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Gamma rays

atmosphere is not 
transparent to 
gamma rays

satellites

or ground based: 
i) Imaging Atmospheric Cherenkov Telescopes  

EGRET 
1991-2001

Fermi LAT 
2008- 

WHIPPLE 10m (1968-2013) - the beginning of gamma ray astronomy 
H.E.S.S. (2002 - ), MAGIC (2004 - ), VERITAS (2007 - )

MILAGRO (2001-2008) 

HAWC (2013 - )

ii) Air shower arrays (‘with buckets of water’)
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(AGILE 
2007-) 

H.E.S.S.



Future 
CTA - one of the biggest projects in high energy astrophysics
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CTA Key Science Projects

Adapted from  W. Hofmann!Adapted from W. Hofmann!
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Instrument response functions at: https://portal.cta-observatory.org/Pages/CTA-Performance.aspx 
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Air Shower Viewed  
with Many Telescopes 

Angular	resolu&on		
versus	#	of	images	

angular resolution
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Further optimization of event selection can improve!
the angular resolution !
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over a period of several years. 
Estimates the observational times 
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1. Introduction to CTA Science 1.2 Overview of CTA Science Themes

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 a dark matter
induced photon spectrum.

By observing the region around the Galactic Centre and by adopting dedicated observational strate-
gies (see Chapter 5 and Figure 1.8), 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 con-
straints from Fermi-LAT on dark matter lighter than a few hundred GeV, this will seriously constrain the
WIMP paradigm for CDM in the case of non-detection. Models with a large photon yield from dark mat-
ter annihilation will be constrained to even smaller cross-sections. In conclusion, the WIMP paradigm,
either through detection or non-detection will be significantly impacted upon during the first years of
operation of CTA. Additional targets, including Milky Way satellites (see Chapters 4 and 7) complement
the primary GC observation, with considerable scope for Guest Observer observations.

If signatures of dark matter do appear in direct-detection experiments or at the LHC, gamma-ray ob-
servations will provide a complementary approach to identify dark matter, while the typical cutoff of the
energy spectrum will allow for a precise mass determination. If such experiments do not detect dark
matter, as may be the case for sufficiently heavy dark matter candidates, CTA may be the only way to
look for such particles over the next decade.
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Figure 1.8 – CTA sensitivity to a WIMP annihilation signature as a function of WIMP mass, for nominal param-
eters 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.
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Estimated DM sensitivity in different 
targets. 
Sensitivity at the thermal cross section 
level might be reached for the Galactic 
Center ‘halo’.  
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Focusing on the GC
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of 17Galactic diffuse emission with CTAL. Tibaldo

1) Galactic gamma-ray diffuse emission

3
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Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV 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. The color scale is logarithmic and the units
are counts per (0.1 deg)2.
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Galactic plane > 50 GeV (Fermi-LAT collab 2016 ApJS 222 5)

diffuse emission = sky - individual sources

interstellar emission unresolved sources
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Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV 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. The color scale is logarithmic and the units
are counts per (0.1 deg)2.
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residual CR backgrounds?

+ Extended/diffuse emission: 90% of the LAT photons! 

cosmic rays    +          interstellar medium    →    secondary gamma ray emission
many parameters: distribution of sources, magnetic fields, gas, injection spectra...

The Fermi skyThe interstellar gamma-ray emission in the Milky Way is produced by cosmic rays 
interacting with the interstellar gas and radiation field and carries information on 
the acceleration, distribution, and propagation of cosmic rays. 
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+ unresolved point sources? 
+ residual CR backgrounds 
(dominant for IACTs)

- Galactic diffuse emission (GDE) - Fermi bubbles



CTA analysis and DM limits
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Challenges:
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Figure 2. Background fluxes relevant for our analysis. Isotropic CR backgrounds are shown in black:
protons with an assumed cut e ciency of ⌅p = 10�2 (black dotted), electrons (black dashed), and
total isotropic CR backgrounds (black solid). Galactic di⌃use emission (GDE) is shown in red, and
an example spectrum of DM annihilating to gamma-rays via bb̄ is shown in green. We give the DM
and GDE curves for the ON and OFF regions defined in the Ring Method, as described in Section 3.
Beyond 500GeV, we extrapolate the GDE spectrum using a simple power law.

