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Science with CTA

The Cherenkov Telescope Array  
Status and Perspectives 



The Cherenkov Telescope Array - Summary

> future observatory for high-energetic gamma rays 

!  astronomy & astroparticle physics with photons in the energy  
 range 20 GeV to 300 TeV 

> huge improvements in all performance aspects  

! x10 better sensitivity; better field of view, angular and energy resolution; 
wider energy coverage; few km2 collection area; flexible observations 

> user facility - guest observer driven 

!open observatory: data available after some proprietary period 

> international project ~400 M€ cost - fully online 2022-2024 

! involves ~90% of all gamma-ray astronomers + many more 

> large DESY project
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Science Drivers for CTA 

Implementation of CTA 

Following the upcoming “Science for CTA” 
publication - soon on the archive

VW
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The sky above Namibia 
Optical + Gamma ray (>100 GeV) 
H.E.S.S. observations of the Galactic plane
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The sky above Namibia 
Optical + Gamma ray (>100 GeV) 
H.E.S.S. observations of the Galactic plane
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Cosmic Particle Accelerators

Multi-wavelength / multi-messenger image: 
photons from radio to gamma rays 

neutrinos 
charged cosmic rays
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•  Cosmic Particle Acceleration 
! how and where are particles accelerated? 

! how do they propagate? 

! what is their impact on the environment?
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•  Cosmic Particle Acceleration 
! how and where are particles accelerated? 

! how do they propagate? 

! what is their impact on the environment?
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Active Galaxies 
with supermassive black 
holes and relativistic jets

•  Probing Extreme Environments 
! processes close to neutron stars and black holes 

! processes in relativistic jets, winds, accretion, explosions 

! cosmic voids 

PulsarsAccreting source - binary systems
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Active Galaxies 
with supermassive black 
holes and relativistic jets

•  Probing Extreme Environments 
! processes close to neutron stars and black holes 

! processes in relativistic jets, winds, accretion, explosions 

! cosmic voids 

PulsarsAccreting source - binary systems

Particle acceleration in black hole systems: 

• shocks in relativistic jets / outflow 
• magnetospheric origin introduced by rotating  

black hole 
• ….



8Gernot Maier   
DESY Seminar |  28.2/1.3 2017

C
re

di
t: 

F.
 A

ce
ro

 &
 H

. G
as

tdark matter  
(line-of-sight density)

•Exploring Frontiers in Physics 
! what is the nature of dark matter? how is it distributed? 

! is the speed of light constant? 

! do axion-like particles exist?
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Gamma-rays from the Universe 
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Fig. 1.— Adaptively smoothed Fermi-LAT count map in the 10 GeV–2 TeV band represented in Galactic
coordinates and Hammer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size
was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic
and the units are counts per (0.1 deg)2 pixel.
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>1500 sources > 10 GeV 
>150 sources > 100 GeV 
diffuse emission

Fermi LAT 7-years sky map (10 GeV - 2 TeV) 
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>1500 sources > 10 GeV 
>150 sources > 100 GeV 
diffuse emission

Fermi LAT 7-years sky map (10 GeV - 2 TeV) 
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Fig. 5.— The spectral index of Galactic (orange squares), extragalactic (green circles), unknown (blue
triangles) and unassociated sources (brown diamonds) versus the integrated photon flux above 10 GeV. The
medians of the uncertainties are shown as well. The black line shows the flux limit averaged over the high
latitude sky (b ≥ 10◦). We note that the detectability does not significantly depend on the spectral index as
a consequence of the low intensity of the diffuse background and constant PSF over the energy range of the
analysis. Symbols outlined with red are in the TeVCat.
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In general: 
- weak sources (10-10 photons/cm2/s) 
- spectra with power-law like shape 



Measuring gamma-rays (20 GeV to 300 TeV)
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Nanosecond long flash of 
blue light; few photons / m2

Cherenkov photon light pool

300 m



Measuring gamma-rays (20 GeV to 300 TeV)
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Nanosecond long flash of 
blue light; few photons / m2

C
.S

kole
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MAGIC (La Palma)

VERITAS (Arizona)

H.E.S.S. (Namibia)
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Science drivers and requirements 
to the instrument

> Cosmic Particle Acceleration 

! how and where are particles accelerated? 

