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13 Shell-type SNR (~half resolved)
10 SNR/molec. cloud
34 Pulsar wind nebulae
6 X-ray binaries
4 Massive star clusters
1 Globular cluster
…

33 HBL
4 IBL
4 LBL
3 FSRQ
2 Starburst Galaxies
…

The TeV sky

Today: >250 sources 



Major TeV observatories

VERITAS
4 Medium-Sized Tel. ('MSTs')
2007: Full operation 
2009: Relocation of T1
2012: PMT upgrade

HAWC
Particle-detector water tanks (2015)

MAGIC
2 Large-Sized Tel. ('LSTs')
2003: MAGIC-I
2009: MAGIC-II
2012: PMT upgrade

H.E.S.S.
4 MSTs (2003) 
+ 1 LST (2012)

LHAASO
Particle-detector water tanks 
+ 18 Small-Sized Tels (‘SSTs’)

since 2018
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Why to build CTA?  
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Full sky coverage

CTA North
ORM La Palma, Spain

CTA South
ESO, Chile

Full Sky Coverage 



Why to build CTA?  Key Capabilities  
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Full sky coverage

CTA North
ORM La Palma, Spain

CTA South
ESO, Chile

Energy Threshold ~ 80 GeV Energy Threshold ~ 20 GeV
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SENSITIVITY x 10

ARCMINUTE ANGULAR 
RESOLUTION

10% ENERGY 
RESOLUTION

WIDE ENERGY RANGE 
20 GeV – 300 TeV

FoV x 2 

FULL SKY COVERAGE

30 s RESPONSE TO 
EXTERNAL  ALERTS 

Design drivers for next generation IACT 
facility

PRELIMINARY



Theme 1: Cosmic Particle Acceleration 
§ How and where are particles accelerated?
§ How do they propagate?
§ What is their impact on the environment?

Theme 2: Probing Extreme Environments 
§ Processes close to neutron stars and black holes? 
§ Characteristics of relativistic jets, winds and explosions? 
§ Cosmic voids: their radiation fields and magnetic fields 

Theme 3: Physics Frontiers 
§ What is the nature of Dark Matter? 
§ Is the speed of light a constant?
§ Do axion-like particles (ALPs) exist? 

CTA Science Questions in Astrophysics and beyond 



Initial CTA Array: a-configuration
Optimized layout (α configuration)

Shower-based optimization 
LSTs ~20-200 GeV, MSTs 0.2-2 TeV, SSTs >2 TeV

Science-based optimization 
North: extragalactic oriented (high-E/z absorption)
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Single SST 
design (‘18-19)

MST camera
agreement (‘20)

LST-1 
inauguration
(‘18)

CTA-North CTA-South



CTA Science and Design
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Telescope design

TeV multi-TeV sub-TeV

• Davies-Cotton optical design
• 12 m mirror diameter
• PMT camera
• ~7 deg FoV
• MSTs are workhorse
• ~1km2 area covered 

• Parabolic optical design
• 23 m mirror diameter
• PMT camera
• ~4 deg FoV
• 4 LSTs at the array center

• Schwarzschild-Couder
optical design

• 4 m dual mirror 
• SiPM camera
• ~8 deg FoV
• >50 SSTs 

~4km2 area coverage 16

LST MST SST

CTA Telescopes

© R. Zanin



Open Observatory and Key Science Programme
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20 GeV 500 GeV 10 TeV 300 TeV1 TeV

SSTMSTLST

From the science case to the design

multi-TeV
PeVatrons

Star-forming 

regions

TeV
EBL

Surveys

Morphological 

studies

Dark matter

UHE neutrinos

Extreme blazars

Sub-TeV
GRBs

Transient sources

AGNs

Cosmological 

sources

Pulsars

Grav. waves

CTA Science and Design

© R. Zanin

Galactic plane survey
Neraby galaxies



CTA Science and Design:         Brazil @
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CBPF contributed to 
optical alignment 
system of LST-1

IFSC contributes to 
the development 
and building of 
camera support 
structure

IAG-USP 
contributing to end-
to-end construction 
of the ASTRI 
precursor telescopes

Project Status 

• 4 LSTs + 15 MSTs (baseline configuration)
– Focus on sub-TeV and TeV energy range
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A CTA Precursor @ Tenerife 

Credits: M. Leone

9 SST-2M telescopes: 
INAF (Italy) + Brazil, South Africa,
Spain, Switzerland

3 structures from Brasil - IAG-USP
(FAPESP funding)

Currently in construction
Installation Teide Observatory 
(Tenerife, Canary Islands): 2022-2025

WP5000 – Infrastructure

Scuderi, ASTRI Project Committee, 25/02/22 2

Mini-Array 



CTA comparative performance

a-configuration

CTAO performance (Alpha Configuration)

From 10-12 to 10-13 erg/cm2s 
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CTA comparative performance

a-configuration

CTAO performance (Alpha Configuration)

From 10-12 to 10-13 erg/cm2s 

On time scales <1 h
CTAO is 103 times (@25 GeV)
to 106 times (@250 GeV) more 
sensitive than Fermi-LAT 
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CTA comparative performance

a-configuration

CTAO performance (Alpha Configuration)

From 10-12 to 10-13 erg/cm2s 
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CTA Angular ResolutionCTAO performance (Alpha Configuration)

13



CTA Performance: FOV & Resolution
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LHAASO
@100 TeV

x80

LAT
@10GeV

CTA 
@3 TeV

CTA FoV

CTAO performance (Alpha Configuration)
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Theme 1: Cosmic Particle Acceleration 
§ How and where are particles accelerated?
§ How do they propagate?
§ What is their impact on the environment?

Theme 2: Probing Extreme Environments 
§ Processes close to neutron stars and black holes? 
§ Characteristics of relativistic jets, winds and explosions? 
§ Cosmic voids: their radiation fields and magnetic fields 

Theme 3: Physics Frontiers 
§ What is the nature of Dark Matter? 
§ Is the speed of light a constant?
§ Do axion-like particles exist? 

CTA Science Questions in and beyond Astrophysics 



Key Science projects
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© Steffano Vercellone

CTA Key Science Projects
See “Science with the Cherenkov Telescope Array” 
book by World Scientific, also @ arXiv:1709.07997



Cosmic Particle Accelerators 

SNR

GRBs

AGNs

Particle acceleration to very high energies is associated with extreme 
environments: 
§ SN explosions, neutron stars, black holes, relativistic outflows

Major Questions:
§ Are SNR the main CR accelerators in our Galaxy?
§ Where in our Galaxy are particles accelerated to PeV (1015 eV) energies?
§ What are the sources of UHECRs (E>1018 eV): AGNs?

To answer:
§ Galactic and Extragalactic Surveys
§ Deep Observations of nearby sources, galaxies and clusters
§ Precision measurements of bright targets to probe physical processes



Cosmic Particle Accelerators 

M31

M82

Arp 220

Cygnus
Region

ACROSS ALL 
COSMIC SCALES

a census of cosmic 
particle accelerators Coma Cluster

R. Carroll,
R. Gendler
B. Franke

J.Fritz, 
W. Pietsch,
R. Gendler

Hubble Heritage Team

Univ. of Oklahoma
& NASA

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.

Cherenkov Telescope Array
Science with CTA

Page 20 of 213

SNR

GRBs

AGNs



Galactic Plane Survey

H.E.S.S.

CTA, for same exposure

expect ~500 detected sources Distance reach ~20 kpc



Galactic Plane Survey

1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities

• Extragalactic Survey (Chapter 8) – covering 1/4 of the sky to a depth of ⇠6 mCrab. No extragalac-
tic survey has ever been performed using IACTs, and the existing VHE surveys using ground-level
particle detectors [10, 11] have modest sensitivity, limited angular and energy resolution, and lim-
ited energy range. A 1000 hour CTA survey of such a region will reach the same sensitivity as the
decade long H.E.S.S. programme of inner Galaxy observations and will cover a solid angle ⇠40
times larger, providing a snapshot of activity in an unbiased sample of active galactic nuclei (AGN)
(see Figure 1.3).

