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Hα versus H-band selection in future redshift surveys 9

Figure 8. The spatial distribution of galaxies and dark matter in the Bow06(r)model at z = 1. Dark matter is shown in grey, with the densest regions shown
with the brightest shading. Galaxies selected by their Hα emission with log(FHα[erg s−1 cm−2]) > −16.00 and and EWobs > 100Å are shown in red
in the left-hand panels. Galaxies brighter than HAB = 22 are shown in green in the right-hand panels. Each row shows the same region from the Millennium
simulation. The first row shows a slice of 200h−1Mpc on a side and 10h−1Mpc deep. The second row shows a zoom into a region of 50h−1Mpc on a side
and 10h−1Mpc deep, which corresponds to the white square drawn in the first row images. Note that all of the galaxies which pass the selection criteria are
shown in these plots.

tion. First, a form must be adopted for the distribution of sources
in redshift. Second, some papers quote results in terms of proper
separation whereas others report in comoving units. Lastly, an evo-
lutionary form is sometimes assumed for the correlation function
(Groth & Peebles 1977). In this case, the results obtained for the
correlation length depend upon the choice of evolutionary model.

Estimates of the correlation length of Hα emitters are avail-
able at a small number of redshifts from narrow band sur-
veys, as shown in Fig. 9 (Morioka et al. 2008; Shioya et al. 2008;
Nakajima et al. 2008; Geach et al. 2008). These surveys are small
and sampling variance is not always included in the error bar quoted
on the correlation length (see Orsi et al. 2008 for an illustration of
how sampling variance can affect measurements of the correlation
function made from small fields). The models are in reasonable
agreement with the estimate by Geach et al. (2008) at z = 2.2, but
overpredict the low redshift measurements. The z = 0.24 measure-
ments are particularly challenging to reproduce. The correlation

length of the dark matter in the ΛCDM model is around 5h−1Mpc
at this redshift, so the z = 0.24 result implies an effective bias of
b < 0.5. Gao & White (2007) show that dark matter haloes at the
resolution limit of the Millennium Simulation,M ∼ 1010h−1M⊙,
do not reach this level of bias, unless the 20% of the youngest
haloes of this mass are selected. In the Bow06(r) model, the Hα
emitters populate a range of halo masses, with a spread in forma-
tion times, and so the effective bias is closer to unity. Another possi-
ble explanation for the discrepancy is that the observational sample
could be contaminated by objects which are not Hα emitters and
which dilute the clustering signal.

The bottom panel of Fig. 9 shows the correlation length evo-
lution for different H-band selections, compared to observational
estimates from Firth et al. (2002). Note that the samples analysed
by Firth et al. are significantly brighter than the typical samples
considered in this paper (HAB = 20 versus HAB = 22). Firth
et al. use photometric redshifts to isolate galaxies in redshift bins
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‘Astrophysical’ dark matter search:

Serach for: 
- non gravitational signatures of DM (new forces, interactions with SM) - 

‘indirect' DM detection 

- Or use gravity to determine its properties (mass, self-interaction…)
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separation whereas others report in comoving units. Lastly, an evo-
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(Groth & Peebles 1977). In this case, the results obtained for the
correlation length depend upon the choice of evolutionary model.
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able at a small number of redshifts from narrow band sur-
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and sampling variance is not always included in the error bar quoted
on the correlation length (see Orsi et al. 2008 for an illustration of
how sampling variance can affect measurements of the correlation
function made from small fields). The models are in reasonable
agreement with the estimate by Geach et al. (2008) at z = 2.2, but
overpredict the low redshift measurements. The z = 0.24 measure-
ments are particularly challenging to reproduce. The correlation

length of the dark matter in the ΛCDM model is around 5h−1Mpc
at this redshift, so the z = 0.24 result implies an effective bias of
b < 0.5. Gao & White (2007) show that dark matter haloes at the
resolution limit of the Millennium Simulation,M ∼ 1010h−1M⊙,
do not reach this level of bias, unless the 20% of the youngest
haloes of this mass are selected. In the Bow06(r) model, the Hα
emitters populate a range of halo masses, with a spread in forma-
tion times, and so the effective bias is closer to unity. Another possi-
ble explanation for the discrepancy is that the observational sample
could be contaminated by objects which are not Hα emitters and
which dilute the clustering signal.

The bottom panel of Fig. 9 shows the correlation length evo-
lution for different H-band selections, compared to observational
estimates from Firth et al. (2002). Note that the samples analysed
by Firth et al. are significantly brighter than the typical samples
considered in this paper (HAB = 20 versus HAB = 22). Firth
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‘Astrophysical’ dark matter search:



The ‘big’ picture 

• Why indirect searches? 

• direct detection and collider searches are cleaner environments with ‘controlled’ 
backgrounds 

• Essential: 
• to search for DM remotely/in places where it was discovered 

• In some cases, direct link to early universe physics 

• ideally: detect it in the Lab AND astrophysical objects  

—> multiple handles on its properties.



Astrophysical experiments: 

• plus:  

‣ multipurpose experiments (rich scientific program, beyond DM) 

• minus:  

‣ different exp priorities,  

‣ not optimized for DM searches 

‣ ‘backgrounds’ are astrophysics not a ‘controlled’/lab system

The ‘big’ picture



The ‘big’ picture 

(most of) the astro-signal we measure DOES NOT look like the one expected from DM.

[J. Siegal-Gaskins talk@Sackler colloquium 2012]

Challenge: 

look for an uncertain signal 
swapped in the uncertain 
backgrounds.



The ‘big’ picture 

Detection? 

• given the complexity of astrophysical phenomena and experimental challenges 
it happens relatively often to stumble upon curious signal hints. 

[RESONAANCES blog, cca 2015]



The ‘big’ picture 

Detection strategies: 

A) look for smoking guns: 

➡ ‘zero’ astro backgrounds, but need luck -- expected signals (for vanilla DM) 
low 

B)  or, learn astrophysics :) and try again



Outline

1. DM model space that CAN be tested with gamma-rays 
2. Experiments & data analysis techniques 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs 

• ALPs 

• (PBHs)



Outline

1. DM model space that CAN be tested with gamma-rays 
2. Experiments & data analysis techniques 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs 

• ALPs 

• (PBHs)



The challenge

Artwork by Sandbox Studio, Chicago

• Is it a particle? 

• How does it couple to the Standard Model? 

• Why stable? 

• Composite or elementary?  

• ‘Maverick’ or dark ‘sector’? 

• Why so abundant? (ΩDM~few x Ωb)
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Particle dark matter models
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Landscape in terms of (astrophysical) signatures

A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

particle macroscopicfield

Macroscopic objects?

90 orders of magnitude…

Credit: M. Cirelli

Search under 

‘theory’ lamppost



Outline

1. DM model space that CAN be tested with gamma-rays 
2. Experiments & data analysis techniques 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs 

• ALPs 

• PBHs



Search strategy & tools

e±,  
p±  
D-

decay            

@ O(Mz)

γ

ν



Gamma rays
atmosphere is not 
transparent to 
gamma rays

satellites

or ground based: 
i) Imaging Atmospheric Cherenkov Telescopes  

EGRET 
1991-2001

Fermi LAT 

WHIPPLE 10m (1968-2013) - the beginning of 𝛄 ray astronomy 

H.E.S.S. (2002 - ), MAGIC (2004 - ), VERITAS (2007 - )

Current Gamma-ray Observatories

11

Low earth orbit (565 km)
28.5° orbital inclination, ~2 sr f.o.v.
20 MeV -- > 300 GeV, 100% Duty Cycle
(AGILE has similar technology, but has 
limited energy resolution)

Khomas Highland of Namibia
23° South Latitude, ~5° f.o.v.
~30 GeV -- ~100 TeV

Parque Nacional Pico de Orizaba, Mexico
19° North Latitude, ~2 sr f.o.v.
~50 GeV -- ~100 TeV, 100% Duty Cycle

Tucson, Arizona
31° North Latitude, ~5° f.o.v.
~85 GeV -- ~50 TeV

La Palma, Canary Islands
29° North Latitude, ~5° f.o.v.
~30 GeV -- ~30 TeV

VERITAS Array
MAGIC

H.E.S.S.

HAWC Observatory

Fermi Large 
Area Telescpe

MILAGRO (2001-2008) 

HAWC (2010 - )

ii) Air shower arrays (‘buckets of water’)

24

AGILE 
2008- 

2007- Doro’s talk



Fermi LAT

25

Data public within 24h and actively used by the community 

Launched 11 June 2008 - 13 years!
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Fig. 7.— Rates at several stages of the data acquisition and reduction process on a typical

day (2011 August 17). Starting from the highest, the curves shown are for the rates: (i) at the

input of the hardware trigger process (trigger request), (ii) at output of the hardware trigger

(trigger accept), (iii) at the output of the on-board filter, (iv) after the loose P7TRANSIENT

�-ray selection, (v) after the tighter P7SOURCE �-ray selection, and (vi) the P7SOURCE �-ray

selection with an additional cut on the zenith angle (⇥z < 100�). See § 3 for more details

about the event selection stages.

that the LAT boresight traces across the sky during any two orbit period is only

slightly di�erent than during the two previous or subsequent orbits.

2.4. Ground-Based Data Processing

Reconstructing the signals in the individual detector channels into a coherent picture

of a particle interaction with the LAT for each of the several hundred events collected every

second is a formidable task. We will defer detailed discussion of the event reconstruction

and classification to § 3; here we describe just the steps to give a sense of the constraints.

1. Digitization: we decompress the data and convert the information about signals in indi-

vidual channels from the schema used in the electronics readout to more physically motivated

schema—such as grouping signals in the ACD by tile, rather than by readout module.

2. Reconstruction: we apply pattern recognition and fitting algorithms commonly used in

high-energy particle physics experiments to reconstruct the event in terms of individual TKR

tracks and energy clusters in the CAL and to associate those objects with signals in the ACD

(see § 3.2).

3. Event analysis : we evaluate quantities that can be used as figures of merit for the event

Data public within 24h and actively used by the community 

Launched 11 June 2008 - 13 years all!
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Fermi LAT, AGILE IACTs (H.E.S.S., MAGIC, VERITAS)+CTA

Gamma rays - the full picture
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IACTs are pointing telescopes: 
• Small FoV 
• Significant CR contamination 
• Better energy and ang resolution

Fermi LAT: 
• Large FoV 

(whole sky) 
• Negligible CR 

Fermi LAT, AGILE IACTs (H.E.S.S., MAGIC, VERITAS)+CTA

Gamma rays - the full picture



Current Gamma-ray Observatories

11

Low earth orbit (565 km)
28.5° orbital inclination, ~2 sr f.o.v.
20 MeV -- > 300 GeV, 100% Duty Cycle
(AGILE has similar technology, but has 
limited energy resolution)

Khomas Highland of Namibia
23° South Latitude, ~5° f.o.v.
~30 GeV -- ~100 TeV

Parque Nacional Pico de Orizaba, Mexico
19° North Latitude, ~2 sr f.o.v.
~50 GeV -- ~100 TeV, 100% Duty Cycle

Tucson, Arizona
31° North Latitude, ~5° f.o.v.
~85 GeV -- ~50 TeV

La Palma, Canary Islands
29° North Latitude, ~5° f.o.v.
~30 GeV -- ~30 TeV

VERITAS Array
MAGIC

H.E.S.S.

HAWC Observatory

Fermi Large 
Area Telescpe
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Water Cherenkov: 
• Larger FoV 
• Significant CR contamination 
• Worse energy and ang resolution

Fermi LAT: 
• Large FoV 

(whole sky) 
• Negligible CR 

Fermi LAT, AGILE Water Cherenkov (HAWC)

Gamma rays - the full picture
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µ

X
ij }, a signal template for the DM component, µ�

ij , and normalisation parameters
A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10 TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021 GeV2 cm�5

and JOFF = 1.2 ⇥ 1022 GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1� ⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4 ⇥ 10�4 sr, JDraco = 6.31 ⇥ 1018 GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25 GeV to 10 TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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the morphological than on the spectral information in the templates, which is partially mo-
tivated by the excellent angular resolution of CTA. We will discuss this point in more detail
below when explicitly introducing systematic uncertainties. Mock data, finally, are prepared
for each of the background components X by drawing the number of photon counts in a given
bin, nX

ij , from a Poisson distribution with mean µ
X
ij . Summing these contributions then gives

the total number of counts per bin, nij =
P

X n
X
ij .

We generate all count maps using ctools.8 As our benchmark binning scheme we choose
– unless explicitly stated otherwise (see also Section 6.1 for a discussion) – square spatial bins
of width 0.1�, roughly corresponding to the typical PSF, and 55 spectral bins in the range
from 30 GeV to 100 TeV chosen such that their width is given by the energy resolution at
the central bin energy, at the two standard deviations (2�) level.9 We restrict our analysis to
circular FoV regions with a radius of 5� around the respective pointing direction of the array
(c.f. Fig. 1).

