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Abstract. The dawn of the 21st century saw a sequence of important discoveries in the fields of High-Energy Astrophysics and
Astroparticle Physics. Until a few years, nearly all the information about astrophysical objects came from a very specific type of
astronomical messenger: the photons. The recent detection of gravitational waves, and more than that, the first observation of the
electromagnetic emission of a gravitational wave event, as well as the discovery of the first optical counterpart of a high-energy
neutrino source, has definitely opened a new era of "multi-messenger" astrophysics. The next major step in the evolution of
High-Energy Astrophysics will be the inauguration, at the beginning of the next decade, of the Cherenkov Telescope Array (CTA),
the world’s first open observatory for gamma rays of Tera-electronvolts, the most energetic type of electromagnetic radiation. With
the CTA, the last observational window of astrophysics will be deeply investigated. In this lecture, I will present the state of the
art of high-energy observational astrophysics and future scientific perspectives for the new CTA project, which has had Brazilian
participation since its early years of planning and design.

Resumo. O alvorecer do Século XXI viu uma sequência de importantes descobertas nos campos da Astrofísica de Altas Energias
e Física de Astropartículas. Até há alguns anos, quase todas as informações sobre objetos astrofıisicos vinham de um tipo muito
específico de mensageiro astronômico: os fótons. A recente detecção de ondas gravitacionais, e mais do que isso, a primeira
observação da emissão eletromagnética de um evento de onda gravitacional, bem como a descoberta da primeira contrapartida
óptica de uma fonte de neutrinos de alta energia, abriu definitivamente uma nova era da Astrofísicacom "multi-mensageiros". O
próximo grande passo na evolução da Astrofísica de Altas Energias será a inauguração, no início da próxima década, do Cherenkov
Telescope Array (CTA), o primeiro observatório aberto do mundo para raios gama de Teraeletronvolts, o mais energetico tipo de
radiação eletromagnética. Com o CTA, a última janela observacional da astrofísica será profundamente investigada. Nesta palestra,
apresentarei o estado da arte da astrofísica observacional de altas energias e as perspectivas científicas futuras para o novo projeto
CTA, que teve participação brasileira desde seus primeiros anos de planejamento e design.

Keywords. Astroparticle Physics – Gamma rays: general – Instrumentation: miscellaneous

1. Introduction: Gamma-ray Astronomy

Gamma-rays are the most prominent probes of high-energy as-
trophysical phenomena. The view of the cosmos at these ener-
gies is totally new with respect to what thermal astronomy can
reveal. Both images of the universe are therefore complemen-
tary, but the excitement of gamma-ray astronomy lies in its priv-
ileged gaze into some of the most extreme phenomena in the
Universe, such as gamma-ray bursts (GRBs), Active Galactic
Nuclei (AGNs), supernovae, among others. These are examples
of sources that, although emitting throughout the spectrum, have
a very significant share of their electromagnetic output in the
most energetic gamma-ray bands, meaning that the recent ob-
servations at and beyond the GeVs has caused a revolution in
virtually all fields of astrophysics. When we further consider the
investigation of the fundamental role of hadronic particles ac-
celerated at these powerful environments, then gamma-ray as-
tronomy plays an even more relevant part, bridging electromag-
netic astrophysics with the new cosmic messengers represented
by neutrinos and the ultra-high energy cosmic-rays, to which we
could add also gravitational wave phenomena and the previously
hidden astrophysical processes they have revealed.

Gamma-ray astronomy, and especially its more energetic,
ground-based version, is a young field, the first very-high energy
(VHE), tera-electonvolt gamma-ray source, being detected little
less than three decades ago, by the pioneer Whipple telescope,
in Arizona (Weekes 1989). Today the field amasses almost 200
detected sources, but it is the future CTA who will represent
the definitive breakthrough: adding truly astronomical figures to
this number, it will detect thousands of sources throughout the

Galaxy1 and beyond, up to cosmological distances well over red-
shift 1, halfway back into cosmic history.

