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Dear colleagues: 
 
This is a letter in support of Ms. Judit Pérez-Romero who is applying for a postdoctoral position 
in your group. 
 
I am the (only) PhD supervisor of Judit since July 1st 2018, when she joined me at Universidad 
Autónoma de Madrid (UAM). Judit was awarded with this PhD opportunity after a hard 
competition with dozens of other highly motivated master students all over the globe. Indeed, 
the selection committee, which I presided, was impressed by Judit’s excellent academic marks at 
her bachelor’s in physics and her ‘Master in Theoretical Physics’ and, more importantly, by her 
extremely high motivation to pursue a PhD. Not surprisingly, I had already noticed Judit’s strong 
determination during the master course that I taught her at the UAM during the 2016/17 
academic year. Guided both by a solid background and her determination, by the end of the 
course she had demonstrated a very good knowledge not only of the main subject of my course 
(‘Astroparticle Physics’) but also on Astrophysics and Cosmology in a more general context. 
Also, still as a MSc student, she managed to lead and publish a work on f(R) cosmologies [PRD 
97 (2018) 023525]. 
 
Given my own expertise and current interests, I put Judit to work on the search for dark matter 
(DM) in gamma rays, which indeed represents the main topic of her PhD. I wanted Judit to 
contribute to the ongoing preparatory work for the upcoming Cherenkov Telescope Array 
(CTA), as part of my group’s commitments with the CTA Consortium (I belong to CTA since 
2011 and so every member of my group since my arrival in Madrid in 2017). Being myself the 
coordinator of the CTA DM working group during 2018 and 2019, I could easily identify not 
only the most relevant projects to understand the actual potential of CTA to search for DM-
induced gamma-ray signals, but also those with a more severe lack of manpower. Among these, 
the galaxy clusters’ Key Science Project (KSP) was particularly important and appealing from my 
perspective, so I decided to put Judit to work on it with my close guidance. Despite the big 
challenge for a student to lead a full CTA KSP, I soon realized that it was an excellent idea. 
Indeed, working on the clusters’ project has undoubtedly allowed Judit to acquire a series of very 
diverse and valuable skills, which I detail below, well in line with what I had in mind for her PhD.  
 
First, Judit performed a state-of-the-art modeling of the DM distribution in the cluster target. In 
clusters, halo substructure is expected to be particularly relevant, so Judit paid special attention to 
this component as well. Judit had to familiarize with concepts such as DM density profiles, 
subhalo mass functions and radial distributions, halo/subhalo concentrations, etc. Given our 
group’s expertise, she mainly worked with results from cosmological simulations. She also 
became an expert of the CLUMPY code, that allows for the computation of annihilation/decay 
fluxes and the building of spatial signal templates starting from user-detailed custom settings. In 
parallel to this DM modeling work, Judit has invested a large effort to develop software tools for 
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+ Extended/diffuse emission: 90% of the LAT photons! 

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

Gamma rays’ energy domain
– High Energy (HE): 100 MeV - 100 GeV
– Very High Energy (VHE): 100 GeV – tens of TeV

Units: 
– GeV/c2, or simply GeV (109 eV) with c=1. Also, MeV and TeV.
– Proton mass: 938 MeV/c2

– Electron mass: 0,511 MeV/c2

Non-thermal emission
– Thermal: electrons in a Maxwell-Boltzmann distribution

à temperature, black-body radiation.
à statistical motion of charged particles depends on temperature

– Non-thermal processes: no temperature associated. Typically, power-
law spectra.
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Intergalactic absorption of gamma-ray photons

Around TeV energies: 

Infrared/optical/UV background photons: 
Extragalactic Background Light (EBL)

Flux attenuation:                                                                         with t = optical depth

Example: for a source at redshift 0.5 and 0.5 TeV, attenuation ~2 orders of magnitude!!
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Credit: Mazin & Raue

FEarth'='Fsource'Exp[1τ (E,z)]



Optical depth 
from state-of-the-art EBL models

PoS(Texas 2010)228

EBL inferred from AEGIS galaxy SED-type fractions A. Domínguez
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Figure 2: The solid-black line is the extragalactic background light calculated by the fiducial extrapolation
of the galaxy SED-type fractions for z> 1. Uncertainties in the our EBL estimation are shown with a shadow
area (see Ref. [12] for a discussion on this and for details on the references). The envelope of the shadow
region within the dashed line at wavelengths above 24 µm shows the region where there is no photometry in
our galaxy catalogue.

Following both theoretical arguments [22, 23] and observational facts [24, 25], it is assumed
that no intrinsic (or EBL-corrected) VHE spectra from blazars might be fitted to a power-law with
indexes harder than 1.5. We now proceed to test in Fig. 3 whether the observed spectra of three new
measurements of high-redshift AGNs (other different spectra were considered in Ref. [12]) satisfy
the condition that the intrinsic spectrum corrected by the attenuation derived with our EBL model4

has �int � 1.5. We consider the following blazars: 3C 66A at z = 0.444 observed by MAGIC
[26], 3C 279 at z = 0.536 observed by MAGIC in the 2007 observational campaign [27], and the
discovery of PKS 1222+216 in the VHE regime [28], the second most distant flat-spectrum radio
quasar known (z = 0.432). These three blazars are plotted in Fig. 3, where the legends show that
the condition �int � 1.5 is satisfied. We note that in the 3C 279 case, only having three data points
makes the fit no statistically reliable.

It is confirmed from the study of these blazars the conclusions obtained in Ref. [12]. First, our
EBL is generally compatible with the expected hardness of the EBL-corrected slopes. However, it
is clear that a simple SSC model cannot explain any flatness at the highest energies of the EBL-
corrected spectra of 3C 66A, which suggests that some extension to the model may be necessary
such as an external photon region, a better understanding of the IACT systematic uncertainties or
even a revision of the propagation mechanisms mainly through the intergalactic medium [29].

Second, the uncertainties in the EBL-corrected spectra are dominated by other effects different
than EBL modelling as shown in the index uncertainties in Fig. 3.

4Optical depths are publicly available at http://side.iaa.es/EBL
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The most refined EBL 
models remarkably agree 

on their predictions for 
the (sub)TeV regime

EBL from AEGIS galaxy-SED-type fractions 2571

Figure 17. Upper panel: optical depth versus observed energy of γ -ray
photons for sources at different redshifts (from bottom to top z = 0.1, 0.3,
0.6 and 1), due to the EBL computed for our model in a solid black line, for
FRV08 in a dashed magenta line and for GSPD10 in a dot–dashed orange
line. Lower panel: flux attenuation versus observed energy of γ -ray photons
for fictitious sources at different redshifts (from right to left z = 0.1, 0.3,
0.6 and 1). We have calculated attenuation for the FRV08 and GSPD10
models using the EBL data provided by the authors. The EBL uncertainties
in Fig. 13 are propagated to the optical depth and flux attenuation. They are
shown here with a shadow region.

We see in Fig. 13 that the fiducial EBL model (hereafter all the
results in this section are discussed for this, unless otherwise stated)
is below the upper limits at all wavelengths, except at the largest
wavelengths, where it slightly exceeds the limits from the realistic
case by Mazin & Raue (2007). This fact is discussed in Section 5.2.1
and it is explained why we do not consider this a major problem.
Another limit not plotted comes from the blazar 1ES 0229+200 at
z = 0.140 (Aharonian et al. 2007). Its study sets a lower limit in the
slope of the local EBL spectrum between 2 and 10 µm, α ≥ 1.10 ±
0.25, to satisfy the limit on AGN’s spectra #int ≥ 1.5. We remark
that they set the limit only on the slope, not on the intensity level.
We have fitted our model in that wavelength range to a power law
∝ λ−α obtaining α = 1.19 ± 0.07. Our model is thus compatible
with this constraint.

It is also possible to set upper limits on the unknown redshift
of blazars assuming an EBL model and finding the redshift by
which the EBL-corrected spectrum satisfies #int = 1.5 (Prandini
et al. 2010; Yang & Wang 2010). We apply this method to the
PG 1553+133 spectrum observed by MAGIC (Albert et al. 2007),
assume an EBL-corrected spectrum given by a power law and find
an upper limit at z ≤ 0.85 ± 0.07 in agreement with the lower limit
(z ≥ 0.4) found by Danforth et al. (2010) using absorption features
in the Lyα forest of the blazar.

As shown in Fig. 17, our EBL model implies the same attenuation
as other recent models we compare to over all the energy range
observed by the current generation of IACTs. Larger transparency
than the observationally based model by FRV08 is found (roughly

a factor of ∼2 in flux, but still within the uncertainties) for γ -ray
photons with energies between ∼6 and 15 TeV for z ∼ 0.1, but a
factor of ∼2 in flux less transparent than the GSPD10 theoretical
approach around ∼10 TeV. For the high-redshift case, our model
predicts the same attenuation as FRV08, but a factor of ∼1.5 more
transparency than GSPD10 for sub-TeV energies. Note that a small
difference in the optical depth has large effects on the spectra due
to the exponential in equation (14); for example, a factor of 1.5 in
optical depth leads to a factor of ∼5 in attenuation.

5.2 Application to extreme known blazars

We now proceed to test whether the observed spectra of the three
most constraining AGNs known in the VHE range due to their
hard spectra, or due to their large redshift, satisfy the condition that
the intrinsic spectrum corrected by the attenuation derived with our
model has #int ≥ 1.5. We consider the blazars: Mrk 501 at z = 0.034
detected by the HEGRA system of Cherenkov telescopes in 1997
(Aharonian et al. 1999, with a re-analysis by Aharonian et al. 2001),
Flat Spectrum Radio Quasar (FSRQ) 3C 279 at z = 0.536 observed
by MAGIC (Albert et al. 2008) and the blazar 3C 66A observed by
VERITAS at z = 0.444 (Acciari et al. 2009), all of them seen in a
flaring state. All these blazars are plotted in Fig. 18, showing in the
legends that the condition #int ≥ 1.5 is satisfied.

5.2.1 Mrk 501

The highest energy bins in this measurement, where a significant
deviation from a power law is observed (see the upper-left panel of
Fig. 18), are affected by the far-IR EBL at λ > 60 µm. This is the
region of the EBL spectrum where a disagreement with the realistic
(but not extreme) upper limits of Mazin & Raue (2007) was found.
The problem comes from the very low statistics and high systematic
uncertainties at such high energies (Aharonian et al. 1999). A later
re-analysis of the same observation done in Aharonian et al. (2001)
accounts for larger systematic uncertainties as shown in the upper-
right panel of Fig. 18.

This exponential behaviour for the highest energy bin was al-
ready observed from the first EBL models (e.g. Malkan & Stecker
1998; Primack et al. 1999; Kneiske et al. 2002), whose EBL levels
were higher than the more recent ones. This fact was discussed
thoroughly in Dwek & Krennrich (2005), and even some exotic ex-
planations such as Lorentz invariance violation (Stecker & Glashow
2001) were proposed. More recent EBL models with a more trans-
parent universe (such as our model, FRV08 and GSPD10) relax
such predictions. The solutions to exponential spectra and photon
pile-up could involve widespread problems with the photon statis-
tics and systematic uncertainties in the observations (as the results
from the later re-analysis suggests), or new mechanisms extending
the normal synchrotron self-Compton (SSC) model, using external
regions close to the γ -ray source with target photons. The EBL
uncertainties in the far-IR leading to the attenuation uncertainties
at these high energies, as shown in Fig. 18, might contribute to the
solution as well.

Another observed flare with better statistics with the current gen-
eration of IACTs up to such high energies as ∼20 TeV would be
very helpful in constraining these possibilities.

