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Inception of gamma-ray astronomy:
a quest for the sources of cosmic rays

gamma rays from CR nuclei 
interactions with interstellar 
matter
• through production of 

unstable particles that 
decay in gamma rays 
(lightest π0)

• only electromagnetic 
tracer of highly 
relativistic  nuclei 
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How a VHE gamma-ray is made

 4

energy source particle acceleration
particle interaction/ 

gamma-ray production
gamma-ray 
propagation
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A probe of nonthermal phenomena

• cannot be produced by thermal processes:                              
100 MeV → 2 x 1011 K (Wien’s law)

• no nuclear gamma-ray lines beyond few tens of MeV
• only production mechanism: particle acceleration + radiative 

process
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1 - Origin and role of relativistic
cosmic particles

• the original one: what 
are the sites and 
mechanisms of cosmic-
ray acceleration?
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energy source particle acceleration
particle interaction/ 

gamma-ray production
gamma-ray 
propagation

• what is the 
feedback of cosmic 
rays on star-
formation and 
galaxy evolution?
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2 - Probing extreme environments

• what physical processes are at work close to 
neutron stars and black holes?

• what are the characteristics of relativistic jets, 
winds and explosions?

• what is the nature of gamma-ray bursts, the 
Fermi bubbles … ?

• what are the electromagnetic counterparts to 
gravitational wave and neutrino sources?
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energy source particle acceleration
particle interaction/ 

gamma-ray production
gamma-ray 
propagation

• how intense are 
radiation/
magnetic fields in 
extragalactic 
space and how 
do they evolve 
over cosmic 
time?
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3- Exploring frontiers in Physics

• what is the nature of 
dark matter and how is 
it distributed?
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energy source particle acceleration
particle interaction/ 

gamma-ray production
gamma-ray 
propagation

• are there 
quantum 
gravitational 
affects on photon 
propagation?

• do axion-like 
particles exist?
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Detecting celestial gamma rays

• the Earth’s atmosphere stops gamma rays
• satellite detectors are limited by their size to energies < 1 TeV 

 10
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Atmospheric showers

• gamma rays produce 
electromagnetic showers
• 1 e/gamma generates 2 with 

1/2 energy over scale of 
radiation length  

• shower growth: 2N e/gamma 
with 1/2N energy after N r.l.

• process stops when 
approaching electron critical 
energy O(100 MeV), ionisation 
prevails over Bremsstrahlung 

• cosmic-ray nuclei also produce 
showers
• hadronic interactions can 

transfer higher transversal 
momentum → wider/patchier 
profile  11

Rep. Prog. Phys. 71 (2008) 096901 F Aharonian et al

Figure 7. Comparison of a pure electromagnetic shower (from a 300 GeV γ ray) and a hadronic shower (initiated by a 1 TeV proton). The
plot shows the projection of secondary particle trajectories onto an (x, z) plane (courtesy of Stefan Funk).

images:

(1) images have a comet-like shape with the head pointing
towards the point of origin (or source position) and a long
exponential tail from the projection of the longitudinal
distribution of the electromagnetic shower;

(2) with increasing impact parameter the position of the
centroid of the light distribution increases and the shower
image becomes more elongated. This is true since the
angular distance is roughly given by the arcsin of the ratio
of the impact parameter to the line-of-sight distance to the
shower maximum:

δmax ≈ sin−1

⎛

⎝ 0.12bcos θ

hcm log
[

h ρ0 sec(θ)
X0 y

]

⎞

⎠ ; (22)

(3) with increasing energy, the amount of light in the shower
increases and the length of the shower development
increases;

(4) as the zenith angle θ increases, the line-of-sight distance to
the shower max increases roughly as lmax ∝ zmax/ cos(θ).
This has the effect of making all projected dimensions of
the shower (length and width) appear smaller by a factor
of ∼ cos(θ), makes the radius of the Cherenkov lightpool
a factor of ∼1/ cos(θ) larger and hence decreases the
intensity of Cherenkov images by a factor of cos(θ)2. The
important effect of these changes is to raise the energy
threshold by sec(θ)2 and to increase the effective area by
the same factor. Increasing the altitude will have a similar
effect, reducing the distance to shower max, and hence
increasing the angular size of shower images, lowering
the energy threshold and reducing the effective area. It
is interesting to note that a change in altitude by a factor
of 2 is equivalent to changing the zenith angle from zero
to 60◦.