To derive an upper bound on the DM normalisation A
�, for a fixed DM template µ�

and a given data set n, we define the test statistic

TS(A�) = min
{AX

i }

 
�2 ln

"
L
�
µ(A�

, A
X
i )
��n
�

L( µ̂|n)

#!
, (4.2)

where µ̂ ⌘ µ(A� = Â
�
, A

X
i = Â

X
i ) denotes the model counts in Eq. (4.1) for the best-fit values

of all normalisation parameters (i.e. both for DM and background components) obtained by
maximising the likelihood. This test statistic is distributed according to a �

2-distribution
with one degree of freedom [165], so a (one-sided) upper limit on A

�
< A

�
max at 95% (99%)

Confidence Level (C.L.) corresponds to a TS value of 2.71 (5.41).
It is straightforward to extract the mean expected limit, hA

�
maxi, and its variance, �2 =

hA
�
max � hA

�
maxii

2, by compiling Monte Carlo realisations of mock data sets, and then take
limits for each of those according to the above prescription. As this is computationally rather
intensive, however, we will instead typically utilise a single ‘representative’ set of data, the
so-called Asimov data set, nA: for a Poissonian process, this corresponds to the expected
number of counts per bin one would obtain with an infinitely large sample of individual
Poisson realisations of a given background or signal model, i.e. nA = µ(A� = 0, AX

ij = 1) [166].
In principle, this approach can also be used to estimate the variance of the expected upper
limits. However, we checked that in its simplest implementation [166] this does not lead to a
reliable estimate once systematic uncertainties (to be discussed below) are taken into account;
whenever we present ‘sidebands’ to expected limits, these are thus based on full Monte Carlo
calculations.

Treatment of Systematic uncertainties For a future experiment, instrumental system-
atic uncertainties are by nature hard to quantify. However, we can still estimate the possible
effects in a general manner by introducing uncertainties that are correlated among the data
bins (as is typical for instrumental systematic errors). Similarly, correlated systematic er-
rors can also account for additional systematic uncertainties in the IEM templates that are
not already captured in the template analysis. Such correlated uncertainties may deteriorate

8We use ctmodel to obtain 3D data cubes with the mean photon counts of each emission template, and
ctobssim to produce an event list (both in the form of .fits files) containing MC realisations of the data.

9For our standard IRFs, this corresponds to a bin width of �E/E = 0.52 for the lowest energy bin,
decreasing to �E/E = 0.12 at E ⇠ 4 TeV, before increasing again to �E/E = 0.17 at the high-energy end.
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µ

X
ij }, a signal template for the DM component, µ�

ij , and normalisation parameters
A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10 TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021 GeV2 cm�5

and JOFF = 1.2 ⇥ 1022 GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1� ⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4 ⇥ 10�4 sr, JDraco = 6.31 ⇥ 1018 GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25 GeV to 10 TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µ

X
ij }, a signal template for the DM component, µ�

ij , and normalisation parameters
A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on

– 17 –

�4�2024
Galactic Longitude � [deg]

�2

�1

0

1

2

3

4

5

G
al

ac
ti
c

L
at

it
u
d
e

b
[d

eg
]

Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10 TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021 GeV2 cm�5

and JOFF = 1.2 ⇥ 1022 GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1� ⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4 ⇥ 10�4 sr, JDraco = 6.31 ⇥ 1018 GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25 GeV to 10 TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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Typical: ’Template based’ likelihood fitting 
technique

Poisson likelihood:

model data

model

‘Covariance matrix’
- Results depend on input models and/or the amount degrees of 

freedom - estimate of systematic uncertainties critical

the partially strong morphological differences of the background/signal templates and, hence,
weaken their constraining power over the signal component.

Correlated Gaussian uncertainties (with zero mean) are fully defined in terms of their
covariance matrix, K. For our purposes, this may encompass

(i) spatial bin – spatial bin correlations,

(ii) energy bin – energy bin correlations and/or

(iii) spatial bin – energy bin correlations.

As described below, we will only consider the first two types of correlations. To apply
the covariance matrix description of systematic errors, we follow the approach outlined in
Refs. [167, 168], and implemented in the publicly available Python package swordfish [169].
In particular, we change the construction of the model prediction in Eq. (4.1) (but not that
of the data n) in the following way: Instead of varying the background templates by normal-
isation parameters A

X
i per energy bin to account for background fluctuations, we set these

normalisation parameters to unity and explicitly introduce Gaussian ‘background perturba-
tions’ �B – related, e.g., to uncertainties of the reconstruction of events – for each individual
template bin k,

(µK)k ⌘

X

X

µ
X
k +�Bk +A

�
µ
�
k . (4.3)

Here, the sum runs over the model templates X to be examined, the index k comprises
both spatial and energy bins, i.e. k 2 [1,N ] with N being the product of the number of
spatial pixels and the number of energy bins. In principle, the different templates can give
rise to different background perturbations, i.e. �Bk =

P
X �B

X
k . Including the Gaussian

prior on the background variations �Bk in the likelihood function (and neglecting a constant
determinant) then yields

L(µ|n) =
NY

k=1

µ
nk
k

(nk)!
e
�µk ⇥ exp

"
�
1

2
�Bk

NX

l=1

�
K

�1
�
kl
�Bl

#
, (4.4)

where Kij ⌘ h�Bi�Bji is the covariance matrix (and we assume h�Bii = 0). Profiling over
the nuisance parameters �Bi, this reduces to a log-likelihood function that only depends on
the signal normalisation A

� (again omitting terms that are constant in the model parameters):

� 2 lnL(µK |n) = min
�B

8
<

:

NX

k=1


nk ln (µK)k � (µK)k

�
�

1

2

NX

k,l=1


�Bk

�
K

�1
�
kl
�Bl

�9=

; . (4.5)

For systematic uncertainties that are uncorrelated between the background templates X,
which is the case we consider here, we have h�B

X
i �B

Y
j i = 0 for X 6= Y . The last term in the

above equation can then be written as
P

k,l �Bk

�
K

�1
�
kl
�Bl =

P
X

P
k,l �B

X
k

�
K

�1
�X
kl
�B

X
l ,

where K =
P

X K
X is now understood to be the total correlation matrix.

Upper limits on the DM signal are derived by constructing a test statistic in full analogy
to Eq. (4.2), mutatis mutandis. Concerning the concrete construction of covariance matrices,
the simplest way to parameterise spatial correlations is by an NS ⇥ NS matrix KS, with

(KS)jj0 = �
2
S exp

 
�
1

2

��~rj � ~rj0
��2

`2S

!
, (4.6)
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as
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Traditionally ‘ON/OFF’ technique

Backgrounds measured, not modelled

Figure 24: CTA sensitivity to a DM signal, independently derived for the three telescope
types (LSTs – blue, MSTs – red, SSTs – green) according to the Southern Array layout,
both for our standard analysis pipeline (solid) and when neglecting systematic uncertainties
(dashed). Note that in the case of SSTs the solid and dashed (green) lines are overlapping.

when broken down to individual telescope types, limits are dominated by systematic errors
for low DM masses/photon energies, and statistics-dominated for high DM masses/photon
energies.

C.4 ON/OFF analysis

Here we briefly compare the performance of our default template fitting technique to the
ON/OFF type of analysis discussed in Section 4. For the latter, we adopt a likelihood that
is a product of Poisson likelihood functions Lij over the i�th energy, j�th ON region (ring)
and k�th pointing position (as used in, e.g., Ref. [182]):

L(MDM, h�vi) =
Y

ijk

Lij
�
NS

k,N
B

k ,k |NON

k ,NOFF

k

�
(C.2)

=
Y

ijk

⇣
N

S

ijk+ijkN
B

ijk

⌘NON

ijk

NON

ijk !
e
�(NS

ijk+ijkNB

ijk) ⇥

⇣
N

B

ijk

⌘NOFF

ijk

NOFF

ijk !
e
�NB

ijk ,

with N
S

ijk denoting the expected number of signal events in the ON (‘signal’) region. Nk
ON

and Nk
OFF refer to the measured photon events in ON and OFF region for observation k which

we prepare as a single Asimov data set from a selection of background source components
described in Sec. 3.2. ijk is in general a normalisation factor to account for the different
background acceptance in the ON and OFF regions, but in our case it will by construction
be equal to one for all bins.

Fixing the value of m�, we again choose the likelihood ratio as test statistic to constrain
h�vi. To this end, we adopt Eq. (4.2) to our purposes here, by explicitly profiling over
the nuisance parameters N

B

ijk; as a result, we obtain a one-dimensional likelihood function
depending only on the signal strength h�vi. The definition of ON and OFF regions closely
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Figure 1. The di↵erent RoIs that we consider in this paper. Left: RoIs used in the Ring method
of Ref. [36] as ‘signal’ and ’background’ regions; we refer to these as simply ‘ON’ and ‘OFF’ regions,
respectively. Right: Separation of the ON and OFF RoIs into 28 sub-RoIs, which we use in our
morphological analysis.

The traditional observing strategy employed by IACTs in searching for DM annihilation
(e.g. Ref. [34]) involves defining two regions on the sky expected to have approximately the
same regular astrophysical emission, but di↵erent amounts of DM annihilation. The region
with the larger expected annihilation is dubbed the ‘ON’ region, the other is called the ‘OFF’
region, and the analysis is performed using a test statistic defined as the di↵erence in photon
counts from the two regions. This is referred to as an ‘ON-OFF’ analysis, and obviously
obtains the most power when the ON and OFF RoIs are chosen to di↵er as much as possible
in their predicted annihilation rates.

The RoIs chosen for ON-OFF analyses may lie in the same or very di↵erent FoVs.
Di↵erent FoVs allow a greater contrast in DM signal between ON and OFF regions, but have
the potential to introduce di↵erential systematics across the two FoVs. The ‘Ring method’
[36] is an ON-OFF analysis technique optimised for DM searches towards the GC with IACTs,
which fits the ON and OFF regions into a single FoV, producing an approximately constant
acceptance across the entire analysis region. Although both regions are expected to contain
DM and background contributions, in the Ring method the ON and OFF regions are typically
referred to as the ‘signal’ and ‘background’ regions. For simplicity, here we just call them
ON and OFF.

A simple way to model the results of an ON-OFF analysis is to construct a Skellam likeli-
hood [38, 43, 44], which is based on the expected di↵erence between two Poisson counts (i.e. in
the ON and OFF regions). However, once the assumption that astrophysical backgrounds are
identical in the ON and OFF regions becomes questionable, a more straightforward method
is simply to carry out a regular binned likelihood analysis. In this case, one predicts the
photon counts in each RoI using detailed background and signal models, and compares them
directly to the absolute number of photons observed in each RoI. This is the strategy that
we investigate here for CTA, using both the original Ring method RoIs and a finer spatial
binning. We show these two sets of RoIs in Fig. 1, and discuss their optimisation in Sec. 5.
We still refer to the two-RoI analysis as the ‘Ring method’ even though we carry out a full
likelihood analysis rather than an ON-OFF analysis. We refer to the multi-RoI analysis as
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Traditionally ‘ON/OFF’ technique

Backgrounds measured not modelled

Figure 24: CTA sensitivity to a DM signal, independently derived for the three telescope
types (LSTs – blue, MSTs – red, SSTs – green) according to the Southern Array layout,
both for our standard analysis pipeline (solid) and when neglecting systematic uncertainties
(dashed). Note that in the case of SSTs the solid and dashed (green) lines are overlapping.

when broken down to individual telescope types, limits are dominated by systematic errors
for low DM masses/photon energies, and statistics-dominated for high DM masses/photon
energies.

C.4 ON/OFF analysis

Here we briefly compare the performance of our default template fitting technique to the
ON/OFF type of analysis discussed in Section 4. For the latter, we adopt a likelihood that
is a product of Poisson likelihood functions Lij over the i�th energy, j�th ON region (ring)
and k�th pointing position (as used in, e.g., Ref. [182]):

L(MDM, h�vi) =
Y
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with N
S

ijk denoting the expected number of signal events in the ON (‘signal’) region. Nk
ON

and Nk
OFF refer to the measured photon events in ON and OFF region for observation k which

we prepare as a single Asimov data set from a selection of background source components
described in Sec. 3.2. ijk is in general a normalisation factor to account for the different
background acceptance in the ON and OFF regions, but in our case it will by construction
be equal to one for all bins.

Fixing the value of m�, we again choose the likelihood ratio as test statistic to constrain
h�vi. To this end, we adopt Eq. (4.2) to our purposes here, by explicitly profiling over
the nuisance parameters N

B

ijk; as a result, we obtain a one-dimensional likelihood function
depending only on the signal strength h�vi. The definition of ON and OFF regions closely
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
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simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:
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∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
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∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
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This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite

3

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have different origins, but detectors with very good energy resolutions ∆E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into γX – where X = γ, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with Eγ = mχ
[

1 − m2X/4m
2
χ

]

, providing
a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(α2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution ∆E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween γγ and γZ lines for DM masses of roughly mχ ! 150GeV (mχ ! 400GeV) if at
least one of the lines has a statistical significance of" 5σ [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(αem) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf ≪ mχ, and produces a model-
independent spectrum with a sharp cut-off at Eγ = mχ [59, 60]; a typical example for a
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Targets

‘M31’

Together with analysis of individual targets, target assembles can be used in various 
statistics frameworks: 

— cumulative extragalactic signal 

— angular anisotropies 

— cross-correlations between gamma ray maps and DM tracer maps (weak lensing, 
galaxy  catalogues..) 