• Galactic Plane Survey (GPS) (Chapter 6) – consisting of a deep survey (⇠2 mCrab) of the inner
galaxy and the Cygnus region, coupled with a somewhat shallower survey (⇠4 mCrab) of the entire
Galactic plane. For the typical luminosity of known Milky Way TeV sources of 1033�34 erg/s, the
CTA GPS will provide a distance reach of ⇠ 20 kpc, detecting essentially the entire population of
such objects in our galaxy and providing a large sample of objects one order of magnitude fainter.
The excellent angular resolution of CTA is critical here to avoid being limited by source confusion
rather than flux (see Figure 1.2).

• Survey of the Large Magellanic Cloud (LMC) (Chapter 7) – providing a face-on view of an entire
star-forming galaxy, resolving regions down to 20 pc in size with sensitivity down to luminosities of
⇠ 1034 erg/s. CTA aims to map the diffuse LMC emission as well as individual objects, providing
information on relativistic particle transport.

These surveys will establish the populations of VHE emitters in Galactic and extragalactic space, pro-
viding large enough samples of objects to understand source evolution and/or duty cycle. Data products
from the survey KSPs include catalogues and flux maps which will serve as valuable long term resources
to a wide community.

Some other KSPs are also effectively surveys due to the wide field of view. For example, a deep
observation of the Perseus Cluster is envisaged (see Chapter 13) providing a sample of low redshift
galaxies and with sensitivity to the low end of the luminosity function of active galaxies as well as to
diffuse emission associated with accelerated hadrons or dark matter annihilation.

The search for an annihilation signature of dark matter, throwing light on the nature of the dark matter
particles, is a key part of the CTA research programme. The prime targets are the Galactic Centre
(Chapter 5) and Milky Way satellite galaxies, but the surveys introduced above will probe concentrations
of dark matter in the LMC and Milky Way, providing complementary datasets. The strategy for dark
matter detection with CTA is introduced in Chapter 4.

Figure 1.2 – Top: simulated CTA image of the Galactic plane for the inner region, �80� < l < 80�, adopting
the proposed GPS KSP observation strategy and a source model incorporating both supernova remnant and
pulsar wind nebula populations, as well as diffuse emission. Bottom: a zoom of an example 20� region in
Galactic longitude.

Surveys will in general be conducted in a mode with telescopes co-pointed, but a divergent mode is also
possible and under consideration for the Extragalactic Survey, offering increased instantaneous field of
view (⇠ 20�

⇥ 20�) and survey depth at the expense of angular and energy resolution.

Cherenkov Telescope Array
Science with CTA

Page 16 of 213

5. KSP: Galactic Centre

of the Galactic Centre region ever produced in the TeV domain and will provide significant scientific
output on a variety of topics for years to come. As part of this project, the CTA Consortium will organize
coordinated observations in other wavebands that will permit detailed variability studies and constitute
an invaluable legacy data set.

The realisation of an extremely deep and high-precision survey of the Galactic Centre region is non-trivial
from a technical standpoint due to the complexity and confusion of the gamma-ray and optical emission
in the region, the difficulty of modeling the background when there is an expectation of sources that are
larger or similar to the instrumental field of view, the necessity to handle strong background optical light
that varies by a factor of over ten within the field of view, and the need to push the systematic errors to
extremely low levels to produce meaningful limits on models. Such a study will therefore require a deep
knowledge of the instrument and atmosphere and will perhaps even require specialised knowledge of
the calibration, reconstruction, and discrimination of Cherenkov events that only the CTA Consortium
can readily provide.

The main science topics that can be explored with this rich data set are described below, followed by the
observational strategy, data products and expected return.

Figure 5.3 – A simulated view of the Galactic Centre region as seen by CTA (excess events above 800 GeV af-
ter cosmic-ray background subtraction, with Gaussian smoothing). Top and upper-middle: the reference model
that includes a point-like source at the position of Sgr A* with an exponential-cutoff power-law spectrum match-
ing H.E.S.S. measurements [166], a similarly modeled point-like supernova remnant G0.9+0.1 [171], diffuse
emission from a template based on the dense matter distribution deduced from HCN molecule observations
[172], and an extended circum-nuclear ring template. The top image is in log scale and the upper-middle
is clipped to show the details of the diffuse emission (thus the point-like central source which is an order of
magnitude brighter is washed out). Lower-middle: the reference model plus a catalogue of energetic pulsar-
wind-nebulae [173]; here the central source clearly appears extending towards the left. Bottom: an alternative
model consisting of an extended circum-nuclear ring model assuming the source is produced by the interaction
of isotropic cosmic rays with the circum-nuclear ring gas (which has a 1.50 diameter), diffuse emission from
HCN maps as above, and closeby pulsar wind nebulae [173] (modeled as point-sources). The central source
and G 0.9+0.1 are excluded. Cosmic-ray background is subtracted using a model generated from cosmic-ray
events; the same background model is used in all cases.

Cherenkov Telescope Array
Science with CTA

Page 61 of 213
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Search for PeVatrons in the Galaxy

AGNs

Particle acceleration to very high energies is associated with extreme 
environments: neutron stars, black holes, relativistic outflows or 
explosions (SN, GRBs

§ CR able to produce 100 TeV photons should have ECR ~ PeV:

PeVatrons

§ Photons with E~100 TeV: produced preferentially by hadronic process 
(proton-photon, proton-proton interactions)

§ Cross-section for IC interactions electron-photon decreases very 
quickly for E> 10 TeV (Klein-Nishina effect)
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LHAASO discovered PeVatrons @ Galaxy

AGNs

Particle acceleration to very high energies is associated with extreme 
environments: neutron stars, black holes, relativistic outflows or 
explosions (SN, GRBs

Discovery of 12 sources emitting at several hundreds of TeV, up to 1.4 PeV

Candidates: SNRs, galactic center, pulsar wind nebulae, young stellar clusters?

CTA ->  can identify, probe morphology and spectra

Stefano Vercellone, ASTRI & LHAASO Workshop, 7-8/03/2023 10

The LHAASO Sources at ~PeV energies

The ASTRI Mini-Array will investigate these and future UHE 

sources, providing both the opportunity for their precise 
identification and important information on their morphology
and spectra

Discovery of 12 sources
emitting at several hundreds of 
TeV, up to 1.4 PeV

Crab aside, the majority of 

remaining sources represent

diffuse g-ray structures with 
angular extensions up to 1°

The actual sources responsible

for the ultra high-energy g-rays

have not yet been firmly
localized and identified (except

for the Crab Nebula), leaving

the origin of these extreme
accelerators open 

Cao et al., 2021, Nature



• Provide a census of the VHE Galactic source populations (identify unknown 
and new sources)
– Massive stars
– Compact objects: galactic NSs and BHs
– Pulsars and PWNe
– Supernova remnants
– Microquasars, binary systems
– Young stellar clusters 

• Identify PeVatrons among them 
• To be performed down to ~ 2mCrab in the inner Galaxy and around the 

Cygnus region, and ~ 4mCrab elsewhere in the Galactic Plane
• Detailed Study of the diffuse emission
• Multi-purpose catalogue and legacy datasets

Primary goals of CTA Galactic Science

45

CTA Galactic Plane Survey Science



Galactic Particle Accelerators: ex. SNR

AGNs

Particle acceleration to very high energies is associated with extreme 
environments: neutron stars, black holes, relativistic outflows or 
explosions (SN, GRBs

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.

