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Figure 8: Different emission components. The top left panel shows an all-sky map of the main halo’s diffuse emission (averaged for different observer positions
and over azimuth), while the top right panel shows the emission from all resolved subhalos, from a random position on the Solar circle. The luminosities assigned to
each subhalo include their contribution for all unresolved (sub-)substructure. For simplicity and for better graphical reproduction they have been represented as point
sources that were smoothed with a Gaussian beam of 40arcmin. The bottom left panel gives the expected surface brightness from all unresolved subhalos down to the
free streaming limit, assuming a spherically symmetric halo. This is a very smooth component over the sky that dominates the total flux (its integrated flux is nearly
1.9 times the integrated flux from the main halo). Finally, the bottom right panel shows the total surface brightness from all components together. All maps show the
surface brightness in units of the main halo’s diffuse emission, and use the same mapping to color scale, except for the map of the resolved substructures, where the
scale extends to considerably fainter surface brightness. 

Sensitivity of the Cherenkov Telescope Array

to dark matter signals 
from the Inner Galaxy 
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Imaging Atmospheric Cherenkov Telescopes (IACTs)
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Image credit: H.E.S.S. Collaboration
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The Cherenkov Telescope Array (CTA)
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Image credit: CTA Collaboration

• array of many telescopes of various sizes to balance need for effective area while reducing 
energy threshold 

• relatively large FOV ~ 10 deg (current ACTs ~ 5 deg)

• will trigger as low as ~ few tens of GeV (compared to ~ 100 GeV for current ACTs)
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Current and future capabilities

4

LAT and CTA is the same at a given energy, the Fermi-LAT will be able to
do a better measurement of a source. While HAWC’s performance in these
quantities is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Figure 1 as differ-
ential sensitivity curves has not been provided by the HAWC collaboration
and indeed, it is not the relevant quantity for the aforementioned goals. In
the energy range at which this study is focused, HAWC is not competitive
with the Fermi-LAT and CTA except perhaps for the detection of very short
timescale transients such as GRBs.
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Figure 2: Left: Angular resolution for Fermi-LAT [29] and CTA [30]. H.E.S.S. [31] and
HAWC [32] are shown as examples for a current-generation IACT and for a next-generation
water Cherenkov detector. Also shown is the limiting angular resolution that could be
achieved if all Cherenkov photons emitted by the particle shower could be detected [33].
The CTA curve has not been optimized for angular resolution and enhanced analysis
techniques are expected to improve this curve. Right: Energy resolution for Fermi-LAT
and CTA. Shown is the 68% containment radius around the mean of the reconstructed
energy. It is evident that the energy resolution of Fermi-LAT in the overlapping energy
range is significantly better than the CTA resolution.

2. The SensitivityModel

The sensitivity of gamma-ray detectors is determined by three basic char-
acteristics: the effective collection area, residual background rate and angular
resolution, all of which are typically a strong function of gamma-ray energy.

5

Funk et al. 2012

(limit for IACTs)

NB: Fermi LAT effective area ~ 0.8 m2 vs ~ 106 m2 for CTA
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Credit: Sky & Telescope / Gregg Dinderman

Indirect dark matter signals
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Dark matter photon spectra

• “soft” channels: 
produce a continuum 
gamma-ray spectrum 
primarily from decay of 
neutral pions 

• “hard channels”: include 
final state radiation 
(FSR) associated with 
charged leptons in the 
final states

• direct annihilation to 
photons = line emission 
(γγ, Zγ)
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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Gamma-ray and neutrino indirect signals
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the Galactic center, in terms of DM annihilation. The dis-
covery of an EGRET source in the direction of Sgr A*
was in fact a potentially perfect signature of the existence
of particle DM, as thoroughly discussed in (Stecker 1988;
Bouquet et al. 1989; Berezinsky et al. 1994; Bergstrom
et al. 1998; Bertone et al. 2001; Cesarini et al. 2004;
Fornengo et al. 2004). However, it was subsequently real-
ized that the EGRET source could have been slightly offset
with respect to the position of Sgr A*, a circumstance clearly
at odds with a DM interpretation (Hooper and Dingus 2004).