[TNG100 simulation]



Elephants in the room

‘M31’
DM density distribution poorly constrained on small scales! 

Critical because signal is usually DOMINATED by small scales (e.g. center of our 
Galaxy) or by annihilation in small halos (which are the most concentrated) 

[TNG100 simulation]



N-body simulations: issues 01    

‣ limited resolution-> small distances and small masses unresolved.

simulations of structure formation [5, 6, 7], it is inferred that
the particles constituting the cosmological DM had to be mov-
ing non-relativistically at decoupling from thermal equilibrium
in the early universe (‘freeze-out’), in order to reproduce the ob-
served large-scale structure in the Universe and hence the term
“cold DM” (CDM). This observational evidence has led to the
establishment of a concordance cosmological model, dubbed
ΛCDM [8, 9, 10], although this paradigm is troubled by some
experimental controversies [11, 12, 13, 14, 15, 16].
One of the most popular scenarios for CDM is that of weakly

interacting massive particles (WIMPs), which includes a large
class of non-baryonic candidates with mass typically between
a few tens of GeV and few TeV and an annihilation cross-
section set by weak interactions [see, e.g., Refs. 17, 18]. Nat-
ural WIMP candidates are found in proposed extensions of the
SM, e.g. in Super-Symmetry (SUSY) [19, 20], but also Lit-
tle Higgs [21], Universal Extra Dimensions [22], and Tech-
nicolor models [23, 24], among others. Their present veloci-
ties are set by the gravitational potential in the Galactic halo at
about a thousandth of the speed of light. WIMPs which were
in thermal equilibrium in the early Universe would have a relic
abundance varying inversely as their velocity-weighted annihi-
lation cross-section (for pure s−wave annihilation): ΩCDMh2 =
3 × 10−27cm3s−1/ (σannv) [19]. Hence for a weak-scale cross-
section (σannv) = 3 × 10−26cm3s−1, they naturally have the
required relic density ΩCDMh2 = 0.113 ± 0.004, where h =
0.704 ± 0.014 is the Hubble parameter in units of 100 km s−1
Mpc−1 [3]. The ability of WIMPs to naturally yield the DM
density from readily computed thermal processes in the early
Universe without much fine tuning is sometimes termed the
“WIMP miracle”.
In some SUSY theories, a symmetry called ‘R-parity’

prevents a too rapid proton-decay, and as a side-effect, also
guarantees the stability of the lightest SUSY particle (LSP),
which is thus a prime candidate for a WIMP. WIMPs can
annihilate to SM particles, and have hadron or leptons in
the final products of annihilation. Thus from cosmic DM
annihilations, one can expect emission of neutrinos, charged
cosmic rays, multi-frequency electromagnetic radiation from
charged products, and prompt gamma-rays [25]. The detection
of these final state particles can help to identify DM — this is
termed “indirect DM detection”. Gamma-rays are not deflected
by cosmic magnetic fields, and thus trace back to their origin.
Therefore, observation of a gamma-ray signal from cosmic
targets where DM is expected could prove conclusive about its
nature .

In the context of gamma-ray astronomy, the differential flux
of gamma-rays from within a solid angle ∆Ω around a given
astronomical target where DM is expected, can be written as:

dΦ(∆Ω, Eγ)
dEγ

= BF ·
1
4π

(σannv)
2m2χ

∑

i
BRi

dNi
γ

dEγ
︸!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!︸

Particle Physics

· J̃(∆Ω)︸!︷︷!︸
Astrophysics

,

(1.1)
where (σannv) is the annihilation cross-section (times the rela-

tive velocity of the two WIMPs),
∑
i BRi dNi

γ/dEγ = dNγ/dEγ
is the photon flux per annihilation summed over all the possible
annihilation channels i with branching ratios BRi, and mχ is the
mass of the DM particle. The ‘astrophysical factor’ J̃ is the in-
tegral over the line of sight (los) of the squared DM density and
over the integration solid angle ∆Ω:

J̃ =
∫

∆Ω

dΩ
∫

los
ds ρ2(s,Ω). (1.2)

The remaining term BF in Eq. (1.1) is the so-called ‘boost fac-
tor’ which is a measure of our ignorance of intrinsic flux con-
tributions that are not accounted for directly in the formula.
There are various knownmechanisms for boosting the intrin-

sic flux, among which we mention the inclusion of subhalos,
and the existence of a ‘Sommerfeld enhancement’ of the cross-
section at low velocity regimes in models where the DM parti-
cles interact via a new long-range force. All numerical N−body
simulations of galactic halos have shown the presence of sub-
halos populating the host halo [see, e.g., Refs. 5, 26]. Such
density enhancements, if not spatially resolved, can contribute
substantially to the expected gamma-ray flux from a given ob-
ject. This effect is strongly dependent on the target: in dwarf
spheroidal galaxies (dSphs) for example the boost factor is only
of O(1) [27, 28], whereas in galaxy clusters the boost can be
spectacular, by up to a factor of several hundreds [29, 30, 31].
On the other hand, the Sommerfeld enhancement effect can
significantly boost the DM annihilation cross-section [32, 33].
This non-relativistic effect arises when two DM particles inter-
act in a long-range attractive potential, and results in a boost
in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
mediator particle mass. This effect can enhance the annihilation
cross-section by a few orders of magnitude [27, 28].
The current generation of IACTs is actively searching for

WIMP annihilation signals. dSphs are promising targets for
DM annihilation detection being among the most DM domi-
nated objects known and free from astrophysical background.
Constraints on WIMP annihilation signals from dSphs have
been reported towards Sagittarius, Canis Major, Sculptor and
Carina by H.E.S.S. [34, 35, 28], towards Draco, Willman 1 and
Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
and again towards Draco and Ursa Minor by Whipple [41].
Nevertheless, the present instruments do not have the required
sensitivity to reach the “thermal” value of the annihilation
cross-section (σannv) = 3× 10−26cm3s−1. A search for a WIMP
annihilation signal from the halo at angular distances between
0.3◦ and 1.0◦ from the Galactic Centre has also recently been
performed using 112 h of H.E.S.S. data [42]. For WIMP
masses well above the H.E.S.S. energy threshold of 100GeV,
this analysis provides the currently most constraining limits
on (σannv) at the level of a few×10−25 cm3s−1. H.E.S.S.,
MAGIC and VERITAS have also observed some galaxy
clusters, reporting detection of individual galaxies in the
cluster, but only upper limits on any CR and DM associated
emission [43, 44, 45, 46, 47, 48]. Even though IACT limits
are weaker than those obtained from the Fermi-LAT satellite
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].

6

[Cirelli, M.+, JCAP, 2011]

resolution of 
simulations

small masses

(sub)halos resolved down to >~105 Msol.  

WIMPs could produce halos as small as 10-6 Msol.
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N-body simulations: issues 02    

‣ baryonic feedback baryons can dominate gravitational potential iat  small 
scales  

‣ Challenge - simulations need to cover a large span of scales

A number of simulations recover realistic disk Galaxies (great 
progress!), but still a number of open issues
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Observations:   

different approach is to measure motion of stellar objects to determine the 
gravitational potential of DM. For example: 

‣ dwarf spheroidal Galaxies: the smallest DM halos (108, 109 Msol)  that 
host stars
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‣ dwarf spheroidal Galaxies: the smallest DM halos (108, 109 Msol)  that 
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Observations:   

different approach is to measure motion of stellar objects to determine the 
gravitational potential of DM. For example: 

‣ dwarf spheroidal Galaxies: Assuming virialization, each population 
traces the gravitational potential, and we can use the spherical Jeans 
equation to link the measured velocity dispersion and the dSph 
gravitational potential 
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Moore (2009)

• Dark matter content determined from 
stellar velocity dispersion
– Classical dwarfs: spectra for several 

thousand stars
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars

• Fit stellar velocity distribution of each 
dwarf (assuming an NFW profile)

• Calculate the J-factor by integrating 
out to a radius of 0.5 deg (ref. [3])
– Encloses the half-light radii of the 

dwarfs
– Minimizes uncertainty in the J-factor
– Large enough to be insensitive to the 

inner profile behavior (core vs. cusp)
• Include the J-factor uncertainty in the 

gamma-ray analysis
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TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

Walker et al. 2007 (ref. [2])

R [pc]500 1000



Observations:   
a different approach is to measure motion of stellar objects to determine the 
gravitational potential of DM. For example: 

‣ Galactic rotational curves: relate circular velocity to the total enclosed mass

Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Galactic rotation curves

14Figure 2: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are
the contributions of gas, disk and dark matter, respectively. From Ref. [50].

Rotation curves are usually obtained by combining observations of the 21cm
line with optical surface photometry. Observed rotation curves usually exhibit
a characteristic flat behavior at large distances, i.e. out towards, and even far
beyond, the edge of the visible disks (see a typical example in Fig. 2).

In Newtonian dynamics the circular velocity is expected to be

v(r) =

√
GM(r)

r
, (37)

where, as usual, M(r) ≡ 4π
∫

ρ(r)r2dr, and ρ(r) is the mass density profile,
and should be falling ∝ 1/

√
r beyond the optical disc. The fact that v(r) is

approximately constant implies the existence of an halo with M(r) ∝ r and
ρ ∝ 1/r2.

Among the most interesting objects, from the point of view of the observa-
tion of rotation curves, are the so–called Low Surface Brightness (LSB) galaxies,
which are probably everywhere dark matter-dominated, with the observed stel-
lar populations making only a small contribution to rotation curves. Such a
property is extremely important because it allows one to avoid the difficulties
associated with the deprojection and disentanglement of the dark and visible
contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large
distances, it is unclear whether galaxies present cuspy or shallow profiles in their
innermost regions, which is an issue of crucial importance for the effects we will
be discussing in the following chapters.

Using high–resolution data of 13 LSB galaxies, de Blok et al. [179] recently
showed, that the distribution of inner slopes, i.e. the power–law indices of the
density profile in the innermost part of the galaxies, suggests the presence of
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spiral galaxy example:

Fig. 2.— Rotation curve for our favorite models A1

(no exchange of angular momentum) and B1 (with the
exchange). Note that the dark matter dominates only
in the outer part of the Milky Way. Symbols show
observational data from HI measurements of Knapp et
al. (1985) (circles) and Kerr et al.(1986) (triangles).

tuning, our models are consistent with observa-
tions of the dynamical mass of the MW over this
huge range.

Finding an acceptable model for M31 was rel-
atively easy because there are much less data. In
particular, we do not have kinematic constraints

Fig. 3.— Mass distribution of the MW galaxy for
Model A1 (full curve) and model B1 (dashed curve).
The large dots with error bars are observational con-
straints. From small to large radii the constraints are
based on: stellar radial velocities and proper motions
in the galactic center; radial velocities of OH/IR stars;
modeling of the bar using DIRBE and stellar veloci-
ties; rotational velocity at the solar radius; dynamics
of satellites.

for the disk, which would be equivalent to con-
straints at the solar position in our Galaxy. Our
model seems to reproduce reasonably well the dy-
namical mass of M31 from 100 pc to ≈100 kpc.
Our model does not produce the very large wig-
gles exhibited by the observed rotation curve. The
wiggles at 5 kpc and 9 kpc are likely due to non-
circular motions induced by the bar and, thus, as
discussed before, cannot be reproduced by any ax-
isymmetric model. The bulge of M31 is almost
twice as massive as the bulge of our Galaxy. It
is also slightly (30%) more compact. The disk
of M31 is also more massive, but it is more ex-
tended. As a result, in the central 5 kpc of the
M31 the bulge is a much more dominant compo-
nent as compared with the bulge of our Galaxy.

The surface brightness profile in the R-band,
shown in figure 5, is used as an additional con-
straint. An accurate fit (the same as for the mass
modeling) is obtained for stellar mass-to-light ra-
tios of M/L = 0.93 M⊙/L⊙ and M/L = 3 M⊙/L⊙
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Standard Newtonian dynamics:

Observational determination of (inner) DM profile for MW ~ impossible!

Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Galactic rotation curves

14Figure 2: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are
the contributions of gas, disk and dark matter, respectively. From Ref. [50].

Rotation curves are usually obtained by combining observations of the 21cm
line with optical surface photometry. Observed rotation curves usually exhibit
a characteristic flat behavior at large distances, i.e. out towards, and even far
beyond, the edge of the visible disks (see a typical example in Fig. 2).

In Newtonian dynamics the circular velocity is expected to be

v(r) =

√
GM(r)

r
, (37)

where, as usual, M(r) ≡ 4π
∫

ρ(r)r2dr, and ρ(r) is the mass density profile,
and should be falling ∝ 1/

√
r beyond the optical disc. The fact that v(r) is

approximately constant implies the existence of an halo with M(r) ∝ r and
ρ ∝ 1/r2.

