are described.

2.6.1. Requirements

Until recently, the analysis of large data sets was done in a completely supervised way,
with most tasks being the responsibility of the scientist. In particular, the excluded regions
were defined manually, based on the known existing sources and on results obtained
previously. Similarly, source identification was done based on existing spatial overlap
and similarly in shape with counterparts at other wavelengths, and was subject to human
judgement. With the increasing exposure and consequent depth of the data sets, the
problem of source confusion and overlapping has also become crucial, pushing for fully
automated catalogue pipelines. The main tasks of an automated catalogue pipeline are:

1. Selection of good quality data, based on instrumental and atmospheric measurements
(stability of instrument trigger rate, cloud monitoring, atmospheric transparency
measurement, ...).

2. Construction of an excluded regions mask, incorporating already-known y-ray sources,
but also new sources and/or possible diffuse contamination within the data set un-
der investigation.

3. Computation of acceptance.

4. Construction of background subtracted maps (excess and significance maps) using
the appropriate algorithm (adaptative ring background, ...).

5. Determination of source components and morphologies.

The whole procedure usually needs to be executed several times in an iterative way:
when new sources are identified at step 5, the excluded regions from step 2 need to be
refined, and the whole loop needs to be performed again. Some quantitative criteria are
also needed to decide when to stop the iterations. The analysis pipeline can also incorporate
additional tasks, such as automatic searches for transients events and for source variability,
as well as search for counterparts at other wavelengths, which are currently still mainly
done manually, since this requires some physics expertise.

2.6.2. Completeness, Angular Resolution and Horizon

As mentioned already, IACT are background-dominated instruments. This has nu-
merous implications for the large-scale surveys and for the construction of catalogues. For
sufficiently high statistics and low signal to background ratio (reasonable assumption), the
significance of a detection scales with the source intensity and observation time as:

Uusz\/g ()

with ¢ the source flux (at Earth), A the effective area of the array, t the observation time
and B the background rate, which depends on the detector characteristics and, therefore,
indirectly on the effective area. The minimum detectable flux thus scales as 1/ V/t, which
usually limits the depth of existing surveys.

The background rate, B, depends on various instrumental characteristics (array ge-
ometry, background rejection power, and angular resolution, among others), but also on
the source extent. In the context where most of the galactic sources are (very) extended,
as demonstrated by the results accumulated over recent years, one can neglect the effect
of the angular resolution and assume that the background rate scales as the source solid
angle (B ~ b x (). Assuming a source at a distance d with a physical extent R and an
intrinsic luminosity L, the scaling of the significance for point-like and extended sources
becomes, respectively:
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e For a homogeneous population of sources of the same luminosity and size, the maxi-

It follows that:

mum detection distance (horizon) scales as dmax & (L/R)+/t/b. For point-like source,
it scales as dmax o VL(t/B)'/%. The horizon of a given survey therefore depends on
the type of sources that one considers. It is usually defined for point-like sources, but
can be reduced substantially for extended sources.

e The reduction of apparent size ()5 with increasing source distance d partially com-
pensates for the decrease in flux. Indeed, the minimum detectable luminosity scales
as Lmin o d R\/b /T for extended sources vs. Lyin o d2+/B/t for point-like ones. The
survey depth depends on the source class considered. In the case of source class for
which the extent varies with age (as for instance, for expanding shell-type supernova
remnants), better flux limits can be obtained in the early ages, when the source is still
rather compact, whereas the peak of the VHE emission can occur at later stages.

e The horizon scales as t!/? for extended sources and +'/# for point-like ones, and is
currently still limited to a rather small fraction of the Milky Way. It is usually more
effective to increase the spatial coverage of a survey (if possible) to collect more
sources, rather than to increase its depth.

3. A New View on the Milky Way

Over the last 20 years, major collaborations in the field have conducted several surveys
of varied angular extent, completeness and depth, which has led to the discovery of many
sources, and allowed for the first population studies to be performed.

3.1. Existing IACT Surveys
3.1.1. Early Times

The HEGRA collaboration conducted the first systematic survey of modern TeV vy-ray
astronomy [29]. It consisted of 176 h of observations covering one quarter of the Galactic
plane (—2° < I < 85°) and resulted in no source detection, thus placing upper limits in
the range between 0.15 to a few Crab units, depending on the observational conditions.
Source stacking on some source populations (bright GeV sources, nearby Supernova
Remnants, powerful and nearby pulsars) was used to derived more constraining, so-called
ensemble limits.

3.1.2. Galactic Plane Surveys

Following on this, the H.E.S.S. collaboration conducted the most comprehensive
survey of the Milky Way so far, as part of a decade-long observational program, dubbed
HGPS. Nearly 2700 h of good quality data were accumulated between 2004 and 2013, in
the longitude range (—110° < I < 65°), with a sensitivity better than <1.5% Crab flux. The
survey was published in 3 successive papers [18,30,31], comprising data sets of increasing
size. Whereas the first two papers used a manual source identification procedure, the last
paper proposed, for the first time, a semi-automated pipeline, similar to that described
in Section 2.6.1. The resulting flux map is shown in Figure 14 and comprises 78 firmly
identified VHE sources.

Out of these 78 sources, the majority (47) are associated with an energetic pulsar,
and 12 of them correspond to a firmly identified pulsar wind nebula (PWN). The second
population by frequency corresponds to supernova remnants (SNR), with 24 sources
associated with a shell-type SNR (although the number of chance coincidences is non-
negligible, due to the number and the large angular extent of such objects). Six VHE sources
are firmly identified as SNRs, with two additional candidates based on their shell-type
morphologies. Three binary systems finally form the only class of variable galactic sources
at these energies (so far).
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It should be noted that a large number of sources (36) cannot be firmly identified
with the rather strict association criteria used in the process (positional evidence and,
depending on the source class, energy-dependant morphology consistent with other wave-
lengths, variability, ...). In most cases there are, however, plausible counterparts. Eleven
sources, denoted as “Not associated”, did not have any plausible association at the time of
publication of the paper.

While a rather large fraction of the galaxy has been sampled to 10% of the Crab flux
(point-like sensitivity), a flux limit of 1% Crab can only have been reached in the solar
system’s neighbourhood. From the log N-log S distribution an estimate of ~600 sources
in the Galaxy above 1% Crab was obtained (with a statistical error of a factor of 2). The
HGPS included a large-scale emission model, accounting for both unresolved sources
and genuine, diffuse emission, due to the interaction of cosmic rays with the interstellar
medium. This “diffuse” component, already established in [32], has a latitude distribution
similar to that of the HGPS sources. Based on a source population synthesis, [33] estimated
that a significant fraction (13-32%) of the the y-ray emission within the HGPS is due to yet
unresolved sources. They estimate the total number of VHE sources in the Galaxy to be in
the range from 800 to 7000.

285 280 275 270 265 260 255 250
Galactic Longitude (deg)

Figure 14. H.E.S.S. Galactic Plane Survey: Integral flux above 1 TeV. Reproduced from [18].

H.E.S.S. also performed a deep survey of the large magellanic cloud [34], with 210 h
of data. Although the LMC is located much further away than the Galactic Centre, the
survey resulted in the detection of three sources of exceptional intrinsic luminosity: the
superbubble 30 Dor C, the energetic pulsar wind nebula N 157B, and the radio-loud
supernova remnant N 132D. Since the LMC is seen almost face-on, source confusion is
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not a problem as it might be in the Milky Way. N 157B and N 132D belong to the classes
of sources that are represented in the HGPS, but they stand out by their distinguishing
characteristics. N 157B is indeed being powered by the most energetic young pulsar known
so far, while N 132D is one of the oldest VHE 7-ray emitting SNRs, with possibly a very
high cosmic-ray acceleration efficiency.

3.1.3. Particular Regions

A few years ago, VERITAS published a survey of the Cygnus region [35], based on
300 hours of data collected over 7 years. This region, where the Cygnus arm of the galaxy
is observed tangentially, is the brightest region of diffuse y-ray emission in the northern
sky, and could also exhibit one of the largest density of sources of y-rays. The VERITAS
survey covered a region of 15° by 5° (Galactic latitude I € [67°;82°]) and reached a point-
like sensitivity of <3% Crab. Four already known <-ray sources (out of which three are
significantly extended) are detected in this survey. Detailed analysis of the significance
distribution did not indicate the presence of additional, sub-threshold sources. Upper limits
on a large number of potential targets were derived (including, in particular, energetic
pulsars and supernova remnants). Many Fermi-LAT sources visible at lower energies were
not detected in VHE in this survey, and the ratio of VHE to HE sources appears rather
similar to that in the H.E.S.S. survey region.

3.2. Results from Particle Array Survey Instruments

Non-imaging particle array instruments such as Milagro and its successor, HAWC,
rely on a completely different technique. Instead of detecting the Cherenkov light emitted
by the charged particles in the atmospheric showers, they detect the particles of these air
showers that reach the ground. Various techniques have been investigated in the past,
including very large surfaces of resistive plate chambers [36], plastic scintillators [37], and
water Cherenkov [38,39]. More recently, LHAASO started to operate a system consisting of
three interconnected detectors, combining water and air Cherenkov with scintillators [40].

