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Abstract

AMONG the open problems of modern physics, dark matter (DM) is one of the most

fascinating. It explains several gravitational anomalies observed at different scales:

the flatness of rotation curves of spiral galaxies, the dynamics of galaxy clusters, the

distribution of large-scale structures in the Universe, and the anisotropies in the temperature

of the cosmic microwave background. Precise measurements of the latter, possibly combined

with other techniques, show that DM constitutes about a quarter of the Universe’s energy

budget. Although we have reliable observational evidence of DM’s existence, its nature

remains a mystery, as no observation has yet shown that DM can interact with ordinary

matter other than gravitationally. Numerous hypotheses about its nature remain. DM could

exist as elementary particles not included in the Standard Model of particle physics, or as

macroscopic compact objects such as primordial black holes (PBH).

To reveal the nature of DM, or to rule out hypotheses concerning it, several observational

techniques are available. In this thesis, we focus on the method of indirect detection, which

involves looking for signals of the annihilation or decay of DM in the form of charged cosmic

rays, photons or neutrinos. Each product carries different types of information. Photons and

neutrinos, being neutral particles, can propagate without being deflected by the surrounding

magnetic fields, making it easier to trace their source of emission. Charged cosmic rays, on

the other hand, may consist of antimatter, which is less likely produced by astrophysical

processes and can therefore be detected with a low background.

In this thesis, we study the emission of secondary photons by the interaction of DM

products with the Galactic environment. Specifically, we consider the case in which DM is a

particle with a mass below a GeV. The electrons and positrons produced could interact with

ambient photons in the Galaxy, producing X-rays through inverse Compton scattering. The

prediction of the spectrum of this radiation, compared with data from X-ray observatories,

provides strong constraints on this type of DM. Similarly, we apply this same principle to the

case of PBH evaporation in order to impose strong constraints on them.

3





Résumé

PARMI les problèmes ouverts de la physique moderne, la matière noire (MN) est l’un des

plus fascinants. Elle explique plusieurs anomalies gravitationnelles présentes dans des

systèmes à différentes échelles : la platitude des courbes de rotation des galaxies spi-

rales, la dynamique des amas de galaxies, la distribution des structures à grande échelle dans

l’Univers et les anisotropies de la température du fond diffus cosmologique. Des mesures

précises de ces dernières, éventuellement combinées à d’autres techniques, montrent que

la MN constitue environ un quart de l’énergie totale de l’Univers. Bien que nous ayons des

preuves observationnelles fiables de l’existence de la MN, sa nature reste un mystère, car à ce

jour, aucune observation n’a pu montrer que la MN peut interagir avec la matière ordinaire

autrement que gravitationnellement. De nombreuses hypothèses sur sa nature subsistent. La

MN pourrait exister sous la forme de particules élémentaires qui ne font pas partie du Mod-

èle Standard de la physique des particules, ou sous forme d’objets macroscopiques compacts

tels que les trous noirs primordiaux (TNP).

Pour révéler la nature de la MN, ou à défaut, pour écarter des hypothèses la concernant,

plusieurs techniques d’observation existent. Dans cette thèse, nous nous concentrons sur la

méthode de détection indirecte, qui consiste à rechercher des signaux d’annihilation ou de

désintégration de la MN sous forme de rayons cosmiques chargés, de photons ou de neutri-

nos. Chaque produit porte différents types d’informations. Les photons et les neutrinos, étant

des particules neutres, peuvent se propager sans être déviés par les champs magnétiques en-

vironnants, ce qui facilite la localisation de leur source d’émission. Les rayons cosmiques

chargés, en revanche, peuvent être constitués d’antimatière, qui est très peu produite par

des processus astrophysiques et peut donc être détectée avec un faible signal de fond.

Dans cette thèse, nous étudions l’émission de photons secondaires par l’interaction des

produits issus de la MN avec le milieu Galactique. En particulier, dans le cas où la MN est

une particule de masse inférieure à un GeV, les électrons et positrons produits pourraient in-

teragir avec des photons ambiants de la Galaxie, produisant des rayons X par effet Compton

inverse. La prédiction du spectre de ce rayonnement, comparée aux données des observa-

toires à rayons X, permet d’obtenir de fortes contraintes sur ce type de MN. De même, nous

appliquons ce même principe au cas de l’évaporation des TNP afin de leur imposer de fortes

contraintes.
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Introduction

THE problem of dark matter (DM) remains to this day one of the main open problems

in modern physics. So far, we only witness its existence through its gravitational im-

pact in the Universe, such as in the rotation curves of spiral galaxies, the dynamics of

galaxy clusters, the distribution of large-scale structures and the temperature anisotropies in

the cosmic microwave background (CMB). We also know, thanks to precise measurements

of the latter, that DM is not baryonic and constitutes almost 85% of the total amount of

matter contained in the Universe as well as around 25% of its energy budget. Despite its

imposing presence, we know very little about its properties and how it was produced in the

early Universe. In turn, its nature remains a mystery and currently there exists a plethora

of well-motivated candidates that can describe the observational properties of DM. Experi-

mental methods such as collider searches, direct and indirect detection are crucial to help

us understand the big picture, as their role is to test these candidates. All of these aspects –

observational evidence of the existence of DM, possible production scenarios and candidates,

and experimental ways to test them – are explored in Chapter 1.

In this thesis, we focus on the indirect detection (ID) of DM, which consists of probing

signals from DM in the form of stable, charged cosmic rays (such as e± and light antinuclei)

or radiation (photons and neutrinos). In particular, if DM is made of unknown particles, their

annihilation or decay are expected to produce such signals, which can be hopefully detected

in observatories and other experiments. Alternatively, if DM is constituted of macroscopic ob-

jects called primordial black holes (PBHs), they can produce similar signals through Hawking

evaporation.

On the theoretical side, the goal is to predict what is the expected flux of these DM

products, which essentially consists of i) computing the spectrum of these products at their

production point and ii) dealing with their propagation through the (extra-)galactic medium.

These steps depict the interdisciplinary nature of DM ID: the first one is entirely related

to particle physics, which predicts what happens between the sole DM annihilation, decay

or evaporation and the production of stable states, whereas the second one is related to

astrophysics, that predicts what constitutes the interstellar medium through where the DM-

produced particles propagate. After computing the expected flux of DM products at Earth,

we can compare them with data in order to either provide a DM interpretation of an excess

on top of the known astrophysical background, or otherwise set bounds on DM properties.

We can conduct this phenomenological approach on various targets such as celestial

bodies, our own Galaxy, dwarf spheroidal galaxies and galaxy clusters. The bottom line
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is that an ideal target for DM ID should be sufficiently rich in DM, to be able to measure

a strong signal from it, as well as sufficiently low in terms of astrophysical activity, as its

modeling can be challenging and therefore be a source of large uncertainties. No target is

perfect and compromise has to be made. More details on general DM ID phenomenology are

provided in Chapter 2.

The phenomenology DM ID is very rich, in the sense that there is a plethora of possible

DM candidates that each can provide many types of indirect signals. For example, in Chap-

ter 3, we consider that DM consists of sub-GeV particles, which is an increasingly attractive

assumption, especially due to the lack of signals from paradigmatic GeV−TeV DM candidates

in experiments. However, sub-GeV DM can also be challenging to probe indirectly: their an-

nihilation or decay produce sub-GeV e± that are highly impacted by solar winds, decreasing

drastically their flux at Earth. Moreover, there is currently no γ-ray observatory that can

probe the 100 keV − 100 MeV energy range with a good enough sensitivity, which can limit

the detection of photons produced directly by the annihilation or decay of sub-GeV DM. A

way to circumvent these issues is to study low-energy photons emitted through final state

radiations, radiative decays of DM-produced unstable states but also during the propagation

of DM-produced e±, mainly through up-scattering ambient photons in the Galaxy via the in-

verse Compton effect. These photons can then be probed efficiently in X-ray observatories.

An advantage of sub-GeV DM is that there are only a few kinematically open DM annihi-

lation and decays channels. We considered the following final states: electrons, muons and

charged pions. After predicting semi-analytically the flux of X-rays for each channel, using

a minimalistic propagation setup for DM-produced e±, we perform an analysis over various

diffuse X-rays datasets from NUSTAR, INTEGRAL, SUZAKU and XMM-NEWTON. We find that

the latter provide us among the most stringent constraints on annihilating and decaying sub-

GeV DM, due to i) the region where the data have been taken (close to the GC) and ii) how

the data were cleaned from point sources. However, our bounds suffer from the uncertain-

ties on the different astrophysical ingredients we used (DM profile, gas and ambient photon

densities), whose impact we quantify.

In Chapter 4, we perform a similar analysis as in Chapter 3 but instead we study the

impact on the bounds of adopting a realistic cosmic ray propagation setup. In particular, e±

produced by lower mass DM can be reaccelerated through their interaction with the turbu-

lent component of the Galactic magnetic field, and would in turn up-scatter ambient photons

to X-ray energies, which was not the case without this effect. This significantly improves the

limits on sub-GeV DM, especially for DM masses below 20 MeV. For this study, we treat all

propagation-related effects using the numerical code DRAGON2, and perform computations of

the secondary X-ray flux using HERMES.

Unfortunately, the propagation parameters come with their uncertainties as well, and

we show how they can impact the robustness of our X-ray limits. We also derive comple-
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mentary bounds on sub-GeV using the local e± flux measured by VOYAGER 1 (with the same

propagation setup). They appear to be comparable to other similar limits from the literature.

In addition, they are weaker than the X-ray ones, although more robust, since they depend

less on the choice of the DM profile.

PBHs can also constitute a credible DM candidate. These are black holes that are not

produced by the collapse of a heavy star, but instead that could appear through the collapse

of localised matter over densities in the early Universe. A way to probe these PBHs is to look

for the products of their evaporation due to the Hawking mechanism, which has been proven

to be efficient at excluding PBHs as a DM component for PBH masses below 5× 1017 g. The

mass range between ∼ 5×1017 and 1022 g is still unconstrained, therefore PBHs constituting

the totality of DM remains a possibility as long as their mass is contained in this range.

Refining the evaporation limits can therefore help us in probing the lower bound of this

mass range, and if nothing is found, constrain it even further.

In Chapter 5, we investigate three complementary probes of PBH evaporation. Since

PBHs with a mass above 7.5×1014 g are expected to evaporate the same final states as for sub-

GeV DM, we evaluate the expected PBH-produced e± flux at Earth as well as the secondary

X-ray emissions in the same manner as in Chapter 4. Compared to the case of decaying sub-

GeV DM, the only thing that changes is the injection spectrum of e± which shows similarities

with the one of a black body, convoluted with decay spectrum of evaporated muons and

charged pions. The last probe we consider is the expected emission of 511 keV photons due

to both the annihilation of PBH-produced e+ in the interstellar medium and the decay of

para-positronium formed by PBH-produced e+ and free e− in ionised interstellar gas. We

then use longitude profiles of the 511 keV line measured by INTEGRAL in order to set a bound

on PBHs.

In the end, we find that the 511 keV limit is the strongest and most robust one among the

three probes, and, in our fiducial scenario of astrophysical parameters, can even compete

with other bounds in the literature. Moreover we discuss the impact of different spin and

mass distributions on the limits we derive.

The work presented in this thesis has led to three publications:

[1] M. Cirelli, N. Fornengo, J. Koechler, E. Pinetti and B. M. Roach, Putting all the X in
one basket: Updated X-ray constraints on sub-GeV Dark Matter, JCAP 07 (2023) 026,

[2303.08854],

[2] P. De la Torre Luque, S. Balaji and J. Koechler, Importance of cosmic ray propagation
on sub-GeV dark matter constraints, Astrophys. J. 968 (2024) 1, 46, [2311.04979],

[3] P. De la Torre Luque, J. Koechler and S. Balaji, Refining Galactic primordial black hole
evaporation constraints, 2406.11949,
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which constitute more or less the main body text of Chapters 3, 4 and 5 respectively, with

some introductory details and refinements.

Finally, in the Conclusion, we summarise the main results, as well as present an outlook

on some of the possible prospects on the research conducted in this thesis.
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Chapter 1

Dark matter or Physics’ greatest
investigation

THOUGH the title of this first chapter seems boastful at the very least, we cannot deny

the fact that the dark matter (DM) problem is one of the most important and fascinat-

ing mystery of the Universe, which involves researchers from three of the main fields

of Physics: astrophysics, particle physics and cosmology. First postulated by Fritz Zwicky in

1933 in his seminal work on the Coma cluster [4], this idea of an ‘invisible’ type of mat-

ter – that can explain the discrepancy between the cluster’s mass computed with the virial

theorem – was however not taken seriously for over 40 years. Thanks to Vera Rubin and

Kent Ford’s work on the measurement of the Andromeda galaxy rotation curve [5], the DM

hypothesis was then popularised. Combination of X-ray emission measurements and grav-

itational lensing on merging galaxy clusters also back up Zwicky’s original claim. Finally,

the precise measurement of the cosmic microwave background (CMB) by the PLANCK exper-

iment [6] leads to the same finding at cosmological scales. Although the existence of DM is

a scientific consensus, its nature remains elusive. We have an idea of what could be some

of the properties of DM, but many candidates can fit such a description. To this day, many

physicists around the globe are committed to build and maintain sophisticated experiments

and develop theoretical tools in order to find the culprit. In this chapter, we outline some

well-known observational evidence of DM (Section 1.1), then we enumerate the established

properties of DM as well as fitting candidates (Section 1.2), to finally explain what are some

of the current ways to probe them (Section 1.3).
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CHAPTER 1. DARK MATTER OR PHYSICS’ GREATEST INVESTIGATION

1.1 Evidences of the existence of dark matter

Since its original claim in 1933, we have accumulated observational evidence of DM at

different scales. This section lists some of the most well-known ones: the discrepancies in

rotation curves of spiral galaxies (Section 1.1.1), in the mass of galaxy clusters and evidence

from merging ones (Section 1.1.2) and finally evidence from measurements of temperature

anisotropies of the CMB (Section 1.1.3).

1.1.1 Discrepancies in rotation curves of spiral galaxies

We begin by computing the circular velocity vc of stars populating a spiral galaxy. Let us first

assume the mass distribution of the spiral galaxy to be spherical. For a given star of mass m

in uniform circular motion around the centre of the galaxy at a distance r, Newton’s second

law gives

m
v2
c (r)

r
= m

GM(r)

r2
=⇒ vc(r) =

√
GM(r)

r
, (1.1)

where M(r) = 4π
∫ r

0 r
′2ρ(r′)dr′ is the mass enclosed within the radius r and G the gravita-

tional constant (and ρ(r) is the mass density of the galaxy at a radius r). In a typical spiral

galaxy, all of visible matter is contained in a sphere of radius of 10 − 20 kpc, meaning that

for larger radii we retrieve the Keplerian behavior vc(r) ∝ 1/
√
r.

In a given spiral galaxy, we can measure the circular velocity vc of visible matter at a

distance r from its centre by combining two types of observations: i) for lower r, measure-

ments of emission lines in the optical range, ii) for higher r, of the 21 cm line, which is the

spectral line created by the spin-flip of the electron of an hydrogen atom. First highlighted

by Vera Rubin and Kent Ford in 1970 in the Andromeda galaxy [5], such observations show

that vc is approximately constant at the outskirts of galaxies, and therefore we infer that

galaxies are not entirely composed of visible matter: there exists a halo of matter which a
priori only interacts gravitationally and which extends beyond the galactic disk (typically

100 − 200 kpc from the centre of the galaxy) and satisfies M(r) ∝ r (ρ(r) ∝ 1/r2) at larger

r1. DM designates this exotic type of matter. The left panel of Figure 1.1 illustrates the point,

showing the rotation curve of the galaxy NGC 6503 as an example [7], with the contribution

of visible matter and DM, whereas the right panel shows the same behavior in a sample of

spiral galaxies [8].

Another explanation to this discrepancy was proposed by Mordehai Milgrom in 1983, and

involves a modification of Newton’s second law in the regime of low accelerations [9]: F =

maµ(a/a0) where a0 defines the interface between the high and low-acceleration regimes,

and µ(x) is an interpolation function that satisfies µ(x � 1) = 1 (to retrieve Newtonian

dynamics) and µ(x � 1) = x. When a � a0 we have F = ma2/a0 = m(v2
c/r)

2/a0, and

1This relation does not hold for r →∞ as M(r) would diverge. We can introduce an effective cut-off radius
rc from which M(r ≥ rc) is constant.
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Figure 1.1: Left panel: Rotation curve of the galaxy NGC 6503 [7]. The dashed line repre-
sents the contribution from visible components, the dotted one from the gas, the dot-dashed
one from the DM halo and the solid one the sum. Right panel: Rotation curves of a sample
of numerous spiral galaxies [8].

when applied to the same system as above we obtain

m

a0

(
v2
c (r)

r

)2

= m
GM(r)

r2
=⇒ vc(r) = (a0GM(r))1/4 , (1.2)

and therefore vc is a constant for r larger than the spatial extension of all visible matter in the

galaxy. This is the founding principle of Modified Newtonian Dynamics (or MOND), where the

main goal is to explain the discrepancy in rotation curves of spiral galaxies without introduc-

ing any exotic matter. While this solution is arguably elegant, it does not constitute a realistic

candidate to explain the discrepancy at the scale of galaxy clusters or some properties of the

CMB anisotropies.

1.1.2 Evidence at the scale of galaxy clusters

Actually, DM was first postulated at the scale of galaxy clusters. In 1933, Fritz Zwicky

computed the mass of the Coma Cluster [4] by measuring the velocity dispersion of galaxies

inside it. This can be done by using the virial theorem, assuming the Coma cluster to be a

stationary system. This theorem links the average kinetic energy 〈T 〉 and potential energy

〈U〉 of the system through the relation 2〈T 〉 + 〈U〉 = 0. On one hand, the kinetic energy

is simply written as 〈T 〉 = M〈v2〉/2 where M is the mass of the cluster and v the velocity

of individual galaxies in the cluster. On the other hand, when assuming the distribution of

galaxies in the cluster to be uniform in a sphere of radius R, we obtain 〈U〉 = −3GM2/(5R).

Therefore the velocity dispersion is

σv =
√
〈v2〉 =

√
3GM

5R
∼ 80 km/s , (1.3)
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since the Coma cluster has a radius of R ' 0.3 pc and contains around 800 galaxies with an

individual mass of 109M�. However the measured value of σv lies around 1000 km/s. Paired

with the measurement of the mass-to-light ratio of M/L ∼ 500M�/L�, it again suggests

the presence of a dominant component of invisible matter in the Coma cluster. As the time

goes by, other techniques have been developed to measure the mass of a galaxy cluster and

are complementary to the one using kinematics and the virial theorem. The first one is by

measuring the X-ray surface brightness of the target cluster.

Galaxy clusters contain hot gas with temperature ranging from around 10 to 100 keV. The

ionised electrons can produce X-rays through two processes: i) inverse Compton scattering

(ICS) on CMB photons and ii) bremsstrahlung with ions in the gas. Measurements of the

X-ray spectrum and intensity can infer the temperature Tgas of the hot intracluster gas and

its density ngas, respectively. Then, to relate these measurements with the cluster mass M ,

we have to combine the hydrostatic equilibrium equation of the gas (assuming spherical

symmetry)
∂Pgas

∂r
= −µgasngas

∂Φ

∂r
, (1.4)

with the Poisson equation of the cluster’s content

~∇2Φ = 4πGρtot =⇒ ∂Φ

∂r
=

4πG

r2

∫ r

0
dr′r′2ρtot(r

′) =
GM

r2
, (1.5)

where Pgas is the gas pressure, µgas its mean atomic (or molecular) mass and M the total

mass of the cluster within a radius r. Combining Equations 1.4 and 1.5 as well as adding the

ideal gas law Pgas = ngaskBTgas, we get

kB
∂ (ngasTgas)

∂r
= −µgasngas

GM

r2
, (1.6)

and after some work we can write

M = − kBr
2

Gµgasngas

∂ (ngasTgas)

∂r
(1.7)

= −kBTgasr

Gµgas

[
r

ngas

∂ngas

∂r
+

r

Tgas

∂Tgas

∂r

]
(1.8)

= −kBTgasr

Gµgas

[
∂ lnngas

∂ ln r
+
∂ lnTgas

∂ ln r

]
. (1.9)

Thanks to this equation we are able to link properties of the X-ray spectrum from a galaxy

cluster to its total mass. First uses of this observational technique in 1971 limited the amount

of hot intracluster gas to less than 2% of what is required for gravitational binding [10].

Another technique to infer the mass of a galaxy cluster is through weak gravitational

lensing. Here the cluster acts as a ‘gravitational lens’ which deflects the light coming from

a source that is behind it from the perspective of the observer, resulting in perceived slight
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Figure 1.2: Left panel: Illustration of a gravitational lens system when the observer O, lens
(oval shape) and source S are not aligned, producing an image I [11]. Right panel: HUBBLE

image of the galaxy cluster MACS J1206 [12].

shape distortions of the source. An example of this effect is shown in the right panel of

Figure 1.2, where the galaxy cluster MACS J1206 acts as the gravitational lens to some

other background galaxies.

Here we use the thin lens approximation, meaning that we assume the distance between

the source, lens and observer to be much larger than the size of the lens (i.e. the source and

lens are considered to be point-like). The left panel of Figure 1.2 illustrates a gravitational

lens system and defines all of the relevant angles and lengths we are about to use.

The modulus of the deflection angle of the light from the source due a lens of mass M is

written

α̂(ξ) =
4GM

c2ξ
(1.10)

where ξ is the distance between the lens and the light-ray in the lens plane. Also, from

Figure 1.2 we can notice that the distance from the source Ds and between the lens and the

source Dds can be linked through

θDs = βDs + α̂(ξ)Dds , (1.11)

and finally by inserting Equation 1.10 in Equation 1.11 and realising that ξ = θDd from

Figure 1.2, we get

β(θ) = θ − Dds

DdDs

4GM

c2θ
. (1.12)
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To ease up the notation, we introduce the Einstein radius θE

θE =

√
4GM

c2

Dds

DdDs
=⇒ β(θ) = θ − θ2

E

θ
. (1.13)

In the context of strong gravitational lensing, when the lens and source are perfectly aligned

with the observer (β = 0), the image would be a ring of angular radius θE , namely an

Einstein ring. Solving Equation 1.13 provide us with two possible images

θ± =
1

2

(
β ±

√
β2 + 4θ2

E

)
. (1.14)

The surface brightness of the source and the image should be the same as dictated by Li-

ouville’s theorem. Therefore the total flux received by the image should vary by a factor µ

named magnification which is the ratio between the image and source solid angles. Assuming

spherical symmetry, we have

µ =
θ

β

dθ

dβ
. (1.15)

The magnification of each of the two images are given by inserting Equation 1.14 in Equa-

tion 1.15

µ± =

[
1−

(
θE
θ±

)2
]−1

=
u2 + 2

2u
√
u2 + 4

± 1

2
, (1.16)

where u = β/θE . When θ± < θE , we get µ± < 0, meaning that the two images switched

their positions from the observer’s perspective. Therefore the total magnification should be

µ = |µ+|+ |µ−| =
u2 + 2

u
√
u2 + 4

. (1.17)

Even though we considered a very simplified model, it still shows that weak gravitational

lensing observables can help us in inferring the mass of a galaxy cluster.

A very strong evidence of the existence of DM in the Universe, that also shows how

important it is to have complementarity in observational techniques, is the Bullet Cluster.

This is a system of two colliding galaxy clusters 3.72 billion light-years away from Earth that

has been observed by the MAGELLAN space probe and the HUBBLE Space Telescope in the

optical range, by the CHANDRA X-ray Observatory and where weak gravitational lensing

measurements have been performed (see Figure 1.3). While optical observations show that

individual galaxies were not much affected by the collision, the X-ray map shows that the

two intracluster gas clouds have interacted electromagnetically with each other during the

collision, therefore heated up and slowed down. But most importantly, weak gravitational

lensing measurements show that the mass distribution of the merging cluster is not centred

on the interacting gas clouds. Instead, it is observed that two massive halos have passed

through each other during the collision. While the halos are collisionless almost in the same
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Figure 1.3: Observation of the Bullet Cluster by MAGELLAN in the optical range showing the
position of individual galaxies (left panel) and by CHANDRA in the X-ray range showing the
intracluster gas heating from the galaxy cluster collision (right panel). The green contours
show the mass distribution obtained from weak gravitational lensing. x- and y-scales are
respectively right ascension and declination [13].

fashion as the individual galaxies, the mass of the halos is measured to be way greater than

the total mass of the galaxies, meaning that the halos are mostly constituted of DM. Obser-

vations of dozens of other merging galaxy clusters [14] also back up this inference. This

also constitutes a problem for the MOND interpretation of the missing mass problem, since

MOND assumes that all matter is baryonic and therefore we would see the mass distribution

of a merging cluster to be centred around the interacting intracluster gas clouds.

1.1.3 The cosmic microwave background

In the previous subsections, we showed that DM is a compelling solution to the missing

mass problem at the scale of galaxies and galaxy clusters. However, these observations

are not able to infer the total amount of DM in the whole Universe. For this, we turn to

cosmological probes of DM, especially measurements of the temperatures anisotropies in

the CMB. The CMB originated during the recombination epoch (378,000 years after the Big

Bang). Before this epoch, the Universe was very hot and contained unbound electrons and

protons, therefore it was opaque to radiation. As the Universe continued to expand, its

temperature decreased, thus free electrons and protons could form the first hydrogen atoms.

Radiation was then able to propagate through this new state of matter. The CMB is the oldest

source of radiation we will ever be able to probe. It was actually discovered inadvertently by

Arno Penzias and Robert Wilson in 1965 [15].

The properties of the CMB are essentially the ones of a black body of temperature T0 =

2.7255±0.0006 K [16] while showing some temperature anisotropies at the 10−5 level across

a wide range of angular scales. The left panel of Figure 1.4 shows a map of these anisotropies

measured by PLANCK [17]. To take them into account, the CMB temperature at a specific
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Figure 1.4: Left panel: Sky map of the CMB temperature anisotropies measured by
PLANCK [17]. Right panel: PLANCK measurements of the variance of the CMB tempera-
ture anisotropies across a range of angular scales (red points) together with a 6-parameter
fit to the flat ΛCDM model (blue line) [6].

position in the sky (θ, φ) can be written in the following expansion

T (θ, φ) = T0

+∞∑
l=0

+∑̀
m=−`

a`mY`m(θ, φ) , (1.18)

where Y`m(θ, φ) are the spherical harmonics. The observable would be the variance of the

coefficients a`m across various angular scales, defined as

C` = 〈a`ma∗`m〉 =
1

2`+ 1

∑̀
m=−`

|a`m|2 . (1.19)

These measurements are then used to fit a specific cosmological model in order to infer

a range of the current properties of our Universe, such as the abundance of its different

components. Right panel of Figure 1.4 shows measurements of `(` + 1)C`/(2π) by PLANCK

as a function of the multipole numbers ` [6], in comparison with a 6-parameter fit to the flat

ΛCDM, i.e. the standard model of cosmology.

