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Abstract

This thesis investigates the nature and observable consequences of dark matter (DM)
by modeling its impact on astrophysical radiation fields and the structure of Milky
Way-like galaxies. Although DM interacts only weakly with standard-model parti-
cles, certain candidates may still produce indirect observational signatures, such as
axion-like particles (ALPs) or weakly interacting massive particles (WIMPs). In ad-
dition, the thesis also includes the modeling of the extragalactic background light
(EBL).

The first part of this thesis explores the contribution of ALPs to the EBL, which
is the isotropic and homogeneous radiation field of extragalactic origin arising from
the integrated emission of astrophysical sources over cosmic history. A cosmological
population of ALPs decaying into photons would add a di [11de component to the EBL.
We incorporate the predicted ALP emission into a model that describes the EBL
in the X-ray, ultraviolet, and optical regimes, and compare these predictions with
observational upper limits to derive constraints on the ALP mass—coupling parameter
space. The New Horizons probe has reported a persistent excess of EBL intensity,
which we also try to explain with ALP decay.

The second part of the thesis introduces niebla, an open-source Python library for
modeling the optical and infrared regimes of the EBL based on the forward evolution
of their sources. The library includes prescriptions for stellar emission, dust absorp-
tion and re-emission, and optional components such as stripped stars, intra-halo light,
and ALP decay. We construct several EBL models using di Lerknt dust prescriptions
and demonstrate how they aledt the attenuation of very-high-energy gamma rays
through pair production with background photons. Simulated observations of the
blazar Markarian 501 show that, assuming a simple intrinsic source spectrum, cer-
tain EBL models can be distinguished, although this becomes more di Ccullt for more
complex source spectra.

The final part of the thesis examines the gamma-ray signatures of WIMPs by analyz-
ing magnetohydrodynamical simulations of Milky Way-like galaxies from the Auriga
suite. These simulations, along with corresponding dark-matter-only runs, allow an
assessment of the impact of baryons on the subhalo population. We use a repopulation
algorithm to model subhalos below the simulation resolution limits and explore sce-
narios in which subhalos are fragile or resilient to tidal forces near the Galactic Center.
Repopulated subhalos below the resolution limits can be very bright in gamma rays,
especially in repopulations that account for baryonic processes and assume a resilient
subhalo population. The results also show that baryonic e [edts weaken existing anni-
hilation cross-section limits from dark satellites, whereas enhanced subhalo resilience
can partly compensate for this reduction.

Together, these studies highlight both the constraining power and the present limita-
tions of indirect DM searches, while providing software and methodologies to support
future analyses.






Zusammenfassung

In dieser Dissertation wird die Natur und die beobachtbaren Folgen der dunklen Mate-
rie (DM) untersucht, indem deren Einfluss auf astrophysikalische Strahlungsfelder und
die Struktur galaktischer Systeme ahnlich der Milchstrale modelliert wird. Obwohl
DM nur schwach mit Elementarteilchen des Standardmodells interagiert, kénnten be-
stimmte Kandidaten, wie axionartige Teilchen (ALPs) oder schwach wechselwirkende
massive Teilchen (WIMPSs), dennoch indirekte beobachtbare Signale erzeugen. AulRer-
dem umfasst die Arbeit auch die Modellierung des extragalaktischen Hintergrundlichts
(EBL).

Der erste Teil der Arbeit beschreibt den Beitrag von ALPs zum EBL. Das EBL ist ein
isotropes und homogenes Strahlungsfeld extragalaktischer Herkunft, das sich aus der
integrierten Emission astrophysikalischer Prozesse im Verlauf der kosmischen Evoluti-
on des Universums zusammensetzt. Eine kosmologische Population von ALPs, die in
Photonen zerfallen, wiirde eine di [ude Komponente zum EBL hinzuftigen. Dazu wird
die vorhergesagte ALP-Strahlung in ein EBL-Modell zur Beschreibung der Réntgen-
, Ultraviolett- und optischen Spektralbereiche implementiert. AnschlieBend werden
diese Vorhersagen mit beobachteten oberen Limits verglichen, um Einschrankungen
im Zusammenhang mit dem Masse-Kopplungs-Parameterraum der ALPs abzuleiten.
Messungen der Raumsonde New Horizons zeigen einen anhaltenden Uberschuss in der
EBL-Intensitat, der durch ALP-Zerfall erklart werden kdnnte.

Im zweiten Teil der Arbeit wird niebla vorgestellt. Dabei handelt es sich um eine
Open-Source Python Bibliothek zur Modellierung der optischen und infraroten Be-
reiche des EBL basierend auf der Phanomenologie der EBL Quellen. Die Bibliothek
enthéalt Vorschriften flr Sternemission, Staubabsorption und -reemission sowie optio-
nale Komponenten wie ,stripped Stars”, intra-Halo-Licht und ALP-Zerfall. Es werden
mehrere EBL-Modelle unter Verwendung unterschiedlicher Staubvorschriften erstellt
und untersucht, wie diese die Abschwachung hochenergetischer Gammastrahlen durch
Paarbildung mit Hintergrundphotonen beeinflussen. Simulierte Beobachtungen des
Blazars Markarian 501 zeigen, dass sich unter der Annahme eines einfachen intrin-
sischen Quellspektrums bestimmte EBL-Modelle voneinander unterscheiden lassen,
wobei dies bei komplexeren Quellspektren komplizierter wird.

Im letzte Teil der Arbeit wird die Gammastrahlensignaturen von WIMPs anhand ma-
gnetohydrodynamischer Simulationen von galaktischen Systemen &hnlich der Milch-
stralBe aus der Auriga-Reihe demonstriert. Diese Simulationen, zusammen mit ent-
sprechenden Léaufen, die nur Dunkle Materie enthalten, ermdglichen eine Bewertung
des Einflusses baryonischer Materie auf die Subhalo-Population. Dabei wird ein
Repopulation-Algorithmus verwendet, um Subhalos unterhalb der Auflésung der Si-
mulation zu modellieren, und es werden Szenarien untersucht, in denen Subhalos nahe
dem galaktischen Zentrum fragil oder widerstandsféhig gegentiber der Gezeitenkréafte
sind. Repopulierte Subhalos unterhalb der Aufldsungsgrenze kénnen im Gamma-
bereich prominent sein, insbesondere bei Repopulationen, die baryonische Prozesse



Vi

bertcksichtigen und eine widerstandsféahige Subhalo-Population annehmen. Die Er-
gebnisse zeigen auferdem, dass baryonische E [elte die bestehenden Grenzen an die
Annihilationsquerschnitte aus dunklen Satelliten abschwéchen, wahrend eine erhéhte
Widerstandsfahigkeit von Subhalos diese Reduktion teilweise ausgleichen kann.

Zusammen zeigen diese Studien sowohl die Einschrankungskraft als auch die der-
zeitigen Grenzen indirekter DM-Suchen auf und stellen gleichzeitig Software sowie
Methodologien zur Verfugung, die zuklinftige Analysen unterstitzen.
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Chapter 1

Introduction

1.1 Cosmology and the evolution of the Universe

Cosmology is the branch of physics that describes the creation and evolution of the
di erent components of the Universe. The standard framework consists on an initial
period of in ation followed by the CDM cosmological model. A diagram of the
simpli ed history of the Universe is presented in Fig. 1.1, and the main epochs are
discussed in more detail below.

Cosmic in ation is the leading theoretical paradigm describing the primordial expo-
nential expansion of the earliest moments of the Universe (see Kallosh and Linde
(2025) for a review of the present status of in ationary theories). One of the most
popular in ation mechanisms is based on a simple scalar eld, the in aton. Concep-
tually, the in aton eld slowly rolls towards its potential minimum, in a very brief
period of time of around 10 3¢s 10 32s. During this period of rapid expansion, the
spatial volume of the Universe increases exponentially. The shape of the in ation
potential is a topic of debate, as simple models fail to reproduce observations. There
are ongoing investigations towards more complex potentials and alternative models.
Despite its success in explaining several observational features, such as the homo-
geneity and atness of the Universe in the present day, open questions and criticisms
remain. Some studies argue that certain in ationary scenarios require ne-tuning of
initial conditions to predict the observables in our current Universe (Linde, 2018).

During and right after in ation, the evolution of the Universe is described within the
CDM paradigm. The energy content of the Universe is hot, dense plasma composed
of particles and antiparticles, which are continually created and annihilated. These

Figure 1.1: A simpli ed diagram of the history of the Universe. The
diagram is not to scale. Credit to NAOJ/ESO (2016).
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(anti)particles are relativistic. They are in thermal equilibrium, maintained by the
frequent interactions between them, such as scattering, annihilation and decay. There-
fore, the dominating energy density of the Universe is radiation, which determines the
rate of expansion and decrease in temperature.

As the Universe expands its temperature decreases, and interactions among particles
maintain thermal equilibrium of the plasma. With bigger volumes, particles have
larger mean paths without interactions, so the interaction rate lowers. When this
interaction rate becomes smaller than the rate of expansion of the Universe, parti-
cles stop exchanging energy, and decouple from the thermal bath. This is known as
freeze out The rate of interaction depends on the number density of a species, its
cross-sections, and its mass. Heavier species in the standard model (SM) of particles
generally decouple earlier than the lighter components.

Following that, dark matter (DM), a type of non-baryonic and non-relativistic mat-
ter, starts to gravitationally clump. It creates and slowly grows gravitational wells.
Baryonic matter starts to infall into these wells. Radiation, by this point, has lost a
lot of energy density due to the expansion of the Universe, and non-relativistic matter
starts to dominate the expansion of the Universe. Driven by a cold, non-relativistic
DM (CDM), structure formation proceeds hierarchically; small density perturbations
collapse early, and these early structures then grow through accretion and mergers
into larger structures.

After 300000yt the Universe has cooled su ciently for protons and electrons
to combine and form neutral atoms, a period known as recombinatioR. Prior to
recombination, photons are tightly coupled to baryons via Thomson scattering, be-
ing restrained from freely propagating. As the Universe continues to expand and
cool, photons decouple from matter and begin to travel freely, e ectively preserving a
snapshot of the surface of last scattering. These photons form the cosmic microwave
background (CMB), which is explored in detail in Section 1.2.1.

After the CMB imprint, the gravitational wells get even deeper, and larger amount of
baryonic matter falls into them. Gravity starts to play a relevant role in the growth of
structures, until the rst population of stars, so-called Population Ill, is born 1 Gyr
after in ation. There is no conclusive observational evidence of this population, but
the James Webb Space Telescope has observed promising candidates (Nakajima et al.,
2025; Visbal, Hazlett, and Bryan, 2025). The light from Pop Il stars starts to ionize
the neutral hydrogen present in the interstellar medium, a process known as reioniza-
tion. From the CMB observations, most of the atoms in the Universe were neutral H
and He, which start to lose electrons. The rst galaxies begin to virialize, becoming
gravitationally self-bound structures that decouple from the Hubble expansion.

The estimated current age of the Universe ity = 13:801 0:024 Gyr (Aghanim
et al.,, 2020), and in this time the growth of structures has created a lamentary
cosmic web in which most galaxies reside. In the lament nodes we sometimes nd
galaxy clusters, the largest bound structures observed. They are gravitationally bound
structures that contain galaxies within surrounded by hot gas, with estimated masses

IThere are di erences between fermions and leptons, this is a generalization. First table (it is not
numbered) from Chapter 22.3.2 from Navas, Amsler, Gutsche, et al. (2024) lists when decoupling
occurs in ascending order.

2The term recombination suggests that neutral atoms have existed in a earlier instance, but this
nomenclature precedes the Big Bang theory, and therefore is a misnomer in light of the current theory.
Conversely, the subsequent period ofreionization, does refer to a epoch when the Universe ionizes
once more, since the primordial plasma is in fact ionized. Nomenclature can be deceiving sometimes.



3 Chapter 1. Introduction

Meuster 10 10M  (see, e.g., Table 1 from Gabriel-Silva and Sodré (2025)).
Due to the hierarchical growth of structures due to CDM, galaxies are teeming with
substructure.

1.1.1 Components of the Universe and their evolution through time

The standard cosmological model assumes that space-time has four dimensions, three
spatial and one temporal. The Cosmological Principle states that the Universe is
homogeneous and isotropic in its spatial dimensions, and this approximation works
at large spatial scales, i.e., when considering spherical volumes with diameter larger
than 100 Mpc (Bertone, Hooper, and Silk, 2005). Homogeneity and isotropy mean
that the Universe characterization and evolution remain invariant under spatial trans-
lations and rotations, respectively. These principles do not necessarily extend to the
temporal dimension, as the Universe evolves over time.

During the 20" century, signi cant e orts were made to formulate models that de-
scribe the evolution of the Universe. The starting point involves solving Einstein's
eld equations, relating the energy density and pressure of a perfect uid, for the
contents of the Universe. The metric is speci cally chosen to comply with the axioms
of homogeneity and isotropy, and is called the Friedmann-Lemaitre-Robertson-Walker
metric. The line element of this metric in polar coordinates, or the space-time sepa-
ration between two events, can be expressed as

dr?
+r2d 2

2 _ 2442 2 .
ds® = codt  a(t) 1 k2 ;

(1.1)
where the metric depends on the scale factor of the Universa(t), which is explained
in a few paragraphs) and the curvature parametek. This last parameter is related to
the curvature of the Universe, where an Euclidean ( at) Universe is given byk = 0.
The other possible geometries describe a closeld € 1) or open Universe K = 1).
The angular part is dened asd 2= d 2+ sin?( )d 2, where and describe the
angular coordinates on a 2D-sphere.