Recently the gamma-ray telescope HESS has detected
a high energy source, spatially coincident within 1′ with
Sgr A* (Aharonian et al. 2004) and with a spectrum extend-
ing above 20 TeV. Although the spatial coincidence is much
more satisfactory than in the case of the EGRET source, the
“exotic” origin of the signal is hard to defend, since the im-
plied mass scale of the DM particle (well above 20 TeV,
to be consistent with the observed spectrum) appears to be
difficult to reconcile with the properties of commonly stud-
ied candidates, and the fact that the spectrum is a power-law,
then, points towards a standard astrophysical source (see e.g.
the discussion Profumo 2005). The galactic center, however,
remains an interesting target for GLAST, since it will ex-
plore a range of energies below the relatively high thresh-
old of HESS, where a DM signal could be hiding (Zahari-
jas and Hooper 2006). The recent claim that the profile of
large galaxies could be much more shallow than previously
thought (Mashchenko et al. 2006), should not discourage
further studies, especially in view of the possible enhance-
ment of the DM density due to interactions with the stellar
cusp observed at the Galactic center (Merritt et al. 2007).

The detection of a signal from the Galactic center would
be extremely interesting, but can it prove the existence of
DM? Realistically, one may hope to observe, at most, a
“bump” above the background. Without peculiar spectral
features it would be hard to claim discovery of DM, unless
a fit of the spectrum points towards a mass compatible with
the eventual findings of new physics searches at accelera-
tors. Figure 1 illustrates the difficulties associated with the
unambiguous identification of a DM signal. Any excess, at
any energy, could in principle be explained in terms of DM
particles with appropriate properties: the normalization of
the flux can be adjusted by changing the distribution of DM
particles, the energy scale can be varied over several orders
of magnitude, taking advantage of our ignorance on the DM
mass scale; even the slope can be modified, since different
annihilation channels lead to different spectra.

This doesn’t mean that the tentative identifications pre-
sented above are ruled-out: the signature of DM could have
been already found in one or several sets of data, and all
the above claims should be taken seriously and further in-
vestigated without prejudice, especially in view of the fact
that we don’t know what DM is! However, it is important to

Fig. 1 The problem with indirect searches: the lack of constraints on
the mass scale, the profile and the leading annihilation channel, leads
to uncertainties on the energy scale and on the spectrum normalization
and shape respectively

look for clear smoking-gun of DM annihilation, and study
theoretical scenarios with unambiguous signatures that can
be tested with present and future experiments. To this aim,
we summarize in the next section some recently proposed
ideas that go precisely in this direction, and that may shed
new light on the nature of particle DM.

4 New strategies

Before starting the discussion of new strategies for the un-
ambiguous detection of DM, we recall the first, and more
clear signature that one may hope to detect: distinctive spec-
tral features, and in particular annihilation lines. This has
been discussed thoroughly in literature, and although it ap-
pears unlikely that commonly discussed candidates such as
the supersymmetric neutralino, possess prominent enough
feature to be detected with current or upcoming experi-
ments, it is probably good to keep this possibility in mind,
and to search future gamma-data for signatures of this kind.

4.1 Gamma-ray background

Although most searches have focused on the identification
of point-sources associated with regions where DM accumu-
lates, it is interesting to ask what the gamma-ray background
produced by the annihilations of DM in all structures, at any
redshift, would be. The first calculation of this type was per-
formed in (Bergstrom et al. 2001), and then further studied
in (Taylor and Silk 2003; Ullio et al. 2002). The annihilation
background can be expressed as

Φ(E) = Ω2
DMρ2

c

8πH0

σv

m2
χ

∫ zmax

0
dz

∆2

h(z)
N(E′) (3)

Bertone 2007

Indirect dark matter signals

8

K =
N�h�vi
2m2

�

K =
N�h�vi
2m2

�

K =
N�h�vi
2m2

�

I( ) =
K

4⇡

Z

los

ds ⇢2(s, )



