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Dark matter 
an essential building block of the Standard Model of Cosmology 

  Galaxies

[Orsi et al. (2009)]
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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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All evidence so far is astrophysical 

And only through gravitational probes



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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What are the options?

Artwork by Sandbox Studio, Chicago

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!

[credit M. Cirelli]
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Searches in astrophysical/cosmological data (DM’s ‘natural habitat’)

1. Look for DMDM induced SM particle injection 

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!
Special case: ’thermal’ DM
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1. Look for DMDM induced SM particle injection 

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!
Special case: ’thermal’ DM γ,  

ν,  
e±,  
p±  
D-2. Look for decay or ‘conversions’ to SM

axionssterile neutrinos

PROs: worked so far… 
CONs: does not probe 
interactions with SM directly 

3. Look for gravitational signatures 
- gravitational lensing  (PBHs);  

- stellar tidal stream disruptions (warm DM),  

- stellar wakes (Gaia) 
+ gravitational waves !

88

Searches in astrophysical/cosmological data (DM’s ‘natural habitat’)
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In terms of detection strategies:

EuCAPT white paper,  

arXiv: 2110.10074

‘direct’ cosmic messengers
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Focusing on DM search via gamma-rays  
(WIMPs, ALPs, PBHs…)

• Where to look/DM distribution 

• What (gamma-ray) tools do we have 

• What strategies to adopt (WIMPs vs ALPs) 

• Future

See also Prof. Francoise Combes’s  talk! 



Where  to look?
• ‘locally’

dSph Galaxies

Dark sub halos

Galactic Centre

[Aquarius Simulation] 12

30 kpc

Note: baryons are tracers of DM distribution 



Where  to look?
• or the ‘cosmological’ signal

[Millenium Simulation] 13

z<2, 3

Galaxy Clusters

Cumulative signal

Nearby galaxies

Note: baryons are tracers of DM distribution 



What tools?

𝛄’s ‘blocked’ 
by the  
atmosphere

satellites

Michele Doro - ISAPP 21 School 80

Credit: Nina McCurdy and Joel R. Primack/UC-HiPACC

Figure of merits of current
generation:
• FOV 5x5 deg
• 50 GeV- 100 TeV
• Eff.Area ~ 105-106 m2
• Dark time: ~1000 h/year

• ~10-50 h source for 
detection

• ~0.1 angular resolution
• ~10-20% energy

resolution
(EGRET (1991- 2001 ), AGILE 
(2007-), Fermi LAT (2008-)) 
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Credit: Nina McCurdy and Joel R. Primack/UC-HiPACC

Figure of merits of current
generation:
• FOV 5x5 deg
• 50 GeV- 100 TeV
• Eff.Area ~ 105-106 m2
• Dark time: ~1000 h/year

• ~10-50 h source for 
detection

• ~0.1 angular resolution
• ~10-20% energy

resolution
(EGRET (1991- 2001 ), AGILE 
(2007-), Fermi LAT (2008-)) 

or ground based 
Imaging Atmospheric Cherenkov Telescopes  

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

Water Cherenkov 
detectors  

(‘observing Universe 
with a bucket of 
water’)  

(…, HAWC (2011 - ))

Other techniques 
(scintilators) + 
combinations   

(Tibet AS𝛄 (1990-), 
LHASSO (2021 - ))

Particle detectors
! Detection of 

charged shower 
constituents 
through several 
instruments
!!, !", #, $

! Large arrays
! Higher altitudes
! All-day duty cycle
! Wide FOV
! TeV+ threshold

Michele Doro - ISAPP 21 School 101

𝛄’s ‘blocked’ 
by the  
atmosphere
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x15 more sensitive than Milagro

Design improvements
Fermi LAT, AGILE

IACTs (H.E.S.S., MAGIC, VERITAS)

HAWC

100 TeV

IACTs (H.E.S.S., MAGIC, VERITAS)

What tools?



New kid on the block !

Sichuan Province



GeV vs TeV 

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

PoS(APCS2018)054

Ten years of Fermi LAT observations and the new 4FGL and 4LAC catalogs Stefano Ciprini

Figure 3: Pictorial all-sky map in Galactic coordinates and Hammer-Aitoff projection showing the sky loci
of 4FGL catalog sources and their class. All AGN classes are plotted with the same blue symbol, other
associations to a well-defined class are plotted in red, while unassociated sources and sources associated to
counterparts of unknown nature are plotted in dark grey [22].

for the 3FGL is about 20% larger acceptance at all energies and improved angular resolution
above 3 GeV.

