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Abstract

The overwhelming evidence for the existence of dark matter (DM) in the
Universe, and the discovery of the neutrino masses, are striking indicators of
the need for new physics beyond the ⇤CDM and Standard Model paradigms.
DM constitutes ⇠ 85% of the matter in the Universe, but its fundamental nature
remains a mystery. Moreover, the physical mechanism responsible for the neu-
trino masses is unknown. A complete theoretical framework – consistent with
all observations – that incorporates a microscopic description of DM into the
standard models of cosmology and particle physics, as well as an understanding
of the origin and scale of the neutrino masses, is a key common goal.

Cosmological observables are promising in this regard and can provide unique
insights into the nature of these elusive particles. In this thesis, I focus on the
synergy between cosmology and particle physics in answering these fundamen-
tal questions. To this end, I present examples of how upcoming measurements
probing the high-redshift Universe can unveil new insights into the nature of
DM and the complementarity between cosmological observations and terrestrial
experiments in determining the neutrino mass hierarchy.

The first part of this thesis studies the electromagnetic signatures of non-
gravitational DM interactions on cosmological observables. I compute the effects
of DM decay and annihilation on the thermal and ionization history of the
Universe, and the imprint on the cosmological 21 cm signal from the dark ages.
I examine the potential to detect such a signature with forthcoming 21 cm
line-intensity mapping measurements, presenting forecasted constraints for both
upcoming and next-generation experiments.

Next, the effects of DM-baryon scattering on the post-recombination Uni-
verse are explored. In this work, I consider for the first time the direct contri-
bution of such interactions on the baryon and DM temperature perturbations
and the resulting evolution of cosmological density perturbations. In particu-
lar, I show that these contributions lead to a large enhancement of the baryon
temperature power spectrum and a further suppression of matter clustering at
small scales, which can alter both the amplitude and time evolution of the 21 cm
signal from cosmic dawn and reionization.

Finally, I look at the question of neutrino masses and the mass hierarchy
from the lens of cosmology. Cosmological surveys provide the tightest con-
straints on the absolute mass scale of neutrinos, and are closing in on the mini-
mum mass bound allowed under the inverted hierarchy. Using the latest results
from global fits to neutrino oscillations experiments combined with cosmolog-
ical constraints on the sum of the masses, I perform a Bayesian analysis to
constrain the individual neutrino masses and evaluate the Bayesian evidence
for each of the neutrino mass orderings. The results show that current data
provide a strong Bayesian preference for the normal mass hierarchy, even un-
der widely different prior assumptions, which has important implications for
particle physics.





Resumen

Las pruebas irrefutables de la existencia de la materia oscura (DM) en el
Universo, y el descubrimiento de las masas de neutrinos, son llamativos indi-
cadores de la necesidad de una nueva física más allá de los paradigmas ⇤CDM y
del Modelo Estándar. DM constituye el ⇠ 85% de la materia del Universo, pero
su naturaleza fundamental sigue siendo un misterio. Además, se desconoce el
mecanismo físico responsable de las masas de los neutrinos. Un marco teórico
completo – coherente con todas las observaciones – que incorpore una descrip-
ción microscópica de la materia oscura a los modelos estándar de cosmología
y física de partículas, así como una comprensión del origen y la escala de las
masas de neutrinos, es un objetivo común clave.

Los observables cosmológicos son prometedores en este sentido y pueden
proporcionar una visión única de la naturaleza de estas elusivas partículas. Esta
tesis se centra en la sinergia entre la cosmología y la física de partículas para
responder a estas cuestiones fundamentales. Para ello, presento ejemplos de
cómo las próximas sondas cosmológicas pueden desvelar nuevos conocimientos
sobre la naturaleza de la DM y la complementariedad entre las observaciones
cosmológicas y los experimentos terrestres para determinar la jerarquía de masas
de los neutrinos.