Cherenkov Telescope Array
Science with CTA

Page 20 of 213

Simulated CTA TeV-bright supernova remnant RX J1713−3946 for 2 emission scenarios:

CTA will be able to differentiate between these scenarios 

Resolve sub-structure within  SNR shell  important for understanding  acceleration and emission



Large Magellanic Cloud Survey 

CTACurrent (H.E.S.S) 

§ Global view of a near star-forming galaxy at TeV energies
§ More than 60 SNRs
§ Resolving regions down to 20 pc size
§ Diffuse emission view of  particle transport

Observation time:
about 300 hours



8. KSP: Extragalactic Survey 8.3 Data Products
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Figure 8.3 – Proposed region of the extragalactic survey in Galactic coordinates: b > 5�;�90� < l < 90�,
25% of the sky, marked in a light blue. The Galactic Plane Survey is indicated by a darker blue. Red points
show a hypothetical example of the sources to be detected in the extragalactic and Galactic CTA surveys.
Extragalactic and unidentified Fermi-LAT hard-spectrum sources (2FHL catalogue [191]) are displayed as black
dots whereas green points show the AGN that have been detected so far by IACTs [204].

8.3 Data Products

This KSP will produce an extragalactic gamma-ray catalogue of detected sources. For each source,
the catalogue will contain the:

• differential energy spectrum,

• significance of the detection,

• source location,

• integral flux,

• variability index,

• extension of the source, if applicable, and

• association with known objects, if made.

The catalogue will also contain the time intervals (modified Julian dates) for the observation periods and
the time intervals for any detected flares.

The catalogue will be released one year after completion of the survey. In case of detection of a signif-
icant transient event, a public alert will be issued at the earliest possible moment (via, e.g., the Virtual
Observatory network using VOEvent protocol, see the Transients KSP in Chapter 9).

Interrupting the survey for self-triggers and/or external triggers will be possible but the conditions for
such events should be carefully studied and covered by a separate proposal. Follow-up observations
are not part of this KSP and are expected to be largely carried out through the GO Programme.

In order to maximize the scientific output of the extragalactic survey, we are planning to organize an
extensive multi-wavelength effort to accompany the survey. We foresee obtaining simultaneous optical

Cherenkov Telescope Array
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The extragalactic Survey

§ Unbiased survey of the sky
– Coverage of 1/4 of full sky
– Performed over 10 years 

• Complete to 5 mCrab
– Blazar Luminosity Function
– Probe new sources, e.g.:

§ Extreme blazars
§ Galaxy Clusters

§ Serendipity transients discovery and follow-up potential, e.g. GRBs, TDEs, FRBs,…
§ Monitoring (multi-band) and Follow-up of strong AGN flares
§ Multi-messenger science: GW and neutrino triggers

The first ever in the VHE band

48
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CTA Differential Flux Sensitivity

Southern Array

Northern Array

12

CTAO performance (Alpha Configuration)

a-configuration

CTA will be a high-energy 
transient monitor

Orders of magnitude 
advantage over Fermi-
LAT in intra-day 
timescales: GRBs, AGN 
flares, binaries.

CTA -> ability to probe very short timescales in gamma-rays
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• AGNs, PWN, binaries, accretion & relativistic outflows

&  Variability Phenomena



Variability with CTA

CTA ability to probe very short timescales in gamma-rays:
• explore connection between accretion and ejection phenomena in compact objects
• study phenomena in relativistic outflows: GRBs, AGN, PWN,  binary systems
• In GRBs: high-statistics measurements for the first time >10 GeV; detect ~2 GRB/yr

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

z=4.3, E>30GeV, 0.1 sec time bin
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Figure 1.5 – Simulated CTA gamma-ray burst light curve, based on the Fermi-LAT-detected GRB 080916C at
z =4.3. See Figure 9.1 for more details.

Both gamma-ray and cosmic-ray observations with CTA rely on nanosecond-timescale cameras to de-
tect Cherenkov light. Other uses for the very large optical-photon collection area of the CTA telescopes
do exist. Longer integration time observations of optical targets with CTA could include the use of inten-
sity interferometry, to provide unprecedented angular resolution at blue wavelengths for bright sources
(see [22] and Chapter 14).

1.2 Overview of CTA Science Themes

Here we provide a brief overview of the main scientific questions and topics addressed by CTA, referring
forward where relevant to the KSP chapter for details.

1.2.1 Understanding the Origin and Role of Relativistic Cosmic Parti-
cles

Relativistic particles appear to play a major role in a wide range of astrophysical systems, from pulsars
and supernova remnants to active galactic nuclei and clusters of galaxies. Within the interstellar medium
of our own galaxy these cosmic rays are close to pressure equilibrium with turbulent motions of gas and
magnetic fields, yet the relationship between these three components, and the overall impact on the
star-formation process and the evolution of galaxies, is very poorly understood. CTA will provide the first
high angular resolution measurements of cosmic-ray protons and nuclei (rather than the energetically
sub-dominant electrons that produce the non-thermal emission seen at radio and X-ray wavelengths) in
astrophysical systems, providing insights into the process(es) of acceleration, transport and the cosmic-
ray-mode feedback mechanisms in these systems. Historically, non-thermal effects in astrophysical
systems have largely been ignored or parameterised away due to a lack of high quality data. The
insights from CTA will therefore represent a major contribution to our deepening understanding of the
processes by which galaxies and clusters of galaxies evolve, in the era of precision astrophysics with
major instruments across all wavebands from radio (SKA) to VHE gamma ray (CTA).

Below we introduce the main elements of this theme, moving from the accelerators themselves to the
impact of accelerated particles.

Cosmic Accelerators

The primary goal of gamma-ray astrophysics thus far has been to establish in which cosmic sources

Cherenkov Telescope Array
Science with CTA
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CTA Simulated light curve GRB 080916C, z =4.3 

1. Introduction to CTA Science 1.2 Overview of CTA Science Themes
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Figure 1.7 – Probing ultra-fast variability in the inner jet of an active galaxy: simulated CTA light curve for the
2006 flare of PKS 2155�304 (reproduced from [30]). Such observations provide access to timescales much
shorter than the light-crossing time of the supermassive black hole.

associated with such events.

Cosmic voids

Much of the universe consists of extremely under-dense regions known as cosmic voids. Very high
energy photons interact within these voids and allow us to probe the radiation fields and magnetic fields
that they contain. The Extragalactic Background Light (EBL) is the integrated emission from stars and
galaxies of all types throughout the evolution of the universe. As such, it is an important tool for cosmol-
ogy but it is extremely difficult to measure directly, due to very strong foregrounds from the Solar System
and the Milky Way. However, the EBL leaves an imprint on the measured spectra of gamma-ray sources,
via the process of gamma-gamma pair production. The wide-band, high-quality spectra measured with
CTA for a large number of objects will allow the EBL spectrum from the optical to the far infrared to
be precisely measured at redshift zero. Furthermore, with the expected large sample of blazars up to
redshift ⇠1 detected with CTA, the evolution of the EBL with cosmic time can be probed for the first time.
See [31] and Chapter 12 for more details.

Pair production by TeV photons interacting in voids also offers the prospect of measuring the extremely
weak magnetic fields thought to exist in these regions. Secondary gamma rays are produced by the
primary e± pairs via inverse-Compton scattering on the EBL. A cascade can then develop from further
pair and inverse-Compton interactions. Depending on the typical value of the intergalactic magnetic field
(IGMF), deflections of the secondary particles may either be small enough that secondary components
may be observable as pair echoes, which arrive with a time delay relative to the primary emission, or
as a pair halo, potentially resolvable extended emission around the primary source. The properties of
the extended emission depend on the IGMF strength. A strong enough IGMF (> 10�12 G) leads to full
isotropisation of the cascade emission and formation of a physical pair halo, while weaker magnetic field
leads to the appearance of an extended emission with an IGMF-dependent size. If the IGMF strength is
in the range, B ⇠ 10�16

� 10�12 G, the spatially-extended emission may be detectable and resolvable
by CTA by virtue of its high sensitivity and angular resolution; e.g., for a source at a distance of 100 Mpc,
the extended emission would be on the ⇠ 1� scale and would be comfortably contained within the CTA
field of view. See [30] and Chapter 12 for details.