Applying Einstein's equations to this metric yields the Friedmann-Lemaitre equations,
given by

2 2
a 8G kc c?
S =22 s 1.2
a 3 a2 3’ (1.2)
) 4G 3p 2
2= = +=F 4 = .
a 3 2 3’ (1.3)

where is the total energy density, p is the pressure,G is the gravitational constant
and is the cosmological constant. The termsa and & are the rst and second
derivatives respect to time, respectively.

Focusing on the rst Friedmann-Lemaitre equation, Eq. (1.2), ifa = H = 0 the
Universe maintains a constant size. On the other handa > 0 means that it expands,
and a < 0 it contracts. Note that the value of k is independent of the expansion
of the Universe, a closed Universe could expand and an open one could contract.
The community has set a normalized value of the scale factor at the current time
a(t = tg) = 1. The Hubble parameter is de ned from the scale factor evolution as
H = a=a, and is an observable linked to the evolution of the Universe.
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Within the standand CDM cosmological model, the energy density of the Universe is
driven by four components: matter, radiation, curvature, and dark energy (or vacuum
energy). Each component enters the Friedmann-Lemaitre equations and in uences the
evolution of the Hubble parameter according to its respective equation of state. To
study the interplay and relevance of each component, it is necessary to de ne the
critical density of the Universe ;. This is de ned as the density that corresponds
to a Universe with no curvature (k = 0) and no cosmological constant (= 0 ). It

is de ned as critical because it is the threshold separating this at Universe from
expansion and collapse. From Eg. (1.2), the expression is

3H?
it = —— 1.4
crit 8 G ( )
Using this, it is possible to de ne the density parameters ; as the density ratios of
each component over the critical density at the present time, i = (to)= crit (to).

The matter component encompasses all particles and antiparticles that are currently
non-relativistic. This includes most particles in the Standard model, such as most
baryons. Matter can be accelerated to relativistic speeds by local processes, such
as the relativistic jets of black holes, so there is in fact a small fraction of baryonic
matter that is relativistic, but this fraction of matter does not drive the expansion of
the Universe, or create any pressure at large scales.

matter (tO) — 8G

matter = it 0 = 3Hg matter (o) : (1.5)

The radiation term, on the other hand, encapsulates the particles that are relativistic,
such as photons and neutrinos. The current density is de ned by

rad(to) _ 8G
crit ;0 3H§ rad

(to): (1.6)

rad —

Matter and radiation encapsulate all particles and antiparticles in the Universe, and
therefore are the only ones that contribute to the density term in the Friedmann-
Lemaitre equations. Using Eq. (1.3), it is possible to derive the evolution of matter
and radiation densities assuming they are each the dominant contribution. Non-
relativistic matter creates negligible pressure i = 0), and therefore its density scales
as mater (@) /' matter (30)a 3. For radiation, p = =3, so if radiation dominates

(a) / (ag)a *. These dependencies re ect that the amount of (non)relativistic
matter in the Universe is conserved, but their densities change due to the expansion
of the Universe.

The term dependent onk is related to the curvature of the Universe, as mentioned
before,

k(to) _ ke _ ke

crit ;0 aSHé HS .
Solving Eq. (1.2), for a curvature dominated Universe, (a) / (ag)a *.

(1.7)

Finally, the inclusion of the term responsible for the accelerated expansion of the
Universe, associated with the cosmological constant. This term is often referred
to as dark energy, and represents the vacuum energy density. The current density is
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given by
(to) _ ¢

crit;;0 3H 3

(1.8)

Note that each derivation assumes that a speci c component dominates the energy
density of the Universe to calculate its evolution. This procedure is also valid when
the components are considered together, since each of the equations of state must hold
individually.

The expansion of the Universe causes a cosmological redshift in freely propagating
photons, rst described by Lemaitre (1927). The general de nition of redshift as a
result of Doppler e ect is

received emitted ) 741 = received (1'9)

emitted emitted

Starting with the metric expression, given by Eq. (1.1), if a photon ds=0) in a at
Universe (k = 0) is emitted with a wavelength ¢ at a time t¢ follows a path without
angular shiftd =0 , and is observed attg, with a wavelength ¢, then

ro fre= —dt: (1.10)

A photon emitted later, at td = te + te that arrives at t§ = to+ to, emitted and
arriving at the same positions as the previous one, undergoes a shift such that

cto Cte _
m a(te)_O) te - a(te)

Now, assuming t; as the photon period, it can be correlated to wavelengths, and
recover the general Doppler expression given by Eq. (1.9). From this expression, the
relation between redshift and scale factor can be rearranged as

to . alto) (1.11)

1
= ; 1.12
4T 15z (1.12)

so in the present dayz(tp) = 0. Note that the Doppler e ect does not have an e ect
in local physics, but rather the redshift can be understood as the cumulative e ect of
many in nitesimal Doppler shifts (Bunn and Hogg, 2009).

With these newly de ned parameters, the rst Friedmann-Lemaitre equation (Eq. (1.2))
can be rewritten as

H%(2)= Hf  raa(l+ 2)*+ mater 1+ 2)°+ k(1+2)%+ ; (1.13)

There are observational measurements of these cosmological parameters. The latest
measurements of the CMB using the Planck satellite (Planck Collaboration, Aghanim,
Akrami, et al., 2020), detailed in Section 1.2.1, provide values mager = 0:3111
0:0056 ¢ = 0:0007 0:0019and = 0:6889 0:0056 The expected value of
ad 10 8, since the energy density of photons has been diluted by the cosmolog-
ical expansion of the Universe. Given these values, it is evident that nowadays the
contribution of radiation is negligible. Besides, the small value of i indicates that
the Universe has no curvature. The two dominant terms in the current moment are
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matter and dark energy. Moreover, since > 0, dark energy causes an ongoing
accelerated expansion of the Universe.

The Hubble constant Hg remains contested, with CMB-derived values in 5:8 ten-
sion with local measurements. This Hubble tension remains a key open question in
cosmology (see, e.g., Di Valentino et al., 2021). Recent measurements derived from the
CMB by the Planck satellite report a value H§MB = 67:37 0:54kms *Mpc ! (Planck
Collaboration, Aghanim, Akrami, et al., 2020). Since the CMB probes the state of the
early Universe, this value is generally interpreted as théd g value predicted by CDM,
within the framework of the standard cosmological equations, speci cally Eq. (1.13).

A complementary approach involves measuringd g in the local Universe, by measuring
the recession velocities and distances of galaxies relative to the Milky Way (MW). Dis-
tances are determined using the cosmic distance ladder, or standard candles. These
are astronomical objects with well-understood intrinsic luminosity and evolution. In
the Local Group there are Cepheids, stars that pulsate at periodic intervals, which can
be used are used to determine distances (Leavitt and Pickering, 1912; Bono, Marconi,
and Stellingwerf, 1999). At larger distances brighter processes are needed, so the com-
munity uses the signature of supernovae la, caused by certain binary star systems that
collapse and violently explode (Hillebrandt and Niemeyer, 2000). The latest result
following this methodology yields a valueH$HOES = 73:17 0:86kms *Mpc ! (Riess

et al., 2022; Breuval et al., 2024). Potential sources of systematic uncertainties have
been studied and mostly disproved, such as underdense local void or bubble or weak
lensing, heterogeneity in supernova explosions (see, e.g., Freedman et al. (2019) and
references therein). Resolving this tension is an active area of research and may pro-
vide insights into new physics or improvements in observational techniques.

1.2 Dark matter

The concept of dark matter has evolved signi cantly since its rst mentions in sci-
enti c literature. Nowadays, DM is understood as a non-baryonic component of the
Universe that interacts gravitationally and has nearly no electromagnetic interaction.
However, early historical references di er from the modern interpretation. In Bertone
and Hooper (2018), the authors explore the historical usage of the terrdark matter.

In the 19" century, it was used to describe phenomena such as dark nebulae. Actually,
these are interstellar clouds composed of dust and gas that absorb optical photons and
reemit them in the infrared, thus creating the illusion of being dark for the detectors of
that time. In the 20™ century, it was reported that a number of astrophysical systems
were missing luminous mass. In the 1930s, Zwicky and Smith studied galaxy clusters,
the rst being the Coma cluster, and inferred that there was substantial amount of
unseen mass for the clusters to remain gravitationally bound (Zwicky, 1933). In the
mid 20" century, there were investigations of rotation curves in the Local System,
and once again there was missing mass in most galaxies and dwarfs (Rubin and Ford,
1970). Over subsequent decades, it became evident that there was a discrepancy
between observed luminous mass and dynamical estimates of mass using the gravi-
tational force. This was not a systematic error, since the fraction of mass missing
remained consistent between the di erent scales tested. A more in-depth examina-
tion of the most relevant systems where DM plays an important role is provided in
Section 1.2.1.

Early hypotheses regarding the nature of DM proposed explanations involving known
components of the SM. Examples included baryonic structures such as faint stars,
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Figure 1.2: Planck 2018 temperature power spectrum as a function

of the harmonic multipoles, shown as red markers. Best t to the data

as the blue curve. Vertical dashed line to separate two di erent parts

of the data analysis in the original paper. At the bottom, residuals

of the t. Taken from Planck Collaboration, Aghanim, Akrami, et al.
(2020).

interstellar dust and gas, or planetary-mass objects. Over time, it has become evident
that the SM does not include a viable DM candidate, and accumulating observational
evidence constrains the contribution of baryonic matter to the total matter component.
An introduction to the required characterization of DM and some well-motivated
candidates is given in Section 1.2.2. Once plausible DM candidates are identi ed,
the focus of research shifts towards understanding possible interactions between DM
and the SM, which could render it detectable. There are three primary experimental
strategies for DM searches, namely creation in colliders, direct and indirect detection.

1.2.1 Observational evidence of dark matter

As previously mentioned, DM is needed in many astrophysical systems and cosmolog-
ical theories to explain the observational data. These systems have very di erent size
scales, and require a consistent amount of DM. The main observational probes are as
follows:

" Galactic rotation curves: By measuring the velocity distribution of stars
within galaxies in the Local Group one observes that the stellar rotational ve-
locities do not decrease as expected at large radii (Eilers et al., 2019; Wang
et al., 2022). Similarly, observations of neutral hydrogen gas, which extends
beyond the optical edge of galaxies and allows us to probe their outer regions,
show that the rotation velocities remain approximately constant with increasing
radius rather than declining as predicted by Newtonian dynamics and the Virial
theorem. According to these classical principles, velocities should decrease at
large distances from the Galactic Center (GC), assuming only visible matter.
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The persistent atness of these rotation curves in many galaxies implies the
presence of an additional, extended DM component that encompasses the visi-
ble galaxy and extends well beyond its luminous boundaries, thereby accounting
for the observed high velocities (see, e.g., Begeman, Broeils, and Sanders, 1991;
Eilers et al., 2019).

CMB: The CMB consists of photons traveling uninterrupted to Earth from the
surface of last scattering, as described in Section 1.1. The current measurements
of the CMB show a black body spectrum withT ' 2:7255 0:0006K (Fixsen,
2009). Under the CDM paradigm, the creation of the CMB corresponds to a
time tcyg 300000 yrafter in ation, when the temperature of the primordial
plasmawasT 3000 K. The expansion of the Universe has redshifted these pho-
tons, decreasing their energies into the microwave regime. Small anisotropies,
i.e., minute temperature variations, with an order of magnitude O(10 °K) are
observed in the CMB. These anisotropies provide further information about the
evolution of the Universe. As an example, Fig. 1.2 shows the variance of tem-
perature anisotropiesD,TT at di erent angular scales, the so-called power spec-
trum, as measured by Planck Collaboration, Aghanim, Akrami, et al. (2020).
The angular size is plotted as a function of the multipole moment$, which come
from the expansion of the celestial sphere in spherical harmonics. The larger
the number | the smaller angular sizes, with a higher number of measurements
and smaller statistical uncertainties. There are various peaks observed in this
spectrum, which are related to baryonic acoustic oscillations (BAO). Before re-
combination, the plasma had pressure waves analogous to sound waves. When
recombination happened, those pressure waves were frozen, and their imprints
remain as the various peaks in the power spectrum. The odd-numbered peaks
correspond to phases of maximal plasma compression, which were followed by
phases of rarefaction, which correspond to the the even-numbered ones. The po-
sitions and intensity ratios of these imprints are determined by the cosmological
parameters, so their values have been drawn and constrained with high precision.
Since DM does not interact with the baryon or photon uids, BAO measure-
ments di erentiate between baryonic and DM densities. The blue straight line

is the best t to the temperature power spectrum assuming CDM, along with
the residuals from the t on the bottom panel.

Lensing: When a massive structure lies along the line of sight between a distant
source and an observer, its gravitational eld bends the path of light, producing
gravitational lensing. This e ect can manifest as small distortions in the shape
of background sources, known as weak lensing; or as multiple magni ed images
of the sources, known as strong lensing. The strength of lensing e ects increases
with the mass of the lensing object (Bartelmann and Schneider, 2001; Meylan
et al., 2006). Gravitational lensing provides a direct probe of the total gravita-
tional mass of a system. In galaxy clusters, the total mass inferred from lensing
typically exceeds the mass associated with luminous matter, such as stars and
the hot intracluster gas. Moreover, applying the virial theorem to galaxy ve-
locity dispersions implies once again a total mass higher than that of visible
matter. These two methodologies estimate that visible matter accounts for only
10-15% of the estimated mass (see, e.g., Allen, Evrard, and Mantz, 2011). In
systems where two galaxy clusters collide, the mass distribution reconstructed
from lensing, which traces the total gravitating matter, is spatially o set from
the X-ray emitting intracluster gas (Clowe et al., 2006a; Allen, Evrard, and
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Mantz, 2011). The observed separation between the lensing mass and the bary-
onic gas provides strong evidence for the existence of DM and indicates that it
is largely collisionless. A very prominent example is the Bullet Cluster (Clowe
et al., 2006hb).