• A new model of underlying diffuse Galactic emission was developed. The model is based
on linear combinations of templates for components of the Galactic diffuse emission. For
the 4FGL catalog all the templates are updated with refined partitioning the HI and H2 (2.6-
mm CO line) into separate ranges of Galactocentric distance (‘rings’), and a new template
is added for all-sky high-resolution, 21-cm spectral line HI4PI survey as tracer of HI. The
interstellar emission dominates in the Galactic Ridge and the dark gas is responsible for
a large part of the small-scale structures of the interstellar matter and gamma-ray diffuse
emission. Recent published data are used in the new model, and improvements are reached
against spurious structures around massive star-forming regions.

• Weighted logarithmic maximum likelihood analysis is adopted to mitigate the effect of sys-
tematic errors due to the imperfect knowledge of the Galactic diffuse emission.

• 75 4FGL sources are explicitly modeled as extended emission regions, up from 25 in 3FGL.

• To study the associations of LAT sources with counterparts at other wavelengths, several
catalogs of counterparts at lower frequencies are updated and correspondingly the association
procedure is recalibrated.

11

2.3. Localization

The position of each source was determined by maximizing
the likelihood starting from the seed position, using gtfindsrc.
We used gtfindsrc rather than pointlike (used in 3FGL) in order
to benefit from the full power of PSF event types introduced
in Pass 8. The gtfindsrc tool works in unbinned mode,
automatically selecting the appropriate PSF for each event as a
function of its event type and off-axis angle (the PSF broadens
at large off-axis angles). The gtfindsrc run was integrated into
the main iterative procedure (Section 2.4), starting with the
brightest sources. This ensures that the surrounding sources
were correctly represented. The main drawback is that gtfindsrc
provides only a symmetric (circular) error radius, assuming a
Gaussian distribution, not the full TS map and an ellipse as
pointlike does. There is no reason to believe that this is a
serious limitation. For example, in 3FGL the average ratio
between the two axes of the error ellipses was 1.20, so most
ellipses were close to circular. At higher energies (1FHL) this
ratio was even smaller, 1.12.

The systematic uncertainties associated with localization
were not calibrated on 3FHL itself, but on the larger (and more
precise) preliminary source list derived from an analysis over
all energies greater than 100MeV. The absolute precision at the
95% confidence level was found to be 0°.0075 (it was 0°.005 in
3FGL, but the statistical precision on localization was not
good enough to constrain the absolute precision well). The
systematic factor was found to be 1.05, as in 3FGL. We
checked that the 3FHL localizations were consistent with the
same values. Consequently, we multiplied all error estimates by
1.05 and added 0°.0075 in quadrature.

2.4. Significance and Spectral Characterization

The framework for this stage of the analysis was inherited
from the 3FGL catalog analysis pipeline (Acero et al. 2015). It
splits the sky into regions of interest (RoIs), each with typically

half a dozen sources whose parameters are simultaneously
optimized. The global best fit is reached iteratively, by
including sources in the outer parts of the RoI from the
neighboring RoIs at the previous step. Above 10 GeV the PSF
is narrow, so the cross-talk is small and the iteration converges
rapidly. The diffuse emission model had exactly one free
normalization parameter per RoI (see the Appendix for details).
We used unbinned likelihood with PSF event types over the
full energy range, neglecting energy dispersion. Extended
sources (Section 2.5) were treated just as point sources, except
for their spatial templates. Whenever possible, we applied the
new RadialDisk and RadialGaussian analytic spatial templates
for the likelihood calculation. They are not pixelized and hence
are more precise than the map-based templates used in 3FGL.
Sources were modeled by default with a power-law (PL)

spectrum (two free parameters, a normalization and a spectral
photon index). At the end of the iteration, we kept only sources
with TS> 25 with the PL model, corresponding to a
significance of just over 4σ evaluated from the χ2 distribution
with 4 degrees of freedom (position and spectral parameters,
Mattox et al. 1996). We also enforced a minimum number of
model-predicted events Npred� 4 (only two sources were
rejected because of this limit, and only two have Npred< 5).
We ended up with 1556 sources with TS> 25, including 48
extended sources.
The alternative curved LogParabola (LP) spectral shape
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was systematically tested, and adopted when
Signif_Curve= 2 ln LP PL 3L L >( ( ) ( )) , corresp-
onding to 3-σ evidence in favor of the curved model (the
threshold was 4σ in 3FGL). Among 1556 sources, only 6 were
found to be significantly curved at the 4σ level. Lowering the
threshold to 3σ added 26 curved sources, whereas an average

Figure 1. Adaptively smoothed Fermi-LAT counts map in the 10 GeV–2 TeV band represented in Galactic coordinates and Hammer–Aitoff projection. The image has
been smoothed with a Gaussian kernel whose size was varied to achieve a minimum signal-to-noise ratio under the kernel of 2.3. The color scale is logarithmic and the
units are counts per (0.1 deg)2 pixel.
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3.5. The Galactic Population

The majority of Galactic sources detected in 3FHL are
sources at the final stage of stellar evolution such as pulsars,
PWNe, and SNRs, many of which are detected as extended,
and high-mass binaries.