If, as has been recently suggested, TeV electrons produced in gamma-gamma interactions in the voids
do not initiate cascades but rather heat the ultra-low dense plasma [32], CTA will allow this hypothesis
to be proven and the heating rate to be very well constrained. As such heating could be the dominant
means of heating in low density regions after redshift ⇠2, and could solve the problem of the missing
dwarf satellite galaxies, this measurement would be a very valuable addition to cosmology.

Cherenkov Telescope Array
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CTA simulated  light curve flare of PKS 2155−304 
provides access to timescales <<  light-crossing 
time of the supermassive black hole



AGN monitoring

AGN KEY SCIENCE PROJECT
What is the jet made of?
How is it launched?
What causes the variability?

§ Long-term monitoring of 
selected AGN over 10 years

§ Follow-up of flaring AGN
§ High-quality measurement of 

selected AGN spectra

Total observation time: 
about 3000 hours

What is the acceleration mechanism?



AGN monitoring

AGN KEY SCIENCE PROJECT
What is the jet made of?
How is it launched?
What causes the variability?

Nuclei 
in Jet

Electron-Positron Jet

Current data

Nuclei 
in JetNuclei 
in Jet

Electron-Positron Jet

Nuclei 
in Jet

CTA

from: Science with CTA
www.worldscientific.com/worldscibooks/10.1142/10986

What is the acceleration mechanism?

ü



high flux strong 
Doppler boosting 
(jet bulk G~5-10 ) 

Ex.: PKS2155-304 (Aharonian et al. 2007)

Strong variability in time at TeV: tv ~200 s
-> very compact and fast emitters Gem>50

(e.g. Giannios et al. 2009)

AGN Variability 
Where is emission region? Jet launching? Acceleration Mechanism?

AGN Blazars: most frequent 
extragalactic gamma-ray 
emitters 



high flux strong 
Doppler boosting 
(jet bulk G~5-10 ) 

Ex.: PKS2155-304 (Aharonian et al. 2007)

Strong variability in time at TeV: tv ~200 s
-> very compact and fast emitters Gem>50

(e.g. Giannios et al. 2009)

AGN Variability 
Shock or Magnetic Reconnection Acceleration?

Table 1 Temporal characteristics of Flares.

Flare (MJD)

Components [Name]

Tr(days)

Td(days)

Reduced-χ 2(DOF)

F1 (58133.0–58139.0)

Envelope [1]

1.62 ± 0.06
1.49 ± 0.05

1.77 (43)

(Fitted with 2 components)

Fast flare [1]

0.06 ± 0.02
0.04 ± 0.02

F2 (58222.0–58232.0)

Envelope [1]

1.61 ± 0.03
2.74 ± 0.05

1.52 (79)

(Fitted with 3 components)

Fast flare [1]

0.05 ± 0.01
0.09 ± 0.02

Fast flare [2]

0.09 ± 0.02
0.08 ± 0.01

F3 (58268.0–58276.0)

Envelope [1]

1.47 ± 0.08
1.88 ± 0.06

1.69 (61)

(Fitted with 1 component)

F2 (58222.0–58232.0)

Envelope [E1]

1.25 ± 0.17

0.25 ± 0.06

1.14 (65)

(Fitted with 8 components)

Envelope [E2]

0.42 ± 0.05
0.57 ± 0.05

Envelope [E3]

0.75 ± 0.11
0.46 ± 0.17

Envelope [E4]

0.18 ± 0.07
0.59 ± 0.09

Envelope [E5]

1.35 ± 0.34

1.24 ± 0.08

Fast flare [FF1]

0.06 ± 0.01
0.08 ± 0.01

Fast flare [FF2]

0.09 ± 0.01
0.10 ± 0.01

Fast flare [FF3]

0.11 ± 0.04
0.08 ± 0.03

Column (1) presents the name of the flare and their duration, next row in column (1) presents number of fitted components for the same flare, Column (2) presents the type of components used for

fitting and their names, Column (3) presents the rise time of the flare, Column (4) presents the decay time of the flare, Column (5) presents the reduced-χ 2and degrees of freedom (DOF) of the overall

fit for the flare with all the components.
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Fig. 2 Minute-scale flare as a diagnostic tool for the jet geometry. a Shows the 3-min (circle) and ten-minute (square) binned light curves measured

during the orbit wherein a strong rapid variability of the order of a few minutes with high significance (4.7 σ) was observed. During this orbit, 3C 279 was

found to be highly inconsistent with the constant flux having p-values 0.002 (χ 2-test) and 10−5 (χ 2-test) for the three-minute and 10-min binned light

curves, respectively. Hence, the best-fit function to the 3-min binned light curve is deduced using the sum of two exponentials represented by the dashed

cyan-blue line. Notably, the error bars in the light curve represent 1 σ uncertainty and the significance of each 3-min bin is colour-coded. b Shows a

proposed sketch of the inner jet of a blazar, explaining the peak-in-peak light curve with reference to the jet-in-jet magnetic reconnection model. In this

scenario, the magnetic field fragments into small plasmoids that interact and grow into monster plasmoids within the reconnection region. Subsequently,

these massive plasmoids lead to the formation of mini-jets, which produce optically thin minute-scale gamma-ray flares. These mini-jets are represented in

the sketch in magenta. Moreover, the emission from the reconnection region, as a whole, accounts for the observed envelope emission.
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As in shocks: 1st-order Fermi
(de Gouveia Dal Pino & Lazarian, A&A 
2005):

particles bounce back and forth   
between 2 converging magnetic flows  

<DE/E> ~ vrec/c

Particles are accelerated in reconnection sites 
mainly by Fermi process

1st-order Fermi (Bell 1978; Begelman 
& Eichler 1997)):

<DE/E> ~ vsh/c

Reconnection AccelerationShock Acceleration 

B
+
-

vrec

B vrec

As in shocks: 1st-order Fermi
(de Gouveia Dal Pino & Lazarian 2005;
del Valle, de Gouveia Dal Pino, Kowal 2016):

<DE/E> ~ vrec/c

1st-order Fermi 
(Bell 1978; Begelman & Eichler 1997):

<DE/E> ~ vsh/c

Reconnection AccelerationShock Acceleration 

B
+

-

vrec

B vrec

Particles are accelerated stochastically - Fermi process 



(e.g. Giannios et al. 2009)

Magnetic Reconnection acceleration may prevail
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Particels are accelerated by magnetic reconnection
up to 1016-20 eV  @ inner magnetically dominated 
regions

Medina-Torrejon, de Gouveia Dal Pino+, ApJ 2021
Medina-Torrejon, de Gouveia Dal Pino, Kowal 2023



e–

e+

TeV gamma ray

Gamma-ray absorption by 
extragalactic background light (EBL)

Absorption depends on the
intensity of background light

e–

e+

starlight
photonTeV gamma ray

Photon propagation:
Extragalactic Background light 

§ Extragalactic Background Light (EBL): integrated IR and optical emission 
from stars and galaxies through evolution of the universe (very hard to 
measure)

§ EBL interacts with gamma-rays: photon-photon -> pair production

CTA:  
§ measure EBL precisely @ z=0 for large number of objects 
§ large sample of blazars z=0-2: evolution of EBL



e–

e+

starlight
photonTeV gamma ray

Gamma-ray absorption by 
extragalactic background light (EBL)

