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Atmospheric Cherenkov Telescopes

• pair-production detector: detects charged particle events as well 
as gamma rays

• can identify cosmic-ray electron and positron events; in general 
cannot determine charge on an event-by-event basis*
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Image credit: H.E.S.S. Collaboration
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The Cherenkov Telescope Array
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Image credit: CTA Collaboration

• next-generation gamma-ray observatory 
with > 100 telescopes

• open observatory

• designed to operate for 30 years

• Northern and Southern sites

• Southern: in Chile, near Paranal

• Northern: La Palma, Canary 
Islands, Spain

• 31 nations, ~ €297M (construction costs)
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The Cherenkov Telescope Array
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Image credit: CTA Collaboration

• CTA Southern Site (area covered by the 
array of telescopes: ~4 km2): 

• 4 large-size telescopes

• 24 medium-size telescopes

• 72 small-size telescopes

• CTA Northern Site (area covered by the 
array of telescopes: ~0.4 km2): 

• 4 large-size telescopes 

• 15 medium-size telescopes

Array configuration assumed for 
results shown here:

detailed expected performance information at
https://portal.cta-observatory.org/CTA_Observatory/performance/SitePages/Home.aspx

https://portal.cta-observatory.org/CTA_Observatory/performance/SitePages/Home.aspx
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Current and future capabilities
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Courtesy of CTA Consortium 2015

1. Introduction to CTA Science 1.1 Key Characteristics & Capabilities
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top: dif-
ferential flux sensitivity for five independent five standard deviation detections per decade in energy. Additional
criteria applied are to require at least ten detected gamma-rays per energy bin and a signal/noise ratio of at
least 1/20. Bottom: angular resolution expressed as the 80% containment radius of reconstructed gamma rays
(the resolution for CTA North is similar).

CTA Construction Project
Science Case
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angular resolution (80% containment radius)
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sensitivity vs energy
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IACTs vs Fermi LAT

• IACTs have a large irreducible cosmic-ray background 
whereas the LAT can reject charged CRs at high efficiency

➡ this is a major challenge for searches for extended 
signals, such as dark matter annihilation in the Inner 
Galaxy

7
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Anomalies!
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Credit: Jester @ http://resonaances.blogspot.com

http://resonaances.blogspot.com
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Anomalies!
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Credit: Jester @ http://resonaances.blogspot.com

indirect detection

http://resonaances.blogspot.com
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Anomalies!

8

Credit: Jester @ http://resonaances.blogspot.com

indirect detection

CTA

http://resonaances.blogspot.com
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Dark matter search targets for CTA
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Image credit: NASA

The Galactic halo Milky Way satellites

The Large Magellanic Cloud

Draco.  Image credit: J. Moore et al. 2012

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

Image credit: JG 2008
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Galactic halo projected sensitivity
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Carr et al. 2015 (CTA Consortium)

Prospects for Indirect Dark Matter Searches with CTA                                                                     J. Carr 
_________________________________________________________________________________________________________________________________________________________________________________________________________________ 
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integration over the inner halo, while yielding a large signal, gives a very large 
instrumental background from misidentified charged cosmic rays. Further, there are 
astrophysical backgrounds from various sources which must be understood, even with 
the very central region excluded from the analysis. It is believed that the disadvantages 
of the MW target can be overcome with sufficient experimental effort to control 
systematic effects in background subtraction or modelling. VHE standard astrophysical 
processes have steeper spectra than the expected DM-induced gamma-ray continuum 
emission. Given the wealth of other high energy emitters expected in this region, the 
search for a DM component requires a very deep exposure to enable detection and 
detailed spectro-morphological studies; a deep understanding of the instrumental and 
observational systematics; and accurate measurements of other astrophysical emission 
in the region to be able to reduce at best contamination to the DM signal. A deep 
exposure for the Galactic Centre observation will provide the means for an in-depth 
study and better understanding of the astrophysical emissions in this region.  

