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Gamma Rays in the Universe
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Fig. from Baltz et al. 2003

Indirect detection: annihilation channels 

Examples of Feynman diagrams for neutralinos
(Jungman, Kamionkowski and Griest, 1996) 

To fermions and photons

To W bosons:

In general the number of Feynman diagrams for
each final state is large, there are public numerical
codes that perform these calculations (together with
a precise computation of the relic density):

DarkSUSY (http://www.physto.se/~edsjo/darksusy/)
MicrOMEGAs (http://lapth.in2p3.fr/micromegas/)

For a generic theory that predicts
WIMPS we have:

Gamma-ray production mechanisms

★ By accelerated leptons 
✦ Synchrotron 

✦ Inverse Compton 
scattering 

✦ Bremsstrahlung  

★ By accelerated protons 
✦ π0 decay from pp 

interactions 

★ By annihilation/decay 
of massive particles
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Particle acceleration
★ By electric fields: 

✦ Pulsars 

✦ AGNs [?] 

★ In shocks (Fermi acceleration) 
✦ Supernova Remnants 

✦ Pulsar Wind Nebulae 

✦ Star forming regions 

✦ Relativistic jets (AGN, binary systems [?]) 

✦ GRBs [?]  

★ By annihilation/decay of massive 
particles: 
✦ WIMPS 
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Multi-messenger synergies
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Very High Energy (VHE) Astrophysics 
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Broad science themes
★ Understanding origin and role of cosmic rays (CRs) 

✦ Find the CR acceleration sites 
✦ Understand mechanisms of CR acceleration 
✦ Understand role of accelerated particles in star formation and galaxy 

evolution 

★ Probing extreme environments 
✦ Understand physical processes near neutron star and black holes 
✦ How do relativistic jets, winds and explosions work 
✦ Measure radiation and magnetic fields in cosmic voids, and their evolution 

with time 

★ Explore Physics frontiers 
✦ What is the nature of dark matter and how it distributes  
✦ Search for quantum gravity effects on photon propagation 
✦ Search for axion-like particles
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Imaging Cherenkov principle
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The Atmospheric Cherenkov 
Technique 

Area = 104 – 105 m2 

 ~100 photons/m2/TeV 

γ�ray γ-ray origin location 
on the camera focal 
plane (sky) 

VERITAS, Arizona

Reshmi Mukherjee HEAD, Naples 2016 

# Much larger effective 
area than space-based 
Fermi-LAT 

MAGIC, La Palma HESS, Namibia
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VHE γ-ray sky circa 1997
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VHE γ-ray Sky c1997 
  4 sources  
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VHE γ-ray sky circa 2005
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VHE γ-ray Sky c2005 

 13 sources  
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VHE γ-ray sky circa 1997
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VHE γ-ray Sky c2015 

Detailed source information:   Spectra, Images, Variability, MWL … 

~160 sources , covering wide range of types 

tevcat.uchicago.edu 
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CTA
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Cherenkov Telescope Array: CTA

★ CTA: Full sky-coverage gamma-ray observatory: 
✦ North: La Palma (Canary Islands, Spain), ~20 telescopes 

✦ South: Cerro Paranal (Atacama, Chile), ~100 telescopes 

★ Multiple telescope size for energy coverage: 
✦ Large Size Telescope (LST, 23m): 20-200 GeV 

✦ Medium Size Telescope (MST, 12m): 100 GeV-10 TeV 

✦ Small Size Telescope (SST, 4m): 5-300 TeV, South only 

★ Construction: 2016-2021 [?]
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Present vs future
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   Light pool radius 
   R ≈ 100-150m  
   ≈ typical telescope Spacing  

!  Sweet spot for best 
triggering & 
reconstruction…  

!  most showers miss it! 

!  Large detection Area 
!  More Images per shower 
!  Lower trigger threshold 

From Current Arrays to CTA 
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CTA Sensitivity

★ ×10 sensitivity improvement 

★ Expanded energy range: 20 GeV - 300 GeV 

★ Better energy and angular resolution

15
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Three telescope sizes
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Several Types of Telescopes in Array 

Large Telescope (LST) 
Prototype construction 
underway – La Palma 

Small 
Telescope  
(SST): 
3 different 
prototype 
designs 

SST-1M            SST-2M ASTRI   SST-2M GCT 
Krakow, Poland           Mt. Etna, Italy   Meudon, France 

SCT: Medium, 2-Mirror 
Proposed US Contribution 
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CTA: a World Wide effort
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CTA Consortium 

CTA is being developed by the CTA Consortium: 
 

  

 

  

 
 

  

  

  

31 countries, ~1270 scientists, ~180 institutes, ~420 FTE 
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CTA-Spain
★ Involved institutes: IFAE-BIST, IAC, Ciemat, UCM, ICC-UB, UAB, IEEC-

CSIC, UJA (7-8% of CTA) 

★ MINECO strong support 

★ Major contributions: 
✦ CTA-N @ La Palma proposal 

✦ LSTs (prototype under construction): 
✤ Foundations 

✤ Under-carriage  

✤ Camera 

✤ Electronics 

✦ MSTs for CTA-N 

✦ Data management (Data Center?) 

✦ Simulations and Scientific exploitation
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2.5 CTA: CHERENKOV 
TELESCOPE ARRAY

OSCAR BLANCH

The Cherenkov Telescope Array (CTA) project is a worldwide initiative to build 
the next generation ground-based very-high-energy gamma-ray observatory. 
The gamma-ray group at IFAE is formed by about 15 physicists with similar pro-
portion of senior scientists, post-docs and PhD students. Most of the members 
of the group share the majority of their time in the CTA project and the MAGIC 
telescopes.

INTRODUCTION
The CTA observatory will serve a wide astrophysics 
community and will provide in-depth insight into 
the non-thermal high-energy universe. The impro-
vement in sensitivity respect to the present genera-
tion of imaging atmospheric Cherenkov telescopes 
(H.E.S.S., MAGIC, and VERITAS) is expected to match 
the development achieved by X-ray and low-energy 
(20 MeV-50 GeV) gamma-ray space-borne telesco-
pes in recent decades. 

IN 2015, 
THE “OBSERVATORIO DEL 

ROQUE DE LOS MUCHACHOS” 
WAS SELECTED TO 

START FINAL NEGOTIATIONS 
TO INSTALL THE NORTHERN 

OBSERVATORY

commitments for the construction of the first LST. In 
this sense prototypes and first series of the hardware 
for which IFAE is responsible have been produced. 

The group has also been carrying on activities that 
are needed to efficiently exploit the telescopes once 
they are built: software control, analysis software, 
Monte Carlo simulations and data management. 
Additionally, the group has kept developing a LIDAR 
in collaboration with the “Radiation Group” of the 
Universitat Autònoma de Barcelona to monitor the 
atmosphere above the CTA observatory.

CTA-NORTH SITE: 
THE ORM IN LA PALMA
The full CTA-Spain Consortium had proposed 
the Canary islands as a site for the Northern CTA 
Observatory since the very beginning. For many 
years, huge efforts were done to collect all possible 
objective information to show that the proposed 
sites in the canary islands were good locations 
for gamma-ray astronomy. All hours devoted to 
evaluate and promote the Canarian sites finally paid 
off in 2015. The “Observatorio del Roque de los 
Muchachos” (ORM, La Palma) was chosen as the 
site for the northern site of the CTA Observatory.

The LST project inside CTA went one step further 
and it has already been decided with the agreement 
of the full CTA Consortium to use the ORM as the 
site for the first LST. The telescope is both a proto-

Fig. 1: First Stone Ceremony for the LST at the “Ob-
servatorio El Roque de Los Muchachos”, La Palma.

The design foresees a factor 5 to 10 better sensitivity 
in the current very high energy gamma-ray domain, 
from about 100 GeV to some 10 TeV, and an exten-
sion of the accessible energy range from few tens 
of GeV to above 100 TeV. To achieve that goal the 
CTA observatory will have one observatory in each 
hemisphere with telescopes of three different sizes 
being the Large-Sized Telescopes (LSTs) instrumen-
tal for studies related to fundamental physics. The 
LSTs are the telescopes on which the gamma-ray 
group at IFAE devotes most of the effort. In 2015, the 
“Observatorio del Roque de Los Muchachos” (ORM) 
was selected to start final negotiations to install the 
northern observatory. 

The gamma-ray group has been deeply involved all 
over the year on the effort to finally get the northern 
observatory to La Palma. In parallel, the group has 
kept its presence at the highest management level 
inside the LST project. Being IFAE one of the main 
partners in the LST project, the group has important 
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Fig. 2: Quality Control of the L0 ASICs that will be 
installed in the first LST.

IFAE LED 
THE DECISION 

OF THE LOCATION 
OF THE FIRST 

LARGE SIZE TELESCOPE

The power supplies to be used had already been 
chosen to fulfill the requirements coming from the 
full CTA as well as to cope with the specific ones 
from the LST. During 2015, the full concept of the 
power distribution inside the camera was finalized. 
This includes the design of a power distribution box, 
which is equipped with surge and over-voltage pro-
tections devices to avoid damaging the electronics 
inside the camera, as well as the identification of 
which elements need to be in power line backed by 
an UPS. Additionally, we had to check if the power 
supplies are able to provide enough power after 
a late specification change. The electronics in the 
camera needs about 50% more power when swit-
ching on than expected. Fortunately, this is only for 
a short period of time and the power supplies that 
had been chosen showed to be able to provide such 
additional power for short time intervals.

CaCo will be physically outside the camera but it 
will be in charge to control the subsystems inside 
the camera. In particular the elements in the ca-
mera are subdivided in 4 subsystems plus two re-
lated subsystems also controlled by CaCo but not 
in the camera: the data acquisition system sitting 
in a central computing building and the calibration 
box placed in the center of the telescope dish. The 
communication with all subsystems is done through 
the industrial M2M communication protocol OPC-
UA, which has been defined as the standard inside 
CTA. During the first half of 2015, the state machine 
for the full camera was defined and implemented 
using simulation modules for the subsystems. In the 
second half, we started to test the communications 
with the actual subsystems and to develop the ca-
libration algorithms. Most of the efforts were dedi-
cated to the most complex subsystem that includes 
the photosensors as well as the readout and the tri-
gger electronics. The control of this subsystem is 
done through a library called ClusCo for which the 
link to the OPC-UA protocol has also been develo-
ped at IFAE.