4.2 Di↵use gamma-ray background

In 2006 the HESS telescope discovered di⌃use gamma-ray emission from the GC at energies
of 0.2–20TeV [53]. The emission was found to be correlated with molecular clouds in the
central 200 pc of the Milky Way, and is confined to Galactic latitudes |b| < 0.3� and longitudes
|⇠| < 0.8�. The spectrum suggests a hadronic origin. The absence of evidence for di⌃use
emission outside this window strongly influenced the choice of search regions for DM signals
in previous analyses [34, 36].

Below 100GeV, the GDE has been measured extremely well by the Fermi -LAT [54].
At these energies, it is expected to be dominated by ⌥0 decay from proton-proton interaction
and bremsstrahlung. Di⌃use gamma rays below 100GeV are an important background in
searches for TeV-scale DM, particularly with CTA, which will have an energy threshold of
tens of GeV.

To estimate the amount of GDE in di⌃erent sky regions, and to study its impact on
DM searches at the GC, we adopt the P7V6 GDE model by the LAT team. This model
extends up to 500GeV, above which we use a simple power-law extrapolation.5 We leave
a more detailed study of prospects for a combined CTA + Fermi -LAT di⌃use analysis for

5This is not relevant to our discussion except at very high DM masses, close to 10TeV. See http://fermi.
gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html for details on the BG model.

– 8 –

CR background
GDE

DM (thermal)

[Silverwood+, JCAP (2015)]
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gions in the FoV of the observation. Fig. 2 visualizes
details of the method, which is an evolution of the stan-
dard reflected background technique [28] adjusted for this
particular analysis. By construction, background regions
are located further away from the GC than the source
region. This is an important aspect, since, unavoidably,
a certain amount of DM annihilation events would be
recorded in the background regions, too, reducing a po-
tential excess signal obtained in the source region. For
the NFW and Einasto profiles, the expected DM annihi-
lation flux is thus smaller in the background regions than
in the source region (cf. Fig. 1), making the measurement
of a residual annihilation flux possible. Note, however,
that for an isothermal halo profile, the signal would be
completely subtracted. As far as the background from
Galactic diffuse emission is concerned, its predicted flux
[29] is significantly below the current analysis sensitivity,
thus its contribution is not further considered in the anal-
ysis. In any case, since its intensity is believed to drop
as a function of Galactic latitude, γ-rays from Galactic
diffuse emission would be part of a potential signal, and
therefore lead to more conservative results for the upper
limits derived in this analysis.

RESULTS

Using zenith angle-, energy- and offset-dependent ef-
fective collection areas from γ-ray simulations, flux spec-
tra shown in Fig. 3 are calculated from the number of
events recorded in the source and background regions2. It
should be stressed that these spectra consist of γ-ray-like
cosmic-ray background events. Both source and back-
ground spectra agree well within the errors, resulting in
a null measurement for a potential DM annihilation sig-
nal, from which upper limits on ⟨σv⟩ can be determined.
The mean astrophysical factors J̄src and J̄bg are calcu-

lated for the source and background regions, respectively.
The density profiles are normalized to the local DM den-
sity ρ0 = 0.39 GeV/cm3 [26]. Assuming an Einasto pro-
file, J̄src = 3142×ρ2E×dE and J̄bg = 1535×ρ2E×dE, where
ρE = 0.3 GeV/cm3 is the conventional value for the local
DM density and dE = 8.5 kpc the distance of Earth to
the GC. For a NFW profile, J̄src = 1604× ρ2E × dE and
J̄bg = 697×ρ2E×dE are obtained. This means that for an
assumed Einasto (NFW) profile, background subtraction
reduces the excess DM annihilation flux in the source re-
gion by 49 % (43 %), which is taken into account in the
upper limit calculation.
Under the assumption that DM particles annihi-

late into quark-antiquark pairs and using a generic

2 The background spectrum is rescaled by the ratio of the areas
covered by source and background regions (cf. also [28]).
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FIG. 2. Illustration of the cosmic ray background subtrac-
tion technique for a single telescope pointing position (de-
picted by the star). Note that this position is only one of the
several different pointing positions of the dataset. The DM
source region is the green area inside the black contours, cen-
tered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0.02◦ × 0.02◦ of the source region around the pointing posi-
tion by 90◦, 180◦, and 270◦. This choice guarantees similar
γ-ray detection efficiency in both the source and background
regions. As an example, pixels labeled 1 and 2 serve as back-
ground control regions for pixel 0. Pixel 3 is not considered
for background estimation because it is located in an excluded
region. Pixels in the source region, for which no background
pixels can be constructed, are not considered in the analysis
for this particular pointing position and are left blank.