In this catalog 125 sources are associated with Galactic
objects and 83 are unassociated within the plane of our Galaxy
( b 10< n∣ ∣ ). The same low Galactic latitude region has 133
extragalactic objects. Considering the density of extragalactic
sources outside of the plane and the decreased sensitivity for
source detection in the plane, we estimate that ≈25–40 of the
83 unassociated objects may be Galactic. Indeed, the distribu-
tion in Galactic latitude of unassociated sources (see Figure 11)
shows a peaked profile for b 2< n∣ ∣ on top of a flat isotropic
background.

The spectral index distribution of Galactic sources is broad,
with a median index Γ≈ 3 as shown by Figure 12. This arises
from the superposition of the distributions of the indices of the
different source classes. The majority of sources are pulsars,
and at >10 GeV, the LAT samples their super-exponential
cutoffs, yielding a median spectral index of Γ≈ 4. Sources
classified as pulsars in 3FGL retain this classification in 3FHL
for consistency. A source is reclassified as PWN only if it is
associated with a known, small-size PWN and has a rising SED
indicative of a dominant PWN component. Only 3FHL J0205.5
+6449, 3FHL J0534.5+2201, and 3FHL J1124.4-5916 have
been reclassified accordingly. SNRs and PWNe account for 56
objects. Their similar index distributions translate into much
harder spectra than the rest, having a median of Γ≈ 2. The
unassociated sources within the plane of the Galaxy display the
full range of spectral indices 1<Γ<5. However, those

Figure 2. Distributions of angular separations in σ units between 3FHL sources and their counterparts (r95 = 2.448σ). (Left panel): sources associated with the
Bayesian method (red solid line) and sources solely associated with that method (black dotted line). (Right panel): Same, but for the LR method. The curves
correspond to the expected distributions for real associations.

Figure 3. Sky map, in Galactic coordinates and Hammer–Aitoff projection, showing the objects in the 3FHL catalog classified by their most likely source classes.
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LAT 
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LAT source catalogue,  

>10 GeV (3FHL)

~1.5k 
sources

LAT source catalogue,  

>300 MeV (4FGL)

~5k sources

Figure 1. The TeV sky in mid-2019. A compilation of known VHE gamma-ray sources (from
TeVCat), compared to the high energy Fermi-LAT catalogue (3FHL) sources. Adapted from [1].

harder (for example with respect to the ultra-high-energy cosmic rays, where the GZK horizon
leads to a dramatic reduction in the number of candidate sources).

Particularly in the case of transient events, the very large area of VHE gamma-ray instruments
(in particular the Imaging Atmospheric Cherenkov Telescopes – IACTs) makes them an ideal
counterpart to neutrino telescopes, with typically thousands of detected gamma-rays expected
for each neutrino. Interactions of accelerated nuclei both with matter and radiation fields lead
to simultaneous neutrino and gamma-ray production. In general neutrino and gamma-ray fluxes
from the two process are comparable and in the absence of absorption e↵ects it is straightforward
to predict the expected neutrino spectrum from the observed gamma-ray spectrum (see e.g. [2]).
In the case of photo-hadronic interactions however the necessary presence of strong radiation
fields makes gamma-gamma interactions and cascading very likely. This situation breaks the
simple relationship between gamma-ray and neutrino fluxes, but the combination remains very
powerful as a diagnostic of the underlying physics and physical conditions in the emission region.

For the proton accelerators in our own galaxy the p-p channel is the most promising,
and extensive surveys exist of the Galactic Plane in both, neutrinos and VHE gamma-rays.
Unfortunately there are so far no firmly identified Galactic neutrino sources, but it is intriguing
to note that one of the most promising regions from the recent IceCube search [3], is coincident
with a source (MGROJ1908+06) now established by the HAWC collaboration to emit TeV
photons to energies beyond 100 TeV [4].