Galaxy clusters and structure formation: lensing observations identify
galaxy clusters with massesM uster  10°M , and the galaxies within them
virialized (Gabriel-Silva and Sodré, 2025). The relative temperature anisotropies
in the CMB are of the order of O 10 ° (Planck Collaboration, Aghanim,
Akrami, et al., 2020), which can be translated to baryonic density uctuations
of the same order of magnitude. Cosmological simulations indicate that, if grav-
itational wells form from initial anisotropies of such size, galaxy clusters would
not form within the age of the Universe because gravitational collapse would not
proceed fast enough. The introduction of a non-baryonic DM component that
provides potential wells prior to recombination allows the simulations to yield
the observed virialized galaxy clusters (Peebles, 1980).

A common solution to these paradoxes is the contribution of additional matter from
outside the SM.

1.2.2 Dark matter characterization and candidates

From the previous sections, a cohesive picture of the characterization of DM begins
to emerge. As discussed, DM must play a crucial role in the large scale structure
formation of the Universe. If DM is composed of particles, these particles should have
a small mass and be non-relativistic at the time of structure formation. Furthermore,
given the gravitational e ects of DM observed in the Local Group, DM ought to be
stable on cosmological timescales. DM should not be part of the SM, or at least
not most of it, further discussed below. DM has to be electrically neutral and to be
consistent with observations, its relic density has to match the measured DM density,
and its presence in the Universe should not signi cantly alter observable phenomena.
For example, if DM particles could be produced inside stars, a fraction of the stellar
energy budget could be converted into DM, potentially shortening stellar lifespans.
Consequently, the ages of the oldest stars in Globular Clusters provide constraints on
the interactions of DM with the SM. Additionally, during supernova explosions some
energy could be emitted as DM. Multi-messenger astronomy can set limits on new
physics scenarios by testing the consistency between observational data and theoretical
predictions, including these potential DM contributions.

Now, a brief introduction to the particles discussed in the main text, as well as an
overview over alternative candidates.

Axions and Axion-Like Particles (ALPSs)

The axion is a pseudo-Goldstone boson predicted as a consequence of the Peccei-
Quinn solution to the strong CP problem. A cosmological population of axions could
constitute part or all of DM.

Historically, the strong CP problem emerged in the 1970s as a signi cant unresolved
issue in particle physics. To provide context, the weak and strong forces are two out of
the four fundamental interactions that govern our Universe. The weak force mediates
interactions between fermions exchangingy and Z bosons, and is responsible for
processes such as beta decay. The strong force binds quarks together to forms hadrons,
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such as protons and neutrons. The combined symmetry of charge (C) and parity (P)

is known as the CP symmetry. It states that the laws of physics should remain
invariant under simultaneous swapping of particles with their antiparticles (C) and
mirroring of spatial coordinates (P). In the SM both the weak and the strong force
break CP symmetry. Experimentally, CP violation in the weak sector has been well
established, such as in meson decay experiments (see Section 13.8 of Navas, Amsler,
Gutsche, et al. (2024) and references therein). In the strong sector, CP violation
would manifest as a nhon-zero electric dipole moment (EDM) of the neutron. However,
experiments have not observed a measurable neutron EDM, leading to upper limits
based on experimental sensitivity (Graner et al., 2017; Roussy et al., 2023).

The strong CP violation is encoded in the Quantum Chromodynamics (QCD) La-
grangian through (Marsh, 2016)

L = ———-TrG 6 ; 1.14
QcD = 3573 (1.14)
with a dependence on the trace ofs , the gluon eld strength tensor, and its dual
& , and the parameter . In principle, this last parameter can take any value

within the range 2 [0;2 ]. Nonetheless, the observational EDM bounds impose
jj 10 19 (Jaeckel and Ringwald, 2010). Actually, is the e ective sum of two
contributions, the phases associated with the quark masses and a topological term,
and neither component can be individually constrained by experiments. According to
theoretical estimates, the phase associated with quark masses is of order of magnitude
O(1) (Marsh, 2016). Therefore, the topological term must (nearly) cancel this contri-
bution. There is no compelling theoretical argument for these two terms to cancel so
perfectly, making this an example of a ne-tuning problem (Di Luzio et al., 2020).

In the 1970s, Peccei and Quinn (PQ) proposed an elegant solution to the strong
CP problem by introducing a new global symmetry that dynamically drives to zero
the e ective CP-violating term in the QCD Lagrangian, therefore preserving the CP
symmetry in the strong interaction (Peccei and Quinn, 1977a; Peccei and Quinn,
1977b). The spontaneous breaking of this symmetry creates a new pseudo-Nambu-
Goldstone boson, which later has been called the axion (Wilczek, 1978). A pseudo-
Nambu-Goldstone boson is a light, spin-0 particle that arises from the spontaneous
breaking of an approximate global symmetry. The Goldstone theorem (Goldstone,
Salam, and Weinberg, 1962) states that every symmetry that is spontaneously broken
guarantees the existence of a massless boson. When that symmetry is approximate,
i.e., it can be broken by small perturbations, then the particle acquires a small mass
proportional to the size of those perturbations, thus making it a pseudeNambu-
Goldstone boson (Weinberg, 1978).

Building on this, axion DM is not created by freeze-out from the primordial plasma, as
described in Section 1.1. The production of axions could have occurred either before
or after in ation, and each scenario imposes di erent constraints. Axions created
post-in ation could have found di erent minima points of the potential in di erent
regions of the Universe, resulting in spatial variations of the value of. The observable
value of would be the average over the di erent causally disconnected patches of the
Universe, with a predicted valueh i  2:15in the early Universe (di Cortona et al.,
2016). Topological defects might arise due to the di erent values of, leaving potential
observational traces (Kibble, 1976). There have been many e orts to simulate these
structures (see for example Yamaguchi, Yokoyama, and Kawasaki (1998), Fleury and
Moore (2016), and Buschmann et al. (2022)). Conversely, if axions were created
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before in ation the value of would be constant in all the Universe, and therefore
there is no expected value for , and no topological defects arise. Currently, there is
no de nite observational evidence to constrain the timeline of axion production, and
both scenarios remain viable (di Cortona et al., 2016).

The coupling of axions to photons is described by a term in the QCD Lagrangian:
1
Ly = 2% F F a; (1.15)

where g, is the axion-photon coupling,a the axion eld strength, and F the elec-
tromagnetic eld tensor with its dual F . The mass of the axionm, and g, are
typically related as go / mj (di Cortona et al., 2016), although the speci c propor-
tionality depends on the particular axion model. The most well-known models are
the Kim Shifman Vainshtein Zakharov (KSVZ) (Kim, 1979; Shifman, Vainshtein,
and Zakharov, 1980) and the Dine Fischler Srednicki Zhitnisky (DFSZ) (Zhitnitsky,
1980; Dine, Fischler, and Srednicki, 1981; Dine and Fischler, 1983). The KSVZ model
proposes a new heavy quark (doublet) that carries a non-zero CP charge, called a PQ
quark. The DFSZ model introduces a SM-singlet scalar, and Higgs doublets. Small
variations in model assumptions or parameters shift the predicted couplings. These
di erences collectively form the so-called QCD axion band, i.e., the region in the axion
parameter space in which the parameters of these benchmark models lie. The QCD
axion band is shown in Fig. 1.3 as the orange shaded region.

Axions can interact with the SM through various channels, not just their coupling
to photons. Other interaction channels are actively researched, such as couplings to
pions, nucleons or electrons (see di Cortona et al. (2016) and references therein).

Axion-Like-Particles (ALPs) are hypothetical particles that extend the concept of ax-
ions, but do not solve the strong CP problem. They are pseudo-Goldstone bosons,
but they do not require a speci ¢ relation between their mass and coupling to pho-
tons. Consequently, their mass and couplings are considered independent parameters,
allowing for a much broader range of possible values. Separating them from QCD the-
ory allows for higher degrees of freedom for DM model building. ALPs arise naturally
in various extensions of the SM and remain viable candidates for DM. Some exam-
ples are the existence of majorons (Gelmini and Roncadelli, 1981), familons (Wilczek,
1982) (spontaneous breaking of family symmetries) or as a natural consequence of
string theory (Svrcek and Witten, 2006). They can contribute to the DM density and
produce observable signatures in astrophysical and laboratory experiments.

Multiple experiments are dedicated to detect signatures from axions and ALPs. Most
searches explore the parameter space de ned by, and g, . In Fig. 1.3 the current
constraints on this parameter space are shown, as compiled by O'Hare (2029)The
colors in the gure correspond to di erent experimental approaches to probe the ALP
parameter space.

Constraints from laboratory searches are shown as red shaded regions. These exper-
iments aim to be independent of astrophysical or cosmological ALP sources, instead
aiming to produce ALPs in controlled environments. Photon-ALP conversion aided
by magnetic elds is a common technique. Light-shining through-a-wall experiments,

3This gure should be interpreted with care. Dierent methodologies for ALP searches employ
di erent assumptions, and this compilation summarizes their results without standardization. For
example, the astrophysical constraints may assume di erent values for the local DM density, which
can shift the bounds accordingly.
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Figure 1.3: ALP-photon parameter space. The QCD axion band
is shown in yellow. Experimental and observational constraints are
shown as shaded regions, with colors indicating the methodology used
to derive them: laboratory searches (red), haloscopes (blue), astro-
physical constraints not assuming the ALP as DM (green), and astro-
physical constraints assuming the ALP as DM (gray). More detailed
explanations are given in Section 1.2.2. Figure taken from the Axion-
Limits repository (O'Hare, 2020).

such as ALPS (Ehret et al., 2010) and OSQAR (Ballou et al., 2015), exploit this
conversion to detect ALPs traversing opaque walls. Other experiments search for
polarization e ects in photons induced by this conversion, as in PVLAS (Della Valle
et al., 2016). Collider searches rely on the production and detection of ALPs at
high-energy colliders, and several collaborations have reported constraints, including
CMS (Sirunyan et al., 2019), DUNE (Brdar et al., 2021) and ATLAS (Atlas Collabo-
ration et al., 2021).

Constraints shaded in green are derived from astrophysical searches that do not rely
on ALPs being DM. The shared premise is that, if ALPs exist and can be generated
in astrophysical environments, they lead to observable signatures. For instance, ALPs
could in uence stellar evolution by providing additional channels for energy loss. This
would reduce stellar lifetimes and evolutionary tracks, a ecting observables such as
the properties of globular clusters (Dolan, Hiskens, and Volkas, 2022). Similarly, ALP
production in supernovae could alter the energy budget and cooling history of the
explosion, leading to observable e ects in the emitted photon ux (Jaeckel, Malta,
and Redondo, 2018; Caputo, Raelt, and Vitagliano, 2022; Diamond et al., 2023)
and the shortening of the neutrino signal (Lucente et al., 2020; Caputo, Ra elt, and
Vitagliano, 2022; Fiorillo, Pitik, and Vitagliano, 2025). Another approach involves
monitoring the Sun for ALP emissions, as performed by helioscope experiments such
as CAST (Adair et al., 2022), which aim to detect ALPs produced in the solar interior.

Haloscope constraints, which assume that ALPs constitute all or most of local DM,
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are shown in blue. These experiments are designed to detect the local ALP density
within the Solar System. They typically employ the photon-ALP conversion in the
presence of magnetic elds, aided by resonant or signal-boosting structures. Some
examples are ABRACADABRA (Salemi et al., 2021), ADMX (Carosi et al., 2025)
and MADMAX (Ary Dos Santos Garcia et al., 2025).

The gray regions are astrophysical constraints that assume ALPs constitute all or
part of DM. Many of these are derived from the non-observation of ALP decay into
photons (Grin et al., 2007; Todarello et al., 2024; Janish and Pinetti, 2025; Yin et al.,
2025). In Chapter 2 | derive my own set of observational constraints, which are shown
without a label in this gure. Other examples of e ects of ALPs include alterations to
the opacity of the Universe to high-energy gamma rays (Bernal et al., 2023) and to the
anisotropies in the cosmic background (Nakayama and Yin, 2022; Carenza, Lucente,
and Vitagliano, 2023).

Weakly interacting massive particles

Weakly Interacting Massive Particles (WIMPSs) are hypothetical particles with masses
typically m O (GeV TeV), that have been considered a promising candidate for
DM over several decades (Bertone, Hooper, and Silk, 2005). The term WIMP does not
refer to a single, speci c particle but rather to a broad class of particles characterized
by certain properties, unlike the case of axions. A particle can be classi ed as a WIMP
if itis not part of the SM, interacts with SM patrticles primarily via gravity and possibly
via an interaction of comparable coupling strength to the weak force of the SM, and
is thermally produced in the early Universe. These features make WIMPs attractive
candidates for explaining the observed DM abundance. WIMPs originate from a wide
variety of theoretical models, converging into a common phenomenological description.
As an example, the framework of supersymmetry naturally predicts particles with
these properties (Jungman, Kamionkowski, and Griest, 1996).