5.2.2 3C 279

Fig. 18 shows in the lower-left panel the EBL-corrected VHE spec-
trum for this source. An external photon field providing target

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 2556–2578

 at The A
bdus Salam

 International C
entre for Theoretical Physics on A

pril 13, 2015
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

EBL

Optical depths

Predicted attenuations

Domínguez+11



Atmospheric opacity to gamma rays

11

Penetration depth of gamma-rays 
~ a few grams / cm2.

~10km atmosphere thickness + air 
specific weight of ~1 mg / cm3:
 à 1000 g cm-2 
à The atmosphere is a thick shield!
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The NASA Fermi satellite
• Lauched on June 11 2008 from Cabo Cañaveral.
• $800M mission led by NASA/DOE.
• Two instruments aboard:

• Gamma-ray Burst Monitor (GBM; 8 keV – 30 MeV)
• Large Area Telescope (LAT; 20 MeV – >1 TeV)

Alex Drlica-Wagner   |   Fermilab
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Fermi-LAT Collaboration
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“Catching” gammas with Fermi LAT
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Fermi uses pair production to detect gammas.
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The Fermi Large Area Telescope

Si-Strip Tracker:
convert g->e+e-

reconstruct g direction
EM v. hadron separation

Hodoscopic CsI Calorimeter:
measure g energy
image EM shower
EM v. hadron separation Anti-Coincidence Detector: 

Charged particle separation

Trigger and Filter:
Reduce data rate from ~10kHz to 300-500 HZ

Public Data Release:
All g-ray data made public within 24 hours (usually less)

Sky Survey:
2.5 sr field-of-view
whole sky every 3 hours

LAUNCHED IN JUNE 2008
Mission approved through 2025

[1.8 m x 1.8 m x 0.7 m]
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Fermi-LAT performance
All-sky coverage
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Angular resolution in gammas (aka ‘source confusion’)
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Andromeda (M31)

20 arcmin

Optical DSS Image

[Abdo+10]

M31 through the Fermi-LAT eyes



THE GAMMA-RAY SKY above 1 GeV
Fermi LAT data
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The complexity of the gamma-ray sky

Galactic Diffuse Point Sources Isotropic (IGRB)

18

DATA

Bubbles
Loop I
Earth limb
Sun
etc Dark matter ?
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EGRET
[Fermi predecessor, 1991-1996]

Fermi LAT 
[2008-present]

The Fermi LAT revolution



Data analysis challenges

Astrophysical foregrounds

Sub-threshold sources

E.g.:  2FGL: ~1800 sources
  3FGL: ~3000 sources
  4FGL: ~5000 sources

Source confusion
 spatial
 spectral
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Gammas 
from the 
ground

too!

MAGIC-I telescope



IACT technique
Gamma
ray

~ 10 kmAir shower

~ 1o

~ 120 m

The IACT technique

Stereoscopic system improves background 
discrimination and arrival direction reconstruction

Flashes ~ 10 ns

Few photons / m2 s-1



IACT technique (II)

23

5

Gamma-ray selection in a nutshell 

« Shape » discrimination:
Likelihood discrimination for
« shower goodness » parameter

- Hadrons/muons that survive the 
shape discrimination make up 
the residual background

L. Rinchiuso &  E. Moulin – Dark Matter searches towards the GC halo with HESS, Moriond 18-25 Mar 2017

1. Primary particle ID based on “shape” discrimination.
2. Image intensity à energy of primary
3. Image orientation –> arrival direction of primary

à All this can be improved with more telescopes. 

Massive MonteCarlo production needed for the analysis.
 à Selection cuts applied based on expected performance.



Present gamma-ray observatories
D

ESY/M
ilde Science Com

m
./Exozet

Fermi LAT
[>2008]

HESS
[>2002]

HAWC
[ >2015 ]

VERITAS
[ >2006]

MAGIC
[>2003]

E. range: 20 MeV à >1 TeV

E. resolution: ~10% @  GeV

FoV: ≈ 2.4 sr 

Angular res.: ~0.2º@10 GeV

Aeff ~ m2

HAWC is located in central Mexico, near the Pico de 
Orizaba. Altitude 4100m a.s.l.

!3

E. range: 0.1 à >300 TeV

E. resolution: ~20% @  10 TeV

FoV: ≈ 2 sr

Angular res.: ~0.2º@10 TeV

Aeff  ~22,000 m2

IACTs

E. range: 50 GeV à >10TeV

E. resolution: ~20% 

FoV: ≈ 4 deg.

Angular res.: ≈ 0.1º

Aeff  ~ 105 m2

LHAASO
[ >2023 ]



The complexity of the gamma-ray sky

Galactic Diffuse Point Sources Isotropic (IGRB)
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DATA

Bubbles
Loop I
Earth limb
Sun
etc Dark matter ?



Sources: the gamma-ray zoo

Black holes

Radio galaxies

Star-forming galaxies

+ Unknown!

Binary star systems

Pulsars

Supernova remnants
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Hartman+99

(271 sources)



Fermi-LAT Fourth Catalog 25

Figure 14. Full sky map (top) and blow-up of the Galactic plane split into three longitude bands (bottom) showing sources
by source class (see § 6, no distinction is made between associations and identifications). All AGN classes are plotted with the
same blue symbol for simplicity. Other associations to a well-defined class are plotted in red. Unassociated sources and sources
associated to counterparts of unknown nature are plotted in black.

The 4FGL-DR4 Fermi-LAT point-source catalog



Fermi-LAT Fourth Catalog 25

Figure 14. Full sky map (top) and blow-up of the Galactic plane split into three longitude bands (bottom) showing sources
by source class (see § 6, no distinction is made between associations and identifications). All AGN classes are plotted with the
same blue symbol for simplicity. Other associations to a well-defined class are plotted in red. Unassociated sources and sources
associated to counterparts of unknown nature are plotted in black.

The 4FGL-DR4 Fermi-LAT point-source catalog

AGN
AGN AGN

Unassoc
Unassoc Unassoc

PSR
PSR PSR

Other
Galactic

Other
Galactic

Other
Galactic

1FGL
(11 months, 1451 sources)

2FGL
(2 years, 1873 sources)

3FGL
(4 years, 3033 sources)

Source association

16

Numbers as in original papers (fewer unassociated now)
Similar fraction of associated sources in 3FGL as in 2FGL, 
thanks to ongoing effort on deepening counterpart catalogs

VHEPU 2018

4FGL-DR4
(14 years, 7194 sources)

26%

62%

7%5%
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Gamma-ray sources above ~50 GeV 

Generated using TeVCat online tool:
http://tevcat.uchicago.edu/304 objects (April 29 2024)

Mostly AGNs
97 unIDs (~32%)



Source gamma-ray spectra
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Fig. 7.— Examples of SEDs for 3FHL sources. We combined the spectral data from the 3FGL (green circles)
and 3FHL (magenta stars) to provide spectral coverage over four orders of magnitude. The 1FHL data (blue
diamonds) are shown for comparison when available. The (V) stands for variable source according to the
criteria in the respective catalog. We note that the SEDs of Mkn 421 (lower left panel) and 3C 66A (lower
right panel) are characterized by a log-parabola shape. In these cases, a curved model is preferred over a
power law at a significance of 3.1σ and 3.3σ, respectively.
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Each source type has a characteristic spectrum.
Source ID also at other wavelengths (optical, IR, radio…)

Ajello+17 [Fermi-LAT collab.]

SNR

BL Lac

PSR

BL Lac
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DATA
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Galactic diffuse emission

…
Galactic Diffuse Point Sources Isotropic

Inverse Compton Bremsstrahlung p0 decay

35

Diffuse emission from our Galaxy

The Fermi sky

Point sources

cosmic rays+interstellar medium 

→gamma rays parameters: distribution of sources, 
magnetic fields, gas, injection spectra...

Assembling the Gamma-Ray Sky

Primary Electron IC

Secondary & Nuclei IC

Bremss

Pion Decay

Dark Matter

Source Residuals

Isotropic:
EGB, Instumental

Normalization

Free, Gaussian, Fixed

Masking

Galactic Plane
Sources

Binning

12 Annular Bins
80 Logarithmic Energy Bins

Upcoming Additions

IC Anisotropic
DM IC (lepto-phillic models)
Alternative ISRFs

Brandon Anderson (UCSC) IDM 2010 8 / 16
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+ Extended/diffuse emission: 90% of the LAT photons! 

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

The Fermi skyThe interstellar gamma-ray emission in the Milky Way is produced by cosmic rays 
interacting with the interstellar gas and radiation field and carries information on 
the acceleration, distribution, and propagation of cosmic rays. 

Galactic Gamma-Ray 
Interstellar Emission

data sources galactic diffuse isotropic

Inverse Compton                      Bremsstrahlung !0-decay

x-ray, gamma-rayx-ray, gamma-ray
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proton 

synchotron radiation 
inverse Compton scattering 

bremsstrahlung radiation 

All of these mechanisms create also non !-ray radiation 

S. Murgia, 
ICRC15
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All-sky diffuse modeling
• Model cosmic-ray (CR) sources and propagation in the Galaxy, distribution of gas, 

resolved point sources.

à  Generate models varying CR source distribution, halo size, gas distribution…
(e.g. using GALPROP or DRAGON codes).

à  CR origin, propagation and ISM properties constrained by comparing to data!

36

Residual + GC excess 

18 

•  a (Residual + GC excess) / Data, 1.1 - 6.5 GeV

°0.3 °0.2 °0.1 0.0 0.1 0.2 0.3
fraction

Ackermann et al, ApJ 840 (2017) 

On a large scale agreement is good 
between data and model. 

àSome extended excesses remain

Large uncertainties may be present at 
small scales, depending on sky position.
 à fake sources due to background 

mismodeling.

Typical residuals ~3 % (spatial & spectral), 
but they can be much larger (~30%)

Example of residuals at  few GeV [Ackermann+17]



Example of  non-thermal spectra

37

Example model:
CR source distribution: SNRs
CR confinement region: 20 kpc radius, 4 kpc height  

Cosmic ray origin, propagation, and properties of the interstellar medium can be constrained by 
comparing the data to predictions.

Generate models (in agreement with CR data) varying CR source distribution, CR halo size, gas 
distribution (GALPROP, http://galprop.stanford.edu) and compare with Fermi LAT data (21 
months, 200 MeV to 100 GeV, P6 DATACLEAN)

  

– 88 –

Fig. 7.— Fractional residual maps, (model − data)/data, in the energy range 200 MeV –

100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and model SLZ6R20T∞C5

(bottom). The maps have been smoothed with an 0.5◦ hard edge kernel, see Figure 6.

– 96 –

Fig. 15.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5. See

Figure 12 for legend.

(data - prediction)/prediction) for example model

Inner galaxy

isotropic

 IC

DGE  Total π0-decay
bremsstrahlung

sources

All Sky Modeling

On a large scale the agreement between data and prediction is 
overall good, however some extended excesses stand out. 

Fermi LAT Collaboration, arXiv:1202.4039

Fermi LAT Collaboration, arXiv:1202.4039 

Ackermann+12
(Fermi-LAT Collaboration, 
astro-ph/1202.4039)



The complexity of the gamma-ray sky

Galactic Diffuse Point Sources Isotropic (IGRB)
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DATA

Bubbles
Loop I
Earth limb
Sun
etc Dark matter ?