Detailed numerical simulations are used to derive the shower
characteristics and fluctuations in the images. The Monte
Carlo simulations used for VHE gamma ray astronomy include
CORSIKA (COsmic Ray SImulations for KAscade [49],
MOCCA [54], KASKADE [55], ALTAI [56] and GrISU [57].
These Monte Carlo calculations have been used to optimize
techniques for gamma/hadron separation and are needed to
derive absolute energies and fluxes from observations. While
gamma ray simulations agree quite well with the simple
theory, forming regular elliptical images, hadronic showers
are dominated much more strongly by fluctuations in the initial
nuclear interactions. Examples of a single simulated gamma
ray event are shown in figures 7 and 8 showing the pattern
of charged-particle tracks from the side and the pattern of
Cherenkov light reaching the ground level.

2.2. Imaging atmospheric Cherenkov telescope technique

Atmospheric Cherenkov telescopes fall into two broad classes:
Sampling ACTs or Imaging ACTs (IACTs). Sampling
instruments make use of a large array of mirrors that cover
a large fraction of the 120 m radius footprint of a gamma
ray shower and record the light intensity at each position
along the ground. This is accomplished either by using
short focal length mirrors viewed by single PMTs or by
using an array of long-focal length mirrors with their spots
focused on an array of PMTs in a central imaging tower.
In both cases, each mirror element is viewed by a single
PMT. The latter variety (often based on so-called solar farms
developed for solar energy production) served as important
pioneering instruments for exploring the sub-100 GeV domain
before the advent of modern imaging ACT arrays (examples
of these instruments include THEMISTOCLE experiment

12
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Atmospheric showers development

• the atmosphere has approximately an exponential density profile exp(-z/z0) with 
z0 ~ 8 km

• the radiation length in air is ~ 37 g cm-2 , the total depth at sea level is ~ 30 r.l.
• the shower maximum occurs at heights of 5 to 15 km (depending on energy)
• fluctuations in the em shower development are mainly due to fluctuations of first 

interaction depth
• shower opening

• multiple Coulomb scattering causes a lateral opening of ~5º  
• Earth’s magnetic field broadens the shower in the East-West direction

 12

M. de Naurois, D. Mazin / C. R. Physique 16 (2015) 610–627 613

Fig. 2. Illustration of the development of electromagnetic showers in a hydrostatic, isothermal atmosphere, following the Greisen semi-empirical model. The 
solid lines indicate the number of electrons and positrons in the shower as function of depth. The dashed lines corresponds to equal-age curves.

– energy losses of e± by ionization and atomic excitation, leading to rapid extinction of the shower when the energy of 
the charged particles in the shower pass below the so-called “critical energy”1 (Ec = 83 MeV in the air);

– electron scattering and positron annihilation that lead to an excess of ∼ 10% of electrons compared to positrons (“charge 
excess”), which in turn can produce a significant radio emission signal (“Askaryan effect”);

– the Earth’s magnetic field, which broadens the shower in the East–West direction.

At high energy, photo-production or electro-production of hadrons can occasionally give rise to a hadronic component in 
electromagnetic showers. However, the corresponding cross-sections are typically a factor or 10−3 smaller than that of pair 
creation.

Hadronic showers are more complicated to describe, and depend on several different characteristic lengths (nuclear 
interaction length, decay lengths for unstable particles, radiation length) so no universal scaling is applicable. They comprise 
several components:

– hadronic components: nuclear fragments resulting from collision with atmospheric nuclei, isolated nucleons, π and K 
mesons, etc.

– an electromagnetic component resulting in particular from the decay of neutral pions into γ rays,
– high-energy muons resulting from the decay of charged mesons (π± and K± mainly),
– atmospheric neutrinos resulting from the decay of mesons and muons (π± , K± , and µ±).

The electromagnetic and hadronic showers are illustrated in Fig. 2 . Hadronic showers are more irregular, often comprising 
several electromagnetic sub-showers.

1.2. Semi-analytic model of electromagnetic showers

In the 1950s, Greisen [6] proposed a semi-empirical model of the electromagnetic shower development that, in particular, 
takes into account ionization losses which were neglected in the previous models.