Before further developing this topic it would be useful to do a little reminder on cos-

mology and the ΛCDM model. First measurements of radial velocities of galaxies by Vesto

Slipher in 1917 have suggested that most of the galaxies are moving away from us [18].

This statement was then backed up by Edwin Hubble’s work in 1929 [19]. To explain this

phenomenon, Alexander Friedman and Georges Lemaître proposed respectively in 1922 and

1927 that the Universe is expanding [20, 21]. The radial velocity v is inferred using the

Fizeau-Doppler effect: galaxies moving away from Earth emit radiation at a wavelength λe
that will undergo a redshift and arrive at Earth with a greater wavelength λo. We define the
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redshift by

z =
λo
λe
− 1 =

√
1 + v

c

1− v
c

− 1 . (1.20)

We observe that galaxies moving away from us follow the Hubble-Lemaître law, where their

radial velocity is proportional to their distance from the Earth: v = H0 d where H0 is known

as the Hubble constant.

The founding ansatz of cosmology is the cosmological principle: the Universe is ho-

mogeneous and isotropic at very large scales. The metric of an expanding Universe that

follows this principle is called the Friedmann-Lemaître-Robertson-Walker (FLRW) metric,

where the associated infinitesimal spacetime interval is written (in spherical coordinates

xµ = (t, r, θ, φ))

ds2 = dt2 − a2(t)

[
dr2

1− kr2
+ r2

(
dθ2 + sin2 θdφ2

)]
, (1.21)

where the (+,−,−,−) metric signature is adopted. The scale factor a(t) encodes the expan-

sion of the Universe, whereas the curvature of the Universe is represented by k. The three

special values of k are: i) k = 1 for a closed universe with a spherical geometry, ii) k = 0 for

a flat one, obeying Euclidean geometry and iii) k = −1 for an open one with an hyperbolic

geometry. The redshift z can now be expressed in term of the scale factor

λo
a0

=
λe
a(t)

=⇒ z =
a0

a(t)
− 1 , (1.22)

where x0 denotes the value of a physical quantity x today.

Now we have to link the expansion of the Universe with its contents. To do this, we need

the Einstein field equations

Gµν = 8πGTµν + Λgµν (1.23)

where Gµν is the Einstein tensor which purely depends on the metric gµν (defined by ds2 =

gµνdx
µdxν), Λ is the cosmological constant and Tµν is the stress-energy tensor which encodes

the physics of the components that fill the spacetime associated to the metric.

We assume the Universe to contain comoving perfect fluids i of energy density ρi and

pressure Pi with equation of state Pi = wiρi. The stress-energy tensor of such fluids is

written

Tµν =
∑

i∈{fluids}

T iµν =
∑

i∈{fluids}

ρi
[
(1 + wi)U

i
µU

i
ν − wigµν

]
, (1.24)

where Uµ ≡ dxµ/dt is the 4-velocity. For comoving fluids, we have Uµ = (1, 0, 0, 0). Looking

at the cosmological constant term in Equation 1.23 and at Equation 1.24, we can see that

the cosmological constant can be treated as a comoving perfect fluid of energy density ρΛ =

Λ/(8πG) and wΛ = −1. If a positive cosmological constant dominates the Universe today,
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this can explain its expansion, since its pressure would be negative. Now by injecting the

FLRW metric in the left-hand side of Equation 1.23 and the stress-energy tensor in the right-

hand-side, we obtain the two Friedmann equations

ȧ2 + k

a2
=

8πG

3

∑
i∈{fluids+Λ}

ρi and
ä

a
= −4πG

3

∑
i∈{fluids+Λ}

ρi (1 + 3wi) , (1.25)

where the sum over the fluids i includes now the cosmological constant. If we consider only

one kind of fluid, differentiating the first equation and injecting it into the second one gives

a conservation equation
ρ̇

ρ
= −3(1 + w)

ȧ

a
, (1.26)

that allows us to write ρ in terms of the redshift z

ρ = ρ0

(
a

a0

)−3(1+w)

= ρ0(1 + z)3(1+w) . (1.27)

By introducing the Hubble parameter H = ȧ/a and the cosmological parameters

Ωi,0 = ρi,0/ρc,0 and Ωk,0 = −k/(a2
0H

2
0 ) , (1.28)

where ρc,0 = 3H2
0/(8πG), we can rewrite the first Friedmann equation(

H

H0

)2

=
∑

i∈{fluids+Λ+k}

Ωi,0(1 + z)3(1+wi) , (1.29)

where wk = −1/3 is an effective definition since the curvature does not obey an equation

of state. We can see from this equation that the sum of the cosmological parameters today

(z = 0) is normalized to 1.

Now let us consider the flat ΛCDM model. In this model, the Universe has no curvature

(k = 0) and contains baryonic matter and DM (wb = wDM = 0), radiation (wr = 1/3) and

the cosmological constant (wΛ = −1). Therefore Equation 1.29 is written in this case

H = H0

√
Ωm,0(1 + z)3 + Ωr,0(1 + z)4 + ΩΛ,0 , (1.30)

where Ωm,0 = Ωb,0 + ΩDM,0.

By fitting the flat ΛCDM model to the CMB temperature anisotropies measured by PLANCK,

we obtain the following abundances for baryonic matter and DM today [6]

Ωb,0 = 0.0493± 0.0006 and ΩDM,0 = 0.265± 0.007 , (1.31)

which shows that the Universe contains 5.375 times more DM than baryonic matter. Also,
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Figure 1.5: Evolution of the cosmological parameters in the ΛCDM model.

PLANCK measures a positive cosmological constant that dominates the Universe today, and a

negligible radiation abundance:

ΩΛ,0 = 0.685± 0.007 and Ωr,0 = (5.38± 0.15)× 10−5 , (1.32)

The evolution of the cosmological parameters in the ΛCDM model is shown in Figure 1.5.

In this model, the Universe goes first through a radiation dominated era until z ∼ 3400

to then a matter dominated era until z ∼ 0.3. We now live in an Universe dominated by

the cosmological constant and therefore in accelerating expansion, according to the second

Friedmann equation (ä/a = Λ/3 > 0).

On a side note, the ΛCDM model provides an excellent fit to the measured CMB tem-

perature anisotropies and allows us to infer a precise value for the Hubble constant: H0 =

67.4 ± 0.5 km/s/Mpc [6]. However, this value is in tension with what we get from the

Hubble-Lemaître law using cosmic distance ladder measurements, where H0 = 73 ± 1

km/s/Mpc [22]. This is known as the Hubble tension and remains to this day one of the

greatest problems of modern cosmology. From now on, we choose to use the PLANCK/ΛCDM

value of H0.

So far, we have mentioned some of the evidences for the existence of DM, but we have

yet to ask ourselves about its nature. In the following section, we describe the possible

production mechanisms of DM as a particle, then mention what makes a good DM candidate

to finally list some of the best known ones.
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1.2 Dark matter properties and candidates

Although we are aware that the existence of DM is justified, its nature remains elusive.

This section does not have the ambition to summarise every possible production mechanism

for DM nor enumerate every DM candidates. We limit ourselves to some of the standard

scenarios of particle DM production in the early Universe [23], while listing some of the best

known candidates.

1.2.1 Production in the early Universe

Before recombination, the Universe was filled with diverse species of particles. Each species

is characterised by their phase-space distribution f(xµ, pµ) and may interact with other

species to achieve thermal equilibrium with the primordial plasma of temperature T . The

interaction rate per particle Γi associated to a species i is related to the average cross section

of interaction times the relative velocity 〈σv〉ij between i and other species j and the number

density of targets per volume nj
Γi =

∑
j

nj〈σv〉ij , (1.33)

where j can also be i to take into account self-interactions. As the Universe expands, the

interaction rate Γi decreases since nj ∝ 1/V ∼ a−3, where V is the volume of the Uni-

verse. When Γi . H, the species i is decoupled from the primordial plasma, meaning that

it no longer interacts with other species nor with itself, therefore its comoving density nia3

remains constant2. Moreover it means that this species is no longer in thermal equilibrium

with the plasma, hence has its own temperature Ti different from the plasma one.

Recalling the cosmological principle, the phase-space distribution of the species of par-

ticles depends only on the magnitude of the momentum p = |~p| of individual particles and

time x0 = t. We might as well use the temperature of the species Ti as the evolutionary

parameter instead of t, where Ti = T if the species is coupled to the plasma or Ti 6= T in the

opposite case. We then can write some useful thermodynamical quantities associated to the

different species, such as their number density per unit volume ni, energy density per unit

2One can see that Γi . H implies Γ−1
i & H−1, where Γ−1

i is the mean free time of particles and H−1 is
approximately the age of the Universe at the time. This condition Γi . H therefore imposes that particles are
very unlikely to interact with one to another.
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volume ρi, pressure Pi and entropy density per unit volume si:

ni(Ti) = gi

∫
d3~p

(2π)3
f(p, Ti) , (1.34)

ρi(Ti) = gi

∫
d3~p

(2π)3
E(p)f(p, Ti) , (1.35)

Pi(Ti) = gi

∫
d3~p

(2π)3

p2

3E(p)
f(p, Ti) , (1.36)

si(Ti) =
ρ(Ti) + P (Ti)

Ti
, (1.37)

where E(p) =
√
p2 +m2

i and gi is the number of internal degrees of freedom of the particles

constituting the gas, for example the number of spin, helicity or colour states. The smallest

phase-space volume a particle of the gas can occupy is h3 according to quantum mechanics,

hence the presence of the factor (2π)3 in natural units.

Thermal equilibrium in the primordial plasma is realised through to the following process

e± + γ −→ e± + γ , (1.38)

while the chemical equilibrium is achieved by the following processes

e+ + e− ←→ 2γ , (1.39)

e+ + e− ←→ 3γ . (1.40)

The phase-space distribution of species in thermodynamical equilibrium with the primordial

plasma is written

feq
i (E, Ti) =

1

eE/Ti ± 1
(1.41)

where + (−) is for the fermions (bosons). We consider two extreme cases: i) the gas is

constituted of relativistic particles (Ti � mi), ii) of non-relativistic particles (Ti � mi).

Inserting Equation 1.41 in Equations 1.34, 1.35, 1.36 and 1.37 gives in the relativistic case

neq
i (Ti)Ti�mi = gi

ζ(3)

π2
T 3
i

3/4 (fermions)

1 (bosons)
, (1.42)

ρeq
i (Ti)Ti�mi = gi

π2

30
T 4
i

7/8 (fermions)

1 (bosons)
, (1.43)

P eq
i (Ti)Ti�mi =

1

3
ρeq
i (Ti)Ti�mi , (1.44)

seq
i (Ti)Ti�mi =

4

3

ρeq
i (Ti)Ti�mi

Ti
, (1.45)
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(where ζ(3) ≈ 1.202) and in the non-relativistic case, identical for fermions and bosons

neq
i (Ti)Ti�mi = gi

(
miTi
2π

)3/2

e−mi/Ti , (1.46)

ρeq
i (Ti)Ti�mi = mi n

eq
i (Ti)Ti�mi , (1.47)

P eq
i (Ti)Ti�mi = 0 , (1.48)

seq
i (Ti)Ti�mi =

ρeq
i (Ti)Ti�mi

Ti
. (1.49)

We can approximate the total energy density as a sum over the relativistic species only, since

the energy density of non-relativistic species is Boltzmann suppressed:

ρ(T ) '
∑
i, rel.

ρi(Ti) = gρ(T )
π2

30
T 4 , (1.50)

where gρ(T ) is an effective weight function

gρ(T ) =
∑

i={rel. bosons}

gi

(
Ti
T

)4

+
7

8

∑
i={rel. fermions}

gi

(
Ti
T

)4

, (1.51)

and we can do the same reasoning for the total entropy density

s(T ) '
∑
i, rel.

si(Ti) = gs(T )
2π2

45
T 3 , (1.52)

where gs(T ) is an other effective weight function

gs(T ) =
∑

i={rel. bosons}

gi

(
Ti
T

)3

+
7

8

∑
i={rel. fermions}

gi

(
Ti
T

)3

. (1.53)

gρ(T ) and gs(T ) essentially behave like a step function: when a species becomes non-

relativistic as T decreases, they are removed from the sum and the weight functions drop.

We consider now that DM particles can interact with Standard Model (SM) ones through

2-to-2 processes

DM + DM←→ SM + SM , (1.54)

DM + SM←→ DM + SM , (1.55)

without assuming any model that can predict such interactions. Equation 1.54 explains the

production and annihilation of DM, while Equation 1.55 is responsible for the thermody-

namical equilibrium between DM and the plasma. The evolution of the number density of

DM particles n is encoded in the following Boltzmann equation (deriving this equation is not
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trivial, but the starting point is the Liouville’s theorem)

ṅ+ 3Hn = 〈σv〉
(
n2

eq − n2
)
, (1.56)

where the second left-hand-side term takes into account the dilution of DM particles due to

the expansion of the Universe, the first right-hand-side is related to the production of DM

and the second right-hand-side its annihilation to SM particles. 〈σv〉 is the averaged cross

section of production/annihilation times relative velocity of DM particles. In general, 〈σv〉
depends on the temperature of DM particles. We can rewrite Equation 1.56 by defining

Y = n/s (where s is the entropy density of the plasma, not the DM one) which is related to

the comoving abundance of DM. Knowing that s ∝ a−3 =⇒ ṡ = −3Hs, we first obtain

Ẏ = s〈σv〉
(
Y 2

eq − Y 2
)
, (1.57)

where we can write Yeq from Equations 1.42, 1.46 and 1.52

Yeq(T )T�mDM =
45ζ(3)

2π4

gDM

gs(T )

3/4 (fermion)

1 (boson)
, (1.58)

Yeq(T )T�mDM =
45

4
√

2π7/2

gDM

gs(T )

(mDM

T

)3/2
e−mDM/T , (1.59)

when DM is in thermodynamical equilibrium with the plasma. Finally by substituting t and

T with x = mDM/T and inserting Equation 1.52 and the first Equation 1.25 we can obtain

dY

dx
=
λ(x)

x2

(
Y 2

eq − Y 2
)
, (1.60)

where

λ(x) =

√
π

45
mDMMPl

√
g?(x)〈σv〉 , (1.61)

MPl = 1/
√
G is the Planck mass and g?(T ) is another weight function

g?(T ) =
g2
s(T )

gρ(T )

(
1 +

1

3

d ln gs(T )

d lnT

)2

∼ g2
s(T )

gρ(T )
. (1.62)

Equation 1.60 does not have an analytical solution, but we can identify different regimes.

From now on, we assume that 〈σv〉 does not depend on the temperature of DM, correspond-

ing to what is known as s-wave DM. λ(x) then varies only with the weight function g?(T ),

and it is therefore safe to assume that λ(x) is constant as long as the number of relativistic

species is conserved during a specific regime. These regimes are:

• Production: In the very early Universe, the abundance of DM is zero. Therefore, we

can study the behavior of Equation 1.60 when Y � Yeq. Since the primordial plasma
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is very hot at this stage, x� 1 hence Yeq is constant

dY

dx
' λ

x2
Y 2

eq =⇒ Y (x) ' λY 2
eq

(
1

xi
− 1

x

)
, (1.63)

where xi is the time when the production of DM particles begins, usually right after the

inflationary phase of the Universe (T ∼ 1016 GeV). In this regime, Y rapidly increases

with x until the thermodynamical equilibrium with the plasma is reached.

• Equilibrium in the relativistic regime: After the production, Y reaches Yeq which is

still a constant, hence dY/dx = 0 and therefore Y (x) = Yeq.

• Equilibrium in the non-relativistic regime: When x & 1, Yeq starts to be Boltzmann

suppressed. Now dY/dx ∝ Y 2
eq − Y 2 < 0 and Y decreases, following Yeq with a small

latency.

Equation 1.60 does not a good job showing what happens when DM particles decouple

from the plasma. We can actually rewrite this equation, by noticing that (after some work)

Γeq

H
=
〈σv〉neq

H
=
λ(x)

x
Yeq , (1.64)

and therefore
dY

dx
=

Γeq

H

1

xYeq

(
Y 2

eq − Y 2
)
. (1.65)

When DM decoupled from the plasma, i.e. Γeq � H, we see clearly from Equation 1.65 that

dY/dx � 1 and therefore the DM abundance ‘freezes’ from this point on (or at least de-

creases very slowly). Recalling Equation 1.28 we can write the expression of ΩDM,0 knowing

that DM is non-relativistic today

ΩDM,0 =
ρDM,0

ρc,0
=
mDMn0

ρc,0
=
mDMY0s0

ρc,0
. (1.66)

We can compute this quantity in the two following cases, both referred to as freeze-out DM:

• Decoupling in relativistic equilibrium: The DM abundance freezes while Y (xf ) =

Yeq(xf ) and therefore we simply have Y0 ' Yeq(xf ) where xf is the time of decoupling.

In the end we obtain, when DM becomes non-relativistic

ΩDM,0 =
8ζ(3)mDMT

3
0

3H2
0M

2
Pl

geff
DMgs(x0)

gs(xf )
∼ 0.3 geff

DM

(
10

gs(xf )

)(mDM

6 eV

)
, (1.67)

where geff
DM = gDM (3/4 gDM) for bosonic (fermionic) DM. The value of gs(x0) is

gs(x0) = 2 +
7

8
× 2× 3× 4

11
= 3.91 , (1.68)
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where the two only remaining relativistic species are the photons and neutrinos. The

latter have decoupled from the plasma and it can be shown that Tν = (4/11)1/3Tγ .

When DM freeze-out in the relativistic regime, we call it a hot relic.

• Decoupling in non-relativistic equilibrium: Since we have dY/dx � 1, Y decreases

way slower than Yeq. Not long after we have Y � Yeq and we can rewrite Equa-

tion 1.60 to solve it by integrating it between the decoupling time xf and today x0

while assuming a long time has passed (x0 � xf ) and the DM abundance decreases

substantially from that moment (Y0 � Yf ):

dY

dx
' − λ

x2
Y 2 =⇒ Y0 '

xf
λ
. (1.69)

We finally obtain

ΩDM,0 =
16π5/2

9
√

5

T 3
0

H2
0M

3
Pl

gs(x0)√
g?(xf )

xf
〈σv〉 ∼ 0.3

(
30

g?(xf )

)1/2 (xf
25

)(3× 10−26 cm3/s
〈σv〉

)
.

(1.70)

The decoupling time can be obtained by setting Γeq(xf )/H(xf ) = 1 and by recalling

Equation 1.64

x
1/2
f e−xf =

4π3

3

√
2

5

√
gρ(xf )

gDM

1

mDMMPl〈σv〉
, (1.71)

giving xf ' 20 − 30 for mDM ' 1 − 104 GeV and 〈σv〉 ' 3 × 10−26 cm3/s. When DM

freeze-out in the non-relativistic regime, we call it a cold relic.

Actually, a nice coincidence appears when we consider that DM interacts with the SM

through weak interactions, one of the three fundamental forces in the SM, mediated by

the W± and Z0 bosons. Such DM particles are named weakly interacting massive particles
(WIMPs). One can compute the WIMP annihilation cross section, when WIMPs annihilates

into fermions through the exchange of a Z0 boson and assuming the mass of the fermions to

be negligible compared to the WIMP mass mχ and Z0 boson mass mZ = 91.19 GeV

〈σv〉 =
32G2

F cos4 θW
π

m2
χm

4
Z(

4m2
χ −m2

Z

)2 , (1.72)

where GF = 1.166× 10−5 GeV−2 is the Fermi constant and cos θW = 0.877 denotes the ratio

between the mass of the W± and the Z0 bosons. By assuming that WIMPs are a cold relic,

we can insert Equation 1.72 in Equation 1.70 and use Equation 1.71 to show that for WIMP

masses between around 2 GeV and 1 TeV, their relic abundance is lower than the DM one

measured by PLANCK. This means that, in this mass range, WIMPs can constitute a fraction of

DM, or even its totality at the boundaries of this range. This peculiar coincidence is referred

to as the ‘WIMP miracle’.
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The last DM production process we investigate is an out-of-equilibrium one. Until now,

we only considered s-wave DM as a first approximation. And actually, this is good approxi-

mation for the scenarios we considered: i) cold relics were initially decoupled from the non-

relativistic equilibrium, therefore any temperature dependency in 〈σv〉 would be suppressed,

ii) recalling Equation 1.67, the abundance of a hot relic does not depend on 〈σv〉. However, a

more general, temperature dependent, description of DM production/annihilation is needed

in order to investigate this next production process. In this context, we can generalise Equa-

tion 1.72 where we consider a mediator Y with a mass mY , coupled to the DM and SM

sectors through the constant α

〈σv〉 =
α2s(

s−m2
Y

)2 , (1.73)

where
√
s ' T+mDM is the centre-of-mass energy. In the non-relativistic regime (T � mDM),

we retrieve s-wave DM. However, in the relativistic regime (T � mDM,mY ), we get 〈σv〉 ∼
α2/T 2 = α2x2/m2

DM. Inserting this new expression in the left hand side of Equation 1.63

allows us to obtain

Y (x) ' λ0Y
2

eqx , (1.74)

assuming x� xi and where

λ0 = α2

√
π

45

MPl

mDM

√
g?(x) . (1.75)

In this scenario, DM production is much slower compared to the s-wave DM case. For very

small couplings with the SM, DM may never reach thermodynamical equilibrium with the

plasma and will stop being produced when the plasma becomes non-relativistic as its density

becomes Boltzmann-suppressed. The DM abundance freezes-in such that Y0 ' Y (x ' 1). For

DM particles with α ∼ 10−11, known as feebly interacting massive particles (FIMPs), the

observed DM relic density can be produced. This is known as the ‘FIMP miracle’ [24, 25].

We described the most important particle DM production scenarios although many other

DM production scenarios are possible e.g., cannibalism through 3 → 2 annihilation pro-

cesses [26, 27], asymmetric DM annihilation [28] or decays of massive particles into DM.

Figure 1.6 summarises the evolution of DM abundance for the different aforementioned sce-

narios. We do not detail the production mechanisms of DM as macroscopic objects in this

thesis, but we refer the reader to [29] and references therein for more information instead.

1.2.2 Properties of dark matter

Although we still do not know about the nature of DM, some of its properties are well

constrained:

• Electric charge: DM remains invisible even with the sensitivity of our current obser-

vational methods. Although DM is often assumed to be electrically neutral, some theo-
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Figure 1.6: Evolution of the DM abundance across the history of the Universe. The DM relic
abundance is set after decoupling from the primordial plasma during its thermodynamical
equilibrium with the plasma (hot relic if DM particles are relativistic during decoupling, cold
relic otherwise). If the production is slow enough so DM particles never reach equilibrium
with the plasma, the relic abundance is set as the production stops, when the plasma be-
comes non-relativistic (freeze-in).

retical models allow DM to have a non-zero electric charge (known as millicharge DM).

The most stringent lower limits on the DM charge are 3.2× 10−11(mDM/10 GeV)0.52 for

mDM & 10 GeV and 1.0 × 10−9(mDM/10 GeV)0.25 for mDM . 10 GeV, in units of the

electron charge [30, 31].

• Self-interactions: Observations of colliding galaxy clusters show that DM should have

limited self-interactions (recalling what we stated in Section 1.1.2). Constraints on the

DM self-interaction cross section yield σDM-DM/mDM < 8.4× 10−25 cm2/GeV [14].

• Lifetime: The presence of DM in our Universe today indicates that DM has to be stable

over cosmological timescales. Its decay time should therefore be large compared to the

age of the Universe. Current constraints on the DM lifetime lead to τDM & 1028 s for

mDM ' 1 GeV [2].

There exist some limits on the mass of DM, although the current allowed mass range for

DM currently spans up to 90 orders of magnitude. There are two lower limits on the mass

DM, depending on whether DM is a fermion or a boson. In the first case, the Pauli exclusion

principle imposes that the phase-space distribution of fermions is bounded from above (see

Equation 1.41)

f(E) =
1

eE/T + 1
≤ 1

2
, (1.76)
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Figure 1.7: Allowed mass range for DM, spanning from around 10−21 eV to 105M�. The
allowed mass ranges for the following DM candidates are also represented: axions, sterile
neutrinos (νs), asymmetric DM, WIMPs and PBHs. Taken from [31].

therefore the number density of fermionic DM in a galaxy is bounded as well (recalling

Equation 1.34)

n = g

∫
d3~p

(2π)3
f(p) .

1

4π2

p3
max

3
, (1.77)

where g ∼ O(1) and assuming spherical symmetry. Here pmax = mDMvesc = mDM
√

2GM/R

designates the maximal momentum to which the fermion is still gravitationally bounded to

a galaxy of mass M and radius R. Recalling Equation 1.3 obtained from the virial theorem,

we have vesc = σv
√

10/3 (where σv is a better observable than vesc). Finally, considering

that DM contributes to a dominant part of the total mass of the galaxy, we get

M ' 4

3
πR3nmDM .

1000

81π
R3σ3

vm
4
DM =⇒ mDM & 10 eV

(
20 kpc
R

)1/2(300 km/s
σv

)1/4

.

(1.78)

This is known as the Tremaine-Gunn limit [32]. For bosonic DM, there is a lower bound on

ultra-light particles. It is known that some of the dwarf spheroidal galaxies (dSphs) in our

Local group have a greater mass-to-light ratio than the Milky Way (MW) (e.g., the Draco

Dwarf has M/L ' 75M�/L� (see Table 2.1) whereas the MW has M/L ' 20M�/L�),

indicating that they are rich in DM. In order for ultra-light DM to be present in a dSph, the

associated de Broglie wavelength has to be lower than the typical diameter of dSphs (which

is around 1 kpc):

λdB =
2π

mDMv
' 1 kpc

(
10−21 eV

m

)(
10 km/s

v

)
. 1 kpc , (1.79)

where v is the velocity of DM as a wave. The typical velocity dispersion in dSphs is v '
10 km/s and therefore sets the lower bound on bosonic DM to mDM & 10−21 eV. In a recent

work, people have precisely computed this limit and have set it tomDM > 2.2×10−21 eV [33].

The presence of DM in dSphs also allows us to set an upper bound on the DM mass,

which should be significantly lower than the mass of its host. Assuming that a dSph should

be composed of at least O(100) DM ‘objects’ to hold its structure, therefore we obtain mDM .

105M�. The full range of DM masses allowed by the aforementioned limits is shown in

Figure 1.7.
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1.2.3 Dark matter candidates

As we are trying to picture what is the nature of DM, one of the first questions that would

come to the mind of a non-expert is ‘Could DM be a particle of the SM?’ and it would not be

a foolish question. For a long time, SM neutrinos were a serious DM candidate as they fit all

of the properties mentioned in Section 1.2.2 and are a hot relic of the Universe. However

the emergence of numerical simulations have discredited this hypothesis, as they show that

SM neutrinos cannot coalesce due to the fact that they are highly relativistic, and therefore

they cannot explain the observed formation of small-scale structures (such as galaxies) [34].