WIMPs are created in the early Universe, initially in thermal equilibrium with the
primordial plasma. They freeze out, as described in Section 1.1. Their velocity av-
eraged annihilation cross-section at the time of decoupling is known as thermal relic
cross-sectionhv i, . Potentially the same interactions that created the WIMPs in
the early Universe can also make them observable today. The cross-section for the
resulting processes depends on the mass of the WIMBR) .

Many well-motivated WIMP candidates are Majorana particles, meaning they are
their own antiparticle. In such scenarios, these WIMPs can self-annihilate and pro-
duce SM particles. These particles can subsequently generate gamma rays and other
detectable particles, providing indirect detection signatures. WIMPs are generally
assumed to be stable on cosmological scales or have very long lifetimes, making decay-
based detection methods less e ective (Bergstrom and Ullio, 1997). Instead, indirect
detection strategies focus on observing self-annihilation products. These methodolo-
gies are also based on the assumption that WIMPs make up DM. Therefore, the aim
is to achieve sensitivities at or belowhv i, . In the absence of detected signals, val-
ues above the experimentahv i are ruled out for a given WIMP mass? Indirect
searches probe the presence of WIMPs through their annihilation products, and fo-
cus on astrophysical environments with high DM densities. They rely on identifying

4Once again, these experiments have hidden relevant assumptions. Details about annihilation
channels, DM density distribution and the fraction of DM composed by WIMPs are some examples.
In Chapter 4, the validity of these constraints is discussed.
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excesses in gamma rays or other cosmic particles that are not explained by known as-
trophysical processes. Some examples of these searches are excesses from the Galactic
Center (GOmez-Vargas et al., 2013; Hooper, Kelso, and Queiroz, 2013; Ackermann et
al., 2017; Abazajian et al., 2020), dwarf spheroidal galaxies (Ackermann et al., 2015;
MAGIC collaboration, 2016; Albert et al., 2017; Calore, Serpico, and Zaldivar, 2018;
Li, Liang, and Fan, 2021; Crnogor£evi¢ and Linden, 2024), and galaxy clusters (Ack-
ermann et al., 2015; Bartlett et al., 2022; Di Mauro et al., 2023; Crnogor£evi¢ et al.,
2025). Chapter 4 studies the case of DM subhalos (Buckley and Hooper, 2010; Mira-
bal et al., 2012; Ackermann et al., 2012a; Zechlin and Horns, 2012; Ackermann et al.,
2015; Bertoni, Hooper, and Linden, 2016; Calore, Hitten, and Stref, 2019; Coronado-
Blazquez et al., 2019; Coronado-Blazquez et al., 2019; Coronado-Blazquez et al., 2021;
Coronado-Blazquez et al., 2022).

There are complementary searches for WIMPs, analogous to those discussed above
for ALPs. Direct detection experiments aim to detect the local DM density in the
Solar System. These experiments typically employ large target masses of liquid no-
ble gases or cryogenic solid-state detectors, searching for the small recoil energies
induced by WIMP-nucleus or WIMP-electron scatterings. The sensitivity of a given
experiment depends on the target material, recoil energy threshold, and background
rejection capabilities. Experiments using heavier nuclei are generally more sensitive
to WIMPs with higher masses and are often liquid-based, such as LUX-ZEPLIN (Aal-
bers et al., 2025) and XENONNT (Aprile et al., 2023). Solid-state detectors employ
lighter target nuclei, so their sensitivity improves towards lower-mass DM particles.
Some representative collaborations that have set up experimental DM constraints are
SuperCDMS (Amaral et al., 2020) and EDELWEISS (Arnaud et al., 2020).

Production of WIMPs in laboratories is tougher than that of ALPs, since the process
requires the experiment to reach energies comparable to the WIMP mass. Since typical
WIMPs have m O (GeV TeV) (Bertone, Hooper, and Silk, 2005), high-energy
colliders are currently the only experiments capable of producing WIMPs. Collider
searches look for missing energy signatures consistent with the production of invisible
particles, and the absence of such signals places constraints on WIMP couplings to
SM particles (see Boveia and Doglioni (2018) and references within).

Other DM candidates

While ALPs and WIMPs are the primary focus of this thesis, a comprehensive cos-
mological model must also address constraints on alternative dark sector candidates.
Here, some relevant alternative DM models are discussed. These examples represent
subsets of theories developed to explain the DM observations in the Universe. More-
over, since the SM comprises various particles, it is hypothesized that the dark sector
of the Universe may follow a similar trend, hosting more than one DM candidate.
Multiple of these candidates might make up the DM density.

A compelling approach is to search for DM candidates in the SM. Several candidates
have been considered in this context. For instance, MAssive Compact Halo Objects
(MACHOSs) are baryonic objects that emit little or no radiation. Examples include
neutron stars, white dwarfs, brown dwarf$, red dwarfs, and planets expelled from
their stellar system due to dynamical processes. The existence of these objects has
been investigated using microlensing techniques. MACHOs would be distributed less

5Brown stars are failed stars, substellar objects that lack the necessary mass to start nuclear fusion
of hydrogen into helium.



15 Chapter 1. Introduction

homogeneously than halos of particles such as ALPs or WIMPs, so if they act as grav-
itational lenses, they would induce luminosity variations in background sources (Mey-
lan et al., 2006). By monitoring this variability, the abundance of MACHOs within
Galaxies can be estimated. Multiple dedicated surveys have placed constraints on
MACHOs as DM candidates, concluding that their abundance is low, and therefore
their density insu cient (Gra and Freese, 1996; Tisserand et al., 2007; Wyrzykowski
et al., 2011). Neutrinos are another candidate. They are particles within the SM that
seldom interact with other particles in the SM. However, neutrinos have too much
kinetic energy, making them in fact a form of warm DM, which con icts with obser-
vations and simulations of DM halos. Additionally, analysis of the CMB anisotropies
constrains the neutrino density parameter t0 neutrinos < 0:0025 (Planck Collabora-
tion et al., 2016). Consequently, neutrinos may contribute to the total DM content,
but not account for all of it (Bertone, Hooper, and Silk, 2005).

Primordial black holes (PBHs) may form in the early Universe, during the radiation-
dominated era. Certain in ationary models predict the creation of PBHs with an
appropriate fraction to make up DM. Current constraints come from their evaporation,
microlensing e ects, gravitational e ects on galaxy dynamics and gravitational wave
signatures. Asteroid-mass PBHs, withMpgy 2 [5 101 5 10 ’JM , are
unconstrained, so they could make up all of DM. PBHs with masses up tdpgy

10 M are constrained to constitute at most 10% of the DM density (see Green (2024)
and references therein).

Fuzzy DM (FDM) is a category that encompasses extremely light bosons and axions,
which have massesngpy 10 22 10 ?'eV (Hu, Barkana, and Gruzinov, 2000). In
this regime, their de Broglie wavelengths are of the order oD(1kpc 10kpc), which

are comparable to the scales of Galactic structures. FDM exhibits quantum e ects at
these scales, such as suppressing small structure growth, while it reproduces large scale
structure predictions of CDM caused by gravity. However, FDM is currently tightly
constrained by observations of the Lyman- forest, which constrain their minimum
massmepm > 2 10 2%eV (Rogers and Peiris, 2021). This cut-o is shown in Fig. 1.3

as a shaded gray region. Several reviews covering FDM can be found in Hui et al.
(2017) and Ferreira (2021).

Another paradigm suggests that DM does not require particle constituents. MOdi ed
Newtonian Dynamics (MOND) proposes, as its hame states, that Newtonian gravity
might not be a good e ective theory at large scales of the Universe, rather neces-
sitating some extra parameters to explain the evolution and structure formation in
galaxies (Milgrom, 1983). However, relativistic MOND-like theories struggle to repro-
duce cosmological observations, failing to match large-scale structure and the CMB
while simultaneously tting small-scale dynamics (see, e.g., McGaugh, 2015).

1.3 Simulations and their importance in cosmological re-
search

Observational data is limited within cosmology and astrophysics. Since we investi-
gate only one Universe, our datasets are inherently singular, thus providing a unique
but constrained view of the cosmos. The scientic community attempts to tie to-
gether snapshots of the Universe into a full narrative of cosmic evolutiofi. To achieve

8Creating new Universes to study the variance between them is out of the scope for astrophysicists
nowadays. So scientists rely on other tools at hand.
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this, there is an increasing reliance on numerical simulations to investigate large-scale
structures and the dynamics of astrophysical phenomena.

The development of simulations predates the existence of modern computers. Early
experiments include illustrative analogs such as using arrangements of light bulbs
to study the dynamics of tidal interactions between galaxies, linking the strength
of gravitational forces to the light emitted by the bulbs (Holmberg, 1941). Modern
computational advances have enabled the creation of highly intricate and detailed
simulations that incorporate multiple physical processes and span a broad range of
scales. Large-scale cosmological simulations focus on structures spanning hundreds
to billions of light-years, modeling the evolution of the Universe from small density
perturbations in the CMB epoch to the structure formation leading to the present
day. Complementary to these, zoom-in simulations focus on the detailed evolution of a
small number of galaxies, often selected to resemble the MW in mass and environment.

Simulations are classi ed based on the physical processes they incorporate (Vogels-
berger et al., 2020). Dark Matter Only (DMO) also called N-body simulations focus
solely on gravitational interactions among DM patrticles, neglecting baryonic physics.
These simulations are instrumental in studying the hierarchical formation of struc-
ture at large scales, where gravity and DM density are the main drivers of structure
evolution. These simulations have been the state-of-the-art for many decades, in part
due to computational constraints on implementing other physical processes (Springel
et al., 2008; Zemp, 2009; Ishiyama et al., 2021). In the last decade, numerous e orts
have been conducted in building codes that could bring in baryonic physics. Hy-
drodynamical simulations incorporate gas physics, including hydrodynamics, cooling,
heating, star formation, feedback mechanisms, and sometimes magnetic elds (Fattahi
et al., 2016; Garrison-Kimmel et al., 2017b; Kelley et al., 2019; Grand et al., 2024).
These simulations provide a more comprehensive and physically realistic portrayal of
astrophysical systems.

1.3.1 Simulation components and resolution limits

Multiple numerical methods can be employed to model astrophysical systems, each
relying on speci ¢ approximations and therefore subject to inherent limitations. Cos-
mological simulations designed to study the large-scale structure of the Universe, such
as the distribution and clustering of galaxies at Mpc scales, typically lack the reso-
lution required to directly model small-scale phenomena, such as gas dynamics or
supernova explosions (Nelson et al., 2019; Nelson et al., 2019; Young, Komatsu, and
Dolag, 2021; Frontiere et al., 2025). Fig. 1.4 shows a compilation of simulations as
a function of their number of galaxies and the baryon mass resolution. This com-
parison highlights the trade-o between resolution and simulating large cosmological
volumes (Nelson et al., 2019). These trade-o0 s are also required in zoom-in simula-
tions, as detailed below. In Chapter 4, | examine the data from Auriga L3 (Grand
et al., 2024), which is represented as a green diamond in Fig. 1.4. It is shown to be
one of the simulations with the highest baryonic mass resolution among the suites
presented in the gure.

Zoom-in simulations cover volumes that are large compared to the individual galactic

components. As an example, there is a di erence of around ten orders of magnitude
between the mass of an individual star, such as the Sun, and the total stellar mass
of the MW disk (Bland-Hawthorn and Gerhard, 2016). As a consequence, individual

baryonic elements cannot be resolved with their full physical detail. Instead, simu-

lations rely on e ective particles and continuous density elds to represent di erent
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Figure 1.4: Comparison of cosmological simulations (circles) and

zoom-in simulation suites (diamonds), based on the total number of

resolved galaxies and the resolution of the baryonic mass patrticle. Fig-
ure taken from Nelson et al. (2019).

components, introducing an intrinsic resolution limit. In Fig. 1.4, the highest baryon
mass resolution isM ggpyon 10°M (Nelson et al., 2019). At this resolution, stellar
populations are represented by so-calledtar particles, which correspond to ensembles
of stars with a total mass equal to the baryonic resolution limit. These star particles
are evolved using semi-analytical or subgrid models that describe stellar evolution pro-
cesses, including mass loss, stellar death, and supernova feedback, calibrated against
observational constraints (Fattahi et al., 2016; Garrison-Kimmel et al., 2017b; Grand
et al., 2017). The majority of suites also model DM as discrete particles that sample
the underlying distribution, similar to star particles. In the DM case, these particles
are collisionless and its evolution is governed solely by gravitational interactions (Vo-
gelsberger et al., 2020). Some suites using this methodology are Auriga (Grand et al.,
2024), APOSTLE (Fattahi et al., 2016) and FIRE (Garrison-Kimmel et al., 2017b).

Mass resolution is constrained by the minimum mass that can be reliably sampled,
requiring a certain minimum number of particles below which the formation and
properties of bound structures cannot be accurately characterized. The mass of in-
dividual particles thus sets a fundamental lower limit for the masses of substructures
that can be resolved. For instance, state-of-the-art DMO simulations such as Via
Lactea Il (Diemand et al., 2008) and the Aquarius project (Springel et al., 2008) have
achieved particle masses on the order &  10°M , enabling detailed studies of DM
substructure down to subhalo masses of abou ~ 10°M

Spatial resolution limits are typically achieved through the introduction of a softening
length, and arise from the need to prevent nonphysical interactions at small scales.
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This softening length e ectively smooths gravitational interactions below a certain
scale, avoiding numerical divergences at the cost of losing detail in dense regions.
Consequently, accurately sampling small-scale structures becomes di cult, especially
near the centers of halos or within substructures. Besides, tracking the evolution of
substructures becomes particularly challenging when they are of very low mass or are
located near the dense central regions of their host galaxies. As subhalos become
smaller and closer to the GC, their gravitational binding becomes more susceptible
to arti cial disruption, partly due to the limited resolution and the softening scale.
These problems are compounded in simulations that include baryons, where physical
e ects such as the dense baryonic core of the galaxy amplify the dynamical disruption
of substructures. Baryonic infall increases the central mass concentration, deepening
the gravitational potential well, which can lead to greater tidal disruption of subha-
los. This physical e ect, combined with numerical limitations, results in enhanced
destruction of substructures, in uencing the survival rate and the distribution of DM

in galaxy halos (Garrison-Kimmel et al., 2017b; Kelley et al., 2019; Grand and White,
2020; Grand et al., 2021). The topic of resolution limits in simulations is investigated
in Chapter 4.