This model introduces a shower-age parameter, which depends on the primary energy E0, the critical energy Ec and the 
reduced depth t = X/X0:

s = 3t
t + 2 y

with y = ln
(

E0

Ec

)
(5)

The age is s = 0 at the start of the shower, s = 1 at the depth of shower maximum tmax = y = ln(E0/Ec) and s > 1 in 
the following extinction phase. The semi-empirical Greisen formula gives the average number of electrons at depth t and at 
the depth of shower maximum tmax, respectively:

1 The critical energy is the energy where the energy losses by ionization are equal to that by bremsstrahlung. Below this energy, the ionization losses 
rise as 1/E as the particle decelerate, leading to a very rapid extinction (“Bragg peak”).

deNaurois&Mazin 2015 C.R. Phys. 16 610
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Cherenkov radiation

• ultrarelativistic electrons emit Cherenkov light at 
characteristic angle 

• the Cherenkov light yield is approximately 
proportional to primary energy

• refraction index depends on density, exponential 
variation with altitude → angle varies from 0.2º at 
30 km to 1.5º at sea level
• rough focussing on 120-150 m light pool 
• multiple Coulomb scattering creates 

exponential distribution of angles within O(5º)
• since electrons are superluminal, duration of 

Cherenkov photon flash is short O(5 ns) on axis
• Cherenkov light is absorbed in the atmosphere

• Rayleigh scattering (small particles), 
absorption length → λ4 

• Mie scattering (large particles = aerosols), 
absorption length → λ

• Ozone photodissociation, absorbs UV
• scattering by water vapour  13

M. de Naurois, D. Mazin / C. R. Physique 16 (2015) 610–627 615

Fig. 4. (Color online.) Left: Shower development. Top Right: Lateral profile of showers of different energies at sea level. Bottom Right: Time delay as a 
function of lateral distance for various altitudes of emission.

1.4. Angular distribution and light pool

Due to the evolution of the atmospheric density with altitude, the Cherenkov angle increases from ∼ 0.2◦ at an alti-
tude of ∼ 30 km to ∼ 1.5◦ at sea level. The effect of this variation is illustrated for vertical showers in Fig. 4 , left, and 
is responsible for the formation of a light annulus at a distance of ∼ 150 m from the shower impact on the ground: 
the variation of the Cherenkov angle with altitude almost exactly compensates the effect of the varying distance to the 
ground.

Similarly, the spread of the arrival time of the photons on the ground results from two different effects, somewhat in 
competition: the charged particle in the shower travels faster than light. Therefore, close to the shower axis, the photons 
emitted at low altitude reach the detector before those emitted at high altitude. At large impact distance, however, the 
photons emitted at low altitude have a longer geometrical trajectory (track of the charged particle to the emission point 
+ track of the photon itself) than those emitted at high altitude, and reach the detector after the latter. At a distance 
of ∼ 120 m from the shower (Fig. 4 , bottom right), the two effects compensate almost exactly, resulting in a very short 
duration of the shower of ∼ 2 ns. The shower duration can reach ∼ 5 ns on the axis, and increases significantly for impact 
distances > 200 m. The time integration window of the detectors therefore has a direct impact on their effective area 
(through their capability to detect distant showers), but also on the amount of integrated night sky background light and 
therefore on their energy threshold.

1.5. Detection techniques

VHE gamma-ray astronomy rests on two basic detector technologies:

– Detectors that measure particles of the shower tail reaching the ground. This method provides a snapshot of the shower 
at the moment it reaches the ground and constitutes the so-called “particle sampler” technique. Those detectors have

M. de Naurois, D. Mazin / C. R. Physique 16 (2015) 610–627 615

Fig. 4. (Color online.) Left: Shower development. Top Right: Lateral profile of showers of different energies at sea level. Bottom Right: Time delay as a 
function of lateral distance for various altitudes of emission.

1.4. Angular distribution and light pool

Due to the evolution of the atmospheric density with altitude, the Cherenkov angle increases from ∼ 0.2◦ at an alti-
tude of ∼ 30 km to ∼ 1.5◦ at sea level. The effect of this variation is illustrated for vertical showers in Fig. 4 , left, and 
is responsible for the formation of a light annulus at a distance of ∼ 150 m from the shower impact on the ground: 
the variation of the Cherenkov angle with altitude almost exactly compensates the effect of the varying distance to the 
ground.