Particle array survey instruments are confronted with very large amounts of raw data
collected over many years, which pose some specific challenges for the analysis. Data
analysis techniques usually use a likelihood formalism, e.g., [41], in which a physics model
(sky position of y-ray sources, spectrum, angular extent, etc.) is confronted with the data
through a likelihood maximisation routine that takes into account the detector response.
The number of background events (hadronic events passing the selection cuts) in each sky
bin is usually estimated directly from the data, either prior to the maximisation procedure
(using off-source data), or directly in the procedure via an additional, nuisance parameter
inserted in the log-likelihood.

Compared to IACTs, survey instruments have a much better duty cycle (close to
100%), very large fields of view (nearly half of the sky), but poorer hadronic rejection
and reconstruction capabilities, leading to poorer angular resolution (of the order of 1°)
and limited spectral performances. They are, however, well suited to the analysis of
extended sources in general, and to the study of large-scale diffuse emission in particular.
HAWC, with a sensitivity improved by one order of magnitude compared to Milagro,
started to provide a very complementary view on the Milky Way in VHE with unbiased,
large-scale surveys.

While the Milagro survey only yielded two sources of 7 rays, the Crab Nebula and
Mrk 421 [42], the first HAWC catalogue [43], with an incomplete array, already contained
ten sources and candidate sources, three of them being detected with significances >5¢
(post-trials). The two following catalogues, 2HWC [44] and 3HWC [45] contain, respec-
tively, 39 and 65 sources (among which 17 are considered as secondary sources, being not
well separated from neighbouring sources). As the first, large-scale, unbiased catalogue,
this constitutes a major contribution to the field. The all-sky significance map, under the
assumption of point-like sources, is displayed in Figure 15: most VHE sources are, like for
H.E.S.S., concentrated along the galactic plane.
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Figure 15. All-sky significance map of the third HAWC Catalogue of Very-high-energy Gamma-Ray
Sources. Reproduced from [45].

The overall analysis and catalogue construction is very different from that in use for
IACTs, and is not the main subject of this paper. In general, the shower core is reconstructed
using the density of particles on the ground, while the timing provides the shower axis, and
thus the reconstruction of the direction. The homogeneity of the particle density is used to
discriminate between <y-rays and charged cosmic rays, and a likelihood ratio procedure is
used to produce the significance map.

One of the most interesting features of the HAWC data is the presence of very extended
7-ray emission around young pulsars (and in particular Geminga and Monogem [46]),
which indicates that such extended pulsar “halos” could be a rather common feature, even
for old pulsars which could have already left their SNR shell, or whose shell could have
already vanished. Indeed, out of the 65 detected HAWC sources, 56 have a pulsar as a
plausible counterpart. This could open new prospects for the quite numerous unidentified
VHE sources.

Since the results from H.E.S.S. and HAWC, in the part of the sky that is visible to both
instrument, appeared to be rather different at a first glance (due to the different instrumental
performances), it appeared mandatory to compare the results more thoroughly. This was
done in [22], using the field-of-view background (suitable for very extended sources) and
smoothing the H.E.S.S. data to mimic the HAWC angular resolution. The results, shown in
Figure 16, indicate a reasonable agreement with some remaining, intriguing, differences.
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Figure 16. The galactic plane as see by H.E.S.S. and HAWC with the same angular resolution. Adapted from [22].
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3.3. Meta-Catalogues and Population of VHE Sources

Meta-catalogues are online catalogues collecting the results of several instruments
in a unique database. IACTs sometimes publish such catalogues (e.g., [47]) summarising
many years of observations. In the field of VHE astronomy, TeVCat [48] is the standard
tool (http://tevcat2.uchicago.edu/, accessed on 28 October 2021). Although the collected
data correspond to different thresholds and uneven exposures, these catalogues are useful
to perform statistical studies, but do not constitute unbiased and/or complete samples,
and need to be filled manually (for the time being). TeVCat only reports positive detections
and not upper limits, which could be useful to study source variability and, for instance,
examine a transition from an emitting state to a non-emitting state or vice versa.

The populations of VHE sources, as for September 2021, were extracted from TeV-
Cat, and are displayed in Figure 17 for galactic sources (left) and extragalactic sources
(right). Whereas PWNs comprise the largest population by number in the galactic plane,
followed by SNRs and binary systems, it should be noted that the majority of the sources
remain unidentified. Most galactic sources are (very) extended, and thus several plausible
counterparts exist. In contrast, the extragalactic sky is currently largely dominated by
well-identified BL Lacs (plus some other AGNs), which might well result from a selection
bias, since no systematic survey of the extragalactic sky has been conducted so far. The
identification of extragalactic sources is, except for in very rare cases, not problematic, due
to their (mostly) point-like nature and to the lower density of possible counterparts.

Galactic Sources Extragalactic Sources
42
5
uPWN
= SNR mBL Lac
Binary HFSRQ
 Pulsar Radio-Galaxy (FRI)
® Massive Star Cluster = Other AGN
Superbubble W Starbust Galaxy
® Nova GRB
Unidentified

Figure 17. Population of established VHE sources extracted from the TeVCat [48] meta-catalogue. (Left) Galactic sources.

(Right) Extragalactic sources.

3.4. Population of VHE Sources

Unbiased surveys are essential tools for the analysis of source populations, which can
identify global trends and possible evolution schemes within one source class. For the first
time ever, VHE y-ray astronomy is now opening this possibility with large scale surveys.
The moderate depth and relative incompleteness of the existing surveys makes these first
studies not completely conclusive though and subject to future improvements. Two main
population studies were already performed based on the H.E.S.S. HGPS data.

3.4.1. Population of Pulsar Wind Nebula

The H.E.S.S. HGPS data have been used in a systematic population study of pulsar
wind nebulae [49]. In addition to the 14 HPGS sources firmly identified as PWNs, 10 addi-
tional sources are found likely to be PWNs. Actually, most young and energetic pulsars are
found to be associated with a plausible PWN candidate (Figure 18, left). The data showed,
for the first time, a correlation of the TeV surface brightness with pulsar spin-down power
E, which can be quite well explained by a rather simple evolutionary model of PWNSs,
indicated by blue bands in the various plots: assuming a simple dipole-like radiation, the
pulsar spin-down power decreases with increasing age (as measured from its characteristic
age 7. = P/2P). The dynamical evolution of PWNs is then modelled in three distinct
phases, first the free expansion phase which lasts for a few kyr, followed by the reverse
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shock interaction (until some tens of kyr), and finally the relic stage. A one-zone, time-
dependant injection model is then used for the population of electrons, from which the
TeV luminosity is computed using standard radiative models. The results of this model
are reproduced in Figure 18. The extension increases quickly in the free expansion phase
(middle, R ~ t2) and then slows down at later stages (R ~ t"%). The TeV luminosity vs
characteristic age (right) shows a rather large data scatter, still compatible with the varied
model band (blue bands in the plot). This scatter might reflect the intrinsic variability of
the PWNs and their environments.

This study is a first attempt to model, in a rather comprehensive way, the TeV emission
of PWN:s. It suffers, however, from several selection biases, due to the incompleteness of
the survey and the difficulty in detecting very extended nebulae. Going beyond this result
requires the use of a population synthesis model to address these biases in a proper way.
Future, deeper surveys will also aim to improve the precision of the modelling.
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Figure 18. Results of PWN population study. (Left) Population of pulsars in the spin-down power E vs. characteristic age
plane. Young and energetic pulsars, clustering at the top-left, are associated with plausible PWN candidates. (Middle) PWN
extension evolution with time. (Right) Evolution of the PWN TeV luminosity with characteristic age. Reproduced from [49].

3.4.2. Supernova Remnant Populations

The second HGPS population study is related to the second galactic population by
frequency, namely the supernova remnants [50]. In this study, upper limits are computed
for all SNRs that fall in the HGPS region and which are not detected at VHE (i.e., not
overlapping with a significant excess). A sample of 108 SNRs is constructed this way,
biased towards low flux, since the detected SNRs are excluded from the sample. Using the
canonical cosmic ray paradigm, constraints on the typical ambient density values around
SNR shells (n < 7em~3) and on the electron-to-proton energy fraction (€,p < 5 ¥ 10~3) are
derived. A shift of 1.01 (mean) is observed in the significance distribution, which might be
due to the cumulative effect of sub-threshold SNR shells and the galactic diffuse component.
Using the SNR shells that are detected in the VHE band, some constraints on the luminosity
evolution of SNRs in the radio and VHE bands are also derived. The (Lyyg/Liadio)
luminosity ratio exhibits a clear correlation with source age, which is interpreted as being
due to the fact that, in the first several thousand years, the radio-synchrotron emission of
the SNRs decreases quickly, while the VHE emission decreases slowly.

Here again, the understanding of SNR evolution will greatly benefit from future,
deeper surveys.

4. Perspectives and Outlook

After the tremendous success of the third-generation IACTs during the last two
decades, driven essentially by H.E.S.S., VERITAS and MAGIC, a new step towards an inter-
national facility is currently being taken, merging the efforts of the different collaborations
into a single, world-wide project, named “The Cherenkov Telescope Array” (CTA). Lessons
learnt from the various concepts tested in the third generation instruments are being used
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to design a new array, focusing on (i) performance, (ii) reliability and (iii) flexibility, with
some major challenges ahead. Recent developments in survey instruments established
the use of particle array survey instruments as a viable and complementary technique to
IACTs, particularly suited to large-scale surveys and to all-sky monitoring. New technical
developments and new upcoming projects are expected to further boost the performances
and, on a longer timescale, provide a nearly full sky coverage.