Absorption depends on the
intensity of background light

arXiv:2010.01349 Measurement as a function of z

17
CTAC ‘21

Up to z ~ 2 
(z ~ 1 for current TeV 
observatories)

Best at z ~ 0.2: 
± 5%(stat) ± 12% (syst)

Constraints limited by
instrument systematics



Gamma-ray propagation & absorption: 
pair echo and halo & cosmic magnetic field

CTA will detect secondary pair emission for IGMF ~ 10-16 - 10-12 G (for sources @ ~ 100Mpc)

e–

e+

starlight
photonTeV gamma ray

Photon propagation:
Extragalactic Background light 

§ Secondary gamma-rays produced by primary pairs via 
inverse-Compton scattering on the EBL ->  cascade from 
further pair and inverse-Compton interactions 

§ Deflections of secondary pairs in the IGMF form:
- pair halo (around the primary source) 
- pair echoes: that arrive with time delay relative to 

primary emission

§ IGMF > 10-12 G: full isotropisation of the emission: pair halo
§ IGMF < 10-12 G: extended emission 

Pair production by TeV photons interacting in voids: allows to measure weak magnetic 
fields (IGMF)



Gamma-ray propagation & absorption: 
pair echo and halo & cosmic magnetic fields

CMB photons

e-
Δθ

TeV γ at E1

GeV γ at E2

COB/CIB photons

Neronov & Vovk ‘10

“pair echo”

Cosmic ɣ-ray cascades

e+

Observables
1) Time delays
Δt ~ 3 yrs (E/0.1TeV)-1(B/10-16G)2

Useful for low B-field, 
limited by variability pattern
2) Spectrum & morphology
E2 ~ 80 GeV (E1/10 TeV)2 
Degree-scale extension scaling as B
whose shape depends on jet parameters:
Credits: Ievgen Vovk

θobs

arXiv:2010.01349 

B=10-15 G

1ES0229+200



Axions are a proposed solution to the strong-CP problem of quantum chromodynamics and also 
well motivated candidates to constitute a part or all of CDM. 

Gamma-ray propagation: 
photon-axion oscillations

TeV gamma ray

Photon propagation:
photon-axion oscillations

arXiv:2010.01349 

Axion

B

§ Axion Like Particles (ALPs): massless particles predicted 
by quantum chromodynamics (and also DM candidates)

§ ALPS: convert into photons (and vice versa) when 
traverse ambient MF

§ For very distant AGN: conversion of ALP into gamma-
ray  enhances the TeV photon flux (which competes 
with the absorption on the EBL)

§ Clue:
To probe  ALPs we need distant AGN embedded in measurable MFs -> 
a distant AGN in the center of a galaxy cluster: e.g. NGC1275 in Perseus cluster (75 Mpc) 



TeV gamma ray

Gamma-ray propagation: 
photon-axion oscillations

arXiv:2010.01349 

arXiv:2010.01349 

• Green regions: exclusion in the 
ALP parameter space by CTA from 
flaring state of the radio galaxy 
NGC 1275

• Purple and blue: exclusion regions 
from current-generation 
instruments

• Salmon: hints for ALPs from 
additional cooling of white dwarfs 
(WD) and increased transparency 
of the Universe to TeV γ-rays

• Green lines: other projected 
sensitivities 

• Dark orange: parameter space for 
QCD axion

CTA constraints on ALPs:  

ma versus ALP-coupling to photons gaγ



Searching for Dark Matter annihilation

Does dark matter annihilate producing gamma rays?  
What is the (dark) matter content? 

CTA prospects for CDM signatures:

- Around the Galactic center
- In dwarf galaxies
- In clusters of galaxies



Dark matter search in galactic centerGalactic center & Dark matter KSPS

Weakly Interacting
Dark Matter Particles

Characteristic spectral signature
known from particle physics

t t

Annihilation
cross section
“known” from
Dark Matter
abundance

(WIMPs)



Dark matter annihilation

Canonical
cross section

arXiv:2010.01349
arXiv:2007.16129



Gamma-Rays & DM in galaxy clusters

Figure S9. Contribution to DGRB from different types of astrophysical sources. The pink band is
plotted for the fiducial range of parameters in our work a = 1.5�2.5, Emax = 1016 �1017 eV. Besides
showing the observed DGRB flux from Fermi-LAT26 and upper limits from HAWC27 and CASA-MIA33,
this figure also presents the sensitivity curves obtained for point sources from LHAASO34, HAWC35, and
the forthcoming CTA North and South observatories36 for comparison (gray curves). These sensitivity
curves are shown only for reference and the scaling factor is simply ⇠ PSF2/4p , where PSF is the point
spread function. We also show the contribution from individual sources to the DGRB, namely, blazars30,
AGNs31, and SFGs32.

19. Heinze, J., Boncioli, D., Bustamante, M. & Winter, W. Cosmogenic neutrinos challenge the cosmic-ray
proton dip model. The Astrophys. J. 825, 122 (2016).

20. Alves Batista, R., de Almeida, R. M., Lago, B. & Kotera, K. Cosmogenic photon and neutrino fluxes
in the auger era. J. Cosmol. Astropart. Phys. 1901, 002 (2019).

21. Lovisari, L., Reiprich, T. & Schellenberger, G. Scaling properties of a complete x-ray selected galaxy
group sample. Astron. & Astrophys. 573, A118 (2015).

22. Kotera, K. et al. Propagation of ultrahigh energy nuclei in clusters of galaxies: resulting composition

11/12

Diffuse Gamma-Ray emission from clusters z=0-5
(Hussain, Alves-Batista, de Gouveia Dal Pino & Dolag, Nature Comms. 2023, in press)

§ Galaxy clusters able retain VHECR for Hubble time-> produce gamma-rays

CTA will probe gamma-ray and DM:
Perseus cluster (in prep.)

Figure 1. Trajectories of CRs through a cluster of mass
⇠ 1015

M� selected from our background simulation. The
thick line corresponds to a CR with energy of 10 PeV, and
the thin line to a CR with energy 500 PeV.

clusters, which decreases the gamma-ray flux. In Fig. S4 of
the Supplementary Material, we show the gamma-ray flux
collected at the edge of individual clusters, produced by CR
sources in different locations inside them. We find that the flux
is one-order of magnitude larger when the source is located
in the central region than in the edge of the cluster. For this
reason, in order to compute the integrated contribution from
all clusters in different redshifts below, we consider only the
dominant contribution, i.e. from CR sources in the central
region of the clusters.

The mass range of clusters in our background simulation
is 1012 . M/M� < 5 ⇥ 1015 and clusters with masses .
1013

M� barely contribute to the high-energy gamma-ray flux.
This occurs due to the lower interaction rate between CRs and
the intracluster environment, which is a consequence of the
interplay between the Larmor radius, determined by the mag-
netic field, and the cluster size (see Supplementary Material
for a detailed discussion). Also, massive clusters (& 1015

M�)
exist mostly at low redshifts z . 1, being rare at high redshifts.
Therefore, the major contribution to the total flux comes from
clusters in the mass range 1013 . M/M� . 1015 (see Fig. S5).
Fig. 1 illustrates the propagation of two CRs within a cluster
of our background simulation.