1.1. Imaging Atmospheric Cherenkov Telescopes

At energies above a few hundred GeVs, gamma-ray satellites are
no longer effective, being limited by their relatively small col-
lection areas. The only hope to continue detecting the ever de-
creasing photon fluxes from the astrophysical sources at higher
energies is therefore to exploit the interaction of the VHE radi-
ation with the atmosphere and use large collectors to indirectly
detect the incoming high-energy photons. Such large collectors
are called Cherenkov telescopes, and are characterised by usu-
ally large mirror areas, which collect the Cherenkov radiation
from the secondary particles of the atmospheric shower, result-
ing from the pair-cascading process initiated in the interaction
of the primary gamma-ray with the upper atmosphere. The ef-
fective area of a single Cherenkov telescope is equivalent to the
ize of the shower’s Cherenkov2 footprint on the ground, of order
105 m2.

The crucial aspect of the imaging atmospheric Cherenkov
technique consists in the capacity to separate the signals of the
low-rate incoming VHE gamma-rays from the overwhelmingly
larger cosmic-ray background, which produces an analogous
Cherenkov signal, but roughly three orders of magnitude greater

1 Up to today, the vast majority of catalogued galactic TeV sources
are within our own quadrant of the Galaxy, and none is beyond the 8
kpc which separates us from the Galactic Center

2 For more on Cherenkov telescopes see (Volk & Bernlohr 2009).
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top:
differential energy flux sensitivities for CTA (south and north) for five standard deviation detections in five
independent logarithmic bins per decade in energy. For the CTA sensitivities, additional criteria are applied to
require at least ten detected gamma rays per energy bin and a signal/background ratio of at least 1/20. The
curves for Fermi-LAT and HAWC are scaled by a factor of 1.2 to account for the different energy binning. The
curves shown give only an indicative comparison of the sensitivity of the different instruments, as the method
of calculation and the criteria applied are different. In particular, the definition of the differential sensitivity
for HAWC is rather different due to the lack of energy reconstruction for individual photons in the HAWC
analysis. Bottom: angular resolution expressed as the 68% containment radius of reconstructed gamma
rays (the resolution for CTA-North is similar). The sensitivity and angular resolution curves are based on the
following references: Fermi-LAT [1], HAWC [2], H.E.S.S. [3], MAGIC [4], and VERITAS [5]. The CTA curves
represent the understanding of the performance of CTA at the time of completion of this document; for the
latest CTA performance plots, see https://www.cta-observatory.org/science/cta-performance.

Cherenkov Telescope Array
Science with CTA

Page 15 of 213

Figure 1. Comparisons of the expected performance of CTA
with current ground-based and reference satellite instruments.
The plot shows differential energy flux sensitivities for CTA
north and south sites for 5 σ detections. Reproduced from (CTA
Consortium 2019).

in flux. Gamma/hadron separation, which is based on the im-
age reconstruction of the shower’s Cherenkov light pattern on
the ground (Fegan 1997), is in fact not only the breakthrough
leading to the detection of the Crab back in 1989, but respon-
sible for the relatively large sensitivity of the technique and the
consequent great success of the field (Figure 1).

In the imaging atmospheric Cherenkov technique (IACT),
the image of the shower’s Cherenkov light signal is used to re-
construct the properties of the incoming primary gamma-ray,
with intensity and orientation of the elliptical Cherenkov image
providing information about the energy and direction of the in-
coming high-energy signal.

2. The Cherenkov Telescope Array

The Cherenkov Telescope Array has been planned to improve
sensitivity by an order of magnitude over current observatories.
Extensive Monte Carlo simulations were performed to improve
not only the instruments themselves, but also to optimise the
array layout and performance as a whole (Hassan et al. 2017).
With an extensive observing range, from 20 GeV to 300 TeV,
the array is a hybrid solution, being composed of three differ-
ent sizes of telescopes, accordingly labeled as large-, medium-
, and small-size telescopes (LSTs, MSTs, and SSTs), covering
from the lowest to the highest energies, respectively. Two possi-
ble array designs, for both the North and Southern Hemispheres,
are shown in Figure 2, where one can see the compact core of
LSTs, surrounded by the extended areas of MSTs (∼ 1 km2)
and SSTs (∼ 10 km2), the latter being present only in the larger,
Southern array, which is focused on multi-TeV Galactic obser-
vations (CTA Consortium 2011).

