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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 diffuse 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 different dust prescriptions
and demonstrate how they affect 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 difficult 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 effects 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 dhnlich der Milchstrafse modelliert wird. Obwohl
DM nur schwach mit Elementarteilchen des Standardmodells interagiert, konnten be-
stimmte Kandidaten, wie axionartige Teilchen (ALPs) oder schwach wechselwirkende
massive Teilchen (WIMPs), dennoch indirekte beobachtbare Signale erzeugen. Aufser-
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 diffuse Komponente zum EBL hinzufiigen. Dazu wird
die vorhergesagte ALP-Strahlung in ein EBL-Modell zur Beschreibung der Rontgen-
, Ultraviolett- und optischen Spektralbereiche implementiert. Anschlieftend 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-Intensitét, der durch ALP-Zerfall erklart werden konnte.

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 Phénomenologie der EBL Quellen. Die Bibliothek
enthélt Vorschriften fiir 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 Abschwichung 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 &dhnlich der Milch-
strafte aus der Auriga-Reihe demonstriert. Diese Simulationen, zusammen mit ent-
sprechenden Léaufen, die nur Dunkle Materie enthalten, ermdéglichen 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 widerstandsfahig gegeniiber der Gezeitenkrifte
sind. Repopulierte Subhalos unterhalb der Auflosungsgrenze kénnen im Gamma-
bereich prominent sein, insbesondere bei Repopulationen, die baryonische Prozesse
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bertiicksichtigen und eine widerstandsfdhige Subhalo-Population annehmen. Die Er-
gebnisse zeigen auflerdem, dass baryonische Effekte die bestehenden Grenzen an die
Annihilationsquerschnitte aus dunklen Satelliten abschwéchen, wihrend eine erhdhte
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 Verfiigung, die zukiinftige Analysen unterstiitzen.
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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
different components of the Universe. The standard framework consists on an initial
period of inflation followed by the ACDM cosmological model. A diagram of the
simplified history of the Universe is presented in Fig. 1.1, and the main epochs are
discussed in more detail below.

Cosmic inflation 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 inflationary theories). One of the most
popular inflation mechanisms is based on a simple scalar field, the inflaton. Concep-
tually, the inflaton field slowly “rolls” towards its potential minimum, in a very brief
period of time of around 1073%s — 1073%s. During this period of rapid expansion, the
spatial volume of the Universe increases exponentially. The shape of the inflation
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 flatness of the Universe in the present day, open questions and criticisms
remain. Some studies argue that certain inflationary scenarios require fine-tuning of
initial conditions to predict the observables in our current Universe (Linde, 2018).

During and right after inflation, the evolution of the Universe is described within the
ACDM paradigm. The energy content of the Universe is hot, dense plasma composed
of particles and antiparticles, which are continually created and annihilated. These
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FI1GURE 1.1: A simplified 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 ~ 300000yr, the Universe has cooled sufficiently for protons and electrons
to combine and form neutral atoms, a period known as recombination.? 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, effectively 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 first population of stars, so-called Population III, is born < 1 Gyr
after inflation. 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 III 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 first galaxies begin to virialize, becoming
gravitationally self-bound structures that decouple from the Hubble expansion.

The estimated current age of the Universe is ty = 13.801 £+ 0.024 Gyr (Aghanim
et al., 2020), and in this time the growth of structures has created a filamentary
cosmic web in which most galaxies reside. In the filament nodes we sometimes find
galaxy clusters, the largest bound structures observed. They are gravitationally bound
structures that contain galaxies within surrounded by hot gas, with estimated masses

!There are differences 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 of reionization, does refer to a epoch when the Universe ionizes
once more, since the primordial plasma is in fact ionized. Nomenclature can be deceiving sometimes.
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Meuster ~ 101 — 10Mg, (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, significant efforts were made to formulate models that de-
scribe the evolution of the Universe. The starting point involves solving Einstein’s
field equations, relating the energy density and pressure of a perfect fluid, for the
contents of the Universe. The metric is specifically 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?
1 — kr2

ds® = Adt* — a(t)? ( + TQdQQ) ) (1.1)

where the metric depends on the scale factor of the Universe a(t), which is explained
in a few paragraphs) and the curvature parameter k. This last parameter is related to
the curvature of the Universe, where an Euclidean (flat) Universe is given by k& = 0.
The other possible geometries describe a closed (k = 1) or open Universe (k = —1).
The angular part is defined as dQ? = d#? + sin?(0)d¢?, where 0 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 2 2

a 817G ke Ac

2) =2, 1.2
() NS (1.2)
a ArG 3p Ac?
a_ op\ | A 1.
i <p+02)+3, (13)

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

Focusing on the first Friedmann-Lemaitre equation, Eq. (1.2), if ¢ = H = 0 the
Universe maintains a constant size. On the other hand, ¢ > 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 defined 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 ACDM 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 influences 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 define the
critical density of the Universe pepit. This is defined as the density that corresponds
to a Universe with no curvature (kK = 0) and no cosmological constant (A = 0). It
is defined as critical because it is the threshold separating this flat Universe from
expansion and collapse. From Eq. (1.2), the expression is

3H?

it = ——— . 1.4
Pcrit Ry ( )

Using this, it is possible to define the density parameters €2; as the density ratios of
each component over the critical density at the present time, €; = p;(t0)/perit(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.

pmatter(to) 8rG
Perit,0 - 3H? pmatter (to) - (15)

Qmatter =

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

Prad (tO) 8r G
“ Perit,0 3H3 Pra

(to) - (1.6)

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 (p = 0), and therefore its density scales
as Pmatter(@) X pmatter(a0)a™3. For radiation, p = p/3, so if radiation dominates
p(a) o p(ag)a=®. These dependencies reflect 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 on k is related to the curvature of the Universe, as mentioned
before,

pr(to) kc? kc?
QO = __ _ e 1.7
K= o | @HZ I .7

Solving Eq. (1.2), for a curvature dominated Universe, p(a) oc p(ag)a™.

Finally, the inclusion of the term responsible for the accelerated expansion of the
Universe, associated with the cosmological constant A. 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
palto) A

Op = S
Paity  3HE

(1.8)

Note that each derivation assumes that a specific 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, first described by Lemaitre (1927). The general definition of redshift as a
result of Doppler effect is

L Areceived — Aemitted =4 l= M. (1.9)
Aemitted Aemitted

Starting with the metric expression, given by Eq. (1.1), if a photon (ds = 0) in a flat
Universe (k = 0) is emitted with a wavelength A at a time ¢, follows a path without
angular shift d©2 = 0, and is observed at ty, with a wavelength Ag, then

o ¢
ro—Te = /te @dt. (1.10)
A photon emitted later, at t, = t. + dt. that arrives at t{, = to + 0o, emitted and
arriving at the same positions as the previous one, undergoes a shift such that

coty  cote oto a(to)

ate) alt) VT 5 T T a)

—1. (1.11)

Now, assuming dt; 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

1

a= ,
1+ =2

(1.12)

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

With these newly defined parameters, the first Friedmann-Lemaitre equation (Eq. (1.2))
can be rewritten as

H%(2) = HZ | Qaq(1 4+ 2)* + Qmatter (1 + 2)° + Qre(1 4 2)% + Qn | (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 Qpatter = 0.3111 £
0.0056, €, = 0.0007 £ 0.0019 and Q4 = 0.6889 £ 0.0056. The expected value of
Qg < 1075, 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 2, 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 25 > 0, dark energy causes an ongoing
accelerated expansion of the Universe.

The Hubble constant Hy 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 HSJMB = 67.374£0.54km s~ Mpc ! (Planck
Collaboration, Aghanim, Akrami, et al., 2020). Since the CMB probes the state of the
early Universe, this value is generally interpreted as the Hy value predicted by ACDM,
within the framework of the standard cosmological equations, specifically Eq. (1.13).
A complementary approach involves measuring Hy 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 Ia, caused by certain binary star systems that
collapse and violently explode (Hillebrandt and Niemeyer, 2000). The latest result
following this methodology yields a value HS;HOES = 73.1740.86kms~! 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 significantly since its first mentions in sci-
entific 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 differ from the modern interpretation. In Bertone
and Hooper (2018), the authors explore the historical usage of the term dark 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 first 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 different 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 fit to the data

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

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

of the fit. 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. Omnce plausible DM candidates are identified,
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 different size
scales, and require a consistent amount of DM. The main observational probes are as
follows:

e 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 flatness 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).

e 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 with 7" ~ 2.7255 + 0.0006 K (Fixsen,
2009). Under the ACDM paradigm, the creation of the CMB corresponds to a
time tomp ~ 300000 yr after inflation, when the temperature of the primordial
plasma was T' ~ 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(107°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 anisotropies DlTT at different 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 moments [, 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 fluids, BAO measure-
ments differentiate between baryonic and DM densities. The blue straight line
is the best fit to the temperature power spectrum assuming ACDM, along with
the residuals from the fit on the bottom panel.

e Lensing: When a massive structure lies along the line of sight between a distant
source and an observer, its gravitational field bends the path of light, producing
gravitational lensing. This effect can manifest as small distortions in the shape
of background sources, known as weak lensing; or as multiple magnified images
of the sources, known as strong lensing. The strength of lensing effects 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 offset 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., 2006Db).

e Galaxy clusters and structure formation: lensing observations identify
galaxy clusters with masses Muster ~ 10°Mg, and the galaxies within them
virialized (Gabriel-Silva and Sodré, 2025). The relative temperature anisotropies
in the CMB are of the order of O ~ 107° (Planck Collaboration, Aghanim,
Akrami, et al., 2020), which can be translated to baryonic density fluctuations
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 effects 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 significantly 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 (ALPs)

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 significant 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 exchanging W and Z bosons, and is responsible for
processes such as beta decay. The strong force binds quarks together to forms hadrons,



Sara PORRAS BEDMAR 10

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 non-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)

Ly qcp = 32;;Tr G GM, (1.14)
with a dependence on the trace of G, the gluon field strength tensor, and its dual
é‘“’, and the parameter 6. In principle, this last parameter can take any value
within the range 6 € [0,27]. Nonetheless, the observational EDM bounds impose
6] < 10710 (Jaeckel and Ringwald, 2010). Actually, 6 is the effective 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 fine-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 effective 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 pseudo-Nambu-
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 inflation, and each scenario imposes different constraints. Axions created
post-inflation could have found different minima points of the potential in different
regions of the Universe, resulting in spatial variations of the value of §. The observable
value of # would be the average over the different causally disconnected patches of the
Universe, with a predicted value (§) ~ 2.15 in the early Universe (di Cortona et al.,
2016). Topological defects might arise due to the different values of 0, leaving potential
observational traces (Kibble, 1976). There have been many efforts 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 inflation the value of 8 would be constant in all the Universe, and therefore
there is no expected value for 6, and no topological defects arise. Currently, there is
no definite 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:

Loy = —ingWFWa, (1.15)
where g4, is the axion-photon coupling, a the axion field strength, and Fj,, the elec-
tromagnetic field tensor with its dual FM_ The mass of the axion mq and g, are
typically related as g,y oc m, (di Cortona et al., 2016), although the specific 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
differences 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 specific 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 defined by m, and gq. In Fig. 1.3 the current
constraints on this parameter space are shown, as compiled by O’Hare (2020).% The
colors in the figure correspond to different 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 fields is a common technique. Light-shining through-a-wall experiments,

3This figure should be interpreted with care. Different methodologies for ALP searches employ
different assumptions, and this compilation summarizes their results without standardization. For
example, the astrophysical constraints may assume different 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 effects 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 influence stellar evolution by providing additional channels for energy loss. This
would reduce stellar lifetimes and evolutionary tracks, affecting 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 effects in the emitted photon flux (Jaeckel, Malta,
and Redondo, 2018; Caputo, Raffelt, and Vitagliano, 2022; Diamond et al., 2023)
and the shortening of the neutrino signal (Lucente et al., 2020; Caputo, Raffelt, 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 fields, 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 I derive my own set of observational constraints, which are shown
without a label in this figure. Other examples of effects 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 (WIMPs) 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, specific particle but rather to a broad class of particles characterized
by certain properties, unlike the case of axions. A particle can be classified as a WIMP
if it is not part of the SM, interacts with SM particles 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-section (ov),,. 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 WIMP, m,,.

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 effective (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 below (ov),,. In the absence of detected signals, val-
ues above the experimental (ov) 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; Crnogorcevi¢ 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, Hiitten, 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 dwarfs®, 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.
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homogeneously than halos of particles such as ALPs or WIMPss, 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
MACHOSs as DM candidates, concluding that their abundance is low, and therefore
their density insufficient (Graff 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 conflicts with obser-
vations and simulations of DM halos. Additionally, analysis of the CMB anisotropies
constrains the neutrino density parameter to Queutrinos < 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 inflationary models predict the creation of PBHs with an
appropriate fraction to make up DM. Current constraints come from their evaporation,
microlensing effects, gravitational effects on galaxy dynamics and gravitational wave
signatures. Asteroid-mass PBHs, with Mppy € [5 X 10717 — 5 x 10_12] Mg, are
unconstrained, so they could make up all of DM. PBHs with masses up to Mppy <
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 masses mppy ~ 10722 — 1072 eV (Hu, Barkana, and Gruzinov, 2000). In
this regime, their de Broglie wavelengths are of the order of O(1kpc — 10kpc), which
are comparable to the scales of Galactic structures. FDM exhibits quantum effects 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
mass mppym > 2 X 10729 eV (Rogers and Peiris, 2021). This cut-off 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. MOdified
Newtonian Dynamics (MOND) proposes, as its name states, that Newtonian gravity
might not be a good effective 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 fitting 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 scientific community attempts to tie to-
gether snapshots of the Universe into a full narrative of cosmic evolution.® 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 classified 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 particles, 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 efforts
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 fields (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 specific 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-off between resolution and simulating large cosmological
volumes (Nelson et al., 2019). These trade-offs are also required in zoom-in simula-
tions, as detailed below. In Chapter 4, I 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 figure.

Zoom-in simulations cover volumes that are large compared to the individual galactic
components. As an example, there is a difference 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 effective particles and continuous density fields to represent different
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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 particle. Fig-
ure taken from Nelson et al. (2019).

components, introducing an intrinsic resolution limit. In Fig. 1.4, the highest baryon
mass resolution is Mégilf}‘,on ~ 103 Mg (Nelson et al., 2019). At this resolution, stellar
populations are represented by so-called star 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 IT (Diemand et al., 2008) and the Aquarius project (Springel et al., 2008) have
achieved particle masses on the order of M ~ 103Mg, enabling detailed studies of DM
substructure down to subhalo masses of about M ~ 10°Mg,.

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 effectively 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 difficult, 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 artificial disruption, partly due to the limited resolution and the softening scale.
These problems are compounded in simulations that include baryons, where physical
effects 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 effect, combined with numerical limitations, results in enhanced
destruction of substructures, influencing 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 ACDM cosmological theory, structure formation in the Universe is
hierarchical. Small structures form first, 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 profile that
characterizes all DM halos. Numerous density profiles have been proposed and fitted
throughout different cosmological simulations, with varying degrees of preference be-
tween models. One of the most well-known ones is the Navarro-Frenk-White (NFW)
profile (Navarro, Frenk, and White, 1997), which describes the radial density profile

as
0o

T T 27
z(1+2)

where ¢ is the scale radius of the halo, defined as the radius at which the logarithmic
slope of the density profile equals -2. The characteristic density pg follows pnpw (r =
rs) = po/4. For halos comparable in size to the MW, rg ~ 10 — 20 kpc, hence reaching
into the outermost part of its optical region. An example of this density profile 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 profile on the bottom one. The
circular velocity profile is defined as the spherically averaged rotation curve, usually
derived from the enclosed mass (this relation is explored in Section 4.A).

PNEW (7575, po) = (1.16)

Fig. 1.5 shows that the NFW density profile does not exhibit a sharp cut-off 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 defined using an external
criterion. A common choice is to define 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 ACDM, the threshold is 1872 Perit = 178 perit (defined
in Eq.(1.4); see e.g., Bryan and Norman (1998)). However, in simulations the region
dynamically influenced by the halo is much larger, so an overdensity of 200 peyit is
generally adopted (Zemp, 2009). This defines the virial mass Mgy and virial radius
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FIGURE 1.5: Quantities of a halo derived from an NFW density profile,
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Bottom panel: the circular velocity profile as a function of radius.
The maximum circular velocity Viax and the corresponding Ry, are
shown as red horizontal, and orange vertical dashed lines, respectively.

Rogo of a halo. However, subhalos are affected by tidal forces while traversing their
host, and therefore the mass from the outskirts is stripped, which implies that the
parameters above are ill-defined (Hayashi et al., 2003; Green and van den Bosch,
2019; Errani and Penarrubia, 2020). These issues are discussed in detail in Chapter 4.
The bottom panel of Fig. 1.5 shows that the circular velocity profile of a halo has a
maximum value Vi,.x, achieved at a radius Ruax. 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 profile, and thus more
robust against tidal disruption than Mgy and Rogg. 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 NF'W density profile guide the definitions of Mgy, R200, Vimax and
Ruax. However, the mass and velocity profiles can be extracted from simulations
without the need for an analytic density profile.

In DMO simulations, dwarf galaxies generally develop steep central density profiles,
like the NFW profile, and are described as cuspy. Some dedicated MHD simula-
tions claim that baryonic processes can transform an initially cuspy DM profile 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 profile (Sanchez 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 (Héakkinen 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 defined as the isotropic and homogeneous radiation
field 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 diffuse emission from stars expelled from their host galaxies due to dynamic
processes (Bernal et al., 2023), Pop III stars and their remnants (Mkrtchyan, A. and
Horns, D., 2026), as well as potential contributions from new physics. In Chapter 2 I
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 effect (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 efficiently interact with VHE gamma rays producing ete™ pairs (Nikishov,
1962; Gould and Schréder, 1967a; Gould and Schréder, 1967b). For this reason, some
authors adopt a restricted definition 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 effectively 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

Different methodologies are used to estimate the CB intensity, each yielding different
types of measurements. In Chapters 2 and 3, I 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 diffuse 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 effectively 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 Véiisénen, 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 diffuse 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 fluxes from distant astrophysical
sources. Comparing these observed fluxes with their expected intrinsic fluxes, 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 Apivot = 0.608 pm (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 > 51 AU 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
30 — 50 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 distances D¢ € [7,51] AU. The previous reported excess was due
to an underestimation of diffuse Galactic light, one of the main foregrounds that need
to be subtracted. The new reported excess is down to < 1.5¢ over the IGL inten-
sity (Postman et al., 2024). This quantity still contains a small excess, allowing for
some unexplained flux caused by unidentified sources or processes outside standard
astrophysical scenarios. In Chapter 2, I explore the possibility that this excess is a
DM signature, specifically 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.

e Forward folding or phenomenological: model the emissivity of the sources that
contribute to the EBL, and their evolution through cosmic time. This approach
was first 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 I detail the
formal definitions and procedures to implement this approach, and introduce
the software that I have developed to compute the EBL intensity.

e 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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e Semi-analytical: simulate the structure formation of the Universe. They run
Mpec-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.
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F1GURE 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

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

Over the last decade, EBL models calculated via different 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 energies £ > 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 fields. 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 fields 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 confirmed AGN, of which
86 are classified as blazars.”

The intrinsic spectral energy distributions (SEDs) of VHE sources, including blazars,
are systematically modified by interactions occurring during their propagation in the
intergalactic medium. VHE photons interact with photons of the EBL, produc-
ing ete” pairs (Nikishov, 1962; Gould and Schréder, 1967a; Gould and Schréder,
1967b). The pair production cross-section peaks when the EBL photon has wave-
length A\ ~ 1.24(E /1 TeV) pm (Franceschini, Rodighiero, and Vaccari, 2008), which is
in the optical to near-infrared regime.

Since the EBL is a homogeneous photon field 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 effect has been observationally confirmed through
measurements of VHE blazars at different 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 affect the reconstruction of intrinsic source
spectra. Since direct measurements of the EBL are challenging due to strong fore-
ground contamination, significant efforts 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 effect is used to
test different EBL modelings.

1.5 Telescopes and observation methodologies

Observations of the Universe employ a variety of techniques tailored to different spec-
tral regimes, each requiring specialized methodologies to detect photons effectively.

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 effect, 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 filters to restrict the
observed wavelength range and enhance measurement accuracy. These filters can be
generally classified into broadband or narrowband types. An example of a broadband
detector is the LORRI instrument onboard the New Horizons, which covers wave-
lengths 0.35pm - 0.85 pm (Weaver et al., 2020). A more detailed characterization
of this detector is given in Section 2.5. On the other hand, narrowband filters are
designed to isolate specific emission lines of elements. As an example, a filter centered
on 656.46 nm is used to map regions of active star formation, corresponding to the
brightest emission line of ionized hydrogen (Calzetti, 2013).

Thttps://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 effect becomes inefficient (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 different 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 into e™e™
pairs, and this physical discrimination allows for energy reconstruction. The LAT is
most sensitive to photon energies from 20 MeV to 300 GeV. It has a large field of view
of 2.4sr, 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
first 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 ete™ 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 (Cerenkov, 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-
sufficient 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 of O(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 number
(typically one to five) 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 identification.

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 field.
This thesis is cumulative, so in the subsequent chapters I present the three articles
that I have published as first author. The versions of the papers correspond to the
final published editions in scientific journals. I 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 figures from a double column to a
single column layout, to enhance readability. The contents of the text, figures and
schematics of the articles remain unchanged from the original published versions.

I have drafted all the text and created all the figures and schematics in these pub-
lications. I 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, I 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 different per-
spectives, which helps with event reconstruction. The traces of the air shower in different telescopes
make it possible to reconstruct the direction of the initial particle, as well as its identification.
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Chapter 2 presents how the decay of a cosmological population of ALPs (introduced
in Section 1.2.2) would affect 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
effort with my co-authors. However, I performed all subsequent data analyses.

I present the final version of this article, published in Physics Review D under the
DOLI: 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 describes NIEBLA, an open-source PYTHON library that I 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 influence of EBL opacities on VHE
observations and facilitates the distinction between different dust reemission mod-
els. The chapter also contains a use case to showcase these differences in modeling
prescriptions.

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

I present the final 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 affects the substructure of MW-like simula-
tions, and employ a repopulation algorithm to fill 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). I have adapted it and extended its functionalities
for the requirements of our analysis. I carried out the characterization of the subhalo
populations of the MW-like simulations, repopulation procedures, data analysis and
derivation of results. My coauthors have offered guidance and feedback throughout
the study.

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


https://doi.org/10.1103/PhysRevD.110.103501
https://doi.org/10.1051/0004-6361/202557813
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 defined as the isotropic diffuse radiation field with ex-
tragalactic origin found across the electromagnetic spectrum. Different astrophysical
sources dominate the CB emission at different 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 masses 0.5eV—107 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.
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2.1 Introduction

The ACDM 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 different 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 strong CP 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 significantly intensified 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, L., = —ingwﬁwa, with
photon coupling g, the ALP field strength a, and F},, the electromagnetic field ten-
sor (and its dual F, ). This coupling can lead to photon-ALP conversion in magnetic
fields 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 defined as the homogeneous and isotropic diffuse radiation field with ex-
tragalactic origin. It covers the entire electromagnetic spectrum, from radio waves
to v rays, so different 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 different 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 sufficiently 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 > bo mismatch in intensity between the NH measurement and the galaxy counts
calculated by previous works. Galaxy counts are defined 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 the 1.4 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 between 10~% and 10 um 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 different populations of active Galactic nuclei
(AGN) and accounting for the absorption of 7 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 ACDM cosmology with Q) = 0.7,Q, = 0.3 and
Qbaryons = 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 Hy = 70kms~'Mpc~!, 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 range 3 x 1076 — 5ym. We show
upper limits (open symbols), lower limits or measurements (filled sym-
bols), and measurements (green and blue star). More details about the
different 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 different satellites. We use the data compilations provided by Hill, Masui,
and Scott (2018) and Biteau (2023), which are shown in Fig. 2.1.

2.2.1 COB

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

Upper limits have been calculated by taking the background flux 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 diffuse 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 diffuse component is not included. They are represented
with filled 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 confidence interval, defining 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 filled 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)

Zmax

c? 14+2z ,\|dt
v 2) = 5 / <A1+> I

dt ~1
dz ~ (1+2)H(2)’

d?, (2.1)

with
(2.2)

where we integrate the emissivity &, (A, 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 redshift z,.x defines the redshift
at which the population started emitting. The Hubble parameter is defined by the
ACDM parameters as H(z) = Ho\/Qa + Qm(1 + 2)3.

We proceed by modeling the CB intensity from different 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 through g,,, which entails a mass mq 2 O(eV).
The decay rate I'y, the inverse of the axion mean life 7,, depends on the axion mass
and coupling (Bernal et al., 2023),

N3 9 2\ 3 2
mgC a — — a a
S L U 7 PV 26s1<mc> ( gy > , (23)

32h leV 10-10GevV—!

with A being the Planck constant and ¢ the speed of light in vacuum.

