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Abstract 
Gravitational evidences at diferent cosmological scales hint towards the existence of 

a dark component of the Universe, which amounts up to the 85% of its matter density. 
Despite all the eforts, the dark matter (DM) has eluded any clear detection and its ultimate 
nature remains still unknown. The current knowledge suggests that the DM cannot be 
identifed with the particles comprised in the Standard Model (SM). In this context, the 
Weakly Interacting Massive Particles (WIMPs) provide a framework that naturally yields 
the measured DM relic density, while at the same time they are expected to interact with 
SM particles. From these interactions, one of the most promising channels are γ-rays, which 
travel the Universe without defection, pointing back towards its original source. This Thesis 
has been devoted to unveil the unknown properties of the dark matter focusing on the 
so-called γ-ray indirect DM searches. We have conducted an exhaustive study of the DM 
contents and distribution in diferent interesting astrophysical objects and computed the 
state-of-the-art predictions for their annihilation and decay DM fuxes. Then, we have used 
these models to both, perform searches in existing F ermi-LAT data and obtain the prospects 
for the future Cherenkov Telescope Array (CTA). 
In the absence of detection, we proceed to a systematic search starting with galaxy clusters, 
known to be very good candidates to search DM emission. We compute the sensitivity to 
difuse γ-ray emission from Perseus, one of the most massive local galaxy clusters, of the 
future CTA, including in the analysis the CR-induced γ-rays as a background in a template 
ftting analysis. Staying with galaxy clusters, we then use 12 years of Fermi -LAT data from 
nearly 50 local galaxy clusters, searching for a DM-induced γ-ray signal, modelled including 
the expected substructures. We also explore introducing new targets in the quest of DM. 
For this, we perform the frst DM γ-ray search in dwarf irregular galaxies (dIrrs) using 
Fermi-LAT data. Finally, we collect the results of the previous studies to model the DM 
content of a subsample of objects that we have already investigated (dIrrs and clusters) and 
also of representative dark subhalos of the Milky Way. 



Resumen 
Las evidencias gravitacionales a distintas escalas apuntan a la existencia de un componente 
oscuro en el universo, el cual se estima ser hasta el 85% de su densidad en masa. A pesar 
de todos los esfuerzos, la materia oscura (MO) ha eludido cualquier detección clara y su 
naturaleza aún es desconocida. El conocimiento actual sugiere que la materia oscura no puede 
identifcarse con las partículas contenidas en el Modelo Estándar (ME). En este contexto, las 
partículas masivas de interacción débil (WIMPs, de su nombre en inglés) proporcionan un 
marco en el que de manera natural aparece el vestigio de densidad medido de MO, a la vez que 
estas partículas se espera que interaccionen con las del ME. De estas interacciones, el canal 
más prometedor es el de los rayos-γ, que viajan a través del universo sin desviarse, apuntando 
directamente a su fuente original. Hemos dedicado esta Tesis a revelar las propiedades 
desconocidas de la materia oscura, centrándonos en las llamadas búsquedas indirectas de MO 
en rayos-γ. Hemos realizado un estudio exhaustivo de los contenidos y distribución de MO 
en distintos objetos astrofísicos interesantes y hemos calculado predicciones de vanguardia 
de sus fujos de aniquilación y decaimiento de MO. Así pues, hemos utilizado estos modelos 
tanto para realizar búsquedas en datos ya existentes de F ermi-LAT como para obtener las 
preicisones de la futura matriz de telescopios Cherenkov (CTA, de sus siglas en inglés). 
En la ausencia de detección, hemos procedido a hacer una búsqueda sistemática, empezando 
por cúmulos de galaxias, conocidos por ser muy buenos candidatos para la búsqueda de 
emisión de MO. Calculamos la sensibilidad para detectar emisión de rayos-γ difusa de Perseus, 
uno de los cúmulos locales más masivos, del futuro CTA, incluyendo en los rayos-γ de los 
rayos cósmicos como fondo en un análisis basado en plantillas. Quedándonos en los cúmulos, 
utilizamos 12 años de datos de F ermi-LAT de casi 50 cúmulos de galaxias buscando una 
señal de rayos-γ inducida por la MO, modelada incluyendo las subestructuras que esperamos. 
También exploramos la posibilidad de incluir nuevos objetos en nuestra caza a la MO. Para 
ello, realizamos la primera búsqueda en rayosγ, usando datos de F ermi-LAT, en galaxias 
enanas irregulares. Para fnalizar, compilamos los resultados de nuestros estudios previos 
para modelas el contenido de MO en una sub-muestra de objetps que ya hemos investigado 
(enanas irregulares y cúmulos) y también en subhalos oscuros representativos de la Vía 
Láctea. 
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Chapter 1 
Introduction 

The experience of being a physicist in the outside world is quite strange. When you start 
your bachelor, most people are already questioning your choice. Lead by a “keeping your 
feet on the ground” philosophy, most of them don’t fnd any usefulness on their day to day 
lives on learning how to solve a pulley system using a Lagrangian. Then, it becomes worse. 
Once you go to what some physics like to call “the physics of both infnites” [1], they start 
to believe that you have gone crazy at last. Probabilities, particle-wave duality, symmetries, 
conservation laws, expansion of the Universe, black holes, astrophysical objects beyond our 
planetary system... All of these concepts appear as brought from the heavens to them, and 
either they ignore you or think that you need to take some vacations (which sometimes may 
come in handy too). Because even though they don’t see usefulness in solving the problem of 
the pulleys, they know what a pulley is. Then we try to break the gap by making metaphors 
or comparisons: “So you are telling me, that if Whiskers goes inside this box, which he loves 
to do by the way, and I close him in, he will be dead and alive until I open again the box to 
fnd out? What did you put in the box? I know he can be short tempered sometimes but, to 
do this?”. I love cats, I would rather hurt myself instead any of them getting harmed, but 
people forgets it when I try to explain Schrodinger’s cat. 
At this point, I realized that I was feeling a bit tired of trying to talk about physics with 
people who wasn’t already familiar with it. This also helped me realize how necessary is 
that we, as a community, make massive eforts to communicate the science that we make. 
Time went by and I started to do a lot of outreach, just talking about science to people as I 
did, but not directly and also, to a community that was already interested. Shortly after 
this, I felt that I was receiving strange questions from my family and friends about my work, 
the science I study and about open physics problems: so you need more than one telescope 
to discover new things in the Universe? It is true that there is a massive black hole in the 
center of the galaxy? What does it mean that the Universe is getting bigger? Can we see 
all the Universe?... They were genuinely curious, they really wanted me to answer their 
questions. And I am sure that this is how most of us got started in science, by making these 
kind of questions. 

Since I was very little, I was fascinated by my surroundings. I loved plants, trees, fowers, 
all kind of animals... but above everything, I always loved to know how them worked. I 
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Chapter 1. Introduction 

wanted to know why we need to eat and sleep, why the water can be in a glass or as a 
cloud above us, why the shadows of the trees changed during the daytime or why we can 
see the Sun during the day and the Moon during the night. I was a bit annoying for my 
parents. They realized very quickly that I had a weird fxation for the sky. Luckily, we had 
enough resources and they were supportive, so they bought for me a lot of books that could 
answer the questions that sometimes they couldn’t. After reading a few of them, I felt a 
bit suspicious. How can it be that, as big as the Universe is, they are only telling me about 
“close” things that we have known for centuries? Most of them were focused on our planetary 
system, describing some properties of the planets and the Sun, which I enjoyed but, was 
really nothing else? Did we already explored the whole Universe and it was this boring? I 
frmly decided that it could not be like that. It needed to be something else outside, and I 
was ready to fnd it. 

Thanks to the bachelor in Physics, I arrived to the words dark matter. We use the words 
dark matter (DM) to refer to the mismatch that some astrophysical objects present with 
respect to the properties we expect them to have because of their mass, thus all of them 
concerning their gravitational interactions. From observations and cosmological simulations, 
we know that the DM is allocated in the density peaks of the Universe, constitutes the 85% of 
its mass content and drives the formation of all the structures that we can see. Despite all the 
eforts in the past decades, it has eluded any clear detection and consequently, its ultimate 
nature remains still unknown. Although the challenges that dark matter detection presents, 
its presence opens a brand-new window for discovering new fundamental physics. The current 
knowledge of the feld suggests that dark matter should be non-baryonic, electrically neutral, 
long-lived and non-relativistic (cold), leaving out of consideration any possible identifcation 
with the known particles which are comprised in the Standard Model (SM). We are in front 
of a mystery in the Universe, I found my mystery. 

This thesis is devoted to unveil the all these unknown properties of the dark matter. To 
do so, we need to interact with it, or in other words, we need to detect it. There are some 
dark matter models that predict that the DM are particles, able to interact very weakly with 
SM particles. From these interactions, one of the most promising channels for obtaining a 
detection are γ-rays. γ-rays travel the Universe without defection, pointing back towards its 
original source. Given its location, the best targets to point our γ-ray telescopes to detect 
DM are astrophysical objects (galactic or extragalactic) with high dark matter densities. In 
the absence of detection, these observations provide stringent constraints for the underlying 
DM models. In this Introduction, we will try to give the reader the theoretical framework for 
the work developed in the next chapters, trying to provide a brief state-of-the-art overview 
of the diferent felds of knowledge that the dark matter science case encompasses. 

We only know about ∼ 5% of the Universe so far, and during this thesis we have the 
wonderful opportunity to try to know what this mysterious dark matter is and how it works, 
while having fun as the 10 year old Judit would have done. 
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Chapter 1. Introduction 

1.1 Dark Matter Evidence 

The existence of a dark and massive component in the Universe is today a key element in 
our understanding of its thermal history and its evolution. All the evidence of its existence 
come from cosmological and astrophysical observations and are obtained using tracers of its 
gravitational properties and interactions. What at the beginning of this history may have 
looked as a collection of unrelated cosmological and/or gravitational puzzles, has merged as 
a list of properties required for any dark matter candidate. In this Chapter, we follow the 
works of numerous physics and astronomers who contributed to establish both its existence 
and its elemental properties. 

1.1.1 Ancestors of the DM hints 

It is extremely complex to trace back in Human’s History where the frst idea of a “dark 
matter” appears, since the observation of the sky and the curiosity about the nature of matter 
have existed since the Ancient Greek culture1 . As results of these rudimentary observations, 
some models describing the position of the planets and some neighbour stars were proposed, 
such as the geocentric model by Aristotle (which the catholic church happened to love). The 
scientifc revolution of s.XVI brought the beginning of modern science. The new proposal 
of an heliocentric model by Copernicus raised some problems of previous models. These 
were confrmed and addressed thanks to the precise astronomical observations of Tycho 
Brahe, later used by his pupil Johannes Kepler. However, the most relevant works to our 
matter were Galileo’s telescope and the Philosofae Naturalis Principia Mathematica of Isaac 
Newton. Galileo’s telescope proved that there are some astrophysical objects which are 
invisible to ordinary means and that with technological improvements they can be revealed. 
Newton’s Principia was a detailed summary of the laws of movement and the law of gravity. 
The Principia provided an excellent tool to estimate the mass of astronomical bodies by 
measuring their dynamical properties. 

These two works lead the research of several physicists and astronomers who started 
predicting the existence of planets and faint stars (for a review see [2]). But it is not until 
s.XIX when they started to relate these to actual DM. One of the frst who attempted to 
measure the amount of DM in the Milky Way was Lord Kelvin. He measured the velocity 
dispersion of the stars under the assumption that they were acting as particles inside a gas 
[3]. These work inspired Henri Poincaré [4] and Ernst Öpik [5]. However, they concluded 
that given Kelvin’s measurements, the amount of “dark matter” was similar to the standard 
matter. Some years later, Jacobus Kapteyin attempted to develop a general theory of masses, 
forces and velocities in the galaxy. This detailed study of the Milky Way’s dynamics was 

1This statement has been widely used but it may be biased from an eurocentristic point of view, since the 
several fndings from diferent ancient cultures from Egypt, China, Australia, the Mesopotamian region and 
central America show that these societies were at least familiar with these concepts. 
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followed by his pupil Jan Oort [6], who determined the local dark matter density, referred as 
“nebulous or meteoric matter”, needed to be “much less than the mass from stars”. All these 
works were pioneer and opened an issue which is still a matter of debate: the amount of DM 
in our galaxy. 

1.1.2 Galactic scale 

Evidence of the existence of DM appears at all cosmological scales. Ones of the most known 
are the ones at galactic scales, concerning the velocities of their stars. 

Rotation curves of spiral galaxies 

Spiral galaxies are rotationally supported objects formed by stars, hot gas and cosmic dust 
to a smaller extent (last two are usually referred as the Intragalactic Medium). Most of this 
matter is rotating in the central part, while the rest forms the characteristic spiral arms. In 
1970 Vera Rubin observed the velocity profle (v) of the stars and gas of the Andromeda 
galaxy [7] as a function of the distance to the center of the galaxy (r), concept known as the 
Rotation Curve (RC). Following Newton’s law of gravity, r 

GM(r) 
v = , (1.1)

r 

where G is the gravitational constant and M(r) is the mass enclosed within a radius r. The 
prediction according to Equation 1.1 was that, if most of its stars and gas were allocated in the 

√
center, their velocity should decay as v ∝ 1/ r. The results however, were in contradiction 
with this. The RC of Andromeda showed a very slow decrease with the distance, feature 
know as the fatness of the RCs. The measurement is not exclusive of the Andromeda galaxy, 
but has been found in every observed spiral galaxy [8, 9], including the Milky Way (and also 
in other rotational supported systems like dwarf irregular galaxies [10]). An example of a 
RC is shown in Figure 1.1 for the Triangulum galaxy (M33). 

From Figure 1.1 it can be seen that the RC rises well beyond the prediction from Newtonian 
dynamics assuming only the luminous mass. From these measures, the lower limit to the 
mass of the DM halo is estimated to be M ⪆ 5 × 1010M⊙ [12]. This value is more than 
10 times the mass bounded stars. The fatness of the curve can be achieved if this mass 
is distributed as M(r) ∝ r according to Equation 1.1, corresponding to the relation of a 
self-gravitational gas of non-interacting particles. 

Velocity dispersion in satellite galaxies 

Satellite galaxies are small bound structures formed by a low population of usually faint and 
old stars. Because of this, they usually present low surface brightness. Their masses are no 
larger than 1010 M⊙ and they are attached to the gravitational well of larger galaxies. Dwarf 
Spheroidal galaxies (dSphs, [13] for a review) are a sub-type of satellites, characterized by 
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Figure 1.1: Rotation curve of the Triangulum galaxy (M33) from spectrographic measure-
ments. The dashed line represents the prediction, taking into account the luminous stellar 
disk. The solid line represents the ft to the data (the gas contribution is not shown). Image 
taken from [11]. 

having from little to no gas/dust or recent star formation and even lower luminosity. They 
are pressure-supported systems, so the radial velocity-dispersion of their stars traces its mass 
by solving the Jeans equation [14]: 

d 2β 
(νσ2) + νσ2 = νg, (1.2)r rdr r 

where σr is the radial velocity dispersion, ν is the 3D density of stars (usually given by 
the Sérsic profle [15]), g(r) is the gravitational acceleration associated to the gravitational 
potential and β = 1 − σ2(r)/σ2(r) measures the anisotropy in the velocity distribution. θ r 

When doing so, the prediction fails in the same direction as the RC of spiral galaxies does: 
the observed velocity dispersion cannot be explained only by the stellar mass [16]. The 
computation of the mass-to-light ratio using this kinematic mass indicates that dSphs are 
amongst the most DM dominated objects in the Universe2 [19, 20]. 

1.1.3 Galaxy cluster scale 

Galaxy clusters are the largest gravitationally bound structures in the known Universe, with 
masses between 1014 − 1015M⊙. These objects present several characteristics that does not 
only evidence the existence of DM, but make them also excellent targets to test Einstein’s 

2Recently, some observations of two very faint galaxies have found a very low mass-to-light ratio compatible 
with no DM in these objects, meaning that sometimes DM may not be strictly coupled to baryons [17, 18]. 
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theory of general relativity and the standard cosmological model. 

Peculiar velocity fows 

As done with the stars in galactic systems, the measurements of the velocity dispersion of 
individual galaxies of a cluster can also trace the mass of the object. Following Virial’s 
theorem, 

2Ē  
K = EV ir = −EP , (1.3) 

¯where EK is the velocity-averaged kinetic energy and EP is the potential energy for being in 
a gravitational potential according to Newton’s law. Zwicky obtained the virial mass of the 
Coma cluster using the measurements of the velocity dispersion of its galaxies, assuming a 
steady system and spherical symmetry [21, 22]. Once again, some outer galaxies were moving 
far too quickly to be merely tracing the gravitational potential of the visible cluster mass. 
Indeed, the comparison of the mass obtained from the Virial theorem to the one obtained 
from the luminosity measurements, raised a discrepancy of more than 2 orders of magnitude. 
For those studies, Zwicky is considered one of the frsts to point out the existence of a “dark 
matter component”. 

Tracers of the mass distribution: X-rays, lensing and Sunyaev-Zeldovich 

Nowadays there are more precise methods to obtain the mass of a galaxy cluster depending 
on its location. One of the most used methods for estimating a mass of a cluster is from 
the measurements of its X-ray surface brightness profle. The intracluster medium (ICM) is 
composed by extremely hot gas and some cosmic dust, which shine in the X-ray band [23]. 
The ICM is supposed to be thermalized and on hydrostatic equilibrium with the gravitational 
forces (assuming gravity as the only external force). Assuming also spherical symmetry, one 
can derive the hydrostatic mass from the measurement of the temperature (T ) and density 
(ρ) profles as � � 

kB T d ln ρ d ln T 
M(< r) = − + , (1.4)

Gmpµ d ln r d ln r 

where kB is the Boltzmann constant, mp the proton mass and µ the mean molecular weight. 
These observations (ROSAT All-Sky Survey - RASS, Chandra, extended ROentgen Survey 
with an Imaging Telescope Array - eROSITA, XMM-Newton, etc.) from diferent clusters 
provide masses [24–28] in agreement with the estimations of Zwicky from the velocity 
dispersion of galaxies. An example of the X-ray surface brightness is shown for the Coma 
cluster in Figure 1.2. Without the dark matter, distributed forming a halo, the gas traced 
by the X-ray emission would evaporate. 

Besides from the X-rays, the mass of a cluster can also be determined by weak and strong 
gravitational lensing. According to the general theory of gravity, the presence of mass curves 
the space-time in its vicinity. This curvature does not only afect massive objects, but to all 
the geodesics, including light. As seen from the Earth, a cluster can bend the geodesic from 
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Figure 1.2: Left panel: The Coma Cluster as seen from the optical band, where two giant 
galaxies near the center can be seen. Right panel: This image is an overlay of the optical 
image with a high contrast X-ray image that displays the regions with high X-ray surface 
brightness, taken by the Chandra X-Ray Observatory (size about 600 kpc). Images from 
[29]. 

the light of a background source, causing small, but statistically coherent distortions. The 
bending of the trajectory of the light depends on the total mass of the system causing the 
distortions. This provides another method for obtaining a cluster’s mass, whose results again, 
coincide with the masses as obtained from the previous methods [30–33]. In some cases, the 
phenomena is intensifed and the lensing efect is strong enough to produce multiple images, 
arcs, or even Einstein rings [34–37]. However, is worth to mention that this method can 
only be used for distant objects. This is because the lensing efect is maximized when the 
angular-diameter distance to the cluster is about half times the background source and also 
for the requirement of large feld images to cover the entire cluster. 

The thermal Sunyaev-Zeldovich (SZ) efect [38, 39] consists in the energy boost of the 
cosmic microwave background (CMB) photons via inverse Compton from the X-ray emission 
of the baryonic material in the ICM. This boost appears as redshift-independent spectral 
distortion on the CMB, which can be measured with instruments as Planck [40]. Then the 
cluster’s mass can be derived from scaling relations [41–43] [44, 45, for reviews on scaling 
relations]. 

The comparison of the mass estimates from diferent methods is complicated, since each 
method or instrument is sensitive to diferent regions of the clusters. These biases can be 
quantifed and their comparison and determination is still under study [see, for example, 
46–48]. Even with all these caveats, what is not under debate is that all the measurements 
of cluster’s masses agree mostly within a factor 2 with the original method of Zwicky [49], 
all of them pointing towards the existence of a dark matter halo. 
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Dynamical systems: Bullet cluster 

Although clusters are usually assumed to be stable, virialized objects, we can fnd clusters 
that are in dynamical states, such as going through merger events (like the Coma or Virgo 
clusters). There are also clusters going through collisions, and the most famous one is the 
Bullet cluster (1E0657-558). 

Figure 1.3: The left panel shows an image of the merging cluster 1E0657-558. The blue 
small crosses show the location of the centers of the mass distribution from the plasma 
clouds. The right panel shows a Chandra image of the cluster. The green contours in both 
panels are the weak lensing mass reconstructions. Image taken from [50]. 

As can be seen in Figure 1.3, during the collision the galaxies barely interacted. They 
ended in two separated groups that match the measurements of the mass profle using weak 
lensing from the Hubble Space Telescope (green contours). On the right panel, the hot gas 
from X-ray images from the Chandra telescope is displayed in superposition to the weak 
lensing mass contours. From it, it can be seen that the peak of the gravitational potential is 
displaced. This can be explained if a matter component, comprehending most of the cluster’s 
mass, is made of dark, weakly coupled particles that do not interact either with themselves 
or with the gas during the collision [50]. 

The Bullet cluster is one of the strongest evidence for the existence of collisionless dark 
matter. Some alternative gravitational theories such as Modifed Newtonian Dynamics 
(MOND, [51–53]) or TeVeS [54] fail to explain the matter distribution of this object, as well 
as other cluster dynamical systems [2]. 

1.1.4 Cosmological scale 

The imprint of DM is also on the largest scales of the Universe. These evidence do not only 
provide proof of its existence, but yield one of the most precise measurements of the amount 
of DM in the Universe. 

8 



Chapter 1. Introduction 

The Cosmic Microwave Background (CMB) 

The Big Bang model is the most accepted in the research community to describe the origin of 
our Universe. In the early Universe, with extremely high temperatures, matter and radiation 
were in thermal equilibrium forming a plasma. As the Universe expanded, the elements 
forming the plasma cooled down, which eventually led to the formation of the light nuclei 
(Big Bang Nucleosynthesis - BBN). As the Universe continued with the expansion, the 
temperature drop enough to form the frst atoms in a process called Recombination (∼380000 
years after the Big Bang). The lightest particles present in the plasma were bounded in 
Hydrogen atoms, so the photons were free to travel through the Universe. The light from 
the photon decoupling is known as the Cosmic Microwave Background (CMB) and is the 
oldest picture of the Universe. 
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Figure 1.4: Left panel: The 2018 Planck map of the temperature anisotropies of the CMB. 
The gray outline shows the extent of the confdence mask. Image taken from [55]. Right 
panel: Multipole expansion of the temperature fuctuations of the CMB. These fgures show 
the sensitivity of the fuctuations to the fundamental cosmological parameters Ωb (baryon 
energy density) and Ωm (total matter density). Image taken from [56]. 

These photons have remained almost unalterable until today, losing energy with the 
expansion of the Universe. Today this primordial light can be measured with telescopes 
such as Planck3 [40]. The CMB presents the radiation of a nearly perfect black body of 2.73 
K. However, the measurements from the last decades have shown very small temperature 
anisotropies (∆T ∼ 10−5) that can be appreciated in the left panel of Figure 1.4. Here is T 
also shown the representation in terms of a multipole expansion in the right panel. At large 
scales (low l) a plateau can be observed. This can be explained in terms of the Sachs-Wolfe 
efect [59]. During the decoupling, the photons in more dense areas needed more energy to 
escape the gravitational feld. When they leaved, they had less energy than photons from 
regions with less density. At low scales (high l), the fuctuations were imprinted by the 
Baryonic Acoustic Oscillations (BAOs) [60]. The plasma before the decoupling of photons 
was tied to gravitational forces and the radiation pressure. These combination originated a 
collapse of the plasma due to gravity, followed by an expansion due to the radiation pressure, 
fnalizing once the photons decoupled. Since the origin of all the fuctuations is related 

3It was previously measured by the WMAP [57] and COBE [58] satellites. 
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to the gravitational interactions, the ft of these data is very sensitive to the cosmological 
parameters, specially to the matter densities of the Universe (as is shown in Figure 1.4). 
The most recent results from the Planck satellite [61] determine: 

Ωbh
2 = 0.02233 ± 0.00015, Ωχh

2 = 0.1198 ± 0.0012, Ωm = 0.31470.0074; (1.5) 

where Ωx with x = b, χ, m are the cosmic densities of baryons, DM and total matter, 
respectively; h = H0/100 km s−1Mpc−1 and H0 is the Hubble constant. These results state 
that the DM amounts the ∼26% of the total energy budget of the Universe, while the baryons 
are only the ∼5%. The remaining ∼69% is a component known as dark energy, responsible 
of the recently detected accelerated expansion of the Universe [62, 63]. 

Large Scale Structure (LSS) of the Universe 

On large scales, the Universe shows a wealth of structures. Some of them have already 
been introduced: galaxies that are gathered into clusters, galaxy clusters that are part of 
superclusters, and superclusters that are arranged into flaments and voids. If dark matter 
was present during the formation of these structures, it should have a great impact on the 
pattern of the large-scale structure we see today. We cover this evidence in Section 1.2.2, 
since it is a constituting building block of the standard cosmological model. 

1.2 Standard Cosmological Model: ΛCDM 

The development of a standard cosmological model over the last decades is clearly one of the 
great successes in the history of Physics. The aim of this model is to describe the evolution 
of the Universe, which could not be explained without the existence of a cold dark matter 
(CDM) component. In that sense, the model also addresses the description of the geometry 
and material content of the Universe and explains how structures from small to large scales 
were formed, starting from the hot and nearly-uniform plasma generated at the Big Bang. 

1.2.1 The equations describing the Universe 

The Universe is strongly dominated by gravitational forces. In this context, Einstein’s general 
relativity provides the mathematical tools to describe it. Einstein’s feld equations read as: 

1 
Rµν − Rgµν = 8πGTµν , (1.6)

2 

where Rµν is the Ricci tensor, R the Ricci scalar, gµν the metric and Tµν the energy-
momentum tensor. The right-hand side describes the space-time and how to measure 
distances. The left-hand side informs about the matter contents of the Universe. Together, 
as in Equation 1.6, tell us how the space-time changes as a consequence of the existence of 
diferent kinds of matter and how the matter changes due to the changes in the space-time. 
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Figure 1.5: Slices of the Sloan Digital Sky Survey (SDSS) 3-dimensional map of the 
distribution of galaxies. The Earth is at the center and each point represents a galaxy. The 
outer circle is at a distance of two billion light years. The flament structures can be clearly 
seen, as well as the isotropy and homogeneity. Image taken from [64]. 

On the one hand, the space-time side of the equation is entirely determined by the metric 
gµν , since the Ricci tensor and scalar are defned over it. The metric defnes how the space-
time can be measured by incorporating the possible symmetries of it. At larger scales, the 
Universe appears as isotropic (uniform independently of the orientation) and homogeneous 
(uniform independently of the position). This disposition can be observed in the map, 
obtained from SDSS, of the Universe in Figure 1.5. These two prescriptions are known as the 
cosmological principle and imply that the Universe can be seen as a time-ordered sequence 
of 3-dimensional space slices. Introducing the expansion of the Universe through a scale 
factor a(t) (a(t0) = 1, where t0 represent the current epoch), the metric that describes this 
space-time is the Friedmann-Lemaître-Robertson-Walker (FLRW) metric: � � 

dr2 
ds2 = dt2 − a 2(t) + r 2dΩ , (1.7)

1 − kr2 

where ds2 is the line element, k is a constant describing the space curvature and the metric 
is written in spherical coordinates. It is important to notice that the scale factor is related 
to the redshift as a(t) = 1/1 + z. 

On the other hand, the Universe contains three matter components which can be described 
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under the assumption of perfect fuids with a linear relation for their equation of state (linear 
dependence between their pressure (P ) and density (ρ)). Since the diferent components 
have diferent equations of state, the density of each component evolves diferently under the 
adiabatic expansion of the Universe: 

• The frst component to consider is radiation, a very hot gas of relativistic particles 
(mainly photons and neutrinos) with an energy density dominated by the kinetic energy. 
The equation of state and its density evolution reads: 

1 −4Pr = ρr, ρr ∝ a (ρr ∝ (1 + z)4). (1.8)
3 

• The second component to take into account is collisionless matter. This consists of a 
gas of non-relativistic species (DM and baryons) whose energy density is dominated by 
the mass. Its equation of state and evolution of its density can be written as: 

−3Pm = 0, ρm ∝ a (ρm ∝ (1 + z)3). (1.9) 

• To explain the accelerated expansion of the Universe another component is needed. 
This is called dark energy. Its origin is unknown and according to the observations, its 
density has to remain constant, which requires a negative equation of state4: 

0PΛ = −ρΛ, ρΛ ∝ a (ρΛ ∝ (1 + z)0). (1.10) 

The combination of the metric and the description of the matter components in Equation 1.6 
results in the Friedmann equations. These equations describe the evolution of the Universe 
and its components, which can be easily appreciated writing the frst Friedmann equation as: 

� � 
H2(a) = H0 Ωr,0(1 + z)4 +Ωm,0(1 + z)3 +Ωk,0(1 + z)2 +ΩΛ,0 , (1.11) 

where H(a) ≡ ȧ/a is the Hubble parameter (the dot represents the time derivative), ΩX,0 ≡ 
ρX,0/ρcrit,0 are the densities of each component and ρcrit,0 = 3H0

2/8πG is the critical 
density of the Universe, with 0 denoting quantities as measured today. In every step of the 
evolution, the densities of the matter contents must fulfll the normalization requirement 
Ωr +Ωm +Ωk +ΩΛ = 1. 

According to current measurements [61], the Universe is rather fat (Ωk ∼ 10−3), and 
mostly entirely dominated by the dark components, the dark matter and the dark energy. 

4This term can be also be added to the space-time side of Einstein’s equations instead, as a constant term 
(-Λgµν ) without changing the conservation laws of the energy-momentum tensor. 
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1.2.2 Structure formation theory 

In the last section we have seen how the assumption of the cosmological principle, as it 
is seen on large scales, leads to an accurate description of the Universe. However, if the 
Universe had always been homogeneous and isotropic, these structures would have not been 
able to form. Indeed, the small fuctuations that appear in the CMB (see Section 1.1.4) tell 
us that the Universe, at least, needed to host some level of inhomogeneities. The ΛCDM 
model reconciles these assumptions through the model of cosmic structure formation. 

These perturbations were introduced during the infationary epoch. The discovery and 
measurement of the CMB raised some questions challenging the cosmological model of 
the time: how can it be that apparently disjoint patches of space have nearly the same 
densities and temperatures? In fact, this model predicted that the early Universe was made 
of many causally disconnected regions. This is known as the horizon problem and to solve 
it, the infation mechanism [65, 66] was proposed. Infation introduces a scalar feld in the 
early Universe which acts in a similar way to a true cosmological constant. This results 
in an exponential expansion of the Universe. This extremely rapid expansion implies that 
regions that were casually connected were left outside the horizon of each other. However, 
the strongest contribution of infation to the formation of structures is that the vacuum 
fuctuations of this feld can explain the small primordial fuctuations seen in the CMB. This 
perturbations are generally expected to be gaussian and nearly scale-invariant. The feld 
fuctuations can be described as wave packets of energy that modify the space-time, creating 
a whole spectrum of curvature perturbations. When matter fell in the troughs of these waves, 
it created the matter density perturbations, responsible of the formation of all the structure 
richness in the Universe. 

These matter perturbations still cannot be compared with current observations of the 
large-scale distribution. We need to know how they evolved and built these structures. In 
other words, we require a prediction for the distribution of the mass density and the velocity 
feld, together with the properties and abundance of collapsed objects. This constitutes a 
very interesting but challenging problem. As long as the perturbations remain relatively 
small, they can be treated with linear perturbation theory applied to Einstein’s equations. 
However, on intermediate and small scales, non-linear efects start to dominate the growth 
process, which can only accurately be solved using numerical simulations. 

From small to large structures 

The matter density perturbations can be adequately described using linear perturbation 
theory on Newtonian gravity in the early Universe. The density perturbations (or density 
contrast) are defned as: 

ρ(x⃗, t) − ρ̄(t)
δ(x⃗, t) = , (1.12)

ρ̄(t) 
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where ρ̄ is the mean density of the Universe at a given time. Gravity dominates the evolution 
process, which can be characterized with the Poisson equation for a non-relativistic fuid: 

∆Φ = 4πGa2ρ̄δ, (1.13) 

where ∆ is the Laplace operator. Finally, assuming small and adiabatic perturbations, we 
can combine Equation 1.13 with the continuity equation and the momentum conservation 
for perfect fuids. Then, the equation that drives the growth of linear perturbations can be 
written as: 

2c¨ sδ + 2Hδ̇ − 4πGρδ̄ − ∆δ = 0, (1.14)
2a 

cs is the speed of sound. Taking as an ansatz for the solution a decomposition on plane 
kx⃗waves δ(x⃗, t) = δk(t)ei
⃗ , the above equation can be expressed as: � 

2 � 
c¨ sδk + 2Hδ̇  

k + k2 − 4πGρ̄ δk = 0. (1.15)
2a 

This equation is a standard wave equation, with the expansion of the Universe acting as a 
damping term. There is a critical wave number for which the frequency of oscillations is 0, 
where the gravity and the pressure forces are in equilibrium: 

√ 
4πGρ̄ 

kJ = a, (1.16)
cs 

known as the Jeans limit. For values above the critical wave number, gravity completely 
dominates the growth of the fuctuations, eventually leading to a gravitational collapse. For 
values above this limit, the perturbations oscillate with a decreasing amplitude (these are 
the acoustic oscillations for the baryons - BAOs). 

The growth of the perturbations is then dependent on the expansion of the Universe, 
parametrized by a(t), and happens independently for diferent wave numbers. To encode 
the growth, we can defne the matter power spectrum P (k) = ⟨|δ2|⟩. In the following, k 
we assume a collisionless non-relativistic matter (cs = 0)5 . As the diferent components 
govern this expansion, their growth changes accordingly on how the Universe expands. The 
perturbations on scales smaller than the horizon grow as δ(a) ∝ ln a, while the ones at 

2super-horizon scales grow as δ(a) ∝ a . This situation takes place until the matter-radiation 
equality, where matter overcomes radiation as the dominant component of the energy density. 
This transition causes the power spectrum to fatten at the scale of the size of the horizon 
at the time of the transition. This is known as the Mészáros efect [67]. During the matter 
domination era, the density perturbations grow as δ(a) ∝ a, which in terms of the power 

5The Newtonian treatment of cosmological perturbations is inadequate on scales larger than the Hubble 
radius, and for relativistic fuids such as photons and neutrinos. For these cases, linear perturbation theory 
on Einstein’s equations is needed. 
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spectrum translates into a simple power-law, P (k) ∝ kn , where n ≲ 1. Finally, the matter 
power spectrum shows a strong cut-of. This is a non-gravitational efect and points towards 
a particle nature of the non-relativistic and collisionless matter that we are considering. The 
mass of the particles settles the damping of the perturbations, which has been traditionally 
used to classify them into three categories: cold (mχ ∼ 100 GeV, short free-streaming length), 
warm (mχ ∼ 1 keV) and hot (mχ ∼ 30 eV, highly relativistic). The light particles considered 
in WDM and HDM would remain relativistic until relatively late times. The resulting linear 
power spectra at late times is shown in the left panel of Figure 1.6. The right panel shows 
the same power spectra but for hot dark matter (HDM), cold dark matter (CDM) and some 
intermediate models. 

Figure 1.6: Left panels: Late-time linear power spectrum for matter density perturbations 
arising from infation in a Universe gravitationally dominated by CDM. These results are 
compared with constraints from CMB [68, 69], weak lensing [70] and Ly-α forest [71] 
measurements. Image taken from [72]. Right panel: The matter power spectrum for cold 
dark matter (CDM), hot dark matter (HDM) and some intermediate models (tilted cold 
dark matter (TCDM) and mixed hot plus cold dark matter (MDM)). From [73]. 

The left panel of Figure 1.6 shows the good agreement between the theoretical growth 
of structures in a ΛCDM Universe with the observations. This power spectrum is only 
achievable if the dominant matter component in the Universe is a collisionless, non-relativistic 
dark matter. In the CDM model, the dark matter gathers gravitationally on small scales and 
seeds the formation of larger structures by hierarchical clustering [74]. Besides, DM being 
non-dissipative prevents it from cooling and collapsing with the luminous matter. These 
structures formed by the dark matter are known as halos, and provide the gravitational 
potential wells in which the gas cools and condenses to form the visible structures [75]. In 
the right panel of Figure 1.6 we can see diferent power spectra as predicted from diferent 
DM models. In the HDM, the frst non-linear objects to form are superclusters, which then 
fragment to form galaxies [76]. This leads to an under-production of small scale structures, 
which is incompatible with the current measurements of the power spectrum. 
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Once the density contrast is no longer small (δ ∼0.1), perturbation theory breaks down. 
This happens because gravity couples perturbations on diferent scales and their evolution can 
no longer be calculated as independent modes. Then we enter the realm of semi-analytical 
models and N-body cosmological simulations. 

The non-linear regime 

As we have seen in Section 1.1, the idea that galaxies and galaxy clusters are embedded in DM 
halos was not widely discussed until the 1970’s. This changed thanks to the several evidence 
already mentioned, some more observational works regarding the mass and morphology of 
galaxies [77, 78] and the rise of a theoretical basis [79]. By this time, the evolution of these 
DM halos was well described by the Press and Schechter’s [80] analytical formalism. In 
this, the growth of cosmic structure starts from a gaussian density feld. This perturbations 
grow governed by gravity and form larger structures via hierarchical accretion, merging 
or collapse from the smallest structures (known as the bottom-up scenario). To test their 
model, Press and Schechter carried out computer N-body simulations for the frst time in 
history. Several numerical studies [81–86] came after theirs. Their goal was understanding 
whether the evolution driven by gravity was able to explain quantitatively the properties of 
galaxy distribution, as discovered by Peebles and collaborators [74] and the group of Gott 
and Turner [87]. 

Over the last decades, numerical simulations have gained popularity and have become a 
key tool to test the ΛCDM cosmology. However, there are more approaches to follow the 
evolution of the DM density perturbations beyond the linear regime: 

• High order perturbation theory: These techniques are particularly good to study 
the quasi-linear regime (δ ∼ 1). One of the most popular ones is the Zeldovich 
approximation [88] (frst order Lagrangian perturbation theory, see [89] for comparison 
with N-body simulations). Higher order approximates [90] and modern reformulations 
[91, 92] produce competitive results compared to complete N-body simulations. 

• Analytical models with simplifed assumptions for the formation of a gravitationally 
bound structures: One of the best known6 is the Spherical collapse [94]. This model 
starts from a primordial density fuctuation which evolves (decouples from the expansion, 
collapses and turns-around) until it becomes a virialized DM halo. In a ΛCDM Universe, 
the density over the background for the virialized object is: 

∆vir(z) = 18π2 + 82d − 39d2 , (1.17) 

where d = [Ωm(1 + z)3/Ωm(1 + z)3 +ΩΛ] − 1 [95]. In order to characterize DM halos, 
usually M200 and R200 are used. They correspond to the mass and the radius of the 

6The Ellipsoidal collapse is also widely used [93]. 
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virialized object for an overdensity of ∆ = 2007 . 

• Halo models: Together with the analytical models, they are exceptionally useful to 
compute the abundance of virialized DM halos as a function of their mass (the halo 
mass function). They can also provide the non-linear DM power spectrum on all scales. 
One of the frst and most used ones is the Press-Schechter formalism [80] (for a review 
see [99]). Nevertheless, modifcations of it yield a better agreement with cosmological 
simulations [100]. 

• The stable clustering hypothesis [101]: This model assumes that the number of DM 
particles within a fxed physical separation remains constant. It can be used to study 
the deeply non-linear regime [102]. 

• Numerical N-body simulations: Numerical simulations solve the gravitational evolution 
in phase space of a distribution of N particles, sampled from some initial conditions 
(power spectrum). This approach is the most general and powerful within the discussed, 
since it allows to study the clustering evolution on all scales. 

Figure 1.7: The galaxy distribution obtained from spectroscopic redshift surveys (CfA2, 
SDSS, 2dFGRS) in the top left and from mock catalogues from the Millenium simulation 
[103] at the bottom right. Image taken from [104]. 

• Phase-space distribution function: This technique avoids the particle discretization 
intrinsic in N-body simulations [105]. They appear to be particularly useful to study 

7Other methods, such as Friends-of-Friends (FoF) approach can be used to defne the mass of a DM halo 
[96–98] 
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the evolution of perturbations under the HDM and WDM assumptions [106]. 

All of these techniques are used nowadays depending on the problem of interest, though the 
most used for all purposes are N-body cosmological simulations. N-body simulations allow 
the interpretation of the observations in terms of the underlying physics and cosmological 
parameters. At the same time, they provide a quantifable test of the underlying cosmological 
model. In Figure 1.7 an example of this comparison is shown, where the match of the CDM 
N-body simulations (bottom right) with the observations (top left) is highly remarkable. 

In the case of CDM, N-body simulations follow the evolution of the dark matter phase-
space distribution function, f(x⃗, ⃗v; t). The distribution function is given by the collisionless 
Boltzmann equation coupled with the gravitational feld through the Poisson equation 
(known as the Vlasov-Poisson equation). N-body simulations solve this equation discretizing 
the distribution function as an ensemble of N phase-space elements or, as usually referred, 
“particles”. Since the particles represent a region of the phase-space containing a very large 
number of real DM particles, the information provided by the N-body simulations is always 
limited by their resolution and softening length (to obtain a smooth density feld from 
the set of N particles). From the output of the N-body simulations the distribution and 
characterization of the DM halos can be extracted. 

DM halo distribution and characterization 

Dark matter halos are the fundamental non-linear units of the cosmic structure. The baryons 
that form the visible structures condense in their cores, forming galaxies, galaxy clusters 
and superclusters, constituting the flaments of the cosmic web. Since halos are formed by 
DM, they are prime targets for dark matter detection. Understanding their basic properties 
– formation history, internal structure and abundance – is essential to unveil the ultimate 
nature of DM. For this, N-body cosmological simulations are today the most advantageous 
tool [104, 107–109, for reviews on the topic]. We proceed to discuss the results of the most 
relevant N-body simulations about the abundance, internal structure and shape of DM 
halos8 . 

• The Halo Mass Function 
The mass function of DM halos measures the number density of halos of diferent 
mass. It has been characterized quite precisely in the last couple of decades by N-body 
simulations [e.g., 111–116]. Thanks to this, it is relatively well determined over the 
full range of epochs and masses from 108 − 1015 M⊙. The number density of halos per 
unit mass (dn/dM) scales as: 

dn ∝ Mα , (1.18)
dM 

with an overall normalization. This shape is relatively well understood. It is a direct 

8There is a fraction of unclustered dark matter, which up today is expected to be ∼20% at most [110]. 

18 



Chapter 1. Introduction 

consequence of the hierarchical bottom-up formation of DM halos in a CDM Universe 
(larger abundance of halos of smaller masses). It is also in agreement with the Press-
Schechter formalism [80]. At small masses, the power-law dependence of the mass 
function is broken, at a mass that depends on the nature of the underlying particle 
DM. 

Figure 1.8: The Halo Mass Function of dark matter halos from the Millennium [103], 
Millennium-II [111] and Millennium-XXL [117] simulations (each colour corresponding to: 
green - Millennium-II, red - Millennium and blue - Millennium-XXL). All the cases are 
truncated at the low-mass end at the mass corresponding to 20 particles. The good agreement 
between the three simulations indicates that the mass function of DM halos has converged 
over the range resolved in each simulation. Image from [117]. 

• Inner density profle 
One of the most remarkable fndings of high resolution N-body simulations is that 
the spherically averaged mass density profles of DM halos in dynamical equilibrium 
has a nearly universal form. This universal form is independent of halo mass, initial 
conditions or cosmological parameters. This is the so-called Navarro-Frenk-White 
(NFW) profle [118, 119]: 

ρ(r) = � ρs �2 , (1.19) 
r r1 + rs rs 

where rs and ρs are the characteristic scale radius and normalization density. The 
physical origin of this nearly-universal shape with an inner divergent cusp is not fully 
understood [120–125]. However, recent simulations have exhibited small but systematic 
deviations from the NFW profle [126, 127]. To introduce more fexibility to account 
for these diferences, a profle with one more free parameter was proposed, known as 
the Einasto profle [128, 129]. The new shape parameter shows a considerable scatter, 
refecting small deviations from a rigid universal profle [130, 131]. As an example, in 
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the left panel of Figure 1.9 the profle as obtained for a Milky Way-like galaxy from 
the Aquarius simulations [132] is shown. 

• Concentration 
The parameters that defne the NFW profle are completely determined by the concen-
tration of the halo, which at the same time, it is only dependent on the mass. The 
concentration-mass relation (c − M) is key to properly model the DM densities. The 
description of this relation is based on results of N-body cosmological simulations and 
is shown in the right panel of Figure 1.9. The (c − M) also depends on the redshift 
and it is directly related to the formation time of the halo. According to the bottom-up 
hierarchical formation of structures, the lower-mass halos are formed earlier. At that 
times, the mean density of the Universe was larger than at the time of the formation 
of larger-mass halos. Hence, lower-mass halos are more concentrated than larger-mass 
halos [119, 133–136]. Due to the stochastic merger history of DM halos, a scatter in 
the (c − M) is expected (as it is also shown in Figure 1.9). Several attempts have been 
made to obtain an analytical formulation of the (c − M) relation [133, 136, 137], but 
most of them only provide good fts for an specifc mass range [138–141]. 

Figure 1.9: Left panel: Spherically averaged density profle of a Milky Way-like CDM halo 
(M200 ∼ 1.8 × 1012 M⊙ and R200 ∼ 250 kpc) from the Aquarius project [132], for diferent 
numerical resolutions. The results are consistent along all the considered radial range and 
can be well described by an Einasto profle [131]. Image taken from [132]. Right panel: 
Results of the concentration-mass relation with respect to the halo mass from diferent 
N-body simulation data sets. It can be appreciated the lack of simulation’s data for masses 
between ∼ 10−2 − 105M⊙, followed by the fattening towards lower masses. Image taken 
from [133]. 

• Inner velocity distribution 
The velocity of the DM particles inside a DM halo is well described by the Jeans 
equation (Equation 1.2, [14])9 . DM halos tend to be isotropic in their centres with a 
radial anisotropy related to the slope of the profle [131, 142, 143]. Another derived 

9Under the assumption that the DM halo is a spherical, self-gravitating, collisionless system in dynamical 
equilibrium. 
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property from the NFW profle is that the velocity distribution function of a DM halo 
is non-Maxwellian. The Eddington formalism [144] provides a better ft. 

• Halo shape 
Even DM halos are well described by the spherical NFW profle, in fact their shape 
has been shown to be triaxial [145–147]. Generally speaking, more massive halos are 
less spherical than halos of lower masses [148–151]. This is because the more massive 
ones are formed recently in the history of the Universe, hence their shapes still retain 
memory of the accretion/merger event [152]. 

These descriptions are subject to further parametrizations from future improvements in 
N-body cosmological simulations. Indeed, all the results discussed in this section are from 
N-body simulations without including baryonic content [153, 154]. The inclusion of the 
hydrodynamics of the baryonic material may play a critical role in some of the discussed 
aspects. In this section we have focused on DM halos, but the properties and dynamics of 
the smallest structures in the Universe, called subhalos, are quite diferent. 

Structures within structures: subhalos 

As we have seen from the structure formation theory in a CDM Universe, halos become more 
massive with time, smoothly accreting or merging with other halos. The latter thus, become 
subhalos. In Figure 1.10 a zoom on the Aquarius simulation [132] is shown, to illustrate 
the distribution of subhalos in a parent halo. From this, we can seen that subhalos have 
diferent structural properties than halos. Then, the goal is to describe them and guess 
the possible physical processes that afect to their abundance and their structure. However, 
even the basic properties of subhalos (abundance, distribution and structure) are weakly 
constrained. This is specially true for the less massive subhalos, due to the limited resolution 
in the simulations [155]. The existence of this numerical resolution implies that at least, 
some of the expected subhalos, will be artifcially destroyed in these simulations. On the 
observational side, due to the low mass of these objects (≤ 108M⊙), those subhalos could 
not retain baryonic content [156]. Hence, they remain dark for our telescopes. Because of 
this, the unequivocal detection of a subhalo has eluded, until today, our eforts. 

In fact, the subhalo survival rate in the presence of strong tidal forces within their hosts 
is a strong matter of debate within the community [157–160]. Some results suggest that 
almost all the subhalo disruption comes from the numerical fnite resolution [159, 161–164]. 
Other studies imply that the abundance of the smallest subhalos is extremely reduced, due 
to the efect of tidal forces and the presence of baryonic material [165–167]. In the light of 
all these not so well understood processes, the charaterization of the subhalos needs to be 
always paired with their caveats. 
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• Subhalo characteristic parameters and density profle 
The boundary of a main halo is, indeed, not sharply defned. Usually this defnition 
intends to separate a region in dynamical equilibrium from an outer region. The 
parameters M200 and R200 are generally used to defne the DM halos. In a similar way, 
M200 and R200 can be used to defne the boundary of the subhalo. However, the tidal 
forces exerted by the main halo remove the external part of the subhalo. This causes 
the standard defnition of virialized objects to lack coherent physical meaning. In these 
cases, new defnitions based on the remaining material can be used [168]. The same 
tidal forces modify the standard NFW density profle, removing most of the material 
in the outskirts of the subhalo. 

Figure 1.10: Left panel: A simulated Milky Way-size CDM halo from the Aquarius 
project ([132], same halo as in left panel of Figure 1.9). The circles mark six subhalos, where 
fve of them are shown enlarged in the surrounding panels, being sub-subhalos clearly visible. 
Image adapted from [132]. Right panel: Density profles of the MW-like halo components 
for the Via-Lactea II [169] and Aquarius [132] simulations. The solid lines are the sum of 
all components, the dashed lines represents the smooth halo component (main halo) and 
the dotted-dashed lines refers to the subhalo component. The overall density profle is quite 
similar in both cases. However, the diference in the subhalo component can be clearly seen. 
This apparent mismatch mainly comes from the diferent α values for the SHMF (see text). 
Image taken from [170]. 

• Subhalo Mass Function (SHMF) and Radial Distribution (SRD) 
The bounded mass in form of subhalos is about the ∼10% of the host halo mass. Their 
distribution in mass has been shown to follow a power-law, similarly to main halos: 

dnsub ∝ Mα (1.20)sub,dMsub 

where α has been restricted between α = [1.9, 2.0] [108, 132, 169, 171]. For higher 
values of α, the population of small subhalos increases, while for lower values, the 
population of high mass subhalos increases. Most of the subhalos reside in the outer 
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parts of their host halos. This radial distribution seems independent of the subhalo 
mass. Under the spherical assumption for the host halo, the distribution in the volume 
of the subhalo population is only dependent on the radius, i.e. the distance to the host 
center. According to N-body simulations, results show two diferent parametrizations 
that provide a good ft: an Einasto profle [132] or an adaptation of a NFW [169, 170], 
known as anti-biased distribution. The diference between the parametrizations of the 
SHMFs and the SRDs is shown in Figure 1.10 for the Aquarius [132] and Via Lactea -
II [169] N-body simulations. The minimum possible mass of a dark matter subhalo 
also depends on the mass and couplings of the DM particle [172, 173]. For some very 
popular CDM models, the minimum mass varies between 10−9 − 10−6 M⊙ [173]. 

• Subhalo concentration 
As happens for the rest of the parameters describing subhalos, the concentration of 
these objects is extremely infuenced by the tidal forces. Since these forces remove 
most of the mass in their outer regions, their concentrations are expected to be larger 
than that of feld halos of the same mass [168]. 

The relevance of having a good knowledge on the structure and abundance of subhalos is 
crucial in the quest of unveiling the ultimate nature of DM. In most DM particle models, the 
DM particles are able to either self-annihilate or decay into particles that our telescopes can 
detect. These annihilation/decay fuxes are strongly dependent on the distribution of the 
dark matter. Actually, the inclusion of substructures in the computation of the DM-related 
fuxes provides an enhancement, which can become critical on the verge of a detection. 

1.2.3 Strengths and weaknesses of ΛCDM 

As we have seen, the ΛCDM framework is tremendously successful at describing the observed 
large-scale structures (LSS) of the Universe, the main properties of galaxies and the abundance 
of diferent forms of matter and energy [61]. The observed LSS is consistent with point-like, 
cold DM particles that only interact via gravitational forces. However, in the last decades, 
observations at small scales turned out to be more problematic to explain within the ΛCDM 
model [174, 175]. These small scale problems, appeared from the comparison of the theoretical 
predictions from N-body DM-only simulations to the observations. These ΛCDM issues pair 
with theoretical unanswered questions, like the origin and nature of the dark components of 
the Universe. The main problems can be summarized as: 

• Nature of the dark components: The ΛCDM model describes the Universe containing 
95% of dark components. One of them is responsible for the recently discovered 
accelerated expansion. The other responsible for the creation of the cosmic structures. 
The fact that the model does not give an explanation of the nature of these dark 
components (being the vast majority), highlights the need of a paradigm that can 
provide it. In the case of dark energy, most quantum feld theories have predicted 

23 



Chapter 1. Introduction 

a huge cosmological constant from the energy of the quantum vacuum at present 
[176, 177]. However, the mismatch with current bounds from observations points 
towards an extreme fne-tuning problem. 

• Tension in cosmological parameters: In the last years, thanks to the improvements in 
precision cosmology, some tensions of unknown origin in the parameters describing 
the ΛCDM model have emerged. These tensions arise in the measurement of various 
quantities between Planck CMB results and independent cosmological surveys. Their 
value and persistence across diferent magnitudes strongly hints to the need for new 
fundamental physics. One of the frst discovered tensions was on the growth rate, σ8, 
obtained from cluster number counts and weak lensing [61, 178]. The most statistically 
signifcant tension appears in the estimation of the Hubble constant H0 [179, 180], 
between the CMB [61] and the direct local distance ladder measurements from the 
SH0ES collaboration [181, 182]. These constraints are shown in Figure 1.11, an display 
a tension of ∼ 4.4σ. This points either towards a systematic bias either in the SH0ES 
or Planck measurements, or to the need of a modifcation in the ΛCDM paradigm [183, 
for a review]. 

Figure 1.11: Direct and indirect measurements of H0, showing the 4.4σ diference between 
the local measurements and the value predicted from CMB measurements under the ΛCDM 
cosmological model [61]. Some proposals to solve the tension are displayed, such as time-
dependent dark energy, non-zero curvature or the existence of additional relativistic particles 
(besides neutrinos and photons), together with their capability to do so. Image from [181]. 

• The cusp-core problem: The mass density profles of DM halos in N-body DM-only 
simulations show a dense and cuspy center, well described by the NFW or Einasto 
profles [103, 118, 129, 132, 169]. This is in contrast to the observed density profles 
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of some dwarf galaxies, dwarf irregulars, and low surface brightness galaxies, whose 
rotation curves are best ftted with constant-density cores [184]. A possible way to 
reconcile both profles is that baryonic feedback can modify the structure of DM halos. 
Hydrodynamic simulations which include the efects of baryons on galaxy formation 
indicate that baryonic feedback can erase the central cusps and produce core-like density 
profles [185–187]. Unfortunately, the impact of baryons in cosmological simulations at 
the scales relevant to solve this problem is not yet fully understood. 

• The too-big-to-fail problem: This problem is related to the fact that the local Universe 
contains fewer galaxies with large central densities compared to ΛCDM simulations. 
Their central densities seem higher than the central densities observed in galaxies 
[188, 189]. 

• The problem of satellites planes: The satellite galaxies of the Milky Way and M31 
appear to lie in a polar circle around each galaxy [190]. Several works have tried to 
solve or explain this confguration [175, for a review], but more data is needed to 
produce a statistical sample of hosts down to fainter satellites. 

Diferent kind of solutions have been proposed to alleviate these problems. For the 
ones related to the small-scales, the inclusion of baryonic physics in N-body simulations 
(hydrodynamical simulations [191, 192]) seems to be able to explain, at least at some level, 
those features. Some other solutions proposed are alternative DM models such as including 
some level of WDM or self-interacting DM [193], that would reduce the number of low-mass 
halos in the local Universe. Outside the standard cosmological paradigm, MOND [51–53] 
theories can sometimes alleviate some of these issues, but not always without triggering 
other problems. 

The fact that the ΛCDM paradigm does not provide clear answers on this set of problems 
may imply that it could be an approximation to a more realistic model, that still needs to 
be fully understood. 

1.3 Dark Matter Candidates 

Together with all the gathered evidence of the existence of DM and the need of the production 
of the cosmic web, some of the characteristics that this DM component needs to fulfll arise: 

• Electric charge: The “darkness” of DM is one of the most clearly visible characteristics. 
The absence of its detection through standard astrophysical observations implies that 
DM can neither absorb nor emit photons at rates comparable to particles in the 
Standard Model (SM). This means that, at best, it must have a very small coupling to 
photons. Because of this, DM must be electrically neutral or possess some extremely 
small fractional charge (usually called milli-charged). This small fraction of electric 
charge can be constrained based on CMB and LSS observations. The requirement that 
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the DM is completely decoupled from the baryon-photon plasma at the recombination 
epoch, yields a maximal milli-charge of qχ = 3.5 × 10−7(mχ/1 GeV)0.58 for mχ > 1 
GeV, and of qχ = 4.0 × 10−7(mχ/1 GeV)0.35 for mχ < 1 GeV [194]. 

• Interactions: In order to reproduce the correct structures in the Universe, DM must 
be non-dissipative. This implies that there cannot be any substantial interaction 
between DM and SM particles. Then, the DM should behave as collisionless with 
respect to standard matter and with respect to itself. From the observations of the 
LSS, DM must also be cold in order for structure formation to proceed correctly. The 
DM self-interaction rate can be constrained from observations of merging clusters, 
which provide σχ−χ/mχ < 0.84 barn/GeV at 95% C.L. [195, 196]. Assuming a velocity 
dependence in σχ−χ, “self-interacting DM” has been proposed as a possible solution to 
some of the small-scale structure issues [196, 197]. 

• Mass: All the evidence of the DM are from gravitational origin, thus it must be 
massive. Depending on the assumed nature of the DM particle (fermionic or bosonic) 
some lower limits on its mass can be derived. For fermionic DM, observations of 
the velocity dispersion and density in dwarf galaxies lead to a lower mass limit of 
mχ > 70 eV [198, 199]. In the case of bosonic DM, ultra-light species might erase small-
scale structure, which is in confict with CMB, LSS [200] and Lyman-α observations 
[201, 202]. From these observations, the lower bound on the mass is mχ ≳ 10−22 eV. 
On the other side, upper limits on the DM can also be obtained from the stability 
against tidal disruption of structures immersed in DM halos. Such limits constrain an 
individual, point-like DM constituent, assuming it makes up 100% of the DM, to be 
mχ < 5 M⊙ [203, 204]. 

• Stability: In the light of the relic density provided by the CMB observaitions [61], the 
lifetime of the DM must be large compared to cosmological timescales [205, 206]. 