! how do they propagate? 

! what is their impact on the environment? 

> Probing Extreme Environments 

!processes close to neutron stars and black holes 

!processes in relativistic jets, winds, explosions 

!cosmic voids  

> Beyond the standard model 

!what is the nature of dark matter? how is it distributed? 

! is the speed of light constant? 

!do axion-like particles exist?
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Fig. 1.—
Adaptively smoothed Fermi-LAT

count map in the 10 GeV–2 TeV
band represented in Galactic

coordinates and Hammer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size

was varied to achieve a minimum
signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic

and the units are counts per (0.1 deg) 2
pixel.
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large field of 
view

angular resolution

flux sensitivity

energy resolution

temporal 
coverage

sensitivity to 
transients

energy range

duty cycle

flexibility in 
operation

all sky 
coverage

rapid slewing

Science drivers and requirements 
to the instrument

> Cosmic Particle Acceleration 

! how and where are particles accelerated? 

! how do they propagate? 

! what is their impact on the environment? 

> Probing Extreme Environments 

!processes close to neutron stars and black holes 

!processes in relativistic jets, winds, explosions 

!cosmic voids  

> Beyond the standard model 

!what is the nature of dark matter? how is it distributed? 

! is the speed of light constant? 

!do axion-like particles exist?
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Large-size telescope 
23 m diameter 
>20 GeV 
rapid slewing (<50s)

Mid-size telescope 
12 m diameter 
90 GeV to 10 TeV 
large field of view 
precision instrument

Small-size telescope 
4-5 m diameter 
>5 TeV 
large field of view 
large collection area

CTA Telescopes



Prototype of a CTA mid-size telescope 
Berlin Adlershof 

Prototypes
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Small-size telescope 
(Meudon)
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Dual-mirror mid-size telescope 
(Arizona)



Prototype Cameras
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FlashCam camera for  
mid-size telescopes

NEWS RELEASE 

FOR IMMEDIATE RELEASE 
8 December 2015 

 CTA Prototype Telescope 
Achieves “First Light” 

Paris, France – On 26 November 2015, a prototype 
telescope proposed for the Cherenkov Telescope 
Array, the Gamma-ray Cherenkov Telescope (GCT-
Figure 1), recorded CTA’s first ever Cherenkov light 
while undergoing testing at l’Observatoire de Paris in 
Meudon, France. The GCT is proposed as one of 
CTA’s small size telescopes (SSTs), covering the high 
end of the CTA energy range, between about 1 and 
300 TeV (tera-electronvolts).!Another SST prototype, 
the ASTRI telescope, captured the first optical image 
in May 2015 with its diagnostic camera. 

In the two weeks leading up to the GCT prototype 
inauguration event on 1 December, the GCT team 
battled poor weather to install and begin testing the 
GCT camera (Figure 2). On the evening of Thursday, 
26 November, they turned the telescope away from a 
nearly full moon and the bright lights of Paris towards 
a clear patch of sky. After 20 seconds, a single event 
triggered the camera, then another – in just over 300 
seconds 12 events were captured. These triggers 
could have been caused by fluctuations in the bright 
night sky, but it was instantly clear that they were, in 
fact, what the team was looking for – images of air 
showers created in the atmosphere by cosmic rays.  

The image shown in Figure 3 is one of the events 
captured by the team (watch animation). It shows the 
maximum amount of light captured in each of the 
camera’s 2048 pixels over 100 frames. CTA 
astronomers will use images like this to determine the 
incoming direction and energy of the particle that 
created the air shower.  

 “With the tough weather conditions, we only had   
about an hour-long window to gather as much data as 
we could,” said GCT Camera Coordinator Dr. Richard 
White. “We look forward to clearer, darker skies so we 
can test the camera’s performance in more ideal 
conditions.” 