 

  
Figure1. Left: Sensitivity for  σ v from observation on the Galactic Halo with Einsasto dark matter 
profile and for different annihilation modes as indicated. Right: for cuspy (NFW, Einasto) and cored 
(Burkert) dark matter halo profiles. For both plots only statistical errors are taken into account. The 
dashed horizontal lines indicate the level of the thermal cross-section of 3 × 10−26 cm3 s−1. 
 

Stellar dynamics in the Milky Way is dominated by the gravitational potential of 
baryons up to the kpc scale and the DM density distribution in the inner kpc region can 
thus be accommodated by both cuspy profiles e. g. Navarro, Frenk and White (NFW) 
[14], Einasto [15] and cored profiles e. g. Burkert [16]. Important efforts are ongoing to 
accurately simulate baryon impact on the DM distribution in the central region of 
galaxies.  With rapid progress being made in the field, a more comprehensive picture for 
the central region of the Milky Way is expected by the time of CTA observations with 
reduced theoretical uncertainties on the DM distribution. Although the observation 
strategy may substantially differ for a kpc-size core profile compared to a cuspy profile, 
the detection of a DM signal and the detailed study of its morphology would help to 
resolve this important question.  

The Galactic Halo observations will be taken with multiple grid pointings with 
offsets from the GC position of about ±1.3° to cover the central 4° around the GC as 
uniformly as possible. This observation strategy defined explicitly to search for DM will 

500h, Einasto, different channels 500h, bb, different profiles

(statistical errors only)
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LMC projected sensitivity

11

340h
200 GeV threshold
different profiles 

and channels

(statistical errors only)

LARGE MAGELLANIC CLOUD

10/15J. Carr, ICRC 2015

Courtesy of CTA Consortium 2015
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Satellites projected sensitivity

12

Carr et al. 2015 (CTA Consortium)

500h, Sculptor, different channels 500h, bb, different dSph

(statistical errors only)

Prospects for Indirect Dark Matter Searches with CTA                                                                     J. Carr 
_________________________________________________________________________________________________________________________________________________________________________________________________________________ 
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require 525 hours to probe cuspy profile DM distributions and the thermal annihilation 
cross-section. In the CTA Galactic Centre Key Science Programme a further 300 hours 
are proposed for astrophysics covering up to latitudes 10° from the GC and data are also 
expected from the extragalactic surveys. These observations should be done in the first 
three years of CTA operation with high priority. 

The sensitivity predictions for observations in the Galactic Halo are shown in 
Figure 1. The left plot shows the sensitivity for different annihilation modes (99:, τ+τ−, 
W+W−, ,,̅) and the right plot for various dark matter halo profiles satisfying stellar 
dynamics as indicated in the caption. 

3.2 Dwarf Spheroidal Galaxies  
The dwarf spheroidal galaxies (dSphs) of the Local Group could give a clear and 

unambiguous detection of dark matter [17]. 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. Being 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 DM signal easier 
compared to the Galactic Centre or LMC. Further, the J-factors integrated over the small 
source have less dependence on the DM profile assumed than the extended sources. 
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.  

 
 

Figure 2. Left: Sensitivity for σ v from observation on the classical dwarf galaxy Sculptor for different 
annihilation modes as indicated. Right: Sensitivity for 500 h observation on the classical dSphs Draco 
and Sculptor, and the ultra-faint dwarf galaxies Segue 1 and Coma Berenices as indicated. Dashed lines 
correspond to ±1σ on the J-factors. Sensitivity is computed assuming the	99< annihilation mode and 
statistical errors only are taken into account.  

 
Due to the larger available sample of spectroscopically measured stars, the 

classical dwarf galaxies such as Draco, Ursa Minor, Carina, and Fornax have the 
significantly smaller uncertainties on the J-factor than the ultra-faint dwarf galaxies 
[17]. However several of the ultra-faint galaxies (e.g. Segue 1, Ursa Major II, and 
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Comparison of targets

13

Carr et al. 2015 (CTA Consortium)

500h, WW / bb, different targets

(statistical errors only)

SENSITIVITY OF MAIN TARGETS

12/15J. Carr, ICRC 2015

• For Galactic Halo with 
cuspy profile CTA can 
probe below thermal 
cross-section