La primera parte de la investigación presentada en esta tesis estudia las
firmas de las interacciones no gravitacionales de la DM en los observables cos-
mológicos. Calculo los efectos de la desintegración y la aniquilación de DM en la
historia térmica y de ionización del Universo, y la huella en la señal cosmológica
de 21 cm de las Dark Ages. Examino el potencial para detectar dicha señal con
las futuras observaciones de 21 cm y presento las limitaciones previstas para los
experimentos próximos y de próxima generación. A continuación, se exploran
los efectos cosmológicos de la dispersión elástica entre el DM y los bariones.
En este trabajo, considero por primera vez la contribución directa de estas in-
teracciones en las perturbaciones de temperatura de los bariones y de la DM
y la evolución resultante de las perturbaciones de densidad cosmológicas. En
particular, muestro que estas contribuciones conducen a un gran aumento del
espectro de potencia de la temperatura de los bariones y a una mayor supresión
de las fluctuaciones de la materia a escalas pequeñas, lo que puede alterar tanto
la amplitud como la evolución temporal de la señal de 21 cm de las épocas del
Cosmic Dawn y la Reionización.

En la segunda parte de esta tesis, examino la cuestión de las masas de los
neutrinos y la jerarquía de masas desde el punto de vista de la cosmología. Los
estudios cosmológicos proporcionan las restricciones más estrictas sobre la es-
cala de masa absoluta de los neutrinos, y se están acercando al límite mínimo
de masa permitido bajo la jerarquía invertida. Utilizando los últimos resultados
de los ajustes globales de los experimentos de oscilaciones de neutrinos, combi-
nados con las restricciones cosmológicas sobre la suma de las masas, realizo un
análisis Bayesiano para inferir las masas individuales de los neutrinos y evaluar
la evidencia Bayesiana para cada uno de los ordenamientos de masas de neu-
trinos. Los resultados muestran que los datos actuales proporcionan una fuerte
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preferencia Bayesiana por la jerarquía de masas normal, incluso bajo probabil-
idades a priori muy diferentes, lo que tiene importantes implicaciones para la
física de partículas.

Finalmente, concluyo la tesis con un resumen de los resultados clave y exam-
ino su relevancia dentro del contexto más amplio del campo. Además, discuto
las perspectivas futuras y las posibles vías de seguimiento de este trabajo.
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Chapter 1

Introduction

Cosmology is the science of understanding the origin, evolution and composition
of the Universe as a whole. Having its roots in ancient philosophy, in the
last few decades, the field of cosmology has transformed into an observational,
data-driven science. We are now in the era of so-called “precision cosmology”
thanks to advances in technology providing us with a wealth of cosmological
observations, enabling the study of the Universe from its infancy – moments
after the Big Bang – via the Cosmic Microwave Background (CMB) to the
present day distribution of matter and galaxies from measurements of the Large-
Scale Structure (LSS) of the Universe. These measurements, in combination
with other observations on galactic scales, have confirmed that the Universe
is filled with an invisible dark matter component. Moreover, measurements
of the recessional velocities of Type Ia supernovae (SNeIa) have led to the
discovery of the late-time accelerated expansion of the Universe, driven by dark
energy. These observations in tandem with major theoretical developments
have led to the establishment of the prevailing paradigm of cosmology today:
the ⇤-Cold Dark Matter (⇤CDM) model, describing a Universe dominated by
a cosmological constant ⇤ (dark energy) and cold dark matter (CDM).

⇤CDM is a concordance model. It is the simplest and most explanatory
model that can reproduce exceptionally well a whole host of independent cos-
mological observations, spanning vastly different physical scales and times in
cosmic history. It expands upon the original hot Big Bang model to include the
theory of inflation, dark matter and dark energy. However, despite its enormous
success, it remains a mostly phenomenological model; the dark components of
the Universe contribute ⇠95% of the cosmic energy density, but a theoretical
underpinning of their nature and origin is lacking. The Standard Model of par-
ticle physics (SM), which describes the sub-atomic particles and fundamental
forces of all known matter, only accounts for the other 5% of the Universe. A
new species of matter is needed to explain dark matter, with the most promising
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candidate being a new fundamental particle beyond the SM. Additionally, an-
swers to open questions about the early Universe – e. g., what drives inflation?
– will likely depend on beyond-the-SM (BSM) physics at higher energy scales.
A complete cosmological model of the Universe must address the origin and
nature of its fundamental ingredients, for which a consistent theory of matter
on the smallest microscopic scales and the highest energies is required.