Similarly, the spread of the arrival time of the photons on the ground results from two different effects, somewhat in 
competition: the charged particle in the shower travels faster than light. Therefore, close to the shower axis, the photons 
emitted at low altitude reach the detector before those emitted at high altitude. At large impact distance, however, the 
photons emitted at low altitude have a longer geometrical trajectory (track of the charged particle to the emission point 
+ track of the photon itself) than those emitted at high altitude, and reach the detector after the latter. At a distance 
of ∼ 120 m from the shower (Fig. 4 , bottom right), the two effects compensate almost exactly, resulting in a very short 
duration of the shower of ∼ 2 ns. The shower duration can reach ∼ 5 ns on the axis, and increases significantly for impact 
distances > 200 m. The time integration window of the detectors therefore has a direct impact on their effective area 
(through their capability to detect distant showers), but also on the amount of integrated night sky background light and 
therefore on their energy threshold.

1.5. Detection techniques

VHE gamma-ray astronomy rests on two basic detector technologies:

– Detectors that measure particles of the shower tail reaching the ground. This method provides a snapshot of the shower 
at the moment it reaches the ground and constitutes the so-called “particle sampler” technique. Those detectors have

M. de Naurois, D. Mazin / C. R. Physique 16 (2015) 610–627 615

Fig. 4. (Color online.) Left: Shower development. Top Right: Lateral profile of showers of different energies at sea level. Bottom Right: Time delay as a 
function of lateral distance for various altitudes of emission.

1.4. Angular distribution and light pool

Due to the evolution of the atmospheric density with altitude, the Cherenkov angle increases from ∼ 0.2◦ at an alti-
tude of ∼ 30 km to ∼ 1.5◦ at sea level. The effect of this variation is illustrated for vertical showers in Fig. 4 , left, and 
is responsible for the formation of a light annulus at a distance of ∼ 150 m from the shower impact on the ground: 
the variation of the Cherenkov angle with altitude almost exactly compensates the effect of the varying distance to the 
ground.

Similarly, the spread of the arrival time of the photons on the ground results from two different effects, somewhat in 
competition: the charged particle in the shower travels faster than light. Therefore, close to the shower axis, the photons 
emitted at low altitude reach the detector before those emitted at high altitude. At large impact distance, however, the 
photons emitted at low altitude have a longer geometrical trajectory (track of the charged particle to the emission point 
+ track of the photon itself) than those emitted at high altitude, and reach the detector after the latter. At a distance 
of ∼ 120 m from the shower (Fig. 4 , bottom right), the two effects compensate almost exactly, resulting in a very short 
duration of the shower of ∼ 2 ns. The shower duration can reach ∼ 5 ns on the axis, and increases significantly for impact 
distances > 200 m. The time integration window of the detectors therefore has a direct impact on their effective area 
(through their capability to detect distant showers), but also on the amount of integrated night sky background light and 
therefore on their energy threshold.

1.5. Detection techniques

VHE gamma-ray astronomy rests on two basic detector technologies:

– Detectors that measure particles of the shower tail reaching the ground. This method provides a snapshot of the shower 
at the moment it reaches the ground and constitutes the so-called “particle sampler” technique. Those detectors have

deNaurois&Mazin 2015 C.R. Phys. 16 610



/46

The imaging Cherenkov technique

• elongated image pointing to source 
• with increasing impact parameter

• image more elongated
• centroid farther from parallax

•  with increasing energy
• light amount increases
• image length increases

• with increasing zenith angle 
• shower max distance increases as lmax = zmax/

cosθ
• image width/length smaller by a factor cosθ
• radius of light pool larger by 1/cosθ, thus light 

intensity smaller by cos2θ
• consequences: effective area and energy 

threshold increase approximately as 1/cos2θ
• increasing altitude reduces the distance to the 

shower max, so opposite effects
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Figure 6. Imaging Atmospheric Cherenkov technique. Left: the Cherenkov light emitted by the charged particles in the shower is
collected by several dishes. Right: The shower angular image is projected into the camera focal plane.