One of the key elements in Cherenkov telescopes is 
the trigger decision system, that selects when the 
light reaching the camera is worth being recorded. 
The trigger decision systems looks for an excess of 
signal localized in a relative small region of the ca-
mera within a time window of a few nanoseconds. 
This approach allows reducing the trigger rate due 

type and one of the 8 LSTs expected to be deplo-
yed in the CTA observatories. IFAE led the decision 
of the exact position where the first LST will be built 
and took care of requesting all needed permissions 
to the relevant administrations to built the telesco-
pe during 2016. Officially, the construction of the 
first LST started on October 9th 2015 with the first 
stone ceremony (Figure 1).

MANAGEMENT AT 
NATIONAL AND 
INTERNATIONAL LEVEL
During 2015 the LST project has become a real in-
ternational collaboration with a Memorandum of 
Understanding signed by all parties involved. IFAE 
has two representatives at the highest management 
level of the LST collaboration. J. Cortina is the Co-
Principal Investigator and M. Martínez is the chair of 
the Steering Committee. These roles imply to be in-
volved on both technical and political decisions that 
were very frequent and critical since the moment to 
start the construction of the first telescope was ap-
proaching. Additionally, A. Moralejo has become the 
software coordinator and O. Blanch keeps coordina-
ting the effort to build the cameras for the LSTs.

In parallel, IFAE members kept their representa-
tion in the management of the full CTA consortium 
through M. Martínez who substituted O. Blanch as 
the IFAE representative in the Consortium Board 
and through J. Rico who is acting as the chair of the 
Speaker's and Publication Office of CTA.

Additionally, M. Martinez also continued as the lea-
der of the 9 Spanish groups that presently cons-
titute the CTA-Spain Consortium. He has been 
representing the CTA-Spain Consortium in multi-
party discussions and decisions mainly related to 
the choice of the northern site and its funding. It is 
fair to say that the CTA-IFAE group acted globally 
as the backbone of the CTA-Spain consortium.

CAMERA ELECTRONICS 
AND INTEGRATION
IFAE is not only doing the coordination to build the 
camera of the LSTs but it is also actively participating 
in its construction. In particular, the final integration of 
the full camera will happen at IFAE. Linked to the coor-
dination and integration responsibilities, IFAE is also 
taking care of the power system and cabling inside 
the camera, as well as the development of the Camera 
Control (CaCo) software.
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ric conditions. Although LIDARs are commercially 
available, they do not meet the requirements set by 
CTA. To reduce the systematic uncertainties at the 
desired level, the atmospheric absorption should be 
known with a precision of about 5%. This entails the 
need to also use Raman lines, which have much less 
intensity. Furthermore, one needs to characterize 
the atmosphere up to the altitude where the Che-
renkov photons are produced, which is about 10 km 
above ground.

IFAE had acquired two old telescopes with a 1.8 m 
diameter already installed in a standard ship contai-
ner. They were part of the former CLUE experiment. 
One of them is installed on the campus of the Uni-
versitat Autònoma de Barcelona (UAB) and it has 
been used to develop a Raman LIDAR that fulfills 
the needs of the CTA observatory in collaboration 
with the UAB. In addition to the telescope, one ne-
eds the following elements to transform it into a LI-
DAR: a Laser, an alignment system to have the laser 
beam parallel to the telescopes axis, a light guide 
to transmit the light collected by the mirror from 
the focal to the optical detector, and the optical de-
tector itself. To be Raman, the optical detector ne-
eds to look not only to the wavelengths emitted by 
the laser but also to wavelength produced through 
inelastic scattering on different molecules, which is 
orders of magnitude less intense than the elastic 
scattering. In 2015, the LIDAR was commissioned 
with an optical detector only sensible to the elas-
tic scattering. In parallel the optical detector able to 
look at the Raman line was built and will be commis-
sioned in 2016.

DATA MANAGEMENT 
AND MONTE CARLO
VHE gamma-ray astronomy is evolving with CTA 
away from the old model of collaboration-led expe-
riments towards that of a public observatory, where 
guest observers will submit observation proposals 
and have access to the corresponding data, soft-
ware for scientific analysis and support services. 
The CTA Data Management project is in charge of 
developing the services and infrastructures needed 
to handle the large amount of data generated by 
the CTA observatory, and must fulfill the require-
ments of a public observatory.

In the last years IFAE has participated in the activi-
ties related to Data Model. IFAE has been responsi-
ble of the subgroup devoted to the model for the 
Instrument Response Functions (IRF), with strong 
links with other parts of the CTA project, such as 
Monte Carlo or the Science Gateway. Based on the 
work that led to define the high- and middle-level 
requirements as well as the specifications that will 
define the CTA Data Model, we had produce the 
first version of a framework that described the IRF. 
During 2016 and benefiting from the participation 
into the European project ASTERICS, we produced 
IRFs using the defined framework. This activity will 
be instrumental for the analysis of CTA data and 
developing this activity will help IFAE to have a lea-
ding role in physics exploitation of CTA.

Fig. 5: Bogie for the LST built and assembled at IFAE.

THE CONSTRUCTION OF 
THE FIRST LST STARTED 
ON OCTOBER 9TH 2015 

WITH A CEREMONY 
ATTENDED BY 

THE PHYSICS NOBEL PRIZE 
TAKAAKI KAJITA

As already mentioned the IRF has strong links with 
the Monte Carlo work package. In 2015 the third 
official large-scale CTA MC production (Prod-3) 
was launched, with the main goal of optimizing the 
detailed layout of the two CTA observatories. IFAE 
was involved on the detailed definition of the pa-
rameters to be used in the simulation that better 
describe the current design of the hardware, in par-
ticular for the Large Size Telescopes. The input pa-
rameters used for this production were much closer 
to what is expected from the real hardware than in 
previous Monte Carlo productions. The analysis of 
the production 3 is in progress, and will be finali-
zed in 2016, with IFAE contributing one of the three 
analyses from which the final CTA configuration will 
be determined.
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The CTA Core Program (1)

★ ~50% of observation time 

★ Highly motivated scientific output 

★ Observatory legacy
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 Hypothetical time sharing – 
this is a notional picture !

Open
KSPCore Program

★ Input for guest observers 
★ 9 target-driven Key Observation 

Projects + Dark Matter program
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The CTA Core Program (2)
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The CTA Core Program (3)
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1.1 What are the sites of high-energy particle acceleration in the 
universe? ✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔ ✔ ✔ ✔✔

1.2  What are the mechanisms for cosmic particle acceleration? ✔ ✔ ✔ ✔✔ ✔✔ ✔ ✔✔ ✔

1.3 What role do accelerated particles play in feedback on star 
formation and galaxy evolution? ✔ ✔ ✔✔ ✔ ✔

2.1 What physical processes are at work close to neutron stars 
and black holes? ✔ ✔ ✔ ✔✔ ✔✔

2 2.2 What are the characteristics of relativistic jets, winds and 
explosions? ✔ ✔ ✔ ✔ ✔✔ ✔✔ ✔✔

2.3 How intense are radiation fields and magnetic fields in 
cosmic voids, and how do these evolve over cosmic time? ✔ ✔ ✔✔

3.1 What is the nature of Dark Matter? How is it distributed? ✔✔ ✔✔ ✔ ✔

3 3.2 Are there quantum gravitational effects on photon 
propagation? ✔✔ ✔ ✔✔

3.3 Do Axion-like particles exist? ✔ ✔ ✔✔

Exploring Frontiers    
in Physics

Understanding the 
Origin and Role of 
Relativistic Cosmic 

Particles

1

Probing Extreme 
Environments

QuestionTheme

Figure 3.1 – Matrix of CTA science questions and proposed key science projects (KSPs). The KSPs are sets of observations addressing multiple science questions within
the CTA themes. KSPs which contribute to the overall programme aimed at Dark Matter detection are indicated in green, with the exclusively dark-matter-oriented targets
described entirely within the DM Programme Section (4). For KSPs simultaneously addressing DM and other physics/astrophysics, the motivation and context for the DM
element is again described in Section 4. KSPs are ordered with dark matter due to its importance and transversal nature, followed by surveys and then more focused KSPs
by increasing distance scale.
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Fundamental Physics
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WIMP dark matter searches
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DARK MATTER AND FUND. PHYSICS

2CTA CDR - SCIENCE, 24 June 2015

Galactic 
Center halo

Subhalos
Dwarf 
galaxies

Galactic 
Center 


!  Dark matter particle

!  Axion-like particle searches

!  Test of Lorentz invariance

Magnetic field
along the line of sight

χ"
χ"

e+

γ" p

De
ns

ity


Distance

Intergalactic MW
Galactic 
cluster

AGN

AGN

Propagation on 
astronomical distances 

Space-time foam 

-



IMFP (Winter Meeting) 2016 J. Rico - Gamma-rays / CTA Madrid,  April 5, 2016

Gamma-ray fluxes
★ Expected differential gamma-ray flux: 

★ The astrophysical or J-factor depends 
on the DM distribution:

24

be modeled independently. Therefore, for MAGIC, we consider 8 independent samples, each
consisting on the gamma-ray candidate events plus the corresponding IRFs and residual
background models.

2.2 The Fermi-LAT

The Fermi-LAT is a pair-conversion telescope that is sensitive to gamma rays in the energy
range from 20 MeV to more than 300 GeV [30]. With its large field of view (2.4 sr), the
LAT is able to e�ciently survey the entire sky. Since its launch in August 2008, the LAT
has primarily operated in a survey observation mode that scans the entire sky every 3 hours.
The survey-mode exposure coverage is fairly uniform over the sky with variations of at most
30% with respect to the average exposure. The LAT source sensitivity which is limited
by the intensity of di↵use backgrounds shows larger variations but is relatively constant at
high galactic latitudes (b > 10�). More details on the on-orbit performance of the LAT are
provided in X.

Fermi-LAT data sample corresponds to 6 years of observations of 15 dwarf galaxies
(see Table 1), processed with the latest (Pass 8) data analysis [31]. Events in a 10� ⇥ 10�

square region around the di↵erent targets and in the energy range between 500 MeV and 500
GeV were selected. The data were binned in energy and space and the ROI for each dSph
was fit with a binned Poisson likelihood analysis using the Fermi Science Tools and the
P8R2 SOURCE V6 IRFs. After performing the broadband fit, a set of likelihoods were
extracted for each energy bin by scanning the flux normalization of a putative DM source at
the location of the dSph. Tables with likelihood values versus energy flux for each energy bin
are produced for all considered targets and are publicly available in the online materials of
[31]8. These tables allow the computation of joint-likelihood values for any given gamma-ray
spectrum, and are used as input to our analysis (see section 3.2 for more details).