Beyond our galaxy, the large dataset from IceCube now places tight constraints on cosmic-ray
acceleration and neutrino production in both gamma-ray bursts (GRBs, [5]) and the population
of gamma-ray emitting active galaxies know as blazars [6]. Whilst there is so far no evidence for
neutrino emission from active galaxies as a population, there is one very important candidate
object which is discussed in detail below.

TeVCat, 
2019

~200 
sources

>300 
MeV >10 GeV >~100 

GeV

LAT 
sky

HESS, Galactic 
center Ridge



Galactic PeVatrons ?

LHAASO detected 
12 sources at > 
0.1 PeV, based on 
more than 530 
photons (including 
photons up to 1.4 
PeV)!

[LHAASO, Nature, 2021]

In the proximity 
of known 
gamma ray 
emitters, PWNe, 
SNRs and star-
forming regions 
(+Crab nebula)



What strategy: ‘Weakly interacting Massive  Particles’ (WIMPs)
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this is what we 
are after!

X=

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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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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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
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tegral over the line of sight (los) of the squared DM density and
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ds ρ2(s,Ω). (1.2)
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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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simulations of structure formation [5, 6, 7], it is inferred that
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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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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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Segue 1 by MAGIC [36, 37, 38], towards Draco, Ursa Minor,
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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
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are weaker than those obtained from the Fermi-LAT satellite
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in gamma-ray flux which increases with decreasing relative ve-
locity down to a saturation point which depends on the DM and
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cross-section by a few orders of magnitude [27, 28].
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Boötes 1, Willman 1 and Segue 1 by VERITAS [39, 40],
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Nevertheless, the present instruments do not have the required
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0.3◦ and 1.0◦ from the Galactic Centre has also recently been
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masses well above the H.E.S.S. energy threshold of 100GeV,
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints
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Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints
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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,

Fermi LAT dSphs



101 102 103 104

m� [GeV]

10�27

10�26

10�25

10�24

10�23

h�
vi

[c
m

3
s�

1 ]

Abazajian+ (2015)

Gordon & Macias (2013)

Daylan+ (2014)

Calore+ (2014)bb̄

LAT dSphs: (proj. 15 yrs 60 dSphs)

CTA GC Halo 500h: Lefranc+ (2015)

CTA MW Halo 500h: Carr+ (2015)

HESS, MW Halo: Lefranc+ (2015)

Planck: Ade+ (2015)

Thermal Relic Cross Section
(Steigman+ 2012)

Figure 28: Comparison of projected dSph stacking limits with current and future IACT limits from CTA for the bb̄ (left) and
⌧+⌧� (right) channels. The dashed black curve shows the expected limit from the analysis of the artificially expanded target
described in §4.5.2 for the 15-year data set. IACT limits are in red and taken from [281, 282]. The limits derived from the
Planck data [13] are in gray. Finally, favored contours for several Galactic-center analyses are included for comparison.

instruments such as PAMELA and AMS-02 with results from �-ray data is complicated as the constraints on
the DM annihilation are dominated by systematic modeling uncertainties. As an example, the measurement
of the ratio of anti-protons to protons, �(p̄)/�(p), could in principle be used to probe cross sections below
the thermal relic level. In practice, however, the constraints based on cosmic-ray data have large modeling
uncertainties and are quite model dependent (see Figs. 29 and 30).

Figure 29: Combined total uncertainty on the predicted secondary p̄/p ratio, superimposed on the PAMELA [283] and AMS-
02 [284, 285] data. This figure appeared as Fig. 2 of Ref. [286]; additional details about the uncertainty bands may be found
in that work; reproduced under the Creative Commons attribution license.

Similarly, the ratio of positron to electron fluxes has been measured by the LAT [28], AMS-02 [289, 290]
and PAMELA [291] and is potentially sensitive to DM interactions. The observed positron to electron flux
ratio rises steadily from ⇠ 5% at 1GeV to ⇠ 15% above 100 GeV, suggesting the injection of high-energy
positrons into the interstellar medium. Similarly to the situation with anti-protons, the interpretation of the
rising positron fraction and implied constraints on DM annihilation are dominated by systematic modeling
uncertainties, see, e.g., Refs [292–295] for discussion of the interpretation of the positron excess.

In summary, the LAT data, and in particular the analysis of the dSphs provide the best current constraints
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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,
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Figure 18. Left panel: Constraints on the ⌅⇥v⇧-vs-m� plane for three di�erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
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!