- Energy range: 100 MeV – 820 GeV

- Significant high-energy cutoff feature in IGRB spectrum, consistent with simple 

source populations attenuated by EBL

- ~50% of total EGB above 100 GeV now resolved into individual LAT sources 40

The Fermi LAT IGRB intensity spectrum

Does not change

This one does
(time-dependent)

Ackermann+14
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18 M. Fornasa, M.A. Sánchez-Conde / Physics Reports 598 (2015) 1–58

Fig. 9. The energy spectrumof theDGRB (black points) as recentlymeasured by the Fermi LAT [9]. Gray boxes around each data point denote the uncertainty
associatedwith the Galactic diffuse emission. The solid color lines indicate the expected gamma-ray emission from unresolved sources, for 4 different well-
established astrophysical populations: blazars (in orange), MAGNs (in green), SFGs (in blue) and MSPs (in red). Color bands represent the corresponding
uncertainties on the emission of each population. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version
of this article.)
Source: Estimates are taken from Ref. [25] (blazars), Ref. [29] (MAGNs), Ref. [161] (SFGs) and Ref. [38] (MSPs).

the figure, it is clear that MSPs are subdominant and that the remaining 3 astrophysical components can potentially explain
the whole DGRB, leaving very little room for additional contributions (see also Refs. [61,248,217]). Similar results have been
recently obtained by Ref. [65]. This reference also shows that the goodness of the fit to the Fermi LAT DGRB energy spectrum
in terms of astrophysical sources depends significantly on the model adopted for the diffuse Galactic foreground and on the
slope of the energy spectrum of unresolved SFGs. In particular, a description of SFGs with a softer energy spectrum (similar
to that of the Galactic foreground) can provide a better fit to the DGRB intensity.

2.3. The Dark Matter component of the Diffuse Gamma-Ray Background

The DGRB can also be used to investigate more exotic scenarios than those presented in the above subsections. In
particular, it has already been shown that the DGRB is a powerful tool to investigate the nature of DM.

Discussing the very wide range of viable DM candidates is beyond the scope of this review (see, e.g., Ref. [249]).
In the following, we only consider a family of candidates called Weakly Interacting Massive Particles (WIMPs), loosely
characterized by a mass of the order of the GeV–TeV and by weak-scale interactions. This is a very well studied scenario
since many extensions of the Standard Model of Particle Physics predict the existence of WIMPs [250,251,44,252,253]. It
is also quite natural for WIMPs to reproduce the DM relic density observed, e.g., by Planck [254]. Yet, currently there is no
observational confirmation of the existence of WIMPs.

WIMPDMcan either annihilate or decay into StandardModel particles, including gamma rays. This is a general prediction
ofWIMP candidates and it represents an additional reason to focus only onWIMPs for this review. The specific mechanisms
of gamma-ray emission (see, e.g., Ref. [44] for a review) depend on the DM candidate considered and include (i) direct
production of monochromatic gamma rays, (ii) decay of neutral pions, produced by the hadronization of the primary
annihilation/decay products, (iii) final state radiation and (iv) secondary emission by IC or bremsstrahlung of primarily
produced leptons. Since no DM source has been unambiguously detected up to now, the entire DM-induced gamma-ray
emissionmay be unresolved and, thus, it contributes to the DGRB. In Section 2.3.1 we discuss the potential DM contribution
to the DGRB in the case of self-annihilating DM particles, while Section 2.3.2 is devoted to decaying DM. Note that some DM
candidates can experience both annihilations and decays [255].

DM-induced gamma rays can be produced in the DMhalo of theMWor in extragalactic DM structures and substructures.
We refer to the two possibilities as the ‘‘Galactic’’ and ‘‘cosmological’’ DM components, respectively. The latter is isotropic
by construction, while the former is expected to exhibit some anisotropy, due to the particular location of the Earth in the
DM halo of the MW. We remind that, as described in Section 2.1, the intensity of the DGRB is obtained by means of an
isotropic template [9]. However, the Galactic DM signal can exhibit a significant anisotropy and, in that case, it cannot be

Origin of the IGRB

Fornasa & Sánchez-Conde, 
Phys. Reports, 598  (2015) 
[1502.02866]

Cumulative emission of unresolved sources.



42

The future:
Cherenkov Telescope Array Observatory (CTAO)

The CTAO Consortium includes 1,500 members
from more than 150 institutes in 25 countries. 
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23 m (LST) telescopes
Lowest energies 

20-200 GeV
~12 m (MST) telescopes
Intermediate energies

150 GeV to 5 TeV
~4-6 m (SST) telescopes

Highest energies
TeV to >100 TeV

Credit: CTAO

The future:
Cherenkov Telescope Array Observatory (CTAO)
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H.E.S.S.	-	real	data,	2004-2013,	2700	hours Provided	by	Axel	Donath

R.	Zanin
5
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CTA	-	data	challenge,	1600	hours Provided	by	Axel	Donath

R.	Zanin
6



Summary of 
main CTA science 

opportunities
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“Science with CTA”!
!
arXiv:1709.07997!
!
To be published as a 
book & open-access 
online version by World 
Scientific (updated after 
SAPO report).

Thanks to Diego, Jim, and 
Rene for coordinating 
this effort !!

2"

arXiv: 1709.07997

https://arxiv.org/abs/1709.07997


GAMMA-RAY 
DARK MATTER SEARCHES

[ BONUS TRACK ]
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Credit: Hubble Ultra Deep Field – NASA

Visible matter is just the tip of the iceberg



OBSERVATIONAL EVIDENCE 
OF DARK MATTER (DM)

Galactic scales Galaxy cluster scales Cosmological scales

a) Rotation curves of spirals
b) Weak lensing
c) Velocity dispersions of 

satellite galaxies
d) Velocity dispersions in 

dwarfs

a) Velocity dispersions of 
individual galaxies

b) Strong and weak lensing
c) Peculiar velocity flows
d) X-ray emission

a) CMB anisotropies
b) Growth of structure
c) LSS distribution
d) BAOs
e) SZ effect

Evidence has been reported at all scales, and it is only astrophysical as of today.

49



What could the DM be made of?

q No viable candidate in the Standard Model

ü The neutrino, the only non-baryonic 
DM candidate known to exist, is 
excluded.

q Huge plethora of possible candidates 

beyond the Standard Model

q Requisites:

Most of the matter in the Universe must be in the form of non-baryonic DM.

1) Neutral.

2) Stable/long-lived.

3) Cold.

4) Reproduce the measured DM amount

[DMSAG 2007; Baer+14; Conrad+17]
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What could the DM be made of?
Most of the matter in the Universe must be in the form of non-baryonic DM.

52

WIMP
THIS LECTURE   

[DMSAG 2007; Baer+14; Conrad+17]
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Adapted from HAP / A. Chantelauze

Gamma rays are 
one of the possible 
WIMP annihilation 

products

WIMP DM SEARCH STRATEGIES

Direct detection

Indirect detection

Direct production 
in colliders



Why gammas?
üEnergy scale of annihilation products set by DM particle mass 

à favored models ~GeV-TeV
üGamma-rays travel following straight lines 

à source can be known
ü[In the local Universe] Gamma-rays do not suffer from attenuation

à spectral information retained.

The ‘golden channel’: GAMMAS
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Neutrinos
ü No deflection
ü No absorption
ü BUT difficult to detect

Antimatter
ü Low background in some cases 
ü BUT deflected by B fields
ü BUT energy loses



F(Eγ > Eth,Ψ0 ) = J(Ψ0 )× fPP Eγ > Eth( ) photons cm-2 s-1 
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The DM-induced gamma-ray flux

Astrophysics

Where to search?

• Galactic Center
• Dwarf spheroidal galaxies
• Local galaxy clusters
• Nearby galaxies...

Particle physics

fPP∝
dN f

γ

dEγf
∑ Bf

σ ⋅ v
mχ

2

Ng : photons/annihilation
<s v>: thermal cross section
mc: WIMP mass

Alex Drlica-Wagner   |   Indirect Detection
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56Dark Matter simulation:
Pieri+09, arXiv:0908.0195

The dark matter-induced 
gamma-ray sky
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Dark Matter search strategies

Milky Way Halo

+ Spectral Lines  Dark Matter simulation:
Pieri+(2009) arXiv:0908.0195

Galaxy Clusters

extragalactic background

Galactic Center

Dwarf 
satellites

Dark satellites Nearby galaxies



Typical J-factors
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4. Search Strategies, Status, and Projections for Dark Matter Detection with the LAT

In this section we describe astrophysical objects that are the primary targets for searching for signals
from DM annihilation. We first present an overview of the various WIMP search targets and results; then
for each target we summarize the status of current searches, and project how the sensitivity will improve
with continued LAT data taking. Finally we discuss searches for axion or ALP DM and how the sensitivity
of those searches will improve with additional LAT data.

4.1. Dark Matter WIMP Search Targets

Tab. 1 summarizes the targets for WIMP searches. The di↵erences between the targets are pronounced
enough to warrant significant modifications in the search techniques, as discussed earlier in this section. For
example, searches targeting known dark-matter dominated Milky Way satellites (§4.5.1) are very similar to
blind searches for point-like emission performed when creating catalogs of �-ray point sources such as the
3FGL; on the other hand, extracting a isotropic signal from DM halos of galaxies at cosmological distances
(§4.8) requires very detailed modeling of both the Galactic foreground emission and the contributions of
unresolved sources.

Target Distance ( kpc) J factor ( GeV2 cm�5) Angular Extent (�)
Galactic center / halo (§4.4) 8.5 3 ⇥ 1022 to 5 ⇥ 1023 > 10

Known Milky Way satellites (§4.5) 25 to 300 3 ⇥ 1017 to 3 ⇥ 1019 < 0.5
Dark satellites (§4.6) up to 300 up to 3 ⇥ 1019 < 0.5

Galaxy Clusters (§4.7) > 5 ⇥ 104 up to 1 ⇥ 1018 up to ⇠ 3
Cosmological DM (§4.8) > 106 - Isotropic

Table 1: Summary table of DM search targets discussed in this paper.

4.2. Current WIMP Search Sensitivity

We show a subset of published results for various DM targets for the bb̄ channel in Fig. 9. For each
target, we selected recent results that used moderate assumptions, i.e., neither the most conservative nor
the most optimistic cases. Because of di↵erences in the datasets, DM profiles, and background modeling,
these results should be taken as representative and absolute comparisons should be interpreted with caution.
Details about the scenarios considered (e.g., the DM distribution) for each of the targets are provided in
Tab. 2.

Target Ref. Scenario Other Refs.
Galactic halo §4.4 [65] NFW profile “constrained free source fits” 3 � ULs -

Galactic center (limits) §4.4 [39] NFW profile, 3 � ULs -
Galactic center (best-fits) §4.4 [3, 4, 81–84] gNFW profile with � ⇠ 1.2 [2, 85]

dSphs §4.5 [5] NFW profile [86–94]
Unid. Satellites §4.6 [95] 95% CL ULs [88, 96–99]
Galaxy clusters §4.7 [100] Virgo, “DM-I” conservative boost model [101–108]

Isotropic §4.8 [77] 2 � ULs [109–111]
Cross-correlation §4.8 [112] “annLOW, ALLGeV”, 95% CL ULs [61, 113–122]

Ang. Power Spectrum §4.8 [123] “Galactic + Extragal HIGH DM” [123–137]

Table 2: The works referenced here for the various DM targets are the representative results shown in Fig. 9. The scenarios given
in quotation marks appear as they were named in the original reference to distinguish them from other scenarios presented in
the same papers. For details about the exact parametrization of the various DM signals as well as the modeling of astrophysical
backgrounds the reader is referred to the original references.
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Charles, MASC+16, astro-ph/1605.02016
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Figure 1: The density as a function of Galactocentric radius (left) and the integrated J factor as a function of angular separation
from the Galactic center for several widely considered radial profiles of the DM halo of the Milky Way.