In Figs. 2 - 5 we present the integrated gamma-ray spectrum
from all clusters for z  5.0, propagated up to the Earth. The

total flux (F) was computed as follows:

E
2
obsF(Eobs) =

zmaxZ

zmin

dz

MmaxZ

Mmin

dM
dN

dM
E

2 dṄ(E/(1+ z),M,z)

dE

g(Eobs,E,z)

✓
yev(z) f (M)

4pd
2
L
(z)

◆
(1)

where the number of clusters per mass interval dN/dM was
calculated from our background simulation (see Fig. S1),
g(Eobs,E,z) accounts for the interactions of gamma rays with
energy E arriving with energy Eobs undergoing interactions
during their propagation in the ICM and the intergalactic
medium (IGM), yev(z) is a function that describes the cosmo-
logical evolution of the emissivity of the CR sources (AGN,
SFR, or none; see Equations E1 and E2 of the Supplementary
Material), the quantity E

2
dṄ/dE denotes the gamma-ray

power computed from the simulation, dL is the luminosity
distance, and f (M) is a factor of order unit that corrects the
flux by the amount of gas that is removed from the clusters
due to stellar and AGN feedback. We note that the number
of clusters per mass interval we obtained from our MHD cos-
mological simulation at different redshifts is comparable with
results from other large-scale cosmological simulations14–16

and predictions from observations18, 19 (see Fig. S1).
The universe is believed to be isotropic and homogeneous

at very large scales. Therefore, for the propagation of gamma
rays from the clusters to Earth, we assumed a nearly uniform
distribution of sources in comoving coordinates.

Fig. 2 depicts the total flux for different redshift intervals:
z  0.3, 0.3 < z  1.0, and 1.0 < z  5.0. A representative
spectral index a = 2.3 and a maximum energy Emax = 1017

eV are used for this evaluation (see also Figs. 3-4). The
dominant contribution to the total flux of gamma rays comes
from sources at low redshifts (z . 0.3), for which the effect
of the EBL attenuation is less pronounced. This effect is
more prominent at higher redshifts and also depends on the
EBL model adopted20–22 (see Fig. 3, and Fig. S7 of the Sup-
plementary Material). Fig. 2 shows the results for the EBL
model from ref.20, which predicts a slightly larger gamma-
ray cut-off energy for the flux. Also, our treatment of the
pp-interactions23, 24 is only an approximation and contains
uncertainties due to the unknown pp cross-section at energies
beyond the reach of the LHC 25.

Fig. 2 also highlights the effects of the evolution of the CR
sources on the gamma-ray flux, distinguishing the separated
contributions of AGN and SFR, following the same procedure
as in refs.13, 26. We find that an AGN-type evolution enhances
the diffuse gamma-ray flux at high redshifts (z & 1.5) com-
pared to scenarios wherein the sources evolve as the SFR (or
without any evolution). On the other hand, these contributions
are both comparable at low redshifts (z . 0.3) which in turn,
provide the dominant contribution to the total gamma-ray flux.

We further notice that the flux of gamma rays above ener-
gies ⇠ 1012 eV can also be attenuated by interactions with
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§ Quantum Gravity effects (at Planck scales): arrival time delays 
between photons of different energies travelling large distances (due 
to wavelength dependent refractive index of the vacuum)

-> LIV - variation of light speed
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‘space–time foam’ at the Planck scale resulting in a non-trivial
refractive index and anomalous dispersion of light in vacuo, i.e.,
an energy dependence of the speed of light. Hence over the past
decade, there has been tremendous interest in testing Li at high
energies as part of what has come to be called ‘quantum gravity
phenomenology’ [156–158].

Possible energy dependence of the speed of light in the vacuum
has been predicted, in the framework of several theories dealing
with quantum gravity models and effective field theory models
[159]. The seminal paper by Amelino-Camelia et al. [160] proposed
that this can be parameterised by a Taylor expansion of the usual
dispersion relation:

c2p2 ¼ E2 1" n1ðE=EPlÞ " n2ðE=EPlÞ2 " . . .
h i

; ð3:1Þ

where the value of the co-efficients na would be specified by the
theory of quantum gravity (and may well turn out to be zero). For
example there are specific predictions in some toy models
[161,162] and a general parameterisation can be provided in the
framework of effective field theory [159]. For more details see the
introduction by [163] in Part A of this Special Issue. Typically, two
scenarios are envisaged according to whether the linear term or
the quadratic term is dominant, parametrised by the scale parame-
ters n1 (linear case) and n2 (quadratic case) respectively. The point is
that while QG effects would be prominent only at the Planck scales,
there would be residual Lorentz invariance violation (LIV) effects at
lower energies (GeV–TeV) in the form of anomalous photon velocity
dispersion.

Amelino-Camelia et al. [160] also noted that over a cosmologi-
cal distance L, the magnitude of time-delay Dt induced by LIV be-
tween two photons with an energy difference DE is detectable:

Dt ’ DE
naEPl

! "a L
c

ð3:2Þ

where a ¼ 1 or 2 according to whether the linear or quadratic terms
dominates in Eq. (3.1). The energy scale of QG is commonly ex-
pected to lie somewhere within a factor na of EP . The best limit on
the linear term has recently been placed by Fermi-LAT observations
of GeV photons from GRB 090510 (z ¼ 0:903) which require
M1 ¼ EPl=n1 > 1:5% 1019 GeV [164]. The most constraining limit
on the quadratic term M2 ¼ EPl=n2 > 6:4% 1010 GeV come from
observations of an exceptional flare of the active galactic nucleus
(AGN) PKS2155–304 with the H.E.S.S. telescope [165].

It is important to keep in mind that although the QG induced
time-delay is proportional to energy (as opposed to conventional
dispersion effects which vary as inverse power of energy) similar
time-delay effects may be intrinsic to the source [166]. Therefore,
in order to distinguish between source and propagation time-
delays, different types of sources should be considered with
different physical properties and situated at different cosmological
distances. For such studies, AGN and Gamma-Ray Bursts (GRBs) are
the best candidates to test Eq. (3.2). AGN cover the higher energies
(up to few TeV) and lower redshift regime (probably up to
z & 0:8' 1) and GRBs the lower energies (probably few tens of
GeV) but higher redshifts. Other promising candidates could be
pulsars which until now have yielded constraints one order of
magnitude weaker than the ones derived from AGN [167].

4.1. The consequences of improved sensitivity and larger energy
coverage of CTA on time-delays recovery

Using the Maximum Likelihood Estimation method (MLE) of
[168], we investigate the effects that the improved CTA perfor-
mance, in terms of increased statistics and broader energy lever
arm, have on the time-delay recovery.

Five hundred realisations of Gaussian-shaped ‘‘pulsed’’ light
curves were generated for several values of time-delays between
'60 s TeV'1 and +60 s TeV'1 in steps of 10 s TeV'1. This allowed
an estimate of the value of the error dtr on the measured time-de-
lay Dtr. The error decreases as N'1=2

c , where Nc is the number of
photons included in the likelihood fit, and saturates at a value of
about 3 sTeVs'1, about a factor of 3 less than the current genera-
tion of IACTs, due to the increased statistics of CTA. The effect of
the increase in the energy lever-arm, provided by the wide cover-
age of CTA from few tens of GeV to several tens of TeV, has also
been addressed for the different array configurations taking into
account the absorption of Extragalactic Background Light (EBL)
using the model of [169],6 and a spectral break at around
100 GeV. The photons are thus separated into two populations at
‘‘high’’ and ‘‘low’’ energies with average values marked as EHE and
ELE respectively. Fig. 17 shows the variation of the energy lever-
arm for different CTA configurations in energy-squared (quadratic
case) DE2 ¼ E2

HE ' E2
LE, after a convolution with the effective area

and for a given choice of the energy value separating high and low
energy bands ELIM ¼ 400 GeV. This value is almost stable regardless
of the array or the spectral index [170]. The ranking shows that ar-
rays I;C; J and H for the southern site and NB for the northern site
are favourable for LIV studies.

The intrinsic variability of the photon emission by astrophysical
sources such as GRBs and AGN is the main systematic uncertainty
in LIV searches. Until now, the detected variability of the AGN was
limited to about 100 s, partially due to the limited statistics of the
data. The possibility of improved separation of the initially unre-
solved double peak structures was investigated with light curve
simulations and time-delay reconstruction using again the MLE
method. Fig. 18 shows the minimal peak separation which would
allow distinguishing between two Gaussian spikes of the same
standard deviation rG for different photon statistics: a H.E.S.S.-like
measurement, a CTA-like measurement with an improved photon
collection by a factor 100, and a more optimistic scenario with a
factor 1000 more photons.
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Fig. 17. Parameter DE2 as a function of the spectral index for all arrays considered
in CTA Monte Carlo simulations. The configurations have different layouts and
number of telescopes. See details in the text.