!"#$%&'()%*+,-.)/0(-'&123)4,,+5+('67,)
89:);#<)==)$5',,#(>)

?'(%@)#%)'()8A::B>)

Or…

But, only a handful gamma-ray pulsars known pre-Fermi LAT. 
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State-of-the-art
‘cornering the WIMP’

Model dependent



How about ALPs?

A matter of perspective: plausible mass ranges
DM Candidates

‘only’ 90 orders of magnitude!

29

Where to look? 

• strong  magnetic 
fields  

• large distances 
→ e.g. galaxy clusters

Credit: M. Meyer



How about ALPs?

30

Strategy 1: examine  the  𝛄 
spectra of astro sources  and use 
it to constrain the probability of 
ALP-𝛄 conversion  

Credit: M. Meyer

P H O T O N - A X I O N / A L P  M I X I N G  

S T R O N G  M I X I N G  
R E G I M E

C R I T I C A L  E N E R G Y

Ecrit ⇠ 2.5GeV
|m2

a,neV � !2
pl, neV|

g11BµG

M A X I M U M  E N E R G Y

Emax ⇠ 2.12⇥ 106 GeV g11B
�1
µG

[Raffelt & Stodolsky 1988]9



How about ALPs?

31

Strategy 2: ALPs would be  
produced in a core- 
collapse SN explosion via 
Primakoff process  

Smoking gun! Gamma rays 
would arrive contemporary 
with neutrinos.  

Credit: M. Meyer

A X I O N L I K E  PA R T I C L E 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

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

• Could convert into 
gamma-rays in 
Galactic magnetic field 

19
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FIG. 1. Point source continuum di↵erential sensitivity of di↵erent X- and �-ray instruments. The curves for INTEGRAL/JEM-
X, IBIS (ISGRI and PICsIT), and SPI are for an e↵ective observation time Tobs = 1 Ms. The COMPTEL and EGRET
sensitivities are given for the typical observation time accumulated during the ⇠9 years of the CGRO mission (see Fig. 1 in
[129]). The Fermi/LAT sensitivity is for a high Galactic latitude source in 10 years of observation in survey mode. For MAGIC,
VERITAS (sensitivity of H.E.S.S. is similar), and CTA, the sensitivities are given for Tobs = 50 hours. For HAWC Tobs = 5 yr,
for LHAASO Tobs = 1 yr, and for HiSCORE Tobs = 1000 h. The e-ASTROGAM sensitivity is calculated at 3� for an e↵ective
exposure of 1 year and for a source at high Galactic latitude.

nuclear processes to those involving electro- and hydro-
dynamical, magnetic and gravitational interactions.

An important characteristic of e-ASTROGAM is its
ability to measure polarization in the MeV range, which
is a↵orded by Compton interactions in the detector. Po-
larization encodes information about the geometry of
magnetic fields and adds a new observational pillar, in
addition to the temporal and spectral, through which
fundamental processes governing the MeV emission can
be determined. The addition of polarimetric information
will be crucial for a variety of investigations, including
accreting black-hole (BH) systems, magnetic field struc-
tures in jets, and the emission mechanisms of GRBs. Po-
larization will provide definitive insight into the presence
of hadrons in extragalactic jets and the origin of ultra-
high-energy cosmic rays (CR).

In the following sections, the core science questions [50]
to be addressed by e-ASTROGAM are presented. The
requirements coming from the scientific objectives, and
driving the instrument design, are presented in Sect. III.

A. Processes at the heart of the extreme Universe:
prospects for the Astronomy of the 2030s

The Universe accessible to e-ASTROGAM is domi-
nated by strong particle acceleration. Ejection of plasma
(jets or uncollimated outflows), ubiquitous in accreting
systems, drives the transition from the keV energy range,
typical of the accretion regime, to the GeV-TeV range,

through reprocessing of synchrotron radiation (e.g, in-
verse Compton, IC) or hadronic mechanisms. For some
sources the MeV band naturally separates the accelera-
tion and reprocessing energy ranges. Other systems, in-
stead, radiate the bulk of their output in the MeV band.
This is the most frequent case for AGNs at cosmological
distances.

e-ASTROGAM will also study extreme acceleration
mechanisms from compact objects such as neutron stars
and (supermassive) black holes. Its polarimetric capabil-
ities and its continuum sensitivity will solve the problem
of the nature of the highest energy radiation.

