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Figure 4.4:
(a) Compariso

ns of models from
the phenomenologi

cal minimal supersym-

metric
model (pMSSM) surviving or being excluded by future direct

detect
ion, indirect

detect
ion, and collid

er searc
hes in the neutralin

o mass-s
caled

spin-independent cross
-

sectio
n plane. The spin-independent XENON1T exclusion

is shown as a solid
black

line.

The models acces
sible to CTA (blue) and LHC (red) are shown. Figure extract

ed from

Ref. [86].
(b) Current best limits on the annihilatio

n cross
-sect

ion from
indirect

detect
ion

(Fermi-LAT dwarf spheroid
al galax

ies stack
ing analysis, W

+ W
− channel [52] and H.E.S.S.

Galact
ic halo,

W
+ W

− channel [51])
and cosm

ic microw
ave background experiments

(WMAP and Planck, b̄b channel [63])
compared

to the projecte
d sensitivity for CTA from

observa
tions of the Galact

ic halo for the Einasto
profile and W

+ W
− channel.
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Figure 9.1:
Simulated

CTA light curve of GRB 0809
16C

at z = 4.3,
for observ

ed photon

energie
s above

30 GeV with 0.1
s time binning and plotte

d from
t0 = 30 s after

burst

onset.
The assu

med template
is the measu

red
Fermi-LAT light curve

above
0.1 GeV for

this burst,
extrap

olati
ng the intrinsic spectra

to very
high energie

s with power-la
w indices

as determ
ined by Fermi-LAT in selec

ted
time interv

als [275
] and taking the EBL model of

Ref. [276
]. For more detail

s, see Ref. [14].

notices
, Astron

omer’s Telegra
ms, IAU circu

lars,
etc. to ensure MWL/MM

follow
-up.

Summary
of simulatio

ns

Detaile
d simulation

s demonstrate
that CTA detect

ions of bright GRBs

allow
measurements of their VHE light curves

(Figure 9.1)
and spectra

(Figure 9.2)
in unpreced

ented detail,
from

which invaluable information
is

expected
concerning radiation

mechanisms, hadronic cosm
ic-ray

signatures,

constrain
ts releva

nt to cosm
ology

and fundamental physics,
etc. Simulated

observa
tions of PWN flares

(Figure 9.3)
and X-ray

binary jet outbursts

(Figure 9.4) exemplify the power of CTA for probing the pertinent mecha-

nisms of emission
and particl

e accel
eratio

n.

9.1
Science Targe

ted

9.1.1
Scie

ntifi
c Objec

tive
s

(A) Gamma-ray
bursts:

The most luminous cosm
ic explosion

s after

the Big Bang are also
one of the most enigmatic

classe
s of transients

[14, 254,
255].

Phenomenologic
ally,

they are defined by a “prompt” emission

phase that is prominent in the MeV band with duration
s in the range

T90
∼0.01–

1000
s and rapid, irregu

lar varia
bility,

follow
ed by an “afte

rglow
”

phase with emission
that decays gradually over

hours to weeks or longer and

spans all wavebands from
radio to high energy

gamma rays. Two population
s
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Figure 12.7: Scheme of a possible pointing pattern for a scan of the Cen A central core

and southern lobe. The circles correspond to the size of the LST field of view (4.5◦
in

diameter), which is the smallest field of view of the three CTA telescope types. Different

colours and line styles indicate the three different exposures with pointings in wobble mode

(see text for discussion). Credits for the skymap: NASA/DOE/Fermi-LAT Collaboration,