6 This is a conservative choice – by using more transparent EBL models like that of
[150], the results would be more promising.
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spectral index. The effect is particularly striking in the cases in
which the EBL absorption at E = Ecrit is already strong (e.g.,
Fig. 15), because then the boost sets in very fast, resulting in dN/
dE rising with energy at around Ecrit. The rise is actually very sharp,
but it is smoothed by the energy resolution of the instrument. An
improvement in the energy resolution would increase the signifi-
cance of the feature and improve the determination of Ecrit. In con-
trast, if Ecrit is in the range in which the EBL absorption is small or
negligible (Fig. 14), the feature at Ecrit would just be a flux drop of at
most ’ 30% [143], also washed out by the instrumental energy
resolution. In those cases, though a high-energy boost may still
be clearly detected, it would be hard to determine the exact value
of Ecrit. This is because, in the formalism described in Ref. [143],
similar ALP boost factors are always achieved at energies E > Ecrit,
independently of the particular value of Ecrit in each case.

3.2. Prospects

For each of the Ecrit values scanned, we have performed 103 sim-
ulations of a CTA observation, all with the same source flux and
observation time. We consider that a given value of Ecrit is within
the reach of CTA whenever the median of the v2-probability distri-

bution is below 2:9! 10"7, which corresponds to 5 standard devi-
ations. In Fig. 16 we show the median of the v2 probability versus
Ecrit, for two different assumptions on the source flux and two dif-
ferent observation times. The range of Ecrit which can be probed
with CTA for the different scenarios is the one for which the curves
in Fig. 16 are below the dashed horizontal line. As expected, the
range becomes larger as we increase the observation time and/or
the flux of the source. A 0.5 h duration flare like the one reported
in [149] would not be enough for CTA to detect a significant effect
in any of the tested ALP scenarios, i.e., the solid black line never
goes below the dashed line for any value of Ecrit. A flare of similar
intensity, but lasting 5 h (green line) would already be enough to
see the boost due to ALPs for those scenarios with Ecrit 6 500
GeV. In Fig. 16 we can also see that for a hypothetical flare with
an intensity 5 times larger, lasting 5 h, the accessible range of
Ecrit would extend up to 1.3 TeV.

4. High energy violation of lorentz invariance

Lorentz invariance (Li) lies at the heart of all of modern physics,
in particular the unification of space and time through the princi-
ple of Special Relativity. Space–time was elegantly promoted to be
a dynamic entity in the covariant classical theory of gravity namely
General Relativity (GR) which has been rigorously tested on astro-
nomical scales and underlies the mathematical description of cos-
mology. Similarly quantum mechanics has been successfully
married with Special Relativity to yield the quantum theory of
fields which underlies the very successful Standard Model of
leptons and quarks and the gauged electromagnetic, weak and
strong forces. However it has proved considerably more difficult
to unify gravity with the other forces, since GR is fundamentally
non-renormalisable. A fully quantum theory of gravity (QG) is still
beyond our grasp although there has been significant progress to-
wards this goal in various approaches such as superstring theory
and loop quantum gravity [155]. QG should describe dynamics at
the Planck energy EPl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!hc=GN

p
’ 1:22! 1019 GeV or equivalently

the Planck length lPl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!hGN=c3

p
’ 1:62! 10"33 cm, where gravita-

tional effects should become as strong as the other forces and the
notion of space–time is likely to need revision. This has opened up
the possibility that Li may be violated by QG effects although,
lacking a fully dynamical theory, the expectation is generic rather
than definite. For example quantum fluctuations may produce
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‘space–time foam’ at the Planck scale resulting in a non-trivial
refractive index and anomalous dispersion of light in vacuo, i.e.,
an energy dependence of the speed of light. Hence over the past
decade, there has been tremendous interest in testing Li at high
energies as part of what has come to be called ‘quantum gravity
phenomenology’ [156–158].

Possible energy dependence of the speed of light in the vacuum
has been predicted, in the framework of several theories dealing
with quantum gravity models and effective field theory models
[159]. The seminal paper by Amelino-Camelia et al. [160] proposed
that this can be parameterised by a Taylor expansion of the usual
dispersion relation:

c2p2 ¼ E2 1" n1ðE=EPlÞ " n2ðE=EPlÞ2 " . . .
h i

; ð3:1Þ

where the value of the co-efficients na would be specified by the
theory of quantum gravity (and may well turn out to be zero). For
example there are specific predictions in some toy models
[161,162] and a general parameterisation can be provided in the
framework of effective field theory [159]. For more details see the
introduction by [163] in Part A of this Special Issue. Typically, two
scenarios are envisaged according to whether the linear term or
the quadratic term is dominant, parametrised by the scale parame-
ters n1 (linear case) and n2 (quadratic case) respectively. The point is
that while QG effects would be prominent only at the Planck scales,
there would be residual Lorentz invariance violation (LIV) effects at
lower energies (GeV–TeV) in the form of anomalous photon velocity
dispersion.

Amelino-Camelia et al. [160] also noted that over a cosmologi-
cal distance L, the magnitude of time-delay Dt induced by LIV be-
tween two photons with an energy difference DE is detectable:

Dt ’ DE
naEPl

! "a L
c

ð3:2Þ

where a ¼ 1 or 2 according to whether the linear or quadratic terms
dominates in Eq. (3.1). The energy scale of QG is commonly ex-
pected to lie somewhere within a factor na of EP . The best limit on
the linear term has recently been placed by Fermi-LAT observations
of GeV photons from GRB 090510 (z ¼ 0:903) which require
M1 ¼ EPl=n1 > 1:5% 1019 GeV [164]. The most constraining limit
on the quadratic term M2 ¼ EPl=n2 > 6:4% 1010 GeV come from
observations of an exceptional flare of the active galactic nucleus
(AGN) PKS2155–304 with the H.E.S.S. telescope [165].

It is important to keep in mind that although the QG induced
time-delay is proportional to energy (as opposed to conventional
dispersion effects which vary as inverse power of energy) similar
time-delay effects may be intrinsic to the source [166]. Therefore,
in order to distinguish between source and propagation time-
delays, different types of sources should be considered with
different physical properties and situated at different cosmological
distances. For such studies, AGN and Gamma-Ray Bursts (GRBs) are
the best candidates to test Eq. (3.2). AGN cover the higher energies
(up to few TeV) and lower redshift regime (probably up to
z & 0:8' 1) and GRBs the lower energies (probably few tens of
GeV) but higher redshifts. Other promising candidates could be
pulsars which until now have yielded constraints one order of
magnitude weaker than the ones derived from AGN [167].

4.1. The consequences of improved sensitivity and larger energy
coverage of CTA on time-delays recovery

Using the Maximum Likelihood Estimation method (MLE) of
[168], we investigate the effects that the improved CTA perfor-
mance, in terms of increased statistics and broader energy lever
arm, have on the time-delay recovery.