3 Analysis

3.1 Dark Matter annihilation flux

The gamma-ray (or neutrino) flux produced by dark matter annihilation in a given target
and observed at Earth by an instrument observing a field of view �⌦ is given by:

d�

dE
(�⌦) =

1

4⇡

h�vi J(�⌦)

2m2
DM

dN

dE
(3.1)

where mDM is the mass of the dark matter particle, h�vi the thermally-averaged annihilation
cross section, dN/dE the average gamma-ray spectrum per annihilation reaction (for neutrino
this term includes the oscillation probability between target and Earth), and

J(�⌦) =

Z

�⌦
d⌦

Z

l.o.s.
dl ⇢2(l,⌦) (3.2)

is the so-called astrophysical factor (or simply J-factor), with ⇢ the dark matter density, and
the integrals running over �⌦ and the line of sight (l.o.s.), respectively.

Using PYTHIA simulation package version 8.205 [40], we have computed the average
gamma-ray spectra per annihilation process (dN/dE) for a set of dark matter particles of

8Bin-by-bin likelihoods from the Fermi-LAT analysis are available in machine-readable format at: http:

//www-glast.stanford.edu/pub_data/XXX/.
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The gamma-ray (or neutrino) flux produced by dark matter annihilation in a given target
and observed at Earth by an instrument observing a field of view �⌦ is given by:

d�

dE
(�⌦) =

1

4⇡

h�vi J(�⌦)

2m2
DM

dN

dE
(3.1)

where mDM is the mass of the dark matter particle, h�vi the thermally-averaged annihilation
cross section, dN/dE the average gamma-ray spectrum per annihilation reaction (for neutrino
this term includes the oscillation probability between target and Earth), and

J(�⌦) =

Z

�⌦
d⌦

Z

l.o.s.
dl ⇢2(l,⌦) (3.2)

is the so-called astrophysical factor (or simply J-factor), with ⇢ the dark matter density, and
the integrals running over �⌦ and the line of sight (l.o.s.), respectively.

Using PYTHIA simulation package version 8.205 [40], we have computed the average
gamma-ray spectra per annihilation process (dN/dE) for a set of dark matter particles of

8Bin-by-bin likelihoods from the Fermi-LAT analysis are available in machine-readable format at: http:

//www-glast.stanford.edu/pub_data/XXX/.
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Figure 6. Expected emission profiles for annihilation (purple) and decay
(green) for Draco and Segue 1. At each angle the solid and dashed lines show
the median profiles and the shaded band corresponds to the ±1� distribution
as derived in the kinematic analysis. The top panels show log10 dJ(✓)/d⌦
(purple), and log10 Jdecay(✓)/d⌦ (green) (see Eqs. (5) and (6)) in units of
GeV2 cm-5 and GeVcm-2 respectively. The lower panels show these quan-
tities integrated over a solid angle of radius ✓ (Eq. (28)). These envelopes
should be thought of as giving the uncertainty in the J-profile and integrated
J-profile at each value of ✓. (Integrated J vs. ✓ and Jdecay vs. ✓ constraints
for all the dwarfs are available in machine-readable form as described in Ap-
pendix A.)

gle out to an angular separation ✓ (Eq. (28)). For Draco we
see a familiar result: there is a particular radius at which the
differential flux profile is most tightly constrained, and an-
other (slightly larger) angle within which the total annihila-
tion flux is best constrained (Walker et al. 2011; Charbonnier
et al. 2011; Bonnivard et al. 2015). The uncertainty in the flux
within 0.01� is about a factor of 5 and decreases to about 20%
when integrating within about 0.3�, an angle corresponding
to twice the projected half-light radius. For Segue 1, how-
ever, the situation is somewhat different. While the integrated
J value within 0.01� can be inferred to within a factor of 6,
similar to the case of Draco, and the minimum uncertainty
again occurs when integrating within about twice the half-
light radius (✓ ⇡ 0.15�), even there J can only be determined
to within a factor of 3.5. We do not see the drastic decrease
in the uncertainty of Segue 1’s expected emission that we see
with most of the classical dwarfs. The larger uncertainty for
Segue 1 is a direct consequence of the relatively small size of

its available kinematic sample.
We can quantify the extent to which halos can be spatially

resolved in gamma-ray telescopes by comparing the derived
emission profiles for either annihilation or decay with the
point spread function (PSF) of specific instruments.

Figures 7 and 8 show the angular distribution of dark mat-
ter annihilation and decay. The bands show constraints on
the “containment fraction” curves for the different dwarfs.
The containment fraction, at angle ✓, is defined simply as
J(✓)/J(✓max), where J(✓) is given by Eq. (28). Each halo pro-
file gives rise to a containment fraction curve and the dotted
line corresponds to the median value of the containment frac-
tion among all the allowed halos, computed at each ✓. The
shaded band corresponds to the 16th and 84th percentiles. For
example, the constraint on the “half-light radius” of the dark
matter emission profile is the intersection of the horizontal
line y = 0.5 with the shaded band. We use ✓0.5 and ✓0.5 decay to
denote the half-light radii for J- and Jdecay-profiles and tabu-
late them in Table 2.

The curves in Figs. 7 and 8 illustrate the point spread func-
tions (PSFs) of two gamma-ray experiments. The contain-
ment fraction of a PSF is simply the probability that a gamma-
ray will be reconstructed within an angle ✓ of its true origin.
The solid blue, magenta, red, and green lines correspond to
the PSF of the Fermi-LAT at photon energies of 0.5, 1, 2,
and 10 GeV (computed using gtpsf — see software and
documentation at the Fermi Science Support Center7). The
dashed orange line corresponds to a 2-dimensional Gaussian
PSF with a 68% containment angle of 0.1� (e.g. a Rayleigh
distribution with a mean of 0.083�). This corresponds to the
benchmark PSF of current-generation Atmospheric Čerenkov
Telescopes (ACTs). Figure 8 is identical to Fig. 7 but shows
the containment fractions for Jdecay.

We find that for many of the classical dwarfs (Carina,
Draco, Fornax, Leo I, Sculptor, Sextans) ACTs should be able
to detect extended emission from dark matter annihilation (if
the emission can be detected at all) and similarly for some
of the ultra-faint dwarfs (Boötes I, Coma Berenices, and Ursa
Major II). Regarding Fermi-LAT, at the highest energies (> 10
GeV) only Draco and, perhaps, Ursa Major II appear to be ex-
tended enough to be detected, and therefore any limits derived
using Fermi-LAT data will not be affected significantly by the
assumption of point sources when it comes to dwarf galaxies
(in agreement with Ackermann et al. (2014)).

8. COMPARISON WITH OTHER WORK

In order to compare the expected signals derived in this pa-
per with the predictions from other work, Figure 9 shows the
distributions of the J-profile integrated within a cone of ra-
dius 0.5� for all the dwarf galaxies in the sample. In this fig-
ure, the green diamonds are the median values of J from the
sampled halos in this work with ±1� error bars. The red and
blue points show the J values integrated within 0.5� reported
by Ackermann et al. (2011) and Ackermann et al. (2014, NFW
profiles) respectively. The J values in the latter study come
from Martinez (2013). The error bars on these points corre-
spond to the 1� errors quoted in those studies.

We find that to within an order of magnitude the constraints
on J values are consistent with those derived by Ackermann

7
http://fermi.gsfc.nasa.gov/ssc/data/analysis/

𝜒𝜒→bb
-

Segue 1 

Pythia

Fit to stellar surface density and 
velocity dispersion profiles
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Targets for DM searches

★ Relevant parameters: 
✦ DM quantity, concentration 

and distance 
✦ Uncertainties  
✦ Astrophysical background

25

TARGETS AND CHALLENGES
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!  DM density matters … 
!  Astrophysical background 
    matters as well
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Complementary search
★ The identification of DM is a multi-faceted problem 

involving synergies of four complementary approaches

26

4 PILLARS FOR DISCOVERY

!  The identification of DM is a multi-faceted problem which 
requires the synergy of four complementary approaches
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4. Dark Matter Programme 4.1 Science Targeted
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Figure 4.3 – Left: Comparisons of the pMSSM models surviving or being excluded by future direct-detection,
indirect-detection and collider searches in the neutralino mass-scaled spin-independent cross section plane.
The spin-independent XENON1T exclusion is shown as a solid black line. Figure extracted from [89]. Left:
Current best limits on the annihilation cross section from indirect detection (Fermi-LAT and H.E.S.S.) and
cosmic microwave background (WMAP and Planck) experiments [84]. Also shown is the projected sensitivity
for CTA from observations of the Galactic halo.

4.1.5 Annihilation of Dark Matter Particles

For the indirect search experiments, complete rate predictions rely on calculations of the numbers and
spectra of the relevant particle species in the annihilation reaction final state. To be able to self-annihilate,
any dark matter candidate must be either a Majorana particle or a Dirac particle with no matter-antimatter
asymmetry. In all annihilation locations, the relative velocity of the WIMPs is low and usually annihilation
rates are calculated in the null velocity limit i.e. for pure s-wave annihilation. In this limit, the annihilation
products in the leading order of perturbation theory are mostly pairs of Standard Model fermions/anti-
fermions and neutral pair combinations of gauge or Higgs bosons.

Three types of dark matter annihilation spectra are expected in the final state: (i) a continuum of gamma
rays up to the dark matter mass from the decay of neutral pions produced by hadronization and/or de-
cay of the annihilation products; (ii) a monochromatic gamma-ray signal produced by loop-induced order
processes at E� = mdarkmatter; and (iii) line-like features close to the dark matter mass from radiative cor-
rection to processes with charged final states (virtual internal Bremsstrahlung). These spectral features
provide powerful discrimination against the more smooth spectra expected for standard astrophysical
sources. The left panel of Fig. 4.4 shows typical spectra arising from the above-mentioned processes.
The right panel of Fig. 4.4 indicates the dominant annihilation modes as a function of the neutralino
mass M� for the allowed models in the pMSSM scan of Ref. [59]. From this plot it can be seen that
above 800 GeV the W+W� is always the dominant annihilation mode (meaning for the particular model
the mode with the largest branching fraction). Between 200-800 GeV, the t¯t and the b¯b modes dominate
in different regions. The ⌧+⌧� mode is only significant below 200 GeV.