As no other SM particle would fit the description of DM, the latter could either be a particle

beyond the Standard Model (BSM), or could exist in the form of macroscopic, compact

objects. In this section, we list some of the most often considered DM candidates as well

as show the allowed mass range of some of them in Figure 1.7, alongside the allowed mass

range of DM without assuming any particular model.

• Weakly interacting massive particles: We already briefly mentioned this candidate

and detailed its production mechanism in the end of Section 1.2.1. The appeal of this

paradigm comes from the coincidence that DM particles that can interact weakly with

SM particles and with masses in the GeV–TeV range can set the observed relic abun-

dance today through the freeze-out mechanism, recalling Equation 1.70. Theoretically

such particles can arise in supersymmetric models. Supersymmetry is a renowned class

of BSM models, known to be the most natural way to extend the SM in order to solve

the Higgs hierarchy problem, by adding a bosonic superpartner for each fermion and

vice-versa. This hierarchy problem can be formulated by the question ‘Why is the mass

of the Higgs boson (' 125 GeV) so small compared to the Planck mass?’ and cannot be

answered by the SM alone. Even though WIMPs are an extremely well motivated DM

candidate, dedicated experiments still have not found any evidence for the existence

of these particles, putting this paradigm in peril.

• Axions and axion-like particles: It is known that strong interactions are expected

to break the CP -symmetry, since the Lagrangian of quantum chromodynamics (QCD)

contains the following CP -violating term

LQCD ⊃ Θ̄
αs
8π
Gµνa G̃aµν , (1.80)

where Θ̄ 6= 0 is a phase, Gµνa (a = 1, ..., 8) are the eight gluon fields while G̃aµν are

their dual and αs is the coupling of strong interactions. This CP -violating term should

give rise to an electric dipole moment in the neutron dN ' 10−16 Θ̄ e cm. How-

ever this dipole moment has not been observed yet, and the current lower bound is

|dN | < 1.8 × 10−26 e cm [35], imposing |Θ̄| . 10−10. The fact that Θ̄ is so small

without any apparent reason is known as the strong CP problem. A solution to this
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problem was proposed by Roberto Peccei and Helen Quinn in 1977 [36, 37], which is

to add a new global symmetry to the SM that can be spontaneously broken, effectively

promoting Θ̄ to a field whose minimum is 0. Frank Wilczek and Steven Weinberg then

independently showed that such a symmetry breaking would give rise to a pseudo-

Nambu-Goldstone boson: the axion [38, 39]. The CP -symmetry is restored by adding

a term corresponding to the coupling of axions to gluons in the QCD Lagrangian

LQCD ⊃
(

Θ̄− a

fa

)
αs
8π
Gµνa G̃aµν , (1.81)

where a is the axion field and fa the axion decay constant. The properties of the

axion fit the ones mentioned in Section 1.2.2, making it a suitable DM candidate. The

parameter space for the QCD axion is quite restricted, as it can be shown that all of

the allowed couplings between the axion and SM particles are essentially a power-law

of the axion mass. To open up the parameter space, other BSM models can predict

particles with the same properties as the axion, while alleviating the dependency of

the couplings to the particle mass. Such particles are called axion-like particles. The

most recent constraints on axions and axion-like particles can be found in [40].

• Sterile neutrinos: According to the SM, neutrinos are massless, only left-handed (or

right-handed if they are anti-neutrinos) and can have three different flavors (νe, νµ, ντ ).

However, experiments that probe neutrinos from the Sun, Earth’s atmosphere, nuclear

reactors and particle accelerators have all shown that neutrinos can undergo flavor

oscillations, a phenomenon that occur only if the neutrinos are massive. The current

lower bound on the sum of neutrino masses is
∑
mν & 0.06 eV [41]. Moreover, the SM

does not predict the existence of right-handed neutrinos (nor left-handed antineutri-

nos), whereas the other SM fermions exist in both helicities. To solve these problems,

right-handed (or sterile) neutrinos can be added to the SM in order to give a small mass

to the left-handed neutrinos through the seesaw mechanism. If sterile neutrinos do exist

and are produced through the freeze-in mechanism, they can constitute a fitting DM

candidate [42, 43].

• Primordial black holes: Instead of being a particle or a field, there is also a possibility

that DM could be in the form of compact objects, named primordial black holes (PBHs).

Instead of being formed during the collapse of a massive star, these black holes (BHs)

are most likely formed from the collapse of overdense matter regions in the early Uni-

verse, but other scenarios are possible. The only open mass window in which PBHs can

constitute all of the DM in the Universe is between 1017 and 1023 g [29] (corresponding

to 10−13 and 10−7 m in terms Schwarzschild radius 2GM/c2).

• Sub-GeV DM: This DM class has recently gained some attention from the community,

due to the lack of experimental signals from WIMPs. There are some well motivated
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BSM models that can predict a DM candidate with a mass below one GeV, such as

WIMPless DM [44], strongly interacting massive particles [45] or asymmetric DM [28].

Up to this point we have described some well known DM candidates, however the whole

landscape is large. In phenomenological studies of DM, it is usual to assume DM to be model-

independent, i.e. a field, particle or macroscopic object without presuming its production

nor a model that predicts its existence. This allows to ease the readability and comparison

between different phenomenological studies. In the following section, we describe the main

experimental ways to probe particle DM.

1.3 Bringing dark matter to light

Detection methods that consist of trying to figure out the nature of particle DM can be put

in three categories:

• Collider and accelerator searches: producing DM through SM particle collisions,

• Direct detection (DD): probing nuclear recoils from DM particles scattering on atomic

nuclei,

• Indirect detection (ID): looking at cosmic ray (CR) signals associated to DM annihila-

tion or decay, or emissions from macroscopic DM.

DD and ID can also be used to probe axionic DM, in addition to specific methods such as light-

shining-through-wall or microwave cavity experiments. Macroscopic DM searches solely rely

on astrophysical observations and ID. In this section, we limit ourselves to describe collider,

accelerator searches and DD, as ID will be deeply covered in Chapter 2. Specific detection

methods for axions are beyond the scope of this thesis.

In order to truly put a finger on the nature of DM, we have to rely on the complementary

of the aforementioned detection methods. A possible DM signature appearing in experiments

using one method should be confronted to a matching signal in experiments using other

methods.

1.3.1 Collider and accelerator searches

A possible way to probe DM is to actually produce it in colliders or in particle accelerators.

At the Large Hadron Collider operated by the CERN, proton beams are accelerated in op-

posite directions and then collide, producing a complex mix of various particles that travel

to detectors, such as ATLAS or CMS, that have been set up around the collision points. The

idea is that DM particles can be produced from these collisions, and not interact with the

detectors, leading to an ‘observation’ of missing energy/momentum in the transverse plane
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of the collisions. The same principle can be applied in other types of accelerators, where a

particle beam can create DM by hitting a fixed target or a beam dump.

These approaches are quite model-dependent, as we have to theorise what are the inter-

actions between DM and SM particles that allow the latter to produce DM during collisions.

DM production through an exchange of a H or Z boson are the simplest scenarios, but other

theoretically motivated models can be considered e.g., supersymmetric models or hidden

sectors. For now, no signal of missing energy has been observed and limits on the DM mass

and couplings with the SM are set, depending on individual models.

The interested reader can find details on on-going efforts and future initiatives in trying

to probe DM in colliders and accelerators in [46].

1.3.2 Direct detection

In 1985, Mark Goodman and Edward Witten were the first to discuss the possibility of de-

tecting DM particles inhabiting the Galactic halo by probing their scattering off of nuclei in

a detector [47]. The recoil spectrum dR/dEr, as a function of the nuclear recoil energy Er,

is written
dR

dEr
(Er, t) =

ρ�M

mNmDM

∫ vesc

vmin

d3~v vf(~v + ~v⊕(t))
dσ

dEr
(Er, v) , (1.82)

where M is the target mass of the detector, mN is the mass of the target nucleus, ρ� is

the local DM energy density (which is around 0.4 GeV/cm3), v = |~v| is the velocity of DM

particles in the detector rest frame, f(~v + ~v⊕(t)) their velocity distribution in Earth’s rest

frame, usually assumed to be roughly Maxwellian3, ~v⊕ is Earth’s velocity in the Galactic rest

frame and dσ/dEr is the differential cross section of DM particles scattering off of nuclei

dσ

dEr
(Er, v) =

mN

2µ2v2

(
σSIF

2
SI(Er) + σSDF

2
SD(Er)

)
, (1.83)

where spin-independent (SI) and spin-dependent (SD) interactions are considered and F 2(Er)

are the nuclear form factors. The minimal speed required for a DM particle to induce a nu-

clear recoil of energy Er is vmin =
√
ErmN/(2µ2) with µ = mNmDM/(mN + mDM) being

the reduced mass of the DM-nucleus system, and the maximal velocity of a DM particle is

its escape velocity from the gravitational well of the MW vesc. Essentially the recoil spec-

trum depends on the properties of the target (DD experiments are using a large variety of

targets, such as Ge, liquid Xe, liquid Ar, NaI, etc.), the DM mass mDM and the DM-nucleon

spin-(in)dependent cross sections σSD (σSI).

Due to the motion of the Earth in the Galactic rest frame, which is a superposition of

the Earth’s orbit around the Sun and the Sun’s motion around the Galactic centre (GC), in

principle we should observe an annual modulation of the recoil spectrum in DD experiments.

On June 2, Earth’s velocity in the Galactic rest frame is maximal (the Earth faces a ‘DM

3f(v) ∝ e−v
2/(2σ2) where σ ' 220− 270 km/s in the MW [48].
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Figure 1.8: DD upper limits on the spin-independent DM-nucleon cross section as a function
of DM mass from various experiments represented as solid lines. The regions of interest
reported by DAMA/LIBRA are also represented in brown as well as the neutrino fog for a Xe
target in yellow. Created using the Dark Matter Limit Plotter by the SUPERCDMS collabora-
tion [49].

wind’ due to the motion of the Sun), and the recoil spectrum is also at its maximum. On

the contrary, on December 2, the Earth faces a slightly weaker DM wind hence the recoil

spectrum is at its minimum. Since the velocity of the Sun around the GC (around 250 km/s)

is way greater than the velocity of the Earth around the Sun (around 30 km/s), the amplitude

of expected annual modulation in the recoil spectrum should be around 5%.

In 2008, the DAMA/LIBRA experiment reported such an annular modulation and con-

strained the properties of DM to be inside the brown regions in Figure 1.8 [50]. However,

current DD experiments do not observe DM-nucleus scatterings in these regions and ex-

clude them by orders of magnitude in σSI and σSD. This contradiction remains an open

problem, even though most of the community dismisses the DAMA/LIBRA claim. In Fig-

ure 1.8, we show the current upper limits on σSI as a function of mDM from some of the most

important DD experiments: CRESST [51], DEAP [52], SUPERCDMS [53], CDMSSLITE [54],

PANDAX-II [55], DAMIC [56], LUX-ZEPLIN (LZ) [57], DARKSIDE [58], XENONnT [59] and

XENON1T [60].

In order for a non-relativistic DM particle to induce an observable nuclear recoil in the de-

tector, its mass should be around or above the one of a typical target nucleus, i.e. O(10 GeV).

This is a current limitation on DD experiments, as shown by the weakening of the limits

on σSI for mDM . 10 GeV in most of the experiments. A way to probe lighter DM is to ei-

ther look at electronic recoils or the excitation/ionisation of a recoiled atom, known as the

Migdal effect [61, 62]. The DARKSIDE limit in Figure 1.8 includes this effect and shows an
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improvement of the sensitivity for light DM compared to the other experiments.

Finally, the sensitivity of DD experiments are getting closer to the neutrino fog [40, 63],

which is the unavoidable neutrino background coming from the coherent elastic scattering

of neutrinos from the Sun, Earth’s atmosphere and diffuse supernovae background on the

nuclei in the detector. This would confirm that σSI and σSD for DM would be lower than the

ones for neutrinos. This neutrino fog is shown in yellow in Figure 1.8.
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Chapter 2

Following dark matter’s steps:
Indirect detection

IN the previous chapter, we elaborated on some of the main techniques that enable us to

probe DM, including direct detection, collider, and accelerator searches. However, we

conveniently avoided the subject of DM ID until now. The goal of the following chapter

is to provide insight into what this type of detection entails, as it is the main topic of this

thesis. The aim of ID is to look for the products of particle DM annihilation or decay, as

well as those from PBH evaporation. Such products can be in the form of stable, charged

CRs, photons, and neutrinos that propagate from their production point through the (extra-

)galactic medium until they reach our detectors. Figure 2.1 illustrates the principle of this

detection method. Each product carries different types of information, making the ability to

detect multiple types of products highly beneficial. On one hand, photons and neutrinos are

not deflected by surrounding magnetic fields (since they are neutral) and therefore allow

us to precisely trace their source of emission. On the other hand, charged CRs can include

antiparticles that can be detected with a low astrophysical background, since antiparticles

are not easily produced by astrophysical processes. In this chapter, we investigate some of

the most promising targets for DM ID (Section 2.1), then we expand on the production of

these stable particles in the DM halo of the MW and their propagation (Section 2.2), and

finally, provide a brief state-of-the-art review of the experiments useful for this detection

method method (Section 2.3).
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Figure 2.1: Illustration of the principle behind DM ID, from DM annihilation or decay to the
production of stable particles that propagate until they reach our detectors.

2.1 Where should we look?

In this section we explore some of the most promising targets for DM ID. Essentially, the

ideal target should meet two criteria: i) it has to be DM-rich to increase the likelihood of

detecting a strong signal from it and ii) it has to be quite poor in astrophysical sources, as

disentangling an indirect DM signal from the astrophysical background can be challenging.

However, there is no perfect target and the ones we investigate in this section will always be

subject to a compromise between the two criteria. We start by looking at the case of celestial

bodies (Section 2.1.1) and our own Galaxy (Section 2.1.2), to zoom out to the Local Group

and consider the satellite dSphs of the MW (Section 2.1.3). Finally we investigate targets

outside of the Local Group, such as galaxy clusters (Section 2.1.4).

2.1.1 Celestial bodies

There is a possibility that DM particles from the MW halo could be captured by celestial

bodies, such as stars and planets. This process can happen when DM particles successively

scatter with the nuclei of a celestial body, in turn loosing kinetic energy and eventually

sinking into its centre. Over time, they accumulate and essentially create a DM over-density

in the centre of the body, that increases the production of indirect signals.

In particular, this idea has been explored since the end of the 1980s, especially in the

case of DM capture in the Sun [64–66]. In this scenario, the only DM-produced particles

that could escape the Sun are the neutrinos, and therefore detecting an excess of neutrinos

from the Sun on top of the solar neutrino background (mainly from nuclear fusion) can be

identified as a signal from DM. Typically the DM-produced neutrinos can have energies in

the GeV–TeV range, whereas around the MeV for neutrinos produced by the Sun. Another

credible possibility consists of DM annihilating into mediators particles that escape the Sun,

that can then decay into any SM particle [67, 68].

The formalism for computing signals from DM captured in celestial objects is thoroughly

described in [69], accompanied by a numerical framework named Asteria [70].
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2.1.2 The Milky Way

We previously mentioned in Section 1.1.1 that galaxies are embedded in a DM halo that ex-

tends beyond their disk, which explains the flatness of their rotation curve at high distances

from their centre. Our own Galaxy is therefore an excellent target for ID, since we are liter-

ally bathing in its DM halo. A crucial ingredient to compute indirect signals from DM in the

MW is the distribution of its energy density ρDM(~x).

It is believed that galaxies form through the gravitational collapse of giant clouds of gas

and DM. Baryonic matter can dissipate its energy through interactions with itself and in order

to conserve its angular momentum during its cooling, the initially spherically symmetric gas

cloud will rearrange itself into a disk. On the contrary, DM has limited interactions with

itself and baryonic matter, thus cannot dissipate energy during the collapse: the distribution

of DM remains approximately spherically symmetric. Therefore, when describing the DM

distribution in a galaxy, it is usual to adopt a profile that is radial, i.e. only dependent on the

Galactocentric distance r.

The DM distribution in our Galaxy is still not known, as it is very challenging to recon-

struct it while being inside the halo. Therefore, we have to assume a certain parametrisation

of the profile when we are trying to predict indirect signals of DM in the MW. This would

thus weaken the robustness of the prediction, especially when we are looking at a region of

interest (ROI) close to the GC, as their behavior at r → 0 can significantly differ from one

profile to another, as we will see below. The most popular parametrisations of the DM profile

are the following:

• The Navarro-Frenk-White (NFW) profile [71], which came from fitting the DM dis-

tribution of halos arising in seminal DM-only N -body simulations, remains to this day

the standard benchmark for the DM profile in the MW. Its functional form is

ρNFW(r) = ρs

(rs
r

)(
1 +

r

rs

)−2

, (2.1)

showing that the DM density behaves like r−1 near the GC and therefore diverges when

r → 0. To control how steep the DM density increases near the GC, the NFW can be

generalised by introducing a free parameter γ

ρgNFW(r) = ρs

(rs
r

)γ (
1 +

r

rs

)γ−3

, (2.2)

where the standard NFW profile is retrieved when γ = 1. In this chapter and the

following ones, the case γ = 1.26 will be referred to as the contracted NFW profile

(cNFW), which provides a better fit to the γ-ray excess in the GC [72]. We further

develop on this topic later in this section.
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• The Einasto profile [73, 74] provides a better fit to higher resolution N -body simu-

lations. Contrary to the NFW profile, this profile does not diverge when r → 0. Its

functional form is written

ρEin(r) = ρs exp

{
− 2

αEin

[(
r

rs

)αEin

− 1

]}
, (2.3)

where αEin = 0.17 is an averaged value from fits to different N -body simulations.

• The Isothermal profile [75] is obtained analytically by assuming DM particles are

collisionless and therefore follow a Boltzmann velocity distribution. When doing the

computation, one gets ρ(r) ∝ r−2 which is divergent for r → 0. To alleviate this issue,

a cutoff radius rs can be introduced, for which ρ(r . rs) is constant. The expression of

this profile is therefore

ρIso(r) =
ρs

1 + (r/rs)2
. (2.4)

This profile was actually very popular before N -body simulations were available due

to its theoretical motivation.

• The Burkert profile [76] initially arose from the measurement of rotation curves in a

survey of dwarf galaxies, but then has proven to be a good fit to the ones of regular

galaxies as well. This profile is parametrised as follows

ρBur(r) =
ρs

(1 + r/rs)(1 + (r/rs)2)
, (2.5)

which is also constant for r . rs.

In the case of the MW, one way to parametrise ρs and rs, that appear in the expression

of the DM profiles, is by following two prescriptions [77]:

1. We assume the DM density at the position of the Sun (r� = 8.277 kpc [78]) to be

ρ� = ρ(r�) = 0.4 GeV/cm3. Actually, the value of quantity is still debated in the

literature, and can range between 0.2 and 0.8 GeV/cm3 [31].

2. We assume the DM mass contained in the MW within a radius r200 ≡ 200 pc to be

MDM
200 ≡ 4π

∫ r200
0 r2ρ(r)dr = 1012M�. This value is an average of many results from the

literature, using different techniques [79–86].

These prescriptions allow us to fix ρs and rs for all of the profiles except the Isothermal

one. Indeed, the latter cannot fulfill both of the prescriptions at the same time, due to its

slow steepness at large r. Instead we fix rs at 4.38 kpc [87] and apply the first prescription

to obtain the value of ρs. The values of rs and ρs of all the aforementioned profiles are

tabulated in the right panel of Figure 2.2, while showing a plot of the profiles in the left

panel.
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Figure 2.2: Left panel: Plot of the possible Galactic DM profiles. Right panel: Values of rs
and ρs adopted to compute the profiles shown in the left panel, and determined using the
procedure explained in the text.

We can divide them into two categories. On one hand, there are profiles, such as NFW

and Einasto, where the DM density grows when approaching the GC, which is a feature that

arises in DM-only N -body simulations. These are known as cusped profiles. On the other

hand, in DM profiles based on observations or on purely theoretical aspects, like the Isother-

mal or Burkert ones, the DM density remains constant when getting closer to the GC. These

are known as cored profiles. This clear discrepancy between the results from N -body simu-

lations and observations/theory which is referred to as the cusp-core problem [88], although

more recent N -body simulations have shown that including baryons has the effect of flatten-

ing the cusp we normally get in DM-only simulations, partially resolving the problem [89].

Now that we know more or less how DM is distributed in our Galaxy, we can start to think

of which targets we should point our detectors to in order to probe indirect signals from DM.

The most sensible answer would be to point them straight at the GC, since this is where the

DM density is the highest. Actually, in recent years an excess of γ-rays has been reported

in a region extending to a dozen of degrees around the GC [90] that could be attributed to

DM. A more detailed analysis [72] claimed that this excess is best fit by DM particles with

mDM ' 45 GeV annihilating into bb̄ with a cross section of 〈σv〉 ' 3 × 10−26 cm3/s, and

distributed along a cNFW profile (with γ = 1.26). However, the GC is also extremely dense

in astrophysical sources that our current detectors are not able to resolve. Therefore, the

attempts to explain the GC excess depend greatly on our assumptions on the astrophysical

background in this region. The other most credible explanation of the excess involves a high

population of unresolved astrophysical sources, such as millisecond pulsars [91, 92].

When exploring higher Galactic latitudes, both of the astrophysical background and DM

density are reduced. This means that the modeling of astrophysical emissions becomes less

important, but so does the expected DM indirect signal and therefore the likelihood of de-

tecting one with our current observational strategies. There is no ideal ROI for DM ID in our

Galaxy, we would always have to face a compromise.
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Name Position Distance Half-flux radius Mass-to-light ratio
(constellation) (b, `) D [kpc] rh [pc] M/L [M�/L�]

Carina (−22.2◦, 260.1◦) 105± 6 250± 39 34
Draco (+34.7◦, 86.4◦) 76± 6 221± 19 75

C
la

ss
ic

al Fornax (−65.7◦, 237.1◦) 147± 12 710± 77 6
Leo I (+49.1◦, 226.0◦) 254± 15 251± 27 4
Leo II (+67.2◦, 220.2◦) 233± 14 176± 42 12

Sculptor (−83.2◦, 287.5◦) 86± 6 283± 45 12
Sextans (+42.3◦, 243.5◦) 86± 4 695± 44 120

Ursa Minor (+44.8◦, 105.0◦) 76± 3 181± 27 67

U
lt

ra
fa

in
t Boötes II (+68.9◦, 353.7◦) 42± 1 51± 17 6300

Canes Venatici II (+82.7◦, 113.6◦) 160± 4 74± 14 230
Segue II (−38.1◦, 149.4◦) 35± 2 35± 3 1500

Ursa Major II (−37.4◦, 152.5◦) 32± 4 149± 21 1900
Willman I (−56.8◦, 158.6◦) 38± 7 25± 6 530

Table 2.1: Properties of the classical and some of the ultrafaint satellite dSphs of the
MW [93]: position in the sky in terms of the Galactic latitude b and longitude `, helio-
centric distance D, half-flux radius rh and mass-to-light ratio M/L within rh.

2.1.3 Dwarf spheroidal galaxies

Our Galaxy is surrounded by a number of satellite dSphs that are promising targets for

DM ID. First, the number of stars contained in dSphs can range between a few dozens to

several thousands of stars and, in addition to that, they are scarce in interstellar gas. These

observations imply that the astrophysical background coming from them is low. Second,

measurements of their rotation curve and mass-to-light ratio indicate they are dominated

by DM. Moreover they are positioned in relatively high Galactic latitudes, therefore their

faint emission is not covered by any foreground emission from the Galactic plane (GP).

In Table 2.1 we list some of the measured properties of a few dSphs around our Galaxy.

Classical dSphs refer to the ones that were discovered before 1990, and therefore are the

most luminous ones. The other category, ultrafaint dSphs, is straightforward. The latter can

have a way higher mass-to-light ratio compared to the classical ones, e.g. the Boötes II dSph

reaches several thousands of M�/L�.

The star scarcity of dSphs can be a double edge-sword. On one hand it implies that astro-

physical emissions from a dSph are limited, therefore increasing the likelihood of detecting

an indirect signal from DM. On the other hand, stars are the only visible tracers of the grav-

itational potential in dSphs, and their scarcity makes the reconstruction of the DM profile

challenging.
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Name Position Distance
(b, `) D [Mpc]

Bullet (−21.2◦, 266.0◦) 1300
Coma (+88.0◦, 58.1◦) 100
Fornax (−53.6◦, 236.7◦) 20

Hercules (+44.5◦, 31.6◦) 170
Virgo (+74.4◦, 283.8◦) 24

Table 2.2: Properties of a few of the most well-known galaxy clusters [94]: position in the
sky in Galactic coordinates (b, `) and their distance D from the MW.

2.1.4 Galaxy clusters

As mentioned in Section 1.1.2, observations of galaxy clusters were historically the first to

reveal the existence of DM in the Universe. They are too DM dominated and can be posi-

tioned at high Galactic latitudes, making them good targets for searching indirect signals

of DM. However, their distance from us can range between 10 and 1000 Mpc and therefore

their emission is very contaminated by foreground sources. Being the largest gravitation-

ally bound systems in the Universe, constituted of galaxies with billions of stars each and

containing diffuse intracluster gas, the astrophysical emissions from a galaxy cluster can be

large and also difficult to disentangle with a potential signal from DM. We list the position

and their distance from the MW of the most well-known galaxy clusters in Table 2.2.

2.2 Predicting indirect signals from dark matter in the Milky Way

The goal of this section is to provide an overview on the theoretical framework useful to

predict indirect signals coming from DM in the Galactic halo. We choose to solely focus on

this target, since the research conducted during this thesis (summarised in Chapters 3, 4

and 5) has only involved DM searches in the MW. We begin with the production of stable

particles (Section 2.2.1), then investigate the propagation of DM-produced charged CRs

(Section 2.2.2), photons and neutrinos (Section 2.2.3) in the interstellar medium (ISM)

until possibly reaching our detectors.