“This is a major milestone for the GCT and we hope for 
CTA.” said GCT Spokesperson Prof. Tim Greenshaw. “Our design for the CTA telescopes 
that will detect the highest energy light hitting the earth’s atmosphere from space has been 
proven to work; we are one step closer to developing a deeper understanding of where and 
how that light is produced.” 

cherenkov 
telescope 
array

FIGURE 2: GCT CAMERA 

FIGURE 3: Image of an event 
captured by the GCT. 

FIGURE 1: GCT Prototype 
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The Cherenkov Telescope Array (CTA)
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Cherenkov Telescope Array

CTA Southern Site 
Paranal, Chile 
4 large size telescopes 
25 mid-size telescopes 
70 small size telescopes 

CTA Northern Site 
La Palma Island 
4 large-size telescopes 
15 mid-size telescopes



Large arrays of Cherenkov Telescopes
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Improved Sensitivity and Resolution: 
From Current Arrays to CTA 

light	pool	radius		
R	≈100-150	m	
≈	typical	telescope	spacing	

Sweet	spot	for	
best	triggering		
and	reconstrucOon:	
most	showers	miss	it!	

large	detecOon	area	
more	images	per	shower	
lower	trigger	threshold	



Large arrays of Cherenkov Telescopes
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Improved Sensitivity and Resolution: 
From Current Arrays to CTA 

light	pool	radius		
R	≈100-150	m	
≈	typical	telescope	spacing	

Sweet	spot	for	
best	triggering		
and	reconstrucOon:	
most	showers	miss	it!	

large	detecOon	area	
more	images	per	shower	
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Flexibility: Surveys and Monitoring
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CTA SCHEDULING

PeV Deep Field
using SSTs

Monitoring
4 telescopes

GeV observations
using LSTs

Monitoring
1 telescope

TeV
survey
using
MSTs

� CTA North and South through single portal, AO, identical tools
� Queue mode scheduler taking into account actual sky conditions, 

sub-arrays & conditions requested in proposal,  priorities, TOOs

Large zenith angle
observations from 
other hemisphere



CTA Site Paranal
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CTA Site La Palma
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Daniel Mazin, mazin@icrr.u-tokyo.ac.jp

@Daniel Mazin

CTA sites: North

28

residencia CTA-North site

Roque de los Muchachos Observatory, La Palma, Spain
Foundation of first  
large-size telescope
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106 m2  effective area 
close to arcmin angular resolution 
less than 10% energy resolution



The CTA consortium
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>1350 scientists 
210 institutions 
32 countries



CTA Science Data Management Centre - DESY
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Headquarters (CTA operation) in Bologna



CTA Timeline
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We are (still) in the Pre-construction Phase, priorities this year: 
• Getting pre-production telescopes ready for site (PPRR) 
• Getting site(s) ready for pre-production telescopes 

International	
Convention

OIR	is	a	global	
external	gateway	

review

Now
1–2	years ~5-7	years

Release of official CTA Integrated Project Schedule in summer 2017
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• Galactic plane 
• Galactic centre 
• Large Magellanic Cloud 
• 1/4 of Extragalactic Sky

Red dots: 
Sources detected in a simulation 

of the gamma-ray sky 
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• large-scale data sets  
• systematic and complete census of objects 
• galactic diffuse emission 
• identification of list of promising objects 
• discovery of the unexpected and new phenomena

• Galactic plane 
• Galactic centre 
• Large Magellanic Cloud 
• 1/4 of Extragalactic Sky

Red dots: 
Sources detected in a simulation 

of the gamma-ray sky 



Deep Survey of the Galactic Plane
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confusion limited!  
Progress possible only due to the excellent  

angular resolution of CTA

Simulation: SNR and PWN population + diffuse Emission

300-500 new Galactic sources expected



Deep Survey of the Galactic Plane
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confusion limited!  
Progress possible only due to the excellent  

angular resolution of CTA

Simulation: SNR and PWN population + diffuse Emission

Current Galactic 
VHE sources

HESS/
MAGIC 
VERITAS

CTA
Sample	full	population	of	objects	with	
luminosity	of	known	TeV	sources	up	to	 