Figure 2: Spectra, dN�/dE� , of prompt � rays per DM pair annihilation for di↵erent annihilation channels and DM masses.
(Upper left) Annihilation spectra of 200 GeV DM into various annihilation channels. Annihilation spectra into bb̄ (upper right),
⌧+⌧� (lower left), and W+W� (lower right) for a range of DM masses. See Ref. [40] and App. B for details of the calculation
of these spectra. These spectra do not include secondary emission of � rays, which will enhance the emission at lower energies
in the leptonic channels and can be important in dense environments.
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Figure 1: The density as a function of Galactocentric radius (left) and the integrated J factor as a function of angular separation
from the Galactic center for several widely considered radial profiles of the DM halo of the Milky Way.
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Figure 2: Spectra, dN�/dE� , of prompt � rays per DM pair annihilation for di↵erent annihilation channels and DM masses.
(Upper left) Annihilation spectra of 200 GeV DM into various annihilation channels. Annihilation spectra into bb̄ (upper right),
⌧+⌧� (lower left), and W+W� (lower right) for a range of DM masses. See Ref. [40] and App. B for details of the calculation
of these spectra. These spectra do not include secondary emission of � rays, which will enhance the emission at lower energies
in the leptonic channels and can be important in dense environments.
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1. Cut-off at the DM particle mass
2. Spectra of leptonic channels “harder” (i.e., “fall slower”) than hadronic ones. 
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Figure 1: The density as a function of Galactocentric radius (left) and the integrated J factor as a function of angular separation
from the Galactic center for several widely considered radial profiles of the DM halo of the Milky Way.
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Figure 2: Spectra, dN�/dE� , of prompt � rays per DM pair annihilation for di↵erent annihilation channels and DM masses.
(Upper left) Annihilation spectra of 200 GeV DM into various annihilation channels. Annihilation spectra into bb̄ (upper right),
⌧+⌧� (lower left), and W+W� (lower right) for a range of DM masses. See Ref. [40] and App. B for details of the calculation
of these spectra. These spectra do not include secondary emission of � rays, which will enhance the emission at lower energies
in the leptonic channels and can be important in dense environments.
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1. Cut-off at the DM particle mass
2. Spectra of leptonic channels “harder” (i.e., “fall slower”) than hadronic ones. 

Popular codes can be easily used to compute it 
“cosmiXs” – [Arina+24, arXiv:2312.01153]

“PPPC 4 DM ID” – [Cirelli+11, arXiv:1012.4515]

• Annihilation and decay
• Most DM channels
• Gammas, neutrinos, e-,e+,antideuterons, etc.
• Propagation of charged particles in the Galaxy.
• Prompt and inverse Compton scattering.
• Extragalactic gammas.
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DM fluxes computation: CLUMPY

[Courtesy of M. Hütten]       



62Dark Matter simulation:
Pieri+09, arXiv:0908.0195

The dark matter-induced 
gamma-ray sky



THE GAMMA-RAY SKY above 1 GeV
5 years of Fermi LAT data



The complexity of the gamma-ray sky

???
Galactic Point Sources Isotropic

Inverse Compton Bremsstrahlung p0 decay
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Diffuse emission from our Galaxy

The Fermi sky

Point sources

cosmic rays+interstellar medium 

→gamma rays parameters: distribution of sources, 
magnetic fields, gas, injection spectra...
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+ Extended/diffuse emission: 90% of the LAT photons! 

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

The Fermi skyThe interstellar gamma-ray emission in the Milky Way is produced by cosmic rays 
interacting with the interstellar gas and radiation field and carries information on 
the acceleration, distribution, and propagation of cosmic rays. 
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Need to disentangle dark matter annihilations from 
‘conventional’ astrophysics.

Crucial to understand the astrophysical processes in 
great detail.



Putting all the astrophysics together

66

Example model:
CR source distribution: SNRs
CR confinement region: 20 kpc radius, 4 kpc height  

Cosmic ray origin, propagation, and properties of the interstellar medium can be constrained by 
comparing the data to predictions.

Generate models (in agreement with CR data) varying CR source distribution, CR halo size, gas 
distribution (GALPROP, http://galprop.stanford.edu) and compare with Fermi LAT data (21 
months, 200 MeV to 100 GeV, P6 DATACLEAN)

  

– 88 –

Fig. 7.— Fractional residual maps, (model − data)/data, in the energy range 200 MeV –

100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and model SLZ6R20T∞C5

(bottom). The maps have been smoothed with an 0.5◦ hard edge kernel, see Figure 6.

– 96 –

Fig. 15.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5. See

Figure 12 for legend.

(data - prediction)/prediction) for example model

Inner galaxy

isotropic

 IC

DGE  Total π0-decay
bremsstrahlung

sources

All Sky Modeling

On a large scale the agreement between data and prediction is 
overall good, however some extended excesses stand out. 

Fermi LAT Collaboration, arXiv:1202.4039

Fermi LAT Collaboration, arXiv:1202.4039 Galactic diffuse
+

Point sources
+ 

isotropic

Room for dark matter only
in the residuals of the best-fit…

Fermi-LAT Collaboration, astro-ph/1202.4039



Gamma-ray DM analysis challenges

Astrophysical back/foregrounds

Sub-threshold sources

E.g.:  2FGL: ~1800 sources
  3FGL: ~3000
  4FGL: ~5500

Source confusion
 spatial
 spectral
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The Astrophysical Journal, 747:121 (11pp), 2012 March 10 Ackermann et al.

Figure 3. Best-fit exponentially cutoff power law (with Γ= 1.22 and Ecut =
1.8 GeV) of the millisecond pulsar 1FGL J0030+0451 (solid line) and the best-fit
bb̄ spectrum (with MWIMP = 25 GeV) of this pulsar (dashed line).

By fitting bb̄ spectra to the 25 LAT-detected pulsars, we found
that they tend to be best fit by low dark matter masses (Figure 4).
Although our statistics are limited, the distribution peaks around
30 GeV, with most pulsars having a best-fit dark matter mass
MWIMP < 60 GeV. This suggests that unidentified, high-latitude
pulsars can present a source of confusion in spectral searches
for dark matter satellites. In general, many unassociated LAT
sources have spectra that are inconsistent with a power-law
model (Bonamente 2010; Abdo et al. 2011). The fact that these
sources passed our spectral test does not imply that they are best
fit by bb̄ spectra, merely that bb̄ spectra fit better than a simple
power law. These unassociated, non-power-law sources were
not found to share a consistent spectrum, as would be expected
from dark matter annihilation.

The abundance of non-power-law γ -ray sources emphasizes
the importance of testing for spatial extension when attempting
to identify dark matter satellites at high latitudes. Some concerns
remain due to the fact that the LAT detects spatially extended
pulsar wind nebulae located around some pulsars (Ackermann
et al. 2011b). However, we do not expect the older pulsars at high
Galactic latitudes to have nebulae that are spatially extended on
a scale detectable by the LAT. Of course, there is always a risk
that a chance coincidence with a low-flux neighboring source
will cause apparent source extension.

5. INTERPRETATION IN THE CONTEXT OF
N-BODY SIMULATIONS

None of the high-latitude unassociated LAT source candi-
dates passed our dark matter satellite selection criteria. This is
combined with the simulations in Section 2 to constrain a con-
ventional 100 GeV WIMP annihilating through the bb̄ channel.
Monte Carlo simulations were used to determine the detec-
tion efficiency for dark matter satellites as a function of flux
and spatial extension. For multiple realizations of each N-body
simulation, we calculated the probability of not detecting any
satellites from the detection efficiency of each simulated satel-
lite. Averaging over these simulations and increasing ⟨σv⟩ until
the probability of detecting no satellites drops below 5%, we
were able to set a 95% confidence upper limit on ⟨σv⟩.

5.1. Detection Efficiency

The detection efficiency of our selection was defined as
the fraction of dark matter satellites that pass the cuts in
Section 3 and was calculated from Monte Carlo simulations.

Figure 4. Best-fit dark matter mass (MWIMP) coming from fitting 25 high-
latitude (|b| > 20◦) pulsars with a bb̄ annihilation spectrum.

Table 3
Detection Efficiency

Fluxa Extension

( photons cm−2 s−1) 0.◦5 1.◦0 2.◦0

0.2 × 10−8 <0.05 <0.05 <0.05
0.5 × 10−8 0.16 0.28 0.31
1.0 × 10−8 0.74 0.76 0.83
2.0 × 10−8 0.99 1.0 0.99
5.0 × 10−8 1.0 1.0 1.0

Notes. Satellite detection efficiency for 100 GeV WIMP annihilating through
the bb̄ channel.
a Integral flux from 200 MeV to 300 GeV.

The efficiency for detecting a dark matter satellite depended
on spectral shape (i.e., dark matter mass and annihilation
channel), flux, and spatial extension. For a 100 GeV WIMP
annihilating through the bb̄ channel, we examined the efficiency
for satellites with characteristic fluxes ranging from 5.0 ×
10−11 photons cm−2 s−1 to 5.0 × 10−8 photons cm−2 s−1 and
characteristic spatial extension (as described in Section 3.3)
from 0.◦5 to 2.◦0. These ranges were chosen to reflect the fluxes of
the unassociated high-latitude LAT sources and angular extents
to which the LAT is sensitive.59

For each set of characteristics listed in Table 3, we utilized
gtobssim to simulate 200 dark matter satellites with NFW
profiles and bb̄ spectra from a 100 GeV WIMP. These simu-
lations were embedded in LAT data at random high-latitude
locations, and Sourcelike was used to compute TSext, TSspec,
and the detection TS for each. The satellite detection efficiency
was computed as the fraction of satellites with Sourcelike
TS > 24, TSext > TS99

ext, and TSspec > TS99
spec. The first re-

quirement was included as a proxy for the efficiency of the
source-finding algorithm. The creation of this efficiency table
(Table 3) was computationally intensive and the result is likely
model dependent, which limited this analysis to the examina-
tion of only the 100 GeV bb̄ model. To expedite the gener-
ation of this table, we found the flux value with efficiency
<0.05 and conservatively set the efficiency for sources with less
flux to 0.

59 The 68% containment radius of the LAT PSF, which depends on photon
energy and angle of incidence, can be approximated by the function,
0.◦8(E/1 GeV)−0.8 (Abdo et al. 2010b), yielding ∼0.◦8 at 1 GeV and ∼0.◦13 at
10 GeV.
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Figure 3. Best-fit exponentially cutoff power law (with Γ= 1.22 and Ecut =
1.8 GeV) of the millisecond pulsar 1FGL J0030+0451 (solid line) and the best-fit
bb̄ spectrum (with MWIMP = 25 GeV) of this pulsar (dashed line).

By fitting bb̄ spectra to the 25 LAT-detected pulsars, we found
that they tend to be best fit by low dark matter masses (Figure 4).
Although our statistics are limited, the distribution peaks around
30 GeV, with most pulsars having a best-fit dark matter mass
MWIMP < 60 GeV. This suggests that unidentified, high-latitude
pulsars can present a source of confusion in spectral searches
for dark matter satellites. In general, many unassociated LAT
sources have spectra that are inconsistent with a power-law
model (Bonamente 2010; Abdo et al. 2011). The fact that these
sources passed our spectral test does not imply that they are best
fit by bb̄ spectra, merely that bb̄ spectra fit better than a simple
power law. These unassociated, non-power-law sources were
not found to share a consistent spectrum, as would be expected
from dark matter annihilation.