parametrization for a continuum spectrum of γ-rays cre-
ated during the subsequent hadronization [30, 31], limits
on ⟨σv⟩ as a function of the DM particle mass are cal-
culated for both density profiles (see Fig. 4). These
limits are among the most sensitive so far at very high
energies, and in particular are the best for the Einasto
density profile, for which at ∼ 1 TeV values for ⟨σv⟩
above 3×10−25 cm3 s−1 are excluded. As expected from
the astrophysical factors, the limits for the Einasto pro-
file are better by a factor of two compared to those for
the NFW profile. Still, the current limits are one order
of magnitude above the region of the parameter space
where supersymmetric models provide a viable DM can-
didate (see Fig. 4). Apart from the assumed density
parametrizations and the shape of the γ-ray annihilation
spectrum, the limits can shift by 30% due to both the
uncertainty on the absolute flux measurement [27] and
the uncertainty of 15% on the absolute energy scale. For

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

for a given model. Similar studies can be found in Ref. [80, 100]. It can be seen that for models with
M� > 500 GeV CTA will be the only experiment able to probe the vast majority of models.

Similar studies have been carried out in the recent literature on the CTA sensitivity prospects towards
the Galactic Centre [101, 102, 99]. A careful examination of these works reveals differences in the dark
matter distribution modeling and/or in the sensitivity computation that significantly impact the expected
sensitivity. Among the differences are the instrument’s response functions together with the residual
background used for CTA and the dark matter distribution in the innermost kpc of the Galactic Center. A
description of the instrument response functions used for this study can be found in the Appendix.

The estimate of CTA sensitivity in the monochromatic line search is shown in Figure 4.9, where the data

Cherenkov Telescope Array
Science with CTA
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Work so far:

- GDE, either neglected or extrapolations 
of the Fermi diffuse model 
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09/12/2015 
Valentin Lefranc, Gamma Ray & 

Dark Matter, Obergurgl 16 

Analysis methodology 

1 

2 
3 

4 
5 

ROI number 

•  2D Likelihood approach 
– Spatial : sub ROIs  
•  Different morphologies 

of signal and background 
rates. 

– Spectral  
•  Different spectral 

features between signal 
and background 

b) Binned likelihood analysis in concentric rings

- ring-to-ring systematic uncertainty added 
in the likelihood. 

a) ON/OFF approach

[Abramowski+ , PRL106 (2011)]

‘ON’/signal region

Mask

‘OFF’/background measurement region



4

gions in the FoV of the observation. Fig. 2 visualizes
details of the method, which is an evolution of the stan-
dard reflected background technique [28] adjusted for this
particular analysis. By construction, background regions
are located further away from the GC than the source
region. This is an important aspect, since, unavoidably,
a certain amount of DM annihilation events would be
recorded in the background regions, too, reducing a po-
tential excess signal obtained in the source region. For
the NFW and Einasto profiles, the expected DM annihi-
lation flux is thus smaller in the background regions than
in the source region (cf. Fig. 1), making the measurement
of a residual annihilation flux possible. Note, however,
that for an isothermal halo profile, the signal would be
completely subtracted. As far as the background from
Galactic diffuse emission is concerned, its predicted flux
[29] is significantly below the current analysis sensitivity,
thus its contribution is not further considered in the anal-
ysis. In any case, since its intensity is believed to drop
as a function of Galactic latitude, γ-rays from Galactic
diffuse emission would be part of a potential signal, and
therefore lead to more conservative results for the upper
limits derived in this analysis.