20	kpc	distance
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> closest supermassive black 
hole (4x106 MΘ) 
! low-luminosity active galactic nuclei 

> strong star-forming activity 
(10% of the activity of the 
whole Galaxy) 

> multiple supernova remnants 
and pulsar wind nebula 

> dense molecular clouds 

> large-scale outflows  
(Fermi bubbles) 

> largest dark matter line-of-
sight density
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XMM - X-rays

VLA - radio

Herschel - infrared  
(molecular gas, target material)

The Galactic Centre Region
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XMM - X-rays

VLA - radio

Herschel - infrared  
(molecular gas, target material)

0 0  M O N T H  2 0 1 6  |  V O L  0 0 0  |  N A T U R E  |  1

LETTER
doi:10.1038/nature17147

Acceleration of petaelectronvolt protons in the 
Galactic Centre
HESS Collaboration*

Galactic cosmic rays reach energies of at least a few petaelectronvolts1 
(of the order of 1015 electronvolts). This implies that our Galaxy 
contains petaelectronvolt accelerators (‘PeVatrons’), but all proposed 
models of Galactic cosmic-ray accelerators encounter difficulties 
at exactly these energies2. Dozens of Galactic accelerators capable 
of accelerating particles to energies of tens of teraelectronvolts  
(of the order of 1013 electronvolts) were inferred from recent γ-ray 
observations3. However, none of the currently known accelerators—
not even the handful of shell-type supernova remnants commonly 
believed to supply most Galactic cosmic rays—has shown the 
characteristic tracers of petaelectronvolt particles, namely, power-
law spectra of γ-rays extending without a cut-off or a spectral break 
to tens of teraelectronvolts4. Here we report deep γ-ray observations 
with arcminute angular resolution of the region surrounding the 
Galactic Centre, which show the expected tracer of the presence 
of petaelectronvolt protons within the central 10 parsecs of the 
Galaxy. We propose that the supermassive black hole Sagittarius  
A* is linked to this PeVatron. Sagittarius A* went through active 
phases in the past, as demonstrated by X-ray outbursts5 and an 
outflow from the Galactic Centre6. Although its current rate of 
particle acceleration is not sufficient to provide a substantial 
contribution to Galactic cosmic rays, Sagittarius A* could have 
plausibly been more active over the last 106–107 years, and therefore 
should be considered as a viable alternative to supernova remnants 
as a source of petaelectronvolt Galactic cosmic rays.

The large photon statistics accumulated over the last 10 years of 
observations with the High Energy Stereoscopic System (HESS), 
together with improvements in the methods of data analysis, allow for 
a deep study of the properties of the diffuse very-high-energy (VHE; 

*Lists of participants and their affiliations appear at the end of the paper.

more than 100 GeV) emission of the central molecular zone. This region 
surrounding the Galactic Centre contains predominantly molecular gas 
and extends (in projection) out to radius r ≈  250 pc at positive Galactic 
longitudes and r ≈  150 pc at negative longitudes. The map of the central 
molecular zone as seen in VHE γ -rays (Fig. 1) shows a strong (although 
not linear; see below) correlation between the brightness distribution 
of VHE γ -rays and the locations of massive gas-rich complexes. This 
points towards a hadronic origin of the diffuse emission7, where the  
γ -rays result from the interactions of relativistic protons with the ambi-
ent gas. The other important channel of production of VHE γ -rays is 
the inverse Compton (IC) scattering of electrons. However, the severe 
radiative losses suffered by multi-TeV electrons in the Galactic Centre 
region prevent them from propagating over scales comparable to the 
size of the central molecular zone, thus disfavouring a leptonic origin of 
the γ -rays (see discussion in Methods and Extended Data Figs 1 and 2).