The abundance of non-power-law γ -ray sources emphasizes
the importance of testing for spatial extension when attempting
to identify dark matter satellites at high latitudes. Some concerns
remain due to the fact that the LAT detects spatially extended
pulsar wind nebulae located around some pulsars (Ackermann
et al. 2011b). However, we do not expect the older pulsars at high
Galactic latitudes to have nebulae that are spatially extended on
a scale detectable by the LAT. Of course, there is always a risk
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in real life



How to be sure?

Critical features in the spectrum should be universal:

1) Continuum gamma-ray spectrum with a cut-off at the particle mass
2) Mono-energetic lines à smoking gun (but loop suppressed)
3) Signal in several targetsTypical gamma-ray spectra

Gustafsson et al. PRL 99.041301

10

Plus complementarity with 
other detection techniques!



DM search in real life
• Search for a DM signal in the data:

à No significant signal is found.

à  Some signal is found but not sure it is real (‘hints’; more later!)

• In both cases, we can set limits on the DM parameter space.
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Dark Matter search strategies

Milky Way Halo

+ Spectral Lines  Dark Matter simulation:
Pieri+(2009) arXiv:0908.0195

Galaxy Clusters

extragalactic background

Galactic Center

Dwarf 
satellites

Dark satellites Nearby galaxies
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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+, submitted to Physics Reports]

Preliminary
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Charles, MASC, et al., 
[1605.02016]

Fermi-LAT : a lot of DM targets explored so far
[many DM limits and some signal hints]
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IACTs : a lot of DM targets explored so far
[many DM limits and some signal hint]

[Doro, MASC, Hütten – 2111.01198] 

Dwarf galaxies, GC halo, dark satellites, local galaxies, galaxy clusters…



a spectral break in the all-electron spectrum at around 900 GeV (Ambrosi et al., 2017), as so did
the CALET experiment measuring the spectrum to 4.8 TeV on the International Space Station
(Adriani et al., 2018).

Unfortunately, the IACT detection technique does not directly allow to discriminate electrons
from positrons, to investigate the excess of positrons at TeV energies. However, the Earth’ magnetic
field is separating electrons from positrons, and this separation could be observable where the
isotropic flux is shadowed by the Earth (as exploited by the Fermi -LAT measurement; Ackermann
et al., 2012b) or the Moon. In fact, the feasibility of disentangling electrons and positrons by
observing a cosmic-ray Moon shadow with IACTs has already been investigated and some data
been collected with the MAGIC and VERITAS telescopes despite the big observational challenges
(Bird, 2016, Colin et al., 2011).

Conclusions and outlook

The length of Tab. 8.1 substantiates the huge e↵ort in the pursuit of DM made by IACTs over the
past decade. Not only target classes have been diversified, but also novel analyses and algorithms
have been developed specifically for such searches. In Fig. 8.8 we report some of the most important
limits produced by IACTs so far. It is important to comprehensively discuss this e↵ort.
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Figure 8.8: Selection of some of the most representative WIMP limits by IACTs for the bb̄ anni-
hilation channel (left) and the bb̄ decay channel (right).

On the left panel of Fig. 8.8 we report some of the most relevant limits obtained on annihilating
DM for the bb̄ channel. We show the H.E.S.S. observation of the GC halo adopting an NFW profile
as a solid line (Abdallah et al., 2016), the MAGIC stereo observations of the Segue 1 dSph in
dotted (Aleksić et al., 2014), the Fermi -LAT combined limits from the observation of 15 dSphs
with 6 years of data together with MAGIC Segue I with a dot-dashed line line (Ahnen et al.,
2016b), and the 14.5 h limits obtained with H.E.S.S. observation of the Fornax galaxy cluster in

27

g-ray DM annihilation searches: today

75

Different targets observed, different DM scenarios explored.
à No DM-induced gamma-ray signal (unequivocally) detected.
à Fermi LAT ruling out thermal WIMPs below ~100 GeV.
à GC excess persists (M31 too?). Dwarfs the best independent way to test it.
à IACTs and HAWC/LHAASO competitive in the TeV energy range.

Doro, MASC, Hütten (2021)
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g-ray DM decay searches: today

[Aartsen+18]

with

Doro, MASC, Hütten (2021)



(g-ray) DM searches: tomorrow

77

à Discovery of new dwarfs the best tool to improve upon the current DM limits. 

à Origin of the GC excess possibly settled (more dwarfs, radio and MeV measurements) 

à Fermi + CTA will (fully?) test the WIMP miracle (by ~2025?)

à Critical to keep the diversity of targets, experiments, messengers, DM particle candidates.

à New analysis techniques (e.g., Machine Learning)

Charles, MASC, et al., 
Physics Reports [1605.02016]

Fermi LAT

CTA



         MAIN BATTLEGROUNDS____________
 [GALACTIC CENTER, DWARF GALAXIES AND DARK SATELLITES]



‘GeV excess’ in the Galactic center
• Several groups reported an excess of GeV photons from the GC region 

(e.g., Goodenough & Hooper 09, 11; Daylan+14, Abazajian+14,  Calore+14; Gordon & Macías 14, Ajello+16)

• General agreement on the excess peaking at a few GeV above the standard

diffuse emission models.

• Interpretation difficult due to complicated foreground/background modeling. 

• DM annihilation (still) a plausible and exciting possibility
– Spatially consistent with gNFW
– Approx. half the thermal cross section
– Around 50 GeV DM particle mass (bb)

79

10

FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di�use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at �1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of �1.3-1.4 elongated along an axis ro-
tated �35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

[Daylan+14]

Total flux Residuals (x3)

[Calore+14]



GC excess circa 2024
• Excess persists. Different explanations possible: pulsars, CR outbursts, DM.

• Pulsar interpretation is strenghtening:

• Photon counts suggest a point source origin (Bartels+15, Lee+15; 
Buschmann+20; Malyshev+24; but see also Leane&Slatyer 20).

• GCE seems to trace stellar densities (Bartels+18; Macias+18)

• Similar excesses at other longitudes along the Galactic Plane  (Ackermann+17)

 à not expected from DM; diffuse emission residuals can mimic a DM signal.

[di Mauro+21] 

[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

8

MIN

MED

MAX

Salas et al. 
2019

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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The GC is a complicated place.

Can other targets provide an independent test of the 
GeV excess as being due to DM?
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DARK MATTER 
SUBHALOS

GHALO simulation
[Stadel+09]
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x
DWARFS

DARK SATELLITES

GHALO simulation 
[Stadel+09]

Milky Way 
virial radius

x

x
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Both visible dwarfs and dark satellites are high DM-dominated systems
  
  à GREAT TARGETS

The clumpy distribution of subhalos inside larger halos should boost the 
annihilation signal importantly.
 
  à ”SUBSTRUCTURE BOOSTS”

The key role of DM halo substructure 
in (indirect) WIMP searches



The most massive subhalos:

Dwarf spheroidal satellite galaxies

o The most DM dominated systems 
known in the Universe.

o ~50 confirmed dwarfs in the Milky 
Way. More on the way!

o Close to us. Several within 50 kpc.

o Free from bright astrophysical 
gamma-ray sources.

88

Fornax dwarf galaxy
[Credit: ESO/DSS 2]

EXCELLENT TARGETS FOR GAMMA-RAY DM SEARCHES



Latest dwarf results with the Fermi LAT

89

• No gamma-ray signal found in the direction of ~50 dwarfs

à Upper limits to the gamma-ray flux àUpper limits to DM annihilation

• Most significant excess is < 1s (global) (but see Crocker+22)

• Combined DM limits the most robust and competitive ones so far.

à Dwarfs as a test of the GeV GC excess.

[ McDaniel, Ajello, Karwin, di Mauro, Drlica-Wagner, MASC (2024) – arXiv:2311.04982 ]

[McDaniel+24]
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Should we expect any 
dark satellite e.g. here?

A
dapted from

 A
lbert+15

models (de Palma et al. 2013). We found that using the
alternative diffuse models varied the calculated limits and TS
values by 20%1 .

4. ESTIMATING J-FACTORS FOR THE
DES dSph CANDIDATES

The DM content of the DES dSph candidates cannot be
determined without spectroscopic observations of their member
stars. However, it is possible to predict the upper limits on the
DM annihilation cross section that would be obtained given
such observations by making the assumption that these
candidates possess DM distributions similar to the known
dSphs. Our estimates for the astrophysical J-factors of these
candidates are motivated by two established relationships.
First, the known dSphs have a common mass scale in their
interiors, roughly 107 M: within their central 300 pc (Strigari
et al. 2008a). This radius is representative of the half light
radius for classical dSphs, but is outside the visible stellar
distribution of several ultra-faint satellites. More generally, the
half-light radius of a dSph and the mass within the half-light
radius have been found to obey a simple scaling relation,
assuming that the velocity dispersions are nearly constant in
radius and the anisotropy of the stars is not strongly radially
dependent (Walker et al. 2009; Wolf et al. 2010).

In the analysis that follows, we used the ten ultra-faint SDSS
satellites with spectroscopically determined J-factors as a
representative set of known dSphs. Specifically, we take the
J-factors calculated assuming an NFW profile integrated over a
radius of 0. 5n for Boötes I, Canes Venatici I, Canes Venatici II,
Coma Berenices, Hercules, Leo IV, Segue 1, Ursa Major I,
Ursa Major II, and Willman 1 (see Table 1 in Ackermann
et al. 2014). Figure 3 shows the relation between the
heliocentric distances and J-factors of ultra-faint and classical
dSphs. As expected from their similar interior DM masses, the
J-factors of the known dSphs scale approximately as the
inverse square of the distance. The best-fit normalization is

Jlog 18.3 0.110( ) = o at d 100 kpc= . We obtain a similar
best-fit value, Jlog 18.1 0.110( ) = o at d 100 kpc= , using the
J-factors derived by Geringer-Sameth et al. (2015a), who
assumed a generalized NFW profile and omitted Willman
1.75 We note that the limited scatter in Figure 3 is primarily due
to the known dSphs residing in similar DM halos (Ackermann
et al. 2014). Under the assumption that the new DES
dSph candidates belong to the same population, we estimated
their J-factors based on the distances derived from the DES
photometry. Table 1 gives the estimated J-factors integrated
over a solid-angle of 2.4 10 sr4DW ~ ´ - using our simple,
empirical relation.
Several caveats should be noted. None of the DES

candidates have been confirmed to be gravitationally bound.
It is possible that some have stellar populations characteristic of
galaxies but lack substantial DM content, as is the case for
Segue 2 (Kirby et al. 2013), or have complicated kinematics
that are difficult to interpret (Willman et al. 2011). Further,
some of the M31 dSphs have been found to deviate from these
relations, though it is possible that these deviations are due to
tidal disruption (Collins et al. 2014). Kinematic measurements
of the member stars are needed to unambiguously resolve these
questions.
Using the J-factor estimates presented in Table 1, we

followed the likelihood procedure detailed in Ackermann et al.
(2015a) to obtain limits on DM annihilation from these eight
candidates shown in Figure 4.
We assumed a symmetric logarithmic uncertainty on the

J-factor of 0.4 dexo for each DES candidate. This value is
representative of the uncertainties from ultra-faint dSphs
(Ackermann et al. 2011; Geringer-Sameth et al. 2015a) and
is somewhat larger than the uncertainties derived in Martinez
(2015). The 0.4 dexo uncertainty is intended to represent the
expected measurement uncertainty on the J-factors of the DES
candidates after kinematic follow up. The corresponding
uncertainty band is illustrated in Figure 3. We apply the same
methodology as Ackermann et al. (2015a) to account for the
J-factor uncertainty on each DES candidate by modeling it as a
log normal distribution with J iobs, equal to the values in Table 1,
and 0.4is = dex (see Equation (3) of Ackermann et al. 2015a).
We derived individual and combined limits on the DM

annihilation cross section for DM annihilation via the bb̄ and
τ+τ−channels, under the assumption that each DES candidate is
a dSph and has the J-factor listed in Table 1. We note that when
using a J-factor uncertainty of 0.6 dexo instead of 0.4 dexo , the
individual dwarf candidate limits worsen by a factor of ∼1.6,
while the combined limits worsen by 15%–20%. We stress that
the distance-estimated limits may differ substantially as spectro-
scopic data become available to more robustly constrain the DM
content of the DES candidates. However, once measured J-
factors are obtained, the observed limits from each candidate will
scale linearly with the measured J-factor relative to our
estimates. Given the current uncertainty regarding the nature
of the dSph candidates, we do not combine limits with those
from previously known dSphs (i.e., Ackermann et al. 2015a).