RESULTS

Using zenith angle-, energy- and offset-dependent ef-
fective collection areas from γ-ray simulations, flux spec-
tra shown in Fig. 3 are calculated from the number of
events recorded in the source and background regions2. It
should be stressed that these spectra consist of γ-ray-like
cosmic-ray background events. Both source and back-
ground spectra agree well within the errors, resulting in
a null measurement for a potential DM annihilation sig-
nal, from which upper limits on ⟨σv⟩ can be determined.
The mean astrophysical factors J̄src and J̄bg are calcu-

lated for the source and background regions, respectively.
The density profiles are normalized to the local DM den-
sity ρ0 = 0.39 GeV/cm3 [26]. Assuming an Einasto pro-
file, J̄src = 3142×ρ2E×dE and J̄bg = 1535×ρ2E×dE, where
ρE = 0.3 GeV/cm3 is the conventional value for the local
DM density and dE = 8.5 kpc the distance of Earth to
the GC. For a NFW profile, J̄src = 1604× ρ2E × dE and
J̄bg = 697×ρ2E×dE are obtained. This means that for an
assumed Einasto (NFW) profile, background subtraction
reduces the excess DM annihilation flux in the source re-
gion by 49 % (43 %), which is taken into account in the
upper limit calculation.
Under the assumption that DM particles annihi-

late into quark-antiquark pairs and using a generic

2 The background spectrum is rescaled by the ratio of the areas
covered by source and background regions (cf. also [28]).
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FIG. 2. Illustration of the cosmic ray background subtrac-
tion technique for a single telescope pointing position (de-
picted by the star). Note that this position is only one of the
several different pointing positions of the dataset. The DM
source region is the green area inside the black contours, cen-
tered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0.02◦ × 0.02◦ of the source region around the pointing posi-
tion by 90◦, 180◦, and 270◦. This choice guarantees similar
γ-ray detection efficiency in both the source and background
regions. As an example, pixels labeled 1 and 2 serve as back-
ground control regions for pixel 0. Pixel 3 is not considered
for background estimation because it is located in an excluded
region. Pixels in the source region, for which no background
pixels can be constructed, are not considered in the analysis
for this particular pointing position and are left blank.

parametrization for a continuum spectrum of γ-rays cre-
ated during the subsequent hadronization [30, 31], limits
on ⟨σv⟩ as a function of the DM particle mass are cal-
culated for both density profiles (see Fig. 4). These
limits are among the most sensitive so far at very high
energies, and in particular are the best for the Einasto
density profile, for which at ∼ 1 TeV values for ⟨σv⟩
above 3×10−25 cm3 s−1 are excluded. As expected from
the astrophysical factors, the limits for the Einasto pro-
file are better by a factor of two compared to those for
the NFW profile. Still, the current limits are one order
of magnitude above the region of the parameter space
where supersymmetric models provide a viable DM can-
didate (see Fig. 4). Apart from the assumed density
parametrizations and the shape of the γ-ray annihilation
spectrum, the limits can shift by 30% due to both the
uncertainty on the absolute flux measurement [27] and
the uncertainty of 15% on the absolute energy scale. For
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4. Dark Matter Programme 4.2 Strategy
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lines approximate the level of the thermal cross-section of 3⇥ 10�26cm3s�1.
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Figure 4.7 – CTA sensitivity for h�vi on the Galactic halo for cupsy (NFW, Einasto) and cored (Burkert)
dark matter halo profiles. The sensitivities are plotted for 500 h observation, the bb̄ annihilation channel,
and for statistical errors only. The dashed horizontal lines indicate the level of the thermal cross-section of
3⇥ 10�26cm3s�1.

for a given model. Similar studies can be found in Ref. [80, 100]. It can be seen that for models with
M� > 500 GeV CTA will be the only experiment able to probe the vast majority of models.

Similar studies have been carried out in the recent literature on the CTA sensitivity prospects towards
the Galactic Centre [101, 102, 99]. A careful examination of these works reveals differences in the dark
matter distribution modeling and/or in the sensitivity computation that significantly impact the expected
sensitivity. Among the differences are the instrument’s response functions together with the residual
background used for CTA and the dark matter distribution in the innermost kpc of the Galactic Center. A
description of the instrument response functions used for this study can be found in the Appendix.