A wide number of theories have been proposed towards the identity of the dark matter. A 
“good” theoretical candidate fulfls the requirements above, fts the experimental constraints, 
requires minimal arbitrary choices in its parameters and can provide testable predictions. 
The requirement on the minimal arbitrary choices stands under the naturalness or fne-tuning 
problem. This issue demands that the theory presents a subjectively “natural” solution to 
the problem, or even it is able to solve other existing problems within the SM. As we have 
introduced previously, most of the theories which can be qualifed as “good” fall into the 
realm of an undiscovered particle dark matter. 

1.3.1 DM candidates zoo 

One of the main aspects that we have not mentioned already is if DM is of baryonic origin. 
However, given the experimental evidence on how DM behaves and couples, it does clearly 
not show the standard properties of baryonic matter. Indeed, the measurements from the 

26 

https://GeV)0.35
https://GeV)0.58


Chapter 1. Introduction 

CMB [61] and the Big Bang Nucleosynthesis (BNN) strongly disfavour this kind of DM. 
However, in the beginning of the DM history, some very popular candidates that were 
considered, were baryonic matter. 

MAssive Compact Halo Objects (MACHOs) 

MACHOs [207] are speculated to be a diferent kind of possible astrophysical objects, such 
as red, white and brown dwarfs, black holes or substellar-mass objects. These systems would 
appear dark because they would be very dim, but would also be efectively transparent to 
background light. This implies that microlensing searches are able to test this hypothesis. 
This technique has been carried out in the Large Magellanic Cloud (LMC) and the Small 
Magellanic Cloud (SMC), two satellite galaxies of the Milky Way. From these observations, 
two events were reported [208–212]. However, the problem relied on their interpretation. 
It was strongly challenging to understand what kind of objects could cause this lensing 
[213, 214]. After searching for diferent interpretations, MACHOs were ruled out to be a 
major DM component. 

Primordial Black Holes (PBHs) 

PBHs would be formed by the primordial density perturbations before the matter-radiation 
equality [215, 216], either during infation or during the phase transitions in the early Universe. 
This allows them to behave as non-baryonic matter, since they were assembled before the 
BBN and the CMB. In order to form PBHs, the primordial density perturbations should 
have been so large that they would caused the horizon mass at the time to collapse into 
a black hole. During some time, PBHs were disfavoured by experiments as the result of 
diferent searches involving microlensing and diferent efects caused by the evaporation from 
Hawking radiation [217]. In the most recent years, PBHs have gained some attention. It 
has been found that previously claimed bounds [218] were not adequately dealing with the 
involved optics. This has granted them access to a larger window as DM candidates [219]. 
In addition, the limits on the abundance of PBHs of MP BH = 1019 − 1023 g [220, 221] have 
been challenged [222]. This opens again the possibility that PBHs either of very low or very 
high masses (MP BH = 1013 − 1027 M⊙ [223]) are still the whole of the DM content. 

Neutrinos 

Neutrinos were one of the frst particles that were though as possible DM candidates [224, 225]: 
they are non-baryonic, electrically neutral, long lived and only interact weakly with the 
rest of the SM. Neutrinos have small masses and according to the ΛCDM paradigm. They 
emerge from the early Universe with relativistic velocities. Hence, they were candidates 
categorized as HDM. As seen previously in Section 1.2, the HDM models are not able to 
reproduce the cosmic structures, showing the greatest difculties at small scales. Therefore, 
HDM neutrinos are already excluded as the main DM particles of the Universe. 
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At the beginning of the 90s, a new kind of neutrino was proposed as a DM candidate. 
These new neutrinos, usually called sterile neutrinos, have no electromagnetic, weak or strong 
interactions and their masses are envisaged to be larger than the mass of standard neutrinos 
[226]. Sterile neutrinos should only interact with SM particles through gravitational forces, 
besides a small mixing with SM neutrinos. Another interesting and promising feature of 
these candidates is the possibility of solving the neutrino mass problem. In the SM of 
particles, neutrinos are exactly massless [227–229], however experiments have proven that 
neutrinos have non-zero masses [230]. The process involved in the solution of this problem is 
the so-called seesaw mechanism. The sterile neutrinos that are able to enable the seesaw 
mechanism [231, 232] can have masses of order keV o MeV and are a perfectly suitable WDM 
and CDM candidates. 

Axions and light mass candidates 

The axion, as happened with the sterile neutrino, was not originally thought to solve the 
DM problem. The SM of particle physics is a robustly successful theory. It comprises all of 
its knowledge into three fundamental forces that are represented by symmetry groups and 
fundamental particles, represented as quantum felds. Focusing on one of them, the one that 
describes the strong interactions of gluons and quarks is Quantum Chromodynamics (QCD), 
which is represented with the Lagrangian: 

2 
sLQCD = θ 

32 
g

π2 G
aµν Gaµν , (1.21) 

where Gaµν is the gluon feld strength, gs is the strong coupling constant and θ is related 
to the phase of the QCD vacuum. If θ acquires a “natural” value, i.e. O(1), then this term 
violates C and CP symmetries, in contrast with observations, which constrain θ ∼ 10−9 

[233, 234]. Understanding the smallness of this parameter is known as the strong CP 
problem. The solution that attracts most of the attention is the existence of an additional 
spontaneously-broken, global symmetry of the SM Lagrangian, known as the Peccei-Quinn 
symmetry [235]. The axion is the Nambu-Goldstone boson of this broken symmetry and the 
minimum of its potential “naturally” sets the feld to a value that cancels LQCD. Then, the 
symmetry breaking scale defnes the decay constant of the axion fa, and consequently its 
mass ma is bounded as: � � 

107GeV 
ma = 0.62eV . (1.22)

fa 

Even though most of the possible combinations of (ma, fa) solve the strong CP problem, 
not all of them can be postulated as DM candidates. Certain classes of axions interact 
extremely weakly with standard matter. These axions involve a very high Peccei-Quinn 
breaking scale, and therefore they are very light. Because of this, they are not able to decay 
and they are stable on cosmological timescales. Furthermore, these axions were never in 
thermal equilibrium in the primordial plasma, never reaching relativistic temperatures and 
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behaving as CDM. 

Axion-like particles (ALPs) are closely related to axions. ALPs appear as pseudo Nambu-
Goldstone bosons that can arise if additional fundamental gauge symmetries are broken or 
as Kaluza-Klein zero modes of compactifed string theories [236]. In contrast to axions, the 
ALP mass and its coupling to photons are independent parameters, bringing more freedom 
to the parameter space. Similarly to axions, ALPs can also be DM candidates if they are 
sufciently light and are produced non-thermally in the early Universe [237–239]. These 
ultra-light particles form Bose-Einstein condensates, which act as CDM on super-galactic 
scales while suppressing the formation of smaller structures [56, 240]. These candidates are 
known as fuzzy dark matter models, which are usually proposed to solve ΛCDM small scale 
problems [241, 242]. Another very light viable DM candidates are dark or hidden photons 
[243]. Dark photons can be tested on experiments based on their wave-like behaviour, or on 
their possible “portal” with the visible sector. All of these very-light mass DM candidates 
are usually known under the name of Weakly Interacting Slim Particles (WISPs) [244, 245]. 

1.3.2 Weakly Interacting Massive Particles (WIMPs) 

From the above bestiary of DM candidates, it results particularly theoretically appealing 
to postulate as candidates particles that are able to solve some fundamental problems of 
the SM. The ones that we are going to study and search, the Weakly Interacting Massive 
Particles (WIMPs), also fall in this realm. 

The WIMPs are amongst the most widely-studied dark matter candidates. WIMPs 
interact only via the weak nuclear force with the standard matter, requiring them to be 
non-baryonic and electrically neutral by defnition. To be stable on cosmological scales, 
the WIMP is usually assigned as the lightest member of a dark sector which must carry 
some conserved quantum number. Being members of the electro-weak symmetry group, 
their masses should naturally arise within a few orders of magnitude of the electroweak 
symmetry-breaking scale, which corresponds to a few GeV or TeV. 

WIMPs are produced as a thermal relic, i.e. their cosmological abundance is set by thermal 
production in the early Universe. This consists in a “chemical decoupling” of a species from 
the primordial hot plasma originated from the Big Bang. The particles in the plasma are in 
constant quantum processes of creation and destruction, being in a chemical equilibrium 
that is maintained as the Universe cools and expands. This process ceases when the Universe 
overcomes the rate of their interactions. Then, these particles fall out from the chemical 
equilibrium. If they are stable, they leave as an imprint of their existence a fxed density, a 
thermal relic. This “chemical decoupling” mechanism is usually called freeze-out. As well as 
the time of chemical freeze-out sets the fnal population of any stable relic, the time sets its 
temperature. WIMP freeze-out happens at sub-relativistic energies, guaranteeing them to 
behave as CDM for the sake of structure formation of the Universe. The resultant thermal 
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relic is also strongly dependent on the history of the expansion of the Universe, measured by 
the Hubble constant H. The evolution of the population of a species can described by the 
Boltzmann equation [246]: 

dnχ 2+ 3Hnχ(t) =< σv > (nχ(teq) − nχ(t)), (1.23)
dt 

2where nχ is the number density of the WIMP species, nχ(teq) is their number density at 
equilibrium and < σv > is the thermally-averaged product of the relative velocity and the 
total annihilation cross-section for the annihilation of WIMPs. This equation can be solved 
numerically10 , as it is shown in Figure 1.12. The solution for particles in the WIMP mass 
range is [11, 246]: 

10−27 3 −1cm s 
Ωχh

2 = . (1.24)
< σv > 

If we plug in Equation 1.24 the results of the measurements of the CMB from the Planck 
satellite presented in Section 1.1.4, the required averaged annihilation cross-section to 
reproduce the correct relic abundance is < σv >≈ 3 × 10−26cm3 s−1 . For weakly-interacting 
particles as WIMPs are, this is estimated to be of the same order of magnitude. This awesome 
coincidence arises naturally from the assumption that the DM is a stable weakly-interacting 
particle, and it is known as the WIMP miracle. These result has postulated WIMPs as the 
most famous and studied particle DM candidate. 

There is a plethora of theoretical models in where WIMPs are motivated, but one of the 
most deeply explored is in which the WIMPs belong to supersymmetric (SUSY) extensions 
of the SM. The SM describes remarkably well all the observed phenomenology. In the 
absence of new physics at higher energies, it should still work up to the Planck scale. If 
this was true, the masses of the SM particles would receive gigantic corrections, which 
is not what is observed in nature. This discrepancy is the hierarchy problem and in the 
past century, SUSY was proposed as a solution [247–249]. SUSY introduces a symmetry 
such as for every particle of the SM there exists a supersymetric partner, with the same 
mass and quantum numbers, except for the spin. Considering that these supersymetric 
partners have not been discovered yet, SUSY must be broken at some scale. This is so 
that the new particles become more massive than their SM twins. Several of these newly 
introduced particles are neutral under electromagnetic and strong interactions. Besides, if 
any of them is stable and abundant enough, they become the perfect WIMPs. Therefore, as 
other candidates presented before, these WIMPs solve more than one problem at a time. 
Some of the most popular supersymetric WIMPS come from the Minimal Supersymmetric 
Standard Model (MSSM) and extensions of it, such as the lightest neutralino [250–253]. In 
extensions including gravity, the gravitino [254, 255], the superpartner of the graviton, is 
also a good DM candidate. Gravitinos can also be produced non-thermally and they can 

10Co-annihilations between WIMPs and other particles, annihilation thresholds and resonances can make 
the calculation quite complex. 
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Figure 1.12: Evolution of the number density of a species in thermal equilibrium with time. 
At early times, the relic particle is in chemical and thermal equilibrium with the plasma. 
Its abundance is settled by rates of particle creation and annihilation. At later times, the 
expanding Universe cools to the point where the equilibrium density is too low to keep in 
chemical contact with the rest. Then, the particle falls out of chemical equilibrium and its 
density becomes fxed. From [246]. 

decay into SM particles [251, 256]. 

Of course, there are other WIMPs aside the SUSY world, like models with Higgs [257–259] 
or Z [260–262] portals, Kaluza-Klein particles [263], universal extra dimensions [264] and 
several others [see e.g., 265, for a review]. 

If the DM is mainly composed by WIMPs, they require to have interactions with SM 
particles for their early production. Therefore, we can exploit this interaction to try to detect 
them today. 

1.4 The search for Dark Matter 

All of the evidence of the existence of the DM comes from gravitational tests. However, to 
unveil the ultimate nature of DM and fnd out if any of the proposed candidates fts in its 
shoes, we need to interact with it through its putative relation with SM particles. Since the 
interaction with the standard matter of each DM candidate is diferent, the strategies used 
for their detection need also to be diferent [266, for a review]. 

PBHs are a very special candidate in terms of detection, since they are not expected to 
directly interact through any other forces except gravity. For these candidates, the available 
detection channel was mainly gravitational lensing [267, 268]. From the emission of particles 
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and photons expected from PBH evaporation, they can also be tested with γ-rays and/or 
cosmic-ray observations [269–271]. With the discovery of gravitational waves by the LIGO 
interferometer [272], a new window for detection is open for these objects. The detection of 
gravitational waves from coalescing black-hole binaries by LIGO/Virgo [273] has attracted 
a lot of attention to PBHs searches. A population of massive PBHs would be expected 
to generate a gravitational-wave background (GWB) [274] and if it is not detected, these 
observations will put important constraints on the number of PBHs [275–277]. For a review 
of the status of PBHs, we recommend Ref. [278], and we show their current constraints on 
the left panel of Figure 1.13. 

Figure 1.13: Left panel: Constraints on the DM fraction in the form of PBHs from 
diferent observations. As it can be seen, there are still four mass windows (A, B, C, D) in 
which PBHs could have an appreciable density of the total DM. Image from [278]. Right 
panel: Combination of diferent constraints for the ALP-photon coupling versus its mass. 
Between all the shown experimental results, the ones that provide the strongest limits come 
from the astrophysical observations. Figure from [279]. 

As for axions and ALPs, there are diferent methods of searches, but most of them are 
based on their connection to photons. In the presence of magnetic felds, axions and ALPs 
are able to convert to photons (and vice versa) [280]. This photon-ALP oscillation can 
be accessed from existing astrophysical sources such as the Sun, Active Galactic Nucleai 
(AGNs), Supernova (SN) events or even neutron stars. The idea behind is that after a 
series of photon-ALP conversions during their travel, one of these resulting photons reaches 
our telescopes/detectors. Between the current constraints, we can fnd the ones from 
the CAST (CERN Axion Solar Telescope) experiment. CAST is an helioscope focused 
in detecting the photons from the Sun [281–283]. Observations from AGNs, SN and the 
Extragalatic Background Light (EBL) with γ-ray telescopes, such as Fermi -LAT (satellite, 
[284–286]) or H.E.S.S (ground based, [287, 288]) also provide strong constraints for these 
DM candidates. Other experiments as ADMX [289, 290] or ABRACADABRA [291] attempt 
to detect axion/ALPs from the Milky Way (MW) halo. Finally, some constraints can be 
derived from radio data, obtained from observations of neutron stars [292]. Some of these 
constraints are presented in the right panel of Figure 1.13. 
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However, the most searched candidate is, undoubtedly, the WIMPs. As for other can-
didates, there are diferent approaches to perform these searches, and it is remarkably 
important the complementarity among them. 

Figure 1.14: Diagram of the main WIMP search approaches. Indirect searches are 
represented from left to right; direct searches from top to bottom, and searches in colliders 
from right to left. 

In Figure 1.14, an scheme of the diferent search approaches is displayed. Starting from 
a WIMP DM particle, this can weakly interact with a particle of the SM. Detectors can 
measure the energy transferred to the SM particles, which act as target material for the 
WIMPs of the MW halo. This is known as direct detection (DD) technique. Collisions of SM 
particles, as the ones taking place in colliders, can produce WIMP DM particles. As they are 
neutral, thus invisible for the detectors, the strategy is to look for their SM companions and 
missing energy in the collision. This approach is called DM production. Finally, if instead of 
interacting with an SM particle, two DM particles annihilate (or one of them decays) into 
SM particles, we can observe the SM fuxes produced from the interaction. For this, we 
usually need to point our telescopes to close astrophysical objects which are strongly DM 
dominated. This is for enhancing the probability of the interaction. This method is called 
indirect detection (ID). In the following subsections, we will recapitulate how these searches 
are done and which their current status is. Specially for the case that we will later study in 
the following chapters of this thesis, γ-ray indirect searches. 

1.4.1 Direct searches and production 

Direct experiments take proft of the expected WIMP DM particles present in the halo of 
the MW. In principle, these particles can collide elastically with a large volume of a target 
material allocated in Earth [293]. The detectors of the experiments then measure the recoil 
of the nucleus of the target. The recoil of the nucleus can manifest in diferent detection 
signals, such as heat production, the de-excitation of the nucleus or ionisation of atoms. The 
direct search experiments focus their strategy on one of these signals [294, for a review]. 

33 



Chapter 1. Introduction 

Assuming a DM density profle for the MW halo, DD experiments measure the number of 
WIMP-nucleon scattering events (dN) per nuclear recoil energy (dER), which is given by 
[295]: Z ∞dN ρ0MT dσ 

= vf(f) (1.25)
dER mN mχ vmin dER 

where mN is the mass of the target nucleus, mχ the mass of the DM particle and MT is the 
mass of the detector. The DM particles in the halo are also characterized by their velocity 
distribution f(v), integrated over all possible velocities, ρ0 is the local DM density and σ, 
the scattering cross-section between the target nucleus and the WIMP. This cross-section 
encapsulates the interaction of the DM with the standard matter, which diferentiates between 
a spin-independent (σSI ) and a spin-dependent (σSD) contributions. The spin-independent 
component is proportional to the square of the number of nucleons in the target material, 
while the spin-dependent contribution is proportional to the nuclear angular momentum. 
The usage of target nuclei with diferent compositions optimizes an experiment either for 
spin-dependent or spin-independent searches [296]. 

Another possibility is to measure the expected time dependence of the detection rate. 
Due to the proper motion of the solar system within the MW, there should be a mean net 
velocity between WIMPs and the Earth. This should result into an annual modulation of 
the total detection rate in DD experiments [297, 298]. 

In the absence of DM detection, the results of these searches are exclusion limits on the 
interaction cross-section and the DM particle mass. Figure 1.15 summarizes the current 
status of spin-independent DM exclusion limits, together with the projected sensitivity of 
future experiments. One feature that can be clearly spotted in Figure 1.15 is that the 
sensitivity is lower at smaller masses. The reason behind this is that, for lower masses, the 
energy recoil is smaller and the collisions cannot reach the energy threshold. In this region 
of the parameter space, the experiments that provide the strongest constraints are based on 
germanium. In the case of high masses, LUX, Xenon, and PandaX are the most relevant 
experiments. The LUX experiment has already fnished the data-taking phase, while PandaX 
and XENON1T are still on-going. Among the projected sensitivity of future experiments, the 
CDMS collaboration is preparing four detectors for the SuperCDMS SNOLAB experiment 
[299], the LUX-ZEPLIN collaboration is working on the LZ experiment [300], and further 
improvements are also expected for DarkSide, PandaX and XENON. 

Most of the DD experiments have not been lucky with their quest for DM. However, two 
events have caught the attention of the community in the last years. The frst comes from 
the DAMA/LIBRA collaboration. The DAMA/LIBRA experiment is based on the annual 
modulation technique and has consistently reported a detection [311, 312] of nearly 13σ. 
Several experiments have tried to reproduce this result, however none of them has found any 
signifcance on the annual modulation rate [313, 314]. Therefore, the implications of this 
detection are still a matter of debate. The second was from the XENON1T collaboration. 
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Figure 1.15: Exclusion limits (solid lines) and sensitivity projections (90% C.L., dashed 
lines) on σSI and the DM mass. The currently excluded space is shaded gray. Note that not 
all experiments use the same methodology in estimating limits, so exact sensitivities may not 
be directly comparable. The neutrino fog [301] is presented in blue. The exclusion limits are 
extracted from (stronger to weaker): CDMSlite [299], DarkSide-50 [302, 303], EDELWEISS 
[304], PICO-60 [305], DEAP-3600 [306], LUX [307], PandaX-II [308] and XENON1T [309]. 
Image taken from [310]. 

In 2020, this collaboration reported a peak on the measured electronic-recoil, ftted to ∼ 2.3 
keV with ∼ 3σ [315]. This peak was then analyzed as a hint of DM detection, in principle 
compatible with some axion and dark photon models [316]. However, the next generation of 
XENON1T, XENONnT, has recently rejected this peak, whose origin has been tracked to 
possible background contamination [317]. 

Finally, another complementary strategy to fnd DM is to produce it in colliders. CMS 
and ATLAS collaborations at the LHC have performed these searches in proton-proton 
(pp) collisions [318]. The DM signals consist mainly in the detection of missing energy 
and transverse momentum from the interaction of DM particles with the SM particles. 
This production can also leave a bump in the di-jet or di-lepton invariant mass or angular 
distribution [318]. The searches in colliders are usually focused on specifc DM models such 
as Higgs or Z boson portals and supersymmetric WIMPS. Since no signal has been observed 
in the LHC experiments, constraints on the masses and cross-sections have been settled 
[319, 320]. 
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1.4.2 Indirect Searches 

Indirect detection methods rely on the self-annihilation or decay of WIMP particles in DM-
dominated astrophysical objects. These processes should leave as an imprint the products of 
these interactions, which are detectable fuxes of SM particles. The particles in which WIMPs 
can decay or annihilate then evolve into particle showers or undergo through hadronization. 
Among all the resulting SM fuxes, three channels stand as the best to detect DM: γ-rays, 
neutrinos and anti-matter cosmic-rays (CRs). γ-rays are the most energetic photons of the 
Universe and as neutrinos, they are neutrally charged. Therefore, both of them travel the 
Universe without sufering defection from the magnetic felds and pointing back directly to 
their source. Since neutrinos have a remarkably low interaction rate, they do not experience 
absorption while they travel. But this same property makes them extremely difcult to 
detect for us. γ-rays do sufer from absorption, but their interaction rate is low enough so 
the expected fuxes reach our telescopes. Finally anti-matter CR fuxes are practically absent 
in the Universe, thus a detection of this kind of fux may be interpreted as a smoking-gun 
for DM detection. A signifcant diference is that CR fuxes are afected by the magnetic 
felds, and they arrive isotropically to Earth. As we have found for the diferent strategies 
for DM searches, for ID complementarity between channels is also crucial to obtain a robust 
DM detection. 

In the case of γ-rays and neutrinos, it is key to know which astrophysical objects can yield 
the the highest DM-related fuxes. Assuming WIMP pair annihilation (decay), the induced 
fux ( dΦ ) is: dE 

dΦ 
dE 

∝ 

  ρ
2 
χ ∝ Mc3 

, Annihilation,
d2 
L 

ρχ ∝ 
d
M 
2 , Decay, 
L 

(1.26) 

where ρχ is the DM density profle of the object, M its mass, c its concentration and dL 

the luminosity distance to the Earth. Then, it is straightforward to identify as best possible 
targets the astrophysical objects that are extremely DM dominated, as the ones we have 
discussed in Section 1.1. For decay of WIMPs, the most massive and closest objects yield the 
highest fuxes, postulating local galaxy clusters as prime targets. For WIMP annihilation, 
the concentration of the object becomes more relevant. Targets as dwarf Spheroidal galaxies 
(dSphs), nearby galaxies (as M31 or M33), our own galactic center and bulge and even the 
Sun for neutrino fuxes, are between the best possible candidates. Galaxy clusters were 
historically left behind for the annihilation scenario. However, all the interactions happening 
in the substructures that these objects are expected to host (see Section 1.2) were neglected. 
Once taken into account, their contribution leads to an enhancement of the DM annihilation 
fux. This has lead to consider them also for this specifc science case [321]. Finally, it will 
be easier to unequivocally detect a DM signal in the absence of backgrounds, or at least 
having a very good knowledge of them. 
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γ-ray searches 

The observational signatures that the DM can leave in the form of γ-ray emission are 
diferent attending on its interaction with the SM. As result of the annihilation (decay) into 
τ leptons, quarks or gauge bosons, neutral pions will be produced. The main decay channel 
for these particles is π0 → γγ, which yields a continuum spectrum, shown in the left panel 
of Figure 1.16. One characteristic feature of this spectrum is that it sharply ends at mχ 

(mχ/2 for decay). The electromagnetic showers produced by the subsequent decay of the τ 
leptons also contribute to the continuum spectrum [322]. Then, the primary γ-ray fux ( dΦγ )dE 
induced by DM annihilation (decay) from an astrophysical object is given by [323]: 

dΦγ 

dE 
(E, l.o.s, ∆Ω) = 

  
<σv> dNγ (E) × J(l.o.s, ∆Ω) Annihilation,
8πm2 

χ dE 
1 dNγ (E) × D(l.o.s, ∆Ω) Decay,4πmχτχ dE 

(1.27) 

where dNγ is the induced γ-ray emission at the source (from the continuum contribution), dE 
< σv > is the velocity-averaged cross-section (for annihilation) and τχ is the mean lifetime 
of the DM particle (for decay). For the annihilation case, it is assumed that WIMPs move 
so slowly that they can efectively be considered to collide at rest. However, we remark that 
this assumption does not apply to a fairly amount of DM models, such where the interaction 
of the DM with the SM species is mediated by a scalar. The J and D are respectively the 
J/D-factors, and encode all the information of how the DM is distributed in the object, i.e. 
the DM density profle. As discussed in Section 1.2.2, the shape of the DM profles or the 
concentration-mass relation are still under debate, which is even more accurate if we take 
into account the contribution from substructures. While we wait to an agreement within 
the community, the modelling of the DM density profle is one of the main nuisances for 
predicting the DM-induced γ-ray fuxes. Therefore, it becomes key to model the astrophysical 
objects according to the latest results based on N-body cosmological simulations. 
Another possible signature comes from the direct annihilation into two photons or a photon 
plus other SM particle. This interaction can only occur through loop process, thus it is 
suppressed [324–326]. This produces a monochromatic γ-ray line which would be a smoking 
gun for a WIMP DM detection, since no other known process can yield this type of signal. 

In the last years many observations in the γ-ray window have been searching for a hint 
of DM. These searches have been mainly performed by Air Imaging Cherenkov Telescopes 
(IACTs) and by the Fermi Large Area Telescope (Fermi -LAT) satellite. We explain in detail 
their concept and functioning in Section 1.5. In the right panel of Figure 1.16, it is shown a 
simulation of the expected γ-ray emission from DM annihilations of the whole sky, where 
diverse interesting targets can be diferentiated. In the absence of detection, limits on the 
annihilation cross-section (lifetime) of the WIMP and its mass are settled. 
One of the most constraining results are the ones obtained by the Fermi Collaboration from 
the stacking of observations on dwarf spheroidal galaxies (dSph), and subsequent updates 
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Figure 1.16: Left panel: Primary DM γ-ray spectra assuming mχ = 1 TeV for diferent 
annihilation channels: green lines correspond to leptons, red and violet to quarks, blue and 
black to EW bosons and the rest to other channels (i.e. gluons). For DM decay the spectra is 
the same, but shifted to half of the values in the x-axis (since the energy budget comes from 
only one particle). Image from [322]. Right panel: Full sky map in galactic coordinates, of 
the γ-ray emission (from blue to yellow corresponding to lower to higher emission) produced 
by WIMP DM annihilation, assuming the DM distribution according to the Aquarius [132] 
simulation results (see Section 1.2.2). The galactic center appears as the brightest source, 
together with some smaller “points” that represent dwarf satellites, dSphs and galaxy clusters 
spread through the map. Image courtesy from [170]. 

combining observations from other telescopes [327–331]. These limits, shown in Figure 1.17, 
reach the thermal relic cross-section for mχ < 100 GeV. They have signifcantly improved 
since the frsts analysis [332], where only a few classical dSphs were included, to the latest 
ones which also include recently discovered ultra-faint dwarf galaxies [333, 334]11 . dSph 
galaxies have a reduced stellar activity, resulting in a very low background of astrophysical. 
However, there are still large uncertainties related to the DM content in this type of objects, 
which may deteriorate their constraining power [336]. 
Another extremely observed region is our own galactic center. The galactic center of the MW 
is one of the best possible targets to consider, because of its proximity. From this region, an 
excess around a few GeV has been detected [337]. This GeV-excess appears to be compatible 
with the expected signal of annihilation of DM with a mass mχ ∼ 40 − 60 GeV with a 
cross-section close to the thermal [338–344, among others]. Despite this impressive fnding, 
the galactic center is a complex region regarding the amount of diferent astrophysical sources 
that contribute to its γ-ray emission. Indeed, another popular explanation of this excess 

11We note that more ultra-faint dSphs are expected to be detected with the new generation of photometric 
surveys such as the Vera Rubin Observatory [335]. 
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comes from a possible population of mili-second pulsars allocated in the galactic center 
[345, 346]. Today, the ultimate nature of this excess remains still unclear. Recent eforts 
implementing new analysis techniques [347] or the use of multi-messenger data [348, 349] 
are trying to shed light on the matter (see Section 1.5.2 for the role of future telescopes). 

Figure 1.17: Most representative limits from γ-ray searches. Left panel: Limits to the 
annihilation cross-section and the WIMP DM mass, assuming 100% of annihilation to bottom 
quarks. The only current limits able to test the thermal cross-section are the ones from 
dSph galaxies [329]. The limits from the H.E.S.S Collaboration from the galactic center 
[350] are also close to test this range. Right panel: Limits to the WIMP DM lifetime and 
its mass, assuming 100% of decay to bottom quarks. The low mass regime is dominated by 
the constraints from Fermi-LAT observations of the galactic center [351], while the high 
mass range is dominated by the constraints from galaxy clusters [352]. Extracted from [353]. 

Galaxy clusters are historically another very popular target for DM searches. As stated 
before, being the most massive gravitationally bound objects in the Universe leads to DM-
induced γ-ray fuxes comparable to the expected from dSphs, specially considering DM decay. 
Numerous observations from these objects, both individually and stacked [354–358], have 
been performed and used for searching DM. As we can see in the left panel of Figure 1.17, 
for the case of annihilation, the limits they provide may not be as stringent as the ones from 
other objects. However, in the case of DM decay (right panel of Figure 1.17) galaxy clusters 
provide the best limits on the DM lifetime up-to-date, for the high mass range [352]. Galaxy 
clusters are also expected to host astrophysical γ-ray emission from the π0 decays originated 
from hadronization processes of their population of accelerated CR protons [359, 360]. This 
background has usually not been considered when obtaining the DM limits, because of 
its complexity in both modelling and for the analysis. However, it is important to notice 
that this CR-induced background has not been clearly detected yet by any γ-ray telescope 
[358, 361, 362], thus its knowledge is still evolving. In this regard, in Chapters 2 and 3 we 
provide new results on Fermi -LAT observations of clusters and compute the sensitivity to 
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test the DM parameter space with the future observations of the Perseus cluster with the 
Cherenkov Telescope Array. 

In the absence of a clear detection from these objects, in the lasts years diversifcation of 
targets have become extremely relevant. This approach allows also to get rid of the specifc 
systematics and backgrounds concerning the diferent type of objects. Because of this, new 
objects are starting to be considered as good candidates. 
Objects like dwarf irregular galaxies (dIrrs) have recently entered the game [363] (investigated 
in Chapter 4 and 5). These isolated galaxies within the Local Group are sufciently close to 
Earth and with typical masses between ∼ 107 − 1010M⊙, they clearly stand out as possible 
targets. 
Between these new objects, we also fnd dark satellites. These objects are nothing but the 
smaller subhalos expected in our galaxy, with masses below 107M⊙. As consequence of this 
low mass, these subhalos are not expected to host baryonic content (gas or stars) and thus, 
they will remain completely dark [364]. Dark satellites may be located close to Earth and 
as they should not sufer any γ-ray contamination from astrophysical origin, they can be 
very interesting objects to target (we investigate the DM contents as corresponding fuxes of 
this objects in Chapter 5). Their observation is quite challenging for IACTs, since we do not 
know a priori their location. This can be overcome by the F ermi-LAT satellite, which allows 
to search for dark satellites through the unidentifed sources, which fuxes are compatible 
with DM origin [e.g see, 365–369]. 
Finally, we should not forget galaxies in our local vicinity like Andromeda galaxy (M31, 
[370]), the Isotropic γ-ray Background (IGRB, [371–373]) or the searches in celestial objects 
like Jupiter [374] or the Sun [375, 376]. 

Cosmic-ray searches 

The hadrons and leptons produced in the annihilation/decay of WIMPs can travel the 
Universe and arrive to Earth with isotropical fuxes. However, there are plenty of astrophysical 
processes that lead to the production of CR fuxes and can mimic a putative DM signal. In 
contrast, a CR fux of antiparticles could be more easily discriminated. Among the possible 

+species to search, the ones that have gained more attention are the positrons (e , [377]), 
¯antiprotons (p̄, [378, 379]), antideuterons (D̄ , [380–382]) and antiheliums (3He, [383, 384]). 

The detection of an excess of a e+ fux at GeV energies frst detected by PAMELA (Payload 
for Antimatter Matter Exploration and Light-nuclei Astrophysics, [385]), and after confrmed 
by F ermi-LAT [386] and AMS (Alpha Magnetic Spectrometer, [387–389]), has gathered 
a lot of eforts to explain it in terms of DM. At that time, this excess was not coupled 
to a p̄  excess. Most of the DM models able to explain it then, were leptophilic [390, 391]. 
However, in the last years, an excess also in the p̄  fux has been reported [392]. The origin of 
these excesses is still a matter of debate within the community [393–396]. Depending on 
the analysis, it is not clear if the data favours the DM origin or rather other astrophysical 
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explanations [397], such as emission from pulsars [398]. 

In the same direction, recently AMS-02 has observed a few events a priori compatible 
¯with a 3He fux. There are still on-going eforts trying to evaluate the signifcance of this 

excess. Some groups are also leading some attempts to give a DM explanation to it [399]. In 
the near future, the balloon mission GAPS (General AntiParticle Spectrometer, [400–402]), 
should be able to shed light into the origin of these excesses. 

Neutrino searches 

Neutrinos can originate from annihilation/decay of WIMPs in dense DM regions. Then, they 
can travel to Earth pointing back directly to their source, just as γ-rays. However, given 
their extremely low interaction rate, enormous amounts of target material are needed in 
order to detect them. Besides, due to the abundant neutrino atmospheric background, tight 
selection cuts in the reconstructed parameters also need to be applied. 

One of the most typical DM searches from neutrino telescopes is to point towards a 
heavy celestial object like the Sun. Under the assumption that WIMPs may have been 
gravitationally trapped in these objects, their DM density increases [403]. In the absence 
of detection, neutrino telescopes as ANTARES (Astronomy with a Neutrino Telescope and 
Abyss environmental RESearch, [404]) or IceCube [405] put constraints on the annihilation 
cross-section/lifetime and the mass of the WIMP [406, 407]. Constraints from the the 
galactic center and halo also provide valuable limits in the standard WIMP parameter 
space [408–411]. In the future, neutrino telescopes with larger amount of target materials as 
KM3Net [412, 413] or Hyper-Kamiokande [414, 415] will improve the sensitivity of the current 
telescopes and therefore, either provide a robust detection or strongly press constraints to 
the WIMP paradigm. 

1.5 The γ-ray sky 

Besides of providing one of the golden channels for DM detection, γ-rays are originated from 
an immense variety of astrophysical objects. We cannot forget that photons, in general, are 
our primary source of information about the Universe. The spectrum of these photons spans 
more than 16 orders of magnitude, and mostly all of them can be used to search for diferent 
types of DM candidates. As this thesis is devoted to WIMP DM searches through γ-rays, 
is absolutely necessary to have a proper knowledge of these high-energetic fuxes, to use it, 
hopefully, to distinguish the needle in the haystack. 

γ-rays are generally identifed as the electromagnetic radiation above ∼100 keV, but 
for WIMP searches, we are interested in the highest energies, between a few MeV and 
hundreds of TeV. Most of the astrophysical γ-rays are originated from non-thermal processes, 
such as synchrotron emission, bremsstrahung or inverse Compton (IC). This processes can 
occur due to extremely violent phenomena happening on diferent astronomical scales. In 
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recent years, the discovery of new sources has revealed the existence of a heterogeneous 
population of astrophysical objects that light up the γ-ray sky. These are found either in our 
galaxy or beyond [416, 417, for reviews on the topic]. Restricting to our MW, the emitters 
that dominate are pulsars, pulsar wind nebulae (PWNe), supernova remnants (SNRs) and 
micro-quasars. Outside our own galaxy, the observed γ-rays come from galaxies with a 
remarkable star-forming rate and from ultra-relativistic jets in super-massive black holes 
(SMBHs), located in the center of some galaxies (active galactic nuclei - AGN). Very energetic 
transient events have also been detected, called γ-ray bursts (GRBs). Finally, the production 
of γ-rays is strongly related to the densities of CRs. Not only γ-rays but also neutrinos can 
be produced from the interaction of CRs with nuclear targets. As we have discussed briefy 
in the previous section, the study of CRs can be challenging. The reduction of their fux at 
high energies and the defection by magnetic felds can hinder their detection. Therefore, the 
CR-induced γ-rays can help to reveal regions of CR acceleration, such as galaxy clusters are 
expected to be. The most complete map of the γ-ray sky as obtained from 12 years of data 
from the F ermi-LAT is shown in Figure 1.18. 

Once the γ-rays are emitted, they propagate through the intergalactic/galactic space until 
they reach our detectors (satellite or ground-based). As they are neutrally-charged, γ-rays 
are not defected by magnetic felds but they can interact with other photon felds. The CMB 
plays a crucial role in the absorption of γ-ray fuxes together with the so-called Extragalactic 
Background Light (EBL). The EBL is thought to be mostly emitted during the formation 

+ −of stars. The dominant process for the absorption of γ-rays is γ + γBKG → e + e . For 
an isotropic background of photons, like the EBL, this process is maximized for energies of 
10 - 100 GeV. For γ-rays higher than 100 GeV, the dominant interaction is with the CMB 
photons12 . This interaction causes that the higher energy γ-rays from the most distant 
regions get absorbed before reaching us. Consequently, a γ-ray horizon limits the γ-rays that 
we can detect. For energies around the PeV, this γ-ray horizon is close to the distance to our 
own galactic center. Of course, this absorption also afects the γ-rays from annihilation/decay 
of WIMPs, specially for those that travel from outside our galaxy. The attenuation in terms 
of the γ-rays fuxes at emission ( dN ) and at Earth ( dN ) is given by: dE src dE obs 

dN dN τ (E,z)= × e . (1.28)
dE dEobs src 

where τ(E, z) is the optical depth. τ(E, z) is also dependent on the interaction cross-
section, the distance and the photon density evolution. Therefore, the modelling of the EBL 
constitutes another important nuisance for γ-ray DM searches. 

The implementation of dedicated observatories for γ-ray astronomy is a young feld 
within the standard astrophysics. The frst γ-ray telescopes were space-based observatories 

12For γ-rays with energies higher than 107 TeV, the main interaction becomes the radio background [418]. 
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Figure 1.18: All-sky image from 12 years of data from F ermi-LAT, for γ-rays above 1 GeV. 
Lighter colors indicate brighter sources. The most prominent feature is the galactic plane of 
the MW. Taken from [419]. For an insight on the F ermi telescope, see Section 1.5.1. 

with sensitivities around 100 MeV. This was because the atmosphere blocks the γ-rays. 
After years of signifcant technological improvements, the idea for observing γ-rays from 
the ground was also developed. The main technique is the Cherenkov radiation. This 
radiation is produced as a result of the interaction of a primary γ-ray with the species in the 
atmosphere. However, these showers are not only produced by the interaction with γ-rays, 
but they are also proton-induced. To help disentangle these emissions, the main technical 
breakthrough was to use a pixelated cameras to exploit the diference in shape between the γ-
ray induced and proton-induced showers. As for today, these ground based telescopes, known 
as Imaging Air Cherenkov Telescopes (IACTs), connect several imaging Cherenkov telescopes 
to view the showers from diferent angles and have a better suppression of the background. 
Some of the currently working installations are H.E.S.S. (High Energy Stereoscopic System, 
[420]), MAGIC (Major Atmospheric Gamma Imaging Cherenkov Telescopes, [421, 422]) 
and VERITAS (Very Energetic Radiation Imaging Telescope Array System, [423, 424]). 
There exist other kind of γ-ray observatories, like the water Cherenkov detectors. These 
telescopes operate detecting the Cherenkov light from the particle showers in the water 
tanks. The HAWK (High Altitude Water Cherenkov Observatory, [425]) observatory and 
LHAASO (Large High Altitude Air Shower Observatory, [426]) are currently functioning 
water Cherenkov detectors. The F ermi-LAT is the only space-based γ-ray observatory 
working nowadays. 

One of the advantages of the satellite γ-ray observatories is that they provide an all-sky 
map. On the other side, IACTs need to point to certain regions of the Universe with 
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reduced felds of view (FoVs). Besides, space-based missions do not need to handle with 
the problematics of the Earth atmosphere. Still, IACTs reach energy ranges that the space-
based missions are not able to explore. Thus, we fnd again that complementarity between 
the diferent observation methods is crucial to test the complete WIMP parameter space. 
Taking proft of the large amount of data gathered among all of its operational years, we 
investigate in this thesis the data of the F ermi-LAT. We use this data to search for DM from 
diferent astrophysical objects (Chapters 3 and 4). As we have seen, unfortunately the DM 
searches with the IACTs have not been fruitful either. Because of this, we also investigate 
the discovery potential to DM of the future of the very-high energy γ-ray astronomy, the 
Cherenkov Telescope Array (CTA), in Chapter 2. In the next sections, we plan to make a 
small review on the status of these two observatories. 

1.5.1 Fermi-LAT 

The Fermi Gamma-ray Space Telescope (FGST, formerly GLAST) is a NASA mission 
launched in June 2008. This space-based detector carries two diferent instruments, the 
Gamma-ray Burst Monitor (GBM), for the observations of transient sources, and the Large 
Area Telescope (LAT), the primary instrument. The F ermi-LAT yields observations in the 
energy range between ∼20 MeV - 300 GeV, operating on the principle of pair-creation in 
the detector. The instrument consists of a tracker to measure the electron-positron tracks 
created in the pair-creation of the γ-ray. Then, a calorimeter determines the energy of this 
electron-positron pair (and hence of the primary γ-ray) and an anti-coincidence detector 
perform a veto of the charged particle background. The total surface area of the LAT is 
1.8 m×1.8 m, with the ∼80% being sensitive tracker area. The instrument is typically 
triggered by the proton background. Indeed, about 90% of the events are discarded on the 
fy. After, the remaining events are reconstructed and additional gamma-hadron separation 
cuts (usually referred as handroness) are applied. For the mentioned energy range, the 
Fermi-LAT provides an angular resolution of 0.8 deg at 1 GeV (averaged over the LAT 
acceptance) and of ∼0.2 deg, at energies above 10 GeV. The live time of the instrument 
is ∼75%, with the only limiting factor being the South Atlantic Anomaly [427, 428] and 
the readout dead-time fraction. For more information about the design, functioning and 
calibration of the LAT, we recommend the references [429, 430]. 

Over the last 14 years with free data access, the F ermi-LAT has provided a signifcant 
improvement in our understanding of the MeV - GeV γ-ray sky. The subsequent analyses 
carried on by the F ermi-LAT Collaboration increased the number of γ-ray emitting pulsars 
and AGNs by more than 1200. They also resulted in the discovery of new classes of compact, 
variable, extended and extragalactic γ-ray sources. All these discoveries lead to the creation 
of γ-ray source catalogues [431–434]. The most complete one, with 10 years of data, is the 
4FGL-DR2 [435]. Regarding the DM science case, the F ermi-LAT has provided among the 
strongest limits in the absence of detection from the observation of dSphs [328, 331, 436]. 
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Even though the limits from the dSphs are the most popular within the community, the 
observation of the galactic center excess is still an open discussion. In Section 1.4.2 we 
explored the contribution of the F ermi-LAT to the search of DM from many diferent targets. 

1.5.2 Cherenkov Telescope Array (CTA) 

The Cherenkov Telescope Array (CTA) [437–439] will be the next generation of IACTs 
for γ-ray astronomy operating in the Very High Energy (VHE) range, between 20 GeV 
- 300 TeV. Furthermore, it will be the frst γ-ray instrument to be operated as an open 
observatory. CTA also aims to become a cornerstone in a network of multi-wavelength and 
multi-messenger exploration of high-energy astrophysical phenomena. 

The mechanism of γ-ray detection is the same as the historically used within IACTs. The 
very high energy γ-rays from the Universe reach the Earth and interact with the atmospheric 
nuclei. As a result, an electron-positron pair is produced, which at the same time results in 
a cascade of particles (mostly electrons and positrons), called an electromagnetic shower. 
These showers extent for several kilometers wide and spread a few hundreds of meters 
apart. A sizable fraction of the shower particles travel at ultra-relativistic speed in the air, 
producing Cherenkov radiation. The IACTs then refect the collected Cherenkov light onto 
the focal plane, where a multi-pixel camera records the shower. From the shape, size and 
orientation of the image, the primary energy of the γ-ray and its original direction can be 
reconstructed. This information is also used to reduce the hadronic background, i.e. to 
distinguish electromagnetic showers induced by γ-rays with respect the originated from CRs. 

Despite all of the achievements conquered with the current generation of IACTs, they 
show some limitations that CTA will overcome. The sensitivity reach of IACTs covers the 
energy range of 80 GeV - 50 TeV. They have a FoV between of 3 deg - 5 deg and their angular 
resolution is around ∼ 1 arcmin above 1 TeV. On the one hand, extending the observations 
below 80 GeV is extremely important for the observation of distant extragalactic sources, 
since their fux at higher energies is highly attenuated by the EBL. It will also allow to close 
the gap between the energy ranges covered by IACTs and F ermi-LAT data. On the other 
hand, an extension of the high energy range above 50 TeV will allow to understand and 
discover the most extreme phenomena in Universe, such as SNRs or identifying the so-called 
PeVatrons. A wider FoV will enable the study of extended sources, providing knowledge of 
their morphology. Finally, a better angular resolution will provide fner emission maps of 
these extended sources and reduce source confusion. 

In order to meet all of these requirements, the technology of CTA needs to be of unprece-
dented characteristics. CTA will have two main emplacements to reassure full sky coverage, 
one in the northern hemisphere at Roque de los Muchachos (La Palma, Spain), and a second 
one in the southern hemisphere in Desierto de Atacama (Paranal, Chile). The northern 
hemisphere array will focus on the lower and middle energy ranges (20 GeV - 5 TeV), while 
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Figure 1.19: Top left panel: Expected diferential sensitivity for CTA southern array 
(red line) and northern array (grey line) for 50h observation with the Alpha Confguration 
scheme. For comparison, MAGIC (blue dashed line), VERITAS (dark green dashed line), 
H.E.S.S (orange dot-dashed line), F ermi-LAT (green dot-dashed line), HAWC (brown dot-
dashed line), LHAASO (red dot-dashed line) and other experiment sensitivities for diferent 
observation times are shown. Top right panel: Angular resolution (68% containment radius 
of the γ-rays) as a function of energy for CTA southern array (red dotted line) and northern 
array (grey line). Also for comparison, the angular resolutions for MAGIC (blue dot-dashed 
line), VERITAS (dark green dashed line), F ermi-LAT (green dot-dashed), HAWC (brown 
dot-dashed line) with other experiments are shown. Images from [439]. Bottom left panel: 
Mimic of the current H.E.S.S. view of the LMC, obtained from a simulated 16 h of CTA 
observations using a single pointing and selecting events. Bottom right panel: Simulation 
of the full CTA survey of the LMC, with six pointings and 340 h of observations. The difuse 
glow corresponds to the large-scale emission. Extracted from [440]. 

the southern hemisphere array will span the mid- to high-energy range (150 GeV - 300 TeV). 
To cover this huge energy range, three classes of telescopes are needed: the Small-Sized 
Telescope (SST), Medium-Sized Telescope (MST), and Large-Sized Telescope (LST). The 
SSTs will cover the high-energy γ-rays, the MSTs the middle energy range and the LSTs 
will provide the greatest sensitivity to the low energy γ-rays. The Alpha Confguration (the 
one is expected to be operational soon), includes 13 telescopes, four LSTs and nine MSTs 
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distributed in 0.5 km2 in the northern array; and 51 telescopes over a 3 km2 area, consisting 
of 14 MSTs and 37 SSTs in the southern array. Currently, the expected performance of CTA 
has been evaluated using Monte Carlo simulations, and can be seen in the top panels of 
Figure 1.19 for a 50h observation time. 
The expected improvement in sensitivity with respect the current generation of IACTs 
is arounf one order of magnitude for energies of 1 TeV. Here we can also see how CTA 
will expand their sensitivity reach up to hundreds of TeV and compete with F ermi-LAT 
sensitivity (10 years of observation) for energies lower than 100 of GeV. The expected angular 
resolution of CTA is shown, compared with that of some current γ-ray detectors, in the top 
right panel of Figure 1.19. As seen from this plot, the angular resolution of CTA will be 
better than that of any current IACT array over the full energy range. As an example of the 
improvement with respect the capabilities of current IACTs, we show in the bottom panels 
of Figure 1.19 the Large Magellanic Cloud (LMC) as observed with current IACTs (left) and 
what we expect to observe with CTA (right). 

The science that CTA will be able to prove was gathered and preliminary studied in [440]. 
The science cases that CTA will study are usually gathered in three main lines: understanding 
the origin and role of relativistic cosmic particles, probing extreme environments and exploring 
frontiers in fundamental physics. The DM science case has an deep importance for the CTA 
Consortium, being one of its main Key Science Projects. Combining the observations from 
the galactic center, dwarf spheroidal galaxies, the LMC and the Perseus galaxy cluster, more 
than 900h are planned to be devoted to the search of DM only during its frst 2 years of 
operation. Two Consortium publications have already been devoted to study of the sensitivity 
of CTA to detect DM: one from the galactic center [441] and the other dedicated to ALPs 
[442]. In this thesis, we carry out what will be the third CTA DM Consortium publication, 
the hunt of the WIMPs in the Perseus galaxy cluster (Chapter 2). 

1.6 Structure and Motivation 

After this review of the DM paradigm, one can identify several spots that need better under-
standing and further analysis. This will contribute to the overall knowledge of the ultimate 
nature of this strange component of the Universe. As stated before in this Introduction, this 
thesis is completely devoted to detect the DM through the γ-ray channel. In the absence of 
detection, these eforts will still provide stringent constraints for the WIMP DM. 

In the light of the lack of the detection of WIMP DM in these years of hunt, we proceed 
to a systematic search in the γ-ray channel. Each of the following chapters are self-contained 
and based in the published (or close to publish) papers in which I worked during the thesis. 
In Chapter 2 we compute the sensitivity to difuse γ-ray emission from the Perseus galaxy 
cluster of the future CTA. Being one of the most massive local galaxy clusters, as we have 
seen, these objects are completely DM dominated and are known to be very good candidates 
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to look for DM decay signals. We perform a state-of-the-art modelling of the cluster both 
for its DM and its CR contents. To compute the prospects for CTA to fnd a DM signal 
from Perseus, the CR-induced γ-rays act as a background in our analysis, together with the 
two AGNs that the cluster hosts. We perform a template ftting analysis, which uses both 
the spectral and the spatial information of the emissions. 
In the same line of research, we exploit all the capability of the existing γ-ray telescopes 
in Chapter 3. In this chapter we analyze 12 years of Fermi -LAT data from nearly 50 local 
galaxy clusters, searching for a DM-induced γ-ray signal. These 49 galaxy clusters form 
the sample of best clusters to target for DM indirect searches. To build the sample, we 
model their DM content taking into account the expected substructures, and compute their 
expected DM-induced fuxes. This information is used to ft the Fermi-LAT data of the 
clusters, which are stacked to obtain the corresponding results. 
Chapter 4 is devoted to DM γ-ray searches in dwarf irregular galaxies (dIrrs) also using 
Fermi -LAT data. These objects in our Local Volume, have been recently proven to have little 
to none expected other γ-ray sources that can obstruct the identifcation of a DM-related 
signal. Following these results, we perform the ft to their rotational curves to extract their 
DM profles, model their expected substructures and perform the corresponding Fermi -LAT 
analysis on 7 selected objects for 11 years of data. 
Exploring this line of introducing new targets in the quest of DM, Chapter 5 gathers my 
contribution to two published articles in this matter. In the frst part, we use all the knowledge 
acquired of the previous searches in galaxy clusters and dIrrs to perform a DM modelling 
of three selected objects of each family. We account for model uncertainties to create a 
ranking of the best astrophysical objects to consider for future γ-ray searches, including 
in the computation p-wave annihilation term, Sommerfeld enhancement and substructure 
boost. In the second part, we study how the γ-ray signal of DM origin from a representative 
dark subhalo of our galaxy can be seen in the current data of Fermi -LAT. My contribution 
to both of them was to provide the theoretical grounds for the distribution of DM and to 
build state-of-the-art DM density profles for all these diferent objects. 
Finally, in Chapter 6 we summarize the results from the previous chapters and present the 
conclusions of the thesis (Chapter 7 in Spanish). 
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Chapter 2 
Prospects for γ-ray observations of the Perseus 
galaxy cluster with the Cherenkov Telescope Array 

Chapter entirely based on: 
- The CTA Consortium*, Prospects for γ-ray observations of the Perseus galaxy cluster with 
the Cherenkov Telescope Array, Under internal CTAC revision 
* Corresponding authors (alphabetical order): R. Adam, S. Hernández, JPR, M. A. Sánchez-
Conde 

2.1 Introduction 

Clusters of galaxies are the largest virialized structures in the Universe, with masses up to 
about 1015 M⊙. They are dominated by dark matter (∼ 85% in mass) and permeated the 
intracluster medium (ICM; ∼ 10 − 15% in mass) whose physical properties are shaped by 
the hierarchical growth of structures through the merging of subclusters and the smooth 
accretion of surrounding matter [e.g., 443, 444]. While the ICM is mostly thermal, these 
energetic events do not only dissipate the kinetic energy into heat via shock waves and 
turbulence, but may also accelerate cosmic-rays (CR) in the ambient magnetic feld [see 445, 
for a review]. Cluster galaxies account only few percent of the total mass, but they can 
also directly inject CR via active galactic nuclei (AGN) feedback or star formation activity 
[446–448]. 

Direct evidence for the presence of CR electrons (CRe) and magnetic felds have been 
found in a growing number of galaxy clusters, thanks to the radio observations of difuse 
synchrotron emission [see, e.g., 449–451, for reviews]. These sources are classifed as radio 
halos (that roughly follow the thermal ICM), radio shocks [or relics, associated with ICM 
shock waves; e.g., 452] and radio phoenices [or revived fossil plasma connected to AGN 
activity; e.g., 453–456]. Radio halos are generally further classifed as giant radio halos, which 
have Mpc sizes and are associated with cluster mergers [457], and mini-halos, which are more 
compact and located in relaxed cool-core clusters [458]. However, we note that this distinction 
is subject to debate [459, 460] and in general, the origin of the difuse radio emission is not 
well understood. Galaxy clusters are also expected to act as storehouses for the CR protons 
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(CRp) and heavier nuclei [461]. Unlike CRe that should quickly lose their energy [typically 
within 100 Myrs, see 462], CRp should accumulate during the formation of clusters via shock 
and turbulent acceleration or AGN outbursts injection [463, 464]. These CRp should interact 
hadronically in the ICM to produce γ-ray emission [e.g., 359, 360, 465]. Such interactions 
imply the production of high-energy secondary electrons, which will eventually contribute 
to the radio halo synchrotron emission. Alternatively, radio halos could result from the 
reacceleration of mildly relativistic electrons from turbulence [e.g., 466–469]. While the pure 
hadronic model to explain the origin of giant radio halo has been ruled out [470], it is not the 
case for mini-halos [e.g., 471], although a number of evidences suggests that the interaction 
between ICM motions and CRe are playing a major role [e.g. 472, 473]. Nonetheless, the 
secondary electrons produced in hadronic interaction may signifcantly contribute to the 
seed electrons needed in turbulent reacceleration. Cosmological numerical simulations of 
CR in galaxy clusters have obtained quantitative prediction for the level of expected γ-ray 
emission [e.g., 474, 475]. In particular, [476] obtained a universal CRp spectrum and spatial 
distribution, which has proved useful when searching for clusters in the data [e.g., 477]. 
Nevertheless, many uncertainties may afect the expected γ-ray signal [see, e.g., 464, 478, 
for issues regarding CR transport and discussion about particle acceleration models], and 
cosmological simulations including full turbulent reacceleration physics has not been obtained 
yet. 

Galaxy clusters have provided among the strongest evidence of the existence of the DM 
[21, 50, 479]. The fact that they are dominated by DM make clusters natural environments 
to try to detect it. The dark matter amounts up to the 85% of the total matter density of 
the Universe and the gravitational evidences point towards a non-baryonic and electrically 
neutral species, leaving out as candidates the particles within the Standard Model (SM)1 . 
Since the underlying nature of the DM (and thus its signature) is still unknown [2], galaxy 
clusters can be used to unveil its properties with a variety of techniques [e.g., 33, 480–483]. 
One of the most promising ones is the search for γ-ray signals [e.g. 353, 484, 485, for reviews], 
which are expected from annihilation or decay of Weakly Interacting Massive Particles 
(WIMPs). The WIMPs [e.g., 246, 486–488] are produced thermally through the evolution 
of the Universe via the freeze-out mechanism, matching the thermal relic density found in 
current observations [61], since their masses and couplings fall into the electroweak scale 
(phenomenon usually referred as the WIMP miracle). These WIMPs can have masses up to 
O(100) TeV, where the unitary of the models starts to be compromised [489]. Some of these 
models comprehend from particles from extra-dimensions [263, 490], to super-symmetric 
extensions of the SM [246, 491, 492] to complete and complex dark sectors [493, 494]. Some 
of the particles proposed in these models can also leave γ-ray imprints from their decays 
[251, 256], which in some scenarios can even produce monochromatic photon lines [495]. 
These particles are distributed around the Universe, shaping the formation of structures 

1The known non-baryonic standard model particles cannot account for the corresponding matter density. 
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(like galaxy clusters) that we see today. According to the ΛCDM standard cosmological 
model, gravity drove the DM to cluster in to small structures, and by hierarchical growth via 
collision and accretion processes, formed the potential wells that later attracted the baryonic 
matter to form the visible structures [323, 496, 497]. These structures known halos hold 
the astrophysical objects, but the exact distribution of the DM particles inside the halos, 
meanly the DM density distribution, concentration and clumpiness are far to be completely 
understood [see 498, for a review]. The DM distribution in these objects directly impacts 
on the γ-ray searches, since depending on the role the smaller structures play, the expected 
DM-related fux can be enhanced [133, 168, 170]. 