Despite its hybrid configuration, CTA will not work as a su-
perposition of independent arrays, but will perform combined
observations to make deep measurements of both galactic and
extragalactic sources over a wide energy range. Its large number
of instruments, with differentiated capabilities, will nevertheless
endow CTA with flexibility in the observing scheme, allowing
for the simultaneous pursuit of multiple observational tasks, as
well as wide field-of-view (FoV) pointing configurations for fast
surveying capabilities (Dubus 2013). As per current estimates,
the nominal sensitivity of CTA, considering 5 σ detection over

Figure 2. Schematic illustrating the proposed layouts for north-
ern and southern hemisphere arrays. Reproduced from https:
//www.cta-observatory.org/about/how-cta-works/.

50 hours integration time, is of a few milliCrab, at the maxi-
mum sensitivity range of few TeVs. The sensitivity is limited, at
high energies, by low rate of events, and at low energies by poor
hadronic background rejection.

The novelties of CTA do not stop in its hybrid telescope de-
sign or in the presence of two arrays to provide full sky cover-
age. Perhaps the single most significant conceptual change for
the field is the open-observatory character of CTA, meaning that
part of its observing time will be open for external proposals by
anyone. CTA was planned, built and will be run with the support
of a Consortium of 32 countries, and over one thousand scien-
tists and engineers from hundreds of institutes across the world.
Initially, in the first ten years of operation of CTA, about half
of the observing time of the array will be of exclusive use to
the Consortium. This will allow the performance of the first sur-
veys and legacy services, as well as pursuing time-demanding
and challenging science cases which cannot be completed via
proposal-driven time allocations. CTA is also fully committed
to open science, and will provide not only open access to all
its datasets, but also analysis software and support. The ob-
servational facilities will be run by an independent, already-
constituted legal body, the CTA-Observatory, or CTA-O, with
headquarters in Bologna, Italy.
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2.1. CTA North and the LST1 Prototype3

The CTA Large Size Telescopes are designed to cover the lower
energy range of observations, from 30 GeV to a few TeV.
Forming the compact core of the array, four LSTs will be in-
stalled on each CTA site, dominating CTA performance and sci-
ence below 200 GeV. This, along with a fast rotation capability
to quickly lock on short-duration transients, will help address
several important science cases of CTA, such as performing cos-
mological observations beyond z ∼ 1, and the hunt for the first
gamma-ray burst detected by a ground-based gamma-ray instru-
ment. The LSTs will have the strategic advantage of providing
a broad energy overlap with space-based instruments, such as
the Fermi-LAT. Due to the low energy of the showers, the LSTs
have a very large collecting area of 23 m in diameter, made up of
about 200 hexagonal mirrors4. In order to discriminate between
the faint flashes produced by the low-energy gamma-rays and
the night sky, the LST camera is the fastest and most sensitive of
CTA, supplied with almost 2000 photomultipliers, and a FoV of
about 4◦ (Cortina & Teshima 2015).

The prototype large size telescope, LST1, was built on the
northern site of La Palma, and inaugurated as the first CTA tele-
scope on the 10th October 2018, at the Roque de Los Muchachos
Observatory. The site, close to the MAGIC telescopes, allows for
cross-calibration of the new instrument with the previous ones.
The next three LST telescopes, LST2-4 will also be built in the
Northern site, while waiting for the CTA-south site agreement to
be signed, thus completing the low-energy section of the obser-
vatory, with a total of 8 large-size telescopes. The full LST-north
array is expected to be completed by late 2020.

3. Science with CTA

CTA will explore a wide range of science themes, from parti-
cle acceleration in extreme environments within and beyond the
Galaxy, compact objects, and dark matter, among many others.
A comprehensive description of the CTA science cases can be
found at the upcoming "Science with CTA" publication (CTA
Consortium 2019). CTA is also well suited to study cosmolog-
ical effects on gamma-ray propagation – a set of science cases
for which the LST telescopes are particularly important – such
as probing the extragalactic background light, intergalactic mag-
netic fields, search for axions and Lorentz invariance violation
effects (Acero et al. 2013), all of which depend on the obser-
vation of sources at larger cosmological distances than what is
achievable today.

From the side of Dark Matter searches, CTA will look into
predictions of dark matter particle annihilation into gamma-rays,
which is predicted, depending on models, throughout the range
of CTA observable energies (Doro et al. 2013). These indirect
searches will focus on astrophysical regions with an expected
high dark matter density, such as the Galactic halo and dwarf
galaxies. The capability to discover a thermal weakly interact-
ing massive particle from the gamma-ray annihilation signal,
according to some models, is well within the reach of deep
CTA observations for certain astrophysical regions and sources
(Morselli 2017).