The estimate of CTA sensitivity in the monochromatic line search is shown in Figure 4.9, where the data

Cherenkov Telescope Array
Science with CTA
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Work so far:

- GDE, either neglected or extrapolations 
of the Fermi diffuse model 

[Lefranc+, Phys.Rev. D91 (2015)]

09/12/2015 
Valentin Lefranc, Gamma Ray & 

Dark Matter, Obergurgl 16 

Analysis methodology 

1 

2 
3 

4 
5 

ROI number 

•  2D Likelihood approach 
– Spatial : sub ROIs  
•  Different morphologies 

of signal and background 
rates. 

– Spectral  
•  Different spectral 

features between signal 
and background 

b) Binned likelihood analysis in concentric rings

- ring-to-ring systematic uncertainty added 
in the likelihood. 

a) ON/OFF approach

[Abramowski+ , PRL106 (2011)]

‘ON’/signal region

Mask

‘OFF’/background measurement region

see poster 242  

(M. Meyer)
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Ongoing studies Mock Data
Ctools v 1.4.2 
IRFs: prod 3 baseline south z20 50h 
Energy range: 30 GeV — 100 TeV 
Spatial binning: 0.5 deg /pixel, 5×5 Deg2 RoIs 
Spectral binning: 5 bins per decade 
Observing time: 500h 
Cosmic Ray (CR) 

Background 
Galactic Diffuse  

Emission (GDE =IEM)
Dark Matter (DM) 

Signal

- dedicated study on the impact of different GDE models

- Binned likelihood analysis, over the ‘pixelized ‘ ROI (Silverwood+, JCAP (2015))

- impact of (un-resolved) point sources

- optimization of the pixel size, mask etc

- …
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Di↵use cosmic rays shining in the Galactic center:
A novel interpretation of H.E.S.S. and Fermi-LAT �-ray data

D. Gaggero,1, ⇤ D. Grasso,2, † A. Marinelli,2, ‡ M. Taoso,3, § and A. Urbano4, ¶

1GRAPPA, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, Netherlands
2INFN Pisa and Pisa University, Largo B. Pontecorvo 3, I-56127 Pisa, Italy
3Instituto de F́ısica Teórica (IFT), UAM/CSIC, Cantoblanco, Madrid, Spain

4CERN, Theoretical Physics Department, Geneva, Switzerland

We present a novel interpretation of the �-ray di↵use emission measured by Fermi-LAT and
H.E.S.S. in the Galactic center (GC) region and the Galactic ridge (GR). In the first part we
perform a data-driven analysis based on PASS8 Fermi-LAT data: we extend down to few GeV the
spectra measured by H.E.S.S. and infer the primary cosmic-ray (CR) radial distribution between
0.1 and 3 TeV. In the second part we adopt a CR transport model based on a position-dependent
di↵usion coe�cient. Such behavior reproduces the radial dependence of the CR spectral index
recently inferred from the Fermi-LAT observations. We find that the bulk of the GR emission
can be naturally explained by the interaction of the di↵use steady-state Galactic CR sea with the
gas present in the Central Molecular Zone. Although our results leave room for a residual radial-
dependent emission associated with a central source, the relevance of the large-scale background
prevents from a solid evidence of a GC Pevatron.

INTRODUCTION

The High Energy Stereoscopic System (H.E.S.S.) col-
laboration recently reported the discovery of a �-ray dif-
fuse emission from a small region surrounding SgrA* [1].
The emission spectrum is compatible with a single power-
law with index �HESS16 = 2.32 ± 0.05stat ± 0.11sys and
extends up to ⇠ 50 TeV with no statistically significant
evidence of a cuto↵. If hadronic, as expected due to the
strong losses su↵ered by electrons in that region, that
emission may point to the presence of a proton popula-
tion with energies up to the PeV in the Galactic center
(GC).

On the basis of the angular profile of the emission, the
H.E.S.S. collaboration proposed the J1745-290 source as
its possible origin. This source is positionally compat-
ible with SgrA* supermassive black hole and with the
G 359.95-0.04 pulsar wind nebula. Although the ob-
served spectrum of HESS J1745-290 is suppressed above
⇠ 10 TeV, this might be explained by the attenuation
due to the presence of a dense radiation field around
that source (see e.g. [2]). Annihilating dark matter in
the halo central spike, or a peaked population of cosmic
rays (CRs) interacting with high concentrated gas in that
region, could also explain the J1745-290 emission. The
H.E.S.S. measurements has raised a wide interest as it
seems to provide the first evidence of a cosmic ray Peva-
tron in our Galaxy.