The search for difuse γ-ray emission from clusters of galaxies has been going on for 
over two decades, both using space-based observations in the GeV band [with EGRET and 
Fermi-LAT, 358, 477, 499–505] and ground-based observations at higher energies [> 100 
GeV with H.E.S.S., MAGIC and VERITAS, 506–510], but such signal remained elusive2 . 
Nonetheless, these non-detections allowed to constrain the CRp to thermal energy ratio down 
to few percent, challenging the understanding of difusive shock acceleration in the ICM 
when combined with radio data [511–513], although large modelling uncertainty afect the 
predictions [463]. The stringent γ-ray limits were also used to test turbulent reacceleration 
model [361, 514]. The non-detection of γ-ray emission from clusters is in agreement with 
the lack of DM-induced γ-ray signals from other astrophysical objects. These searches 
have been performed in our galactic center [348, 350, 351, 515] and the halo [354], and 
surroundings like in dwarf spheroidal galaxies (dSphs) [328, 348, 516]; and also in nearby 
galaxies [517, 518]. In the case of galaxy clusters, the DM-focused searches always target 
very massive and local clusters [28, 321, 519], since the expected fux is proportional to the 
mass of the objects and decreases with ∝ 1/d2 , where d is the distance of the centre of the 
cluster to the Earth. These lack of DM signal in these clusters has allowed to provide also 
strong constraints for annihilating WIMPs from the stacking of the observations of various 
clusters [354–356, 520–524] or single cluster observations [357, 358, 525]. For annihilation, 
these cluster limits have not been able to discard WIMP models beyond the thermal relic 
cross-section, but the situation is very diferent when we consider WIMP decay. The lower 
limits on the WIMP lifetime from clusters [352, 355, 526] are among the most constraining 
in the state-of-the-art literature. Together with these analysis, some authors have studied 
the possibility of a DM origin of the weak hints of detections of γ-rays in clusters [527, 528], 
but being inconclusive due to the faintness of the signals. 

The Cherenkov Telescope Array3 [CTA, 437] will be the next generation ground-based 

2Note that [362] claimed the detection of the Coma cluster with Fermi-LAT. [361] confrmed the signal 
detection and showed that it would imply a CRp to thermal energy ratio of about 1%. However, they also 
noted that possible confusion with point sources could not be excluded, so that the frst non-ambiguous 
detection of difuse γ-ray emission from galaxy clusters is still to be achieved. 

3https://www.cta-observatory.org/ 

51 

https://www.cta-observatory.org/


Chapter 2. Prospects for γ-ray observations of the Perseus galaxy cluster 
with the Cherenkov Telescope Array 

observatory for γ-ray observations. It will be the most sensitive γ-ray telescope from about 
30 GeV to above 300 TeV. CTA will be based at two sites: La Palma, in the North, and 
Paranal in the South, allowing us to observe sources from a large fraction of the sky. CTA 
will provide a major improvement in sensitivity and angular resolution, with respect to 
previous instruments. The study of CR physics and DM are among the main drivers of 
CTA science [440]. In particular, CTA will allow us to search for difuse γ-ray emission from 
galaxy clusters. One of the so-called CTA Key Science Projects will be the observation of 
the Perseus galaxy cluster, which is among the most promising targets for such observations. 
These observations will also complement dark matter searches from the Galactic center [441], 
dwarf galaxies, the Large Magellanic Cloud or axion-like particles, and will be used to probe 
fundamental physics [442]. 

In this paper, we present the prospects for the search for difuse γ-ray emission from the 
Perseus cluster with CTA. We consider both the contribution from CR and DM. The paper 
is organized as follows. In Section 2.2, we briefy review the main properties of the Perseus 
cluster and associated γ-ray observations. Section 2.3 and Section 2.4 present the modelling 
of the cluster in the context of CR and DM induced γ-ray emission, respectively. The 
observation setup defnition and the background sky modelling is discussed in Section 2.5. 
Section 2.6 and Section 2.7 provide the results on the CTA sensitivity to CR and DM physics, 
respectively. We discuss the results presented in the paper in Section 2.8 and conclude in 
Section 2.9. 

Throughout this paper, we assume a fat ΛCDM cosmology with H0 = 70 km s−1 Mpc−1 , 
ΩM = 0.3, and ΩΛ = 0.7. The reference coordinates of the Perseus cluster are taken as 
the ones of its central galaxy NGC 1275, R.A., Dec = 49.950667, 41.511696 degrees4 and 
its redshift is z = 0.017284, according to [529]. Given our reference cosmological model, 1 
degree in the sky corresponds to a 1.265 Mpc distance at the redshift of Perseus. We use 
the characteristic angular radius θ500 = 59.7 ± 0.4 arcmin obtained by [530] using the ft of 
the Planck universal pressure profle 5 . Given our cosmological model, this corresponds to a 

6physical radius R500 = (1259 ± 8) kpc and to a mass M500 = (5.77 ± 0.12) × 1014 M⊙ . The 
properties of the Perseus cluster are further discussed in Section 2.2. 

2.2 The Perseus cluster as a promising γ-ray target 

The Perseus cluster (Abell 426) is the brightest cluster in the X-ray sky [531]. It is one of 
the most massive clusters in the nearby Universe and presents the typical properties of a 

4NASA/IPAC extragalactic database, http://ned.ipac.caltech.edu/. 
5This value is in excellent agreement with the one derived from our thermal model and the assumption of 

hydrostatic equilibrium, assuming an hydrostatic mass bias of 0.1, in Section 2.3. 
6R500 is the radius within which the mean cluster density is 500 times the critical density of the Universe 

at the cluster’s redshift, and M500 is the mass within this radius. 
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relaxed cool-core cluster (i.e., a strong X-ray surface brightness peak associated to the dense 
core). Nonetheless, two main cold fronts have been identifed and interpreted as the result 
from the sloshing due to minor mergers [532, 533]. 

The Perseus cluster hosts a radio mini-halo for which excellent morphological information 
is available [534–542]. X-ray cavities associated with the radio lobes of the central AGN, 
NGC 1275 (3C84), indicate that feedback is important in the cluster center [543, 544]. AGN 
activity may also be responsible for weak shocks and turbulence [545, 546], which could 
reaccelerate particles, in addition to direct CR injection from the AGN. The contribution to 
the radio mini-halo from hadronic interactions, direct CR injection from AGN and the role 
of turbulence remains unknown. 

Two AGN from the Perseus cluster are know as γ-ray emitters: one in NGC 1275 [547, for 
the Fermi -LAT detection] and another one in IC 310, located about one degree southwest 
from the X-ray peak [548]. Both sources are variable. NGC 1275 is the central galaxy of 
the cluster and IC 310 is consistent with a narrow-angle tail radio galaxy infalling into the 
cluster and with jets nearly aligned with our line-of-sight [541]. A few other remarkable 
radio galaxies are present in the cluster volume: NGC 1265, NGC 1272, CR 15 [541], but 
were not detected at γ-ray energies. While these sources are expected to contaminate the 
CTA data when searching for difuse emission, they are also contributing to inject CR into 
the ICM, which could eventually contribute to large-scale γ-ray emission. 

The Perseus cluster has been recognised as one of the best targets for searches of CR 
induced γ-ray emission [476, 507]. This is because of the properties of its radio mini-halo, 
as discussed above, which are consistent with an hadronic origin of the signal, and also 
because of the very dense core of the cluster (i.e., a large amount of target material for 
hadronic interactions, see Section 2.3). While its central γ-ray bright galaxy NGC 1275 
prohibits reliable constraints from Fermi-LAT, the better angular resolution of CTA and 
the larger accessible energy range probed is expected to allow us separating the diferent 
components. In fact, the expected angular extent of the cluster, due to the high mass (and 
thus large physical size) and its proximity (luminosity distance of 75 Mpc) implies that CTA 
is expected to resolve the difuse emission, but also that the angular extension of the signal 
is signifcantly smaller than the feld of view so that systematic efects associated with the 
background modelling are limited. In this line, also due to its large mass and proximity 
Perseus stands out as one of the best clusters to target to search for γ-ray DM-induced 
emission, which DM expected fux is comparable to local cluster competitors (such as Coma, 
Fornax, Ophiuchus, Hydra or Centaurus - see [321, 519]), except for Virgo. The Virgo cluster 
[549] is sometimes considered as the best cluster to target for DM searches since is the closest 
cluster to Earth, however its large angular extension, comparable to the FoV of CTA, and 
its merger condition complicates considerably the overall analysis. In terms of strictly γ-ray 
DM searches, one should also consider targets as the Fornax cluster, where the expected 
contamination from standard astrophysical processes is lower than in Perseus [519]. 
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A previous search for difuse TeV γ-ray emission towards the Perseus cluster was performed 
using the MAGIC telescopes [507, 508, 510]. They reported upper limits on the CR to 
thermal pressure ratio assuming diferent models. For instance, using a spectral photon index 
slope of 2.2 and a relatively compact profle for the CRp, they obtained an upper limit of 
∼ 1 − 2% on this ratio. This provided the best limit on the CR content of a cluster obtained 
from ground-based γ-ray observations, at a level similar to that obtained by Fermi-LAT 
[477]. These Fermi -LAT data from Perseus has recently been used to obtain constraints in 
the velocity-averaged annihilation cross-section [356]. Additionally, the MAGIC observations 
were also used to put constraints on the DM decay lifetime [352], being up-to-date one of 
the strongest constraints for DM masses in the TeV range. Note that a high signifcance 
image of the Perseus difuse γ-ray emission, coincident with the thermal gas traced by 
X-rays, was reported in [550] using the SHALON telescopes. However, the reported fuxes 
are signifcantly above the limits allowed by the MAGIC observations. 

Finally, the location of the Perseus cluster in the sky allows for low zenith angle observations 
from the CTA Northern Array, guarantying the best performance of the array. For all these 
reasons, the Perseus cluster was selected as the prime target for difuse γ-ray emission 
searches from galaxy clusters with CTA [440]. In the following, we will use literature results 
and data at various wavelengths in order to model the Perseus cluster so that robust and 
well characterized γ-ray predictions can be computed. 

2.3 Modeling the γ-ray emission associated with cosmic rays 

The prediction of the difuse γ-ray emission induced by CR in the ICM requires the detailed 
modelling of the physical components at play, their interactions, and the underlying radiative 
processes. In this section, we construct such a model for the thermal and non-thermal 
difuse ICM components based on the minot software [551]7 . This model includes the 
thermal gas density and pressure, the magnetic feld strength, and the CR spatial and 
spectral distributions, which we discuss here. Then, the observables associated with the radio 
synchrotron, thermal X-ray emission, and the thermal Sunyaev-Zeldovich signal allow us to 
calibrate our model assuming diferent scenarios. They also allow us to perform predictions 
for the γ-ray signal [see details in 551]. Finally, we discuss uncertainties in our model and 
the diferent possible scenarios, in light of addressing the CTA sensitivity to the difuse γ-ray 
emission in Section 2.6. 

2.3.1 Modelling the intracluster medium components 

This section discusses the formalism for the modelling of the Perseus ICM. This includes the 
thermal gas pressure and density, the magnetic feld strength, and the CR components. 

7The software is available at https://github.com/remi-adam/minot. 
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Global properties 

We model the Perseus cluster assuming spherical symmetry, and therefore consider only 
radial profles to describe its difuse ICM components. This assumption is expected to be 
fairly accurate given the fact the Perseus cluster is overall a relaxed cool-core system. 

While clusters are difuse objects with no clear defnitions of their extension, we expect 
density and pressure jumps near the virial radius [552, 553]. We thus consider a maximum 
radial extent of the cluster, beyond which the physical properties are set to zero. We 
choose to defne this truncation radius as Rtruncation = 3 × R500 ≃ 2 × R200 according to 
the measurement from [554]. The exact choice of this value does not signifcantly afect the 
results presented here, but this allows us to perform numerical integration over a well defned 
region. 

Thermal gas 

The modelling of the thermal gas is necessary for two reasons: 1) the nuclei (protons, helium 
and heavier elements) are involved in hadronic interactions that lead to the emission of 
γ-rays and secondary electrons, which require modelling the thermal gas density and to 
account for the metal abundances; 2) the thermal pressure and thermal energy are used for 
the relative normalization of the CR energy. 

The thermal electron density is modeled as a double β-model [555], following [556]: 

� �2 
!−3β1/2 � �2 

!−3β2/2 
r r 

ne(r) = n0,1 1 + + n0,2 1 + . (2.1)
rc,1 rc,2 

The core parameters are taken from the XMM-Newton measurement by [556, 557] and 
−3rescaled to our cosmological model, (n0,1, rc,1, β1 = 4.6 × 10−2 cm , 57 kpc, 1.2). While 

[556, 557] used the Einstein telescope results from [558] for the outskirt parameters, we use 
instead the more recent Suzaku measurement obtained by [530], rescaled to our cosmological 

−3model (n0,2, rc,2, β2 = 3.6 × 10−3 cm , 278 kpc, 0.71). We note that these compare well to 
results by [559] when excluding the central cool-core in the model ft. 

We rely on X-ray spectroscopic measurements to describe the gas temperature, as 

� �3 
! � �3 

!−1 � �1.7 
!−1 

r r r 
kBT (r) = 7 × 1 + 2.3 + 1 + keV, (2.2)

rt,1 rt,1 rt,2 

with kB the Boltzmann constant. The frst terms allows us to describe the core temperature 
as provided by [556], where rt,1 = 73.8 kpc once rescaled to our cosmological model. We 
introduce the last term in order to account for the temperature drop in the outskirt as 
measured by [530], where we set rt,2 = 1600 kpc. 

Given the electron density and gas temperature, we compute the electron thermal pressure 
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using the ideal gas law [see, e.g., 560], 

Pe(r) = ne(r)kBT (r). (2.3) 

Additionally, we assume an ICM helium mass fraction of 0.2735 and we model the metal 
Zabundances as constant, with Z⊙ 
= 0.3, according to [561]. 

The electron number density and thermal pressure, together with the abundances are used 
to compute the full thermodynamic properties of the thermal component following [551]. 

In Figure 2.1, we present the thermal electron number density, the temperature and the 
electron pressure radial profle. We compare our model to other parameterizations available 
in the literature. In the core, all density profle models agree by construction since they 
all rely on XMM-Newton data [556]. In the outskirts, the agreement is good up to R500. 
Beyond, ROSAT [559] and Suzaku [530] agree well but the Einstein telescope model [558] 
leads to a larger electron number density. The temperature profle clearly shows the presence 
of the cool-core of about 3 keV. The temperature rises to 6.5 keV around 500 kpc, and then 
drops to 1-2 keV beyond R500. Our model matches the [556] model in the core and the [530] 
model in the outskirt according to their domain of validity. All the pressure profles models 
agree well in the outskirt except for the model derived from the extrapolation of the [556] 
temperature in the outskirt, which over-predicts the thermal energy by a factor of a few. 
Similarly, in the core, the [530] models do not agree with the more direct measurement based 
on [556] where they extrapolate the profle. 

Given the defnition of our thermal model, we are able to accurately describe the cluster 
from its core (10 kpc) to the outskirts (2 Mpc). The uncertainties associated with the thermal 
model are expected to be negligible compared to uncertainties associated with the non-
thermal component. In Appendix 2.10.A, we also present a validation of our thermal model 
using the Planck Compton parameter map, showing that our model accurately describes the 
pressure profle of the cluster. We note that because the temperature model based on [556] 
is valid only up to about 200 kpc, its use leads to an overestimation of the thermal pressure 
by a factor of a few (and thus the thermal energy) when extrapolated beyond its validity 
region, as done up to the virial radius (∼ R200). This is what is done in [507, 508, 510], 
such that it should afect their constraints on the CR by a similar amount since the thermal 
pressure is used for normalization. 

Magnetic feld strength 

The modelling of the magnetic feld strength is necessary when considering jointly the γ-ray 
emission and the radio synchrotron emission. However, the magnetic feld strength and 
structure of galaxy clusters remain poorly known to date [see 562, for a review]. We thus 
consider several approaches in order to model the magnetic feld distribution in the Perseus 
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Figure 2.1: Overview of the Perseus cluster thermal gas model and magnetic feld models. 
Top left panel: thermal electron number density profle. The model by [556] combines 
XMM-Newton observations in the core and Einstein observations in the outskirt [558]. The 
red curve is similar, but we have replaced the outskirt model by that obtained in [559] with 
ROSAT. Top right panel: gas temperature profle. The model by [556] is constrained by 
the data up to about 200 kpc. The model by [530] is constrained by the data down to about 
200 kpc. Bottom left panel: thermal electron pressure profle. In the case of [530], both 
the combination of gas temperature and density, and the Planck universal pressure profle 
ft to the their data are shown. Bottom right panel: Magnetic feld strength models 
according to scaling from literature measurements. We assume all quantities to sharply drop 
at the truncation radius (3R500). 

cluster, which will allow us to quantify the associated systematic efect. 

Our frst approach relies on the scaling of the magnetic feld to the thermal gas density. 
In this case, the magnetic feld strength is given by � �ηB 

⟨B⟩ (r) = ⟨B0⟩ 
ne(r) 

, (2.4)
ne,0 

where ⟨B0⟩ and ne,0 are magnetic feld and density normalization parameters, respectively. 
We frst compute the magnetic feld strength using the rotation measure estimate from 
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[563], which gives ⟨B⟩ (10 kpc) ∼ 25 µG. The scaling parameter is set to ηB = 2/3 assuming 
magnetic feld fux conservation. 

We then consider the measurement of the magnetic feld distribution of the Coma cluster 
from [564] and scale it to Perseus. In this case, we use ηB = [0.4, 0.5, 2/3, 0.9] and ⟨B0⟩ = 
[3.9, 4.7, 5.0, 5.4] µG, allowing us to account for the uncertainties in the measurement. 

The structure of the Kelvin-Helmholtz instability visible in Perseus was used to infer the 
thermal to magnetic pressure ratio, βB = Pgas/PB ∼ 200, for the overall cluster volume prior 
to sloshing [532], which we use to infer the magnetic feld strength profle. In this case, the 
magnetic feld strength is given by 

⟨B⟩ (r) = 
� �1/22µ0 

Pgas(r) ,
βB 

(2.5) 

where µ0 is vacuum permeability. 

In Figure 2.1 (bottom right panel), we present our models of the magnetic feld strength 
profles of the Perseus cluster. All models provide a similar order of magnitude, but the 
diferences refect the difculty in having an accurate description. The scatter between 
models nearly reaches an order of magnitude in the core and in the outskirt, with the best 
agreement between all models around 200-600 kpc. We also note that Faraday rotation 
measurements are expected to provide a central value of the magnetic feld afected by 
irreducible uncertain factor of about 3 [565]. 

Cosmic rays 

The γ-ray emission induced by hadronic interactions is directly related to the spatial and 
spectral distribution of CRp in the ICM. They are modeled according to a radial profle and 
a canonical power law in momentum space, 

dNCRp αCRp (r)ηCRp(p, r) = ACRp p ne (2.6)
dpdV 

2 4 2 2where the momentum p is related to the energy E via E2 = m c + p c . The CR radial 
profle assumes a scaling with respect to the gas density so that only one parameter, ηCRp, 
is necessary to describe the spatial distribution. Physically, this parameter allows us to 
account for CR difusion, which remains poorly known. For instance, a fat CR distribution 
is reached for ηCRp = 0. In the following, we will also consider the case where the CRp profle 
is scaled with respect to the pressure profle, and thus related to the thermal energy. The 
value of the power law slope αCRp is related to the acceleration of CR such as the associated 
Mach number distribution [see 566, for discussions]. The normalization ACRp is computed 

UCRp(R)according to the value of the CRp to thermal energy ratio, XCRp(R) = . The enclosed Uth(R) 
thermal energy is computed by integrating the pressure profle. The enclosed CR energy is 
computed by integrating the CR distribution over the volume and between Ep,min = 1.22 
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GeV, i.e., the energy threshold of proton-proton interactions, and Ep,max = 10 PeV, above 
which CRp are expected to start difusing out of the cluster volume [476], although the exact 
value does not signifcantly afect our results. In the following, we refer to X(R500) as X500 

and use this reference for normalization. The value of this parameter has been predicted 
using numerical simulations, being ∼ 1% [e.g., 476], which also agrees with the constraint by 
[361] on the Coma cluster. We refer to [551] for details about the modelling framework. 

The CRe are modeled accounting for two contributions: the primary electrons that are 
independent from the CRp, and the secondary electrons that are produced from hadronic 
interactions assuming stationarity. The primary electrons, whenever considered, are modeled 
similarly to the CRp (Equation 2.6), but with diferent spectral model (e.g., power law or 
exponential cutof power law), and we refer to [551] for details about the computation of the 
secondary electron spatial and the spectral distribution. 

2.3.2 Radiative processes 

With the thermal, magnetic, and CR model in hand, we compute the diferent observables 
associated with the radiative processes of interest: the γ-ray emission from hadronic in-
teractions, the radio synchrotron (both from primary or secondary electrons), and inverse 
Compton emission. The Sunyaev-Zeldovich efect is also considered in Appendix 2.10.A. The 
calculations are done using the minot software following the framework described in details 
in [551]. 

Hadronic interactions and γ-ray emission 

The hadronic production rate of γ-rays is computed by integrating the collision rate of 
proton-proton interactions multiplied by the energy distribution of γ-rays produced per 
collision, over the energy of CR. The computation is based on the parameterization from 
[567], and its implementation follows the work by [568]. In this paper, we use the Pythia8 
proton-proton interaction model and include correction for proton-nuclei collision. 

Once the rest frame production rate of γ-rays is computed, the radial profle and energy 
spectrum of γ-rays, as would be observed from Earth, is obtained by line of sight integration 
and eventually integrating over the energy or the solid angle, respectively. We also account 
for the redshift stretching of γ-rays and we use the extra-galactic background light (EBL) 
model from [569] to account for the Universe opacity as a function of photon energy. 

In addition to γ-rays, secondary electrons and positrons (secondary electrons hereafter) 
are obtained following the same scheme. In this case, however, the prescription from [570] is 
used instead of that from [567]. The spatial and spectral distribution of secondary CRe is 
then obtained from the particle injection rate by applying energy losses (via synchrotron, 
inverse Compton, Coulomb and Bremsstrahlung processes) assuming a steady state scenario. 
The secondary electrons are considered hereafter. 

59 



Chapter 2. Prospects for γ-ray observations of the Perseus galaxy cluster 
with the Cherenkov Telescope Array 

modelling uncertainties associated with the particle production are expected to be about 
30% at CTA energies [see 551, for details]. 

Inverse Compton γ-ray emission 

Leptonic γ-ray emission arises via the inverse Compton scattering of CRe (secondaries 
from hadronic interactions, but also primary electrons whenever considered) onto cosmic 
microwave background (CMB) photons. The inverse Compton minot calculations are based 
on the analytical approximation given by [571]. 

While we consider a priori the inverse Compton emission, we will see latter that it is 
expected to be negligible for CTA observations and it will be ignored in the following sections. 

Synchrotron radio emission 

Synchrotron emission should be modeled when considering radio emission in order to calibrate 
our model, or when verifying that our model does not lead to radio emission in excess of 
what is observed towards the Perseus cluster. The minot software computes synchrotron 
emission following [572], for which uncertainties are negligible for the current paper. This 
assumes that the orientation of the magnetic feld is randomized as it is expected for radio 
halos. 

2.3.3 Calibration of the model parameters 

In this section, we discuss the diferent assumptions and methodology employed to set our 
model parameters. 

Baseline model 

As a baseline, we consider the results obtained from numerical simulations [e.g., 476] in 
order to estimate the value of the free model parameters: ηCRp, αCRp and X500. According 
to these work we expect the radial distribution of CR to roughly scale with the thermal 
gas density, a spectral slope ∼ 2.3 and a normalization of a few percent. However, large 
uncertainties are associated with these numerical simulations, such as the difusion of CR, 
or the details of acceleration mechanism. Our baseline parameter set is thus defned as� � 
(X500, ηCRp, αCRp) = 10−2 , 1.0, 2.3 , but we also explore a larger range of values, as given 
in Table 2.1. 

In Figure 2.2, we show the hadronic γ-ray observables associated with the models that we 
consider and how they vary as a function of the parameters. We also provide the associated 
radial profle of the ratio between integrated CRp energy and thermal energy, XCRp(< R). 
All the models are calibrated to have the same normalization at R500, X500 = 10−2 . As we 
can see, in the CTA energy range, the γ-ray fux decreases when increasing the slope αCRp 

and the profle gets more compact when increasing the scaling ηCRp. We note that for a 
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fxed normalization at R500, the fux computed within R500 also increases with ηCRp because 
of the increased proton-proton collision rate due to the spatial overlap of the CR and the 
target gas. 
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Figure 2.2: Observable properties of the γ-ray emission, for diferent values of the parameters. 
Top left panel: γ-ray emission spectrum in the case of hadronic processes (within R500). 
Top right panel: γ-ray emission profle, as a function of the projected radius, in the case 
of hadronic processes (computed within [0.15, 50] TeV). Bottom left panel: fraction of 
the enclosed γ-ray fux, as a function of the projected radius (computed within [0.15, 50] 
TeV). Bottom right panel: enclosed CRp to thermal energy ratio, as a function of physical 
radius. 

Pure hadronic scenario 

In addition to the use of numerical simulations, it is also possible to use radio data of the 
Perseus mini-halo to calibrate our model parameters in the case of a pure hadronic scenario. 
To do so, we extract the Very Large Array (VLA) surface brightness profle at 1380 MHz 
from [536] and use the spectrum measured at 327, 609, and 1395 MHz from [573], which 
were taken from [538]. We use an aperture of 15 arcmin, as it corresponds to the mini-halo 
extent given in this work. The profle is afected by the presence of NGC 1275 in the core 
and may sufer from artefacts on large scales, due to the incomplete sampling of the Fourier 
space in interferometric observations. We thus follow [574] and reject the three frst data 
points (below about 20 kpc) and scales above 80 kpc. We also assume a 10% uncertainty on 
the measured profle [574]. 
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We ft the radio data using a Markov Chain Monte Carlo (MCMC) technique via the emcee 
package [575] in order to sample the allowed parameter space. We use a Gaussian likelihood 
function and ft simultaneously the spectrum and the profle. In addition to our three physical 
parameters, we consider a nuisance parameter to account for the inter-calibration uncertainty 
between the spectrum and the profle, which were extracted from diferent instruments, and 
marginalise over this value using a Gaussian prior centered on unity and with a standard 
deviation of 10%. Flat priors are used for the other parameters: ηCRp ∈ [0, 5], αCRp ∈ [2, 4] 
and X500 ∈ [0, 0.2]. These limits are defned according to realistic physical expectations of 
the parameter values. In the case of X500, a 20% upper limit corresponds to the expected 
hydrostatic mass bias of galaxy clusters, itself dominated by turbulent motions, so that 
X500 > 0.2 would be unrealistic [see 576, for a review about the mass of galaxy clusters]. For 
a given model allowed by the radio data, we compute the γ-ray observables associated with 
hadronic interactions and inverse Compton emission. We reproduce the constraint for all 
the considered magnetic feld models discussed in Section 2.3.1. 

In Figure 2.3, we show the pure hadronic best-ft model, its 68% enclosed confdence 
interval, 100 model realizations randomly sampled from the MCMC chains, and the considered 
data points. The pure hadronic model provides a good description of the data that we have � � 
considered. It favors parameters values of (X500, ηCRp, αCRp) ∼ 5 × 10−2 , 0.8, 2.5 , which is 
compatible with the MAGIC upper limit [510], but we stress that uncertainties are large 
and that the parameters are degenerate. Accordingly, the γ-ray observables are afected by 
large uncertainties, especially on the CR spectral slope, which leads to large uncertainties on 
the expected fux in the CTA energy range. 

Pure leptonic scenario 

Similarly, we can use the radio data assuming a pure leptonic model and compute the γ-ray 
emission due to inverse Compton. Since high energy CRe are sufering from major energy 
losses [462], the only way to observe inverse Compton emission at CTA energies would be 
either a scenario in which fresh CRe were injected in the last few Myrs, or are continuously 
injected in the ICM, as it is also the case in the hadronic model. Because the Perseus cluster 
is overall relaxed, we only consider the second case. Therefore, to compute the inverse 
Compton emission in the pure leptonic scenario, we assume that all the radio emission arises 
from a mechanism that continuously injects particles with a power law energy spectrum, and 
we apply energy losses given the magnetic feld strength, the CMB at the cluster’s redshift 
and the thermal gas [see 551, for details]. Given these assumptions, the γ-ray emission 
at CTA energies is similar to the inverse Compton generated in the pure hadronic model, 
and thus much smaller than typical expectations from hadronic interactions in numerical 
simulations (Section 2.3.3) or in the pure hadronic model (Section 2.3.3). We note that in 
practice, continuous injection is not guaranteed and the amount of inverse Compton emission 
may thus drop dramatically in the CTA energy range. This is why our computation provides 

62 



Chapter 2. Prospects for γ-ray observations of the Perseus galaxy cluster 
with the Cherenkov Telescope Array 

1034 × 102 6 × 102

frequency (MHz)

101

flu
x 

(J
y)

68.0% C.L.
Best-fit
Data

1022 × 101 3 × 101 4 × 101 6 × 101

radius (kpc)

10 2

10 1

su
rf

ac
e 

br
ig

ht
ne

ss
 (J

y/
ar

cm
in

2 )

10 2 10 1 100 101 102 103 104 105

Energy (GeV)

10 10

10 9

10 8

10 7

10 6

E2 d
N

dE
dS

dt
 (M

eV
 c

m
2  

s
1 )

Monte Carlo
68.0% C.L.
Best-fit model (Hadronic)
Best-fit model (IC)
CTA energy range

101 102 103

Radius (kpc)

10 16

10 15

10 14

10 13

10 12

10 11

10 10

10 9

dN
dS

dt
d

 (c
m

2  
s

1  
de

g
2 )

Monte Carlo
68.0% C.L.
Best-fit model (Hadronic)
Best-fit model (IC)
CTA PSF (1 TeV)
R500

Figure 2.3: Constraints on the radio and γ-ray observables in the case of the pure hadronic 
model. The best-ft models are shown as solid blue lines (pink, in the case of inverse Compton 
emission). The dashed lines provide the enclosed 68% confdence region and 100 model 
realizations, compatible with the data, are shown as a light lines. Top left panel: radio 
spectrum within a 15 arcmin aperture diameter. The data were taken from [573]. Top right 
panel: radio profle at 1380 MHz. The data were taken from [536]. Following [574], we 
use 10% uncertainties and reject the points below 23 kpc (due to contamination from NGC 
1275) and above 80 kpc (because of possible issues with large scale fux recovery). The grey 
area correspond to the discarded data. Bottom left panel: γ-ray spectrum prediction, 
computed by cylindrical integration within θ500. Bottom right panel: γ-ray projected 
profle prediction, computed in the range 150 GeV - 50 TeV. 

only an upper limit to the inverse Compton signal. 

Turbulent reacceleration model 

In the case of CTA, only the amount of CRp together with their spatial and spectral 
distribution are relevant for predictions regardless of the underlying physics that is responsible 
for particle acceleration. Turbulent reacceleration [e.g., 466, 467] appears to be the most 
favored scenario for the acceleration of CR in giant radio halo [e.g., 577]. In the turbulent 
reacceleration framework, CRe and protons are jointly accelerated. Secondary electrons may 
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also account for the seed population to be reaccelerated in the turbulent ICM. In such models, 
the γ-ray emission is thus expected to be lower than in the pure hadronic model, depending 
on the ratio between primary and secondary electrons [514]. Given the large uncertainties 
in the radio data and magnetic feld and the large number of parameters involved in the 
reacceleration model [see 578, for a recent study of turbulent reacceleration in the Coma 
cluster], we expect very large uncertainties in the γ-ray predictions. Therefore, unlike for the 
pure hadronic model, we do not explicitly calibrate our model parameters in the turbulent 
reacceleration scenario, but we note that the γ-ray signal is expected to range between the 
pure hadronic and the pure leptonic prediction, increasing with the secondary to primary 
electrons ratio. 

2.3.4 Discussions 

In Section 2.3, we have detailed the framework employed to model the CR related γ-ray 
emission from the Perseus cluster. 

The thermal plasma component of ICM was modelled based on X-ray literature results 
and validated using Planck Sunyaev-Zeldovich data. The γ-ray modelling uncertainties 
associated with the thermal model are expected to be negligible. However, we note that 
previous modelling used when analysing MAGIC observations may have overestimated the 
thermal energy of the cluster by a factor of a few due to strong radial extrapolation. This is 
expected to propagate to their results by degrading their constraint on the CR content of 
the Perseus cluster by the same amount. 

Our CR model relies on a normalization (relative to the thermal energy), a spectral slope 
αCRp, and a profle scaled to the thermal gas density (or pressure) distribution, which are 
unknown free parameters. As a baseline, we have considered the results from numerical 
simulations to set the value of these parameters (see Table 2.1, in which the explored range 
is available). Alternatively, we have also considered the pure hadronic scenario, in which 
all the radio emission of the mini-halo arises from secondary CRe, and use radio data to 
calibrate our model. In this case, the statistical uncertainties remain large and we stress that 
systematic efects may afect the radio data that we used. Moreover, this approach relied on a 
magnetic feld model, which limits our prediction. Accounting for diferent parameterization 
of the magnetic feld, we have bracketed the associated systematic uncertainty. Overall, our 
estimate is expected to be accurate within a factor of about two in this scenario. 

We have considered both the γ-ray contribution from hadronic interactions with following 
neutral pion decay and leptonic (inverse Compton emission) scenarios. However, inverse 
Compton emission is always negligible and it not included in the following. 

In the following sections, we will use these models to address the CTA sensitivity to the 
CR physics of the Perseus cluster in the context of the planed Key Science Project (KSP) 
observations. 
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Table 2.1: Summary of the parameter values and explored range, and γ-ray fux at CTA 
energies. The γ-ray fux F500 is computed within θ500 by cylindrical integration, for energies 

s−1above 150 GeV and given in units of 10−14 cm−2 . In the case of pure hadronic and 
pure leptonic models, the central value corresponds to the best-ft model and the interval 
corresponds to the 68% confdence level. 

Model X500 (%) αCRp ηCRp 
(had)

F500,Eγ >150 GeV 
(IC)

F [10−14 cm−2 s−1]500,Eγ >150 GeV 

reference value, [min, max] 

Baseline 

Pure hadronic - Taylor 

Pure hadronic - Bonafede upper 

Pure hadronic - Walker 

Pure leptonic 

1.0, [0.0, 20.0] 

4.5, [3.2, 14.6] 

3.79, [2.57, 13.45] 

7.5, [4.9, 15.8] 

2.30, [2.0, 3.0] 

2.36, [2.25, 2.65] 

2.37, [2.24, 2.66] 

2.35, [2.19, 2.54] 

– 

1.0, [0.0, 1.5] 

0.78, [0.67, 0.82] 

0.79, [0.65, 0.85] 

0.76, [0.69, 0.80] 

70.2, [0, 11373.8] 

159.8, [69.1, 234.6] 

132.2, [65.2, 217.4] 

273.0, [157.8, 421.0] 

0 

2.1, [0, 625.4] 

4.3, [0.6, 10.7] 

3.3, [0.6, 10.9] 

9.2, [2.4, 28.1] 

< 28.1 

2.4 Modelling the γ-ray emission associated with dark matter 

Perseus is known to be one of the most promising clusters in the local universe for γ-ray DM 
searches [321]. In this section, we will model its DM distribution in detail, i.e., we will build 
a DM profle for the cluster attending to the most up-to-date results both from observations 
and N-body cosmological simulations. 

Assuming DM is completely composed of WIMPs [486, 579], we can compute the expected 
DM-induced γ-ray emission from any astrophysical source as 

dΦγ 
(∆Ω, l.o.s, E) = 

dϕγ 
(E) × J(∆Ω, l.o.s). (2.7)

dE dE 

For a given energy E, line of sight l.o.s, and solid angle ∆Ω subtended by the region of 
interest, dΦγ is the dark matter induced γ-ray fux, dϕγ contains the spectral information dE dE 
about the expected emission and J , referred as the “astrophysical factor”, encloses the details 
of the morphology of the putative signal. Through this approach, the DM-induced fux is 
factorized in the spectrum (so-called “particle physics” term) and the spatial distribution , 
separately. In order to perform this computation, we will assume that the WIMPs annihilate 
into Standard Model (SM) particles in the halo of Perseus, in the following the annihilation 
scenario, or that they decay into SM particles, in the following the decay scenario. According 
to these two scenarios, the expression in Equation 2.7 boils down to these two: 

dΦann 
γ < σv > dNγ
(∆Ω, l.o.s, E) = × Jann(∆Ω, l.o.s);

dE 8πm2 dE0χ E0=(1+z)E 
(2.8)

dΦdec 
γ 1 dNγ
(∆Ω, l.o.s, E) = × Jdec(∆Ω, l.o.s),

dE 4πmχτχ dE0 
E0=(1+z)E 

where dNγ is the number of photons per unit energy we expect from a given annihilationdE 
channel and dark matter particle mass mχ, < σv > is the velocity-averaged annihilation 

65 



Chapter 2. Prospects for γ-ray observations of the Perseus galaxy cluster 
with the Cherenkov Telescope Array 

cross section in the annihilation scenario and τχ is the mean lifetime of the DM particle 
in the decay scenario. For deriving these expressions, we have assumed Majorana WIMPs 
(for Dirac WIMPs multiply by a factor 1/2). To obtain the corresponding fuxes, we use 
for dNγ the results from [580], including electro-weak corrections. On one hand, for thedE 
thermally-averaged cross-section we expect a value of 3 × 10−26 cm3s−1 [581, 582] to produce 
the observed DM relic abundance [61]. On the other hand, the main bound for the lifetime to 
account for the observed DM density is the current age of the Universe ∼ 1017s, despite the 
eforts of trying to obtain tighter constraints from just gravitational probes [206]. We recall 
that when using the [580] results for decaying DM, only half of the energy budget stored 
in mχ is available. We can also defne the spatial morphology of the signal, the so-called 
J-factor, as: Z ∆Ω Z 

Jann(∆Ω, l.o.s) = dΩ ρDM 
2 (r)dl; 

0 l.o.s Z ∆Ω Z (2.9) 
Jdec(∆Ω, l.o.s) = dΩ ρDM (r)dl, 

0 l.o.s 

where ∆Ω = 2π(1 − cos αint), being αint the integration angle and ρDM (r) the DM density 
profle. 

From Equation 2.9 it becomes easy to recognize the main dependencies in both scenarios: 

3M200c200Jann ∝ ;
d2 
Earth (2.10)
M200

Jdec ∝ ,
d2 
Earth 

which are the mass M200, the distance to the Earth dEarth and the concentration c200 for the 
annihilation case. From these dependencies, one can clearly see why local galaxy clusters 
are the best targets to consider to test decaying DM [583], since they are the most massive 
objects in the Universe. For the case of annihilation it may not seem so straightforward. 
However, in the last years some studies where performed [321] comparing the suitability 
of galaxy clusters and dwarf spheroidal galaxies (dSphs) to be used for γ-ray dark matter 
searches, concluding that galaxy clusters can provide competitive results. One key element 
for this outcome is to consider the distribution of smaller halos that galaxy clusters should 
host according to the ΛCDM structure formation theory [497], usually called subhalos. The 
role of these substructures come into play through the c200 dependency, since we expect 
subhalos of a given mass to be much more concentrated than main halos. In contrast, in 
the decay scenario the subhalos do not provide a sizable contribution since their masses are 
really low compared to the distance where they are located. Thus, we will not consider them 
for this scenario. 

We have confrmed that the morphology of the expected DM γ-ray emission is strictly 
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determined by the DM density profle ρDM . In the next sections, we present the models we 
build for the dark matter distribution in the main halo of Perseus cluster as well as a model 
for the population of subhalos. 

2.4.1 Perseus main halo 

The main halo of Perseus can be described through a Navarro-Frenk-White (NFW) density 
profle [118, 119]: 

ρNFW(r) = � �� ρ0 �2 . (2.11) 
r r1 + rs rs 

where rs is the scale radius and ρ0 the normalization of the DM density. Born as the result 
of DM-only N-body simulations, the NFW model falls in the family of "cuspy"-like profles, 
such as the Einasto profle [129, 584]. 

To obtain the parameters of the NFW profle we need to consider a concentration-mass 
(c − M) relation. Consistently, this relation should comprehend the mass scales involved in 
cluster physics. Taking this into account, we use the parametrization developed in [133] for 
main halos: 

5 � � ��iX M200 
c200(M200, z = 0) = ci × log , (2.12)

h−1 M⊙i=0 

where ci = [37.5153, −1.5093, 1.636 × 10−2 , 3.66 × 10−4 , −2.89237 × 10−5 , 5.32 × 10−7]. This 
concentration-mass relation has an associated 1σ scatter for concentrations of 0.14 dex [133]. 
We build the DM profle around the measured mass of the Perseus galaxy cluster. We 
consider our halo to fulfll the spherical collapse model for overdensities ∆ = 200 times 
the critical density of the Universe ρcrit. Thus, in the following DM centered sections we 
extrapolate the measured X-ray mass M500 from [530], up to M200 shown in Table 2.2. 

Under this assumption, we can obtain the radius R200 to measure the spatial extension of 
the cluster, which contains the mass M200, as !1/3 

M200
R200 = , (2.13)4 

3 π∆ρcrit 

and its corresponding projected angle θ200: � � 
R200

θ200 = arctan . (2.14)
dEarth 

Now we can easily compute the scale radius in Equation 2.11 as 

R200 
rs ≡ . (2.15)

c200 

Finally, the normalization of the density profle ρ0 is obtained imposing the recovery the 
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mass M200 after the integration over the cluster volume of the profle Z ZR200 4π 
M200 = ρNFW(r)r 2drdΩ, (2.16) 

0 0 

and isolating ρ0: 
2 ∆200 ρcrit c200

ρ0 = , (2.17)
3 f(c200) � � 

2 c200where f(c200) = ln (1 + c200) − . Table 2.2 lists the corresponding parameters 
c2 1+c200200 

for building the NFW DM density profle and the obtained values following the above 
description. 

Table 2.2: NFW density profle parameters for the Perseus galaxy cluster; see the text for 
details and Equations 2.11–2.17 for the defnition of each parameter. The concentration c200 
has been obtained using the concentration-mass (c − M) relation in [133]. 

M200 

[1014 M⊙] 

c200 rs 

[kpc] 

log10 ρ0 

[M⊙/kpc3] 

R200 

[kpc] 

θ200 

[deg] 

7.52 5.03 370.82 6.08 1865.00 1.42 

From the obtained value for c200 in Table 2.2 we can check if our model is still consistent 
with observational data. From the X-ray observations considered in [585], the authors infer 
an observational value of c200 = 5.0 ± 0.5, which well matches our adopted c200. 

2.4.2 The role of substructures 

According to the ΛCDM hierarchical bottom-up structure formation scenario [108, 498], 
galaxy clusters should host a signifcant amount of substructure or subhalos. Due to stripping 
processes, these subhalos are expected to have higher concentrations than main feld halos of 
the same mass (e.g., [168]). Due to these high concentrations, we expect them to have a 
considerable impact in the annihilation fuxes (Equation 2.10). This enhancement efect in 
Jann-factor, usually called boost factor B, was already estimated in [321] for a selected list of 
local clusters. These authors found that halo substructure in galaxy clusters could provide 
boost factors of the order B ∼ 40, in general agreement with current, more refned boost 
calculations from N-body simulations [168, 586]. In order to account for the contribution 
of these substructures to the Jann-factor, we are going to factorize the computation in the 
following way 8 

!2Z Z Nsub∆Ω X
dl = JannJann(∆Ω, l.o.s) = dΩ ρmain(r) + ρsub(r) main+ < Jann >, (2.18)sub 

0 l.o.s i 

8We decide to neglect the cross-product term missing in the binomial expansion. 
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where Nsub is the total number of subhalos, ρmain is the DM profle of Perseus main halo 
obtained in Section 2.4.1 and ρsub the DM profle for each subhalo. Due to the complex 
dynamics that substructures undergo (e.g., tidal stripping, dynamical friction, interaction 
with baryons... – see [108, 587–589]), the precise survival probability of the smallest subhalos 
is not yet known [158, 159, 162]. In any case, when it comes to the subhalo density profle 
ρsub, deviations from NFW are expected to be pronounced mainly in the outermost subhalo 
regions, where mass losses are severe. Therefore we keep adopting the NFW profle also 
to model the subhalo inner structure. We would like to remark that due to their small 
extension, we do not expect individual subhalos to be spatially resolved by CTA, considering 
also its prospected angular resolution. Therefore, we decided to average their contribution 
in < Jann >. We then model the population of subhalos as:sub 

d3N 
dV dMdc 

dPV 
= Nsub 

dV 
dPM

(R) 
dM 

dPc
(M) (M, c),

dc 
(2.19) 

where Pi with i = V, M, c represents the probability distribution in the volume of the 
main halo V , of the subhalo masses M and the subhalo concentrations c. The probability 
distributions in Equation 2.19 have been modeled based on results of DM-only cosmological 
simulations, namely from Via Lactea - II (VL - II, [169, 170]), Aquarius ([132, 590]) and the 
work of [168]. We describe each of these distributions in the following: 

• Subhalo distribution within the main halo dPV (r): As we assume that Perseus main halo dV 
is spherically symmetric, the distribution in the volume collapses to the distribution 
in radius, so in the following we refer to it simply as the Subhalo Radial Distribution 
(SRD). Based on N-body simulations, we choose to follow the antibiased relation [170]9 , 
defned as: 

dPV (r/ra)
(r) = ρmain(r) r , (2.20)

dV 1 + ra 

where ra works as a scale radius and it is defned by the fraction of the total mass that 
will be in form of subhalos fsub. For the distribution of subhalos, we also consider the 
number of substructure levels to Nlvl = 2 (subhalos inside subhalos)10 . 

• Subhalo mass distribution dPM (M): Also known as the subhalo mass function (SHMF), dM 
is usually modelled [592] using a power-law: 

dPM ∝ M−α . (2.21)
dM 

Values range between α = 1.9 [132, 590] and α = 2.0 [169]. This slope is key to evaluate 

9There are other options available for the SRD modelling the discussion in the community is currently 
centered on the results of the Aquarius simulations, where they ft the SRD to an Einasto profle [132, 590]. 
However, the ft of the Einasto profle provides a compatible distribution compared to the VL-II results. 

10In [133, 591], they concluded that adding more levels of substructure only contribute up to a 5% to the 
total fux, also highly increasing the computational time. 
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the contribution of substructure to the Jann-factor [168]. For higher values of α, i.e., a 
more numerous population of small subhalos, we obtain proportionally higher boosts. 
As a way to account for this uncertainty, we will defne diferent benchmark models 
covering diferent physical scenarios for the abundance of subhalos. A value of α = 1.9, 
more in line with latest simulations results [108, 171], will lead to conservative values 
for the Jann-factor, while α = 2.0 will yield an upper bound to subhalo boost values. 
The mass budget in both cases is a fraction of the total mass, fsub. Assuming a value 
for the minimun subhalo mass of Mmin = 10−6M⊙ and that the maximum subhalo 
mass in terms of the host is M% = 0.0111 , we need diferent values of fsub to conserve max 

the total mass. Integrating the SHMF with the diferent values of α for the selected 
Mmin and M% , we obtain a value of fsub = 0.182 for α = 1.9 and fsub = 0.319 formax 

α = 2.0. 

• Subhalo concentrations dPc (c, M): In the same way we assumed a concentration-mass dc 
relation for the main halo, we need to select a c − M relation to describe subhalo DM 
profles. We adopt the state-of-the-art c − M subhalo model by [168], which includes a 
radial dependence of the concentration within the main halo: " # 

3 � � ��iX M200 
c200(M200, xsub) = c0 1 + ai log10 × [1 + b log10(xsub)], (2.22)

108h−1 M⊙i=0 

where c0 = 19.9, ai = [−0.195, 0.089, 0.089], b = −0.54 and xsub refers to subhalo 
distance with respect to the center of the host halo. The importance of including a 
c − M relation specifcally derived for subhalos resides, as already stated, in the fact 
that subhalo concentrations are known to be higher than that of feld halos of the same 
mass ([168]). Thus, their contribution to the Jann-factor is expected to be critical. 
Note that, in deriving this relation, [168] assume NFW profles for subhalos, keeping 
our modelling consistent. Every concentration-mass relation accounts for an intrinsic 
scatter [168, 593], but it is highly computationally expensive to take it into account 
for each subhalo in the feld halo. Then for the sake this study we decide to neglect 
it, as its impact on the Jann-factor will lie within the spread caused by considering 
diferent values for α in the SHMF. 

After the detailed discussion on the parametrization followed for the subhalo population 
modelling, we establish three benchmark models for the computation of the J-factors, each 
of them with an expected diferent level of contribution to it: 

• MIN: considers the Perseus main halo and neglects the existence of substructures. 

11We note that these values are generally accepted and standard in the community as today, representatives 
and consistent for the defned models. We could select a lower value for Mmin, which will translate into 
higher values of the boost or lower boost values if the value was higher. In any case, the variation of these 
parameters (Mmin, M% ) is expected to yield Jann-factors already encapsulated by our benchmark models. max 
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• MED: the SRD follows the antibiased relation. We adopt α = 1.9 for the slope of the 
SHMF (Equation 2.21), using a coherent subhalo mass fraction of fsub = 0.182. 

• MAX: similar to the MED model but we choose α = 2.0 for the slope of the SHMF 
(Equation 2.21), with a coherent adjustment of the subhalo mass fraction to fsub = 
0.319. 

These models and their values are summarized in Table 2.3. With the defnition of the 
above benchmark models, we aim to bracket a wide range of possible substructure scenarios, 
which will translate into a bracketing for the possible values of the Jann-factor, and a realistic 
value for Jdec assuming the MIN model. 

Table 2.3: Outline of the defned benchmark DM models for the annihilation interaction 
scenario. From left to right, ρsub is the main DM profle for both the main halo and the 
subhalos, (c − M)main is the concentration-mass relation used for Perseus main halo, SRD 
is the Subhalo Radial Distribution, (c − M)sub is the concentration-mass relation for the 
subhalos, α is the slope of the SHMF (Equation 2.21) and fsub is the fraction of the total 
mass bound in substructures, see text for more details. Regarding the models, SC+14 
refers to the concentration model in [133] (Equation 2.12), antibiased to the SRD from [170] 
(Equation 2.19), M+17 to the c − M subhalo model in [168] (Equation 2.22). 

Model ρDM (c − M)main SRD (c − M)sub α fsub 

MIN NFW SC+14 - - - 0 

MED NFW SC+14 Antibiased M+17 1.9 0.182 

MAX NFW SC+14 Antibiased M+17 2.0 0.319 

2.4.3 Dark matter annihilation and decay fuxes 

Once defned the DM models we usefor Perseus cluster and for its expected subhalo population, 
we are interested in computing their γ-ray induced fuxes, the J-factors. We use the CLUMPY 
code [591, 594, 595] to compute them. CLUMPY is a fexible code written in C++, being 
able to input the selected cosmological scenario defned in Section 2.1. Most importantly, it 
also allows to implement the detailed benchmark models defned in Section 2.4.2. We recall 
that we will consider the three benchmark substructure models to compute the annihilation 
fuxes, and only compute the decay scenario for the MIN benchmark model. The obtained 
integrated J-factors for the cluster and for each benchmark model, are summarized in 
Table 2.4 and shown in the left panels of Figure 2.4. The right panels in this same fgure 
show the diferential J-factors as a function of the angle from the center of Perseus. 

From the Jann-factor values given in Table 2.4 for each benchmark model and from 
Figure 2.4 upper panels, we can understand the impact of including subhalos in our calcu-
lations. Indeed, substructures do not only boost the expected annihilation signal but also 
modifes its spatial morphology, subhalos being particularly important in the outskirts of 
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Table 2.4: Integrated J-factors for the three benchmark models for the annihilation 
interaction scenarios (MIN , MED, MAX - see Table 2.3) and the Jdec-factor (DEC) for the 
decay scenario, build for Perseus galaxy cluster and integrated up to R200 (αint = θ200). See 
text for for details. 

Annihilation Decay (DEC) 

log10 Jann [GeV2cm−5] log10 Jdec [GeV cm−2] 

MIN 17.42 19.20 

MED 18.43 -

MAX 19.20 -
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Figure 2.4: Integrated J-factors (Equation 2.9) versus the integration angle αint (left 
panels) and diferential J-factors versus the radial angle θ (right panels) for the annihilation 
scenario (top panels) and decay scenario (bottom panels) for the three substructure 
benchmark models correspondingly. In all the panels θ200 and the projected angle of the 
scale radius, θs, are shown as a measure of the containment of the emission and the extension 
of the cluster. 

the cluster. The latter is the main reason to also take into account the expected extension 
of the cluster DM emission in the analysis itself, as it will be described later on. Even the 
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role of substructures seems to be the main origin of uncertainty in the computation of the 
Jann-factor, we checked the impact of the uncertainty in M200 uncertainty and from the 
scatter in the concentration-mass relation. As the uncertainty in the mass as given from the 
[530] measurements is to small to have an impact itself, we compute diferent values of M200 

assuming extreme values for the hydrostatic mass bias (bHSE = 0, 0.3) and propagate this to 
the Jann-factor computation. This results into σJann = 0.002 − 0.005 dex correspondingly, 
which is two orders of magnitude smaller than the variation introduced from the substructure 
benchmark models (σJann ∼ 1 dex). If we also include the 0.14 dex from the scatter of the 
concentration-mass relation for each extreme mass value, we obtain σJann = 0.2 dex, similarly 
to what has been obtained for dSphs [328]. This σJann is well within the uncertainty related 
to the substructure population. Therefore, we will only consider as a theoretical uncertainty 
the three substructure benchmark models. 

To measure the enhancement produce by including the annihilation in the subhalos, we 
defne the boost factor as: 

/JMINB = JX − 1, (2.23)ann ann 

where X can be either MED or MAX (we recall that B = 0 means no substructure 
contribution in our defnition). For the MED and MAX models, we obtain boost factors of 
B = 9.2 and B = 59.3, respectively. 

We can compare frst the obtained J-factors for the annihilation case with the results 
1in [321] accounting for the factor of in their defnition of the J-factors. For the MIN4π 

scenario (no substructure inclusion), authors obtain log10(Jann) = 17.35 (units of GeV2cm−5), 
same order of magnitude than our results (Table 2.4). For the case where they include 
substructure (more similar to the MED than to the MAX model), the Jann-factors boosts up 
to log10(Jann) = 18.23, still same order of magnitude than our results for the MED model 
and in the same line of the MIN model results (Table 2.4). The boost factor that they 
obtain between their two models is B = 6.59 (as computed in our defnition Equation 2.23), 
a value just one point lower than our results for the MED model (Table 2.4). In order to 
perform a comparison with more recent results, we can examine the boost values we should 
expect from using the c − M relation of [168]. In this case, for a Perseus-like mass, they 
obtain B ∼ 9 for α = 1.9 and B ∼ 72 for α = 2.0. The agreement for the MED scenario and 
α = 1.9 is total, while for the MAX and α = 2.0 we get a relative discrepancy of ∼ 20%. As 
the authors point out, this can be tracked to the fact that the mass in form of the subhalos 
is not extracted from the smooth contribution, hence leading to an overestimation which 
becomes stronger as more mass is modeled as substructures. 

We can perform the same comparison exercise for the decay scenario Jdec value12 . Given 
their large masses and relatively close distances, galaxy clusters are the perfect laboratories 

12We compute the impact in Jdec for mass values and from the scatter in the concentration-mass relation 
as done for Jann. We found σJdec ⪅ 10−3 for all the cases, so we decided to disregard this in the following. 
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for probing DM decay and accordingly there have been several previous studies in this matter 
(see ref. in Section 2.1). One of the latest DM decay works in the TeV range focused on 
Perseus was an observation campaign performed by the MAGIC collaboration [352]. In this 
latter work, authors use the main halo model introduced in [321] to compute the expected 
decay fux, obtaining a value of log10(Jdec) = 19.18 (units of GeV cm−2), well compatible 
with our value within 5% with our value from Table 2.4. 

As a last step, we create 2D spatial templates of the expected DM annihilation/decay 
emissions using CLUMPY, which will turn out to be a key element when including the extension 
of the DM-induced emission in the data analysis. We recall that the contribution of subhalos 
is averaged over the volume of the main halo. Four maps are created, three of them for 
the annihilation case each one corresponding to each benchmark model in Table 2.3, and 
one for the decay case assuming the MIN model. These maps are shown in Figure ??. As 
seen already in Figure 2.4, the presence of substructures included for the annihilation fuxes 
prevails mainly in the outer regions of the Perseus cluster. 
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Figure 2.5: Two-dimensional spatial templates of the expected DM emission, quantifed 
through the diferential J-factors on the color map, for the three substructure benchmark 
models for the annihilation scenario (top panels and left bottom panel) and for the 
MIN model for the decay (bottom right panel). 
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Table 2.5: CTA observation confguration summary. 

Observing time 300 hours 

Dead time fraction 0.05 

IRF prod3b-v2, North_z20_50h 

Pointing ofset from cluster center 1.0 degree 

Azimuthal position ofset [0,45,90,135,180,225,270,315] degrees 

Pointing duration 1 hour 

Number of pointings 300 

2.5 Observation setup 

Before considering the CTA data analysis, we discuss the confguration of the observations. 
In addition to the atmospheric background, we present the modelling of the known sources 
that are located in the Perseus cluster region and that will afect the data analysis. We also 
investigate how the observing strategy will impact the CTA sensitivity to a putative cluster 
signal. 

2.5.1 CTA pointing confguration 

The CTA observing setup will consist in a series of pointings, with an ofset with respect 
to the Perseus cluster center, θpointing. Such ofset is necessary to analyse the data using 
classical ON-OFF IACT techniques [e.g., 596], but could be set to zero for template-based 
analysis (see also Section 2.6 for further details). Various position angles of the pointing 
ofset can also be considered. It would allow us to cover a larger feld to increase the chance 
of serendipitous discovery of new sources. The CTA feld of view depends on the energy, 
given the feld of view of the respective telescope class dominating each energy regime: about 
4.5 degrees for the large-sized telescope (LST), 7-8 degrees for the medium-sized telescope 
(MST) and about 9 degrees for the small-sized telescopes (SST). See [437, 440]. 

A total of 300 hours are planned for observations of the Perseus cluster in the course of 
the CTA key science program and this is what we will assume as our ON-source time for the 
remainder. Nonetheless, we consider a dead-time fraction of 5%. The observing time will 
be split into the diferent pointings. For the present paper, we assume 1 hour per pointing, 
and we use a total of 300 pointings. The pointing directions are equally split between 8 
positions, equally spaced from 0 to 315 degrees around the cluster reference center, with 
steps of 45 degrees. While this setup is designed to be realistic, we stress that our results 
do not signifcantly depend on the individual pointing duration or the number of position 
directions that we consider. 
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Because the Perseus cluster feld is only observable from the CTA north site (CTA-N, 
from La Palma), we only consider the instrument response function (IRF) associated with 
long observations, from the north site13 . For the present paper, we neglect any variation of 
the zenith angle of the target source during the observations and assume that the zenith 
angle is fxed to 20 degrees for all pointings. For comparison, the zenith angle ranges from 
12 to 36 degrees for the MAGIC observations presented in [508], also performed from La 
Palma. The IRFs are also used to model the instrumental background. 

We provide a summary of the CTA observation setup in Table 2.5. A schematic view of the 
CTA observations confguration is provided in Figure 2.6. We include NGC 1275 and IC 310, 
both detected as point sources at very high γ-ray energies as discussed in Section 2.5.2. 
The X-ray peak (reference center) is aligned with the central galaxy NGC 1275 and IC 310 
is ofset toward the southwest by about 0.6 degree but remains within θ500. For a given 
pointing, the OFF regions are spread over a circle around the pointing for which the radius 
corresponds to the pointing ofset from the source. This is illustrated by the yellow (OFF) 
and orange (ON) flled regions for which we have used a radius of 0.5 degree. Also shown 
are the locations of those sources in the Fermi -LAT 4FGL catalog [434, 435] located within 
fve degrees from the cluster center (see also Section 2.5.2). 