The past couple of years have seen some important break-
throughs in the field of multi-messenger astrophysics. For this

3 See the LST1 website at http://www.lst1.iac.es/
4 The Brazilian Center for Research in Physics, CBPF, is the leading

Brazilian institution in the LST project, contributing to the design and
construction of interface plates for the mechanical actuators of the LST
active mirror control system.

12. KSP: Active Galactic Nuclei 12.1 Science Targeted

magnetic cascades. If the IGMF is sufficiently weak, their cascaded secondary photons contribute to
the gamma-ray flux from the source. Models based on this scenario reproduce successfully the SED of
hard-spectrum blazars (see, e.g., [510, 511, 466]). Figure 12.5 shows the expected spectral hardening
from UHECR induced intergalactic cascades for a high-redshift blazar observable by CTA.

Figure 12.5 – The expected CTA spectrum for the distant blazar KUV0031-1938, based on an extrapolation
from current measurements and the addition of gamma-ray induced cascades (blue curve), is compared to the
spectrum from the same source when including UHECR induced cascade emission (red curve). Error bars
indicate the statistical uncertainty of one standard deviation. See also [466, 512].

Another signature for the presence of relativistic hadrons in AGN is the occurrence of synchrotron-pair
cascades in the emission region, which can lead, under certain conditions, to a visible spectral “bump”
in the TeV range ([441, 513, 452, 443], see Figure 12.1). In addition, models of gamma-ray emission
close to the central SMBH, which can best be probed in LLAGN, provide yet another scenario for the
acceleration of hadrons to ultra-high energies.

The search for such signatures requires high-quality spectra covering a wide spectral range for a sample
of different VHE AGN classes and redshifts, together with information on the source variability. This will
be achieved with the data gathered from the “high-quality spectra” and “AGN flare” programmes that
are detailed below. In addition, several emission scenarios based on different acceleration sites have
been proposed for radio galaxies, especially Cen A. These scenarios can be tested with the deep VHE
observations we propose for this source (see, e.g., [514, 486, 515, 516] and many others).

Can we find signatures for the existence of axion-like particles ?

An issue with wide ranging implications for fundamental physics that can be probed in several ways with
measurements of VHE gamma rays from distant sources is the existence of ALPs (for more information,
see Chapter 1). EBL absorption of VHE photons would be considerably reduced by � $ ALP oscillations
taking place in ambient magnetic fields [517, 518, 519, 520, 521, 522, 523, 524]. First hints for a reduced
gamma-ray opacity might have been observed in the form of a pair-production anomaly at the four
standard deviation level [525] and of unusually hard gamma-ray spectra compared to what is expected
from standard EBL absorption [526, 527]. (These hints do not seem to be confirmed however, see
[528, 498, 529]). Photon-ALP oscillations would provide a natural solution to these problems if they are
confirmed [518, 522, 530].

Alternatively, the � ! ALP conversion could occur inside the blazar or in its direct environment, and
the ALP! � reconversion could take place in the Milky Way magnetic field [518]. One possibility is
that the blazar resides inside a group of galaxies or a galaxy cluster, where the � !ALP conversion is
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Figure 3. The expected CTA spectrum for distant blazar
KUV0031-1938, based on extrapolation from current measure-
ments. The plot shows the expectation with an addition of
gamma-ray induced cascades (blue curve), compared to the same
spectrum when including the presence of UHECR and their in-
duced cascade emission (red curve). Reproduced from (CTA
Consortium 2019).

reason, in the reminder of this contribution, we will concentrate
on briefly exposing the potential for CTA science in synergy
with cosmic-ray, neutrino, and finally, gravitational wave astro-
physics.

4. CTA science in the Multi-messenger Era

CTA will have important synergies with the new generation
of major astronomical and astroparticle observatories, meaning
that the CTA science case will have an important component
of multi-wavelength and multi-messenger collaboration. This is
especially the case in the field of transient phenomena, which
include gamma-ray bursts, gravitational waves and high-energy
neutrino transients. But before moving into those, let us briefly
consider the potential of CTA for a range of studies in cosmic-
ray physics5

Cosmic-rays within the Galaxy are in close pressure equilib-
rium with turbulent gas motions and magnetic fields in the inter-
stellar medium, which testifies to the major role these energetic
particles play in all astrophysical systems. The understanding of
the origin and the role of these relativistic cosmic particles is
one of the fundamental themes of CTA science, particularly the
study of the mechanisms of cosmic particle acceleration, and to
establish the astrophysical sources in which particle acceleration
to the highest energies take place (Picozza & Boezio 2013).