2.2.1 Particle production

In principle, DM particles can annihilate or decay into any particle-antiparticle pair, either

from the SM or BSM, called final states, as long as it is kinematically possible1. After that, the

final states can undergo decays, hadronisation, coalescence and emit soft radiations. In the

end, only stable particles such as e±,
(−)
p ,

(−)

d , γ and
(−)
ν e,µ,τ survive and propagate through the

1In the case where DM is non-relativistic, we can assume that DM particles annihilate (decay) at rest. To
insure the conservation of energy, mDM must be greater or equal than (half of) the mass of the final state
particle.
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ISM until possibly reaching our detectors. We usually consider that the annihilation or decay

of DM particles and the production of stable ones are occurring at the same point, since

the length scale at which the latter propagate is way larger than the one at which particle

physics processes happen. The general expression of the energy spectrum at production
dNi/dKi (where K is the kinetic energy) of stable particles i is the sum of individual energy

spectra at production over all annihilation or decay channels, weighted by their branching

ratio

dNi

dKi
=



∑
FS

〈σv〉FS

〈σv〉tot

dNFS
i

dKi
=
∑
FS

BRFS
dNFS

i

dKi
(annihilation)

∑
FS

ΓFS

Γtot

dNFS
i

dKi
=
∑
FS

BRFS
dNFS

i

dKi
(decay)

, (2.6)

where the branching ratios BRFS are expressed in terms of the annihilation cross section

〈σv〉FS or decay rate ΓFS of DM into the final states FS and their sum over all final states

〈σv〉tot and Γtot.

For a given BSM model, one can write the expression of the branching ratios, annihilation

cross sections and decay rates in terms of the couplings between DM and SM particles.

However, from now on, we adopt a model-independent approach where DM annihilation

and decay channels are treated independently, the final states are only SM particles, and

〈σv〉 and Γ are free parameters. This approach is often used in phenomenological studies

of DM ID, as it is unbiased and allows for a common ground where results can be easily

compared from one study to another.

The spectrum at production of stable particles dNi/dKi for a specific channel can be

computed using Monte-Carlo simulations, e.g. PYTHIA [96] or HERWIG [97, 98], however they

require a good understanding of their tunable parameters. Instead, other numerical codes

can provide these spectra, such as PPPC4DMID [87], Hazma [99, 100], HDMSpectra [101] or

CosmiXs [95], that are based on the interpolation of results from well-tuned Monte-Carlo

simulations and/or analytical computations. To illustrate, we show in Figure 2.3 the spectra

at production of p̄, γ and e+ computed using CosmiXs, for various DM annihilation channels

and for mDM = 100 GeV and 100 TeV, in terms of the energy fraction x = K/mDM.

In the case where DM is composed of PBHs, we can also expect an indirect signal from

them. In 1975, Stephen Hawking has predicted that BHs can emit particles thanks to quan-

tum effects at their event horizon [102]. This process is known as BH evaporation. For a

Schwarzschild (electrically neutral and non-spinning) PBH, the emission rate of particles i

per unit time and energy through its evaporation is given by

d2Ni

dtdKi
=

1

2π

∑
d.o.f.

Γi(Ki,M)

eKi/T ± 1
(PBH evaporation) , (2.7)

where + (−) is taken if i is a fermion (boson), M is the PBH mass, T = 1/(8πGM) its
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Figure 2.3: Spectra at production of p̄ (left panels), γ (middle panels) and e+ (right panels)
for DM particles with a mass of 100 GeV (top panels) or 100 TeV (bottom panels) annihilating
in the following final states: e+e−, µ+µ−, τ+τ−, νe,µ,τ ν̄e,µ,τ , uū, bb̄, tt̄, γγ, gg, W+W−, ZZ
and HH. Taken from [95].

temperature, and the sum is performed over the degrees of freedom (d.o.f.) of the emitted

particles (spin, color, helicity and charge multiplicities). The deviation of this spectrum

from a black body one is characterised by the grey body factor Γi that can be computed

semi-analytically or using numerical codes e.g., BlackHawk [103, 104]. Secondary processes

(hadronisation, decay, ...) can then happen, in the same manner as in the case of annihilating

or decaying DM particles. In Figure 2.4 we show the emission spectra of e+ and γ from PBHs

with different masses, computed using BlackHawk combined with Hazma to deal with the

secondary processes. In this DM scenario the unknowns are the fraction of PBHs constituting

the total amount of DM in the Universe fPBH ≡ ρPBH/ρDM and the mass distribution of PBHs.

Now that we have the tools to compute the spectrum of stable particles produced on the

spot of particle DM annihilation or decay and PBH evaporation, we can go into the physics

of their propagation in the MW.

2.2.2 Charged cosmic-rays

As we previously mentioned, DM-produced charged CRs are a promising indirect signal as

they can be antimatter particles that are detectable over a sufficiently low background, since

antimatter particles are scarcely produced in astrophysical processes. In order to compute

the flux of DM-produced, stable charged CRs at Earth, we need to take into account their

transport in the ISM. To do so, we have to solve the diffusion-convection-loss equation in

order to obtain the number of particles of species i per energy and volume unit fi(Ki, ~x) at
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Figure 2.4: Emission spectra of e+ (left panel) and γ (right panel) from the evapora-
tion of a single PBH, for masses varying between 1014.5 g and 1018 g. Computed using
BlackHawk+Hazma.

a position ~x in the Galaxy [105, 106]

−~∇·
(
Di
~∇fi + ~vcfi

)
− ∂

∂Ki

[
K̇ifi −K2

iDpp
∂

∂Ki

(
fi
K2
i

)
− Ki

3

(
~∇ · ~vc

)
fi

]
= Qi−cβifi

∑
j

njσij ,

(2.8)

where different processes are included:

• Spatial diffusion: As the charged CRs propagate, they interact with the Galactic mag-

netic fields (GMFs). The turbulent component of GMFs induces a random walk of the

CRs, well-described by a spatial diffusion term in Equation 2.8 that involves a diffusion

tensor Di(Ki, ~x).

• Momentum space diffusion: The interactions between charged CRs and the turbulent

component of the GMFs can also provoke the diffusion of CRs in their momentum

space, possibly causing their stochastic reacceleration. This effect is described by the

term involving the momentum diffusion coefficient Dpp(Ki, ~x) in Equation 2.8.

• Energy losses: CRs can interact with various components of the ISM and lose some of

their energy in the process. e± propagating through GMFs can lose energy through syn-

chrotron radiation, they can up-scatter ambient photons (via ICS), emit bremsstrahlung

when passing by nuclei in the ISM gas, which is mostly comprised of hydrogen – that

can be atomic (HI), ionised (HII) and molecular (H2) – as well as neutral He. Hadronic

CRs (
(−)
p ,

(−)

d ) can lose their energy through the production of pions by colliding with

nuclei in the ISM. All charged CRs can also lose their energy by ionising the gas in

the ISM and through Coulomb scattering on free e− in ionised gas. In Equation 2.8,

energy losses are represented by the term in K̇. They are encoded in the energy loss

function bloss(Ki, ~x) ≡ −K̇ that can be computed analytically [106–108] and given in

Appendix B (only for e±).
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• Convection: Stellar winds and supernovae induce a flow of particles averagely di-

rected outwards the Galaxy, called the Galactic wind. This wind, modeled by the veloc-

ity ~vc(~x) in Equation 2.8, also contributes to the transport of charged CRs by deflecting

them.

• Interactions with the ISM: p and d CRs can collide with nuclei present in the ISM

gas, essentially shattering them, in turn producing more p and d CRs. This process is

known as spallation. On the other hand, p̄ and d̄ CRs can annihilate with their matter

counterpart present in the ISM gas. Both of these interactions are encoded in the

second right-hand-side term of Equation 2.8, where βi is the CR velocity in units of c,

nj(~x) is the ISM gas density, σij is the spallation (annihilation) cross section of p and d

(p̄ and d̄) with the ISM gas, and j ∈ {HI, HII, H2, He}.

Finally, the number of DM-produced CRs injected at a position ~x in the Galaxy per unit

time, volume and energy is encoded in the source termQi(Ki, ~x) of Equation 2.8. For particle

DM, this term is written

Qi(Ki, ~x) =


ξ〈σv〉

(
ρDM(~x)

mDM

)2 dNann
i

dKi
(annihilation)

Γ

(
ρDM(~x)

mDM

)
dNdec

i

dKi
(decay)

, (2.9)

where ξ = 1/2 if DM is its own antiparticle and 1/4 otherwise, dNi/dKi is the injection

spectrum of particle i per annihilation or decay of DM-produced CRs that can be computed

by the tools described in Section 2.2.1. In the case where DM is in part constituted of PBHs

we have

Qi(Ki, ~x) = fPBHρDM(~x)

∫
dM

M

dNPBH

dM

d2Ni

dtdKi
(PBH evaporation) , (2.10)

where d2Ni/dtdKi is the emission rate of particles i through the evaporation of a single PBH,

as described in Section 2.2.1, and dNPBH/dM represents the mass distribution of PBHs in the

MW. The case of PBH evaporation is essentially similar to the one of decaying DM particles,

except that the decay rate Γ is contained in the emission rate d2Ni/dtdKi. This is especially

true when we consider the PBH mass distribution to be monochromatic (dNPBH/dM = δ(M−
MPBH)) where

Qi(Ki, ~x) = fPBH

(
ρDM(~x)

MPBH

)
d2Ni

dtdKi
(monochromatic) . (2.11)

Equation 2.8 has to be solved within a certain boundary of space. The different processes

that affect the propagation of charged CRs involve ingredients that have a cylindrical sym-

metry in a first approximation, such as the GMFs, ISM gas and ambient photon densities. It is
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therefore customary to solve Equation 2.8 within the boundaries of a cylinder of radius Rmax

and height L (commonly known as the halo height) that represents the boundaries of the

Galaxy [109, 110]. In other words, Rmax and L are implicit components of the propagation

equation.

Although an analytical solution to the full Equation 2.8 does not exist, one can make

some assumptions to simplify and solve it. Alternatively, it can be solved numerically as

long as the different ingredients involved are parametrised properly. As such, many studies

consider the spatial diffusion tensor D to be a rigidity-dependent2 coefficient, and can be

parametrised as the following double broken power-law [111]

D(R) = βηD0

(
R

1 GV

)δ [
1 +

(
Rl
R

)(δ−δl)/sl
]sl [

1 +

(
R

Rh

)(δ−δh)/sh
]−sh

, (2.12)

where D0 is a normalisation factor, η is the velocity index, Rl(h) indicate the rigidity at which

the spectral breaks occur in the diffusion coefficient, δl(h) are the spectral indices at the

(high-) low-rigidity regimes, δ at the mid-rigidity regime, and sl(h) controls the smoothness

around the breaks. The momentum space diffusion coefficient Dpp can also be parametrised

(assuming the turbulence in the GMFs is characterised by Alfvén waves [112, 113])

Dpp(p) =
4

3δ(4− δ2)(4− δ)
p2v2

A

D(p)
, (2.13)

where vA is the Alfvén velocity. The value of the propagation parameters involved in Equa-

tions 2.8, 2.12 and 2.13 (alongside Rmax and L) can have a sizeable impact on the CR flux

predictions, but they can be constrained by fitting the latter on local fluxes and flux-ratios of

different CR species (such as e±, p/p̄, but also lithium, beryllium, carbon and boron nuclei)

measured by the various experiments listed in Section 2.3.1. When it comes to the ISM gas,

GMFs and ambient photons maps, a plethora of models is available, all more or less based on

observations. Once all of the aforementioned ingredients are carefully set, Equation 2.8 can

then be solved using numerical codes such as GALPROP [114, 115], DRAGON2 [106, 116] and

USINE [117] or semi-analytically. In the end, we obtain the differential flux of propagated

DM-produced CRs of species i at any position ~x in the Galaxy, which is written

dΦi

dKi
(Ki, ~x) ≡ cβi

4π
fi(Ki, ~x) , (2.14)

and, when evaluated at Earth’s position, can then be directly used to either explain excesses

in CR data, allowing us to pinpoint the value of the free parameters we previously mentioned

(such as 〈σv〉, mDM, ...), or otherwise set constraints on them.

2The rigidity is defined as the ratio between the CR momentum and charge: R ≡ p/|q|.
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2.2.3 Photons and neutrinos

In this section, we go through the computation of the flux of DM-produced photons and

neutrinos. These particles can be directly emitted by DM annihilation, decay or PBH evap-

oration, which are referred to as prompt emissions. In comparison to charged CRs, photons

and neutrinos are not deviated by the GMFs and do not interact much with the ISM, there-

fore their propagation is not described by Equation 2.8. This also means that their source of

emission can be easily identified. On the other hand, DM-produced charged CRs can interact

with the ISM, producing (more diffuse) secondary emissions of photons. In this section, we

specifically investigate the case of secondary photons emitted by DM-produced e± through

ICS, synchrotron and bremsstrahlung.

Prompt emissions of photons and neutrinos

The differential flux of prompt photons and neutrinos from particle DM annihilation and

decay in the Galaxy, from an infinitesimal solid angle dΩ centred on the line of sight (l.o.s.),

is given by

dΦγ,ν

dEγ,νdΩ
=

1

4π



ξ〈σv〉
m2

DM

dNann
γ,ν

dEγ,ν
J(θ) (annihilation)

Γ

mDM

dNdec
γ,ν

dEγ,ν
D(θ) (decay)

, (2.15)

where J(θ) and D(θ) are the so-called J -factor and D-factor, defined as the integral of the

DM profile along the l.o.s.

J(θ) =

∫
l.o.s.

ds ρ2
DM(r(s, θ)) , (2.16)

D(θ) =

∫
l.o.s.

ds ρDM(r(s, θ)) , (2.17)

where s is the coordinate running along the l.o.s., linked to the Galactocentric distance r

and the angle θ between the l.o.s. and the axis between the GC and Earth by the relation

r =
√
r2
� + s2 − 2sr� cos θ. θ is also related to the Galactic latitude b and longitude ` of the

target by cos θ = cos b cos `. Figure 2.5 illustrates the relation between the different Galactic

coordinate systems, which also includes the cylindrical one (R, z).

For PBHs we can write the differential flux of evaporated photons and neutrinos, again

showing some resemblance with respect to the case of decaying DM particles by involving

the D-factor.

dΦγ,ν

dEγ,νdΩ
=

1

4π
fPBHD(θ)

∫
dM

M

dNPBH

dM

d2Nγ,ν

dtdEγ,ν
(PBH evaporation) . (2.18)

In order to obtain the flux of photons and neutrinos coming from a specific ROI, we then
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Figure 2.5: Illustration of the coordinate systems describing the position of a point in the
MW.

integrate the differential fluxes of Equations 2.15 and 2.18 over the relevant solid angle ∆Ω

dΦγ,ν

dEγ,ν
=

∫
∆Ω

dΩ
dΦγ,ν

dEγ,νdΩ
. (2.19)

This integration is described for different types of ROIs in Appendix A.

Secondary emissions of photons

DM-produced e± can interact with the ISM and emit photons through three processes: ICS

on ambient photons, synchrotron emission with the GMFs and bremsstrahlung with the ISM

gas. In the following, we consider that DM-produced e± are relativistic, which is justified for

mDM & 5 MeV3, and therefore their kinetic energy constitutes their total energy (Ke ≈ Ee).

Essentially, the differential flux of secondary photons produced in these processes is given by

dΦsec
γ

dEγdΩ
=

1

Eγ

∫
l.o.s.

ds
jsec(Eγ , ~x)

4π
, (2.20)

where jsec(Eγ , ~x) is the emissivity of secondary photons at a specific position ~x in the Galaxy

from sec = {ICS, syn, brems}, that is expressed as a convolution of the density fe(Ee, ~x) of

DM-produced e±, solution to Equation 2.8, with the radiating power Psec(Eγ , Ee, ~x)

jsec(Eγ , ~x) = 2

∫ mDM(/2)

me

dEe Psec(Eγ , Ee, ~x)fe(Ee, ~x) , (2.21)

3From Appendix B, we can show that a 5 MeV e± loses ∼ 1.5 MeV by crossing the whole GP horizontally.
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where the upper integration bound is the maximum energy of the DM-produced e±: mDM

for annihilating DM and mDM/2 for decaying DM. The factor 2 takes into account the sum

the individual contribution of e+ and e−. In the following, we write the expression of the

radiating power for the three secondary processes. Their derivation is cumbersome and out

of the scope of this thesis, but the reader may find further information in the undermentioned

references.

The ICS radiating power, in the approximation where the up-scattered photon energy Eγ
is negligible compared to the initial DM-produced e± energy Ee (also known as the Thomson
limit), is written [118]

PICS(Eγ , Ee, ~x) =
3σT

4γ2
e

Eγ

∫ 1

0
dy nγ

(
E0
γ(y), ~x

) (
2 log y − 2y + y−1 + 1

)
, (2.22)

where σT ≡ 8πr2
e/3 = 6.65 × 10−25 cm2 is the Thomson scattering cross section (where

re = α/me is the e± classical radius), γe = Ee/me is the e± Lorentz factor, nγ(E0
γ , ~x) is

the number density of ambient photons with energy E0
γ at a position ~x in the Galaxy, and

y = Eγ/(4γ
2
eE

0
γ). Ambient photons are constituted of three different sources: optical and

ultraviolet starlight (SL), infrared (IR) from the scattering of SL on Galactic dust, and the

CMB. The energy range of these ambient photons can vary between 0.1 meV to 10 eV. The

maximum energy at which these photons are up-scattered by a given e± is Emax
γ = 4γ2

eE
0
γ in

the Thomson limit Ee � Emax
γ . Therefore it can be shown that this approximation is valid

when mDM ∼ Ee . 1 TeV, in the case of ICS on Galactic ambient photons.

The radiating power of synchrotron emission for relativistic DM-produced e± depends on

the strength of the GMF B(~x) at a given position ~x, and is given by [119]

Psyn(Eγ , Ee, ~x) = 2
√

3
e3B

mec2
y2

[
K4/3(y)K1/3(y)− 3

5
y
(
K2

4/3(y)−K2
1/3(y)

)]
, (2.23)

where Kn is the modified Bessel function of the second kind of order n, y = Eγ/E
c
γ and Ecγ

is the critical photon energy at which e± emits the most through synchrotron (where Psyn

reaches its maximum) Ecγ = 3eBγ2
e/(2πmec).

Lastly, we write the radiating power of the bremsstrahlung of e± with the ISM gas [108]

Pbrems(Eγ , Ee, ~x) = cEγ
∑
i

ni(~x)
dσi
dEγ

(Eγ , Ee) , (2.24)

where ni is the ISM gas density of the species i ∈ {HI, HII, H2, He} at a position ~x in the MW,

and dσi/dEγ are the differential bremsstrahlung cross sections expressed in Appendix B.

Once the different radiating powers and the DM-produced e± density are known, we can

compute the differential flux of secondary photons by plugging everything in Equations 2.21

and then 2.20. Finally we can integrate this flux over a given ROI, in the same manner as in

Equation 2.19.
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One important thing we did not mention is the absorption of energetic γ-rays. Indeed,

the ISM is opaque to γ-rays with energies higher than ∼ 105 GeV, due to e± pair production

and photon-photon scattering on ambient photons, but also pair production on baryonic

matter. On a side note, these same effects are responsible for the absorption of energetic

γ-rays in the extragalactic medium as well, leading to an attenuation of the extragalactic

γ-ray flux, characterised by an optical depth that depends on the redshift of emission and

the γ-ray energy. We refer the reader to [87] for more details on this topic.

Now that we have an idea of what an indirect signal from DM might look like, we need to

compare the prediction with observations from experiments. In the next section, we give an

overview of the available experiments allowing us to detect a possible indirect signal from

DM or, if not, help us set constraints on DM.

2.3 Experiments

A serious advantage of indirect searches is that they capitalise on the fact that DM could

produce astrophysical-like signals, meaning we can use the plethora of already available

experiments in order to conduct these searches in addition to dedicated experiments. In

this section, we describe some of the experimental techniques used to detect charged CRs

(Section 2.3.1), photons (Section 2.3.2) and neutrinos (Section 2.3.3), as well as list some

of the most known old, current and future experiments.

2.3.1 Charged cosmic-rays

Charged CRs can be detected using three main techniques:

• When a charged CRs enters Earth’s atmosphere, their successive interactions with ele-

ments provoke a particle cascade called an air shower. One technique consists of mea-

suring the Cherenkov radiation emitted by shower particles when then travel faster

than light in large tanks filled with water. Some of the experiments that use this water
Cherenkov technique are HAWC, LHAASO or the Pierre AUGER Observatory, although

some of them may also use other complementary detection techniques.

• Cherenkov radiation can also be emitted in the atmosphere during the particle cascade,

and can be probed by so-called imaging atmospheric Cherenkov telescopes such as HESS,

MAGIC or VERITAS.

• Satellite and balloon-borne experiments are also an option. They can collect charged

CRs directly and even be equipped with magnetic spectrometers to discriminate their

charge and figure out their energy. Such experiments are PAMELA, AMS-02 or DAMPE.

We show the energy range and operation dates of a selection of charged CRs experiments in

Figure 2.6.
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Figure 2.6: Representation of the energy range (x-axis) and operation dates (y-axis) of a
selection of charged CRs (left panel) and neutrino (right panel) experiments. Taken from
[127].

In 2008, the PAMELA experiment have reported an excess in the fraction e+/(e+ + e−)

between 10 GeV and 100 GeV [120], later confirmed by the AMS experiment in 2014 and ex-

tended up to 300 GeV [121, 122]. This of course encouraged the community to provide a DM

explanation of this excess and the most credible candidate was annihilations of leptophilic4

DM with a mass in the TeV range. However, it was difficult to satisfy both the excess in the

e+ fraction and the e+ flux at the same time with a single candidate. Moreover, as the time

passed, other ID searches involving measurements of the CMB [123, 124] and the isotropic

γ-ray background [125] have then excluded this possibility. Other explanations involving a

mismodeling of astrophysical sources seem to be the most probable ones [126].

Fortunately, exciting prospects are about to arrive, such as the launch of the GAPS balloon

in 2024 which will collect d̄ and He in an effort to search for DM.

2.3.2 Photons

Photons are probably the most investigated signals from space. Over the course of history,

starting by using only our eyes, we have developed more and more precise instruments to

have a better look at our sky. Nowadays we have a plethora of observatories that, in sum, can

cover almost the whole electromagnetic spectrum. As illustrated by Figure 2.7, observatories

use different experimental techniques, as the Earth’s atmosphere blocks some parts of the

electromagnetic spectrum. To probe these energy ranges, we use a satellite or balloon-borne

experiments. Otherwise, ground experiments are more advantageous, since they can be as

large as possible, without having the constraints of fitting in a spacecraft.

4DM has to be leptophilic to produce e± but also to avoid the production of p̄, in order to match the absence
of a p̄ excess.
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Figure 2.7: Illustration of the atmospheric opacity over the whole electromagnetic spec-
trum [128].

Radio waves

The atmosphere is transparent to a large range of radio waves, allowing ground telescopes

such as MEERKAT to probe them. Balloon-borne experiments, e.g. ARCADE-2, are also an op-

tion, especially for wavelengths above 10 m which are blocked by the atmosphere. We show

the energy range and operation dates of a selection of radio (and microwave) experiments

in the left panel of Figure 2.8.

Radio waves can originate from diverse astrophysical sources, the main ones being active

galactic nuclei, the HI gas in the ISM emitting 21-cm lines, or synchrotron radiation. The

latter is especially interesting for DM indirect searches, as DM-produced e± with energies

around one GeV can produce synchrotron radio emissions due to their interaction with the

GMFs. In particular, in 2009, the ARCADE-2 have reported an excess 5 to 6 times above

the prediction from astrophysical sources between 22 MHz and 10 GHz [129] that could be

explained by this scenario, for DM with a mass of mDM ' 10 − 25 GeV annihilating into

µ+µ−. Although this excess is now in tension with measurements from the EDGES telescope,

the upcoming SKA observatory will hopefully help us to figure out the origin of this excess.

X- and γ-rays

X- and soft γ-rays (with energies below ' 50 GeV) are blocked by our atmosphere, but

more energetic γ-rays can produce an air shower, in the same manner as charged CRs.

Therefore, the detection methods of hard γ-rays are similar to the ones for charged CRs:

water/atmospheric Cherenkov detectors, satellite and balloon-borne experiments. To de-

tect X- and soft γ-rays we exclusively use space based observatories. In the right panel of
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Figure 2.8: Representation of the energy range (x-axis) and operation dates (y-axis) of a
selection of radio, microwave (left panel), X- and γ-ray (right panel) telescopes and obser-
vatories. Taken from [127].

Figure 2.8 we show the energy range and operation dates of a selection of X- and γ-ray

telescopes.

Currently, space based observatories of X- and γ-rays work using three detection meth-

ods that are efficient at different energy ranges:

• Photoelectric effect: Energetic enough photons can eject electrons in a material inside

the detector, that in turn will get tracked and get its energy measured in a calorimeter.

This process, useful for detecting photons up to ∼ 10 MeV, is used in X-ray and soft

γ-ray observatories such as NUSTAR, XMM-NEWTON or INTEGRAL.

• Compton scattering: By measuring the recoil of an electron from an incoming photon,

and the energy of the scattered photon, we can deduce the total energy of the incident

photon and its direction. This process was used to detect ∼ 1− 30 MeV photons in the

COMPTEL observatory.

• Pair production: Incoming photons produce a e+e− pair that gets tracked in the de-

tector and their energy measured in a calorimeter. This process is used in hard γ-ray

experiments such as FERMI, that can detect photons above∼ 20 MeV and up to 500 GeV.

At the first sight, we would think that the full range of X- and harder γ-rays is equally

covered thanks to the overlapping of the detection techniques. However the sensitivity of

observatories using the photoelectric effect worsen at higher energies, and the COMPTEL

observatory, the only one using the Compton scattering technique, was built in the 1990s

and therefore was not as sensitive as current observatories. This results in the so-called
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MeV 
gap

Figure 2.9: Sensitivities of a selection of X- and γ-ray observatories, illustrating the MeV
gap. Adapted from [130].

MeV gap shown in Figure 2.9: there are no current observatories that are able to probe

photons between ∼ 100 keV and 100 MeV with a satisfying enough sensitivity. This can be

an issue when trying to probe indirect photon signals from sub-GeV DM, as we will discuss

in Chapter 3. Fortunately, proposed experiments such as E-ASTROGAM and AMEGO plan to

fill this gap in the next decade.

Three main excesses have been reported in the X- and γ-ray energy range, the first

one being the γ-ray excess around the GC we discussed thoroughly in Section 2.1.2. INTE-

GRAL has confirmed another one but at lower energies and in the form of a spectral line at

511 keV [131]. This line peaks exactly at the value of the electron mass, indicating us that

this very likely originates from annihilations of an excess of e+e− in the GC. At the moment,

a DM interpretation is possible, the first proposition being DM lighter than 3 MeV annihi-

lating in e+e− [132] which is still not excluded by other probes to this day. Another line

at 3.5 keV have been initially reported in galaxy clusters surveys from XMM-NEWTON and

CHANDRA [133, 134]. However, this line is still questioned by the community. For example,

the short-lived HITOMI telescope5 did not see the line, and recent reanalyses of the initial

galaxy clusters surveys lead to actual disappearance of the line [135]. Hopefully, the XRISM

telescope, the recently launched successor of HITOMI, might provide us with a definitive

answer.