1.3.2 Distribution of dark matter

According to the CDM cosmological theory, structure formation in the Universe is
hierarchical. Small structures form rst, and then accrete matter and merge to create
larger structures. This formation predicts a large number of small DM structures
populating the Universe (Buckley and Peter, 2018).

This hierarchical formation of structures results in a universal density pro le that
characterizes all DM halos. Numerous density pro les have been proposed and tted
throughout di erent cosmological simulations, with varying degrees of preference be-
tween models. One of the most well-known ones is the Navarro-Frenk-White (NFW)
pro le (Navarro, Frenk, and White, 1997), which describes the radial density pro le

as

NFw (F5Ts; o) = 702; (1.16)

whererg is the scale radius of the halo, de ned as the radius at which the logarithmic
slope of the density pro le equals -2. The characteristic density o follows nrw (r =

rs) = o=4. For halos comparable in size to the MW,rs 10 20kpc, hence reaching
into the outermost part of its optical region. An example of this density pro le is
shown on the top panel of Fig. 1.5. The enclosed mass as a function of radius is
shown on the middle panel, and the circular velocity pro le on the bottom one. The
circular velocity pro le is de ned as the spherically averaged rotation curve, usually
derived from the enclosed mass (this relation is explored in Section 4.A).

Fig. 1.5 shows that the NFW density pro le does not exhibit a sharp cut-o at large
radii, but rather the DM density slowly merges into the background density. Conse-
quently, the total mass and radius of a DM halo must be de ned using an external
criterion. A common choice is to de ne the virial radius as the radius within which
the mean halo density exceeds a certain threshold over the background density. Under
the spherical top-hat collapse in CDM, the threshold is 18 2 i ' 178 it (de ned

in Eq.(1.4); see e.g., Bryan and Norman (1998)). However, in simulations the region
dynamically in uenced by the halo is much larger, so an overdensity o200 i is
generally adopted (Zemp, 2009). This de nes the virial massvi2op and virial radius
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Figure 1.5: Quantities of a halo derived from an NFW density pro le,
Eqg. (1.16). The scale radiusrs = 20kpc is shown as a dashed vertical
gray line, and o =9:04 1°M =kpc>. Top panel: the radial density
pro le. Dotted lines indicate the asymptotic power-law behaviors ar
small and large radii. Middle panel: the enclosed mass as a function
of radius. Mgy is shown as a dash-dotted fuchsia horizontal line.
Bottom panel:  the circular velocity pro le as a function of radius.
The maximum circular velocity Vmax and the correspondingRmax are
shown as red horizontal, and orange vertical dashed lines, respectively.

R2go of a halo. However, subhalos are a ected by tidal forces while traversing their
host, and therefore the mass from the outskirts is stripped, which implies that the
parameters above are ill-de ned (Hayashi et al., 2003; Green and van den Bosch,
2019; Errani and Pefiarrubia, 2020). These issues are discussed in detail in Chapter 4.
The bottom panel of Fig. 1.5 shows that the circular velocity pro le of a halo has a
maximum value Vmax, achieved at a radiusRax. These quantities are shown on the
bottom panel of Fig. 1.5 as a dashed red horizontal line and a dashed orange verti-
cal line, respectively. They are both determined by the inner pro le, and thus more
robust against tidal disruption than Mg and R2go. Consequently, these parameters
provide a more reliable basis for the characterization of substructures in galaxies. This
concept is further developed in Chapter 4.

Fig. 1.5 and the NFW density pro le guide the de nitions of Mg, R200, Vmax and
Rmax. However, the mass and velocity proles can be extracted from simulations
without the need for an analytic density pro le.

In DMO simulations, dwarf galaxies generally develop steep central density pro les,
like the NFW prole, and are described as cuspy. Some dedicated MHD simula-
tions claim that baryonic processes can transform an initially cuspy DM pro le into

a cored one, characterized by a roughly constant central density (Navarro, Eke, and
Frenk, 1996; Roper et al., 2023; Sanchez Almeida, Plastino, and Trujillo, 2025). Ob-
servationally, stellar kinematics in dwarf galaxies often favor cored models for the
stellar component, and some studies suggest that this stellar distribution may trace
the underlying DM density prole (Sdnchez Almeida, Trujillo, and Plastino, 2024;
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Sanchez Almeida, Plastino, and Trujillo, 2025). However, this correlation is not es-
tablished; other works argue that cored stellar distributions can exist within cusp DM
halos (Hékkinen et al., 2025). Since DM has not been directly detected, the true inner
structure of DM halos is still an open question, and is the basis of the so-called the
cusp-core debate.

1.4 Cosmic background

The Cosmic Background (CB) is de ned as the isotropic and homogeneous radiation
eld with extragalactic origin (Hill, Masui, and Scott, 2018). It results from the
integrated emission of astrophysical processes throughout the cosmic evolution of the
Universe (Kneiske, Mannheim, and Hartmann, 2002; Driver et al., 2016; Finke et al.,
2022). It spans the entire electromagnetic spectrum, from radio waves to gamma
rays. Consequently, various observational techniques are required to characterize its
spectral shape.

Several known classes of sources contribute to the CB. For instance, active galactic
nuclei (AGN) are luminous objects powered by accretion onto supermassive black holes
at the centers of galaxies. AGN predominantly contribute to the gamma-ray and X-ray
regimes of the CB (Hill, Masui, and Scott, 2018; Khaire and Srianand, 2019). In the
optical regime, stellar populations are the primary contributors, while dust reemission
dominates the infrared (Kneiske, Mannheim, and Hartmann, 2002; Raue and Meyer,
2012; Finke et al., 2022). In these bands, contribution from additional sources can
be expected, and current research aims to disentangle these components. Examples
include the di use emission from stars expelled from their host galaxies due to dynamic
processes (Bernal et al., 2023), Pop Ill stars and their remnants (Mkrtchyan, A. and
Horns, D., 2026), as well as potential contributions from new physics. In Chapter 2 |
investigate the possibility of ALP DM decay which may create signatures in the CB.

The CMB is the component of the CB in the microwave regime. It shares some
characteristics with the general description of the CB, since both are isotropic and
homogeneous. However, the CMB is created in the recombination epoch, a relatively
instantaneous process in terms of cosmic evolution. It mostly contains information
about the early Universe, as detailed in Section 1.2.1, but can also be locally distorted
by high matter density regions such as galaxy clusters, e.g. through the Sunyaev-
Zeldovich e ect (Sunyaev and Zeldovich, 1970; Sunyaev and Zeldovich, 1980).

Several authors also refer to the CB as the extragalactic background light (EBL),
using these terms as synonyms (see, e.g., Hill, Masui, and Scott, 2018). The op-
tical and infrared regimes of the CB are usually bundled together, as these regimes
are particularly relevant for very high energy (VHE) observations. Photons in these
regimes e ciently interact with VHE gamma rays producing €*e pairs (Nikishov,
1962; Gould and Schréder, 1967a; Gould and Schréder, 1967b). For this reason, some
authors adopt a restricted de nition of the EBL, which only refers the optical and
infrared regimes, sometimes the ultraviolet (see, e.g., H. E. S. S. Collaboration
et al., 2013; Biasuzzi et al., 2019). In this thesis, the term EBL e ectively refers to
only these two regimes. Besides, details about pair production are given below, in
Section 1.4.3.
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1.4.1 Measurements

Di erent methodologies are used to estimate the CB intensity, each yielding di erent
types of measurements. In Chapters 2 and 3, | focus on the regimes from X-rays
to infrared, and thus the methodologies discussed here focus on these regimes. A
comprehensive review of all measurements across the electromagnetic spectrum can
be found in Hill, Masui, and Scott (2018).

Direct measurements involve observing patches of sky devoid of individual sources,
and subtracting the di use foreground emissions that originate within the Galaxy,

in particular those originating within the Solar System. This approach is utilized
throughout the electromagnetic spectrum. In the X-ray regime, the local environ-
ment does not create many high-energy photons. AGN are the main contributors to
the CB, and the foregrounds are well-understood, so the detections are considered
measurements of the CB (see, for example, Cappelluti et al. (2017)). Ultraviolet mea-
surements are more challenging. Neutral hydrogen e ectively absorbs most photons
in this regime, and this element is commonly found in the interstellar medium (see,
e.g., Rauch, 1998; McDonald et al., 2006). Consequently, there are relatively few mea-
surements in this regime, mostly photometric and spectroscopic data obtained with
balloon-borne instruments (for example, Stern and Bowyer (1979), Jelinsky, Vallerga,
and Edelstein (1995), and Korpela and Bowyer (1998)). Due to the large uncertain-
ties on foreground subtraction, these measurements are considered upper limits in the
literature. In the optical and infrared regimes, both photometric and spectroscopic
observations are still feasible. The dominant foregrounds in these regimes are atmo-
spheric emission, Galactic gas and Zodiacal Light (ZL) (Leinert, Ch. et al., 1998),
which is the sunlight absorbed and reemitted by interplanetary dust. Dust scatters
radiation both spatially and spectrally. Due to the complex subtraction of these fore-
grounds, these data points are also considered upper limits of the CB (Matsumoto
et al., 2015; Matsuura et al., 2017; Kawara et al., 2017).

Occlusion is a method based on direct detection. It involves measuring the CB with
and without an obstacle, which allows one to disentangle local foregrounds from the
CB. For example, the Earth has been used as an obstacle in the X-ray regime (Revnivt-
sev et al., 2003; Ajello et al., 2008), and dust clouds in the optical regime (Mattila
et al., 2012; Haikala, Mattila, and Vaisanen, 2026).

Integrated galaxy light (IGL) measurements of the CB can be calculated from resolved
galaxies in photometric observations. These studies compile data on resolved galaxies
such as luminosity, mass and number. The CB from the whole population is estimated
from the observed luminosities of medium-brightness galaxies. Bright galaxies are
scarce, and dim galaxies are unresolved, so their contributions are estimated. By
construction, these measurements do not account for any truly di use components
originating from the intergalactic medium, should these exist (Madau and Pozzetti,
2000; Driver et al., 2016; Koushan et al., 2021; Windhorst et al., 2023). For this
reason, these measurements are generally regarded as lower limits.

A complementary approach to characterize the CB intensity involves studying the ef-
fect that it has on VHE observations. The EBL causes the Universe to become opaque
to VHE photons, leading to attenuation of observed uxes from distant astrophysical
sources. Comparing these observed uxes with their expected intrinsic uxes, the
EBL intensity can be inferred (Gréaux, Biteau, and Nievas Rosillo, 2024). A detailed
explanation of opacity and VHE sources is given in Section 1.4.3.
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The unusual case of New Horizons

New Horizons (NH) is a space probe that was launched in 2006, with the primary
objective of mapping the surfaces of Pluto and Charon. Other science cases include
collecting data from Uranus (Hasler et al., 2024), from dwarf planets and other objects
in the Kuiper belt (Verbiscer et al., 2022), and studying properties of dust and ice
in the outskirts of the Solar System (Doner et al., 2024). The NH has a photometric
sensor, the LOng Range Reconnaissance Imager (LORRI), centered around the pivot
wavelength ot = 0:608um (Weaver et al., 2020).

The LORRI is in a unique position to take measurements of the CB. Due to its dis-
tance to the Sun,D > 51AU at the current time, ZL is not a strong foreground when
calculating the CB intensity with the direct foreground subtraction method using the
LORRI measurements. The expectation is that, assuming that IGL measurements ac-
count for most of the sources that make up the background, the LORRI measurement
should agree with them. However, over the years articles have reported an excess of
3 5 over the IGL data points (Lauer et al.,, 2022; Symons et al., 2023). Last
year, a more extensive study of the LORRI data (re)analyzed observations, some im-
ages obtained explicitly to minimize foreground contributions. The analyzed data was
taken between the distancedD 2 [7;51]AU. The previous reported excess was due
to an underestimation of di use Galactic light, one of the main foregrounds that need
to be subtracted. The new reported excess is down te& 1.5 over the IGL inten-
sity (Postman et al., 2024). This quantity still contains a small excess, allowing for
some unexplained ux caused by unidenti ed sources or processes outside standard
astrophysical scenarios. In Chapter 2, | explore the possibility that this excess is a
DM signature, speci cally due to cosmic ALP decay.

1.4.2 Methodologies to compute the CB

There are various approaches used to derive the spectral shape of the CB. Some models
trace the CB across multiple electromagnetic regimes, such as Khaire and Srianand
(2019) or Haardt and Madau (2012). However, the EBL (optical and infrared regimes,
as stated above) is particularly relevant for VHE observations, which leads to an
increased interest in its modeling. The main EBL modeling categories are detailed
below and compared in Fig. 1.6.