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

2\ —1
Adecay = he —— = 2.48 ym (Tg; ) . (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 — 2.
exa(N) = Lno <>\ hcma62> , (2.5)

with Ly, the axion luminosity density, which is the luminosity of an axion DM halo of
mass M), divided by the comoving number of halos n,

M, ¢ erg [ mgc? 5 g 2
Ly = —" = Quperitolac® = 1.59 x 10734 a i . (2.6
b n T, aperit,0% a€ % cm3s \ leV 10-10GeV 1 (26)

Assuming the distribution of halos to be homogeneous, we can relate these quantities
to the mean axion density of the Universe p, = Qgpcrit,0, With €, the fraction of DM
in the form of axions and perit,0 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
effect 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
defined as Vai

Odecay — 2>\decay% ) (2.7)
where vgisp is the velocity dispersion of the bound axions. The typical velocity dis-
persion measured in galaxies is vqisp ~ 100 — 300 km/s (Forbes and Ponman, 1999;
Veale et al., 2017), which gives a ratio oqecay/Adecay < 1072, 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

Qapcrit,O ct (mac2)2.gg'y o

L,(A, =
VI 2) 64 AH (z)

(2o — 2), (2.8)
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where 2 )
meC
—(1 —1. 2.
21+ 2) (29)

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

Zy =

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; Hiitten,
Combet, and Maurin, 2019). We define the DM column density S as the integral over
the DM density along the line of sight (LOS) ¢(¢), which depends on the LOS angle
(1, b) for Galactic longitude and latitude I, b,

S@) = / o () (2.10)

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

pomi(r) = —L2 (2.11)
z(1+5)

with values for the local DM density in the solar neighborhood ps = 0.42 GeV /cm?,
distance from the Sun to the Galactic Center ro = 8.275kpc, virial radius ryi, =
220 kpc, and scale radius s = 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 different estimates for S that characterize the observations. The smallest
possible S 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 different 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
(1,b) (GeV /cm?)
Galactic antiCenter (0°, 180°) 1.11 x 1022

LORRI observations Table 2 of (Symons et al., 2023)  2.21 x 10?2

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

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

2012)
d 1 T, dN,., 1 T. hedN,
- — e Nedly 2.12
dEdQ  Ammgc? dE, s A mgc? B2 d)\ 5 (2.12)
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where dN,/dE, = hc/E?dN.,/d\ is the spectrum of the axion decay, previously
defined as a § function. Here we do not integrate dN,/dE, over wavelength, but
rather consider its value at specific wavelengths. Therefore, we cannot use a d-function
approximation as in the cosmic case.! So for the local DM decay contribution, we do
account for broadening due to velocity dispersion (Overduin and Wesson, 2004)

aN L (e
2l )\, )\ — e 2 Tdecay
(P Adecay) V270 docay

Plugging in I';, from Eq. (2.3), the broadening from Eq. (2.7) and the definition of
Eq. (2.13), we find for the intensity

(2.13)
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vl,(A) =

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 final 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 fixed 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 the STARBURST99 code (Lei-
therer et al., 1999; Leitherer et al., 2014), using a Kroupa initial mass function (IMF)
with Mpyin = 0.1 Mg and Mp,ax = 100 Mg (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 fit 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 x? value over degrees of freedom of x?/d.o.f. = 2.7. Adding these datasets

!The value of the flux would be infinite at a certain wavelength.
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to the COB fit essentially fixes the stellar contribution, as the introduction of the
ALP decay to the CB does not affect the metallicity, star formation rate, and galaxy
emissivities. As a consequence, we choose to fix the COB contribution to its best
fit 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
different contributions are detailed in Appendix 2.B.

We use two preexisting COB models to compare with ours. The first 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 efficiency 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 effect (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

N 2
X2 _ Z <VIl/mode1()\l) l/Iui> x O Wy, .0 (Ni) —v1,) (2.15)

oF}

i

where ©(x) is the Heaviside step function, and v, _,, is the sum of the CB and
axion decay contribution. The CB contribution is fixed by either the predictions of
the CUBA or Finke22 models, or the predictions from our own model. The latter is,
in turn, fixed by the fit to various datasets as described in Appendix 2.B.

For the COB upper limits and CUB putative measurements we take the value of
vl as the value given by the model at the given wavelength A;, but for the CXB

Vmodel
measurements we calculate the mean value of v1,, over each energy bin.

Alternatively, we treat the NH data point as a measurement. In this case, we take the
LORRI quantum efficiency P(\) into account. The wavelength dependence of P(\)
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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 flat, as was assumed for the measurement of the COB.
The mean flux measured over the detector is given by

;TR POy AN/
v,mean — fP d)\/)\

(2.16)

The term I, (A) 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
flux. Intensity [, and flux f,, are related by the integration over solid angle and since
1, is isotropic, it does not matter if we use intensity or flux. Furthermore, the mean
wavelength associated with this flux measurement is given by (Koornneef et al., 1986)

fPI ) dA

(A) = TP CWA (2.17)

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

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

2 <VIVmean model(<>\>) - VIV,NH X APiVOt/<)\>)2

X =
ONH

(2.18)

where Apivor = 0.6076 pm is the pivot wavelength of the LORRI bandpass associated
with the LORRI measurement (Weaver et al., 2020). The ratio Apivot/(A) 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 first discuss the results for cosmic axion decay, followed by the results for axion
decay in the local halo, and finally the results for the LORRI measurement.

2.5.1 Cosmic axions

We add the cosmic axion component given in Eq. (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 the 20 confidence
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 Eq. (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,



Chapter 2. Novel bounds on decaying axionlike particle dark matter

39 from the cosmic background

mgc? (eV)
10! 100
102:_- |----$-{-<%- T |-----_:
E] [ ¢ % ]
P el
E ooy 0 I
= i,
=] L i
100 3
L. ! M R R R A | ! ! L
1071 100
Wavelength (um)
101 100
10-8
~ 107°
|
>
0]
9 10—10
>~
% Models
1011 —— Our model
——- Finke22
...... CUBA
10—12, | T R | | | B -
101! 100

mgc? (eV)

FI1GURE 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 20

confidence level) is above the different lines, shaded in blue. Note the

descending = 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 the x2. The different
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 filled blue, yellow, and pink
regions, respectively. These constraints are at 20 confidence. The constraint from the
whole spectral region, using all the data points, is shown as the white line. We guide
the figure with a green straight line labeled 7 = 4.5 x 10'7s, 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 filled regions
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FIGURE 2.3: Our and previous constraints on the axion and ALP
parameter space, using the CUBA model. Confidence intervals at 1o
(20) that could explain the NH excess are shown in red (blue) for the
values of Symons et al. (2023) and in green (yellow) for the values
of Postman et al. (2024). Constraints at 20 confidence using the NH
measurement from Symons et al. (2023) as an upper limit, together
with the rest of upper limits from Fig. 2.1, are shown as shaded blue,
yellow, and pink regions for the COB, CUB, and CXB, respectively.
The inset shows the comparison between COB models in Fig. 2.1. The
black line shows the overall constraint when also the axion decay in
the local DM halo is accounted for. Limits from previous analyses are
depicted in gray and are taken from the compilation of O’Hare (2020).

we can observe a power-law behavior of the constraints toward higher masses. This is
due to the definition of our x? function and further detailed in Appendix 2.C.

2.5.2 Decay in the Galactic halo

Next, we consider the axion decay contribution from the local Milky Way halo, given
by Eq. (2.14).

We start with the addition of the host axion decay in the wavelength bands of the
COB and CUB. The observations at these wavelengths have been carried out on a
large variety of instruments with different bandpasses using different data analysis
techniques. For simplicity, we opt to use the measured intensities at face value and at
the reported wavelengths, i.e., we neglect the finite bandpass, which we only consider
in the case of the LORRI measurements. Incorporating the specific instrumental
responses is left for future study.

In Fig. 2.4 we show examples of the decay of an axion with masses between m, = 3
and 8¢eV including both cosmic and host contributions on top of the CUBA model.
The coupling constant is the same for all considered masses. We can see that the
host contribution is only relevant at wavelengths corresponding to energies at half
of the axion rest mass, whereas the cosmic decay contribution dominates the decay



Chapter 2. Novel bounds on decaying axionlike particle dark matter

4 from the cosmic background

mac? (eV)
7 4
576 5 4 3
r pivot e Total axion decay
wavelength | | | ---- Mean wavelength
103 E e R <> Integrated intensity 10.6 E
c o ~
o i — | ; ; g =4x1071 GV | S
ool | E
g 102 1 404 &
=10 [
A | 103 £
£ i a0 ;
= Al 102 2
10 R e e 5
i Y 101
| . 00
0.6 0.8 1.

Waveléngth (um)

FIGURE 2.4: Cosmic and local axion decay spectra for axions at dif-

ferent masses. The mean wavelength of each spectrum is shown as a

vertical line sharing the color of each axion spectrum calculated with

Eq. (2.17), as well as the mean flux from Eq. (2.16). The dotted line

is the CUBA spectrum. The gray line and the right y axis give the
quantum efficiency of the LORRI detector.

spectrum at longer wavelengths. Therefore, the Galactic halo decay mostly affects the
constraints close to the corresponding wavelengths at which we have measurements.

We consider the single data points one at a time. For each data point, we calculate
the axion mass that would contribute to the intensity following Eq. (2.4) and then the
vly, ... Decessary to overshoot the 20 uncertainty using Eq. (2.15). We determine
the corresponding coupling constant following Eqs. (2.8) and (2.14). We use the
column density S from the Galactic anticenter, yielding conservative constraints. The
only exception is the LORRI observation, for which we use the values for S listed in
Table 2.1. The result is plotted in Fig. 2.3 as the black line, where we can see sudden
dips departing from the white line in the COB and CUB at axion masses where we

have a data point at the correct wavelength.

In the CXB region, we perform a similar analysis, but we include the widths in
wavelength of the spectral data points. Instead of assuming a monochromatic decay
and only checking the flux on the associated wavelength, we calculate the mean value of
the intensity of the axion decay in each bin and use this value for our model estimate
vl, ... We assume a constant exposure in each wavelength bin. This results in

constraints in the CXB that are not as sharp as in the COB and CUB, see the black
line in Fig. 2.1.

2.5.3 Analysis of LORRI observations

Finally, we turn our attention to the LORRI measurement. In this analysis, we
make use of the quantum efficiency and finite bandpass of the detector and find the
axion parameters for which the CUBA model and axion contributions fit the NH data
point. To this end, we first calculate the mean flux and wavelength of the axion decay
spectrum following Eqgs. (2.16) and (2.17), respectively. The quantum efficiency of the
LORRI instrument is shown in Fig. 2.4 as a gray line (see the right y axis). The pivot
wavelength of the detector is shown as the vertical black line. As mentioned before,
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FIGURE 2.5: Mean wavelength associated with axion decays, as a
function of axion mass following Eq. (2.17) assuming constant coupling
constant.

in this figure, we also show examples of axion decay spectra for different masses. For
these spectra we calculate their associated mean wavelength with Eq. (2.17) (dotted
vertical lines) and the corresponding mean flux with Eq. (2.16) (black dots and colored
diamonds). The spectrum, mean wavelength, and flux for each axion mass share the
same color. We can see that the mean wavelength varies with mass and we show
this dependency in Fig. 2.5 for a fixed photon-axion coupling and the CUBA model.
Compared to the pivot wavelength (gray dashed line), which corresponds to a flat
spectrum, we see several features in the mean wavelengths, in particular when the
host decay is included (orange and green lines). These features stem from the sharply
peaked decay spectrum folded with the LORRI quantum efficiency. At high and low
masses, when the decay peak is not within the LORRI passband anymore, we still
observe a shift of the mean wavelength compared to the pivot wavelength, which is
due to the CUBA model itself.

Having the mean wavelength and flux, we calculate the x? value from Eq. (2.18). In
Fig. 2.3, we show the 1o and 20 confidence intervals (corresponding to a Ax? =
2.30,5.99 for 2 degrees of freedom) of the axion parameters that would explain the
LORRI measurements of Symons et al. (2023) (Postman et al. (2024)) in red and
blue (green and yellow). The preferred coupling constant lies between 1070 and
10711 GeV~! for masses above mg, > 2eV. The preferred regions for the two LORRI

measurements have the same shape, the difference between them being the strength
of coupling necessary to obtain he excess value.

In the inset of Fig. 2.3, we show an enlarged view of the axion constraints in the
COB regime. In this region, also the DM host decay contributes to the LORRI mea-
surement up to roughly m, ~ 7€V, which can be seen in the shape of the confidence
intervals. In this region, up to mg, ~ 10€V, axions could both explain the NH excess
and not violate the other CB upper limits. However, this region has been excluded
by other experiments such as the observations of globular clusters (Dolan, Hiskens,
and Volkas, 2022), spectroscopic searches with the Multi Unit Spectroscopic Explorer
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(MUSE) (Todarello et al., 2024) or study of COB anisotropies with the Hubble Space
Telescope (HST) (Carenza, Lucente, and Vitagliano, 2023).

2.6 Discussion

We find that the different COB models provide very similar constraints in the axion
parameter space, as we see in Fig. 2.2. Thanks to the implementation of our own
COB model, detailed in Appendix 2.B, we test different characterizations of the stel-
lar population, such as stellar spectra or dust descriptions. Our best-fit model still
has a reduced x? value larger than unity, its largest contribution coming from the
fit to stellar emissivities. We find that the best-fit COB model is completely fixed
by the observational data, leaving no room for altering its spectrum significantly to
potentially relieve tension with the LORRI data point. We also find that other as-
trophysical contributions to the COB such as AGN, intra-halo light, or a population
of stars with stripped envelopes are subdominant, see Appendix 2.B.5. Looking at
Fig. 2.3, we see that only a small region of the axion parameter space, located at
mg ~ 4 —5¢eV, could explain the NH data point, while simultaneously not overshoot-
ing other CB upper limits. As mentioned before, this parameter space is ruled out
by other experiments such as globular clusters (Dolan, Hiskens, and Volkas, 2022) or
MUSE (Todarello et al., 2024).

Previous limits that use a similar technique as ours are shown in dark gray in Fig. 2.3.
In particular, Cadamuro and Redondo (2012), labeled “EBL” in the figure, also used
the CB spectrum available at that time to constrain axion parameters. Our constraints
improve their results by 1 order of magnitude over a wide range of axion masses,
also extending it to lower masses. We even rule out the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) and Kim-Vainshtein-Shifman-Zakhar (KVSZ) axion models in be-
tween m, = 2 and 30eV. Our results are more restrictive because we include the
latest CB measurements and the astrophysical contribution to the CB. Limits labeled
HST (Nakayama and Yin, 2022) and « (Bernal et al., 2023) are based on the NH
measurement as well but different methodologies were used for their derivation. For
the HST constraint, it was studied how the LORRI excess impacts COB anisotropy.
The v exclusion used the axion contribution to the COB in the resulting increase to
the optical depth for very high-energy ~ rays. Our results yield, in general, similar
constraints compared to these studies. We extend the analysis by Bernal, Sato-Polito,
and Kamionkowski (2022) by including additional CB measurements in our analysis.
As a consequence, only a small region of the axion parameter space is allowed to
explain the LORRI data point.

Further constraints in the m, ~ 1 — 10 eV regime, such as MUSE (Todarello et
al., 2024), Visible Multiobject Spectrograph (Grin et al., 2007), and James Webb
Space Telescope (JWST) (Janish and Pinetti, 2025) as labeled in Fig. 2.3, stem from
spectroscopic measurements. This method proves to be more constraining compared
to our analysis, while also being more restricted by the detection range of instruments.
in python

2.7 Summary and conclusions

In this work we have investigated the impact of axion or ALP decay on the CB, specif-
ically from optical wavelengths to X-ray energies. We have put particular emphasis
on the optical regime due to the tentative excess observed with LORRI (Symons et
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al., 2023), on board the NH probe, although latest measurements suggest it is not
significant anymore (Postman et al., 2024). Such an excess would be challenging to
explain with known astrophysical sources.

To this end, we have implemented our own COB model. We have tested various model
assumptions by fitting them to observational data and have found our best-fit model,
which we show in the main text. We compare our results with those of Finke22 and
CUBA and find that different COB models provide similar results. Specifically, when
applying these models to the axion decay, the constraints are very similar.

Concerning the axion-photon parameter space, we find only a small region of the
parameter space around 4 — 5 um can explain the NH point as a direct measurement
of the CB while not overshooting the CB upper limits. This parameter space has been
ruled out by other experiments. We also find that this mild excess is unlikely caused
by either intra-halo light or stripped stars. As we show in Appendix 2.B.5, intra-halo
light peaks at wavelengths above the LORRI bandpass, and stripped stars contribute
around 1% to the COB. However, we note again that the significance of the excess is
only at 1.4 o above the COB level measured with galaxy counts. The parameter space
that explains the excess reported in Symons et al. (2023) is fully constrained by other
experiments. We have also calculated new constraints in the axion-photon parameter
space assuming the NH observation as another upper limit, and combined its analysis
to a compilation of CB measurements. Our constraints improve the previous ones from
Cadamuro and Redondo (2012) on average by a factor of 10 (see Fig. 2.3). Assuming
Q, = Qpwm, we rule out the DFSZ and KVSZ axion models in between m, = 2 and
30eV with the decay of cosmic axions.

Axion decay in the Galactic halo would create narrow peaks of flux in the COB and
CUB. This leads to strong constraints at axion masses corresponding to a wavelength
where CB measurements are available. In the CXB, the effect is less striking, as we
have averaged the signal over each energy bin (see Fig. 2.3). For the constraints we
conservatively assumed the DM column density S of the Galactic anticenter, which
is insensitive to the adopted DM profile and scales linearly with the assumed DM
density in the Solar System (we used ps = 0.42 GeV/cm?). There is one exception to
this: for the NH measurements, we calculated the weighted mean of S, based on the
observation times and pointings of the probe.

As an outlook, new measurements of the CB, i.e. with the JWST, would improve
our predictions: both direct and indirect measurements of the CB, as well as better
characterization of stellar parameters. Moreover, further sources could contribute to
the CB. For example, a change in the stellar formation rate at high redshift due to
primordial black holes (Cappelluti, Hasinger, and Natarajan, 2022) or the existence
of Population III stars (Raue, Kneiske, and Mazin, 2009) would increase the astro-
physical CB component. Another source could be dark stars (Maurer et al., 2012).
The decay in the local halo is another sensitive probe. Detailed analysis with correct
values of the DM column density S for each observation could be promising, which we
aim to explore in a future publication. Furthermore, we plan to extend our analysis
to higher energies and include the extragalactic diffuse v-ray background, and lower
energies to account for the infrared background.



Appendices

2.A Derivation of cosmic axion decay from first principles

The emissivity of axion decay is given by (Overduin and Wesson, 2004)

2
exa(N) = Lyd ()\ - hcmgc > , (2.19)
from which we see ) )
cra(N) = Lns <>\ - hcmgc > . (2.20)
c

Inserting this into Eq. (2.1), we obtain
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Changing variables of the integration from 2z’ to y = Allj_rzz, — nifc,

y(zx) = 0. Now we can easily perform the integral and find

we define z, so that
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Using the definition of Ly given by Eq. (2.6), we obtain Eq. (2.8).

2.B COB model

Here, we provide details of the COB modeling.? First, we describe the complementary
observational data and the theoretical background of the model. This leads to the
fitting procedure and results. We also discuss how different model assumptions affect
our results, as well as the impact additional subdominant components such as intra-
halo light and stripped stars.

2.B.1 Emissivities, star formation rate, and metallicity evolution

For our COB model, we make use of additional observational data, which we describe
in this subsection.

First, the galaxy emissivities have been obtained in the COB region. These measure-
ments come from observations of resolved galaxies, detailing how much light these
galaxies emit per wavelength and redshift. A compilation of emissivity values can be
found in Finke22, and are plotted in Fig. 2.B.2.

Data of the star formation rate p, as a function of redshift has been compiled in
Fermi-LAT Collaboration, Abdollahi, Ackermann, et al. (2018). It is defined as the

2The model is available online at https://github.com/axion-alp-dm/EBL_calculation
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quantity of stars that form at any epoch per volume. There are different methods
to measure p,, such as luminosity measurements of galaxies in the ultraviolet and
infrared, or using the nebular line emission that characterizes star formation (Madau
and Dickinson, 2014). They are plotted in Fig. 2.B.3.

Finally, we use measurements of the mean metallicity of the Universe as a function of
redshift, in order to determine the metallicity of the stellar populations at any point
in time. The observational data are taken from (Péroux and Howk, 2020). They are
plotted in Fig. 2.B.4.

2.B.2 Details on the theoretical modeling of the COB
Stellar emissivities and synthetic spectra

A simple stellar population (SSP) is defined as a group of stars born from the same gas
cloud, which then evolve with no further star formation (Leitherer et al., 1999). The
birth of the SSP lasts for megayears, so for cosmological purposes it can be assumed
to be instantaneous. The stars in an SSP are assumed to share the same metallicity
and age.

The emissivity of the stellar population can be calculated as

at’

5Vstcnar(/\v z) = feSC,dust/ Ly(t(z) — t(z/)) p*(zl) 1 dz, (2.23)

where L, is the luminosity of the SSP, p, is the stellar formation rate, and fesc dust
is the fraction of light that escapes dust absorption. We integrate up to redshift
Zmax = 40. The individual terms will be discussed below.

In order to study the behavior and evolution of stellar populations, it is necessary
to turn to simulations. Several codes have been developed for this purpose and their
output spectra L, (t) then serve as the input to calculate the stellar emissivities in
Eq. (2.23). In our case, STARBURST99 (Leitherer et al., 1999; Leitherer et al., 2014)
has been used to obtain the synthetic stellar spectra in our baseline model. We show
them in Fig. 2.B.1.

We have used a Kroupa IMF, with My, = 0.1 Mg and Mpax = 120 Mg (Kroupa,
2002). We follow the evolutionary Padova tracks.
The star formation rate p,

The Star Formation Rate (SFR) p, is the amount of SSPs that form at any epoch per
unit volume. We follow Madau and Dickinson (2014) and parametrize the p, as

B (14 2)™
T ) e

px(2) (2.24)

The parameters x;, ¢ = 1,2,3 are determined by fitting it to the observations. The
same approach has been used by, e.g., Madau and Dickinson (2014), Madau and
Fragos (2017), and Finke et al. (2022).

Dust escape fraction

The dust escape fraction fesc dust is the fraction of photons that escape dust absorption.
As we mentioned before, dust absorption plays an important role in the COB emission.



Chapter 2. Novel bounds on decaying axionlike particle dark matter

47 from the cosmic background

34
Ages

5 Myr

10 Myr
20 Myr |
100 Myr
500 Myr
900 Myr

oS}
[\
T

8))

(0]

o8
-
T

Metallicity
0.0004
0.004
0.008
0.02
0.05

102 10° 10* 105 10°
Wavelength (fi)

logio(L; [erg s™! A=1 M
[\)
o0
T

F1GURE 2.B.1: SSP luminosities from the STARBURST99 code. Popu-
lations of different metallicities are shown with different line opacities,
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Kneiske, Mannheim, and Hartmann (2002) adopt an average fraction of photons that
get absorbed at any point in time, disregarding the metallicity evolution. On the other
hand, Finke22 implements a model relying on explicit redshift dependency, which we
also follow here:

fesc dllSt()\y Z = 0) 10*0.4A(z)
fesc dust()\ =0.15 um, z = ())
(14 z)na
1+ [(1 + Z)/pd]qal

fesc dust()‘ Z) > (2'25)

A(z) =my (2.26)

where fesc dust 18 @ stepwise function,

(logig A2 —logig A1) A < Ag,
(logp Az —logig A2) A2 < A < Ag,
(logig Aa —logig A3) A3 <A < Ay,
( ) A< .
(2.27)

Jesc,2 + (fesc,2 = fese,1) - (Iogyg A — logyg A2
Jese,3 + (fesc,3 — fesc,2) -
fesc,a + (fesc,a — fese,3) -

( )

fcsc,5 + fcsc,5 - fcsc,4

( )/
(logjg A — logig A3)/
(logip A —logig A1)/
(logip A —logig As)/

fesc,dust(/\7 Z= 0) =

logip As —logg As

In Finke22, all A;,2 = 1,...,5 are fixed and the normalizations fesc qust,; and the pa-
rameters mgq, nd, Pd, qq are fitted to the data. Here, we use their best-fit parameters,
Ai = (0.15,0.167,0.218,0.422,2.) um, fescdust; = (0.188,0.218,0.293,0.393,0.857),
and mgq = 1.49, nqg = 0.64, pg = 3.4, qq4 = 3.54. We compare this characterization
with the one given by Kneiske, Mannheim, and Hartmann (2002),

fesc,dust = 10_0.4A)\ ) (2.28)
Ay =068 -E(B-V)R-(\!'-0.35), (2.29)

with R = 3.2, where A} is the absorption coefficient, and E(B — V) is the color coeffi-
cient, which has to be measured and can depend on redshift (Kneiske, Mannheim, and
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Hartmann, 2002). Following Kneiske, Mannheim, and Hartmann (2002) we neglect
the redshift dependence and set E(B — V') = 0.15.

Mean metallicity evolution

The average metallicity is defined as the mean fraction of metals present in an epoch.
We follow the parametrization from Tanikawa et al. (2022),

Z(2) = Zg x 10%0701%2"2 (2.30)

where Zg is the solar metallicity, which we assume to be Zg = 0.02 (Asplund et al.,
2009). There is a degeneracy between the solar metallicity and ag, and we choose to
fix Zg and fit ag.

2.B.3 Fit to the data

In order to break the degeneracy between the axion and stellar components, we include
additional data in the COB model fit to constrain it. First, the stellar emissivity is
constructed following Eq. (2.23). The p, follows the function in Eq. (2.24), and
the luminosities come from synthetic stellar spectra. The metallicity of the SSP
follows the parametrization of Eq. (2.30). As STARBURST99 SSPs are not available
for metallicities < 4 x 1074, we assume that the SSPs with lower metallicity share the
same spectra as this limiting case. Using the emissivity, we can then calculate the CB
spectrum following Eq. (2.1). This gives the CB spectrum of the stellar contribution.

We use the PYTHON package IMINUIT (Dembinski and al., 2020) in order to fit our
model to the observational data, using the least squares method. The methodology
is similar to the one used in Finke22. We free the p, and Z parameters and fit our
model to the compilations of p, data, the emissivity data, the Z data and the COB
galaxy counts that we described in Sec. 2.2. Emissivities and COB galaxy counts
have been calculated from direct galaxy measurements, so they can be used together
to constrain the stellar population. This method gives information about the history
of stellar formation. This leads to minimizing the following >

2 2
2 — VIVmodel()\i) — VIVJ' Emodel()\ia Z) — &
XCOB = Z ( o + Z o

! ! (2.31)

2 2
p*,model(zi) — Pxyi Zmodel(zi) —7;

i

The fits of our COB model to observational data are plotted in Fig. 2.B.2 for the
emissivities, Fig. 2.B.3 for the p,, Fig. 2.B.4 for Z and Fig. 2.1 and top panel of
Fig. 2.2 for the COB intensity. Following Eq. (2.31), we perform a combined fit of all
these data with eight free parameters (the p, and metallicity evolution parameters),
which leaves 440 degrees of freedom. We impose no limits to the free parameters.