4.1. CTA, the Next Generation IACT

The Cherenkov telescope array (CTA) is the next generation array of imaging atmo-
spheric telescopes, currently in the prototyping stage. It aims to transform our under-
standing of the VHE universe. It will consist of two arrays; one in the Canary Islands,
and one in Chile [51], with different telescope layouts for a total of ~100 telescopes. In
order to increase the dynamical range in energy, telescopes of three different sizes will be
combined in the same array: large-sized telescopes (LSTs) with a field of view of >4.5°,
and a dense layout will focus on the lowest energies, medium-sized telescopes (MSTs),
with a larger field of view of >7° on a sparser layout will provide the sensitivity in the
core of the energy domain, and small-sized telescope (SST) with an even larger field of
view (>8°) spread over a very large area will explore the highest energies. These arrays of
telescopes of different size have been designed to provide an improvement by a factor of
~10 in sensitivity compared to the previous generation, with a substantial improvement in
angular and energy resolution, but at the cost of a much higher (~x10) event rate [52], and
a huge data volume (~PB/year).

Amongst the key science projects that have been identified for the first years of
operation, large surveys play a particular role in providing unbiased samples of particle
accelerators, but also to search for the unexpected. In the design of the telescopes and
the array, a strong focus has been made on the survey capabilities, in particular through
the conception of large field-of-view cameras and the first investigation of an alternate
pointing scheme, such as divergent pointing (Section 2.1). Three major surveys are currently
foreseen [53]:

®  Anextragalactic survey, covering 1/4 of the sky with a sensitivity of ~0.6% Crab in
1000 h of observations. This will provide an unbiased sample of active galactic nuclei
and other possible extragalactic sources, and a snapshot of their activity (since AGNs
are intrinsically variables at almost all timescales)

* A deep galactic plane survey, reaching ~0.2% Crab sensitivity in the inner regions
(and Cygnus region) and ~0.4% in the entire plane region. This will provide a horizon
of ~20 kpc (point-like), thus covering a large fraction of the Galactic sources.

®  Adeep survey of the LMC region, aiming at an excellent angular resolution to resolve
structures down to ~20 pc, in order to be able to resolve individual objects and map
the diffuse emission.

The characteristics of the three surveys differ in terms of physics goals. Most likely,
the configuration of the array will have to be optimised accordingly. With the density
of sources in the extragalactic sky being fairly low, and the sources being (almost) point-
like, the angular resolution and background systematics requirements are not subjects
of major concern (except perhaps at the lowest energy end). To quickly cover a large
fraction of the sky, and to increase the chances of catching transient events, one might
want to increase the effective field of view by using, for instance, the divergent or skewed
pointing mode (Section 2.1). In contrast, due to the absorption of VHE -rays by pair
creation on the extragalactic background light (EBL), one might want to achieve the lowest
possible energy threshold, which is best obtained in the convergent pointing mode (at
high altitude), because it maximises the collection of light. The use of LSTs is, therefore,
being considered to lower the energy threshold, but they have a smaller field of view than
MSTs and SSTs, resulting in (i) a longer time being required to cover the survey region (ii) a
possibly complicated acceptance shape when used in conjunction with the other telescopes.
Further optimisation (e.g., grid spacing on the sky, run duration, ...) is still ongoing.
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For the galactic (Figure 19) (and the LMC) surveys, the angular resolution is of prime

importance to mitigate the source confusion problem. The angular resolution is optimal
in convergent pointing mode (with the maximum telescope multiplicity), and improves
in the core of the energy range (~ TeV), thus calling for the use of MSTs and SSTs mainly.
Moreover, during recent years, it has been observed that, for many galactic sources (and
the PWNss in particular), the extension decreases at high energy, thus pushing in favour
of the best possible angular resolution. Two points remain large points of concern for the
galactic survey:

The background systematics will most likely be the limiting factor for the sensitiv-
ity achievable, most notably for the (very) extended sources. Given the foreseen
increase of the background rate by ~ x10, the state-of-the-art uncertainties in back-
ground estimation of 1-2% will need to be substantially improved by refining the
acceptance models. Changes in the array layout (telescopes under maintenance, ...),
inhomogeneities of camera response and/or atmospheric effects (Section 2.3) should
be studied carefully and, whenever possible, incorporated in the model. In this regard,
the simulated acceptance being currently developed might be a promising approach.
The mitigation techniques recently developed (Section 2.4.9) can certainly help, but
they tend to reduce the sensitivity of the array. Further work is clearly needed to take
into account the various sources of systematics in the calculation of the acceptance.
With the detection of ~ x 10 sources in the same field of view, up to several hundreds of
sources, source confusion and overlap are expected to become a major issue, especially
in the context of the unknown shapes of the sources and the unknown level of large
scale diffuse emission. Some preliminary estimates performed with an extrapolation
of the current log N-log S source distribution indicate a source confusion lower limit
on the order of ~20% in the core CTA energy range [53]. Template fitting and 3D
modelling of the sources (Section 2.5) can help with the separation of superimposed
sources with different spectral characteristics.

310 300 290 280 270
Longitude (deg)

Figure 19. Simulated results from the CTA Galactic Plane Survey in very high-energy <y rays for half of the plane. Reproduced

from [54].
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4.2. Next Generation Particle Array Survey Instruments

Survey instruments are also preparing new upgrades to boost their sensitivity. In
2018, HAWC completed [55], a major upgrade consisting of the addition of a sparse array
of 345 small water Cherenkov tanks spread over a large area. By improving the rejection
of showers that are not well contained in the main array, this upgrade allowed the core
resolution to be improved by a factor of ~3 above 1TeV, and the effectives are to be
increased substantially, particularly at the highest energies [56]. Further optimisation of
the analysis to include these data is under way.

The Southern Wide-field Gamma-ray Observatory (SWGO) [57] aims to become the
next generation, large scale survey instrument in the southern hemisphere, covering an
energy range from 100 GeV to hundreds of TeV. It is similar in concept to HAWC, but
~ x4 larger (for the inner array), and would include a sparser, outer array of ~1 km? to
expand the energy range towards the highest-energy frontier. Planned for installation
in South America, it will cover the central regions of the Galaxy with an unprecedented
sensitivity, and will complement the CTA view. SWGO is not yet funded for construction.

LHAASO, currently being deployed at high altitude (4410 m above see level) in the
Sichuan Province, China, is a novel concept combining three interconnected detectors:
an array of underground water Cherenkov detectors, a kilometre square array made of
plastic scintillator and an array of wide field-of-view Cherenkov telescopes. Early data
from LHAASO demonstrate the presence of at least twelve source of petaelectronvolt ¢
rays in the Galaxy [40], thus boosting the interest for the extremely high energy frontier.
It should be noted that LHAASO is a multi-messenger observatory with unprecedented
capabilities in the field of cosmic-ray physics. Its deployment should be completed by the
end of 2021.

Particle array survey instruments are currently becoming invaluable companions to
IACTs. They can provide an unbiased view on the -ray emission from the Galactic plane
(Section 3.2), whereas IACTs can perform deeper observations, revealing the details of the
cosmic-ray acceleration and y-ray emission mechanisms. Through their all-sky monitoring
capabilities, Particle array survey instruments can also monitor the long-term activity of
variable sources, and alert the community to particular eruptive events that IACTs can
sample with much greater precision. The synergy between targeted, IACT observations
and long-term, particle array monitoring instruments has recently been put under the
spotlight with the detailed and anticipated H.E.S.5.-HAWC comparison [22]. These efforts
should gain additional visibility in the coming years.

5. Conclusions

Over the course of the last ~20 years, the field of VHE astronomy has experienced
an incredible and somewhat unexpected blooming caused first by (i) the developments in
high-speed acquisition techniques, (ii) the advent of third generation instruments building
on the success of the previous instruments, and (iii) the increased capabilities in image
classification and pattern recognition. This evolves into an exponential increase in the
number of VHE v-ray sources detected with time. The so-called “Kifune-plot” (Figure 20),
named after T. Kifune, who first showed a first version of this figure at the 1995 ICRC
conference in Rome, indicating that the number of X-ray, HE and VHE sources detected
has not yet saturated, and the CTA simulations predict a continuation of this trend.

Moving away from the analysis of single, well-targeted sources, scientists have de-
veloped new algorithms to map the y-ray emission of large regions of the sky in varying
observational conditions. The analysis of very large, heterogeneous data sets compris-
ing observations spread over several years on very diverse positions has been imple-
mented, leading to major developments in acceptance determination (Section 2.3) and
background subtraction techniques (Section 2.4), and has led the way towards the first VHE
source catalogues. Recent large-scale surveys of unexplored regions were the main driver
for the discovery of new sources, and made the first population studies finally possible
(Section 3.4).
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Number of sources

At the same time, many developments in pattern recognition and image analysis
led to elaborate reconstruction and separation techniques, which are now rather close
to the fundamental limits, thus with only moderate improvements being possible in the
future. Tremendous efforts were made to improve the shower and detector simulation
codes, by including subtle instrumental and atmospheric effects. State-of-the-art, realistic
simulations are now able to reproduce the background with sufficient resolution to open a
new paradigm, replacing the classical background subtraction techniques with a modern
template-fitting approach, including a fully simulated background model (Section 2.3.3).