2. The pioneering era

2.1. Early days

After the discovery of cosmic rays by V. Hess, many experiments were designed to study their nature and origin
with improved detection techniques. In the 1920s it was a popular belief that all cosmic rays originated from
gamma rays. The debate between Robert Millikan (arguing that electrons reaching the earth were produced by
Compton scattering of high energy gamma-rays) and Arthur Compton (claiming that cosmic rays were genuine
charged particles) made the cover page of the New York Times in 1932. It took 27 years after Hess’ first discovery
of CRs until Pierre Auger discovered extended air showers initiated by CRs hitting the atmosphere [12]. The
understanding of the shower process grew with time and cosmic ray physicists built balloons to study low energy
charged CRs and air shower arrays to detect the high energy tail of the CR spectrum. Meanwhile it was becoming
clear that gamma rays are only a tiny fraction of the ionizing radiation hitting the atmosphere. In the early
1980s it was mostly thought that about 1% of the CRs were gamma rays. Nowadays this question is still not
completely solved and much smaller flux ratios are assumed. One currently estimates that at most 10�4 of all
particles coming from the Galactic plane are gamma rays, and that an even smaller fraction (⇠ 10�5) of particles
from outside the galactic plane are gamma rays. The expectation in the early days of high gamma-rays fluxes led
to strong enthusiasm about abilities to detect sources of gamma rays, but with time these expectations vanished
as no unambiguous detection of gamma-ray signals was successful.

It took 19 years to detect Cherenkov light from air showers after the discovery of the e↵ect [13]. In 1953,
W. Galbraith and J. V. Jelley built a simple detector and proved that air showers do actually generate Cherenkov
light, which could be detected as a fast light flash during clear dark nights [14]. With a threshold of around
four times the night sky-noise level, they observed signals with a rate of about one event every two to three
minutes. The early detectors consisted of a very simple arrangement, mainly a search-light mirror viewed by a
single photomultiplier tube (PMT) as light detector. The first setup was installed in a garbage can for shielding
from stray light. In the following years, the technique was refined by using larger mirrors, replacing the single
PMT by a few ones arranged in the focal plane and even by trying to detect coincidences between several such
simple telescopes .

The three decades from 1960 to the end of the 1980’s saw steady but rather slow progress towards discovering
sources of VHE gamma rays. Experiments provided doubtful and often inconsistent results and the funding
agencies were not willing to fund large installations, which led many physicists to leave the field.

In 1977 T.C. Weekes, in collaboration with K.E. Turver, presented for the first time concepts for the separation
of gamma-ray initiated showers from hadronic background showers [15]. In this work, where computer simulations
were used for the first time, the advantages of stereoscopic observation was already advocated.

The “imaging technique”, first proposed by A.M. Hillas in 1985 [16] and developed during these days, consisted

8
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Imaging Cherenkov telescopes

• basic constituents 
• wide-field optical telescope (shower width 5º) with resolution 

O(0.1º) (internal structure of shower)
• fast camera with 100 to > 1000 pixels that records images on 

timescales O(5 ns) to discriminate showers from fluctuations 
of night-sky background

• altitude-azimuth mount to track sources during long 
exposures

• arrays of imaging Cherenkov telescopes 
• multiple telescopes spaced by 50-100 m (at least 2 to 4 see 

same shower light pool)
• stereoscopic reconstruction of shower arrival direction and 

impact position
• better gamma/hadron separation   

• working principle
• trigger when multiple pixels (or sum of multiple pixels) exceed 

some threshold within time coincidence window
• array coincidence trigger helps with background rejection 

• observing modes:
• pointing known/putative sources
• surveys (still limited because small field of view)

• require dark and clear-sky conditions  15
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Fig. 8. Geometrical definition of the Hillas Parameters. From [45].

Fig. 9. (Color online.) Geometric reconstruction of shower direction and impact in stereoscopic mode. Left: In the camera frame, the main axis of the shower 
corresponds to a plane that contains the actual shower track and the telescope. The primary particle direction corresponds to a point on this main axis.
Middle: The intersection of the main axis of the images recorded by the different telescopes immediately provides the primary particle direction. Right:
Direct intersection of the planes containing the shower tracks and the telescopes provides the shower impact on the ground. From [45].

From the beginning of ground-based gamma-ray astronomy, data analysis techniques have been mostly based on the 
“Hillas parameterization” [16] of shower images, relying on the fact that gamma-ray images in the focal plane are, to a good 
approximation, elliptical in shape and intrinsically narrower than hadronic images. In 1985, based on pioneering Monte Carlo 
simulations, A.M. Hillas proposed to reduce the recorded images to a few parameters, constructed from the first and second 
moments of the light distribution in the camera, and corresponding to the modeling of the image by a two-dimensional 
ellipse.