Results from the fit

The reduced x? value for our model is X%OB = 2.7. We show the best-fit parameters
for our model in Table 2.B.1. The fit is largely driven by the emissivity data, while
the COB and Z data make up the smallest contributions to the y2. Therefore, the
inclusion of p, and emissivity data completely fixes the COB.
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Parameter Value
Px
zo (Me/yr/Mpc?)  (1.302 £ 0.032) x 102
T 2.42+0.04
T3 3.317£0.035
T3 6.70 + 0.07
Z
ag —0.49 4+ 0.04
ay 0.022 £ 0.015
as 1.7£04
TABLE 2.B.1: Best-fit parameters for our model.
Model x%/d.o.f.
Our model 1169.2/440 = 2.7
PEGASE SSPs 1571.5/440 = 3.6
Kneiske dust absorption (Kneiske, Mannheim, and Hartmann, 2002) 2190.7/440 = 5.0
PEGASE SSPs and Kneiske dust absorption 3818.7/440 = 8.7

TABLE 2.B.2: x?2 values over degrees of freedom for the various model
combinations described in the text.

At A>5um the dust reemission becomes the dominant component of the CB (Hill,
Masui, and Scott, 2018), so our fit takes into account CB data up to this wavelength.
Our model fails to reproduce the upward trend after this point due to dust, which is
visible in the Finke22 model in Fig. 2.1.

2.B.4 Systematic uncertainties

In order to assess the systematic uncertainties with respect to our model choices, we
repeat our fits to the COB data with different assumptions. First, we used the code
PEGASE version 3.0.1 (Fioc and Rocca-Volmerange, 2019) to calculate stellar lumi-
nosities. These spectra are similar to those of STARBURST99, displaying differences
especially at large wavelengths when the power-law regime settles at A>3 x 10%A.

We also tried to use the Kneiske, Mannheim, and Hartmann (2002) dust absorption,
instead of the one in Finke22. This prescription ignores any redshift dependence,
which affects the lower wavelength regime the most. There is a large amount of
absorption at lower wavelengths, which results in higher emissions through the whole
spectrum. This however, is at odds with the emissivity data.

The results from the fits using these different model assumptions are summarized in
Table 2.B.2. We compare the results for all possible combinations of the considered
dust absorption and SSP spectra. Our baseline model with STARBURST99 spectra and
Finke22 dust absorption gives the overall best-fit result. Our model has the highest
intensity in the LORRI band, and the biggest difference in mean intensity between
models is of 14%, following Eq. (2.16).
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FIGURE 2.B.2: Emissivity data for specific wavelengths as a func-

tion of redshift. Observational data is taken from the compilation by

Finke22. Solid lines are our best-fit curves. The 1o uncertainty band
is too thin to be seen.
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FIGURE 2.B.3: The p, as a function of redshift, with the 1o un-
certainty shown as a light blue band. Observational data compiled
by (Fermi-LAT Collaboration, Abdollahi, Ackermann, et al., 2018)
are shown with different symbols. The parametrization of Madau and
Dickinson (2014) is shown as a dashed line for comparison.
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FIGURE 2.B.4: The mean metallicity Z as a function of redshift.
Observational data taken from Péroux and Howk (2020). Best-fit line
and 1o uncertainty are shown as a blue line and blue shaded region.

2.B.5 Additional contributions

In addition to light from SSPs, the COB could also originate from other components.
Here, we investigate some of them previously discussed in the literature and explain
their contribution to our model.

Intra-halo light

The intra-halo light (IHL) is defined as the light created by stars that have been ex-
pelled from their host galaxy due to dynamical events. We follow the characterization
described in Bernal, Sato-Polito, and Kamionkowski (2022), based on calculating the
emissivity:
Minax dny,
5)\,IHL()\7 Z) = / dM m L)\,IHL(Ma Z) s (2.32)
Miin

where dny,/dM is the halo mass function and Ly (M, 2) is the IHL light specific
luminosity emitted by a halo of mass M. We calculate the dny/dM with the HMF
code (Murray et al., 2021), a specific tool for calculating halo mass functions. We use
Bernal, Sato-Polito, and Kamionkowski (2022) to characterize Ly ur, (M, 2), taking
their definition and reported mean values for the fraction of the total halo luminosity
coming from IHL and redshift power-law dependence.

Without fitting the COB with the IHL, in Fig. 2.B.5 we show the IHL contribution
summed to our model. The difference to our baseline model is negligible, only becom-
ing relevant at large wavelengths. At A = 5um (the maximum wavelength considered
in our analysis), the IHL intensity is about 30% of the SSP intensity.

In the axion-photon parameter space, the IHL does lower the constraints of lighter
axions. However, we have seen in the main text how differences between COB models
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affect the axion constraints in Fig. 2.2. Therefore, the impact of the IHL is negligible.
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FIGURE 2.B.5: Additional sources of the COB added to our model.

Stripped stars

Stars that strip their envelopes by interacting with a binary companion are defined
as stripped. They emit a fraction of their radiation as ionizing photons, with energies
larger than the usual stellar evolutionary tracks. Therefore, we test whether this
extra component could also affect our models. We base our calculations on the work of
Gotberg, Y. et al. (2019). They calculate stellar spectra for these stripped stars, which
we include in the COB calculation. The COB component of this extra contribution
is at best 1% of the COB SSP intensity, as shown in Fig. 2.B.5.

2.C Power-law dependence of axion constraints at higher
masses

Looking at Fig. 2.3, we see that there is an almost power-law-like dependence of the
constraints on gq, at high masses in each CB region. In this appendix, we derive a
relation that approximately describes this behavior. In Eq. (2.8) we see that

(ma02)2gg'y

I,()\ 2) x N (2

(2.33)

For high masses corresponding to a decay wavelength shorter than the shortest wave-
length where data are available, AYB (i = O, U, X), the limits will be dominated by

min
the tail of the axion decay line (due to cosmic expansion) and its contribution to

()\C’B) Considering only this data point, we can solve Eq. (2.33) for g,, and use

min
the definition of z, from Eq. (2.9) to arrive at

* = o ) 2.34
Gay X . e ( )

L\ 3]l/4
e [0+ 0 () |




Chapter 2. Novel bounds on decaying axionlike particle dark matter

53 from the cosmic background

Thus, in the limit m,c? > he/ACB,

Gary X my 4, (2.35)

Fitting the slopes of our constraints numerically we find very good agreement with
this approximation:

mco = —0.2452 £ 0.0003
mcuB = —0.2339 £ 0.0008
mcxp = —0.2533 £ 0.0004,

with gay o< (mec?)™ .






Chapter 3

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

Abstract

The flux of extragalactic gamma rays is attenuated through interactions with optical
and infrared photons of the extragalactic background light (EBL). The EBL is an
isotropic, diffuse photon field that is difficult to measure directly at these wavelengths
due to strong foreground emission. We present NIEBLA, the first open-source code to
compute the EBL from optical to far-infrared wavelengths using a phenomenological
approach that accepts fully customizable inputs. This software enables a detailed
modeling of the influence of the EBL optical depth on gamma-ray observations and
it facilitates the distinction between different dust reemission models. The code mod-
els the optical background primarily from stellar emission, by evolving the spectrum
of a single stellar population as a function of redshift, considering mean metallicity
evolution and the star formation rate density. Additional sources to the EBL can be
provided by the user. The code already includes optional contributions from, for ex-
ample, stripped stars, intra-halo light, or the decay of axion dark matter. The optical
emissivity is then absorbed by interstellar dust and reemitted in the infrared regime.
We provide multiple prescriptions to model this process, using spectral dust templates
or a combination of blackbodies.We provide three EBL models calculated with dif-
ferent dust reemission prescriptions, which have been fitted to various observational
data sets. These include EBL intensities, galactic emissivities, stellar formation rate
densities, and the mean metallicity of the Universe. In addition, we showcase the ver-
satility of our model through a simulated observation of the blazar Markarian 501 in a
high-flux state with the Large High Altitude Air Shower Observatory array. We find
that the simulated very-high-energy spectrum is highly sensitive to the photon density
of the EBL at infrared wavelengths. Our model will therefore allow the community to
distinguish between different dust reemission models and constrain EBL parameters
with future observations.
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3.1 Introduction

The cosmic optical and infrared backgrounds (COB and CIB, respectively) constitute
homogeneous and isotropic radiation fields permeating the Universe. The combination
of these two backgrounds is sometimes referred as the extragalactic background light
(EBL; see, e.g., Hauser and Dwek, 2001), which is itself a major constituent of the
cosmic photon background (see, e.g., Hill, Masui, and Scott, 2018). ! The EBL
originates from the integrated emission of several astrophysical sources and sensitively
depends on their cosmic evolution and properties (see, e.g., Kneiske, Mannheim, and
Hartmann, 2002; Kneiske et al., 2004; Haardt and Madau, 2012; Driver et al., 2016;
Finke et al., 2022).

Measuring the EBL intensity directly is challenging due to the significant contam-
ination from foreground sources. Many of these foregrounds originate within the
Solar System, such as Earth’s atmosphere or zodiacal light, i.e., sunlight absorbed
and reemitted by interplanetary dust (Hauser et al., 1998b). Other foregrounds are
Galactic in origin, such as interstellar gas. Various methodologies have been devel-
oped to subtract these foreground contributions. However, the difficulty of accurately
removing residual foregrounds means that, in practice, most current direct measure-
ments of the EBL should be considered upper limits. Some exceptions to this are the
measurements from Postman et al. (2024), or the dark-cloud technique from Mattila
et al. (2012). A complementary approach is based on measuring the flux from resolved
sources, and extrapolating these data into galaxy counts for the whole galaxy popu-
lation (see, e.g., Driver et al., 2016; Windhorst et al., 2023). This method gives an
estimation of the lower limits of the EBL, since it does not account for diffuse, truly
unresolved components.

As gamma rays propagate through the intergalactic medium, they can interact with
EBL photons, leading to e~ e™ pair production (Nikishov, 1962; Gould and Schréder,
1967a; Gould and Schréder, 1967b), which has been observed in numerous systems
(e.g., Ackermann et al., 2012b; Gréaux, Biteau, and Nievas Rosillo, 2024). This pro-
cess results in an energy-dependent attenuation of gamma-ray flux from extragalactic
sources. Higher-energy photons are more efficiently absorbed and the overall attenu-
ation increases with redshift due to the longer propagation path through the photon
field. For instance, for sources at redshift z = 1, the gamma-ray flux above ~ 30 GeV
is attenuated. At lower values of z, this effect occurs at higher energies, on the order
of hundreds of GeV or TeV.

An accurate characterization of the EBL is therefore necessary to infer the intrin-
sic spectra of distant sources from observations. However, the uncertainties in EBL
measurements and the variety of modeling methods have resulted in a range of EBL
models with differing spectral shapes. Recent models generally converge within a nar-
row factor in the optical and infrared regimes, due to the use of similar datasets in
their derivation. A compilation of the most recent EBL models can be found in Meyer
(2022).

Most of the observed extragalactic very-high-energy (VHE) sources are blazars, a sub-
class of active galactic nuclei (AGNs), that harbor relativistic jets closely oriented to
the line of sight to Earth. The general approach by the gamma-ray community in
the analysis of blazars is to use fixed EBL models (sometimes allowing for an over-
all renormalization) and compare the results for different models (e.g., H. E. S. S.

!Throughout this work, we adopt the definition of the EBL as encompassing the COB and the
CIB.
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Collaboration et al., 2013; H.E.S.S. Collaboration et al., 2017; Biasuzzi et al., 2019;
Acciari et al., 2019; Abeysekara et al., 2019). Another method is to simplify the
EBL spectral shape to a sum of phenomenological functions (e.g., Meyer et al., 2012;
Biteau and Williams, 2015; Gréaux, Biteau, and Nievas Rosillo, 2024). In light of the
increasing amount of data from current gamma-ray telescopes and the forthcoming
Cherenkov Telescope Array Observatory (CTAO; Cherenkov Telescope Array Consor-
tium et al. (2019)), it is high time to provide the community with an open-source code

that allows one to constrain the cosmological and physical parameters underlying the
EBL.

There are several methodologies to model the EBL. Forward-evolution models calcu-
late the EBL by following the formation and evolution of structure in the Universe.
These approaches are built on hierarchical dark-matter halo formation, merger trees,
and semi-analytical or hydrodynamical prescriptions for galaxy formation. The EBL
is then obtained by integrating the modeled galaxy populations and their evolving
spectral energy distributions across cosmic time (see, e.g., Somerville et al., 2012;
Gilmore et al., 2012; Inoue et al., 2013). Empirical models reconstruct the EBL pri-
marily based on observations, so they depend very little on theoretical assumptions.
These approaches use galaxy surveys to build luminosity functions, derive emissivi-
ties, and integrate them over redshift to obtain the EBL (see, e.g., Franceschini and
Rodighiero, 2017; Saldana-Lopez et al., 2021). In this work, we focus on a phe-
nomenological approach, initially developed by Kneiske, Mannheim, and Hartmann
(2002), and subsequently used in other works (Kneiske et al., 2004; Finke, Razzaque,
and Dermer, 2010; Raue and Meyer, 2012; Finke et al., 2022). This approach calcu-
lates the EBL intensity by modeling the sources of radiation, using their emissivities
and evolution through time. Previously, we introduced a framework for modeling the
COB (Porras-Bedmar, Meyer, and Horns, 2024), which we now extend to the CIB
and thus the full EBL. Our work is accompanied by the release of the modeling soft-
ware NIEBLA, along with example use cases.”? The code incorporates various sources
contributing to the COB, such as stellar populations (see, e.g., Driver et al., 2016;
Windhorst et al., 2023), intra-halo light (IHL) (see, e.g., Purcell, Bullock, and Zent-
ner, 2007), and stripped stars (see, e.g., Gotberg, Y. et al., 2019). The radiation from
these sources is then absorbed by dust and reemitted in the infrared regime. We also
include a possible additional contribution to the EBL from the decay of axion-like
dark matter into photons. Our code includes several common parametrizations for
these processes but also accepts custom inputs provided by the user.

This work is structured as follows: in Section 3.2 we introduce the theoretical back-
ground to the phenomenological modeling of the EBL, detailing the sources that
contribute to its intensity. In Section 3.3 we introduce the observational data that
we use, and in Section 3.4 we describe the fitting procedure we performed together
with the results. A description of the functionality of NIEBLA is provided in Sec-
tion 3.5. In Section 3.6 we present a use case for our EBL models. We simulated a
VHE observation with the Large High Altitude Air Shower Observatory (LHAASO)
of Mkn 501 assuming spectral parameters as inferred from the 1997 flare observed
with the HEGRA Cherenkov telescopes (Aharonian et al., 1999; Aharonian et al.,
2001). Using this simulation, we demonstrate how it is possible to constrain cosmic
dust properties using the different prescriptions of dust reemission included in our
code. Finally, in Section 3.7, we provide our conclusions.

’https://github.com/saraporrasbedmar/niebla
NIEBLA means “fog” in Spanish which, similarly to the EBL, blocks distant observations.
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3.2 Theoretical background

The EBL traces the integrated light produced over the course of cosmic history. Its
intensity can be calculated through

Zmax

c? 1+2
UIV(A,Z) = m / eyt ()\HZ/,Z>

z

dt

@ dZ,, (31)

with &t )
R S— (3.2)
dz (1+2)H(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 time, and the redshift itself. The maximum redshift z;.yx defines the redshift
at which the population started emitting. The Hubble parameter is defined by the
ACDM parameters as H(z) = Ho\/QA + Qm(1+ 2)3. We use the values Q, = 0.3,
QA =0.7 and Hy = 7T0kms~! Mpc™!.

In general, the total emissivity is a sum of contributions of the COB and CIB,

ev(N 2) = Jesc,dustErcos (A 2) + v (A, 2), (3.3)

where fese dust is the fraction of light that avoids dust absorption. Possible parametriza-
tions for fesc dust are given by, for instance, Kneiske, Mannheim, and Hartmann (2002),
Razzaque, Dermer, and Finke (2009), Finke et al. (2022), and Fermi-LAT Collabo-
ration, Abdollahi, Ackermann, et al. (2018). These are included in our code and are
listed in Appendix 3.A. The emissivity of the CIB is then the star light absorbed in
the interstellar medium by dust particles, and reemitted at infrared wavelengths. We
now provide details on the modeling of the COB and CIB.

3.2.1 Optical regime

The optical part of the EBL is dominated by star light. Additional sources are the
optical emission of AGNs, the THL, stripped stars, or more exotic contributions such
as the decay of axion-like particles (ALPs). The total emissivity is the sum of all these
different contributions.

Stellar contribution

A simple stellar population (SSP) is a group of stars born from a single gas cloud. The
time scale for this creation is on the order of 107 years, which can be approximated
as instantaneous in cosmic terms. Following this first burst, no more star formation
occurs. The emissivity of a stellar population can be calculated as

dt’

o d/, (3.4)

Zmax
EVstellalr(A7 Z) = / LESP (>\7 7_*7 Z) p*(z/)
z

where L5SP is the luminosity of the SSP at a given age and metallicity, the SSP age
T, can be written as 7, = t(2) —t(2’), and py is the cosmic star formation rate density
(SFRD). The SFRD is the amount of stars born at a certain redshift per unit of
volume. We assume that the metallicity of the SSP at a given redshift is equal to
the mean metallicity of the Universe at that redshift Z(z). Popular parametrizations
of p, are provided by Haardt and Madau (2012), Madau and Dickinson (2014), and
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Finke et al. (2022) and for the mean metallicity evolution of the Universe by Tanikawa
et al. (2022). All are included in our code and are listed in Appendix 3.A.

The SSP luminosities also depend on the adopted initial mass function (IMF). The
IMF defines the relative number of stars formed at each stellar mass, and, together
with the minimum and maximum stellar masses allowed in the SSP, it governs both
its spectral shape and evolution with time.

Spectra of SSPs are extensively studied in the literature, and several computational
tools for their numerical simulation have been developed. Examples of these codes
are STARBURST99 (Leitherer et al., 1999; Leitherer et al., 2014), PEGASE (Fioc and
Rocca-Volmerange, 2019), and POPSTAR (Molla, Garcia-Vargas, and Bressan, 2009).
They provide Ly(t4, Z), which serve as input for Eq. (3.4).

An additional contribution could be stripped stars, which are usually not included in
the SSP spectra. These stars have stripped their envelopes through the interaction
with a binary companion. They emit a fraction of their radiation as ionizing photons,
with energies larger than the ones predicted by stellar evolutionary tracks (Gotberg,
Y. et al., 2019).

Intra-halo light

The THL is the light caused by stars that have been ejected from their galaxies by
dynamical events (see, e.g., Purcell, Bullock, and Zentner, 2007; Contini, 2021). These
stars would create a faint halo surrounding their host galaxies, but would not have
been used to calculate the SFRD (see, e.g., Behroozi, Wechsler, and Conroy, 2013,;
Madau and Dickinson, 2014). We follow the parametrization described by Bernal et
al. (2023) to calculate the emissivity

B Mmax dnh
extaL(A, 2) = —— Ly (M, z)dM, (3.5)

Mmin dM
where dny,/dM is the halo mass function and Ly mr, (M, 2) is the IHL light specific
luminosity emitted by a halo of mass M. We use the same parameters as Bernal et al.
(2023) to characterize Ly mur,(M, z), taking their definition and reported mean values
for the fraction of the total halo luminosity coming from IHL and redshift power-law
dependence.

Cosmic ALP decay

Axions are hypothetical pseudo-Nambu-Goldstone bosons, which are a consequence
of the Peccei-Quinn solution to the strong CP problem in QCD (Peccei and Quinn,
1977a; Peccei and Quinn, 1977b). In contrast to axions, ALPs do not solve the strong
CP problem and their mass m, is independent of the coupling constant to photons
Jav. Both axions and ALPs are candidates to make up cold dark matter (DM) (see,
e.g., Arias et al., 2012). If this were the case, there would be a continuous decay
of axions or ALPs into two photons through cosmic time potentially contributing to
the EBL intensity. The emissivity of cosmic ALP decay is given by (Overduin and
Wesson, 2004)

A=A eca; 2
ExALP(A) o< exp <—(22dy)> ) (3.6)
Udecay
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where the wavelength of the decay photon is Agecay = 2hc / (ma02), with the Planck
constant h and the speed of light in vacuum c¢. The width of this Gaussian profile is
Odecay 10_3/\decay (Forbes and Ponman, 1999; Veale et al., 2017; Porras-Bedmar,
Meyer, and Horns, 2024). To compute its corresponding contribution to the EBL
intensity, this narrow spectral feature can be approximated by a delta function. Sub-
stituting the approximation into Eq. (3.1), the resulting EBL intensity is

2 2
Qaperitoc? (Mmac®)” g 2he
I\ z) = ——= 1O (A —— 3.7
v 2) 6471 AH (zy) maec? )’ (37)
where z, = m302 ﬁ(l + z) — 1, Q, is the fraction of DM in the form of axions and

Perit,0 is today’s critical matter density of the Universe. A more detailed derivation
can be found in Porras-Bedmar, Meyer, and Horns (2024).

Other contributions

The list of sources introduced above is not exhaustive. Additional contributions to
the EBL could come, for example, from AGNs as their spectra span the entire elec-
tromagnetic spectrum (see, e.g., Padovani et al., 2017). However their contribution
to the EBL intensity is as low as ~ 10% of the stellar one (Andrews et al., 2017,
Khaire and Srianand, 2019). We do not include a parametrization for this source in
NIEBLA. However, any extra contribution to the EBL can always be provided by the
user either in the form of luminosities or emissivities. We provide tutorials in the
GITHUB repository on how to do this.?

3.2.2 Dust reemission and the infrared

The reemission of absorbed stellar light by dust is a key component of the CIB.
NIEBLA provides two different approaches for modeling this infrared emission. The
first uses spectral templates that describe the dust emission of galaxies or SSPs (Raue
and Meyer, 2012). The second one uses combinations of black bodies to approxi-
mate emission from dust at different temperatures (see, e.g., Kneiske, Mannheim, and
Hartmann, 2002; Finke et al., 2022). We proceed to describe both methods.

Spectral templates

In our first approach we use empirically calibrated spectral templates that describe the
dust emission of galaxies or SSPs. There are two sets of templates already included
in NIEBLA, but custom ones can be provided by the user.

Firstly, we include the infrared templates by Chary and Elbaz (2001), hereafter Chary,
which are synthetic galactic infrared spectra derived from observations of ultralumi-
nous infrared galaxies (ULIRGs). These templates are normalized to the total infrared
luminosity of the ULIRG systems L%{J}I{RG, so it is necessary to rescale them to match
the expected infrared luminosity of our stellar model. This rescaling is implemented
through the parameter frir. Since the optical stellar contribution is already included
in our EBL calculation, we follow the approach of Raue and Meyer (2012), and apply
a wavelength cutoff in the dust luminosity templates below a certain AR cut. The
total infrared light Ltr of a Chary template is then calculated through

ar 1
Lo = T /LELIRG(A)@ (A = ATIR cut) dA. (3.8)

Shttps://github.com/saraporrasbedmar/niebla/tree/main/notebooks
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FIGURE 3.2.1: Set of synthetic spectra for dust reemission from
ULIRGs (Chary and Elbaz, 2001). We use frir = 3 x 10°Mg' to
convert between galactic and SSP luminosities, and Air, cus = 5.5 pm,
represented by a shaded gray region below this value. We show the
original spectra as solid lines, and our extrapolations as dashed lines.
where LHLIRG are the original galactic templates. In Fig. 3.2.1, we show examples of

the rescaled Chary templates using frr = 3x10? Mg)l and ATIR cut = 5.5 pm, together
with extrapolations beyond the minimum and maximum values of Lt provided by
the templates. This extrapolation is performed by rescaling the limit cases without
modifying the spectral shape.

The second spectral library that we use are the BOSA templates (Boquien and Salim,
2021). The BOSA project is not a static library but a computational tool that gen-
erates sets of spectral templates based on specified properties. We use the BOSA
templates calculated for different metallicities, see Boquien and Salim (2021) for fur-
ther details. These templates are provided with their total infrared luminosity already
normalized to the luminosity of a reference single stellar population, expressed in units
of the solar luminosity Lg. Therefore, no additional normalization is required for our
analysis. In Fig. 3.2.2, we show the dust reemission spectra for different metallicities.?

To calculate the CIB emissivity from the dust templates, we need an additional in-
gredient, namely the integrated absorbed stellar luminosity, Laps ssp, given by

Labs,SSP(T*a Z) = /(1 - fesc,dust(Aa Z)) X LESP <)‘7 Ty Z) dA. (39)

We focus on stellar luminosities, since they dominate in the optical regime. Addi-
tionally, IHL is by definition emitted in regions outside of galaxies, so dust reemission
templates do not account for it. We do not include contributions from ALPs, stripped
stars or other sources.

4The BOSA package requires as an input the logarithm of the oxygen and hydrogen abundance,
which we convert to metallicity using the formula 12 + log(O/H) = log,,(Z/Z¢) + [O/H]e (Asplund
et al., 2009; Péroux and Howk, 2020).
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FIGURE 3.2.2: Synthetic spectra of dust emission in the infrared for
different metallicities generated with the BOSA software (Boquien and
Salim, 2021). The spectra are already normalized to Ltir = 1Lg.

We choose the spectral template that matches metallicity and Ltir to the absorbed
luminosity. The luminosity reemitted by dust is then given by

LSuSt = Ll;/emplate(Z7 Lrir = Labs,SSP (T*a Z)) (310)

Chary

where the template can be Chary, BOSA, or a custom one. We note that the Ly

templates have two extra free parameters, as stated in Eq. (3.8).

The emissivity of dust reemission is complementary to that of the stellar emissivity
in Eq. (3.4), and can be expressed as

dt’

7|47 (3.11)

Zmax
€v ciB ()‘7 Z) = / LSuSt p*(zl)
z

Note that with this definition, the factor (1 — fesc,dust(A, 2)) that seems to be missing
in Eq. (3.3) is introduced in the dust emissivity with Eq. (3.9).