In addition to the dearth of a particle dark matter candidate, there is other
observational evidence that the SM is not complete. The SM has been remark-
ably successful in describing all experimental results to date, with the notable
exception of the discovery of neutrino oscillations. Within the SM framework,
neutrinos are massless particles; however, neutrino oscillations are only possible
if neutrinos have non-zero mass, and thus constitute direct evidence for BSM
physics. Massive neutrinos have important cosmological consequences, leaving
unique imprints on the expansion rate and structure formation history of the
Universe. They contribute to the matter energy budget of the Universe today
and thus, in fact, constitute a tiny fraction (less than ⇠ 1%) of the total dark
matter density.

Understanding the nature of dark matter and neutrinos are key open prob-
lems at the interface of cosmology and particle physics. As such, major experi-
mental efforts are underway to try to detect dark matter particles and measure
the neutrino mass scale. Cosmological observables are promising in this regard
and can provide unique insights into the nature of these elusive particles. In
this thesis, I present research that highlights the potential of future cosmological
probes of dark matter and the complementarity between cosmological observa-
tions and terrestrial experiments in inferring the individual neutrino masses and
their ordering. This introductory chapter will set the stage for the subsequent
chapters: I provide a brief overview of the ⇤CDM model in Section 1.1; followed
by a review of the astrophysical and cosmological evidence for dark matter, as
well as particle candidates and detection methods, in Section 1.2; and finally, a
short introduction to neutrino oscillations and the role of massive neutrinos in
cosmology is given in Section 1.3.

1.1 The Standard Cosmological Model: ⇤CDM

Modern cosmology is built upon a mathematical framework that describes the
evolution of the Universe on the largest observable scales. Two cornerstones
upon which it rests are Einstein’s theory of General Relativity (GR) [4] and the
cosmological principle. The cosmological principle states that the Universe is
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homogeneous and isotropic at sufficiently large scales. Although a fundamental
assumption of modern cosmology, there is observational evidence to support it;
measurements of the CMB and galaxy surveys show that the Universe is very
near isotropic on scales larger than 100Mpc

�1 [5–8] and any possible deviation
would be negligible. Homogeneity has also been tested [9–11].

On the other hand, GR has been extensively tested and verified by numer-
ous observations [12–14]. More recently, the detection of gravitational waves
from binary black hole and neutron star mergers by the LIGO and Virgo col-
laborations [15–21] is in spectacular agreement with the predictions of GR.
Furthermore, the latest Event Horizon Telescope observations also prove to be
consistent with GR [22–24]. To date, no deviation from GR has been detected
at the length and energy scales probed.

The publication of Einstein’s theory of GR, and the first cosmological solu-
tions of a dynamic Universe found shortly thereafter [25, 26], marked the birth
of modern cosmology roughly 100 years ago. Around the same time, the first
modern reflecting telescopes began operating at the Mount Wilson Observatory,
opening up the exploration of the Universe beyond our own galaxy. Famously,
in 1929 Hubble discovered that galaxies were receding from us with a velocity
directly proportional to their distance from Earth [27]; more distant galaxies
were moving away faster, corresponding to an expanding Universe.1 Extrap-
olating the cosmic expansion backwards in time, Lemaître proposed the first
idea of a “primeval atom” or singularity as the origin of Universe [28]. Hot Big
Bang cosmology flourished with the development of Big-Bang nucleosynthesis
(BBN) in the 1940s by Alpher, Bethe and Gamow [29, 30], which correctly
predicted the observed abundance of light elements in the Universe and antici-
pated the existence of a relic radiation left over from the Big Bang, the CMB.
The serendipitous discovery of the CMB radiation by Penzias and Wilson [31],
and interpretation as such [32] – i. e., relic radiation from the hot, primordial
Universe – provided strong support for the Big Bang theory.

While the hot Big Bang model was highly successful, big questions remained
regarding the origin and formation of the observed structure in the Universe to-
day. Within the ⇤CDM framework, inflation and cold dark matter provide the
answer. A key pillar of modern cosmology is the assumption of inflation, a pe-
riod of rapid, accelerated expansion in the very early Universe which stretched
out initial quantum fluctuations and seeded the large-scale structure observed

1
In fact, Lemaître already made this connection prior to Hubble’s observations; he inde-

pendently discovered the expanding Universe solution to Einstein’s equations and formulated

the observational relationship between distance and recessional velocity, providing a first es-

timate of the Hubble constant based on data available at the time [26].
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today. In the simplest models, inflation is driven by a scalar field whose initial
quantum fluctuations are blown up to classical scales by the expansion, gen-
erating the primordial density perturbations. As the Universe evolves, these
primordial density perturbations grow under gravity, eventually forming the
galaxies, galaxy clusters, superclusters, filaments and voids that make up the
vast cosmic web of structure. While inflation provides the initial conditions, a
non-baryonic matter component is needed for these structures to form. Today,
a suite of astrophysical and cosmological observations prove that the majority
of the matter in the Universe is made up of this invisible dark matter, as we
will discuss in detail in Section 1.2.