Particle array survey instruments (Section 3.2) recently demonstrated their maturity
and their strong synergies with IACTs, delivering a complementary and unbiased view on
the VHE sky. The exponential rise in the number of sources shown in Figure 20 indicates
that the number of sources is currently not limited by their scarcity, but by the sensitivity
of the instruments. The next generation of instruments, and in particular the Cherenkov
telescope array, will most likely have to deal with hundreds, if not thousands of sources.
Major projects, such as deep surveys of the Galactic plane, but also the first survey of a
significant fraction of the extragalactic sky with unprecedented sensitivity (Section 4.1),
will deliver large and unbiased catalogues of VHE sources, enabling the statistical analysis
of source populations and the clarification of the underlying evolution models. They
will, however, face fundamental challenges caused by the huge amount of acquired data.
The background will need to be understood and modelled with a sub-percent precision
to avoid uncontrolled background systematics, which would limit the sensitivity of the
instruments. The proper background estimation will require very detailed monitoring
of the instrumental and atmospheric conditions, and use extensive simulations of the
instrument response to varying conditions and the incorporation of these effects in the
acceptance determination algorithms. Source confusion will most likely become a major
issue in regions of the sky with large source density, such as significant parts of the Galactic
plane. Improved angular resolution will be of little help due to the large size of most VHE
sources. Modern analysis approaches, including template fitting and 3D modelling of the
VHE sources, provide promising paths currently being explored.

10*

-
.
.

—_
o
w

I IIIIIII| I IIIII|TH

102

I IIIIIHT

e +° Asca Fermi-dyr et =® Fermi-8yr
L (3FGL) & = (4FGL)
.*° Ginga PEs
pes Poag
. - 5
P - Fermi-1yr ,~® CTA?

L
,*" Tenma
.

.
o~ Hakucho

(1FGL)

_-=® |ACTs+HAWC

’ -
. -~ EGRET o " +LHAASO+ARGO
HE y-rays .
Y PR HESS-I1+MAGIC-II
oo It +VERITAS
= o0 cosB ® HESS
- . L.
.
o VHE y-rays
.
t’ . -
e ®”HEGRA
” "
@ "SAS-2 _/® Whipple
i' 't'
g — . | L g< Whipple | . . . | . .
1960 1980 2000 2020
year

Figure 20. Number of established sources as function of time in different energy domains, also dubbed the “Kifune Plot”, in
honour of Prof. Tadashi Kifune, who produced the first version of this figure.

The status of VHE <y-ray astronomy is, in fact, similar to that of X-ray or high-energy
7 rays: every time a new astronomical window is opened and a sensitivity threshold is
achieved, one can observe an exponential rise in the number of sources. From that, there is
little doubt that the field of VHE astronomy can look forward to a very bright future.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN  active galactic nucleus

CTA Cherenkov telescope array
EBL extragalactic background light
FoV field of view

HGPS H.E.S.S. Galactic Plane Survey
HE high energy

IACT  imaging atmospheric Cherenkov telescope
LMC  large magellanic cloud

LST large-sized telescope

MST medium-sized telescope

NSB night sky background

Pdf probability density function
PWN  pulsar wind nebula

RA right ascension

ROI region of interest

RPC resistive plate chamber

SNR supernova remnant

SST small-sized telescope

VHE  very high energy
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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.

Keywords: multi-messenger; real-time; high-energy; alerts

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 (v), 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, >100GeV) <y 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 <-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 y-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 1ES1959+650, a near-by (z = 0.048) BL Lac type object, was the third
extragalactic source discovered in VHE ¢ 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 -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 ~y-ray fluxes seemed to
be correlated in general, we found an orphan «y-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 <-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 7-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 +y-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 y-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 -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 km?) operating neutrino observatory is IceCube [24], located at the South
Pole. Two smaller detectors—ANTARES (~0.01 km?) [25] and Baikal (~0.4 km?) [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 (4.20° pre-trials) in the IceCube 10-year exposure map is at the
location of the starburst galaxy NGC 1068. No VHE <y-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 y-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 y-ray
telescopes. We first describe the alerts that are being sent from/within the y-ray commu-
nity. We then introduce the alerts that are being sent to the y-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 y-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 y-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 <-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 (>5c 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.

TACTs 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 7-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 purity'. 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 2sr 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 ~25kHz 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° x 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
(~500Hz). 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 deg? for the eleven confident signals detected during
01 and O2, while the expected median for all types of binary systems during O3 with the
Advanced LIGO and Virgo network is ~300 deg? [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 -y 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 server’. 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 y—v coincidence is defined as any photons arriving within 5° and 1000s 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 v ray in
the coincidence that is equal to one for particles within 100s of the (average) arrival time.
Between 100s 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 y-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  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 2.75¢. 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 y-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 y-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 <-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 <y-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 VERITAS®. 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.*

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 1 rays can be ~105~%* 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 GRB190114C 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 7-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 GRB201216C by MAGIC®. 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 y-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 <-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 alert® 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 < 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 y-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 y-ray emission
was detected [75]. VHE -y-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 <y-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 v 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 ~10'® 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 y-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 y-ray emission. Their upper limits on
the VHE +y-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., ASDC’, OpenUniverse®, VO?), 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 <-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 <y 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 y-ray sky. These AMON alerts
will prompt rapid-response follow-up observations that could test a possible signature
of y-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 v Rays

The TACT 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 -y-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 <y 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 (PLEvM [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. PLEvM 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 deg?, while 38-44% (12-16%) of the events are expected to have a 90% credible
region smaller than 20 deg? (5 deg?). 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 deg?. Similarly, 35-39% (11-14%) of the BBH events are expected to have a 90% credible
region smaller than 20 cleg2 5 degz) [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 y-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.ESS. 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

S}

The GCN document describing the IceCube high-energy neutrino track alerts can be found at:
https:/ /gen.gsfc.nasa.gov/doc/IceCube_High_Energy_Neutrino_Track_Alerts_v2.pdf (accessed on 19 October 2021).

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

https:/ /gen.gsfenasa.gov/gen3/21153.gen3 (accessed on 19 October 2021).

https:/ /gen.gsfcnasa.gov/gen3/21673.gen3 (accessed on 19 October 2021).

https:/ /gen.gsfc.nasa.gov/other/201216C.gen3 (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).

J ivoa.net (accessed on 19 October 2021).
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Abstract: Continuum gamma-ray emission produced by interactions of cosmic rays with interstellar
matter and radiation fields is a probe of non-thermal particle populations in galaxies. After decades
of continuous improvements in experimental techniques and an ever-increasing sky and energy
coverage, gamma-ray observations reveal in unprecedented detail the properties of galactic cosmic
rays. A variety of scales and environments are now accessible to us, from the local interstellar
medium near the Sun and the vicinity of cosmic-ray accelerators, out to the Milky Way at large
and beyond, with a growing number of gamma-ray emitting star-forming galaxies. Gamma-ray
observations have been pushing forward our understanding of the life cycle of cosmic rays in galaxies
and, combined with advances in related domains, they have been challenging standard assumptions
in the field and have spurred new developments in modelling approaches and data analysis methods.
We provide a review of the status of the subject and discuss perspectives on future progress.

Keywords: gamma rays; cosmic rays; interstellar medium; Milky Way; galaxies; radiation mecha-
nisms: non-thermal

1. Context and Scope of the Review

Cosmic rays (CRs) are energetic particles first observed around the Earth with energies
ranging from MeV to above 10?0 eV and with approximately isotropic arrival directions.
They are composed mainly of completely ionised nuclei, with protons accounting for a
total fraction >90% at GeV energies. They also include electrons, positrons, and antiprotons.
The overall CR spectrum follows an approximate power-law distribution, which attests
to the non-thermal origin of the particles. A most remarkable change of the power-law
spectral slope occurs around 10 eV, the so-called knee of the CR spectrum. Below the knee,
the standard paradigm holding since the 1960s [1] states that the particles originate in the
Milky Way, very likely from shock acceleration in supernova remnants (SNR), and diffuse
on turbulent magnetic fields in a kpc-sized halo encompassing the disk of the Galaxy for
durations exceeding one Myr (see Gabici et al. [2] for a recent critical review).

CRs interact with interstellar matter and fields, producing secondary particles and
radiation that are indirect means to study CRs in distant locations of the Milky Way, as well
as in other galaxies. These observables usefully complement direct measurements of
CRs in the heliosphere and allow us to develop our understanding of CR propagation
and interactions. Among these indirect probes we find continuum gamma-ray emission
produced by inelastic nucleon—nucleon collisions, Bremsstrahlung of CR electrons and
positrons interacting with matter, and inverse-Compton (IC) radiation by CR electrons and
positrons scattering off low-energy photons.

Overall, such probes show a fairly good agreement with the standard CR paradigm.
However, many aspects are still debated or even largely uncertain, including the range of
relevant transport and interaction mechanisms, their uniformity within galaxies, if and
how they change based on galactic conditions, the microphysics foundation of all of these
aspects, and the role played by CRs in galactic ecosystems. For the latter aspect, let us just
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briefly mention that CR astrophysics is getting increasing attention for its importance to
other astronomical disciplines: astrochemistry and star formation (for a review see [3]),
galaxy formation and evolution e.g., [4-6], and astrobiology e.g., [7].

As early as in 1952 Hayakawa [8] had predicted that the decay of 71° produced in
inelastic nucleon-nucleon collisions in the Galactic disk would produce a measurable
gamma-ray flux. This was confirmed in the 1960s and the 1970s thanks to the OSO-3 [9]
and SAS-II [10] satellites, which detected a gamma-ray signal associated with Galactic
interstellar matter. The breakthrough in the field came thanks to the COS-B satellite (1975—
1982), whose observations in the 50 MeV-5 GeV energy range enabled a detailed study of
the correlation of gamma-ray emission with interstellar medium (ISM) tracers and provided
the first measurements of the large-scale distribution of CRs in the Milky Way [11].