• Systematics must be 
controlled to attain 
statistically possible 
sensitivity

CTA Halo/Sculptor: 
30 GeV threshold

CTA LMC: 200 GeV 
threshold

CTA (WW)
Fermi
(bb)

HESS
(bb)

SYSTEMATICS MUST BE 
CONTROLLED EXTREMELY 

WELL TO ACHIEVE 
STATISTICALLY-POSSIBLE 

SENSITIVITY
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Spectral information

14

Galactic halo, 500h, NFW profile
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Pierre, JG, & Scott, 2014

using full spectral 
information in analysis 
improves sensitivity at 
moderate/high dark 

matter masses

(now included in 
recent CTA projections 

shown here)
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Morphological information

15

Galactic halo, 100h, comparison of analyses

Silverwood et al. 2014

using full morphological 
information (as 

opposed to simple 
ON-OFF techniques) 
in analysis improves 

sensitivity

(under study for 
implementation in 

future CTA analyses)
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HESS GC

Fermi-LAT dSph

Doro et al. 2013, CTA

Wood et al. 2013, CTA

Pierre et al. 2014, CTA

Figure 6. Upper limits on the DM annihilation cross section using the previous Ring method (green)
and our morphological analysis (red), assuming 100 hr of observation of the GC. The thick solid
green and red lines are our baseline estimates of the limits attainable using the two analysis meth-
ods, assuming di↵erential acceptance uncertainties of 1% and including GDE. The red dashed and
dot-dashed lines show the limits produced in the morphological analysis assuming 3% and 0.3% sys-
tematics, respectively. Also shown are current limits on the DM annihilation cross section (thin solid
lines; Fermi -LAT dwarf analysis in blue [29], HESS GC observations in pink [34]), as well as various
projected CTA limits (thin dotted lines; Doro et al. 2013 in black [36], Wood et al. 2013 in cyan
[37], and Pierre et al. 2014 in dark blue [38]). For the sake of comparison, the CTA projections are
rescaled to 100 hr observation time and our adopted Einasto profile.

reasonable range has a significant impact on the actual projected constraints.7

6.4 Projected cross-section limits

We now present our results in terms of limits on DM annihilation, in the common h�vi-vs-
mass plane, assuming DM annihilation into di↵erent final states with a branching ratio of
100%. First we provide some context by summarising the most relevant previous work.

In Fig. 6, we show existing experimental limits from the Fermi -LAT satellite [29] and
the HESS telescope [34], on DM annihilation into bb̄. In this figure, all limits from the
GC are rescaled to our baseline Einasto DM profile. Projected limits correspond to 100 hr
observation time for CTA. The Fermi -LAT limits reach the thermal cross section for DM

7Although we introduced the morphological analysis method primarily to improve limits in the presence
of the GDE, we also compared its performance to that of the Ring method in the case of no GDE and 0%
systematics. In this case the morphological analysis produces limits that are marginally better than those of
the Ring method. This is expected, as the smaller RoIs still provide an additional constraint on the spatial
distribution of the signal.

– 16 –

see also Lefranc et al. 2015 for impact of spectral and morphological analysis
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Summary

• CTA will improve dramatically on existing sensitivity to DM 
annihilation for a range of interesting DM masses

• for many annihilation channels CTA will test the canonical thermal 
relic annihilation cross section if the Galactic halo density profile is 
NFW/Einasto

• while less promising, the LMC and Milky Way satellite galaxies are 
complementary targets with different uncertainties

• understanding and controlling systematics will be key for interpreting 
a possible detection or placing constraints using any targets

16
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Additional slides

17
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Calculating indirect signals
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ANNIHILATION:

DECAY:

differential intensity = particle physics term “K” • astrophysics term “J”
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(for particles that propagate directly to the observer without deflection, 
attenuation, or secondary production)
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average of pair annihilation cross 
section times relative velocity
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Calculating indirect signals
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The multi-wavelength Inner Galaxy

19

Aharonian et al. 2006 

© 2006 Nature Publishing Group 

 

model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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energy resolution vs energy
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4. Dark Matter Programme 4.2 Strategy