A �-ray di↵use emission was also measured by a pre-
vious H.E.S.S. observational campaign towards the so
called Galactic Ridge (GR) [3]. That emission approxi-
mately traces the gas distribution in the Central Molec-
ular Zone (CMZ) – a massive structure rich in molec-
ular gas that extends up to ⇠ 250 pc away from the
GC along the Galactic plane (GP). Its spectrum is com-
patible with a single power law with index �HESS06 =

2.29 ± 0.07stat ± 0.20sys, which, although observed only
up to ⇠ 10 TeV, is in agreement with what found in the
inner region surrounding SgrA*.
The spectra of the CR population that one can infer

from these data are significantly harder than the local CR
spectrum measured at the Earth position (�CR(r�) ' 2.7
for ECR > 300 GeV/nucleon see e.g. [4, 5]). Instead,
at lower energies, Fermi-LAT observations of the SgrB
complex in the CMZ suggest a CR spectrum similar to
the local one [6].
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FIG. 1. The �-ray spectrum in the GR region (|l| < 0.8�,
|b| < 0.3�). Fermi-LAT data, shown here for the first time,
and H.E.S.S. data from [3] are compared with the contribution
of the Galactic CR sea as computed with the gamma and base
models discussed in the text. The single power-law best fit of
the combined data is also reported. We have subtracted the
contribution of point sources from Fermi-LAT data.

The H.E.S.S. collaboration proposed that the discrep-
ancy could be the signature of a freshly accelerated CR
population, possibly originated by SgrA* or by other
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Challenge for CTA 
• incompleteness, e.g.,imprint of localized CR sources on small scales (proton 

escape time: 10 Myr at 1 TeV, 1 Myr at 1 PeV, electron cooling time: 500 kyr at 1 
TeV)

Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR 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. The inset shows the simulation of a point-like source. Right

panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.

7

‘conventional’ GDE models vs 
changing diffusion coefficient rigidity 
dependence in the inner galaxy

H.E.S.S., Nature March 2016
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Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR 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. The inset shows the simulation of a point-like source. Right

panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.

7

2

sources in the central parsec of the Galaxy.
The aim of this Letter is to estimate the contribution

of the CR large-scale population (hereafter the CR sea)
to the di↵use emission measured by H.E.S.S. and Fermi-
LAT in the GC region, and to provide a consistent inter-
pretation of those data. Di↵erently from previous com-
putations, we model the CR sea by relaxing the simpli-
fied hypothesis of a uniform spectral index in the Galaxy.
This approach is motivated by recent analyses of Fermi-
LAT data [8–10] showing that the �-ray di↵use emission
of the Galaxy, and hence the CR primary spectrum, gets
harder approaching the GC along the GP.

In [8] this behavior was interpreted in terms of a ra-
dial dependence of both the scaling of the CR di↵usion
coe�cient with rigidity, and the advection velocity. The
phenomenological model based on these ingredients re-
produces the Fermi-LAT data in most of the regions of
the sky, including the inner GP where conventional mod-
els provide an unsatisfactory fit [11]. Later, it was shown
[12] that the same scenario is in agreement with the high-
energy data as well, providing a viable solution to the
long-standing Milagro anomaly, i.e. an excess of the dif-
fuse emission in the inner GP at 15 TeV with respect
to the predictions of conventional models [13]. More-
over, this setting may also imply a significant Galactic
contribution to the astrophysical neutrino flux recently
measured by IceCube [12] (see also [14]).

Here we adopt the same scenario and, using a detailed
3D gas model for the CMZ region [15], compute the con-
tribution of the CR sea to the �-ray di↵use emission from
the GC region. We compare our results with 2006 and
2016 H.E.S.S. data and, for the first time in this context,
with Fermi-LAT PASS8 data for the same region. We
will show (see Fig. 1 and 2) that – above 10 GeV – this
contribution is significantly larger and harder than the
one estimated so far on the basis of conventional models.
Therefore we propose that a large fraction of the �-ray
emission measured by H.E.S.S. and Fermi-LAT near the
GC and in the whole GR is originated by the di↵use,
steady-state Galactic CR sea interacting with the mas-
sive molecular clouds in the CMZ.