5Launched on February 1st 2016, the mission has ended about a month later, on March 26th, due to multiple
incidents that have led to the destruction of the telescope.
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2.3.3 Neutrinos

Finally, neutrinos can be detected in large underground water or ice Cherenkov detectors.

When neutrinos interact with the material in the detector or its surroundings, secondary

particles are produced (most of the time muons) which can emit Cherenkov radiations when

they go through the material, and be detected. The energy and direction of incident neutri-

nos can then be reconstructed. We show the energy range and operation dates of a selection

of neutrino experiments in the right panel of Figure 2.6. For now, no neutrino excess com-

pared to the astrophysical background has been observed, and constraints on DM-neutrino

interactions can be set. For instance, ICECUBE has observed a 290 TeV neutrino event that

coincides with a γ-ray burst from the same direction, caused by a flaring blazar [136]. The

DM-neutrino scattering cross section can be then constrained by the fact that this neutrino

has crossed a large amount of DM: the possible DM spike around the BH at the blazar’s

centre, as well as the extragalactic and Galactic DM [137].
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Chapter 3

Constraining sub-GeV dark matter
from diffuse X-rays

THE possibility that DM consists of particles lighter than a few GeV has received sig-

nificant attention recently, in part due to the lack of convincing signals from the

paradigmatic WIMPs in current experiments [138–143]. Sub-GeV DM, as we call it

in Section 1.2.3, appears as a solid, theoretically well motivated alternative [45, 144–162].

However, detection of this particular DM candidate is more challenging than WIMPs [163].

In DM ID, recalling a discussion in Section 2.3.2, the two main obstacles that prevent us to

have high-sensitivity data in the interval where the signals from sub-GeV DM particle anni-

hilation or decay are expected are i) the solar activity, which screens DM-produced e± and

ii) the MeV gap in X- and soft γ-ray experiments. A novel technique introduced in [163]

allows to circumvent both of these problems. The idea is to focus on secondary emissions

from DM, and in particular on the ICS of DM-produced e± on Galactic ambient light, which

produces hard X-rays with typical keV energies. As a result, one can leverage on the abun-

dant data in X-ray keV observations, rather than the scarce MeV experiments, in order to

test sub-GeV DM. In [163] it was shown that the method is powerful: using data from a

large region of the inner Galaxy observed by the INTEGRAL/SPI spectrometer, the authors

were able to obtain stringent constraints on annihilating DM, i.e. on 〈σv〉, in the mDM range

between 1 MeV and 5 GeV, even with a conservative propagation setup for DM-produced e±.

This chapter follows up on that work, embarking in a systematic analysis of the available

X-rays datasets in order to assess their full constraining power on sub-GeV DM, along the

lines of the strategy described above. In addition, we consider both the case of annihilating

and decaying DM. We start by recalling the formalism and the relevant quantities necessary

for computing prompt and secondary X-ray emissions from sub-GeV DM annihilations and

decays in Section 3.1, in Section 3.2 we detail the datasets that we use and our analysis, in

Section 3.3 the main results, and in Section 3.4 we compare them to related studies.
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3.1 X-rays from annihilating and decaying sub-GeV dark matter

We start by introducing the formalism for X-ray production from DM annihilations and

decays. Since we focus on sub-GeV DM, only a few annihilation or decay channels in SM

final states are kinematically open. Among them, we consider the three following ones 1

DM (DM) −→ e+e−, (3.1)

DM (DM) −→ µ+µ−, (3.2)

DM (DM) −→ π+π−, (3.3)

whenever
√
s > mi, with i = {e, µ, π} and where

√
s = mDM (mDM/2) for annihilating

(decaying) DM. We study each channel independently although, recalling the discussion at

the beginning of Section 2.2.1, DM could annihilate or decay in a combination of final states,

in this case also including other light hadronic or mesonic resonances. A more thorough

model-dependent study can be done by computing photon energy spectra using numerical

codes that are valid for the considered DM mass range, e.g. Hazma, and applying them to our

study.

Given a fixed channel, the total flux of photons is given by the sum of prompt and sec-

ondary emissions. The prompt emission of photons consists of final state radiation (FSR)

during the DM annihilation or decay, and of radiative decays (Rad) which occur whenever

µ± or π± undergo a decay with an extra photon (µ → eνeνµγ and π → lνlγ with l = e, µ).

On the other hand, secondary emissions originate from ICS of energetic DM-produced e±

on ambient Galactic light. In Section 2.2.3 we mentioned that synchrotron radiation and

bremsstrahlung are also a source of secondary emissions. However, i) in the case of sub-GeV

DM annihilations and decays, synchrotron radiations do not land on the energy range of X-

and soft γ-rays and ii) in most of the datasets we use in the study, the GP, i.e. the region

where the ISM gas density is high and therefore bremsstrahlung is more important, was

masked and therefore we do not include them in our prediction.

3.1.1 Prompt emissions

The spectrum of FSR photons is written, in the case of DM annihilating or decaying in lep-

tons [164]
dN l+l−

FSRγ

dEγ
=

α

πβ(3− β2)
√
s

[
A(ν) ln

1 +R(ν)

1−R(ν)
− 2B(ν)R(ν)

]
, (3.4)

where α ' 1/137 is the fine-structure constant, and

A(ν) =

(
1 + β2

) (
3− β2

)
ν

− 2
(
3− β2

)
+ 2ν , (3.5)

1DM annihilations and decays into other final states such as π0π0, γγ and νν̄ can also be kinematically open,
however they do not produce X-rays.
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B(ν) =
3− β2

ν
(1− ν) + ν , (3.6)

where ν = Eγ/
√
s, β2 = 1− 4µ2 with µ = ml/(2

√
s) and R(ν) =

√
1− 4µ2/(1− ν). And for

DM annihilation and decay in π+π− we have [164]

dNπ+π−
FSRγ

dEγ
=

2α

πβ
√
s

[(
ν

β2
− 1− ν

ν

)
R(ν) +

(
1 + β2

2ν
− 1

)
ln

1 +R(ν)

1−R(ν)

]
, (3.7)

with the same definitions as above with ml → mπ.

The spectrum of photons emitted from the radiative decay of µ± in their rest frame is

written [165]

dNµ
Radγ

dEγ

∣∣∣∣∣
Eµ=mµ

=
α(1− x)

36πEγ

[
12
(
3− 2x(1− x)2

)
log

(
1− x
r

)
+ x(1− x)(46− 55x)− 102

]
,

(3.8)

where x = 2Eγ/mµ, r = (me/mµ)2 and the maximal photon energy is Emax
γ = mµ(1−r)/2 '

52.8 MeV. For muons in flight, this spectrum is boosted to the frame where the muon has

energy Eµ =
√
s. This is done by doing the following computation

dN

dE
=

1

2βγ

∫ E′+

E′−

1

p′
dN

dE′
, (3.9)

where γ = 1/
√

1− β2 = EA/mA is the Lorentz boost factor, dN/dE′ corresponds to the

spectra of photons at the rest frame of the parent particle and E′± = γ(E ± β p). EA and

mA refer respectively to the energy and mass of the parent particle A, therefore in the case

of radiative decays of DM-produced µ±, we have γ =
√
s/mµ. Finally, a multiplicity factor

of 2 needs to be applied in Equation 3.8, since a pair of muons is produced for each DM

annihilation or decay.

On the other hand, the spectrum of photons emitted from the radiative decay of π± is

written [166]
dNπ

Radγ

dEγ

∣∣∣∣
Eπ=mπ

=
α (f(x) + g(x))

24πmπ f2
π (r − 1)2 (x− 1)2 r x

, (3.10)

where x = 2Eγ/mπ, r = (m`/mπ)2, fπ = 92.2 MeV is the pion decay constant and

f(x) = (r + x− 1)
[
m2
π x

4
(
F 2
A + F 2

V

) (
r2 − rx+ r − 2(x− 1)2

)
−12
√

2 fπmπ r(x− 1)x2 (FA(r − 2x+ 1) + xFV )

−24 f2
π r(x− 1)

(
4r(x− 1) + (x− 2)2

)]
, (3.11)

g(x) = 12
√

2 fπ r(x− 1)2 log

(
r

1− x

)
[mπ x

2(FA (x− 2r)− xFV )

+
√

2 fπ(2r2 − 2rx− x2 + 2x− 2)] ,
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where FA = 0.0119 and FV
(
q2
)

= FV (0)
(
1 + aq2

)
(with FV (0) = 0.0254, a = 0.10, q2 =

(1− x)) are respectively the axial and vectorial form factors [41, 99].

When π± decays into µ±, the radiative decay of the latter is again a source of low-

energy photons. The total radiative π± spectrum in their rest frame can be expressed by the

following sum

dNπ
RadTotγ

dEγ

∣∣∣∣
Eπ=mπ

=
∑
`=e,µ

BR (π → `ν`)
dNπ

Radγ

dEγ

∣∣∣∣
Eπ=mπ

+ BR(π → µνµ)
dNµ

Radγ

dEγ

∣∣∣∣∣
Eµ=E?

,

(3.12)

where E? = (m2
π + m2

µ)/(2mπ) is the muon energy in the pion rest frame. For pions in

flight, the spectrum above is boosted to the frame where Eπ =
√
s using Equation 3.9 with

γ =
√
s/mπ. A multiplicity factor of 2 is again applied, since each DM annihilation or decay

produces a pair of charged pions.

The differential flux of the prompt emissions dΦpromptγ/dEγdΩ is then computed using

Equation 2.15, by integrating the emissions along the l.o.s. in a given direction θ defined in

Figure 2.5.

3.1.2 Secondary emissions

To compute the differential flux of secondary emissions from ICS, we use the procedure de-

scribed in Section 2.2.3. In particular, i) we compute the injection spectrum of DM-produced

e± to insert it in the source term of Equation 2.8, described in Equation 2.9, ii) we solve

Equation 2.8 for the density of DM-produced e± in a specific propagation setup, iii) we

evaluate the ambient photon density from the CMB, SL and IR components, iv) we insert

everything in Equations 2.22, 2.21 and 2.20.

For the first step, we need to compute the e± spectrum for each DM annihilation or decay

channel. For e+e− final states, the spectrum is simply a monochromatic line (dNe/dEe =

δ(Ee−
√
s)). For µ+µ−, their decay into e± follows the Michel spectrum [167], expressed in

the rest frame of the muon as follows

dNµ→eνν̄
e

dEe
=

4
√
ξ2 − 4%2

mµ

[
ξ(3− 2ξ) + %2(3ξ − 4)

]
, (3.13)

where % = me/mµ, ξ = 2Ee/mµ. For DM annihilating or decaying into µ+µ−, this spectrum

has to be boosted to the DM rest frame using Equation 3.9. And for π+π−, we need to

boost the Michel spectrum twice in order to follow the decay chain π → µ → e. Here

we consider that the direct decay of pions into eνe has a negligible branching ratio (BR =

1.23× 10−4) compared to the one into µνµ (BR = 0.999877) and therefore is not included in

the prediction. For the DM density profile, we choose the NFW one, defined in Equation 2.1,

as our fiducial case, although in Section 3.3 we discuss the impact on our results of choosing

different DM profiles.
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For the second step, we decide to adopt a minimalistic propagation model, where only the

energy losses are relevant. This is partially justified by the SLIM propagation model [111],

which nullifies convection and momentum space diffusion and still can provide good fits

to CR data. Only spatial diffusion and energy losses remain, and we here decide to ne-

glect the first over the second, to be as conservative as possible. However, we still con-

sider that DM-produced e± are confined in the Galaxy by the GMFs within the boundary

(Rmax, L) = (20, 4) kpc. This prescription is applied when integrating the ICS emissivity

along the l.o.s. as in Equation 2.20, in order to obtain the differential flux. The maximal

value of the l.o.s. coordinate s in this setup is computed in Appendix A. In Chapter 4, we

discuss the impact of setting a realistic propagation setup on the results derived in this chap-

ter. With the minimalistic propagation setup we adopt in this chapter, Equation 2.8 can be

solved analytically and give

fe(Ee, ~x) =
1

btot(Ee, ~x)

∫ √s
Ee

dE′e Qe(E
′
e, ~x) , (3.14)

where btot(E, ~x) ≡ −Ė = bCoul+ion + bbrem + bsyn + bICS is the previously defined energy loss

function, which takes into account all the energy loss processes that the e± suffer in the local

Galactic environment in which they are injected. Its expression is detailed in Appendix B.

For the third step, the IR and SL components of the ambient photon bath are com-

puted using maps extracted from GALPROP [114], in turn based on observations from the

COBE/DIRBE telescope. The CMB component is computed analytically by assuming it to be

an isotropic black body spectrum with a temperature T = 2.73 K

nCMB(E0
γ) =

E0
γ

2

π2~3c3

1

eE
0
γ/kT − 1

. (3.15)

Figure 3.1 shows the spectrum of the number density per unit energy of all three components

of the ambient photon bath at two positions in the MW.

Now we have all of the ingredients we need to make some flux predictions. The full

photon flux from sub-GeV DM annihilation and decays is then obtained by integrating the

sum of the computed prompt and secondary differential flux of photons over ROIs, following

Equation 2.19. Figure 3.2 illustrates a few examples of the total flux, compared to the

datasets that we considered in our analysis. Such datasets are discussed in the following

section.

3.2 Datasets and analysis

In this study, we focus on the X-ray emission of the MW and exploit the datasets listed

below. The locations of the respective ROIs on the Galactic sky are depicted for illustration
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Figure 3.1: Spectra of the photon number density per unit energy of ambient photons above
the GC (left panel) and in the GP (right panel), and separating the different components: SL
(green), IR (red) and CMB (blue).

in Figure 3.3.

• INTEGRAL. The data are reported in [168], which follows previous work in [169, 170].

These datasets were previously used in [163]. The data were collected by the SPI X-ray

spectrometer onboard the INTEGRAL satellite, in the period 2003−2009, corresponding

to a significant total exposure of about 100 Ms, and cover a range in energy between

20 keV and a few MeV. They are provided either in the form of a spectrum of the total

diffuse flux in a rectangular region of observation centered around the GC (|b| < 15◦,

|`| < 30◦, Figures 6 and 7 in [168]) or in the form of an angular flux in latitude and

longitude bins, in 5 energy bands (27−49 keV, 49−90 keV, 100−200 keV, 200−600 keV

and 600−1800 keV) (Figures 4 and 5 in [168]). As in [163], we use the angular flux in

latitude bins only, from which we cut out the GP. The longitude window is |`| < 23.1◦

for the first four energy bands and |`| < 60◦ for the fifth one.

• NUSTAR blank-sky fields. These data are presented in [171], which aims at measuring

the cosmic X-ray background in the 3 − 20 keV energy band. The data are collected

from the NUSTAR extragalactic survey program, which includes a number of fields with

different sky coverage and exposure times, among which there are the COSMOS, EGS,

ECDFS, UDS that we use. These are the same fields used in [172], although in another

context (namely, to probe sterile neutrino DM). The actual areas of observation have a

complex shape: they consist of two partly overlapping ‘Pac-ManTM-like’ regions located

around the nominal pointing center of the field, with uneven coverage (see e.g., Figure

4 in [173]). We choose to approximate each of them as a square annulus of inner

size 1.5◦ and outer size 3.5◦. This approximation is justified by the fact that the DM

emissivity in those relatively small regions varies little, thus we can adopt a simpler

geometrical area. The nominal exposure is of about 7 Ms.
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Figure 3.2: Illustration of some fluxes of hard X-rays from DM annihilation or decay, com-
pared to the different datasets adopted in our analysis. In each panel we indicate the DM
specifications (annihilation or decay channel, mass, annihilation cross section or decay rate,
NFW profile) and the characteristics of the considered region of observation.
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Figure 3.3: Chart of the Galaxy in Galactic coordinates (b, `) with the location of the datasets
we use. The three regions of observation relevant for the INTEGRAL datasets are represented
in orange and red. The four NUSTAR blank-sky fields (COSMOS, EGS, ECDFS and UDS)
are in blue, the NUSTAR GC and off-plane (OP1 & OP2) are in purple and dark brown,
respectively. XMM-NEWTON rings are drawn in shades of grey and the eleven SUZAKU fields
in green. All of the fields are to scale.

• NUSTAR GC region. The data are provided in [174, 175] and are the same than the

ones used in [173] in another context (namely, to probe sterile neutrino DM). The

shape of the areas of observation is the same as in the previous item: we just model it

here as an annulus of inner radius 1.5◦ and outer radius 3.5◦. We use the data provided

in Figure 5 of [173], restricting at Eγ ≤ 20 keV because the instrumental background

becomes dominant for higher energies2. Since this emission originated from regions

close to the GC, it is subject to attenuation upon the dense ISM. However, using a HI

column density of 1022 cm−2 [176] and the cross sections tabulated in [177], we find

that such attenuation is at most ∼ 10% at Eγ = 3 keV and quickly diminishes at higher

energies, hence it is negligible for our purposes.

• NUSTAR off-plane faint-sky observations. The data are presented and used in [178].

They correspond to the observation of two annuli, with shapes equivalent to those

described for the previous datasets (which we model as in the ‘blank-sky’ case), located

about 10◦ above and below the GP. The total exposure time amounts to about 100 ks.

The emission in these regions is understood to be essentially cosmic X-ray background

only, since the Galactic component is estimated to be negligible. In particular, the

Galactic ridge emission (GRXE)3 is expected to be small, since it falls off rapidly with
2We should note, however, that these spectra (even for Eγ < 20 keV) include a small contribution from

internal detector background, which we do not model nor subtract. This implies that our bounds are derived
from a nominal flux which is slightly larger that the true astrophysical emission: thus, the derived DM limits are
conservative compared to the approach where the full background is modeled.

3The GRXE mostly comes from accreting compact objects, mainly white dwarfs. More specifically, it is believed
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increasing latitude, due to the lower stellar density. Hence, we use the same data as the

NUSTAR Blank-Sky fields, but with error bars scaled up by a factor
√

7 Ms/100 ks = 8.4

to account for the shorter exposure time. We stress that, given the weak constraining

power that NUSTAR turns out to provide (as we will discuss in the following section),

these approximations are sufficient for our purposes. As a side remark, note that the

NUSTAR data we use were collected by the FMPA and FMPB detectors on board of the

satellite. Because the photon spectra measured by the two detectors are similar, the

computed constraints have only a negligible difference, thus we only show the results

using the FMPA detector.

• XMM-NEWTON whole-sky observations. The data are used in [179, 180] to search for

decaying sterile neutrino DM. In particular, the data are provided in a very convenient

form [181], which we use extensively. They correspond to the observation of the whole

sky with the two cameras (called MOS and PN) onboard the XMM-NEWTON satellite,

over an extensive period of about 18 years, from the launch of the telescope (in late

1999) to September 2018. After the removal of point sources, the data are combined

into 30 concentric rings of width 6◦ as measured in angular distance from the GC. A

slice of |b| ≤ 2◦ is removed, i.e. the GP is masked. The energy range initially covers

2 eV to 20 keV, however we restrict it as prescribed in [180] to avoid the dominant

instrumental background. The final energy range is therefore 2.5 to 8 keV for MOS and

2.5 to 7 keV for PN. Response matrices for both instruments are also provided.

• SUZAKU high-latitude fields. The data are provided in [182], which focuses on measur-

ing the soft diffuse X-ray emission from several small fields located at large Galactic

longitudes (65◦ < ` < 295◦) and observed for a period of a few days each between

2006 and 2008, using the backside illuminated CCD (BI CCD) of the XIS spectrom-

eter on board of the SUZAKU satellite. We use the data4 from the 11 fields denoted

as: GB, HL-B, LH-1, Off-FIL, On-FIL, HL-A, M12off, LX-3, NEP, LL21 and LL10. We

refer to Table 1 of [182] for the details of the regions (coordinates, exposures and the

original references). We do not consider the R1 and R2 fields, which include bright

point sources. From the data, the point sources and the X-ray emission induced by the

solar wind proton flux have been carefully removed by the SUZAKU collaboration. The

energy range is 0.4 − 5 keV for all fields, and the typical exposures vary between 16

and 60 ks. The effective area of the experiment in the range of interest roughly equals

100 to 300 cm2. However, we use the detailed published determination (see below).

In order to derive the constraints, we first compute the total photon flux from DM anni-

to be produced in the accretion streams of magnetic cataclysmic variable stars, plus a 6.4 keV Fe I line. The
interested reader can find more information in [171, 178].

4The data are shown in Figures 2 and 5 of [182] and we obtained in digital form from M. Kazuhisa, private
communication. The NEP field combines the data from NEP1 and NEP2. We could not obtain the data for the
LH-2 field, which we therefore neglect.
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hilation or decay, for each channel considered in Equations 3.1, 3.2 and 3.3 and ROI. For the

INTEGRAL/SPI dataset, we compute the photon flux for each latitude bin and energy band.

For the remaining datasets we compute the photon flux for each energy bin. Then we correct

some of the predicted flux in order to take into account instrumental features:

• For each ring of the XMM-NEWTON dataset, we convolve the photon energy spectrum

with the instrumental response function as prescribed in [183]. Given a specific ring,

where (dΦγ/dEγ)j = (dNγ/dEγ dAdt)j is our predicted DM spectrum in the input en-

ergy bin j, the discrete convolution with the instrument response is (dNγ/dEγ dt)i =∑
j Rij (dNγ/dEγ dAdt)j in the output energy bin i, where Rij is the instrument re-

sponse matrix.5 The matrices are different for each ring and take into account the

effective area of the instrument (in units of cm2).

• For the SUZAKU dataset, we multiply the calculated photon energy spectrum by the XIS

effective area function as provided on the NASA archives [184]. We use the function

for the BI CCD.

We infer the constraints for each dataset separately via the test statistic

χ2
> =

∑
i

(
max[Φγ,i(p,mDM)− φi, 0]

σi

)2

, (3.16)

where p = 〈σv〉 or Γ, Φγ,i is the predicted photon flux from DM annihilation or decay6 at the

energy (or latitude for INTEGRAL) bin i, φi is the observed flux and σi its uncertainty. We then

impose a 2σ bound on the parameter p (for each value of mDM) whenever we obtain χ2
> = 4.

This procedure means, in particular, that we directly compare the DM prediction with the

data, without including any X-ray astrophysical background. Including an astrophysical

background would in most cases reduce the room for the DM flux and therefore strengthen

the constraints. Our procedure thus allows us to derive conservative bounds. In the next

section, we discuss the obtained constraints.

3.3 Results and discussion

We start by presenting, in Figure 3.4 for the annihilation case and in Figure 3.5 for the decay

case, the conservative constraints obtained from each experiment for each portion of the

dataset (either observation subfield or energy band). In each case the bounds are derived

using the criterion in Equation 3.16. We focus here for definiteness on the DM (DM)→ e+e−

channel.
5Here by ‘input’ and ‘output’, we mean the predicted flux before and after the convolution with the instru-

mental response matrix, respectively.
6For XMM-NEWTON and SUZAKU the flux is actually replaced by the rate of photons per second per keV, the

quantity provided by the experiment. For all the other experiments, we use the proper flux.
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Figure 3.4: Conservative constraints on annihilating DM from the different portions of the
datasets that we consider. Top left panel: constraints from the different energy bands of the
INTEGRAL dataset (different colours). Top right panel: constraints from the three different
regions of observation that we use in the NUSTAR dataset. Bottom left panel: constraints
from the eleven different fields of the SUZAKU dataset (distinguished by the different colours
as in the legend). Bottom right panel: constraints from the thirty rings of the XMM-NEWTON

data (distinguished by the different colours as in the legend), for the MOS camera for defi-
niteness.

In the top left panel we show the INTEGRAL bounds imposed by each energy band sep-

arately (for the annihilation case, this figure reproduces the analogous one in [163]). The

characteristic shape of the curves is motivated as follows: in the region of large DM masses

a strong bound occurs because the ICS flux is constrained by the data points, as shown in

the lower left panel of Figure 3.2; the prompt emission is instead responsible for the bound

on small DM masses. In the intermediate mass range the bound is weaker because the data

fall in the trough of the characteristic ‘double hump’ shape of the prompt+ICS spectra. Note

that the kink between large and small masses moves to larger DM masses for the higher

energy bands and to lower masses for the lower energy bins. This is due to the fact that the

DM spectrum shifts to the left with decreasing mDM. Overall, given the configuration of the

data points and the DM spectra, we find that the low-energy bands are more constraining

for large masses while high-energy bins are more constraining for small masses.

In the top right panel we show the bounds imposed by each NUSTAR dataset separately.
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Figure 3.5: Same as in Figure 3.4 but for decaying DM.

The shape of the constraints is analogous to that of INTEGRAL, with the kink occurring at

smaller masses (mDM ' 10 MeV) since the NUSTAR data cover lower energies. The limits

from the GC region and the off-plane fields are more constraining, while those from the

blank-sky fields are weaker. In absolute terms, the NUSTAR results are weaker with respect

to the INTEGRAL ones for the following reasons. For the NUSTAR blank-sky case, the fields

are at very high latitudes, where the Galactic DM emission is small. For the NUSTAR GC

case, the main component of the measured flux is understood to be the GRXE [178], and

the DM flux has to compete with this sizeable foreground: for decaying DM, the DM flux is

overwhelmed by the GRXE; for annihilating DM, the DM flux is boosted by the square of the

large DM density in the central regions and hence better bounds occur. The off-plane case

offers competitive limits overall because, as discussed above, the regions of observation are

located enough far away from the plane that the GRXE has decreased and hence the DM

contribution can emerge.

In the bottom left panel we show the bounds imposed by each one of the 11 SUZAKU

fields. Now the kink occurs at mDM . 10 MeV because the SUZAKU data are even lower

in energy compared to NUSTAR and INTEGRAL. The fields (green in Figure 3.3) are all

positioned at high latitudes and large longitudes and offer comparable bounds, with LL10

and LL21 slightly more stringent than the other ones.
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Figure 3.6: Summary of our conservative constraints on annihilating DM from each exper-
iment and for all channels. The left panel refers to the e+e− annihilation channel (green
lines), while the right plot to the π+π− (magenta) and µ+µ− (blue) channels. From top
(least constraining) to bottom (most constraining), the experiments are roughly ordered as
SUZAKU, NUSTAR, INTEGRAL and XMM-NEWTON.
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Figure 3.7: Summary of our conservative constraints on decaying DM from each experiment
and for all channels. The ordering, now inverted as bottom (least constraining) to top (most
constraining), is very similar to Figure 3.6.