To understand the origin of cosmic-ray particles, it is neces-
sary to study in detail the non-thermal signatures that span many
orders of magnitude in frequency, in the broad-band spectral
energy distribution (SED) characteristic of relativistic sources.
Great progress has been made by the current generation of satel-
lite and ground-based instruments in this area, which have pro-
vided strong evidence of hadron acceleration taking place in a

5 Here we refer to the studies of cosmic-rays by the indirect obser-
vation of their gamma radiation, and not to the direct observation of
charged particles, such as high-energy electrons which CTA will also
be able to detect, and are associated with nearby particle accelerators
(Aharonian et al. 2008).

9
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1. Introduction to CTA Science 1.2 Overview of CTA Science Themes

particle acceleration takes place, and in particular, to establish the dominant contributors to the locally
measured ’cosmic rays’ which are 99% protons and nuclei (collectively referred to as ’hadrons’). Huge
progress has been made in the last decade in this area, with the combination of Fermi-LAT and IACT
data proving extremely effective in identifying the brightest Galactic accelerators and providing strong
evidence of hadron acceleration in a handful of sources. However, key questions remain unanswered:
are supernova remnants (SNR) the only major contributor to the Galactic cosmic rays? Where in our
galaxy are particles accelerated up to PeV energies? What are the sources of high-energy cosmic
electrons? What are the sources of the ultra-high energy cosmic rays (UHECRs)?

CTA will address all of these questions and also the critical issue of the mechanism(s) for particle accel-
eration at work in cosmic sources, through two main approaches:

• a census of particle accelerators in the universe, with Galactic and Extragalactic surveys and
deep observations of key nearby galaxies and clusters and

• precision measurements of archetypal sources, where bright nearby sources will be targeted
to obtain resolved spectroscopy or very high statistics light curves, to provide a deeper physical
understanding of the processes at work in cosmic accelerators.

A general census is required to understand the populations of accelerators and the evolution/lifecycle of
these source classes. Deep observations of individual sources are required to acquire the very broad
band spectra needed to unambiguously separate lepton and hadron acceleration and to test acceleration
to the highest energies possible for Galactic accelerators.

While the main resources for the census are the KSP survey observations introduced above, the Guest
Observer (GO) programme will provide most of the deep observations of individual sources. For exam-
ple, the deep observation of the TeV-bright pulsar wind nebula (PWN) HESS J1825�137, mapping in
detail its energy-dependent morphology and studying particle propagation and cooling in the post-shock
flow [15], is anticipated as a GO proposal.

One key object that is included in the proposed KSPs is the TeV bright, young supernova remnant
(SNR) RX J1713�3946 (see Figure 1.6 and Chapter 10), where the dominant gamma-ray emission
mechanism is unclear from current measurements [23, 24], but where CTA can resolve the ambiguity
between electron- and proton-dominated emission and resolve sub-structure within the SNR shell on
scales that are important for our understanding of the acceleration process.
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Figure 1.6 – Simulated CTA images of the TeV-bright supernova remnant RX J1713�3946 for different emis-
sion scenarios, showing the power of CTA to differentiate between these scenarios. Reproduced from [25].

Known TeV-emitting source classes where CTA data will have a transformational impact on our under-
standing include PWN, gamma-ray binaries, colliding-wind binaries, massive stellar clusters, starburst
galaxies and active galaxies. There is clearly huge potential for the discovery of new classes of acceler-
ators, with emission from clusters of galaxies (see Chapter 13) as one of the most exciting possibilities.
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Figure 4. Simulated CTA images of the TeV-bright supernova
remenat RX J1713-3946 for different emission scenarios, show-
ing the power of CTA to differentiate between emission types
in deep observations of nearby sources. Reproduced from (CTA
Consortium 2017).

handful of sources (Ackermann et al. 2013). However, many of
the key fundamental questions remain unanswered.