The Compton Gamma-Ray Observatory (CGRO, 1992-1999) fully covered the energy
range 1 MeV-30 GeV thanks to its two instruments COMPTEL and EGRET. CGRO data led
to many in-depth studies of CRs in the Milky Way. EGRET also first probed CRs in external
galaxies in gamma rays by detecting emission from the Large Magellanic Cloud (LMC) [12]
and by setting an upper limit on emission from the Small Magellanic Cloud (SMC) [13].
The latter provided an upper limit on GeV CR densities at one third of the value observed
locally in the Milky Way, and therefore established observationally the galactic origin of
the particles as suggested twenty years earlier by [14].

The twenty-first century brought numerous and rapid advances in the domain of
continuum interstellar gamma-ray emission studies:

® adramatic extension of energy interval of the observations, spanning from sub-MeV
to sub-PeV energies, with coverage of large portions of the Galactic plane and of
the sky;

e full-sky observations of the highest quality in the sub-GeV to sub-TeV domain, most
notably thanks to the Large Area Telescope (LAT) onboard the Fermi Gamma-Ray
Space Telescope;

e impressive developments in theoretical and numerical tools for calculating interstel-
lar gamma-ray emission properties, informed by spectacular improvements in the
accuracy of direct CR measurements.

The next decade holds the promise for further observational advances thanks to new
facilities already in the making or still in the planning/proposal phase, with guaranteed
steps forward to be made in the TeV domain.

The rapid advances of the past few years and upcoming facilities make it timely to
have a new review focussing on gamma rays as probes of CR propagation and interactions
in galaxies, as an update to the previous ones touching these subjects [2,11,15,16]. In Section
2 we will briefly summarise the status of observational techniques, CR transport theory,
modelling and data analysis tools, as well as complementary multi-wavelength and multi-
messenger observations necessary to interpret the gamma-ray data. The following sections
will review recent observations, their implications for CR physics, and future perspectives.
They are organized around four broad questions.

Section 3 What do we learn from observations of the local interstellar medium near the
Sun and how can we use them to connect direct and indirect CR measurements?

Section 4 What does interstellar emission tell us about the large-scale distributions of CRs
in galaxies and what does it teach us about CR transport?

Section 5 What do we know about particle propagation and interactions in the vicinities of
sources and what role does this phase play in the CR life cycle?

Section 6 What are the properties of gamma-ray emitting galaxies as a population and what
do we learn about the variety of CR transport under different environmental conditions?

We will conclude with some final remarks and an outlook on perspectives on the
coming years in Section 7.
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This review will not cover the important and closely related aspects of CR origin and
particle acceleration, treated in a companion paper in this volume [17], nor the propagation
of CRs in the heliosphere for a review see [18].

Before entering the main matter, we define here some terminology that will be used in
the paper.

Interstellar/diffuse emission: we will refer to gamma-ray emission produced by CR
interactions with interstellar matter and fields as interstellar emission. Conversely, we
will use the term diffuse emission to refer to all emission that cannot be associated with a
localized object (e.g., a pulsar, a binary system etc.) that is individually detected. Based
on this definition, diffuse emission will comprise of interstellar emission plus collective
emission from populations of sources not detected individually (due. e.g., to instrumental
sensitivity limitations).

Large-scale galactic CR population: we will use this term to refer to the CR population in
a galaxy on spatial scales much larger than those where an individual CR source or sink (or
localized groups thereof) can influence significantly the CR properties. The fact that this
definition is useful in practice is based on observations of the Milky Way and local-group
galaxies that will be discussed later in the paper. Conversely, we will avoid the term “CR
sea”, sometimes used in the literature with an ambiguous meaning that can refer to the
CR population around the Earth, the large-scale galactic CR population (according to our
definition), or the large-scale galactic CR population with an implicit assumption that it is
uniform within (or even beyond) the galaxy.

2. The Toolbox to Study Interstellar Gamma-Ray Emission
2.1. The Progress of Observational Techniques in Gamma Rays

Historically the most important facilities for the observations of interstellar gamma-ray
emission have been space-based pair-tracking telescopes that cover the energy range from
a few tens of MeV to tens of GeV and beyond. This is due to a combination of instrumental
and intrinsic characteristics. Pair-tracking telescopes have a large field of view and a lower
background than other gamma-ray detectors. Therefore, they are ideally suited to study
diffuse emission, and for a long time they have been unrivalled in terms of sensitivity in
the gamma-ray domain. Furthermore, in the GeV energy range we find the peak of energy
output from CR interactions in the ISV, interstellar emission prevails over discrete sources,
and it is dominated by hadronic emission correlated with interstellar gas (characterised by
a well-defined morphology known from observations at other wavelengths, and, therefore,
easier to separate from other emission components). The energy range covered by these
instruments is often referred to as high-energy (HE) gamma rays.

In the past decade advances in the HE range have been driven by the Fermi LAT [19].
Thanks to the use of Silicon tracking devices the LAT has reached in the GeV domain
an unprecedented sensitivity, field of view (2.4 sr), and angular resolution (better than
~0.8° at energies >1 GeV and better than ~0.15° at energies >10 GeV). The LAT has also
extended the energy reach of this observing technique up to TeV owing to a combination
of instrumental improvements, notably the use of a segmented anticoincidence detector for
CR background rejection.

Gamma-ray observations at lower energies require the use of space-borne telescopes
exploiting different detection techniques: coded masks in the energy range from hundreds
of keV to MeV and Compton detectors at MeV energies. In this domain the state-of-the-art
instruments date back to twenty or even thirty years ago with INTEGRAL SPI [20] (for
INTEGRAL legacy results see also [21]), and COMPTEL [22]. Their performance cannot
compete with the level reached by the LAT in the GeV domain e.g., [23]. New missions
have been proposed to improve observational capabilities in the MeV-GeV energy range
thanks to Silicon detectors that can carry out at the same time Compton and high-angular-
resolution pair-tracking measurements, most notably ASTROGAM and AMEGO [24-26].
Alternatively, GECCO is a concept of combined dual mode telescope that can improve
measurements in the sub-MeV to MeV energy range thanks to an innovative imaging

167



Universe 2021, 7, 141

calorimeter as a standalone Compton detector and, at the same time, as a focal-plane
detector for a coded aperture mask [27].

The limited size of space-borne instruments makes measurements at energies beyond
several tens of GeV more and more difficult. Therefore, at higher energies ground-based
instruments are used. Their energy range is often referred to as very-high-energy (VHE)
gamma rays, or ultra-high-energy (UHE) gamma rays beyond 100 TeV. Observational
techniques in this energy range are covered in detail in a companion paper in this vol-
ume [28]. Below we will summarise the most important aspects with emphasis on the
study of interstellar emission.

Ground-based Imaging Air Cherenkov Telescope (IACT) arrays have proven to be a
very effective way to study gamma rays above a few tens of GeV e.g., [29]. IACTs have
fields of view of a few degrees and a high level of background due to CRs misclassified as
gamma rays, and an angular resolution of several to a few arcminutes. This technique has
reached its maturity with the current generation of arrays comprising 2 to 5 IACTs, namely
H.ES.S.,, MAGIC, and VERITAS. Among them, H.E.S.S., which is located in the southern
hemisphere and therefore has access to the inner part of the Milky Way, has engaged a
systematic survey of the Galactic plane and has achieved the detection of diffuse emission
that is likely to be, at least in part, of interstellar nature [30,31]. In this energy range,
however, discrete sources prevail, thus we expect a sizeable fraction of diffuse emission
to be due to unresolved sources not yet detected individually with the current sensitivity
limitations (Section 2.4).

The field of IACTs is going to be revolutionised in the next few years by the advent of
the Cherenkov Telescope Array (CTA) [32,33]. CTA will feature more than one hundred
IACTs of different sizes located on two sites in the northern and southern hemispheres,
thus it will be able to observe the entire sky. It will cover the energy range from a few
tens of GeV to >300 TeV with a sensitivity one order of magnitude better than current
IACTs, a field of view reaching 10°, reduced CR background, and an angular resolution of
a few arcmin.

A complementary observing technique for TeV gamma rays consists of ground-based
shower particle detectors. Milagro has pioneered the use of water Cherenkov detectors [34],
currently exploited by HAWC, which provides the best sensitivity among all existing
instruments at energies >10 TeV [35]. Alternative approaches are the use of scintillator
detectors adopted by the Tibet Air Shower Array [36], or of resistive-plate counters adopted
by ARGO-YB]J [37]. These instruments have a large field of view, corresponding to the
entire sky not occulted by the Earth, and a high duty cycle (contrarily to IACTs that operate
only at night). Conversely, their angular resolution is not as good as for IACTs. For example,
for HAWC the angular resolution varies between 1° and 0.2° [35].

The LHAASO observatory, still under construction, combines shower particle detec-
tors and IACTs. The expected steady-source sensitivity will be superior to that of CTA
above a few tens of TeV [38]. All of the ground-based shower particle detectors men-
tioned so far were or are located in the northern hemisphere. A new project has been
proposed to install a water Cherenkov shower particle detector system in the southern
hemisphere, SWGO, which will then be able to observe the inner Milky Way and the
Magellanic Clouds [39].