The location and the particle injection rate history of the cosmic-ray 
accelerator(s) responsible for the relativistic protons determine the 
spatial distribution of these cosmic rays which, together with the gas 
distribution, shape the morphology of the central molecular zone 
seen in VHE γ -rays. Figure 2 shows the radial profile of the E ≥  10 TeV 
cosmic-ray energy density wCR up to r ≈  200 pc (for a Galactic Centre 
distance of 8.5 kpc), determined from the γ -ray luminosity and the 
amount of target gas (see Extended Data Tables 1 and 2). This high 
energy density in the central molecular zone is found to be an order of 
magnitude larger than that of the ‘sea’ of cosmic rays that universally 
fills the Galaxy, while the energy density of low energy (GeV) cosmic 
rays in this region has a level comparable to it8. This requires the pres-
ence of one or more accelerators of multi-TeV particles operating in 
the central molecular zone.
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Figure 1 | VHE γ-ray image of the Galactic Centre region.  The colour 
scale indicates counts per 0.02° ×  0.02° pixel. a, The black lines outline 
the regions used to calculate the cosmic-ray energy density throughout 
the central molecular zone. A section of 66° is excluded from the annuli 
(see Methods). White contour lines indicate the density distribution of 

molecular gas, as traced by its CS line emission30. Black star, location of 
Sgr A* . Inset (bottom left), simulation of a point-like source. The part of 
the image shown boxed is magnified in b. b, Zoomed view of the inner  
∼ 70 pc and the contour of the region used to extract the spectrum of the 
diffuse emission.
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High-energy emission around the Galactic Centre

H.E.S.S. >100 GeV 
Nature 2016

What is the source of gamma-rays in the Galactic Centre? 
Does it point towards past high-accretion / outflow phases? 

Is it the source of all cosmic rays in the Galaxy? 
Emission due to a spike of dark-matter annihilation?

The Galactic Centre Region



The Large Magellanic Cloud (LMC)

> Milky Way is just one ‘laboratory’ 

> LMC: 10% of Milky Way star formation  
(2% volume only) 
! face on 

!well known distance (50 kpc) 

> deep CTA observations will reveal source 
population and diffuse emission 

> link of star formation to cosmic rays? 
! fundamentals of star forming not very well 

understood 

! impact of cosmic rays?  
(pressure + ionization) 

> SN 1987A 
! nearest naked eye Supernova since Kepler in 1604
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Current

CTA



Star forming regions and cosmic-ray acceleration
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> cosmic rays carry on average as 
much energy per unit volume as 
star light in the Galaxy 
! input of 1041 erg/s required to maintain 

cosmic ray intensity (~10 million years of 
confinement time) 

> flux largely dominated by protons 
up to PeV energies (knee) 

> what are the PeVatrons  
accelerating those particles? 
!Supernova remnants satisfy cosmic-ray 

energy requirements  
(10% conversion efficiency) 

> effective area, energy range and 
angular resolution
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PeVatrons and Supernova remnants

SN 1006 (X-ray, optical, radio)
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Crab-like flux 
15 h of observations

PeVatrons and Supernova remnants

SN 1006 (X-ray, optical, radio)

SN	1006	
H.E.S.S.	resolution

SN	1006	
CTA	resolution

Towards better than 
1 arcmin angular 
resolution 

Imaging of shocks!



Transients

> dramatic outburst observed 
and expected in a wide  
range of objects 
!Gamma-ray bursts (GRBs) 

! binaries and pulsar wind nebulae 

! active galactic nuclei 

!PeV neutrino sources 

! gravitational waves 

> often associated with 
compact objects 
like neutron stars or black 
holes
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Four orders of magnitude better sensitivity 
for minute-scale phenomena.

Unexplored astronomical window!



Gamma-ray bursts

> most luminous explosions in the 
Universe 
! 1052-1054 erg isotropic-equivalent energy 

release (primarily MeV band) 

> long GRBs: massive star collapse 

> short GRBs: neutron star or black hole 
mergers 

> cosmological distances 
! observed beyond z=8  

> basic aspects not well known 
! nature of central engine, jet formation, particle 

acceleration, prompt/afterglow emission 

> GRB origin of ultra-high energy 
cosmic rays (E>1018 eV)
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NASA/Goddard

Collision with ambient medium 
(external shock)

colliding shells 
(internal shock)
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Fermi Observations of High-Energy
Gamma-Ray Emission from GRB 080916C
The Fermi LAT and Fermi GBM Collaborations*