Five hundred realisations of Gaussian-shaped ‘‘pulsed’’ light
curves were generated for several values of time-delays between
'60 s TeV'1 and +60 s TeV'1 in steps of 10 s TeV'1. This allowed
an estimate of the value of the error dtr on the measured time-de-
lay Dtr. The error decreases as N'1=2

c , where Nc is the number of
photons included in the likelihood fit, and saturates at a value of
about 3 sTeVs'1, about a factor of 3 less than the current genera-
tion of IACTs, due to the increased statistics of CTA. The effect of
the increase in the energy lever-arm, provided by the wide cover-
age of CTA from few tens of GeV to several tens of TeV, has also
been addressed for the different array configurations taking into
account the absorption of Extragalactic Background Light (EBL)
using the model of [169],6 and a spectral break at around
100 GeV. The photons are thus separated into two populations at
‘‘high’’ and ‘‘low’’ energies with average values marked as EHE and
ELE respectively. Fig. 17 shows the variation of the energy lever-
arm for different CTA configurations in energy-squared (quadratic
case) DE2 ¼ E2

HE ' E2
LE, after a convolution with the effective area

and for a given choice of the energy value separating high and low
energy bands ELIM ¼ 400 GeV. This value is almost stable regardless
of the array or the spectral index [170]. The ranking shows that ar-
rays I;C; J and H for the southern site and NB for the northern site
are favourable for LIV studies.

The intrinsic variability of the photon emission by astrophysical
sources such as GRBs and AGN is the main systematic uncertainty
in LIV searches. Until now, the detected variability of the AGN was
limited to about 100 s, partially due to the limited statistics of the
data. The possibility of improved separation of the initially unre-
solved double peak structures was investigated with light curve
simulations and time-delay reconstruction using again the MLE
method. Fig. 18 shows the minimal peak separation which would
allow distinguishing between two Gaussian spikes of the same
standard deviation rG for different photon statistics: a H.E.S.S.-like
measurement, a CTA-like measurement with an improved photon
collection by a factor 100, and a more optimistic scenario with a
factor 1000 more photons.
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Fig. 17. Parameter DE2 as a function of the spectral index for all arrays considered
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6 This is a conservative choice – by using more transparent EBL models like that of
[150], the results would be more promising.
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ASTRI mini-array: mini but not small…
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Expected performance:
• Sensitivity: better than current IACTs (E > 10 TeV):
• Extend spectra of already detected sources and measure cut-offs
• Characterize  morphology of extended sources at the highest VHE

• Energy/Angular resolution: < ~10% / < ~ 0.05° (E ~ 10 TeV)
• Wide FoV (≥ 10°), with homogeneous off-axis acceptance
• Optimal for multi-target fields, surveys, and extended sources
• Enhanced chance for serendipity discoveries



Mini Array Performance

Stefano Vercellone, ASTRI & LHAASO Workshop, 7-8/03/2023 5

The ASTRI Mini-Array – Performance
We extend current IACTs differential sensitivity up 
to several tens of TeV and beyond

Investigate possible spectral features at VHE, 
such as the presence of spectral cut-offs or the 
detection of emission at several tens of TeV 
expected from Galactic PeV sources

Deep 
Poin9ngs

Lombardi et al.,2022
Vercellone, arXiv:2302.10000  

Lombardi et al.,2022
Vercellone, arXiv:2302.10000 
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FOV, Angular and Energy Resolution
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FoV, Angular and Energy resolution

Sensitivity: better than current IACTs (E ≳ 3 TeV)
• Broad-band spectrum
• Spectral cut-off constraints

Energy/Angular resolution: ~10% / ~0.05° (E ~10 TeV)
• Extended sources morphology

10° field of view with excellent off-axis performance
• Multi-target fields
• Serendipitous discoveries
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Science with the ASTRI Mini-Array

Stefano Vercellone, ASTRI & LHAASO Workshop, 7-8/03/2023 4

Core Science & Pillars

Pillar 1
The origin of cosmic rays

Quest for PeVatrons

Particle propagation

PWN HE emission

UHECR from SB galaxies

Pillar 2
Fundamental physics

IR EBL constraints

Probing IGMF

Blazars & hadron beams

Test on ALPs & LIV

Time-domain

GRB, GW, n

Non g-ray

UHECR measure

SI3

Synergies

MWL, Legacy



LHAASO Sources at PeV energies

Stefano Vercellone, ASTRI & LHAASO Workshop, 7-8/03/2023 10

The LHAASO Sources at ~PeV energies

The ASTRI Mini-Array will investigate these and future UHE 

sources, providing both the opportunity for their precise 
identification and important information on their morphology
and spectra

Discovery of 12 sources
emitting at several hundreds of 
TeV, up to 1.4 PeV

Crab aside, the majority of 

remaining sources represent

diffuse g-ray structures with 
angular extensions up to 1°

The actual sources responsible

for the ultra high-energy g-rays

have not yet been firmly
localized and identified (except

for the Crab Nebula), leaving

the origin of these extreme
accelerators open 

Cao et al., 2021, Nature



Gamma-Ray Bursts with Mini-Array

Stefano Vercellone, ASTRI & LHAASO Workshop, 7-8/03/2023 17

Gamma-ray bursts
• GRBs confirmed as a new class of TeV emiJers thanks

to the MAGIC detecMon of GRB 190114C (z=0.42)
• SSC component extending into the TeV energy range
• LHAASO detecMon of GRB 221009A (z=0.15) well

above 10 TeV challenges the standard physics model

The ASTRI Mini-Array

• might have detected emission from GRB 190114C
• is able to confirm aZerglow emission at ! >1 TeV from 

close (z < 0.4) GRBs if observaMons start within the first 
tens of seconds up to few minutes from the onset of 
the burst

• can measure the spectral cut-off, either originated by 
the EBL absorpMon or intrinsic, if greater than 1 TeV

The expected number of follow-ups on observable GRBs

is about 1 per month

Simulation of the emission from three GRB 
190114C-like bursts, at three different redshifts
(z = 0.078, z = 0.25 and z = 0.42)

Simulations of GRB 221009A will start very soon



ASTRI mini-array: mini but not small…
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Mini Array - Summary

Stefano Vercellone, ASTRI & LHAASO Workshop, 7-8/03/2023 23

Summary
The ASTRI Mini-Array will start scientific observations in 2025 from the Observatorio del Teide
with a 4 (core science) + 4 (observatory science) year programme

Its 10° field of view will allow us to investigate both extended sources (e.g., SNRs) and 
crowded/rich fields (e.g., the Galactic Center) with a single pointing

Its 3’ angular resolution at 10 TeV will allow us to perform detailed morphological studies of 
extended sources

Its sensitivity extending above 100 TeV will make it the most sensitive IACT in the energy range
5-200 TeV in the Northern hemisphere before CTAO-N

It will join together the energy domain typical of EASs with the precision domain (excellent
angular and energy resolutions) typical of IACTs

Several synergies with LHAASO (PeV-only sources, broad-band spectrum, morphology…)



Brazil in the construction 
of SSTs for CTA-South  

Brasil in the SST-CTA Program:

Currently: ~60 members in CTA-Br ( ~29 -> in SST–CTA 
from IAG-USP, EACH-USP, Mackenzie, UFABC, IFUSP, 
CBPF)

Aim: production in Brazil of optical support of the 40 
(ASTRI based) SST structures of CTA-South array (a-
configuration) (FAPESP)
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Gamma-rays Hadrons

CTA Observatory is coming
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Gamma-rays Hadrons

CTA Observatory is coming

Moving from prototype to construction:

6

CTAO Construction phase is about to 
start

• CTAO construction scope is agreed
• The construction phase will start 

with the establishment of the final 
legal entity:
CTAO European Research Infrastructure 
Consortium (ERIC)
• by Summer / September 2023 
• last about 5 yr

• Early science operations foreseen during the construction phase



…in the mean time

http://tevcat.uchicago.edu/

13 Shell-type SNR (~half resolved)
10 SNR/molec. cloud
34 Pulsar wind nebulae
6 X-ray binaries
4 Massive star clusters
1 Globular cluster
…

33 HBL
4 IBL
4 LBL
3 FSRQ
2 Starburst Galaxies
…

The TeV sky

Today: >250 sources 
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Thank you 