To illustrate the status of observations Figure 1 shows some recent maps of the Milky
Way from different instruments. The all-sky observing capabilities of the Fermi-LAT make
it an invaluable source of information to study the entire range of manifestations of CR
propagation and interactions. We note that features correlated with interstellar structures
in the Milky Way are clearly visible in the map in Figure 1a even though no background
subtraction has been applied beyond event-wise selection of candidate photons.
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Figure 1. Images of the Milky Way from different instruments. (a) Fermi-LAT, 12 years of P8R3 data, energies > 1 GeV,
Source/PSF3 event class/type, zenith angles <100°, smoothed with a Gaussian kernel of ¢ = 0.25°. (b) H.E.S.S. Galactic
plane survey, map described in [40] (0.2° correlation radius). (¢) HAWC survey, map construction described in [41] (test
source with 0.5° extension and a power-law spectral index of 2.5). The footprint of map (b) is overlaid to the all-sky maps
in (a,c) as a dashed rectangle. Map (a) displays observed counts not corrected for residual CR background, while maps
(b,c) are given in units of significance of gamma-ray emission above the residual CR background. For maps (b,c) the actual
energy threshold varies across the map and the figure provides a representative value.
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Fermi-LAT observations are complemented at higher energies by observations with
IACTs, notably H.E.S.S., that for the moment can cover much more limited regions of the
sky albeit with greater detail thanks to their superior angular resolution. Another limitation
of IACTs is related to the presence of a much larger background due to CR interactions with
the Earth’s atmosphere. The traditional analysis techniques employed to deal with residual
CR background are based on “Off” regions, most often chosen within the same field of view
of the position of interest. The map in Figure 1b is constructed using “Off” regions in the
shape of rings centred at the same position as the region of interest, or “On” region, thatis a
circle of fixed radius, sometimes referred to as correlation radius see [42] for an illustration,
in Figure 4, as well as for a review of the traditional background estimation techniques.
Due to the limited field of view of IACTs this results in a lesser sensitivity to extended
emission see, e.g., the discussion in [43]. Alternative background estimation methods,
either data-driven or simulation-based, are sought [44—47]. The large times necessary to
map large portions of the sky with IACTs and lesser sensitivity to extended emission makes
their contributions to the study of large-scale interstellar emission less rich than those from
wide-field of view instruments.

Shower particle detectors kick in at even higher energies offering a wide-field view
of the sky as illustrated in the HAWC skymap shown in Figure 1c. In spite of a large
CR background, the large field of view of these detectors makes it possible to routinely
employ a data-driven background estimation method known as the “direct integration”
technique [48], which exploits the facts that the CR background is stable in time and varies
smoothly as a function of conditions in the atmosphere and the detector (e.g., trigger rate).
Background estimation is performed independently in large declination bands, with an
accuracy of order 10~* limited by anisotropies in the primary CR arrival directions [48].
This technique is therefore well suited for the study of large-scale emission.

2.2. Data Complementary to Gamma Rays: Recent Step Forwards

The study of interstellar gamma-ray emission is deeply intertwined with other multi-
messenger/multi-wavelength measurements and observations, which we can group into
five broad categories:

. direct CR measurements;

e the study of other ISM constituents: matter, radiation fields, and magnetic fields;

e other indirect CR tracers, that is, synchrotron emission, neutrinos, and ion and nuclear lines;

e the census of energetic objects such as massive stars, SNRs, and pulsars and their
wind nebulae;

e hadronic interaction cross sections.

In this section we very briefly review these five domains and highlight some recent
results, with emphasis on aspects of particular importance for the subjects covered in
the review.

Direct CR measurements assess the spectra, composition, and arrival direction
anisotropies of charged particles around the Earth. For sub-knee CRs this is prevalently
achieved using satellite- or balloon-borne particle detectors, although ground-based instru-
ments studying the byproducts of CR interactions in the atmosphere can also explore the
energy range around the knee.

The past few years have been marked by the high-precision measurements of CR
spectra performed by AMS-02 on the International Space Station of a wide range of species,
including: light nuclei [49,50], heavier nuclear species [51-53], electrons [54], and secondary
species produced by CR interactions in the ISM [55]. They are complemented by new results
on the abundances of heavy nuclei, e.g., [56]. Linking these measurements with gamma-ray
observations is complicated by the fact that charged particles near the Earth below rigidities
of ~100 GV are affected by the solar wind, which modulates their spectra as a function
of the solar cycle phase. This limitation has been overcome only recently for rigidities
below ~1 GV thanks to measurements of light CR species in interstellar space with the
Voyager 1 probe. [57]. On the higher-energy portion of the spectrum, the TeV domain
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has also witnessed a significant advance, thanks to the measurements of several different
balloon/satellite/ground experiments, both for hadronic species (e.g., from DAMPE [58],
ATIC [59], and NUCLEON [60]) and for leptons (e.g., from H.E.S.S. [61,62], CALET [63],
and DAMPE [64]).

Interstellar matter constitutes a target for the production of gamma-ray emission via
nucleon—nucleon inelastic collisions and electron Bremsstrahlung. The gamma-ray yield is
proportional to the mass which resides predominantly in gas, the most important contribu-
tor being hydrogen, either in the atomic, molecular, or ionized form. Atomic hydrogen (HI)
is widely distributed in galaxies, and can be traced thanks to the 21 cm hyperfine transition
line. The velocity-integrated brightness temperature of the 21 cm line is directly propor-
tional to the gas column density in the optically thin limit. Often we need to account for H1
opacity, which is typically done under the approximation of a uniform spin temperature.
Recent years brought remarkable advances in the observations both for the Milky Way
at large [65,66], and for specific Galactic or extragalactic regions. Molecular hydrogen, Hy,
mostly concentrated in cold clouds, is difficult to observe directly and is most often traced
indirectly using molecular lines of other species. The mm rotational lines of the second
most abundant interstellar molecule, CO, with its different isotopes, have been a major tool
in gamma-ray astronomy. While for Milky Way on large scales we still rely on the survey
by Dame et al. [67], high-resolution surveys of specific regions or external galaxies become
more increasingly available, e.g., [68,69]. It is empirically established that molecular hydro-
gen column densities, N(Hy), are approximately proportional to the velocity-integrated
brightness temperature of the 2CO | = 1 — 0 line, W0, via the Xco =N (Hy)/Wco factor,
for which, however, variations are both observed and expected [70] (see also the discussion
in Section 3). Ionized hydrogen, H1i, is present in regions around star-forming regions and in
a kpc-wide layer around the Galactic disk. The Hx recombination line in the visible band
is heavily absorbed in the ISM. Alternative tracers are provided, under different kinds of
hypotheses and approximations, by microwave free-free emission [71], pulsar dispersion
measurements [72], and radio recombination lines [73]. Owing to Doppler shift from the
Galactic rotation, lines of all kinds can be used to separate different structures along the
line of sight, and approximately locate them.

An alternative approach to trace interstellar matter relies on dust. Dust grains make a
tiny fraction of the mass in the ISM, but they produce bright thermal emission in infrared
and are responsible for stellar extinction in the near-infrared to visible domain. They are
thought to be well mixed with gas, therefore their emission/extinction can be used as
a tracer of total ISM masses. Recent observational developments include the improved
mapping of thermal dust emission thanks to the Planck satellite [74] and strong advances
in 3D dust mapping based on stellar extinction measurements combined with stellar
population synthesis models, e.g., [75,76]. As for Xco, variations in the ratios between
dust observables and matter column densities are both observed and expected, e.g., [77].
The combination of gamma-ray and dust observations (both tracers of the total masses in
the ISM) with the H1 and CO lines has demonstrated that the aforementioned lines fail to
trace the totality of the neutral interstellar medium. The excess with respect to the H1- and
CO-bright gas is known as dark gas or dark neutral medium (DNM). It is predominantly
located at the interface between the molecular-dominated and atomic-dominated parts of
interstellar clouds, and it is likely made of a combination of optically thick H1and CO-poor
Hj in the outer layers of the molecular regions less shielded from UV photo-dissociation
(for a recent review see [16]). The existence of the DNM is confirmed by alternate molecular
tracers, e.g., [78,79] and emission from ionized carbon, e.g., [80], and also supported by
numerical simulations, e.g., [81].

Interstellar radiation fields (ISRFs) constitute a target for the production of gamma-
ray emission via inverse-Compton scattering by CR electrons and positrons. They include
the cosmic microwave background, thermal emission from dust grains heated by stellar
radiation from sub-mm to infrared, and radiation from stars from near-infrared to UV.
Radiative transfer techniques can be used to link the ISRFs to the measured spectral
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energy distributions and other observational constraints on the spatial distribution of
stars and interstellar dust. Recent years have seen significant advances in this field both on
the observational front, notably with the improved measurements of thermal dust emission
thanks to the Planck satellite [74], and on the modelling front for the Milky Way [82-84] as well
as for nearby external galaxies, e.g., [85,86]. The importance for gamma-ray observations
was discussed recently by Niederwanger et al. [87].