The spectral templates may depend on the IMF assumed during their calibration.
In Chary and Elbaz (2001), a Salpeter IMF (Salpeter, 1955) is adopted as part of
the observational calibration. However, the spectral shapes of the templates is inde-
pendent of this IMF calibration, and are therefore purely empirical. In contrast, the
BOSA library is explicitly constructed using the IMF for single objects from Chabrier
(2003). Consequently, when using the BOSA templates, the IMF of the SSP must
be consistent with the Chabrier IMF. We have added a Warning in the code when
introducing dust reemission, so users can be aware of this issue. We also mention it
in the notebooks we provide as documentation.

Blackbody spectra

The second method to calculate the infrared emission assumes different dust popu-
lations, where the reemitted light follows a blackbody spectrum for each population
peaking at different temperatures. For example, polycyclic aromatic hydrocarbon and
very small grains are heated in galaxies to temperatures 7' ~ O(100 K), and therefore
emit in the mid-infrared (MIR) (Chary and Elbaz, 2001; Finke et al., 2022). At higher
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wavelengths, cold dust is heated by interstellar radiation fields in galaxies and emits
predominantly in the far-infrared (FIR).

The emissivity of a black body, normalized over the frequency range, is given by

151 24 1 hv
—_— w1 r = ———.
kT

EBB,norm(Vy T) = (312)

miyer — 1
Here kg is the Boltzmann constant and 7" the temperature of the black body. Previous
EBL models, such as Finke et al. (2022), have modeled the CIB as the sum of three
black bodies, with one population emitting mainly in the MIR and two peaking at FIR
wavelengths. The study from de Matos Pimentel and Moura-Santos (2019) introduces
one to three black bodies and compares different configurations. We therefore also
allow for multiple populations at associated temperatures T; and fraction of absorbed
emissivity f;. The total dust emission is then

gl%g?];b‘)dies()\’ Z) = Z fi5BB,norm(V7 T’z) X /(1 - fesc,dust) €vcos ()‘7 Z)d)‘v (313)

where we multiply the normalized blackbody spectra with the integrated emissivity
that dust absorbs from the COB. The fractions f; are such that >, fi = 1.

3.3 Measurements of the EBL

Broadly speaking, there are two types of EBL measurements: lower and upper limits.
Upper limits are derived from direct observations, where all foreground contributions
are subtracted. Foregrounds are non isotropic contributions generated inside our
Galaxy, and there is an active effort in the community to isolate the EBL from them.
Some of these foregrounds are the galactic dust and gas, atmosphere emission, and
zodiacal light (Matsumoto et al., 2015; Matsuura et al., 2017). The New Horizons
probe has claimed a tentative measurement (Postman et al., 2024), but the analysis
still depends on subtraction of galactic foregrounds, so we also treat it as an upper
limit here. We show the upper limits as empty gray symbols in Fig. 3.4.1. We do not
use these data in our analysis, since it is uncertain whether all foregrounds are fully
subtracted. Lower limits are based on galaxy counts (Driver et al., 2016; Windhorst
et al., 2023); from the measured intensity, number, and mass of resolved galaxies one
extrapolates to the total contribution of the entire galactic population to the EBL
intensity. The lower limits are shown as filled data points in Fig. 3.4.1.

In addition to the galaxy counts, we use emissivity data from galaxy surveys compiled
by Finke et al. (2022) and a selection is shown in Fig. 3.4.2 to further constrain our
COB model. Furthermore, we use SFRD data compiled in Fermi-LAT Collaboration,
Abdollahi, Ackermann, et al. (2018) which is derived from, for example, luminosity
measurements of galaxies in the ultraviolet and infrared, or using the nebular line
emission that characterizes star formation (Madau and Dickinson, 2014). We show
the SFRD data in Fig. 3.4.3. Lastly, we also use measurements of the mean metallicity
of the Universe as a function of redshift. These measurements are taken from Péroux
and Howk (2020), and we use them to determine the metallicity evolution of our SSPs
and dust reemission templates. We show them in Fig. 3.4.4.
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3.4 Data analysis and results

We are now in the position to fit our EBL models for the different dust prescriptions to
the observational data. The best-fit parameters are determined through a combined
x? for the different data sets,

2 2
2 __ VIVmodel()\i) _ VIVJ' 6model(>\i, Z) —&;
o Z < 05 * Z a;

! ‘ (3.14)

2 2
Psmodel (%) — P Zmodel(2i) — Zi
P (i) D (PR

where 1,5, €;, psi, and Z; denote the data for the galaxy number counts, emissivities,
SFRD and metallicities, respectively, with corresponding uncertainties denoted with
o;. We perform two sets of fits. In the first one, we take the uncertainties of the
data points reported in the literature at face value and use them as the o; values
in Eq. (3.14). In the second one, we add a fixed systematic error to the reported
uncertainty in quadrature, expressed as a percentage of the measured value. This
additional term accounts for systematic offsets between the data sets from different
surveys and methodologies, which in some cases are not in agreement within the 1o
confidence level. We test several values for this fractional uncertainty, and present the
results for the value that yields a reduced x? closest to unity for all EBL models. This
is particularly evident in Figs. 3.4.1 and 3.4.3. In total, we have 534 data points in
our fit, which is implemented with the least squares method from IMINUIT (Dembinski
and al., 2020).

From the list of sources of the COB introduced in Section 3.2, we only use SSPs for
our baseline models. Other contributions are subdominant; stripped stars contribute
at most 1% of the SSP intensity at around A ~ 0.3um, and the IHL intensity is
< 10% of the EBL intensity of our assumed stellar population peaking at A ~ 5 pum,
see Porras-Bedmar, Meyer, and Horns (2024) for further details.

To generate our SSPs, we use the STARBURST99 code and assume a Kroupa IMF,
with Mpin = 0.1 Mg and Myax = 120 Mg (Kroupa, 2002), and using the evolutionary
Padova tracks. In the BOSA model, we encounter a discrepancy in the IMF, as pre-
viously discussed in Section 3.2. These dust reemission templates assume a Chabrier
IMF, which is formally different from the Kroupa IMF used for the SSPs. However,
the differences between these IMFs are minimal across the relevant stellar mass range
for our SSP templates, their shapes mostly overlap. We take the prescription from
Madau and Dickinson (2014) to parametrize the SFRD. The SFRD measurements
from Fermi-LAT Collaboration, Abdollahi, Ackermann, et al. (2018) are based on a
Chabrier IMF. To convert the SFRD from Chabrier to Kroupa IMF, a constant factor
of 0.94 must be applied (Madau and Dickinson, 2014). However, in our analysis, we do
not apply this rescaling explicitly, as we treat the normalization of our SFRD model
as a free parameter during the fitting process. The metallicity evolution is taken from
Tanikawa et al. (2022). We assume the same functional form for the dust absorption
as Finke et al. (2022). The mathematical formulas for these models are compiled in
Appendix 3.A.

Each of the dust reemission models has a different number of free parameters. We
introduce two free parameters for Chary, frir and Arir.cut- The BOSA templates
have no extra parameters. The number of the free parameters in the blackbody
model depends on the number of assumed dust populations. We have decided to test
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a model with two black bodies (2BB) and fix one of those temperatures to 7} = 450 K
to emulate the MIR dust emission. Therefore, the free parameters in this case are one

of the fractions f; and the second temperature T5. We base these assumptions on the
EBL modeling from Finke et al. (2022).

Results using different dust reemission models
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FIGURE 3.4.1: Overview of the EBL measurements used in this anal-

ysis. Data have been taken from Hill, Masui, and Scott (2018) and

Biteau (2023). Upper limits of the EBL are represented as gray open

symbols, lower limits as colored filled symbols. More detailed descrip-

tion of the measurements is given in Section 3.3. The best-fit results

of our EBL models with three different prescriptions for the dust ree-
mission are also displayed, see Section 3.4.

Running the fit procedure with several values for the fractional systematic uncertainty,
we find that 14 % is the value that yields a reduced x? closest to unity. The result-
ing best-fit parameters of this case are presented in Table 3.4.1, while the y? values,
split by individual data sets, are provided in Table 3.4.2. This table also includes the
resulting x? values computed without incorporating systematic uncertainties. The
corresponding best-fit parameters for this case are provided in Appendix 3.B. Gen-
erally, the best-fit parameters obtained with and without the inclusion of systematic
uncertainties differ only in the second significant digit. The following results, unless
stated otherwise, refer to the fits performed with the additional 14 % systematic un-
certainty included. We show the results from the fits with the three dust reemission
models in Fig. 3.4.1 for the EBL intensity®, in Fig. 3.4.2 for our selection of the emis-
sivities, in Fig. 3.4.3 for SFRD, and Fig. 3.4.4 for the metallicity. In Appendix 3.C we
provide the redshift evolution of our EBL models, and compare these with established
benchmark models. The main contribution to the x? values comes from the emis-
sivities in the optical regime, while the metallicity data have only marginal impact.
Among our models, the one with the dust reemission given by the Chary templates
has the smallest reduced x? value. The full correlation matrices for all three models
are provided in Appendix 3.B for the fits including and not the 14 % systematic un-
certainty. Correlation values remain similar in the cases with and without systematic
uncertainty. In all scenarios, two clusters of correlated and anticorrelated parameters

5The EBL intensity data from our models are publicly available in the Zenodo repository: https:
//zenodo.org/records/20327841.
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Parameter BOSA Chary 2BB
Px
zo (x1072Mgyr ' Mpe™) 1.38+£0.06 1.26+0.05  1.22+0.05
1 2.54+£0.09 267+0.09  2.66+0.09
T2 3.03+£0.08 3.00+0.08  3.03+0.08
3 6.3+0.1 6.440.1 6.4+0.1
Z
ao 0.22+£0.06 0.20+0.04  —0.08 +0.06
a 0.42+£0.05 044+0.05  0.23+0.06
as 0.67£0.07 0.61+0.0766  0.940.2
Dust reemission
frim (M) (dex) - 9.39 4 0.04 -
)\TIR,cut (pm) - 5.294+0.12 -
fi - - 0.16 £ 0.01
T (K) - - 64 =+ 2

TABLE 3.4.1: Best-fit parameters for our EBL models, for the fit
including a 14 % systematic uncertainty. See Section 3.4 for details.

emerge within the SFRD and metallicity parameters. The correlation across these two
groups is generally moderate. In contrast, the parameters related to dust reemission,
JTIR, ATIR,cut, f1 and T3, display only weak correlations with the rest of the parameter
set, therefore being well constrained independently.

In Fig. 3.4.2 we compare our emissivities to those of Model A from Finke et al. (2022),
shown as dashed black lines. This model yields results similar to our 2BB model in the
MIR (corresponding to the highest wavelengths > 4.5 pm shown in the bottom row of
Fig. 3.4.2), which is expected given that both models utilize the same methodology
for dust reemission and the same temperature for the black body in this regime.

All three methodologies of dust reemission produce acceptable fits within observa-
tional uncertainties. Nevertheless, they differ in their physical interpretations. In the
Chary and BOSA models, the infrared spectral shape is fixed to that of the dust ree-
mission templates, so the fit adjusts the global emissivity evolution. In contrast, the
2BB model includes explicit temperatures and fractional contributions of distinct dust
components, allowing the infrared EBL shape to vary more freely. As a result, the
fitted parameters mainly reflect how each dust methodology redistributes absorbed
light into the infrared, while the optical component remains robust across all models.
Importantly, the best-fit parameter values in all cases fall within the ranges observed
in typical galaxies; the implied dust temperatures T; are consistent with measurements
of local galaxies (see, e.g., Desert, Boulanger, and Puget, 1990; Dwek et al., 1997),
and frr should be on the order of the stellar mass of a galaxy (Raue and Meyer,
2012).

We also tried to fit the blackbody reemission with three blackbody components instead
of two, fixing two temperatures 77 = 450K and 75 = 70K and leaving two of the
fi as free parameters. However, the fit preferred fo = 0, removing the need for this
additional contribution.
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14% systematics No systematics added
XbeL X2 X Xz Xhww/dof XEe X2 X5, X% Xow/dodf
# data points 68 384 75 7 68 384 75 7

BOSA 37.64 376 113.2 234 528.8/527=1.00 7547 1216 226.0 3.93 1521/527=29
Chary 39.30 350 115.8 2.08 506.7/525 =097 73.66 1029 256.6 9.03 1368/525 = 2.6
2BB 48.86 389 1225 1.72 561.7/525=1.07 83.98 988 278.1 11.97 1362/525 = 2.6

TABLE 3.4.2: Total and reduced x? values for the dust reemission
models described in Section 3.4, given for each of the expressions in the
fit. We also list the number of data points for each of the contributions
to the x2. We provide the values for the fits with and without an
additional 14 % of systematic uncertainty. See Section 3.4 for details.

3.5 Model rundown

NIEBLA is a package that aims to balance between memory consumption and compu-
tational efficiency, prioritizing efficiency for fitting procedures. It stores the interme-
diate values necessary to efficiently recalculate the outputs when input parameters are
modified. The model requires ¢ ~ 3s to compute the COB and ¢t < 10s to compute
the entire EBL, depending on the dust reemission model. The primary factor for this
time span is the evaluation of splines required in the calculations. A fit with IMINUIT
for 1-2 free parameters typically converges in ¢ ~ 20 mins. The fits presented in Sec-
tion 3.4 have 7—9 free parameters, which converge in a span of ¢ ~ 1 —3h. The fastest
EBL to converge is 2BB, because it uses less splines than the spectral templates. The
typical memory usage of the code is approximately 600 MB. To obtain these results
we have used a personal computer.

We provide JUPYTER NOTEBOOK scripts® that introduce all the necessary inputs
for the code and explain how to obtain the various outputs. We provide a list of
the parametrizations and inputs currently present in the code in Appendix 3.A. All
parametrizations and inputs accept custom functions or spectra, which can be supplied
either by listing new directories, coding new functions, or by using splines. All the
necessary information to customize inputs is included in the NOTEBOOKS.

By default, the code adopts a standard ACDM cosmology with parameters Hy =
70km s~ ! Mpc™!, Qmatter = 0.3, Q4 = 0.7 and Qparyons = 0.0453. The values of these
parameters can be varied, and other cosmological models can also be introduced. We
detail this procedure and discuss caveats in Appendix 3.D.

We briefly outline the implementation of the synthetic templates in the code. The
required quantities are obtained through spline interpolation. The synthetic luminos-
ity spectra of SSPs depend on wavelength, age, and metallicity. For wavelengths and
ages outside the range covered by the templates, the splines are set to return zero.
For metallicities beyond the available range, the spectra are extrapolated by adopting
the spectral shape corresponding to the nearest metallicity template. For the dust
reemission libraries we adopt a similar approach. We do not perform extrapolations
for wavelength values outside the template ranges but extrapolate for values of Ltig
outside the templates, where the same spectral shape as the closest value with the
requested Ly is returned. We provide an example of this approach in Fig. 3.2.1,
where the dashed lines show our extrapolation. The Chary library does not incorpo-
rate metallicity dependence, so luminosity values remain unchanged with metallicity

Shttps://github.com/saraporrasbedmar/niebla/tree/main/notebooks
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FIGURE 3.4.2: Emissivity data for specific wavelengths as a function
of redshift. Observational data are taken from the compilation by
Finke et al. (2022). Solid lines are our best-fit curves for each of our
models. The 10 uncertainty band is too thin to be seen. Model A
from Finke et al. (2022) is shown as dashed black lines for comparison.

evolution. BOSA templates return the same spectral shape as the closest metallicity
available when the requested metallicity values are outside of the provided range.

The code allows as many black bodies as the user may want to add. The user needs
to provide (initial) values of all T; with i = 1,2,...n and the corresponding f; for the
first n — 1 terms, where f, is calculated from the condition ), f; = 1.

The THL calculation uses a C++ library to calculate the dny/dM from Eq. (3.5)
called HMF (Murray, Power, and Robotham, 2013). For users not interested in the
IHL contribution, it is possible (and recommended) to install NIEBLA without this
dependency.

The stripped stars follow the same calculation as the general SSP calculations, but
with different luminosity spectra. Here, we use the spectra listed in the STARBURST99
webpage.”

The cosmic ALP contribution is slightly more delicate to compute than the other EBL
sources. Due to the nature of ALP decay, there is a sharp cutoff at the wavelength

"http://www.stsci.edu/science/starburst99/data/published_runs_starburst99.zip
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FIGURE 3.4.3: SFRD as a function of redshift, with the 1o uncer-

tainty shown as light bands for each dust reemission model. Note that

the bands overlap. Observational data compiled by Fermi-LAT Collab-

oration, Abdollahi, Ackermann, et al. (2018) are shown with different

symbols. The parametrization of Madau and Dickinson (2014) (MD14
in the legend) is shown as a dashed line for comparison.

related to the ALP mass. Splines are therefore discouraged at any step of the calcula-
tion, as they generally fail to reproduce the spectrum if the input grid does not have
the necessary resolution to resolve the cutoff. Our recommendation is to calculate the
ALP decay intensity for each wavelength and redshift needed. This takes on the order
of t ~ 0.01s as we provide the analytical expression for the EBL intensity caused by
ALP decay (see Eq. (3.7)).

3.6 Use case of NIEBLA: determination of dust properties

In this Section, we present a use case for NIEBLA. We simulate observations from a
VHE source and compare the results obtained with the different EBL models we have
calculated. Our objective is to assess whether it is possible to differentiate between
the dust reemission models with future VHE observations. Since the models are not
nested, unlike in de Matos Pimentel and Moura-Santos (2019), a simple likelihood
ratio is not appropriate for this comparison. We now introduce the pipeline that we
follow for this analysis.

As can be seen from Figs. 3.4.1 and 3.4.2, data in the mid- and far-infrared regime
are relatively scarce in comparison to optical data. As discussed in Section 3.1, VHE
gamma rays from blazars offer an alternative method to probe the EBL intensity
through their absorption on the EBL. The observed photon flux ¢gps is related to the
intrinsic spectrum ¢iy; emitted by the blazar through ¢ops = exp(—7)@int, where 7 is
the optical depth given by

0 dL  dn L
7(FEo, 20) :/0 dzdz(z)/o deE(e, z’)/ld,u2'uaW B (Eo, z,6, )], (3.15)
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FIGURE 3.4.4: Mean metallicity Z as a function of redshift. Obser-

vational data are taken from Péroux and Howk (2020). The best-fit

line and 1 o uncertainty are shown as a line and shaded region for each
EBL model with a different dust reemission.

where € = hv is the EBL photon energy, dn/de is the EBL photon density which is
related to the EBL intensity through dn/de = ¢/(47)e? v1,. The distance element is
dL/dz = ¢/(1 4+ z)/H(z), u is the cosine of the angle between the gamma ray and
the EBL photon, and o, is the pair production cross section, which depends on the
parameter (3 as (see, e.g., Biteau and Williams, 2015)

3 1
oy = L (1—82) | — 48 428 + (3— B) A (3.16)
16 1-p
where o7 is the Thomson cross-section, and 3 is defined as
2mect 11
p2 =1 - e (3.17)

Epe 14+21—p’
where m, is the mass of the electron.

For a gamma ray at energy E, the pair production cross section peaks at an EBL
wavelength of A ~ 1.24(F /1 TeV) pm (Franceschini, Rodighiero, and Vaccari, 2008).
Therefore, if we want to constrain dust properties, observations beyond tens of TeV
are necessary. For this reason, we investigate whether we would distinguish our dust
reemission models using future observations of Mkn 501, a close-by blazar located at
a redshift of z = 0.034. This source exhibited a major flare in 1997, reaching energies
of ~ 20TeV, which was observed with HEGRA, an array of imaging air Cherenkov
telescopes (Aharonian et al., 1999). We assume here that the source undergoes a
similar major outbreak that is observed with the LHAASO air shower array.

The spectral shape of the Mkn 501 flare from 1997 is shown in Fig. 3.6.1. We take
the data points from the original analysis (Aharonian et al., 1999) for energies up to
E = 3TeV, and data from a reanalysis (Aharonian et al., 2001) for higher energies. We
fit these spectra with the least squares method from IMINUIT, using different spectral
models for the intrinsic spectrum. The spectral shapes are listed in Table 3.6.1, and
the best-fit parameters in Appendix 3.E. We test a power law (PL), a smooth broken
power law (BPL), a power law with an exponential cutoff (PLE), and a log parabola
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FIiGURE 3.6.1: Flare from Markarian 501 in 1997, observed with

HEGRA. Data points are taken from the original (Aharonian et al.,

1999) and reanalysis (Aharonian et al., 2001). We also show fits for

two spectral shapes listed in Table 3.6.1 and the three EBL models
calculated in Section 3.4.

(LP). These spectral shapes are then multiplied by the attenuation factor exp (—7).
We calculate the 7 of our EBL models, computed in Section 3.4, through numerical
integration of Eq. (3.15) using the python library EBLTABLE (Meyer, 2022).

In the expressions of Table 3.6.1, ¢q is the normalization of the spectrum, I'; are the
spectral indices, and Ejy is the pivot energy. In the BPL x EBL model, Fjeax is
the energy where the spectral index changes from I'y to I'e, and f is the factor that
determines how hard this change in index is. We fix f = 2 in our fits, as allowing it
to vary results in overfitting. In the PLE x EBL model, E., represents the energy
at which the exponential cutoff starts to be relevant. We fix Ey = 1TeV to avoid
overfitting in the PL, BPL and PLE models. Furthermore, (3 is the curvature of the
LP model. The resulting fits, incorporating these three models and the PL and BPL
intrinsic spectra, are shown in Fig. 3.6.1.

Model name Spectral shape

|
—

PL x EBL  ¢(E) = ¢oe™"

S

— — — ~—

—I'—B1In(E/Ep)

E —I ) f (Fl_FQ)/f
BPL x EBL - ¢(E) = doe™" | [H (725) }
T
PLE x EBL ¢(E) = d)oe_T Eﬂo 6_(E/Ecut)
£
Eo

AN N TN N

LP x EBL ¢(E) = ¢pe"

TABLE 3.6.1: Analytical expressions for the intrinsic spectrum of
Mkn 501.

The obtained best-fit spectra are then used as the input for a simulation of LHAASO
observations. We use the Science Book of LHAASO (Bai et al., 2022) to characterize
the detector. A flare in the energy range between a few hundred GeV and 20 TeV would
be observed with the water Cherenkov detector array (WCDA), which is sensitive to
energies 100 GeV-30TeV. The number of expected counts observed with WCDA is
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given by

(AEqs) = AT/

%s)
dEobs X / R (Eob57 Etrue) Aeff (Etrue) ¢ (Etrue) dEtrue )
AEobs 0

(3.18)
where the true energies Fiye are convolved with the energy resolution R (Eqps, Ftrue)
and the effective area Aegr (Eirue), and afterward integrated over the observed energy
bins AFEys. Finally, the result is multiplied by the observation time AT. We choose
an effective area that corresponds to the zenith angle interval 0° < 8 < 15°. For the
energy resolution of the detector we simply assume a Gaussian function,

(Eobs_Etrue)2
2

_1
R (EobSa Etrue) =€ : E s (319)

and we take an energy resolution og = 0.2F. We choose the energy bins so that
their number is similar to the number of original HEGRA data points, but this is
an arbitrary decision, as we take the energy resolution in the forward folding into
account. Lastly, we base the observation time on the original flare. The original flare
was active from March to October 1997 and was observed for 110h with HEGRA
(Aharonian et al., 1999). However, since the WCDA is a water Cherenkov detector, it
can detect gamma rays from the whole observable sky during the entire day. Mkn 501
is at @ < 30° for 4.5h a day from the LHAASO coordinates.® Assuming a flare that
lasts half a year, we take an approximation of AT = 820h. From this calculation we
obtain the expected number of counts as a function of energy, for each spectral shape
and EBL model.

To summarize, we assume a) an intrinsic spectral shape based on different spectral
models fitted to HEGRA observations, b) that the assumed spectral shape stays con-
stant over the assumed observation time and c¢) a fixed detector response is similar to

that of the LHAASO WCDA detector. Furthermore, we do not include a background

modeling in our simulations.

In the following, we assume that the true spectral shape of Mkn 501 is a (B)PL x
EBL, and the true EBL is the Chary model. We then evaluate the extent to which
different EBL models can be distinguished. Subsequently, we present results obtained
when adopting alternative true EBL models and different intrinsic spectral shapes for
Mkn 501. We base our calculations on the log-likelihood for Poisson distributed data

—2log L(pi, Ni) = Y —pi + Nilog (1), (3.20)

7

where p; are the expected number of counts and N; are the number of counts observed
in the experiment. First, we calculate the Asimov data sets (Cowan et al., 2011). For
this data set, we set the observed counts equal to the expected counts N; = ,u?s,
where ,u,fs is defined as the expected number of counts calculated from injecting the
HEGRA spectrum with its best-fit parameters (listed in Appendix 3.E) and the true
EBL model, using Eq. (3.18).

Now, we investigate the impact of fitting the Asimov dataset with potentially incorrect
EBL models. We perform fits maximizing the log-likelihood of —2log ﬁ(ui,,ufs’T),

where ,u?S’T is the Asimov dataset for the true EBL (fixed values), and p; represent
the number of counts that we fit over. The values of y; are calculated from the (B)PL

8Calculations performed with the help of https://airmass.org/
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x EBL spectral shape with an EBL model. The free parameters are the spectral
parameters of the intrinsic spectrum which we fit for each of the EBL models we
study. Then, we calculate the ratio

—2Alog £ = —2(log L (i, pi>") + log L™, ™)), (3.21)

7

which represents how well an alternative EBL model explains the Asimov dataset
relative to the true EBL model. These ratio values are shown as vertical lines in
Fig. 3.6.2. We note that the log-likelihood ratio is null when fitting with the true
model.

The next step is to perform 1000 Poisson-distributed pseudo-experiments based on

?S’T. We denote each of these draws NiP oiss  We repeat the analysis procedure
exchanging uZAS’T with NiP oiss  We perform a fitting maximizing the log-likelihood
—2log L(p;, NFO'%), where p; is the expected number of counts with free spectral
parameters, for each of the EBL models. Then, the log-likelihood ratios are calculated

as
—2Alog £ = —2(log L (i, NFO™) + log LN, NFoiss)), (3.22)

We present the likelihoods ratio distributions from 1000 pseudo-experiments for our
three EBL models and the two spectral shapes in Fig. 3.6.2. Using the PL x EBL
spectral shape, the distribution of the BOSA ratios does not overlap with the other
histograms and exhibits higher values than the other EBL models. This indicates
that the fits with the BOSA model are worse assuming Chary as the true EBL. For
the BPL x EBL spectral model, the three models significantly overlap, so we cannot
differentiate between them when the spectral model incorporates curvature.