The transition to non-thermal processes involves, in
particular, the emission of relativistic jets and winds. In
our Galaxy, this is relevant for compact binaries and mi-
croquasars. The interplay between accretion processes
and jet emission can best be studied in the MeV region,
where disk Comptonization is expected to fade and other
non-thermal components can originate from jet parti-
cles. e-ASTROGAM observations of Galactic compact
objects and in particular of accreting BH systems (such
as Cygnus X-1 [151], Cygnus X-3 ([3, 133]), V404 Cygni
[119]) will determine the nature of the steady-state emis-
sion due to Comptonization and the transitions to highly
non-thermal radiation (Fig. 4). The main processes be-
hind this emission are Compton scattering by accelerated
non-thermal electrons and its attenuation/reprocessing
by electron-positron pair production. The magnetic field
in the BH vicinity can be quite strong, and have both
random and ordered components; synchrotron emission

[e-Astrogam mission, 
1611.02232]

Future?

+ 
SGWO
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CTA - Cherenkov Telescope Array

CTA  Headquarters: Bologna 
Science Data Management Center: DESY Zeuthen

31 Countries
over 200 Institutes
over 1400 Members
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CONSORTIUM 
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Southern array
of Cherenkov telescopes

- about 3 km across



36 Credits: W. Hofmann and The CTA Consortium 

10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

10 g / h km21000 g / h km2 0.1 g / h km2

Southern array
of Cherenkov telescopes

- about 3 km across

10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

4 x 23 m ∅ Large Size Telescopes (LST)
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10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

10 g / h km21000 g / h km2 0.1 g / h km2

Southern array
of Cherenkov telescopes

- about 3 km across

10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

25 x 12 m ∅ Medium Size Telescopes (MST)     (North: 15)
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10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

10 g / h km21000 g / h km2 0.1 g / h km2

Southern array
of Cherenkov telescopes

- about 3 km across

10 GeV                         100 GeV                        1 TeV 10 TeV 100 TeV

70 x 4 m ∅ Small Size Telescopes (SST)   (South)

Uniform telescope designs currently being evaluated

Effective area

Angular resolution

LST

MST

SST
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North+South

South North

>60o zenith
45o-60o

30o-45o

DESIGN DRIVER:
FULL-SKY COVERAGE
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Prod-3 CTA-N layout optimization

CTA-N layout 
 optimization

CTA 
sites and example telescope layouts 
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Prod-3 CTA-S layout optimization

CTA-S layout 
 optimization

[www.cta-observatory.org]
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Prod-3 CTA-S layout optimization

CTA-S layout 
 optimization

31

 

Prod-3 CTA-N layout optimization

CTA-N layout 
 optimization

RE ASSESSMENT OF REQUESTEDRE-ASSESSMENT OF REQUESTED 
OBSERVING TIMES FOR CORE PROGRAMME

Rene Ong

PHYS MeetingPHYS Meeting

Milano, 7 March 2017

CTA-S location (Paranal)

Live cam!

LST-1 inaugurated October, 2018.

Commissioning phase since. Final CTAO/ESO agreement signed Dec  2018.

CTA 
sites and example telescope layouts 
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Prod-3 CTA-S layout optimization

CTA-S layout 
 optimization

31

 

Prod-3 CTA-N layout optimization

CTA-N layout 
 optimization

RE ASSESSMENT OF REQUESTEDRE-ASSESSMENT OF REQUESTED 
OBSERVING TIMES FOR CORE PROGRAMME

Rene Ong

PHYS MeetingPHYS Meeting

Milano, 7 March 2017

CTA-S location (Paranal)

Final CTAO/ESO agreement signed Dec  2018.

CTA 
sites and example telescope layouts 

Eruption started Sept 19, 2021.



43

CTA as a whole-sky observatory 

Novel observational strategy: sky surveys 
(thanks to a large number of CTA telescopes) 
• Unbiased view of the sky 

• Bridging the differences with satellite dataDATA CHALLENGE 1 EXPOSURE

Galactic Plane 
Survey

Galactic Centre
Survey

Extragalactic
Survey

Simulated:
1980 h South
1815 h North
8132 pointings

AGN 
Monitoring Fermi LAT, AGILE

Remember?



CTA  
WIMPs@ GCP R O J E C T E D  C TA  S E N S I T I V I T Y  

[Archaryya et al. 2020, submitted, 2007.16129] 11

• CTA should be able to probe 
thermal annihilation cross 
section between 100s of GeV 
and tens of TeV 

• Likelihood analysis for sensitivity 
includes systematic uncertainties

[Archaryya et al. JCAP 2020.]

Fermi LAT dSPhs

HESS GC

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 



CTA  
ALPs@ NGC1275

[Archaryya et al. JCAP 2021.]