Finally, in the bottom right panel we show the bounds imposed by XMM-NEWTON data

considering each ring separately. We show for definiteness the data from the MOS camera

(those from the PN camera turn out to be very similar but slightly less stringent). Each

line/colour in the plot corresponds to one 6◦ degree ring as depicted in Figure 3.3. Not

surprisingly, the inner rings (warmer colours in the figure) are more constraining because the

DM density is higher in the inner Galaxy. However, due to the astrophysical foreground, the

innermost ring does not provide the tightest constraints. The third ring from the GC (12◦ −
18◦), and for some small mass intervals to the adjacent ones, provide the most constraining

limits. Note that the spread of the limits is wider for annihilating DM compared to decaying

DM, as expected because of the different dependence of the source with the DM density (ρ2
DM

versus ρDM, respectively).
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Figure 3.8: Final combined results for annihilating DM from this work (XMM-NEWTON),
compared with existing bounds. We report the bounds from Essig et al. [185], obtained using
a compilation of X-ray and soft γ-ray data (dot-dashed green line marked ‘diffuse γ-rays’);
the bounds from Boudaud et al. [186] derived using data from VOYAGER 1 (dashed green
and blue lines, corresponding to the e+e− and µ+µ− annihilation channels, respectively);
the CMB bounds from Slatyer [123] and Lopez-Honorez et al. [187] (dotted green and blue
lines, for the e+e− and µ+µ− channels); the bounds from gas heating in Leo T, obtained by
Wadekar and Wang [188] (also dotted, since the physics mechanism of energy injection is
similar to the CMB one).

In Figures 3.6 and 3.7 we show the combined bounds for each experiment. This means

that we apply the statistical criterion in Equation 3.16 to the whole dataset of each experi-

ment: the INTEGRAL bounds are obtained using all the data of the 5 energy bands and the

NUSTAR, SUZAKU and XMM-NEWTON ones using all the regions of observation. The left pan-

els refer to the DM (DM) → e+e− channel while the right panels to the DM (DM) → µ+µ−

and DM (DM) → π+π− channels. Along the entire mass range, the XMM-NEWTON bounds

are the most stringent ones.

Figures 3.8 and 3.9 represent our final results: we show only the most stringent con-

straints that we obtain (from XMM-NEWTON), for the three annihilation or decay chan-

nels. For the case of DM annihilating into e+e−, XMM-NEWTON imposes the bound 〈σv〉 .
10−28 cm3/s, over the wide range mDM ' 20 MeV − 1 GeV. The bound loosens to 〈σv〉 .
10−27 cm3/s in the range mDM ' 1 − 20 MeV, the region where the dominant contribution

of the ICS component is too low in energy to be constrained by the data. DM annihilating

into µ+µ− or π+π− is constrained to 〈σv〉 . 10−27 cm3/s in the relevant mass interval. For

the case of DM decaying into e+e−, XMM-NEWTON imposes the bound on the decay half-life
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Figure 3.9: Final combined results for decaying DM from this work (XMM-NEWTON), com-
pared with existing bounds. The constraints and the references are the same as in Figure 3.8,
except that the CMB ones are derived in Liu et al. [189]. In addition, we plot the subdomi-
nant constraints of Calore et al. [190].

τ ≡ 1/Γ & 1027 s, over the range mDM ' 50 MeV − 1 GeV. The limit approaches τ ∼ 1028 s

for mDM ∼ few GeV.

In Figure 3.10 we show the impact of astrophysical uncertainties on the XMM-NEWTON

constraints on DM annihilating in e+e−, by following the same strategy as in [163]. We

vary the DM profile, the gas density in the Galaxy (which affects the energy loss of DM-

produced e± through ICS), the radiation field density (impacting the energy losses through

ICS but also the ICS radiative power directly) and the GMF (affecting energy loss through

synchrotron radiation). More precisely: we adopt a Burkert profile (Equation 2.5) and a

cNFW one (Equation 2.2 with γ = 1.26), we vary the normalisation of the gas and radiation

field density by a factor of 2 above and below their central values, and we adopt the different

configurations of the GMF discussed in [87] (MF1, MF2 and MF3). We then compute the

upper and lower envelopes of the X-ray fluxes from these combined variations, and we

derive the corresponding bounds, resulting in the uncertainty bands of Figure 3.11. Note

that the constraints can (generously) vary within two orders of magnitude.

For annihilating DM, the dominant uncertainty comes from the choice of the DM density

profile, due to the most constraining ROI pointing near the GC. We recall Figure 2.2 which

shows the large difference in the DM energy density between profiles when approaching the

GC. For decaying DM, this uncertainty decreases since the DM density has a single power

contribution (compared to squared for annihilating DM), and therefore is comparable to the
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Figure 3.10: Illustration of the impact of astrophysical uncertainties on the limits on DM
annihilating in e+e−. The illustrated sources of uncertainties are the choice of the DM profile
(top left), the normalisation of the gas density (top right), the normalisation of the SL and
IR components of the ambient photon density (bottom left), and the GMF configuration
(bottom right).
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Figure 3.11: Illustration of the impact of total astrophysical uncertainties on DM annihilation
(left panel) and decay (right panel) constraints.
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uncertainties due to variations of the normalisation of gas and SL+IR photon densities. The

choice of the GMF configuration does not impact much the results, since it only affects the

energy loss of DM-produced e± through synchrotron radiation, which are subdominant in

our scenario.

3.4 Comparison with related work

Using a compilation of X-ray and soft γ-ray data from HEAO-1, INTEGRAL, COMPTEL, EGRET

and FERMI, Essig et al. [185] have derived bounds on the e+e− channel, shown as a dot-

dashed line in Figure 3.8. This work does not include the ICS emission: indeed it leads to

bounds that are comparable to ours in the small range where ICS is not relevant (mDM .

10 MeV) and are instead much weaker than ours at any larger mass where the ICS is the

leading contribution to our limits. Using low-energy measurements by VOYAGER 1 of the

e± CR flux outside of the heliosphere, Boudaud et al. [186] have derived constraints on

the e+e− and µ+µ− channel, shown as dashed lines in Figure 3.8. We report the bounds

of their propagation model B, characterised by weak reacceleration. Their constraints are

stronger than ours only in a small mass interval around 10 MeV, for the e+e− case. They

are always weaker for the µ+µ− case. Using the impact on the CMB anisotropies of the

e+e− injection by DM annihilation events, Slatyer [123] and Lopez-Honorez et al. [187]

derived the constraints represented by the dotted lines in Figure 3.8. Our XMM-NEWTON

bounds reach deeper than these CMB constraints, in the portion of large mass where the ICS

effect is important (mDM & 180 MeV and mDM & 400 MeV, respectively for the e+e− and

µ+µ−, π+π− channels). The CMB constraints are still more stringent elsewhere. However,

as discussed in [163], the CMB constraints hold under the assumption that DM annihilations

are s-wave. If the DM annihilation is p-wave, i.e. 〈σv〉 ∝ v2, they weaken considerably. Our

constraints are instead essentially insensitive to these difference [163], which implies that,

for the p-wave scenario, our limits represent the most stringent bounds for mDM & 15 MeV.

Finally, Wadekar and Wang [188] derived bounds from the requirement that DM DM →
e+e− annihilations do not overheat the gas in the Leo T dSph. This constraint is represented

by a dotted line in Figure 3.8 and it is more stringent than ours for mDM . 20 MeV. However,

this bound would relax significantly if DM annihilations were p-wave (see [188] for details),

similarly to the CMB constraints.

For the case of decaying DM, the existing constraints in the literature are shown in Fig-

ure 3.9. The diffuse γ-ray constraints of Essig et al. [185] are shown as a dot-dashed line,

while the CMB and the Leo T dSph gas heating constraints of [189] and [188] respectively

are shown as a dotted curve. The VOYAGER 1 constraints [186] are dashed. Recently Calore

et al. [190] have considered the DM→ e+e− channel (as well as the direct decaying channel

DM → γγ, which is not of interest for us) and has used INTEGRAL/SPI diffuse data, their

bounds are displayed as a thin dot-dashed line. The constraints derived in this work (thick
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lines) are the most stringent limits for decaying DM for mDM & 50 MeV. For large masses,

we improve upon the existing bounds by up to three orders of magnitude. Besides the µ+µ−

VOYAGER 1 ones, we are not aware of other existing constraints for the µ+µ− and π+π−

channels in this mass interval.

3.5 Summary

In this chapter we have focused on light, sub-GeV DM ID, following up on the exploratory

analysis performed in [163]. DM in this mass range (1 MeV to ∼ 5 GeV) is notoriously diffi-

cult to probe with indirect searches, given the scarcity of 100 keV − 100 MeV range experi-

ments which could probe its soft γ-ray prompt emission. We have therefore concentrated on

its secondary emission, which produces X-rays via ICS of DM-produced e± over the Galactic

ambient light. We have used data from the NUSTAR, SUZAKU, INTEGRAL and XMM-NEWTON

satellites, in a number of different fields of observation in the Galaxy (see Figure 3.3). We

have compared these measurements to the predicted flux from annihilating or decaying DM,

considering the three relevant channels DM (DM)→ e+e−, µ+µ− and π+π−.

We find that the constraints imposed by the XMM-NEWTON whole-sky survey greatly

improve upon the existing limits. For decaying DM, they are the most stringent to date,

for mDM & 50 MeV, improving upon the existing bounds up to three orders of magnitude

(see Figure 3.9). For annihilating DM, our limits are the most constraining to date for

mDM & 180 MeV; for smaller masses, they are competitive with diffuse γ-ray constraints

and e± constraints from VOYAGER 1, but the CMB s-wave bounds are still more stringent

(see Figure 3.8). The sizeable astrophysical uncertainties related to the Galactic DM distri-

bution and the Galactic environment can affect these results and make them tighter or looser

by up to one order of magnitude in each direction (see Figures 3.10 and 3.11).

We remind the reader that the limits shown in this chapter were derived upon very con-

servative assumption on the propagation of DM-produced e± in the Galactic environment.

In the next chapter, we investigate the impact on these results when adopting a realistic

propagation setup, motivated by recent fits to fluxes and flux ratios of different CR species

measured by AMS-02 [191, 192].
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Chapter 4

Improving the results with a realistic
propagation setup

AS we saw in the previous chapter, annihilating or decaying sub-GeV DM can inject

low-energy e±, which can leave imprints in the diffuse e± flux that we detect at Earth,

as well as the X- and soft γ-ray Galactic diffuse emission due to ICS on ambient

photons. For instance, in recent years the VOYAGER 1 probe has measured the local flux of e±

outside of the heliosphere [193] at energies below tens of MeV. These measurements have

the key advantage that they are not significantly affected by solar screening [194], which

greatly reduces the flux of low-energy charged CRs at Earth. Additionally, we consider the

production of secondary X-rays, in particular due to ICS of DM-produced e± on Galactic

ambient radiation. The main goal of this chapter is to perform a more realistic computation

of the DM-induced X- and γ-ray signals by considering the full-fledged propagation of DM-

produced e± in the MW, in particular including momentum space diffusion (reacceleration).

In turn, we reevaluate the constraints from XMM-NEWTON derived in Chapter 3 and assess

the impact of e± reacceleration on the constraints. In the same manner, we also update the

limits obtained in [195] using VOYAGER 1 e± data. For this study we use a fully numerical

approach that does not need approximations and utilises current state-of-the-art propagation

setups. In Section 4.1 we outline the propagation methodology and the computation of the

DM-produced e± flux as well as secondary photon emissions. In Section 4.2 we discuss about

the derivation of our limits on annihilating and decaying DM, and the impact of different

uncertainty sources on the results. Finally, in Section 4.3 we compare these results with

other relevant constraints on sub-GeV DM.
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4.1 Electron-positron propagation and secondary radiations

Once again we analyse each DM annihilation and decay channel (DM (DM)→ e+e−, µ+µ−

and π+π−) separately even though, in principle, DM could annihilate or decay to a mix of

modes in specific models. In the case of the X-ray signals generated by the e± injected by

DM, we consider that the total photon flux is composed of prompt emissions (FSR and Rad)

and the secondary emissions from ICS. The first is straightforward and computed in the same

manner as in Section 3.1.1. For the second, we follow the same idea as in Section 3.1.2, but

we adopt instead a realistic propagation setup which we detail in the next section.

4.1.1 Propagation equation and parameters

As a first step, in order to compute the distribution and energy spectrum of DM-produced

e±, we use a customised version of the DRAGON2 code [106, 116], which is publicly available

at [196]. DRAGON2 itself is a dedicated CR propagation code designed to self-consistently

solve the diffusion-convection-loss equation described by Equation 2.8, in order to obtain

the density of CR species i per momentum unit fi(p, ~x). Its source term, described by Equa-

tion 2.9, remains the same as in Chapter 3 since the injection of DM-produced e± comes

from the same annihilation or decay channels.

In the DRAGON2 code, we use a spatial grid with a resolution of 150 pc and a e± energy

grid ranging from 50 keV to 10 GeV, with a 5% resolution. We have tested that our results do

not change appreciably for lower energy or spatial resolution. All relevant sources of energy

losses (ionisation, Coulomb interactions, bremsstrahlung, ICS and synchrotron losses) are

included and solved numerically without using approximations. We use the Galactic gas

distribution model implemented by the GALPROP group [197, 198]1, with a gas composition

assumed to be a mixture of 90% hydrogen and 10% helium. Then, we parametrise the

energy dependence of the diffusion coefficient D as a broken power-law with a break at

rigidity Rb = 312 GV [200]

D(R) = D0β
η (R/R0)δ[

1 + (R/Rb)
∆δ/s

]s , (4.1)

and assume for simplicity that this coefficient is uniform everywhere in the Galaxy. We also

incorporate e± reacceleration by Alfvénic turbulences in the Galaxy, which is parametrised

in our evaluations by the Alfvén speed vA and is directly linked to the momentum diffusion

coefficient Dpp in Equation 2.13. We emphasise that the diffusive motion of CRs grants an

unavoidable level of reacceleration on the particles, that can be thought as the exchange

of energy of charged particles with plasma waves. Both [1, 186] were the first sub-GeV

1A recent update on the gas model was published in [199], which should not differ very significantly from
the one used in previous versions.
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Halo height L 8.00+2.35
−1.96 kpc

Norm. of diffusion coeff. D0 1.02+0.12
−0.10 × 1029 cm2s−1

Norm. rigidity R0 4 GV
Diffusion spectral index δ 0.49± 0.01

Velocity index η −0.75+0.06
−0.07

Alfvén velocity vA 13.40+0.96
−1.02 km/s

Convection velocity vc 0 km/s
Break rigidity Rb 312± 31 GV
Index break ∆δ 0.20± 0.03

Smoothing param. s 0.04± 0.0015

Table 4.1: Main propagation parameters used in our analysis with the uncertainties related
to their determination. Uncertainties in the parameters Rb, ∆δ and s come from [200].

DM constraints from XMM-NEWTON and VOYAGER 1 data respectively, however they did not

study how these signals are affected by reacceleration in detail. However, as we show in

Section 4.1.2, this may cause dramatic changes in the sub-GeV e± signals that we study

here.

The propagation parameters used are given in Table 4.1, which have been obtained from

a combined fit to AMS-02 data [121, 201] for B, Be and Li ratios to C and O, using the

analysis reported in [202, 203]. While the parameters Rb, ∆δ and s are only important for

the regime above 312 GeV, we fit the parameters D0, η, δ, L and vA in this analysis, leaving

R0 fixed to 4 GV, since it is just the rigidity where the diffusion coefficient is normalised.

We discuss the impact on the results of the uncertainties involved in the diffusion model

employed in Section 4.2.

Current CR analyses used to characterise the propagation processes are mostly restricted

to the availability of data on secondary CRs (mainly B, Be and Li), for which the AMS-02

collaboration [201] has measured data only from a few hundred MeV. This implies that our

knowledge on the transport of charged CRs in the Galaxy below hundreds of MeV is still

very limited and there is no robust estimation of the diffusion coefficient below ' 100 MeV

since different assumptions of the diffusion setup are able to reproduce the current local

data with relative accuracy [204, 205]. In fact, the recent data from AMS-02 on B, Be and

Li has revealed a statistically significant change on the energy dependence of the diffusion

coefficient at sub-GeV energies [202, 204] which could be explained by the damping of

Alfvénic waves [206–208], and different regimes of turbulence can also appear at lower

energies. Here, we include the change on the trend of diffusion at sub-GeV energies, which

can result in sizeable differences on the flux of e± produced by sub-GeV DM. In particular,

we employ a diffusion coefficient that includes a factor β−0.75 that implies a rise in diffusion

at sub-GeV energies, see Equation 4.1 and Table 4.1.
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Figure 4.1: Comparison of the predicted e± fluxes at Earth from DM annihilation to µ+µ−

for mDM = mµ = 105.7 MeV (left panel) and mDM = 1 GeV (right panel) showing the impact
of spatial diffusion and reacceleration. The solid lines describe the scenario including e±

diffusion and reacceleration, the dashed lines the predicted signal with no reacceleration
included and the dotted line represents the case where no propagation of e± is considered
(only energy losses).

4.1.2 Electron-positron flux prediction

To emphasise the importance of including all the relevant effects associated with the prop-

agation of e± in our results, we show in Figure 4.1 the local flux of DM-produced e±

from DM annihilating to µ+µ− with a thermally averaged annihilation cross section of

〈σv〉 = 2.3 × 10−26 cm3 s−1, and for different propagation setups. In the left panel, we

fix mDM to mµ = 105.7 MeV (to produce muons at rest) while in the right panel we fix it

to 1 GeV. Here we are comparing a setup (labelled ‘no diffusion’) where we switch off any

particle diffusion effects, only including the energy losses of DM-produced e± in the ISM.

Then, we consider a more realistic situation where we enable the diffusion of particles, with

the parameters in Table 4.1, except without reacceleration (vA = 0). Finally, we show the re-

sults for the full propagation setup. We see in the left panel of Figure 4.1 that reacceleration

promotes low-energy e± to energies well above the input energy from the DM annihilation
√
s = 2mDM. This causes huge changes in the predicted signal. The right panel of Figure 4.1

shows that, when
√
s is higher and so is the initial energy of DM-produced e±, there is no sig-

nificant broadening of the spectrum due to reacceleration since much more energy is needed

to promote particles above the GeV scale.

Given the importance of reacceleration in the constraints on low-mass DM particles, we

show, in Figure 4.2, the local e± spectrum produced by annihilating DM into e+e−, for DM

masses from 1 MeV (top left panel) to 1 GeV (bottom right panel) and different values of the

Alfvén velocity, ranging from vA = 0 km/s to vA = 40 km/s. In each case, the predicted best-

fit value of vA is indicated as a black line, and constitutes our fiducial prediction. We do not

consider values greater than vA = 40 km/s, following the conclusions of recent detailed CR

analyses [202, 204] and because a larger value of vA would imply that the CR acquire more
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Figure 4.2: Comparison of the predicted e± flux from DM annihilating into e+e− with VOY-
AGER 1 data. We consider different values of mDM: 1 MeV (top left panel), 10 MeV (top right
panel) and 100 MeV (bottom left) and 1 GeV (bottom right panel). We show the VOYAGER

1 data points in blue and the predicted DM-produced e± flux for various reacceleration sce-
narios: va = 0 (blue), 13 (black), 20 (green), 30 (red) and 40 (cyan) km/s.

energy via interactions with interstellar turbulence than from their injection in supernova

remnants [206]. For DM masses below the energy range of VOYAGER 1 data [193], even a

low level of reacceleration (vA & 5 km/s) is enough to move the peak of the DM-produced

e± flux beyond the energy range probed by VOYAGER 1, thus strengthening DM constraints.

4.1.3 Secondary emissions of photons

Once the distribution in the Galaxy of the propagated DM-produced e± is obtained, we

make use of the HERMES code [209] to integrate along the l.o.s. the CR emissions obtained

with DRAGON2, using detailed ambient SL and IR models [210] to get high-resolution sky

maps of the diffuse X- and soft γ-ray emission at the relevant energies. With this setup,

we compute the ICS emission from DM-produced e± interacting with the ambient photons.

Following [210], we estimate that the uncertainties coming from the SL and IR model used

must be lower than 30%.

Given the high impact of reacceleration and propagation in the DM-produced e± sig-

nals, the associated secondary radiations will be similarly affected. Here we focus on the
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Figure 4.3: Comparison of XMM-NEWTON/MOS data in the third ring (12◦ < θ < 18◦)
with the predicted DM-induced X-ray signal in that region, for DM with mDM = 10 MeV
annihilating in e+e− (left panel) and with mDM ' mµ annihilating in µ+µ− (right panel) for
different levels of reacceleration: vA values of 0 (solid), 13 (dashed), 30 (dot-dashed) and
40 km/s (dotted).

effect that the diffusion setup has on the constraints obtained from XMM-NEWTON/MOS

data [180], since we demonstrated in Chapter 3 that this dataset leads to the most constrain-

ing DM limits among all the current astrophysical experiments sensitive to the keV−MeV

energy range. We illustrate the predicted X-ray signals in the third ring (12◦ < θ < 18◦;

the most constraining one) for different values of vA in Figure 4.3, in the case of DM with

mDM = 10 MeV annihilating into e+e− (left panel) and with mDM ' mµ annihilating in

µ+µ−. Since we consider only the range of 2.5− 8 keV to obtain our constraints, due to the

background noise in the detector at lower and higher energies respectively, we shade the

energy region below 2.5 keV in these plots.

As one can see, for mDM . 100 MeV, the X-ray signals change very significantly for

different vA values, while, for mDM & 100 MeV, the difference between the predicted signals

using no reacceleration becomes similar to the ones predicted from our best-fit setup. More

extreme vA values still lead to sizeable differences up to mDM ' 1 GeV. This means that our

limits including reacceleration will dramatically strengthen our limits for low DM masses

in the case of DM annihilating or decaying into e+e−, whereas for the other channels the

impact will be mild. Once again, bremsstrahlung emissions have a negligible contribution to

these signals across the whole DM mass range, due to the masking of the GP in the dataset

we use.

4.2 Results and discussion

In order to derive the limits on 〈σv〉 and Γ, we use the same test statistic as in Chapter 3

(Equation 3.16) for each DM mass and DM annihilation or decay channel, which we per-

form to over all of the rings in the XMM-NEWTON/MOS dataset. We also perform this test to

84



4.2. RESULTS AND DISCUSSION

100 101 102 103

mχ [MeV]

10−29

10−27

10−25

10−23

10−21

〈σ
v
〉[

cm
3 /

s]

thermal relic 〈σv〉

ρDM� = 0.4 GeV/cm3 - NFW

π+π− µ+µ− e+e−

Voyager-1

VA 0 km/s

VA 13 km/s (Best-fit)

VA 30 km/s

VA 40 km/s

100 101 102 103 104

mχ [MeV]

10−32

10−30

10−28

10−26

10−24

〈σ
v
〉[

cm
3 /

s]

thermal relic 〈σv〉

ρDM� = 0.4 GeV/cm3 - NFW

π+π− µ+µ− e+e−

XMM-Newton

VA 0 km/s

VA 13 km/s (Best-fit)

VA 30 km/s

VA 40 km/s

Figure 4.4: Limits on the DM annihilation cross section 〈σv〉 derived using VOYAGER 1 data
(left panel) and from the combined analysis of all rings from the MOS dataset (right panel),
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channels. We consider Alfvén velocities vA of 0 (dashed), 13 (i.e. our best-fit value; solid), 30
(dot-dashed) and 40 (dotted) km/s. To facilitate the comparison of the results for different
levels of reacceleration, we do not include prompt emission in the right panel.

compare the local flux of DM-produced e± with measurements from VOYAGER 1 in order to

derive bounds complementary to the XMM-NEWTON ones. We insist that the bounds are con-

servative, both for the case of XMM-NEWTON and VOYAGER 1, since the several backgrounds

that are expected, such as astrophysical emissions or extragalactic background light, are not

included in the analysis. This insures a certain level of robustness in our limits, due to the

uncertainties involved in the prediction of such backgrounds.

To emphasise the importance of using a more realistic model of e± diffusion, including

their reacceleration, we show in Figure 4.4 a comparison of the bounds derived from VOY-

AGER 1 data (left panel) and XMM-NEWTON (right panel) for different values of vA, from

0 km/s (no reacceleration) to 40 km/s, leaving the remaining propagation parameters un-

touched. Bounds on the cross section in the π+π−, µ+µ− and e+e− final states are indicated

as blue, red and green lines, respectively. We remark that, in the case of no reacceleration,

we cannot constrain 〈σv〉 for DM lighter than a few MeV using VOYAGER 1, given that the

DM-produced e± spectra lie below the VOYAGER 1 data (see the top left panel of Figure 4.2).

The same occurs for XMM-NEWTON, since the energy of DM-produced e± is too low to up-

scatter the ambient photons to the energies in the range considered for XMM-NEWTON. To

clearly show what the effect of reacceleration on these limits is, we do not include the prompt

emissions of photons in the right panel, which can only lead to a difference in the limits for

the case of no reacceleration and for DM lighter than 10 MeV. As we previously said, the

effect of reacceleration is huge towards low DM masses, increasing the flux of DM-produced

e±, in turn the photon flux from ICS and consequently strengthening the limits.

Then, we discuss the difference between our updated bounds with the previous ones

that used the same datasets, illustrated by the top panels of Figure 4.5. The authors of [186]

published the first constraints on sub-GeV DM using VOYAGER 1. However, their evaluation
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Figure 4.5: The top panels show the limits on annihilating DM from VOYAGER 1 and from
XMM-NEWTON, compared with previous constraints using the same datasets. In the top left
panel we show our VOYAGER 1 bounds for two different vA values: 0 (solid black line) and
the best-fit value 13.4 km/s (solid green line). The bounds are plotted alongside with pre-
vious VOYAGER 1 bounds where two propagation models were used: one without reacceler-
ation from [211] (dashed black line) and one with reacceleration from [212, 213] (dashed
green line). In the top right panel we show our XMM-NEWTON bounds for vA = 0 (dot-
dashed line) and 13.4 km/s (solid lines) with the ones in Chapter 3 (dashed lines) for the
π+π− (blue line), µ+µ− (red line) and e+e− (green line) channels respectively. Bottom pan-
els show the estimated uncertainties in our predictions, as discussed in the main text.

of e± propagation differs significantly from the one we use here, which considers the most

recent CR data. They use the semi-analytical code USINE [117], which employs an effective

treatment to account for the energy losses, called the ‘pinching method’ [195]. In addition,

we also insist on the effect of reacceleration in our constraints, which was also treated dif-

ferently in USINE. More importantly, the authors of [186] used a parametrisation obtained

from a study in 2001 [212], when the precision of data was more limited and the system-

atic uncertainties (e.g., on spallation cross sections) was less under control, meaning that

their diffusion coefficient differs significantly from our updated one. Specifically, they use a

parametrisation with fixed η = 1 (i.e. D ∝ β, see Equation 4.1), while the one obtained in

analyses of recent AMS-02 data when including this parameter in the fit is negative [202,

204] and, in our case, η = −0.75, implying much more confinement at the relevant sub-GeV

energies considered here. This means that, in the sub-GeV regime, our diffusion coefficient

is quite different, which can lead to important differences in our predicted signals and con-
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straints. Moreover, the limits from [195] are obtained with a halo height value of L ' 15 kpc,

which explains why they are a factor of a few stronger than ours above a few tens of MeV.