Capella Observatory, and Ilana Feain, Tim Cornwell, and Ron Ekers (CSIRO/ATNF),

R. Morganti (ASTRON), and N. Junkes (MPIfR).

that we will have acquired, especially concerning estimates of systematic

errors.• M87: Given its smaller extension in the sky, M87 can be covered with

a single deep observation. A total observing time of 100 h of dark time is

foreseen for the full northern array. This observation will produce a high-

quality spectrum and might lead to the detection of extended emission

from the radio lobes [30]. In addition, a possible extension of the hard

power-law of M87 to a few tens of TeV would allow for a very good

probe of the EBL in the regime of a few tens of micrometer, although

significant statistics in this energy range would probably require data from

flaring states due to the foreseen absence of an SST component in the

northern array. It should be noted that M87 is also a prime target for

monitoring, due to its high variability. Exposure time spent on the source
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telescopes, for a number or reasons: (1) CTA’s extended energy range will
allow searches for WIMPs with lower mass, (2) the improved sensitivity in
the entire energy range will improve the probability of detection of dark
matter, (3) the increased field of view with a homogeneous sensitivity as
well as the improved angular resolution will allow for more efficient searches
for extended sources and spatial anisotropies, and (4) the improved energy
resolution will increase the chances of detecting a possible spectral feature
in the dark matter induced photon spectrum.

By observing the region around the Galactic Centre and by adopting
dedicated observational strategies (see Chapter 5 and Figure 1.9), CTA
will indeed reach the canonical velocity-averaged annihilation cross-section
of ∼3 × 10−26 cm3 s−1 for a dark matter mass in the range ∼200 GeV to
20 TeV — something which is not possible with current instruments for
any exposure time. Together with the constraints from Fermi-LAT on dark

DM mass (TeV)
0.05 0.1 0.2 1 2 3 4 5 6 10 20 30

)
-1 s3
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 (c

m
σ

27−10

26−10

25−10

24−10

23−10

H.E.S.S. GC halo
Fermi dSph stacking
CTA Galactic Halo
CTA Sculptor dwarf
CTA LMC

Figure 1.9: CTA sensitivity to a WIMP annihilation signature as a function of
WIMP mass, for nominal parametres and for the multiple CTA observations described
in Chapter 4. The dashed horizontal line indicates the likely cross-section for a WIMP
which is a thermal relic of the Big Bang. See Figure 4.1 for a discussion of the various
sensitivities.
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redshift z
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Fermi/LAT limits
CTA prediction

Figure 12.2: Potential for CTA to resolve the EBL density. The normalisation of the
EBL density with respect to a state-of-the-art EBL model [446] is reconstructed as a
function the distance of the sources used as gamma-ray beacons. Assumed are quiescent
and flare states of ten sources per redshift bin and an average flux level of 25% of the Crab
nebula at 100 GeV prior to absorption. The assumed exposure time takes into account
that at higher redshifts the CTA data will be dominated by short flare states. Results
obtained by H.E.S.S. [447] and Fermi-LAT [448] are shown for comparison. It should be
noted that so far only a handful of sources above a redshift of 0.4 have been detected with
ground-based gamma-ray telescopes.

spectral features of multi-component models, such as the hadronic model
shown here, from external absorption on standard leptonic models. The
AGN KSP will also lead to a precision measurement of the EBL spectrum
at z ∼ 0, down to the far-infrared and to a determination of its evolution up
to z ∼ 1 (cf. Figure 12.2). These data will also place strong constraints on
the strength of the IGMF, informing us on conditions in the early universe
and on predictions of fundamental physics.

In addition, the AGN KSP carries a great discovery potential for
new VHE AGN classes, e.g., Narrow Line Seyfert 1 (NLSy1) galaxies or
radio-quiet AGN classes, such as Seyfert galaxies or low-luminosity AGN
(LLAGN). Estimates of the detectability of extended emission from the
Centaurus A kpc jet, from its radio lobes, or from the radio lobes of M 87 are
model dependent [30, 445]. If detected, such an extended signal would be a
major breakthrough in the study of emission mechanisms in these sources
and in the unification of different radio-loud AGN in general. Naturally, the
possible detection of signatures from UHECR, the IGMF (in the form of
“pair halos” or “pair echoes”), ALPs, or LIV are of great interest for the
wider scientific community.
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Astro/physics objectives

GRBsAGNs

Origin of
cosmic rays CosmologyDark matter

Space-time
& relativity

Pulsars
and PWNe

SNRs Micro quasars
X-ray binaries



A major element of the programme is the search for dark matter via the annihilation 
signature of weakly interacting massive particles (WIMPs). The strategy for dark 

matter detection presented here places the expected cross-section for a thermal relic 
within reach of CTA for a wide range of WIMP masses from ∼200 GeV to 20 TeV. 