NGC 1275 is the central galaxy of the Perseus cluster, at a 
distance of ∼ 75 Mpc (z = 0.01756). The cool-core Perseus cluster 
harbors a strong magnetic field, as large as 25 μG in the cluster 
center.



Machine learning &  point source detection and classification 

TeVPA2021

Results for High Latitude: 𝑏 > 20∘

Low background emission.  Higher accuracy in localization.

Better classification.                                      

Results for Low Latitude: 𝑏 < 20∘

Regions closer to galactic plane.  Background 
emission dominates.

Algorithm performance deteriorates. 
[arXiv: 2103.11068]

Gamma rays, AutoSourceID (www.autosourceid.org, A&A, 2103.11068)

[credit:  Saptashwa Bhattacharyya, TeVPA 2021] 

Future? New analysis techniques

http://www.autosourceid.org
http://www.autosourceid.org


Machine learning &  point source detection and classification 
Optical, AutoSourceID - Light (A&A, 2202.00489)

Future? New analysis techniques

multi-wavelength?A&A proofs: manuscript no. Paper

Appendix A: Hubble Space Telescope images

Fig. A.1: Star cluster image retrieved from the Hubble Space Telescope archive (GO-10396, PI: J.S. Gallagher). The red circles in
the zoomed windows are the locations of the sources identified by ASID-L. Although this is an early study, it appears that ASID-L is
capable of localizing many sources without the need to re-train the U-Net on HST images. The main di↵erence between MeerLICHT
and HST, the resolution of the images, does not seem to a↵ect the results of the method. However, there may be artifacts in HST
images that di↵er from those ASID-L ever encountered in MeerLICHT, one example being the di↵raction spikes that are very
common and bright for HST. A more detailed study of the applicability of ASID-L without new training is needed.

Article number, page 8 of 10

F. Stoppa et al.: AutoSourceID-Light

Table 2: Number of sources per square arcminute detected as a
function of the SNR cut-o↵ of the training set for the Omega cen
test set.

SNR TP FN FP Dice
1 27.0563 10.1144 3.1638 0.8030
3 26.9738 10.1968 2.8351 0.8054
5 25.8604 11.3102 1.9022 0.7965
7 24.3724 12.7982 1.5642 0.7724

As introduced in Section 2.2, we exploited the fixed size of the
masks to estimate the optimal � parameter. Evaluating multiple
values of � we found that � = 1.43 is the optimal choice to
localize blobs of the exact size and shape of our masks. Conse-
quentially, we improved the accuracy of the LoG ensuring that
only the U-Net’s predicted blobs of the correct size are local-
ized and substantially increasing the speed not having to evaluate
multiple values of � at every iteration.
To simplify the job of the LoG, a threshold ⌧ is set to remove
any predicted pixel with a value below it. An immediate way
to see the influence of the threshold ⌧ on the LoG result is the
number of False Positives. Looking at the results in Table 3 we
decided that a LoG threshold of 0.2 is the optimal choice.

Table 3: Number of sources per square arcminute detected as a
function of the threshold cut-o↵ for Laplacian of Gaussian.

Threshold TP FN FP Dice
0.00 30.4309 6.7398 104.5030 0.3536
0.05 28.3230 8.8476 6.6897 0.7847
0.10 27.7470 9.4236 4.4838 0.7996
0.15 27.3609 9.8097 3.4643 0.8048
0.20 26.9738 10.1968 2.8351 0.8054
0.25 26.5648 10.6059 2.3656 0.8038
0.30 25.9783 11.1923 1.9659 0.7979

The last parameter to choose is the maximum amount of overlap
! between adjacent sources. We set this parameter to 0.8, mean-
ing that if two adjacent sources overlap more than 80% only one
central source is localized. For our test set, this parameter has no
influence on the resulting number of TP, FN and FP.

4. Results

We now present the results of ASID-L with the specific choices
of SNR cut-o↵ and LoG parameters introduced in the previous
Sections. At the same time, we compare the results with SEx-
tractor, one of the most applied algorithms for source localiza-
tion in optical images. In Table 4, for the Omega Cen test set,
we compare the number of sources per square arcminute in the
Gaia EDR3 catalog, and the sources localized by SExtractor and
ASID-L.

Table 4: Number of TP, FN and FP per square arcminute in the
Omega Cen test set for Gaia, Sextractor and ASID-L.