The highest energies achievable by CTA will be fundamen-
tal in addressing some of these questions such as, for example,
identifying the sources of PeV particles in the Galaxy (HESS
Collaboration 2016) and the origin of ultra-high-energy cosmic-
rays (Fang & Murase 2018) (Figure 3). Among the novelties
that CTA is going to introduce to the study of cosmic particles,
we can also cite the capacity to provide the first high-angular
resolution measurements of cosmic-ray protons and nuclei in
astrophysical systems, thanks to CTA’s wide energy range, ex-
tending to 100 TeV and its improved angular resolution (Acero
et al. 2017). This will be particularly important for the study
of the specific mechanisms for particle acceleration at work in
the sources, providing precision measurements of archetypal,
nearby bright sources in deep observations, as shown in Figure 4.
Such studies will be complemented by an extensive census of the
particle accelerators through surveys of both the Galactic and the
Extragalactic sky (Dubus 2013).

4.1. Gamma-ray counterparts of neutrino signals

The production of neutrinos in astrophysical sources are inti-
mately linked to the production of cosmic rays and the accel-
eration of hadronic particles (Halzen 2013). Furthermore, prac-
tically all mechanisms which produce high-energy neutrinos in
astrophysics will also generate a gamma-ray signal of similar
energy, linking the two phenomena – with the advantage over
charged cosmic-rays that neutrinos, like photons, point directly
to their sources. There is therefore strong synergies and comple-
mentarity between these two cosmic messengers (Figure 5).

Imaging atmospheric Cherenkov telescopes (IACTs) have
good pointing precision and sensitivity to identify and study di-
rectly the populations of astrophysical accelerators, being able
to localise the precise sites of particle acceleration in nearby
sources (IceCube Collaboration 2013). Neutrino telescopes, on
the other hand, which reconstruct the secondary muons from the
neutrino-induced showers, have a much worse spatial resolution
(Ahlers & Halzen 2015). Nevertheless, while the gamma-ray
measurements are ambiguous with respect to the nature of the
accelerated particles – leptonic and hadronic gamma-ray signals
are hard to disentangle – the detection of neutrinos by itself is an
unambiguous tracer of hadronic acceleration, even out to high
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The non thermal Universe in
the multi-messenger framework

Ahlers & Halzen, 
arXiv:1805.11112

Figure 5. Plot showing the spectral flux of neutrinos, inferred
from HESE and IceCube analysis, compared to the unresolved
gamma-ray extragalactic background from Fermi and Auger
UHECR data. Also shown are the various particle production
channel interfaces between the various messengers. The plot
highlights the close synergy between the messengers over 10 or-
ders of magnitude in energy. Reproduced from (Ahlers & Halzen
2018).

redshifts and PeV energies (IceCube Collaboration 2015). These
complementary features make the follow-up study of neutrino
sources by ground-based gamma-ray instruments such as CTA
particularly relevant (Halzen 2013).

The experimental situation in the neutrino domain has dra-
matically changed in recent years, thanks to the activities of the
IceCube Collaboration, which has provided the first strong ob-
servational evidence for VHE astrophysical neutrinos, by firmly
detecting a diffuse astrophysical neutrino signal above 0.1 PeV
(Aartsen et al. 2013). The situation has further evolved last year
with the electromagnetic detection of a flaring blazar in gamma-
rays in coincidence with a high-energy neutrino IceCube event
(IceCube Collaboration 2018), indicating, for the first time, the
potential source for a VHE astrophysical neutrino. This suc-
cessful discovery was the result of follow-up programs between
IceCube and current gamma-ray facilities, and will be contin-
ued by CTA, which is expected to contribute even further to
this novel multi-messenger window (IceCube Collaboration et
al. 2016). In fact, such results open an opportunity for dealing
more directly with the problem of the origin of the UHECRs. For
over ten orders of magnitude in energy, the rates of UHECRs,
neutrinos and sub-TeV gamma-rays are comparable, a realisa-
tion which intimately links the three components, and can be
elucidated by the coincident detection from identified astrophys-
ical sources (Fang & Murase 2018).

With the construction of KM3Net (Katz 2006) and the
planned upgrades of IceCube, the scenario for multi-messenger
cooperation and combined individual neutrino source detections
is ever more promising, where CTA is the ideal instrument to
foliow-up on such high-energy events (Razzaque 2013).