The first detection of the CMB anisotropies by the COBE collaboration [33]
was in agreement with the predictions of inflation and cold dark matter, and
ushered in the era of precision cosmology. Later, the discovery of the accelerated
expansion of the Universe from observations of SNeIa [34, 35] in the 1990s put in
place the last major component of the ⇤CDM model: dark energy. Dark energy
is modelled as a fluid with negative pressure which drives the late-time acceler-
ated expansion and is well-described by a cosmological constant, ⇤.2 Over the
last few decades, several notable cosmological observations have been integral
in the establishment of the current ⇤CDM paradigm. A number of CMB ex-
periments followed after COBE, but none have played as significant a role as
the satellite telescopes, WMAP [43, 44], and more recently Planck [45], which
have provided exquisitely accurate measurements of the CMB anisotropies and
furnished us with high precision constraints on the cosmological parameters.
Moreover, from the early 2000s galaxy redshift surveys probing the LSS flour-
ished, providing measurements of galaxy clustering and the Baryon Acoustic
Oscillations (BAO) scale, as first detected by the SDSS [46] and 2dF [47] col-
laborations.

These are merely highlights of the seminal research that has firmly estab-
lished the ⇤CDM concordance model, which encapsulates our simplest and most
explanatory picture of the Universe. With only six free parameters, the ⇤CDM
model is able to fit independent high-precision measurements which probe the
Universe on vastly different length and time scales; observations of the CMB,
⇠ 380,000 years after the Big Bang, point to the same values for these cosmo-
logical parameters as local measurements of the LSS and cosmic expansion –
barring some reported inconsistencies between low- and high-redshift datasets,
the most significant being the Hubble tension [45, 48, 49]. More data is needed

2
Although modified gravity theories have also been proposed, for comprehensive reviews

see refs. [36–42].
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to confirm if these tensions are signs of new physics rather than systematic
effects.

1.1.1 The Expanding Universe

The Einstein field equations describe how the geometrical properties of space-
time (gravity) – defined by the metric – relate to the energy and matter content
of the Universe. Applying the cosmological principle to the Einstein Equations,
the spacetime metric for an isotropic and homogeneous expanding Universe is
the Friedman-Lemaître-Robertson-Walker (FLRW) metric [25, 26, 50–52] with
the line element

ds
2
= �dt

2
+ a

2
(t)


dr

2

1� r2
+ r

2
d✓

2
+ r

2
sin

2
✓d�

2

�
, (1.1)

where t denotes proper time, r, ✓, � are spherical spatial coordinates, a(t) is
the scale factor and  = +1, 0,�1 describes the geometry for a closed, flat and
open Universe respectively. We use Planck units where c = 1. The scale factor
describes the expansion (or contraction) of space as a function of time only and
is normalised such that a0 = a(t0) = 1 today.

The time evolution of the scale factor describes the Universe’s expansion
history and is determined by solving the Einstein equations with the FLRW
metric. Assuming that the contents of the Universe (e. g. matter, radiation)
behave as a perfect fluid with energy density ⇢ and pressure p, the Einstein
equations then reduce to the Freidmann equations:

H
2
(a) =

✓
ȧ

a

◆2

=
8⇡G

3
⇢� 

a2
+

⇤

3
,

Ḣ +H
2
=

ä

a
= �4⇡G

3
(⇢+ 3p) +

⇤

3
,

(1.2)

where the overdot denotes a time derivative, G is the gravitational constant,
and H = ȧ/a is the Hubble parameter which describes the expansion rate of the
Universe. The value of the Hubble parameter today, H0, is typically referred
to as the Hubble constant. The value of H0 is also commonly defined via
the reduced Hubble constant h as H0 = 100h km s

�1
Mpc

�1. The Friedmann
equations clearly show that the evolution of the Universe (left-hand side) is
determined by its contents (right-hand side); therefore, we need to specify the
energy-matter content of the Universe to understand its evolution.