2.5.2 Background sky 

In addition to the possible difuse emission from the ICM of the Perseus cluster, it is necessary 
to model other sources that are located around the target cluster difuse emission. At very 
high energies, two γ-ray point sources have been detected by the MAGIC telescopes, namely 
NGC 1275 and IC 310. We model the intrinsic spectral energy distribution of these sources 
as described below, but also account for EBL absorption when performing simulations. 

NGC 1275, the Perseus cluster brightest cluster galaxy (BCG), is a variable source 
presenting fare activities up to ffty times its mean fux at E > 100 GeV, with observed 
day-by-day variability [597]. It is not possible to predict what will be the exact state of the 
source at the time of CTA observations. Yet, we expect that a large majority of the data will 
be obtained when the source is in a quiescent state. In this paper, we therefore assume that 
the spectrum of NGC 1275 follows the quiescent energy spectrum obtained from MAGIC 
observations as presented in [510]. This spectrum is well described, as a function of energy 
E, by a simple power law given by � �−3.6dN E 

= 2.1 × 10−11 −2 cm s −1TeV−1 . (2.24)
dEdSdt 200 GeV 

No deviation from a point source emission has been observed for NGC 1275 and it is thus 
modeled as such. 

13The IRFs are available at https://www.cta-observatory.org/science/ctao-performance/. 
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Figure 2.6: Schematic view of the Perseus cluster region and the assumed observation 
setup, for illustrative purpose. An illustration of the ON-source and OFF-source regions are 
shown for one pointing, assuming a 0.5 degree aperture radius. IC 310 and NGC 1275 are 
observed at very high energy and are shown as cyan stars. 4FGL sources within a 5 degree 
region around the cluster center are also depicted as blue crosses. For comparison, the point 
spread function (PSF) of CTA at 1 TeV is shown in the bottom left corner. 

IC 310, a member galaxy of the Perseus cluster, is also a variable source presenting 
high-amplitude and short duration fares [598]. While its spectral shape was observed to not 
signifcantly change, its amplitude does by a factor of up to ∼ 7. Similarly to NGC 1275, its 
spectrum is modeled as a power law, 

dN 
� 

E 
�−1.81 

−2 = 0.741 × 10−12 cm s −1TeV−1 , (2.25)
dEdSdt 1 TeV 
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corresponding to the quiescent state of the source [598]. This source state corresponds 
to the large majority of the reported observations. We note that, because we apply EBL 
absorption a posteriori, we use the intrinsic MAGIC best-ft model. The spatial distribution 
of IC 310 is also modeled as a point source and its equatorial coordinates are set to 
[3h16m42.98s,+41d19m30s], or [49.179,+41.325 degrees]. This corresponds to an ofset of 
about 0.6 degree southwest with respect to the cluster reference center. 

No other source has been detected within the CTA feld of view in the direction of Perseus 
at very high γ-ray energies yet. Thus, we do not consider any other object in the modelling 
of the sky. Yet, we note that the improved CTA sensitivity and increased feld of view may 
allow us to detect other γ-ray emitters. To highlight such opportunities, we use the latest 
Fermi -LAT catalog, 4FGL [434, 435], and select all sources detected within 5 degrees from 
the Perseus reference center. These sources are listed in Table 2.6 and their locations are 
reported in Figure 2.6. NGC 1275 and IC 310 are included in the 4FGL source list. The 
spectra of all of these sources, at Fermi-LAT energies, are best described by power laws, 
except for the pulsar PSR J0340+4130 and NGC 1275. For reference, and comparison to 
detected VHE sources NGC 1275 and IC 310, we extrapolate their fuxes up to the CTA 
energy range at 100 GeV. Most of the obtained values correspond to ≲ 10−11 cm−2 TeV−1 s−1 , 
which is smaller but comparable to the extrapolation of the fuxes of NGC 1275 and IC 310 
at the same energy (about 25 and 5 × 10−11 cm−2 TeV−1 s−1) according to Equations 2.24 
and 2.25. However, we stress that a cutof in the spectra is possible, especially for distant 
sources which will be afected by the EBL absorption, and these numbers provide optimistic 
fuxes. Even in case of a detection, none of these sources is expected to afect the results 
presented in this paper because of the large angular separation from the cluster center and 
their possibly low fuxes. 

Finally, we consider the contribution from the Galactic difuse emission in the region 
around the Perseus cluster using the work by [599]. Within θ500, the emission is expected 
to be smooth and present a soft gradient. Compared to other contaminant sources, the 
instrumental background, and the cluster difuse emission (e.g., baseline CR model), the 
Galactic foreground should be largely subdominant over all the considered energy range. We 
refer to Appendix 2.10.C for more details. Because of the uncertainties in the foreground 
model, its spatial structure and the fact that it is subdominant, it is not considered in the 
following. 

2.5.3 Towards an optimal observing strategy 

In this Section, we explore how the observation setup parameters described in Section 2.5.1, 
together with the background sky discussed in Section 2.5.2, will afect the expected detection 
signifcance. To do so, and as it will be the case in Section 2.6, we use the ctools software14 

14http://cta.irap.omp.eu/ctools/ 
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⋆Table 2.6: 4FGL sources located within 5 degrees from the Perseus cluster center. Detected at 
very high γ-ray energies ; † Taken from the NASA/IPAC extragalactic database ; PL: power law ; 
LP: LogParabola ; PLSEC : PLSuperExpCutof ; RDG: radio galaxies; BCU: blazar candidates of 
uncertain type ; FSRQ: fat-spectrum radio quasars type of blazar; PSR: pulsar. 

4FGL name Alt. name †z Ofset Type 

(deg) 

Spectrum model PL index PL extrapolation at 100 GeV 

(cm−2 TeV−1 s−1) 

J0319.8+4130 NGC 1275⋆ 0.01756 0.0 RDG LP – – 

J0316.8+4120 IC 310⋆ 0.01894 0.6 RDG PL 1.85 4.5 × 10−11 

J0315.5+4231 NVSS J031527+423249 N/A 1.3 BCU PL 1.95 1.3 × 10−11 

J0312.9+4119 B3 0309+411B 0.134 1.3 RDG PL 2.69 1.5 × 10−12 

J0311.6+4134 B3 0308+413 N/A 1.5 BCU PL 1.95 1.2 × 10−11 

J0333.8+4007 B3 0330+399 N/A 3.0 BCU PL 2.17 1.3 × 10−11 

J0334.3+3920 4C +39.12 0.02059 3.5 RDG PL 1.81 4.0 × 10−11 

J0310.9+3815 B3 0307+380 0.816 3.7 FSRQ PL 2.40 8.3 × 10−12 

J0340.3+4130 PSR J0340+4130 0 3.9 PSR PLSEC – – 

J0342.2+3858 GB6 J0342+3858 0.945 5.0 FSRQ PL 2.26 1.2 × 10−11 

[600]. We focus on the CR component since the observation setup selection will be driven 
by the CR case. We have also checked the infuence of diferent setups for the DM case 
(Appendix 2.10.E) and the chosen one seems to be the optimal for both science cases. 

We frst start by considering the case of a classical ON-OFF analysis. In this case a 
pointing ofset, θpointing, is necessary to defne the OFF regions that will be used to monitor 
the background (see Figure 2.6). In addition to the pointing ofset, the aperture radius of 
the ON region will afect the detection signifcance depending on the shape of the signal. For 
instance, a small aperture will be favored for compact sources because it will lead to a lower 
background while keeping most of the signal photon counts. By contrast, a larger aperture 
will be preferred for more extended sources. The size of the ON region is also limited by the 
pointing ofset. Here, we request at least 3 independent OFF regions so that the radius of the √ 
ON region is constrained to θON ≤ 2θpointing (the condition would become θON ≤ θpointing 

in the case of only one OFF region is requested). Such condition will also afect the maximum 
signifcance for a given pointing ofset. Finally, we consider the possibility of masking the 
known point sources. We use an energy-dependent aperture radius proportional to the point 
spread function (PSF) 68% containment angle θPS(E) = NPSF × PSF(E), where NPSF can 
also be varied and for which the optimal value may depend on the difuse cluster model. 

In order to optimise the observation setup, we compute the expected value of the signif-
cance according to [601]: s � � � � 

σ = 2 × d × ln 
d 

+ m − d . (2.26)
m 
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The quantity d corresponds to the photon counts of the difuse cluster signal plus background 
in the ON region, after accounting for the point source mask. The quantity m corresponds to 
the photon counts associated with the background only for the same region. The background 
includes both the instrumental background and the point sources, assuming that their 
spectral energy distribution (SED) is known. The cluster and point source models are 
convolved with the IRFs. We compute σ for a set of pointing ofset values, for each of which 
we vary the values of the ON region aperture and the size of the point source mask. The 
counts are summed over all the energies bins that we consider. 

In Figure 2.7, top panel, we show the expected signifcance as a function of θPS and θON√ 
in the case of θpointing = 1.5 deg. As we can see, an ON region aperture larger than 2 × 1.5 
deg is not allowed. Similarly, the point source mask aperture cannot be larger than the size 
of the ON region because NGC 1275 sits at the center of the cluster. We can observe that 
the best signifcance always corresponds to nearly no point source mask (θPS ∼ 0). We also 
observe that the best ON region aperture increases with the extent of the cluster (via the 
parameter ηCRp), going from about 0.4 degrees to 1 degree for the considered cases and using 
1.5 degree as the pointing ofset. We also compute the maximal value of the signifcance as a 
function of the pointing ofset, as shown in Figure 2.7, bottom left panel. As expected, the 
shape of the curve depends on the difuse cluster model and we can observe maximal values 
between about 0.5 degree and 1.5 degree for all the cases (around 0.5 for our baseline). 

Beside the classical ON-OFF analysis technique, we also consider the case of template 
ftting, which might be more appropriate for difuse sources assuming that the background 
can be properly modeled [e.g., 441] and as will be further explored in Section 2.6. To do so we 
perform simulations of the observations by varying the pointing ofset, and use the maximum 
likelihood technique to ft the data and recover the test statistic value. We use the square 
root of the recovered test statistic as a measurement of the signifcance. We perform this 
test for the diferent difuse cluster models and set the normalization of these models so that 
the signifcance is about 10 for the optimal pointing ofset. We perform several simulations 
for each case to obtain a measurement of the uncertainty on the recovered signifcance. 

The results for this case are presented in Figure 2.7, bottom right panel, where we can 
observe the normalized signifcance as a function of the pointing ofset for all four cluster 
models considered. As we can see, the signifcance smoothly decreases with the pointing 
ofset, depending on the combination of the efective area and the background. Unlike for the 
ON-OFF analysis, no signifcant signifcance decrease is observed for small pointing ofsets. 
We note that the background associated with NGC 1275, relative to the cluster signal, does 
not depend on the ofset and acts as an extra background. For this reason, the sensitivity as 
a function of the radius is fattened by the presence of the central galaxy. We do not observe 
any signifcant impact of the cluster difuse model in this case. The signifcance remains 
relatively constant up to a radius of about 1 degree and vanishes beyond. 
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According to the results presented above and in order to allow for ON-OFF analyses 
while maximizing the signifcance of the template analyses, the pointing ofset will be set to 
1.0 degrees in the following. This would enable to choose between either an ON-OFF or a 
template-based analysis after the actual observations have been made without a signifcant 
lose of sensitivity in each case. The point source mask will not be considered further as it 
does not improve the signal-to-noise ratio whatever the cluster model. 
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Figure 2.7: Normalized signal-to-noise ratio as a function of the observation setup pa-
rameters. Top panels: normalized signal-to-noise ratio as a function of the radius of the 
ON region and the radius used to defne the point source mask, for diferent cluster models 
defned via the ηCRp parameter. Black lines correspond to 90%, 99% and 99.9% of the peak 
signifcance. The pointing ofset was set to 1.5 degree in the present case. Bottom left 
panel: normalized signal-to-noise ratio as a function of the pointing ofset in the case of the 
ON-OFF analysis. For each pointing ofset, the other parameters were chosen in order to 
maximize the signal-to-noise ratio. Bottom right panel: normalized signal-to-noise ratio 
as a function of the pointing ofset in the case of the template analysis. 
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2.6 CTA sensitivity to CR induced γ-ray emission from Perseus 

In this section, we use the cluster models defned in Section 2.3 together with the observation 
setup and background sky defned in Section 2.5 in order to predict the CTA sensitivity to CR 
induced γ-ray emission from the Perseus cluster. The ctools code [600] is used throughout 
this section to perform the analysis. This is done via the use of the publicly available python 
code KESACCO (Keen Event Simulation and Analysis for CTA Cluster Observations15). 

2.6.1 Data preparation 

The analysis and results presented in this section are based on event fles simulated according 
to the setup defned above. The events are binned in energy and according to their sky 
coordinates. We consider 30 bins in energy and 0.02 degrees sky pixels, unless otherwise 
specifed. The feld of view of the region of interest is centered on the Perseus cluster and is 
3 degrees wide. Although we consider a large number of pointings, we use a stacked analysis 
in which all data from multiple observations are stacked into a single counts cube. Unless 
otherwise stated, we focus on 3D template analysis as it is expected to be more appropriate 
in the case of such extended sources. This methods will also allows us to constrain the shape 
of the difuse Perseus cluster γ-ray emission. 

The CTA-N sensitivity is expected to be best around a few TeV, but covers energies from 
20 GeV to 200 TeV. Because of the EBL attenuation, the diferential fux of all sources which 
we account for in this paper (all located within the Perseus cluster and, thus, at a nearly 
equal redshift) is expected to drop drastically around 30 TeV (see, e.g., the top right panel 
of Figure 2.2). Therefore, in the following we consider a maximum energy of 50 TeV for the 
analysis. We also conservatively reduce the low energy threshold to 150 GeV, which roughly 
corresponds to what was reported in the case of MAGIC observations. 

2.6.2 Sky components and degeneracy 

Before addressing the CTA sensitivity, we investigate how the components of the sky model 
compare to each other and how degenerate they are. 

As an illustration, we focus on the region enclosed within 1 degree from the cluster center, 
which nearly corresponds to the value of θ500. This regions contains the two point sources 
and a large fraction of the cluster fux. In Figure 2.8 (left panel), we present the stacked sky 
map including both the astrophysical and instrumental background, computed over the full 
energy range. The location of the diferent pointing centers is shown, falling very close to 
the radius θ500. The location of the two point sources are indicated as green circles and they 
are both clearly visible in the map. The cluster difuse emission (in the case of our baseline 
model here) is blended with NGC 1275 and cannot be clearly distinguished at this stage, 

15https://github.com/remi-adam/kesacco 
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given the energy range considered. Figure 2.8 shows how the diferent model components 
compared to each other, as extracted within 1 degree from the cluster center (i.e., about 
θ500). As can be observed, the instrumental background is the dominant component, by 
about an order of magnitude, depending on the energy. NGC 1275 dominates at low energy 
and IC 310 dominates at high energy. The cluster emission is subdominant in this case. It 
corresponds to the baseline cluster model. 
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Figure 2.8: Left panel: combined counts per pixel map, over the full energy range. The 
bottom left grey circle gives the PSF at 1 TeV, and also accounts for an extra 0.1 degree 
smoothing used for visual purpose. The grey crosses give the pointing coordinates, the green 
circles show the position of the point sources, the grey dashed line show the radius θ500 and 
the location of the cluster center is indicated by the cyan cross. Right panel: counts per 
bin measured as a function of energy within one degree from the cluster center. This is in 
the case of the baseline model. 

Secondly, we perform the joint likelihood ft of all the model free parameters. This 
includes the normalization and spectral index of the background, the normalization and 
spectral index of both NGC 1275 and IC 310, and the amplitude of the cluster model. 
We extract the correlation matrix between these components as reported in Figure 2.9 for 
the baseline cluster model. As we can see, the parameters associated with IC 310 are not 
signifcantly degenerate with any other model components, as expected given its sky location. 
On the other hand, signifcant degeneracy is observed between the cluster amplitude and 
the instrumental background parameters (correlation ∼ 0.10), as well as the parameters 
associated with NGC 1275. We note that the degeneracy depends on the cluster model 
parameters. For instance, a more extended cluster presents less degeneracy with NGC 1275 
but is more degenerate with the background. We also note that increasing the size of the 
feld of view leads to a slightly lower background degeneracy as more leverage is available. 
The degeneracy also depends on the exact energy range used to select the data. 

According to the degeneracy between the model components and the amplitude of these 
component within the central region of the feld of view, we expect that the background 
will lead to most of the uncertainties associated with the cluster model constraints that can 
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Figure 2.9: Correlation matrix between the diferent free parameters included in our model. 
The cluster model corresponds to the baseline model. 

be extracted. The presence of NGC 1275 is also signifcantly afecting the properties that 
can be extracted for the Perseus cluster. Therefore, it will be necessary to include these 
components hereafter, when addressing the CTA sensitivity to difuse the Perseus emission. 

2.6.3 Probing the parameter space with CTA 

We frst focus on estimating the parameter space constraint that can be obtained with CTA. 
We perform event simulations in which we set the cluster component to zero, assuming that 
there is no difuse γ-ray emission, but still account for it afterwards. 

We use our ctools framework to ft for the cluster, together with the other component of 
the sky model, and extract the upper limit on the cluster normalization. We also extract 
the corresponding upper limit on the overall cluster γ-ray fux. This is reproduced for many 
simulations in order to compute the mean upper limit and its standard deviation, and for� � 
the diferent models that we tests: spectral indices αCRp = 2.0, 2.2, 2.4, 2.6, 2.8, 3.0 and� � 
spatial scalings ηCRp = 1.5, 1.0, 0.5, 0.0 . A higher spatial scaling indicates a more compact 
cluster, as can be seen by referring to Section 2.3 and Figure 2.2. 

Figure 2.10 shows the expected parameter space constraints in case of non-detection, as 
well as the fux upper limit in the range [0.15 − 50] TeV. In both of the fgures, the exclusion 
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Figure 2.10: Left panel: Exclusion limit at 95% confdence level for the parameter XCRp, 
as a function of αCRp and for diferent values of ηCRp, assuming non-detection of the signal. 
The shaded area represent the 68% confdence interval. The limits obtained by MAGIC [510] 
are reported for their isobaric model (roughly corresponding to our ηCRp = 1 model) and 
their extended model (roughly corresponding to our ηCRp = 0.5 model). We also report the 
best-ft parameters in the case of the pure hadronic scenario. Right panel: fux upper limit 
for energies in the range [0.15, 50] TeV, with the same color code. 

limit at 95% confdence interval is shown, with the shaded areas representing the standard 
deviation. The right panel shows the upper limit in γ-ray fux as a function of the spectral 
index αCRp, for diferent spatial scalings. A fux upper limit down to 10−13 cm−2s−1 is 
expected with CTA. The left panel shows XCRp, the CR to thermal energy density ratio, as a 
function of spectral index. In the case of non-detection we are able to put a constraint down 
to 10−4 . The most recent constraints put forth on difuse γ-ray emission from Perseus come 
from the MAGIC telescope observations and analysis by [510]. As mentioned in Section 2.3.3, 
the γ-ray and thermal emission modelling used by MAGIC may have overestimated the 
thermal energy, meaning that the constraints in the left panel are actually too optimistic. 
Either way, it is evident that CTA will be able to put a constraint that is about an order of 
magnitude larger. 

Both of the fgures show that a more compact cluster would give better constraints. From 
the previous sections we know that in the CTA energy range, a lower spectral index gives 
more difuse γ-ray emission, hence the non-detection of difuse γ-ray emission puts a better 
constraint for lower spectral index numbers. 

2.6.4 Measuring the cosmic ray properties in the case of detection 

In this section, we consider the baseline and the pure hadronic models, and produce the 
corresponding event simulations. We then investigate the sensitivity of CTA to constrain 
the model parameters. We consider two diferent scenarios. In the the frst one, we do not 
consider the spatial distribution and focus only on the recovered spectral properties by fxing 
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Figure 2.11: Spectral constraints. The left panels correspond to the baseline model 
while the right panels correspond to the pure hadronic best-ft model (see Table 2.1). Top 
panel: recovered spectrum (red points) and their error bars (according to the likelihood 
scan curvature), best-ft model (black), 68% confdence level (blue region) and a set of 100 
realizations (light blue). Bottom panel: constraints on the parameter space. Contours 
provide the 68% and 95% confdence region and the black star represent the injected model. 
The blue shaded region on the one dimensional histograms provide the 68% confdence region 
after marginalization. 

the background model. Then, we consider simultaneously both the spectral and spatial 
properties together with all background components. The two methods are completely 
independent from each other. In the following, we analyse and discuss two representative 
simulations of the data corresponding to our two models. 

Spectral constraints only 

We frst focus on constraining the spectral energy distribution only. We start by using a 
likelihood ft in order to constrain the Perseus cluster normalization and all the other free 
sky parameters (see Figure 2.9). To obtain the detection signifcance, we apply the Test 
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Statistics (TS) [332]: 
ln L(H1)

TS = 2 × , (2.27)
ln L(H0) 

where L(H1) is the likelihood of the assumed emission model and L(H0) corresponds to 
the likelihood of the null-hypothesis. As a reference, we obtain a test statistic value of 
TS ∼ 42 in the case of the baseline model, and TS ∼ 125 for the pure hadronic model. We 
then extract the spectrum of the difuse cluster component thanks to the dedicated csspec 
function (from ctools) using the true input cluster spatial template to do so, which we 
keep fxed. The difuse background is left free but the point sources are kept fxed to their 
maximum likelihood values. This procedure allows us to extract the Perseus cluster fux 
normalization in each independent energy bin. Additionally, the csspec function is used to 
recover the full likelihood scan for the normalization in each bin. 

In order to measure the posterior likelihood in the parameter space, we employ an MCMC 
approach using the emcee package [575], following the method used by [361]. The sampling 
is performed according to the log likelihood function defned as X � � 

lnL(θ⃗|D) = interp lnLi(Fscan, Fi(θ⃗)) . (2.28) 
i 

The parameters θ⃗ ≡ (X500, αCRp) correspond to the normalization and the CRp spectral 
index, respectively, and D to the data points. In each energy bin i, Li is the likelihood scan 
extracted with csspec as a function of the fux Fscan. This quantity is interpolated at the 
location of any model to be tested against the data, Fi(θ⃗), and summed over all bins. We use 
fat priors on the parameters and check a posteriori that the limits do not afect our results. 

Once the MCMC have converged, we remove the burn-in phase and the chains provide us 
with the probability distribution function either in two-dimension, or after marginalizing over 
one of the two parameters. We also recompute 100 SED models using parameters randomly 
sampled from the chains and measure the median and 68% confdence limit envelop on the 
recovered spectrum. The best-ft model is computed using the parameters that corresponds 
to the maximum likelihood point in the chains. 

In Figure 2.11, we present the recovered spectrum and the constraints in the parameter 
space obtained in the case of the baseline and pure hadronic best-ft models. As expected 
given the respective input spectra, a better constraint is obtained in the case of the pure 
hadronic scenario. In both cases the best-ft describes the data well as can be observed 
in the residual. The constraints in the parameter space show that both input models are 
recovered with the 68% confdence interval. Again, the pure hadronic model allows us to 
better constrain the model given the higher signal-to-noise ratio. We note that the amplitude 
and the spectral index of the CRp distributions are highly degenerate. This is particularly 
true for CTA because no leverage is available near the spectral bump around 1 GeV. Because 
of this degeneracy, an amplitude up to four times the input value is still allowed in the case 

87 



Chapter 2. Prospects for γ-ray observations of the Perseus galaxy cluster 
with the Cherenkov Telescope Array 

of the baseline model. This reduces to about twice the input value in the case of the pure 
hadronic model, for which the signal is stronger. The error on the spectral slope is about 0.1 
and 0.07 for the baseline and pure hadronic models, respectively. 

Joint spectral-imaging constraints 

The analysis described in Section 2.6.4 is intrinsically limited by the fact that the cluster 
profle is a priori unknown. This might lead to signifcant systematic efects when recovering 
the spectral energy distribution if it is improperly modeled. In addition, the uncertainties 
in the background (difuse and point sources) are expected to afect the constraints on 
the cluster difuse emission, as discussed in Section 2.6.2. Although the error bars on the 
extracted cluster spectrum are expected to account for the correlation between the diferent 
components, the respective parameters are not co-varied when constraining the model. To 
mitigate these possible biases, we consider the joint-ft of the overall sky model simultaneously, 
as described below. This allows us to sample the full parameter space. While the analysis 
described in Section 2.6.4 is relatively quick, the one described hereafter is signifcantly 
heavier in term of computing time, and the two are therefore complementary. 

We compute the IRF convolved model counts cube, in spatial and energy bin i, as X 
(j) (j) (j)

Mi(θ⃗) = Ci (X500, αCRp, ηCRp) + PS (A , α ) + Bi(Abkg, αbkg). (2.29)i PS PS 
j∈[1,2] 

The component Ci (X500, αCRp, ηCRp) corresponds to the cluster model, which depends on 
(1,2) (1,2) (1,2)the parameters X500, αCRp, and ηCRp. The components PS (A , α ) represent thei PS PS 

point source contribution, NGC 1275 and IC 310, respectively. The component Bi(Abkg, αbkg) 
is the difuse background. The parameter space includes nine parameters: � � 

(1,2) (1,2)
θ⃗ ≡ X500, αCRp, ηCRp, A , α , Abkg, αbkgPS PS 

As done in Section 2.6.4, we use an MCMC method to sample the parameter space. The 
likelihood function is defned according to Poisson statistics as X ̃

lnL(θ⃗|D) = Mi(θ⃗) − diln(M̃i(θ⃗)), (2.30) 
i 

with di the data counts cube. Since the convolution of a model with the IRF is computationally 
expensive, it is not possible to compute Mi(θ⃗) for all the MCMC test parameters. Therefore, 

˜we compute the models associated to all the components on predefned grids and Mi(θ⃗) 
corresponds to the model Mi(θ⃗) after interpolation at the exact location of the requested 
parameters. Each model component amplitude only accounts for a linear scaling and does 
not need to be included into the grid. The cluster model grid is thus bi-dimensional, defned 
as a function of the non-trivial parameters αCRp and ηCRp (typically 10 × 10 points allows 
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us to recover any model with percent level precision). For the point sources and the difuse 
background, the slopes αPS,bkg are the only relevant parameters and the grids are therefore 
one-dimensional. The range over which the model grids are computed correspond to fat 
prior and we check a posteriori that it does not afect our result. We note that an extra prior 

(input model) is used for the cluster normalization, as X500 ∈ [0, 20 × X ] to avoid sampling500 

nonphysical models in the case the signal-to-noise ratio is too low to provide a reliable 
constraint on this parameter. In order to highlight the impact of the point sources on the 
cluster parameters constraint, we also perform the ft using a prior on the point source 
parameters. The latter is Gaussian, centered on the input parameter values and with a 
standard deviation corresponding to 5% of the parameter values. 

Figure 2.12 presents the posterior distribution in the full parameter space for the baseline 
cluster model (the case of the pure hadronic model is available in Appendix 2.10.D). The 
cluster normalisation, the point sources and the background parameters are shown relative 
to their input values. We can see that for this simulated data, the input model is recovered 
within 95% confdence interval for all the parameters (and 68% for most of them). While 
the observed posterior distribution is non-trivial for most of the parameters, we have tested 
that in the limit of high S/N, the parameter space is well described by a multivariate 
Gaussian function. As discussed in the case of the spectral only analysis (Figure 2.11), 
strong degeneracy is observed between the cluster normalization and the CRp slope. On the 
other hand, the cluster profle parameter is not strongly degenerate with the other cluster 
parameters, but is anti-correlated with the parameters associated with NGC 1275. Indeed, 
as the cluster profle gets more compact, it resembles more to the point source so that 
increasing ηCRp leads to a smaller point source normalization. As the amplitude and slope of 
NGC 1275 are positively correlated, the same trend is observed between ηCRp and α(1) ThePS . 
cluster normalization is also anti-correlated with NGC 1275 parameters for similar reasons. 
No signifcant correlation is observed between the cluster model and IC 310, as expected 
given its sky coordinates. The background normalization and slope is slightly correlated with 
the cluster parameters, in particular with the profle parameter, since lowering the value of 
ηCRp leads to a fatter signal that slightly mimic the difuse background. The correlation is 
thus positive between ηCRp and Abkg. As expected, the amplitude and spectral slope of the 
background and point sources are correlated. Compared to the spectral constraints only, the 
error bars on the parameter αCRp increase from 0.10 to 0.17, highlighting the importance of 
constraining simultaneously all the components. The error on the cluster profle parameter, 
ηCRp, is about 0.26. The normalization is constrained to X500 ≲ 0.1 (at 68% limit), which is 
signifcantly larger than in the case of spectral constraints only. 

When using the prior on point source, we observe a strong reduction of the volume allowed 
by the cluster parameters (especially avoiding too high values of the normalization), in 
agreement with the degeneracy between components. On the other hand, the background 
parameters are nearly unchanged. The posterior constraints on NGC 1275 parameters is 
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Figure 2.12: Posterior constraint on the full parameter space in the case of the baseline 
model. Contours provide the 68% and 95% confdence interval. The black star shows the 
input model parameters. The constraints are reported in the standard case (blue) and in the 
case where we assume a 5% prior on the fux and spectral indices of point sources (orange). 

strongly improved, as can be expected due to the prior, but the constraints on IC 310 is 
nearly unchanged because the CTA data already provide a constraint better than 5% on the 
corresponding parameters. 

We note that the steep spectrum of NGC 1275 makes it very sensitive to any uncertainty 
in IRF convolution of the model, which in turns may afect the cluster reconstruction when 
all parameters are allowed to vary, due to degeneracy. This may cause notable systematic 
efects if improperly accounted for in the case of a low signifcance, but we leave its detailed 
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Figure 2.13: Comparison between the data and the best-ft model, for the full energy range. 
Units are in counts per pixel. Top left panel: data. Top right panel: best-ft model. 
Bottom left panel: residual between the data and the background component (including 
point sources). Bottom right panel: total residual between the data and the model. 
Contours provide the signal-to-noise ratio with 2σ spacing. The maps where smoothed with 
a Gaussian kernel with 0.15 degree for visualization purpose. The cluster model corresponds 
to the baseline scenario here. 

investigation for future work. 

In Figure 2.13, we show the input data, model and best-ft residual (including the cluster 
or not) after summing over all the energy bins. We can see that the best-ft model describes 
the data well. The signal is dominated by the background on large scales, and by the point 
sources on small scales. Once these components are subtracted, we can observe the faint 
signal associated with the cluster emission. 

In Figure 2.14, we show the recovered cluster difuse emission spectrum (left) and profle 
(right) after subtracting the point sources and the difuse background. The spectrum is 
computed within 1 degree radius, which nearly corresponds to θ500 and the profle is computed 
by summing over the energy bins. The spectrum is overall well constrained over all the CTA 
energy range for this specifc model, allowing us to recover the spectral distribution of the 
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Figure 2.14: Left panel: cluster difuse emission spectrum recovered within an aperture 
of 1 degree, after background and point source subtraction. Right panel: cluster difuse 
emission profle computed over all the energy bins, after background and point source 
subtraction. This is in the case of the baseline model. 

CRp. The cluster emission is detected on the profle up to about 0.2 degree radius (given the 
binning of 0.05 degree per radial bin), which allows us to constrain the shape of the signal 
well. 

2.7 CTA sensitivity to DM induced γ-ray emission from 
Perseus 

Once the sensitivity analysis in the context of the expected CR-induced γ-ray emission in 
Perseus has been performed, in this section we investigate the sensitivity of CTA to the DM 
emission model presented in Section 2.4 for the cluster. The results shown in the following 
have been obtained using the gammapy open-source code [602].16 

2.7.1 Perseus simulated observations including DM: Data preparation. 

As already stated, Perseus represents a complex environment where multiple γ-ray sources 
coexist. Indeed, with the current generations of IACTs, these astrophysical sources have 
posed large difculties to the search for a putative DM signal in the area, as it is hard to 
avoid ‘contamination’ from the astrophysical sources and to disentangle between these and 
DM, both spectrally and spatially. In contrast, due to its expected improvement in sensitivity, 
angular resolution and larger FoV, CTA will allow for a much better discrimination by means 
of analysis techniques that were traditionally discarded for these kind of telescopes and 
used only for all-sky γ-ray facilities such as Fermi -LAT. In particular, in our DM search we 

16All the notebooks and scripts developed for the DM analysis can be obtained in https://github.com/ 
peroju/dmtools_gammapy. 
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perform a template-based analysis, which allows to extract the maximum information from 
the future data, and is in line with the analysis previously performed in Section 2.6 for CRs 
and also with recent, sophisticated studies in the Galactic centre region by the Consortium 
[441]. This type of analysis, although computationally expensive, is expected to provide not 
only the highest DM sensitivity but also to yield the most realistic DM constraints in the 
case of non-detection. Yet, mainly for the sake of comparison with previous IACT work 
and in order to provide a frst-order sensitivity study in our work as well, we also carry 
out the so-called ‘ON-OFF’ analysis, i.e. the most standard analysis strategy adopted by 
current IACTs. Full details of such analysis are left for Appendix 2.10.E though, while in 
the following only a comparison with template-based results will be shown in some cases. 

To perform the simulation of the DM-induced γ-ray emission from Perseus, we adopt the 
observation setup described in Section 2.5, i.e. a pointing with one degree ofset from the 
cluster centre. Similarly to the CR analysis, we stack the data from the diferent pointings in 
a single 3D cube, containing the planned 300h observation time. We adopt ten energy bins, 
starting from 50 GeV up to 100 TeV. This allows us to exploit the whole range of CTA’s 
sensitivity as well as to overlap with the DM parameter space previously explored by the 
Fermi -LAT (at the lowest considered energies) and by the H.E.S.S and MAGIC telescopes 
(in the TeV regime). We use an spatial binning of 0.02 deg per pixel and our feld of view is 
set to 5 deg. 
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Figure 2.15: Left panel: Simulation of an observation of the Perseus region with CTA. 
The color informs on the expected counts. This example is for the MED annihilation model, 
a DM particle of mχ = 10 TeV, bb̄ channel and < σv >= 3 × 10−26 cm2 s−1 . We adopted the 
‘Baseline’ model for the CR-induced emission (Section 2.3.3) and included the two AGNs 
in the region via the descriptions in Equations 2.24 and 2.25. We only show the frst four 
energy bins of our analysis, each of them corresponding to one panel. The white dashed circle 
goes over the diferent proposed pointings (all of them at 1 degree from the cluster’s centre). 
Right panel: Comparison of the spectra of the diferent simulated γ-ray components. We 
also include the spectrum of a mχ = 10 TeV DM particle decaying via the bb̄ channel. 
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To model the DM distribution in the cluster, we use the 2D templates created in Section ?? 
for each of the three benchmark models in the case of annihilation and for the one of decay. 
For annihilation, we simulate a putative γ-ray signal assuming a branching ratio of 100% to 
the bb̄ annihilation channel, a DM mass mχ = 10 TeV and a velocity-averaged cross-section 
matching the thermal value of < σv >= 3 × 10−26cm3s−1 . For decay, we adopt τχ = 1027 s 
as the DM particle lifetime. The expected γ-ray contribution from the existing AGNs in the 
area is accounted for via the models described in Section 2.5.2, while the CR-induced γ-ray 
emission is described using the spectral and spatial template corresponding to the ‘Baseline’ 
benchmark model (Section 2.3.3). We remark that those γ-rays originated from both the 
AGNs and CRs are considered as backgrounds in our DM search, together with the CTA 
instrumental background modelled by the IRFs. In total, we create four sets of simulations, 
one per each DM template (MIN, MED, MAX and DEC), and always adopting the same 
combination of backgrounds. An example of a simulation can be seen in Figure 2.15 for the 
MED annihilation model. We also compare in the same fgure the spectra of the diferent 
γ-ray sources in Perseus to the ones for annihilation and decay. This comparison shows that 
in the annihilation scenario the expected γ-ray fux is expected to be orders of magnitude 
below the astrophysical backgrounds for realistic cross section values. Yet, in the case of 
decay, we can have comparable fuxes (adopting τχ = 1027 s, which is indeed very close to 
current constraints [351]). 

Finally, in order to obtain statistically meaningful results, we create 100 diferent sim-
ulations with the same observation setup, and use the corresponding mean for the data 
analysis itself. A study of the stability of our simulation results with respect the number of 
simulations is included in Appendix 2.10.F, which shows that a reasonable compromise in 
terms of convergence and computation time is indeed achieved after a few tens of simulations 
in almost all cases. Thus, in total, we produce 400 simulations, 100 per each benchmark DM 
model (MIN, MED, MAX and DEC), which we now proceed to analyze. 

2.7.2 Template-ftting analysis and DM sensitivity 

To search for DM emission, we frst defne for convenience the normalization of the DM-
induced γ-ray fux Aχ, as < σv >= Aχ× < σv >thermal, for the three annihilation models, 
and τχ = τref /Aχ (Equation 2.8), where τref = 1027 s, for the decay scenario. We ft 
this normalization for each simulation using the iminuit [603] backend of gammapy to the 
theoretical emission of diferent DM particle candidates. To cover the available mass range 
for WIMPs, we perform the ft to fourteen DM masses across the defned energy range and 
for two representative annihilation/decay channels, i.e. bb̄ and τ+τ−17 . 

Together with the DM normalization, we apply a joint-likelihood ftting including the 

17Initially we also included the W +W − channel and noticed that it produced similar results to bb̄, as 
expected, so we decided not to show it in the following for the sake of clarity. 
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relevant parameters of the considered astrophysical backgrounds. For example, since the 
CR-related fux is considered as a background for this analysis, we only allow for an overall 
normalization on the CR-induced γ-ray fux for the ‘Baseline’ model. Then, the complete 
fux model to ft the simulations is defned, per energy and spatial bin, as: X 

(j) (j) (j)
Mi(θ⃗) = DMi (Aχ) + CRi (ACR) + PS (A , α ) + Bi(Abkg, αbkg). (2.31)i PS PS 

j∈[1,2] 

In total, we ft eight diferent parameters: � � 
(1,2) (1,2)

θ⃗ ≡ Aχ, ACR, A , α , Abkg, αbkg , (2.32)PS PS 

where all the parameters have been previously defned (see Section 2.6.4 and Equation 2.29). 
The likelihood function is the one corresponding to Poissonian data (Equation 2.30). We 
also adopt a fat prior on Aχ, to allow only for zero or positive values.18 This joint-likelihood 
ft will enable to check for intrinsic correlations and to account for them when estimating 
the size of the uncertainties. To obtain the detection signifcance of the DM-induced γ-ray 
emission, we apply the Test Statistics as defned in Equation (2.27). We defne a detection 
when TS = 25, which roughly correspond to 5σ. 

Since no detection is found neither in the annihilation nor decay scenarios, we proceed to 
compute the 95% confdence level (C.L.) upper limits (lower limits for decay) of the DM 
normalization parameter Aχ using the likelihood profle method [332, 604]. For the DM 
normalization, we assume a one-sided distribution (we recall the fat prior Aχ ≥ 0), thus the 
95% C.L. corresponds to a change of ∆TS = 2.71, with respect the best ft. 

Projected sensitivity to annihilating DM 

Assuming the templates and spectra for DM annihilation (Section 2.4), we compute the 
95% C.L. upper limits for Aχ for all considered cases, convert this value to < σv > (the 
standard parameter to be constrained for annihilating DM) and average the results for 100 
simulations. 

In Figure 2.16 we show the CTA projected sensitivity as 95% C.L. upper limits on the 
velocity-averaged cross-section versus the DM mass, for the MED annihilation model and the 
two considered representative annihilation channels. As it can be seen, the most constraining 
limits are obtained for the τ+τ− channel, although also the bb̄ channel yields similar results for 
DM masses above ∼10 TeV. In all cases, our exclusion limits are more than ∼ O(102) above 
the thermal relic cross-section value. Yet, we note that they will be the most constraining 
ones considering galaxy clusters as DM targets. This can be seen in the bottom panels of 
Figure 2.16, where we show a comparison to recent works. The latest cluster DM limits 

18This method is usually known as the bounded likelihood method [604]. 
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Figure 2.16: Sensitivity of CTA to a DM annihilation signal from the Perseus cluster. 
Curves represent the 95% C.L. upper limits on the velocity-averaged cross-section versus 
the DM mass for the MED annihilation model. The green (yellow) band shows the 1σ 
(2σ) scatter of the projected limits. The black dashed line is the thermal relic cross-section 
(< σv >thermal = 3 × 10−26 cm2 s−1). Top left panel: Upper limits for the two considered 
annihilation channels, bb̄ channel (dashed) and τ +τ − (solid). Top right panel: Limits 
for the τ+τ− channel for three diferent analysis methods. The solid line refers to the 
template-ftting approach; the dot-dashed line is for the ON-OFF analysis as performed in 
Appendix 2.10.E, and the dotted line indicates our most simplistic analysis, i.e. ON-OFF 
assuming a point source for all the DM in the cluster. Bottom panels: Cross-section upper 
limits for the bb̄ (left panel) and τ+τ− (right panel) channels in comparison with the most 
recent results on DM-annihilation searches in galaxy clusters using F ermi-LAT [355, 356] 
and H.E.S.S [525]. 

obtained by currently operating IACTs come from the observation of the Fornax cluster 
(14.5 hours) by the H.E.S.S Collaboration [525], and are around one order of magnitude 
weaker than our CTA predictions at a few TeV (i.e. at the peak of H.E.S.S. sensitivity). 
We also compare our CTA predictions with limits from Fermi -LAT in the sub-TeV WIMP 
mass range. In Ref. [356], authors analyze 12 years of Fermi -LAT data for a sample of fve 
clusters and, in the absence of a signal, set constraints only for the bb̄ channel. Perseus is 
the cluster yielding their weakest limits while Fornax gives the most constraining ones. Our 
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CTA sensitivity predictions for Perseus are always better than theirs in the whole range 
but below 100 GeV, where both results are still comparable. But even for Fornax, CTA’s 
improvement in sensitivity will allow to set the tightest DM constraints for DM masses 
above 1 TeV. In the case of the τ+τ− annihilation channel, we can compare our results with 
those in Ref. [355]. In the latter work, authors combine 3 years of Fermi -LAT data from 8 
galaxy clusters to derive the corresponding DM limits. However, as a consequence of using a 
considerable reduced amount of data compared to [356], their limits are considerably weaker 
in comparison and cannot compete to those from CTA. In conclusion, once in place, CTA 
DM limits from Perseus will be the most constraining ones from these targets in the TeV 
energy range, demonstrating once more CTA’s superb capabilities to test WIMP DM masses 
at this scale. 

Additionally, we also explore the impact of the observation setup and analysis pipeline on 
our limits. In the top right panel of Figure 2.16, together with our template-ftting analysis 
results (solid line), we show the results obtained via the ON-OFF method investigated 
in Appendix 2.10.E (‘ON-OFF - Extended+mask’, dot-dashed line). We recall that in 
this approach we assume the ON-OFF setup described in Section 2.5 and a simplifed 
modelling of the γ-ray sources. In particular, for the DM component we use the same DM 
templates and spectra, adopt a mask of 0.1 deg of radius in the center of the cluster to 
avoid the emission from NGC 1275, and neglect the rest of the sources in the area. We 
can appreciate the loss in sensitivity in the lower mass range, mainly due to the mask. In 
the high mass range (above ∼ 1 TeV), the limits become a factor up to ∼ 4 times more 
constraining than the template-ftting ones, thanks to an over-simplistic modelling of the rest 
of astrophysical sources. In the same top right panel of Figure 2.16, we also include the most 
simplistic analysis approach, i.e. we only use the spectral information of the DM emission, 
while a point-like source is assumed for its spatial morphology (further details are given in 
Appendix 2.10.E). We can notice that this approach (‘ON-OFF - PS’; dashed line) is the 
most optimistic scenario, as expected, improving the limits of the template-ftting analysis 
by a factor∼ 2 − 2.5, yet being within the 2σ scatter of the template-ftting results in all the 
explored mass range. Although useful and relevant to understand the absolute sensitivity 
reach for CTA in an idealistic scenario, we recall that these ‘ON-OFF - PS’ limits do not 
describe a realistic science case and correspond to an overly simplistic setup. An important 
conclusion from these comparisons among diferent analyses is that, despite the very diferent 
methods and assumptions on the modelling of γ-ray sources in the area, we obtain upper 
limits that lie within the 2σ scatter of the template-ftting results. This demonstrates not 
only the robustness of the found results but also points towards a low correlation of the DM 
parameters with respect to those corresponding to the rest of γ-ray sources in the cluster, 
including CRs (further investigated in Section 2.7.3). 

By far, the largest uncertainty on the obtained cross-section upper limits is the modelling 
and contribution of cluster DM subhalos to the total Jann-factor. This was the reason to 
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build three diferent annihilation benchmark models in the frst place (MIN, MED and MAX 
– Section 2.4.2), each of them representative of very diverse levels of substructure and their 
contribution to the annihilation fux. To properly quantify the impact of this uncertainty in 
our limits, in addition to the 95% C.L mean upper limits for the MED case presented above, 
we also compute limits for the MIN and MAX benchmark models. These results are shown 
in Figure 2.17 for the τ+τ− annihilation channel, and reveal that our limits can be modifed 
substantially depending on the considered subhalo scenario. In particular, the boost factor 
associated to our MED model (BMED = 9.2) translates into an improvement of a factor ∼ 7 
with respect the MIN benchmark model. In the case of the MAX model (BMAX = 59.3), the 
limits improve up to O(10) times the MED model constraints. Previous studies have also 
accounted for the subhalo contribution in their limits. In Ref. [356], for instance, authors 
show that their boosted DM model improve their limits only by a factor ∼ 1.5, indeed a 
natural consequence of the low contribution of their substructure model to the annihilation 
fux. In earlier work by [355], authors gained up to ∼ O(102) of improvement in their 
constraints due to subhalos, however they assumed boosts B = 500 − 1200, which from recent 
studies can be considered as overly optimistic (e.g. [586] and references therein). As for the 
constraints from the H.E.S.S Collaboration [525], their boosted MED (B = 10) and MAX 
(B = 100) models improved their limits by a factor ∼ 7 and ∼ 75, respectively, in reasonable 
agreement with our results (we note though that, even with the these improvements in their 
limits, our CTA projected constraints for the MED model are more restrictive). All in all, 
our results in Figure 2.17 illustrate the key role of halo substructure to discover/rule-out 
WIMP DM. 

Other uncertainties afect the results in this section as well, namely the one coming from 
the scatter in the concentration-mass relation and the uncertainty in the estimation of 
Perseus mass. Yet, the level of these uncertainties (σJann = 0.2 dex; see Section 2.4.3) is well 
below the one induced by the modelling of the subhalo population (σBMAX = 2 dex). As 
a result, we note that the variation of upper limits shown in Figure 2.17 among our three 
diferent subhalo models encompass by far these other, second-order uncertainties. 

Projected sensitivity to decaying DM 

Similarly to the annihilating DM case, we compute 95% C.L. upper limits for Aχ, convert 
this value to τχ (the standard in the DM parameter space for decaying DM) and average the 
results for a 100 simulations. We remark that as Aχ and τχ are inversely proportional, the 
upper limits on Aχ translate into lower limits for τχ. 

We show in Figure 2.18 the projected sensitivity of CTA as the 95% lower limits on 
the DM particle lifetime versus the DM mass for the DEC model. As for the annihilation 
constraints, the most confning limits are for the τ +τ− channel, reaching similar values to 
the bb̄ channel for masses above ∼10 TeV. Since the theoretical motivated constraints for the 
DM lifetime [206] are much weaker than the ones that we obtain, we compare the projections 
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Figure 2.17: 95% C.L. upper limits of the velocity-averaged cross-section versus the DM 
mass for the MIN (dot-dashed line), MED (solid) and MAX (dashed) (see Table 2.4) subhalo 
models and the τ+τ− annihilation channel. The green (yellow) band represents the 1σ 
(2σ) scatter of the projected limits. The black dashed line represents the thermal relic 
cross-section (< σv >thermal = 3 × 10−26 cm2 s−1). 

for CTA to the most up-to-date constraints from DM-decay searches in clusters. The most 
recent work comes from the MAGIC Collaboration [352], where authors analyze 202h of data 
targeting the Perseus cluster. Their limits yield the tightest constraints for masses above 
∼ 1 TeV for the τ+τ− channel, but the CTA projections will improve these limits more than 
O(100) times for lower masses and up to a factor 7 for masses higher than 5 TeV. This high 
improvement in the low mass range can be due to the improvement in sensitivity of CTA 
with respect to MAGIC19 in the lower energy range and also to the use of a mask of 0.1 
deg to avoid contamination from NGC 1275, thus loosing a considerable amount of data. 
Another comparable work from existing IACTs comes from [526], where the authors analyze 
the observations of the Fornax cluster (14.5 hours) by the H.E.S.S. telescope. These limits, 
both for the bb̄ and τ +τ − channels, are of the same order of magnitude than the limits for 
Perseus from [352] and covering a smaller range in DM masses, so the same conclusions 
apply than in the MAGIC case. Lastly, we can also compare to the constraints using 3 years 
of Fermi -LAT data for 8 galaxy clusters from [355]. These limits prevail up to DM masses of 
a few TeV, where our CTA projection starts to yield frst comparable and quickly, stronger 
constraints for both decay channels. From these, we can conclude that CTA will not only 
be able to test an unexplored region in the decay parameter space, but to present the most 

19https://www.cta-observatory.org/science/ctao-performance/ 
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Figure 2.18: Sensitivity of CTA to a DM decay signal from the Perseus cluster, at 95% 
C.L., in terms of the mean lower limits of the lifetime of the DM particle versus the DM 
mass. The green (yellow) band shows the 1σ (2σ) scatter of the projected limits. Top left 
panel: Mean lifetime lower limits for the two considered decay channels, where the dashed 
line represents the bb̄ channel and the solid line the τ+τ− channel. Top right panel: Mean 
lifetime lower limits for the τ+τ− channel for three diferent analysis methods: our main 
results using the template-based approach (solid line), the results following the ON-OFF 
analysis (Appendix 2.10.E, dotted-dashed line) and the the simplistic ON-OFF analysis 
assuming the DM as a point-source (Appendix 2.10.E, dotted line). Bottom panels: Mean 
lifetime lower limits for the bb̄ (left panel) and τ+τ− (right panel) channels in comparison 
with the most recent results on DM-decay searches in galaxy clusters using MAGIC data 
(red dashed lines [352]), F ermi-LAT data (blue dashed lines [355]) and H.E.S.S data (purple 
dashed lines [526]). 

stringent constraints in the literature from γ-ray DM decay searches above 1 TeV20 . 

We also quantify the impact on our limits with respect of the chosen observation and 
analysis method. In Figure 2.18 (top right panel) we show our canonical results using the 
template-based analysis (solid line), the limits resulting from the ON-OFF confguration 
presented in Section 2.5.1 (ON-OFF - Extended+mask, dotted-dashed line) and a simplistic 

20The IceCube Collaboration provides more constraining limits above 100 TeV [409]. 
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ON-OFF analysis but assuming the DM emission as a point-like source (ON-OFF - PS, 
dashed line)(for more details on the ON-OFF analysis check Appendix 2.10.E). As expected, 
the most simplistic approach (ON-OFF - PS), is again the one providing the most optimistic 
constraints, within a factor∼ 2 − 2.5 with respect the template-based results, but also 
being within the 2σ scatter. We remark that the aim of using this approach is to push the 
limits that CTA will be able to produce, but the canonical results represent a more realistic 
estimation and a more precise description of the science case. With respect to the results of 
the (ON-OFF - Extended+mask) method, we can recognize the efect of the mask in the 
lower mass range, worsening the canonical limits, and a light improvement for masses above 
a few TeV, but being still withing the 1σ scatter band. In agreement with the results from 
the annihilation science case (Section 2.7.2), we have checked that the use of the diferent 
available analysis methods produce mean lower limits within the 2σ scatter of our canonical 
results (template-based). We will investigate in further detail, the possible correlations of the 
DM related parameters with respect the rest from the other γ-ray sources in Section 2.7.3, 
also for the DEC model. 
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Figure 2.19: 95% C.L. mean lower limits of the lifetime of the DM particle versus the DM 
mass (black lines) in comparison with the limits obtained by [351] (red lines) for bb̄ (dashed 
lines) and τ +τ − (solid lines) decay channels. The green (yellow) band shows the 1σ (2σ) 
scatter of the projected limits. 

Finally, we show in Figure 2.19 our CTA projections compared to the most constraining 
results from γ-ray DM-decay searches, coming from the F ermi-LAT Collaboration [351]. In 
this work, the authors analyze 1 year of data of the galactic centre. The CTA limits, as 
seen from previous comparisons with limits derived from F ermi-LAT observations, prevail 
above DM masses around a few TeV, even lower masses for the case of the τ +τ − channel. 
These limits from the galactic centre are amongst the more strong constraints for DM 
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decay models21 . There are some limits derived from the F ermi-LAT observations of the 
Extragalactic Gamma-Ray Background (EGRB) from [355], but their limits are comparable 
to the ones shown here from the galactic centre. From this, we can conclude that in the case 
of a null-detection of DM decay signal, CTA will provide unprecedented constraints for the 
TeV mass scales. 

2.7.3 Interplay between the DM components and the astrophysical γ-ray 
sources 

In the previous sections we have discussed the results of the template-based analysis in terms 
of the DM parameters. Now we want to check the results obtained for the rest of the free 
parameters (check Equation 2.32) and investigate the correlations between them. 

For the frst goal, we show in Appendix 2.10.G (Figure 2.32) the recovered mean values 
for the parameters of the astrophysical backgrounds (CRs, NGC 1275, IC 310, IRF-BKG). 
In all of the cases we recover within the corresponding 1σ error bands, the input values used 
to produce the simulations, independently of the channel or the DM mass that we ft. These 
results reinforce the idea that we glimpsed from the template-ftting in the previous sections: 
the DM component seems to be, at most, mildly correlated with the parameters describing 
the astrophysical sources. 

To properly quantify the correlation between the parameters we compute the correlation 
matrix. For this, we use an MCMC method based on the emcee python package [575]. We 
follow the same methodology explained in Section 2.6.4 for the astrophysical parameters 
(ACR, APS1, αPS1, APS2, αPS2, Abkg, αbkg). For the DM normalization (Aχ), we use a fat prior 
to avoid sampling nonphysical values (Aχ ≥ 0), as we also did using gammapy. Since this 
approach is extremely computationally expensive, we only perform the ft to a representative 
DM mass value of mχ = 10 TeV and to the τ +τ − for the MED annihilation model for 30 
simulations of the observation. The obtained correlation matrix is shown in Figure 2.20. 
Just as we suspected, the DM normalization is only mildly anticorrelated with the CR 
normalization, showing also poorly correlations with the parameters describing NGC 1275. 
These implies that the results obtained for the limits on the cross-section and lifetime should 
be robust. Given the constraints on the computation time, we remark that this matrix 
may be dependent on the DM interaction scenario (annihilation/decay), channel or mχ. We 
can also appreciate that with respect the correlation matrix shown in Figure 2.9, which 
does not take into account the DM fuxes, the correlation of the CR normalization with the 
normalization of NGC 1275 is strengthened, and that the NGC 1275 parameters change 
correlation sign. In the case of detection of γ-rays from Perseus, these correlations should be 
deeply investigated, and the fux regarding the DM should not be neglected since it seems to 

21For higher mass ranges we have previously compared our projections to the most recent studies (Fig-
ure 2.18). 
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Figure 2.20: Correlation matrix using the MED annihilation model, for the mχ = 10 TeV 
and τ +τ− channel ft. 

afect the correlations of the most connected parameters (CR normalization and NGC 1275). 

2.8 CR Discussions 

The CTA observations are expected to provide unprecedented constraints on the difuse 
γ-ray emission from the Perseus cluster. In this Section we discuss the possible implications 
for the CR physics of galaxy clusters. We also address questions regarding the assumptions 
of the present analysis and caveats. 

Toward a multi-wavelength view of the Perseus cluster from radio to γ-rays 
Before entering into discussions about how CTA will probe CR physics, we highlight how 
CTA observations would compare to data at other wavelength, in particular in terms of the 
scales that are probed. In Figure 2.21, we show how such detection is expected to compare 
with current data at complementary wavelengths. We consider the most optimistic case that 
is the pure hadronic model (see also the map presented in Figure 2.13 for the baseline model). 
We compare a realization of the CTA background subtracted image to radio data (VLA, 
1.4 GHz), X-ray (RASS), and tSZ (Planck). The CTA image was smoothed with a 0.15 
degree Gaussian kernel for visual purpose. As we can observe, the CTA signal, while slightly 
resolved, is expected to be relatively compact and is only detected up to about θ500/4. The 
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mini-halo is also very compact (at least at 1.4 GHz), slightly extended when compared to 
the CTA image angular resolution. The central galaxy NGC 1275 is well visible in the radio 
image. In contrast, the X-ray and tSZ images that trace the thermal gas density squared 
and the pressure, respectively, present extended emission visible beyond θ500 on the maps, 
although the X-ray signal is also very compact. We note that the tSZ Compton parameter 
map is contaminated by two radio galaxies that appear negative on the map, including 
NGC 1275 at the center. Given the limited angular resolution of the Planck Compton 
parameter map (10 arcmin), the comparison between the inner thermal pressure seen in tSZ 
to the γ-ray emission (i.e., tracing the CR pressure) will require higher angular resolution 
tSZ imaging [e.g., with NIKA2 or MUSTANG2; 605, 606]. The γ-ray signal morphology is 
expected to compare well with X-ray data assuming that the CR follow the thermal gas well. 
In contrast, if the CR follow a distribution comparable to the temperature it would resemble 
more the tSZ image, but its detection would be more challenging. 

The energy budget of the Perseus cluster The pressure in the ICM of galaxy clusters 
is dominated by its thermal component, but non-thermal contributions are expected to be 
non-negligible. These are due to gas motions in the ICM, such as turbulence, magnetic 
pressure and CR pressure. While the thermal component is relatively well understood, the 
non-thermal contributions are, to date, only poorly known. The amplitude of the CTA 
detection (or upper limit) will provide a direct measurement of the energy stored in the 
CR component, and thus the CR pressure. This would lead to a major step forward in our 
understanding of cluster formation physics. In particular the detection of the Perseus difuse 
emission would provide an estimate of the CR acceleration efciency. Noteworthy, this will 
also provide a measurement of one of the contribution to the hydrostatic mass bias, which is 
one of the key ingredient for cluster cosmology [576]. Nonetheless, even in the case of high 
signifcance detection, the CTA constraints on this parameter would have large uncertainties 
due to the degeneracy with other parameters, unless strong priors are available for the shape 
and the spectrum of CRp via other wavelength. This could be the case thanks to high quality 
radio observations, assuming specifc scenario (e.g., pure hadronic model). The measurement 
of the CR to thermal energy will be easier in the case of a harder CRp spectrum and a more 
compact profle. 