5. DISCUSSION AND CONCLUSIONS

The discovery of eight dSph candidates in the first year of
DES observations sets an optimistic tone for future
dSph detections from DES and other optical surveys.
DES J0335.6−5403, at a distance of ∼32 kpc, is a particularly
interesting candidate in this context, and should be considered a

Figure 3. J-factor distance scaling. Black points are from Table 1 in
Ackermann et al. (2014). The red curve is our best fit with an assumed inverse
square distance relation (see the text). The red band shows the 0.4 dexo
uncertainty that we adopt.

75 When using the values derived by Geringer-Sameth et al. (2015a) and
including Segue 2, we find a best-fit normalization of Jlog 18.0 0.110( ) = o at
d 100 kpc= .
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• If DM is made of WIMPs à subhalo annihilates à gamma rays
• Maybe the only way to probe subhalo masses below ~107 solar masses
• The only type of search that provides info on the nature of the DM particle.

The least massive subhalos:
Dark satellites



Search for potential DM subhalo candidates by identifying those unIDs
compatible with DM subhalo annihilation.

àApply a series of ‘filters’ based on expected DM signal properties.

Possible results:
1. A few VIP candidates à dedicated data analyses, follow-up campaigns…
2. A few more subhalo candidates (yet uncertain) à set DM constraints
3. No unIDs compatible with DM à best achievable constraints 
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Around 1/3 of sources in gamma-ray catalogs are unidentified (unIDs) 
(e.g., >2000 unIDs in the ‘4FGL-DR4’ Fermi-LAT catalog) 

Exciting possibility: some of them may be subhalos annihilating to gammas!

Dark satellite search with gammas: 
general methodology



DM constraints 
from gamma-ray unID sources?
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VS.
predictions observed g-ray sky

dark subhalo J-factors, number 
density, spatial extension…

instrument sensitivity to DM annihilation,
pool of unID sources

Number of predicted detectable subhalos VS. number of unIDs compatible with DM

DM CONSTRAINTS

[The less DM candidates among unIDs the better the constraints]



Figure 12. Limits on the DM annihilation cross section for bb (top) and ⌧
+
⌧
� (bottom) for the

three LAT catalogs used in this work, and once the unID filtering detailed in § 3 has been applied
to each of them. More precisely, 16, 4 and 24 unIDs remain in the 3FGL, 2FHL and 3FHL catalogs,
respectively. The shaded bands refer to the 1-� uncertainty band coming from Fmin; see text for
details. The dashed line represents the thermal value of the annihilation cross section [90]. The "rep"
label stands for repopulated.

to set constraints. We do this by using the J-factor of the brightest object in the simulation.650

This may look similar to the case in which still one unID is compatible with DM. However,651

it is conceptually different: in the latter case the resulting sensitivity curve refers to the cross652

section needed to have one subhalo detected, while in the zero unID case this same sensitivity653

– 23 –
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[Coronado-Blázquez, MASC+19 – 1906.11896]

• List of O(10) VIP candidates in the 2FGL+2FHL+ 3FGL Fermi LAT catalogs.
• Dedicated spectral analysis of best DM subhalo candidates à improved constraints
• DM limits competitive with other targets, reach thermal cross section.
• 4FGL-DR4 search ongoing (Valenciano-Ruano & MASC, in prep.)

Dark satellite search in Fermi-LAT catalogs (I)DM constraints

We can place 95% c.l. upper limits in the ⟨"#⟩−%&
parameter space by comparing the remaining unIDs to
the predictions of the N-body simulations, which are
related by

⟨"#⟩= 8 · * · %&+ · ,-./
01234 · ∫678

6 9:
9; 9;

In Fig. 6 the constraints are showed for the <=<>
annihilation channel.

Spatial analysis

Spatial extension can be a ‘smoking gun’ for indirect
DM detection [8]. In our work [9], for the first time we
assess quantitatively the predictions for the angular
sizes of subhalos for the first time. The conclusion is
clear: the brightest members of the subhalo
population should appear with large angular
extensions, ?(10º) in the sky (see Fig. 5).

However, when performing a spatial analysis over
our best DM candidates, no sign of angular extension
is found. We do not reject any subhalo candidate for
this reason though, as further work is needed to
properly translate the simulation predictions to a fully
understood statistical rejection criterion.

Spectral analysis

For the 44 remaining candidates, a dedicated spectral 
analysis is performed with fermipy, using almost 10 years of 

LAT data. Then, the DM hypothesis is compared to 
traditional astrophysical models, such as a power law or a 
logparabola, via a likelihood ratio test weighted with the 

Akaike information criterion to take into account the 
different degrees of freedom. Only 7 sources are found to 

be marginally compatible with DM. 

In the right plot we show the spectral energy distribution 
(SED) of the best candidate, which shows a preference for 
DM of ~3" when annihilating via the @@ ̅ channel (with the 

best fit overimposed in dashed line and gray band).

Spectral analysis

For the 44 remaining DM subhalo candidates, a dedicated
spectral analysis is performed with fermipy [7], using almost
10 years of LAT data. Then, the DM hypothesis is compared
to traditional astrophysical source models, such as a power
law or a logparabola, via a likelihood ratio test (weighted
with the Akaike information criterion, to take into account
the different degrees of freedom of each model). Only 7
sources are found to be marginally compatible with DM (far
from being statistically significant though) [9].

In Fig. 4 we show the spectral energy distribution of the
best candidate, which shows a ~3" preference for DM
when annihilating via the @ ̅@ channel (the best fit is
overimposed in dashed line and gray band).

LAT sensitivity to DM subhalos

We also characterize the sensitivity of Fermi-LAT to a DM
subhalo, depending on the annihilation channel, WIMP
mass, sky position and catalog setup. This is performed
with fermipy [7], a python-based public tools to analyze LAT
data. A putative DM subhalo is placed in every position in
the sky fixing the abovementioned characteristics, and the
flux is varied until it reaches 5 " detection over the
background.

Figure 3. Top panel: all-sky map of the required photon
flux to detect a subhalo composed of 10 GeV WIMPs
annihilating to <=<> in the 3FGL catalog setup. Larger
fluxes (worse sensitivity) across the Galactic plane are due
to the diffuse emission. Bottom panel: results for the same
catalog and annihilation channel, but expressing the
sensitivity as a function of the absolute Galactic latitude, for
different WIMP masses.

Introduction and motivation for subhalos

DM subhalos may yield annihilation fluxes comparable or even
larger than traditional targets, such as the dwarf spheroidal
galaxies (dSphs). The subhalo mass function, i.e., the number of
subhalos per mass unit, is well described by a power law, so as
we go to lower masses there is an exponentially increasing
number of subhalos. Current N-body simulations makes it
impossible to resolve the smallest substructures in the Galaxy
due to limited computational power. We overcome this limitation
by repopulating the VL-II DM-only simulation [1] with small
subhalos below the resolution limit [2].

We are able to include subhalos as light as 1000 solar masses ,
i.e. several orders of magnitude below the formal resolution of
the parent simulation. As showed in Fig. 1, even the smallest
subhalos can be the among the brightest objects if they are in
the Earth vicinity, ?(1 kpc).

Unidentified gamma-ray sources as targets for 
indirect dark matter detection with Fermi-LAT

Javier Coronado-Blázquez (Instituto de Física Teórica IFT UAM-CSIC), Miguel A. Sánchez-
Conde (Instituto de Física Teórica IFT UAM-CSIC), Alberto Domínguez (UCM), Alejandra 

Aguirre-Santaella (Instituto de Física Teórica IFT UAM-CSIC), Mattia Di Mauro (Goddard Space
Center), Ioana Ciucă (Mullard Space Lab), Daisuke Kawata (Mullard Space Lab), Néstor Mirabal 

(Goddard Space Center), Daniel Nieto (UCM), Eric Charles (Stanford U.)
On behalf of the Fermi-LAT Collaboration

 Instituto de
 Física

Teór ica
UAM-CSIC

ΛCDM predicts the existence of dark matter (DM) subhalos, some of them not massive enough to retain gas (i.e., baryons) and 
become visible. If DM is composed of Weakly Interacting Massive Particles (WIMPs), we expect them to annihilate in subhalos, 

producing gamma rays which can be detected with the Large Area Telescope (LAT) onboard the Fermi satellite, and appearing as 
unidentified sources (unIDs) in the gamma-ray sky. We characterize the LAT sensitivity to DM and compare our unIDs sample, filtered 

according to the expected DM annihilation signal, to predictions from the Via Lactea II (VL-II) N-body cosmological simulation, 
repopulated with low-mass subhalos below its mass resolution limit. A spectral and spatial dedicated analysis is performed for the 

best candidates, using 10 years of Fermi data. Finally, we place conservative and robust constraints on the ⟨"#⟩−%& parameter space.

Filtering the Fermi-LAT catalogs

Subhalos below ~10FG⊙ do not host any baryonic content [3],
and therefore remain completely dark except in gamma-rays,
product of the co-annihilation of WIMPs. ca. 1/3 of the sources
detected by the LAT are unidentified, i.e., with no clear
association to any known source, yet most of them will be
incompatible with a DM origin. In Fig. 2 we summarize the
different filters and their impact in the number of DM candidates.

With these ‘filters’, and using the 3FGL [4], 2FHL [5] and 3FHL [6]
LAT catalogs, we are able to reduce the candidate pool from
1235 to 44 unIDs. This filtering is motivated due to the method to
set constraints: every candidate is taken as DM subhalo, and
when compared to the predictions of the N-body simulation, the
less candidates left, the stronger the constraints (if Fermi sees N
DM subhalos, they will be the N brightest predicted). If no
subhalo is present, the constraints would be a factor 6-60
stronger than without filtering, depending on the catalog [2].
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Figure 3: LAT sensitivity to DM subhalos

Figure 4: Spectral energy distribution 
for the best DM subhalo candidate

Figure 2: filtering of the Fermi-LAT unIDs
according to DM candidates. Blue, red and 
green correspond to numbers in the 3FGL, 

2FHL and 3FHL catalogs, respectively. 

Fig. 1

Fig. 3

Figure 6: DM constraints for <=<> annihilation channel 

Figure 5: Angular sizes of DM subhalos

Figure 1: J-factors of DM subhalos in the repopulated simulation

[Coronado-Blázquez, MASC+19b – 1910.14429]

Initial filtering

Dedicated spectral analysis 

Also: Tasitsiomi&Olinto 02; Pieri+05; Kuhlen+07; Springel+08; Anderson+10; Brun+11; Belikov+12; Ackermann+12; 
Zechlin+12;+13; Berlin&Hooper 13; Mirabal+16; Hooper+16; Bertoni+16; Schoonenberg+16; Calore+17; Abeysekara+19
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[ Coronado-Blázquez, MASC, et al. (2019 a,b) – arXiv:1906.11896; 1910.14429] 
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• Study of the spatial properties of the expected DM emission and of the implications 
for Fermi-LAT detectability and DM constraints. 
– Realistic LAT simulations of ‘typical’, extended subhalos.
– Careful spatial analysis of previously VIP candidates.