These parameters, shown in Fig. 8, are the following:

– image center of gravity (first moments)
– length L and width w of the ellipse (second moments)
– size (total charge of photo-electrons in the image)
– nominal distance d (angular distance between the center of the camera and the image center of gravity)
– azimuthal angle of the image main axis φ (second moments)
– orientation angle α (see Fig. 8).

The stereoscopic imaging technique, already advocated in 1977 [15] and successfully developed by HEGRA [46] in 1997, 
allowed a simple, geometrical reconstruction of the shower direction and impact parameter and resulted in a major step in 
angular resolution as well as in background rejection. The source direction is given by the intersection of the major axes of 
the shower images in the camera (Fig. 9), and the shower impact point is obtained in a similar manner, using a geometrical 
intersection of the planes containing the telescopes and the shower axes. The energy is then estimated from a weighted 
average of each single telescope energy reconstruction. The separation between the showers induced by gamma rays and 
those induced by charged cosmic rays originates mainly from the larger width of the latter.

The Hillas parameters not only allows the reconstruction of the shower parameters, but also provide some discrimination 
between γ ray candidates and the much more numerous hadrons, based on the extension (width and length) of the recorded 
images. Several techniques have been developed, exploiting to an increased extent the existing correlation between the 
different parameters [47,46,48]. As an example, in the so-called Scaled Cuts technique [46], the actual image width (w) and 
length (l) are compared to the expectation value and variance obtained from simulation as a function of the image charge 
q and reconstructed impact distance ρ , expressed by two normalized parameters Scaled Width (SW) and Scaled Length (SL).
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IACT history in a nutshell

• 1953: Galbraith measures Cherenkov light 
from atmospheric showers

• 1960s-1980s: several experiments try to 
measure gamma rays using shower 
Cherenkov light, no solid detection of gamma-
ray sources

• 1990s: IACT astronomy begins
• 1989: the Whipple collaboration detects 

gamma rays from the Crab Nebula with 
single IACT, few more sources follow

• from 1993: the HEGRA collaboration 
performs the first stereoscopic 
observations with an array of 5 IACTs

• from 1997: the CAT collaboration 
demonstrates the advantage of finely 
pixelated cameras

• 2000s-2010s: current generation IACTs, the 
coming of age of VHE astronomy

 16

GROUND-BASED 
GAMMA RAY ASTRONOMY 1989

T. Weekes et al., ApJ 342 (1989) 379

“Observation of TeV Gamma Rays from 
the Crab Nebula using the Atmospheric 
Cerenkov Imaging Technique”

Whipple Telescope 1968

about 90 h of data

On source

Off source
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Current generation IACTs
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H.E.S.S.
Namibia
4 + 1 telescopes
12 m + 28 m

VERITAS
Arizona
4 telescopes
10 m 

MAGIC
Canary Islands 
2 telescopes
17 m
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Astronomy with IACTs

• shows a different facet of the 
Universe than optical/low-energy 
astronomy

• images and maps with resolution 
close to human eye

• dynamic range of 3 orders of 
magnitude in energy

• time-domain astronomy on scales 
from minutes to years

 18
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The coming of age of VHE astronomy

astounding variety of VHE emitters, attests to ubiquitous 
phenomena of extreme objects accelerating particles in the 

Universe
 19

Sources detected by ground-based gamma-ray telescopes (TeVCat)
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CTA: the concept

 21

light-pool 
radius 100-150 m 
~ telescope spacing 

sweet spot for trigger 
and reconstruction: 
most showers miss it

large detection area 
more images per shower  
lower trigger threshold

Credit: Werner Hofmann
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Design drivers

 22

CTA Design
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A size for every energy

• at low energies Cherenkov yield is lower → require larger 
telescope reflector size 

• at high energies gamma-ray fluxes are lower  → require to 
cover larger ground area with telescopes

• need to find a cost-effective compromise to cover large 
energy range!