4.2. Gravitational waves and the new high-energy astrophysics

The other field in which CTA will enjoy strong multi-messenger
synergies is gravitational wave events (Bartos et al. 2014). The
full sky coverage of CTA, as well as its flexible observing
capabilities, which allow for large, fast-surveying techniques
(Szanecki et al. 2015), will ensure a good accessibility of the
observatory to transient events that are both rare and detected
with relatively low positional accuracy, such as is the case for
gravitational wave transients (Abbott et al. 2016) (Figure 6).

The recent discovery of gravitational wave emission associ-
ated with mergers of massive black holes (Abbott et al. 2016b),
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8 Testing the observational strategy on a specific case

In the following we show the results obtained by applying the strategy described in the
previous sections to a BNS merger from our sample. To this scope, we selected from the
database produced by [25] one BNS merger detected by Advanced LIGO and Advanced Virgo
and whose inclination angle is less than 10�, so that the possible associated GRB is seen
on-axis. This source is located at a distance of 215 Mpc; the combined signal-to-noise ratio
(SNR) of the GW detection is ⇠ 18, and the 90 % C.R. in the sky localization is of ⇠56 deg2.

8.1 Application of the strategy

We apply the proposed observational strategy to the selected event. First we assumed an
intermediate isotropic energy Eiso=1051 erg and a cut-off energy Ecut=100 GeV. We found
that, with the above assumptions, the EM flux of the source is high enough to allow the
coverage of the whole 90 % credible region (C.R.) of the GW skymap, i.e. the region of
the GW skymap enclosing the 90 % of probability that the source is located there. The
corresponding tiling of the GW skymap is shown in fig. 1. For comparison, we also considered
the cases Eiso=1050 erg and a cut-off energy Ecut=100 GeV; in these cases, only 50 % C.R. of
the GW skymap can be covered (see fig. 2), but this coverage is still sufficient to detect the
source.

Figure 1. Representation of the 90 % C.R. in the sky localization of the selected GW event (red
contour) and the consecutive set of sky areas that can be covered by CTA follow-up observations
(gray and blue circles), assuming Eiso=1051 erg and Ecut=100 GeV. The source position is marked
with a black star. The CTA observed field in which the source is detected is represented by a blue
circle. For simplicity, the amplitude of each CTA observed area is represented taking into account
only the FOV of LSTs. The inset shows a zoom of the GW sky localization area and CTA tilings.
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Figure 6. Representation of the 90% C.R. in sky localisation of
a simulated GW event and the consecutive set of sky areas that
can be covered by the CTA folow-up observations. Reproduced
from (Patricelli et al. 2018).

raised exciting new possibilities in observational astrophysics,
for the studies on the evolution of high mass binary systems
(Abbott et al. 2016c). The prospects for combined studies be-
tween CTA and GW detectors has improved further still re-
cently, with the first multi-messenger observations of a binary
neutron star merger, which included the detection of high-energy
gamma-rays (Abbott et al. 2017). Black holes or neutron star bi-
nary system mergers should be detectable out to several Mpc
(Abbott et al. 2013), with expectations of over a hundred GW
transients being detected per year after 2018 (Abadie et al.
2010).

The observed gamma-rays are expected due to a jet forma-
tion in the merging neutron star system (the likely counterpart
of short GRBs) with resulting particle acceleration to TeV ener-
gies and the subsequent gamma-ray production. The fast slewing
design of the LSTs, and high sensitivity at the low energy CTA
range will make these instruments able to very rapidly respond to
triggers from both GRBs and GW transients (Bartos et al. 2014).

5. Conclusion: CTA, multi-messengers, and the future

As the flagship VHE gamma-ray observatory for the coming
decades, CTA will have important synergies with many new
generation astronomical and astroparticle observatories. Multi-
wavelength and multi-messenger studies with CTA will impact
CTA science in two fundamental ways. Firstly, by complement-
ing the high-energy view provided by CTA with the necessary
(and oftentimes simultaneous) broadband information required
to the study of non-thermal sources. Secondly, the possibility to
follow up on multi-messenger events such as neutrinos and grav-
itational waves will enable a deeper probe of source properties
and the nature of particle populations and processes powering
their emission.

Over the next few years, up to the full completion of the
array, towards 2025, the multi-messenger era swill become the
new status quo in observational astrophysics. Whereas some of
the current facilities may go offline, a range of important new in-
struments will be built, such as SKA in radio or the E-ELT, TMT,
GMT and LSST telescopes in optical, which will be unique,
breakthrough facilities in their respective fields, deepening even
more the potential synergies with CTA.