This makes CTA extremely complementary to other approaches, such as high-energy 
particle collider and direct-detection experiments.

(see KSPs on ‘Galactic Centre’, ‘Large Magellanic Cloud Survey’ … also ‘Galaxy Clusters’)

VHE observations from AGN will provide important data for searches for Lorentz 
invariance violation (LIV) and axion-like particles (ALPs) which should leave 

discernible signatures in the gamma-ray spectra and light curves, with repercussions 
on our knowledge of general relativity, quantum gravity, and dark matter.

(see KSPs on ‘Transients’, ‘Active Galactic Nuclei’ … also ‘Extragalactic Survey’) Th
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Theme 3: Exploring Frontiers in Physics 
• What is the nature of dark matter? How is it distributed?

• Are there quantum gravitational effects on photon propagation? 
• Do axion-like particles exist? 
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the otherwise hugely successful Standard Model has 
little to say concerning the content of our universe!

Strong evidence for dark matter (assuming 
Newtonian dynamics is valid) from galactic 
rotation curves, gravitational lensing, structure 
formation, cosmic microwave background …

Baryons 
(no anti-
baryons)

Dark matter did not
participate in nucleosynthesis 
… so must be non-baryonic, 
i.e. Beyond-Standard-Model

Rubin & Ford, ApJ 159:379,1970
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But there are many candidates



CTA is well-suited to look for TeV scale thermal relic dark matter 
(which is independently motivated by BSM models addressing the ‘hierarchy problem’)
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• The common feature of particle searches for dark matter is that all of 
them are determined by how it interacts with the Standard Model.
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them are determined by how it interacts with the Standard Model.

Indirect Detection

χ

χ
SM ParticlesDM

Direct Detection

χ χ

SM Particles

DM
Collider Searches

χ

χ
SM Particles DM

Good targets for the self-annihilation g-rays are the Galactic Centre (highest DM column 
density but rather complicated region, Bergstrom et al, AP 9:137,1998) and dwarf spheroidal 
galaxies (DM-dominated and no astrophysical background, Ferrer et al, PR D69:123501,2004)
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interactions with couplings gX is

!X ∼ ⟨σAv⟩− 1 ∼ m2
X

g4
X

. (33)

The WIMP miracle is the fact that, for mX ∼ mweak and gX ∼ gweak ≃ 0.65, !X is roughly
!DM ≈ 0.23.

Equation 33 makes clear, however, that the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other combinations of (mX , gX ) can also give the correct
!X . In the SM, gX ∼ gweak is the only choice available, but in a general hidden sector, with its own
matter content and gauge forces, other values of (mX , gX ) may be realized. Such models generalize
the WIMP miracle to the “WIMPless miracle”: dark matter that naturally has the correct relic
density, but does not necessarily have a weak-scale mass or weak interactions (Feng & Kumar
2008).

6.2. Candidates
The WIMPless miracle is naturally realized in particle physics frameworks that have several other
motivations. As an example, consider the supersymmetric models with GMSB described previ-
ously in Section 5.1.1. These models necessarily have several sectors, as shown in Figure 16.
The supersymmetry-breaking sector includes the fields that break supersymmetry dynamically
and the messenger particles that mediate this breaking to other sectors through gauge interac-
tions. The MSSM sector includes the fields of supersymmetric extension of the SM. In addition,
supersymmetry breaking may be mediated to one or more hidden sectors. The hidden sectors are
not strictly necessary, but there is no reason to prevent them, and hidden sectors are ubiquitous
in such models originating in string theory.