" Forward folding or phenomenological: model the emissivity of the sources that
contribute to the EBL, and their evolution through cosmic time. This approach
was rst introduced by Kneiske, Mannheim, and Hartmann (2002), and subse-
quently employed in many studies (Finke, Razzaque, and Dermer, 2010; Raue
and Meyer, 2012; Haardt and Madau, 2012; Finke et al., 2022). Some represen-
tative models are shown in Fig. 1.6 as straight lines. In Chapter 3 | detail the
formal de nitions and procedures to implement this approach, and introduce
the software that | have developed to compute the EBL intensity.

Backward model or empirical: derive the EBL intensity from observational data.
These models use galaxy surveys to characterize the luminosity function and
number density of resolved galaxies, and parametrize their evolution through
cosmic time. Then, they infer the EBL spectral shape based on the galaxy
sample (Dominguez et al., 2011; Franceschini and Rodighiero, 2017; Saldana-
Lopez et al., 2021). Some representative models are shown in Fig. 1.6 as dashed
lines.
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" Semi-analytical: simulate the structure formation of the Universe. They run
Mpc-size cosmological simulations (described in Section 1.3), initially DMO and
recently MHD. Then, trace the galaxy evolution and their emitted light, thereby
calculating the integrated EBL intensity Primack et al. (1999), Gilmore et al.
(2012), and Lagos et al. (2019). One representative model is shown in Fig. 1.6
with a dash-dotted line.

Figure 1.6: Compilation of EBL models from the literature. Forward

folding models are shown with straight lines, backwards models with

dashed lines and semi-analytical with dash-dotted lines. Details of the

di erent methodologies and references for each EBL model are given
in Section 1.4.2.

Over the last decade, EBL models calculated via di erent methodologies have grad-
ually converged towards similar spectral shapes in the optical regime, with notable
discrepancies in the infrared. The optical regime is relatively well understood, with a
substantial amount of data not only on the EBL itself, but also on the astrophysical
processes responsible for it. In contrast, the infrared regime remains less constrained,
with more limited observational data and a greater variety of modeling assumptions.

1.4.3 Relevance of the EBL in VHE observations

VHE sources are astrophysical objects that emit radiation with energiegE 100 GeV.
They are a subclass of AGN characterized by relativistic jets oriented towards Earth
(Urry and Padovani, 1995). These jets consist of relativistic plasma, a mixture of par-
ticles stabilized by magnetic elds. VHE photons are produced in this highly energetic
environment. There are two main proposed mechanisms for blazars to emit VHE pho-
tons: leptonic and hadronic models. The leptonic scenario involves inverse Compton
scattering, where a relativistic charged particle (usually an electron) scatters with a
low-energy photons, boosting the photon to higher energies. The incoming photon can
originate within the jet itself (synchrotron self-Compton) or from an external source
(external inverse Compton), such as the accretion disc or dusty torus surrounding the
AGN (Sikora, Begelman, and Rees, 1994). The hadronic scenario proposed that high
energy photons are produced by neutral pion decay or proton synchrotron radiation,
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where relativistic protons moving in magnetic elds emit synchrotron photons (Aha-

ronian, 2002). The TeVCat (Wakely and Horan, 2008) is a continuously updated
catalog of VHE sources. According to which, there are 92 con rmed AGN, of which
86 are classi ed as blazarg.

The intrinsic spectral energy distributions (SEDs) of VHE sources, including blazars,
are systematically modi ed by interactions occurring during their propagation in the
intergalactic medium. VHE photons interact with photons of the EBL, produc-
ing €"e pairs (Nikishov, 1962; Gould and Schréder, 1967a; Gould and Schréder,
1967b). The pair production cross-section peaks when the EBL photon has wave-
length ' 1:24(E=1TeV) um (Franceschini, Rodighiero, and Vaccari, 2008), which is
in the optical to near-infrared regime.

Since the EBL is a homogeneous photon eld on cosmological scales, this interaction
can occur along the entire path of a VHE photon from its source to the observer. Con-
sequently, more energetic photons originating from more distant sources experience
a higher probability of interaction, leading to an attenuation of their spectra depen-
dent on energy and redshift. This e ect has been observationally con rmed through
measurements of VHE blazars at di erent redshifts (e.g., Ackermann et al., 2012b;
Gréaux, Biteau, and Nievas Rosillo, 2024).

The detailed spectral shape and intensity of the EBL play a crucial role in VHE
gamma-ray astronomy, as they directly a ect the reconstruction of intrinsic source
spectra. Since direct measurements of the EBL are challenging due to strong fore-
ground contamination, signi cant e orts have been devoted to modeling and con-
straining the EBL through both galaxy surveys and indirect gamma-ray observations.
This results in many EBL measuring and modeling techniques, as previously discussed.

The calculation of the optical depth of the intergalactic medium as a function of the
EBL intensity can be found in detail in Section 3.6. This absorption e ect is used to
test di erent EBL modelings.

1.5 Telescopes and observation methodologies

Observations of the Universe employ a variety of techniques tailored to di erent spec-
tral regimes, each requiring specialized methodologies to detect photons e ectively.

Previous sections mention optical telescopes, such as those onboard New Horizons in
Section 1.4.1. Optical photometry primarily relies on charge-coupled devices (CCDs),
which are detection systems based on the photoelectric e ect, whereby incident pho-
tons excite electrons within a semiconductor substrate (for a review, see e.g., Fossum
and Hondongwa, 2014). CCDs are often combined with optical lters to restrict the
observed wavelength range and enhance measurement accuracy. These lters can be
generally classi ed into broadband or narrowband types. An example of a broadband
detector is the LORRI instrument onboard the New Horizons, which covers wave-
lengths 0:35um - 0:85um (Weaver et al., 2020). A more detailed characterization
of this detector is given in Section 2.5. On the other hand, narrowband lters are
designed to isolate speci ¢ emission lines of elements. As an example, a Iter centered
on 65646 nm is used to map regions of active star formation, corresponding to the
brightest emission line of ionized hydrogen (Calzetti, 2013).

"https://www.tevcat.org/ (accessed on February 4', 2026)
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At high photon energies, conventional CCDs are not suitable detectors, since the
photoelectric e ect becomes ine cient (Fossum and Hondongwa, 2014). Addition-
ally, high-energy photons capable of ionizing matter in the ultraviolet and beyond
are largely absorbed by Earth's atmosphere, precluding ground-based observations in
these bands. Consequently, astrophysical observations at extreme ultraviolet, X-ray,
and gamma-ray energies require alternative detection techniques and typically employ
space-borne instruments or indirect methods that rely on this atmospheric absorption.

The Fermi Gamma ray Space Telescope was launched into orbit in June 2008, and has
now collected more than 17 years of gamma-ray data, remaining fully operational. It
carries two instruments, the Large Area Telescope (LAT) and the Gamma-ray Burst
Monitor (GBM). The GBM is focused on detecting very bright and short bursts, for
which it works on a triggering basis (Meegan et al., 2009). The LAT, on the other
hand, primarily operates in survey mode.

The LAT (Atwood et al., 2009) is essentially a particle detector, optimized to identify
incoming gamma-ray photons while rejecting charged cosmic rays. It consists of mul-
tiple layers, each stacking di erent components: a tracker, where gamma rays convert
into electron-positron pairs; a calorimeter, which measures the energy of the resulting
particles; and an anticoincidence detector, which rejects charged particles. More ener-
getic particles penetrate to deeper layers before undertaking the conversion in& e
pairs, and this physical discrimination allows for energy reconstruction. The LAT is
most sensitive to photon energies fron20 MeV to 300 GeV. It has a large eld of view

of 2.4 sr, and by alternating its orientation between orbits it achieves full-sky cover-
age approximately every three hours. Due to this relatively short exposure time, the
signal-to-noise ratio is low in a single scan. Therefore, the LAT's greatest strength lies
in long-term data accumulation. By stacking observations collected over many years,
increasingly faint gamma-ray sources can be detected. As a result, each successive
Fermi source catalog has revealed a growing population of gamma-ray emitters. The
rst catalog of sources listed 1451 sources after 11 months of operation (Abdo et al.,
2010), that has increased to 7194 sources after 14 years of stacked data (Ballet et al.,
2023).

A complementary approach to space-based observations is to detect the products of
the entry of gamma rays into Earth's atmosphere. As gamma rays enter the at-
mosphere, they start interacting with the nuclei present there. These interactions
produce secondary relativistic particles, primarily e" e pairs. These particles have
further interactions as they traverse the atmosphere, which, in turn, generate ad-
ditional particles and photons. This cascade of interactions redistributes the initial
high energy of the incoming gamma rays among a large number of secondary particles.
This process is commonly known as an extensive air shower (see, e.g., Weekes, 1988;
Gaisser, 1990).

Cherenkov radiation (ferenkov, 1937) is the light emitted by charged relativistic par-
ticles when they traverse a medium at a speed higher than the local speed of light.
Secondary particles in air showers, traveling through the atmosphere, are capable of
emitting this radiation. Therefore, ground detectors are built to detect this radiation,
which lies predominantly in the optical and near-ultraviolet range and can be observed
at ground level using fast optical instruments. Typically, air showers can be detected
only within ~ 10ns (Weekes, 1988), so detectors need very fast time resolution. In-
su cient temporal resolution results in the Cherenkov signal being overwhelmed by
the much larger background from the night-sky brightness. Another important re-
quirement for these detectors is a large collection area. Air showers increase in lateral
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extent as they propagate towards the surface, due to internal scattering and parti-
cle production processes. By the time the shower reaches ground level, it can span
hundreds of meters. The prevailing experimental strategy is to deploy detector arrays
covering areas of0(km?) (see, e.g., Weekes, 1988; Gaisser, 1990).

There are two main approaches to detection, using optical telescopes or water-based
calorimeters. Imaging Atmospheric Cherenkov Telescopes consist of a small humber
(typically one to ve) optical telescopes, which operate in stereoscopic mode Some
examples of these observatories are MAGIC (Ferenc and MAGIC Collaboration, 2005),
H.E.S.S. (Hinton and HESS Collaboration, 2004), and VERITAS (Weekes et al., 2002).
An alternative approach is the use of ground-based particle detector arrays, such as
the HAWC observatory (Abeysekara et al., 2012), which employ large numbers of
water Cherenkov detectors distributed over a wide area. These detectors sample the
secondary particles reaching the ground and reconstruct the shower direction and
energy from their relative arrival times and signal amplitudes. There are hybrid
observatories, such as LHAASO (Bai et al., 2022), which combines kilometric-scale
arrays of small optical telescopes while retaining the central water-based calorimeters.
Moreover, it also deploys muon detectors to improve reconstruction accuracy and
particle identi cation.

In all cases, the large spatial extent of the detector array provides sensitivity to ex-

tensive air showers, while the combination of multiple detection elements enables
accurate directional reconstruction and discrimination between gamma-ray induced

and hadron-induced showers based on their characteristic signatures.

1.6 Individual contributions and thesis outline

Now that an introduction to the physical principles relevant to the thesis has been
provided, the subsequent step is to outline my personal contributions to the eld.
This thesis is cumulative, so in the subsequent chapters | present the three articles
that |1 have published as rst author. The versions of the papers correspond to the
nal published editions in scienti ¢ journals. | have made minimal changes to their
structure to homogenize the bibliography style and set a combined list at the end
of the thesis, and converted several formulae and gures from a double column to a
single column layout, to enhance readability. The contents of the text, gures and
schematics of the articles remain unchanged from the original published versions.

| have drafted all the text and created all the gures and schematics in these pub-
lications. | have also performed the data analyses. My co-authors have contributed
primarily through the development of analysis pipelines, guidance on research method-
ologies, and discussions on the presentation of results. Below, | provide a short sum-
mary of the publications and how they tie to the introduction, alongside a summary
of the respective contributions of all authors involved.

Novel bounds on decaying axionlike particle dark matter from the cosmic
background

Co-authors: Manuel Meyer, Dieter Horns

8Stereoscopic mode means that the telescopes observe the same air showers from di erent per-
spectives, which helps with event reconstruction. The traces of the air shower in di erent telescopes
make it possible to reconstruct the direction of the initial particle, as well as its identi cation.
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Chapter 2 presents how the decay of a cosmological population of ALPs (introduced
in Section 1.2.2) would a ect the CB (introduced in Section 1.4). The analysis incor-
porates observational data and CB models sourced from the literature, properly cited
throughout. The design of data analysis procedures and pipelines was a collaborative
e ort with my co-authors. However, | performed all subsequent data analyses.

| present the nal version of this article, published in Physics Review Dunder the
DOI: https://doi.org/10.1103/PhysRevD.110.103501

Niebla: an open-source code for modeling the extragalactic background
light

Co-author: Manuel Meyer

Chapter 3 describesniebla , an open-sourcepython library that | have developed
during my PhD. Niebla computes the EBL using a forward-folding approach (as
seen in Section 1.4.2) that accepts fully customizable inputs and parametrizations.
This software enables a detailed modeling of the in uence of EBL opacities on VHE
observations and facilitates the distinction between di erent dust reemission mod-
els. The chapter also contains a use case to showcase these di erences in modeling
prescriptions.

| created the software, and wrote extensive documentation and examples of use. |
also handled the release as open-source software. The pipeline for the test case was
developed by both authors, but | performed all the coding, analysis and results cal-
culations.

| present the nal version of this article, published in Astronomy & Astrophysics under
the DOI: https://doi.org/10.1051/0004-6361/202557813

Impact of baryons on the population of galactic subhalos and implications
for dark matter searches

Co-authors: Miguel Angel Sanchez-Conde, Alejandra Aguirre-Santaella

Chapter 4 focuses on WIMP searches (introduced in Section 1.2.2). We investigate
how the inclusion of baryonic processes a ects the substructure of MW-like simula-
tions, and employ a repopulation algorithm to Il these simulations with subhalos
below their inherent resolution limits. Then, we assess how the inclusion of baryons
and the resilience of substructure impact the WIMP cross-section constraints.