The gamma-ray continuum from dark matter annihilation discussed in the previous section typically
vastly dominates the total photon count, at least for energies E�  0.1 M�. However, the resulting
spectrum is rather soft and does not contain any specific features that would unambiguously point to
its dark matter origin. Higher-order processes, on the other hand, can add sharp spectral features
to the high-end part of the spectrum, E� ⇠ M�, and would provide potential smoking-gun signatures
for the detection of particle dark matter. In fact, the detection of such features would not only help to
discriminate a signal from the background [90], but also provide valuable information about the particle
nature of the annihilating dark matter.

The historically first considered signal of this type is the direct annihilation of dark matter pairs into �X
(where X = �, Z, H or some new neutral state). This process is necessarily loop-suppressed because the

CTA Construction Project
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Pros of gamma-ray DM searches

★ Do not suffer from propagation 
effects: 
✦ Can determine DM abundance and 

distribution in the Universe                     
→ correlation with Astrophysical probes? 

★ Can present characteristic spectral 
features: 
✦ Good separation from background 

✦ Can measure basic physical properties: 
Mass, cross-section / lifetime

27

WHY VHE GAMMA-RAYS ?

!  Can reveal the abundance and distribution of DM
!  Do not suffer from propagation effects, 
!  Characteristic features may be present 
    in the  spectrum at these energies

!  Identification of DM is possible : 
→ DM gamma-ray spectrum tells 
    the DM mass and reaction process
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Identification of DM 
is possible : 
→ DM gamma-ray 
spectrum tells the 
DM mass and 
reaction process

Continuum emission
(“Secondary photons”)
→ from fragmentation of
quarks/massive gauge
bosons (via π0 decay)

Virtual Internal Bremsstrahlung (VIB)
→ radiative correction to processes with charged final states
→ generically suppressed by O(α)

Gamma-ray lines
→ from two-body annihilation
into photons
→ forbidden at tree-level,
generically suppressed by O(α2)
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DM search strategy
★ High priority program for 10 years 
★ First 3 years: 

✦ Deep observations of the Galactic 
Center Halo (500 h) 

✦ Complemented by observations of best 
dSph (300 h) 

★ Follow-up observations: 
✦ In case of detection at GC halo: 

✤ <σv> high enough: check DM signal 
towards best dSph 

✤ otherwise deep observations of GC region 
✦ In case of no detection: 

✤ focus on best target to produce most 
robust limits

28

DWARF GALAXIES

!  Robust/legacy 
constraints in the TeV 
mass range

!  More targets discovery 
expected in the future 
(Pan-STARRS, LSST, …) 

!  Better modelling of the 
DM profiles expected 

CTA CDR - SCIENCE, 24 June 2015 15

New dwarf galaxy candidates discovered  
from the DES survey in the Southern hemisphere  

GALACTIC CENTRE: SENSITIVITY

12

Thermal DM

!  Natural scale is within 
the reach of CTA:
!  for the first time in 

indirect detection with 
IACTs, CTA has the 
sensitivity to probe the 
expected parameter 
region for WIMPs  

!  Careful selection of 
signal and 
background region

!  Excellent control of 
systematics required


CTA CDR - SCIENCE, 24 June 2015
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Test of Lorentz Invariance

29

DARK MATTER AND FUND. PHYSICS

2CTA CDR - SCIENCE, 24 June 2015
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!  Dark matter particle
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★ Quantum Gravity theories predict speed of light energy 
dependence:

Tests of Lorenz Invariance

30

!  VHE photon propagation over cosmic distances

!  Energy dependence of the dispersion relation of photons
    → search for photon energy dependent time lag 
!  The Planck scale for the linear term
     could be probed from detection of :

!  prompt emission of short and bright
    GRBs (such as GRB090510) ;
!   TeV photons from AGN flares  

!  Gamma-ray horizon measurements 
    with hard spectrum distant AGNs 




TEST OF LORENTZ INVARIANCE

CTA CDR - SCIENCE, 24 June 2015 16

TeV AGN flare: PKS 2155-305
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★ Fast events (GRB, AGN flares, 
pulsars) provide the t0 

★ Access to MP by large distances 
(results depend much on the kind 
of event)

!  VHE photon propagation over cosmic distances

!  Energy dependence of the dispersion relation of photons
    → search for photon energy dependent time lag 
!  The Planck scale for the linear term
     could be probed from detection of :

!  prompt emission of short and bright
    GRBs (such as GRB090510) ;
!   TeV photons from AGN flares  

!  Gamma-ray horizon measurements 
    with hard spectrum distant AGNs 
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Search for axion-like particles

31

DARK MATTER AND FUND. PHYSICS
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Search for axion like particles 
★ Gamma-rays may 

convert to/from ALPs in 
intergalactic B-fields 

✦ Spectral features 

✦ Universe becomes more 
transparent 

★ CTA probes ALP DM 
candidates: 

✦ m ~10-9 eV

32

AXION-LIKE PARTICLE SEARCHES

!  Conversion of gamma-rays to/from
    axion-like particles (ALPs) can create

!  distinctive features in the spectra 
    of gamma-ray sources ;
!  increased transparency 
    of the universe by reducing 
    the EBL absorption



!  Parameter space 
    probed by CTA 

!  Some ALP CDM models
    can be tested at neV
    mass scale 

CTA CDR - SCIENCE, 24 June 2015 18
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Galactic Key Science
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Galactic Key Science Projects
★ 6 KSPs: 

✦ Galactic Plane Survey, 1620h 

✦ Galactic Center,                            
525 (center) + 300 (10o×10o) h  

✦ Large Magellanic Cloud, 340 h 

✦ PeVatrons (50h × 6 sources) 

✦ Star forming regions (270 h) 

✦ Transients (binaries, …?) 

★ Early in CTA lifetime →  
✦ produce legacy data set

34

7. KSP: Large Magellanic Cloud Survey 7.4 Expected Performance/Return

Figure 7.4 – Simulated comparison of the LMC as viewed in VHE gamma rays with current instruments (top)
and with CTA (below). Smoothed residual count maps after subtraction of the instrumental background counts
to all simulated events. The emission model includes currently detected sources (N157B, 30DorC, N132D),
about ten point-like sources with > 1TeV luminosities of ⇠ 1034 erg s�1, and a handful of regions enriched in
cosmic rays. The top panel mimics the current H.E.S.S. view of the LMC and was obtained from a simulated
16 h of CTA observations, a single pointing, and selecting events >800 GeV. The bottom panel is a simulation
of the full CTA survey of the LMC involving six pointings and 340 h of observations for energies >200 GeV,
plus an additional source for the brightening SN 1987A. The diffuse glow in the bottom panel results from the
large-scale emission.

CTA Construction Project
Science Case
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Galactic KSPs

Concluding the Science TDR

A brief overview, with a focus on progress since Giardini Naxos

 

R. Chaves, on behalf of the KSP Co-Editors and numerous PHYS contributors

CTA General Mtg., Turku – 6 May 2015
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★ Discover new VHE source classes 
and unexpected phenomena 

★ Search for Galactic PeVatrons 

★ Increase population of known 
Galactic sources by factor ~5 

★ Detect new binaries and other 
transients 

★ Measure large-scale diffuse 
emission 

★ Provide first-look science data to 
other KSPs 

★ Produce a multi-purpose legacy 
dataset to MWL community
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Renaud 2009

Galactic Plane Survey (GPS)

6. KSP: Galactic Plane Survey 6.1 Science Targeted

the plane with a sensitivity at the level of a few mCrab.
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Figure 6.1 – Cumulative Galactic source count as a function of VHE gamma-ray flux from the work of Renaud
2009 [188]. The target CTA sensitivity range is indicated by the cyan-shaded box.

Figure 6.2 – Simulated CTA image of the Galactic plane for the inner region, �80� < l < 80�, adopting the
actual proposed GPS observation strategy and a source model incorporating both SNR and PWN populations
as well as diffuse emission.

For a somewhat different approach, one can use knowledge from Fermi-LAT, operating predominantly
in the high-energy (GeV) band, to estimate sources that could be expected in the VHE band. The
spectra of probable Galactic sources from the Fermi-LAT 2FGL catalogue were extrapolated to VHE to
predict a CTA source count greater than 70 Fermi-LAT sources [5]. The spatial (Galactic coordinate)
distribution of the Fermi-LAT sources has been studied for this KSP, using both the 2FGL [190] and
1FHL [191] catalogues. Deepening exposure by Fermi-LAT has enabled the production of the 1FHL
catalogue, containing sources of gamma rays with energies E > 10 GeV, of which as many as 120 may
be Galactic in origin. Of these, 13 are pulsars detected with emission above 25 GeV, i.e. at energies
accessible to CTA. The catalogue also presents a subset of the 1FHL sources which are considered the
best candidates at energies 50 – 100 GeV. Figure 6.3 shows a projection in Galactic coordinates of the
1FHL sources, along with a histogram of the distribution in Galactic longitude.

CTA Construction Project
Science Case
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GPS sensitivity
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GPS expectations
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The Galactic Center
★ Determine the nature of the central 

source 
✦ Sgr A* (SMBH), PWN,…? 

★ Detailed view of diffuse emission 
✦ What is illuminating the inner clouds? 

★ Resolving new, previously 
undetected sources 

★ Search for variability close to the 
central BH 

★ Study interaction of central source 
with neighboring clouds 

★ Fermi Bubbles 

★ Dark matter searches

38

5. KSP: Galactic Centre 5.1 Science Targeted

Central engine

Figure 5.3 – The VHE Gamma-ray view of the Galactic Centre with H.E.S.S. On the top is the total emission,
dominated by the central unidentified point source, while the bottom shows the emission after the point-source
and SNR G 0.9+0.1 have been subtracted. The residual signal shows the diffuse gamma-ray emission along
the ridge, which roughly matches the morphology of local molecular clouds (white contours). Reproduced
from [176].

The central VHE source has been well studied with H.E.S.S., VERITAS, and MAGIC, but still remains
unidentified due to source confusion and limited sensitivity to variability and small-scale morphology. It
is coincident with Sgr A* within the pointing accuracy of H.E.S.S. (< 7”), but it cannot be definitively
associated with the SMBH; for example, there is an X-ray emitting pulsar wind nebula detected by
Chandra that is within the same error circle.

If the central VHE source can be associated with accretion-related processes around Sgr A*, it will
provide the best laboratory for studying the details of particle acceleration from accretion or jet emission
in a SMBH that is not just nearby, but covered better with multi-wavelength instruments than any other.
Sgr A* is seen as a bright point-source in radio, near-IR, and X-ray wavelengths, and exhibits flaring
activity on half-hour timescales in both IR and X-rays, pointing to rapid changes in accretion rate, caused
by anything from clumps in the surrounding gas to an Oort cloud of asteroids [177]. The dynamics of
the region are extremely well measured, with the orbits of stars around the black hole tracked with high
precision.