Magnetic fields are relevant to CRs both as a target for synchrotron energy losses/
radiation and as the agent of diffusion (see Section 2.3 for a discussion on the latter). We
can separate interstellar magnetic fields into a large-scale regular and a turbulent com-
ponent. In external galaxies they are known to follow a spiral structure similar to that
of interstellar matter and stars (for a recent review see [88]). The origin of the regular
field is still debated. It is constrained through rotation of polarized emission from back-
ground sources, e.g., pulsars, polarized synchrotron emission, and polarized dust emission.
Many recent works have used observational constraints to model the large-scale Galactic
magnetic field, e.g., [89-93], and have been revisited on the light of Planck results [94].
Magnetic turbulence is thought to be driven by supernova explosions, stellar winds and
outflows, shocks and instability induced by galactic rotation, and shear instabilities and
baroclinic effects in the ISM. It is related to interstellar turbulence in velocity, matter density,
and free-electron density. It is therefore constrained observationally using high-resolution
spectroscopy of interstellar lines, high-resolution imaging of interstellar matter, intensity
and polarization of synchrotron and dust thermal emission, dispersion of pulsar signals,
interstellar scintillation, and rotation of polarized emission from background sources for
a recent review see, e.g., [95]. The combination of these observations reveals an overall
power-law spectrum as a function of wavenumber with Kolmogorov slope over spatial
scales from thousands of km to a few pc [96].

Indirect CR tracers other than gamma-ray continuum emission include the already
mentioned synchrotron emission, observed from radio to microwaves. The microwave sky
was recently studied in unprecedented detail by the Planck satellite. Studies of synchrotron
emission are used to reconstruct the broadband spectrum of CR electrons and to inform
the interpretation of observations of IC emission in gamma rays [97,98]. Only a few years
ago the first detection of astrophysical high-energy neutrinos with IceCube [99] has opened a
new window that may enable us to have a complementary tracer of CR nuclei in galaxies,
but for the moment only upper limits to a Galactic neutrino signal exist combining data
from IceCube and Antares [100]. Molecular line emission driven by CR ionization, which
yields, e.g., Hf, OH*, H,O", H30", is observed in infrared and mm waves and provides
information on the low energy part of the CR spectrum for a recent review see [16]. Recent
calculations show that the observed molecular ion line emission suggests an average
ionization rate a factor of 10 larger than what is expected from directly measured CR
spectra (including results from Voyager 1) [101,102]. This may point to the existence of an
additional CR component emerging at low energies different from those observed directly
or through gamma rays, although it seems more likely that ionization sources different
from CRs may play a role more prominent than previously thought [103] Furthermore, we
note that the methodology used to infer the ionization rate from the data is very sensitive to
the composition of the ISM, e.g., to the presence of polycyclic aromatic hydrocarbons [104].
An alternative way to study the CR nuclei population in remote locations below the
pion production threshold (kinetic energies of ~300 MeV/nucleon) would be to observe
nuclear de-excitation lines in the 0.1-10 MeV range induced by CR collisions with interstellar
matter [105,106] thanks to a future MeV telescope [107].

Energetic objects play a twofold role: they are potential CR accelerators and they
inject energy into the ISM under other forms, e.g., radiation and magnetic turbulence.
Knowledge of their census and its recent history is therefore essential to model interstellar
gamma-ray emission and interpret the gamma-ray observations. Different challenges
are to be faced to determine the distribution in space and time of energetic object at
galactic scales against observational uncertainties and biases, or to establish a detailed
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picture of individual remarkable regions. Among the different classes of energetic objects,
massive stars are interesting at the same time for themselves, and as the progenitors of
all other relevant classes such as SNRs and pulsars and their wind nebulae. Our view
of stellar populations in the Milky Way is in a transformative phase thanks to the data
collected by the Gaia satellite in the visible /near-infrared band, which provide precision
measurements of positions, parallaxes, and proper motions of over 1.4 billions stars within
>4 kpc around the Solar system [108]. This makes it possible to paint a portrait of the
history of stellar clusters in the disc of the Milky Way over the past billion years [109],
which complements information from observations in near-infrared, e.g., [110], or at lower
frequencies, e.g., [111]. At the cluster or star-forming region level, this enables us to go
beyond simple models of coeval and colocated star formation, and embrace more realistic
descriptions of its spatial [112] and temporal distributions [113]. For SNRs, pulsars, and
pulsar wind nebulae (PWNe), the most important wavebands for the observations are
radio, X rays, and gamma rays. For the first two bands, the coming decade is expected
to be marked by the results from the Square Kilometer Array [114] and its precursors
and pathfinders (https:/ /www.skatelescope.org/precursors-pathfinders-design-studies /
(accessed on 29 March 2021)), and the eROSITA space telescope [115]. The role of gamma-
ray observations in understanding particle acceleration in energetic objects is treated in a
companion paper in this volume [17].

Hadronic cross sections for gamma-ray production are an essential ingredient to
model and interpret gamma-ray observations. While leptonic cross sections in princi-
ple can be calculated exactly, the modelling of hadronic interactions heavily relies on
experimental constraints. Accelerator data provide information with a somewhat limited
coverage in terms of energies, angular distribution, and interacting species (mostly p-p),
that are then used to model the cross sections resulting in non-negligible uncertainties
(for a recent review see [116]). Accelerator data in the crucial energy range above the
pion production threshold and around the A(1238) isobar resonance, and up to centre-
of-mass energies of 10° TeV mostly date back to between the 1950s and 1980s and have
been compiled by Lock and Measday [117], Stecker [118], and Dermer [119]. The en-
ergy coverage was recently extended up to 10% TeV in the centre-of-mass frame thanks
to the LHCf experiment [120,121], and improved also at hundreds GeV energies thanks
to the NA61/SHINE experiment [122]. Recent cross-section derivations exploiting these
data include Kamae etal. [123], Kelner et al. [124], Kachelrief8 and Ostapchenko [125],
Kafexhiu et al. [126], Mazziotta et al. [127], Kachelrief8 et al. [128], and, with focus on
the contributions of species heavier than protons, Mori [129], and Kachelrief3 et al. [130].

2.3. A Glimpse at the Basics of Cosmic-Ray Transport

Gamma-ray emission from the galactic ISM is intimately associated with the physical
problem of CR acceleration and transport. The problem of CR acceleration is not covered
in this review. We just recall that the SNR paradigm is widely considered as the reference
guideline, although other classes of sources powered by a variety of mechanisms have
been proposed as well (e.g., OB associations, X-ray binaries, and pulsar wind nebulae for
leptonic CRs). Within the SNR scenario, the theory of diffusive shock acceleration [131-134]
and its non-linear extension [135] describe the process o acceleration of cosmic particles
that are diffusing around the forward shock in an SNR, and are able to reproduce the
correct CR energetics and overall many of the CR observables. We refer to Blasi [136] for
an extensive review on the origin of CRs and the SNR paradigm, and also to Cristofari [17]
in this volume for the role of gamma-ray observations in this context.

In this Section we focus instead on the basics of the problem of galactic CR transport.
Let us start by mentioning that a large body of evidence demonstrates that high-energy
charged CRs are confined in the Milky Way for a timescale that is much longer than the
ballistic crossing time. In fact, the analysis of the properties of the CR fluxes that reach
Earth outlines the following key features:
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e isotropy at the level of ~1072 in the arrival directions for the entire energy range
covered by the experiments that are sensitive to this observable, in particular in
the TeV—PeV range [137-142]; this suggests that particles have suffered multiple
deflections in their journey from the acceleration sites to Earth;

* asignificantly larger abundance of some light species, namely lithium, beryllium,
and boron, with respect to the solar system abundances; this piece of evidence in
particular is naturally interpreted as the smoking gun of the cumulative interactions
between the primary species injected by the accelerators (protons and heavy nuclei)
and interstellar gas; the total column density that primary CRs have to cross to produce
the observed amount of light species is as large as a few g/cm?: such a large value of
the grammage strongly suggests once again that the CRs that produce the secondary
species have crossed the Galactic disk multiple times over time scales exceeding
one Myr.

The picture is corroborated by the ubiquitous observation of magnetic turbulence
in the interstellar environment that we briefly mentioned in the previous section. The
multiple, random interactions of charged CRs with these perturbations naturally provide a
mechanism to explain why the motion of these particles should be described as a diffusive
process. These considerations, together with an increasing amount of data in different
channels discussed in the previous section, corroborate the standard paradigm that seems
to capture the most relevant aspects of Galactic cosmic-ray physics, as recently extensively
reviewed in [2], in which CRs are diffusively confined within a kpc-sized, magnetized, and
turbulent Galactic halo.

The simplest way to describe this phenomenon, widely used in the past literature, is
provided by so-called leaky-box models [143]. In this framework, the galaxy is modelled
as a cavity with almost perfectly reflecting “walls”. The cosmic particles are allowed to
move freely within this environment. The physics of their propagation and escape is all
embedded in the energy-dependent parameter T, i.e., the mean residence time. Thus,
the probability of particle escape per unit time is equal to T, . The model is described by
the following equation for the particle density N:

N N
2t B = o

+Q(E), 1)

where Q(E) is the source function.

Recently, a description in terms of diffusion has become prevalent. We want to
emphasize that it is very challenging to obtain a general expression of the diffusion tensor
from first principles. A widely used guideline in this context is the quasi-linear theory of pitch-
angle scattering onto magnetic fluctuations presented in the pioneering papers of [144,145].
The rationale of the theory is to consider the interaction of a charged particle of momentum
# = ym®% with magnetic inhomogeneities B. The key assumptions behind this theoretical
framework are the following:

e the magnetic inhomogenities are Alfvénic; they are isotropic and their energy density
is characterised by a power-law energy spectrum P (k) as a function of wavenumber k;

e the inhomogenities are small, at the scale of interest, with respect to the coherent
large-scale regular magnetic field By.