 23

higher gamma-ray energy

higher gamma-ray fluxes higher Cherenkov yield

require larger telescope 
reflector size

require telescopes 
covering larger area



4 x 23 m ∅ Large Size Telescopes (LST)

10 GeV                100 GeV              1 TeV                   10 TeV                100 TeV

Credit: W. Hofmann



25 x 12 m ∅ Medium Size Telescopes (MST)     
(North: 15)

10 GeV                100 GeV              1 TeV                   10 TeV                100 TeV

Credit: W. Hofmann



70 x 4 m ∅ Small Size Telescopes (SST)   
(South)

10 GeV                100 GeV              1 TeV                   10 TeV                100 TeV

Credit: W. Hofmann



/46

Sites and layout

• two sites for full sky coverage
• SSTs only in Southern 

hemisphere owing to easier 
access to Milky Way 
(extragalactic VHE gamma rays 
absorbed by EBL) 
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La Palma, Canary Islands, Spain

Paranal, Chile

• exact layout chosen to optimise Science 
performance within environmental contraints 
(CTAC, 2019 Astropart. Phys 111, p. 35-53) 
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CTA North

CTA South
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LST-1 in La Palma
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CTA: the first VHE observatory

• ~40% of observing time 
over first 10 years for 
Consortium Key Science 
Projects (KSPs)

• rest of the time open to 
general observers (GO)

• ultimately all data public 
(candidate photon lists with 
measured properties) + 
software tools to perform 
scientific analysis 

 30

CTA 
Consortium/ 
Key Science 

Projects

General Observers

Users of archival data 
(available after 
proprietary period of 
~1 year)

Users of high-level 
products (catalogs, 
skymaps …) 
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CTA Key Science Projects
Galaxy
Clusters

AGNExGal
S

Dark Matter

Star 

SurveyProgramme

T i tForming 
Systems

LMC

Transients

Galactic

LMC 
Survey

G l ti

PeVatrons
Plane 
Survey

Galactic 
Centre

https://arxiv.org/abs/1709.07997
https://www.worldscientific.com/worldscibooks/10.1142/10986

https://arxiv.org/abs/1709.07997
https://www.worldscientific.com/worldscibooks/10.1142/10986
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Multiwavelength/messenger synergies

 32

November 30, 2018 14:55 Science with the Cherenkov Telescope Array 9.61in x 6.69in b3273-ch02 page 28

28 Science with the Cherenkov Telescope Array

Figure 2.1: Timeline of major MWL/MM facilities over the next decade. Note that
the lifetimes of many facilities are uncertain, contingent on performance and funding. We
indicate this uncertainty via the gradient, but have chosen timelines based on the best
information currently available. Instruments still in the proposal phase have been omitted,
as have many relevant survey instruments mentioned in the text, for the sake of space.

waveband; see also a summary timeline of major facilities in Figure 2.1.
We also discuss cases where agreements between CTA (Consortium or
Observatory) are desirable, as well as cases where data can be obtained
without agreement via publicly accessible archives. Detailed MWL/MM
plans can be found in the individual KSP chapters. Please note that there are
many important and complementary facilities to CTA the world over, and
for the sake of space we cannot list them all, particularly the many existing
survey instruments. We thus focus primarily on the newest developments,
and this chapter is representative rather than exhaustive.
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Outline

1. Scientific motivations of very-high-energy gamma-ray 
astronomy

2. Imaging Atmospheric Cherenkov Telescopes
3. The Cherenkov Telescope Array
4. ctools
5. Demo: simulation and analysis of CTA observations of a 

gamma-ray source
6. Hands-on sessions

 33
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ctools in a nutshell

 34

• Open-source community-developed software package for the 
scientific analysis of data from imaging atmospheric Cherenkov 
telescopes (IACTs), developed in the framework of CTA

• Based on GammaLib, a toolbox for scientific analysis of 
astronomical gamma-ray data (support for IACTs/CTA, Fermi LAT, 
COMPTEL)

• Validated on simulated data and real data from H.E.S.S. and Fermi 
(https://doi.org/10.1051/0004-6361/201936010)

• Find all the information on the website
http://cta.irap.omp.eu/ctools/

• how to get them 
• how to use them (manual, tutorials, description of tools)
• how to contribute to development

• Latest release 1.6.3

https://doi.org/10.1051/0004-6361/201936010
http://cta.irap.omp.eu/ctools/
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Tools overview

 35
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Data

 36 36

• candidate photon lists, aka event 
lists (FITS), including
• metadata (pointing direction, 

livetime …)
• good time intervals (GTIs): 

continuous intervals of data 
taking with stable instrument 
response

• event lists from different 
observations combined in 
observation lists (XML)

https://gamma-astro-data-formats.readthedocs.io

https://gamma-astro-data-formats.readthedocs.io
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Data

 37 37

• candidate photon lists, aka event 
lists (FITS), including
• metadata (pointing direction, 

livetime …)
• good time intervals (GTIs): 

continuous intervals of data 
taking with stable instrument 
response

• event lists from different 
observations combined in 
observation lists (XML)
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Instrument Response Functions