Aspen Winter Conference | January 21, 2014J. Siegal-Gaskins

Dark matter signals from the Inner Galaxy
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Pierre, JSG, & Scott, in prep
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Dark matter signals from the Inner Galaxy
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Pierre, JSG, & Scott, in prep
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CTA search for dark matter signals
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IACTs use “on-off” methods to 
search for signals due to large 
irreducible cosmic-ray electron 

background
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Detecting a Galactic Center DM signal with CTA
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10�1 100 101

100

102

104

106

 

 
2

�
5

�
1

�
�
�
�

10�3 10�2 10�1 100 101
10�3

10�2

10�1

100

101

102

103

104

105

106

r�

r

⇢ �
�
3

�
�
�
�

Density profile

Pierre, JSG, & Scott, in prep

• flatter density profiles favored by some observational data and in some 
DM models (e.g., SIDM) could present a challenge for CTA

• Ring Method sensitive to the difference in the signal (per solid angle) in 
the ON vs OFF region -- flatter profiles harder to detect
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Density profile dependence of sensitivity
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500h, annihilation to !+!#
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Optimizing the search regions
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Pierre, JSG, & Scott, in prep

102 103
10�25

10�24

10�23

� = 0.5

m�

h�
vi

3
�
1

r1 = 0.20� rcut = 1.29�
r1 = 0.60� rcut = 1.29�
r1 = 0.44� rcut = 1.29�
r1 = 0.44� rcut = 1�
r1 = 0.44� rcut = 1.5�

102 103
10�27

10�26

10�25

� = 1

m�

h�
vi

3
�
1

r1 = 0.20� rcut = 1.29�
r1 = 0.60� rcut = 1.29�
r1 = 0.44� rcut = 1.29�
r1 = 0.44� rcut = 1�
r1 = 0.44� rcut = 1.5�

102 103
10�28

10�27

10�26

� = 1.5

m�

h�
vi

3
�
1

r1 = 0.20� rcut = 1.29�
r1 = 0.60� rcut = 1.29�
r1 = 0.44� rcut = 1.29�
r1 = 0.44� rcut = 1�
r1 = 0.44� rcut = 1.5�

b

r1

r2

b1
rcut

GC

OFF

ON

NFWshallower steeper

vary these
parameters

sensitivity is not 
strongly dependent 
on search regions 
except for a very 
shallow profile



Aspen Winter Conference | January 21, 2014J. Siegal-Gaskins

Taking advantage of spectral information
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Differential observed counts spectrum
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Improvement from spectral analysis
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500h, NFW profile
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CTA sensitivity to dark matter annihilation
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500h, NFW profile
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CTA sensitivity to dark matter decay
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500h, decay to $+$#
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Multi-wavelength dark matter photon spectra

• secondary photon 
emission associated 
with charged particle 
final states: 

• inverse Compton 
scattering of 
starlight, CMB

• synchrotron due to 
propagation in 
magnetic fields

19

Regis & Ullio 2008

DM spectrum from the Galactic Center

In Fig. 14, we plot the IC spectra on CMB and starlight,
induced by WIMP-annihilations in the three benchmarks
models. It is shown for a typical angular resolution of the
current !-rays experiments, i.e. 10!5 sr. We are consider-
ing such a large field of view since the IC signals have an
angular shape which is significantly broader than the shape
of the eþ ! e! source function. We can intuitively under-
stand this feature from the fact that this emission comes
mostly in connection to the eþ ! e! with largest energy at
emission, and these in turn lose energy by synchrotron
losses much more efficiently close to the GC, where mag-
netic fields are the largest, than in the outskirts of the GC
region. It turns out that the angular shape for the equilib-
rium number density of high energy eþ ! e! is much
broader than the gamma-ray flux from "0 decays (which
is the same as for the source function), and, of course, even
more with respect to the shape of the synchrotron induced
x-ray flux. For this reason, although for the plot in Fig. 14
the intensity associated to the IC on CMB is larger than the
synchrotron intensity, when integrating over the angular
resolution of the Chandra detector, the trend is reversed,
and only in the case of constant magnetic field, with
synchrotron emission in the x-ray band essentially negli-
gible, comparing the IC flux to Sgr A# gives a tighter
constraint. Analogously to what we did in the case of radio
emission, it is worth checking whether data on a large field
of view could be relevant. We compare the IC signal to the
diffuse x-rays emission detected by the Chandra observ-
atory: In the 170 $ 170 map of [52], some regions are
selected and from them spectra of diffuse emission are
extracted, removing events near points source and filamen-
tary features. When combining constraints from different

frequencies in Figs. 15 and 16 below, we compute the level
of IC emission in such regions and extract upper bounds.
Similar arguments apply for the IC on starlight and the