• Typical emission O(0.2 - 0.3 degrees) for the LAT and for the brightest subhalos.
• DM constraints more robust/realistic but weaker than previous ones by a factor 2-3.

69

Implications for DM constraints

v To be consistent with these results, we
integrate the J-factors of the N-body
simulation up to a benchmark value of 0.3º,
instead of the scale radius, as we did before

v This translates into smaller J-factors, which
will degrade the achievable constraints

v Even in the sensitivity reach scenario (1
source), we are a factor ~5 − 8 away from
the Paper II limits, which was adopting the
scale radius J-factor for the subhalos instead

1 so
urce
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9() (analytical value containing 68% of J-factor)

Above 78$%&~1000 the signal is very well characterized
Although below it isn’t, there is always a hint of extension

This extension shifts to lower values as we increase the WIMP mass

Angular extension vs. extension/detection TS

[ Coronado-Blázquez, MASC, et al. (2023) – arXiv:2204.00267 ] 

Dark satellite search in Fermi-LAT catalogs (II)
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23 m (LST) telescopes
Lowest energies 

20-200 GeV
~12 m (MST) telescopes
Intermediate energies

150 GeV to 5 TeV
~4-6 m (SST) telescopes

Highest energies
TeV to >100 TeV

Credit: CTAO

The future:
Cherenkov Telescope Array Observatory (CTAO)



The Galactic center with CTAO
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Detailed simulations critical to understand actual CTAO capabilities for DM.
CTAO observations of the GC will be of utmost importance for the DM community.

Galactic center survey: 
525 hours over the first 10 years!
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Figure 1: The left panel shows the exposure map for CTA’s Galactic centre (GC) and
extended GC surveys, at an energy of 1TeV. The right panel shows a zoom into the GC
survey region. The nine pointing positions of the GC survey mode are marked with red
crosses. The observation time for each of these pointing positions will be approximately 60 h.
The 15 pointing positions of the extended survey north of the Galactic plane are marked with
blue crosses. The observation time for each position will be 20 h in this case.

(ii) Extended survey: An observation supplementing the GC survey is to scan over a
region above the Galactic plane from b = 2� to b = 10�, and l = �3� to l = +3�,
with 15 additional pointing positions centred on (l = ±3�, 0�, b = 2�, 4�, 6�, 8�, 10�)
in Galactic coordinates (blue crosses in Fig. 1). Each of those pointing directions is
observed for 20 h so that the total observation time of the extended survey amounts to
tobs = 300 h (adding to the combined 525 h of the GC survey). Due to the large region
covered, this observation strategy can increase the sensitivity for DM distributions that
are more cored around the GC (as discussed in more detail in Section 5.3).

The planned Galactic plane survey will also overlap with the GC region. However, since it has
a significantly smaller exposure than the two surveys described above, we will not use it in our
work. To evaluate the expected number of events for a given sky model, the CTA consortium
has produced IRFs for the planned array configurations. These are based on Monte-Carlo
simulations of the Cherenkov light that is generated in the interaction of gamma rays with the
Earth’s atmosphere and the subsequent measurement of this light by CTA telescopes, followed
by event reconstruction and classification. The IRFs provide information on effective area,
point spread function and energy dispersion as a function of energy and offset angle for various
telescope pointing zenith angles [53]. In this work, we use the publicly available prod3b-v1
IRF library, and in particular the IRF file South_z20_average_50h which is optimised –
by defining background reduction cuts with respect to an equivalent of 50 h of simulated
Monte Carlo air showers – for the detection of a point-like source at 20� zenith angle (note
that the GC is mostly visible from the southern site). Finally, for the smaller number of
telescopes planned for the initial construction configuration investigated in Appendix A, we
use a separate set of IRFs as described there. A versatile tool to predict the number of
expected counts, given a set of IRFs, is the public code ctools [54] that we will make extensive
use of in our analysis.

– 5 –

Extended survey: additional 300 hours

CTAO DM predictions including 
treatment of systematic uncertaintites 

and astrophysical backgrounds

[Acharyya+21]

• Einasto profile 
 
 

• background

Galactic Center (G.C)
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CTA collaboration, 2021



… but not only the GC !
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4. Dark Matter Programme 4.2 Strategy

Figure 4.8 – Comparison of allowed models from [49] for each the dominant modes: W+W�, bb̄, tt̄ and ⌧+⌧�

in the four panels as indicated with the corresponding sensitivities as calculated in their paper. The colour code
shows the value of dominant branching fraction for each point (The stars mark the particular benchmark points
discussed in Ref. [49]).
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Figure 4.9 – Sensitivity of CTA to monochromatic gamma-ray signals from dark matter annihilation, with E
= M�, after 500 h of observation of a region with 1� radius around the Galactic Centre using an unbinned
likelihood analysis (blue line) and a differential sensitivity analysis (orange curve) assuming an Einasto profile.
For comparison, the currently best limits from Fermi [103] (black triangles) and H.E.S.S. [104] (red dots) are
also shown, along with the much discussed line-like feature at around 130 GeV [105, 106] (magenta star).
The dashed lines also show the mean upper-limits obtained in case of a Burkert profile. The natural scale for
monochromatic gamma-ray signal is highlighted as a black shaded area.

are analysed in a circle of 1� radius encompassing the Galactic Centre position assuming two different

Cherenkov Telescope Array
Science with CTA
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4. Dark Matter Programme 4.2 Strategy
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Figure 4.12 – CTA sensitivity on h�vi from observation of the LMC for 340 hours of observation in the bb̄ and
W+W� annihilation channels for both NFW and isothermal (ISO) dark matter profiles, as shown in the legend.
The sensitivities are computed with a 200 GeV energy threshold assuming statistical errors only.

Performance

The sensitivity is computed for two benchmark annihilation channels, bb̄ and W+W�, with the results
shown in Figure 4.12. The curves represent the 95% confidence level upper limits that would be obtained
on the dark matter annihilation cross-section as a function of dark matter particle mass in the case
that no emission associated with a dark matter spatial template is detected. The minimum energy
considered in the analyses is 200 GeV due to the minimum zenith angles allowed for LMC observations.
The strongest sensitivity is achieved for the NFW profile with the maximum rotation curve and maximum
allowed density within uncertainties in the inclination angle of the LMC, while the minimum rotation
curve with the isothermal profile yields the weakest sensitivity. In the most optimistic case, the expected
sensitivity is about a factor of twenty above the natural cross-section. The difference in the testable
annihilation cross-section between the extreme cases is a factor of ⇠ 10. The astrophysical backgrounds
in the LMC and their uncertainties differ from those in the Galactic Centre making it a complementary
dark matter search target.

4.2.4 Clusters of galaxies

Clusters of galaxies are the largest and most massive gravitationally bound systems in the universe, with
radii of a few Mpc and total masses of 1014 to1015 M�, of which galaxies, gas and dark matter contribute
roughly 5%, 15% and 80%, respectively. They present very high mass-to-light ratio environments and
should be also considered promising targets for indirect dark matter searches, both for decay and an-
nihilation. In particular, the dark matter decay rate is directly proportional to the enclosed mass making
clusters the best targets together with our Galactic Centre [148]. The dark matter halo of galaxy clusters
harbour an abundance of dark matter substructures which contribute to the overall dark matter luminos-
ity of the clusters. In principle they provide substantial contribution to the dark matter annihilation signal.
However, large uncertainties in the substructure boost factors remain [149] making them less favoured
environments for annihilating dark matter than previously thought [150, 151].

Galaxy clusters are a promising target for decaying dark matter (see, for instance, Ref. [152]). While the
signal originating from annihilating dark matter is proportional to the square of the dark matter density,
for decaying dark matter the dependence is on the first power. As a consequence, dense dark matter

Cherenkov Telescope Array
Science with CTA
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4. Dark Matter Programme 4.2 Strategy
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Figure 4.10 – Left: CTA sensitivity for h�vi from observation of the classical dwarf galaxy Sculptor for different
annihilation modes as indicated. Right: CTA sensitivity for bb̄ annihilation modes for different conditions; black
line is for 100 h of observation and red line for 500 h. The solid lines are the sensitivities only taking into
statistical errors while dashed and dotted curves take into account systematics as indicated in the figure. The
dashed horizontal line shows the thermal cross-section of 3⇥ 10�26cm3s�1.
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Figure 4.11 – CTA Sensitivity for h�vi from 500 h observation of the classical dSphs Draco and Sculptor, and
the ultra-faint dwarf galaxies Segue 1 and Coma Berenices as indicated. Dashed lines correspond to one
standard deviation uncertainties on the J-factors. Sensitivity is computed assuming the bb̄ annihilation mode
and statistical errors only are taken into account. The dashed horizontal line shows the thermal cross-section
of 3⇥ 10�26cm3s�1.

analysis uncertainties and systematics.

The LMC hosts many interesting astrophysical sources: the largest star-forming region in the Local
Group of galaxies, one of the densest stellar clusters known, the most massive stars ever observed,
several tens of HII regions, more than a dozen super-bubbles, numerous giant shells, more than 50
catalogued supernova remnants, and the remnant of the recent naked-eye supernova SN 1987A. The
LMC was detected in high-energy gamma rays and characterised by Fermi-LAT after just one year of
data [143]. Recently, powerful VHE emitters have been detected by H.E.S.S. [144]. The astrophysical
motivation for observations of the LMC are discussed in the LMC Key Science Project.

The dark matter distribution uses benchmark halo models of the LMC for which updated modeling was
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DWARFS

LMC

LINES

GALAXY CLUSTERS

[Pérez-Romero+22]

DARK SATELLITES

[Coronado-Blázquez+21][Acharya+17]

BRANON DM

[Aguirre-Santaella+22]



Disclaimer: many other particle DM models…
(this talk was just a tiny part of the full story)
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Some of these models 
also leave imprints in 
the gamma-ray sky!

(e.g. ALPs)

Critical to keep the diversity of targets, 
experiments, messengers, DM particle candidates.



Photon/axion conversions the main vehicle used in axion searches at present (ADMX, CAST…).

Some astrophysical environments

fulfill the mixing requirements

M11: coupling constant 
inverse (gag/1011 GeV)

BG: magnetic field (G)
spc: size region (pc)

with

axion coupling strength, F is the electromagnetic field-
strength tensor, !F its dual, E the electric field, and B the
magnetic field. The axion has the important feature that its
mass ma and coupling constant are inversely related to
each other. There are, however, other predicted states
where this relation does not hold; such states are known
as axionlike particles (ALPs). An important and intriguing
consequence of Eq. (1) is that ALPs oscillate into photons
and vice versa in the presence of an electric or magnetic
field. In fact this effect represents the keystone in ongoing
ALP searches carried out by current experiments.