Acceleration mechanism If the cluster is detected, the CTA data will allow us con-
straining the spectral index of the CRp that induce the γ-ray emission. The CRp spectrum 
refects the acceleration mechanism at play. Such measurement will therefore have important 
implications to discriminate between the various models that remain poorly constrained 
to date [463]. For instance, the CRp spectrum gets harder as the Mach number increases 
[566]. The CTA sensitivity to difuse emission will, however, loosen as αCRp increases. For 
instance, assuming that the CR spatial distribution follows that of the thermal gas, it will 
not be possible to detect the cluster for a CR slope larger than 2.6 if the CR to thermal 
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Figure 2.21: Comparison between the CTA simulated counts per pixel map (background 
subtracted, pure hadronic case) and multi-wavelength data. Top left panel: CTA counts 
together with signal-to-noise ratio (with 2σ steps). The map was smoothed with a 0.15 
deg Gaussian for visual purposes and the bottom left circle account for the efective map 
resolution. Top right panel: Zoom comparison between CTA counts and the radio mi-halo 
as imaged by the VLA at 1.4 GHz (extracted from the NASA/IPAC extragalactic database). 
VLA contours are logarithmic and we also report in green the S/N contours from CTA. 
Bottom left panel: ROSAT [607] X-ray image extracted from the ROSAT All Sky Survey. 
Contours are logarithmically spaced. Bottom right panel: Compton parameter from [608]. 
The central region appears negative due to the strong contamination from NGC 1275, and 
another radio source is visible on the West. Contours are linearly spaced. 
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energy ratio is lower than about 5%. Assuming that the CR pressure support within R500 is 
less than 20% (40% in terms of energy), as can be reasonable expected [e.g., 576], CTA will 
be limited to probe αCRp < [2.6, 2.9] depending on the spatial distribution (ηCRp ∈ [0, 1.5]). 

Cosmic ray transport Thanks to the resolved observations provided by CTA, the data 
will also be sensitive to the spatial profle of the γ-ray emission, which is related to the 
spatial distribution of the CRp in the cluster. In turn, the cluster CR profle may give 
precious information about the production sites and transport processes. The shape of 
the CR spatial profle is often assumed to follow that of the thermal gas [with difusion 
sometimes parametrized, e.g., 574]. In this paper, we have chosen to model the CR profle 
using a scaling with respect to the thermal gas density, which allows us to test the efect 
of difusion via a single parameter, ηCRp. We stress that this choice is not unique and the 
present work could be extended to test any model. However, given the current limited 
knowledge about the CR production and transport in the ICM, simple models might already 
be sufcient for such investigations. CTA will allow us to constrain the shape of the CRp 
spatial distribution. The precision of such constraints will depend on CR to thermal energy 
ratio, the spectral distribution of CR, as discussed above, but the shape of the CR profle 
itself since a more compact distribution will lead to a larger signal-to-noise ratio. For hard 
spectra, CTA should be able to detect the difuse Perseus emission even in the case of fat 
CR distributions, providing that the CR to thermal energy ratio is sufcient (X500 ≳ 10−2). 

Constraints on the magnetic feld strength in the pure hadronic model The 
cluster non-thermal difuse emission that we aim at probing with CTA is physically connected 
with the difuse synchrotron emission observed at radio wavelength, the later being produced 
by the entangled combination of CRe and magnetic feld. Therefore, it is in principle possible 
to constrain the magnetic feld strength using the joint analysis of radio and γ-ray data, 
assuming a given physical scenario (e.g., the pure hadronic model). In the present analysis, 
we have assumed a fxed magnetic feld model when considering the pure hadronic scenario. 
In fact, assuming the pure hadronic model, the CTA upper limits (or detection) combined 
with radio emission would give a constraint on the value of the magnetic feld strength. For 
instance, neglecting uncertainties arising from the radio data, our baseline magnetic feld 
model (< B(10kpc) >∼ 25 µG) implies a test statistic TS = 125 (≡ 11σ detection) for 
CTA in the pure hadronic scenario. Lowering the γ-ray emission, so that the cluster is not 
detected, would imply lowering the amount of secondary CRe by the same amount. The 
magnetic feld can then be adjusted so that the radio synchrotron emission remains the same. 
However, the magnetic feld strength also afects the energy loss of secondary CRe, including 
dependencies on the spectral index of the CR population and their radial profle, so that no 
trivial conclusion can be drawn without a detailed analysis. 

In Appendix 2.10.B, we show how the diferent models of magnetic feld considered in 
this paper afect our model parameters (keeping the radio data fxed) and translate into 
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γ-ray emission (Table 2.1). For example, the model derived from [532] that is lower than 
the model derived from [563] results in about 2.5 within 100 kpc from the center, implies a 
normalization that is 60% larger with nearly unchanged CR slope and spatial distribution, 
and therefore an increased γ-ray emission by about 60% as well. This shows that in turn, 
constraints can be obtained on the magnetic feld strength when fxing the radio and γ-ray 
observables. Given the current uncertainties in the radio spatial and spectral distribution 
of the Perseus cluster, we only provide a qualitative discussion. However, we note that 
current and future radio observations22 should provide unprecedented measurement of the 
difuse radio emission from the Perseus cluster, which could then be combined with CTA 
observations to measure the magnetic feld. This could be further combined with independent 
measurements of the magnetic feld (e.g., Faraday rotation measure) to further test CR 
physics and magnetic feld in the ICM and particle acceleration mechanisms. 

Probing the time integrated AGN activity in Perseus In this paper, we have 
considered that the cluster ICM was flled with CRp following a given spectral and spatial 
distribution, regardless of their detailed origin. While they may arise from shocks and 
turbulence in the ICM, as discussed above, it is also possible that accumulated injection 
from compact sources play an important role [609]. Therefore, the CTA observations will 
be sensitive to the time integrated AGN outburst activity. As the number of AGN in the 
Perseus cluster can be estimated, this provides a unique way to estimate the average energy 
injection via CRp from AGN in galaxy clusters. 

Analysis choices The analysis presented in this paper rely on several choices that are 
expected to afect our sensitivity results. We discuss the most relevant ones hereafter 

Most of the analysis described in this paper have been performed using a template ftting 
analysis. Indeed, it was necessary in order to not only test for the detection of the cluster, 
but also model and constrain the spectral and spatial distribution of the emission. Because 
it uses more information than classical ON-OFF technique, the template ftting analysis is 
expected to provide better constraints. On the other hand, it might be more sensitive to 
systematic efect due to the mismodelling of the data. 

We decided to select events in the energy range between 150 GeV and 50 TeV. While the 
exact value of the upper bound does not afect the results, because no signal is expected 
above ∼ 30 TeV, reducing the minimal energy is expected to increase statistics and improve 
the CTA constraints. On one hand, we use a conservative value that is relatively large 
compared to what can be expected with CTA. On the other hand, low energy data may be 
more difcult to model and in addition to the instrumental background, NGC 1275 strongly 
dominates at low energies. Therefore, it is likely that the improvement in sensitivity will not 
be major when pushing to lower energy thresholds. 

22E.g., the Square Kilometer Array, https://www.skatelescope.org/ 
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We conservatively selected events within a 3 × 3 deg2 region around the cluster. While no 
signifcant cluster difusion emission is expected beyond this region, it is likely that the data 
beyond this region may help constraining the background, provided that it can be properly 
modeled. This might, in turn, help breaking the cluster - background degeneracy and slightly 
improve the CTA constraints. 

2.9 Summary and conclusions 

In this paper, we have analysed the CTA sensitivity to detect difuse γ-ray emission from 
the Perseus galaxy cluster. We have considered the possible contribution from CR and from 
dark matter annihilation/decay. We have assumed 300 hours of observations as planed by 
the CTA consortium as a key science project. 

We built a CR induced γ-ray emission model using the minot software. Our model relies 
on a description of the thermal gas pressure and density, the magnetic feld strength, and a 
parameterization of the spatial and spectral distribution of the CRp. We calibrated the model 
components according to available data and the literature. The thermal part is expected to 
be accurate from the core to the outskirt and was kept fxed. The magnetic feld was modeled 
by considering available measurements and diferent assumptions and scaling to estimate the 
associated systematic uncertainty. The CRp parameters were calibrated according to several 
scenarios including a baseline model and the pure hadronic model. The description of the 
background sky was made according to the literature, noting that at least two point sources 
will afect the CTA observations. The observation setup was investigated focusing on the 
ofset between the cluster center and the pointing. Finally, the CTA sensitivity to difuse 
γ-ray emission was investigated. We considered both the case of non-detection in which we 
computed the expected exclusion limit that CTA will obtain, and the case of specifc models 
for which a detection is expected. In the case of detection, we investigated the constraints 
that CTA will be able to provide regarding the spatial and spectral properties of the γ-ray 
difuse emission. 

Our main fndings are as follows. 

• The pure hadronic model, as calibrated using existing radio data, implies about 5% of 
CRp relative to the thermal energy within R500, a CRp spectral index of ∼ 2.3 and a 
CRp profle slightly shallower then the thermal gas density, assuming a magnetic feld 
strength model based on existing data, although we note that parameters are strongly 
degenerate. Even when fxing the magnetic feld strength, the uncertainty on the γ-ray 
fux corresponds to a factor of about two. This large uncertainty is mainly due to the 
limited spectral coverage of the available radio data that we used. The systematic 
uncertainty associated with the magnetic feld implies and additional factor of a few in 
the uncertainty, depending on the radius. 
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• The current state-of-the-art limits reported by the MAGIC collaboration are afected 
by extrapolation uncertainties in their thermal model. This implies an exclusion limit 
that is too low by a factor of a few. 

• According to our modelling and the CTA IRF, we found that a pointing ofset of about 
1 degree was an optimal choice. This is obtained by considering both ON-OFF analysis 
and template ftting techniques. 

• We fnd that CTA should improve the current limits on the CRp content of the Perseus 
cluster by about an order of magnitude. In the case of non detection, assuming a 
standard scenario (αCRp = 2.3 and ηCRp = 1), CTA should be able to constrain the 
CRp to thermal energy ratio within R500, X500, down to about a 3 × 10−3 . 

• In case of detection, we fnd that CTA should be sensitive to the CRp spatial and 
spectral distribution, depending on the detection signal-to-noise ratio. In the case of 
the pure hadronic model, CTA should allow us to constrain the spectral index of the 
CRp to an uncertainty of about ±0.1 and the spatial distribution down to about 10% 
precision. 

Thanks to the constraints that CTA will provide, it will allow us to address fundamental 
questions related to the underlying mechanism that accelerate particles in the ICM (such 
as shocks, turbulent reacceleration), the direct injection of CR from AGN. CTA will also 
allows us to test the physics associated with CR transport in the ICM. According to the 
results presented in this paper, CTA will provide unprecedented constraints on the physics 
associated with particle acceleration in galaxy clusters. 

To model the DM content in Perseus, we assume the DM in entirely composed of WIMPs 
and considered two diferent interaction scenarios, where the WIMP annihilates or decays into 
SM particles. According to this, we build the DM density profle of the cluster accounting for 
the DM of the main halo plus an average description of the substructures these large objects 
are expected to host. The main halo is modelled using X-ray data for the cluster’s mass and 
from here, we build a tailored NFW profle for Perseus. The contribution of the substructure 
population to the expected DM fux is the main uncertainty in our model, considering the 
existing ongoing debates on the properties of these objects. To bracket this uncertainty, we 
defne 3 benchmark models (see Table 2.3) that are representatives of the diferent level of 
contribution that these objects can have in the computation of the DM fux: the MIN model, 
where substructures are completely neglected; the MED model, our best guess from the most 
recent N-body simulations; and the MAX model, which provides an upper limit on the role 
that substructures can play. From these, we compute the corresponding Jann factors for the 
MIN, MED and MAX model and Jdec for the MIN case (see Table 2.4) and produce 2D 
spatial templates of the expected emissions (Figure 2.5). The efect of substructures in the 
Jann-factor is quantifed in the boost factor, being BMED = 9.2 and BMAX = 59.3, and can 
be appreciated specially in the outskirts of the cluster (Figure 2.4). 
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With these templates and a reference DM spectrum (Figure 2.15), we create simulations 
of the CTA observations of Perseus, taking into account also the γ-ray emission from the CR 
(baseline model), the two AGNs (NGC 1275 and IC 310) and the instrumental background, 
where all of these components act as background to the DM hunt. We ft these observations 
to bb̄ and τ +τ − annihilation/decay channels and several DM masses using a template-based 
approach. In the absence of a DM signal, we fnd the following results: 

• DM Annihilation: We obtain the 95% C.L. upper limits on the annihilation cross 
section for diferent DM masses (Figure 2.16). The best results are for the τ +τ − 

annihilation channel, reaching values of < σv >∼ 5 × 10−24cm3s−1 for DM masses 
up to ∼1 TeV. In Figure 2.17 we measure the impact on the limits of assuming the 
benchmark models for the substructures, which can release (MIN) or strengthen (MAX) 
our results ∼ O(10). 

• DM Decay: We obtain the 95% C.L. lower limits on the DM particle lifetime for 
diferent DM masses (Figure 2.18). The best results are again for the τ +τ− decay 
channel, reaching values of τχ ∼ 1027s for DM masses between 10-30 TeV. 

Finally, we show the most recent results of DM searches in galaxy clusters from diferent 
γ-ray telescopes, for both the annihilation (Figure 2.16) and decay (Figure 2.18). In the 
annihilation case, our prospect shown that even CTA will not be able to prove the thermal 
relic cross-section from these observations, it will be able to provide the best constraints from 
γ-ray searches in galaxy clusters above 1 TeV. We note that due to the added complexity to 
the analysis, we do not include possible fux enhancements due to Sommerfeld efect [610, 611], 
which is expected to strengthen the prospected limits specially in the TeV scale. However, 
the sensitivity of CTA to γ-ray DM searches really shines in the case of decay. From the 
comparisons with the existing most stringent constrains, CTA will reach an unexplored range 
in the parameter space for DM masses above the TeV. This will allow to put unprecedented 
constraints for the DM particle lifetime (Figure 2.19). 

2.10 Appendices 

2.10.A Validation of the thermal model using Planck data 

The thermal Sunyave-Zeldovich (tSZ) efect provides a direct measurement of the electron 
thermal pressure in galaxy clusters. In order to validate our thermal gas pressure model 
calibration, which is based on the indirect inference of the pressure from X-ray observations, 
we compare the tSZ prediction of our model to Planck data [608] obtained with MILCA 
[612]. 

We extract a MILCA sky patch centered on the Perseus cluster and compute its profle. 
Uncertainties are computed according to the standard deviation of the map in regions free 
from emission. We project our tSZ model on the same sky patch, convolve the map to the 
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10 arcmin Planck beam and compare it to the data in Figures 2.22 (map) and 2.23 (profle). 
Radio sources (including NGC 1275) are masked within 30 arcmin. 

Our model, as calibrated using X-ray information, provides an excellent match to the 
Planck Compton parameter map and profle, and thus to the cluster thermal pressure and 
thermal energy distribution. The model is validated up to ≳ 2R500. In the core the bright 
radio source associated with NGC 1275 prohibit the validation below 30 arcmin, but this is 
where high quality X-ray data are available. We verify that extrapolation of the model by 
[556] leads to an overestimation of the tSZ signal by a factor of a few. 
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Figure 2.22: Comparison between the Compton parameter map measured by Planck and that 
inferred from our thermal model. Left panel: raw data. Middle: model. Right panel: residual. 
The dashed circle indicates θ500. Radio sources appear as negative point sources on the Compton 
parameter map. 

100

radius (deg)

10 7

10 6

10 5

10 4

y-
C

om
pt

on

Churazov et al. (2003)
This work

500
Possible NGC1275 contamination
data

Figure 2.23: Comparison between the Compton parameter profle measured by Planck and that 
inferred from our thermal model. We also show the results using the extrapolation of the model by 
[556]. 

2.10.B Impact of the magnetic feld on the model calibration 

In Figure 2.24, we show how the choice of the magnetic feld strength model afects the 
observable in terms of radio synchrotron emission and γ-ray emission in the case of the 
pure hadronic scenario. The model parameter were fxed to {XCRp,500, αCRp, ηCRp} = 
{0.075, 2.5, 0.75}. Since the radio data are limited to the cluster core, the observable profle 
is essentially sensitive to the core magnetic feld. While the hadronic emission does not 
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depend on the magnetic feld, the inverse Compton signal is afected by the magnetic feld 
via the synchrotron losses that modify the spectral and spatial distribution of the secondary 
CRe. However, matching the CRp model normalization so that a given magnetic feld model 
would ft the radio data would also imply changing the normalisation of the hadronic and 
inverse Compton model, accordingly. 

We also note that in the CTA energy range, the radio data implies that the inverse Compton 
signal is too small to be detected, and much smaller than the expected hadronic signal. The 
predicted level of emission would be similar in a pure leptonic model assuming continuous 
injection (as it is the case in the hadronic model, via secondary particle production). However, 
in the case of discontinuous particle injection, energy losses are expected to lead to a cutof 
in the CR spectrum, which will drastically reduce the amount of inverse Compton emission 
at CTA energies. The level of emission seen in Figure 2.24 is can thus be considered as an 
upped limit for the inverse Compton emission, and it is therefore neglected in the present 
paper. 

In Figure 2.25, we also show the constraints on the parameter space for three extreme 
magnetic feld models. As we can see, changing the magnetic feld model essentially afect 
the normalization, and only minor variations are observed on the other parameters. This 
also mainly leads to a change in the normalization of the γ-ray observables. 

2.10.C Galactic foreground estimate 

The Galactic foreground is estimated using the models developed by [599]. We consider 
the min and max models as two diferent estimates. In Figure 2.26, we present the spatial 
distribution of the difuse foreground signal at 1 TeV, and the spectrum integrated in diferent 
apertures around the cluster center. We can observe that the signal presents a soft gradient 
over the considered region, plus a few clumps. The latter are not correlated with the cluster 
and none of them is located within θ500. Even in the case of a large aperture of about 1 deg 
(≃ θ500), the integrated difuse foreground is expected to be subdominant compared to the 
target CR induced signal within the same region (baseline CR model). When reducing the 
aperture, the Galactic foreground becomes completely negligible compared to the cluster 
emission since the latter is much more compact. 

2.10.D Cosmic ray parameter constraints in the pure hadronic model 

In this appendix, we report the constraints in the parameter space obtained as discussed in 
Section 2.6.4, in Figure 2.27. In the case of this data realization, the input parameters are 
recovered within 68% confdence, or right at the limit, for all parameters. 
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Figure 2.24: Dependence of the pure hadronic model observable on the magnetic feld model. Top 
left panel: radio synchrotron spectrum. Top right panel: radio synchrotron profle. The data are 
taken from [536]. The grey region corresponds to the exclusion region due to the central source and 
potential large scale missing fux due to the interferometric measurement. Uncertainties of 10% were 
used following [574]. Bottom left panel: γ-ray spectrum. The hadronic component is shown in 
black and the inverse Compton in color, for the diferent magnetic feld models. The shaded pink 
area correspond to the CTA energy range. Bottom right panel: γ-ray profle. The color code is 
the same as the spectrum. The dashed lines correspond to the CTA PSF and θ500, respectively. 

2.10.E CTA sensityvity to DM for ON-OFF observational strategy 

The ON-OFF method is the standard observational and analysis approach followed by the 
existing IACTs ([352, 440, 525]) to obtain DM constraints. This choice resides in their 
limited FoV and angular resolution, since with these characteristics, the use of the spatial 
information of diferent backgrounds provided by a template-based analysis can be very 
difcult to interpret. In fact, the large number of these DM analysis with IACTs consider 
the DM-induced γ-ray fux integrated in a point-like source in center of the observed object. 

Following this outspread approach, we compute the CTA sensitivity to DM for Perseus 
assuming the DM-induced emission as point-like source, introduce the instrumental back-
ground and neglect the rest of γ-ray sources. This methodology, although simplistic, provides 
a basic tool to evaluate the CTA sensitivity and for this, will provide the most stringent 
constraints. However, as seen in Section 2.5.2, the Perseus cluster hosts its brightest AGN, 
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Figure 2.25: Constraints on the parameter space of the pure hadronic model, for three extreme 
magnetic feld models. 

NGC 1275, in its center, which in a real observation may be difcult to neglect. In order to 
perform a more realistic simulation and analysis of the γ-ray emission in Perseus, we use 
the DM templates to account for the spatial extension of the emission and as addressed 
in [352], we add circular mask of 0.1 deg in radius in the centre of Perseus to avoid AGN 
contamination. In the observational setup described in Section 2.5.1, IC 310 is neither in 
the ON nor in the OFF regions, thus is not included for this analysis. Since in this section 
we focus on the sensitivity to DM-related emission, we neglect the CR component, which 
indeed has already been properly discussed and considered for our main results with the 
template-based analysis. In total, we create 4 simulations for the ON-OFF analysis, two 
assuming the MED annihilation and DEC decay scenario integrated in a point-like source 
respectively, and 2 more including the DM templates MED and DEC with the central mask. 

We follow the likelihood maximization method and the likelihood ratio test (TS), as 
done in the previous analysis, to search for signal. The likelihood for the ON-OFF method 
corresponds to a product of Poissonian likelihoods for the ON and OFF regions, described 
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Figure 2.26: Left panel: Surface brightness image of the Galactic foreground contribution at 1 
TeV (min model). Right panel: spectral energy distribution of the Galactic foreground estimates 
and comparison to the baseline cluster model and the contribution from NGC 1275. Three diferent 
aperture radius are used, as indicated in the legend. The min model is given in red and the max 
model is given in pink. See [599] for more details about the modelling. 

for each energy bin (i-th) and ON-OFF regions (j-th) as: 
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L(Aχ|D) = e × e , (2.33)
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where NS is the number of expected signal events in the ON region, NB is the number ij ij 

of expected background events, κ is the normalization factor to account for the diferent 
background acceptance for the ON and OFF regions, Nij

ON is the number of observed photons 
in the ON region and NOF F the same but for the OFF regions23 . In this case, we only ft ij 

one parameter, the DM normalization Aχ, resulting in profling a one-dimensional likelihood, 
with the corresponding fat prior of positive normalization values. To perform this analysis, 
we use the γ-ray analysis code gammapy, specially the function FluxPointsEstimator, with 
the iminuit backend. With this approach, still no clear or hint of detection neither in 
annihilation or decay scenario appears, thus we proceed to obtain the corresponding upper 
(lower for decay) limits. For this analysis, we explore the number of Poisson realizations in 
Appendix 2.10.F that we need to average in order to obtain statistically meaningful and 
stable results, which we choose to be a 100 realizations. Following the study of the optimal 
CTA confguration focusing on the CR emission, we perform chose some variations of this 
fnal confguration (referred as “Case 1” in the following) to test the impact in the DM limits. 
In Table 2.7 we show the diferent setups we check and in Figure 2.28 we show the impact 
of the confguration in the limits for the MED annihilation case assuming the 2D spatial 

23This likelihood is known to result in biased estimates for observations with very low counts, typical 
scenario for the high energy behaviour of faint sources. 
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Figure 2.27: Example of posterior constraint on the full parameter space in the case of the pure 
hadronic model. Contours provide the 68% and 95% confdence interval. The black star shows the 
input model parameters. 

template but neglecting the mask for computational reasons. 

From Figure 2.28 we can see that there is a strong degeneracy in the limits with respect 
of the ON-OFF setup, since all of them lay within the 1σ scatter band of the “Case 1” 
confguration. The discrepancy that is observed at lower energies is due to the inclusion of 
the mask for the “Case 1” confguration and not for the rest. Thus, we can conclude that 
the confguration selected in Section 2.5.1 is also optimal to perform DM searches using the 
ON-OFF method. 

Finally, we show in Figure 2.29 the 95% C.L. limits for the canonical “Case 1” ON-OFF 
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Table 2.7: Diferent setups for the ON-OFF analysis, which can be described by θpointing is 
the pointing ofset with respect to the centre of Perseus, where the ON region is centered, 
θON is the aperture radius of the ON region (which for all the setups coincide with the 
aperture radius for the OFF regions), NOFF is the number of OFF regions considered and 
κ is the normalization parameter introduced in Equation 2.33. We recall that the chosen 
canonical confguration for this work is the “Case 1” (highlighted in bold), same as introduced 
in Section 2.5.1. 

Name θpointing [deg] θON [deg] NOFF κ 

Case 1 1 0.5 3 3 

Case 2 0 1 3 3 

Case 3 0.5 0.5 3 3 

Case 4 1 0.5 5 5 
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Figure 2.28: 95% C.L. mean upper limits for the annihilation MED model for τ +τ − channel 
considering the spatial extension of the DM-related emission, for the diferent ON-OFF 
confgurations shown in Table ??. The green band represents the 1σ scatter of the projected 
limits. For computational reasons for the “Case 2, 3 and 4” we do not include the mask, the 
mean is computed over 50 Poisson realizations and the binning for the DM mass ftting is 
reduced to 13 values. 

setup, for the diferent assumptions on the spatial extension of the DM-induced emission for 
the MED annihilation model and for the DEC decay model. In this Figure, we want to show 
the fairest comparison with the most recent results from DM searches from other IACTs, 
since now we are using the same analysis technique. At a frst glance, we can see that the 
best limits are reached for the point-like source assumption in all of the cases, as expected. 
This is even more visible in the low DM mass range, since in the case of “Extended+mask”, 
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Figure 2.29: Left panels (right panels): 95% C.L. mean upper (lower) limits for the 
annihilation MED model (DEC decay model) for τ+τ− (top panels) and bb̄ (bottom 
panels) for the ON-OFF confguration “Case 1” (see Table 2.7). The solid black line shows 
the results considering the spatial extension of the DM emission plus a mask of 0.1 deg 
in the centre of Perseus, while the dotted-dashed black line represents the results for the 
simplistic point-like source assumption. The green band represents the 1σ scatter of the 
projected limits. We show also for fair comparison the results from the MAGIC observations 
of Perseus (red dashed lines, [352]), and the results from the H.E.S.S observations of Fornax 
(purple dashed lines, [525, 526]). 

the mask is removing most of the photons of this energy range weakening this part of the 
limits. The comparisons with the results of DM searches in galaxy clusters from other 
IACTs show that, even using the same analysis method which is not the optimal for CTA 
data, CTA prospects are still more constraining up to more than O(10) depending on the 
DM mass range and annihilation/decay channel. For a comparison of the ON-OFF results 
with our main results using the template-based method, see Figures 2.16 and 2.18 and the 
corresponding text. 
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2.10.F Convergence of the DM fts versus the number of simulations 

The simulated observations that we use as CTA data (for more details see Section 2.7.1) 
produce the corresponding photons and events assuming a Poisson distribution. To obtain 
stable and representative prospects, we need to average the results over a certain number 
of diferent outcomes of the Poisson randomization process. To guarantee a number of 
realizations high enough to have trustful results but that do not represent an impossible 
challenge computationally speaking, we analyze the evolution of the 1σ and 2σ scatter 
bands for the upper limits (for the MED annihilation scenario) with respect the number 
of simulations taken into account to compute the mean upper limits. This is shown in 
Figure 2.30 for the template-base method and in Figure 2.31 for the ON-OFF analysis (in 
this case we only study the 1σ band). 

20 40 60 80 100 120 140 160
Nobs

0.10

0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

lo
g 1

0
<

v>
68

%
lo

g 1
0

<
v>

m
ea

n

bb

m = 0.05 TeV 
m = 0.1 TeV 
m = 0.25 TeV 
m = 0.5 TeV 
m = 0.75 TeV 
m = 1.0 TeV 
m = 2.5 TeV 
m = 5.0 TeV 
m = 7.5 TeV 
m = 10.0 TeV 
m = 25.0 TeV 
m = 50.0 TeV 
m = 75.0 TeV 
m = 100.0 TeV 

20 40 60 80 100 120 140 160
Nobs

0.10

0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30
lo

g 1
0

<
v>

68
%

lo
g 1

0
<

v>
m

ea
n

+

m = 0.05 TeV 
m = 0.1 TeV 
m = 0.25 TeV 
m = 0.5 TeV 
m = 0.75 TeV 
m = 1.0 TeV 
m = 2.5 TeV 
m = 5.0 TeV 
m = 7.5 TeV 
m = 10.0 TeV 
m = 25.0 TeV 
m = 50.0 TeV 
m = 75.0 TeV 
m = 100.0 TeV 

20 40 60 80 100 120 140 160
Nobs

0.0

0.1

0.2

0.3

0.4

0.5

lo
g 1

0
<

v>
95

%
lo

g 1
0

<
v>

m
ea

n

bb

m = 0.05 TeV 
m = 0.1 TeV 
m = 0.25 TeV 
m = 0.5 TeV 
m = 0.75 TeV 
m = 1.0 TeV 
m = 2.5 TeV 
m = 5.0 TeV 
m = 7.5 TeV 
m = 10.0 TeV 
m = 25.0 TeV 
m = 50.0 TeV 
m = 75.0 TeV 
m = 100.0 TeV 

20 40 60 80 100 120 140 160
Nobs

0.0

0.1

0.2

0.3

0.4

lo
g 1

0
<

v>
95

%
lo

g 1
0

<
v>

m
ea

n

+

m = 0.05 TeV 
m = 0.1 TeV 
m = 0.25 TeV 
m = 0.5 TeV 
m = 0.75 TeV 
m = 1.0 TeV 
m = 2.5 TeV 
m = 5.0 TeV 
m = 7.5 TeV 
m = 10.0 TeV 
m = 25.0 TeV 
m = 50.0 TeV 
m = 75.0 TeV 
m = 100.0 TeV 

Figure 2.30: Convergence of the 1σ (top panels) and 2σ (bottom panels) confdence 
scatter bands for the template-based technique, for bb̄ (left panels) and τ+τ− (right panels) 
channels for the diferent values of the ftted DM mass. 

In Figure 2.30 we can see that the 1σ bands converge around 80 realizations mostly 
independently of the DM mass or annihilation channel, to a value of ∼0.1 dex. For the case 
of the 2σ bands, they seem to converge around a 100 realizations, to a values between 0.2-0.4 
dex depending on the mass, but not a clear correlation can be observed. Thus, we choose 
that we will average our DM limits over 100 Poissonian realizations for the template-based 
analysis. 

In Figure 2.31 the 1σ band converges much more quickly, around 50 realizations for 
any channel or DM mass. In contrast to the convergence of the template-based ft, we 
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can appreciate a clear correlation of the fts to higher values of DM masses to land on 
higher values of the 1σ band. This is due to the likelihood used for the ON-OFF method 
(Equation 2.33, which is known to result in biased estimates for observations with very 
low counts. The simulations including the DM annihilation fux plus the instrumental IRF 
background have an extremely low amount of photons, resulting in a higher error of the 
estimated upper limit. We will present the results for the ON-OFF analysis for the mean 
upper limits over 100 Poissonian realizations. 
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Figure 2.31: Convergence of the 1σ confdence scatter band for the ON-OFF technique, 
for bb̄ (left panel) and τ+τ− (right panel) channels for the diferent values of the ftted 
DM mass. 

2.10.G Recovered astrophysical parameters from the DM template-ftting 

We append the best ft parameters (check Equation 2.32) for the rest of γ-ray sources in the 
Perseus galaxy clusvter, for the ft in which we assumed the MED annihilation model for the 
DM component, in Figure 2.32. All the plots show that the recovered best value is within 
each 1σ error band with respect the input value used to create the simulations, and that 
the best values seem to not be correlated to the DM ftted mass or the chosen annihilation 
channel. 
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Figure 2.32: Recovered values, with their corresponding errors, for the parameters of 
the astrophysical sources, assuming the MED annihilation for the DM component in the 
template-ftting, versus the ftted DM mass, for the two selected annihilation channels (red 
panels for bb̄ and blue panels for τ+τ−). Above each plot we show the averaged mean value 
over the fts to diferent DM masses (dashed lines) and its 1σ error. The bands represent 
the total 1σ error of the mean value. We also show the input value (solid lines) we used for 
simulating each source (check Section 2.7.1). 
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Chapter 3 
Constraining the dark matter contribution of γ-rays 
in Clusters of Galaxies using Fermi-LAT data 

Chapter entirely based on: 
- M. Di Mauro, JPR, M. A. Sánchez-Conde and N. Fornengo, Constraining the dark matter 
contribution of γ-rays in Clusters of galaxies using Fermi-LAT data, Under internal Fermi -
LAT revision, [22XX.XXXX] 

3.1 Introduction 

In the standard cosmological model, clusters of galaxies are thought to form via a hierarchical 
sequence of mergers and accretion of smaller systems. This process is mainly driven by 
gravity and dissipationless dark matter (DM) that dominates the gravitational feld (see, 
e.g., [444] for a review). During the cluster formation, most of the binding gravitational 
energy is dissipated into the hot, thermal and ionized gas phase. 

Since clusters of galaxies are the largest gravitationally-bound systems in the Universe 
(being ∼80% of their mass in the form of DM), they are also attractive astrophysical 
objects for indirect DM searches. Revealing the nature of DM is one of the important and 
challenging goals of modern physics. One of the possible strategies to solve this puzzle 
is through the detection of γ-rays possibly produced from DM particles annihilating or 
decaying from astrophysical sources where DM is predicted to be very dense [613]. Previous 
studies searched for a signal of γ-rays from Milky Way dwarf Spheroidal Galaxies (see, e.g., 
[328, 348, 614, 615]), nearby galaxies (see, e.g., [517, 518]), the Milky Way halo [351] and 
the Galactic center (see, e.g., [343, 348]). One of the most interesting sources, among the 
above cited ones, is the Galactic center for which several groups have detected an excess with 
morphological characteristics compatible with the expected DM particles annihilating in the 
central halo of the Milky Way (see, e.g., [338, 339, 342, 343, 616]). Moreover, the fux of the 
signal is compatible with photons produced from DM particles with mass around 40-60 GeV 
and an annihilation cross-section close to the thermal one1 . Yet, alternative interpretations, 

1The thermal cross-section is about 2 − 3 × 10−26 cm2/s [581] and it is the value that reproduces a relic 
abundance of DM compatible with the observed one. 
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such as a γ-ray emission from a population of millisecond pulsars located in the Galactic 
halo (see, e.g., [617]), can equally well explain the properties of the excess. Therefore, the 
origin of the Fermi-LAT Galactic center excess remains still a mystery and the search for a 
possible signal in other astrophysical targets is central to test the DM hypothesis. 

The astrophysical signal of photons from cluster of galaxies is an interesting matter 
of research, even if it is not the subject of this paper. Shock waves propagating in the 
intracluster medium (ICM) and turbulence are expected to accelerate high-energy electrons 
and protons thus creating a non-thermal population of cosmic rays (CRs) that are confned 
within the cluster magnetic feld. These CRs are predicted to generate photons across the 
entire electromagnetic spectrum via synchrotron radiation on the intracluster magnetic felds, 
bremsstrahlung and π0 decay production2 through the interaction with intracluster gas and 
inverse Compton scattering on photon felds. CRs may also be injected in the ICM from 
active galactic nucleus (AGN) outbursts (see, e.g., [618]), or galactic winds associated with 
star formation activity in cluster member galaxies (see, e.g., [609]). 

Extended regions of radio emission, also called halos and relics, have already been observed 
in many clusters [449, 451], demonstrating thus that electrons and positrons are accelerated 
in these sources. Instead, searches for the non-thermal X-ray and γ-ray emission due to 
bremsstrahlung, π0 decay and inverse Compton scattering have not yielded conclusive results 
(e.g., [505, 619]). There is, though, a growing evidence, though, for a potential detection in 
the vicinity of the Coma cluster [362, 505, 551, 620]. In particular, an analysis of 50 clusters 
using four years of data from the Large Area Telescope (LAT) onboard the Fermi satellite 
(Fermi-LAT) resulted in upper limits on the CR-induced γ-ray emission [477]. Instead, the 
authors of Ref. [621] performed a stacking analysis of 55 clusters using Fermi-LAT data 
above 10 GeV fnding a signal coming the central region of the sources (∼ 0.25 deg) at the 
4.3σ signifcance that is probably due to the AGN activity. Recently, Ref. [622] reported 
a positive cross-correlation signal between the unresolved γ-ray emission measured by the 
Fermi-LAT and four diferent galaxy cluster catalogues with a signal-to-noise ratio of 3.5 in 
the most signifcant case. The possible origin in terms of compact γ-ray emission from AGNs 
inside clusters or difuse emission from the ICM still needs to be confrmed. These results 
could be consistent with the ones published in Ref. [623] where the authors have performed 
a stacking analysis of Fermi-LAT data for the 112 most massive, high latitude, extended 
clusters and they identifed at the 5.8σ confdence level a bright, spectrally-fat γ-ray ring at 
the expected virial shock position around the sources. The ring signal implies that the shock 
deposits 0.6% of the thermal energy in relativistic electrons over a Hubble time. 

Given their mass-to-light ratio of the order of 100 [24], clusters of galaxies represent 
interesting targets to search for a DM signal [321]. Indeed, being the most massive structures 

2The π0 decay production is due to CRs, mainly protons, interacting with the intracluster atoms, mainly 
composed by Hydrogen, and producing π0 mesons which subsequently decay into two photons. 
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in the Universe, some of the local galaxy clusters are not only ideal candidates for decay DM 
[624] for which the only relevant parameter is the mass, but also for annihilating DM, as the 
enhancement to the DM fux due to presence of halo substructure is expected to be maximal 
for these objects (see, e.g., [586] for a review). Previous works have already performed 
this DM search by combining observations of samples of clusters [354–356, 520–522, 524] or 
investigating the most promising objects individually [352, 357, 358, 525]. Under the absence 
of a signal, these works resulted in constraints to the DM particle. 

In this paper, we perform a combined search for a γ-ray signal in the direction of 49 
clusters of galaxies selected in terms of their vicinity and brightness of their thermal emission 
in X-rays. We use 12 years of Fermi-LAT data, a state-of-the-art source catalog and diferent 
interstellar emission models. In our data analysis, we test directly the DM hypothesis by 
using physically-motivated templates of the DM density distribution in each object. In 
particular, for the latter we use three diferent models that assume diferent levels of halo 
substructure in these objects. The robustness of the Fermi-LAT analysis is inspected by 
using diferent interstellar emission models, data selections and analysis setup. We also apply 
the proper statistical framework for deriving the signifcance of the signal. In order to do so, 
we perform a search for a DM signal compatible with clusters in 3100 random sky directions, 
that allows us to properly calculate the statistic related to null signal hypothesis. In addition 
to the γ-ray signal search, our combined analysis permits to set stringent constraints on the 
DM particle properties, this way also providing an independent test for the hypothesis of the 
Galactic Center excess being due to DM annihilations. The main novelties with respect to 
previous papers are the following: we use several more years of data, we include the spatial 
extension of the DM distribution and we use the state of the art interstellar emission models 
that are central for searching DM signals from extended sources. 

The paper is organized as follow: in Section 3.2, we build the sample of galaxy clusters 
that we use in the analysis, explain the criteria we followed select the sample, and provide 
details on some of the considered clusters. Section 3.3 is dedicated to the modelling of the 
cluster DM content, paying particular attention to the subhalo population. In this same 
section section, we also derive the expected DM fuxes for both DM annihilation and decay, 
and obtain 2D spatial templates of the expected emissions. in Section 3.4 we report the 
selection we apply to Fermi-LAT data and the analysis method we use. In Section 3.5 we 
report our results for the combined analysis of a γ-ray signal coming from DM. Finally, in 
Section 3.6 we draw our conclusions. 

3.2 Selection of the sample 

One of the most popular and efcient methods to observe and derive properties of local galaxy 
clusters are X-ray observations. Indeed, data of diferent X-ray telescopes (e.g. ROSAT 
All-Sky Survey - RASS, Chandra, etc.) have been used to create galaxy cluster catalogues 
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containing the most relevant source parameters [24–27]. Here, we will frst identify those 
clusters that meet the best conditions for DM searches and will then build our fnal target 
sample from such initial selection. As a starting point, we look back to previous Fermi -LAT 
collaboration works that analyzed galaxy cluster data searching for γ-ray signals (either 
originated from DM or not), e.g., [357, 477? ]. A careful look into these papers reveals 
that most clusters were extracted from the well-known HIFLUGCS catalogue [28], an X-ray, 
fux-limited catalogue containing the 63 brightest local clusters in the X-ray band.3 All these 
clusters were scrutinized for DM searches in the past [321, 519], sometimes also including 
Perseus, Ophiuchus, M49, Virgo and the galaxy groups NGC5044 and NGC5846 (some of 
them included in the so-called extended HIFLUGCS [28]) given their optimal properties for 
DM search. Thus, as our initial sample, we select the clusters in the HIFLUGCS catalogue 
plus the individual ones mentioned above. 

Yet, some of the clusters in this initial sample present major observation inconveniences 
for our purposes. First, it would be desirable to avoid those lying across the Galactic plane, 
as the level of the Galactic difuse γ-ray emission in this area would make it extremely 
challenging to disentangle between such Galactic signal and one originated in the galaxy 
cluster itself. Therefore, we decide to apply a mask in Galactic latitude of |b| < 20 deg. This 
removes Ophiuchus and Perseus from our initial sample above. As a second, simple flter, 
we take into account that the DM fux is proportional to 1/d2 

L, being dL the luminosity 
distance. Thus we also apply a cut in distance and remove those clusters beyond z > 0.1, 
that are expected to be attenuated already by a factor ∼ 60 relative to clusters in our most 
immediate vicinity. Our fnal galaxy cluster sample consists of 49 galaxy clusters, all of them 
having an X-ray fux fX ≥ 1.7 × 10−11erg s−1 cm−2 . To derive the DM density profle of 
the clusters, we use the results from Ref. [49], where the authors perform a new analysis 
of the clusters of interest using new data from Chandra. Clusters masses obtained under 
the hydrostatic assumption are all given in Tables 3.3 and 3.4. Since M49, Virgo, NGC5044 
and NGC5846 are not included in the original HIFLUGCS catalogue, we adopt the masses 
derived in Ref. [28] for M49, NGC5044 and NGC5846, and the mass value quoted in Ref. 
[321] for Virgo. Sky positions, angular sizes and virial masses of our sample are shown in 
Figure 3.1. This same fgure also allows to appreciate two pairs of overlapping clusters: M49 
& Virgo, and A0399 & A0401. We will analyze these clusters separately since the γ-ray 
fux for these adjacent objects that overlap is less than 10% of the total. For example M49 
and Virgo are distant about 8 degrees. In the middle between them the geometrical factor 
for the two clusters decreases at the few percent level with respect to the value close to 
the center. A quick look at the fgure also allows to conclude that the most massive and 
closest clusters will be the ones exhibiting the highest DM fuxes and will thus dominate the 
analysis, e.g., Virgo (the largest and most massive one), A1060-Hydra, A3526-Centaurus 

3We note that authors in [625] point out a bias towards including mostly cool-cored clusters in the 
HIFLUGCS catalogue, which would imply an implicit bias in our sample as well. 
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Figure 3.1: Sky map in Mollweide projection showing the position of the 49 galaxy clusters 
composing our fnal target sample, summarized in Tables 3.3 and 3.4. The marker size 
represents the angle subtended by the virial radius in each case, while the z-axis depicts 
virial masses. Our mask excluding clusters with Galactic latitude |b| < 20 deg. is shown 
in pink. All clusters are at redshifts z > 0.1. The numbers in the plot correspond to the 
following relevant clusters : 1 - Virgo, 2 - M49, 3 - A0399, 4 - A0401, 5 - A1060-Hydra, 6 -
A3526-Centaurus, 7 - NGC1399-Fornax, 8 - NGC4636, 9 - A1656-Coma, 10 - NGC5813. 

and NGC1399-Fornax, among others. 

3.3 Clusters modelling and DM-induced fuxes 

In this section, we perform the DM modelling of all clusters in our sample and compute their 
expected DM annihilation and decay fuxes. 

In this work, we assume that all the DM is composed by Weakly Interacting Massive 
Particles (WIMPs [486, 579]), which can very weakly interact with the known particles of the 
Standard Model (SM). The expected γ-ray fux from either the annihilation of two WIMPs 
or its decay can be computed as [626]: 

(E) × 

  dΦγ dϕγ J(∆Ω, l.o.s)
(E, ∆Ω, l.o.s) = (3.1)

dE dE D(∆Ω, l.o.s), 

dΦγ dϕγwhere is the DM-induced γ-ray fux. The term is the so-called “particle physics dE dE 
term”, which encodes the spectrum features of the WIMPs. The terms D/J(∆Ω, l.o.s) refer 
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to the so-called astrophysical D-factor, for decay, and J-factor, for annihilation, computed 
along the line of sight (l.o.s.) and within a given solid angle ∆Ω. The particle physics term 
is then computed as: 

(E) × 

  
⟨σv⟩ 

dϕγ 1 dNγ
(E) = 2mχ (3.2)

dE 4πmχ dE 1 
τ , 

dNγwhere mχ is the DM mass, is the WIMP photon spectrum4 , ⟨σv⟩ is the thermally-dE 
averaged annihilation cross-section and τ is the DM particle lifetime. In the above expression, 
we assume that the DM particles are their own antiparticles, i.e. Majorana particles. 

As it can be seen in Equation 3.1, the computation of the fux can be factorized in two 
terms: the frst, common term in Equation 3.1 encapsulates the spectral information of the 
expected signal (the DM mass and annihilation/decay channels, annihilation cross-section or 
decay lifetime), while the D/J-factors carry the information about the morphology of the 
DM signal. Indeed, for our purposes, we can safely assume that the spatial distribution of 
the DM signal is independent of energy. 

dNγWe follow Ref. [322] to calculate including electro-weak corrections. As for thedE 
calculation of the J/D-factor, we defne them as Z Z∆Ω 

J(∆Ω, l.o.s) = dΩ ρ2 (r)dl, (3.3)tot 
0 l.o.s Z Z∆Ω 

D(∆Ω, l.o.s) = dΩ ρtot(r)dl, (3.4) 
0 l.o.s 

where ∆Ω = 2π(1 − cos αint), being αint the integration angle and ρtot(r) the DM density 
profle. This ρtot(r) describes the DM distribution inside the object and its modelling is key 
to obtain realistic D/J-factor values. For each galaxy cluster, we model this DM distribution 
as follows: 

ρtot(r) = ρmain(r) + ⟨ρsubs⟩(r), (3.5) 

where ρmain(r) is the smooth DM distribution in the main halo where the cluster resides, 
and < ρsubs > (r) refers to the population of subhalos expected to exist according to ΛCDM 
(e.g., [108, 498]). Because of their masses and distances, subhalos will not be individually 
resolved by the LAT, which has an instrumental angular resolution of order of tens of degree. 
This fact, together with their large number, also allows us to avoid generating each subhalo 
individually but rather to use an average description of the whole subhalo population in our 
work (as we describe below, subhalos are drawn from distribution functions obtained from 
cosmological simulations). In the next subsections we describe in detail the modelling that 
we performed for each of these components. 

4We recall that for decay, the energy budget is half of the annihilation case and the end of the spectrum 
happens at mχ/2. 
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3.3.1 Main halo modeling 

Following results from DM-only ΛCDM cosmological simulations, we model the cluster’s 
main halos with the Navarro-Frenk-White (NFW; [118, 119]) DM density profle. Although 
deviations from this profle may exist for individual clusters, given the LAT angular resolution 
this description is expected to provide a realistic portrait for our purposes. The NFW profle 
reads as: 

ρ0
ρ(r) = � �� �2 , (3.6) 

r r1 + rs rs 

where rs is the scale radius and ρ0 the characteristic DM density. 

We build a comprehensive DM density profle for each cluster starting from its measured 
mass. For nearby galaxy clusters as the ones in our sample, the mass M200 is well constrained 
by their X-ray surface brightness profles. In this work, we adopt the X-ray mass estimates 
presented in Ref. [49] (except for M49, NGC5044, NGC5846 and Virgo, see Section 3.2 for 
details) and from them we derive both rs and ρ0 for each cluster. 

We frst compute the virial radius, R200, assuming a spherical overdensity with ∆ = 200 
(called ∆200) times the critical density of the Universe: � �1/33M200

R200 = , (3.7)
4π∆200ρcrit 

being this critical density ρcrit = 137 M⊙ kpc−3 . We can now compute the NFW scale radius 
rs as 

rs ≡ R200/c200, (3.8) 

where c200 is the so-called halo concentration. For this parameter, in our work we adopt the 
concentration-mass (c − M) relation proposed in [133] for main halos: 

5 � � ��iX M200 
c200(M200, z = 0) = ci × ln , (3.9)

h−1M⊙i=0 

which has proven to work well for objects in the mass range between dSphs and galaxy 
clusters. 

As for the scale density ρ0, it can be computed by imposing Z R200 

M200 = ρNFW(r)r 2drdΩ, (3.10) 
0 

and then we get 
2 ∆200 ρcrit c200

ρ0 = ,
3 f(c200) � � 

2 c200where f(c200) = 2 ln (1 + c200) − . 
c200 1+c200 
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Finally, the variable that describes the angular extension of the clusters in the sky is θ200, 
i.e. the angle subtended by R200: � � 

R200
θ200 = arctan . (3.11)

dL 

We apply the formalism described in this section to all clusters in our sample. The 
resulting NFW parameter values are included in Tables 3.3 and 3.4. 

3.3.2 Modeling of the subhalo population 

In ΛCDM, we expect galaxy clusters, as the largest gravitationally bound objects in the 
Universe, to host a large amount of subhalos. The subhalo population can be parametrized 
as 

d3N dPV dPM dPc 
= Ntot (R) (M) (M, c), (3.12)

dV dMdc dV dM dc 
where Ntot is the total number of subhalos; and Pi with i = V, M, c is the probability 
distribution in each of the domains normalized to 1; V referring to main halo volume, M to 
the distribution of the subhalo masses and c to subhalo concentration. Note that with this 
parametrization we are able to model the population of subhalos independently for each of 
the mentioned variables. 

Unfortunately, there are still signifcant uncertainties pertaining the properties of the 
subhalo population. Numerical cosmological simulations have been instrumental to shed 
light on halo substructure in the past years (for a review, see, e.g., [108] and references 
therein); yet many questions remain and are still a matter of debate (e.g., minimum mass 
to form clumps [627], impact of tidal stripping on subhalo survival [160], precise shape of 
subhalo DM density profles [163], etc.). All these uncertainties translate into uncertainties 
in the computation of the DM-induced γ-ray fux. In the following, we describe in detail 
how we plan to tackle this important issue through our work: 

• dPV : As we are assuming spherical symmetry for the main halo, the only dependence dV 
regarding the distribution of subhalos within its volume is the relative distance of the 
subhalos to the center of the host. Because of this, in the following we will refer to 
this distribution as the subhalo radial distribution (SRD). We adopt the SRD results 
from high-resolution Milky-Way-size numerical simulations, namely [590] (Aquarius 
simulation) and [169] (Via Lactea II - VL-II simulation), which are ones of the most 
used in the community. We use both the Aquarius and VL-II SRDs to encapsulate the 
current uncertainty on this parameter. 

• dPM : The mass distribution of subhalos is known as the subhalo mass function (SHMF). dM 
Diferent studies based on N-body DM-only simulations agree that the SHMF can be 
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parametrized as follows: 
dN ∝ M−α . (3.13)
dM 

Typical values are α = 1.9 [590] and α = 2.0 [169], the former being more conservative, 
as it implies a smaller number of subhalos, and being also more in line with other 
recent results [108]. The total mass in form of substructures is typically expressed as 
a fraction of the total mass of the system, fsub, and depends on the minimum and 
maximum values adopted for the subhalo masses. The lower the minimum subhalo 
mass considered, the more mass would be bound in form of substructures. Note that 
diferent values of fsub are needed for diferent values of α in order to conserve the 
total mass. If we adopt the ratio of the host mass to the maximum subhalo mass to be 
M% 

max = 0.01, we obtain fsub = 0.18 for α = 1.9,Mmin = 10−6M⊙ and fsub = 0.34 for 
α = 2.0,Mmin = 10−9M⊙. 

dPc• : Subhalos are subject to tidal forces, which produce an important mass loss in most dc 
cases, especially in the outskirts, e.g. [160, 169, 590, 628–630]. Because of this, subhalos 
are known to be more concentrated than feld halos of the same mass [168, 171, 631]. 
In our work, we adopt the (c − M) relation in [168], that was derived from VL-II data 
and includes a radial dependence of the concentration to account for the location of 
the subhalos within the main halo (being subhalos closer to the host halo center more 
conecentrated than those at outer radii). 

We proceed now to defne three benchmark models that will bracket the mentioned 
uncertainties on the properties of the subhalo population. Note though that this will be 
relevant only for annihilation. Indeed, the role of the substructures in the case of decay 
fuxes is negligible, as the dependence of the D-factor is simply linear with the mass of the 
system. The three benchmark models are: 

• MIN: does not include subhalos, thus the whole DM in the cluster is supposed to be 
smoothly distributed following an NFW profle, with the parameters derived as in 
Section 3.3.1. We recall that this is the only benchmark model that will be considered 
for decay DM. 

• MED: this model represents – according to current knowledge – the most realistic 
contribution of the subhalo population to the DM annihilation fux. We adopt the 
VL-II SRD [169], α = 1.9 for the SHMF, and Mmin = 10−6M⊙. 

• MAX: this model is defned as of to provide an upper bound to the contribution of 
the subhalo population to the annihilation fux. We adopt the Aquarius SRD [590], 
α = 2.0, and Mmin = 10−9M⊙. 

A summary of these benchmark models is given in Table 3.1. 

The efect of taking into account halo substructure in our calculations is an enhancement 
of the annihilation fux, usually quantifed in terms of the so-called substructure boost factor, 
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Table 3.1: Summary of the three benchmark models that we consider to quantify the 
contribution of the subhalo population to the annihilation fux. See Section 3.3.2 for full 
details of each of the parameters. 

Model SRD α c(M) Mmin fsub 

MIN - - - - -

MED VL-II [169] 1.9 [168] 10−6 M⊙ 0.18 

MAX Aquarius [590] 2.0 [168] 10−9 M⊙ 0.34 

B. This boost can range from B = 0, where the contribution of the substructure is absent, 
up to almost ∼ 2 orders of magnitude, depending on the adopted description of the subhalo 
population and of the host halo mass (for a review, see [586]). In our work, we note that 
we consider the number of substructure levels to be Nlvl = 2 (subhalos inside subhalos, 
[133, 591]). 

3.3.3 Annihilation and decay fuxes 

We compute the J/D-factors for all clusters in our sample and for the diferent benchmark 
models in Table 3.1 using CLUMPY [591, 594, 595]. We summarize the results we obtained 
for both the integrated J/D-factors (JT , DT ) and subhalo boosts in Tables 3.3 and 3.4. 
Part of this information is depicted in Figure 3.2: the left panels show histograms of the 
J/D-factors while the right panels also show their dependence with the distance to Earth. A 
detailed analysis on the latter is included in Appendix 3.7.A, where we also provide useful 
parametrizations to compute J/D-factors from the distance alone, that rely on our clusters 
sample. 

From the left panel in Figure 3.2 we can already anticipate that the results of our combined 
data analysis in the next section are going to be dominated by a few clusters (∼8), i.e. those 
exhibiting the highest J/D-factors, indeed far from the typical values of the rest of the sample. 
We can identify these clusters as Virgo (which gives the highest DM fux for any benchmark 
model and any scenario), NGC4636, M49, A1060-Hydra, A1656-Coma, A3526-Centaurus, 
and NGC1399-Fornax. According to Tables 3.3 and 3.4, these are also among the closest and 
largest in angular size (dL ≲ 100 Mpc; see right panels of Figure 3.2). The only exception is 
Coma, which is slightly further but is one of the most massive clusters in the sample. 

Another information we can extract from the left panels of Figure 3.2 is the enhancement of 
the J-factors due to the inclusion of halo substructure in the calculations. We can appreciate 
an enhancement of approximately one order of magnitude from MIN to MED, and almost 
another order of magnitude increase from MED to MAX. A quantitative description of 
the corresponding boost values is provided in Tables 3.3 and 3.4. The cluster with the 
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Figure 3.2: Left panels: Histograms of the integrated J-factors for all clusters in our 
sample (Tables 3.3 and 3.4) assuming the MED model (top), and of the integrated D-factors 
(bottom). Right panels: Integrated J-factors (top) and D-factors (bottom) for all the 
sample versus their luminosity distance (dL) and redshift (z). A detailed analysis on the 
dependence of the J/D-factors with the distance is included in Appendix 3.7.A. 

higher boost is Virgo, reaching BMED = 13.30 and BMAX = 74.80. For the whole sample, 
we fnd mean boost values of BMED = 10.61 and BMAX = 60.18 for the MED and MAX 
scenarios, respectively. This can be compared with the expected boosts for objects in the 
same mass range according to [168]: B ≈ 9.0 for α = 1.9 and B ≈ 65.0 for α = 2.0, both 
for M200 = 1014M⊙. Despite their description of the subhalo population is not exactly the 
same as the one we adopt in this work, we can notice a clear correspondence between our 
MED model and the case of α = 1.9 in [168], as well as between the MAX model and their 
α = 2.0 case. We conclude that the obtained boosts are thus compatible with expectations. 

Before entering in the analysis of LAT data, we discuss here our main sources of uncertain-
ties regarding the DM modelling of the clusters in our sample. The frst one comes from the 
estimate of clusters masses as derived from X-rays data, also known as hydrostatic masses. 
It is well known that diferent observational methods can yield diferent mass estimates 
[49]. The deviation from the X-ray mass estimates is parametrized through the so-called 
hydrostatic bias. However, the clusters community has not yet reached an agreement as 
on how to measure or precisely quantify the latter [47, 632]. The second major source of 
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uncertainty at play comes from the intrinsic scatter of the concentration-mass relation that is 
adopted for the host halo, typically assumed to be of ∼0.14 dex (e.g. [133]). This uncertainty 
translates into J-factor values as σJ ≈ 0.2 dex. Yet, we note that, by considering three 
largely diferent benchmark models for the description of the subhalo population, we bracket 
a wider range of possible values for the annihilation fuxes, as can be seen in Tables 3.3 and 
3.4. 

The fnal output of our cluster DM modelling is a two-dimensional template containing 
both the level and spatial morphology of the expected DM signal in the cluster under 
consideration. Templates for all clusters in our sample are again obtained using the CLUMPY 
software. In total, we obtain 49 × 4 = 196 templates (49 clusters in the sample, 3 models 
for annihilation and one for decay). As an example, we show in Figure 3.3 the four maps 
obtained for Fornax. As it can be seen and expected, for annihilation the role of subhalos 
becomes more important in the outskirts of the cluster, while the central part is always 
dominated by the “cusp” of the main halo NFW profle. These maps constitute the input 
models for our LAT analysis in the next section, and will be used as reference models to be 
ftted to the data. 
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Figure 3.3: Example of a two-dimensional spatial template of the expected DM emission 
in the Fornax cluster, for the cases of annihilation (top panels and left bottom panel, 
corresponding respectively to the MIN, MED, MAX substructure benchmark models; see 
Table 3.1), and decay (bottom right panel). 
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3.4 Analysis Framework 

In this section we provide the details of our selection of Fermi-LAT data, background models 
and analysis pipeline. 

3.4.1 Data selection 

We use 12 years of Fermi-LAT data from 2008 August 4 to 2020 August 25 passing standard 
data quality selection criteria6 . We choose an energy range from 500 MeV to 1 TeV with 8 
energy bins for decade. The choice of the lower-end of the energy range is dictated by the 
extension in the sky of the clusters in our sample that can be at the degree level for several 
sources (see Tables 3.3 and 3.4). For such extended objects the mismodeling of background 
components can afect the results of the analysis. In order to minimize this systematic, we 
decided to remove the very-low-energy Fermi-LAT data that have a poor angular and energy 
resolution and that are dominated by astrophysical background emission. Nevertheless, 
we also run the analysis with an energy range 0.1 − 1000 GeV fnding similar results (see 
Section 3.5.3). 