Starting in 2013, the approach and tidal disruption of a dense gas cloud (G2), on a trajectory toward the
black hole, has been tracked with IR observatories, possibly leading to a detectable, long-term increase
in accretion. So far, no variability of the VHE source has been seen on short or long timescales. How-
ever, current instruments are only sensitive to changes of flux of roughly a factor of two, and systematics
may limit long-timescale studies.

Deep observations of this object with CTA will provide:

CTA Construction Project
Science Case
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5. KSP: Galactic Centre 5.2 Strategy

Deep observations of the CMZ with CTA will provide:

• an angular resolution to resolve diffuse emission down to the arc-minute scale. Comparing with
molecular matter surveys, this will help resolve the truly interstellar emission from distinct features
in the region and thus precisely measure the level of hadronic cosmic rays in the CMZ. The ability
of specific objects (e.g. the young and massive Arches cluster, the radio Arc, etc.) to accelerate
particles to very high energies and emit gamma rays will be precisely tested;

• very high photon statistics, making spectral extraction possible on few arc-minute scales. This
will allow a detailed study of the cosmic-ray distribution in the region that will provide invaluable
information on cosmic-ray propagation and penetration into very dense clouds. This is probably
one of the very few regions in the Galaxy where such a study will be possible;

• excellent spectral sensitivity at very high energy to determine the maximum energy reached by
cosmic rays in the central 200 pc.

5.2 Strategy

The observation strategy is closely connected to that of the Galactic Centre part of the Dark Matter KSP
(§4), since the goals of the two KSPs can be realized simultaneously. The time needed to achieve the
dark matter goals is generally higher than needed for this KSP, though the pointing strategies may vary
somewhat. To fully cover the central region and any large scale outflows, we propose a deep Galactic
Centre exposure of 525 h taken in wobble (or tight survey) mode about the position of Sgr A* and a
Galactic bulge survey extension of 300 h. These observations are shown schematically in Figure 5.5.

Figure 5.5 – A schematic observation strategy for the Galactic Centre KSP. The 525 h hour Galactic Centre
deep exposure is shown in blue (with a 4-point wobble-mode observation). In cyan is the 300 h Galactic bulge
extension. In green are the Galactic Plane Survey KSP pointings. The grey regions are the approximate
boundaries of the Fermi Bubbles as seen at GeV energies.

Exposure Summary (see also Table 5.1).

• 525 h deep exposure in wobble mode about Sgr A* (i.e. alternating north, south, east, west of the
target with a small offset, to reduce background systematics). A small-spaced grid would also be
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The quest for PeVatrons
★ Origin of cosmic rays E≲1015 eV? 

★ Usual suspects are young SNRs: 
✦ Satisfy the CR energy budget 

✦ There are known mechanisms for p 
acceleration in shocks 

✦ π0 kinematic cutoff observed for IC 443 
and W44 (evolved SNR) 

★ But: no evidence for Eγ>~1013 eV 

★ Approach: 
✦ Measure emitters of Eγ ~ 100 TeV 
✦ Disentangle hadronic/leptonic contributions 
✦ Deep study RXJ1713 (50 h) 
✦ Find 5 candidates from GPS (5×50 h)
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RXJ1713
★ Brightest SNR 

★ Spatially resolved 
★ Lepton/hadron emission discriminated by: 

✦ Shell morphology 
✦ Spectrum 
✦ Illumination of surrounding molecular environment
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10. KSP: Cosmic Ray PeVatrons 10.4 Expected Performance/Return

photon indices (2.0 in solid lines and 2.2 in dashed lines) for different exponential energy cutoffs, is
shown in Fig. 10.2. The different spectral features are clearly reconstructed even for the most extreme
case, assuming an energy cutoff of 200 TeV (best-fit values are 203±23 TeV and 188±25 TeV for photon
indices of 2.0 and 2.2, respectively). More details on the impact of the different CTA configurations can
be found in two dedicated papers [11, 20].
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Figure 10.3 – Simulated gamma-ray images of RX J1713.7�3946 in different scenarios (a) Ap/Ae = 0.01
(lepton-dominated case) and (b) Ap/Ae = 100 (hadron-dominated case) with �p = �2.0 and E

p
c = 300 TeV.

The green contours show (a) XMM-Newton X-ray intensity [309] and (b) total interstellar proton column density
[308], smoothed to match the PSF of CTA. The subtracted image of (a)�(b) is also shown in (c). The white
contours correspond to the H.E.S.S. VHE gamma-ray emission [304].

We also performed simulations of the bright SNR proposed to study cosmic-ray acceleration. The
gamma-ray emission from RX J1713.7�3946 was simulated by assuming different emission mecha-
nisms, supported by the extensive, existing multiwavelength observations. To evaluate the leptonic
emission, we use an X-ray image of RX J1713.7�3946 from XMM-Newton observations as a template
that traces the leptonic gamma-ray morphology. We consider a simplified case where the gamma-ray
spectral shape is spatially independent. For the hadronic case, we obtain the total target gas distribution
based on CO and HI observations and use it as a template that traces the hadronic gamma-ray mor-
phology. To evaluate different levels of hadronic and leptonic distributions, we consider several cases
with different values of Ap/Ae. The absolute values of Ae and Ap (leptonic and hadronic normalisation
parameters, respectively) are determined by requiring that the integration of the sum Ne(E) +Np(E) is
equal to the total photon flux measured by H.E.S.S.

Figure 10.3 (left and middle) show the images for Ap/Ae =0.01 and 100, respectively. Each image
assumes 50 h observations with CTA. The lepton-dominated case (Fig. 10.3, left) shows a gamma-
ray image similar to the X-ray image, and the hadron-dominated case (Fig. 10.3, middle) similar to
the interstellar proton distribution including both CO and HI. The difference between the two cases is
significant as shown in the subtracted image (Fig. 10.3, right).

In addition to the morphological studies, the expected spectra for different scenarios was simulated for
RX J1713.7�3946 [20] (Fig. 10.4, top). The results show a clear discrepancy detected at high energies
according to different origins of the gamma-ray radiation in the supernova. Moreover, we simulate the
response of CTA to the emission of a massive cloud (⇠ 10

5
M�) illuminated by a nearby, young accelera-

tor (3 ·1050 erg) located at different distances (50, 100 and 200 pc) from the cloud. Cosmic rays escaping
from the accelerator can then illuminate the cloud and produce gamma rays due to proton-proton colli-
sions. Apart from being an indirect way to identify cosmic-ray sources, studies of illuminated molecular
clouds are notable in that they can be used to estimate the cosmic-ray diffusion coefficient in the vicinity
of the accelerators, since the properties of the expected gamma-ray emission depend on this value as
well as its energy dependence. Figure 10.4 (bottom) shows these simulations (with a cosmic-ray diffu-
sion coefficient equal to 10

28
(E/GeV)

0.5. The expected spectra exhibit a concave shape that varies in a
broad energy range between tens of GeV and TeV and depends on the distance between the SNR and
the cloud(s). The spectrum is further dependent on SNR age and the assumed value of the diffusion
coefficient. These dependencies can be parameterised and compared with future observations [310]
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Figure 10.4 – Top: Simulation of the different spectral shapes resulting from different scenarios considered
in SNR RX J1713.7�3946. The black squares are the total of the fluxes for the leptonic and hadronic spatial
templates. The solid line shows the input spectra of gamma-ray simulation. The dotted line is for the model
where the emission is only due to leptonic processes. Bottom: Gamma-ray spectra for a molecular cloud
illuminated by cosmic rays coming from a nearby SNR (lines) and simulated observations (data points) for a
50 h CTA observation. Black solid, red dashed and green dotted lines refer to distances between the SNR
and the cloud of 50, 100, and 200 pc, respectively. The distance of the cloud to Earth is 1 kpc, cloud mass is
105M�, and the SNR age is 2000 years.
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Large Magellanic Cloud Survey
★ A laboratory for CR production and 

transport studies 
★ Approximately face-on galaxy: 

✦ No absorption, no source confusion, well 
known distance (49 kpc) 

★ Very rich and active region: 
✦ 10% of Milky Way star formation for 1% of 

its mass 

✦ largest SFR (30 Doradus), containing SN 
1987A 

✦ most massive stars, densest stellar 
clusters, 20-60 SNRs, HII regions, super-
bubbles, … 

★ Also considered as potentially good 
target for DM searches
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7. KSP: Large Magellanic Cloud Survey 7.4 Expected Performance/Return

Figure 7.4 – Simulated comparison of the LMC as viewed in VHE gamma rays with current instruments (top)
and with CTA (below). Smoothed residual count maps after subtraction of the instrumental background counts
to all simulated events. The emission model includes currently detected sources (N157B, 30DorC, N132D),
about ten point-like sources with > 1TeV luminosities of ⇠ 1034 erg s�1, and a handful of regions enriched in
cosmic rays. The top panel mimics the current H.E.S.S. view of the LMC and was obtained from a simulated
16 h of CTA observations, a single pointing, and selecting events >800 GeV. The bottom panel is a simulation
of the full CTA survey of the LMC involving six pointings and 340 h of observations for energies >200 GeV,
plus an additional source for the brightening SN 1987A. The diffuse glow in the bottom panel results from the
large-scale emission.
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Star forming regions
★ Understand the impact of CRs on star formation process  
★ How ISM influence CR acceleration and transport 
★ 720 hours on galactic and extragalactic SF regions
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11. KSP: Star Forming Systems 11.1 Science Targeted

Figure 11.1 – Top: Representative MWL images of four objects addressed in this KSP and the expected
CTA performance. For Carina and Cygnus, blue circles indicate the CTA resolution, for M 31 the maximum
extension CTA will be able to detect and for NGC 253 the minimum extension CTA will be able to resolve.
Image Credit: Cygnus - ESA/PACS/SPIRE, Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish
1.5 m/R.Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron; M 31 - NASA/JPL-Caltech/K. Gordon (Univ. of
Arizona) & GALEX Science Team; NGC 253 - 2MASS, WISE, [321]. Bottom: The expected calorimetric
gamma-ray luminosity of star-forming regions, stellar clusters, star-forming galaxies, starbursts, and ULIRGs
shown in red. The size of the boxes represents uncertainties in the SFR and the estimated calorimetric
gamma-ray flux. Blue arrows indicate the expected CTA sensitivity for the anticipated observation time. Black
points indicate measurements in the TeV domain, or, where objects are only detected in GeV gamma rays,
extrapolations to VHE gamma rays, based on the Fermi spectra. In case SN rate estimates do not exist,
the 70µm flux is used to infer the SFR [204], and translated into a SN rate based on the scaling relation
⌫SN = (0.01± 0.002) Ṁ�/yr.