We assume that the ratios follow a x? distribution, and therefore their cumulative
functions are given by

(@ —2A10gL)

27 2

def(iQA log L, k) = T (k ) (3.23)
(3)

where (%,%) is the lower incomplete gamma function, I’ (%) is the regularized

gamma function, and k£ denotes the number of degrees of freedom. We perform a
maximum likelihood fit to the cumulative distribution of the true EBL model to the
expression in Eq. (3.23). We maximize the p value p =1 — ngf treating k as a free
parameter, using IMINUIT. The fit results are shown as black curves on the bottom
row of Fig. 3.6.2, and the best-fit values of k are also given in the respective pan-
els. Afterward, we calculate the p values of the Asimov ratios (vertical lines, from
Eq. (3.21)) against the def of the true EBL model. We adopt a threshold p = 0.05 to
establish a 95% confidence level. If the calculated p value falls below this threshold,
we reject the null hypothesis that the data can be adequately fitted using an EBL
different from the true model, i.e., that we can distinguish the EBL models.

We present the p values for the PL. x EBL spectral shape in Table 3.6.2. The results
of using Chary as the true EBL model are listed in the second column. We do not list
the p values for the BPL x EBL model because the complexity of the model renders
all the p values pppr+rpL < 3 X 10_4, and therefore we are unable to distinguish
between the models with this analysis. Regarding the remaining spectral shapes
listed in Table 3.6.1, their histograms completely overlap for all three EBL models.
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FIGURE 3.6.2: Likelihood ratios of 1000 pseudo-experiments fitting
Poissonian draws based on the HEGRA spectrum from the Mkn 501
flare from 1997 with different EBL models and intrinsic spectra. The
true assumed EBL model is Chary. Vertical lines are the likelihood
ratio of the Asimov datasets. Top: Histograms of the Poisson draws
for the PLXEBL spectral model (left) and BPLxEBL spectral model
(right). Bottom: Cumulative distributions. The black lines in the
cumulative histograms are the fitted x? distributions of the true EBL
histograms, and the best-fit value for the degrees of freedom k is pro-
vided as well. Details about the analysis are given in Section 3.6.

Therefore, we find all prpxepr, < 2 x 1074, and all pprexepr, < 7 x 1077, The
curvature in these spectral shapes allows the spectral parameters to compensate for
the differing optical depths, preventing any distinction between the EBL models using
the likelihood ratios.

In Fig. 3.6.3, we show the histograms of the best-fit parameters for the 1000 pseudo-
experiments assuming Chary as the true model. The histograms of the Chary and
2BB models overlap for the PL x EBL spectral shape, but not for BOSA. For the
BPL x EBL, some parameters allow for discrimination between models: ¢¢ and I'y
discriminate Chary from the other models, while I'y can be used to discriminate BOSA
model.

3.7 Conclusions and outlook

In this work we present NIEBLA, an open source PYTHON library designed to calculate
the EBL. We follow a phenomenological approach, characterizing the sources that
contribute to the EBL intensity and evolving their luminosities through cosmic time.
The code already provides various parametrizations and templates to simulate the
typical sources contributing to the EBL intensity, and also can incorporate custom
inputs.
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FIGURE 3.6.3: Best-fit parameters for the 1000 Poissonian pseudo-

experiments assuming Chary is the true EBL model, for the fits per-

formed with the three EBL models from Fig. 3.4.1. Vertical dotted

lines are the best-fit parameters of the Asimov dataset. Parameters

are given for the two spectral shapes studied in this work, listed in
Table 3.6.1.

We present the results of modeling and fitting the EBL to observational data using
three different dust reemission techniques. Two of them are based on synthetic tem-
plates, and the last one on black-body reemission. Using either the Chary templates
or the black bodies yields the best fit, indicated by their reduced x? values. The
fitting results are primarily driven by the emissivity data in the optical regime.

Our EBL models can be compared to established benchmark EBL models from the
literature, such as those presented by Finke et al. (2022), Saldana-Lopez et al. (2021),
and Franceschini and Rodighiero (2017). In the optical regime, there is consistency
in spectral shapes among all models. Differences become more pronounced in the
infrared regime, primarily due to the different dust reemission methodologies and the
reduced number of measurements in this regime. A more detailed comparison is given

W BOSA  Chary  2BB
True
BOSA - 0.977445 0.972446
Chary 0.969198 - 0.000008
2BB 0.954735 0.000008 -

TABLE 3.6.2: P values for the PLXEBL spectral shape. P values

below the threshold p = 0.05 reject the null hypothesis that the pseudo-

experiments can be adequately fitted using an EBL different from the
true model. Details in Section 3.6.
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in Appendix 3.C.

We also present a use case for the code by analyzing how a VHE observation would
help us distinguish between different EBL models. We simulate an observation, simi-
lar to the 1997 flare from Mkn 501 with a LHAASO-like detector. Our analysis shows
that this simulated observation allows us to distinguish between BOSA and the other
EBL models if the intrinsic spectrum of the flare is a simple PL. However, we cannot
differentiate between the Chary and 2BB models. Furthermore, when the intrinsic
spectral model includes curvature, we are unable to differentiate different dust pre-
scriptions in the EBL modeling. The potential of this methodology would increase by
analyzing multiple flares from various sources, which would enable us to differentiate
EBL models with higher precision. It should also be noted that these findings are
based on several assumptions, such as a constant spectral shape over the observation
time and a negligible contribution of background counts in the detector. Nevertheless,
our EBL modeling code provides the necessary tools for future studies of the EBL us-
ing VHE observations. Specifically, probing the EBL via its opacity effects in VHE
observations constitutes one of the cosmology case studies for the CTAO (Abdalla
et al., 2021). Currently, this methodology relies on fitting the overall normalization of
the EBL or simplifying its spectral shape to a parametric expression. NIEBLA enables
us to study the underlying physical parameters of the EBL.



Appendices

3.A Parametrizations already listed in the EBL code

We present a list of all the parametrizations present in the EBL code in Table 3.A.1.
The possibility to input custom parameters and functions is also available for all the
expressions that we list here.

Reference Name in the code Expression
Px
Eq. 15 from Madau and Dickinson (2014) sfr_madaul4 pulz) = ‘/L.”H[((ll%’*x
o N - . L\ woti(z
Eq. 53 from Haardt and Madau (2012) sfr_cuba pa(z) = W
Eq. 15 from Finke et al. (2022) sfr_finke22a See original paper
Constant (or none) sfr_constant pa(2) = 20
Z(2)
Eq. 4 from Tanikawa et al. (2022) metall _tanikawa22 Z(2) = Zg x 10%0~ @1 %"
Constant constant Z(z) =ag

Dust absorption

Wavelength dependency

Eq. 6 from Kneiske, Mannheim, and Hartmann (2002) kneiske2002 Jesc.aust(N) = 107944 with Ay = 0.68- E(B—V)-R-(A~' —0.35)
Eq. 15 from Razzaque, Dermer, and Finke (2009) razzaque2009 See original paper
Eq. 13 from Finke et al. (2022) dust_att_ finke See original paper

Redshift dependency

Appendix from fermi2018 Fesc.dust (2) = 1070 4A() with Az) = md%
Fermi-LAT Collaboration, Abdollahi, Ackermann, et al. (2018)

Combined dependency

razzaque2009 x fermi2018 comb_ model 1
dust_att_finke x fermi2018 finke2022

TABLE 3.A.1: List of parametrizations already included in the EBL
modeling code.

3.B Best-fit parameters and correlation matrices

In Table 3.B.1 we present the best-fit parameters of the EBL models obtained assum-
ing no systematic uncertainties.

For each of the three EBL models, and for both fitting scenarios, with and without
added systematics, we provide the corresponding correlation matrices. Each matrix is
derived from the covariance matrix evaluated at the minimum of the y? function. The
diagonal elements of the covariance matrices correspond to the parameter variances
and have already been listed as uncertainty estimates in Table 3.4.1 and Table 3.B.1.
Here, we list the correlation matrices, defined as corrjj = covj;/(oioj). For the case
without added systematics, the correlation matrices are given for the Chary model
in Table 3.B.2, BOSA in Table 3.B.3, and 2BB in Table 3.B.4. For the case with
14 % added systematics, the correlation matrices are given for the Chary model in

Table 3.B.5, BOSA in Table 3.B.6, and 2BB in Table 3.B.7.



Sara PORRAS BEDMAR

78

Parameter BOSA Chary 2BB
Px
zo (x1072 Mg /yr/Mpc®)  1.5+0.5 1.29+0.03  1.2440.03
Ty 2.254+0.05 243+£005  2.4440.04
To 3.354+0.04 3.31+£0.04  3.334+0.04
3 6.56 £0.07  6.70+£0.07  6.7340.07
Z
ao —0.154+0.12 —0.28+0.05 —0.5440.04
ai 0.2140.09  0.20£0.05 0.025+0.018
as 0.824+0.14  0.66+0.14 1.64+0.4
Dust reemission
frir (M5!) (dex) - 9.71+0.03 -
)\TIR,cut (pm) - 5.36 = 0.02 -
fi - - 0.167 & 0.007
Ty (K) - - 62.9 4 0.9

TABLE 3.B.1: Best-fit parameters for the EBL models without sys-
tematic uncertainties, detailed in Section 3.4.

3.C EBL evolution with redshift

In Fig. 3.C.1 we provide the evolution of our EBL models as a function of redshift,
and the comparison with some benchmark EBL models. We use a phenomenological
approach, which is the same methodology that Finke et al. (2022) use. We also share
the dust absorption methodology, so the spectral shapes are very similar in the optical
regime. Moreover, our 2BB model shares their methodology of dust reemission in the
MIR, so these two are similar in this regime. Saldana-Lopez et al. (2021) derive the
EBL from observed spectral energy densities of galaxies without fits to the actual
EBL observational data themselves. This model predicts slightly higher intensity
in the CIB. The model from Franceschini and Rodighiero (2017) incorporates the
intensity of the cosmic microwave background, which is the dominant contribution at

xo x1 Z2 x3 aop ap az  fTIR  ATIRcut
To 1
T -0.89 1
T 0.52 -0.80 1
T3 -0.19 -0.02 0.57 1
ap 043 -0.35 0.15 -0.15 1
aj 0.11 -0.18 0.11 -0.10 0.84 1
as 0.12 -0.01 -0.03 0.09 -0.55 -0.83 1
fTIR 0.07 -0.04 0.01 -0.02 0.04 0.02 -0.00 1
ATIRcut -0.01  0.01 -0.00 0.01 0.04 0.02 -0.00 0.05 1

TABLE 3.B.2: Correlation coefficients between the best-fit parameters

for the Chary model, for the case without systematic uncertainty in

the data points. Since the matrix is symmetric, the upper trigonal
part is not listed.
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Zo I o I3 ag aj a9
i) 1
z1 -0.90 1
o 042 -0.71 1
xzz -0.30 0.10 0.55 1
ap 084 -0.65 0.17 -0.28 1
ap 077 -063 0.19 -0.28 0.97 1
az -0.57 048 -0.15 0.28 -0.v8 -087 1

TABLE 3.B.3: Correlation coefficients between the best-fit parameters
for the BOSA model, for the case without systematic uncertainty in
the data points. Since the matrix is symmetric, the upper trigonal

part is not listed.

xQ 1 T2 3 ag a as T, fi
Wiy} 1
1 -0.88 1
o 048 -0.78 1
xr3 -0.17 -0.04 0.59 1
ag 0.61 -0.35 0.06 -0.13 1
a; 028 -0.20 -0.00 -0.21 0.64 1
as -0.11 0.09 0.05 0.28 -0.38 -0.90 1
T 0.19 -0.19 0.12 -0.03 -0.04 -0.05 0.04 1
fi -0.07 0.02 0.01 0.00 -0.01 0.03 -0.03 -027 1

TABLE 3.B.4: Correlation coefficients between the best-fit parameters
for the 2BB model, for the case without systematic uncertainty in the
data points. Since the matrix is symmetric, the upper trigonal part is

not listed.

xo x1 ) x3 agp ay az  fTIR  ATIR,cut
i) 1
T -0.86 1
To 0.56 -0.87 1
T3 -0.33 0.07 0.36 1
ap 0.18 -0.16 0.09 -0.10 1
al 0.0r -0.14 0.11 -0.07 0.89 1
as 0.02 0.04 -0.04 0.08 -0.70 -0.80 1
frir 0.04 -0.02 0.01 -0.01 0.09 0.05 -0.01 1
ATIR,cut -0.02  0.01 -0.00 0.01 0.00 -0.00 0.00 -0.01 1

TABLE 3.B.5: Correlation coefficients between the best-fit parameters
for the Chary model, for the case of 14% uncertainty in the data points.
Since the matrix is symmetric, the upper trigonal part is not listed.
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o 1 To T3 ap aq as
o 1
z1 -0.85 1
zg 051 -0.85 1
zz -0.30 0.04 0.40 1
ap 039 -0.23 0.08 -0.13 1
ap 018 -0.18 0.11 -0.09 0.79 1
as 0.09 0.00 -0.04 0.04 -0.28 -0.66 1

TABLE 3.B.6: Correlation coefficients between the best-fit parameters
for the BOSA model, for the case of 14% uncertainty in the data points.
Since the matrix is symmetric, the upper trigonal part is not listed.

zo 71 T2 T3 agp ay as T, fi
i) 1
1 -0.82 1
xo 046 -0.85 1
z3 -0.31 0.07 0.37 1
ap 039 -0.19 0.02 -0.15 1
a; 007 -0.17 0.13 -0.13 0.65 1
ay 0.10 0.09 -0.13 0.11 -0.31 -0.87 1
T, 0.15 -0.13 0.08 -0.05 -0.07v -0.03 0.01 1
fi -0.05 -0.02 0.04 001 0.03 002 -0.01 -023 1

TABLE 3.B.7: Correlation coefficients between the best-fit parameters
for the 2BB model, for the case of 14% uncertainty in the data points.
Since the matrix is symmetric, the upper trigonal part is not listed.
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Ficure 3.C.1: EBL spectral shape for different redshifts. We pro-
vide the evolution for our three EBL models (straight lines), as well
as benchmark models like Franceschini and Rodighiero (2017) (black
dashed lines), Saldana-Lopez et al. (2021) (red dash-dotted lines) and
Finke et al. (2022) (fuchsia dotted lines). Franceschini and Rodighiero
(2017) incorporate the intensity of the cosmic microwave background
at larger wavelengths, which we do not show to facilitate comparison
between the models.

larger wavelengths. To facilitate comparison between models, we do not show this
model at large wavelengths.

3.D Changing the cosmological model

By default, NIEBLA employs a standard ACDM cosmology with parameters Hy =
70kms™t Mpc ™!, Quatter = 0.3, Qa = 0.7, and Qparyons = 0.0453. However, the
user is free to modify these parameters or use another cosmological model entirely.
Internally, NIEBLA relies on the cosmology classes of ASTROPY (Astropy Collaboration
et al., 2013; Astropy Collaboration et al., 2018; Astropy Collaboration et al., 2022)
and stores the cosmology in a protected variable. The values of the ACDM parameters
can be changed via the yaml file or dictionary with the inputs of the code as further
detailed in the example notebooks. A change of the cosmological model itself is
possible as well, as long as the user uses the same object structure as the one already
provided. We have tested that the other ASTROPY cosmology objects work, and in
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addition, the user can provide their own custom class, which should be stored in
the EBL_model._cosmo variable. A custom class, called custom_cosmology hereafter,
needs to include the following functions, which are necessary for the EBL calculation:

e For the general calculation regarding evolution of stellar spectra:

— custom_cosmology.lookback_time(z) - calculation of time as a function
of redshift z, which can be given as a float or an array.

— custom_cosmology.H(z) - calculation of the Hubble parameter as a func-
tion of redshift z, which can be given as a float or an array.

e For the calculation of an ALP contribution:

— custom_cosmology.0dm(z) - calculate the density parameter for dark mat-
ter as a function of redshift z, which can be given as a float or an array.
Only the case for z = 0 is needed, but the function must accept an input
for compatibility.

— custom_cosmology.critical_densityO - value of the critical mass density
at z = 0.

e For the THL calculation, it is recommended to use the ASTROPY class, since the
library HMF internally wraps the cosmology object:

from hmf import MassFunction
[...]
mf = MassFunction(
cosmo_model=self._cosmo, Mmin=m_min, Mmax=m_max)

All these parameters must be Quantity objects from the astropy.units module.

Modifying the cosmological model must be made with caution. The data reduction
pipelines for several observables, including p, and €,, explicitly assume a specific
cosmology. Consequently, any fitting procedure or comparison of EBL models that
employs a nonstandard cosmology must be interpreted carefully. If necessary, it is the
responsibility of the user to rescale the data inputs to different cosmologies as done
in, for instance, Dominguez et al. (2019), Finke et al. (2022), and Dominguez et al.
(2024).

3.E Best-fit parameters of the Mkn 501 spectrum

We present a list with the best-fit parameters of the Mkn 501 fits of the HEGRA
observations from the flare from 1997 in Table 3.E.1.
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PL x EBL
b0 (>< 1072 em 257! TeV_l) I x%/d.of. Fixed parameters:
BOSA 130 £2 2.20+0.01 161.7/23 =7.03 Ey=1TeV
Chary 128 +2 2.13+£0.01 80.00/23 = 3.48
2BB 128 +2 2.13 £0.01 93.07/23 = 4.05
BPL x EBL
b0 (>< 1072 em 25! TCV’I) 1N Ty Ehreak (TeV) x2/d.o.f. Fixed parameters:
BOSA 134 +4 1.82+0.07 2.66 £+ 0.09 2.7+0.6 25.32/21 =1.21 Ey=1TeV
Chary 135+6 1.8+0.1 2.38 +0.06 1.94+0.6 26.37/21 =126 f=2
2BB 132+4 1.84 £0.07 2.44 £0.08 24+0.7 28.211/21 = 1.34
PLE x EBL
b0 (>< 1072 em=2s7 ! TeV_l) T Ecyt (TeV) x%/d.o.f. Fixed parameters:
BOSA 141+2 1.90 £ 0.03 10+1 40.56/22 =1.84 Ey=1TeV
Chary 135+ 2 1.96 + 0.03 16+3 38.94/22 = 1.77
2BB 135 +£2 1.92 £ 0.03 14+2 39.17/22 =1.78
LP x EBL
$o (x1072em™2s7 1 TeV 1) r Eqy (TeV) 8 x?/d.o.f.
BOSA 88 £10 1.99+£0.03 1.21+0.06 0.16+0.02 29.33/21 = 1.40
Chary 100 £ 11 2.00+0.03 1.12+£0.06 0.09 £ 0.02 29.56/21 = 1.41
2BB 101 +£11 1.97+0.03 1.12+£0.06 0.10£0.02 31.38/21 = 1.49
TABLE 3.E.1: List of best-fit parameters of the 1997 flare from

Mkn 501 observed with HEGRA. We also list the y? values and fixed
parameters for each spectral model. The EBL models are our best fit
ones, assuming a 14 % systematic uncertainty in all data points.






Chapter 4

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

Abstract

We have used Auriga —a set of state-of-the-art cosmological hydrodynamical simu-
lations of Milky Way-size systems— to study the impact of baryons on the Galactic
subhalo population. A DM-only run counterpart of Auriga allows us to compare re-
sults with and without baryons. We repopulate the original suites with low-mass
subhalos orders of magnitude lighter than the mass resolution limit, starting from a
detailed characterization of Auriga data in the well-resolved subhalo mass range. The
survival of low-mass subhalos to tidal forces is unclear and under debate nowadays,
thus in our study we stay agnostic and consider two different levels of subhalo re-
silience to tidal stripping (‘fragile’ and ‘resilient’ subhalos). We find baryons to alter
the Galactic substructure significantly, by decreasing its overall abundance by a factor
~ 2.4 (fragile) and ~ 1.9 (resilient) and subhalo concentration —here defined in terms
of maximum circular velocity— by ~ 1.5 with respect to the DM-only scenario. This
has important consequences for indirect searches of DM. As an example, we inves-
tigated the case of using unidentified gamma-ray sources to set constraints on the
DM particle properties, assuming some of them may be dark satellites. Our results
show the importance of including baryons to properly characterize the Galactic sub-
halo population, as well as to propose the most optimal subhalo search strategies, not
only via its potential DM annihilation products but also through their gravitational
signatures (e.g. stellar streams, strong lensing).
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4.1 Introduction

Our current standard model of cosmology, A Cold Dark Matter (ACDM), is built upon
several components for the energy-matter content of the Universe. Among them, a
non-baryonic form of dark matter (DM) is thought to constitute roughly an 85% of
the whole matter content (Aghanim et al., 2020). DM has not been directly detected,
yet its gravitational interaction has been detected on several different astrophysical
and cosmological scales (Jungman, Kamionkowski, and Griest, 1996; Garrett and
Duda, 2011; Bertone and Hooper, 2018; Roszkowski, Sessolo, and Trojanowski, 2018;
Bertone and Tait, 2018).

One of the most popular and accepted particle physics models for the nature of
DM particles is the Weakly Interacting Massive Particle (WIMP) (see e.g. Bertone,
Hooper, and Silk, 2005). This particle seldom interacts with any other particle ex-
cept itself. Majorana WIMPs can self-annihilate into Standard Model particles, which
in turn may produce photons through decay or radiative processes (Bergstrom and
Ullio, 1997). The predicted mass of WIMP particles is O(GeV-TeV), so this self-
annihilation produces a gamma-ray flux, the most energetic kind of photons. The mea-
surement of gamma-ray fluxes is a technique widely used in current indirect searches
for DM, using space-borne or terrestrial detectors such as the Fermi-LAT (Atwood
et al., 2009) or current imaging atmospheric Cherenkov telescopes like MAGIC (Fer-
enc and MAGIC Collaboration, 2005), H.E.S.S. (Hinton and HESS Collaboration,
2004), VERITAS (Weekes et al., 2002), LHAASO (Bai et al., 2022) or the HAWC
observatory (Abeysekara et al., 2012). This is not the only existing detection method;
direct detection in laboratories and particle production in colliders are complementary
methods widely pursued. For a review, see (Bertone, Hooper, and Silk, 2005).

A key aspect for astrophysical DM searches is to know in detail the distribution of
DM in the Universe. The postulate of Cold Dark Matter (CDM) defines DM as non-
relativistic, which causes a bottom-up hierarchical building of structures (Frenk and
White, 2012). The precise minimum mass of the first halos depends on the exact
nature of the DM particle as well as its decoupling temperature, being of the order of
the Earth mass or below for typical CDM particle models (Bringmann, 2009). These
halos then grow in size by accreting surrounding DM or merging with other clumps.
The hierarchical merging of halos leads to the creation of subhalos, that is, former field
halos that have been accreted by a host and orbit within its potential well. Baryonic
matter falls into halos, the latter thus becoming the seeds for galaxy formation. It
is believed that halos with a mass M > 10% Mg are capable of attracting enough
baryonic material to have a visible counterpart (Sawala et al., 2015; Sawala et al.,
2016).

Numerical simulations have been developed to study structure formation of MW-like
systems. Historically, researchers have relied on Dark Matter Only (DMO) or purely
N-body simulations, which model one type of particle and its gravitational interaction.
In the past decade, (magneto)hydrodynamical suites ((M)HD) have emerged, incorpo-
rating baryonic physics such as gas dynamics, star formation, feedback processes, and
(in some cases) magnetic fields, alongside the DM content. They create a more real-
istic representation of astrophysical systems compared to DMO runs. Some examples
of recent state-of-the-art (M)HD simulations of MW-like systems are Auriga (Grand
et al., 2024), Phat ELVIS (Kelley et al., 2019), APOSTLE (Fattahi et al., 2016) and
FIRE (Garrison-Kimmel et al., 2017b); and DMO ones like Uchuu (Ishiyama et al.,
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2021), VL-II (Diemand et al., 2008) and Aquarius (Springel et al., 2008). For a more
comprehensive list of suites, see (Vogelsberger et al., 2020).

All simulations are inherently constrained by numerical resolution, regardless of the
processes they simulate. For instance, algorithms used to find and follow the evolution
of subhalos employ a minimum particle threshold to identify gravitationally bound
structures, in such a way that those that contain fewer particles than this threshold
are not considered bound within the simulation framework. For state-of-the-art high
resolution runs, this threshold creates an artificial minimum subhalo mass around
one million solar masses (Diemand et al., 2008; Springel et al., 2008; Ishiyama et al.,
2021; Grand et al., 2024). Also, both (M)HD and DMO suites consistently show an
absence of subhalos near the GC (Kelley et al., 2019; Grand et al., 2021; Richings
et al., 2020; Barry et al., 2023; Moliné et al., 2023; Aguirre-Santaella and Sanchez-
Conde, 2024). However, comparison between simulation runs at different resolution
levels demonstrates that part of the substructure disruption can be attributed to the
limitations imposed by particle mass and grid resolution (Grand et al., 2021). An
open question in the community is whether these numerical issues solely account for
the “observed” subhalo disruption, or whether truly physical processes could cause full
disruption as well. Subhalos are subject to tidal forces while traversing their hosts,
which causes mass to be stripped from the subhalo (Hayashi et al., 2003; Green and
van den Bosch, 2019; Errani and Penarrubia, 2020). Several studies suggest that the
central regions of subhalos should survive tidal stripping, even when in some cases only
a small fraction of their initial mass is retained (van den Bosch et al., 2018; Bosch
and Ogiya, 2018; Stref, Lacroix, and Lavalle, 2019; Errani and Penarrubia, 2020;
Amorisco, 2021; Aguirre-Santaella et al., 2022). Conversely, other studies indicate
that tidal forces can be sufficiently strong to strip material to the full disruption of
subhalos. Furthermore, the inclusion of baryonic processes in MHD runs results in a
deeper gravitational potential and introduces dynamical processes, which can enhance
subhalo disruption relative to the DMO runs (Garrison-Kimmel et al., 2017b; Kelley
et al., 2019; Grand and White, 2020; Grand et al., 2021).