Figure 4.8 – Comparison of allowed models from [59] for each the dominant modes: W+W�, bb̄, tt̄ and ⌧

+
⌧

�

in the four panels as indicated with the corresponding sensitivities as calculated in their paper. The colour code
shows the value of dominant branching fraction for each point (The stars mark the particular benchmark points
discussed in Ref. [59]).
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Figure 4.9 – Sensitivity of CTA to monochromatic gamma-ray signals from dark matter annihilation, with E
= M�, after 500 h of observation of a region with 1� radius around the Galactic Centre using an unbinned
likelihood analysis (blue line) and a differential sensitivity analysis (orange curve) assuming an Einasto profile.
For comparison, the currently best limits from Fermi [110] (black triangles) and H.E.S.S. [111] (red dots) are
also shown, along with the much discussed line-like feature at around 130 GeV [112, 113] (magenta star).
The dashed lines also show the mean upper-limits obtained in case of a Burkert profile. The natural scale for
monochromatic gamma-ray signal is highlighted as a black shaded area.

The search program selects dwarf galaxy targets on the basis of both their J-factors and relative J-factor
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4. Dark Matter Programme 4.3 Data Products

4.2.5 Summary of Targets

The Dark Matter Programme comprises ten years of observations dedicated to dark matter targets. The
calendar for the observations is shown in Tab. 4.1. The first three years are devoted to deep observations
to the Galactic Centre together with observation of the best ultra-faint dwarf galaxy. The observations
towards the Galactic Centre will represent an important achievement and the result, eagerly awaited by
the scientific community, is an expected deliverable of CTA.

Two different observation scenarios are considered depending on the outcome to the first three years of
Galactic Centre observations, e.g. whether there is a detection of a signal or not in the Galactic Centre
dataset:

• In case of a detection and a relatively high annihilation cross section (a few 10

�25 cm3s�1), the
schedule will focus the observation time on the ultra-faint dwarf galaxy with a high J-factor to probe
the annihilation cross section in a cleaner environment. Simultaneously, follow-up observations of
the Galactic halo would be scheduled to allow for in-depth study of the morphology of the dark
matter distribution. For a relatively small annihilation cross section (a few 10

�26 cm3s�1), the
following years will be devoted to follow-up observations of the Galactic Centre in order to double
at least the photon statistics to accurately characterise the faint detected signal.

• In case of no detection at the Galactic Centre, we will focus our observation time towards the best
target at that time, on e.g. an ultra-faint dwarf galaxy or dark clump target, from year 3 to 10. This
observation time will be devoted to provide long-standing legacy constraints.

Table 4.1 – Strategy for dark matter observations over ten years with CTA. The first three years are devoted
to the deep observation of the Galactic Centre (GC) together with the observation of the best ultra-faint dwarf
galaxy. In case of non-detection of the GC, observations starting in the fourth year focus on the most promising
target at that time to provide legacy constraints.

Year 1 2 3 4 5 6 7 8 9 10
Galactic halo 175 h 175 h 175 h
Segue 1 (or best) dSph 100 h 100 h 100 h

in case of detection at GC, large �v
Segue 1 (or best) dSph 150 h 150 h 150 h 150 h 150 h 150 h 150 h
Galactic halo 100 h 100 h 100 h 100 h 100 h 100 h 100 h

in case of detection at GC, small �v
Galactic halo 100 h 100 h 100 h 100 h 100 h 100 h 100 h

in case of no detection at GC
Best Target 100 h 100 h 100 h 100 h 100 h 100 h 100 h

4.3 Data Products

The following data products will be provided to the community:

• For each target: data-cubes (binned in the two spatial dimensions around the source and in en-
ergy) with the measured number of excess events over the background, together with the statistical
significance of the excesses.

• For each detected source: energy spectrum and surface brightness of the emission, with a binning
determined by its intensity and spatial extension.

• A model of diffuse VHE gamma-ray emission in the field-of-view of each target.

• For each target: the value of the likelihood function versus gamma-ray flux, in bins of energy,
following the prescription used in [83]. This information is sufficient to compute the total likelihood
(individually for each source or globally for all of them) for any given dark matter model.
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