We consider a region of interest (ROI) of 20 deg × 20 deg centered at the source of interest 
for most of the clusters in our sample. We enlarge the ROI to 26 deg × 26 deg for Virgo that 
has a DM distribution that can span several degrees across the sky (see Table IV). We select 
photon data belonging to the Pass 8 SOURCEVETO event class and we employ the corresponding 
instrument response functions P8R3_SOURCEVETO_V2. The choice of SOURCEVETO data is 
motivated by the fact that it has the same background rate of the SOURCE class, typically 
used for point-source analysis, up to 10 GeV and the same as the ULTRACLEANVETO, usually 
used for difuse emission analysis, above 50 GeV. However, SOURCEVETO has 15% more 
acceptance than ULTRACLEANVETO7 . The above mentioned characteristics make SOURCEVETO 
data ideal to analyze extended sources such as clusters of galaxies. We will also show in 
Section 3.5.3 the results derived with SOURCE and ULTRACLEANVETO data and instrument 
response functions to demonstrate that our results are not afected by diferent data selections. 
We will also test larger ROIs of 26 deg × 26 deg. The data is binned using a pixel size of 
0.08 deg. 

We apply the energy dispersion to all the components of our model using the method 
implemented in the Fermitools8 . 

5We select mission elapsed time (MET) starting at 239557417 and ending at 618050000. 
6https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data_ 

Exploration/Data_preparation.html 
7https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_ 

DP.html. 
8For a complete description see https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/ 

Pass8_edisp_usage.html. 
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3.4.2 Background components 

Fermi-LAT data are ftted in our analysis using the following components: fuxes from 
individual sources, isotropic and Galactic interstellar emission (GIEM) and fux from DM. 
The latter is modelled using the templates generated following Section 3.3. Point-like and 
extended sources are taken from the 4FGL-DR2 Fermi-LAT catalog [434], i.e. the list of 
sources detected in 10 years of mission. We select from the catalog the sources that are in a 
region 24 deg × 24 deg centered at the position of the source of interest. Since the ROI is 
20 deg × 20 deg, we include also sources that are 2 deg outside our ROI since they can still 
contribute to the data selected in our analysis. 

The choice of the GIEM is central in modeling Fermi-LAT data when searching for very 
extended sources. Therefore, we decide to use a GIEM divided into diferent components to 
leave each of them more freedom in ftting the data. In particular we use one template for 
the bremsstrahlung and one for the π0 decay production. The inverse Compton scattering 
contribution is divided into the three interstellar radiation feld components (CMB, starlight 
and infrared). The GIEM is thus divided into 5 templates each with the normalization and 
spectral index free to vary in the ft. 

We use the templates used in Ref. [343] which have been optimized to ft the data on the 
Galactic plane and can be used for the full sky. We refer to Ref. [343] for all the details of 
these models and we summarize below the main characteristics. The templates have been 
created with the Galprop code9 [633–635], which calculates the propagation and interactions 
of CRs in the Galaxy by numerically solving the transport equations given a model for the 
CR source distribution, injection spectrum, and interaction targets. We consider the baseline 
model that assumes a CR source distribution traced by the distribution of pulsars reported 
in Ref. [636]. The CR confnement volume has a height of 10 kpc and a radius of 20 kpc. 
This model assumes HI column densities derived from the 21-cm line intensities for a spin 
temperature of 150 K. The dust reddening map of Ref. [637] is used to correct the HI maps 
to account for the presence of dark neutral gas not traced by the combination of HI and CO 
surveys [638]. Moreover, it includes the inverse Compton model reported in Ref. [639] and 
divided into the starlight, infrared and cosmic microwave background (CMB) components. 
Finally, the model contains the Loop I, Sun, Moon emission merged into a unique template 
and the Fermi bubbles that have in the same template both the low-latitude (closer to the 
Galactic center) and the high-latitude components. Therefore, the total components used 
in the model are 8: 5 for the GIEM and the other three for the Fermi bubbles, isotropic 
emission and Loop I, Sun, Moon contributions. 

In addition to this model we also derive the results using for the GIEM the model labeled 
as Yusifov, which is generated using the pulsar distribution reported in Ref. [640]. 

9http://galprop.stanford.edu 
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We are not using the ofcial GIEM model and isotropic template released together with 
the 4FGL-DR2 catalog, called gll_iem_v07.fits10 , because this model has patches added 
to absorb residuals present at several positions in the sky. These patches can absorb the 
large scale emission possibly present around clusters. 

3.4.3 Analysis technique 

Our analysis pipeline is entirely based on FermiPy which is widely used in the scientifc 
community to perform analysis of Fermi-LAT data. FermiPy is a Python package that 
automates high-level analyses with the Fermitools [641]11 . We use versions 1.0.1 of 
Fermipy and 1.2.3 of the Fermitools. 

The analysis applied in this paper is very similar to the ones recently used for the search 
of a DM signal from other astrophysical targets such as the Galactic center [616], M31 and 
M33 [517], Milky Way dwarf spheroidal Galaxies [348] and Irregular Galaxies [518]. We 
describe below the main steps of the analysis and we refer to the previously cited papers for 
the full details. 

• We frst perform a ft to the ROI using the background components reported in 
Section 3.4.2 and the DM template generated using the model explained in Section 3.3. 
The spectral energy distribution (SED) parameters of all the sources in the ROI, the 
normalization and spectral index of each GIEM component and the normalization of 
the isotropic template are left free in the ft. 

• The sources that are detected with a Test Statistic (TS)12 lower than 25 are removed 
from the ROI. A TS of 25 corresponds roughly to a detection at 5σ signifcance for a 
source with two parameters that are free to ft their SED. We choose signifcance < 5σ 
for removing faint sources from the model because > 5σ is the usual cut in signifcance 
used to include sources in Fermi-LAT catalogs. 

• We perform the search of new sources with a TS > 25 since we are using 12 years 
of data and we select sources from the 4FGL-DR2 catalog obtained with less years, 
i.e. 10. This is done by generating a TS map in each pixel of the ROI and searching 
for values larger than 25. If any are found, FermiPy adds a source at the position of 
the TS peak with a power-law SED shape and ft it to the data. Then, a new ft to the 
entire ROI is performed with all the new found sources included in the model. The 
new sources found with the analysis have typically TS values between 25 and 40. 

• We compute the SED for the DM template. This gives for each energy bin the likelihood 

10https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html 
11See http://fermipy.readthedocs.io/en/latest/. 
12The Test Statistic (TS) is defned as twice the diference in maximum log-likelihood between the null 

hypothesis (i.e., no source present) and the test hypothesis: TS = 2(log Ltest − log Lnull) [642]. 
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as a function of the energy fux. In each energy bin, the only free parameter is the 
normalization, which is computed independently bin by bin. This approach permits to 
test a variety of DM channels with theoretically diferent γ-ray spectral shapes. 

• We convert the SED in energy fux space into the logarithm of the likelihood as a 
function of DM mass and annihilation cross-section (or decay time) logLi,j (µ, θi,j |Di,j ), 
where i runs over the targets list and j is the index of each energy bin of the Fermi -LAT 
data (D), µ are the DM parameters (⟨σv⟩ (or decay time τ) and mχ), and θ are the 
parameters in the background model, i.e., the nuisance parameters. i runs over the 
diferent clusters in our sample. In this last part we assume a specifc annihilation or 
decay channel. 

• The results found in the last step for each i-th cluster is combined for all the sources in 
the sample by summing together the likelihood profles independently for each energy 
bin: X 

log(Lj (µ, θj |Dj )) = log(Li,j (µ, θi,j |Di,j )), (3.14) 
i 

where log(Lj (µ, θj |Dj )) represents the likelihood profle for a specifc DM annihilation 
(decay) channel as a function of the DM mass and annihilation cross-section (decay 
time) obtained for the combined analysis of all clusters. 

Most of the results will be shown for two annihilation or decay channels: bb̄ and τ+τ− . In 
Figure 3.6 we display the results obtained with other channels as well. We select WIMP 
masses ranging from 5 GeV up to 10 TeV. We include the statistical uncertainty on the 
J-factor by adding an additional likelihood term to the binned Poisson likelihood for the 
LAT data: " #� �21 log10(Ji) − log10(Jobs,i)Li (Ji|Jobs,i, σi) = √ × exp − √ , (3.15)

log(10)Jobs,i 2πσi 2σi 

where Jobs,i is the best ft for the observed J/D-factor for the i-th cluster while σi is the 
error in log10(Jobs,i) space. Instead Ji is the value of the J/D-factor for which the likelihood 
is calculated. This term of L disfavors values of Ji much diferent from the observed one 
weighting it for the error. We decide to set σi for all clusters to σJ = 0.2 dex (i.e., log10 

of the error on J , following the estimation of the previous section) in our analysis for all 
the clusters in our sample. However, we test also the case with an error equal to 0 or 0.4. 
As we will show in Section 3.5.3, the larger is the value of σJ and the larger is the TS of 
the signal. However, signal signifcance as well as the best-ft values for the DM parameters 
(mass and annihilation cross-section) are not afected by the value of σJ . We also stress that 
the uncertainty on individual J-factor values is subdominant compared to the one coming 
from the use of diferent DM models for each dwarfs, i.e., MIN, MED and MAX models. 

The signifcance of the DM hypothesis can be evaluated comparing the likelihood obtained 
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when the DM template is added into the model, test hypothesis, and when it is not, null 
hypothesis. The likelihood for the test hypothesis is calculated as: X 

log(L (µ)) = log(Lj (µ, θj |Dj )). (3.16) 
j 

As a result the TS value for the DM emission is calculated as: � � 
L (µ)

TS = 2 ∆log(L) = 2 log , (3.17)
Lnull 

where Lnull is the likelihood in the case of null hypothesis, i.e., no DM, and L is the likelihood 
for the DM hypothesis. 
Assuming that the position is fxed at the center of the cluster, the DM template has two free 
parameters: the DM mass and the annihilation cross-section ⟨σv⟩. Based on the asymptotic 
theorem of Chernof [643], the TS can be converted to a signifcance based on a mixture of 
χ2 distributions. In particular we can assume that the TS distribution of the null hyphotesis 
follows the χ2 distribution for two degrees of freedom divided by 2. This brings to a relation 
between the TS and the signifcance of TS ∼ σ2 . Therefore, a discovery (5σ) would be 
given by TS ∼ 25. However, as we will demonstrate in Section 3.5.2, the statistics of the 
null hypothesis deviates signifcantly from the asymptotic expectation, i.e. from the χ22/2 
distribution. This is due to the fact that clusters are very extended and at such large scales 
there a lot of unmodelled components, i.e. residuals in the data that do not follow the 
Poissonian statistic. In particular, the null hypothesis will have a much broader distributions 
with large tails and a 5σ signifcance is found for a TS much larger than 25. 

3.5 Results 

3.5.1 Combined search 

The frst result we obtain with our analysis is the individual TS for a DM signal in each 
cluster of our sample. We focus our results on the bb̄ and τ+τ− annihilation and decay 
channels. 

We report in Tables 3.3 and 3.4, the TS we obtain for each source. Instead, in Figure 3.4 
and 3.5 we show the TS as a function of the DM mass (mχ) for the clusters detected with 
the highest signifcance. We show in the two fgures the cases with the MIN, MED and 
MAX DM models and with the decaying DM hypothesis. The objects for which a possible 
DM signal is the brightest are: A3526-Centaurus, A1656-Coma, NGC 5846, NGC 4636, 
A2256, A3667. However, even the highest TS, which is 15 and obtained for the clusters 
A3526-Centaurus in the MED model, is much smaller than the value of 25 typically used 
to include a source in Fermi-LAT catalogs. Therefore, we do not fnd individual clusters 
which shine particularly bright in Fermi-LAT data. If we reduce the lower-end of the energy 
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range to 100 MeV the TS of the system A3526-Centaurus increases to 34 with a best ft of 
the DM mass between 10-30 GeV and of the annihilation cross-section of 2 × 10−26 cm3/s. 
However, even this value is well below the 5σ signifcance as we will show in Section 3.5.2. 

Refs. [362, 551, 620] reported a detection at the level of TS ∼ 20 − 50 for an extended 
emission from the Coma Cluster. These papers have assumed a specifc model for the 
hadronic emission of photons or simple geometrical extended templates such as a uniform 
disk. Instead, in Ref. [505] the Fermi-LAT Collaboration has used a cored profle, which 
is motivated by observations of the radio halo in Coma, as well as a point source and a 
disk template. The maximum TS they obtain is around 13 which corresponds to a global 
signifcance of about 1.8σ, after correcting for trial factors. Our results for this Cluster are 
compatible with the one of Ref. [505]. Indeed, we fnd a maximum TS ∼ 13 when we analyse 
the data above 100 MeV and 10 when we analyze the data above 500 MeV using the MED 
model. 
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Figure 3.4: TS as a function of the DM mass (mχ) obtained from the analysis of individual 
clusters. We show, from top left to bottom right, the case for the MIN, MED, MAX models 
and annihilating DM and for decaying DM with the bb̄ channel. We also report the result 
we obtain for the combined analysis of all the sources. 

We also report in Figures 3.4 and 3.5 the result obtained for the combined analysis of 
the entire sample. The TS is at most of the order of 5 for the MIN model, 27 for the MED 
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and 23 for the MAX DM models. Instead for the decaying DM it is about 28. The best 
ft masses found for bb̄ at between 40-70 GeV while for the τ+τ− channel is between 8-20 
GeV. Interestingly, the peak of the TS distribution is quite diferent using the MIN and 
MED/MAX models. This points in favor of a DM distribution that includes substructures 
and that as a result is more extended than the one of the MIN case. In Figure 3.6 we report 
the TS as a function of mχ for other leptonic and hadronic channels. We do not consider the 
W ± , Z gauge bosons, the t quark and the Higgs scalar boson because their masses are either 
at the edge of the best-ft region of TS and DM masses or well beyond that. The best-ft 

+ +DM masses for the e e− and µ µ− annihilation channels are at about 10 GeV, i.e. lower 
than what obtained for τ+τ− . However, we have to point out that we are not including the 
secondary production of γ-rays from e± produced from DM and that subsequently inverse 
Compton scatter against the intracluster low-energy photon felds or photons produced for 
bremsstrahlung on intracluster atoms. These additional secondary contributions increase 
the overall fux and as a consequence reduce the best-ft values obtained for ⟨σv⟩. 
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Figure 3.5: Same as fgure Figure 3.4 for the τ+τ− annihilation and decay channel. 

In Figure 3.7 we show the contour plot of the TS as a function of the DM mass and 
annihilation cross-section for the bb̄ and τ +τ − annihilation channels. The peak of the TS is 
around 27 for the MED model and 23 for the MAX model. For the bb̄ (τ+τ−) channel the 
best ft mass is about 40-60 GeV (8-20 GeV) and the annihilation cross-section is 2−4 ×10−25 
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Figure 3.6: TS as a function of mχ obtained in the combined analysis for diferent 
annihilation channels. 

(8 − 20 × 10−26) cm3/s for the MED and 4 − 9 × 10−26 (1 − 3 × 10−26) cm3/s for the MAX 
model. 

When we perform the analysis starting from 100 MeV we obtain a peak of the TS of 3 
and similar best-ft values for the DM mass and annihilation cross-section. As we will show 
in Section 3.5.2, this relatively high value of the TS gives a signifcance well below the 5σ. 
The values of the annihilation cross-sections we obtain for the MED model are ruled out 
by the constraints obtained with Milky Way dwarf spheroidal galaxies (dSphs) (see, e.g., 
[348]). In fact the upper limits for ⟨σv⟩ obtained from a combined analysis of dSphs is about 
a factor of 20 smaller than the best ft region shown in Figure 3.10 for the MED case. On 
the other hand the result obtained with the MAX model for ⟨σv⟩ is 4 − 10 × 10−26 cm3/s 
and it could be marginally compatible with the upper limits obtained with Fermi-LAT with 
other astrophysical targets and consistent with the best-ft found for the DM interpretation 
of the Galactic center excess [348]. However, as we will see in Section 3.5.2, the signifcance 
obtained with our combined analysis of clusters is much below 5σ. 

3.5.2 Null hypothesis TS distribution 

In case of a perfect knowledge of background components, the residuals found with an 
analysis of γ-ray data should follow a Poissonian distribution. As a result, the asymptotic 
theorem of Chernof [643] is satisfed and TS can be converted to a signifcance based on χ2 

distributions. In our case, with two DM parameters mχ and ⟨σv⟩ the TS histogram of the 
residuals should be compatible with the χ2 distribution for two degrees of freedom divided 
by two (χ22/2). However, the analysis of real data at relatively low data and for sources 
extended as clusters of galaxies, probably deviates signifcantly from asymptotic case. 

In order to properly convert the TS for a DM signal into a signifcance, we thus have to 
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Figure 3.7: Contour plot for the TS as a function of the DM mass and annihilation 
cross-section obtained with the combined analysis and the bb̄ (top panels) and τ+τ− (bottom 
panels) annihilation channels. We display the result obtained for the MED (left panels) and 
MAX (right panels) DM models. In case of the bb̄ annihilation channel we also report the 
best-ft obtained in [616] for the ft to the Galactic center excess and the upper limits from a 
sample of Milky Way dwarf spheroidal Galaxies. 

build the TS distribution of the null hypothesis. We perform, for each cluster in our sample, 
the analysis in 3100 random directions in the sky using real data. The random directions 
have been chosen to remove directions that point towards the disk of the Milky Way since all 
the objects in our sample are located away from the Galactic plane. In particular, we select 
random directions that satisfy the condition |b| > 20 deg. The number of realizations is 
limited by the extension of the sources and the size of the ROI that we have chosen. Indeed, 
with a larger number of random directions the ROIs would signifcantly overlap and thus 
the analysis of the diferent regions of the sky would not be truly independent. We use the 
DM distribution associated with the MED model. For each ROI we run the same analysis 
explained in Section 3.4.3. We decide to fx the annihilation channel to bb̄ and the mass to 
50 GeV because, as we have see in the previous section, this is the best-ft value we will 
obtain from the combined analysis of the cluster in our sample assuming the bb̄ annihilation 
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channel. For each random direction we fnd the combined TS for the list of DM templates 
in our sample. This gives us a list of 3100 values for the TS of DM associated to the null 
hypothesis. 

The distribution of the TS for the null hypothesis we derive with our analysis is reported 
in the top panel of Figure 3.8 together with the distribution of the χ2 distribution for 1 
degree of freedom (χ21/2). We consider one degree of freedom because the DM mass is fxed. 
As anticipated, the TS distribution of the null hypothesis is very diferent from the χ21/2. 
In particular the null hypothesis has a prominent tail at larger TS values larger than the 
distribution of χ21/2. This conclusion brings us to fnd an alternative function that fts well 
the observed distribution. This is a log-parabola written as: 

(TS) = 0.22 · (TS)−1.29−0.31 log (T S/2.55)Nnorm (3.18) 

The TS for the detection of a DM signal from our cluster sample is 27 for the MED model 
and this is the highest value we obtain by changing the DM distribution model. This TS 
value is associated to a p-value of 3.1 · 10−3 and a signifcance of 2.7σ. By using diferent bins 
for the TS histogram and diferent analytic shape for ftting it, we fnd that the signifcance 
obtained with the MED model is between 2.5-3.0σ. 

We also run this analysis for the case where we use an error for log10 J of σJ = 0.4. This 
case is reported in the bottom panel of Figure 3.8. The TS distribution for the random 
direction has, in this case, a much larger tail, as expected since we increase σJ with respect 
to the previous case. We ft the distribution with a function similar to Equation 3.18 and 
fnd that the signifcance of the signal that has TS = 60 (see next section) is at the level of 
2.5σ. 

We can draw similar conclusions also for all the other cases tested in Section 3.5.3. 

3.5.3 Systematics on the signifcance of the signal due to analysis setup 

In this section we perform the results of the analysis obtained by changing some of the 
assumptions we have done in the Section 3.5. Below we report the list of these checks. 

• Source and Ultracleanveto: We change the data selection using the Pass 8 SOURCE 
and ULTRACLEANVETO event class and we employ the corresponding instrument response 
functions. 

• GIEM: We change the GIEM by using the model called Yusifov in [348]. This model 
takes the Galactic source from the pulsar distribution of [640]. The π0 , bremsstrahlung 
and inverse Compton scattering components of the GIEM is re-evaluated with this 
model. 

• 100 MeV: We reduce the low-energy end of the analysis to 100 MeV. For this scope we 
reduce the value of the max zenith angle (zmax) to 90 deg as suggested in the LAT 

143 

https://TS)=0.22


Chapter 3. Constraining the dark matter contribution of γ-rays in Clusters 
of Galaxies using Fermi-LAT data 

0 5 10 15 20 25 30
TS

10 4

10 3

10 2

10 1

100

N

2
1/2

best-fit
TS Cluster sample

0 10 20 30 40 50 60 70 80
TS

10 4

10 3

10 2

10 1

100

N

2
1/2

best-fit
TS Cluster sample

Figure 3.8: Normalized histogram of the TS distribution for the analysis we have performed 
in random directions (black data). The data errors represent the Poissonian error. We 
report also the distribution of the χ2 distribution for 1 degree of freedom (the annihilation 
cross-section) and the best ft we fnd with the analytic function in Equation 3.18 (red line). 
We show the results for the case with σJ = 0.2 (top panel) and σJ = 0.4 (bottom panel). 

data selection recommendations13 . 

• ROI: We run the analysis with a larger ROI of 26 deg × 26 deg and include the sources 
in the model if they are inside a cube of size 30 deg. This check permits to verify 
that the signal has not leakage outside the ROI and that there are no edging efects 
afecting the results. 

• ROI 100 MeV: We run the analysis with a larger ROI of 26 deg × 26 deg and include 
the sources in the model if they are inside a cube of size 30 deg and select data above 
100 MeV. 

• σJ = 0 and σJ = 0.4. We vary the error on the logarithm of the geometrical factor to 
0 or 0.4. This check has been performed to test whether the signifcance of the signal 
changes assuming a perfectly known or more uncertain knowledge of the DM density. 

We report in Figure 3.9 the values of the TS as a function of the DM mass obtained 
for the diferent tested cases for the MED DM distribution, that gives for the Baseline 
setup the highest signifcance. We choose the bb̄ annihilation cross-section. This plot shows 
that lowering the energy range of the analysis to 100 MeV increases the TS from 27 of the 
Baseline model to 33. This is expected because this case includes also the low-energy data 
and increases so the TS of the signal. However, an higher TS does not guarantee that also 
the signifcance of the signal is higher. In fact, by including the low-energy data, the TS 
distribution for the null signal have an higher tail at large TS. This is due to the fact that 

13https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data_ 
Exploration/Data_preparation.html 
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Figure 3.9: Same as Figure 3.4 for the Baseline setup (black solid) and for all the other 
cases tested in the analysis to check the systematic on the results due to data selection, 
energy range, ROI size, diferent choice of the GIEM and error on the geometrical factor. 
See the text for the explanation of the tested cases. 

most of the photons at energies smaller than 500 MeV are due to the GIEM and isotropic 
background. Therefore, the contamination of background photons is larger for the case 
labeled as 100 MeV. A similar conclusion can be drawn for the cases ROI and ROI 100 MeV. 
For the latter the peak of the TS increases to 52 but the distribution of the null hypothesis 
signal is much larger for large TS. This keeps the level of signifcance of the signal similar to 
the Baseline case. 

We also show the results obtained when we fx σJ for all clusters. In this case the peak of 
the TS increases to 60. As shown in Section 3.5.2 the null hypothesis distribution of the TS 
reaches much larger values of TS and thus the resulting signifcance of the signal is similar 
to the Baseline case. Instead, the case with σJ = 0 has a much smaller peak of TS. 

The Baseline and the GIEM cases provide almost the same result and the SOURCE and 
ULTRACLEANVETO data selections slightly worsen the value of the TS peak. Nevertheless, the 
best-ft mass is very similar among the tested cases and stands between 40 − 60 GeV. 

In Figure 3.10 we show the contour plots of the TS as a function of DM mass and 
annihilation cross-section using the bb̄ annihilation channel and the MED DM distribution. 
Also from these plots it is clear that the 100 MeV (and σJ = 0.4) are the cases that give the 
highest TS. We also demonstrate that the best-ft properties of the possible DM signal are 
very similar among the tested setups. In particular the annihilation cross-section is around 
2 − 5 × 10−25 cm3/s. 
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Figure 3.10: Same as Figure 3.4 for the Baseline setup (black solid) and for all the other 
cases tested in the analysis to check the systematic on the results due to data selection 
(Source, blue dashed), energy range (100 MeV, green dot-dashed), diferent choice of the 
GIEM (GIEM red dotted). 

3.5.4 Constraints on a dark matter contribution 

We have demonstrated that the signal we fnd from the combined analysis of clusters is not 
signifcant and that if interpreted as a DM signal is not compatible with the non observation of 
a γ-ray fux from dSphs. Therefore, we are motivated to fnd upper limits for the annihilation 
cross-section and lower limit for the DM decay time. We show in Figure 3.11 the upper 
limits for ⟨σv⟩ and lower limit for τ we obtain for the bb̄ and τ +τ − annihilation channels and 
for the MIN, MED and MAX DM models. The constraints on ⟨σv⟩ and τ are weaker with 
respect to the ones obtained with dSphs (see, e.g., [348]). In particular, the upper limits for 
⟨σv⟩ are above the thermal relic cross-section for almost all the masses. 

3.6 Conclusions 

In this paper we have analyzed 12 years of Fermi-LAT data in the direction of cluster of 
Galaxies selected for their distances from the Earth and their X-ray fuxes. We search for a 
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Table 3.2: This table summarizes the templates that we leave free for each Model. 

Model N deg comp. list templates used for each component 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

17 

9 

8 

8 

8 

7 

7 

5 

4 

4 

1 

5 rings for bremsstrahlung (Brem.) and π0 emission, 3 for inverse Compton (CMB, SL. IR), 

2 for low latitude bubbles, isotropic (ISO), 1 template for Loop I, the Sun and the Moon (LoopMoonSun). 

1 Brem., 1 π0 , 3 for inverse Compton (IC), 2 for low latitude bubbles, 1 ISO, 1 LoopMoonSun. 

1 Brem. and π0 , 3 IC, 2 for low latitude bubbles, 1 ISO, 1 LoopMoonSun. 

1 Brem., 1 for π0 , 3 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun. 

2 for Brem. and π0 divided into H1 and H2, 3 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun. 

1 Brem., 1 for π0 , 1 for IC, 2 for bubbles, 1 ISO, 1 LoopMoonSun. 

1 Brem. and π0 , 3 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun. 

1 Brem. and π0 , 1 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun. 

1 Brem. and π0 , 1 IC, 1 bubbles, 1 ISO and LoopMoonSun. 

1 Brem. and π0 and IC, 1 bubbles, 1 ISO, 1 LoopMoonSun. 

1 unique template for all components. 

signal of γ rays coming from annihilating or decaying DM particles. We frst build physically 
motivated DM templates based on diferent assumptions for the distribution of substructure. 
We consider three models labeled as MIN, MED and MAX defned by no substructure or 
with substructure modeled with a slope of the mass distribution of 1.9 and 2.0 and minimum 
mass of 10−6 and 10−9 M⊙, respectively. We perform a combined analysis of the data fnding 
a signal that is at the level of TS = 6, 27 and 23 for the MIN, MED and MAX models. The 
best-ft values for the mass in case of bb̄ annihilation channel is about 40-70 GeV and the 
annihilation cross-section is about 2 − 4 (0.4 − 0.9) 10−25 cm3/s for the MED (MAX) model. 
The signal is thus in tension with the non detection of a fux of γ rays from dSphs. 

We then perform the same analysis in random directions to fnd the TS distribution of the 
null hypothesis, no DM signal, and derive the correct signifcance of the signal. Considering 
all the cases tested, diferent analysis techniques and assumptions for the GIEM and σJ , 
the signal is at the 2.5 − 3σ signifcance level. In the future we will perform a dedicated 
analysis of the signal using the hypothesis that it originates from the astrophysical emission 
due to the interaction of cosmic rays accelerated in the clusters and colliding with atoms 
and photon felds in the intracluster medium. 
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Figure 3.11: We report in these fgures the upper limits for ⟨σv⟩ and the lower limit for 
τ obtained with our analysis. We show the results obtained for the MIN, MED and MAX 
models for annihilating DM and for the bb̄ (blue dashed) and τ+τ− (black dot dashed) 
annihilation channel We also show the thermal relic cross-section (cyan dotted). 
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Chapter 3. Constraining the dark matter contribution of γ-rays in Clusters 
of Galaxies using Fermi-LAT data 

3.7 Appendices 

3.7.A Study of the J/D-factors vs. distance relation 

Inspired by previous works on dwarf spheroidal galaxies (dSphs) [614, 615], we investigated the 
relation between the cluster J/D-factors and their distances so as to provide a paramtrization 
that could be used as a frst-order approximation for the computation of the J/D-factors, just 
knowing the cluster distance. This may be particularly useful for diferent cluster samples 
and/or upcoming cluster catalogues. 

According to the defnition of the J/D-factors shown in Equations 3.3-3.4, the main 
dependencies are: 

3M200c200JT ∝ , (3.19)
d2 
L 

M200
DT ∝ . (3.20)

d2 
L 

From these, we can check how much the J/D-factors follow this expected dependence with 
the distance. Starting from these relations, we propose to ft the J/D-factors to the following 
simplifed scaling relations: 

dL
log10 JT = −x log10 + log10 J0, (3.21)

100Mpc 

dL
log10 DT = −x log10 + log10 D0, (3.22)

100Mpc 

where J0 and D0 are nominal values that together with the exponent of the dependence 
with the distance, x, will be the parameters to ft. We perform a frst ft where we fx x = 2, 
thus being J0 and D0 the only free parameters; and a second ft where we set free also x, in 
order to quantify deviations from the expected inverse-of-the-distance-squared behavior. We 
perform the fts for the four benchmark models (three for annihilation – MIN, MED, MAX – 
and one for decay) and show the corresponding results in Figure 3.12 and Table 3.5. 

From Figure 3.12 we can see important departures from the expected simplistic JT , DT ∝ 
1/d2 relation. Thus, these results imply that the dependence with the mass is signifcant inL 

the case of clusters and should not be neglected. This is in contrast to what was found for 
the case of dSphs [614]. We leave for a future work the inclusion of this mass dependence 
in the ft. From “Fit 2”, an exponent of x ∼ 1.2 seems to better ft the data in all cases. 
The uncertainty bands represent the mean discrepancy between the actual J/D-values with 
respect the corresponding ones but from the “Fit 2”. In all of the panels we can see that most 
of the clusters lie within this uncertainty band, whose value is δ = 0.23 − 0.25 dex depending 
on the ft. This discrepancy matches perfectly with the estimated σJ uncertainty from the 
scatter of the concentration-mass relation. We also note that the best-ft values found for J0 

and D0 are close to the mean JT and DT of all the clusters for each benchmark model. 
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Table 3.5: Best-ft parameter values obtained for our sample of galaxy clusters and the 
four considered benchmark models when fts to Equations 3.21-3.22 are performed, i.e. J/D 
factors vs. distance. “Fit 1” corresponds to the case in which we fx x = 2, while “Fit 2” is 
the case in which x is left free in the ft. 

Model Fit 1 (x = 2) Fit 2 

log10 J0 [GeV2cm−5] x log10 J0 [GeV2cm−5] 

MIN 16.839 1.18 16.713 

MED 17.863 1.27 17.751 

MAX 18.618 1.24 18.499 

log10 D0 [GeV cm−2] x log10 D0 [GeV cm−2] 

Decay 18.556 1.19 18.430 
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Figure 3.12: Fits to the obtained J/D-factors for the four benchmark models with respect 
to cluster’s distance. Two fts are shown, both following Equations 3.21-3.22. For “Fit 1” 
(solid lines) we adopt a fxed value of x = 2, while in “Fit 2” (dashed lines) the x parameter 
is left free. We also show as shaded bands the mean spread of the J/D-factors for “Fit 2”. 
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Chapter 4 
Dark Matter search in dwarf irregular galaxies with 
Fermi-LAT 

Chapter entirely based on: 
- V. Gammaldi, JPR, J. Coronado-Blázquez, M. Di Mauro, E. V. Karukes, M. A. Sánchez-
Conde and P. Salucci, Dark matter search in dwarf irregular galaxies with the Fermi Large 
Area Telescope, Phys. Rev. D 104, 083026, [2109.11291] - [518] 

4.1 Introduction 

Astrophysical and cosmological evidence suggests that non-baryonic cold dark matter (DM) 
constitutes 84% of the matter density of the Universe [61, 644]. Although the actual nature 
of DM is still unknown, weak interacting massive particles (WIMPs) are well-motivated 
DM candidates. They are predicted to annihilate or decay into Standard Model (SM) 
particles, whose decay and hadronization processes would produce secondary particles, such 
as cosmic rays, neutrinos and γ-rays [645]. These messengers are expected to be observable 
in ground-based or satellite observatories, laying the groundwork for the indirect searches 
of DM. Either the expected DM signal could be disentangled from the background (here 
defned as the emission from any well-known astrophysical source) resulting in a DM hint, 
or the absence of an exotic signal provides constraints on the nature of the WIMP particle, 
here its mass and annihilation cross-section. Among the messengers, γ rays have represented 
the golden channel as of today: they are (very-) high-energy neutral particles traveling 
practically undefected, along straight paths in the Universe. Nonetheless, only an agreement 
of a few hints in several observation channels - i.e. the multi-messenger approach - would 
result in a competitive claim in the sense of the indirect detection of DM [646, 647]. 

DM-dominated systems - e.g. galaxy clusters, dwarf spheroidal (dSph) galaxies as well 
as the Galactic center - are benchmark targets for indirect searches of DM (see e.g. [485, 613] 
and refs therein). Among other targets, Milky Way dSph galaxies are considered to be 
especially promising objects due to their relatively close position and their appearance as 
point-like or marginally extended sources in γ-ray telescopes. Although the DM density 
profles inferred from their kinematics are often afected by large uncertainties [648], the 
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contamination from intrinsic γ-ray sources is negligible in this type of objects, making them 
particularly appealing as well [649]. 

Recently, dwarf irregular (dIrr) galaxies in the Local Volume have been claimed to be 
interesting targets for γ-ray DM searches as well: (i) unlike pressure-supported dSph galaxies, 
dIrrs are rotationally-supported galaxies, i.e. their DM profles can be obtained from their 
rotation curves (RC) and, indeed, from these they appear to be DM-dominated systems 
at all radii [650–652] - just as dSphs; (ii) dIrrs are isolated galaxies of the Local Volume 
with DM halo mass M200 ≈ 107 − 1010 M⊙. Here, we consider dIrrs at a distance less than 
∼ 1 Mpc. Roughly speaking, the astrophysical component of the γ-ray DM fux scales 
with ≈ M2 , so that it is expected to have comparable contributions for both the dIrrs 200/d

2 

and dSphs (which typical have M200 ≈ 105 − 107 M⊙ and d < 0.5 Mpc), as observed in 
our analysis (see e.g. Figure 5 in [363]); (iii) Unlike aged, largely evolved dSph galaxies, 
dIrrs are star-forming galaxies; yet the astrophysical γ-ray emission from their star-forming 
regions has been estimated to be several orders of magnitude lower than the γ-ray fux 
expected from DM annihilation events in the halo, for vanilla WIMP models. In other 
words, the astrophysical background emission is expected to be negligible in dIrrs similarly 
to the case of dSphs [363]. In fact, dIrrs have star-forming regions of very small angular 
size (unresolved by most of γ-ray observatories, e.g. Figure 6 in [363]), while their DM 
halos appear to be extended - due to their distances and typical values of the virial radius [363]. 

Despite these advantages, dIrrs have not been studied so far with data of the Large Area 
Telescope on board the NASA Fermi satellite (Fermi-LAT) [653] in the context of DM 
searches. The Fermi -LAT is a pair conversion telescope designed to observe the energy band 
from 20 MeV to greater than 300 GeV, that has been surveying the sky searching for γ-ray 
sources since 2008 [429]. Several point-source Fermi -LAT catalogs have been released that 
contain hundreds to thousands of γ-ray objects, many of them previously unknown [434]. In 
this work, we will perform the frst spatial analysis of 7 dIrr galaxies in the Local Volume 
with Fermi -LAT data. 1 . We will also discuss in-depth both the main theoretical advantages 
and uncertainties related to this new class of sources, as briefy introduced in points (i)-(iii) 

1A recent work [654] focuses on Low Surface Brightness galaxies (LSBs) to constrain the DM model with 
Fermi-LAT data. Such objects are similar to dIrrs but difer in key aspects, particularly in morphology: 
both LSB and dIrr galaxies are rotationally supported systems, but LSBs still show spiral arms, while dIrrs 
are much more irregular. Further, the LSB sample in Ref. [654] includes (i) farther objects, with distances 
> 20 Mpc and already signifcant redshifts, while dIrrs are Local Volume objects with distances ≲ 1 Mpc; 
(ii) J-factors of 1014 − 1016 GeV2cm−5 , i.e. a factor 100 - or more - smaller than the J-factors in this work 
(for details see Section 4.3). Secondly, the LSB in Ref. [654] are point-like sources for Fermi-LAT, while 
dIrrs in this work are extended sources due to their proximity. For the same reason, there is no overlapping 
between the list of objects in the LSBs analyses (e.g. [654, 655]) and our work. Instead, an overlap in the 
targets exists with some preliminary analyses obtained with the High Altitude Water Cherenkov (HAWC) 
observatory [656, 657], as well as with the very recent study of Wolf-Lundmark-Melotte galaxy published by 
the High Energy Stereoscopic System [658], both of them at TeV energy scale. Indeed, the results of these 
studies are complementary to this work. 
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above. In more details: 

(i) Due to the current uncertainty that afects the inner DM density profle (in partic-
ular for galaxies in the range of masses considered in this paper), we adopt - for each dIrr 
galaxy in our sample - both a core and a cuspy profle, as we discuss in Section 4.2. 

(ii) For the computation of the expected γ-ray fux, we include in our analysis the ef-
fect of halo substructure, leading to the so-called "subhalo boost". In fact, subhalos may 
play a crucial role for indirect DM searches, in terms of an enhancement in the γ-ray fux. 
In particular, the boost in the γ-ray fux due to substructures is expected to be more 
dominant in feld halos (i.e dIrrs, that are main halos of the Local Volume), instead of 
dwarf satellites (e.g. dSphs, that fll subhalos in our galaxy) [586], as we discuss in Section 4.3. 

(iii) Due to both the apparent angular size of the dIrr DM halos as well as the inclu-
sion of halo substructure - that particularly boosts the annihilation fux in the outer regions 
of host halos - the DM signal from dIrrs could appear as extended for Fermi-LAT. For 
this reason, we perform a spatial analysis of these objects, instead of the point-like analysis 
commonly adopted in the study of dSphs, as discussed in Section 4.3. 

In Section 4.4 we present the Fermi-LAT data analysis for each individual target in our 
sample, by using 11 years of LAT data and adopting the corresponding spatial template for 
each of the dIrrs. No signifcant emission is detected from any of the targets. Indeed, the 
absence of a γ-ray signal detection in our sample of dIrrs represents one important result 
of this work, which - in addition - is in agreement with the expectation [363]. Thus, we 
proceed and compute 95% confdence level (C.L.) upper limits in the standard annihilation 
cross-section versus WIMP mass parameter space, < σv > −mχ, for each dIrr and considered 
DM model scenario. The results of both the individual and combined analysis of our sample 
of dIrrs are presented and discussed in Section 4.5. Finally, we summarize and discuss the 
main results of this work in Section 4.6. 

4.2 Kinematics and DM modelling 

DIrrs are rotationally-supported galaxies and DM-dominated systems at all radii, with 
masses M200 ≈ 107 − 1010 M⊙. Yet, the exact shape of the inner DM density profle in 
dIrr galaxies still represents an open issue. On the one hand, the cold HI and Hα rotating 
disks in dIrrs yield high resolution and high quality RCs, which point to the existence of 
cores in their centers, with halos extending well beyond their star-forming regions [659]. 
On the other hand, this kind of cored-like profles are in contrast with the predictions of 
N-body, DM-only cosmological simulations, which predict cuspy DM profles such as the 
Navarro-Frenk-White (NFW) [118, 119]. Nevertheless, the current DM profles around 
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galaxies could be diferent from the primordial ones and/or from the results of DM-only 
simulations, due to e.g. baryonic feedback [185–187]. Unfortunately, the impact of baryons 
in cosmological simulations at the scales relevant for this work is not yet fully understood. 
Whether or not a DM core will form in a given dwarf galaxy may depend primarily on its 
stellar mass to halo mass ratio, e.g. [660, 661]. In fact, bursty star formation limited to dense 
H2-rich regions creates repeated, fast outfows which break the adiabatic approximation. 
These fast and repeated outfows progressively lower the central DM density of galaxy halos 
and turn DM central cuspy profles into much shallower cores [660–663]. Furthermore, the 
stars can be dynamically heated similarly to the DM, leading to a stellar velocity dispersion 
that approaches the local rotational velocity of the stars (V/σ ∼ 1) within the projected half 
radius of the stars. Nonetheless, some authors [664, 665] found that the fast and repeated 
outfows are not able to lower the central DM density of galaxy halos, and the cuspy profles 
remain unperturbed. This is probably due to a relatively low gas density threshold for 
converting gas into stars which prevents the gas from becoming gravitationally dominant on 
kpc scales. 
In light of this debate, we prefer to include in our analysis both a core and cuspy profle, in 
this way also estimating how such an open issue may afect our fnal results. First, we study 
the RCs of the sample of seven dIrr galaxies that will be later analyzed in γ-rays. Four of 
them (NGC6822, IC10, Wolf-Lundmark Melotte (WLM) and IC1613) have been selected as 
the most promising objects 2 of thirty-six dIrr galaxies, that were previously investigated as 
a new category of targets for indirect DM searches [363]; the last three galaxies (Phoenix, 
DDO210 and DDO216) are brand new targets, never studied before in this context and 
considered as interesting targets due to their mass and distance. The seven dIrrs are located 
at a distance less than ∼ 1 Mpc, and are thus in the Local Group. Starting from the distance 
of ∼ 4 Mpc, dIrrs start to outnumber dSphs, indeed the total number of known dIrrs in the 
Local Volume is at present ∼ 200% of that of known dSphs [363]. In this regard, we note that 
our sample only includes dIrrs located in a particular region of the sky, due to availability 
of data [666–670]. The main characteristics of these galaxies are shown in Table 4.1, which 
provides name, distance, scale length RD, stellar mass MD and position in the sky. Here the 
stellar disk scale length is defned as the radius at which the surface luminosity of a galaxy 
has fallen of by a factor of e (∼2.7). 

First of all, we ft the observed RC data (see Appendix 4.7.A) to a parametrized model 
described below and perform the global mass modelling. We consider the contribution to 
the total measured circular velocity from two components: the luminous part (stellar disk 

2The four most promising objects have been selected based on the results of [363] - i.e. the frst proof-of-
concepts paper. In the latter, a point-like study based on a theoretical approach was developed, by taking into 
account several key factors, e.g. not only the mass, distance and angular dimension of the targets, but also 
their position in the sky and their star-forming γ-ray emission, expected to be negligible with respect to both 
the γ-ray emissivity expected by the DM halos and the difuse and isotropic components of the background. 
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and the gaseous component when available) and the DM contribution, i.e.: 

Table 4.1: Sample of the seven dIrr galaxies studied in this work, together with their 
distances (DEarth), scale lengths, RD, and stellar masses, MD, and position in the sky. In 
the last column we provide for each target the reference for both the Rotation Curve (RC) 
data (see also Appendix 4.7.A) and stellar mass MD data [666–670]. 

Name Distance RD log10 MD l b RC & MD 

[Mpc] [kpc] [M⊙] [deg] [deg] reference 

NGC6822 0.48 0.66 7.0 23.3 -18.4 [666] 

IC10 0.79 0.79 8.1 119.0 -3.3 [650] 

WLM 0.97 0.55 7.2 75.9 -73.6 [650] 

IC1613 0.76 0.64 7.5 129.7 -60.6 [650] 

Phoenix 0.44 0.23 6.8 272.2 -68.9 [671, 672] 

DDO210 0.9 0.17 5.8 34.0 -31.3 [650] 

DDO216 1.1 0.54 7.2 61.5 -67.1 [650] 

2 2 2 2 vtot(r) = vdisk(r) + vgas(r) + vdm(r). (4.1) 

We assume that the stellar component, vdisk, is well represented by a Freeman disk [673] 
and, thus, can be written as: 

� �2 
2 1 GMD r 

vdisk(r) = (I0K0 − I1K1), (4.2)
2 RD RD 

where MD is the stellar mass, RD is the disk scale length, and In and Kn are the modifed 
rBessel functions computed at . The disk scale length and the distribution of the gas 2 RD 

3component are taken from literature and listed in Table 4.1. 

The stellar mass is left as a free parameter: in Table 4.1 we show the values available in 
literature that we adopt as central values for the Gaussian priors with the standard deviation 
equal to 0.14 . 

In more detail, our model of Equation 4.1 has three free parameters: MD and two 
parameters (the core density and scale radius) describing the DM density profle, either 

3This is done for all dIrrs but Phoenix I, for which data for the gas distribution are not available. Thus, 
for this object we assume that the gas follows the Freeman disk given by Equation 4.2, yet with RD being 
three times that of the disk [674]. We take the gaseous mass to be log10 MHI = 4.92 from [672]. 

4If we adopt larger standard deviation the implied stellar masses become unrealistically low/high. 
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Burkert (ρc, rc) or NFW (ρ0, rs) respectively. We explore the model parameter space using 
uniform priors for the DM parameters and Gaussian priors for MD 

5 . The posterior is then 
sampled using emcee, an open source afne-invariant Markov chain Monte Carlo (MCMC) 
ensemble sampler [575]. 

The best-ft maximum likelihood (ML) values of the MCMC analysis for the Burkert 
profle are presented in Table 4.2, namely the core density, ρc, and the core radius, rc: 

Name rc 

[kpc] 

log10 ρc 

[M⊙/kpc3] 

log10 MD 

[M⊙] 

χ2 
red 

[ ] 

R200 

[kpc] 

log10 M200 

[M⊙] 

θ200 

[deg] 

NGC6822 

IC10 

WLM 

IC1613 

Phoenix 

3.3+0.8 
−0.7 

2.0+0 
−1.5 

1.3+0.2 
−0.1 

7.0+0 
−1.2 

0.2 

7.5 ± 0.1 

8.2+0.4 
−0.2 

7.8 ± 0.1 

6.3 ± 0.05 

7.5 

7.9+0.2 
−0.3 

∗8.1 ± 0.1 
∗7.1+0.5 

−0.9 

∗7.1+0.07 
−0.06 

∗6.8 

0.1 

0.1 

0.1 

0.9 

1.2 

62.9+8.4 
−6.7 

71.3+7.1 
−47.6 

33.3+2.0 
−1.5 

45.7+1.7 
−6.9 

3.6 

10.5+0.2 
−0.1 

10.6+0.1 
−1.5 

9.6 ± 0.1 

10.0+0.05 
−0.2 

6.7 

7.5 

5.2 

2.0 

3.4 

0.5 

DDO210 

DDO216 

0.5+0.9 
−0.2 

0.3+0.3 
−0.1 

8.0+0.1 
−0.2 

8.1 ± 0.3 

∗5.8 ± 0.1 
∗7.2 ± 0.1 

0.5 

0.3 

14.2+23.7 
−4.6 

10.8+3.7 
−2.7 

8.5+1.2 
−0.5 

8.2 ± 0.3 

0.9 

0.6 

Table 4.2: Best-ft ML values and corresponding 1 σ uncertainties for the main parameters 
of our sample of dIrrs, for a Burkert DM density profle. Asterisks indicate that the estimation 
of the stellar mass was taken from [650] and the Gaussian prior is further assumed. We 
provide both the core radius rc and density ρc, the stellar mass MD, the χ2 value, R200 andred 
M200. Finally, θ200 is the angular extension of the galaxy, defned as the sky angle subtended 
by R200. Note that we do not provide the uncertainties for the Phoenix galaxy due to very 
poor quality of its RC data. 

3 
cρBur(r) = 

ρc r
. (4.3)

2(r + rc) (r2 + r )c 

In Table 4.2 we also list values of the reduced χ2 
red, where the number of degrees of freedom 

(d.o.f.) is the number of RC data points minus the number of free parameters (in the Burkert 
profle case is equal to 3). We ft the RC of each galaxy, instead of adopting the Universal 
Rotation Curve hypothesis as in [10, 363]. This fact generates small diferences with respect 
to [363], in the resulting parameters of the Burkert profles and the related uncertainties. 

We follow the same procedure for the NFW profle: 

ρNFW(r) = � �� ρ0 �2 , (4.4) 
r r1 + rs rs 

5The good quality of the RC of NGC6822, allows to leave the stellar mass free. 
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where ρ0 and rs are the density normalization and the scale radius, respectively. However, 
even in those cases where this profle shows reasonable fts to the RC data, the obtained best-
ft values for the concentration parameter are unrealistically low for a ΛCDM Universe [133, 
675, 676]. We also tried to use uniform priors based on structure formation models [677], 
with similar results. Consequently, either the DM in these galaxies is distributed somewhat 
diferently from what is expected from the DM-only ΛCDM cosmological simulations, or 
the data contains unknown systematic uncertainties that should be taken into account, 
e.g. systematic uncertainties related to the inclination and/or distance errors in the RC 
reconstruction [678]. Thus – by looking out for an agreement with ΛCDM cosmology and the 
DM-only simulations – we still model each dIrr galaxy with an NFW profle but with one key 
assumption: M200, the mass contained within the virial radius, R200, and obtained by the ft 
of the RCs for the Burkert profles (Table 4.2), is also taken as a starting point to build the 
NFW profles. Though valid, just as a frst approximation, this assumption is good enough 
for our purposes, especially when considering that, later in our work, we will defne and use a 
set of four diferent DM models (described in the next Section) to conservatively encapsulate 
the uncertainties coming from the modelling of the DM distribution in our sample of dIrrs. 

= MBurThus, uncertainties from the assumption of MNFW are subdominant compared to 200 200 

the level of global uncertainties from the envelope of all four considered DM models [659]. 
From this value of MNFW for each dIrr, it is possible to obtain the corresponding radius 

4π∆200ρcrit 

200 

R200: � 
R200 = 

3M200 
�1/3 

, (4.5) 

∆200 being the overdensity with respect to the critical density of the Universe, ρcrit = 
137 M⊙ kpc−3 . 

The next step to build the NFW profle is to obtain the halo concentration. For this 
purpose we use the parametrization for main halos [133]: 

5 � � ��iX M200 
c200(M200, z = 0) = ci × ln , (4.6)

h−1M⊙i=0 

which has proven to work especially well for objects in the mass range between dSphs and 
galaxy clusters, and includes the fattening of c(M) at lower halo masses, frst pointed out 
by these authors and now widely accepted [140, 679]. Together with the value of R200 given 
by Equation 4.5, it is now easy to obtain the scale radius, rs: 

rs ≡ R200/c200. (4.7) 

Finally, we impose the condition Z R200 

M200 = ρNFW(r)r 2drdΩ (4.8) 
0 
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and we get 
2 ∆200 ρcrit c200

ρ0 = ,
3 f(c200) � � 

2 c200where f(c200) = 2 ln (1 + c200) − . The variable that we will use to defne the 
c200 1+c200 

spatial extension of the dIrrs is θ200, i.e. the sky angle subtended by R200: � � 
R200

θ200 = arctan . (4.9)
DEarth 

The resulting NFW profle parameters are given in Table 4.3. The RCs corresponding 
to both the data-consistent Burkert profle and the ΛCDM-consistent NFW profle are 
left for Appendix 4.7.A. Despite the adopted theoretical model, the NFW profle remains 
a consistently worse than the Burkert profle, for reasons we gave above, i.e. the main 
discrepancies between the model and the data for some objects may be associated with (i) 
an incomplete knowledge of baryonic efects in numerical simulations and/or (ii) systematic 
uncertainty in the determination of the RC data, e.g., the estimated inclination angle of the 
galaxy. Due to these unknowns, the quality of the RC ft was not considered as primary 
when choosing the list of Irrs from [363] for this analysis. Instead, we preferred the objects 
with the most promising J-factors (see [363] and Section 4.3). Nonetheless, 5 of 7 RCs are 
well ftted with a cored profle, by including the baryon component. 

Table 4.3: NFW density profle parameters for our sample of dIrrs, obtained assuming 
MBur MNFW= ; see the text for details, and Equations 4.4–4.9 for the defnition of each 200 200 
parameter. The concentration c200 corresponds to the one provided by the concentration-mass 
(c − M) relation in [133] for ΛCDM halos. 

Name c200 rs 

[kpc] 

log10 ρ0 

[M⊙/kpc3] 

R200 

[kpc] 

θ200 

[deg] 

NGC6822 

IC10 

WLM 

IC1613 

Phoenix 

DDO210 

DDO216 

10.7 

10.4 

12.2 

11.4 

18.7 

14.5 

15.3 

5.9 

6.8 

2.8 

4.0 

0.2 

1.0 

0.7 

6.9 

6.8 

7.0 

6.9 

6.9 

7.2 

7.3 

62.6 

70.3 

33.6 

45.7 

3.5 

14.5 

10.8 

7.4 

5.1 

2.0 

3.4 

0.5 

0.9 

0.6 

4.3 Annihilation signal and inclusion of halo substructure 

The DM modelling performed in the previous Section is used as the starting point to obtain 
the induced DM annihilation γ-ray fux from these objects. Assuming that the DM is 
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composed of WIMPs [486, 579], we can compute this expected fux as 

dϕγ 1 ⟨σv⟩ dNγ
(E, ∆Ω, l.o.s) = (E) × J(∆Ω, l.o.s), (4.10)

dE 4π δm2 
χ dE 

dϕγwhere: is the DM annihilation γ-ray fux; ⟨σv⟩ is the thermally-averaged annihilation dE 
cross-section; δ = 2 if we assume Majorana DM particles and δ = 4 if Dirac particles; mχ 

dNγis the DM mass; is the WIMP annihilation spectrum; J(∆Ω, l.o.s) is the so-calleddE 
astrophysical J-factor (computed along the line of sight (l.o.s.), and within a given solid angle 
∆Ω). It is worth to notice that we can identify two main dependencies in the fux: frst, the 
energy dependence, that appears only in the so-called particle physics term (which contains 
all the information about the mass of the DM candidate and the possible annihilation 
channels); secondly, the spatial dependence, appearing only in the J-factor. This allows to 
factorize these two terms independently, and implies that the spatial distribution of the DM 
is independent of the energy. The J-factor is then defned as Z ∆Ω Z 

J(∆Ω, l.o.s) = dΩ ρ2(r)dl, (4.11) 
0 l.o.s 

where ∆Ω = 2π(1 − cos αint), being αint the integration angle and ρ(r) the DM density 
profle. 
From N-body cosmological simulations - which follow the structure formation processes 
according to ΛCDM (e.g., [108, 498] and references therein) - , we expect the smallest 
structures or halos to form frst. Then, via accretion or collapse, the bigger structures are 
formed, leaving a population of small structures - known as subhalos - within the main halos. 
Given the typical masses and sizes of dIrrs, we expect them to host a signifcant number of 
subhalos. The population of subhalos in a main halo can be parametrized as 

d3N dPV dPM dPc 
= Ntot (R) (M) (M, c), (4.12)

dV dMdc dV dM dc 

where: Ntot is the total number of subhalos; Pi with i = V, M, c is the probability distribution 
in each of the domains normalized to 1; V referring to the subhalo distribution in the volume 
of the main halo 6; M to the subhalo mass and c to subhalo concentration. This allows to 
model the subhalo distribution for each domain independently from one another (spatial 
distribution, mass and concentrations). The efect of taking into account all these small 
structures is to enhance the expected DM fux, which is usually quantifed in terms of 
the so-called substructure boost factor, B. This boost can range from B = 0, where the 
contribution of the substructure is absent, up to ∼ 2 orders of magnitude in the expected 
annihilation DM signal, depending on the details of the subhalo population and of the host 

6However, the only real dependence is on the relative distance of the subhalos to the center of the host, so 
in the following we will refer to this distribution in volume as the Subhalo Radial Distribution. 
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halo mass (e.g. [168, 677]). Given the impact that the substructure can have in the J-factors 
and its still uncertain nature (e.g., minimum mass to form clumps [587–589], tidal stripping, 
subhalo survival or precise shape of subhalo DM density profles [108]), it becomes convenient 
to cover the range of diferent but possible scenarios. Hereafter we proceed to describe the 
models that we use in this work to model the substructure within our sample of dIrrs: 

• dPV : Known as the Subhalo Radial Distribution (SRD), there is some variety of SRD dV 
models available in the community. The most used are the ones described in [590] 
and [169], both based to N-body simulation results. Yet, as seen in Section 4.2, dIrr 
galaxies agree better with data-driven DM profles, like the Burkert profle, rather 
than with simulation-motivated profles like the NFW. Because of this, in this work we 
decide to adopt a hybrid approach, for which, as in [590], we choose the SRD to follow 
the profle of the main halo, i.e. Burkert or NFW depending on the considered model. 

• dPM : The distribution in mass of the population of subhalos is known as the Sub-Halo dM 
Mass Function (SHMF). Once again, the main input for these models are the N-body 
simulations, which usually follows 

dN ∝ M−α . (4.13)
dM 

In the literature the most common values are α = 1.9 [590] and α = 2.0 [169]. As 
shown in [168], the slope plays a crucial role on the boost factor calculation, since 
higher boosts are obtained for higher α values, i.e. for the case of a more numerous 
population of small subhalos. In order to cover all possible physical scenarios, we 
consider both cases, noting that the α = 1.9 probably yields the more realistic J-factors 
as it is more in line with the latest results in the N-body simulation side [108], while 
α = 2.0 will provide an upper bound to the substructure boost values. 

dPc• : Even though in the literature it is possible to fnd state-of-the-art (c − M) subhalodc 
relations for the subhalos themselves - by including a radial dependence accounting for 
the location of the subhalos within the main halo [168] - in the following we adopt the 
one for main halos [133]. The main reason for this choice is that the latter is already 
available in the CLUMPY code, we use to compute the J-factors, while the model by 
[168] is not yet. Since the predicted concentrations for subhalos are higher than for 
main halos of the same mass [168], the parametrization of [133] will ensure that our 
integrated J-factors for the dIrrs will be conservative (by a factor 2-3). This choice also 
implies to implicitly adopt the standard NFW density profle to model the DM profle 
in subhalos, ρclumps. However, compared to main halos, subhalos are known to exhibit 
profles that are similar to the NFW in the inner parts but decay much more rapidly 
towards the outskirts due to tidal stripping [590, 628–630]. Yet, for our purposes the 
NFW still represents a very good approximation, as most (∼ 90%) of the annihilation 
fux is originated within the scale radius, well inside the subhalo. Once we assume a 
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(c − M) relation, there is also the possibility to consider an intrinsic scatter on the 
concentrations [168, 593]. However, it becomes computationally extremely expensive 
to take into account this scatter in CLUMPY. Thus, for the purposes of this work, we 
decide to neglect it: as we are in any case considering very diverse models for the 
rest of variables, we note that the efect of the scatter in concentrations would lie well 
within the spread of the obtained J-factors from these diferent models. 

After we have discussed and selected the main parameters describing the subhalo population, 
we will defne four diferent benchmark models for the computation of the J-factors, each of 
them with a particular level of subhalo boost: 

• MIN: the main halo is modelled with a Burkert profle and only takes into account the 
smooth DM distribution within the main halo, i.e. this model neglects the efect of 
substructure. 