The equation of state parameter w = p/⇢ specifies the relation between
the pressure and energy density of each fluid. A Universe dominated only
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by radiation (w = 1/3) or non-relativistic matter (w = 0) will experience a
decelerated expansion, i. e. ä < 0. The cosmological constant, ⇤, was initially
proposed by Einstein to maintain a static Universe [53]. However, in 1929
Edwin Hubble observed that galaxies were moving away from us at velocities
directly proportional to their distance by measuring the spectral emission from
distant Cepheid stars [27]. This provided the first concrete evidence that the
Universe was not static, as Einstein initially thought, but expanding. In an
expanding Universe, the frequency of photons emitted at a source, ⌫em, is shifted
to a lower frequency when observed, ⌫obs, due to the spacetime expansion; the
redshift z is defined through 1 + z = ⌫em/⌫obs. The redshift is directly related
to the scale factor as 1 + z = 1/a, and thus z = 0 today. Setting ⇤ = 0 in
Eq. (1.2), the remaining components result in a decelerating expansion, and this
was the accepted paradigm until the discovery of the accelerated expansion of
the Universe from observations of SNeIa [34, 35] in the 1990s. An accelerated
expansion can be modelled by a fluid with negative pressure (w < �1/3), which
has been termed dark energy. According to the latest observations, the late-time
cosmic acceleration is well described by a fluid with w = �1 and constant energy
density, or equivalently a cosmological constant ⇤, leading to its re-introduction
in the Friedmann equations.

1.1.2 Energy Densities

The continuity equation, while not independent of the Friedmann equations
above, follows from the conservation of the energy-momentum tensor for a per-
fect fluid and takes the form

⇢̇+ 3H(⇢+ p) = 0 , (1.3)

where the total energy density ⇢ and pressure p is summed over different species,
each having an equation of state p = w⇢. Solving Eq. (1.3), the energy density
of each species evolves as a function of the scale factor according to

⇢(a) = ⇢0a
�3(1+w)

, (1.4)

where ⇢0 = ⇢(a0). Therefore, the energy densities of the different species of
the Universe dilute at different rates, characterised by their equation of state
parameter w as follows:

• Radiation: photons and relativistic particles (such as neutrinos at early
times) have w = 1/3, and so ⇢r(a) / a

�4
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• Matter: non-relativistic matter (baryons and dark matter) are described
as a pressureless fluid, i. e. w = 0 and ⇢m(a) / a

�3

• Dark energy : the cosmological constant ⇤ is equivalent to a fluid with
w = �1, such that ⇢⇤ = �p =

⇤

8⇡G
= const.

The Universe is dominated by each of these components at different times in
the cosmic expansion history, defining the domination eras. The early Universe
was radiation dominated, but as it expands and a grows, at some point the
contribution of the matter to the total energy density becomes equal to that
of the radiation marking the matter-radiation equality(occurring around z ⇠
3400). The matter-domination epoch continued until z + 1 ⇠ 1.3, after which
the ⇤-domination era began which is driving the observed late-time accelerated
expansion of the Universe today.

Thus, to know the past, present and future evolution of the Universe, it
suffices to know the present energy density of each component and H0. This
is more readily understood by rewriting the Friedmann equation in terms of
the present day density parameters of each species. The critical density of the
Universe is the energy density required for a flat Universe ( = 0):

⇢c(a) ⌘
3H(a)

2

8⇡G
, (1.5)

with which we can then define the dimensionless density parameters of a given
species i (i = r,m,⇤) as

⌦i =
⇢i(a0)

⇢c(a0)
. (1.6)

Then by definition, the first Friedmann equation at a = a0 reduces to

1 = ⌦r + ⌦m + ⌦⇤ � 
2

a
2

0
H

2

0

, (1.7)

and ⌦0 ⌘
P

i
⌦i = 1 if the Universe is flat. The density parameter for a

curvature component can be defined as

⌦ ⌘ �
a

2

0
H

2

0

. (1.8)

Combining these definitions with energy density of each species (Eq. (1.4)), we
can rewrite the first Friedmann equation in terms of the relative contribution
of each component to the present Universe as