!-ray limits. Indeed for what concerns bounds associated
to the pointlike source detected by Egret at the GC (ac-
tually its position is controversial, see the next section), the
limit associated to "0 decay is more constraining than the
IC limit. This is not true in general for the diffuse emission
on the whole GC region, however, we do not find any
region in the parameter space in which tighter limits
come in connection to this component. Note that the as-
sumption we made on radial profile and energy spectrum
for the starlight background are rather crude, and may
deserve further study; refining them may lead to a slightly
different conclusion, but it is unlikely that the general
picture would be affected.

C. The emission from !0 decays and the "-ray band

Recently, observations by atmospheric Cherenkov tele-
scopes detected a gamma-ray source in the direction of the
Galactic center. In particular the HESS collaboration
[17,27] has obtained an accurate measurement of the spec-
trum of the source as a single power law in the energy
range between 160 GeVand a few tens of TeV, making the
interpretation of the signal in terms of WIMP DM pair
annihilations rather unlikely. HESS has found evidence for
a GC pointlike source, namely, a source with an extension
smaller than its PSF ¼ 0:1& and position compatible with
Sgr A#, on top a diffuse !-ray component [55]. In the case
of cuspy dark matter halo profiles, one needs to compare
against the central source only; the shallower the profile,
the more efficient it becomes to extend the analysis and
include the GC ridge as well (see, e.g., the discussion in
[28]). The resulting limits for the benchmark profiles are
plotted in Figs. 15 and 16.
The EGRET telescope mapped the GC in the energy

range 30MeV–10 GeV [53], detecting a flux within 1.5& of
the GC. A few hypothesis for interpreting this flux in terms
of a standard astrophysical source have been formulated;
its spectral shape is even compatible with a component
from WIMP DM annihilations [19]. On the other hand, the
poor angular resolution of EGRET does not allow for a
univocal identification of the source. In Ref. [20], using
only energy bins above 1 GeV and a spatially unbinned
maximum likelihood analysis, the authors argue that the
Galactic center is excluded as the position of the source at
99.9% and the maximum likelihood location is at l ¼ 0:19,
b ¼ !0:08. Thus they derive upper limits on the !-rays
flux from DM annihilations under the condition of no
evidence of a point source at the GC. Whether this is the
correct approach is still under debate and only GLASTwill
give a definitive answer. We derive more conservative but
robust limits comparing with the EGRET source; would
one follow the line of [20], the limits would be improved
up to about a factor of 10. Except for very light WIMPs, the
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FIG. 14 (color online). x-ray to !-ray emissions induced by
DM annihilations for the benchmark models B1, B2, and B3. All
the four mechanisms of photon spectrum production considered
in the paper give sizable signals. The flux intensities are inte-
grated over a solid angle of 10!5 sr. The level of the diffuse
emission detected by Chandra is also shown (black line).

MARCO REGIS AND PIERO ULLIO PHYSICAL REVIEW D 78, 043505 (2008)

043505-18



Aspen Winter Conference | January 21, 2014J. Siegal-Gaskins

The multi-wavelength Inner Galaxy

20

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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Looking forward

• CTA will provide new, strong sensitivity to dark matter signals, especially at high 
WIMP masses, for canonical DM density profiles

• spectral analysis is important for improved sensitivity to channels with 
hard spectra

• CTA will be able to test the DM interpretation of the cosmic-ray 
excesses

• NB: for interpreting non-detections, need to better understand DM 
density profiles (e.g., using simulations, lensing, and kinematics)

• Multi-wavelength studies of DM, astrophysical populations, and diffuse emission 
from the Inner Galaxy will yield complementary information about possible DM 
signals

21