Gamma-ray bursts (GRBs) are highly energetic explosions signaling the death of massive stars in
distant galaxies. The Gamma-ray Burst Monitor and Large Area Telescope onboard the Fermi
Observatory together record GRBs over a broad energy range spanning about 7 decades of gamma-
ray energy. In September 2008, Fermi observed the exceptionally luminous GRB 080916C, with the
largest apparent energy release yet measured. The high-energy gamma rays are observed to start
later and persist longer than the lower energy photons. A simple spectral form fits the entire GRB
spectrum, providing strong constraints on emission models. The known distance of the burst enables
placing lower limits on the bulk Lorentz factor of the outflow and on the quantum gravity mass.

Gamma-ray bursts (GRBs) are the most
luminous explosions in the universe and
are leading candidates for the origin of

ultrahigh-energy cosmic rays (UHECRs). Prompt
emission from GRBs from ~10 keV to ~1 to

5 MeV has usually been detected, but occa-
sionally photons above 100 MeV have been
detected by the Energetic Gamma-Ray Experi-
ment Telescope (EGRET) (1) and more recently
by Astro-rivelatore Gamma a Immagini LEggero
(AGILE) (2). Observations of gamma rays with
energies >100 MeV are particularly prescriptive
because they constrain the source environment

and help understand the underlying energy
source. Although there have been observations
of photons above 100MeV (3–5), it has not been
possible to distinguish competing interpretations
of the emission (6–8). The Fermi Gamma-ray
Space Telescope, launched on 11 June 2008,
provides broad energy coverage and high GRB
sensitivities through the Gamma-ray Burst
Monitor (GBM) and the Large Area Telescope
(LAT) (9). The GBM consists of 12 sodium
iodide (NaI) detectors, which cover the energy
band between 8 keV and 1 MeV, and two bis-
muth germanate (BGO) scintillators, which are
for the energy band between 150 keV and 40
MeV. The LAT is a pair conversion telescope
with the energy coverage from below 20 MeV to
more than 300 GeV (supporting online text). In
this paper, we report detailed measurements of
gamma-ray emission from the GRB 080916C
detected by the GBM and LAT.

Observations. At 00:12:45.613542 UT (T0)
on 16 September 2008 the GBM flight software
triggered on GRB 080916C. The GRB produced
large signals in 9 of the 12 NaI detectors and
in one of the two BGO detectors. Analysis of
the data on the ground localized the burst to a
right ascension (RA) = 08h07m12s, declination

*The full list of authors and affiliations is presented at the
end of this paper.

Fig. 1. Light curves for GRB 080916C
observed with the GBM and the LAT,
from lowest to highest energies. The
energy ranges for the top two graphs
are chosen to avoid overlap. The top
three graphs represent the background-
subtracted light curves for the NaI, the
BGO, and the LAT. The top graph shows
the sum of the counts, in the 8- to 260-
keV energy band, of two NaI detectors
(3 and 4). The second is the corre-
sponding plot for BGO detector 0,
between 260 keV and 5MeV. The third
shows all LAT events passing the
onboard event filter for gamma-rays.
(Insets) Views of the first 15 s from
the trigger time. In all cases, the bin
width is 0.5 s; the per-second counting
rate is reported on the right for
convenience.
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Active Galactic Nuclei
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jet: relativistic hot, 
magnetized plasma
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 blue light: 
synchrotron radiation 
from HE electrons 

supermassive 
black hole
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Beyond the standard model (of astro & particle physics)
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everything discussed until now is 
background 

(but necessary to understand if 
we want to find physics beyond 

the standard model) 



Dark matter searches
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replace 𝜚2 by 𝜚

annihilation



Galactic Centre 
(largest J-factor)

Milky Way 
Halo

dark 
satellites

isotropic flux and anisotropies

Hütten 2014
+line searches

Dark matter searches
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Dark matter searches
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annihilation
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Complementary of searches 
(PMSSM)

neutralino mass-scaled spin-
independent cross section plane 

excluded by Xenon 1-ton

Cahill-Rowley et al 2013



Axion-like particle searches
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Coupling of photons to axion-like  
particles (ALPs): 