• MED: the main halo is modelled with a Burkert profle. The SRD follows the Burkert 
profle of the host. We adopt α = 1.9 for the slope of the SHMF (Equation 4.13). 

• MAX-Bur: this model is similar to MED but adopts α = 2.0 for the slope of the 
SHMF. 

• MAX-NFW: the main halo is modelled with an NFW profle. The SRD follows the 
NFW profle of the host. We adopt α = 2.0 for the slope of the SHMF. 

We note that with the defnition of the above benchmark models, we are bracketing a wide 
range of diferent possible substructure scenarios, this way also providing a bracketing for 
the values of the J-factors. We summarize all these scenarios in Table 4.4. Let us stress that, 
although the labels MIN, MED, MAX already give a rough idea of the ranking of J-factors 
values, in a few cases this is not strictly true due to the diferent DM profles adopted for 
the main halos in the diferent models. 

Table 4.4: Summary of the DM models we use in this work; α is the slope in Equation 4.13, 
see Section 4.3 for full details. 

Model ρhost ρsubs SRD α 

MIN 

MED 

MAX-Bur 

MAX-NFW 

Burkert 

Burkert 

Burkert 

NFW 

-

NFW 

NFW 

NFW 

-

Burkert 

Burkert 

NFW 

-

1.9 

2 

2 

The computation of the J-factors is performed using the CLUMPY code [591, 594, 595]. 
CLUMPY allows us to easily implement our four benchmark models for the sample of dIrr 
galaxies. Other general parameters we use to perform these computations are the minimum 
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subhalo mass, that we set to Mmin = 10−6M⊙, the maximum subhalo mass in terms of the 
mass of the host, M% = 0.01, and the number of substructure levels to be considered,max 

Nsubs = 2 (subhalos inside subhalos). The obtained integrated J-factors for each galaxy and 
for each benchmark model are summarized in Table 4.5. 

Table 4.5: Total J-factor values integrated up to R200 for each dIrr in our sample, and for 
the diferent benchmark models summarized in Table 4.4. 

Name log10 JMIN 

−5GeV2cm

log10 JMED 

−5GeV2cm

log10 JMAX−BUR 

−5GeV2cm

log10 JMAX−NFW 

−5GeV2cm

NGC6822 

IC10 

WLM 

IC1613 

Phoenix 

DDO210 

DDO216 

17.86 

18.21 

16.72 

16.16 

14.40 

15.90 

15.45 

18.40 

18.40 

17.10 

17.48 

15.04 

16.20 

15.72 

18.62 

18.53 

17.27 

17.74 

15.16 

16.32 

15.83 

18.63 

18.33 

17.24 

17.84 

15.16 

16.27 

15.73 

We point out that the obtained range of J-factors for each dIrr, based on the diferent 
substructure scenarios in Table 4.4, is wider than the one we would have obtained from just 
having considered the uncertainty on M200 (see Table 4.2) in the J-factor computation for 
each dIrr. For this reason we neither provide J-factor uncertainties in Table 4.5 nor include 
them in our data analysis (see next Section 4.4). 

Attending to the obtained values in Table 4.5, we note that they are distributed, for all the 
benchmark models, according to the expected ratio M2 . From them, we can also easily200/D

2 

understand the impact of taking into account diferent models for the subhalo population 
inside dIrrs. In particular, we obtain boost values ranging between B = 0.6 − 3.4 for the 
MED model, and B = 1.1 − 4.8 for MAX-Bur, depending on the considered dIrr (we recall 
that B = 0 means no boost in our defnition). The only exception is IC1613, for which we 
obtain BMED = 19.9 and BMAX−Bur = 37.0. For the rest of the objects, we can check how 
these values compare to the ones obtained in the literature. We can compare with Ref. [133], 
who also use a (c − M) parametrization for main halos applied to the subhalos. For masses 
between 106 − 1010 M⊙, they obtain B = 1.2 − 2.0 for α = 1.9 and B = 2.0 − 7.0 for α = 2.0. 
This is comparable to our computations, despite the fact that authors in [133] implicitly 
adopted NFW profles instead of Burkert as we do. The same diference is also found in 
[591], where the authors reproduce the same substructure modelling as in [133]. They obtain 
a good agreement, some small diferences only arising for high mass values (M200 > 108 M⊙) 
and in the case of adopting α = 2 for the slope of the SHMF. This divergence, that we also 
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fnd, can be explained by the following: in the case of [133], the total mass in the form of 
subhalos is added to the original M200 of the object, leading to slightly overestimated boost 
values for higher masses. Instead, in [591] the mass in the form of subhalos is subtracted 
from M200 of the host, leading to more realistic boost values, as we also obtain. Finally, we 
can also compare our values to the ones obtained using a (c − M) relation for subhalos [168] 
(who also adopted NFW profles for subhalos). In this case, for the same mass range, they 
obtain B = 2.1 − 3.7 for α = 1.9 and B = 3.7 − 10.3 for α = 2.0. As expected, these are 
a factor up to ∼ 2 higher values, especially for the α = 2.0 case. The reason being that, 
as said, is that [168] predicts higher concentrations for subhalos when compared to halos. 
Again, this means that our subhalo-boosted J-factors are conservative. 

Another output we can easily obtain using CLUMPY are two-dimensional templates, repro-
ducing the spatial morphology of the expected DM annihilation signal. We created maps for 
each dIrr galaxy and for each benchmark model in Table 4.4, in total producing a compilation 
of 28 spatial templates. It should be noted that we do not expect any of these subhalos to 
be individually spatially resolved by Fermi -LAT, due to both their extremely small angular 
extent at the distance of the dIrrs and the LAT instrumental resolution; thus we decided to 
adopt an averaged description of the whole subhalo population for drawing their contribution 
to the total signal. An example of these templates is shown in Figure 4.1. Very importantly, 
we will use these maps in the next section as the inputs for our Fermi spatial and spectral 
analysis, given that they are the reference models to be ftted to the actual data. 

4.4 Fermi -LAT data analysis 

Once the DM modeling of the dIrrs in our sample is complete, we can perform a search 
for γ-ray signals in Fermi-LAT data. To do so, we use Fermipy, a Python package that 
automates the ScienceTools7 analysis. Fermipy v0.19.0 and ScienceTools v1.3.7 are used. 

The frst step is the photon event selection. We will use 11 years of LAT data, from 
2008 August 4 to 2019 August 8. The class event is Pass 8 SOURCEVETO [653], with the 
corresponding P8R3_SOURCEVETO_V2 instrumental response function. We choose an energy 
range from 500 MeV to 1 TeV,8 with a zenith cut of θz > 105◦ . 

The data is binned using 8 energy bins per decade in energy and 0.08◦ pixel size, defning 
a region of interest (ROI) of 12◦ × 12◦ , centered at the position of each dIrr. The Galactic 
difuse emission is modeled with the latest LAT template, gll_iem_v07, while the isotropic 
contribution is modeled with the corresponding template, iso_P8R3_SOURCEVETO_V2.txt. 

7https://Fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/ 
8Although the LAT is sensitive to photons with energies as low as ∼20 MeV, the Galactic difuse emission 

is much more intense at these energies, and so we decided to start the analysis at higher energies to avoid 
possible contamination. 
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Figure 4.1: Two-dimensional templates of the expected spatial morphology of the DM 
annihilation fuxes from the IC10 dIrr, as obtained with CLUMPY for each of the four benchmark 
DM substructure models in Table 4.4; see text for details. The z-axis represents the values of 

dJthe diferential J-factors ( dJ ). Because the values of vary by many orders of magnitude dΩ dΩ 
in these plots, we chose the colour scale in such a way that we still could appreciate details 
in the MED and MAX models. However, for the MIN case, this colour scale implies that 
the outer regions of the object are not visible, as their expected fuxes already lie below the 
minimum J-factor value shown by the color scale. 

We frst perform a baseline ft to each individual ROI using the corresponding CLUMPY 
template for each of the models. The spectral energy distribution (SED) parameters of all 
the sources in the ROI, the normalization of the Galactic difuse emission and the isotropic 
template are left free. As the analysis uses 3 years more data than the 4FGL, the pipeline 
searches for new sources. These eventual sources would then be added to the model to 
optimize the ft of the ROI; in this analysis, no new sources have been found. 

Then, we run a ft and compute the likelihood profle as a function of energy and energy 
fux of DM. In each energy bin, the only free parameter is the normalization, which is 
computed independently from other bins.9 We then scan for each energy bin the likelihood 
as a function of the fux normalization for the assumed DM signal, which depends both on 

9By analyzing each energy bin separately, we avoid selecting a single spectral shape to span the entire 
energy range, at the expense of introducing additional degrees of freedom in the ft. 
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the annihilation channel and the WIMP mass, and adopt those parameters which maximize 
the likelihood. 

In the following, we will consider three annihilation channels: bb̄, τ+τ− , and W +W − , and 
WIMP masses ranging from 5 GeV up to 10 TeV. For each channel and mass, we extract the 
expected fux, ϕγ,j , in each energy bin. The upper limits to the fux for every bin and target 
are shown in Appendix 4.7.C. Then, we compute the likelihood of observing ϕγ,j , and the 
log-likelihood in each energy bin is summed to get the overall log-likelihood, given by, 

X 
logL (µ, θ|D) = logLj (µ, θj |Dj ) (4.14) 

j 

where L is the likelihood, j is the index of each energy bin of the Fermi -LAT data (D), µ 
are the DM parameters (⟨σv⟩ and mχ), and θ are the parameters in the background model, 
i.e., the nuisance parameters. These include the uncertainty of the J-factors, set to 0.3 dex 
(i.e., log10 σJ = 0.3) in our analysis for every target in the sample. This value was chosen 
following the typical size of J-factor uncertainties reported in the literature [591, 680, 681] as 
well as previous choices by the LAT collaboration [328, 614, 682], associated with systematic 
uncertainties in the determination of the profle parameters, i.e. the ft of the RC.10 The 
signifcance of the DM hypothesis can be evaluated via the test statistics (TS)11 , 

� � 
L (µ, θ|D)

TS = 2 ∆logL = 2 log (4.15)
Lnull (θ|D) 

where Lnull is the likelihood in the case of null hypothesis, i.e., no DM, and L is the likelihood 
for the DM hypothesis. 

Once the individual targets have been studied, one can perform a combined analysis 
simultaneously using all the targets in our sample. This is performed by simply summing the 
individual log-likelihood profles for each of the targets, to obtain a global likelihood. As seen 
in Figure 4.2, where the MED model is used, no signifcant emission is detected from any of 
the targets and any of the channels, with the WLM galaxy having the largest observed TS, 
∼9–11, depending on the annihilation channel. We also show the combined likelihood when 
considering a joint analysis. It is interesting to look at the likelihood profle of each dIrr as a 
function of mχ, i.e., the TS preference for each of the masses we are scanning. The wider 

10The uncertainty on individual J-factor values is subdominant compared to the one coming from the 
use of diferent DM models for each dwarfs, i.e., MIN, MED and MAX models. Nonetheless, we decided to 
include it in our analysis even if this choice will not afect the results, being the systematics associated to the 
diferent DM models dominant. 

11TS ∼ σ2 , this is, a 5σ detection would be equivalent to TS ∼ 25. Strictly speaking, TS ∼ σ2 only applies 
in the asymptotic case with nested hypotheses and 1 additional degree of freedom. Furthermore, the null 
hypothesis can’t be degenerate. 
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the profle, the more uncertain is the determination of the potential signal, while the height 
measures the overall preference. 
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Figure 4.2: Likelihood profles as a function of the WIMP mass, for each of the dIrrs and 
the combined targets, assuming the MED model. The ⟨σv⟩ is left free for each mass bin. 
Top, middle and bottom panels are for the bb̄, τ+τ − , and W +W − annihilation channels, 
respectively. 

Note that these likelihoods present each mass bin with its own best-ft ⟨σv⟩. From 
Figure 4.2, a ∼ 3σ excess is seen in the cases of WLM and NGC6822. This apparent excess 
is present in the three considered annihilation channels, while its position shifts to slightly 
larger WIMP masses in the case of W +W − and lower ones in τ+τ− . The shift is just due to 

bthe fact that the bb̄ channel peaks at roughly Eb¯ ∼ mχ/20, while EW +W − ∼ mχ/30 andpeak peak 
Eτ+τ − 

peak ∼ mχ/3. It is interesting to note that both the excesses in WLM and NGC6822 peak 
at the same masses (as expected from an universal DM signal), and that in the bb̄ channel 
the peak is at mχ ∼ 250 GeV, which is still allowed by the DM constraints obtained from 
the dSphs [436]. Yet, these excesses are most likely due to the Galactic difuse emission, 
which is not perfectly modeled in any LAT analysis 12 . In any case, these TS values are not 
considered to be signifcant, as they are pre-trials and therefore are expected to decrease 

12We note that authors in Ref. [363] computed the expected astrophysical γ-ray emission originated in 
these objects to be well below the LAT detection threshold. 
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signifcantly in a more complete statistical analysis including the “look-elsewhere” efect. 
Thus, as no γ-ray emission is conclusively observed from any of the targets, in the next 
subsection we will proceed to set limits to the WIMP mass vs. annihilation cross-section 
parameter space. 

4.5 Dark matter limits on the annihilation cross-section 

From L (µ, θ|D) we can evaluate the one-sided 95% confdence level (CL) exclusion limit on 
the fux, which is the value at which the log-likelihood decreases by 2.71 (as we consider 
one-sided limits) with respect to its maximum value. Then, from this value and Equation 4.10 
we can compute 95% C.L. upper limits in the ⟨σv⟩ − mχ parameter space for each dIrr 
and DM modeling scenario described in Section 4.3. In Figure 4.3 the individual limits are 
plotted for the four considered DM models and the bb̄ annihilation channel. The individual 
limits for τ+τ− and W +W − are deferred to Appendix 4.7.D. 
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Figure 4.3: Upper limits for ⟨σv⟩ for each individual source, for the bb̄ annihilation channel. 
The diferent DM models considered are, from top to bottom, MIN, MED, MAX-Bur and 
MAX-NFW; see Table 4.4 for details on each of them. 

As seen in the fgure, none of the targets is able to reach the canonical, thermal relic 
cross-section [581], the best limits from IC10 still being a factor ∼10 away. Indeed, the 
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best results are obtained for IC10 in all DM models which, interestingly, have almost no 
sensitivity to the change of the DM density models, as the four considered models yield very 
similar results. This is not true for the rest of dIrrs though, for which the change of DM 
model can vary the limits up to a factor 10 (e.g., IC1613, for which a signifcantly diferent 
behavior of its extended emission under the diferent DM scenarios was obtained). 

Our joint likelihood analysis allows also to derive combined DM constraints using all 
objects in the sample at once. These constraints are plotted in Figure 4.4 for the four 
considered DM models and the three annihilation channels. 
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Figure 4.4: Limits for the combined signal in the four considered scenarios, for bb̄ (top 
panel), τ+τ− (middle panel) and W +W − (bottom panel) annihilation channels. 

The combined limits are dominated by the brightest (i.e., with largest J-factor) object, 
IC10, whose limits we recall only changed marginally between the diferent DM models. 
Therefore, the combined limits present a very small deviation from each other as well, and 

3 3 −1for the bb̄ channel are at the level of ∼ 10−25cm s−1 for mχ = 10 GeV and ∼ 5 · 10−23cm s 
for mχ = 1 TeV. 

We note that the observed local excesses in the case of NGC6822 and WLM (see Figure 4.2) 
weaken the joint limits at the corresponding masses in each annihilation channel. As the 
combined analysis is dominated by the brightest objects, WLM has the most relevant 

170 



Chapter 4. Dark Matter search in dwarf irregular galaxies with Fermi -LAT 

contribution to this weakening, which occurs for the masses at which the excess has the 
largest TS values, i.e, around 200–300 GeV for bb̄, 30–70 GeV for τ +τ− and 500–600 GeV 
for W +W − . 

4.6 Discussion and Conclusions 

We analyzed 11 years of Fermi-LAT data from the sky regions corresponding to 7 dwarf 
irregular galaxies, i.e. NGC6822, IC10, WLM, IC1613, Phoenix, DDO210 and DDO216 
in the context of DM searches. DIrrs are rotationally-supported star-forming galaxies, 
yet DM dominated systems, thus suitable targets for indirect DM searches. Nevertheless, 
they represent a clear example of the cusp-core tension between observations and N-body 
simulations. For this reason, in our work we considered both a data-driven core-like Burkert 
and an N-body simulation motivated cuspy NFW DM density profle. 
We used CLUMPY in order to calculate the J-factors for each target and DM profle, which 
include the efect of subhalos in the annihilation fux under diferent confgurations of the 
subhalo population in these objects. The values obtained for the subhalo boost for our 
benchmark DM models reach a factor ∼ 5, i.e. a factor ∼ 2 lower than the ones obtained 
in [168] for this same mass scale. This means that we derived both conservative J-factors 
and DM constraints. For each DM model, we created two-dimensional spatial templates 
of the expected DM annihilation signal with CLUMPY. In fact, the angular extension of dIrr 
galaxies makes it mandatory to consider it in the data analysis should we want it to be 
state-of-the-art and realistic. 
We have performed a search for γ-ray signals in Fermi-LAT data in each of the targets’ 
ROI. After our analysis, these objects stay undetected in γ-rays. No signifcant emission is 
detected, with the highest TS values TS ∼ 9 − 11 corresponding to the WLM galaxy (TS ∼ 8 
for NGC6822), depending on the considered annihilation channel (bb̄, τ+τ− and W +W −). 
These TS values are not considered to be signifcant, mainly because they are pre-trials and 
thus are expected to decrease signifcantly in a more complete statistical analysis. Also, 
the presence of little excesses at a few GeV is common in this type of analysis due to our 
imperfect knowledge of the Galactic foregrounds, which may contribute at this TS level. 
Nevertheless, this fact could point to a potential DM emission in the two objects. Indeed, 
based on previous theoretical studies, we expect a negligible astrophysical fux from SFRs in 
these galaxies and the DM-induced emission should be the dominant one [363].13 

Since no γ-ray emission is conclusively observed from any of the targets, we use our fux upper 
limits to set constraints on the WIMP mass vs. annihilation cross-section parameter space. 
The most stringent constraints are obtained for IC10 and NGC6822, independently of the 
adopted DM profle, and are at the level of < σv >∼ 10−25 − 10−22 cm3s−1 for mχ ∼ 10 − 104 

GeV, respectively. Diferences between limits are mainly due to the diferent contribution 

13Assuming the signifcance scales as the square root of time in this energy regime, many additional years 
of LAT data would still be required to confrm a signal, if such a signal is actually present. 
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Figure 4.5: Comparison between diferent limits for the bb̄ annihilation channel. We include 
the ones derived in this work, assuming the spatial template (solid blue), the theoretical 
predictions from [363] (dashed orange), the null extended simulations 95% containment band 
(see Appendix 4.7.B), and the LAT dSphs [614] in dot-dashed green. 

that the halo substructure boost has for each object in the sample. Finally, we obtained 
combined DM limits from the joint likelihood data analysis performed. IC10 also dominates 
these combined limits for each model and three annihilation channels, i.e. bb̄, τ+τ− and 
W +W − . The strongest constraints are obtained for the bb̄ annihilation channel and are at 
the level of < σv >∼ 7 × 10−26 cm3s−1 at mχ ∼ 6 GeV. 

In Figure 4.5 we showed the main results of this work: the combined DM limits obtained 
from the spatial data analysis for the MED model and the bb̄ annihilation channel (blue 
line). We note that these limits are slightly diferent from the yellow band shown in the same 
plot, which represents the 95% C.L. containment band after having performed 100 control 
simulations assuming no DM content in the targets, yet modeled with their corresponding 
spatial templates (null simulations; see Appendix 4.7.B for further details). The observed 
mismatch can be easily attributed to the small local TS excesses found for some objects in 
our sample at the relevant energies. 

Interestingly, our combined DM limits are in remarkable agreement with the constraints 
obtained in the previous theoretical work (yellow-dotted line) [363], where the Universal 
Rotation Curve was assumed as the basis for the DM modelling and the targets were 
considered to be point-like just as a frst approximation. For comparison, in Figure 4.5 
we also show the constraints obtained by the Fermi -LAT collaboration from the combined 
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analysis of tens of dSph galaxies [614]. The latter allows to rule out light thermal WIMP 
masses below ∼60 GeV [683]. In contrast, the limits from our combined analysis are not 
able to reach the canonical, thermal relic cross-section. The best limits are reached at the 
lightest considered WIMP masses, still being a factor ∼3 above the thermal value. 
Let us stress that our work represents the frst extended analysis of dIrr galaxies with 11 
years of Fermi-LAT data in the context of DM searches. By collecting more and more 
spectral data and RC measurements, it will be possible to obtain a better estimation of the 
DM halo mass associated to these objects, in this way further reducing the corresponding 
uncertainty in this type of analysis. Also the use of future, more refned models for both 
the DM density profle and the annihilation boost due to substructures will help in this 
direction. Certainly, a better understanding of baryonic physics by means of hydrodynamical 
simulations and its comparison with the available observational data [684] would also help 
in order to reach a complete understanding of the kinematics of these objects. 
To conclude, the increasing number of dIrr galaxies that has been recently detected and 
studied in their kinematics (see e.g. [650, 651, 685, 686]) , make them interesting targets for 
γ-ray DM searches and further eforts should be pursued to the study of this class of dwarfs. 
Among others, the Study of Hα from Dwarf Emissions (SHαDE) [686] is a high spectral 
resolution integral feld survey of 69 dwarf galaxies14 with stellar masses 106 < MD < 109 M⊙. 
SHαDE is designed to study the kinematics and stellar populations of dwarf galaxies using 
consistent methods applied to massive galaxies and at matching level of detail, connecting 
these mass ranges in an unbiased way. 

4.7 Appendices 

4.7.A Rotation curves 

In this Appendix, we show the fts to the rotation curves adopting a Burkert DM density 
profle; see Figure 4.6. For all panels, green solid lines in the zoom-in regions show the total 
ft, i.e., DM component (Burkert profle) and baryons (gas plus stars in the disk). Blue solid 
lines show the DM-only, Burkert component. We also show as blue dashed lines the result 
of reconstructing, for each case, the rotation curves with the ΛCDM consistent (DM-only) 
NFW profle introduced in Section 4.2 with some assumptions. The main discrepancies 
between the model and the data for some objects may be associated with (i) an incomplete 
knowledge of baryonic efects in numerical simulations and/or (ii) systematic uncertainty in 
the determination of the RC data, e.g., the estimated inclination angle of the galaxy (see 
Section 4.2 for further details). 

1449 star-forming galaxies selected form the Sloan Digital Sky Survey Data Release [687] as well as 20 
targets from the SAMI survey [688] as a control sample. 
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Figure 4.6: Rotation curve data plotted along with the ft results taking only the DM 
component. All the observed data are based on the HI measurements with the exception of 
Phoenix galaxy for which optical observations are used. Blue solid line represents the Burkert 
profle while blue dashed the NFW predicted profle (see Section 4.2 for further details). 
For each galaxy, the main plots show the RC till R200, indeed an indirect representation 

MNFWof consistency of the MBurk = approximation; in the zoom-in panel we show the200 200 
results of the total ft (DM+baryons) for the Burkert profle, indeed the discrepancy with 
the DM-only profle at small radius. 
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4.7.B Validation of the pipeline via simulations 

To validate the pipeline, we also run controlled simulations as a check. These are performed 
assuming i) no DM content in the targets, yet modeled with their spatial templates (null 
simulations) and ii) random sky pointings (blank felds) assuming point-like sources (i.e., 
without the spatial DM template). Both scenarios are repeated 100 times, in the frst case 
using 100 pure null simulations and in the second with 100 random sky pointings. The goal 
of these checks is to compute the expected DM limits in the absence of a DM signal, and 
to check the robustness of the targets. Both simulations are compatible with our results in 
Section 4.5, and are shown in Figure 4.7 for the MED case as an example.There seems to be 
a potentially signifcant mismatch at around few hundred GeV between our results with the 
extended template and the corresponding 95% c.l. band for the case of using an extended 
template as well. Yet, we recall that this specifc band was computed from null simulations, 
i.e., no actual data, which is possibly the cause of the observed diference. 
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Figure 4.7: Control simulations for the bb̄ annihilation channel in the MED model. 100 
simulations are run to compute the expected DM limits, shown here as the 95% containment 
bands for both the null simulation using the spatial template (cyan band) and the point-like 
analysis in random sky positions (orange band). The actual data constraints are given by 
the dot-dashed red and dotted blue lines, that were obtained, respectively, for the point-like 
and extended (spatial template) cases. 

In the fgure, we see that the results obtained with actual data are contained within the 
null simulation 95% c.l. uncertainty band, except for the 100–1000 GeV region, where the 
actual limits are degraded due to the found excesses reported and discussed in Section 4.4. On 
the other hand, the random pointing results are compatible with the point-like simulations 
at 95% C.L., which validates our analysis pipeline. 
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4.7.C Flux upper limits 

In this Appendix, we show the 95% C.L. fux upper limits as measured by the LAT instrument, 
with the analysis setup explained in Section 4.4. The limits are shown in Figure 4.8. 

Figure 4.8: 95% C.L. upper limits to the fux and likelihood values found for the dIrrs 
in the γ-ray analysis performed in Section 4.4 with the Fermi -LAT. Color code traces the 
change in log-likelihood. The arrows indicate upper limits, as no signal is detected in any 
of the bins. Panels show, from left to right and top to bottom, DDO210, DD0216, IC10, 
IC1613, NGC6822, Phoenix, and WLM. 
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4.7.D Individual DM limits for τ +τ− and W +W − channels 

In Figure 4.3 of the main text, we showed individual DM limits for each dIrr in our sample 
and DM model for the case of annihilations to bb̄. In this Appendix, we also show DM limits 
for the other two considered channels, τ+τ− and W +W − , in Figure 4.9. 
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Figure 4.9: Left column: Upper limits for ⟨σv⟩ to each individual source, for the τ +τ − 

annihilation channel. The diferent models considered are, from top to bottom, MIN, MED, 
MAX-Bur and MAX-NFW. Right column: Same as left column but for the W +W − 

annihilation channel. 
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Chapter 5 
Dark Matter modelling in a variety of astrophysical 
objects 

Chapter based on: 
- T. Lacroix, G. Facchinetti, JPR, M. Stref, J. Lavalle, D. Maurin and M. A. Sánchez-
Conde, Classifcation of γ-ray targets for velocity-dependent and subhalo-boosted dark-matter 
annihilation, JCAP10(2022)021 , [2203.16440] - [611] 
- J. Coronado-Blázquez, M. A. Sánchez-Conde, JPR, A. Aguirre-Santaella, Spatial extension 
of dark subhalos as seen by Fermi-LAT and implications for WIMP constraints, Phys. Rev. 
D 105, 083006, [2204.00267] - [689] 

5.1 Introduction 

In this Chapter, we gather in a consistent way my contributions to two projects that analyze 
the potential of diferent targets for γ-ray DM searches. As we have seen, each target carries 
some advantages and some problems with respect to the rest. Therefore, complementing the 
observations from diferent sources allows to distinguish and understand the impact of the 
systematics that each object sufers. Also, should a detection be present in any of them, we 
should be able to see it in other targets as well, as DM properties are universal. 

The frst part of this chapter (Sections 5.2 and 5.3) is devoted to two astrophysical objects 
that we have already discussed, galaxy clusters and dIrrs. In both cases, our goal is to 
perform the modelling of the DM main halo for three selected objects of each type. The 
modelling of these objects is made in the context of building an intra- and inter-family ranking 
of targets for γ-ray DM searches, and studying how it is impacted by the particle-physics 
model considered. In the past decades, the vast majority of the eforts have been focused on 
the “vanilla” WIMP DM scenario. These models assume that the DM particles annihilate 

3 −1through an s-wave process with a thermal cross-section of ∼ 3 × 10−26 cm s . 
The thermal s-wave scenario has only been robustly tested in a small range of masses [690], 
while the multi-TeV range is essentially unconstrained1 . The absence of a frm detection has 

1Until the arrival of the upcoming CTA (see Section 1.5.2). 
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led to a broadening of the WIMP theoretical framework in recent years. In the frst place, 
velocity dependence of the annihilation cross-section can appear in many theoretical contexts 
[691] and indeed, s-wave partial wave contribution may be naturally suppressed. This arises, 
for instance, if the interaction between the WIMPs and SM particles is mediated by a scalar. 
In these cases, the dominant contribution comes from p-wave process instead, i.e. σvrel ∝ vrel. 
Furthermore, DM particle models including more complex dark sectors [692, 693], usually 
imply a modifcation of the short-range annihilation cross-section. Triggered by the exchange 
of light mediators, this efect induces a long-range interaction between the DM particles, 
enhancing an attractive interaction [610, 694–698]. This efect is known as the Sommerfeld 
enhancement, and also leads to a specifc velocity dependence of the annihilation cross-section. 
Finally, we can not neglect the contribution of the DM subhalos. As we have seen, their 
boost to the γ-ray fux is most important in the outskirts of their host halos, and it is 
strongly dependent on the host halo mass and the structural properties of its subhalos 
[133, 168, 170, 521, 591, 699]. However, the calculation of this boost is further complicated 
for velocity-dependent annihilations [692, 700–703]. 
These efects (p-wave annihilations, Sommerfeld enhacement and subhalo boost) and their 
interplays, are for the frst time, jointly included and systematically studied for three families 
of targets in our article [611]. A more in-depth and analytical study of the boost factor is 
performed in our accompanying Ref. [704]. In this thesis, we present the modelling of three 
dIrrs, strongly based on our previous work in Chapter 4; and for three selected galaxy clusters 
(Perseus, Coma and Fornax). As a novelty, we include a discussion on the uncertainties of 
the mass estimates and role of the baryonic physics. 

The second part of the chapter (Section 5.4) is focused on the modelling of the DM 
content and computation of the corresponding J-factors of dark subhalos (also known as 
dark satellites) of our Milky Way. This is a fundamental part of our work, carried out in Ref. 
[689]. Here we address the spatial extension of subhalos as it could be actually detected by 
the Fermi -LAT. To perform the analysis quantitatively, we use a realistic sky model based 
on LAT data, where the subhalo model developed in Section 5.4 is injected in real data, 
adopting a specifc input for the WIMP spectrum. 
As we have seen, subhalos are expected to originate within the standard ΛCDM cosmological 
paradigm. The DM halos that host galaxies should contain a large amount of these sub-
structures, as a consequence of the bottom-up hierarchical structure formation scenario [497]. 
The largest members of this population, above ∼ 107 M⊙, will host dSphs, yet most of them 
are not massive enough to retain baryonic content. Therefore, these less massive subhalos 
should remain completely dark [192, 705]. These objects are predicted to be compact and 
very concentrated. Then, if they are near enough and composed of WIMPs, they would yield 
a signifcant fux of γ-rays that could be detected by γ-ray telescopes such as the Fermi -LAT 
[429]. The main advantages of subhalos compared to other DM targets are that they are not 
expected to host any non-DM astrophysical γ-ray emitters, so no astrophysical background 
is expected; and their high concentrations of DM, as inferred from numerical simulations 
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within ΛCDM [168, 169, 706]. Nevertheless, the main disadvantages comes from the lack of 
observations/identifcation of these objects in the sky; as well as the uncertainties regarding 
their precise structural properties, abundance and radial distribution within the Galaxy. 
Indeed, there is an absolute lack of knowledge on their exact position in the sky. Dark 
subhalos are expected to be almost isotropically distributed from the Earth’s point of view, 
but only those located very close to us may yield annihilation fuxes large enough to be 
detected [369, 707]. 
One of the possibilities for overcoming these issues is to make use of the Fermi -LAT uniden-
tifed sources (unIDs) at present [365, 708–719]. Among them, the work presented in Refs. 
[368, 369], concluded that only a handful of the unIDs, with marginal statistical signifcance, 
were more compatible with a DM origin over a traditional astrophysical explanation. The 
authors also pointed out that source spatial extension could be a “smoking gun” for this 
kind of indirect DM search, as already noted by other authors [708, 709, 712, 720–722]. It is 
important to note that a cuspy DM annihilation profle can appear point-like if the extended 
emission is below the detection threshold for extension, as is likely the case for faint unIDs. 
For this reason, we perform an state-of-the-art modelling of the DM-induced fux morphology, 
to later inject it in the F ermi-LAT data. 

5.2 DM modelling of a reduced sample of dwarf irregular 
galaxies 

Dwarf irregular galaxies have recently entered in the list of prime targets for indirect γ-ray 
DM searches. Indeed, the existence of these isolated galaxies within the Local Group, 
at O(1 Mpc) distances, makes them interesting targets given both their proximity and 
typical masses M200 ≈ 107 − 1010M⊙. DIrrs are rotationally-supported objects, allowing to 
reconstruct the underlying DM density profles from their measured RCs. Such RC studies 
show that dIrrs are DM-dominated objects at all radii [650, 651, 723]. Unlike dSphs, dIrrs 
are star-forming galaxies, yet the γ-ray emission associated to astrophysical processes has 
been estimated to be negligible compared to that expected from DM annihilation [363, 649]. 
One more reason that makes dIrrs promising targets for DM searches is the fact that, given 
their typical host halo masses, the so-called subhalo boost is expected to be signifcant in 
their case, reaching values up to ∼5 [518], depending on the defnition of the boost factor. 
This is in contrast to the case of dSphs, which are not only less massive than dIrrs but also 
tidally stripped objects, thus with expected subhalo boosts of the order of only a few percent 
[168]. Despite the above considerations, dIrrs have not been used for γ-ray DM searches up 
to just recently [363, 518]. 

With the current available observational data, the study of dIrrs RCs is not conclusive 
and, indeed, there is still a debate in the literature about the precise inner shape of the 
DM density profle in these objects. Fits to the RCs favor core-like profle [659], yet this 
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conclusion is in contrast with that expected from N-body cosmological simulations, that 
point to a universal cuspy profle like NFW [118, 119] or Einasto [129]. Multiple studies have 
investigated the source of this apparent disagreement — not unique to this type of objects — 
between data and ΛCDM expectations, providing diferent solutions mainly based on the 
impact of baryonic feedback on the DM distribution and its ability to shallow the initial 
cusps in the innermost regions of the DM density profles, especially at some particular mass 
scales [185–187, 664, 665]. As this issue is far from being solved, the authors in [518] adopted 
an agnostic path and decided to perform a DM modelling for dIrrs using the two diferent 
types of profles, i.e. (i) a Burkert, core-like profle [184] 

ρc r
3 
cρBur(r) = , (5.1)

2(r + rc) (r2 + r )c 

where rc and ρc are, respectively, a core radius and DM density, and (ii) an NFW cusp-like 
profle 

ρ0
ρNFW(r) = � �� �2 , (5.2) 

r r1 + rs rs 

where rs and ρ0 are, respectively, a scale radius and a characteristic DM density. 

For each of these profles, we simply use the best-ft parameters obtained in [518], where 
authors analyze the RCs of 7 dIrrs and obtain a prediction of the J-factors for the two 
diferent models of the DM density profle under consideration here. According to the 
observed RCs, NGC6822, IC10 and WLM are the ones with more available data, thus in 
these cases the fts are more robust and stable than for the rest of objects in their sample. 
The mentioned three objects also yield the highest J-factor values independently of the 
selected DM profle or substructure boost values. Taking these fndings in [518] into account, 
we thus decided to select as the three representatives of this family NGC6822, IC10 and 
WLM, whose parameters are gathered in Table 5.1. 

The calculation of the generalized J-factors from this models is carried out in Ref. [611], 
which relies on the DM phase space distribution (based on the inversion of the DM profle). 
The uncertainties are estimated from the comparison of the results obtained from the 
Burkert and NFW profles. Finally, the modelling of subhalos in the context of Sommerfeld 
enhancement is also addressed in Ref. [611], and relies on the formalism presented in Ref. 
[704]. 

5.3 DM modelling of a reduced sample of galaxy clusters 

Galaxy clusters are the largest gravitationally-bound objects in the Universe. Their masses 
are between M200 ≈ 1014 − 1015 M⊙ and up to 80% of this mass is expected to be DM 
[443]. The rest is baryonic matter, in the form of galaxies, hot gas and dust in the ICM. 
Even though clusters are supposedly stable and virialized objects at present, the presence of 
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Table 5.1: Parameters of the three selected dIrrs. The frst column reports the dIrrs position 
(galactic longitude and latitude) and distance from the observer (see [518] and Chapter 4). 
We then list the best-ft profle parameters for Burkert and NFW (mass, normalisation and 
scale radius), as well as the virial radius assuming an overdensity of 200 times the critical 
density of the Universe. For columns 6 and 7, ρ and r stand for ρc and rc in case of the 
Burkert profle, and ρ0 and rs for NFW. Profles marked with ∗ are assumed as reference. 

dIrr 
(l, b) dL M200 Profle ρ r R200 

[deg] [kpc] [1010 M⊙] [107 M⊙ kpc−3] [kpc] [kpc] 

NGC6822 (25.34, -18.40) 480 3.16 
Burkert* 

NFW 

3.16 

0.79 

3.3 

5.9 

62.9 

62.6 

IC10 (118.96, -3.33) 790 3.98 
Burkert* 

NFW 

15.85 

0.63 

2.0 

6.8 

71.3 

70.3 

WLM (75.87, -73.86) 970 0.40 
Burkert* 

NFW 

6.31 

1.00 

1.3 

2.8 

33.3 

33.6 

hot gas, galaxies, and even AGNs, produces turbulence phenomena and complex baryonic 
feedback reactions in the ICM (where also signifcant high magnetic felds are involved). 
All these astrophysical processes end up acting as acceleration mechanisms, leading to the 
presence of CRs, that have been confrmed through the observation of difuse synchrotron 
emission produced by the leptonic CRs at diferent wavelengths [451]. Galaxy clusters have 
avoided detection in γ-rays so far [477, 622]2 , but this high-energy emission is indeed expected 
from hadronic CRs [361, 476, 724]. 

Despite their expected CR-induced γ-ray emission, galaxy clusters are still considered 
excellent targets for γ-ray DM searches in the WIMP scenario (from DM annihilation 
or decay). The DM science case of galaxy clusters soon resulted in studies aimed at 
determining which galaxy clusters meet the most appropriate conditions to be searched in 
γ-rays [352, 354, 357, 358, 505, 519, 521, 624, 725] and at disentangling both the CR- and DM-
induced γ-ray emissions from each other [519, 726]. First, there exists a signifcant number 
of local galaxy clusters (z < 0.1) for which substantial DM-induced fuxes are expected. 
Second, DM searches should focus on those with the lowest expected CR backgrounds 
[519]. In [321, 521], the authors studied the annihilation fux of the most promising galaxy 
clusters, once DM halo substructures — particularly relevant for clusters — were taken 
into account. It was found that the brightest galaxy clusters can yield total annihilation 
fuxes as large as some of the dSphs. Furthermore, for clusters, the annihilation fux profles 

2There is a growing evidence, though, for a potential detection in the vicinity of the Coma cluster 
[361, 362, 505, 620]. 
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become comparatively more spatially extended, as most subhalos are located in the outer 
halo regions. Overall, this subhalo boost to the annihilation signal is expected to play a 
key role for clusters as compared to other targets, such as dSphs and dIrrs, for which the 
boost is negligible or much smaller, respectively [168, 321, 518, 727]. We note, however, that 
the inclusion of halo substructure, in the case of expanding the annihilation cross-section 
to p-waves and in the framework of Sommerfeld enhancement, becomes more complex and 
requires a specifc approach completely adressed in [611]. 

5.3.1 Halo mass modelling 

For this work, we follow Ref. [321] as a starting point to select the most promising galaxy 
clusters for DM searches. Their sample was constituted by Virgo, Coma, Fornax, Ophiuchus 
and Perseus3 . Yet, some of these clusters present major observation inconveniences. While 
Virgo exhibits the highest J-factor, it is currently going through a major merger event 
with the neighbouring M49 galaxy cluster [358]. Also, its proximity to Earth results in an 
angular extension of several degrees. The observation of an object of this size is extremely 
challenging given the feld of view of existing IACTs. On the other hand, the galactic 
difuse emission should be ideally avoided as to simplify any potential DM analysis. This 
can be easily addressed by removing from our sample those objects located close to the 
Galactic plane and centre, where this emission is most extreme. This requirement leaves 
out Ophiuchus, less than 10 deg far from the Galactic centre. Thus, in the following we will 
obtain predictions for Coma, Fornax and Perseus and will remove both Virgo and Ophiuchus 
from our list of clusters. Note that this number of targets is also similar to the number of 
dIrrs. We build the DM density profle of galaxy clusters starting from their measured mass. 
For nearby galaxy clusters as the ones in our sample, M200 can be obtained from X-ray 
observations of the surface brightness profles. Indeed, these observations have been used 
to create catalogues containing the most relevant cluster parameters [25–28]. In our work, 
we adopt the mass estimates in [49] for Coma and Fornax, while for Perseus we use data 
from [28] (rescaled to our cosmology). First, we assume the NFW DM density profle given 
in Equation 5.2. Assuming a spherical collapse model with an overdensity ∆ = 200 times 
the critical density of the Universe, we can obtain the corresponding virial radius R200 than 
contains the mass M200. Now, in order to obtain the two NFW profle parameters we need 
to assume a concentration-mass (c − M) relation. We adopt the parametrization proposed 
in [133] for main halos. From the value of the concentration and the already obtained R200, 
we can then compute the NFW scale radius rs as well as the scale density ρ0. 

3A comprehensive and systematic ranking of galaxy clusters in terms of their expected annihilation signals 
can be found in [521], where other targets were also found at the level of those selected for this study. 
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5.3.2 Mass modelling uncertainties 

The main uncertainties in our DM modelling come from (i) the estimate of the mass as derived 
from X-rays data and (ii) the intrinsic scatter of the concentration-mass relation. Indeed, it is 
well known that diferent observational methods can yield diferent mass estimates for galaxy 
clusters. Deviation of mass estimates from surface brightness X-ray measurements with 
respect to the masses obtained by other observation methods is typically referred to as the 
hydrostatic bias. Yet, at present there is an on-going debate in the community about how to 
precisely quantify and treat its value [576]. A complementary approach is to compare X-ray 
masses, usually labelled as Mhydro, with the masses provided by other methods, whenever 
available. For example, the authors in [49] concluded that cluster masses in their catalogue 
showed a good agreement with the ones obtained from velocity dispersion measurements 
[728], while this was not the case for the objects in their sample for which SZ measurements 
[42] were also available. More precisely, for clusters with masses M200 < 5 × 1014h−1M⊙, 
they narrowed down the discrepancy to Mhydro/MSZ = 0.86 ± 0.01, and for clusters with 
larger masses to Mhydro/MSZ = 1.46 ± 0.08. From these results, we can conclude that the 
X-ray mass can be underestimated by ∼ 20% in the case of less massive clusters, while M200 

can be overestimated by ∼ 50% for the most massive ones. 

Following these results, we adopt two mass estimates for each galaxy cluster, that will 
translate into a bracketing of the J-factor uncertainties (due to the cluster mass uncertainty). 
Our default model is built starting from Mhydro and, in addition, we assign each cluster a 
second mass depending on the above bias. For Fornax, a light cluster, we use 1.2 × Mhydro 

as a second, upper bound mass estimate. In contrast, we adopt 0.5 × Mhydro as a lower 
bound for Perseus and Coma, both massive clusters according to the classifcation scheme 
in [49]. As for the uncertainty associated to the scatter of concentrations values for a 
given mass, we adopt a value of 0.14 dex as suggested by the authors of Ref. [133]. In 
order to keep a limited number of models, we take advantage of the fact that the J-factor 

3∝ (M2 to further increase the previous uncertainties by considering extreme values 200 c200)/d
2 
L 

of the concentration scatter. To do so, we consider, for both the upper and lower mass 
(min) (max) (min)bounds previously derived, M and M , the concentrations c200(M ) × 10−σc and200 200 200 

(max)
c200(M ) × 10+σc . The obtained DM density profle parameters for our sample of galaxy 200 

clusters are given in Table 5.2. 

5.3.3 Impact of baryons 

As introduced before in this section, most of galaxy clusters’ mass is in the form of non-visible 
DM, and the rest is accounted for baryonic matter. This baryonic content is mostly encoded 
in the form of super-heated ionized plasma, the so-called ICM, that accounts for ∼15% of 
the cluster mass, while the remaining ∼5% is in the form of galaxies. Because of this, the 
efect of these baryonic components on the DM modelling of the galaxy cluster’s main halo 
can be neglected (as done above), as their contribution to the total mass of the system is 
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Table 5.2: DM density profle parameters for the three galaxy clusters in our sample. For 
each target, we show two mass models in order to bracket uncertainties in the corresponding 
J-factors. See text for details. Profles marked with ∗ are used as reference. 

Cluster 
(l, b) dL Mass M200 R200 ρ0 rs 

[deg] [Mpc] estimate [1014 M⊙] [102 kpc] [106 M⊙ kpc
−3] [102 kpc] 

Coma (58.09, 87.96) 102.18 
Hydrostatic 

Lower* 

13.16 

8.77 

23.19 

20.26 

2.29 

5.37 

3.38 

5.58 

Fornax (236.72, -53.64) 20.35 
Hydrostatic* 

Upper 

0.51 

0.61 

7.83 

8.32 

7.42 

3.20 

1.86 

1.05 

Perseus (150.57, -13.26) 80.69 
Hydrostatic 

Lower* 

7.71 

5.14 

19.41 

16.96 

2.35 

5.57 

2.80 

4.59 

even smaller than the size of the uncertainty in the mass estimates themselves. However, the 
inclusion of the baryonic content in the mean gravitational potential may play a relevant role 
in the modelling of substructures and the computation of the boost factor since it directly 
impacts the tidal feld experienced by these objects. Indeed, given the typical mass range of 
the substructures, this second-order efect could lead to diferent distributions and properties 
of the subhalo population, meaning that, ideally, we would need to obtain a density model 
for the baryonic matter. 

We thus wanted to quantify this efect, neglecting in a frst approximation the galaxies and 
focusing on the ICM alone, e.g., [729]. Starting from standard X-ray gas density profles, we 
built baryon density profles that included not only electrons, but also protons and Helium 
following the methodology in [551]. The cluster X-ray parameters were taken from [729]. 
We found that including baryons in the modelling of the mean gravitational impacts the 
fnal boost factors at the level of one percent at most. Therfore, in the computation of the 
generalized J-factors performed in Ref. [611], we neglect the baryonic content in clusters 
and only show results related to their DM content. 

5.4 DM γ-ray signal from Milky Way subhalos 

5.4.1 Building of the subhalo DM density profle 

Most galactic DM subhalos are expected to be dark satellites, lacking the baryonic content 
of dSphs. We apply the same conservative4 upper mass limit of Msub < 107M⊙ for these 

4Conservative in the sense that this will reject some subhalos with large J-factors in the simulation. 
Objects above 107M⊙ may not host baryonic content and be dark subhalos, yet only below this value it is 
completely safe to rule out dSphs formation [662]. 
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objects, as in Refs. [368, 369]. 

The repopulation of the original VL-II simulation [169] carried out in Refs. [368, 369] 
included subhalos less massive than those in the parent simulation. In terms of DM γ-ray 
searches, they are quite relevant as some of these small subhalos could still yield detectable 
fuxes. The repopulation was done following theoretically-motivated recipes arising within 
the ΛCDM structure formation scenario, also obtaining proxies for the subhalo annihilation 
fuxes. Furthermore, the angular extension of the brightest subhalos in our repopulated 
simulation was also estimated, using their scale radii (defned as the radius at which the 
slope of the density profle is −2) as a proxy for subhalo extension. From this study, authors 
found large angular extensions of ∼ 1 − 10 deg, and concluded that the majority of them 
should be actually seen as extended by Fermi-LAT, given the instrument’s point-spread 
function (PSF), i.e., its angular resolution (see Figure 9 from Ref. [368]). 
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Figure 5.1: Distance to the Earth versus the subhalo mass for the 100 brightest subhalos 
in 1000 repopulations of the VL-II N-body cosmological simulation. The colored z-axis 
represents the J-factor. The vertical, dark dash-dotted line separates between dSphs and 
dark subhalos, and the black stars show the mass and distance of the two subhalos that were 
chosen as representative. 

We use these studies as the starting point to perform the analysis of detecting a possi-
ble extension of these objects with Fermi-LAT. To quantitatively measure the expected 
annihilation fux, we defne the so-called J-factor for a subhalo as: 

Z ∆Ω Z 
Jsub(∆Ω, l.o.s) = dΩ ρ2(r)dl, (5.3) 

0 l.o.s 

where ∆Ω = 2π(1 − cos αint), with αint the integration angle, the integration is calculated 
along the line of sight (l.o.s.) and ρ(r) is the DM density profle. We show in Figure 5.1 
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the J-factor as a function of mass and distance to the Earth for the brightest subhalos in 
the repopulated VL-II. We note that subhalos with the highest expected annihilation fuxes, 
i.e., at least Jsub ≳ 1019 GeV2 cm−5 , are the most interesting for our purposes. Given the 
large number of subhalos above this value, as well as the large spread in their masses and 
distances, it becomes unfeasible to perform a Fermi-LAT analysis simulation for each of 
them. In view of this, we decided to select two representative scenarios among the brightest 
subhalos, in terms of subhalo mass and its corresponding typical distance. As already stated 
before, we want to restrict ourselves to dark subhalos. This implies that the highest mass 
we can reach would be 107 M⊙, following our previous work and results found, e.g., in [662]. 
With this in mind, and taken into account what is shown in the top panel of Figure 5.1: 

(i) the frst chosen scenario is a subhalo with a small mass of Msub = 104 M⊙ located near 
Earth (DEarth = 0.5 kpc); 

(ii) the second scenario is a subhalo with a mass in the limit of Msub = 107 M⊙ and situated 
far from Earth (DEarth = 10 kpc). 

With this selection of representative cases, we aim at covering the range in masses, 
distances and expected angular extensions of the fraction of the subhalo population expected 
to be relevant for our purposes. In Section 5.4.2, we will study in further detail the expected 
DM-induced emission from these two scenarios as well as their similarities and diferences. 

For each of these two representative subhalos, we construct a consistent DM density profle 
following the results found in N-body, DM-only cosmological simulations in a ΛCDM universe 
[169, 590, 730, 731], which points to a universal DM density profle. More precisely, we adopt 
the Navarro-Frenk-White (NFW) profle [118, 119]. We note though that deviations from 
this universal profle are particularly expected for subhalos, which are subject to multiple 
and complex processes within their hosts (e.g. tidal stripping, dynamical friction, interaction 
with baryonic material, etc.). The magnitude and impact of these efects on the subhalo 
population is still a matter of debate, e.g. [158, 159, 162, 699]. These deviations are expected 
to be particularly relevant in the outer regions of the subhalos, where the mass loss is more 
signifcant. 

Yet, in such regions the annihilation fux has already decreased very signifcantly compared 
to the one originated in the inner regions. For this reason, for the sake of our work we will 
proceed with an NFW profle to model the inner structure of subhalos5 . The NFW profle 

5We note that, since we are interested in the innermost region of the subhalo, i.e. the one within its scale 
radius where most of the annihilation is produced, any other realistic DM density profle such as Einasto 
[129] or a truncated NFW [732] is expected to render similar results. Only core profles would potentially 
yield signifcantly diferent results, however these profles are not expected for these small objects, as they are 
already devoid of baryons, which are the ones that drive the formation of cores [661, 733]. 
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can be written as 
ρ0

ρNFW(r) = � �� �2 , (5.4) 
r r1 + rs rs 

where rs and ρ0 are the scale radius and the normalization density, respectively. 

One key ingredient to build this NFW profle is to defne a mass for an enclosed overdensity 
of ∆200 = 200 within the virial radius of the object, with respect to the critical density 
ρcrit = 135.99 M⊙kpc

−3 , M200. However, for subhalos we recall that the meaning of this 
quantity becomes unclear. After repeatedly sufering tidal stripping, which removes part 
of the mass, the profle gets modifed, especially in the outermost regions. This causes 
the standard defnition of virialized objects to lack a physical meaning in the subhalo case, 
motivating new defnitions [168]. Thus, in order to construct an NFW profle from the value 
of M200, a specifc concentration-mass relation for the subhalos must be adopted. In [168], 
the authors propose a parametrization of this relation specifcally for subhalos, that involves 
the dependence of the concentration not only with mass but also with subhalo position 
within the host halo. With this new parametrization, the problem of the defnition of M200 

in subhalos is accounted for by properly correcting their concentrations. This makes this 
parametrization ideal for our purposes. This relation is expressed as: 

" # 
3 � � ��iX Msub 

c200(Msub, xsub) = c0 1 + ai ln × [1 + b ln(xsub)], (5.5)
108h−1M⊙i=0 

where h = 0.7 is the reduced Hubble constant and c0, ai and b are obtained from fts to N-
body cosmological simulations at diferent subhalo mass scales. The concentration is written 
as a function of the masses of the subhalos Msub and as a function of their positions within 
the host halo (Dsub) through xsub ≡ Dsub/Rhost. In order to compute xsub for subhalos, we 
assume Rhost = 402 kpc, i.e. the virial radius of the Milky Way in the VL-II simulation. 
For our two representative subhalos, Dsub is estimated to simply be Dsub = DEarth + d⊙, 
with d⊙ = 8.5 kpc the galactocentric distance from the Sun. This provides a conservative 
estimate of the annihilation fux (as the concentration decreases with increasing distance to 
the host halo center). Having computed the subhalo concentration via the Equation 5.5, we 
can then obtain rs: 

rs = Rsub/c200, (5.6) 

for which we previously computed Rsub via the defnition of the overdensity ∆200: 

� �1/33Msub
Rsub = . (5.7)

4π∆200ρcrit 
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We stress that the purpose of obtaining Rsub is only to build a coherent NFW profle 
for subhalos, since by adopting the c200(Msub) relation in [168] we mostly overcome the 
problem to describe subhalos with standard, non-truncated and less concentrated NFW 
profles. Indeed, the variable that we will use to estimate the actual spatial extension of the 
subhalos is the tidal radius Rtidal, obtained by applying the Roche criterium [734]: 

� �1/3Msub
Rtidal = DGC , (5.8)

M(< DGC ) 

where DGC is the distance to the GC. The last parameter that is needed to build the subhalos 
DM density profles is the normalization density, ρ0. We impose the normalization condition R RsubMsub = ρNFW (r)r

2drdΩ, and rewriting this in terms of the concentration parameters, 0 
we can fnally compute ρ0 as 

2 ∆200 ρcrit c200
ρ0 = , (5.9)

3 F (c200) � � 
2 c200where F (c200) = ln (1 + c200) − . The obtained profle parameters for each of 

c2 1+c200200 
the two representative subhalo scenarios are given in Table 5.3. 

Table 5.3: Parameters needed to build the NFW DM profles of our two subhalo scenarios, 
each of them representatives of the fraction of the Galactic dark subhalo population that is 
relevant in terms of expected annihilation fux. See Section 5.4.1 for details on the derivation 
of these parameters. 

Name DEarth 

(kpc) 

Msub 

(M⊙) 

c200 rs 

(kpc) 

Rtidal 

(kpc) 

log10 ρ0 

(M⊙/kpc
3) 

Subhalo 1 0.5 104 71.36 0.006 0.036 9.00 

Subhalo 2 10 107 42.31 0.107 0.516 2.95 

5.4.2 γ-ray fux from subhalos 

The DM modeling performed in the previous section is the starting point for obtaining the 
expected DM-induced γ-ray fux for the two representative subhalo cases. Assuming that 
the DM is made of Majorana WIMPs, the annihilation fux can be computed as: 

dϕγ 1 ⟨σv⟩ dNγ
(E, ∆Ω, l.o.s.) = (E) × J(∆Ω, l.o.s.), (5.10)

2dE 8π m dEχ 

where dϕγ is the diferential γ-ray fux, ⟨σv⟩ is the velocity-averaged annihilation cross-section, dE 
mχ is the DM mass, dNγ is the photon spectrum and J is the astrophysical factor or J-factordE 
defned as in Equation 5.3. We notice that two main dependencies can be identifed in the 
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fux. First, an energy dependence that appears only in the particle physics term, carrying all 
the information of the mass of the DM candidate and the annihilation channels. Secondly, 
the spatial dependence appearing as the J-factor. This allows us to factorize these terms 
independently, and to model the spatial distribution of the DM independently of energy. 
The photon spectrum from DM annihilation strongly depends on the mass of the dark 
matter particle and on the annihilation channel, which indeed leads to very diferent spectra 
depending on which combinations are selected. 

The computation of the J-factors is performed using the CLUMPY code [591, 594, 595]. 
CLUMPY is a very fexible code written in C++, which allows us to model the DM profles 
of the subhalos as described above and to compute J-factors, annihilation fuxes, etc. The 
obtained values of the integrated J-factors for each considered subhalo model are shown in 
Table 5.4 and also highlighted in Figure 5.1. We note that, since we do not expect subhalos 
to host a signifcant population of sub-subhalos, we do not add further levels of subhalo 
substructure to the computation of the J-factors, as this efect has been shown to be very 
subdominant [168]. 

Table 5.4: Total, integrated J-factors for the two representative subhalo scenarios, in the 
frst column integrated up to the whole object (Rsub), and up to rs in the second. 

Name −5)log10 Jsub (GeV
2cm −5)log10 Js (GeV

2cm

Subhalo 1 19.20 19.17 

Subhalo 2 19.14 19.10 

The results shown in Table 5.4 show an emerging degeneracy between the two considered 
physical scenarios chosen as representative of the population of subhalos in the MW relevant 
in terms of annihilation fux. Indeed, both scenarios will be nearly indistinguishable in terms 
of the expected annihilation fux, despite the fact that both physical scenarios were defned 
independently in Section 5.4.1. In order to take a closer look at this degeneracy, we can 
also use CLUMPY to create two-dimensional templates, reproducing the spatial morphology 
of the expected DM annihilation signal. These maps are shown in Figure 5.2 for the two 
representative subhalos, and represent, indeed, the main CLUMPY result that will be later used 
for the LAT analysis. The fgure also exhibits the same degeneracy between the two scenarios 
that appeared before in Table 5.4 for the integrated J-factors. To better characterize both 
the spatial morphology and this apparent degeneracy, we defne two angular quantities. The 
frst one is the angular extension in the sky associated to the scale radius: 

� � 
θs = arctan 

rs 
. (5.11)

DEarth 

Also, it is convenient to defne the angular extension associated to the angle that contains 

190 



Chapter 5. Dark Matter modelling in a variety of astrophysical objects 

68% of the DM annihilation fux, θ68, i.e.: 

J(θ68) = 68% × Jsub. (5.12) 

These two quantities as well as the annihilation fux profle within the two representative 
subhalos are illustrated in Figure 5.3. From this Figure, we can observe that the two scenarios 
exhibit very similar fux profles, with only small diferences arising in the outermost regions, 
for angles above 1 deg. The fact that the selected scenarios are mostly indistinguishable 
from the spatial point of view will impact the Fermi -LAT analysis performed in Ref. [689] 
of these objects, where we expect this degeneracy to persist. 