H
2
(a) = H

2

0
(⌦ra

�4
+ ⌦ma

�3
+ ⌦a

�2
+ ⌦⇤). (1.9)
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The determination of the density parameters and H0 is one of the main
goals of observational cosmology. The total matter density can be split into the
baryonic matter component, ⌦b, and the dark matter component, ⌦DM. Under
⇤CDM, the latest cosmological observations measure the relative abundances
of the baryons, dark matter and dark energy to be [45]:

⌦b ⇠ 0.05, ⌦DM ⇠ 0.265, ⌦⇤ ⇠ 0.685, (1.10)

with a negligible radiation energy density today ⌦r. The cosmological measure-
ments are consistent with a flat Universe [45, 54], and the vast majority of the
cosmic energy budget is in dark components. These observations tell us that
the mysterious dark energy dominates the Universe and that roughly 85% of
the total matter density is made up of non-baryonic, non-luminous dark mat-
ter that appears to only interact gravitationally, which we will discuss in more
detail in Section 1.2.

1.1.3 The Growth of Structure

Until now, we have described the evolution of a perfectly homogeneous and
isotropic expanding Universe. However, the existence of cosmic structure in the
form of planets, stars and galaxies make it clear that the cosmological princi-
ple does not hold on all scales. ⇤CDM assumes that the primordial density
perturbations which seed the formation of structure are generated from initial
quantum fluctuations that get amplified by inflation. While different inflation-
ary theories propose different mechanisms for this, in general inflation predicts
an almost scale-invariant power spectrum of curvature perturbations parame-
terised in terms of the dimensionless primordial power spectrum:

P0(k) = As

✓
k

k0

◆ns�1

, (1.11)

where As quantifies the amplitude of the primordial power spectrum at the
pivot scale k0 (typically k0 ⇡ 0.05 Mpc�1), and ns is the spectral index.

The Friedmann equations describe the background evolution in an expand-
ing Universe; we can perturb them to derive the growth of small primordial
density fluctuations into the large structures observed in the Universe today.
This is described by the Einstein-Boltzmann equations, a set of coupled dif-
ferential equations which specify the evolution of the density perturbations of
each species in an expanding Universe under GR. Each component is treated
as a fluid with overdensity �i. The linear growth of these density perturbations
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from the primordial perturbations �0 is then given by the transfer function T (k):
�i(k, z) = Ti(k, z)�0(k, z), where k is the wavenumber. Note that this formalism
is valid only in the linear regime, and does not apply on scales where non-linear
gravitational collapse dominates the evolution of overdensities. With this, the
total matter power spectrum can be related to the power spectrum of primordial
density perturbations as follows

Pm(k, z) =

 
X

i

Ti(k, z)

!2

P0(k) . (1.12)

As we will discuss further in Section 1.2, the success of cosmological structure
formation theory relies on the existence of the dark matter component decoupled
from the photons which creates the gravitational wells for the baryons to fall into
and eventually form the visible galaxies in the present Universe. The observed
structure is well-described in terms of a cold, collisionless dark matter particle
interacting only via gravity. However, many dark matter models feature some
kind of non-gravitational interactions (e. g. scattering or self-interactions) which
can manifest as a suppression of the power spectrum on small cosmological
scales, as we will consider in Chapter 3.

1.2 Dark Matter

Overwhelming evidence, ranging from galactic to cosmological scales, points
to the fact that ⇠ 85% of the matter in the Universe is in the form of some
unknown, non-luminous component called dark matter (DM). Despite the abun-
dance of gravitational evidence for its existence, the fundamental nature of DM
remains a mystery. In this section I present the case for particle DM, giving
an overview of the observational evidence for DM, what can be inferred about
its particle properties, potential candidates, and detection strategies. We begin
with a brief historical account of how the evidence for dark matter accumulated
and the modern concept of dark matter came to be; for more in-depth historical
reviews, the interested reader is referred to refs. [55–60].

1.2.1 A Brief History of Dark Matter

Evidence of some form of unseen, invisible mass in the Universe can be traced
back to the early 20th century. While first attempts to measure the amount of
non-luminous mass in our local Galaxy [61–63] concluded that the presence of
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a large amount of missing matter was unlikely, these seminal works paved the
way for modern measurements of the local DM density.