As described in Section 5.1.1, the essential feature of GMSB models is that they elegantly
address the new physics flavor problem by introducing generation-independent squark and slepton

SUSY
breaking

MSSM Hidden
X

Connector
Y

Figure 16
Sectors of supersymmetric models. Supersymmetry (SUSY) breaking is mediated by gauge interactions to
the minimal supersymmetric standard model (MSSM) and the hidden sector, which contains the dark matter
particle X. An optional connector sector contains fields Y, charged under both MSSM and hidden sector
gauge groups, which induce signals in direct and indirect searches and at colliders. There may also be other
hidden sectors, leading to multicomponent dark matter. From Feng & Kumar (2008).
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Future?   
LAT + CTA + complementary probes (LSST, Euclid, +…)  
will test vanilla thermal DM over the whole range 10 GeV- ~>10 TeV
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Bronshtein’s ‘cube of theories’

“After the relativistic quantum theory is created, the task will be to develop the next part of our 
scheme, that is to unify quantum theory (with its constant h), special relativity (with constant c), 
and the theory of gravitation (with its G) into a single theory” Matvei Petrovich Bronshtein (1935) 

(see Gorelik, Uspekhi 48:1039,2005; Duff, Okun & Veneziano, arXiv:physics/0110060; Oriti, arXIv:1803.02577)

May lead to modifications of space-time structure on the quantum gravity scale 

… resulting in violation of Lorentz invariance  
➙test using high energy cosmic g-rays!

`P ⌘
r

~GN

c3
' 1.6⇥ 10�35m ) 1.2⇥ 1019GeV

<latexit sha1_base64="jLAUm8hFxTIKlbCcInLsWefH8Z8="></latexit><latexit sha1_base64="jLAUm8hFxTIKlbCcInLsWefH8Z8="></latexit><latexit sha1_base64="jLAUm8hFxTIKlbCcInLsWefH8Z8="></latexit><latexit sha1_base64="jLAUm8hFxTIKlbCcInLsWefH8Z8="></latexit>

Quantum 
Gravity



Last month, the MAGIC gamma-ray telescope 
collaboration based on La Palma in the Canary 
islands announced that they had measured a 
4-minute time difference between the arrival 
time of high and low-energy gamma rays 
released at the same time in a flare from the 
Markarian 501 galaxy, some half a billion light 
years away. According to Einstein’s theory of 
special relativity, both sets of photons should 
have arrived simultaneously, and the team is 
controversially … New Scientist, 29 April 2007

Time delay of 0.03 s/GeV from dispersion of 
photons from Mrk 501 at L ~ 150 Mpc

Þ EQG = 0.47+0.31
-0.13 x 1018 GeV 

… if no conspiring intrinsic source dispersion

Can lead to energy-dependent photon speed:

Nature © Macmillan Publishers Ltd 1998
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… possibly also suppress gsource gEBL➛ e+e-

thus raising g-ray ‘horizon’ above expected

(Albert et al, Phys.Lett.B668:253,2008)

(Amelino-Camelia et al, Nature 393:763,1998) 

(Kifune, ApJ 518:L21,1999) 
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CTA can also probe axion-like particles which couple to photons

… so can alter their propagation through intervening/source magnetic fields

3

FIG. 2: � ! a conversion in the extragalactic magnetic field Bext.

FIG. 3: Schematic view of a photon-ALP oscillation in the extragalactic magnetic field Bext.

As a preliminary step, let us start to work within conventional physics. Accordingly, when a VHE beam photon
�VHE of energy E scatters o↵ a background photon �BG of energy ✏ an e+e� pair can be created according to the
Breit-Wheeler process �VHE + �BG ! e+ + e� [109, 110], thereby removing a photon from the beam and so causing a
dimming of the observed blazar. It can be shown that the cross-section for the considered process is maximal for [111]

✏ '

✓
900GeV

E

◆
eV . (1)

Therefore, for 100GeV . E < 100 . TeV we get

0.009 eV . ✏ . 9 eV . (2)