Figure 5.2: Two-dimensional templates of the DM-induced γ-ray spatial morphology for 
the two representative subhalo scenarios defned in Section 5.4.1. The z axis represents the� �

dJdiferential J-factor computed according the DM modeling explained in Section 5.4.1.dΩ 
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Figure 5.3: Diferential J-factor versus the radial angle for the two representative subhalo 
scenarios defned in Section 5.4.1. Here, we also show θtidal, which represents the angle 
subtended by Rtidal, θs as defned in Equation 5.11 and θ68 as defned in Equation 5.12, all 
depicted with a diferent color in each subhalo case. The spatial distributions of the J-factor 
are almost identical until about 1 deg, emphasizing the degeneracy discussed in the main 
text. 
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Chapter 6 
Conclusions 

This Thesis has been devoted to the unveiling of the ultimate nature of the dark matter 
(DM) and its properties. After the more than eight decades of astronomical observations, 
unavoidable amount of gravitational evidence points towards the existence of this elusive 
component in the Universe. However, until this same day, the DM has avoided any kind of 
direct interaction that we could measure. All of the knowledge of the gravitational evidence 
can be simplistically expressed into a few requirements for the theoretical models that aspire 
to describe what the DM is: it has to be non-baryonic, electrically neutral, mostly cold 
and long-lived. With these general lines, the room for DM candidates spans over 100 of 
orders of magnitude in mass, which leaves a lot of room to propose profoundly diferent 
candidates. Among all of them, WIMPs have received most of the attention both from the 
theoretical and observational points of view. The so-called WIMP miracle appears as a 
natural mechanism to produce the observed DM relic density, while stands as a possible 
solution to other theoretical problems of the standard model (SM). What is even more 
interesting about these candidates, is that for their production in the early Universe, they 
should have interacted, at least very (extremely) weakly, with the species of the SM. Taking 
advantage of this, we can think of several ways to exploit the rates of this kind of interaction. 
Attending on the interaction process, the imprints of the DM that we should search for are 
indeed, very diferent. Three main WIMP searches can be performed attending on how 
we “talk” to the DM: direct searches in laboratories, collider DM production and indirect 
searches. Each of them covers a signifcantly diferent part of the WIMP parameter phase 
space, thus it is always important to keep in mind the relevance of the complementarity 
between the searches. 

In this Thesis, we have focused on searching for WIMPs through the γ-ray channel. As we 
have seen, there are some privileged astrophysical objects that appear to host a large part 
of their mass in form of DM. The high density of DM in them would trigger annihilations 
or decays between the WIMPs and produce SM particles as result. The antimatter CRs, 
neutrinos and γ-rays are the best suited channels for indirect searches. Antimatter CRs 
quantities are scarce in the Universe, so an excess on their fux will be complex to justify 
otherwise. However, they sufer the magnetic felds in their travel to our telescopes, making 
it difcult to discern its origin. γ-rays and neutrinos do not sufer the magnetic felds, so 

193 



Chapter 6. Conclusions 

they point back directly towards their source. Neutrinos however, have an extremely low 
interaction rate, which hinders their detection. While we wait to new techniques and a 
new generation of neutrino telescopes to settle, γ-rays still stand as the golden channel for 
indirect DM searches. 

The γ-ray sky does not only (hopefully) contain DM waiting to be found, but an incredible 
number of unique astrophysical sources that may hide its signal. The γ-ray energy regime is 
one of the youngest windows to the Universe and there is still a lot of unexplored territory 
at these extremely high energies. Although for us, DM hunters, the astrophysical sources are 
only considered as backgrounds, the accurate knowledge of their populations, spectral and 
morphological features becomes key in the search of the elusive DM-induced fuxes. This 
strengthens the robustness of the constraints to the WIMP models in case of non-detection 
and will help to unequivocally distinguish a DM detection from anything else. The search 
in the γ-ray channel has been on-going for some decades and despite the technological 
improvements of the telescopes and new analysis techniques, there are several challenges to 
overcome, like the propagation of γ-rays in both the inter- and extragalactic media. The 
ones that have taken most of my eforts are the theoretical modeling of the expected DM 
fuxes and, as we just mentioned, the proper modelling of the backgrounds. 

Strictly speaking, the frst problem goes beyond the limits of the γ-ray DM searches. As we 
have seen in Chapter 1, DM is the responsible of the formation of the cosmological structures 
that we live in. The bottom-up hierarchical formation of the structures starting from 
primordial density fuctuations comprehends millions of years in the history of the evolution 
of our Universe, plus it involves highly non-linear processes. Understanding accurately how 
the DM is distributed in these denser regions, how small or large can be the structures 
formed, the limits for DM self-interactions or the interplay of the DM structures with the 
the baryonic physics are topics that are being nowadays studied by numerical cosmological 
simulations. They allow us to model the DM densities in astrophysical targets, yet we should 
always consider a proper level of uncertainty when doing so. Specially, when dealing with 
substructures. The inclusion of DM substructures when modelling an astrophysical source 
is relatively new in the feld of γ-ray searches. One of our goals has been to quantify the 
impact of their contribution to the DM-fuxes for diferent astrophysical objects. 
This leads us to the second problem, the selection of targets. First, we want objects with 
high DM densities, i.e. most of their mass in form of DM. Second, as the DM-induced fux 
decays with 1/d2 

L, where dL is the luminosity distance, we want to target objects as close as 
possible. Finally, if we can fnd an object with no other expected γ-ray emission except the 
DM-related, we will have the perfect candidate. Unfortunately, a target that perfectly meets 
all of these requirements has not been found, so we need to choose between the structures 
that we observe, galactic or extragalactic. Each of them shows pros and cons, and attempting 
to perform a γ-ray DM search without taking them into account specifcally, can make the 
constraints/detection weaker. Because of this, we adopted a diversifcation approach and we 
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focused our Thesis on performing DM γ-ray searches in diferent astrophysical objects. 

A signifcant part of the Thesis has been devoted to searches in galaxy clusters. In 
principle, it looks like a straightforward conclusion that the most massive gravitationally 
bound structures in the Universe can be amongst the best targets to consider for the DM 
quest. Besides the most typical annihilation scenario assumed for DM, galaxy clusters 
outshine in the DM decay scenario. Since up to the 80% of a cluster’s mass is in form of 
DM, a priori they are the best astrophysical objects that one can think of. In the case of 
annihilation, galaxy clusters should host a signifcant amount of substructure, which once 
they are taken into account, boost the annihilation fux to values comparable to those of 
dSphs. Once the suitability of galaxy clusters is clear in terms of their high DM densities, 
we want to check the rest of the requirements. Galaxy clusters are extragalactic objects, 
thus their emission of γ-rays is afected by the EBL attenuation. However, if we restrict our 
search to local galaxy clusters, i.e. z < 0.1, this efect turns out to be not so important to 
test the WIMP mass range. Finally, we do expect other sources of γ-ray emission from these 
objects. The main one is the emission from π0 mesons of the hypothetical CR protons, but 
some of them also host AGNs. In that sense, the best we can do is to target a cluster whose 
expected CR densities are as low as possible. But on this matter, we need to remember 
that this CR-related emission has not been unambiguously detected in any galaxy cluster 
yet. We have tried to shed light on the complex γ-ray emission from galaxy clusters in both 
Chapters 2 and 3. 

In Chapter 2 we have used the most updated IRFs of the future CTA to test its capability 
to detect γ-rays from the Perseus galaxy cluster, either this may come from CRs or DM. 
Perseus is a local, cool-cored, relaxed cluster hosting two bright AGNs (represented in 
Figure 2.6). It is located in a privileged position for observation by the northern array of 
CTA. Because of these reasons, it was assessed as the best cluster to target in order to 
obtain the frst γ-ray detection from this kind of objects. As for DM searches, Perseus is a 
complicated environment because of its diferent γ-ray sources, yet it is still amongst the 
most massive, local clusters. 
We performed a state-of-the-art modelling of the DM densities in this object, including in 
the model the expected substructures. Given the uncertainties that concern their masses and 
distribution, we defne three benchmark models accounting for diferent levels of contribution 
from substructures to the annihilation fux (see Table 2.3). Their contribution to the J-factor 
is measured by the boost factor B. For the benchmark models including substructures (MED 
and MAX), the obtained boost factors are BMED = 9.2 and BMAX = 59.3. Besides, the 
contribution is more important in the outskirts of the cluster, as can be seen in Table 2.4 and 
from Figure 2.4. The impact of the uncertainty in the subhalo distribution to the J-factor 
is estimated to be σJ = 2 dex, two orders of magnitude larger than the uncertainties on 
the mass and the concentration-mass relation, in total both estimated to be σJ = 0.2 dex 
(similar to that obtained previously for dSphs [328]). 
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The 2D spatial templates of the DM-induced fuxes (shown in Figure 2.5) are then used to 
create simulations of the γ-ray emission from the Perseus cluster. The larger FoV of CTA 
compared to current ground-based γ-ray telescopes, allows to use analysis techniques based 
on the morphology of the signals; techniques that historically only space-based missions, 
such as Fermi -LAT, were able to use. The adoption of a template-ftting analysis allowed us 
to study the correlations between the diferent γ-sources. We included in our simulations and 
posterior analyses the state-of-the-art template of the CR densities, using the most realistic 
scenario according to both simulations and observations, called the “Baseline” benchmark 
model (presented in Figure 2.2 and Table 2.1). We recall that this is amongst the few 
DM search studies in galaxy clusters that includes both kinds of emission, plus the AGNs 
and instrumental background, making our analysis of Perseus in the γ-ray band the most 
comprehensive in the existing literature. 
From the 300h of simulated observation of Perseus, we do not obtain any signifcant hint of 
DM detection. Thus, we proceed to obtain the 95% C.L. upper limits (lower limits) on the 
standard WIMP parameters space, for annihilation (decay). The results for DM annihilation 
are shown in Figure 2.16. The best results are obtained for the τ +τ− annihilation channel, 
which reach values of the annihilation cross-section of < σv >∼ 5 × 10−24 cm3s−1 for DM 
masses up to ∼1 TeV. These prospects show that even though CTA will not be able to test 
the thermal relic cross-section from these observations, its constraints will be the best from 
γ-ray searches in galaxy clusters above 1 TeV. We also quantifed the impact of the diferent 
benchmark models used for the substructure contribution. In Figure 2.17 we see how the 
annihilation limits can either weaken (MIN) or strengthen (MAX) our results ∼ O(10). This 
emphasizes the crucial role of including substructures in the DM modelling of galaxy clusters, 
and pushes towards relying on new results from cosmological simulations, as they improve in 
resolution and include hydrodynamical efects. 
The DM projections of CTA from the observation of Perseus really outshines for the decay 
DM scenario. The 95% C.L. lower limits shown in Figure 2.18 are tighter for the τ+τ− decay 
channel, reaching values of τχ ∼ 1027s for DM masses between 10-30 TeV. These limits show 
that CTA will be able to test an unexplored range in the parameter space for DM masses 
above the TeV. In the absence of detection, this will allow to put unprecedented constraints 
for the DM particle lifetime. 
These results have been obtained thanks to our development of the template-based analysis 
for CTA. This method, besides allowing to consider several templates of γ-ray emission, 
permits to extract the maximum information so far, both spectral and spatial. This approach 
also enables to explore possible correlations between the DM normalization and the rest of 
involved parameters describing the other sources. The obtained correlation matrix assuming 
a ft to DM annihilation with DM mass of mχ = 10 TeV and 100% BR to τ+τ− in Figure 2.20 
shows that the DM normalization is only mildly correlated with the CR normalization. This 
result points to the fact that, in the case of a γ-ray detection, with this technique we will 
probably be able to disentangle whether it has a CR or DM origin. 
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With this study, we do not only prove the superb capabilities that CTA will present to test 
specially TeV WIMP DM, but also puts ourselves in a privileged position to perform the 
frst analysis of CTA data once it becomes available and, thus, to provide the frst results on 
DM with CTA. 

While we wait for the frst CTA data to come, we can exploit the large amount of data 
gathered by F ermi-LAT from galaxy clusters. This is done in Chapter 3. The last word of 
the F ermi-LAT Collaboration regarding a complete combined analysis on galaxy clusters 
centered on DM searches was made in Ref. [354], more than 10 years ago with only 11 months 
of data. Since then, several groups have attempted to perform similar analysis, but either 
focusing on individual clusters, a smaller sample of objects or galaxy groups instead [see, 
e.g., 355–358, 505, 520, 522, 527, 735]. 
In Chapter 3 of this Thesis, we frst built a sample of the most promising galaxy clusters 
for γ-ray DM searches. This sample, shown in Figure 3.1, is composed by 49 diferent 
local clusters. It gathers the results of the searches of those previous studies, selecting 
the clusters according to the standard criteria of distance, mass and contamination from 
astrophysical γ-ray sources. The sample is fux limited on X-rays, containing only clusters 
with fX ≥ 1.7 × 10−11 erg s−1 cm−2 . The brightest according to their J-factors (main halo 
only) are Virgo, Hydra, Centaurus and Fornax, well known clusters that are all among the 
most massive and/or closest ones. 
We performed the DM modelling of each cluster, considering again not only the main DM 
halo, but also the substructure population in each of them. This information is shown 
in Tables 3.3 and 3.4. Once again, we bracketed the uncertainties of the contribution of 
their expected subhalo population defning three benchmark models (see Table 3.1). The 
quantitative impact of the substructures can be appreciated in Figure 3.2, and it is again 
measured through the boost factor B (see Tables 3.3 and 3.4). We found as mean values for 
the whole sample, BMED = 10.61 and BMAX = 60.18, respectively. Taking into account the 
diferences in the defnitions of the MED and MAX models, we can compare these values to 
the ones obtained in Chapter 2 for the Perseus cluster. From both studies, we can quantify 
that, for conservative values for the contribution of subhalos in galaxy clusters, we should 
expect enhancements in the J-factors of B ∼ 10, while B ∼ 60 is the upper bound of how 
much the substructures can contribute to the annihilation fux in these objects. 
We then analyzed 12 years of F ermi-LAT data adopting as our model the 2D spatial 
templates of the expected DM emission. We performed a combined analysis of the clusters, 
and we found a small signal, shown in Figure 3.4 for the bb̄ channel and in Figure 3.5 for the 
τ+τ− channel, corresponding to TS = 6, 27 and 23 for the MIN, MED and MAX models. 
The best-ft values for the DM mass assuming bb̄ annihilation channel are mχ ∼ 40 − 70 
GeV, with an annihilation cross-section of < σv >∼ 2 − 4 (0.4 − 0.9) × 10−25 cm3s−1 for 
the MED (MAX) model. Since this signal is in tension with the current limits from dSphs, 
as can be seen in Figure 3.7, we performed the same analysis but in random directions. 
This allowed us to fnd the actual TS distribution instead of relying on the conversion to 
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signifcance assuming the ideal, standard χ2 distribution. We also considered two diferent 
models for the GIEM, enlarged the ROI, reduced the lower energy threshold and considered 
2 diferent values for the σJ , among other changes, to test the robustness of the signal to 
analysis choices. In all of them, with the correct TS distribution, the signifcance of the 
signal, as shown in Figure 3.9, is at the 2.5 − 3σ level. 
This signifcance is not relevant enough to unambiguously attribute it to a DM origin. Given 
the incompatibility of the best-ft mχ and < σv > with the dSphs limits, we derived the 
corresponding 95% C.L. upper limits (lower limits) for the annihilation cross-section (DM 
decay lifetime). In Figure 3.11 we can see that in the case of annihilation, the best limits 
are obtained for the bb̄ channel. These constraints are able to test WIMP models beyond 
the thermal relic cross-section for masses around 10 GeV, assuming the MED and MAX 
models. For the case of decay, the limits oscillate between 1024 −1025 s for the two considered 
channels. These limits are an order of magnitude below the limits from F ermi-LAT from 
the galactic center [351]. In the future, a dedicated analysis of this signal, also assuming an 
astrophysical origin, mainly from the interaction of CRs, is needed. This signal could be 
also tested once CTA is in operation, by e.g., performing observations of a subset of clusters 
in our sample. 

In the quest of good targets for DM searches, we conduct the frst DM γ-ray analysis in 
dwarf irregular galaxies (dIrrs) using F ermi-LAT data in Chapter 4. DIrrs are rotationally-
supported systems. From their rotation curves, they appear to be DM-dominated objects at 
all radii. They have masses between 107 − 1010 M⊙ and are isolated galaxies in the Local 
Volume. We restricted to dIrrs at distances dL ≲1 Mpc. Finally, dIrrs are star-forming 
galaxies, yet the astrophysical γ-ray emission from them has been estimated to be several 
orders of magnitude lower than the expected DM signal. Because of all of these reasons, 
dIrrs have recently been postulated as good targets for DM searches, yet they were never 
used to perform an actual DM search within the F ermi-LAT data until now. 
As in previous Chapters, we frst built a sample of targets based on previous studies. From 
these, we selected the 7 objects gathered in Table 4.1, where Phoenix, DDO210 and DDO216 
are brand new objects that have never been studied in the context of DM searches. We 
modelled their DM contents assuming two diferent approaches: 1) Fit their RCs to a Burkert 
profle (see Table 4.2), 2) Build NFW DM density profles, even if not preferred by the data 
in this case. Indeed, since the ft of the RCs to an NFW profle produces nonphysical values 
for some parameters, we built the profle by adopting a fxed mass and assume a (c − M) 
relation to construct the rest of the parameters (see Table 4.3). For the masses of dIrrs, 
the contribution to the DM annihilation fux of the substructures cannot be neglected. We 
performed the modelling of the expected distribution of subhalos in each of these objects, 
presenting four diferent benchmark models to encapsulate the uncertainty regarding their 
level of contribution to the J-factor (shown in Table 4.4). The obtained boost factor is 
quantifed to be BMED ≤ 3.5 and BMAX−Bur ≤ 5.0, except for IC1613, which presents 
specially large boosts (see Table 4.5). 
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With the 2D spatial templates of the 4 benchmark models (as the ones shown in Figure 4.1), 
we performed the combined analysis of the 7 dIrrs using 11 years of F ermi-LAT data. A 
feeble ∼ 3σ excess is seen for WLM and NGC6822 (see Figure 4.2). It is seen for the 
three ftted annihilation channels, but with an unstable ft to the mχ. These values are 
pre-trials and therefore, they are expected to decrease in a more complete statistical analysis. 
Taking this into account, we concluded that we did not fnd a DM γ-ray emission and thus, 
proceeded to obtain the 95% C.L upper limits for the annihilation cross-section and DM 
mass. These constraints are shown in Figure 4.3. The most stringent ones are obtained for 
IC10 and NGC6822, independently of the assumed benchmark model, with values around 
< σv >∼ 10−25 − 10−22 cm3s−1 for mχ ∼ 10 − 100 GeV, respectively. The combined limits 
are shown in Figure 4.4, where we can see that IC10 dominates the limits, for each model and 
annihilation channel. The strongest constraint is obtained for the bb̄ annihilation channel, 
which is shown in Figure 4.5 together with some previous theoretical predictions and the 
F ermi-LAT limits from dSphs. 
In the future, surveys as SDSS will be able to provide more kinematic data of these objects. 
This will increase the number of dIrrs that could be used and will yield more robustness 
to their RCs data. This frst analysis with the F ermi-LAT data and the prospects of new 
data, postulates these objects as prime targets for DM searches, also to perform future 
observations with CTA. 

The diversifcation of targets started with the dIrrs in Chapter 4 continues in Chapter 5, 
where we performed the DM modelling for a selection of the already studied dIrrs and 
galaxy clusters, making use of the results in the previous chapters. These modellings, that 
in both cases are built taking into account the specifc uncertainties of each kind of object, 
are the starting point to perform the computations of generalized J-factors, i.e. including 
the term of p-wave annihilation, Sommerfeld enhancement and the boost from the subhalo 
population. The results of this study, presented in Ref. [611], show that the substructure 
boost factors can reach several orders of magnitude (Bs ∼ 1010 , for Fornax) on-resonance for 
s-wave annihilation, and also in the Coulomb regime for both s- and p- wave annihilation 
(Bs ≈ 107 − 1010 , Bp ≈ 10 − 103 , for Fornax), specially for clusters. Furthermore, the ranking 
of the most promising families of targets for indirect DM searches (where typically, dSphs 
rank frst) can be drastically modifed in the presence of both velocity-dependent annihilation 
and substructure boosts. The most striking case is for s-wave on resonances and for p-wave 
in the no-Sommerfeld enhancement regime, where galaxy clusters can outshine all other 
classes of targets. These results are also shown to be robust, since thanks to the modelling 
of the uncertainties provided in Section 5.2 and 5.3, we found that they can only afect this 
ranking in the no-Sommerfeld enhancement regime. 
This study is especially relevant for models involving mediators much lighter than the DM 
particle, models that gain relevance in the multi-TeV DM mass range. In a forthcoming 
efort, we plan to generalize our calculations to a larger list of astrophysical targets and 
confront our predictions to either existing γ-ray data or to settle the prospects for CTA. 
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We end the study of diferent targets with Section 5.4 of Chapter 5, by modelling two 
representative dark subhalos of the Milky Way in the context of quantitatively assessing the 
role of the spatial extension of subhalos for their potential detection with the Fermi -LAT. 
In the frst place, we chose two representative but extremely diferent physical scenarios for 
the subhalos: a massive and far subhalo, and a lighter and closer one, covering all interesting 
ranges. The relevant properties of such representative subhalos, namely angular extension 
and annihilation fux (shown in Table 5.3), were chosen following previous results from the 
VL-II N-body cosmological simulation of a MW size halo [368]. 
In Section 5.4.1, we built coherent DM density profles taking into account the N-body 
simulation work and taking into account processes like tidal disruption [168]. The computation 
of the corresponding J-factors derived in Section 5.4.2 together with the 2D spatial templates 
of the expected DM emission, revealed a degeneracy between our selected representative 
subhalos, as noted in Figure 5.3. This efect can be understood by analysing the dependencies 
of the J-factor computation for NFW DM density profles, which can be described as 

3Msubc200Jsub ∝ 
D2 . Indeed, the combination of the involved masses, distances and obtained 

Earth 
concentrations for the selected subhalos resulted in similar values of their J-factors, as shown 
in Table 5.4. We built spatial templates for the annihilation signal (see Figure 5.2), that 
were later used in Ref. [689] as inputs for the LAT data analysis. 
In Ref. [689] we found that, in order to detect an extended subhalo, the LAT requires a 
factor ∼ 2 more fux than the one needed to detect a point-like source, and a factor ∼ 10 
more fux to properly characterize the spatial extension of the subhalo. The two subhalo 
models, as guessed from the Figures 5.2 and 5.3, are indistinguishable also from the point 
of view of the data analysis. In a second stage of the analysis, in Ref. [689] we performed 
“blind” computations to characterize the LAT sensitivity to extended subhalos, by analysing 
a larger grid of diferent parameters such as the WIMP mass, annihilation channel, subhalo 
model and the normalization of the DM spectrum. 
From our full grid analysis computations, we found that the LAT should be capable of 
resolving the angular extension for most WIMP masses, specially for lower values, as their 
spectra peak around the maximum sensitivity of the LAT1 . This feature can then be used as 
a flter to fnd a compatible γ-ray emission with DM from the F ermi pool of unIDs. In the 
future, it will be interesting to perform an analysis taking into account the spatial extension 
in the latest γ-ray F ermi catalogs. This flter will also become extremely practical for its 
use with CTA data, as it will proft from its superb angular resolution in the TeV energy 
range. 

In this Thesis, we have revisited diferent approaches to perform DM searches in γ-rays. 
Starting with galaxy clusters, we presented a state-of-the-art study on how these objects can 
help to shed light to the WIMP DM paradigm (Chapters 2, 3 and Section 5.3). A frst work 

1Yet, the LAT may also detect as extended source two individual point-like objects if close enough to each 
other. 
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made use of all the existing data available from F ermi-LAT and, in the light of a lack of a 
clear γ-ray detection from a large sample of local clusters, in a second work, we computed 
the prospects to detect a DM-induced γ-ray signal from the Perseus cluster with CTA, i.e. 
the future of VHE γ-ray astronomy. All this work was supported by a robust state-of-the-art 
modelling of the galaxy clusters, taking into account the most recent results from cosmological 
N-body simulations regarding the subhalo population. After this comprehensive research 
efort on galaxy clusters, we focused our attention into astrophysical objects that were not 
considered to perform DM searches until recently. First, we performed the frst DM γ-ray 
search in dIrr galaxies using F ermi-LAT (Chapter 4 and Section 5.2) and, from this, we 
concluded that DM searches in dIrrs can provide complementary limits to other targets, 
which may strengthen in the upcoming years with new available data. A key ingredient to 
reach to this conclusion was our inclusion and treatment of the subhalo population in these 
objects. Finally, we also inspected spatial morphology of the DM emission in MW subhalos, 
how F ermi-LAT could see them and how it could be used to identify this kind of objects. 
It is exciting times, as the detection of WIMP induced γ-rays can be around the corner. Yet, 
we should remember that our fnal frontier is to obtain a clear and robust detection. For 
this, the universality of the characteristics of the signal is key. Ideally, the claim of any DM 
detection needs to be sufciently supported by its presence in several astrophysical objects, 
in other indirect channels and also in direct searches and collider production. Regarding 
the γ-ray channel, the F ermi-LAT has been already in orbit for 14 years. Despite all the 
gathered data and the many searches in very diferent targets, none of them has provided a 
unequivocal hint of DM detection. In this Thesis, we have proved the exceptional power 
that CTA will present to test the WIMP parameter space. In the next decade, the frst data 
of CTA will arrive and a substantial amount of observational time will be devoted to the 
observation of targets as the galactic center, dSphs and the Perseus cluster. CTA will also 
reveal the most energetic side of the γ-ray sky, which will most probably, come together 
with serendipitous discoveries and unexpected surprises. All this new data from CTA will 
be complemented with new multi-wavelength data, such as in the radio band from SKA, 
and also multi-messenger information from e.g. Km3NET for neutrinos, or Virgo, LIGO 
and future LISA for gravitational waves. On top of that, the technological improvements 
that CTA represents will allow for the inclusion of new data analysis techniques (e.g., the 
spatial analysis based on template-ftting adopted for our prospects). The change to the 
bayesian statistical paradigm brings new possibilities that have still not been fully adapted 
to the γ-ray wavelength, such as the MCMC and in the near future, machine learning 
algorithms. Furthermore, we also expect a new generation of direct detection experiments to 
reach sensitivities that, necessarily combined with the indirect searches, will allow to explore 
the complete WIMP parameter space, while HL-LHC augurs to do the same in the DM 
production sector. We are still on the quest to fnd out the mysteries of the dark matter, 
and only the future knows what is waiting for us, maybe this time in less than one hundred 
years from today. This Thesis is another brick on the way. 
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Hemos dedicado esta Tesis a descubrir la naturaleza de la materia oscura y sus propiedades. 
Tras las últimas décadas, una inevitable cantidad de evidencias gravitacionales apunta a 
la existencia de este esquivo componente. Sin embargo, hasta este mismo día, la materia 
oscura ha evadido cualquier tipo de interacción directa que hayamos podido medir. Todo 
el conocimiento de las evidencias gravitacionales se puede expresar de manera simplista 
en unos cuantos requerimientos a los modelos teóricos que aspiran a describirla: no tiene 
que ser bariónica, tiene que ser eléctricamente neutra, mayormente fría y estable en escalas 
cosmológicas. Con estas líneas generales, el espacio para los candidatos a MO abarca 
alrededor de 100 órdenes de magnitud en masa, lo que deja a su vez mucho espacio para 
tener candidatos profundamente distintos. De entre todos ellos, los WIMPs han recibido la 
mayoría de atención, tanto desde el punto de vista teórico como observacional. El llamado 
milagro-WIMP aparece como un mecanismo natural para producir el vestigio de densidad 
de la MO, mientras a su vez se considera una posible solución a otros problemas teóricos 
del modelo estándar (MS). Lo que aún es más interesante de estos candidatos es, que para 
su producción en el universo primigenio, han tenido que interaccionar, por lo menos muy 
(extremadamente) débilmente, con las especies del MS. Aprovechándonos de esto, podemos 
pensar en varias maneras de explotar esta interacción. Dependiendo del proceso concreto de 
interacción, las huellas que debemos buscar de la MO son, de hecho, muy distintas. Los tres 
tipos de búsqueda de WIMPs se pueden llevar a cabo según como “hablemos” con la MO: 
búsquedas directas en laboratorios, producción de MO en aceleradores y búsquedas indirectas. 
Cada una de ellas cubre una importante y distinta parte del espacio de parámetros de las 
WIMPs, así que es importante tener en mente la relevancia de la complementariedad entre 
las búsquedas. 

En esta tesis, nos hemos centrado en buscar a las WIMPS a través del canal de rayos-γ. 
Como hemos visto, existen algunos objetos astrofísicos privilegiados que parecen albergar 
gran parte de su masa en forma de MO. La alta densidad de MO desencadena aniquilaciones 
(decaimientos) entre las WIMPs y produce partículas del MS como resultado. Los rayos 
cósmicos (RCs) de antimateria, los neutrinos y los rayos-γ son los mejores canales para 
búsquedas indirectas. Las cantidades de RCs de antimateria son escasas en el universo, de 
manera que un exceso en su fujo sería difícilmente justifcable de otra forma. Sin embargo, 
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los campos magnéticos los desvían en su camino hasta nuestros telescopios, difcultando 
discernir su origen. Los rayos-γ y los neutrinos no son afectados por estos campos magnéticos, 
así que apuntan directamente a su fuente. Los neutrinos, no obstante, tienen una tasa de 
interacción extremadamente baja, lo que también difculta su detección. Mientras esperamos 
que nuevas técnicas y una nueva generación de telescopios de neutrinos llegue, los rayos-γ se 
siguen manteniendo como el mejor canal para búsquedas indirectas. 

El cielo en rayos-γ no sólo contiene MO esperando a ser descubierta, sino también un 
increíble número de fuentes astrofísicas únicas, que pueden esconder a nuestro objetivo. La 
longitud de onda de los rayos-γ es una de las ventanas más jóvenes en enseñarnos en universo 
y aún hay mucho territorio por explorar en las energías más altas. Aunque para nosotros las 
fuentes astrofísicas son únicamente consideradas como fondo, un conocimiento preciso de sus 
poblaciones, propiedades espectrales y morfológicas es clave para la búsqueda de los elusivos 
fujos de MO. Esto refuerza la robustez de las restricciones a los modelos de WIMPs en 
los casos de detección nula y ayudaría especialmente a distinguir una detección de MO. La 
búsqueda en el canal de rayos-γ lleva en marcha desde hace décadas y a pesar de las mejoras 
tecnológicas, aún hay algunos desafíos, como la propagación de los rayos-γ en los medios 
inter- y extragalácticos. Los que han acaparado nuestros esfuerzos, han sido el modelado 
teórico de los fujos esperados de MO y, como hemos mencionado, el propio modelado de los 
fondos. 

Estrictamente hablando, el primer problema va más allá de los límites de las búsquedas de 
MO con rayos-γ. Como hemos visto en el Capítulo 1, la MO es la responsable de la formación 
de las estructuras cosmológicas en las que habitamos. La formación jerárquica de estructuras 
“de hacia abajo hacia arriba”, empezando desde las fuctuaciones de densidad primordiales, 
comprende millones de años en la historia de la evolución del universo, además de involucrar 
procesos altamente no lineales. Entender de manera precisa cómo la MO se distribuye en 
estas regiones más densas, cómo de pequeñas o grandes pueden ser las estructuras que se 
forman, los límites de auto-interacción de la MO o la relación entre las estructuras de MO y 
la física de bariones son temas que todavía están siendo estudiados a través de simulaciones 
cosmológicas de N-cuerpos. Éstas nos permiten modelar las densidades de MO en los 
objetos astrofísicos de interés, pero siempre tenemos que considerar un nivel apropiado de 
incertidumbre cuando lo hagamos, especialmente cuando tratemos con subestructuras. La 
inclusión de las subestrucutras de MO cuando modelamos las fuentes astrofísicas es bastante 
novedosa en el campo de la búsqueda en rayos-γ. Uno de nuestros principales objetivos 
ha sido cuantifcar el impacto de su contribución a los fujos de MO para distintos objetos 
astrofísicos. 
Esto nos lleva al segundo problema, la selección de objetivos. Primero, queremos objetos 
con alta densidad de MO, es decir, que la mayor parte de su masa esté en forma de 
materia oscura. Segundo, como el fujo inducido de MO decae como 1/d2 

L, donde dL es la 
distancia luminosa, queremos apuntar objetos tan cercanos como sea posible. Finalmente, 
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si pudiéramos encontrar un objeto sin ningún otro tipo de misión en rayos-γ, excepto la 
relacionada con MO, habríamos encontrado al candidato perfecto. Desafortunadamente, este 
objeto perfecto no aparece de manera natural en el universo, así que tenemos que elegir 
entre las estructuras que observamos, ya sean galácticas o extragalácticas. Cada una de ellas 
presenta ventajas e inconvenientes, e intentar realizar una búsqueda de MO en rayos-γ sin 
tenerlos en cuenta de manera específca, puede hacer que nuestras restricciones/detección 
sean más débiles. Por esto, decidimos seguir el camino de la diversidad y centrarnos en 
realizar búsquedas de MO en rayos-γ en distintos objetos astrofísicos. 

Una parte importante del trabajo de esta tesis lo hemos dedicado a la búsqueda en cúmulos 
de galaxias. En principio, parece bastante directo que las estructuras gravitacionalmente 
ligadas más masivas del universo estén entre los mejores objetivos a considerar en esta 
pesquisa. Además del típico escenario de aniquilación de MO, los cúmulos de galaxias brillan 
en la búsqueda de decaimientos de MO. Ya que hasta el 80% de su masa está en forma de 
MO, en términos de esta interacción son los mejores objetos astrofísicos en los que se podría 
pensar. Los cúmulos de galaxias deben hospedar una cantidad importante de subestructuras, 
las cuales una vez tenidas en cuenta, aumentan su fujo de aniquilación a valores comparables 
a los de las galaxias enanas esferoidales. Una vez hemos comprobado la adecuación de los 
cúmulos de galaxias en términos de su densidad de MO, nos gustaría comprobar el resto de 
requerimientos. Los cúmulos de galaxias son objetos extragalácticos, por lo que su emisión 
en rayos-γ se ve afectada por la atenuación debida a la luz de fondo extragaláctica. Aún 
así, si decidimos restringirnos a cúmulos de galaxias locales, es decir, z < 0.1, este efecto 
parece no tener tanta importancia para testear el rango de masas de las WIMPs. Finalmente, 
esperamos otras fuentes de emisión de rayos-γ en estos objetos. La principal es la emisión de 
los mesones π0 de los hipotéticos protones de RCs, pero algunos también albergan núcleos 
activos de galaxias (NAGs). En ese sentido, lo mejor a lo que aspiramos es a poner como 
objetivo un cúmulo en el que las densidades de RCs sean tan bajas como sea posible. Sobre 
esto, tenemos que recordar que esta emisión relacionada con los RCs aún no ha sido detectada 
de manera inequívoca desde un cúmulo de galaxias. Por nuestra parte, hemos intentado 
arrojar luz sobre la compleja emisión de rayos-γ de cúmulos de galaxias en los Capítulos 2 y 
3. 

En el Capítulo 2 hemos usado las funciones de respuesta de instrumento del futuro CTA 
para testear su habilidad de detectar rayos-γ del cúmulo de galaxias Perseus, ya provenga 
de RCs o MO. Perseus es un cúmulo local de núcleo frío y relajado, que alberga dos NAGs 
(representadas en la Figura 2.6). Está ubicado e una posición privilegiada para observarlo 
desde la matriz norte de CTA. Por estos motivos, fue postulado como el mejor cúmulo como 
blanco para obtener la primera detección de rayos-γ en este tipo de objetos. Exclusivamente 
en términos de búsqueda de materia oscura, Perseus es un ambiente complicado por las 
distintas fuentes de rayos-γ. Aún así, es de los cúmulos locales más masivos. 
Realizamos un modelado de vanguardia de su densidad de MO, incluyendo en el modelo las 
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subestructuras esperadas. Dadas las incertidumbres que conciernen sus masas y distribución, 
defnimos tres modelos de referencia que tienen en cuenta distintos niveles de contribución 
de las subestructuras al fujo de aniquilación (ver Tabla 2.3). Su contribución al factor-J 
se mide a través del factor de incremento B. Para los modelos de referencia que incluyen 
subestructuras (MED y MAX), los factores de incremento obtenidos son BMED = 9.2 y 
BMAX = 59.3. Además, su contribución es más importante en las afueras del cúmulo, como 
se puede ver en la Tabla 2.4 y en la Figura 2.4. El impacto de las incertidumbres en la 
distribución de subhalos para el factor-J es σJ = 2 dex, dos órdenes de magnitud superior 
que la obtenida de las incertidumbres de la masa y de la relación de concentraciones y 
masas, conjuntamente estimadas en σJ = 0.2 dex (valor similar al obtenido previamente 
para galaxias enanas esferoidales [328]). 
Las plantillas bidimensionales de los fujos de MO (mostrados en la Figura 2.5) son usados 
para crear simulaciones de la emisión de rayos-γ del cúmulo de Perseus. La mejora en el 
campo de visión de CTA permite utilizar técnicas de análisis basadas en la morfología de 
las señales; técnicas que históricamente sólo habían podido usar misiones espaciales, como 
Fermi -LAT. Seguir un análisis basado en plantillas nos ha permitido las correlaciones entre 
las distintas fuentes de rayos-γ. Incluimos en nuestras simulaciones y en el posterior análisis 
modelos de vanguardia de las densidades de RCs, utilizando el modelo más realista de 
acuerdo con las observaciones y las simulaciones, llamado modelo de “Base” de referencia 
(ver Figura 2.2 y Tabla 2.1). Queremos apuntar que este está entre los pocos estudios de 
búsqueda de MO en cúmulos de galaxias que incluye ambos tipos de emisión, además de las 
NAGs y el fondo instrumental, haciendo nuestro análisis en Perseus de los más completos en 
la literatura. 
De las 300h de observación simuladas de Perseus, no obtenemos ninguna detección signifcativa 
de MO. Decidimos proceder a obtener los límites superiores (inferiores) al 95% de nivel de 
confanza (N.C.) en el espacio de parámetros estándar de las WIMPs, para aniquilación y 
decaimiento. Los resultados para aniquilación de MO se muestran en la Figura 2.16. Los 
mejores resultados se obtienen para el canal de aniquilación τ +τ − , el cual alcanza valores 
para la sección efcaz de aniquilación de < σv >∼ 5 × 10−24 cm3s−1 para masas de MO 
de hasta ∼1 TeV. Estas previsiones muestran que aunque CTA no será capaz de testear 
la sección efcaz de aniquilación térmica de estas observaciones, sus restricciones serán las 
mejores de búsquedas de MO en cúmulos de galaxias por encima de 1 TeV. También hemos 
cuantifcado el impacto de los distintos modelos de referencia para la contribución de la 
subestructura. En la Figura 2.17 vemos como los límites de aniquilación pueden debilitar 
(MIN) o fortalecer (MAX) nuestros resultados ∼ O(10). Esto enfatiza el papel crucial de las 
subestructuras en el modelado de la MO en cúmulos de galaxias, y nos empuja a confar e 
en nuevos resultados de simulaciones cosmológicas de N-cuerpos, a la vez que éstas mejoran 
en resolución e incluir efectos hidrodinámicos. 
Las previsiones de CTA para la observación de Perseus brillan para el caso de decaimiento 
de MO. Los límites inferiores al 95% de N.C. mostrados en la Figura 2.18 son más fuertes 
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para el canal de decaimiento τ+τ− , alcanzando valores de τχ ∼ 1027s para valores de masas 
entre 10-30 TeV. Estos límites demuestran que CTA será capaz de investigar una región 
inexplorada en el espacio de parámetros para masas de MO mayores del TeV. En ausencia 
de detección, esto permitirá poner cotas sin precedentes para la vida-media de la partícula 
de MO. 
Hemos podido obtener estos resultados gracias a nuestro desarrollo del análisis basado en 
plantillas para CTA. Este método, además de considerar varias plantillas para las emisiones 
de rayos-γ, también permite extraer la máxima información de los datos, tanto de manera 
espectral como espacial. Este método permite explorar las posibles correlaciones entre la 
normalización de MO y el resto de parámetros que describen las otras fuentes. La matriz de 
correlación obtenida, asumiendo un ajuste para aniquilación de MO con una masa de mχ = 10 
TeV y un ratio de ramifcación del 100% al canal τ+τ− en la Figura 2.20, muestra que la 
normalización de MO está débilmente correlacionada con la normalización de RCs. Este 
resultado apunta a que, en el caso de una detección de rayos-γ, con esta técnica podríamos 
ser capaces de distinguir entre ambos orígenes. 
Con este estudio, no solo hemos probado las increíbles capacidades que CTA tendrá para 
estudiar la MO de WIMPs en el rango TeV, sino que también hemos allanado el camino para 
que, sino que nos posiciona de manera privilegiada para realizar el primer análisis de CTA 
una vez los datos estén disponibles y, consequentemente, obtener los primeros resultados 
sobre MO con CTA. 

Mientras esperamos los primeros datos de CTA, podemos explotar la gran cantidad de 
datos almacenados de F ermi-LAT de cúmulos de galaxias. Esto lo realizamos en el Capí-
tulo 3. La última palabra de la Colaboración F ermi-LAT respecto a un análisis completo en 
cúmulos de galaxias centrado en la búsqueda de MO se hizo en la Ref. [354], hace más de 10 
años y con sólo 11 meses de datos. Desde entonces, algunos grupos han intentado actualizar el 
análisis, pero o centrándose en un único cúmulo, usando una muestra de objetos más pequeña 
o centrándose en grupos de galaxias [mirar por ejemplo, 355–358, 505, 520, 522, 527, 735]. 
En este capítulo, primero construimos una muestra de los cúmulos de galaxias más promete-
dores para observar en términos de búsqueda de MO en rayos-γ. Esta muestra, mostrada en 
la Figura 3.1, se compone de 49 cúmulos de galaxias distintos. Reúne los resultados de estos 
estudios previos, seleccionando cúmulos de acuerdo con los criterios estándares de distancia, 
masa y fuentes de contaminación. La muestra también está limitada en fujo de rayos-X, 
conteniendo sólo cúmulos con fX ≥ 1.7 × 10−11 erg s−1 cm−2 . Los cúmulos más brillates 
según su factor-J (sólo incluyendo el halo principal) son Virgo, Hydra, Centaurus y Fornax, 
cúmulos bien conocidos, todos entre los más masivos o más cercanos. 
Realizamos el modelado de MO para cada cúmulo, teniendo en cuenta no sólo el halo princi-
pal, sino también la población de subestructuras en cada uno. Esta información se muestra 
en las Tablas 3.3 y 3.4. Como antes, encapsulamos las incertidumbres de la contribución de 
la población esperada de subhalos defniendo tres modelos de referencia (ver Tabla 3.1). El 
impacto de las subestructuras se puede apreciar en la Figura 3.2, y lo medimos a través del 

206 



Chapter 7. Conclusiones 

factor de incremento B (ver Tablas 3.3 y 3.4). Los valores promedio del factor de incremento 
obtenidos son BMED = 10.61 y BMAX = 60.18, para toda la muestra. Teniendo en cuenta 
las diferencias en las defniciones de los modelos MED y MAX, podemos comparar estos 
valores con los obtenidos en el Capítulo 2 para el cúmulo de Perseus. De ambos estudios, 
podemos concluir que, para valores conservadores de la contribución de las subestructuras al 
factor-J, podemos esperar B ∼ 10, mientras que B ∼ 60 es una cota super a cuanto pueden 
contribuir estos objetos al fujo de aniquilación. 
Con esto, analizamos 12 años de datos de F ermi-LAT usando las plantillas bidimension-
ales de la emisión de MO. Realizamos un análisis combinado de los cúmulos, en el cual 
encontramos una señal, mostrada en la Figura 3.4 para el canal bb̄, y en la Figure 3.5 
para el canal τ+τ − , correspondientes a TS = 6, 27 y 23 para los modelos MIN, MED y 
MAX, respectivamente. Los valores de mejor ajuste para la masa de MO asumiendo el 
canal de aniquilación bb̄ es mχ ∼ 40 − 70 GeV, con una sección efcaz de aniquilación de 
< σv >∼ 2 − 4 (0.4 − 0.9) × 10−25 cm3s−1 para el modelo MED (MAX). Ya que esta señal 
está en tensión con los límites actuales de galaxias enanas esferoidales, como se puede ver 
en la Figura 3.7, realizamos el mismo análisis per en direcciones arbitrarias. Esto nos ha 
permitido encontrar la verdadera distribución de TS, en lugar de tener que confar en la 
conversión a signifcancias basada en la distribución estándar χ2 . También consideramos dos 
modelos distintos para la emisión isotrópica y galáctica interestelar, agrandamos la región 
de interés, reducimos el tope bajo en energías y consideramos dos valores distintos para σJ , 
entre otros cambios, para probar la robustez de la señal a las elecciones del análisis. En 
todos ellos, con la distribución de TS correcta, la signifcancia de la señal varía entre el 
rango de 2.5 − 3σ. 
Esta signifcancia no es sufcientemente alta como para que de manera no ambigua po-
damos atribuirle un origen de MO. Dada la incompatibilidad de la masa y sección efcaz de 
aniquilación del mejor ajuste con los límites de las galaxias enanas esferoidales, derivamos 
los límites superiores (inferiores) correspondientes para la sección efcaz de aniquilación 
(vida media). En la Figura 3.11, podemos ver que en el caso de aniquilación, los mejores 
límites se obtienen para el canal bb̄. Estas restricciones son capaces de probar modelos de 
WIMPs más allá de la sección efcaz de aniquilación térmica para masas alrededor de 10 GeV, 
asumiendo los modelos MED y MAX. Para el caso de decaimiento, los límites oscilan entre 
1024 − 1025 s para los dos canales considerados. Estos límites están un orden de magnitud 
por debajo respecto a los límites de F ermi-LAT del centro galáctico [351]. En el futuro, 
necesitamos realiza un análisis dedicado a esta señal, pero asumiendo un posible origen 
astrofísico, principalmente de la interacción con RCs. Esta señal también se puede testear 
una vez CTA empieze a funcionar, por ejemplo, realizando observaciones en una sub-muestra 
de cúmulos de nuestra muestra. 

En el afán de encontrar objetos astrofísicos para realizar búsquedas de MO, realizamos 
el primer análisis de rayos-γ sobre MO en galaxias enanas irregulares (GEIs) usando datos 
de F ermi-LAT, en el Capítulo 4. Las GEIs son sistemas sustentados por rotación. De 
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sus curvas de rotación (CRs), parecen ser objetos dominados por MO a cualquier radio. 
Tienen masas entre 107 − 1010 M⊙ y pueden estar aisladas en nuestro Volumen Local. Hemos 
restringido las GEIs en nuestro estudio a distancias dL ≲1 Mpc. Finalmente, las GEIs son 
galaxias de formación estelar, sin embargo, su emisión de rayos-γ astrofísica se ha estimado 
varios órdenes de magnitud por debajo de la relacionada con la de MO. Por todas estas 
razones, las GEIs han sido recientemente propuestas como buenos blancos para búsquedas 
de MO, pero nunca han sido previamente usadas para buscar MO con datos de F ermi-LAT 
hasta ahora. 
Como en capítulos anteriores, primero construimos una muestra basada en estudios previos. 
De ellos, seleccionamos 7 objetos, reunidos en la Tabla 4.1, donde Phoenix, DDO210 y 
DDO216 son objetos nuevos que nunca has sido investigados en términos de búsqueda de 
MO. Modelamos su contenido en MO asumiendo dos perfles distintos: 1) Ajuste a sus 
CRs a un perfl Burkert (ver Tabla 4.2), 2) Construimos los perfles de densidad de MO 
según NFW, incluso aunque no sea el preferido por los datos. De hecho, ya que el ajuste al 
perfl NFW produce valores no físicos, contruimos el perfl a partir del ajuste de la masa y 
asumimos una relación (c − M) para obtener los parámetros (ver Tabla 4.3). Para la masa 
de las GEIs, la contribución de las subestructuras al fujo de aniquilación de MO no puede 
ser obviada. Realizamos el modelado de la distribución esperada de subhalos en cada uno de 
estos objetos, y presentamos cuatro modelos de referencia que abarcan las incertidumbres 
respecto al nivel de su contribución al factor-J (mostrado en la Tabla 4.4). Los valores del 
factor de incremento obtenidos son BMED ≤ 3.5 y BMAX−Bur ≤ 5.0, excepto para la GEI 
IC1613, que muestra valores del factor de incremento especialmente altos (ver Tabla 4.5). 
Con las plantillas espaciales de los 4 modelos de referencia (como el mostrado en la Figura 4.1), 
procedemos a realizar el análisis combinado de las 7 GEIs usando 11 años de datos de F ermi-
LAT. Un exceso débil alrededor de ∼ 3σ se observa para WLM y NGC6822 (ver Figura 4.2). 
Éste aparece para los tres canales de ajuste, pero con un ajuste inestable a mχ. Este valor 
es de “juicios previos” y por ello, esperamos que su valor se reduzca en un análisis estadístico 
más completo. Teniendo esto en cuenta, concluimos que no encontramos una señal de rayos-γ 
de MO y por ello, obtenemos los límites superiores al 95% de N.C. para la sección efcaz 
de aniquilación y la masa de la MO. Estas restricciones se muestran en la Figura 4.3. Los 
límites más fuertes se obtienen para IC10 y NGC6822, independientemente del modelo 
de referencia que asumamos, y para valores alrededor de < σv >∼ 10−25 − 10−22 cm3s−1 

para mχ ∼ 10 − 100 GeV, respectivamente. Los límites combinados los mostramos en la 
Figura 4.4, donde podemos ver que IC10 domina todos los límites, para cada modelo y 
canal de aniquilación. Los límites más fuertes se obtienen para el canal bb̄, mostrados en la 
Figura 4.5, junto con unas predicciones teóricas previas y los límites de las enanas esferoidales 
de F ermi-LAT. 
En el futuro, telescopios como SDSS serán capaces de traer más datos cinemáticos de estos 
objetos. Esto aumentará el número de GEIs que puede ser usado y dará más robustez a los 
datos de sus CRs. Este primer análisis con F ermi-LAT y las proyecciones de nuevos datos, 
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postulan a estos objetos como objetivos principales para búsquedas de MO, también para 
realizar futuras observaciones con CTA. 

La diversifcación en cuanto a objetivos iniciada con las GEIs en el Capítulo 4 continúa en 
el Capítulo 5, donde realizamos el modelado de MO para una selección de las ya estudiadas 
GEIs y cúmulos de galaxias, haciendo uso de los resultados mostrados en los capítulos 
anteriores. Estos modelados, que en ambos casos se construyen teniendo en cuenta las 
incertidumbres específcas de cada tipo de objeto, son el punto de partida para calcular 
el factor-J generalizado, incluyendo el término de onda-p de aniquilación, incremento de 
Sommerfeld y el incremento de la población de subhalos. El resultado de este estudio, 
presentado en la Ref. [611], muestra que el factor de incremento de las subestructuras 
puede alcanzar varios órdenes de magnitud (Bs ∼ 1010 , para Fornax) en resonancia para 
onda-s, y también en el régimen de Coulomb para ambas ondas-s y p (Bs ≈ 107 − 1010 , 
Bp ≈ 10 − 103 , para Fornax); especialmente para cúmulos. Además, la clasifcación de las 
familias de objetos más prometedoras para búsquedas indirectas (donde típicamente las 
enanas esferoidales se alzan las primeras) puede cambiar drásticamente con la presencia 
de aniquilaciones dependientes de la velocidad y del incremento por subestructuras. El 
caso más extremo es para la onda-s en resonancia y para la onda-p en el régimen sin 
incremento por Sommerfeld, donde los cúmulos de galaxias pueden eclipsar al resto de 
objetos. Estos resultados han mostrado ser robustos, gracias al modelado incluyendo 
incertidumbres realizado en las Secciones 5.2 y 5.3. Encontramos que estas incertidumbres 
sólo pueden afectar a la clasifcación en el régimen sin incremento de Sommerfeld. 
Este estudio es especialmente relevante para los modelos que involucran mediadores mucho 
más ligeros que la partícula de MO, modelos que ganan relevancia en el rango de masas 
multi-Tev. En un futuro esfuerzo, planeamos generalizar estos cálculos a una lista más 
amplia de objetos astrofísicos y enfrentar nuestras predicciones ya sean con datos existentes 
de rayos-γ o para asentar las predicciones con CTA. 

Terminamos el estudio en distintos objetos en la Sección 5.4 del Capítulo 5, modelando 
dos subhalos oscuros representativos de la Vía Láctea, en el contexto de evaluar el papel de 
la extensión espacial de los subhalos para su potencial detección con Fermi -LAT. 
En primer lugar, elegimos dos escenarios de subhalos representativos, pero extremadamente 
distintos: un subhalo masivo y lejano, y un subhalo más ligero y cercano, cubriendo todos 
los posibles rangos de interés. Las propiedades relevantes de estos subhalos, principalmente 
su extensión angular y su fujo de aniquilación (mostrados en la Tabla 5.3), fueron elegidos 
siguiendo resultados de la simulación cosmológica de N-cuerpos VL-II para un halo del 
tamaño de la Vía Láctea [368]. 
En la Sección 5.4.1, construimos perfles de densidad de MO teniendo en cuenta los trabajos 
con las simulaciones de N-cuerpos y teniendo en cuenta procesos como la ruptura por fuerzas 
de marea [168]. El cálculo de los J-factor correspondientes se deriva en la Sección 5.4.2, 
junto con las plantillas espaciales de la emisión esperada de MO, revelando una degeneración 
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entre nuestros subhalos representativos, como se puede ver en la Figura 5.3. Este efecto 
puede entenderse analizando las dependencias del factor-J para un perfl tipo NFW, que se 

3Msubc200pueden describir como Jsub ∝ 
D2 . De hecho, la combinación de las masas, distancias y 

Earth 
concentraciones involucradas para los subhalos seleccionados resulta en valores similares de 
los factores-J, como se muestran en la Tabla 5.4. Construimos las plantillas espaciales para 
la señal de aniquilación (ver Figura 5.2), que son usadas en la Ref. [689] de entrada para el 
análisis con datos de LAT. 
En la Ref. [689],encontramos que, para poder detectar un subhalo extendido, LAT requiere 
un factor ∼ 2 más de fujo que el necesario para detectar una fuente puntual, y un factor ∼ 10 
más, para caracterizar espacialmente la extensión del subhalo. Los dos modelos de subhalos, 
como ya habíamos adelantado con las Figuras 5.3 y 5.2, son indistinguibles desde el punto 
de vista del análisis de datos. En una segunda etapa del análisis, en la Ref. [689], realizamos 
ajustes “a ciegas” para caracterizar la sensibilidad de LAT a subhalos extensos, analizando 
una red de parámetros diferentes como la masa de la WIMP, el canal de aniquilación, el 
modelo de subhalo y la normalización del espectro de MO. 
De este análisis, encontramos que LAT debería ser capaz de resolver la extensión angular para 
la mayoría de masas de WIMP, pero especialmente para valores bajos, ya que su espectro 
pica alrededor de su máximo en sensibilidad 1 . Esta característica puede ser usada como un 
fltro para encontrar una emisión de rayos-γ compatible con materia oscura, de la piscina 
de objetos no identifcados de los catálogos de F ermi. En el futuro, sería interesante hacer 
esta clase de análisis. Este fltro también podría ser muy útil con los datos de CTA, que 
permitirá sacar mucho partido a su resolución angular superior en el rango del TeV. 

En esta Tesis, hemos revisado distintos caminos para realizar búsqueda de MO en rayos-
γ. Empezando por los cúmulos de galaxias, hemos presentado un estudio completo y de 
vanguardia sobre como estos objetos pueden ayudar a arrojar luz al paradigma de las WIMPs 
(Capítulos 2, 3 y Sección 5.3). En un primer trabajo, hemos usado todos los datos disponibles 
de F ermi-LAT y, a la luz de la falta de una detección clara, hemos calculado las previsiones 
de detectar una señal en rayos-γ inducida por MO del cúmulo de Perseus con CTA, es decir, 
el futuro de la astronoía de altas energías en rayos-γ. Todo este trabajo está avalado por 
un modelado robusto y de vanguardia de los cúmulos, teniendo en cuenta los resultados 
más recientes de simulaciones cosmológicas de N-cuerpos para incluir la contribución de su 
población de subhalos. Después de este completo estudio, hemos centrado nuestra atención 
en unos objetos astrofísicos que no habían sido considerados para realizar búsqueda de MO 
hasta recientemente. Primero, hemos realizado la primera búsqueda usando F ermi-LAT de 
rayos-γ en GEIs (Capítulo 4 y Sección 5.2). De ellos, hemos concluido que en término de 
búsqueda de MO, las GEIs pueden proveer límites complemetarios a los de otros objetos, 
y que en el futuro estos se pueden fortalecer con los nuevos datos cinemáticos. Uno de los 
ingredientes principales para llegar a esta conclusión ha sido la inclusión y el tratamiento 

1Sin embargo, LAT podría confundir como fuente extendida dos fuentes puntuales cercanas. 
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de la población de subhalos en estos objetos. Finalmente, también hemos investigado la 
morfología de la emisión de MO en los subhalos oscuros de la Vía Láctea, cómo F ermi-LAT 
podría verlos y cómo podría usarse para identifcar a esta clase de objetos. 
La detección de rayos-γ inducidos por WIMPs puede estar a la vuelta de la esquina. Es 
importante recordar que nuestro objetivo fnal es conseguir una detección clara y robusta. 
Para esto, la universalidad de la señal es clave. Idealmente, para reclamar cualquier detección 
de MO, esta tiene que ser encontrada de manera signifcativa en otros objetos, en otros 
canales indirectos y también en búsqueda directa y producción. Respecto al canal de γs, 
el telescopio F ermi-LAT lleva en órbita más de 14 años. A pesar de todos los datos y las 
muchas búsquedas en objetos muy distintos, nada de ello ha traído una detección unívoca 
de MO. En esta Tesis, hemos comprobado la oportunidad excepcional que será CTA en el 
futuro para probar el espacio de parámetros de las WIMPs. En la próxima década llegarán 
los primeros datos de CTA. De ellos, una gran cantidad de tiempo de observación será 
dedicado a objetivos como el centro galáctico, enanas esferoidales y el cúmulo de Perseus. 
CTA además revelará la parte más energética del cielo en rayos-γ, lo que seguramente vaya 
acompañado de descubrimientos fortuitos y otras sorpresas. Todos estos datos de CTA irán 
acompañados de nuevos datos multi-longitud de onda, como la banda de radio con SKA, 
y también información multi-mensajero de telescopios como Km3NET para neutrinos o 
interferómetros como Virgo, LIGO y el futuro LISA para ondas gravitacionales. Además 
de todo esto, las mejoras tecnológicas que CTA representará se seguirán de incluir nuevas 
técnicas de análisis de datos (como nosotros hemos aplicado análisis espacial basado en 
plantillas para nuestras predicciones). El cambio al paradigma estadístico bayesiano trae 
nuevas posibilidades que no han sido del todo adaptadas a la longitud de onda γ, como 
el MCMC y en el futuro próximo, algoritmos de “aprendizaje de máquinas”. Finalmente, 
también esperamos que una nueva generación de experimentos de detección directa alcance 
sensibilidades que, combinando sus resultados de manera necesaria con los de detección 
indirecta, ayuden a testear por completo el espacio de parámetros de las WIMPs, mientras 
que HL-LHC augura hacer lo mismo para el sector de producción. Aún perseguimos el afán 
de averiguar que es la misteriosa materia oscura, pero sólo el futuro sabe lo que nos espera, 
quizás esta vez antes de que pasen otros cien años. Esta Tesis es un granito de arena más en 
este camino. 
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