The gradual start of CTA operations will be dominated by
the so-called key science projects (KSPs), which were selected
by the Consortium as ambitious projects, with significant sci-
entific promise and as relevant legacy tasks for further research
using CTA (CTA Consortium 2019). The KSPs will be devel-
oped over the first ten years of CTA operations, using the inter-
nal Consortium time, while for the remainder of the available
schedule CTA will operate as an open observatory, promising to
change the field of high-energy astrophysics and insert ground-
based gamma-ray astronomy definitely in the daily agenda of the
astronomer worldwide.

Acknowledgements. This paper has gone through internal review by the CTA
Consortium. I gratefully acknowledge the support of the project number
426753/2016-0 funded by the National Research Council of Brazil (CNPq),
through the Universal call 2016, as well as the CNPq Productivity Fellowship
309606/2017-6 (2017-19).This work is partially funded by a FAPERJ Young
Scientists Fellowship (2017-19), reference E-10/2016. CTA gratefully ac-
knowledges support from the agencies and organisations listed under Funding
Agencies at this website: http://www.cta-observatory.org/.

References
Aartsen, M. et al. 2013, Science, 342, 1242856.
Abadie, J. et al. 2010, Clas. Quant. Grav., 27, 173001.
Abbott, B.P. et al. 2013, arXiv:1304.0670.
Abbott, B. P. et al. 2016, PRL, 116, 061102.
Abbott, B. P. et al. 2016, ApJ, 818, L22.
Abbott, B. P. et al. 2016, PRL, 116, 241103.
Abbott, B. P. et al. 2017, ApJLett, 848, L12.
Acero, F. et al. 2013, APh., 43, 276.
Acero, F. et al. (CTA consortium) 2017, ApJ, 840, 74.
Ackerman, M. et al. 2013, Science, 339, 807.
Aharonian, F. et al. 2008, PRL, 101, 261104.
Ahlers, M. & Halzen F. 2015, Rep. Prog. Phys., 78, 126901.
Ahlers, M. & Halzen F. 2018, Prog. Part. Nuc. Phys., 102, 73.
Bartos, I. et al. 2014, MNRAS, 443, 738.
Cortina, J. & Teshima, M., for the LST Team 2015, PoS(ICRC2015)943, 34th

ICRC, arXiv:1508.06438.
The CTA Consortium 2011, Exp. Astron., 32, 193.
The CTA Consortium 2017, ApJ, 840, 74.
The CTA Consortium 2019, Science with the Cherenkov Telescope Array, World

Scientific pp.340. ArXiv: 1709.07997.
Doro, M. et al. 2013, APh., 43, 189.
Dubus, G. et al. 2013, APh., 43, 317.
Fang, K. & Murase, K. 2018, Nature Physics, 14, 396.
Fegan, D. J. 1997, J. Phys. G, 23, 1013.
Hassan, T. et al. 2017, APh, 93, 76.
Halzen, F. et al. 2013, APh, 43, 155.
HESS Collaboration 2016, Nature, 531, 476.
IceCube Collaboration 2013, Proc. 33rd ICRC, arXiv:1309.6979.
IceCube Collaboration 2015, Proc. 34th ICRC, arXiv:1510.05222.
IceCube, MAGIC and VERITAS Collaborations 2016, JINST, 11, 11009.
IceCube Collaboration et al. 2018, Science, 361, 6398.
Katz, U. F. et al. 2006, NIMs Ph. Res. A, 567, 457.
Morselli, A., for the CTA Consortium 2017, PoS(ICRC2017)921, 35th ICRC,

arXiv:1709.03483.
Patricelli, B. et al. 2018, JCAP, 5, 56.
Picozza, P. & Boezio M. 2013, APh., 43, 163.
Razzaque, S. 2013, Phys. Rev. D, 88, 081302.
Szanecki, M. et al. 2015, APh., 67, 33.
Volk, H. J. & Bernlohr, K. 2009, Exp. Astron., 25, 173.
Weekes, T. C., 1989, ApJ, 342, 379.

11

http://www.cta-observatory.org/

	Introduction: Gamma-ray Astronomy
	Imaging Atmospheric Cherenkov Telescopes

	The Cherenkov Telescope Array