Among the most interesting objects, from the point of view of the observa-
tion of rotation curves, are the so–called Low Surface Brightness (LSB) galaxies,
which are probably everywhere dark matter-dominated, with the observed stel-
lar populations making only a small contribution to rotation curves. Such a
property is extremely important because it allows one to avoid the difficulties
associated with the deprojection and disentanglement of the dark and visible
contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large
distances, it is unclear whether galaxies present cuspy or shallow profiles in their
innermost regions, which is an issue of crucial importance for the effects we will
be discussing in the following chapters.

Using high–resolution data of 13 LSB galaxies, de Blok et al. [179] recently
showed, that the distribution of inner slopes, i.e. the power–law indices of the
density profile in the innermost part of the galaxies, suggests the presence of
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spiral galaxy example:

Fig. 2.— Rotation curve for our favorite models A1

(no exchange of angular momentum) and B1 (with the
exchange). Note that the dark matter dominates only
in the outer part of the Milky Way. Symbols show
observational data from HI measurements of Knapp et
al. (1985) (circles) and Kerr et al.(1986) (triangles).

tuning, our models are consistent with observa-
tions of the dynamical mass of the MW over this
huge range.

Finding an acceptable model for M31 was rel-
atively easy because there are much less data. In
particular, we do not have kinematic constraints

Fig. 3.— Mass distribution of the MW galaxy for
Model A1 (full curve) and model B1 (dashed curve).
The large dots with error bars are observational con-
straints. From small to large radii the constraints are
based on: stellar radial velocities and proper motions
in the galactic center; radial velocities of OH/IR stars;
modeling of the bar using DIRBE and stellar veloci-
ties; rotational velocity at the solar radius; dynamics
of satellites.

for the disk, which would be equivalent to con-
straints at the solar position in our Galaxy. Our
model seems to reproduce reasonably well the dy-
namical mass of M31 from 100 pc to ≈100 kpc.
Our model does not produce the very large wig-
gles exhibited by the observed rotation curve. The
wiggles at 5 kpc and 9 kpc are likely due to non-
circular motions induced by the bar and, thus, as
discussed before, cannot be reproduced by any ax-
isymmetric model. The bulge of M31 is almost
twice as massive as the bulge of our Galaxy. It
is also slightly (30%) more compact. The disk
of M31 is also more massive, but it is more ex-
tended. As a result, in the central 5 kpc of the
M31 the bulge is a much more dominant compo-
nent as compared with the bulge of our Galaxy.

The surface brightness profile in the R-band,
shown in figure 5, is used as an additional con-
straint. An accurate fit (the same as for the mass
modeling) is obtained for stellar mass-to-light ra-
tios of M/L = 0.93 M⊙/L⊙ and M/L = 3 M⊙/L⊙
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Observations:   

The signal: Dark matter distribution 

However, similarly to the N-body simulations: 

‣ small (sub)halos have few or NO stars and  

‣ in the very centers of halos gravitational potential is usually dominated by 
baryons, or hard to determine. 

➡ Considerable uncertainties remain!

Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Galactic rotation curves

14Figure 2: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are
the contributions of gas, disk and dark matter, respectively. From Ref. [50].

Rotation curves are usually obtained by combining observations of the 21cm
line with optical surface photometry. Observed rotation curves usually exhibit
a characteristic flat behavior at large distances, i.e. out towards, and even far
beyond, the edge of the visible disks (see a typical example in Fig. 2).

In Newtonian dynamics the circular velocity is expected to be

v(r) =

√
GM(r)

r
, (37)

where, as usual, M(r) ≡ 4π
∫

ρ(r)r2dr, and ρ(r) is the mass density profile,
and should be falling ∝ 1/

√
r beyond the optical disc. The fact that v(r) is

approximately constant implies the existence of an halo with M(r) ∝ r and
ρ ∝ 1/r2.

Among the most interesting objects, from the point of view of the observa-
tion of rotation curves, are the so–called Low Surface Brightness (LSB) galaxies,
which are probably everywhere dark matter-dominated, with the observed stel-
lar populations making only a small contribution to rotation curves. Such a
property is extremely important because it allows one to avoid the difficulties
associated with the deprojection and disentanglement of the dark and visible
contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large
distances, it is unclear whether galaxies present cuspy or shallow profiles in their
innermost regions, which is an issue of crucial importance for the effects we will
be discussing in the following chapters.

Using high–resolution data of 13 LSB galaxies, de Blok et al. [179] recently
showed, that the distribution of inner slopes, i.e. the power–law indices of the
density profile in the innermost part of the galaxies, suggests the presence of
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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Interstellar Medium GALPROP �-ray Emission

Possible interpretation of results

(SA0 + 2D ISRF + 3D gas)/reference at 1 GeV (left) compared to
fractional residual map from Ackermann et al. (2012) ApJ 750, 3
using 21 months of Fermi-LAT data > 200 MeV.

The scales are not the same but there are clear similarities.
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Diffuse emission ‘bulgy’ morphology  degenerate 
with  DM.

Residuals are not ‘flat’, many small  scale 
structures remain

[Ackermann, 2012]
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di�use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di�use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di�erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic di�use model (which we
refer to as the Pass 6 Di�use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di�use models, the p6v11
di�use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di�use model.

cosmic rays+interstellar medium 
→Challenges for DM search 
Diffuse emission ‘bulgy’ morphology  degenerate 
with  DM.

+ Fermi bubbles are ‘right on the spot’ and 
highly uncertain

[Su+, 2012]

Assembling the Gamma-Ray Sky
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DM IC (lepto-phillic models)
Alternative ISRFs
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Figure 1. Upper panel: Spatial (left) and spectral (right) distribution of gamma rays originating from the annihilation of a 250 GeV WIMP into bb̄. The
left figure shows the expected intensity at E=10 GeV for the full sky in Galactic coordinates. A NFW profile is assumed for the DM halo and a value of
⇥⇥Av⇤ = 4 � 10�25cm3s�1 for the DM annihilation cross section. For comparison purposes typical spectra of the astrophysical emission from �0 decay and
Inverse Compton (IC) scattering are displayed in the right figure. The map also shows the boundaries of the region used to plot the average spectra of the right
panel, and which we will use for the analysis described in this work. Central panel: Same for a 250 GeV WIMP annihilating into µ+µ�. The contribution from
IC and from Final State Radiation (FSR) are shown separately in the spectrum and are superimposed in the spatial distribution. Lower panel: Spatial (left) and
spectral (right) distribution of the IC emission of an astrophysical CR source population distributed uniformly in Galactocentric radius within 1 kpc from the
Galactic Center and with a scale height of 200 pc.

lar populations and further reprocessing in the Galactic dust
(Moskalenko et al. 2006).

We use the GALPROP code (Strong et al. 2000) v54, to cal-
culate the propagation and distribution of CRs in the Galaxy.

The code is further used to create sky maps of the expected
gamma-ray emission from the interactions of the CRs with
the ISM and ISRF based on the models of the gas and radia-
tion targets described above. GALPROP approximates the CR
propagation by a diffusion process into a cylindrical diffusion

zone of half-height zh and radius Rh. CREs and nuclei are in-
jected by a parametrized distribution of CR sources. Energy
losses, production of secondary particles in interactions and
reacceleration of CRs in the ISM are taken into account (for
details see Strong et al. 2000). Several important parameters
enter the GALPROP modeling: the distribution of CR sources,
the half-height of the diffusive halo zh, the radial extent of
the halo Rh, the nucleon and electron injection spectrum, the
normalization of the diffusion coefficient D0, the rigidity de-

cosmic rays+interstellar medium 
→Challenges: distribution of sources, magnetic 
fields, gas, injection spectra… 

Diffuse emission ‘bulgy’ morphology  degenerate 
with  DM.  
PL spectrum also significantly degenerate with 
Galactic DM signal
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AGN and PSR revolution in  the  last  decade!

AGNs and 
multi 
wavelength 

Isotropic emission

PSRs and our galaxy + MSPs!
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origin not yet fully understood

guaranteed contribution: faint (not 
individually resolved) extragalactic sources

dominates at high latitudes
– 38 –
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Fig. 10.— Comparison of the derived total EGB intensity (foreground model A) to other mea-

surements of the X-ray and �-ray background. The error bars on the LAT measurement include

the statistical uncertainty and systematic uncertainties from the e�ective area parametrization, as

well as the CR background subtraction. Statistical and systematic uncertainties have been added

in quadrature. The shaded band indicates the systematic uncertainty arising from uncertainties in

the Galactic foreground. (Note that the EGRET measurements shown are measurements of the

IGRB. However, EGRET was more than an order of magnitude less sensitive to resolve individual

sources on the sky than the Fermi -LAT.)

[Ackermann+, ApJ799, 2015)]
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[H.E.S.S. Galactic Plane Survey]

Cumulative  diffuse emission detected along 
the plane
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Ground based telescopes performed survey 
observations of  extended regions:

Diffuse emission in the  Galactic center ridge 
region detected by HESS. 
It follows the gas distribution, indication  of pion 
component. Hard spectrum - a PeVatron source!



Diffuse emission from our Galaxy

The TeV sky

Point sources

Isotropic emission

[Aharonian, 2016]

Ground based telescopes performed survey 
observations of  extended regions:

still not much is 
known about the 
diffuse emission 
at TeV energies in 
the Galactic 
plane…

Diffuse emission in the  Galactic center ridge 
region detected by HESS. 
It follows the gas distribution, indication  of pion 
component. Hard spectrum - a PeVatron source!

Morphology 
energy dependent 
- crucial 
information
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Hundreds of sources 
Significant portion of galactic sources is 
extended (PWNs, SNRs etc)

[TeVCat, mid 2019]
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New source classes - pulsar halos

[Sudoh+, 2019]

New powerful ways to probe electron 
population in our galaxy and the CR diffusion 
properties!

Also a new classes of  extended sources, 
formidable background for close by DM halos

TeV Halos are Everywhere: Prospects for New Discoveries

Takahiro Sudoh,1, 2 Tim Linden,2, 3 and John F. Beacom2, 3, 4

1Department of Astronomy, University of Tokyo, Hongo, Tokyo 113-0033, Japan
2Center for Cosmology and AstroParticle Physics (CCAPP),
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0000-0002-6884-1733, 0000-0001-9888-0971, 0000-0002-0005-2631

(Dated: 22 February, 2019)

Milagro and HAWC have detected extended TeV gamma-ray emission around nearby pulsar wind
nebulae (PWNe). Building on these discoveries, Linden et al. [1] identified a new source class —
TeV halos — powered by the interactions of high-energy electrons and positrons that have escaped
from the PWN, but which remain trapped in a larger region where di↵usion is inhibited compared to
the interstellar medium. Many theoretical properties of TeV halos remain mysterious, but empirical
arguments suggest that they are ubiquitous. The key to progress is finding more halos. We outline
prospects for new discoveries and calculate their expectations and uncertainties. We predict, using
models normalized to current data, that future HAWC and CTA observations will detect in total
⇠50–240 TeV halos, though we note that multiple systematic uncertainties still exist. Further,
the existing HESS source catalog could contain ⇠10–50 TeV halos that are presently classified as
unidentified sources or PWN candidates. We quantify the importance of these detections for new
probes of the evolution of TeV halos, pulsar properties, and the sources of high-energy gamma rays
and cosmic rays.

I. INTRODUCTION

Milagro observations revealed extended TeV �-ray
emission surrounding the nearby Geminga pulsar, now
confirmed by the High Altitude Water Cherenkov
(HAWC) observatory [2–4]. Additionally, HAWC has
detected similar emission surrounding another nearby
pulsar, PSR B0656+14, commonly associated with the
Monogem ring [5], and which we refer to as the “Mono-
gem pulsar.” These sources are bright (⇠ 1032 erg s�1),
have hard spectra (⇠ E�2.2), and are spatially extended
(⇠ 25 pc). In addition, the High Energy Stereoscopic
System (HESS) has detected a number of TeV �-ray
sources coincident with pulsars or pulsar wind nebulae
(PWNe) [6, 7]. Though they refer to these as “TeV
PWN,” they find that many are significantly larger than
expected from PWN theory [1, 8, 9]. The sources noted
above appear morphologically and dynamically distinct
from PWNe detected in X-ray and radio observations.

Linden et al. [1] identified these sources as a new �-ray
source class (“TeV Halos”) and interpreted their emission
as the result of electrons and positrons interacting with
the ambient interstellar radiation field outside the PWN.
The possibility of significantly extended leptonic emis-
sion was first predicted in Ref. [10], and its importance
was further discussed in Refs. [11–14]. Moreover, Linden
et al. [1] showed that a large fraction of 2HWC catalog
sources are coincident with pulsars, and predicted that
TeV halos are a generic feature of pulsar emission.

In Fig. 1, we show how a TeV halo compares to other
features at the site of a past core-collapse supernova ex-
plosion. For a given source, it may be that not all com-
ponents are detectable or even present at the same time.