In this work, we evaluate the impact of baryons on the subhalo population in MW-
like galaxy simulations, using the Auriga suite (Grand et al., 2024). Auriga has
both MHD and DMO runs starting from the same initial conditions, allowing us
to have a one-to-one comparison between them. We first use the information on
existing DM subhalos at redshift z = 0, and characterize their population. Being
aware that resolution limits' prevent a precise description of subhalos in this galactic
system, we then recreate a consistent, more complete population of subhalos using the
repopulation algorithm first employed on VL-II data (Aguirre-Santaella and Sanchez-
Conde, 2024). Once the characterization of the resolved Auriga subhalo population
has been performed, we repopulate the galaxy with low-mass subhalos below the
original resolution limits. In our work, we will remain agnostic about the nature of
heavy mass loss (or full disruption) of subhalos, by studying two distinct cases in
which i) the mass loss is real and assumed to be properly described by the Auriga
data; and ii) it is numerical in origin and thus spurious. For the latter case, we will add
low-mass subhalos in the simulation according to semi-analytical recipes, that will be
more resilient to tidal forces. These two cases will allow us to investigate how potential
numerical resolution issues might affect predictions for those indirect DM searches
focused on subhalos, while also helping to assess the level of associated systematic

'As an example, in the “Level 3” of Auriga runs, DM particles have a mass mpm = 5 x 10* Mg
and baryonic particles mparyon = 6 x 10° Mg (Grand et al., 2024).
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uncertainties. Finally, and to illustrate the relevance that our results may have for
current gamma-ray DM searches, we will revisit WIMP cross-section constraints that
were derived from so-called dark satellites—subhalos with no baryonic counterpart— as
characterized in DMO runs (Coronado-Blazquez et al., 2022), and will investigate how
such constraints are modified by the inclusion of baryons.

This work is structured as follows. First, in Section 4.2 we introduce DM subhalos
as optimal gamma-ray targets. Then, in Section 4.3, we characterize the subhalo
population of the Auriga simulations. Section 4.4 is devoted to the subhalo repopu-
lation algorithm, which is later used in Section 4.5 to calculate expected subhalo DM
annihilation fluxes. This section also includes an illustrative example to show how
previously computed DM constraints can get modified by the inclusion of baryons.
Finally, in Section 4.6, we provide our conclusions and outlook.

4.2 Subhalos as gamma-ray DM targets

If DM is made of WIMPs, it can self-annihilate producing Standard Model particles,
which in turn generate gamma-rays (Bergstrom and Ullio, 1997). The expected DM
annihilation flux ¢ is given by (Bergstrom, Ullio, and Buckley, 1998; Evans, Ferrer,
and Sarkar, 2004)

1
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1 (ov) dNy
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where we have the product of two terms: the so-called “J-factor”, and the particle
physics factor fpp. The J-factor is related to the geometry and distribution of DM in
the system, codified via the density of DM, ppu, along the line of sight (l.o.s.) and
the distance between the DM target and Earth Dga¢n; whereas the fpp takes into
account the velocity averaged annihilation cross-section of such particle (ov), its mass
m,, and its possible annihilation channels, f.

Subhalos can be excellent targets for indirect DM searches, given both their expected
abundance and proximity in the Galaxy according to ACDM cosmology (Buckley and
Hooper, 2010; Mirabal et al., 2012; Ackermann et al., 2012a; Zechlin and Horns,
2012; Ackermann et al., 2015; Bertoni, Hooper, and Linden, 2016; Calore, Hiitten,
and Stref, 2019; Coronado-Blazquez et al., 2019; Coronado-Blazquez et al., 2019;
Coronado-Blazquez et al., 2021; Coronado-Blazquez et al., 2022). In this work, we
calculate the analytical expression of the J-factor assuming a Navarro-Frenk-White
(NFW) (Navarro, Frenk, and White, 1997) DM density profile for subhalos, integrated
up to their scale radius, rs. The latter is defined as the radius where

Oog(ppm)) | _
d(log(r)) | ’

S

(4.2)

roughly separating the high (inner) and low (outskirts) density regions. In field ha-
los, almost 90% of the J-factor is contained within rg, and we expect this percent-
age to be similar or higher in subhalos, which lose their outer parts due to tidal
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FIGURE 4.3.1: Pair of V.« and R.x values of subhalos in the six
Auriga MW-like halos analyzed in this work. Data from both DMO
(black points) and MHD (green) runs are shown. The dotted vertical
line depicts the separation we adopt between those subhalos expected
to host dwarf galaxies (‘dwarfs’) and those that remain dark (‘dark
satellites’). Full details are given in Section 4.3. The horizontal line
at the bottom refers to the Auriga softening length for this level of
resolution, i.e. 188 pc.

forces (Coronado-Blazquez et al., 2022). With these considerations, the J-factor cor-
responding to the annihilation within rg, Jg, can be expressed as

GeV?2 [ Dgaen\ 2 /v \05 [V, 3
= 3.91 x 10% art — _max ) 4.
Js =391 107~ <1kpc <1o5> 10 km /s (43)

We detail this derivation in Appendix 4.A.

Two other parameters appear in Eq. (4.3) that refer to the internal structure of the
subhalo. The term Vi .x is defined as the maximum circular velocity that particles
reach within a subhalo, and the velocity concentration cy codifies the inner structure of
a subhalo, with higher concentrations given by more compact subhalos. These terms
are further developed below in Section 4.3. In our work, we make use of Auriga data
to derive and characterize these quantities for the population of Galactic subhalos.

4.3 Characterization of the Auriga subhalo population

The Auriga cosmological suite is a set of zoom-in magnetohydrodynamical simulations
with DMO counterparts (Grand et al., 2017; Grand et al., 2024). The DMO runs
allow for one-to-one comparisons since they have the same set of initial conditions.
Among available simulations that include hydrodynamics and magnetic fields, Auriga
is distinguished by its high spatial and mass resolution. We use a subset of six MW-
like Auriga systems that best reproduce some observational properties like the MW
mass (Grand et al., 2018; Grand and White, 2020), which have been resimulated
at a higher resolution. More precisely, we use data from resolution “Level 3”, as
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described in the public data release.? The hosts have masses, My, ranging between
1 —2 x 102 Mg, and virial radii, Ry, between 210 — 260 kpc (Grand et al., 2024).

Due to tidal stripping, subhalos experience continuous mass loss as they orbit their
host, and mostly from their outskirts. This ongoing stripping renders their Ry,
and consequently their virial mass, ill-defined. We require alternative parameters
to characterize the internal structure of subhalos. We adopt Vijjax and Rpax (the
latter simply being the radial distance from the subhalo center at which Vj,ax occurs).
Indeed, these parameters allow us to describe the subhalo population independently
of a particular choice of the subhalo DM density profile (Moliné et al., 2017), and can
be directly extracted from the simulations.

In Fig. 4.3.1, we show Vi.x and Rpy.x values of all subhalos at redshift z = 0 in
the six Auriga MW-like systems analyzed. Black markers correspond to subhalos in
the DMO runs (26,717 subhalos, 3,409 — 5,235 in each galaxy), while green markers
refer to subhalos in MHD runs (13,855 subhalos, 1,982 — 2,609 per galaxy). This
indicates that each DMO simulation hosts approximately a factor two more subhalos
than its MHD counterparts, implying a higher survival rate. This is expected, as
baryons strengthen the gravitational potential of the host, amplifying the tidal forces
that affect subhalos, particularly in the innermost regions (Garrison-Kimmel et al.,
2017a; Kelley et al., 2019; Grand and White, 2020; Grand et al., 2021; Green, van den
Bosch, and Jiang, 2022; Aguirre-Santaella et al., 2022). The Auriga softening length
at this resolution level is lgofy = 188 pc at z = 0, and it is shown in the figure as a
dotted dashed horizontal line. We do not include data points below this value in our
analysis in order to avoid any issues with numerical resolution. In the same figure, we
also show as a vertical dotted line the boundary we adopt in our work between those
subhalos that could potentially host baryons (depicted as “dwarfs” in the plot) and
those which should not (“dark satellites”) and should thus remain completely dark.
We set this boundary to Mgy, = 10"Mg, or, equivalently, Vinax = Skm/s. We discuss
on this particular choice later in Section 4.5.2.

With all this wealth of subhalo simulated data at our disposal, we now proceed to fully
characterize the Auriga subhalo population, both for DMO and MHD runs. From a
statistical point of view, we describe the subhalo population with three independent
components. The probability of encountering N subhalos at a particular distance from
the host halo center, with a particular Vj.x, and a given concentration, is

dN dN dN AN
max I D R
deaX dDGC dCV x deaX (V ) X dDGC ( GC) X dcv

(Vinaxs Rmax) - (4.4)

From left to right in Eq. (4.4), we find the Subhalo Velocity Function (SHVF), the
Subhalo Radial Distribution (SRD), and the dependency with the subhalo velocity
concentration cy. In the following subsections, we discuss every component in detail.

4.3.1 Subhalo Velocity Function (SHVF)

The SHVF determines the number of subhalos as a function of their maximum circular
velocity (a proxy of the mass), regardless of their position within the host. To build
the Auriga SHVF, we consider the Viyax values of all subhalos in the six MW-like
halos. We discretize this Viyax distribution into 24 bins, equally spaced in logarithmic
scale. We also obtain the differential SHVF, for which we quantify the number of
subhalos within each bin and normalize by the bin width. We normalize by the total

’https://wwwmpa.mpa-garching . mpg.de/auriga/index.html
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FIGURE 4.3.2: Average SHVF from Auriga data as derived from the

six MW-size halos we use in this work, both for DMO (black markers)

and MHD (green markers) runs. Power law fits to Eq. (4.5) applying

bootstrapping techniques are shown as solid lines, with best-fit pa-

rameters listed in Table 4.3.1. The vertical dotted lines refer to the

corresponding V¢, values, the simulation lacking subhalos due to nu-
merical resolution to the left of these lines.

number of halos (six) to derive an average SHVF per host. We do so both for DMO
and MHD. These SHVFs are the ones shown as markers in Fig. 4.3.2 for the DMO
(black) and MHD (green) runs. The data follow a power law distribution, departing
from it at low Vj,ax values due to numerical resolution, which translates into a lack of
small subhalos in the simulations, see e.g. (Springel et al., 2008). We define this Viax
from which we start losing small subhalos due to numerical resolution as V.ut, shown
as vertical dotted lines in Fig. 4.3.2 for both DMO and MHD. We then fit a power
law to the well-behaved part of the data as

N
aN - _ 10" y @

max ’
dVimax

(4.5)

where we set the normalization V[ and slope « to be free parameters. These param-
eters are highly dependent on the fitting interval, thus we perform a bootstrapping
technique to ensure their statistical robustness (Aguirre-Santaella and Sanchez-Conde,
2024).2 The best-fit parameters are listed in Table 4.3.1, the result being shown as
straight lines in Fig. 4.3.2 for both DMO and MHD, with their extrapolations to lower
Vmnax indicated as dashed lines. The DMO-to-MHD normalizations ratio is ~ 2.5, this
being constant through the well-behaved Vi, range.

Our MHD results in Fig. 4.3.2 are consistent to the results in (Grand et al., 2021),

3We perform 1000 realizations of the fitting procedure. In each realization, we draw a random
sample of the subhalo data. This sample is fitted within a random Viax interval, always staying
above Viut. All bins included in the fit are required to contain a minimum number of 10 subhalos,
which ensures a suitable statistical sample, particularly at the high end of Vinax distribution. Then,
we calculate the average and standard deviation of each fitted parameter along all the realizations.
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FIGURE 4.3.3: Left: Auriga SRD (data points), derived for sub-
halos with Vijax > Vuni; see Table 4.3.1 and Section 4.3.2 for de-
tails. Dashed lines are the best fits to the SRD data as given by
Eq. (4.6) for the fragile scenario. Also shown are the SRDs for the
resilient scenario, Eq. (4.7) (dotted lines), both for the DMO (black)
and MHD (green) populations. Best-fit values for all these equations
are given in Table 4.3.1. The galactocentric distance of the Earth,
Rg = 8.5kpc, is also displayed as a vertical orange dash-dotted line
(where we have assumed the virial radius of the MW from observations,
Ryir = 220kpc (Klypin, Zhao, and Somerville, 2002), to transform its
position into the plot units). Right: Same elements than in the left
translated to the density space, dividing the subhalo number by the
volume associated with the bins. The obtained curves do not have
analytical formulas in the density space.

where the cumulative SHVF of the Auriga MW-like halos is calculated. They are also
consistent with previous ones from different simulations, e.g. (Springel et al., 2008;
Diemand et al., 2008; Zavala and Frenk, 2019; Aguirre-Santaella and Sanchez-Conde,
2024).

4.3.2 Subhalo Radial Distribution (SRD)

The SRD describes how the subhalos are spatially distributed inside the host. The
SRD has been proven in most simulations to be universal, i.e. independent of the
subhalo mass or Viax (Springel et al., 2008; Diemand et al., 2008; Hellwing et al.,
2016; Han et al., 2016; Moliné et al., 2023; Aguirre-Santaella and Sénchez-Conde,
2024).

The closest subhalo to the GC in Auriga is located at a distance Dgc = 5.57kpc
among the DMO runs, and Dgc = 15.71kpc in MHD. Therefore, either there are no
bound structures near the GC due to lack of resolution, or there is a very efficient
subhalo disruption in this region, enhanced in the second case by the presence of
baryons.

On the left panel of Fig. 4.3.3 we show the number of Auriga subhalos as a function of
the Dgc, averaged over the six MW-like hosts under study, as black (green) markers
for DMO (MHD). We only show subhalos with Vijax > Vini. Below this value, we
checked that the SRD loses its universality, i.e. it depends on the considered Viax
interval, which would add a further layer of complexity that will be explored elsewhere.
The values of Vi are given in Table 4.3.1. Note that, since the hosts have slightly
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different sizes, we normalize the Dgc of each subhalo by the Ry, of their host. The
data show that the inclusion of baryons consistently reduces the number of subhalos
at all Dgc but does not significantly alter the SRD shape.

We perform fits to the measured SRD adopting two scenarios of subhalo survival
as discussed in Stref, Lacroix, and Lavalle (2019). All these fits are performed over
the number of subhalos, which are the data points on the left panel of Fig. 4.3.3.
Our aim is to remain agnostic about the very nature of the subhalo disruption itself,
by considering two opposite yet realistic subhalo survival scenarios. The first one,
“fragile”, assumes that subhalos actually do disrupt as much as the simulations suggest.
The second scenario assumes that this disruption is an artifact caused by numerical
resolution issues. In such scenario, the subhalo number in the innermost region of the
host is not expected to decrease. We refer to this alternative scenario as “resilient”.

Assuming a fragile scenario, we fit the Auriga data using an exponential cutoff as
described in Aguirre-Santaella and Sanchez-Conde (2024),

Rvir :|
Dge |’

Niragile (Dac) = a1 exp [ao (4.6)

where the parameters ag and a; have been fitted to our data. The best-fit parameters
we found are listed in Table 4.3.1.

In contrast, the resilient scenario allows for substructure to exist near the GC, even
if it cannot be resolved in our simulations. The level of resilience of these low-mass
subhalos in the center of their hosts is a free parameter that can lead to large variations
in the number of overlooked subhalos (Stref, Lacroix, and Lavalle, 2019). Here, we aim
for a conservative approach compared to other, more extreme (yet possible) scenarios
as the ones also explored in (Stref, Lacroix, and Lavalle, 2019). Indeed, we decide to
adopt a constant subhalo number distribution, independent of the Dgc (dotted lines
on the left panel of Fig. 4.3.3)

Nresilient = Nfragile (DGC = Rvir) . (47)

The right panel of Fig. 4.3.3 shows these data points and fits translated to subhalo
number density, i.e., number of subhalos divided by the volume of each spherical shell.

The resilient SRD boosts the probability of a subhalo being located within 10kpc
or closer to the GC by a factor ~ 90 in the DMO scenario, and ~ 1570 in MHD.
These factors are calculated as the ratio between the normalized cumulative SRDs of
the resilient and fragile scenarios, and do not account for the intrinsic difference in
subhalo abundance that exists between the fragile and resilient scenarios. We discuss
the boost that accounts for subhalo abundance below, in Section 4.4.1.

4.3.3 Velocity concentration (cy)

The concentration of field halos is usually defined as (see, e.g., (Bullock et al., 2001;
Maccio, Dutton, and van den Bosch, 2008; Prada et al., 2012; Ludlow et al., 2013;
Pilipenko et al., 2017) and references therein):
Rvir

Ts

C200 — (48)
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FIGURE 4.3.4: Left: Geometric mean values of ¢y as a function
of Vinax as found in Auriga for both DMO and MHD scenarios (black
and green markers, respectively). The velocity concentration model
for DMO by M21 at z = 0 is shown as a dotted red line, with the
expression and parameters given in Eq. (4.10). We have fitted Auriga
data to the same parametric form at V.« > Vies, the latter shown as a

dashed vertical line. Our fits to actual data are shown as straight lines
while their extrapolations to smaller V.« appear as dashed lines. The
best-fit values are provided in Table 4.3.1. Shadowed regions depict
1o scatter from the mean values. Right: Histogram of individual cy
values for those data over the resolution limit in the left figure. Opaque
stripped regions contain the 1o intervals of the respective distributions.
The vertical lines are the geometric mean values of the corresponding
DMO (black) and MHD (green) distributions. Further explanations
are found in the text.

However, as previously mentioned, Ry is ill-defined for subhalos, since tidal forces
strip mass from the outskirts, indeed removing in most cases all the material at the
“original” virial radius of the infalling subhalo as it was defined before accretion time.
Instead, for subhalos, it is now customary to adopt a definition of the concentration
that solely depends on Vi.x and Rpax, thus independent of any assumptions on the
functional form used for the DM density profile nor on Ry, (Diemand, Kuhlen, and
Madau, 2007; Moliné et al., 2017; Aguirre-Santaella and Sanchez-Conde, 2024). This
so-called wvelocity concentration is given by (Diemand et al., 2008):

Viax )
=2 — . 4.
v < HO Rmax > ( 9)

where Hy is the Hubble constant at present time, which we take as Hy = 67.7 km/s/Mpc
to be consistent with the Auriga simulations (Grand et al., 2024). Fig. 4.3.4 shows
mean cy and corresponding standard deviation values as a function of Vi,,y, as found
in Auriga data. These data were first discretized using 24 Vi, bins equally spaced in
logarithmic scale. However, since some of these bins contained less than ten subhalos,
especially in the high end of Vj,ax, bins were merged with neighboring ones until each
bin contained at least ten subhalos so as to reach statistical robustness.

In ACDM, a flattening of the cy curve is expected towards low Vipax (Sanchez-Conde
and Prada, 2014; Moliné et al., 2017; Moliné et al., 2023). Instead, our results in
Fig. 4.3.4 show a decline in Auriga data at the lowest measured Vi ax values. This
is simply a consequence of lack of numerical resolution in the simulations, thus we
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restrict ourselves to those Viax values safely located to the right of such decline in
concentration, that we set at Vies = 10km/s as a compromise of statistics and data
behavior. It is in this safe range of V.« values above Vi.s where we proceed and
perform fits to the cy — Vipax relation. Complex models for such relation ¢y (Vipax)
have been explored (Sanchez-Conde and Prada, 2014; Moliné et al., 2017; Moliné et
al., 2023). We adopt the one in Moliné et al. (2023), from now on M21, which reads

. S ()]

=1

cv (Vmaxa Z = 0) = Cp

where ¢y = 1.75 x 10° and a; = (—0.90368,0.2749, —0.028) are the best-fit parameters
found in that work. We show this ¢y — Vihax parametrization as a dotted red line
on the left panel of Fig. 4.3.4. Prior to this work, Eq.(4.10) had only been applied
to describe DMO runs. In our study, we extend its application by assuming that it
can also properly characterize the subhalo population in our MHD runs. The main
challenge in fitting the data to this expression is the limited number of data points
in the well-sampled region. The original formulation includes four free parameters,
which introduces excessive degrees of freedom and leads to overfitting. We explored
several fitting configurations with varying numbers of parameters, and found that
allowing two to four parameters to vary consistently resulted in poor generalization.
To address this, we adopted a compromise: we fixed the parameters a; to the best-fit
values reported by M21, and only allowed the normalization parameter cy to vary.
The resulting best-fit value is presented in Table 4.3.1. The corresponding fits for
both DMO and MHD are shown as solid lines on the left panel of Fig.4.3.4, with
their extrapolations to lower Viax indicated as dashed lines. Interestingly, we find
the DMO normalization to be ~ 1.5 times higher than the MHD one, which indicates
that the inclusion of baryons in the simulations results in less concentrated subhalos.
We can also compare our best-fit DMO and MHD normalizations with the original
one in M21. The three ¢y values overlap when taking into account the lo scatter in
our data, with factor ~2 variations among values at most. The significant scatter
present in our data limits the possibility of a more in-depth analysis of the found
differences. Also, it is important to note that M21 and our work employ different sets
of cosmological parameters, spatial and mass resolutions, simulation methodologies,
and subhalo identification algorithms. Given all these differences, a direct comparison
between concentration values is not straightforward.

We also examine the scatter of the ¢y distribution in further detail. The right panel
of Fig. 4.3.4 shows the histograms of ¢y for individual subhalos with Vijax > Vies,
together with geometric means as vertical lines. The 1o interval of the distributions is
presented as the opaque stripped regions of the histograms, and these scatter values
are depicted as shaded regions on the left panel of the same figure. An extensive study
of concentration scatter was conducted by Moliné et al. (2017) (M17 hereafter) using
DMO simulations alone. M17 mainly employs cagg, but also provides the conversion
formula to translate cogg values into cy ones by adopting an NFW density profile. The

largest scatter reported in their subhalo sample is 0%67 = 0.15, which translates to
a{\,/[” = 0.39. We detail this conversion in Appendix 4.B. This value is very similar to

the scatter found in our data both for the DMO and MHD runs, as listed in Table 4.3.1
and shown in Fig. 4.3.4. Interestingly, we find the MHD scatter to be significantly
larger than the one in DMO (0.38 versus 0.30).

As detailed in this section, during the analysis of the Auriga suite we have encoun-
tered significant resolution limits that prevent us from studying low-mass subhalos
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Number of SHVF [Eq. (4.5)] SRD fragile [Eq. (4.6)] cy |Eq. (4.10)]
subhalos Veut . Vni Co lo Vies
@ Vo [km /s 0 u [km/s]  (x10°) scatter [km/s|
DMO 26,717 -39+£02 57+£0.2 7.4 —0.15+£0.01 39+2 8 28403 030 10
MHD 13,855 —4.1+03 53£0.3 5.0 —027+£0.02 16+1 8 1.9£05 0.38 10

TABLE 4.3.1: Summary of ingredients and their best-fit parameters

that characterize the Auriga subhalo population. Full details are given

in Section 4.3. SHVF stands for the subhalo velocity function (Sec-

tion 4.3.1), SRD for the subhalo radial distribution (Section 4.3.2),
and cy is the subhalo velocity concentration (Section 4.3.3).

accurately. Since this is critical for our objectives, we now turn to subhalo repopula-
tion as a key technique to investigate the properties and relevance of those subhalos
close to or below the resolution limit of the parent simulation.

4.4 Repopulating Auriga with low-mass subhalos

The repopulation algorithm we adopt starts from the SHVF, SRD, and ¢y — Vinax
recipes that characterize the subhalo population of Auriga, derived in the previous
section, to draw new subhalos according to such recipes, both above and below the
original resolution limit. The latter is achieved by extrapolating the found prescrip-
tions to lower subhalo masses not covered by the original simulation. The way these
extrapolations behave is usually based on theoretical expectations deeply rooted in
ACDM, but could in principle be of any kind. Full details of our extrapolations are
provided and discussed in detail in the subsequent subsections.

The original repopulation code is a Python script originally presented and detailed
in Aguirre-Santaella and Sanchez-Conde (2024), which had previously been used in
different works (Coronado-Blazquez et al., 2019; Coronado-Blazquez et al., 2019;
Coronado-Blazquez et al., 2022). For this work, we have implemented new functions
and dependencies, as well as improved its performance, as detailed below.

4.4.1 Extrapolation recipes below the Auriga resolution limit

After our careful characterization of Auriga subhalo data, conveniently summarized
in Table 4.3.1, we concluded that there is a lack of subhalos in the SHVF below
Veut = 7.4 (5) km/s in DMO (MHD) (Section 4.3.1); that the SRD loses universality
below Vini = 8km/s (Section 4.3.2); and that the velocity concentration relation is
only reliably defined over Vs = 10km/s (in Section 4.3.3). The apparent discrepancy
among these different velocity values can be understood by the different requirements
and restrictions at work for each of the mentioned ingredients (SHVF, SRD, cy).
For example, the minimum number of bound particles required to detect and track a
collection of bound particles (e.g., a subhalo) is considerably lower than the minimum
required to study its internal structure (Errani and Navarro, 2021; Moliné et al., 2023).
Likewise, the scarce number of subhalos with Vipax > 30km/s limits the statistical
sample of the SHVF in the high V.« range, yet the internal structure of such massive
subhalos is well-resolved.

The extrapolation of the SHVF below V. is straightforward. Previous studies have
demonstrated that with increasing resolution the SHVF extends as a power law to-
wards lower Vipax values (Diemand et al., 2008; Springel et al., 2008; Grand et al.,
2021), in agreement with predictions from the Press-Schechter formalism in ACDM
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cosmology (Press and Schechter, 1974; Sheth and Tormen, 1999; Jenkins et al., 1998).
Thus, we simply adopt a power law extrapolation of the measured SHVF (Eq. (4.5)
with the best-fit parameters in Table 4.3.1) down to the smallest Vi .x we aim to
simulate, both for DMO and MHD. These extrapolations are shown as dashed lines
in Fig. 4.3.2.