 38
https://gamma-astro-data-formats.readthedocs.io

• flux arriving at the instrument 
(true photon energy and 
direction) → number of counts 
(measured photon energy and 
direction)

• factorised into effective area, 
point spread function, and 
energy dispersion (FITS) 

https://gamma-astro-data-formats.readthedocs.io
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Models

 39

• gamma-ray sources + cosmic-
ray residual background

• each model component 
decomposed into: spatial + 
spectral + temporal

• serialised for writing to disk 
using XML
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The likelihood method

 40

sky

model model-predicted 
counts

candidate photon 
counts

IRF

• compute likelihood of 
given model 

• determine best-fit 
values and uncertainties 
of model parameters 
(e.g., source fluxes) via 
maximum likelihood

MC sims
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Classical IACT analyses

• principle: constrain background in dedicated background (Off) regions 
• method: identify dedicated source (On) and background (Off) regions 
• similar to X-rays 
• separate image (2D) and spectral (1D) analysis 
• fewer assumptions on background, but sacrifices information

 41

ON

OFF

Multiple observations: 
• joint analysis → each observation 

treated independently 
• stacked analysis
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3D analyses

• model background and sources together over the entire region of 
interest in 3D space: sky direction + energy 

• similar to satellite gamma-ray detectors 
• full data information exploited, can handle multiple overlapping 

sources, but requires adequate background model

 42

binned unbinned

bin events in sky direction and 
energy

full information exploited for each 
event

Multiple observations: 
• joint analysis → each observation 

treated independently 
• stacked analysis
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Using ctools

 43

executables (command line, shell scripts …)

Python API (terminal, Python scripts, Jupyter notebooks)
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Using ctools

 44

hidden parameter, not inquired automatically
automatic parameter

default/latest used value

user-specified value

executables (command line, shell scripts …)

Python API (terminal, Python scripts, Jupyter notebooks)



/46

Planning

 45

• Now: first step with ctools (demo) → simulation/analysis of CTA 
observations of the Crab Nebula

• Next sessions: hands-on tutorials♀

1. revisit the Crab Nebula tutorial by playing with different 
analysis configuration/parameters

2. background modelling*
3. analysis of a variable source*
4. analysis of an extended source*
5. advanced model manipulation and fitting
6. explore your own Science case!

♀ provided as Jupyter notebooks, if you prefer scripts or running from the command line just use the notebooks 
as guide 
*   makes use of H.E.S.S. public data
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Practical info

 46

• install ctools: http://cta.irap.omp.eu/ctools/admin/
index.html (recommended option: Installing via Anaconda)

• get Jupyter: https://jupyter.org/install
• get public H.E.S.S. data: http://cta.irap.omp.eu/ctools/users/

tutorials/hess_dr1/data.html
• get the latest CTA IRFs: http://cta.irap.omp.eu/ctools/users/

user_manual/irf_cta.html#getting-cta-irfs (you can get prod3b-v2 
IRFs from: https://www.cta-observatory.org/wp-content/uploads/
2019/04/CTA-Performance-prod3b-v2-FITS.tar.gz)

You can find these slide and all the notebooks on my webpage

http://cta.irap.omp.eu/ctools/admin/index.html
http://cta.irap.omp.eu/ctools/admin/index.html
https://jupyter.org/install
http://cta.irap.omp.eu/ctools/users/tutorials/hess_dr1/data.html
http://cta.irap.omp.eu/ctools/users/tutorials/hess_dr1/data.html
http://cta.irap.omp.eu/ctools/users/tutorials/hess_dr1/data.html
http://cta.irap.omp.eu/ctools/users/user_manual/irf_cta.html#getting-cta-irfs
http://cta.irap.omp.eu/ctools/users/user_manual/irf_cta.html#getting-cta-irfs
http://cta.irap.omp.eu/ctools/users/user_manual/irf_cta.html#getting-cta-irfs
https://www.cta-observatory.org/wp-content/uploads/2019/04/CTA-Performance-prod3b-v2-FITS.tar.gz
https://www.cta-observatory.org/wp-content/uploads/2019/04/CTA-Performance-prod3b-v2-FITS.tar.gz
https://www.cta-observatory.org/wp-content/uploads/2019/04/CTA-Performance-prod3b-v2-FITS.tar.gz