FIG. 1. Schematic illustration of a TeV halo in relation to the
more familiar PWN and supernova remnant (SNR). A TeV
halo may not form early, and the SNR may be fading when
the halo appears.

A PWN, powered by the rotational energy of the central
pulsar, is delimited by the contact discontinuity between
the shocked pulsar wind and the ejecta or interstellar
matter. An SNR, powered by the energy of the super-
nova explosion, is delimited by its interaction with the
interstellar medium. A TeV halo is likely intermediate in
size, is powered by cosmic rays di↵using away from the
PWN, and does not have a well-defined boundary. The
size of a PWN can be on the order of 0.1–1 pc, though
some may range up to ⇠10 pc [9, 15], and the size of an
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Milky Way-like halo

Home

Virial radius

Astro background: diffuse emission 
DM distribution: 𝛒 (r)

astro: unassociated sources 
DM distribution: dN/dM, c

Main challenges: 
— complex astrophysical backgrounds 
— DM distribution often poorly constrained 
— instrumental limitations 



Milky Way-like halo

Home

Virial radius

Astro background: diffuse emission 
DM distribution: 𝛒 (r)

astro: unassociated sources 
DM distribution: dN/dM, c

- multi-target and multi-messenger stra
tegy offers a powerful handle 

- Or, look for smoking guns (spectral lines or dSphs)

Main challenges: 
— complex astrophysical backgrounds 
— DM distribution often poorly constrained 
— instrumental limitations 
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1. DM model space that CAN be tested with gamma-rays 
2. Experiments 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs - an example of  DM detection in a crowded region of the GC 

• ALPs - an example of smoking gun signature 

• PBHs - an example of gamma rays excluding a significant portion of 
parameter space.
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1. DM model space that CAN be tested with gamma-rays 
2. Experiments 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs - an example of  DM detection in a crowded region of the GC 
• ALPs - an example of smoking gun signature 

• PBHs - an example of gamma rays excluding a significant portion of 
parameter space.

A ‘darling’ example of the school



WIMPs - all ID messengers
Indirect Detection
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WIMPs - all gamma ray limits (cca  2016)  
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di�use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di�use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di�erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic di�use model (which we
refer to as the Pass 6 Di�use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di�use models, the p6v11
di�use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di�use model.
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µ

X
ij }, a signal template for the DM component, µ�

ij , and normalisation parameters
A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10 TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021 GeV2 cm�5

and JOFF = 1.2 ⇥ 1022 GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1� ⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4 ⇥ 10�4 sr, JDraco = 6.31 ⇥ 1018 GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25 GeV to 10 TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di�use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di�use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di�erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic di�use model (which we
refer to as the Pass 6 Di�use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di�use models, the p6v11
di�use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di�use model.
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4 Data Analysis

The traditional way to constrain DM annihilation with IACTs is the so-called ON/OFF ap-
proach (e.g. [12, 14, 15, 17, 162]), which rests on the definition of two spatially separate,
different kinds of ROIs (often within the same FoV): in the ‘ON’ region the signal is expected
to be the strongest while in the ‘OFF’ region it is expected to be subdominant. Under the
hypothesis that we know how the background scales between OFF and ON regions (solid an-
gle/acceptance effects are routinely corrected for; see, for instance, the  factors in Eq. (C.2)),
it is, in principle, possible to measure the background under the same observational conditions.
Such an approach is complementary to template-based morphological analyses, more typical
in the context of satellite-borne instruments (e.g. [163]), where different emission components
are described by templates that are fitted to binned data. While the template analysis of-
fers the possibility to incorporate spatially varying backgrounds, there can be a remaining
systematic uncertainty related to the exact form of the adopted templates (for attempts to
address these limitations see e.g. SkyFACT [164]). Possible reasons for not using the template
approach in most past IACT analyses include i) their relatively small FoV ii) the residual
CRs being the only background component, assumed to be effectively the same in the ON
and OFF regions at the energies of interest here; and iii) the complexity of robustly modelling
this background.

Only more recently it was realised that template fitting may be a powerful technique
for the analysis of IACT data [159, 160] (see also Ref. [17] for a ’hybrid’ approach). To fully
exploit the power of CTA with its larger FoV, higher background rejection and higher flux
sensitivity compared to previous experiments, and to achieve a corresponding increase in DM
sensitivity, the background needs to be modelled in higher detail and with more components
than required for current instruments. So far, astrophysical modelling was not done in a
very detailed way and CR uncertainties were mostly treated in a simplified manner [14, 24].
One of the main motivations of this work is to study the applicability of the template fitting
approach in detail (later, in Appendix C.4, we will also directly confront this method with
the traditional ON/OFF approach).

Template Analysis We employ a binned likelihood based on Poisson statistics L(µ|n) =Q
i,j e

�µijµ
nij

ij /(nij)!, where µ = {µij} denotes the model prediction and n = {nij} the
(mock) data counts, for bins in energy (indicated by an index i) and angular position on the
sky (indicated by an index j). The model is given by a set of background templates as shown
on Fig . 3, {µ

X
ij }, a signal template for the DM component, µ�

ij , and normalisation parameters
A for the relative weight of these templates:

µij(A
�
, A

X
i ) = A

�
µ
�
ij +

X

X

A
X
i µ

X
ij . (4.1)

For any given signal template – defined by the adopted DM density profile and annihilation
spectrum – we thus introduce a global normalisation parameter A

� that is directly propor-
tional to the annihilation strength h�vi that we want to constrain, c.f. Eq. (3.1). For the
background components X – CRs, IE, Fermi bubbles and unresolved sources, depending on
the analysis benchmark – we instead adopt normalisation parameters {A

X
i } that may vary

in each energy bin, where A
X
i ⌘ 1 corresponds to the (expected) default normalisation of the

templates as summarised in Section 3.4. This ansatz accounts in an effective way for uncer-
tainties in the spectral properties of the templates, thereby rendering the resulting DM limits
more conservative. It should be stressed that by construction this method thus relies more on
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future work.
In Fig. 2, we show the contribution that we inferred from this particular GDE model

in the ON and OFF regions. For 100 hr of CTA observations, at energies of 6.7–10 TeV this
corresponds to about 1.2⇥103 and 4.9⇥102 events respectively in the OFF and ON regions.
This is a factor of ten higher than the reference DM signal at its peak value, and larger in
the ON than in the OFF region. For these reasons, the GDE is a very important background
that should not be neglected in DM searches at the GC.

5 Analysis

5.1 Analysis regions and J factors

For our version of the Ring method, we begin with the standard annulus of Ref. [36], with
an inner radius r1 and outer radius r2. The centre of this annulus is o↵set from the GC
(b0 = `0 = 0�) by some Galactic latitude b. We then consider a circular region centred on the
GC, with some radius �cut. The area in which the annulus and this circular region intersect
is what we refer to as the ‘ON’ region. The ‘OFF’ region consists of the remaining part
of the annulus, outside the central disc. We adopt the parameters optimised for Array E
in Ref. [36]: b = 1.42�, r1 = 0.55�, r2 = 2.88� and �cut = 1.36�. Further, we exclude the
Galactic disc within |b|  0.3� from both the ON and OFF regions, as per Ref. [36]. The
resulting two RoIs can be seen in the left panel of Fig. 1. The corresponding solid angles and
J factors are �⌦ON = 1.2 ⇥ 10�3 sr, �⌦OFF = 5.6 ⇥ 10�3 sr, JON = 7.4 ⇥ 1021 GeV2 cm�5

and JOFF = 1.2 ⇥ 1022 GeV2 cm�5.
For our morphological analysis, we take the area covered by these two RoIs, and divide

it into 1� ⇥ 1� squares. We horizontally merge the various leftover regions resulting from this
dissection into adjacent regions, yielding a total of 28 RoIs. These spatial bins are shown in
the right panel of Fig. 1.

For comparison, we also consider DM annihilation in the Draco dwarf spheroidal galaxy,
which, to a good approximation, is a point source to both CTA and Fermi at low energies (in
the upper parts of their respective energy ranges, both would observe Draco as a somewhat
extended source). For this analysis, we use the J-factor and solid angle from Table 1 of Ref.
[29]: �⌦Draco = 2.4 ⇥ 10�4 sr, JDraco = 6.31 ⇥ 1018 GeV2 cm�5.

5.2 Statistical framework

We use a binned Poisson likelihood function for comparing a DM model µ to (mock) data n

L (µ|n) =
Y

i,j

µij
nij

nij !
exp(�µij). (5.1)

Here the predictions of model µ are the number of events µij in the ith energy bin and
the jth RoI, which are compared to the corresponding observed counts nij . We use 15
logarithmically-spaced energy bins, extending from 25 GeV to 10 TeV. Depending on the
analysis (Ring or morphological), we use either two (Ring) or 28 (morphological) spatial bins
(i.e. RoIs).

Each model prediction is composed of 3 parts: a gamma-ray signal resulting from DM
annihilation (Eq. 3.5), an isotropic cosmic-ray background, and the GDE. In our statistical
analysis each of these components can be rescaled via a parameter: h�vi for the DM gamma-
ray signal, and linear rescaling factors RCR and RGDE for the isotropic cosmic-ray background
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Devil is in details…  
At least two philosophies: 
— start from a set of ‘physical’ astro 

models and estimate systematics 
from the range of results 

— allow as much as possible 
freedom to a given astro model, 
within chosen priors (swordfish)
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di�use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di�use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di�erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi
Collaboration p6v11 Galactic di�use model (which we
refer to as the Pass 6 Di�use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di�use models, the p6v11
di�use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di�use model.
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,

‘Galactic centre excess’

general approach 
apply template fitting procedure to the inner ~<20 deg with addition of the FBs
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
su�ciently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.
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[Calore+, JCAP 1503 (2014)]  

Consistent Results!

Daylan et al. (2014, 1402.6703)

Inner GalaxyGalactic Center

Gamma-Ray Spectrum
Many works reaching similar results: Vitale & Morseli (2009), 
Goodenough & Hooper (2009), Hooper & Goodenough (2011, PLB 697 
412), Hooper & Linden (2011, PRD 84 12), Abazajian & Kaplinghat (2012, 
PRD 86 8), 1207.6047, Hooper & Slatyer (2013, PDU 2 118), 1302.6589 
Gordon & Macias (2013, PRD 88 8) 1306.5725 Macias & Gordon (2014, 
PRD 89 6) 1312.6671, Abazajian et al. (2014, PRD 90 2) 1402.4090, 
Daylan et al. (2014) 1402.6703, 1407.5583 1407.5625 1410.1527

spectrum

[Daylan+, 1402.6703]
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Figure 12: Measurements of the radial profile of the Galactic center excess (markers and bands) compared with predictions of
hydrodynamical and N-body simulations of Milky Way-like structures (red lines). This figure is from Ref. [160] (reproduced
by permission of the AAS); see that reference for additional details.

more, it is important to distinguish between measuring an excess with respect to models of �-ray emission
from predicted cosmic-ray populations interacting with estimated dust, gas and radiation field, and being
able to interpret that excess as a clear signal of DM. Accordingly, we can expect systematic uncertainties
in modeling the Galactic fore/background to significantly limit the sensitivity of searches for DM signals
from the Galactic center. Furthermore, as described above, a population of unresolved pulsars in the inner
Galaxy would be a di�cult-to-reduce background for the best-fit DM models.

Therefore, in projecting the search sensitivity we account for such systematic limitations. The be↵ (in
counts) for several radial profiles are shown in Fig. 13.2

Figure 13: Estimated be↵ for several DM radial profiles, for a 60 � ⇥ 60 � area centered on the Galactic center for 15 years of
P8R2 SOURCE data. The plot shows the total integrated be↵ for annihilations to bb̄ as a function of the WIMP mass, m�. The
left-hand plot includes all Galactic latitudes |b| < 30 �, the right-hand plot excludes the Galactic plane (|b| < 2 �).

Fig. 14 shows the expected upper-limit bands for the statistical errors-only case as well as for indicative
values of fsyst (0.01 and 0.1).

2Fig. 13 was made using the “binned model map simulations” for the di↵use Galactic and isotropic background components,
together with the “all-sky photon simulations” of the cataloged point sources as described in App. D.

18

spatial 
extent

DM spectral fits

DM morphology

8

0.5-1 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00

0

5

10

15

20

0

5

10

15

20

1
0

-6 c
o

u
n

ts
/c

m
2/s

/s
r

1-3 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00 

-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

10

12

1
0

-6 c
o

u
n

ts
/c

m
2/s

/s
r

3-10 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00

0

1

2

3

4

0

1

2

3

4

1
0

-6 c
o

u
n

ts
/c

m
2/s

/s
r

10-50 GeV residual

 

-20-1001020 00

 

-20

-10

0

10

20

00 

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

1
0

-6 c
o

u
n

ts
/c

m
2/s

/s
r

FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di�use model,
Fermi bubbles, and isotropic templates. Template coe⇥cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between �0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di�use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
⇤
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources (� = 7� � 8� and

⇤
TS > 25,



[diMauro+, ApJ 2021]
87

GCE Energy spectrum and spatial morphology

6

• There is no clear evidence of an energy 
variation of the spatial morphology. 