1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measure-
ment with a broken power-law (�1 = 2.0,�2 = 2.4, Ec = 1TeV) and assuming a 90% error on the integral flux.
2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements, and assuming
a 50% error on the integral flux.
3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law
spectrum with index � = 2.2 and with a 50% error on the integral flux.
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the 70µm flux is used to infer the SFR [204], and translated into a SN rate based on the scaling relation
⌫SN = (0.01± 0.002) Ṁ�/yr.

1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measure-
ment with a broken power-law (�1 = 2.0,�2 = 2.4, Ec = 1TeV) and assuming a 90% error on the integral flux.
2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements, and assuming
a 50% error on the integral flux.
3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law
spectrum with index � = 2.2 and with a 50% error on the integral flux.

CTA Construction Project
Science Case

Page 134 of 197 OBS-TDR/141106 | v.1.7 | 25 May 2015

11. KSP: Star Forming Systems 11.1 Science Targeted
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shown in red. The size of the boxes represents uncertainties in the SFR and the estimated calorimetric
gamma-ray flux. Blue arrows indicate the expected CTA sensitivity for the anticipated observation time. Black
points indicate measurements in the TeV domain, or, where objects are only detected in GeV gamma rays,
extrapolations to VHE gamma rays, based on the Fermi spectra. In case SN rate estimates do not exist,
the 70µm flux is used to infer the SFR [204], and translated into a SN rate based on the scaling relation
⌫SN = (0.01± 0.002) Ṁ�/yr.

1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measure-
ment with a broken power-law (�1 = 2.0,�2 = 2.4, Ec = 1TeV) and assuming a 90% error on the integral flux.
2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements, and assuming
a 50% error on the integral flux.
3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law
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Figure 11.1 – Top: Representative MWL images of four objects addressed in this KSP and the expected
CTA performance. For Carina and Cygnus, blue circles indicate the CTA resolution, for M 31 the maximum
extension CTA will be able to detect and for NGC 253 the minimum extension CTA will be able to resolve.
Image Credit: Cygnus - ESA/PACS/SPIRE, Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish
1.5 m/R.Gendler, J-E. Ovaldsen, C. Thöne, and C. Feron; M 31 - NASA/JPL-Caltech/K. Gordon (Univ. of
Arizona) & GALEX Science Team; NGC 253 - 2MASS, WISE, [321]. Bottom: The expected calorimetric
gamma-ray luminosity of star-forming regions, stellar clusters, star-forming galaxies, starbursts, and ULIRGs
shown in red. The size of the boxes represents uncertainties in the SFR and the estimated calorimetric
gamma-ray flux. Blue arrows indicate the expected CTA sensitivity for the anticipated observation time. Black
points indicate measurements in the TeV domain, or, where objects are only detected in GeV gamma rays,
extrapolations to VHE gamma rays, based on the Fermi spectra. In case SN rate estimates do not exist,
the 70µm flux is used to infer the SFR [204], and translated into a SN rate based on the scaling relation
⌫SN = (0.01± 0.002) Ṁ�/yr.

1) The 30 Doradus and LMC estimates have been derived by extrapolating the Fermi-LAT measure-
ment with a broken power-law (�1 = 2.0,�2 = 2.4, Ec = 1TeV) and assuming a 90% error on the integral flux.
2) The M 82 flux has been estimated by combining the VERITAS and Fermi-LAT measurements, and assuming
a 50% error on the integral flux.
3) The Cygnus flux has been derived by extrapolating the Fermi-LAT measurement, assuming a power-law
spectrum with index � = 2.2 and with a 50% error on the integral flux.
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Extragalactic Key Science Projects
★ 4 KSPs: 

✦ Extragalactic Survey 

✦ AGNs 

✦ Transients (also Galactic) 
✦ Galaxy clusters 

★ Scientific objectives: 
✦ What are the relevant particle acceleration and emission 

mechanisms? 

✦ Are AGNs sources of UHECRs? 
✦ Why are there different types of blazars? 
✦ Are there other classes of gamma-ray emitting AGNs? 

✦ What are GRBs and up to which energies accelerate particles? 

✦ How cosmic rays influence the evolution of galaxy clusters? 

✦ What is the spectrum of EBL and how does evolve with redshift? 
✦ What is the strength of IGMF? 
✦ What can we say about Lorentz Invariance violation?

44

Lucie Gérard  | ExtraGalactic Science with CTA |  2015/12/15  |  Page 5

Extragalactic Key Science Projects

> Targeted Observations

 Active galactic nuclei: VHE physic of AGN, cosmology, UHECRs, 
fundamental physic.  

 Transients: follow up on GRBs and extragalactic transients 

 Galaxy clusters: deep observation to probe cosmic rays in clusters 

> Extragalactic Survey

 Unbiased survey of ¼ of the extra-galactic sky: for population 
study and duty cycle, new and unknown sources.   

-180º

Simulation Inoue et al. 2013 (APh 43,252)

Cen A
Perseus cluster
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Extragalactic Survey

★ First unbiased view of the extragalactic VHE sky (100 GeV-100 TeV, ~6 mCrab) 
✦ Possible thanks to CTA large field of view 

★ 1/4 of the extragalactic sky 
✦ Expected ~150 detections based on Fermi + flares 

✦ Opportunity for serendipitous discoveries 

★ Measure luminosity function for VHE blazars 

★ Measure diffuse extragalactic gamma-ray background → look for anisotropies caused by e.g. DM 

★ Provide triggers for the transients KOP
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8. KSP: Extragalactic Survey 8.1 Science Targeted

The number of detected blazars will determine the quality of the blazar luminosity function (LF). However,
the problem for the LF is not just the number of objects but the bias introduced in targeting. This bias can
be solved with a wide survey. The number of sources affects the uncertainties, the ability to discriminate
between different LF distributions and eventually the contribution of different sub-classes (FSRQ, BL
Lac).

We foresee detecting 30-150 blazars within the survey. If we extrapolate Fermi-LAT known sources of
known redshifts into the CTA energy range assuming a reasonable intrinsic cutoff of 1 TeV on average,
we obtain some 30–40 sources to be detected with the proposed sensitivity. When instead of Fermi-LAT
we use predictions by [8], who used IR and X-ray data to construct the log N - log S of blazars, we obtain
about 75 sources (see Figure 8.1, right plot). The sensitivity of the survey is shown and compared to
the 1 mCrab CTA 50 h sensitivity as well as the flux limit of the current IACTs. The histogram in the
upper plot is for 27,000 deg2, leading to a factor of 2.7 smaller predicted numbers for a 10,000 deg2

(25% of the sky) survey. However, the catalogue is incomplete and can easily result in double as many
sources, i.e. close to 150. Similarly high numbers are obtained by [219] when assuming EGRET blazars
and secondary gamma-ray emission from blazars in the presence of intergalactic magnetic fields of
(10�17 � 10

�15) Gauss. [9] estimated the expected number of blazars with E > 100 GeV based on
Monte Carlo simulated surveys that reproduce the Fermi-LAT results well. They predict that the CTA
extragalactic survey will detect between 110 and 180 blazars depending on different assumptions on the
VHE spectrum (see Figure 8.1, right plot).

Even if many of the sources detected will be the known ones, the slope of the log N - log S distribution
can only be determined through an unbiased survey. Some sources will be detected during flaring
gamma-ray states introducing a bias when studying the quiescent state of sources only. However, we
estimate the bias to be in the order of ⇠ 10%

1, and the result can be corrected for it. In addition, the
detected unbiased flaring episodes (within the survey) are as important to characterize the gamma-ray
sky as the sources detected in the quiescent state. One of the major unanswered questions of modern
AGN physics is the existence or not of the blazar sequence. If the sequence exists, there should be no,
or only a few, detections of high luminosity blazars that have their synchrotron peak in optical and UV
wavebands. The survey will be able to probe this prediction.

Figure 8.1 – Predictions for the number of blazars on the sky in the GeV–TeV domain. Left: Expected source
counts as a function of the integral gamma-ray flux above 100 GeV in 27,000 deg2. The upper panel shows
predictions by [8] together with the current and envisioned sensitivity limits of IACTs. The lower panel shows
detected AGNs with IACTs. Right: Simulated log N - log S distribution from [9]. According to this study, with
the 5 mCrab sensitivity during the proposed survey CTA should detect around 100 sources in 10,000 deg2.

Extreme blazars The survey will reveal a population of extreme blazars, i.e. sources with hard spectra
having their inverse-Compton (IC) peak in the range of 100 GeV to more than 10 TeV. Extreme blazars
are very interesting because of their use in studies of the extragalactic background light (EBL) and

1 The uncertainty in the number of sources found in a flaring state is large due to unknown VHE gamma-ray duty cycles. A rough
estimate can be made using the monthly duty cycles of Fermi-LAT. High-flux events above 1.5 standard deviation significance have
a duty cycle of about 5 to 10% for FSRQs and BL Lacs in the GeV band [220]. Therefore, we assume that during the survey 10%
of the sources will be in a flaring state.
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AGNs
★ Variability 

✦ Long term: 
✤ Duty cycle 
✤ Periodicity 

✦ Short Term: 
✤ Size and location of emitter 
✤ Acceleration and cooling mechanisms 
✤ LIV studies 

★ Spectrum 
✦ Leptonic/hadronic emission 
✦ EBL studies with source/propagation 

discrimination 

★ Spatial information (radio galaxies) 
✦ Where emission is coming from? 
✦ What is the link with blazars?
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12. KSP: Active Galactic Nuclei 12.1 Science Targeted
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Figure 12.3 – Simulated light curve based on an extrapolation of the power spectrum of the 2006 flare from
PKS 2155-304 [23]. Error bars indicate the statistical uncertainty at 1�.

From where does the VHE emission of radio-galaxies originate?

In the standard AGN unification models, blazars are thought to be a sub-class of a larger parent pop-
ulation of radio-galaxies, distinguished by a close alignment of their jets with the line of sight. The
observation of radio-galaxies at VHE is of special interest with respect to an understanding of the unifi-
cation of different blazar and radio-galaxy classes. Since their jets are not pointing directly towards us,
radio-galaxies can be mapped in the radio band and at other frequencies, and provide data which are
less biased by strong relativistic beaming effects.