In the top left panel of Figure 4.5, we are also including the limit derived by the same au-

thors of [195] using a more updated diffusion coefficient (from 2018, coming from [211]),

and no reacceleration. We have taken these bounds from a 2019 talk by M. Boudaud [214]

which we refer to as ‘Boudaud+2019’ with the corresponding propagation models in Fig-

ure 4.5 shown in dashed black and dashed green respectively. These comparisons evidence

the fact that, given the uncertainties in the evaluation of the diffusion coefficient at low ener-

gies and the halo height, different propagation setups can differ significantly, and therefore,

it would be crucial moving forward to update the constraints we derive here with updated

propagation setups as more CR data becomes available at low energies and uncertainties

are further reduced. We then compare our results with those obtained in Chapter 3, which

we refer to as ‘Cirelli+2023’, shown as a dashed green line in the top right panel of Fig-

ure 4.5. One can also expect differences from one diffusion setup to another. In particular,

in Chapter 3 we implemented a minimalistic propagation setup, only including the injec-

tion of DM-produced e± and their energy losses through the ISM. In this case, the resultant

bounds only differ slightly for DM masses above the some tens of MeV due to the use of older

ambient SL and IR photon maps in Chapter 3, which tend to have a less significant optical

component. Remarkably, we are able to extend the constraining power to DM lighter than

100 MeV thanks to the incorporation of reacceleration in our scheme. Reacceleration dra-

matically increases the energy of low-mass DM-produced e±. The energy of the associated

photons from ICS thus increases and therefore reach the energy range of the XMM-NEWTON

data. We can also point out that, for mDM . 10 MeV, the limit from FSR is subdominant by

orders of magnitude compared to ICS from reaccelerated e±.

In the bottom left panel of Figure 4.5, we show the uncertainties related to our derived

limits for VOYAGER 1, obtained by varying the propagation parameters in Table 4.1 up to

their 1σ uncertainties, but also the value of the DM density at Earth (taken to be ρ� =

0.420+0.011
−0.009 ± 0.025 GeV/cm3 from [215]) and include a conservative 10% factor to account

for uncertainties in the gas distribution and energy losses. In the case of the limit from

XMM-NEWTON, in the bottom right of Figure 4.5, we include also a quite conservative 30%

factor that accounts for uncertainties in the SL and IR components of the ambient photons,

as reported in [210]. In addition, we have estimated the uncertainties by considering two

extremal DM density distributions, similarly to Chapter 3: a Burkert profile (Equation 2.5)

which leads to significantly weaker constraints, and a cNFW profile (Equation 2.2 with γ =

1.26) that leads to stronger constraints. In Figure 4.5 we display in olive, for the e+e−

channel, the uncertainty band representing the impact of these two extremal profiles on the

limits, on top of the other astrophysical uncertainties, represented in green. Given that these

uncertainties are expected to be roughly the same for the other channels, we indicate them

as a grey band in the residual panels.
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with other existing constraints. We show the diffuse γ-ray bound from [185] (dot dashed
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4.3 Comparison to other work

Once again we compare our fiducial bounds on annihilating and decaying DM obtained

with other ones from the literature. We refer the reader to the discussion in Section 3.4

for more information about the latter. In summary, using our model of e± propagation, gas

and ambient photon maps and a NFW profile, the bound we derive on DM annihilating into

e+e− and µ+µ−, using XMM-NEWTON is more stringent than the CMB one across almost

the entire considered DM mass range, as shown in Figure 4.6. However we emphasise that

the CMB bounds are more robust, i.e. they depend on fewer parameters and have smaller

uncertainties. For decaying sub-GeV DM (shown in Figure 4.7), the CMB bounds remain

strong but not among the strongest in the literature (unlike the annihilating DM case). This is

due to the fact DM clusters at redshifts z . 100, which greatly enhances the DM annihilation

rate and therefore the e± injection, whereas the decay rate remains constant. Hence our

bounds on decaying DM from XMM-NEWTON is orders of magnitude more stringent than

the CMB ones. In our study we limited ourselves to s-wave DM annihilations. In [216]

the authors set bounds on the p-wave annihilation cross section using the same VOYAGER 1

dataset and CR propagation scheme as in [186]. One can show that their bounds can vary

by less than an order of magnitude if p-wave DM is assumed. If the same analysis as [216]

was done in our case, we would expect the same variation in our bounds in the case of p-

wave DM since we also studied DM annihilations in the MW at the present time, so the DM

velocity dispersion would also be the same. We therefore conclude that if DM annihilations

were p-wave, our constraints would remain stronger than the CMB and Leo T ones.

4.4 Summary

In this chapter, we improved the annihilating and decaying DM constraints from XMM-

NEWTON (see the top right panel of Figure 4.5) by including a realistic propagation setup

for e±, whose parameters are obtained from detailed analyses of the most recent CR data.

This improvement is mainly due to the reacceleration of low-energy DM-produced e± from

their interaction with the turbulent component of the GMFs, which drastically increases their

energy.

As shown in Figures 4.6 and 4.7, our fiducial limits exclude thermally averaged cross

sections down to 10−31 cm3 s−1 and decay lifetimes up to 1028 s, both for mDM ' 1 MeV.

These yield the strongest astrophysical constraints for this mass range of DM and surpasses

cosmological bounds across a wide range of DM masses as well. However, our XMM-NEWTON

limits suffer from the uncertainties on the propagation parameters, DM profile, Galactic gas

and ambient photons densities. This is less the case for our VOYAGER 1 bounds, although

they are significantly weaker than the XMM-NEWTON ones. The uncertainties on the bounds

are shown in the bottom panels of Figure 4.5.
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Chapter 5

Constraining primordial black holes
from Galactic emissions

IN this final chapter, we explore another credible candidate for DM: PBHs. To this day,

PBHs with a mass between ∼ 5×1017 and ∼ 1022 g remain totally unconstrained, mean-

ing that, in this mass range, there is a possibility that they can constitute the entirety of

DM [29]. On the lower end of this range, constraints on fPBH come from PBH evaporation,

which consists of a source of indirect signals from PBHs, in the same manner as decaying

DM. In the following, we improve these limits by considering three different diffuse probes

of PBH evaporation: i) the flux of PBH-evaporated e±, ii) the flux of secondary X-rays from

the propagation of the e± in the ISM and iii) the flux of 511 keV photons coming from the

annihilation of PBH-produced e+ with free e− in the ISM. For the first two probes, we em-

ploy the same computation scheme as in Chapter 4, i.e. dealing with the propagation of

PBH-produced e± using the numerical code DRAGON2 with the same propagation setup, and

computing the secondary emission of X-rays from ICS of these e± on Galactic ambient pho-

tons using HERMES. This chapter is organised as follows: in Section 5.1 we cover the injection

of e± from PBH evaporation, in Section 5.2 we explore the computation of the flux from the

three aforementioned diffuse probes and finally in Section 5.3 we discuss our main results

and compare them with other ones from the literature.
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5.1 Electron-positron injection from primordial BHs

Recalling the second part of Section 2.2.1, Schwarzschild BHs evaporate over time by emit-

ting particles at a rate described by Equation 2.7. In this chapter, we however generalise this

equation to the case of Kerr (electrically neutral, spinning) BHs, which are characterised by

their reduced spin parameter a? ≡ J/(GM2), with J being its angular momentum and G the

Newtonian gravitational constant. The temperature of a Kerr BH is written [217]

T =
1

4πGM

√
1− a?2

1 +
√

1− a?2
, (5.1)

retrieving T = 1/(8πGM) for Schwarzschild BHs (i.e. a? = 0). Equation 5.1 also imposes

that a? < 1, since if a? = 1 then T = 0, which is forbidden by thermodynamics. Then, the

emission spectrum of primary particles i is given by

d2Ni

dtdEi
=

1

2π

∑
d.o.f.

Γi(Ei,M, a?)

eE
′
i/T ± 1

, (5.2)

where

E′i ≡ Ei −mΩ and Ω ≡ a?

2GM
(

1 +
√

1− a?2
) , (5.3)

are the total energy of the emitted particle and the BH horizon rotational energy, respectively,

and m = {−l, ..., l} is the projection on the BH axis of the particle angular momentum l. The

± signs depend on the spin of the particles radiated: + for fermions and − for bosons. Once

again, the Γi are the grey body factors which now depend on a?. In order to compute the

spectra of primary particles, we use the numerical code BlackHawk.

Then, evaporated particles can hadronise, decay or emit soft radiations. BlackHawk also

has the possibility of dealing with such processes by including tables from the particle physics

codes PYTHIA, Herwig and Hazma. However, their domains of validity differ, PYTHIA and

Herwig handle processes with particle energies above 10 GeV very well, whereas Hazma excels

below the QCD scale (∼ 250 MeV). Since we are interested in the production of sub-GeV e±,

we only use Hazma to treat secondary processes, and limit ourselves to its domain of validity,

which corresponds to BHs with M & 1014.5 g. An upper limit on the BH mass can also be

defined when the evaporation into e± is not possible anymore (i.e. T � me) corresponding

to M . 1017.5 g. In this BH mass range, e±, neutrinos and photons are emitted through

evaporation, and to some extent (for lower BH masses) muons and pions. Hazma handles the

decay of the two latter, as well as FSR from all charged particles.

Although it is believed that PBHs cannot acquire a substantial spin from their production

process [218] unless formed in the matter-dominated Universe [219], it has been argued

that they can do so by repeatedly merging with other BHs. Moreover, BHs can also acquire
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Figure 5.1: Spectra of secondary e± (top panels) and photons (bottom panels) from the
evaporation of a single BH with spin of a? = 0 (left panels) and a? = 0.9999 (right panels),
for the following BH masses: M = 1014.5 g (red), 1015 g (orange), 1015.5 g (yellow), 1016

g (lime), 1016.5 g (cyan), 1017 g (blue), 1017.5 g (purple) and 1018 g (black). Output of
BlackHawk+Hazma.

a spin due to the accretion of gas surrounding them. The maximum spin value a BH can

obtain through this process is a?lim ≈ 0.998 [220], known as the Thorne limit, and can slightly

vary depending on the considered accretion model [221]. A similar limit can be derived

for BH mergers [222]. Nevertheless, PBHs formed during the matter-dominated Universe

could evade these limits, providing a smoking gun signature of their existence. In our study,

we decide to remain agnostic on the PBH production process and consider two extreme

benchmarks to quantify the impact of the choice of the spin distribution on our results. We

therefore examine the case where all PBHs are Schwarzschild BHs, and another one where

they are all near-extremal1 Kerr BHs with a spin of a? = 0.9999.

In Figure 5.1 we show the total spectra of e± and photons from the evaporation of a

single PBH for a range of masses and for a? = 0 (0.9999) in the left (right) panels. The

spectrum of e± solely comes from their emission from the PBH for MPBH & 1014 g. However,

for lower masses, muons and charged pions start to be produced and their decay into e±

1‘Extremal’ denotes the case where a? = 1, which is forbidden by thermodynamics. Near-extremal is then
associated to the class of Kerr BHs for which a? → 1.
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Figure 5.2: Evolution of the mass M of Schwarzschild BHs for different initial masses M0

at t = 0. The x-axis represents the time in terms of fractions of the age of the Universe and
y-axis the BHs mass in terms of fractions of its initial mass.

contribute to the low-energy bump in the e± spectrum for MPBH = 1014.5 g. The photon

spectra show a similar behavior (despite the inappropriate numerical sampling in Eγ) due

to the production of neutral pions that decay into photons. Also, in the photon spectra and

for masses where e± start to be produced efficiently, the low-energy slope corresponds to

FSR, for which dN/dE ∝ 1/E. Finally, we can witness that Kerr PBHs emit more particles

at higher energies than Schwarzschild ones, due to the transfer of angular momentum from

the BH to the emitted particles.

To compute the flux of propagated e± injected by PBH evaporation, we once again have

to solve Equation 2.8, in the same manner as described in Chapter 4 however with the source

term of Equation 2.10. We rewrite it here for the convenience of the reader, including the

integration bounds

Qe(Ee, ~x) = fPBHρDM(~x)

∫ ∞
Mmin

dM

M

dNPBH

dM

d2Ne

dtdEe
, (5.4)

where Mmin ≈ 7.5 × 1014 g corresponds to the minimal mass of PBHs today. As shown

in Figure 5.2, PBHs formed in the early Universe with a mass below Mmin should have all

evaporated by now, whereas PBHs with an initial mass of 1015 g have experienced their mass

decreasing by O(20%). Thus, we follow the approximation where all PBHs with MPBH ≤
Mmin do not exist today, and the remaining ones have the same mass distribution dNPBH/dM

as in their formation in the early Universe.
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We consider the so-called log-normal PBHs mass distribution

dNPBH

dM
=

1√
2πσM

exp

(
− log2(M/MPBH)

2σ2

)
, (5.5)

where MPBH is the peak PBH mass, and σ is the width of the distribution. This mass function

is relevant when assuming the formation of PBHs from a large enhancement in the inflation-

ary power spectrum [223, 224]. We explore values of σ varying from 0 to 2, the case σ → 0

corresponding to a monochromatic mass distribution (dNPBH/dM = δ(M −MPBH)).

5.2 Diffuse emissions

As previously mentioned, we are interested in three distinct probes of PBHs. First, the PBH-

produced e± emission to which we can compare with VOYAGER 1 data. Second, the emission

of secondary X-rays, from ICS on PBH-produced e± on Galactic ambient light, where we

use XMM-NEWTON/MOS data to set limits. Lastly, the emission of 511 keV photons, due

to the annihilation of PBH-produced e+ with e− in the ISM, or the decays of positronium

(Ps; i.e. a bound state of e+e−) that we can compare with 511 keV line measurements by

INTEGRAL/SPI. To compute the flux of the first two probes, we employ essentially the same

framework as in Chapter 4, recalled in Sections 5.2.1 and 5.2.2, whereas we detail the

computation of the flux of secondary 511 keV photons in Section 5.2.3, developed in [225,

226].

5.2.1 Diffuse electron-positron emission

In order to deal with the propagation of e± injected by PBH evaporation, to then compute

the flux of diffuse e±, X-rays and contribution to the 511 keV line, we have to solve the

diffusion-convection-loss equation (Equation 2.8) in the same manner as in Chapter 4. We

use the numerical solver DRAGON2 with the same propagation setup described in Section 4.1,

since the PBH-produced e±, in the PBH mass range we consider, have the same energies as in

the case of annihilating or decaying sub-GeV DM. However, given that systematic uncertain-

ties are difficult to assess and different CR analyses can find slightly different results [110,

113, 227], we consider other extreme propagation scenarios that allow us to evaluate the

impact of these uncertainties in the predicted e± spectra and the bounds on the fraction of

DM consisting of PBHs. We first repeat our calculations for ‘realistic’ variations of the prop-

agation parameters found in our analysis, which consist of taking the values that maximise

the difference in flux from the benchmark case at 3σ. Similarly to the case of DM decay, the

parameters with a greater effect on the diffuse spectra produced from PBHs are the Alfvén

velocity vA, which controls the level of diffuse reacceleration [2, 228], and the height L of

the halo, which dictates the volume where CRs are confined and where PBHs produce parti-

cles that can reach us. In this way, to obtain a realistic uncertainty band in our predictions,
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Figure 5.3: Local e± spectrum generated from PBH evaporation under different assumptions.
Top left: Comparison of the spectrum for Schwarzschild PBH of different masses, assuming
their mass distribution to be monochromatic. Top right: Comparison of the expected local
e± spectrum from Schwarzschild (a? = 0) and near-extremal Kerr (a? = 0.9999) PBHs,
assuming they are monochromatic in mass. Bottom left: Comparison of the predicted local
e± spectrum for Schwarzschild PBHs assuming a log-normal mass distribution with different
values of the width σ. Bottom right: Comparison of the local e± spectrum for monochromatic
Schwarzschild PBHs, for different levels of reacceleration.

we use a conservative setup where L = 4 kpc and vA = 7 km/s, which produces a lower flux

of e± and therefore more conservative limits. In turn, the more aggressive setup is meant to

increase the flux of e± from PBHs, and uses values of L = 12 kpc and vA = 20 km/s. As a

point of reference, we recall that our benchmark values are L = 8 kpc and vA = 13.4 km/s.

We tested an even more ‘general’ and extreme variation of propagation setup, that ensures

that the flux of particles must be between the two extremes: the ‘optimistic’ case, where

L = 16 kpc and vA = 40 km/s are much higher than the typical values2. Then, the most

‘pessimistic’ case will be the one with no reacceleration (vA = 0) and L = 3 kpc. These two

cases are unlikely, given the fact that the propagation of CRs implies energy exchange with

plasma waves and therefore non-zero reacceleration, and values below L = 3 kpc seem to

be strongly disfavoured from CR analyses and other existing constraints [192, 229–231]. As

2We consider that vA = 40 km/s is the maximum realistic value for vA, as discussed in Section 4.1.2.
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an example, we show in the bottom right panel of Figure 5.3 the dramatic effect of reac-

celeration in the e± spectrum at Earth from a MPBH = 1016 g PBH, for different values of

vA, comparing our benchmark scenario with the aforementioned optimistic and pessimistic

ones.

We will obtain constraints on fPBH using VOYAGER 1 measurements of the local e± flux.

A comparison of the e± flux measured by VOYAGER 1 and the predicted local e± spectrum

for monochromatic PBHs with different masses, for our benchmark propagation setup and

NFW DM profile, is shown in the top left panel of Figure 5.3. In addition, we also illustrate

the spectra predicted assuming a log-normal PBH mass distribution with σ = 1 (green line)

and σ = 2 (red line) in the bottom left panel. This allows one to see how the σ parameter

affects our predictions, given that realistically one must expect a non-zero σ. It can be seen

that the higher σ the higher is the expected flux and the higher is the energy reached by the

PBH-produced e±. The main reason for this is that the contribution from lower mass PBHs

is very important and dominates the spectra of these particles. Then, in the top right panel,

we compare the spectra produced from PBHs with different values of the spin parameter

a?. In particular, we show the cases of Schwarzschild (a? = 0) and near-extremal Kerr

(a? = 0.9999) PBHs, as well as for the intermediate case a? = 0.99. As one can see from the

figure, spinning PBHs always lead to a higher flux although not changing its spectral shape

appreciably, in agreement with what was found in [104, 232].

5.2.2 Diffuse X-ray emission

During their propagation, the population of e± injected in the Galaxy produces different

secondary radiations that can be used to track their distribution and density. Similarly to

Chapters 3 and 4, the dominant source of secondary emissions in the X-ray range is due to

ICS of injected e± on Galactic ambient photons.

To calculate the diffuse X-ray emissions generated from the diffuse distribution of e±

in the Galaxy that we obtain with DRAGON2, we employ once more the HERMES code. The

total X-ray flux also includes photons directly emitted during PBH evaporation, as well as

FSR produced by evaporated charged particles. It turns out that this component is sub-

dominant compared to the X-ray flux emitted during the transport of evaporated e±. We

compute 2σ bounds from the diffuse Galactic X-ray emission observed by XMM-NEWTON

in the 2.5 − 8 keV band, as done in Chapters 3 and 4, to which we refer the reader for

more details. In Figure 5.4, we compare the X-ray diffuse emission expected from PBH

evaporation. In the top left panel, we show the case of monochromatic PBHs with masses of

1015 g, 1016 g and 1017 g, for our benchmark propagation setup and NFW DM profile. In the

top right panel, we compare the emission expected from a Schwarzschild PBH (a? = 0) and

Kerr one with a? = 0.99 and a near-extremal one with a? = 0.9999, all for MPBH = 1016 g.

Note that the value of fPBH is different for every case, as indicated in the legend. In the

bottom panel, we show results for Schwarzschild PBHs distributed log-normally with a mean
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Figure 5.4: Comparison of the predicted PBH-induced X-ray emission with diffuse X-ray
data from XMM-NEWTON in a region close to the GC. We show the prediction is shown for
different values of MPBH when the PBH mass distribution is monochromatic (top left panel),
of a? (top right panel) and σ when the distribution is log-normal (lower panel).

mass of 1016 g and different values of σ, ranging from σ = 0 (monochromatic case) to the

wider σ = 2. The conclusions for the impact of these parameters in the X-ray Galactic

diffuse emission are similar to those found for the local e± flux in Figure 5.3.

5.2.3 511 keV line

PBH-induced e+ are expected either to annihilate with e− in the ISM, producing photons

with an energy of 511 keV, or, if they lose enough energy during their propagation, form Ps.

Ps exists in four states, depending on the spin states of the e+ and e−: one para-Ps state

with antiparallel spins that decays into two 511 keV photons3, and three ortho-Ps states with

parallel spins that decay into three photons4. Therefore the number of emitted 511 keV pho-

ton per e+ is 2[(1 − fPs) + fPs/4], where fPs is the Ps formation probability. This probability

3Para-Ps can theoretically decay into any even number of photons, although the probability decreases quickly
with the number of photons: para-Ps decaying into four photons has a branching ratio of ' 10−6.

4Ortho-Ps could also decay into any odd number of photons, but the branching ratios of the decay into more
than three photons is negligible.
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Figure 5.5: Comparison of the expected longitude profile of the 511 keV emission from PBH
evaporation with INTEGRAL/SPI data. The left panel shows a comparison of the signals
expected from different PBH masses, assuming again Schwarzschild and monochromatically
distributed PBHs, while the right panel shows a comparison of the predicted profile for
different DM distributions, for the case of Schwarzschild PBH monochromatically distributed
with MPBH = 1016 g.

essentially scales with the density of free e− at a given location at the Galaxy. In the GC, the

value of fPs is measured to be fGC
Ps = 0.967± 0.022 [233], and we consider that the distribu-

tion of free e− follows the NE2001 model [234, 235], with the correction proposed in [236],

consisting of: i) a thick disk whose scaling follows exp(−|z|/H1), with H1 = 1.83 kpc, cor-

responding to the warm ionised medium, and ii) a thin disk associated to low-altitude HII

regions, whose scaling follows exp(−|z|/H2), with H2 = 0.14 kpc. In summary, we consider

that the number of emitted 511 keV photon per e+, at any position in the Galaxy, is

N511 keV(~x) = 2

[
(1− fGC

Ps ) +
fGC

Ps
4

](
e−|z|/H1 + e−|z|/H2

)
. (5.6)

Then, we can write the differential flux of the 511 keV line from a given direction

dΦ511 keV
γ

dΩ
=

1

4π

∫
l.o.s.

dsN511 keV(~x) Φe(~x) , (5.7)

where Φe =
∫
dEe dΦe/dEe, whose integrand is defined in Equation 2.14.

In this work, we obtain constraints from the longitude profile of the 511 keV line emission

measured by INTEGRAL/SPI, following the procedure described in [226]. We have tested

that our results are compatible with previous evaluations applied to other exotic sources of

e+ [228, 237–240].

In the left panel of Figure 5.5, we show the predicted longitude profile of the 511 keV

emission for PBHs of masses between 1015 and 1017 g compared to INTEGRAL/SPI data [241],
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assuming a NFW profile and with fPBH specified in the legend for each case. It can be seen

that the most constraining data points are those obtained at high longitudes. Given that these

points are also those expected to be more affected by systematic uncertainties (mainly back-

ground noise and the need of templates to extract measurements) and the limited statistics

of the measurements, the bounds that we derive are conservatively calculated by multiply-

ing by a factor of 2, as a proxy for the effect of systematic uncertainties, as done in [228,

242]. We show in the right panel of Figure 5.5 a comparison of the predicted 511 keV line

profile with the NFW DM distribution with other popular DM profiles, namely a Moore pro-

file (Equation 2.2 with γ = 1.5) [243], a cNFW profile (Equation 2.2 with γ = 1.25), for

a monochromatic 1016 g mass PBH. We expect cored DM distributions (such as Burkert or

Isothermal, respectively Equations 2.5 and 2.4) to lead to a flatter 511 keV profile. As one can

see, the predicted profiles are very similar at high longitudes and only change significantly

around the central longitudes. Therefore, the uncertainties in the derived constraints from

the DM distribution are very small. Similarly, adopting a? 6= 0 or σ 6= 0 has no significant

consequences on the shape of the profile and essentially changes only the normalisation of

the signal.

5.3 Results and comparison with other work

In this section, we discuss the limits on PBHs we derived in this work, for our benchmark

scenario. In addition to displaying the limits using the three probes (diffuse e±, X-rays and

511 keV line), we also show the impact on these limits when assuming different PBH mass

and spin distributions, and propagation setups. Here, we set 2σ bounds on fPBH and MPBH

by applying the same criterion as in Equation 3.16, rewritten here in the case of PBHs

∑
i

(
Max [φPBH,i(fPBHMPBH)− φi, 0]

σi

)2

= 4 , (5.8)

where i denotes the data point, φPBH is the predicted flux induced by PBH evaporation, φi is

the measured flux and σi the associated standard deviation of the measurements.

In Figure 5.6 we show our benchmark limits on Schwarzschild PBHs, assuming a monochro-

matic mass distribution and a NFW DM profile, and compare them to existing ones. The solid

lines represent the bounds derived in this work, while the dashed lines represent some of

the most stringent limits on fPBH reported in PBHbounds [248] across the 1015 − 5 × 1017 g

PBH mass range.

We show the VOYAGER 1 limits in green on Figure 5.6, where the dashed line corresponds

to the limit reported in [244] without background subtraction. The authors used a propa-

gation model with strong reacceleration named ‘Model B’. Our VOYAGER 1 limit is compa-

rable to the existing one for MPBH . 1016 g and becomes more stringent for higher PBH

masses. The effect is likely due to the differences in how reacceleration is implemented in
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Figure 5.6: Comparison of our limits on fPBH with other existing ones. The color of the lines
represent the different probes used to set the constraints: green for the e± measurements
from VOYAGER 1, blue forX-ray diffuse observations from XMM-NEWTON, red for the 511 keV
excess reported by INTEGRAL and grey for the 21 cm line measurements from EDGES. The
two different line styles correspond to either the bounds derived either in this work (solid)
or in the literature [244–247] (dashed) reported in PBHbounds [248].

the DRAGON2 code with respect to the semi-analytical code USINE used in their work, where

reacceleration only takes place in a thin disk, instead of adopting uniform reacceleration

across the whole Galaxy, that is important given that CR particles spend most of their time

in the Galactic halo while propagating. In addition, to model energy losses, which are key

for MeV particles, USINE needs to make use of the pinching method [195].

The limits from diffuse X-ray emissions are shown in blue in Figure 5.6, where the

dashed line is the limit set in [246]. The authors have computed the flux of prompt X-

ray emissions from the evaporation of extragalactic PBHs and compared it to the isotropic

cosmic X-ray background measurements, without considering the secondary ICS emissions,

to set a limit on fPBH. Remarkably, the low-energy part of the X-ray measurements are those

most constraining. Therefore, X-ray diffuse measurements at lower energies are expected

to improve these limits significantly. However, X-ray emission starts to be severely absorbed

by the ISM gas, which can make it more difficult to improve these constraints using lower

energy data.