• The value of γ is roughly 1.2-1.3.

Paper II

Dark matter density distribution
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Paper III

Geometrical factor integrate in our ROI

Systematic uncertainty estimates [Ackermann+, ApJ 2017] 
• GALPROP model parameters variations 
• Alternative gas maps (softer GCE spectrum < 1GeV) 
• Include additional sources of CR electrons near the GC (Gaggero+2015, Carlson+2015 ; GCE 

reduced) 
• data driven template of the Fermi Bubbles 
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Figure 18. Left panel: Constraints on the ⌅⇥v⇧-vs-m� plane for three di�erent DM annihilation
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best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the ⌅⇥v⇧-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the ⌅⇥v⇧-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel ⇤⇤ ⇥ b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ⇤ 46.6GeV, ⌅⇥v⇧ ⇤ 1.60� 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We
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Could it be dark matter?

~100 GeV

~thermal 
cross 
section

Thermal cross section & <~100 GeV & at the Galactic center 
Spatial distribution close to the predicted NFW profiles.

Right on the spot where WIMP DM is supposed to be!
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The origin of the GCE — current status 
   
Evidence that the signal is due to pulsar is strengthening: 
— statistical properties of photo counts suggest that GCE is of a ‘point source’ origin 
(Bartels+, PRL (2016), Lee+, PRL (2016) ) 
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— Machine learning techniques could also be used  
(Caron+, JCAP(2017))

— evidence of GCE tracing stellar densities 
(Bartels+, 1711.04778; Macias+, Nature Astronomy (2018))

The Fermi-LAT GCE Traces Stellar Mass in the Bulge 3

Figure 1: Left panel: Fermi -LAT data above 1 GeV in the inner 40� × 40� around the Galactic center. Other panels:
Spatial templates used to fit the GCE, with arbitrary normalization. From left to right: DM profile (NFW126),
boxy-bulge, nuclear bulge, X-shaped bulge.

rived using the runs with fixed spectra.
We emphasize that, given the large modeling uncer-

tainties of cosmic-ray induced � -ray emission from the
inner Galaxy, we do not explicitly include a source of
cosmic rays at the GC when modeling the diffuse com-
ponents. However, such sources are expected, e.g., from
star formation in the central molecular zone (CMZ, Gag-
gero et al. 2015; Carlson et al. 2016a,b). The associated
emission will depend on the efficiency of cosmic-ray accel-
eration, the effects of potentially strong advective winds
or anisotropic diffusion, which are difficult to model in
detail. In our analysis, the expected hard emission would
be instead absorbed by our Fermi Bubbles component
(see supplemental material, B.4, for a discussion).

3. RESULTS AND DISCUSSIONS

3.1. Comparison of templates

Run −2 lnL
free spectrum MSP spectrum

r5 RCG NB X 647808.1 648020.2

r5 RCG NB 647831.2 648027.5

r5 RCG 647884.7 648061.7

r5 BulgeGC 647916.5 648140.3

r5 Einasto 647961.4 648188.6

r5 NFW126 648021.8 648242.4

r5 NFW100 648049.8 648278.6

Table 1: Log-likelihood values for fits with various GCE
templates. Column 2 shows results for a unconstrained
GCE spectrum, and column 3 for a spectrum fixed to
stacked MSPs.

In Tab. 1 we compare the values of the total (Poisson
plus constraints; see Storm et al. (2017) for details) log-
likelihood, −2 lnL, from the SkyFACT runs, of the vari-
ous modifications of Run5 with different GCE templates
with constrained morphology. We find that, formally,
the combination of boxy bulge as traced by RCG and
NB (r5 RCG NB) provides a better fit to the data than

the other runs (except the one including the X-shaped
bulge, see below). The total flux associated with the
bulge is (2.1± 0.1) × 10−9 erg cm−2 s−1 for the compo-
nent traced by RCG and (2.3± 0.4)×10−10 erg cm−2 s−1

for the NB component (in the range 0.1–100GeV). The
quoted errors are statistical; we emphasize that typical
systematic uncertainties from modeling assumptions (the
range of allowed modulation parameters, etc.) are gen-
erally smaller than a factor � 2.
We find that the addition of the X-shaped bulge can

only mildly improve the fit quality. Its total flux is (3±
1)% of that of the boxy bulge for the fixed spectrum run
(r5 RCG NB X msp). This value is only slightly smaller
than the expectations from Li & Shen (2012) and Cao
et al. (2013), who find the X-shape to be, by mass, about
6–7% of the boxy bulge (although fractions of 20–30%
(Portail et al. 2015b) and � 45% (Portail et al. 2015a)
have also been argued). We find that this component
is not critical for providing a good fit to the data (2.7�
improvement), and will concentrate subsequently on the
RCG+NB model. For a more detailed discussion of the
X-shaped bulge and the from Macias et al. (2016) see the
supplementary material B.3.
We find that RCG+NB model provides a significantly

better fit than any of the DM models. These DM profiles
can be excluded with a high significance of about 12.5� .

In Fig. 2, we show the longitudinal and latitudinal de-
pendences of the various model components compared
with Fermi -LAT data, for two different GCE models,
namely the r5 NFW126 and r5 RCG NB runs. The solid
lines correspond to the components of the r5 RCG NB run,
while the dashed lines of the same color correspond to
the r5 NFW126 components, except for the GCE com-
ponent, which is red (RCG) and orange (NB) for the
r5 RCG NB run and brown (NFW126) for the r5 NFW126

run. The dotted black and yellow lines are point sources
and extended sources, respectively, which have the same
total flux in both runs. There is very little variation in
any components except those of the GCE (in the lati-
tude profile, the extended source flux peaks just below
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bulge, see below). The total flux associated with the
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only mildly improve the fit quality. Its total flux is (3±
1)% of that of the boxy bulge for the fixed spectrum run
(r5 RCG NB X msp). This value is only slightly smaller
than the expectations from Li & Shen (2012) and Cao
et al. (2013), who find the X-shape to be, by mass, about
6–7% of the boxy bulge (although fractions of 20–30%
(Portail et al. 2015b) and � 45% (Portail et al. 2015a)
have also been argued). We find that this component
is not critical for providing a good fit to the data (2.7�
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RCG+NB model. For a more detailed discussion of the
X-shaped bulge and the from Macias et al. (2016) see the
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better fit than any of the DM models. These DM profiles
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In Fig. 2, we show the longitudinal and latitudinal de-
pendences of the various model components compared
with Fermi -LAT data, for two different GCE models,
namely the r5 NFW126 and r5 RCG NB runs. The solid
lines correspond to the components of the r5 RCG NB run,
while the dashed lines of the same color correspond to
the r5 NFW126 components, except for the GCE com-
ponent, which is red (RCG) and orange (NB) for the
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The gamma-ray emission from M31 

•  Main facts 
•  Emission confined to inner regions (R<5kpc) 
•  Not correlated with interstellar gas and star formation sites 
•  Galactic disk not detected 

Credit: NASA/Goddard 

12 The Fermi-LAT collaboration

Fig. 3.— Spectrum of M31. The blue solid line is the best-fit PL model from an analysis over the full energy range, and the light-blue
shaded area indicates the 68% confidence level uncertainty domain. Red spectral points were obtained by performing independent fits in
individual energy bins. Red arrows represent the 95% confidence level flux ULs. Red and black vertical error bars are statistical and total
uncertainties, respectively, with the latter being the quadratic sum of statistical and systematic uncertainties on the effective area.

Fig. 4.— 0.1−100 GeV light curve and TS evolution for M31 (left) and the source in the direction of M33 (right), with 90-day binning.
Flux ULs at the 95% confidence level are shown as red arrows in bins where the source has TS < 1.

M31 - ‘sister’ galaxy of the MW  
The extended gamma-ray emission observed recently from M31 bulge region

Multi-target - M31
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Fig. 5.— Summary plot of t he predict ions of our toy model in comparison with the respect ive observed luminosit ies as reported in the
text . We show as a black, dashed line the luminosity predict ion for primordially formed MSPs in a region of part icular stellar mass M ∗ as
derived from the local MSP luminosity funct ion (Eq. 5).

theassociated deposit ion of MSPsand Cataclysmic Vari-
ables. However, at larger distances (100 pc to 1 kpc),
the disrupted stellar mass dist ribut ion t racks the globu-
lar cluster dist ribut ion set as the init ial condit ion for the
simulat ion (Gnedin et al. (2014)), so the model is not
direct ly predict ive, as far morphology is concerned.
The recent work Fragione et al. (2017) suggests how-

ever that both the intensity of the GCE signal and the
normalizat ion and dist ribut ion of surviving globular clus-
ters in the inner Galaxy support this scenario, address-
ing some object ions to Brandt & Kocsis (2015) raised in
Hooper & Linden (2016). Theauthors compare theMSP
luminosity funct ion of globular clusters with the findings
from MSPs in the MW disk. They conclude that MSPs
from old stellar populat ions like those found in globu-
lar clusters can only account for a few percent of the
observed GC emission. If this scenario is correct , then
the rough agreement of our disk luminosity scaling with
the GCE would appear to be a coincidence. Also, at
the moment no predict ion for the M31 bulge emission is
available, lacking dedicated simulat ions. Themodel does
not address the disk luminosity scaling either, of course
(hence no predict ion for M31 disk emission).

9. SUMMARY

Since the start of the Fermi-LAT mission, more than a
hundred gamma-ray MSPswere discovered, proving that
they areubiquitous in our Galaxy. Over t ime, evidence is
also accumulat ing that these objects are responsible for
thedi!useemission in the inner region of our Galaxy (the
GCE). More recent ly, an extended emission hasalso been
observed from the direct ion of M31, showing broad fea-
turessimilar to theGCE. In thiswork, focusing on in situ
format ion of MSPs, weused thepropert iesof known local
MSPs to describe the primordial MSP format ion. This
simple, parameter free scaling predicts then theMSP lu-
minosity in the bulges of the MW and M31. Despite its
simplicity, thismodel fits remarkably well both the ener-

get ics and themorphology of the observed GCE, as sum-
marized in Fig. 5. Regarding themodel’s predict ions for
M31, the est imated luminosity due to primordial MSPs
(Eq. 9) is typically expected to contribute only about a
quarter of the detected emission, although a dominant
cont ribut ion cannot be excluded at the 2σ level, given
the large uncertaint ies. A predict ion of themodel is that
the M31 disk emission due to MSP is not far below the
present upper bound, a fact that might allow for an ob-
servat ional test in the not so distant future.
We have also discussed some refinements of the simple

model above. In part icular, we used a scaling based on
globular cluster gamma-ray luminosity with the stellar
encounter rate to describe thedynamical MSP format ion
in thebulgeand thenuclear star cluster. Thiscomponent
is expected to contribute to the bulge emission only at
a level . 5% (cf. Fig. 3), but—depending on the size
of the smoothing e!ect due to the MSP kick velocity
dist ribut ion—may be of some importance in explaining
the signal morphology in the inner region of the MW.
Wealso commented on some other possible e!ects which
may lead to violat ionsof thesimplescaling used and thus
di!erent expectat ions, and briefly discussed alternat ive
models for populat ing the bulge with MSP, in part icular
the scenario of globular clusters disrupt ion at an early
stage of the MW evolut ion.
In the near future, an improvement in the local MSP

luminosity funct ion determinat ion, together with im-
proved observat ional studies of both the non-thermal ac-
t ivity of sources in the MW and M31 bulge and M31
disk emissions may narrow down the current spect rum
of possibilit ies. In our opinion, however, major advances
will require a sizable reduct ion of the uncertaint ies on
the MSP format ion mechanisms: In primordial scenar-
ios, the capability of newborn pulsars to stay t ied to the
original binary system despite the kick velocity at birth
needs to be bet ter understood. In dynamical format ion

[Eckner+, ApJ (2017), 1711.05127 
Bartels+, 1711.04778]
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derived from the local MSP luminosity funct ion (Eq. 5).
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observed from the direct ion of M31, showing broad fea-
turessimilar to theGCE. In thiswork, focusing on in situ
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MSPs to describe the primordial MSP format ion. This
simple, parameter free scaling predicts then theMSP lu-
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get ics and themorphology of the observed GCE, as sum-
marized in Fig. 5. Regarding themodel’s predict ions for
M31, the est imated luminosity due to primordial MSPs
(Eq. 9) is typically expected to contribute only about a
quarter of the detected emission, although a dominant
cont ribut ion cannot be excluded at the 2σ level, given
the large uncertaint ies. A predict ion of themodel is that
the M31 disk emission due to MSP is not far below the
present upper bound, a fact that might allow for an ob-
servat ional test in the not so distant future.
We have also discussed some refinements of the simple

model above. In part icular, we used a scaling based on
globular cluster gamma-ray luminosity with the stellar
encounter rate to describe thedynamical MSP format ion
in thebulgeand thenuclear star cluster. Thiscomponent
is expected to contribute to the bulge emission only at
a level . 5% (cf. Fig. 3), but—depending on the size
of the smoothing e!ect due to the MSP kick velocity
dist ribut ion—may be of some importance in explaining
the signal morphology in the inner region of the MW.
Wealso commented on some other possible e!ects which
may lead to violat ionsof thesimplescaling used and thus
di!erent expectat ions, and briefly discussed alternat ive
models for populat ing the bulge with MSP, in part icular
the scenario of globular clusters disrupt ion at an early
stage of the MW evolut ion.
In the near future, an improvement in the local MSP

luminosity funct ion determinat ion, together with im-
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t ivity of sources in the MW and M31 bulge and M31
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dSphs - limits in tension with GCE