The key result of this approach is that the particles mainly diffuse along the regular
magnetic field. The process is resonant, i.e., the Alfvén wavepackets that contribute to
the process have a wavelength comparable to the gyroradius of the particle. It is useful to
notice that the length scales associated with the energy range usually covered by current
CR observations are typically very small compared to the size of a galaxy, and to the scale
of injection of turbulence (10-100 pc). For instance, GeV particles resonate with fluctuations
with wavelength of the order of few AU.
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The resulting scattering rate can be written as [1,136,146]:

T kresp(kres)
V=7 ma/e o8
4 Bj/(8m)

where Oy = qBg/(ymc) is the gyration frequency and the resonant wavenumber is
kres = Qg /v)| (v} is the velocity component along the coherent magnetic field By).
Starting from this expression, it is possible to obtain a (parallel) spatial diffusion
coefficient of this form:
~ o® B3/(8n)
SQg kresp(kres) '

It is useful to recast this expression into:

D(p)

1 ro

D(p) = g}—(kres)

where 1 = p, /qBy is the Larmor radius of the particle and we have defined

_ kP(k)
)= g

This expression shows that a larger power in magnetic fluctuations at a certain scale
is associated with a lower diffusion coefficient for the resonating particles, hence a more
effective confinement. The dependence on the Larmor radius, both direct and indirect via
the resonant wavenumber ks, and the empirical power-law dependence on wavenum-
ber of the magnetic turbulence spectrum observed at large scales drive a dependence of
the diffusion coefficient on particle rigidity R. Standard implementations for the Milky
Way feature a diffusion coefficient D(R) = O(10%) 8 (R/1GV)'/? cm? s~ in reasonable
agreement with a reference estimate of the random field at the injection scale and extrapo-
lation down to the resonant scale. We emphasize that the theory is typically built on an
isotropic picture of turbulence. However, the resulting process is highly anisotropic. We
will elaborate more on these key concepts in the next Section.

Diffusive confinement is certainly a key feature characterising CR propagation. How-
ever, all CR species interact in many different ways with the different components of the
ISM, and a variety of other processes occur during their random walk across the parent
galaxy. Let us briefly recap the most relevant ones.

*  Reacceleration: This process is intimately connected to spatial diffusion. In fact,
the random walk in space is expected to be accompanied by a diffusion in momentum
space, since the scattering centres (namely, magnetic fluctuations) are not static. They
are instead in random motion themselves, with characteristic velocities of the order of
the Alfvén speed. The importance of this process hence depends on the large-scale
average of this quantity over the galaxy, and has been the subject of a long debate. We
refer to [147] for a critical look at this issue in the case of the Milky Way, in connection
with the total energy budget available in the Galaxy.

e Advection: This is a rigidity-independent process that can significantly contribute
to the vertical escape of CRs and is associated with the existence of so-called galactic
winds. This phenomenon consists of a powerful outflow that may extend for hundred
of parsecs, possibly more relevant in the inner part of galaxies, and induce a relevant
mass loss, possibly comparable to the mass formed in stars. Possible mechanisms to
create galactic winds are currently under debate. Winds may be powered by stellar
winds and supernova explosions, and a non-linear interplay with CRs may also be at
work: cosmic rays (CRs) escaping from the galaxy can effectively push on the ISM
and eventually trigger the wind itself.

e Energylosses: Different types of interactions transfer energy from the CR population
to the ISM. In particular, hadrons lose energy due to ionization, Coulomb interactions
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with interstellar matter, and production of secondary particles in nucleon-nucleon
inelastic collisions, most notably pions (these processes being overall more effective
at low energy, in particular in the sub-GeV domain). On the other hand, leptons
suffer strong losses mostly due to IC scattering onto low-energy photons, synchrotron
emission (with a rate that increases with increasing energy, following a « E? scaling),
and Bremsstrahlung. We refer for instance to [148] for a compilation of the relevant
formulae associated with these processes.

e  Spallation: A complex network of nuclear reactions and decays transform heavier
CR nuclei into lighter species as a consequences of inelastic interactions with matter in
the ISM. A combination of semi-empirical parametrizations and rescaling procedures
to nuclear data (mostly available in the GeV domain) is typically adopted to model
these phenomena. See for instance [149-154] and references therein for the modelling
of the hadronic nuclear network.

Remarkably, a joint description of the most relevant phenomena mentioned above is
possible in the form of a relatively compact transport equation that can be solved for each CR
species of interest. This general reacceleration-diffusion-loss equation is usually written as
follows: [1,146].

~V - (DYN; + voN) + & [pDpp & (5) | = & [N = (7 - 00)Ny] =

2
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In this equation: p is the particle momentum; N; is the CR density for species i; D is the
spatial diffusion tensor; D), the diffusion coefficient in momentum space, associated with
reacceleration; v, the velocity associated with advection; Q is the source term; ((TH[, ;)
are the spallation cross sections associated, respectively, to the creation of the species i
from parent nucleus j, and to the destruction of the species i; (7;_,;, 7;) are the decay times
for, respectively, the unstable species j, creating i, and for i, creating lighter nuclei. For a
detailed discussion on each term, we refer to the technical papers cited above.

2.4. Evolutions of Modelling and Data Analysis Techniques

Extracting properties of CRs from the gamma-ray data always involves some type
of modelling. The modelling of CR propagation and interactions and the associated non-
thermal emission can follow different avenues. We review in this Section different methods
and discuss the most remarkable achievements and open questions.

The template fitting method is a widely used technique aimed at modelling observa-
tions of interstellar gamma-ray emission. In its simpler form the key assumption is that
CR densities vary mildly on the spatial scales characteristic of interstellar gas complexes.
Therefore, gamma-ray emission associated with interstellar gas can be modelled as a linear
combination of maps (templates) of gas column density, or a proxy thereof, split for dif-
ferent regions along the line of sight by using the Doppler shift information of interstellar
lines. The original implementation of this method used templates derived from the H1
21 cm line to account for atomic gas and from the 2.6 mm CO line as a surrogate tracer of
molecular gas [155]. The linear combination coefficients, known as gamma-ray emissivities,
encode information on CRs. Notably, the H1 emissivity is the gamma-ray emission rate per
hydrogen atom, i.e., the convolution of the CR densities with the gamma-ray production
cross sections. The gamma-ray analysis can be performed over several independent energy
bins to reconstruct the underlying CR spectrum. In recent years the template fitting method
has been extended to account for other forms of interstellar gas (dark neutral medium,
ionized gas), and other components of interstellar emission, notably IC emission. For the
latter templates need to be obtained using predictive models. More recently, the SkyFACT
tool [156] introduced the possibility to allow pixel-by-pixel variation within each template
guided by a penalized likelihood maximization by combining methods of image reconstruc-
tion and adaptive regression. Crucial uncertainties affecting the template fitting technique
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come from approximations in the construction of the templates, and cascade effects that
stem from those in the component separation procedure.

A specular technique consists of making assumptions about the spectra of different
gamma-ray emission components, either based on theory or observations, and use the
gamma-ray data to infer the morphology of the components. This technique is known
as spectral component analysis or spectral template fitting [157,158]. This alternative
incarnation of template fitting has been used less widely owing to the absence of sharp
spectral features in typical gamma-ray spectra and because the 225-10% energy resolution
of gamma-ray telescopes makes it less effective. We warn the reader that caution is needed
in dealing with the energy-dependent point sprwad function (PSF) of the instruments
when applying this technique.

Another completely data-driven technique aimed at studying gamma-ray emission is
represented by the D3PO (denoised, deconvolved, and decomposed) inference algorithm
presented in [159]. This method performs a Bayesian inference without the use of templates.
Instead, it is designed to remove the shot noise, deconvolve the instrumental response,
and finally provide estimates for the different flux components separately. This method is
particularly suited in identifying and subtracting point sources from the data to study the
remaining emission.

Let us now turn our attention to another widely adopted approach to gamma-ray mod-
elling, which is the use of predictive models connected to the physics of CR propagation
in galaxies. The rationale of these methods is to compute the equilibrium CR distribution
in the galaxy by solving the transport equation (Equation (2)) presented in Section 2.3. We
have discussed how such equation captures the variety of physical processes shaping the
transport of the cosmic particles from their production at the accelerator sites to their even-
tual escape from the large-scale diffusive halo. Today we have at our disposal several public
numerical codes, equipped with different numerical methods and astrophysical ingredients,
aimed at solving that equation for all CR species in the Milky Way. The most important
are (in chronological order): GALPROP [160-162], DRAGON [148,154,163,164], PICARD [165,166].
A semi-analytical approach is instead followed by the USINE project [167].

The models based on this concept were remarkably successful in reproducing a variety
of local CR data, and, for some of them, in modelling the non-thermal emission from the ra-
dio band all the way up to the GeV-TeV gamma-ray domain. In standard implementations
the CR transport is typically described as isotropic, homogeneous diffusion characterised
by a scalar diffusion coefficient with a power-law rigidity dependence. The amplitude
and slope of the diffusion coefficient, together with a set of parameters associated with the
astrophysical ingredients of the model (for instance, the Xco conversion factor between
the CO emission intensity and the molecular gas column density) are typically fitted to a
variety of data, including the accurate dataset of secondary/primary nuclei provided by
AMS-02, and the gamma-ray maps provided by the Fermi-LAT.

However, a number of anomalies have been highlighted over the recent years both
in CR and gamma-ray data: a break in the local proton, Helium, light and heavy nuclei
spectra at ~200 GV [49,50,16