Method TP FN FP Dice
Gaia 37.1707 - - -

SExtractor 14.6525 22.5182 0.1586 0.5637
ASID-L 26.9738 10.1968 2.8351 0.8054

Gaia has by far the highest number of sources and it is what
we use as ground-truth for all the comparisons. However, the
Gaia catalog is not perfect, it does not include small galaxies
and might include sources that are not visible in the optical im-
ages due to the reasons explained in Section 3.2.
For the Omega Cen test set, SExtractor has ideally few FP per
square arcminute, however, the overall amount of TP is low, re-
sulting in a Dice coe�cient of 0.5637. ASID-L, on the contrary,
has an higher number of FP, but it correctly localizes almost
twice as many sources with respect to SExtractor, resulting in
a Dice coe�cient of 0.8054.
We now evaluate the reason behind this substantial di↵erence
in the results of the two methods. In Fig. 5, we show the Dice
coe�cient, as in Eqn. 5, for all the 165 patches of the test set
belonging to the Omega Cen globular cluster field.

Fig. 5: Dice coe�cient of the Omega Cen test set patches as a
function of the number of sources per square arcminute in each
patch. ASID-L in blue and SExtractor’s in orange.

ASID-L scores are between 0.75 and 0.9 for any amount of
sources in the patches, proving that a high number of sources
is not a concern for the method. ASID-L recovers more sources
than SExtractor, although the influence of the FPs in low density
regions a↵ects the resulting Dice coe�cient value, as it can be
seen in the top left of the plot. SExtractor, instead, su↵ers in re-
ally crowded regions, the higher the number of sources the lower
its Dice coe�cient is.
Fig. 6 and Fig. 7 show, for two patches of the Omegan Cen test
set, the results of ASID-L and SExtractor with respect to Gaia
EDR3 in terms of TP, FN and FP.
In low crowded regions ASID-L recovers few sources more
than SExtractor, while, for really crowded regions like in Fig.
7, ASID-L substantially localizes more sources.

4.1. Speed and additional features

With the increased capabilities of many telescopes, large
amounts of data will have to be processed at a staggering in-
creasing rate. Thus, the need of computationally e�cient meth-
ods that can not only keep up with this trend but also help to
reduce the carbon footprint of this process.
We now evaluate the processing time of ASID-L and SExtrac-
tor on an Alienware Area 51M, Intel Core i9-9900K, 32GB
DDR4/2400, Nvidia GeForce RTX 2080.
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Multi-wavelength WIMP spectrum
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Example: Annihilation into b-quarks; mDM = 100 GeV

“Secondary” radiative emission induced by leptonic particles interacting with the environment  
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GW from environmental effects
GW signals generated by local DM (or baryon) environments modifying the GW signal from a merger


of two compact objects in a distinctive way 

Cold DM “dress” around (P)BHs => de-phasing of GW-form
Gondolo&Silk PRD’99; Zhao&Silk PRD’05; Kavanagh+ PRD’18; Coogan+ arXiv:2108.04154

Light boson fields around BHs => Super-radiance
Brito+ Lect. Notes Phys.'15



Curious to find out more?
http://www.idmeu.org — a go-to place for all things dark matter 

A hub for News/Events/Experiments/Models/Tools….

http://www.idmeu.org
http://www.idmeu.org
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GW from environmental effects
GW signals generated by local DM (or baryon) environments modifying the GW signal from a merger


of two compact objects in a distinctive way 

Cold DM “dress” around (P)BHs => de-phasing of GW-form
Gondolo&Silk PRD’99; Zhao&Silk PRD’05; Kavanagh+ PRD’18; Coogan+ arXiv:2108.04154

Light boson fields around BHs => Super-radiance
Brito+ Lect. Notes Phys.'15
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9

Gravitational lensing 
• Sensitive to DM substructures from asteroid to 

solar masses 
• Used to constrain PBHs, axion miniclusters, ultra-

compact mini-halos, or even boson stars
Green & Kavanagh J. Phys. G'19
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Gravitational lensing 

Green & Kavanagh J. Phys. G'19

• Sensitive to DM substructures from asteroid to 
solar masses 

• Used to constrain PBHs, axion miniclusters, ultra-
compact mini-halos, or even boson stars 

➡ GRB femtolensing or GRB lensing parallax 
measurements 


➡ Precise micro-lensing surveys with Roman Space 
Telescope, Euclid and the Vera C.  Rubin 
Observatory


➡ Important to model wave optics effects and source 
finite size 


➡ Microlensing of X-ray pulsars with small source 
sizes
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M
icro-lensing

Katz+ JCAP’18

Katz+ JCAP’18; Jung & Kim PRR'20

Bay & Orlofsky PRD’19

Sugiyama+ MNRAS'20