101 102 103 104

m� [GeV]

10�27

10�26

10�25

10�24

10�23

10�22

⇥�
v⇤

[c
m

3
s�

1
]

bb̄
Daylan+ (2014)

Gordon & Macias (2013)

Calore+ (2014)

Abazajian+ (2014)

MW Halo: Ackermann+ (2013)

MW Center: Gomez-Vargas+ (2013)

dSphs: Ackermann+ (2015)

Unid. Sat.: Bertoni+ (2015)

Virgo: Ackermann+ (2015)

Isotropic: Ajello+ (2015)

X-Correl.: Cuoco+ (2015)

APS: Gomez-Vargas+ (2013)

Thermal Relic Cross Section
(Steigman+ 2012)

A Sample of Published Results from Indirect DM 
Searches with LAT Data 

45 

Representative Results for Different Search Targets for the b-quark Channel 

[Charles+, Phys.Rept. 636 (2016)]

Multi-target -  dSPhs



Multi-target -  dSPhs

dSphs - unclear if at present they exclude the DM interpretation of the GCE
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FIG. 4. Limits on the WIMP annihilation cross section h�vi
(bb̄ channel) for di↵erent prior choices. Top: Upper limits at
95% credibility (conditioned on the WIMP mass m�). The
star and surrounding region indicate the parameter point and
2� confidence levels associated with a possible Galactic centre
excess [55] (see also [56–61]), respectively. Bottom: Ratios of
the cross-section upper limits obtained with satellite priors
and those with log-uniform prior with GS15 cut; i.e., how
much weaker the limits derived from the satellite priors are.

(iv) Satellite prior, Eq. (3), step function replacing
Eq. (2), V th

peak = 6km s�1.

We implement these J distributions as priors in the
gamma-ray analysis. As described in Ref. [35], we use the
T-Walk algorithm [54] to compute the full posterior over
the 64-dimensional parameter space of dark matter mass,
m�, and annihilation cross section, h�vi, along with the J
factors and di↵use background normalization parameters
of each dSph.

Figure 4 (top) compares the resulting upper limits on
the cross section under the di↵erent prior assumptions.
Limits on h�vi are obtained from the posterior distri-
bution conditioned on WIMP mass annihilating to a bb̄
final state (in the SM, we also show limits for the ⌧+⌧�

channel). Figure 4 (bottom) shows ratios normalized
to the limit obtained from the prior (i) above. Satel-
lite priors result in limits that are weaker by a factor of
between ⇠2 and ⇠7 than uninformative priors. In par-
ticular, under informative priors the thermal relic cross
section can only be excluded with 95% probability for
m� . 40GeV at best (and m� . 25GeV at worst), in
contrast to m� . 150GeV for uninformative priors.

Conclusions.—In this Letter, we introduced satellite
priors based on physical modeling of dark matter subha-
los and a semi-analytical formalism connecting them to
the Milky Way’s population of satellite galaxies. Our in-
formative priors assign a higher probability to regions of
(log rs, log ⇢s) parameter space where subhalos and satel-
lites tend to be found, in contrast to the uniform priors
in (log rs, log ⇢s) space widely adopted in the literature.
Our priors therefore better reflect the physical mecha-
nisms of subhalo and satellite formation in the cold dark
matter picture. When applying our informative satellite
priors to the analysis of 11 years of Fermi-LAT data from
31 dSphs, we found that the limits on dark matter anni-
hilation cross section are substantially weaker (between
a factor of 2 and 7) compared to using the less infor-
mative log-uniform priors. This is a consequence of a
systematic shift of most of the J factors to smaller val-
ues induced by the informative prior, which downweighs
the parameter space region where dSphs are unlikely to
form. We conclude that physically motivated priors for
the properties of dSphs, which encompass as much as
possible our understanding of structure and galaxy for-
mation, are crucial for interpreting the particle properties
of dark matter.
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Antiprotons - one of the most sensitive probes of new physics 

PAMELA, AMS-02, DAMPE… measured CR fluxes with exquisite precision and reaching <~ TeV energies. 
 Challenge the ’Standard model’ of CR propagation in the Galaxy

Multi-messenger - antiprotons

the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81 " 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ C þ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0,kis the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k¼ ð−0.7 " 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ , and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479 " 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþ Þ ¼ ð−2.8 " 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67 " 0.05Þ × 103 and kðp=eþ Þ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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FIG. 3. (a) The measured (p̄=p) flux ratio as a function of the
absolute value of the rigidity from 1 to 450 GV. The PAMELA [6]
measurement is also shown. (b) The measured (p̄=eþ ) (red, left
axis) and (p=eþ ) (blue, right axis) flux ratios. The solid lines show
the best fit of Eq. (4) to the data above the lowest rigidity consistent
with rigidity independence together with the 68% C.L. ranges of
the fit parameters (shaded regions). For the AMS data, the error
bars are the quadratic sum of statistical and systematic errors.
Horizontally, the data points are placed at the center of each bin.
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Figure 2: The CRE spectrum (multiplied by E3) measured by DAMPE. The red dashed line
represents a smoothly broken power-law model that best fits the DAMPE data in the 55 GeV �
2.63 TeV range. Also shown are the direct measurements from space-borne experiments AMS-
0214 and Fermi-LAT16, and the indirect measurement by H.E.S.S. (the grey band represents its
systematic errors apart from the ⇠ 15% energy scale uncertainty)17, 18. The error bars (±1 s.d.) of
DAMPE, AMS-02 and Fermi-LAT include both systematic and statistical uncertainties added in
quadrature.
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Antiprotons - one of the most sensitive probes of new physics 
— p spectra measured exquisitely well 
— anti-p produced as secondaries, with the proton spectra as the source term  
Simultaneous fit to p and He spectra (constrain propagation parameters) + DM component 

WW, w EWC

[Cuoco+, PRL 118(2016), Gielsen+, JCAP1509 (2015), …]

3

FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

5

describe well solar modulation at rigidities R <
⇠ 5GV,

and more work is needed to interpret the low rigidity
data in a reliable way.

We have emphasized the importance of the antiproton
production cross-section for a reliable estimate of the an-
tiproton flux. Adopting the more recent cross-section
model from [41], rather than the Galprop default [40],
has little impact on the fit near mDM ⇡ 80GeV, but the
different energy dependence of the cross-section models
leads to a change in the DM limits for light and heavy
DM.

In FIG. 4 we summarize the result of our fit and show
both the evidence for a DM component in the CR an-
tiproton flux, as well as limits on the DM annihilation
cross-section. The systematic uncertainty on the exclu-
sion limit is shown as an uncertainty band obtained from
the envelope of the various fits presented in FIG. 3. In
our baseline scenario (solid line), we can exclude ther-
mal DM with h�vi ⇡ 3 ⇥ 10

�26 cm3s�1 annihilating
into bb̄ for DM masses below about 50GeV and in the
range between approximately 150 and 1500GeV. Even
considering our most conservative propagation scenario,
we achieve strong limits and can exclude thermal DM
below about 50 GeV and in the range between approxi-
mately 150 and 500 GeV. The results for other hadronic
annihilation channels, and for annihilation into ZZ and
W+W� final states are very similar; in the supplemen-
tary material we provide limits for DM annihilation in
into W+W� as a further explicit example.

In comparison with the results derived in [49] from
gamma-ray observations of nearby dwarf galaxies, we im-
prove the annihilation cross-section limits by a factor of
⇠ 4 for all DM masses except those around 80 GeV. We
also see from FIG. 4 that, similarly to the DM interpre-
tation of the Galactic center gamma-ray excess, the pre-
ferred region of a DM signal in the antiproton flux is in
tension with the dwarf galaxy constraints. However, this
tension can be relieved with a more conservative estimate
of the DM content of the dwarf galaxies [50]. Also, a
recent analysis using new discovered dwarfs galaxies [51]
actually provides weaker limits, also shown in FIG. 4, fur-
ther relieving the tension.

SUMMARY AND CONCLUSION

In conclusion, the very accurate recent measurement
of the CR antiproton flux by the AMS-02 experiment
allows to achieve unprecedented sensitivity to possible
DM signals, a factor ⇠ 4 stronger than the limits from
gamma-ray observations of dwarf galaxies.

Further, we find an intriguing indication for a DM
signal in the antiproton flux, compatible with the DM
interpretation of the Galactic center gamma-ray excess.
A deeper examination of such a potential signal would
require a more accurate determination of the antipro-

FIG. 4: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, and limits on the DM
annihilation cross-section into bb̄ final states. The grey
shaded uncertainty band is obtained from the envelope
of the various fits presented in FIG. 3. For comparison

we show limits on the annihilation cross-section
obtained from gamma-ray observations of dwarf
galaxies [49, 51], and the thermal value of the

annihilation cross-section, h�vi ⇡ 3⇥ 10
�26 cm3s�1.

ton production cross-section, to constrain the flux of sec-
ondary antiprotons, as well as an accurate modeling of
solar modulation at low rigidities of less than about 5GV.

Note added: After our submission we became aware of
a similar work by [52]. They perform an analysis using
methodologies analogous to the ones of this letter and
find results consistent with ours.
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Antiprotons - one of the most sensitive probes of new physics 
— p spectra measured exquisitely well 
— anti-p produced as secondaries, with the proton spectra as the source term  
Simultaneous fit to p and He spectra (constrain propagation parameters) + DM component 

WW, w EWC

[Cuoco+, PRL 118(2016), Gielsen+, JCAP1509 (2015), …]
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why
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describe well solar modulation at rigidities R <
⇠ 5GV,

and more work is needed to interpret the low rigidity
data in a reliable way.

We have emphasized the importance of the antiproton
production cross-section for a reliable estimate of the an-
tiproton flux. Adopting the more recent cross-section
model from [41], rather than the Galprop default [40],
has little impact on the fit near mDM ⇡ 80GeV, but the
different energy dependence of the cross-section models
leads to a change in the DM limits for light and heavy
DM.
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�26 cm3s�1 annihilating
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SUMMARY AND CONCLUSION

In conclusion, the very accurate recent measurement
of the CR antiproton flux by the AMS-02 experiment
allows to achieve unprecedented sensitivity to possible
DM signals, a factor ⇠ 4 stronger than the limits from
gamma-ray observations of dwarf galaxies.

Further, we find an intriguing indication for a DM
signal in the antiproton flux, compatible with the DM
interpretation of the Galactic center gamma-ray excess.
A deeper examination of such a potential signal would
require a more accurate determination of the antipro-

FIG. 4: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, and limits on the DM
annihilation cross-section into bb̄ final states. The grey
shaded uncertainty band is obtained from the envelope
of the various fits presented in FIG. 3. For comparison

we show limits on the annihilation cross-section
obtained from gamma-ray observations of dwarf
galaxies [49, 51], and the thermal value of the
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ton production cross-section, to constrain the flux of sec-
ondary antiprotons, as well as an accurate modeling of
solar modulation at low rigidities of less than about 5GV.

Note added: After our submission we became aware of
a similar work by [52]. They perform an analysis using
methodologies analogous to the ones of this letter and
find results consistent with ours.
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GC excess region!

However, uncertainty in solar 
modulation, pp x-section, …

- multi-target and multi-messenger stra
tegy cannot offer (yet) robust 

clear-cut solutions 

- Occam’s razor perspective? 

- Novel analysis techniques?

Multi-messenger - antiprotons
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Heavy DM ? 

multi-TeV DM IS vanilla WIMP —> important part of  the parameter space  

weak force as a long-range force:  

— Sommerfeld enhancement  

— Bound state formation enhancement 

WIMPs - frontiers  



Galactic center with CTA 

[Archaryya+, 2020]

F O R E S E E N  C TA  O B S E R VAT I O N S  O F  T H E  
G A L A C T I C  C E N T E R

[Archaryya et al. 2020, submitted, 2007.16129] 9

• Galactic center survey: 
525 hours over first 10 
years 

• Extended survey: 
additional 300 hours 

Galactic center survey: 525 
hours over first 10 years 

Extended survey: additional 300 hours  
(relevant for cored DM profiles!)