FERMI-LAT DATA ANALYSIS

The Fermi-LAT collaboration recently released a new
set of data based on the PASS8 event reconstruction algo-
rithm [16]. In comparison to previous analyses, this ap-
proach yields a larger e↵ective area, hence more statistics
for the same observation time, as well as better energy
and angular resolutions. Such improved performances
are valuable in this context since they allow to improve
the morphological and spectral information of the emis-
sion in the small portion of the sky under scrutiny.

We extract Fermi-LAT data using the Fermi Science
Tools v10r0p5 [17]. We use 422 weeks of PASS8 data with
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FIG. 2. Same as Fig. 1 but for the pacman region defined in
the text.

the event class CLEAN and we apply the recommended
quality cuts: (DATA QUAL==1) && (LAT CONFIG==1).
Moreover events with zenith angles larger than 90� are
excluded. The exposure is computed using the Fermi-
LAT response function P8REP2 CLEAN V6. The data are
binned in 30 energy bins equally spaced in log scale be-
tween 300 MeV and 300 GeV. The counts and the ex-
posure maps have been produced using the HEALPix pix-
elization scheme [18], with a resolution nside = 1024, cor-
responding to a pixel size of ⇠ 0.06�.

The emission from the point sources is obtained from
the 4-year Point Source Catalog (3FGL) provided by the
Fermi-LAT collaboration [19]. We also considered the
high-energy 2FHL catalog finding only one source in the
considered sky window, which is compatible with 3FGL
J1745.6-2859c at the GC. We model the point source
emission convolving the flux of each 3FGL source with
the point spread function (PSF) of the instrument, which
is derived using the gtpsf Fermi tool.

In Fig.s 1 and 2 we report the Fermi-LAT and H.E.S.S.
observations in the GR (|l| < 0.8�, |b| < 0.3�) and in the
region considered in [1], an open annulus centered on
SgrA* with ✓inner = 0.15� and ✓outer = 0.45�, (hereafter
the “pacman”). The improved statistics provided by the
PASS8 algorithm allows, for the first time, an overlap be-
tween Fermi-LAT and H.E.S.S. data around 200 GeV,
covering therefore the entire energy range between 0.3
GeV and 50 TeV. Noticeably, the two data sets are con-
sistent with a single power law both in the GR and the
pacman regions: The 95% C.L. single-power-law fits from
10 GeV to 10 TeV in the two regions are respectively:

�GR = 8.96+1.35
�1.39⇥10�9

✓
E�

1 TeV

◆
�2.49+0.09

�0.08 �
TeV cm2 s sr

�
�1

(1)

‘conventional’ GDE models vs 
changing diffusion coefficient rigidity 
dependence in the inner galaxy

H.E.S.S., Nature March 2016
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Fig. 11.— Close-up view of a region within 20� of the GC showing the Fermi-LAT count maps

integrated between 1.7 GeV and 50 GeV after subtracting the baseline interstellar model described

in section 7, excluding (top row) and including (bottom row) the point and extended sources from

a preliminary 3FGL list in the model. To reduce the emission contrast in latitude, we display the

residuals in fractional units (a), dividing the residuals by the model, and in units of standard devi-

ation (b), dividing the residuals by the square root of the model. In (d) we show the residual map

after the further subtraction of IEEE ; it contains structures smaller than the angular scale included

IEEE . The red dashed lines correspond to the catenary functions that reproduce approximately

the edge of the Fermi bubbles for latitudes below 20� (see text for details). We have smoothed the

four maps with a Gaussian of 1� FWHM.
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derivation of the bubbles template �cut = 1.8, 2.2. The largest e↵ect comes from the change in595

the soft components index nsoft = �2.3.596

In Figure 10 we show the residuals plus the GC excess modeled by the gNFW template with597

index � = 1.25. We also show residuals in the model with all-sky bubbles without including a598

template for the GC excess. The excess remains in the presence of the all-sky bubbles template,599

but it is reduced compared to the residuals in Figure 3.600
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Fig. 9.— Components of gamma-ray emission and the GC excess spectrum in the presence of high and

low-latitude Fermi bubbles. Left: spectra of components; the templates are the same as in the Sample

Model, except for the Fermi bubbles templates, which are shown in Figure 8. Right: comparison of

the GC excess spectrum in the presence of the high and low-latitude bubbles templates with the Sample

Model for di↵erent parameters in the determination of the bubbles template. The main e↵ect comes from

the variation of the index of the soft component nsoft = �2.3, all of the other alternative cases overlap

and are hard to distinguish on the plot (see text for the definition of parameters `max, nhard, nsoft, and

�cut).