The number of radio-galaxies detected at VHE is still very small (this is also true for the Fermi-LAT band).
Only the most nearby sources have been detected at VHE, namely M87, Centaurus A (“Cen A”), and
NGC 1275 — all of them FR-I radio-galaxies, which are often interpreted as “misaligned BL Lacs” 2. The
small sample of known TeV radio-galaxies does not appear homogeneous as far as their radio and MWL
properties are concerned. This might indicate that VHE emission is a common feature and not directly
related to a specific property of these sources. It raises the question whether the VHE emission in
radio-galaxies is generated in the jet, as is generally assumed for blazars, or in the core region, possibly
due to magnetic processes. This would naturally correlate their radio and VHE properties with those of
micro-quasars.

Results from Fermi-LAT observations of Cen A have shown that the extended emission from the giant
lobes in radio-galaxies is visible in �-rays [379]. Even if a simple extrapolation of the Fermi spectrum
from this emission does not seem easily accessible for CTA, an additional VHE emission component is
not ruled out and prospects for another nearby radio-galaxy, M87, are more promising [23]. In Cen A,
emission from the kpc jet provides another challenging target that could lead to an important VHE
discovery [359].

To indisputably determine the exact location of the VHE emission, simultaneous or contemporaneous
VLBI coverage of VHE flares, with an angular resolution able to image the flaring region, will be essential.
The power of such observations has been proven in the case of M87 [380].

An open problem is also presented by the mismatch seen between the Fermi-LAT and H.E.S.S. spectra
from the core of Cen A. A high-quality measurement of the spectrum in the overlap region will be able
to verify the physical (as opposed to instrumental) nature of this mismatch and to distinguish between a
common origin of the GeV and TeV emission versus different populations of the parent particles [381].

Do other classes of AGN emit VHE �-rays ?

After the recent detections with the Fermi-LAT [382, 383, 384, 385], it is clear that NLSy1s are a class of
2The VHE emission from IC 310, another radio-galaxy candidate, is now commonly ascribed to the blazar core of this source

[378].
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12. KSP: Active Galactic Nuclei

Figure 12.1 – An example for testing emission scenarios with CTA: comparison of the expected CTA spectra for
two specific emission models for the blazar PKS 2155-304. A hadronic scenario, where high-energy emission
is caused by proton- and muon-synchrotron emission and secondary emission from proton-photon interactions,
is shown on the left, and a standard leptonic synchrotron self-Compton (SSC) model on the right. The exposure
time assumed for the simulations (33 hr) is the same as the live time for the H.E.S.S. observations (black data
points above 3⇥1025 Hz). Uncertainties in the CTA data points are smaller than the red squares. The models
cannot be distinguished based on currently available data, but will be with CTA. For more details see [357, 358].
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Figure 12.2 – Potential for CTA to resolve the extragalactic background light (EBL) density as a function of the
redshift. Assumed are quiescent and flare states of ten sources per redshift bin and an average de-absorbed
flux level of 25% of the Crab nebula at 100 GeV. The assumed exposure time takes into account that at higher
redshifts the CTA data will be dominated by short flare states. For comparison, results by H.E.S.S. and Fermi-
LAT are also shown.

spectra and complementary MWL data will enable searches for signatures of UHECRs that will be dis-
tinguishable from other propagation or internal effects due to an extensive coverage of redshifts, classes
and activity states.
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Active Galactic Nuclei KSP: Spectra

> High-frequency peaked blazars:

 Leptonic or hadronic origin of the 
emission?

 Signature of the interaction of gamma-
ray with the photon fields?

 Separate intrinsic features from 
propagation effects (wide range of 
redshift and source classes)

> Radio galaxies:

 Where is the VHE emission coming from?

 Does it fit the unification schemes?   
What is the link with blazars?

Cen A

NASA/DOE/Fermi LAT Collaboration (HE: purple)
Capella Observatory (optical) 
Ilana Feain et al. (radio: orange)

PKS 2155-304
Exposure time: 33hrs

● H.E.S.S. Data (  > 3x1025Hz)

■ CTA simulation

Simulation Cerruti and Zech: CTA Science Case
Data point: Aharonian et al. (2009) ApJLett 696,150
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Probing the universe with AGNs
★ Extra-galactic background light: 

✦ Spectrum from mid UV to far IR 

✦ 20% precision 

✦ Evolution up to redshift z>1 

✦ Measure the cosmic 𝛾-ray horizon 

✦ Measure the Hubble constant 

★ Inter-galactic magnetic field: 
✦ Lower limit or detection 

✦ Imaging analysis:                           
“pair halos” (IGMF > 10-16 G) 

✦ Time resolved spectra:                   
“pair echoes” (IGMF < 10-16 G)
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12. KSP: Active Galactic Nuclei

Figure 12.1 – An example for testing emission scenarios with CTA: comparison of the expected CTA spectra for
two specific emission models for the blazar PKS 2155-304. A hadronic scenario, where high-energy emission
is caused by proton- and muon-synchrotron emission and secondary emission from proton-photon interactions,
is shown on the left, and a standard leptonic synchrotron self-Compton (SSC) model on the right. The exposure
time assumed for the simulations (33 hr) is the same as the live time for the H.E.S.S. observations (black data
points above 3⇥1025 Hz). Uncertainties in the CTA data points are smaller than the red squares. The models
cannot be distinguished based on currently available data, but will be with CTA. For more details see [357, 358].
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Figure 12.2 – Potential for CTA to resolve the extragalactic background light (EBL) density as a function of the
redshift. Assumed are quiescent and flare states of ten sources per redshift bin and an average de-absorbed
flux level of 25% of the Crab nebula at 100 GeV. The assumed exposure time takes into account that at higher
redshifts the CTA data will be dominated by short flare states. For comparison, results by H.E.S.S. and Fermi-
LAT are also shown.

spectra and complementary MWL data will enable searches for signatures of UHECRs that will be dis-
tinguishable from other propagation or internal effects due to an extensive coverage of redshifts, classes
and activity states.
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12. KSP: Active Galactic Nuclei 12.1 Science Targeted

The origin of the IGMF, be it structure formation, inflation, or primordial phase transitions, is still widely
discussed. (For recent overviews, see for example [395, 396, 397, 398, 399].) The actual detection of
a non-zero IGMF, if primordial, could shed new light on conditions in the early Universe and complete
the dynamo description for the origin of cosmic magnetic fields, by providing magnetic seed fields for
dynamo amplification processes in turbulent flows during the formation of large scale structures. On the
other hand, an origin of the IGMF through astrophysical mechanisms, e.g. bulk outflows of magnetized
material from radio-galaxies, could explain young magnetized large-scale structures, with little time for
dynamo growth, such as the magnetic bridge identified in the Coma supercluster. The importance of a
characterisation of the IGMF for our understanding of the evolution of the Universe and the development
of galactic magnetic fields has been outlined for example in [23] (see also the references therein).

Figure 12.4 – Left panel: The arrival directions of primary and secondary gamma-rays (black circles) from
a source at a distance D=120 Mpc with an IGMF strength of 10�14 G. The sizes of the black circles are
proportional to the photon energies. The AGN intrinsic �-ray spectrum is described as a power law with
exponential cut-off. The blue dashed and red solid circles are radii of 1.5� and 2.5�, respectively, to indicate
the extension of the pair halo image. Taken from [400]. Right panel: A model of the cascade radiation spectrum
in a pair echo, applied to observations of the blazar 1ES 0229+200. The cascade spectra assume persistent
TeV emission for different values of the magnetic field strength and coherence length. Taken from [401].

Indirect detection methods, using a subset of the target selection for the EBL measurement, are our best
approach towards a first measurement of the strength of the IGMF. There are two possible strategies to
adopt when studying the IGMF using �-rays above a few TeV:

- Imaging analysis searches for extended “pair halos” around blazars, which are expected for IGMF
strengths &10�16 G. Such searches will profit from the improved angular resolution and wide field of
view of CTA (cf. Figure 12.4, left panel).

- Time-resolved spectral analysis explores a different parameter space, for IGMF strengths .10�16 G,
which lead to magnetically driven cascades in the intergalactic medium, resulting in delayed signals at
reduced energies (so-called “pair echoes”, cf. Figure 12.4, right panel). Rapid flux variations should be
washed out by the cascade-like reprocessing of �-rays towards lower energies. The ability of CTA to
disentangle spectral components that are time-dependent from those that are constant, especially in the
low-energy range, will be of special importance.

12.1.3 UHECRs and fundamental physics

AGN as potential sources of UHECRs

In a similar way to the important advances that were made in the search for Galactic cosmic-ray emitters
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d = 120 Mpc 
IGMF =10-14 G
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Conclusions
★ Next decades gamma-ray astronomy to be dominated 

by CTA 

★ The Core Science Program will be developed by the 
CTA Consortium 

✦ 9 KSPs + DM program 

★ Big progress is expected in several science topics: 
✦ Cosmic rays: origin and role  

✦ Cosmic particle accelerators 

✦ Search for Dark Matter (WIMPs and ALPs) + LIV
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CTA Survey Key Science Projects
★ Extragalactic Survey: 

✦ 1/4 of sky at ~6 mCrab (1000 h)
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7. KSP: Large Magellanic Cloud Survey 7.4 Expected Performance/Return

Figure 7.4 – Simulated comparison of the LMC as viewed in VHE gamma rays with current instruments (top)
and with CTA (below). Smoothed residual count maps after subtraction of the instrumental background counts
to all simulated events. The emission model includes currently detected sources (N157B, 30DorC, N132D),
about ten point-like sources with > 1TeV luminosities of ⇠ 1034 erg s�1, and a handful of regions enriched in
cosmic rays. The top panel mimics the current H.E.S.S. view of the LMC and was obtained from a simulated
16 h of CTA observations, a single pointing, and selecting events >800 GeV. The bottom panel is a simulation
of the full CTA survey of the LMC involving six pointings and 340 h of observations for energies >200 GeV,
plus an additional source for the brightening SN 1987A. The diffuse glow in the bottom panel results from the
large-scale emission.
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5. KSP: Galactic Centre 5.2 Strategy

Deep observations of the CMZ with CTA will provide:

• an angular resolution to resolve diffuse emission down to the arc-minute scale. Comparing with
molecular matter surveys, this will help resolve the truly interstellar emission from distinct features
in the region and thus precisely measure the level of hadronic cosmic rays in the CMZ. The ability
of specific objects (e.g. the young and massive Arches cluster, the radio Arc, etc.) to accelerate
particles to very high energies and emit gamma rays will be precisely tested;

• very high photon statistics, making spectral extraction possible on few arc-minute scales. This
will allow a detailed study of the cosmic-ray distribution in the region that will provide invaluable
information on cosmic-ray propagation and penetration into very dense clouds. This is probably
one of the very few regions in the Galaxy where such a study will be possible;

• excellent spectral sensitivity at very high energy to determine the maximum energy reached by
cosmic rays in the central 200 pc.