As for the SRD, our repopulated subhalos follow the same distributions already pre-
sented for subhalos above the resolution limit, i.e., Eq. (4.6) for the fragile scenario
and Eq. (4.7) for the resilient one, both depicted in Fig. 4.3.3. These distributions are
applied to all repopulated subhalos, independently of their Vi,a.x. This “universality”
of the SRD is motivated by an ample number of works, e.g. (Springel et al., 2008; Gao
et al., 2012; Hellwing et al., 2016; Han et al., 2016).

We note though that, in the resilient scenario, we introduce an additional modification
to the input parameters of the repopulation. Indeed, in this case, if we simply repop-
ulated with the original SHVF parameters, the number of subhalos in the outskirts
would be decreased in comparison. This is so because the total number of subhalos
in fragile and resilient scenarios that adopt the same SHVF would be the same, but
resilient subhalos would be allowed to lie within the innermost regions of the host
—where fragile subhalos cannot exist— only at the expense of decreasing their number
in the outskirts. To consistently reproduce both the distribution and the number of
subhalos found in the outskirts of Auriga host halos, we increase the normalization of
the resilient SHVF so that the number of repopulated subhalos with Vi,ax > 8km/s in
the outskirts matches the number of subhalos present in the Auriga suite. With this
change in normalization, the resilient scenario boosts the probability of subhalos being
located within 10 kpc of the GC by a factor of ~ 113 (DMO) and ~ 2550 (MHD).

Finally, for the Vi,ax — cv relation of subhalos below Vies, we extrapolate mean DMO
and MHD values by simply adopting Eq. (4.10) with the best-fit normalizations we
found for our data. The corresponding extrapolations were already presented as
dashed lines on the left panel of Fig. 4.3.4. Repopulated Vi,.x — cv data are then
scattered following a Gaussian distribution in logig space, with DMO and MHD stan-
dard deviations as derived from Auriga above Vies, shown as the shaded regions on
both panels of Fig. 4.3.4. We recall that normalization and scatter values are listed
in Table 4.3.1.

We list all the input parameters of our repopulations in Appendix 4.C.
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4.4.2 Details of the repopulation algorithm

The subhalo repopulation algorithm generates a new population of subhalos according
to the input parametrizations described above, allowing us to create subhalos with
Vinax smaller than those present in the original Auriga runs. Fig. 4.4.1 summarizes in
a flow chart how the repopulation algorithm works. Step by step, the procedure is:

1. Input parameters: the V. range for repopulation is specified, as well as the
parametrizations to be used for the SHVF, SRD, and cy distributions, intro-
duced in Section 4.3, and with the parameter values listed in Table 4.3.1 .

2. Calculate subhalo abundance: determine the total number of subhalos using the
SHVF, and assign an individual Vi,,x to each subhalo according to the SHVF in
Section 4.3.1. We use the inverse transform sample algorithm (Devroye, 1986)
to generate the individual values of Viax.

3. Assign subhalo Dgc: use the SRD in Section 4.3.2 to spread the subhalos ra-
dially throughout the host. In the fragile scenario, the SRD goes to zero at the
distance of the innermost subhalo in Auriga. We adopt the same method used
for Vinax (Devroye, 1986) to generate individual Dgc values.

4. Angular placement: assign each subhalo a random position over the solid angle.

5. Concentration values: assign median cy using Eq. (4.10). Then, a scatter is
added following the Gaussian scatter in log-space described in Section 4.3.3.

6. Calculation of observables: we compute several quantities that will be later
used for our purposes, i.e., the distance Dgaytn from each subhalo to Earth (the
latter placed at Dgc = 8.5kpc), and the angular size fg and the J-factor as
observed from Earth for each subhalo. The latter is described in Section 4.2,
and computed via Eq. (4.3) and Eq. (4.11).

7. Identification of the brightest subhalo in terms of its annihilation luminosity,
i.e., the highest J-factor.

8. Subhalo survival checks: ensure that the brightest subhalo survives the Roche
criterion for MW-subhalo tidal interactions (see definition in Appendix 4.D)%,
and that the Earth is placed outside the rg of the subhalo.” If these criteria
are not met, the subhalo is discarded and the algorithm goes back one step,
searching again.

9. The most relevant parameters of the repopulated subhalos are saved and ready
to be used for our analyses.

We note that, although our main purpose is to repopulate Auriga with low-mass
subhalos well beyond the original resolution limits, for each realization we utilize the

“Subhalos in the original Auriga runs should “naturally” respect and account for the Roche crite-
rion, as they have been realistically simulated across cosmic history. However, this may not be the
case for our repopulated subhalos, as they are placed ad hoc within the host at present time, with no
evolution. Although our SRD and SHVF parametrizations should implicitly carry the information
on the Roche criterion, we decided to be safe and implement it explicitly as well. As expected,
in the fragile scenario we found the subhalo rejection to be very low: only 0.2% of our brightest
subhalos violate the criterion (i.e., only one MHD repopulation). However, in the resilient scenario,
this percentage increases to 31% and 43% in DMO and MHD, respectively. These numbers refer to
the brightest subhalos across realizations. Instead, Appendix 4.F shows results for all subhalos in a
single repopulation.

SIf a subhalo is placed engulfing the Earth, the J-factor expression does not follow Eq. (4.3) nor
Eq. (4.11) anymore. This adds a layer of complexity that will be explored elsewhere.



Chapter 4. Impact of baryons on the population of Galactic subhalos and

99 o
implications for dark matter searches

repopulation algorithm to consistently create the full subhalo population of a MW-
size halo, i.e., from the most massive subhalos well resolved in the parent simulation
to the lightest subhalos only present in the repopulation data. As a cross-check, in
Appendix 4.E we show that our repopulation mimics the resolved Auriga subhalo
population down to its resolution limits.

4.4.3 Creating statistically meaningful samples

At this point, we are in position to run the repopulation algorithm to generate subhalos
consistently with the Auriga characterization performed in Section 4.3, and with the
extrapolations detailed in Section 4.4.1 for subhalos below the Auriga resolution limit.
We generate and analyze four scenarios, combining two levels of subhalo resilience
(“fragile” versus ‘“resilient”) with the presence or absence of hydrodynamics (DMO
versus MHD).

As discussed in Section 4.3, the original subhalo population in Auriga MHD runs
exhibits a smaller number of subhalos and lower concentrations compared to its DMO
counterpart. This may be due to a combined effect of an enhanced tidal stripping
in the case of baryons near the Galactic center, where they reshape the host density
profile, coupled with artificial numerical disruption. Since disentangling these effects
is not a trivial task and represents still an open debate in the community, in our work
we decide to remain agnostic on this issue and repopulate the host considering both
fragile and resilient scenarios, for both DMO and MHD, following Section 4.3.2.

As shown in Section 4.3.1 and listed in Table 4.3.1, resolution issues affect the Auriga
SHVF below Viy ~ O(1km/s). We repopulate down to Vipax = 0.1km/s; thus
generating subhalos with Vi ,x more than one order of magnitude smaller than those
resolved in the original Auriga runs. As described in Section 4.4.1, the existence
of these subhalos is not only expected by theoretical predictions within the ACDM
cosmological framework, but its survival down to present time is also supported by
several recent works (Errani and Penarrubia, 2020; Amorisco, 2021; Aguirre-Santaella
et al., 2022; Stiicker et al., 2023; Aguirre-Santaella, Sanchez-Conde, and Ogiya, 2025).

As a final step, and for each of the four scenarios, depending on the level of subhalo
resilience and the inclusion or not of hydrodynamics, we perform 500 independent re-
populations to ensure a proper statistical sample. For our purposes and the remainder
of this work, in each repopulation we select the brightest subhalo in terms of expected
annihilation signal, i.e., the one with the highest J-factor. Thus, our results below
correspond to the subsample of the 500 brightest subhalos across our realizations.
Again, we recall that the set of parameters used in our repopulations can be all found
in Appendix 4.C.

4.5 Impact of baryons in gamma-ray subhalo searches

In this section, we present two specific applications of the use of our repopulation
algorithm on Auriga data, both of them in the context of DM searches. First, we derive
the distribution of J-factors of the repopulated Auriga subhalo population under the
different scenarios considered in our work (fragile and resilient, for both DMO and
MHD runs). Then, we assess the impact of these newly derived J-factor distributions
on DM constraints previously obtained from observations of gamma-ray unidentified
sources.
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FIGURE 4.5.1: Js (given by Eq. (4.3)) versus Viax for the brightest
subhalo in 500 repopulations with Vi,ax € [0.1,120] km/s, with the
colored z-axis representing the distance to Earth. Different scenarios
are shown depending on subhalo resilience (top and bottom panels for

fragile and resilient populations, respectively) and inclusion or not of
hydrodynamics (left for DMO; right for MHD).

4.5.1 Subhalo J-factors in the repopulated Auriga

Some low-mass subhalos may be potentially relevant for DM searches provided the
right combination of their proximity to Earth and mass, thus we decide to adopt a
wide range of Vipax € [0.1,120] km/s for our Auriga repopulation, with the minimum
value corresponding to subhalos a factor ~ 10% — 107 less massive than the resolved
ones, and the maximum corresponding to the highest Vi a.x value found in the Auriga
“Level 3” suite.

Fig. 4.5.1 shows the J-factor value (more specifically, Jg given by Eq.(4.3)) of the
brightest subhalo in each of our 500 repopulations, as a function of Vi,ax. Each panel
refers to one of the studied scenarios: fragile and resilient, for both DMO and MHD.
Color represents Dg,rn. As it can be seen, and as expected, both the fragile and
resilient MHD subhalo populations are typically less bright than their DMO counter-
parts, since MHD subhalos are typically less concentrated than DMO ones (Fig. 4.3.4)
and Jg scales as /c,. Also, the figure shows that the brightest fragile subhalos are
generally located at larger distances from Earth than resilient ones. Besides, in most
repopulations, even though we generated subhalos down to Viax = 0.1km/s, most
of the brightest subhalos have Vijax > 1km/s, in agreement with previous studies
that used DMO simulations (Coronado-Blazquez et al., 2019; Aguirre-Santaella and
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FIGURE 4.5.2: Jg (given by Eq. (4.3)) histograms built from the
brightest subhalo in 500 repopulations with Vi,ax € [0.1,120] km/s.
The different histograms depict different scenarios of subhalo resilience
(fragile vs. resilient) and inclusion or not of hydrodynamics (top for
DMO; bottom for MHD). The vertical dashed lines for each histogram
represent Jgs values, i.e., the value of the J-factor above which 95% of
the corresponding population is contained. See text for full details.

Sanchez-Conde, 2024). The only exception is the resilient MHD scenario, for which
small subhalos near Earth are the brightest in 2% of our repopulations. This is due
to a combination of several factors: as said MHD subhalos are typically less concen-
trated than DMO ones, so for a given Vi,.x value, Dgan gains comparatively more
relevance in the computation of the J-factor for MHD subhalos, Eq.(4.3). On the
other hand, the latter are numerous in the innermost parts of the Galaxy —where the
Sun is located— while we expect no fragile subhalos at such small galactocentric radii,
as codified in the corresponding SRDs (Fig. 4.3.3).

We provide a more ‘compressed’ view of the subhalo J-factors in the form of histograms
in Fig. 4.5.2. The J-factor distributions corresponding to the fragile scenario exhibit
consistently lower values than the resilient ones, for both DMO and MHD runs. This
indicates a direct correlation between the resilience of the population of subhalos
and high J-factor values. The vertical dashed lines in the figure represent the 95
percentile of the brightest subhalos, so-called Jgs in Coronado-Blazquez et al. (2019),
Coronado-Blazquez et al. (2019), and Coronado-Blazquez et al. (2022). This Jos
represents the J-factor threshold above which 95% of the distribution lies. As in the
mentioned works, we here select this value to derive a benchmark, conservative J-
factor indicative of the brightest subhalo in a MW-like halo. Furthermore, Jg5 values
will be particularly useful in the next subsection when discussing the impact of our
findings for current DM constraints. Using Jgs as a proxy of the J-factors of the
entire subhalo population, we conclude that DMO subhalo J-factors are higher than
their MHD counterparts by 0.80 dex in fragile and 0.48 dex in resilient repopulations.
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FIGURE 4.5.3: Jg (given by Eq. (4.3)) versus angular radius g for
the brightest subhalo in 500 repopulations with Vi,.x € [0.1,120] km/s,
with the colored z-axis representing V... Different scenarios are
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fragile and resilient populations, respectively) and inclusion or not of
hydrodynamics (left for DMO; right for MHD). Dotted gray lines show
the found linear relations in log;, —log;, scale; see text for details.

Resilient subhalo J-factor values are higher than their fragile counterparts by 0.86 dex
(DMO) and 1.18 dex (MHD). Finally, we note that the overlap between fragile and
resilient histograms is more pronounced in DMO, while MHD has almost no overlap.

Finally, in Fig. 4.5.3 we examine the spatial extension of the brightest subhalos. We
define the angular size subtended in the sky by a subhalo as fs = arctan (rs/Dgartn),
that is, the angular extension of the scale radius as observed from Earth. Our results
show a direct correlation between g and J-factor. Adopting a linear relation between
both quantities in log;y —log,y scale, we find the slopes to be ~ 1.0 for DMO and
~ 0.8 for MHD, both for the resilient and fragile scenarios. We show these correlations
as dotted gray lines in Fig. 4.5.3 as well. No clear correlation is observed between fg
and Viyax (the latter depicted with colors in the figure).

Additional in-depth analyses along the lines followed in this subsection are presented
in Appendix 4.F: a study of the J-factor distributions as a function of Dgc and Viax,
as well as the corresponding V.« histograms.

4.5.2 Impact on current dark satellites” DM constraints

We present a use case for our repopulation algorithm: the search of dark satellites, i.e.,
DM substructures without a baryonic counterpart. Specifically, we examine how the
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latest DM constraints derived from the lack of signals from these targets (Coronado-
Blazquez et al., 2022) are modified, on one hand, by the inclusion of baryons and, on
the other, by the level of resilience of the subhalo population.

In the context of dark satellites, the maximum value to be considered for Vi,.x is con-
strained by the emergence of baryons in subhalos. Different works have investigated
this value, finding a complex dependence with e.g. reionization history, gas cooling,
assembly bias, etc., and a minimum host halo mass for visible galaxies to be in the
range ~ 10% — 10° My (Sawala et al., 2015; Sawala et al., 2016; Jethwa, Erkal, and
Belokurov, 2018; Nadler et al., 2020; McQuinn et al., 2022; Nadler, 2025). We simply
follow (Coronado-Blazquez et al., 2019; Coronado-Blazquez et al., 2019; Coronado-
Blazquez et al., 2021; Coronado-Blazquez et al., 2022) and adopt as boundary between
visible and invisible satellites the Viax that corresponds to a subhalo mass of 107 Mg,
i.e., Vinax ~ 8km/s. We show this value as a dotted vertical line in Fig. 4.3.1. The
adoption of a value similar to the one in these works is not only particularly useful
but also key for the purposes of this section, as it will allow us to perform a simple
rescaling of DM limits to show the impact of our results, as explained later below.

Previous studies have also investigated how the brightest of these dark satellites, in
terms of their expected annihilation signals, would be observed by current gamma-ray
instruments (Di Mauro, Stref, and Calore, 2020; Coronado-Blazquez et al., 2022).
In particular, Coronado-Blazquez et al. (2022) showed that Fermi-LAT would always
detect them as extended objects, with typical angular sizes ~ 0.3°. This information
was then used by the same authors to update earlier WIMP constraints, once they
verified the absence of such extended signals from potential dark satellite candidates
—previously pinpointed among current gamma-ray catalogs. The updated DM con-
straints became a factor 2 — 3 weaker, given the decrease of J-factor values used to set
the constraints with respect to previous work.® Thus, in order to make a one-to-one
comparison with the J-factors used in Coronado-Blazquez et al. (2022), we now intro-
duce a definition of the integrated J-factor that depends on the angle of integration as
seen from Earth, and use it to integrate our subhalos up to the radius that corresponds
to # = 0.15° (so that they would be seen as gamma-ray blobs 0.3° in size). We follow
the notation of Coronado-Blazquez et al. (2022) and refer to this J-factor as Jypg from
now on. Its computation is given by the following expression:

Hy 1 2163  J[ey 4 1
Joz = -~V 1- . (411
% T 12nG2 D2, f(2.163)2) 2 mex | & Doaren tan(0.152) |3 (4.11)
+ Rmax/2.163

We detail the derivation of Eq. (4.11) in Appendix 4.A.

We follow our subhalo repopulation methodology, summarized in Fig. 4.4.1, to perform
500 repopulations within the range Viyax € [0.1,8] km/s, and select the subhalo with
the highest J-factor in each repopulation. Since we now have two different J-factor
definitions, Jg and Jy3, we collect the properties of the brightest subhalo according to
both definitions. In most repopulations the same subhalo is the brightest under both
definitions, but this is not a requirement. We proceed to investigate the statistical
properties of the brightest subhalo over the repopulations.

SEarlier works had always adopted as subhalo J-factor the one integrated up to the whole angular
size of the object, which, for the brightest subhalos —the only ones of interest for DM searches— is
much larger than 0.3°, as discussed in Section 4.5.1 and shown in Fig. 4.5.3. Thus, adopting a J-
factor only integrated within the innermost 0.3°, instead of the whole subhalo, implies a substantial
decrease of its value and, thus, of the corresponding DM constraints.
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FIGURE 4.5.4: J-factor versus fg for the brightest subhalo in 500
repopulations with Vi,.x € [0.1,8] km/s, with the colored z-axis repre-
senting the V.. We study different scenarios depending on subhalo
resilience (fragile vs. resilient), definition of the J-factor used (Jg and
Jos, given by Eqgs. (4.3) and (4.11), respectively), and inclusion of hy-
drodynamics (DMO vs. MHD). Vertical gray lines in the right Jy3 plots
are placed at 0 = 0.15°, i.e., the Fermi-LAT angular resolution at 1
GeV. Dotted gray lines on the left panels show log-log fits to the data.
See Section 4.5.2 for further details.

In Fig. 4.5.4 we examine the relation between g and the J-factor of the brightest
subhalos, considering different J-factor definitions, inclusion of hydrodynamics, and
resilience. The leftmost four panels show .Js, where we observe an almost linear
increase in the log,y —log;y scale between its value and fg. Fitting a power law to
these data, the slopes are ~ 0.7 for the DMO fragile scenario, ~ 0.8 for DMO resilient
and ~ 0.6 for MHD resilient. The fragile MHD data exhibits a less pronounced
relation with a slope of ~ 0.2, but the trend persists. On the right panels, where
we use Jys, this relation between J-factor and fg gets flattened with slopes < 0.28
as the integration is constrained to a fixed angular radius. In the same figure, a
vertical gray line is shown on the four rightmost panels at g = 0.15°, i.e., the typical
angular resolution of Fermi-LAT at 1 GeV” and, indeed, most subhalos subtend g
values larger than this. Thus, we expect most of the brightest subhalos to be spatially
extended gamma-ray sources, in agreement with previous work. We note that in the
case of fragile MHD data, 15% of the sample has 65 < 0.15°. Thus, these subhalos
are integrated up to radii larger than their s when computing Jps and, consequently,
their Jpz > Jg. Finally, we also note that there is no significant correlation between
Vmax and fg for either of the J-factor definitions.

In Fig. 4.5.5 we show J-factor histograms for the eight scenarios under scrutiny and the
500 repopulations. Here, the fragile (stripped histogram) and resilient (non-stripped
histograms) cases are included on the same panel. The upper row shows the Jg
histograms, while the bottom row shows Joz. The 95 percentiles of the distributions
are shown as vertical dashed lines for each histogram. Such values of the J-factor
will become key when setting DM constraints from dark satellites, as explained below
and introduced in Coronado-Blazquez et al. (2019). Resilient populations provide

"https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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FI1GURE 4.5.5: Histogram of J-factors for the brightest subhalo in 500

repopulations with Viax € [0.1,8] km/s. We study different scenarios

depending on subhalo resilience (fragile vs. resilient), definition of the

J-factor used (Js and Jps, given by Egs. (4.3) and (4.11), respectively),

and inclusion of hydrodynamics (DMO vs. MHD). The vertical dashed

lines represent the J-factor value above which 95% of the corresponding
distribution is contained.

higher J-factors than the fragile ones, with differences in the 95" percentile between
0.7 dex (Jog DMO) and 1.5 dex (Js MHD). The sample of fragile MHD subhalos
exhibits the lowest J-factors among all scenarios. Furthermore, resilient DMO and
MHD populations have similar 95" percentiles, with variations of 0.2 dex in both
Js and Jys, while fragile populations have differences of 0.8 dex in Jg and 0.6 dex
in Jo3. DMO histograms show some overlap between the fragile and resilient cases,
lower resilient J-factor values being similar to those in the high tail of the fragile
distributions. This is not the case for MHD, where there is no overlap between fragile
and resilient. Further characterization of these 500 repopulations is presented in
Appendix 4.G, with supplementary analysis complementing the one discussed here.

Using Eq. (4.1), which expresses the DM annihilation flux as the product of the J-
factor and the fpp, we can set constraints on (ov) at 95% confidence level via the
following expression (Coronado-Blazquez et al., 2022):
_ 81 oge o

(ov) = T N, (4.12)
where ¢g‘eif is the minimum detectable flux by our detector, N, the integrated DM
spectrum per annihilation, and Jg,;, is informed by the value of the J-factor corre-
sponding to the 95th percentile of the J-factor distribution. Assuming that a number
n of unIDs in the Fermi-LAT catalog are dark satellites — i.e., their observed gamma
ray flux is originated by DM annihilation — the value of Jyy, is given by the 95th
percentile of the J-factor distribution built from the n*® brightest subhalo across all
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FIGURE 4.5.6: Example of the impact of our work on DM annihilation
cross-section constraints, in this case the ones derived for dark satellites
in CB22 (solid thin blue line) for two different annihilation channels,
bb (top) and 77~ (bottom). Our limits have been obtained simply by
rescaling those of CB22 accordingly to the different considered scenar-
ios: DMO and MHD Auriga repopulations, and fragile/resilient. See
Section 4.5.2 for details on the rescaling. The dash-dotted gray line is
the thermal relic cross-section value (Bringmann et al., 2021).

repopulations, as detailed in Coronado-Blazquez et al. (2019). Note that the case
n = 1 is the most constraining one, since the J-factors used to build the distribution
are the highest of each repopulation.

In order to illustrate how our results impact current DM constraints obtained from
dark satellites via the above described methodology, we focus here only on the con-
straints that were derived for the n = 1 case in Coronado-Blazquez et al. (2022)
(see their Fig.12), from now on CB22. Like them, we also simplify our analysis by
assuming that all DM annihilates into a single channel (By = 1 in Eq. (4.1)) and
selecting two representative ones, bb (quarks) and 777~ (leptons). This allows for a
simple rescaling of the constraint in CB22, by replacing their J5® with our 95" per-
centiles of Jyz. The results are shown in Fig. 4.5.6, where the constraint from CB22
is shown together with ours as a thin blue solid line. In the figure, the thermal relic
cross-section, (ov),, shown as a gray dash-dotted line, refers to the DM annihilation
cross-section during the early Universe, when DM was in thermal equilibrium with
Standard Model particles. Should our DM limits on the cross-section lie below this
(ov)gn for a certain WIMP model, the latter cannot constitute all of the DM. On the
contrary, DM limits above (ov)y, lack the sensitivity to test such WIMP model as
being responsible for the whole DM content of the Universe.
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Fig. 4.5.6 shows that including baryons worsens the DM limits with respect to DMO
by a factor of ~ 3.6 (fragile) and ~ 1.6 (resilient). Besides, the scenario of resilient
subhalos provides better constraints over the fragile one for both DMO and MHD by
factors of ~ 4.5 and ~ 10, respectively. Our tightest bounds come from the DMO
resilient scenario, which has the highest set of J-factor values (see Fig. 4.5.5). We
emphasize that J-factors derived from MHD simulations should be now considered
as more realistic than DMO-derived J-factors, while we stay agnostic in this work
about the level of resilience of the subhalo population. The resilient DMO constraint
reaches (ov)y, at m, ~ 10GeV for both annihilation channels, while the resilient
MHD constraint does so at m,, ~ 6 GeV only for the 777~ channel. Finally, a direct
comparison with CB22 is only possible for the case of our DMO fragile values, given the
cosmological simulations they implicitly used to set constraints in their work. We find
our DMO limits to be less constraining than theirs by a factor of ~ 1.7. This mismatch
is likely due to the different DMO simulations used in each case: VL-II (Diemand et
al., 2008) in CB22 and Auriga (Grand et al., 2017) in this work. Indeed, they use
a different set of cosmological parameters and initial conditions, such as og, which
are expected to cause significant differences in halo substructure. Additionally, both
the SRD and ¢y models differ between these suites. However, SHVF parameters are
consistent across simulations. We used a bootstrapping procedure to calculate the
best-fit parameters of the cumulative SHVF of the Auriga runs assuming a power
law parametrization, analogous to Section 4.3.1. The best-fit parameters are slope
adurigd _ 3 94 (0.1 and normalization VA% — 5.384-0.11. The best-fit parameters

0,cum
from VL-IT are ayAl = —2.97 £ 0.08 and V()VcIﬁgl = 5.424+0.06 (Aguirre-Santaella and

Sanchez-Conde, 2024).

4.6 Conclusions

In this study, we have investigated how the inclusion of baryonic physics impacts the
population of subhalos in Milky-Way-like halos using publicly available data from the
Auriga simulation suite. Since the numerical resolution of these simulations is limited,
we employed a repopulation algorithm to generate substructures orders of magnitude
less massive than those well resolved in the original runs. The methodology of char-
acterizing the original simulations and repopulating them with low-mass subhalos has
previously been performed using DMO suites (Aguirre-Santaella and Sanchez-Conde,
2024). In the current work, we extended the analysis to MHD suites, this way in-
corporating baryonic processes in our repopulation pipeline for the first time. More
precisely, we analyzed and compared four different repopulation scenarios, accord-
ing to the inclusion of baryons or not, and their level of resilience. Additionally, we
investigated the impact of our results on the latest DM annihilation cross-section con-
straints obtained from unID gamma-ray sources interpreted within the context of dark
satellites.