The repopulation algorithm has been used in previous studies (Coronado-Blazquez
et al., 2019; Coronado-Blazquez et al., 2019; Coronado-Blazquez et al., 2022; Aguirre-
Santaella and Sanchez-Conde, 2024). | have adapted it and extended its functionalities
for the requirements of our analysis. | carried out the characterization of the subhalo
populations of the MW-like simulations, repopulation procedures, data analysis and
derivation of results. My coauthors have o ered guidance and feedback throughout
the study.

| present the nal version of this article, published in Physics of the Dark Universe
under the DOI: https://doi.org/10.1016/j.dark.2026.102262






Chapter 2

Novel bounds on decaying
axionlike particle dark matter from
the cosmic background

Abstract

The cosmic background (CB) is de ned as the isotropic di use radiation eld with ex-
tragalactic origin found across the electromagnetic spectrum. Di erent astrophysical
sources dominate the CB emission at di erent energies, such as stars in the optical
or active galactic nuclei in X-rays. Assuming that dark matter consists of axions or
axionlike particles with masses on the order of electron volts or higher, we expect
an additional contribution to the CB due to their decay into two photons. Here, we
model the CB between the optical and X-ray regimes, and include the contribution of
decaying axions. Through a comparison with the most recent direct and indirect CB
measurements, we constrain the axion parameter space between masg&eV 10’ eV
and improve previous limits on axion-photon coupling derived from the CB by roughly
an order of magnitude, also reaching the QCD band. We further study the contribu-
tion of axions decaying in the Milky Way halo and characterize the axion parameters
that would explain the tentative excess CB emission observed with the Long Range
Reconnaissance Imager instrument on-board the New Horizons probe.



Sara Porras Bedmar 30

2.1 Introduction

The CDM cosmology relies on the existence of nonbaryonic cold dark matter (DM),
which makes up around 85% of the matter content in the Universe (Planck Collab-
oration, Aghanim, Akrami, et al., 2020). So far, evidence for dark matter comes
solely from its gravitational interaction revealing itself in astrophysical observations
on di erent scales (Navas, Amsler, Gutsche, et al., 2024). One possibility is that dark
matter is made up from so-far undetected fundamental particles. Axions are one such
candidate (Preskill, Wise, and Wilczek, 1983; Dine and Fischler, 1983).

The axion is a proposed pseudo-Nambu Goldstone boson that arises from the Pec-
cei Quinn solution to the strong CP problem in QCD, thus explaining the nonobser-
vation of the electric dipole moment of the neutron (Peccei and Quinn, 1977a; Peccei
and Quinn, 1977b). Axions are predicted to couple to photons, with their coupling
being proportional to the axion mass (Irastorza and Redondo, 2018). Axionlike parti-
cles (ALPs) are an extension of axions that do not solve the stron@P problem and
whose mass and coupling are independent parameters. Just like axions, ALPs are a
well-motivated candidate to explain DM (Arias et al., 2012).

The search for axions and ALPs has signi cantly intensi ed over recent years: direct
searches are carried out with haloscopes (ADMX Collaboration et al., 2010; Salemi
et al., 2021; Adair et al., 2022; Alesini, Babusci, Braggio, et al., 2022) and helio-
scopes (Betz et al., 2013; Ballou et al., 2015; Della Valle et al., 2016; Anastassopou-
los, Aune, Barth, et al., 2017; Sapphires Collaboration et al., 2022), axion and ALP
production is tested in laboratories (Astier et al., 2000; Knapen et al., 2017; Sirunyan
et al., 2019; Aloni et al., 2019; Abudinén et al., 2020; Atlas Collaboration et al., 2021),
and in astrophysical environments (Kohri and Kodama, 2017; Li et al., 2021; Caputo
et al., 2022; Buen-Abad, Fan, and Sun, 2022; Dessert, Long, and Safdi, 2022; Calore
et al., 2022), sometimes assuming ALPs are DM (Grin et al., 2007; Cadamuro and
Redondo, 2012; Wadekar and Wang, 2022; Janish and Pinetti, 2025; Todarello et al.,
2024; Carenza, Lucente, and Vitagliano, 2023; Calore et al., 2023). Many of these
searches make use of the coupling of ALPs to photons,; = %ga F F a, with
photon coupling g, , the ALP eld strength a, and F  the electromagnetic eld ten-
sor (and its dual B ). This coupling can lead to photon-ALP conversion in magnetic
elds or ALP decay into two photons. We focus on an indirect astrophysical method
assuming ALPs as DM that could contribute to the cosmic background (CB).

The CB is de ned as the homogeneous and isotropic di use radiation eld with ex-
tragalactic origin. It covers the entire electromagnetic spectrum, from radio waves
to rays, so dierent detection techniques and observations are necessary to trace
it. Recent reviews and data compilations of CB measurements are available from
Hill, Masui, and Scott (2018) and Biteau (2023). Various astrophysical processes con-
tribute to the CB at di erent wavelengths. The potential decay of ALPs into two
photons would add to the CB intensity, its exact spectral shape given by the ALP
mass and photon coupling strength, and its energy shifted by cosmological expansion.
Limits over a broad range of mass and coupling constants were derived in Cadamuro
and Redondo (2012).

The cosmic optical background (COB) has a special importance regarding ALP searches.
Given the relation between axion mass and decay wavelength, the decay from the QCD
axion would contribute in this regime. The New Horizons probe (NH) has been trav-
eling though the outskirts of the Solar System, and has taken various measurements of
the optical CB through the years, some of them over 51 A.U. away from Earth (Lauer
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et al., 2022; Symons et al., 2023). These measurements are relevant because the zodi-
acal light (Hauser et al., 1998a), solar light scattered by dust, is less prevalent in the
outer region of the Solar System. Zodiacal light is a bright foreground in the optical
and infrared bands, and its modeling currently is not su ciently accurate to subtract

it reliably from the measurements to obtain the comparably weak COB. This makes
the NH measurements unique, since it is the only occasion where we have subdominant
interplanetary dust contamination in an optical observation.

After the extraction of the residual foreground emission, Symons et al. (2023) found
a> 5 mismatch in intensity between the NH measurement and the galaxy counts
calculated by previous works. Galaxy counts are de ned as the minimum amount of
intensity that galaxies would contribute to the COB (Driver et al., 2016; Windhorst

et al., 2023), and they can be understood as COB lower limits. This excess has been
interpreted in terms of axion decay (Bernal, Sato-Polito, and Kamionkowski, 2022;
Bernal et al., 2023). However, no other COB measurements were included in their
study. Any axion or ALP interpretation must also be consistent with constraints on
the COB at other optical wavelengths. Furthermore, a recent analysis of a larger
dataset obtained with Long Range Reconnaissance Imager (LORRI) suggests a much
reduced excess compatible at thd:4 level with Galaxy number counts (Postman
et al., 2024).

Other spectral regimes are also interesting to study. In this work we focus on the broad
wavelength range betweeri0 6 and 10 m or from X-rays to optical wavelengths. The
three regimes included here are the cosmic X-ray, ultraviolet and optical backgrounds
(CXB, CUB and COB, respectively). Longer wavelengths would mean entering the
infrared regime or CIB. The infrared part of the CB requires additional assumptions
about the dust population (Saldana-Lopez et al., 2021; Finke et al., 2022), which
we leave for future study. Smaller wavelengths mean studying the-ray background
(CGB). This would entail modeling the di erent populations of active Galactic nuclei
(AGN) and accounting for the absorption of rays in the intergalactic medium. We
also leave this for future work.

In summary, the goals of our study can be summarized as follows:

1. Investigate the interpretation of the NH measurement through axion decay in
light of the excess reported in Symons et al. (2023) and the updated result in
Ref (Postman et al., 2024). For this we develop our own model of the COB.

2. Derive novel constraints on DM axions and ALPs through their contribution to
the CB from optical to X-rays taking astrophysical emission into account.

3. Investigate the decay contribution from the local Milky Way DM halo. A high
DM local density entails an extra contribution to CB measurements.

Throughout this work, we use CDM cosmology with =07, m =0:3and
baryons = 0:045 (as the fraction of matter made up from baryons) (Planck Col-
laboration, Aghanim, Akrami, et al., 2020). We take a value for the Hubble constant
of Hp = 70kms Mpc 1, in order to be consistent with previous analyses whose

results are used here.

The paper is structured as follows: in Sec. 2.2 we describe the observational data that
we are going to work with. Then, in Sec. 2.3 we describe the theoretical background
of astrophysical processes that form the CB and its modeling. In addition to the CB,
we mainly include the axion/ALP decay, the DM host halo, and stellar populations.
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Figure 2.1: Overview of the CB measurements used here. Data
taken from compilations provided by Hill, Masui, and Scott (2018)
and Biteau (2023), in the wavelength range3 10 & 5 m. We show
upper limits (open symbols), lower limits or measurements ( lled sym-
bols), and measurements (green and blue star). More details about the
di erent kinds of measurements are given in Sec. 2.2. Also displayed
are the models used here: our model (explained in Sec. 2.3.2), the
model developed by Finke et al. (Finke et al., 2022) and the CUBA
model (Haardt and Madau, 2012).

In Sec. 2.5 we present our results from modeling and the constraints to axions. The
results are discussed in Sec. 2.6 and we conclude in Sec. 2.7.

2.2 Measurements of the CB

The CB has been measured across the electromagnetic spectrum using various instru-
ments on di erent satellites. We use the data compilations provided by Hill, Masui,
and Scott (2018) and Biteau (2023), which are shown in Fig. 2.1.

221 COB

Following Biteau (2023), we consider three dierent types of COB measurements:
lower and upper limits, as well as tentative measurements.

Upper limits have been calculated by taking the background ux from optical photo-
metric images (Matsumoto et al., 2015; Kawara et al., 2017; Matsuura et al., 2017;
Windhorst et al., 2023) and subtracting resolved foreground sources such as stars and
galaxies, but also di use galactic emission. We treat these values as upper limits, since
there might be unaccounted contributions to the images, or the zodiacal light could
be wrongly subtracted. These measurements are shown in Fig. 2.1 as open markers.
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Lower limits are calculated from galaxy counts (Driver et al., 2016; Windhorst et al.,
2023). This is done by counting the number and luminosity of galaxies in optical
photometric images. Galaxy counts provide the minimum amount of intensity that
galaxies would contribute to the CB. Therefore, these measurements can be regarded
as lower limits, since any truly di use component is not included. They are represented
with lled data points in Fig. 2.1.

The NH data points are shown as stars in Fig. 2.1. There is a clear mismatch between
the value reported in Symons et al. (2023) and the rest of the lower limits, which is
however much less severe with the latest value reported in Postman et al. (2024). We
will study their implications using them either as an upper limit and a measurement
of the CB.

2.2.2 CUB and CXB

The CUB intensity is attenuated because of photoionization in the neutral gas of the
interstellar medium. Therefore, fewer measurements are generally available in this
wavelength regime. The measurements and upper limits of the CUB we use here have
been compiled from spectroscopic surveys. The values shown are the background
noise that remains after subtracting all foregrounds from the spectra. Some data
were given with a certain con dence interval, de ning the background as a value with
uncertainties, which we represent in Fig. 2.1 as empty symbols with error bars. Other
values are provided as hard upper limits, which are represented with empty symbols
with a downward-pointing arrow.

The CXB measurements are derived from X-ray surveys by using the background of
images after subtraction of individual sources (Cappelluti et al., 2017), or using the

Earth occultation technique (Revnivtsev et al., 2003; Ajello et al., 2008). They are

depicted as lled symbols in Fig. 2.1.

2.3 Modeling the CB

When a source population produces emission, its contribution to the CB intensity can
be calculated as (Kneiske, Mannheim, and Hartmann, 2002)

Zhax
_ 2 ) 1+z o, dt 4
I (,z)—4— m),z @dz, (2.1)
z
with
dt 1

2~ 1+ 2H@)’ (2:2)

where we integrate the emissivity" (;z ) of the source population over the time it

has been emitting. The emissivity depends on wavelength, which is redshifted over

cosmic times, and the redshift itself. The maximum redshiftznax de nes the redshift

at which the population started %mitting. The Hubble parameter is de ned by the
CDM parameters asH (z) = Hy + 1+ 2)3.

We proceed by modeling the CB intensity from di erent sources, such as decaying
DM or stars.
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2.3.1 ALP decay

We remain agnostic about the exact axion (axions in the following include ALPS)
characteristics, but we assume that they are massive enough so that their main in-
teraction is the decay to two photons throughg, , which entails a massm, & O(eV).
The decay rate g, the inverse of the axion mean life 5, depends on the axion mass
and coupling (Bernal et al., 2023),
1 MaC? 3g§ -7:56 10 26 1 MaC? 3 Oa 2.
ar a - 3h leV 10 10Gev 1

(2.3)

with h being the Planck constant andc the speed of light in vacuum.