Hence ✏ ranges from the far-infrared to the ultraviolet. Unfortunately, within this band the sky is dominated by the
Extragalactic Background Light (EBL), which is the total light emitted by galaxies during their whole evolution (for
a review, see [112]). As a consequence, the VHE photon beam emitted by blazars undergo a severe EBL-absorption
before being detected (an updated quantitative estimate of this e↵ect is contained in [113]). Such an opacity is
quantified by the optical depth ⌧CP(E0, z) for a blazar at redshift z and observed at energy E0, and the photon
survival probability for the VHE photon beam propagation after its journey to us is given by

PCP

�!�
(E0, z) = e� ⌧CP(E0,z) . (3)

As first shown in 2007 by De Angelis, Roncadelli and Mansutti [44], photon-ALP oscillations in the beam – occurring
in extragalactic space – can drastically reduce the EBL opacity. Basically, the gist is as follows. Owing to photon-ALP
oscillations, a photon acquires a ‘split personality’ as it travels towards us: sometimes it behaves as a true photon and
undergoes EBL absorption, but sometimes it behaves as an ALP which is insensitive to the EBL (as we shall see in
Section III). Thus, the e↵ective optical depth ⌧ALP(E0, z) in extragalactic space becomes smaller than ⌧CP(E0, z), and
Eq. (3) becomes

PALP

�!�
(E0, z) = e�⌧ALP(E0,z) . (4)

So, a look at Eqs. (3) and (4) entails that even a small decrease of ⌧ALP(E0, z) with respect to ⌧CP(E0, z) implies
a large enhancement of PALP

�!�
(E0, z) as compared to PCP

�!�
(E0, z). In this way the EBL absorption can indeed be

drastically reduced, thereby greatly enlarging the VHE transparency and the corresponding �-ray horizon. A much
more detailed development of this idea is reported in [61].

Photon-ALP oscillations may make universe more transparent to high energy g-rays (e.g. De 
Angelis et al, PR D76:207,2007; Sánchez-Conde et al, PR D79:123501,2009) and imprint 

characteristic features in blazar spectra (e.g. Hooper & Serpico, PRL 99:231102,2007, 
Meyer et al, PR D87:035027,2013) … so CTA provides sensitive probe of ~10-9 eV ALPs

Detecting Axionlike Particles with Gamma Ray Telescopes
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We propose that axionlike particles (ALPs) with a two-photon vertex, consistent with all astrophysical
and laboratory bounds, may lead to a detectable signature in the spectra of high-energy gamma-ray
sources. This occurs as a result of gamma rays being converted into ALPs in the magnetic fields of
efficient astrophysical accelerators according to the ‘‘Hillas criterion’’, such as jets of active galactic
nuclei or hot spots of radio galaxies. The discovery of such an effect is possible by GLAST in the 1–
100 GeV range and by ground-based gamma-ray telescopes in the TeV range.

DOI: 10.1103/PhysRevLett.99.231102 PACS numbers: 98.70.Rz, 14.80.Mz

Introduction.—The Peccei-Quinn (PQ) mechanism [1]
remains perhaps the most compelling explanation of the
CP problem of QCD. A new chiral UPQ!1" symmetry that
is spontaneously broken at some large energy scale, fa,
would allow for the dynamical restoration of the CP sym-
metry in strong interactions. An inevitable consequence of
this mechanism is the existence of axions, the Nambu-
Goldstone bosons of U!1"PQ [2]. One of the most important
phenomenological properties of the hypothetical axion is
its two-photon vertex which allows for axion-photon con-
versions in the presence of external electric or magnetic
fields [3] through an interaction term

 L a! # $ 1
4ga!F "#

~F "#a # ga!E % Ba; (1)

where a is the axion field, F is the electromagnetic field-
strength tensor, ~F its dual, E the electric field, and B the
magnetic field. The axion-photon coupling strength is
quantified by

 ga! # $
%
2&

1

fa
; (2)

where % is the fine-structure constant and $ is a parameter
of O!1" depending on the details of the electromagnetic
and color anomalies of the axial current associated with the
axion field. In particular, this coupling is used in axion
searches by the Axion Dark Matter Experiment (ADMX)
[4] and by the CERN Axion Solar Telescope (CAST) [5,6].
The Peccei-Quinn axion has the important feature that its
mass ma and interaction strength are inversely related to
each other and are connected to the measured properties of
pions. One may, however, conceive of a more general class
of particles whose coupling and mass are unrelated to each
other. Such states are known as axionlike particles (ALPs).
ALPs may manifest themselves in the propagation of
photons in magnetic fields, either in laboratory or astro-
physical environments, and may have potentially interest-
ing astrophysical and cosmological consequences [7].