5.2. GC excess template derivation601

In this Section we apply the SCA technique to derive a template for the GC excess itself.602

Motivated by the possibility that the excess comes from a population of MSPs (Brandt &603

Kocsis 2015), we add the third spectral component with an average spectrum of observed MSPs604

/ E�1.6e�E/4 GeV (e.g., Cholis et al. 2014). Consequently, we fit the residuals obtained after605

subtracting the gas-correlated emission and PS in Section 5.1.1 between 1 GeV and 10 GeV with606

three spectral components, hard / E�1.6e�E/4 GeV (MSP like), medium / E�1.9 (bubble like), and607

soft / E�2.4. The derivation of the templates for the components is analogous to Equations (4)608

and (5) except that now there are three components instead of two. The maps of the templates609

are shown in Figure 11.610

CTA analysis and DM limits

17

What GDE?

– 46 –

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

CMZ(a)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

0-1.5 kpc(b)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

1.5-4.5 kpc(c)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

4.5-5.5 kpc(d)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

5.5-6.5 kpc(e)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

6.5-7 kpc(f)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

7-8 kpc(g)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

8-10 kpc(h)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

10-16.5 kpc(i)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

16.5-50 kpc(j)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

DNM(k)

Energy (MeV)

210
3

10 410

)
-1

 M
e
V

-1
 s

r
-1

 s
2

*E
m

is
si

vi
ty

  
(M

e
V

2
E -25

10

-2410

-23
10

N(HI) correction(l)

Fig. 7.— (a)-(j): Spectral energy distributions of the �-ray emissivity per H atom in the H i

and H2 phases for the CMZ and the nine Galactocentric annuli. The solid curve shows the best

fit obtained with a combination of pion emission from CR nuclei and bremsstrahlung radiation

from CR electrons. The dashed curve shows the best fit for the local annulus. To display the

gas SED in the DNM (k) and that associated with the NH i correction map (l), we have used

a gas-to-dust reddening ratio of 3.5⇥1021 cm�2 mag�1. We did not display emissivities below

10�25 MeV2 s�1 sr�1 MeV�1 or the values for the lowest energy bin for the inner Galaxy annuli.

Those points were not used in the analysis.

‘Sample’ Model

1 TeV
[Ackermann+, ApJ. 840 (2017)]

Fermi diffuse model

[Acero+, ApJS 223 (2016)]

see talk by JM. 

Casandjian see talk by D. 

Malyshev
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5. KSP: Galactic Centre

5 KSP: Galactic Centre

Figure 5.1 – A schematic representation of the Galactic Centre KSP. This figure shows one possible observa-
tion strategy for CTA. The deep survey region is shown in red, with the Galactic bulge extension shown in cyan
(with each circle representing a 6� field of view for a typical CTA configuration). Several object positions are
overlaid with blue dots for reference, in particular Sgr A*, the supermassive black hole that lies at the geometric
center of the galaxy.

The Galactic Centre Key Science Project is comprised of a deep exposure of the inner few degrees of
our Galaxy, complemented by an extended survey to explore the regions not yet covered by existing
very high energy (VHE) instruments at high latitudes to the edge of the bulge emission. A schematic
representation is shown in Figure 5.1, with details of the observation strategy and possible options given
in Section 5.2.

The region within a few degrees of the Galactic Centre contains a wide variety of possible high-energy
emitters, including the closest supermassive black hole, dense molecular clouds, strong star-forming
activity, multiple supernova remnants and pulsar wind nebulae, arc-like radio structures, as well as the

Cherenkov Telescope Array
Science with CTA
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Next Steps
• What level of systematics is 

realistic to expect for different GDE 
models and masks? Use models 
tuned to LAT and HESS.

Updated limits for 500h 
observation
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• Impact of single pointing vs survey 
observational strategy (larger ROI, less 
deep)

Final goal — define the most promising  
analysis and observational strategies to 
maximise the sensitivity to GDE and DM 
signals
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