5.2 Strategy

The observation strategy is closely connected to that of the Galactic Centre part of the Dark Matter KSP
(§4), since the goals of the two KSPs can be realized simultaneously. The time needed to achieve the
dark matter goals is generally higher than needed for this KSP, though the pointing strategies may vary
somewhat. To fully cover the central region and any large scale outflows, we propose a deep Galactic
Centre exposure of 525 h taken in wobble (or tight survey) mode about the position of Sgr A* and a
Galactic bulge survey extension of 300 h. These observations are shown schematically in Figure 5.5.

Figure 5.5 – A schematic observation strategy for the Galactic Centre KSP. The 525 h hour Galactic Centre
deep exposure is shown in blue (with a 4-point wobble-mode observation). In cyan is the 300 h Galactic bulge
extension. In green are the Galactic Plane Survey KSP pointings. The grey regions are the approximate
boundaries of the Fermi Bubbles as seen at GeV energies.

Exposure Summary (see also Table 5.1).

• 525 h deep exposure in wobble mode about Sgr A* (i.e. alternating north, south, east, west of the
target with a small offset, to reduce background systematics). A small-spaced grid would also be
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★ Galactic Plane Survey: 
✦ Entire plane at ~2 mCrab (1620 h)

★ Galactic Center Survey: 
✦ 525 (center) + 300 (10o×10o) h

★ Large Magellanic Cloud 
✦ 340 h in six pointings
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pMSSM scan [Roszkowski et al. 2014]
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4. Dark Matter Programme 4.1 Science Targeted

verse is not identical to the cross-section applicable to indirect searches at the present time. Detailed
discussions of the differences can be found in Ref. [59]. In the early Universe the relic density is obtained
by using a momentum dependent cross-section including both annihilation of the LSP neutralino and co-
annihilation with close in mass neutralinos and other sparticles. Due to the high temperature at freeze-
out, the momentum dependence is different from present day annihilation which takes place essentially
at rest. Furthermore, the present day cross-section contains no contribution from co-annihilation since
the co-partners have all decayed away. Figure 4.5 shows example points from a pMSSM model scan
showing that many specific points are below the thermal cross-section and some are above, and hence
searches should encompass a wider range of annihilation cross sections.

Figure 4.5 – Annihilation cross-section points from a 19 dimensional pMSSM scan from Ref. [59] which con-
tains a set of basic constraints and direct search limits as explained in the paper. The colour coding identifies
the composition of the lightest neutralino. Pure states are shown in green for the bino, blue for the wino and
red for the Higgsino. Admixtures are shown with intermediate colours in accordance with the legend.

4.1.7 Rate of Gamma Rays in Detector

The rate of gamma rays from dark matter annihilation is usually expressed by a separation of terms
which characterise the astrophysical properties of the source and the particle physics contribution to the
rate. The astrophysical terms are combined in a so-called J-factor term defined as :

J(�⌦) =

Z

�⌦
d.⌦

Z

LOS
d. l ⇥ ⇢2[r(l)] . (4.1)

The J-factor reflects the integral of the squared dark matter density distribution, ⇢2, over the line of
sight (LOS) and inside the observing angle �⌦. The dark matter density is conveniently parameterized
as a function of the radial distance r from the centre of the astrophysical object under consideration.
Depending on the dark matter targets, the J-factors range from ⇠1021 to ⇠1024 GeV2cm�5sr�1. The
number of observable events then expressed as:

NDM =

Tobs J�⌦ h�vi
8⇡M2

�

Z E
max

E
min

dNDM

dE

(E)Ae↵(E)dE , (4.2)

where:

• Tobs is the live time of observations,

• h�vi is the thermally averaged velocity weighted annihilation cross section,

• M� is the dark matter particle mass,
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Galactic Center Halo: DM uncertainties
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4. Dark Matter Programme 4.2 Strategy
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Figure 4.6 – Left: Sensitivity for h�vi from observation on the Galactic Halo for different annihilation modes as
indicated. Right: Sensitivity for bb̄ annihilation modes for different conditions, red is for 100 hours of observation
and black is for 500 hours. The solid lines are the sensitivities only taking into account the statistical errors
while the dashed and dotted curves take into account systematics as indicated. The dashed horizontal lines
indicate the level of the thermal cross-section of 3⇥ 10�26cm3s�1.
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Figure 4.7 – Sensitivity for h�vi on the Galactic halo for cupsy (NFW, Einasto) and cored (Burkert) dark matter
halo profiles. The sensitivities are plotted for 500 h observation, the bb̄ annihilation channel, and for statistical
errors only. The dashed horizontal lines indicate the level of the thermal cross-section of 3⇥ 10�26cm3s�1.

4.2.2 Dwarf Spheroidal Galaxies and Dark Clumps

Description

The dwarf spheroidal galaxies (dSphs) of the Local Group could give a clear and unambiguous detection
of dark matter. They are gravitationally bound objects and are believed to contain up to O(103) times
more mass in dark matter than in visible matter, making them widely discussed as potential targets. Be-
ing small and distant many of the dwarf galaxies will appear as near point sources in CTA and hence the
nuisance of the instrumental background is much reduced. Although being less massive than the Milky
Way or the LMC, they are also environments with a favourably low astrophysical gamma-ray background
making the unambiguous identification of a dark matter signal easier compared to the Galactic Centre
or LMC. Neither astrophysical gamma-ray sources (supernova remnants, pulsar wind nebulae,...) nor
gas acting as target material for cosmic rays, have been observed in these systems.
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dN=dE!, can be rather accurately computed, since only
SM particle physics processes are involved. Measuring the
velocity weighted annihilation cross section h"vi, how-
ever, suffers from large systematic uncertainties on the
astrophysical factor J. This is because in most indirect
searches the main contribution of the total DM signal arises
from the very central region of the object under study,
where the DM density profile peaks. In these inner regions,
however, the profile is so far only poorly known. In par-
ticular, for a Milky-Way sized DM halo, the radial DM
density profiles obtained by the Aquarius [2] and Via
Lactea II [3] simulations can be described by Einasto and
Navarro-Frenk-White (NFW) parametrizations, respec-
tively [25]. These profiles are shown in Fig. 1 as a function
of galactocentric distance r. Large differences between
both parametrizations occur if they are extrapolated
down to the very center of the halo, where the NFW profile
is more strongly peaked. At distances >10 pc, however,
the difference is merely a factor of 2, allowing one to put
limits on h"vi which do not depend strongly on the chosen
parametrization.

Here we exploit this fact by searching for a very-high-
energy (VHE) !-ray signal from DM annihilation in our
own Galaxy, in a region with a projected galactocentric
distance of 45 pc–150 pc (corresponding to an angular
distance of 0.3!–1.0!), excluding the Galactic plane.
(Here and in the following a distance of the GC to the
observer of 8.5 kpc is assumed.) In this way, contamination
from !-ray sources in the region is naturally avoided
as well.

Methodology.—The analysis is carried out using 112 h
(live time) of GC observations with the H.E.S.S. VHE

!-ray instrument (see [26] and references therein) taken
during the years 2004–2008. For minimum energy thresh-
old, only observations with zenith angles smaller than 30!

are considered. The mean zenith angle is 14!. To avoid
possible systematic effects, pointing positions were chosen
fairly symmetricly with regard to the Galactic plane. The
mean distance between the pointing position and the GC is
0.7!, with a maximum of 1.5!. Events passing H.E.S.S.
standard cuts defined in [26] are selected for analysis. To
minimize systematic uncertainties due to reduced !-ray
efficiency at the edges of the"5! diameter field-of-view of
H.E.S.S., only events reconstructed within the central 4!

are considered. The effective !-ray collection area of the
chosen event selection is # 1:7$ 105 m2 at 1 TeV. The
total effective exposure of the utilized data set at 1 TeV
amounts to # 2:4$ 107 m2 sr s.
! rays from DM annihilations are searched for in a

circular source region of radius Ron ¼ 1:0! centered at
the GC. Contamination of the DM signal by local astro-
physical !-ray sources is excluded by restricting the analy-
sis to Galactic latitudes jbj> 0:3!, effectively cutting the
source region into two segments above and below the
Galactic plane (see Fig. 2). Simulations show that both
for Einasto and NFW parametrizations the sensitivity
varies only within a few percent when varying the source
region size in the range 0:8! & Ron & 1:2!.
For ground-based VHE !-ray instruments like H.E.S.S.,

any !-ray signal is accompanied by a sizable number of
cosmic-ray induced background events, which are sub-
tracted from the source region using control regions in
the field-of-view of the observation. Figure 2 visualizes
details of the method, which is an evolution of the standard
reflected background technique [27] adjusted for this par-
ticular analysis. By construction, background regions are
located further away from the GC than the source region.
This is an important aspect, since, unavoidably, a certain
amount of DM annihilation events would be recorded in
the background regions, too, reducing a potential excess
signal obtained in the source region. For the NFW and
Einasto profiles, the expected DM annihilation flux is thus
smaller in the background regions than in the source region
(cf. Figure 1), making the measurement of a residual
annihilation flux possible. Note, however, that for an iso-
thermal halo profile, the signal would be completely sub-
tracted. As far as the background from Galactic diffuse
emission is concerned, its predicted flux [28] is signifi-
cantly below the current analysis sensitivity; thus, its con-
tribution is not further considered in the analysis. In any
case, since its intensity is believed to drop as a function of
Galactic latitude, ! rays from Galactic diffuse emission
would be part of a potential signal, and therefore lead to
more conservative results for the upper limits derived in
this analysis.
Results.—Using zenith angle-, energy- and offset-

dependent effective collection areas from !-ray
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FIG. 1. Comparison of the Galactic DM halo profiles used in
this analysis. The parameters for the NFW and Einasto profiles
are taken from [25]. An isothermal profile [24], exhibiting a flat
DM density out to a galactocentric distance of 1 kpc, is shown
for comparison. All profiles are normalized to the local DM
density (#0 ¼ 0:39 GeV=cm3 [29] at a distance of 8.5 kpc from
the GC). The source region and the region used for background
estimation are indicated. Note that the predicted DM density is
always larger in the source region, except for the isothermal
profile, which is included for completeness.
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