In this work, we will make use of the photon/axion
mixing as well, but this time by means of astrophysical
magnetic fields. As already mentioned, we will account for
the mixing that takes place inside or near the gamma-ray
sources together with that one expected to occur in the
IGMFs. We will do it under the same consistent frame-
work. Furthermore, it is important to remark that it will be
necessary to include the EBL in our formalism, in particu-
lar in the equations that describe the intergalactic mixing.
Its main effect we should remember is an attenuation of the
photon flux, especially at energies above 100 GeV. We
show in Fig. 1 a diagram that outlines our formalism.
Very schematically, the diagram shows the travel of a
photon from the source to the Earth in a scenario with
axions. In the same figure, we show the main physical
cases that one could identify inside our formalism: mixing
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of the photon/axion mixing phenomenon in both the source
and the IGMFs can be found in the next two subsections.
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FIG. 1 (color online). Sketch of the formalism used in this work, where both mixing inside the source and mixing in the IGMF are
considered under the same consistent framework. Photon to axion oscillations (or vice versa) are represented by a crooked line, while
the symbols ! and a mean gamma-ray photons and axions, respectively. This diagram collects the main physical scenarios that we
might identify inside our formalism. Each of them are schematically represented by a line that goes from the source to the Earth.
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magnetic field. The axion has the important feature that its
mass ma and coupling constant are inversely related to
each other. There are, however, other predicted states
where this relation does not hold; such states are known
as axionlike particles (ALPs). An important and intriguing
consequence of Eq. (1) is that ALPs oscillate into photons
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15 ⋅ BG ⋅ spc
M11

≥1

M11 ≥ 0.114 GeV (CAST limit) 

•  Axions proposed as a by-product of the Peccei-Quinn solution of the strong-CP problem.
•  Axion-like particle (ALP): mass and coupling not related.
•  Can be suitable dark matter candidates.
• Expected to convert into photons (and vice-versa) in the presence of magnetic fields.

Probability of conversion (e.g.Raffelt & Stodolsky 88, Mirizzi+07):

[Beyond WIMPs:] Axion-like particles in gamma rays



Photon/ALP conversions in gamma-rays

Many different scenarios already explored in the literature:
• Mixing in the AGN (e.g. Hooper & Serpico 07, Tavecchio+12)
• IGMF mixing (e.g. De Angelis+07, 09, 11)
• AGN+ IGMF mixing (e.g. MASC+09)
• IGMF + Galactic mixing (e.g. Simet+08)
• AGN + cluster+ Galactic mixing (e.g. Meyer+14)

MASC+0
9

4

where wpl =
√

4παne/me = 0.37 × 10−4µeV
√

ne/cm−3

the plasma frequency, me the electron mass and ne the
electron density.

Finally, ∆a is the ALP mass term:

∆a =
m2

a

2Eγ
≃ 2.5 × 10−20m2

a,µeV

(

TeV

Eγ

)

cm−1. (7)

Note that in Eqs.(4-7) we have introduced the dimen-
sionless quantities BmG = B/10−3 G, M11 = M/1011

GeV and mµeV = m/10−6 eV.
Since we expect to have not only one coherence do-

main but several domains with magnetic fields differ-
ent from zero and subsequently with a potential pho-
ton/axion mixing in each of them, we can derive a total
conversion probability [21] as follows:

Pγ→a ≃
1

3
[1 − exp(−3NP0/2)] (8)

where P0 is given by Eq.(2) and N represents the number
of domains. Note that in the limit where N P0 → ∞, the
total probability saturates to 1/3, i.e. one third of the
photons will convert into ALPs.

It is useful here to rewrite Eq. (2) following Ref. [11],
i.e.

P0 =
1

1 + (Ecrit/Eγ)2
sin2

⎡

⎣

B s

2 M

√

1 +

(

Ecrit

Eγ

)2

⎤

⎦ (9)

so that we can define a characteristic energy, Ecrit, given
by:

Ecrit ≡
m2 M

2 B
(10)

or in more convenient units:

Ecrit(GeV ) ≡
m2

µeV M11

0.4 BG
(11)

where the subindices refer again to dimensionless quan-
tities: mµeV ≡ m/µeV , M11 ≡ M/1011 GeV and BG ≡
B/Gauss; m is the effective ALP mass m2 ≡ |m2

a − ω2
pl|.

Recent results from the CAST experiment [5] give a value
of M11 ≥ 0.114 for axion mass ma ≤ 0.02 eV. Although
there are other limits derived with other methods or ex-
periments, the CAST bound is the most general and
stringent limit in the range 10−11 eV ≪ ma ≪ 10−2

eV.
At energies below Ecrit the conversion probability is

small, which means that the mixing will be small. There-
fore we must focus our detection efforts at energies above
this Ecrit, where the mixing is expected to be large
(strong mixing regime). As pointed out in Ref. [11], in the
case of using typical parameters for an AGN in Eq. (11),
Ecrit will lie in the GeV range given an ALP mass of the
order of ∼ µeV.

To illustrate how the photon/axion mixing inside the
source works, we show in Figure 2 an example for an
AGN modeled by the parameters listed in Table II (our
fiducial model, see Section III). The only difference is
the use of an ALP mass of 1 µeV instead of the value
that appear in that Table, so that we obtain a critical
energy that lie in the GeV energy range. Effectively, us-
ing Eq. (11) we get Ecrit = 0.19 GeV. Note that the
main effect is an attenuation in the total expected in-
tensity of the source. One can see in Figure 2 a sinu-
soidal behavior just below the critical energy. However,
it must be noted that a) the oscillation effects are small;
b) these oscillations only occur when using photons po-
larized in one direction while, in reality, the photon fluxes
are expected to be rather non-polarized; and c) the above
given expressions are approximations and actually only
their asymptotic behavior should be taken as exact and
well described by the formulae. Therefore, the chances
of observing sinusoidally-varying energy spectra in as-
trophysical source, due to photon/axion oscillations, are
essentially zero.
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FIG. 2: Example of photon/axion oscillations inside the
source or vicinity, and its effect on the source intensity (solid
line), which was normalized to 1 in the Figure. We used the
parameters given in Table II to model the AGN source, but
we adopted an ALP mass of 1 µeV. This gives Ecrit = 0.19
GeV. The dot-dashed line represents the maximum (theoret-
ical) attenuation given by Eq. (8), and equal to 1/3.

B. Mixing in the IGMFs

The strength of the Intergalactic Magnetic Fields
(IGMFs) is expected to be many orders of magnitude
weaker (∼nG) than that of the source and its surround-
ings (∼G). Consequently, as described by Eq. (11), the
energy at which photon/axion oscillation occurs in the
IGM is many orders of magnitude larger than that at
which oscillation can occur in the source and its vicinity.

Gamma-ray energy range ultra-light ALPs (~10-9 eV).

where mµeV = |mALP – wplasma|
Critical energy
 for conversion

For the same ALP properties, different Ecrit are expected for each astrophysical scenario. 



From Active Galactic Nuclei (AGNs)…

  B ~ Gauss
  spc ~ (sub)pc

… to Intergalactic Magnetic Fields
(IGMFs)

  B ~ nG
  spc ~ Mpc

€ 

15 ⋅ BG ⋅ spc
M11

≥1

BG · spc > 0.01

Very diverse astrophysical mixing scenarios are possible… 
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Hints of new Physics in g-ray data?
(or why astrophysicists started to care about ALPs)

103

Some gamma-ray observations pose substantial challenges to the 
conventional astrophysical models, e.g.:

• Lower opacity of the Universe to gamma rays than expected 

(e.g. Aharonian+06, Albert+08, Acciari+11, De Angelis+09,11,13)

• Too hard intrinsic spectrum of AGNs

(e.g. Albert+08, Wagner+10, Aleksic+11,Tanaka+13, Furniss+13)

• Intrinsic spectrum deviates from a power-law: pile-up problem 
(Dominguez, MASC+12; Furniss+13)

• Extremely rapid and intense flares in FSRQs: gg absorption problem

(Tavecchio+12).

• GeV spectral breaks and dips

(Tanaka+13, Rubtsov & Troitsky 14, Mena & Razzaque 13)
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Figure 2. Photon survival probability for the di�erent magnetic field scenarios. The sky position
of the blazar PG1553+113 is assumed with z = 0.4. The envelopes refer to the turbulent B-field
scenario, only. They show the 68% (light green) and 95% (dark green) contours around the median.
For the ICM scenarios, the black lines show the result of one random B-field realisation, the red line
indicates the attenuation in the absence of ALPs. The inset shows a zoom-in on the energy regime
around Ecrit of the ICM scenarios. Above Ejet

max (in the lab frame) for the jet scenario, the QED e�ect
sets in leading to oscillations in P�� . The fiducial parameter values of table 1 are used, together with
g11 = 2 and mneV = 1.

4 Method

With the magnetic field models at hand, we now investigate the impact of photon-ALP
oscillations on an AGN spectrum. This will be done by generating a mock data set of a
hypothetical observation of a blazar with a CTA-like array (Section 4.1). In Section 4.2, we
introduce the statistical test with which we quantify the sensitivity of the array to detect the
ALP signal.

4.1 Intrinsic and observed blazar spectrum

Blazars are known to be time variable and episodes of increased ⇥-ray activity o�er the
opportunity to obtain high signal-to-noise spectra at large optical depths. Therefore, we
will assume an observation of the BL Lac object PG1553+113 located at a sky position4 of
�J2000 = 15h55m43.0s and ⇤J2000 = +11d11m24.3s. A lower limit on the redshift of z � 0.4
has been inferred from Ly-� absorption lines in the optical spectrum [104]. The source has
been observed in the VHE regime with H.E.S.S. [18, 105], MAGIC [106], and VERITAS [107],
and it underwent a flaring episode in 2012 where its integrated flux above 100GeV reached
the level of the Crab nebula [108]. To illustrate our method, we will make the assumption
that this source is located in a galaxy cluster when considering the ICM scenarios.

4The position of the source in the sky determines the reconversion probability in the Galactic magnetic
field [52, 73, 103].
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The ALP hunt with Fermi and IACTs
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Figure 2. Photon survival probability for the di�erent magnetic field scenarios. The sky position
of the blazar PG1553+113 is assumed with z = 0.4. The envelopes refer to the turbulent B-field
scenario, only. They show the 68% (light green) and 95% (dark green) contours around the median.
For the ICM scenarios, the black lines show the result of one random B-field realisation, the red line
indicates the attenuation in the absence of ALPs. The inset shows a zoom-in on the energy regime
around Ecrit of the ICM scenarios. Above Ejet

max (in the lab frame) for the jet scenario, the QED e�ect
sets in leading to oscillations in P�� . The fiducial parameter values of table 1 are used, together with
g11 = 2 and mneV = 1.

4 Method

With the magnetic field models at hand, we now investigate the impact of photon-ALP
oscillations on an AGN spectrum. This will be done by generating a mock data set of a
hypothetical observation of a blazar with a CTA-like array (Section 4.1). In Section 4.2, we
introduce the statistical test with which we quantify the sensitivity of the array to detect the
ALP signal.

4.1 Intrinsic and observed blazar spectrum

Blazars are known to be time variable and episodes of increased ⇥-ray activity o�er the
opportunity to obtain high signal-to-noise spectra at large optical depths. Therefore, we
will assume an observation of the BL Lac object PG1553+113 located at a sky position4 of
�J2000 = 15h55m43.0s and ⇤J2000 = +11d11m24.3s. A lower limit on the redshift of z � 0.4
has been inferred from Ly-� absorption lines in the optical spectrum [104]. The source has
been observed in the VHE regime with H.E.S.S. [18, 105], MAGIC [106], and VERITAS [107],
and it underwent a flaring episode in 2012 where its integrated flux above 100GeV reached
the level of the Crab nebula [108]. To illustrate our method, we will make the assumption
that this source is located in a galaxy cluster when considering the ICM scenarios.

4The position of the source in the sky determines the reconversion probability in the Galactic magnetic
field [52, 73, 103].
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Current constraints on ALP properties

Batkovic+21

Gamma-ray 
constraints

No clear signal found up to now after having scrutinized several targets.
In the absence of a significant detection in the data, upper limits are set.
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