Our 511 keV bound, which we weaken by a factor of 2 to account for systematic uncer-

tainties in the data (as mentioned when discussing the calculation of the 511 keV line in

Section 5.2.3), is shown as a red solid line in Figure 5.6, where we compare with the limit

reported in [245] (red dashed line). They used the rate of e+ injection needed to explain the
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Figure 5.7: Limits on Schwarzschild PBHs we derive using VOYAGER 1 (top left panel), XMM-
NEWTON (top right panel) and the 511 keV line reported by INTEGRAL (bottom panel) for
mass distributions with σ = 0 (monochromatic, solid black line), 1 (red line) and 2 (green
line), as well as for monochromatic near-extremal Kerr PBHs (dashed line).

total 511 keV flux from INTEGRAL in the bulge. Given that the high-longitude measurements

of the 511 keV line emission are the most constraining measurements, the use of the longi-

tudinal profile leads to more stringent results compared to using the bulge emission [226].

In addition, the authors include only the emission from a NFW DM profile within the inner

3 kpc from the GC and did not model e+ propagation. As a result, our 511 keV bound appears

to be more stringent than the one of [245]. It has been shown in [242] that using in-flight e+

annihilation emission can improve the 511 keV limits on sub-GeV DM, given that measure-

ments of the diffuse γ-ray emission above a few MeV have a reduced systematic uncertainty

and more reliable background models can be used.

Finally, we report the bound derived by requiring that the amount of heating of the

intergalactic medium from PBH evaporation is constrained by 21 cm observations by the

EDGES experiment [247], which we show as a dotted gray line in Figure 5.6. All in all, our

limit from the longitude profile of the 511 keV line is competitive with the EDGES limit below

MPBH ' 1016 g and becomes the most stringent limit to date for PBH masses between 3×1015

and 2× 1017 g, for the fiducial astrophysical scenario.

In Figure 5.6, we assumed PBHs to be Schwarzschild ones with a monochromatic mass
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Figure 5.8: Uncertainties in the limits we derive using VOYAGER 1 (top left panel), XMM-
NEWTON (top right panel) and the 511 keV line reported by INTEGRAL (bottom panel). The
solid blue lines correspond to the limits using our fiducial propagation model. The blue
bands show how our limits are impacted when varying the Alfvén speed vA and the halo
height L within their 3σ uncertainty. The grey bands correspond to a more conservative
scenario where we vary vA between 0 and 40 km/s and L between 3 and 16 kpc.

distribution, representing the most conservative case. However, if their mass distribution

were instead log-normal, as in Equation (5.5), there would be a low-mass PBH population

that contributes to most of the flux of evaporated e± and photons, leading to a strengthening

of the limits. Actually, for increasing values of the width of the distribution σ, the low-mass

population increases and therefore the limits become more and more stringent. Alternatively,

if PBHs were Kerr BHs, they would produce more particles at high energies, ending up with

a strengthening of the limits as well. Figure 5.7 illustrates the impact of the choice of mass

and spin distributions on the limits on fPBH. We also note that in the case of a cuspier DM

distribution than the NFW, the XMM-NEWTON constraints could beat those from EDGES or

the 511 keV line. In turn, for a cored one, the limits will be significantly weaker.

Finally, in Figure 5.8 we report the uncertainties on the limits we derive in this work,

showing the impact of the choice of the propagation model, by using the propagation sce-

narios explained in Section 5.2.1. The blue bands (labeled ‘realistic’) correspond to the

variation of vA and L up to their 3σ uncertainties. For the lower side of the band we use

vA = 20 km/s and L = 12 kpc, while for the upper side we use vA = 7 km/s and L = 4 kpc.
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Then the gray bands in Figure 5.8 (labeled ‘general’) represent more conservative uncertain-

ties, where for the lower side we adopt vA = 40 km/s and L = 16 kpc, and for the upper side

vA = 0 km/s and L = 3 kpc. In general, these variations may affect our limits by up to an

order of magnitude or more. In the case of the 511 keV line, we observe that the uncertainty

bands are in general smaller. This is due to the fact that the morphology of the predicted

511 keV line does not change significantly for different values of reacceleration (at high lon-

gitudes, where the main constraints come from, reacceleration does not appreciably change

the emission, which is spatially very flat in any case). In the case of the diffuse e± and X-ray

constraints, we observe that the uncertainty band typically broadens at higher PBH masses.

The reason is that heavy PBHs inject lower energy e±, which reacceleration affects much

more. For example, in the no reacceleration case the emission from PBHs of mass higher

than a few times 1016 g lies below the VOYAGER 1 data points (therefore, no constraint can

be set). Additionally, we note that uncertainties from the choice of DM distribution will have

very little effect in the constraints from VOYAGER 1 and the 511 keV line, while the limits

from XMM-NEWTON can be significantly affected, given that the most constraining X-ray

data is coming from the inner regions of the Galaxy, which is where our predictions are more

affected by uncertainties in the DM distribution.

5.4 Summary

In this chapter, we derived the limits on the fraction of DM consisting of PBHs using three dif-

ferent yet complementary indirect probes of their evaporation: PBH-produced e±, secondary

X-rays from ICS of the latter on Galactic ambient light, and the 511 keV line emissions from

the annihilation of PBH-produced e+ in the ISM, or decay of Ps states. These limits are illus-

trated in Figure 5.6, assuming all PBHs to be Schwarschild ones with a monochromatic mass

distribution, as well as the same e± propagation setup as in Chapter 4. The most compelling

result comes from the 511 keV line emission from the Galactic disk, where our analysis, as-

suming a NFW DM profile, yields the most stringent limits to date for PBH masses between

3× 1015 and 2× 1017 g. We additionally remind the reader that our limits are conservative,

derived without including astrophysical background modeling. We note, however, that the

secondary X-ray constraints are stronger than those from the 511 keV line for optimistic dif-

fusion parameters, as shown in Figure 5.8, and also in the case of a cuspier DM distribution.

Uncertainties on our limits, depicted in our analysis, underscore the sensitivity of our results

to the choice of propagation model parameters, such as the Alfvén speed and halo height.

Moreover, considering alternative mass distributions, such as a log-normal distribution,

or the inclusion of Kerr BHs, would lead to even more stringent limits, as shown in Fig-

ure 5.7, due to the increased flux of evaporated particles and photons. We note that PBHs

can constitute a significant fraction of the DM only in the gap between ∼ 1018− 1021 g in the

monochromatic mass case.
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Conclusion

For almost a century since its first postulation, the nature of DM has been a mystery to us,

even with the ongoing efforts of the world’s most brilliant minds. Although this statement

is quite pessimistic for the future, the community has over time managed to continuously

constrain the properties of DM, as well as developed increasingly sensitive experiments in

attempt to detect it. Among the numerous detection techniques employed in DM searches,

we focused in this thesis on the possibility that DM can produce indirect signals in the form

of a variety of particle messengers. In particular, we focused on the possibility that DM

consists of sub-GeV particles or PBHs that can emit low-energy e±, and X-rays through the

propagation of the former ones in the ISM. The non-detection of these products enabled us

to set some of the strongest constraints to date on these candidates.

In Chapter 3, we have focused on sub-GeV DM, which is challenging to probe due to solar

screening and the lack of γ-ray observatories for energies around one MeV. The secondary

emission of X-rays, mainly through the ICS of DM-produced e± on ambient photons in

the Galaxy, was already proven to be a way to circumvent these issue, in addition to being a

powerful method to set stringent constraints on sub-GeV DM. Here, we have done an analysis

using data from the NUSTAR, SUZAKU, INTEGRAL and XMM-NEWTON satellites in different

ROIs, and computing the secondary X-rays flux predictions, by adopting a minimalistic CR

propagation setup.

As a result, we find that the constraints imposed by XMM-NEWTON data greatly improve

upon the previous limits on annihilating DM. For this case, our bounds are the strongest to

date frommDM & 180 MeV, excluding DM annihilation cross sections down to∼ 10−28 cm3 s−1

for the e+e− channel and mDM ' 1 GeV, as shown in Figure 3.8. On the other hand, for de-

caying DM, our limits are the most stringent in the literature for mDM & 100 MeV, excluding

DM lifetimes up to ∼ 1028 s, for mDM ' 1 GeV as well, as shown in Figure 3.9. We also have

evaluated the impact of the different sources of uncertainties (choice of the DM profile, gas,

ambient photon densities and GMF configuration) on our limits, which can strengthen or

weaken them up to one order of magnitude (see Figures 3.10 and 3.11).

In Chapter 4, we improved the annihilating and decaying sub-GeV constraints imposed

by XMM-NEWTON derived in Chapter 3 by adopting a more realistic CR propagation scheme,

which is dealt with the numerical code DRAGON2. In particular, the inclusion of the stochastic

reacceleration of DM-produced e± due to their interaction with the turbulent component of

the GMF significantly improved the limits for mDM . 20 MeV. As this process is more efficient

for low energy e±, the energy of the latter is increased up to the point where their ICS on
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ambient photons produceX-rays that are in the energy range probed by XMM-NEWTON, thus

strengthening the constraints for lower DM masses.

We showed in Figures 4.6 and 4.7 the limits we derive in the fiducial astrophysical sce-

nario (that includes the DM profile, gas and ambient photon densities and also the propa-

gation parameters). These bounds are the strongest ones to date in almost the entire con-

sidered DM mass range (1 MeV − 5 GeV), excluding DM annihilation cross sections down to

10−31 cm3 s−1 and DM lifetimes up to 1028 s, both for mDM ' 1 MeV. Once again, these

bounds suffer from uncertainty sources. For complementarity purpose, we also derived

bounds using the predicted local flux of DM-produced e± which we compare to measure-

ments from VOYAGER 1. This results into weaker bounds than the XMM-NEWTON ones, al-

though they are more robust since the uncertainties associated to the different astrophysical

ingredients at the vicinity of Earth are lower. We show the impact of astrophysical uncer-

tainties on our bounds in the bottom panels of Figure 4.5.

In Chapter 5, we have focused this time on PBHs as a DM candidate. We thus have

derived limits on the fraction of DM consisting of PBHs using three complementary probes

of their evaporation. Similarly to Chapter 4, we computed the bounds using the predicted

local flux of PBH-produced e± and the flux of secondary X-ray emissions to compare them

with VOYAGER 1 and XMM-NEWTON data respectively. What changed from Chapter 4 was

the injection of e±, which comes from PBH evaporation this time. We used the numerical

code BlackHawk in order to compute it. In addition to that, we also evaluated the 511 keV

line emissions from both the annihilation of PBH-produced e+ in the ISM and the decay of

para-Ps formed by PBH-produced e+ and free e− in the ionised ISM. To set the limit, we then

used the longitudinal profiles of the 511 keV line measured by INTEGRAL.

The limits we derived using the three probes are shown in Figure 5.6, where we assumed

that all PBHs are Schwarzschild ones and have the same mass, as well as the fiducial astro-

physical scenario. The 511 keV limit is the most stringent out of the three, and is strongest

one to date in the 3 × 1015 − 2 × 1017 g PBH mass range. In Figure 5.8 we also show how

robust each of the bound is, finding that the 511 keV one is also the most robust among

the three. However, for a more optimistic astrophysical scenario, the XMM-NEWTON bound

could be stronger than the 511 keV one.

Finally, in Figure 5.7 we evaluated the impact of different spin and mass distributions

on the limits. In particular, Kerr PBHs are expected to evaporate more particles at higher

energies, which strengthen our bounds. Although it is unlikely that a PBH can acquire a

near-extremal spin, they could achieve a? ' 0.7 through successive mergers. Moreover,

if the PBH masses are distributed log-normally, which is a more realistic distribution than

the monochromatic one, increasing values of the width of the distribution σ results in a

strengthening of the constraints as well, due to the increasing populating of lighter PBHs

(whose evaporation rate is drastically higher than heavier ones).
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We conclude by exploring some possible future developments in the research conducted

in this thesis. First, all of our bounds were derived without any assumptions on the as-

trophysical background. These result therefore in conservative constraints which could be

improved by incorporating a realistic model of the astrophysical X-ray background. Second,

our investigation on sub-GeV DM was done under the assumption of s-wave annihilations.

Therefore a possible development would be to assume p-wave annihilations instead, in or-

der to compute limits on the p-wave annihilation cross section. Third, we derived model-

independent bounds on sub-GeV DM, but it would be interesting to see where these bounds

lie when considering different BSM models that predict a sub-GeV DM candidate. This would

be straightforward as long as we have the expressions of the branching ratios for the differ-

ent DM annihilation or decay channels, the annihilation cross section or decay rate in terms

of the couplings between DM and SM particles.

Finally, data from the recent X-ray telescope EROSITA have started to be released. These

would be a great opportunity to improve our limits on sub-GeV DM at lower masses, or on

PBHs at higher masses, as EROSITA can probe X-rays down to 0.2 keV (instead of 2.5 keV

in the XMM-NEWTON data we used). In the further future, we can expect upcoming γ-ray

observatories such as AMEGO and E-ASTROGAM to fill the MeV gap, and thus open new

prospects for DM ID in this energy range.

Although the true nature of DM remains an enigma, we can place our confidence in

the vibrant and dedicated scientific community that tirelessly pushes the boundaries of both

theoretical and experimental developments. The future is bright, and with patience and

unwavering dedication, we will inch ever closer to unraveling the mysteries of DM.
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Appendix A

Trigonometry for integrations over
regions of interest

IN this appendix we introduce some trigonometry tools to integrate the emissions of CR

and radiation over a squared b × ` or an annulus ROI. For that we formulate a gener-

alised coordinates system that describes the position of a point on the ridge of a cone

of aperture θ pointing towards a position (b, `) in the sky. This enables us to compute the

expressions of cylindrical and radial coordinates in terms of the generalised ones, as well as

the differential solid angle for each of the two ROI types. We then write the maximum value

of the l.o.s. coordinate in the case where we integrate the CR and radiation emissions over a

ROI encapsulated in the spatial boundary of the Galaxy, here a cylinder of radius Rmax and

height L.

A.1 Generalised coordinate system

We formulate a coordinate system that enable us to perform integrations over b × ` regions

and annuli in the MW, starting by introducing some of the useful systems that describe the

position of a target point in the Galaxy, which are illustrated in Figure 2.5:

• Radial coordinate r: We use this coordinate to parametrise the DM density profile,

which is considered to be spherically symmetric. r simply corresponds to the distance

of the target from the GC.

• Cylindrical coordinates (R, z): This Galactocentric system is useful to describe the

distribution of baryonic matter and radiation fields which are contained in the Galactic

disk. R is the projection of r on the GP, and z is the height of the target from the GP.

• Galactic coordinates (s, b, `): This is the heliocentric system we use to perform inte-

grations over ROIs, where s is the coordinate that runs along the l.o.s, and (b, `) are

the Galactic latitude and longitude, respectively.

To generalise these coordinate systems, we consider a ROI in the form of a cone of

aperture θ centered towards the GC, as pictured in the left panel of Figure A.1. The position
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Figure A.1: Illustration of the rotations used to obtain the generalised coordinate system.
Starting with a cone pointing towards the GC, we rotate it in the xz-plane by an angle b (left
panel), then in the xy-plane by an angle ` (right panel).

of a target point on the ridge of the cone’s base is parametrised by the angle φ so that its

cartesian coordinates are 
x = s cos θ

y = s sin θ cosφ

z = s sin θ sinφ

. (A.1)

We then proceed by rotating the cone by an angle b in the xz-plane, as shown in the left

panel of Figure A.1, and write the new coordinates of the target

x′ + iz′ = eib(x+ iz) =⇒


x′ = x cos b− z sin b

y′ = y

z′ = x sin b+ z cos b

. (A.2)

Finally, we rotate the system by an angle ` in the xy-plane, as shown in the right panel of

Figure A.1. The new coordinates are then

x′′ + iy′′ = ei`(x′ + iy′) =⇒


x′′ = x′ cos `− y′ sin `
y′′ = x′ sin `+ y′ cos `

z′′ = z′
(A.3)

=⇒


x′′ = s[cos b cos ` cos θ − (sin ` cosφ+ sin b cos ` sinφ) sin θ]

y′′ = s[cos b sin ` cos θ + (cos ` cosφ− sin b sin ` sinφ) sin θ]

z′′ = s(sin b cos θ + cos b sin θ sinφ)

. (A.4)

We are now able to know the coordinates of a point on the ridge of a cone’s base that points

towards the position (b, `) in the sky. This system can be used to both integrate over b × `
regions (by setting θ to 0) and annuli in the sky (by fixing b and `). From there, we can ex-

press R and r in terms of the generalised coordinates by recalling that R =
√

(x− r�)2 + y2
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and r =
√
R2 + z2:

R =
[
r2
� + s2(cos2 b cos2 θ + sin2 θ cos2 φ+ sin2 b cos2 ` sin2 θ sin2 φ

+ sin2 b sin2 ` sin2 θ sin2 φ− 2 cos b sin b cos θ sin θ sinφ)

+2sr�(sin b cos ` sin θ sinφ− cos b cos ` cos θ + sin ` sin θ cosφ)
]1/2

,

(A.5)

r =
[
r2
� + s2 + 2sr�(sin b cos ` sin θ sinφ− cos b cos ` cos θ + sin ` sin θ cosφ)

]1/2
. (A.6)

In a given coordinate system, the differential solid angle dΩ spanning from θ̂ to θ̂ + dθ̂

and φ̂ to φ̂+ dφ̂ on a spherical surface is expressed by

dΩ =
1

s2

∣∣∣∣∣∣∣∣d~r∂θ̂ × d~r

∂φ̂

∣∣∣∣∣∣∣∣ dθ̂dφ̂ , (A.7)

where ~r is the position vector of the target, whose components are in Equation A.4 in the

generalised coordinate system (in which (θ̂, φ̂) = (b, `) or (θ, φ) depending on the considered

ROI type).

A.2 Integration over a b× ` region

In the case where the ROI is a b× ` region, we set θ = 0 in Equations A.5 and A.6, giving
R =

√
r2
� + s2 cos2 b− 2sr� cos b cos `

z = s sin b

r =
√
r2
� + s2 − 2sr� cos b cos `

. (A.8)

By combining Equations A.4 and A.7 when (θ̂, φ̂) = (b, `) and θ = 0, we obtain the

differential solid angle for this type of region, which is

dΩ = cos b db d` , (A.9)

and therefore the total solid angle is

∆Ω =

∫ bmax

bmin

∫ `max

`min

cos b db d` = (`max − `min)(sin bmax − sin bmin) , (A.10)

where bmin, bmax, `min and `max delimit the b× ` region.

A.3 Integration over an annulus region pointed at (b, `)

In the case where the ROI is an annulus centered on a position (b, `) in the sky, theR and r are

simply given by A.5 and A.6, where b and ` are now fixed. In particular, when (b, `) = (0, 0)
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(i.e. an annulus centered on the GC), we obtain1


R =

√
r2
� + s2(cos2 θ + sin2 θ cos2 φ)− 2sr� cos θ

z = s sin θ sinφ

r =
√
r2
� + s2 − 2sr� cos θ

. (A.11)

And we also compute the differential solid angle for this type of ROI, by inserting Equa-

tion A.4 into Equation A.7 when (θ̂, φ̂) = (θ, φ), for any (b, `):

dΩ = sin θ dθ dφ , (A.12)

and therefore the total solid angle is

∆Ω =

∫ θmax

θmin

∫ 2π

0
sin θ dθ dφ = 2π(cos θmin − cos θmax) , (A.13)

where θmin and θmax delimit the aperture of the annulus.

A.4 Upper integration bound for the line of sight coordinate

In this section, we compute the maximum value of the l.o.s. coordinate s in the setup where

the spatial boundary of the Galaxy is a cylinder of radius Rmax and height L, useful for

Section 3.1.2. s is at its maximum smax whenever one of the two following conditions is

satisfied: R(s) = Rmax or |z(s)| = L. If the first condition is reached first, we have

R(smax) = Rmax =⇒ (x(smax)− r�)2 + y2(smax)−Rmax = 0 (A.14)

=⇒ s±max =

r�fx ± r�
√
f2
x +

(
f2
x + f2

y

) [(
Rmax
r�

)2
− 1

]
f2
x + f2

y

, (A.15)

where fi = i/s encapsulates the angular dependency of the coordinate i. Actually, the

physical solution of Equation A.14 is when + is taken in Equation A.15, since the second

term in the square root is always positive. We therefore have smax = s+
max. This solution

corresponds to the maximum of s for a cylinder of infinite height and finite radius Rmax. On

the other hand, if the second condition is satisfied first, we obtain

|z(smax)| = L =⇒ smax =
L

|fz|
, (A.16)

1We remind the reader that cos2 θ + sin2 θ cos2 φ = 1− sin2 θ sin2 φ.
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which corresponds to the maximum of s for a cylinder of infinite radius and finite height L.

To combine the two solutions, we simply take the minimum value between the two, giving

smax = min


r�fx + r�

√
f2
x +

(
f2
x + f2

y

) [(
Rmax
r�

)2
− 1

]
f2
x + f2

y

,
L

|fz|

 . (A.17)

In particular, in Galactic coordinates (b, `), by taking θ = 0 in Equation A.4, we obtain

smax = min

 r�
cos b

cos `+

√(
Rmax

r�

)2

− sin2 `

 , L

|sin b|

 , (A.18)

and in spherical coordinates (θ, φ), by taking (b, `) = (0, 0) in Equation A.4

smax = min

 r�

1− sin2 θ sin2 φ

cos θ +

√√√√cos2 θ +
(
1− sin2 θ sin2 φ

) [(Rmax

r�

)2

− 1

] , L

|sin θ sinφ|

 .

(A.19)
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Appendix B

Electron-positron energy-loss
functions

IN this appendix we provide the expression of the energy-loss function b(Ee, ~x) ≡ −Ėe for

e± propagating through the Galaxy. They can suffer energy losses due to their scattering

on radiation fields (ICS), interactions with the GMF (synchrotron), when passing by

nuclei in the ISM (bremsstrahlung), or by ionising gas in the ISM and through Coulomb

scattering on free e− in ionised gas. We essentially use the same formalism as in [107, 108].

We also show in Figure B.1 these energy loss functions at two positions in the MW and in

the 1− 104 MeV energy range, which was the relevant in research conducted in this thesis.

B.1 Inverse Compton scattering

In the Thomson limit (which was used throughout the thesis), the e± energy losses through

ICS are encoded in

bICS(Ee, ~x) =
4cσT

3m2
e

E2
e

∫ ∞
0

dEγ nγ(Eγ , ~x) , (B.1)

where σT ≡ 8πr2
e/3 = 6.65× 10−25 cm2 is the Thomson scattering cross section (where re is

the e± classical radius), and nγ(Eγ , ~x) is the ambient photon number density at a position

~x in the Galaxy. The integral in this expression represents the total energy density of these

photons.

B.2 Synchrotron emission

The energy losses of e± through the synchrotron radiation are written

bsyn(Ee, ~x) =
4cσT

3m2
e

E2
e

B2(~x)

8π
, (B.2)

where B(~x) is the intensity of the GMF at the position ~x, summing its continuous and tur-

bulent components. This expression is analogous to the ICS energy-loss coefficient, since

B2/8π is the total energy density of the GMF.
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Figure B.1: e± energy loss rates through ionisation and Coulomb interactions (green),
bremsstrahlung (brown), ICS (cyan) and synchrotron radiation (magenta) above the GC
(left panel) and in the GP (right panel). The total energy loss rates are shown in black.

B.3 Bremsstrahlung

The energy losses through bremsstrahlung are described by

bbrems(Ee, ~x) = c
∑
i

ni(~x)

∫ Ee

0
dEγ Eγ

dσi
dEγ

(Eγ , Ee) , (B.3)

where ni(~x) is the number density of the gas species i at a position ~x in the Galaxy and

dσi/dEγ is the differential bremsstrahlung cross sections, which are written [249]

dσi
dEγ

(Eγ , Ee) =
3ασT

8πEγ

{[
1 +

(
1− Eγ

Ee

)2
]
φi1(Ee, Eγ)− 2

3

(
1− Eγ

Ee

)
φi2(Ee, Eγ)

}
, (B.4)

where φi1,2 are scattering functions whose expressions are quite cumbersome to formulate,

and out of the scope of the thesis. We however consider two limiting regimes. When the

impinging e± is highly relativistic (γe & 103), the electronic cloud around the atoms in the

gas screens their nucleus, effectively decreasing the bremsstrahlung emission. The scattering

functions are essentially constant in this strong shielding regime. Their value for HI and HeI

are given in Table 2 in [250] and rewritten here for the convenience of the reader:

φHI
1,ss = 45.79 , φHI

2,ss = 44.46 , (B.5)

φHeI
1,ss = 134.60 , φHeI

2,ss = 131.40 , (B.6)
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and the energy losses are then given by

bneut,ss
brems (Ee, ~x) =

3cασT

8π
E2
e

∑
i

ni(~x)

(
4

3
φi1,ss −

1

3
φi2,ss

)
. (B.7)

Otherwise, for less relativistic incoming e± (γe . 102), electronic screening becomes ineffi-

cient. This is referred to as the weak shielding regime. It essentially corresponds to the case

where the gas is ionised. In this regime, the scattering functions are written

φi1,ion+ws(Ee, Eγ) = φi2,ion+ws(Ee, Eγ) = 4Zi(Zi + 1)

{
log

[
2Ee
mec2

(
Ee − Eγ
Eγ

)]
− 1

2

}
, (B.8)

where Zi is the number of protons in a nucleus of gas species i. When the gas is ionised,

these scattering functions are valid for the whole impinging e± energy range, since there is

no more electronic screening. The energy loss are written, in the case the gas is ionised or

neutral and weakly shielded

bion+ws
brems (Ee, ~x) =

3cασT

2π
E2
e

[
log

(
2Ee
me

)
− 1

3

]∑
i

ni(~x)Zi(Zi + 1) . (B.9)

In order to study the intermediate regime between the strong- and weak-shielding ones (i.e.
102 . γe . 103), we can perform an interpolation.

B.4 Coulomb scattering and ionisation

The energy loss rate of e± through their scattering on free e− in an ionised plasma is

bCoul(Ee, ~x) =
3cσT

4
ne(~x)

[
log

(
Ee
me

)
+ 2 log

(
me

Ep(~x)

)]
, (B.10)

where ne(~x) is the number density of free e− at a position ~x in the MW andEp ≡
√

4πner3
eme/α

is the minimum excitation energy of the plasma. e± can also lose energy from ionising ele-

ments in a neutral gas. The energy loss function is written in this case

bion(Ee, ~x) =
9cσT

4

∑
i

ni(~x)Zi

[
log

(
Ee
me

)
+

2

3
log

(
me

∆Ei

)]
, (B.11)

where ∆Ei is the average excitation energy of the gas species i, which is 15.0 eV for HI and

41.5 eV for HeI.
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