The Auriga suite (Grand et al., 2024) is comprised of zoom-in, high-resolution cosmo-
logical simulations of Milky Way-size halos performed incorporating either DMO or
MHD physics, with identical initial conditions. We focused on the “Level 3” resolution
and assess the impact of baryonic physics on subhalo abundance, distribution, and
structural properties. The presence of baryons leads to a decrease of subhalos across
all Vinax scales (see the SHVF shown in Fig. 4.3.2), the normalization of the DMO
scenario being a factor ~ 2.5 higher than the MHD. The radial distribution of subha-
los remains similar between DMO and MHD runs, as shown in the SRDs of Fig. 4.3.3.
However, in the MHD scenario we find the closest subhalo to the GC to be three
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times further away than in DMO. The internal structure of subhalos, codified in this
work via the so-called velocity concentration, is shown in Fig. 4.3.4. DMO subhalos
are more concentrated than MHD ones, the corresponding DMO normalization being
a factor ~ 1.5 higher than in MHD. Table 4.3.1 summarizes the best-fit parameters
of all these characterizations for Auriga, as well as the corresponding values of Viax
below which resolution effects cannot be ignored.

To overcome the resolution limits imposed by numerical effects, and with the intention
to investigate the properties of the subhalo population down to much smaller scales,
we employ the algorithm presented in Aguirre-Santaella and Sanchez-Conde (2024) to
repopulate the original Auriga runs with millions of low-mass subhalos. The pipeline
is described in Section 4.4 and comprised in the flowchart of Fig. 4.4.1. We extrapolate
the SHVF down to Vijax = 0.1km/s, which in terms of subhalo mass translates in
approximately six to seven orders of magnitude below the resolution of the original
simulations. We generate and analyze four different repopulation scenarios, depending
on the inclusion or not of hydrodynamics (DMO versus MHD), and on the level of
subhalo resilience to tidal forces (‘fragile’ versus ‘resilient’). The latter is modeled by
means of adopting different SRDs, shown in Fig. 4.3.3. The sets of input parameters
used for each of these four repopulation scenarios are summarized in Appendix 4.C.
For each of them, we generate 500 repopulations in order to ensure a proper statistical
sample.

In the context of indirect DM searches, our results in Fig. 4.5.1 show that small
subhalos can be the brightest of their corresponding repopulation provided that they
are close enough to Earth. This is specially relevant when considering the MHD
resilient scenario, where 2% of the brightest subhalos have Vijax < 1km/s. This is so
despite the fact that the MHD subhalo population exhibits lower cy values compared
to its DMO counterpart: in the resilient case there is now a non-negligible chance
for subhalos to exist at the Solar galactocentric radius, thus being close enough to
Earth to compete with most massive ones in terms of their J-factor values. We note
that the very existence of these small subhalos contradicts previous results from MHD
simulations, which report a severe lack of substructure in the inner Galaxy (Kelley
et al., 2019; Richings et al., 2020; Grand et al., 2021; Barry et al., 2023). Yet,
if the disruption of such dark satellites observed in simulations is primarily due to
resolution limits and such subhalos can indeed survive tidal forces, as pointed out by
other authors (van den Bosch et al., 2018; Bosch and Ogiya, 2018; Stref, Lacroix,
and Lavalle, 2019; Errani and Penarrubia, 2020; Amorisco, 2021; Aguirre-Santaella
et al., 2022), their existence would become highly relevant for DM searches according
to our results (see also (Aguirre-Santaella and Sanchez-Conde, 2024) for the DMO
case). In fact, these tiny structures would constitute dense, nearby structures of
solely DM, whose signals could potentially be detected using indirect DM detection
techniques. Overall, and beyond this important result, we find that the inclusion of
baryons shifts the whole J-factor distribution of the brightest subhalo down to lower
values with respect to the DMO scenario, and that resilient subhalos provide higher
J-factors than their fragile counterparts, both for DMO and MHD (see Fig. 4.5.2). In
Fig. 4.5.3 we show that the brightest subhalo appears extended as observed from Earth
in most repopulations, with the MHD fragile scenario being the one with less extended
subhalos. We observe a direct correlation between the subhalo angular extension and
their J-factor, with power law slopes of ~ 1.0 for DMO and ~ 0.8 for MHD, both for
the resilient and fragile scenarios. We find no correlation between Vi,.x and 6s.



Chapter 4. Impact of baryons on the population of Galactic subhalos and

109 o
implications for dark matter searches

In the last part of our work, we introduced a specific use case for the repopulation al-
gorithm, just as an example of potential applications. More precisely, in Section 4.5.2
we investigated the impact of our results within the context of DM searches using dark
satellites as observational probes. Once more, we performed 500 repopulations of the
four considered scenarios based on the Auriga characterization, yet this time adopting
for each repopulation an upper limit of Vi,,x = 8km/s for a direct comparison with
previous work (Di Mauro, Stref, and Calore, 2020; Coronado-Blazquez et al., 2022).
This is the Vihax value corresponding to subhalos with a mass M =~ 1071\/[@, below
which no subhalos are expected to host baryons according to those works (thus remain-
ing as dark satellites). We also introduced an alternative definition of the J-factor,
Jos, that integrates the DM-induced gamma-ray signals only within the innermost
0.3° of each subhalo, i.e., the expected angular extension of the brightest subhalos in
the Fermi-LAT gamma-ray sky given its instrumental sensitivity (CB22). For all cases
—but marginally in part of the fragile MHD data— Jy3 < Jg, as expected from a smaller
integration angle of the DM signal; see Figs. 4.5.4 and 4.5.5. Finally, also following
the methodology in (Coronado-Blazquez et al., 2019; Coronado-Blazquez et al., 2021;
Coronado-Blazquez et al., 2022), we calculated the 95" percentile of all our J-factor
distributions, i.e., the value above which the 95% of the corresponding population is
contained, and used it to rescale the DM annihilation cross-section constraints derived
in CB22. A one-to-one comparison with the latter work —only possible for the DMO
fragile case— provides DM limits that are nearly a factor two less constraining in our
case, likely due to differences in the original simulations used in either case. A more
realistic case including baryons worsens the constraints by a factor of ~ 3.6 in case
of considering fragile subhalos with respect to DMO fragile results. Yet, a stronger
resilience of subhalos to tidal stripping improves the DM limits by a factor ~ 4.5 and
~ 10 compared to their respective DMO and MHD fragile cases, respectively.

The results found in this work show the importance of including baryons in order to
achieve an accurate, more realistic characterization of the Galactic subhalo popula-
tion, as well as to propose the most optimal subhalo search strategies. The latter
not only via its potential DM annihilation products —for which we even included a
specific example here—, but also through their gravitational signatures. One of these
signatures are gaps in stellar streams. Stellar streams are the remnants of subhalos
that have been heavily stripped by tidal disruption in the Galaxy (Ibata, Gilmore, and
Irwin, 1994; Majewski et al., 2003; Malhan et al., 2022). The passage of a subhalo,
regardless of its baryonic content, can induce a discernible gap in the stream. The
properties and occurrence rate of these gaps are informed by the properties of the un-
derlying subhalo population. An improved characterization of the subhalo population
is thus crucial to correctly interpret the observed features in stellar streams (Carl-
berg, 2012; Carlberg, 2015; Erkal and Belokurov, 2015a; Erkal and Belokurov, 2015b;
Bonaca et al., 2019; Fernandez-Suéarez and Sanchez-Conde, 2025). Strong gravita-
tional lensing is another subhalo detection method that can largely benefit from our
work. Indeed, halo substructure can cause irregularities such as localized distortions
or anomalies in the observed lensing pattern, unlike smooth lens models. Again, a
proper characterization of the subhalo population in the object that acts as the lens is
key should we want to properly correlate the observed anomalies with the underlying
DM distribution (Vegetti et al., 2010; Nierenberg et al., 2014; Hezaveh et al., 2016;
Meneghetti et al., 2020).

Our study represents an important step ahead in these directions, yet future simulation
work will necessarily need to address in further detail the precise level of resilience
of subhalos to tidal stripping, as well as to overcome current numerical limitations to
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directly characterize with simulation data the whole range of expected ACDM subhalo
masses. Both are undoubtedly our main sources of uncertainty. For the time being,
and by means of the different repopulation recipes and scenarios considered, in this
work we provided results hopefully encapsulating such uncertainties.



Appendices

4.A J-factor definitions

The NFW DM density profile (Navarro, Frenk, and White, 1997) of a DM halo (or

subhalo) is given by
Po

(2)(1+2)"

where pg is the normalization density of the halo and rg the scale radius. The mass of
a halo is calculated by integrating the density profile, and using the NF'W expression,
we obtain

poM (T3 o, Ts) = (4.13)

M(<r)= /OT dr'am(r' V2 p(r') = dmpord f(r)rs) . (4.14)

where f(z) =In(1+2x) —z/(1 + x).

In a gravitationally bound system with dynamical equilibrium and spherical symme-
try, M(< r) = rV2../G. If we apply this expression to the NFW density profile, the

C1rc
expression for the circular velocity is given by

Viire(r) = V GM(<r) _ \/ 4rGpor3TITe) (4.15)

r r

The maximum value of this expression is Vijax, which occurs at a radius Rpax =
2.163 rs. Moreover, we can express pg as a function of Vi ax and Rpax using the same
expression, as

1 2163 V2,
po = max (4.16)
4G f(2.163) R2,,,

Now, we focus on the J-factor calculations. We use Eq. (4.1) to calculate the J-
factor of the NFW density profile (Eq. (4.13)), and apply variable changes following
Eq. (4.16). The integration gives us

1 1
3D27:03r§ 1 T \3
Earth <1 + 7%)

_ Hy 1 2163 fey,, [ 1
1207 D, TRAGEY 2 | 1y

When = > 1, the factor (1 —(1+ r/rs)_3) — 1. In other works this term has been

omitted, e.g., Moliné et al. (2023) and Aguirre-Santaella and Sanchez-Conde (2024),
and the J-factors presented there include the integration of the whole subhalo. We
work with this explicit dependence.

JInrw (1) =4m

(4.17)
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The J-factor integration defined in Section 4.2 is performed up to r = rg, so

H, 1 2163 [ey, 4
Js = JYy,
ST 12xG2 D2 f(2163)2\ 2 max

where Hj is the Hubble constant at present time, which we take as Hy = 67.7 km/s/Mpc
to be consistent with the Auriga simulations (Grand et al., 2024). The gravitational
constant is G = 6.67 x 107 m3/kg/s?. We arrive at Eq.(4.3) by combining all the
numerical factors into one.

: (4.18)

ool

In Section 4.5.2, the radius of integration depends on the angle at which ry subtends
in the sky, 7 = Dgayn - tan(0.15°), from Eq. (4.11). Then, we have

Hy 1 2163 ey, 4 1
Joz = V= x | 1- (419
% 127G D2, f(2.163)2) 2 max | 4 Deanntan(0.15°) ) (4.19)
+ Rmax/2.163

4.B Relation between mass and velocity concentration scat-
ters

We base the relation ca — ¢y on the formalism described in M17. In their Eq. (4),
this relations is expressed as

v (2.61A63)3 f(}jvT;ZgTS)A

where A denotes the overdensity factor, which represents a spherical overdense region

that has undergone gravitational collapse and reached virial equilibrium. We adopt
the upper value A = 200.

(4.20)

We assume a log-gaussian distribution, given by

P(z) = % exp [—; (loglo(a:)—u> 2] , (4.21)

g

where a is a normalization constant, u is the median point of the distribution, and o
is the standard deviation in log space.

On the left panel of Fig. 4.B.1 we show one of the histograms from Fig. 4 of M17. We
fit the histogram to the log-gaussian distribution, and list the best-fit values of y and
o on the same panel. Our best-fit value for o agrees with that from M17, o7 = 0.15.
On the right side of the panel we show the distribution of ¢y, which we have calculated
from the cop distribution using Eq. (4.20). Once again, we fit the distribution using
Eq. (4.21) and list the relevant parameters. Comparing the scatters, we can see that
oy > 20900.

4.C Input parameters for the repopulations

We compile all the input parameters used in our repopulation code in Table 4.C.1.
The values of the cosmological constants are taken from Navas, Amsler, Gutsche, et al.
(2024). The values of 75 and pp of the host are the geometrical means of those from
the Auriga original DMO “Level 3” runs, calculated using Eq. (4.16). The value of
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FiGURE 4.B.1: Left: histogram of cegp taken from Fig. 4 of M17

shown with a blue line. Fit to the histogram with a log-gaussian

distribution in orange line, given in Eq. (4.21). We also list the best-

fit values of p and o. Right: histogram of ¢y shown with a blue

line, calculated from the cogo distribution using Eq. (4.20). Fit to

the histogram with a log-gaussian distribution in orange line, given in
Eq. (4.21). We also list the best-fit values of u and o.

po is consistent with that of recent MW observations (de Salas and Widmark, 2021).
The value for Ry; has been taken as similar to the lower limit of the Auriga runs,
since recent observations of the MW set its value to Ryir < 200kpc (Ou et al., 2024).

4.D Roche criterion

The Roche criterion is the most commonly used criterion which defines when a subhalo
gets fully disrupted. According to it, a subhalo survives inside a host while this
expression holds:

Ty > T, (4.22)

where 7 is the tidal radius and r is the scale radius.

The tidal radius is an estimation of the size of a subhalo taking into account tidal
forces. It is defined as the radius where the differential tidal force of the host is equal to
the gravitational force due to the mass of the subhalo. Beyond it, we expect matter
to be subject to tidal stripping, while the interior should remain bound (Tormen,
Diaferio, and Syer, 1998; Zavala and Frenk, 2019),

Msubh 13
) .

_ 4.23
3 Mhost(< T ( )

r¢(r) = Dac <

It depends on Dgc, and the masses of both the subhalo and the host.

The ¢ is located in the innermost parts of a subhalo, so we define the subhalo whole
disruption as the moment in which the stripping occurs up to this point, as described
in Eq. (4.22). We note that other works have adopted alternatives to this definition,
e.g., Stref, Lacroix, and Lavalle (2019).

4.E Repopulations mimicking Auriga

In the main text, e.g. in Section 4.4.2, we claim that our repopulations accurately
reproduce the characterization of the subhalo population of Auriga, which allows
us to extrapolate to lower values of Vj.x. To substantiate this claim, we show the
characterization of one repopulation based on the fragile SRD, for both DMO and
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Cosmological constants

Perit 135.73 Mg /kpc?
Hy 67.7 km /s / Mpc
G 4.297x107% kpc / Mg (km/s)?

Host parameters (NFW DM density profile)
Rvir 220 kpC
Ts 20  kpc
P0 9.04 x 105 Mg / kpc?

Subhalo population

DMO MHD
Fragile Resilient Fragile Resilient
SHVF e -3.92 -3.92 -4.08 -4.08
[Eq. (4.5)] o 5.68 5.78 5.3 5.51
SRD ag -0.151 0 -0.27 0
[Eq. (4.6)] ai 39.3 1 16 1
A% Minimum Dec [kpe] 5.57 0 15.71 0
cy co 283,862 283,862 192,879 192,879
q. (4. o scatter . . . .
Eq. (4.10 1 0.297 0.297 0.375 0.375

TABLE 4.C.1: List of parameters used as input for the repopulation
algorithm.

MHD. We follow the methodology described in Section 4.4 and the parameters listed
in Table 4.C.1, but we repopulate a range Viax € [1,120] km/s. This range provides
sufficient information for this check, while creating a manageable dataset.

In Fig. 4.E.1 we show how the SHVF of our repopulation mimics the SHVF of the
Auriga runs down to Veyt, both for the DMO and MHD characterizations. Below these
values, the repopulation follows a power law distribution consistent with theoretical
expectations.

In Fig. 4.E.2 we show the comparison between the SRD of the Auriga runs at Vijax >
Vini, which was presented in Fig. 4.3.3, and that of our repopulation using all subhalos,
without cuts in Vipax. For both parametrizations, DMO and MHD, the repopulation
follows the analytical expression for the fragile SRD from Eq. (4.6), confirming the
validity of our modeling approach.

None of the subhalos in this repopulation are disrupted by the Roche criterion (de-
scribed in Appendix 4.D), either in the DMO or MHD scenario. Although individual
subhalos might disrupt in other repopulations with the same inputs, we expect sim-
ilar survival numbers. Conversely, repopulating with the resilient characterization
and the same Vj,.x range, some subhalos fail to survive the Roche criterion. In the
DMO scenario, 99.7% of the resilient subhalos survive (~ 570 subhalos disrupted), and
99.5% in MHD (~ 475 subhalos disrupted). These numbers reinforce that the injected
characterization is reproduced by the repopulations, and that subhalo disruption is
exceptional. In Section 4.4.2 we stated that 30%-45% of the brightest subhalos break
under the Roche criterion. The over-representation of disruption in the subsample of
brightest subhalos reinforces the notion that the brightest subhalos tend to be atypical
in their repopulation.
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FIGURE 4.E.1: SHVF of one repopulation following Section 4.4 and

the parameters listed in Table 4.C.1 shown as the filled histograms,

compared to the SHVF from the original Auriga runs, as calculated

in Section 4.3.1 and shown with the empty histograms, both for DMO
and MHD.
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tion 4.3.2 and shown with the empty histograms, both for DMO and
MHD.
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FIGURE 4.F.1: Jg (given by Eq. (4.3)) versus Dgc for the brightest
subhalo in 500 repopulations with Viyax € [0.1,120] km/s, with the col-
ored z-axis representing V.. Different scenarios are shown depending
on subhalo resilience (top and bottom panels for fragile and resilient

populations, respectively) and inclusion or not of hydrodynamics (left
for DMO; right for MHD).

4.F Full characterization up to 120 km/s

Here, we expand on the analysis of the repopulation results for the subsample of the
brightest subhalo in the repopulations from Section 4.5.1, with V. € [0.1,120] km/s.

In Fig. 4.F.1 we show the J-factor as a function of the Dgc for all the scenarios we
considered. We can clearly see the radial distance cut-offs that we enforce in the fragile
SRD scenario for both DMO and MHD, as there are no subhalos below these limits.
The majority of brightest subhalos with Vijax < 10km/s are located at a distance
from the GC similar to Earth, Dg, = 8.5 kpc. Additionally, for a certain J-factor,
larger subhalos tend to be located at greater distances from the observer.

We also find some caveats of the repopulation algorithm regarding large subhalos. In
the four scenarios presented there are subhalos with Vi .x > 50km/s appearing at
Dgc < 20kpe, from 1 (fragile MHD) to 53 (resilient DMO) of the brightest subhalos.
These structures clash with our observation of the Milky Way, where structures that
massive are not found at distances Dgc < 20kpc (McDaniel et al., 2024). These
objects might be present next to the GC in other galaxies, but not in ours. Since
there is no cosmic evolution in our repopulations, large structures can be positioned
close to Earth as long as they do not violate the Roche criterion (or encompass the
Earth; this latter condition is relevant for our work because we focus on studying
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FIGURE 4.F.2: Histogram of V.« for the brightest subhalo in 500 re-

populations with Viyax € [0.1,120] km/s. We study different scenarios

depending on subhalo resilience (fragile vs. resilient) and inclusion of
hydrodynamics (left for DMO and right for MHD).

subhalos as an “outside” signal, yet it might be useful to retain these subhalos for
other applications).

In Fig. 4.F.2 we show the Vj,.x histograms of the brightest subhalo in the repopu-
lations. The MHD resilient scenario is the only one where we consistently find the
brightest subhalo with Vi,.x < 1km/s, and it happens in 2% of the repopulations.

4.G Extra characterization of the dark satellites repopu-
lations

Here, we expand on the analysis of the repopulation results for the subsample of the
brightest subhalo in the repopulations from Section 4.5.2, with Vipax € [0.1, 8] km/s.

In Fig. 4.G.1 we show the J-factors as a function of Vi ax. We explicitly observe that
the fragile MHD scenario does not have subhalos Vipax < 2km/s for any definition
of the J-factor. Between a 2.6% (fragile DMO, Jp3) and a 9% (resilient MHD, Jg)
of subhalos in all other scenarios have Vi ax = 0.1km/s, which only happened in the
resilient MHD scenario in the repopulation up to Viax = 120 km/s.

In Fig. 4.G.2 we show the V.« histograms, using the Jg definition. Both resilient
and fragile scenarios of DMO present subhalos with Vi,ax < 1km/s as the brightest
of their repopulations, in contrast to the MHD, where this only occurs in the resilient
repopulations.
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FIGURE 4.G.1: J-factor versus V.. for the brightest subhalo in 500
repopulations with Vi,.x € [0.1,8] km/s, with the colored z-axis repre-
senting the distance to Earth. Different scenarios are shown depending
on subhalo resilience (top and bottom panels for fragile and resilient
populations, respectively), definition of the J-factor used (left for Jg
(Eq. (4.3)) and right for Jos (Eq. (4.11))) and inclusion or not of hydro-
dynamics (left for DMO; right for MHD for each J-factor definition).
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FIGURE 4.G.2: Histogram of V. for the brightest subhalo using Jg

in 500 repopulations with Vi,.x € [0.1,8] km/s. We study different

scenarios depending on subhalo resilience (fragile vs. resilient) and
inclusion of hydrodynamics (left for DMO and right for MHD).



Chapter 5

Conclusions and outlook

This thesis comprises several studies on the characterization of DM and the modeling
of the EBL, as presented in the preceding chapters. Below is a brief summary of the
main conclusions from each work and a general outlook.

The first study, presented in Chapter 2, focuses on the indirect detection of DM. A
cosmological population of ALPs decaying over cosmic time would produce photons
potentially observable today, and therefore create an aditional contribution to the
CB. The main objective of this chapter is to derive constraints on the m, — g,y ALP-
photon parameter space, by adding the ALP contribution to an astrophysical CB
model and studying where this contribution overshoots observational upper limits and
measurements of the CB, specifically in the X-ray, ultraviolet, and optical regimes. In
the optical, I compare different CB models and confirm that they provide very similar
constraints. Furthermore, I include constraints based on the effects of a decaying
population of ALPs in the MW.

In recent years, the NH spacecraft has provided measurements of the optical CB, and
reported an excess over the expected CB intensity of 1.40 (Postman et al., 2024).
A second goal of this work is to perform a detailed analysis of this measurement,
incorporating the instrumental response of the detector and determine whether any
characterization of ALP decay could explain this excess without violating the limits
derived from the other CB measurements. A small region located at m, ~ 4 — 5eV
could, in principle, explain the excess, but has already been excluded by other studies
in the literature (O’Hare, 2020). In the appendices of this chapter, I evaluate whether
subdominant astrophysical sources of the CB, such as AGN and intra-halo light, could
help explain the NH excess. These tests confirm that the none of these components
is sufficiently large to explain the observed discrepancy.

Chapter 3 introduces NIEBLA, an open-source PYTHON software for modeling the EBL.
The software follows a forward-folding approach, which models the EBL by calculating
the contributions and evolution of its sources. It includes contributions from SSPs,
stripped stars, intra-halo light, ALP decay, and interstellar dust. NIEBLA accepts
fully customizable inputs and parametrizations, allowing users to create and fit any
EBL model to observational data. I provide three EBL models following different dust
prescriptions, using spectral dust templates or a combination of blackbodies, which
have been fitted to several datasets.

The chapter includes a use case demonstrating how to distinguish different EBL mod-
els using the effect of the EBL on VHE observations. I simulate observations of the
blazar Markarian 501 in a high-flux state with LHAASO. This test shows that if the
intrinsic spectrum of the source is described by a power law it is possible to distinguish
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between some EBL models. However, for more complex intrinsic spectral shapes, dif-
ferences between EBL models can be compensated by additional spectral parameters.
Despite this limitation, the ability to generate, modify, and correctly treat a wide
range of EBL models remains highly valuable for the VHE community.

Chapter 4 focuses on the impact of baryonic processes on the subhalo population
in MW-like systems. In this work, I analyze the Auriga suite (Grand et al., 2024),
which includes both MHD simulations and their corresponding DMO runs of MW-like
systems. The inclusion of baryons leads to an overall reduction in the number and con-
centration of subhalos. To overcome the inherent resolution limits of the simulations,
I employ a repopulation algorithm that creates subhalos below the resolution limits,
which follow the characterization of the subhalo population in Auriga. I create four
scenarios, based on the MHD vs. DMO comparison, as well as “fragile” vs. “resilient”
subhalo populations, studying whether subhalos survive near the GC. The main result
from the brightest subhalo subsample is that subhalos below the resolution limits can
be brighter than more massive ones, provided that they are close enough to Earth.
This brightness is caused by the self-annihilation of DM WIMPs into gamma rays.
This is especially relevant in the resilient MHD scenario.

The work also includes a use case for the repopulation algorithm. I examine how
the differences between DMO and MHD, as well as fragile and resilient scenarios,
affect the existing WIMP annihilation cross-section limits derived from dark satellites.
Dark satellites are subhalos too small to host baryonic processes, which consequently
would only emit gamma rays created by DM interactions. My results show that
MHD scenarios weaken the cross-section constraints, but this effect is compensated
if the subhalo population is resilient to tidal forces, and the disruption observed in
simulations is caused by numerical limits.

These three individual works encompass the main results of my doctoral studies. Nev-
ertheless, there always remain ways in which these works could be expanded. From
Chapter 2 and Chapter 3, new measurements of the CB and of the source popula-
tions that contribute to it would help strengthen new models, while also constraining
any possible DM contribution. This would also allow us to constrain the cosmologi-
cal parameters more precisely. Especially for NIEBLA, measurements in the infrared
regime would help distinguish between different dust reemission models and parame-
ters. Moreover, the use of a software framework that can be fitted simultaneously to
observational gamma-ray data can be highly beneficial, especially with the new gener-
ation of telescopes such as the forthcoming CTAO. Currently, this methodology relies
on fitting the overall normalization of the EBL or simplifying its spectral shape to a
parametric expression. The work presented in Chapter 4 provides a more accurate
characterization of the subhalo population in our Galaxy. This opens new avenues for
indirect DM searches in the MW, such as studies of stellar streams or irregularities in
lensing patterns.
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