When an axion decays into two photons, the photons are produced at a wavelength

2 mac2
a

(2.4)

Cosmic axion decay

The main contribution we study comes from axions distributed throughout the Uni-
verse. The emissivity of cosmic axion decay is given by (Overduin and Wesson, 2004)

2

=L hc——
,a( ) h CmaC2

; (2.5)
with Ly the axion luminosity density, which is the luminosity of an axion DM halo of
massMy, divided by the comoving number of halosn,

My c? erg  muc? 3 Oa 2
L= Mnc_ o a=1:59 10 3 + (26
h= &y - acmoa cmds  leV 10 10Gev 1 (2.6)

Assuming the distribution of halos to be homogeneous, we can relate these quantities
to the mean axion density of the Universe 5 = a4 cit:0, With 5 the fraction of DM
in the form of axions and it the current critical matter density of the Universe.

The emissivity expression is technically not a Dirac function but a Gaussian dis-
tribution, where the width of the decay line is related to the nonrelativistic Doppler
e ect caused by the velocity dispersion of axions. This width will in general, be dif-
ferent in each system, e.g., in a galactic halo or galaxy cluster. The broadening is
de ned as Vg

decay = 2 decay% ; (2.7)
where vgisp is the velocity dispersion of the bound axions. The typical velocity dis-
persion measured in galaxies i¥gsp 100 300 knrs (Forbes and Ponman, 1999;
Veale et al., 2017), which gives a ratio gecay= decay - 10 3. For the contribution to
the CB, the ALP decay emissivity is integrated over redshift. In this case, given the
small line width, it is safe to approximate the Gaussian line with a function. More
details on this procedure can be found in Gong et al. (2016).

We can plug in the emissivity given by Eq. (2.5) in Eq. (2.1) and obtain the axion
decay contribution to the CB

a crit ;OC4 (macz)zgg

L G2)= gy H (z)

(z 2); (2.8)




Chapter 2. Novel bounds on decaying axionlike particle dark matter

35 from the cosmic background

where

. muc?

> h—c(1+ z) 1: (2.9)

We provide a more detailed derivation in Appendix 2.A.

Local halo axion decay

So far, we have described the contribution that a homogeneous population of halos
would give. As a complementary emission, we also take into account the DM decay
in our local Milky Way halo. For this, we need to integrate the Galactic DM density
over the line of sight through the DM halo. For this purpose, we use the software
clumpy (Charbonnier, Combet, and Maurin, 2012; Bonnivard et al., 2016; Hutten,
Combet, and Maurin, 2019). We de ne the DM column density S as the integral over
the DM density along the line of sight (LOS) “( ), which depends on the LOS angle
(I; b) for Galactic longitude and latitude I; b,
Z

S( )= d” om (r( )) ; (2.10)
LOS

which has units GeV=cm?. For our purposes we have chosen a description of our DM
halo with a Navarro-Frenk-White (NFW) pro le (Navarro, Frenk, and White, 1996)

pm(r) = ——; (2.11)

r r

R
with values for the local DM density in the solar neighborhood = 0:42 GeV=cm?®,
distance from the Sun to the Galactic Centerr = 8:275kpg virial radius r =

220kpc and scale radiusrs = 21 kpc (de Salas and Widmark, 2021; Navas, Amsler,
Gutsche, et al., 2024).

Since our CB measurements are compilations that encompass many regions of the sky,
we use two di erent estimates for S that characterize the observations. The smallest
possibleS is the one that corresponds to a pointing in the Galactic anticenter, which
we use as a conservative estimate. A more realistic value can be computed for the
NH measurement. It was obtained from observations of di erent sky regions and
observation times (Symons et al., 2023). We opt for an average value of all pointings,
weighted with the observation times. These two values are reported in Table 2.1.

Galactic coordinates S
(I; b) (GeV=cm?)
Galactic antiCenter (0 ; 180) 1:11 10%

LORRI observations Table 2 of (Symons et al., 2023) 2:21 10?2

Table 2.1: Values of S calculated for two relevant cases discussed
in the text. An NFW pro le is assumed, with DM halo parameters
described in the text.

The ux coming from the DM decay is given by (Charbonnier, Combet, and Maurin,

2012)
d

dEd

adN 1 4 hcdN _.
mac2dE = 4 muc2E2 d T’

1
= (2.12)
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where dN =dE = hc=E?dN =d is the spectrum of the axion decay, previously
dened as a function. Here we do not integrate dN =dE over wavelength, but
rather consider its value at speci ¢ wavelengths. Therefore, we cannot use afunction
approximation as in the cosmic caseé. So for the local DM decay contribution, we do
account for broadening due to velocity dispersion (Overduin and Wesson, 2004)

1 decay

dn 7 dew (2.13)

1
' (7 decay) = P=——¢€
2 decay

2

Plugging in 5 from Eg. (2.3), the broadening from Eg. (2.7) and the de nition of
Eqg. (2.13), we nd for the intensity

3
d C maC2 1 decay
| = E2 = N - 2 Se 2 decay
( ) dEd 512 v 2 hv disp %
_ 145a MW maC® 3 0a 2 S
T T srm2 1ev 10 10GeVv ! 1:11 10°2GeVcm 2
2
1 1 decay
Vdisp 2 decay .
220kTES e : (2.14)

2.3.2 Astrophysical sources of the CB
Model of COB

The excess observed with LORRI could be due to a combination of astrophysical
COB emission and ALP decay. The publicly available models of the COB usually
share only their nal results, without providing the means to change the input pa-
rameters or add additional sources. Since we aim to study how much additional COB
emissivity astrophysical models and additional sources would allow, we develop our
own COB model. This allows us to investigate whether it is possible to ease the ten-
sion between the COB lower limits and the LORRI measurements and to investigate
potential degeneracies between the ALP and astrophysical contributions. As we will
see below, the stellar COB contribution is completely xed by the observations of
galaxy emissivities, erasing any such degeneracy.

The COB is dominated by stellar emission, which is partly absorbed by interstellar
dust. Other known astrophysical components include AGN emission which, however,
dominates in the ultraviolet and accounts for at most 10% of the COB (Dominguez
et al., 2011; Finke et al., 2022), or intra-halo light, whose contribution is expected to
be negligible (Mitchell-Wynne et al., 2015; Cheng et al., 2021; Bernal et al., 2023).

For our COB model, we follow the methodology of Finke et al. (2022), hereafter
Finke22. Synthetic stellar spectra are calculated with theStarburst99  code (Lei-
therer et al., 1999; Leitherer et al., 2014), using a Kroupa initial mass function (IMF)
with Mpin =0:1M and Mpax =100M  (Kroupa, 2002). We maintain the dust and
star formation rate parametrizations used in Finke et al. (2022), but parametrize the
metallicity evolution following Tanikawa et al. (2022). We t our model to various
datasets of COB intensity, stellar emissivities, star formation rate, and metallici-
ties (Hill, Masui, and Scott, 2018; Fermi-LAT Collaboration, Abdollahi, Ackermann,

et al., 2018; Péroux and Howk, 2020; Finke et al., 2022; Biteau, 2023), obtaining a
reduced 2 value over degrees of freedom of?=d:o:f: = 2:7. Adding these datasets

1The value of the ux would be in nite at a certain wavelength.
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to the COB t essentially xes the stellar contribution, as the introduction of the
ALP decay to the CB does not a ect the metallicity, star formation rate, and galaxy
emissivities. As a consequence, we choose to x the COB contribution to its best
t and add additional contributions such as ALP decay on top of it. We also tested
adding other components (intra-halo light, stripped stars) to check whether their con-
tributions could help explain the LORRI excess. However, these other contributions
are not bright enough and we can rule them out as possible sources for the excess.

This model is shown in Fig. 2.1. Further details about this model and tests with
di erent contributions are detailed in Appendix 2.B.

We use two preexisting COB models to compare with ours. The rst one comes
from Finke22, which encompasses the COB and CIB and models the contributions of
stars and dust. The second one is the model of Haardt and Madau (2012), hereafter
CUBA, which covers the frequency range from the CXB to the COB and models all
the dominant processes of radiative transfer. They are both shown in Fig. 2.1. In the
central region of the COB, the model with the smallest intensity is CUBA; while at
the smaller COB wavelengths it is Finke22. These behaviors are also shown in the
top part of Fig. 2.2.

Model of CUB and CXB

The main components of the CUB are emission from young stars and interstellar
nebulae, scattered by gas and hot intercluster gas (Hill, Masui, and Scott, 2018).
The e ciency of neutral hydrogen of absorbing ultraviolet light is almost unity (Hill,
Masui, and Scott, 2018), which results in a very low intensity of the CUB compared
to the COB, see Fig. 2.1.

The CXB is mainly produced by accretion disks around AGN, which create high-
energy photons via thermal Bremsstrahlung e ect (Hill, Masui, and Scott, 2018).

In contrast to the COB, we solely rely on the CUBA predictions for the CUB and
CXB.

2.4 Data analysis

To constrain the axion parameters, we treat the (putative) direct detections of the
CB as one-sided upper limits. Under the assumption that the likelihoods for the data
points follow Gaussian statistics, we arrive at

2:X Imodel(i) I i ?

( | model( i) I |); (215)

where ( x) is the Heaviside step function, and | ., is the sum of the CB and
axion decay contribution. The CB contribution is xed by either the predictions of

the CUBA or Finke22 models, or the predictions from our own model. The latter is,
in turn, xed by the t to various datasets as described in Appendix 2.B.

For the COB upper limits and CUB putative measurements we take the value of
I . @S the value given by the model at the given wavelength, but for the CXB
measurements we calculate the mean value of over each energy bin.

Alternatively, we treat the NH data point as a measurement. In this case, we take the
LORRI quantum e ciency P( ) into account. The wavelength dependence oP( )
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is given in Fig. 22 of Weaver et al. (2020). This is necessary as the spectral shape of
the axion decay signal is not at, as was assumed for the measurement of the COB.
The mean ux measured over the detector is given by

R
|- mean = IR()P( )d=
| P()d=

(2.16)

The term | ( ) is the spectral intensity measured with LORRI, which in our case
is the sum of astrophysical COB and axion decay. This expression is taken from
Koornneef et al. (1986), but we have used intensities in the calculations instead of
ux. Intensity | and ux f are related by the integration over solid angle and since
| is isotropic, it does not matter if we use intensity or ux. Furthermore, the mean
wavelength associated with this ux measurement is given by (Koornneef et al., 1986)
R
_ g PO ()d
P()I()d=

With axion decay present in the wavelength range of the bandpass, both the mean
intensity and wavelength depend onm, and g, .

(2.17)

With these considerations, we can now compare our model predictions with the
LORRI measurement through

. hi 2
2 I mean ;model (h i) I NH pivot = ; (2.18)
NH

where pivot = 0:6076 m is the pivot wavelength of the LORRI bandpass associated
with the LORRI measurement (Weaver et al., 2020). The ratio piot =h i comes from
shifting the NH measurement to the same mean wavelength as our calculation, so we
can perform a consistent comparison.

2.5 Results

We rst discuss the results for cosmic axion decay, followed by the results for axion
decay in the local halo, and nally the results for the LORRI measurement.

2.5.1 Cosmic axions

We add the cosmic axion component given in Eg. (2.8) to the COB models and explore
the axion-photon coupling parameter space for which the axion contribution does not

overshoot the CB upper limits. An example of axion decay added to the CUBA model,

with arbitrary values for the axion parameters, can be seen in Fig. 2.1.

Treating the NH data point as an upper limit, along with the other upper limits, we
follow the methodology in Eq. (2.15) and calculate exclusions at th& con dence
level. In Fig. 2.2 we show our constraints derived from COB data (bottom panel)
and an enlargement of the COB measurements themselves (top panel). In the upper
(lower) panel, the upper (lower) x axis shows the axion mass, which is related to wave-
length through Eg. (2.4). One can observe a correspondence between the constraints
and the COB data points: for upper limits of comparatively low intensity (such as the
AKARI/IRC (Tsumura et al., 2013) or the Dark Cloud measurements (Mattila et al.,
2012)), the limits improve toward higher axion masses and result in sharp features.
We have used the LORRI measurement of Symons et al. (2023) for the calculations,
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Figure 2.2: Top: COB measurements and models used or calculated

in this work. Bottom: axion parameter space that is constrained by

the COB upper limits by considering the cosmic axion contribution

(for each of the discussed COB models). The excluded region (at a 2

con dence level) is above the di erent lines, shaded in blue. Note the

descendingx axis, following the correlation between axion mass and
photon wavelength in Eq. (2.4).

but this value has little relevance, since the constraints in that region are dominated
by the Dark Cloud measurements. There is a sharp cut in the constraints at higher
wavelengths since the parameter space we can scan with this methodology ends at
the position of the highest wavelength data point we consider. Note that lower decay
wavelengths correspond to higher axion masses, and the tails in the decay spectra of
these axions (see Fig. 2.1 for an example) also contribute to the2. The dierent
COB models result in very similar axion constraints.

In Fig. 2.3 we show the constraints of the axion-photon coupling for the full wavelength
range we consider, again using the methodology of Eq. (2.15). We have calculated this
set of constraints using the CUBA model as the astrophysical contribution, adding
the cosmic axion decay on top. Using only the data points from the COB, CUB,
and the CXB, we arrive at the constraints shown as lled blue, yellow, and pink
regions, respectively. These constraints are & con dence. The constraint from the
whole spectral region, using all the data points, is shown as the white line. We guide
the gure with a green straight line labeled = 4:5 10''s, which links the axion
parameters following Eq. (2.3) using the age of the Universe (Planck Collaboration,
Aghanim, Akrami, et al., 2020) as the mean axion lifetime. For all the lled regions
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