Cherenkov telescopes are 

‘pointing’, but… 



Galactic center with CTA M O D E L I N G  O F  T H E  G A L A C T I C  C E N T E R  R E G I O N  F O R  C TA  
S E N S I T I V I T Y  S T U D Y  —  F U L L  3 D  T E M P L AT E  A N A LY S I S

10[Archaryya et al. 2020, submitted, 2007.16129]

—> FULL 3D TEMPLATE ANALYSIS 

[Archaryya+, 2020]

M O D E L I N G  O F  T H E  G A L A C T I C  C E N T E R  R E G I O N  F O R  C TA  
S E N S I T I V I T Y  S T U D Y  —  F U L L  3 D  T E M P L AT E  A N A LY S I S

10[Archaryya et al. 2020, submitted, 2007.16129]

CTA  analysis techniques

ON/OFF analysis 
unfeasible for GC (no 
good OFF region)



Galactic center with CTA 
Likelihood analysis for sensitivity includes: 
•  systematic uncertainties 
•  astro backgrounds 

—> CTA expected to probe thermal annihilation cross section between 100s of GeV and 
tens of TeV 
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Figure 5: Sensitivity of CTA to a DM annihilation signal, at 95% C.L., based on our bench-
mark treatment of the expected instrumental systematic uncertainty. Following common
practice, this is presented in terms of projected mean upper limits on the average velocity-
weighted annihilation cross section, as a function of the DM mass m�. Solid lines show the
sensitivity based on our benchmark settings, while dashed lines show the reach assuming no
systematic uncertainty in the spatial templates. We also indicate the ‘thermal’ cross-section
that for the simplest DM models leads to a relic density within the 3� range of the DM abun-
dance observed by Planck [1, 171]. Left panel: Sensitivity to DM annihilation into W

+
W

�

final states (black), without electroweak corrections (see Section 3.1 for a discussion). The
green (yellow) band indicates the 2� (3�) scatter of the projected limits (based on Monte
Carlo realisations). Right panel: DM annihilation into b̄b (red), W+

W
� (black) and ⌧

+
⌧
�

(green), respectively.
.

that CTA is also expected to pick up astrophysical ‘signal’ components that most likely are
different in the two ROIs.

5 Projected dark matter sensitivity

In this section we present the main results of our analysis, namely the sensitivity of CTA to
a DM signal, focussing exclusively on the following benchmark settings:

• GC survey observation strategy, masking bright sources as indicated in Fig. 1.

• Asimov mock data set based on CR background and IE Gamma model templates.

• Template fitting analysis based on 0.1�⇥0.1� spatial bins and 55 energy bins between 30
GeV and 100 TeV (and a width corresponding to the energy resolution at the 2� level).
Our default treatment of systematic uncertainties implements a 1% overall normalisation
error and a spatial correlation length of 0.1� (but no energy correlations).

In the subsequent Section 6, we will discuss how our results are affected by modifying the
benchmark assumptions listed above.

5.1 Expected dark matter limits

The most often considered ‘pure’ annihilation channels for heavy DM candidates are those
resulting from b̄b, W+

W
� and ⌧

+
⌧� final states (in the order of increasingly harder spectra).

In Fig. 5 we show the expected limits for DM models where annihilation into these final

– 21 –

[Archaryya+, 2020]



Outline

1. DM model space that CAN be tested with gamma-rays 
2. Experiments 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs - an example of  DM detection in a crowded region of the GC 

• ALPs - an example of smoking gun signature 
• PBHs - an example of gamma rays excluding a significant portion of 

parameter space.



Smoking guns

Spectral features Targets with no gamma emitters  
(except  DM)



A L P  I N D U C E D  G A M M A - R AY  B U R S T S   
F R O M   C O R E - C O L L A P S E  S U P E R N O VA E

B

a

B

• ALPs would be produced 
in a core-collapse SN 
explosion  

• Could convert into 
gamma-rays in Galactic 
magnetic field 

18 See also Jiaming Zheng’s talk

[credit M. Meyer]
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• ALPs produced in short 
burst (~10 s) 

• Arrive simultaneously with 
neutrinos (time tag!) 

• Spectrum peaks around  
60 MeV 

• Smoking gun signature 

• SN in Fermi field of view 
could strengthen limits by 
more than an order of 
magnitude  
[MM et al. PRL 2017]

[Payez et al. 2015]

18 See also Jiaming Zheng’s talk
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• ALPs produced in short 
burst (~10 s) 

• Arrive simultaneously with 
neutrinos (time tag!) 

• Spectrum peaks around  
60 MeV 

• Smoking gun signature 

• SN in Fermi field of view 
could strengthen limits by 
more than an order of 
magnitude  
[MM et al. PRL 2017]

[Payez et al. 2015]

18 See also Jiaming Zheng’s talk

Also, many more core collapse SNe will be 
discovered in close-by galaxies with on-going 
surveys and the Rubin observatory! [Meyer+, PRL, 2020]
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1. DM model space that CAN be tested with gamma-rays 
2. Experiments 
3.Wish list, targets 
4. Astro backgrounds 
5. Examples: 

• WIMPs - an example of  DM detection in a crowded region of the GC 

• ALPs - an example of smoking gun signature 

• PBHs - an example of gamma rays excluding a significant portion 
of parameter space.



PBHs

Black holes are called primordial when they are formed by density perturbations 
during the early stage of the expansion of the Universe.  

Their initial mass scales with the time t elapsed since their creation after the Big Bang. 

650 P. Brun, J. Cohen-Tanugi / C. R. Physique 17 (2016) 649–662

1. The primordial soup as a source of energy

The investigation of the physics of the microcosm and of its role in the evolution of the Universe always requires the use 
of an energy reservoir. Contemporary researches in particle physics make use of powerful particle accelerators; this approach 
led to great successes with the building of the Standard Model of particle physics. The latest achievement in that field is the 
discovery of the Higgs boson that is responsible for the breaking of the electroweak symmetry and most likely describes 
how elementary particles acquire inertial mass. The Standard Model, although it reproduces hundreds of high-precision 
measurements, suffers from internal inconsistencies and lacks a microscopic description of phenomena observed on very 
large scales: dark matter (DM), dark energy, inflation. Another flaw of the model is its failure to offer a quantum description 
of gravitation. Challenging the Standard Model, with the idea of discovering what lies beyond it, is a task that requires either 
very high-precision measurements or access to an even more powerful energy reservoir, or both. A possible alternative to 
particle colliders lies in the use of natural environments to conduct particle physics experiments. Among other possibilities 
one can use stars or neutron stars to search for axions—those light particles that could explain the conservation of CP 
symmetry in strong interactions—, or the environment of supermassive black holes. The latter are used in gamma-ray 
observations of blazars to search for axions or for the breaking of Lorentz invariance (see [1] in this volume).

In the present article, we review some investigations that make use of the tremendous energy density that the first 
stages of the big bang may have offered. The study of the thermal history of the early universe has shown great success. For 
instance, at energies of the order of atomic bindings, the description of the physical phenomena that took place allows a very 
precise description of the recombination era, that is used as a tool for cosmology with the success that we know. At higher 
energies, the knowledge of the temperature and density evolution allows the rate of the nucleosynthesis of He and Li to be 
computed quite accurately. In this review, we go back even farther in time, and consider a hypothetical dark matter particle 
that would have been in thermal equilibrium at some point in the early universe. This scenario is very well motivated by 
both cosmological measurements and particle physics models, and it has triggered a lot of experimental research. Other 
interesting phenomena that could have happened in the very first stages of the evolution of the universe are relevant to 
gamma-ray astronomy. For example, very little is known about the fluctuation spectrum of matter at very small scales. 
Primordial black holes (PBH), of small mass compared to their cousins born in cataclysmic stellar deaths, may populate 
this part of the parameter space. Their evolution would entail a very slow mass loss through the Hawking–Bekenstein 
evaporation mechanism, ending in an explosive phase that would feature the emission of a flash of gamma rays. In some 
range of PBH initial mass, the final explosion could occur in the local universe and at the present time, making these 
photons potentially observable with gamma-ray telescopes.

In this article, we focus mainly on the role that gamma-ray observations play in the search for new phenomena related to 
the physics of the early Universe. It is organized as follows: the first section presents the status of PBH search in gamma-ray 
astronomy, while the remaining of the paper is devoted to searches for dark matter particles. In Sec. 3, a description of 
the evaluation of the relic density is presented, and some examples of particle physics models with dark matter candidates 
are summarized. In Sec. 4, we derive the expected gamma-ray signals. In Sec. 5, we review the searches for different 
types of targets with both satellite-borne and ground-based telescopes. Sec. 6 presents the specific case of the search for 
monochromatic lines, and Sec. 7 discusses the case of decaying dark matter. Finally, Sec. 8 gives a short update on future 
searches and on other means to search for particle dark matter. This article aims at providing a pedagogical introduction to 
the field, and relevant references are given for the reader who would like to go into further details. A very recent review, 
with a more in-depth discussion of the topic presented here, can be found in [2].

2. Primordial black holes

Black holes are called primordial when they are not formed by the gravitational collapse of a star, but rather by density 
perturbations during the early stage of the expansion of the Universe. Their initial mass scales as M(t) ≈ 1015 g×(t/10−23 s)
with the time t elapsed since their creation after the Big Bang. Due to the Hawking–Bekenstein radiation, PBHs evaporate in 
a time τ ≈ 400 s × (M/1010 g)3, so that PBHs in the last stages of their lifetime at the current epoch were created at a time 
close to 10−23 s after the Big Bang, and thus with an initial mass of order 1015 g. Likewise, PBHs with mass greater than 
1015 g would still survive at the present epoch and thus could be a potential dark matter candidate. Gamma-ray emission 
from PBHs could contribute to the extragalactic gamma-ray diffuse background via the cumulative emission over cosmic 
ages, with a photon spectrum peaking at 100 MeV at present days [3]. In addition to this observable, the theory predicts an 
explosive final stage for each black hole with a flash of very-high-energy gamma rays.

2.1. Constraints from gamma-ray diffuse emission

As the photon spectrum of evaporating black holes peaks at about 100 MeV, the cumulative emissivity of PBHs, up to 
the mass of those that would complete their evaporation at the present epoch, sums up to yield an expected isotropic 
gamma-ray signal that can be tested against the measured extragalactic background (EGB). This constitutes in fact one of 
the earliest constraints published [4], already restricting the averaged density "PBH normalized to the critical density1 to 

1 "PBH = ρPBH/ρc where the critical density ρc is given as a function of the gravitational constant G and of the Hubble constant H0 as ρc = 3H2
0/(8 πG).

Due to the Hawking–Bekenstein radiation PBHs evaporate in a time
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searches and on other means to search for particle dark matter. This article aims at providing a pedagogical introduction to 
the field, and relevant references are given for the reader who would like to go into further details. A very recent review, 
with a more in-depth discussion of the topic presented here, can be found in [2].

2. Primordial black holes

Black holes are called primordial when they are not formed by the gravitational collapse of a star, but rather by density 
perturbations during the early stage of the expansion of the Universe. Their initial mass scales as M(t) ≈ 1015 g×(t/10−23 s)
with the time t elapsed since their creation after the Big Bang. Due to the Hawking–Bekenstein radiation, PBHs evaporate in 
a time τ ≈ 400 s × (M/1010 g)3, so that PBHs in the last stages of their lifetime at the current epoch were created at a time 
close to 10−23 s after the Big Bang, and thus with an initial mass of order 1015 g. Likewise, PBHs with mass greater than 
1015 g would still survive at the present epoch and thus could be a potential dark matter candidate. Gamma-ray emission 
from PBHs could contribute to the extragalactic gamma-ray diffuse background via the cumulative emission over cosmic 
ages, with a photon spectrum peaking at 100 MeV at present days [3]. In addition to this observable, the theory predicts an 
explosive final stage for each black hole with a flash of very-high-energy gamma rays.

2.1. Constraints from gamma-ray diffuse emission

As the photon spectrum of evaporating black holes peaks at about 100 MeV, the cumulative emissivity of PBHs, up to 
the mass of those that would complete their evaporation at the present epoch, sums up to yield an expected isotropic 
gamma-ray signal that can be tested against the measured extragalactic background (EGB). This constitutes in fact one of 
the earliest constraints published [4], already restricting the averaged density "PBH normalized to the critical density1 to 

1 "PBH = ρPBH/ρc where the critical density ρc is given as a function of the gravitational constant G and of the Hubble constant H0 as ρc = 3H2
0/(8 πG).

PBHs in the last stages of their lifetime at the current epoch were created at a 
time close to the Big Bang, with an initial mass of order 1015g.
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Gamma-ray emission from PBHs could contribute to the extragalactic gamma-ray diffuse 
background via the cumulative emission over cosmic ages, with a photon spectrum peaking 
at 100 MeV at present days (constraints by EGRET and Fermi LAT) 

In addition to this observable, the theory predicts an explosive final stage for each black hole 
with a flash of very-high-energy gamma rays, reaching TeV energies (HESS).

M. Cirelli, A. Strumia, J. Zupan to appear
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Summary

Life is hard 
But field is mature and growing + astrophysics is exciting :) 
— a range of well thought strategies that can be applied to variety of 
systems  

Future: 
• Advances from astro theory (Pulsar halos? Galactic PeVatrons?) 

• New analysis techniques (Christoph’s talk!) 

• New Experiments (CTA + MeV gap + Vera Rubin Observatory +…)
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