ALPs: coupling strength and mass are  
independent parameters

Oscillations between ALPs and photons 
in external magnetic field for photons  
above critical energy:

m = 20 neV, gγα = 10-10 GeV-1:  
EC ~ 100 GeV 

(Θ: angle between photon direction  
and magnetic field)



Axion-like particle searches with CTA

Gernot Maier   
DESY Seminar |  28.2/1.3 2017 41

M
ey

er
 &

 C
on

ra
d 

20
14

Figure 2. Simulated spectra for the blazars selected in section 3 for ⌧ > 1 with ALPs (black
bullets and solid lines) and without (red bullets and dashed lines). The ALP parameters are set
to mneV = 12.2, g11 = 4.3. The envelope shapes show the uncertainty of the determined intrinsic
spectrum (1� fit uncertainty). Observed spectra are shown as blue squares.

set [93]. The likelihood L in the i-th energy bin is given as the product of the Poissonian
probability mass functions of the events from the ON and OFF region,

L(µi, bi;↵|NON,i, NOFF,i) = Pois(NON,i|µi + bi) Pois(NOFF,i|bi/↵). (4.4)

For an Asimov data set the number of counts is equal to the expected value, NON = µ+b and
NOFF = b/↵ in each energy bin, making the expected values µ and b the maximum likelihood
estimators. The sensitivity to exclude the hypothesis of having no photon-ALP mixing (µ̃ =
µ(ga� = 0)) given an observation including an ALP contribution is then evaluated with the
test statistic

TSA = �2
X

i,j
⌧(Ei,zj)> 2
Sij > 2�

ln

0

@L(µ̃ij ,
bb
bij(µ̃ij);↵|µij + bij , bij/↵)

L(µij , bij ;↵|µij + bij , bij/↵)

1

A
. (4.5)

The sum runs over all sources j = 1, . . . , 4 and energy bins i that are detected with a
significance above 2� (using eq. (17) of ref. [94]) and for which the central energy Ei fulfils
⌧(Ei, zj) > 2. Bins with a lower significance will be joined and included if their combined

– 11 –

Current results 
CTA (with ALPS) 
CTA (without ALPS)
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Current results 
CTA (with ALPS) 
CTA (without ALPS)

Figure 5. Sensitivity at the 3 and 5� level for the Q = 0.5 quantile compared to sensitivities of
other future experiments (light green regions), limits (red regions), and theoretically preferred regions
(black and grey lines and regions) in the ALP parameter space (see the review of, e.g., ref. [108] and
references therein; additionally the results of the refs. [6, 12, 91, 109] are added).

observed it can be tested with the future dedicated ALP experiments ALPS II [106] and
IAXO [107]. The sensitivity derived here is compatible with the findings of ref. [65] where it
was proposed to search for a correlation between AGN position and spectral hardening due
to the conversion of ALPs into photons in the GMF.

6 Assessment of model assumptions

The influence of the di↵erent model assumptions and the uncertainty of the absolute energy
scale on the final sensitivity is discussed in the following and we provide a list of further AGN
candidates to search for photon-ALP oscillations.

6.1 Magnetic fields at the source

The authors of ref. [40] find a strong dependence of the TSA values on the magnetic-field
strength, as well as on the degree of turbulence of the B-field spectrum in the galaxy cluster
and lobe scenario (characterised by the power-law index q and the minimum and maximum
turbulence wave numbers kL and kH for the gaussian turbulent field, as well as the coherence
length Lcoh for the cell-like field, respectively). The turbulence spectrum adopted here for
1ES 0229+200 and PG1553+113 can be regarded as conservative, since q values above the
Kolmogorov turbulence index result in a reduced ALP production in the cluster B field

– 15 –

Note large uncertainties from unknown 
intrinsic source spectra and not well measured 
magnetic field properties

Meyer & Conrad 2014
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Summary: Major science questions for CTA

> Cosmic Particle Acceleration 

> Probing Extreme Environments 

> Beyond the standard model
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LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded
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