In this Letter, we propose another way to potentially
detect ALPs, namely, through their distortion of the energy
spectra of high-energy gamma-ray sources [we note, how-
ever, that a light scalar particle coupling to F "#F "# in

Eq. (1) would lead to similar effects]. This idea is some-
what similar to that discussed in the recent Ref. [8], but
with some important differences. In that paper the authors
considered the ALP parameters needed to fit the data of
PVLAS (Polarizzazione del Vuoto con LASer) [9] (as in
other recently proposed gamma-ray signatures of ALPs
[10] ), and assumed that the conversion of photons above
& 10 TeV into ALPs takes place in the turbulent compo-
nent of the galactic magnetic field. Here, in contrast, we
discuss the case in which the photon-ALP conversion
occurs near or within the gamma-ray sources. Interest-
ingly, we find that, if the gamma sources are (or are hosted
in) efficient astrophysical accelerators according to the
‘‘Hillas criterion’’ [11], significant conversion can occur
in ALP models which are fully consistent with all labora-
tory and astrophysical constraints. In fact, the mechanism
discussed here may offer the most practical way to detect
ALPs over a significant range of masses and couplings.

Photon-ALP conversion in gamma-ray sources.—As a
consequence of the interaction of Eq. (1), ALPs and pho-
tons oscillate into each other in the presence of an external
magnetic field. For a photon of energy E !, the probability
of converting into an ALP can be written [12]

 Posc # sin 2!2'"sin 2
!ga!Bs

2

""""""""""""""""""""""
1'

# E
E !

$
2

s %
; (3)

where s is the size of the domain and B is the magnetic field
component along the polarization vector of the photon,
which is assumed to be approximately constant within
that domain. We have also defined an effective mixing
angle ' and characteristic energy E via

 sin 2!2'" # 1

1' !E=E !"2
; E ( m2

2ga!B
; (4)

where the effective ALP mass squared is m2 ( jm2
a $ !2

plj,
!pl #

"""""""""""""""""""""""
4&%ne=me

p
is the plasma frequency, me the elec-

tron mass, and ne the electron density. For the follow-
ing considerations, it is useful to introduce the dimension-
less quantities: g11 # ga!=10$ 11 GeV$ 1, BG ( B=Gauss,
spc ( s=parsec, m"eV ( m="eV, EGeV ( E=GeV. Recent
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“The reach of CTA encompasses considerable discovery space in
the area of fundamental physics. CTA will reach the expected
thermal relic cross-section for self-annihilating dark matter for a
wide range of dark matter masses, including those inaccessible to
the Large Hadron Collider (LHC). The long travel times of
gamma rays from extragalactic sources combined with their
short wavelength make them a sensitive probe for energy-
dependent variation of the speed of light due to quantum-gravity
induced fluctuations of the metric. CTA will be sensitive to such
effects on their expected characteristic scale: the Planck scale.
On their long journey, gamma rays may couple to other light
particles such as axion-like particles (ALPs), under the influence
of intergalactic magnetic fields. Such photon-ALP oscillations
effectively make the universe more transparent to gamma rays
and, akin to neutrino oscillations, introduce a spectral
modulation. Each of these effects would represent a very major
discovery, alone worth the effort of constructing and operating
CTA. The major step in sensitivity and energy coverage that
CTA represents brings such effects within reach and could well
allow further issues in fundamental physics to be addressed.”
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“In the fields 
of observation 
chance favors 

only the 
prepared 
mind” 

Louis Pasteur

summary

Thanks to all CTA colleagues for a very enjoyable collaboration!
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