In the 1930s, the first evidence for the existence of a significant amount of in-
visible matter came to light. Fritz Zwicky discovered an inconsistency between
the observed velocity dispersion of galaxies in the Coma cluster compared to the
prediction based on the amount of visible matter alone – which he attributed
to the existence of unseen matter [64, 65].3 Applying the virial theorem, he
estimated the amount of non-luminous matter and concluded that it should be
much more abundant than the visible matter, finding a mass-to-light ratio of
⇠500. Further evidence of missing mass in galaxy clusters was found shortly af-
terwards in a similar analysis of the Virgo cluster by Sinclair Smith in 1936 [66].
In the decades that followed, evidence of mass discrepancies in different galactic
systems continued to accumulate; however, it was not until the 1970s that the
significance of these observations – and their interpretation as evidence for dark
matter – was fully recognised by the scientific community [59].

The second central piece of gravitational evidence for missing mass came
with the discovery of flat galactic rotation curves. Rotation curve diagrams
show the orbital velocity of gas and stars in individual galaxies as a function
of their distance from the galactic centre. In the 1970s, measurements of such
galaxies using optical spectroscopy [67–69] and neutral hydrogen (HI) emis-
sion [70–77] showed that rotation curves remain flat out to large radii. Based
on the distribution of visible matter, the rotational velocity in the outermost
regions of galaxies should fall with radius r as v(r) / 1/

p
r. The flat rotation

curves – i. e. constant velocity at large radii – indicate that there is more grav-
itational force than can be accounted for by the visible matter alone, implying
the presence of additional non-luminous mass extending to large radii.

At this time, however, there was no clear consensus that these two inde-
pendent missing mass anomalies – flat galactic rotation curves and the mass
discrepancy in galaxy clusters – constituted evidence for the presence of a large
fraction of non-luminous matter in the Universe. For the most part, dark matter
was not seen as a single solution to these two discrepancies on vastly different
astrophysical scales or that they were connected at all. Instead it was the rise
of physical cosmology, and its interest in measuring the mass density of the
Universe, that finally led to the coalescence of these anomalous observations
into the modern dark matter interpretation [59]. The estimated mass density
of the Universe based on the visible mass in galaxies alone was found to be two

3
Zwicky is often credited with the first use of the term “dark matter”; however, he may

have been referring to faint stars or gas not visible to us [58].
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orders of magnitude below the critical density required to close the Universe. A
closed Universe was favoured on theoretical grounds, and thus cosmology was
now motivating a search for missing matter. Spurred by this new cosmological
focus, in 1974, two landmark papers argued for the existence of an additional
dark matter component to resolve both missing mass phenomena while also
increasing the matter density of the Universe to achieve the desired critical
density [78, 79]. While attempts were made to account for this missing mass
within the realm of baryons, the need for a new type of matter to explain obser-
vations began to solidify from the 1980s onwards. James Peebles showed that
the upper limits on the CMB anisotropies were incompatible with a Universe
composed only of baryons; he argued that a new species of massive, weakly in-
teracting particles dominated the matter content of the Universe, whose initial
density perturbations would seed the formation of cosmic structures observed
today [80–82]. Standard Model neutrinos first appeared to be perfect candi-
dates, being stable and weakly interacting. However, numerical simulations of
a Universe dominated by neutrinos predicted a lack of clustering at small scales
compared to observations (see Section 1.3.3), ruling them out as the dominant
form of dark matter [83]. By the late 1980s, the idea that dark matter must be
made up of some new species had become the prevailing paradigm.

1.2.2 Dark Matter Properties

To date, all evidence for DM is gravitational in nature. Nonetheless, the obser-
vations that demonstrate the existence of DM also provide ways to constrain
its fundamental properties. There is strong evidence that DM must be non-
baryonic – and most readily interpreted in terms of a new fundamental particle
– as we outline in the following.

CMB anisotropies Today, the most compelling evidence for a non-baryonic
DM component comes from the measurements of the anisotropies in the CMB.
In cosmology, non-baryonic DM plays a crucial role in the theory of structure
formation. Prior to recombination, the baryons are tightly coupled to the pho-
tons and radiation pressure prevents the baryon density perturbations from
growing until after decoupling. In a Universe without DM, the amplitude of
the temperature fluctuations in the CMB would have to be much larger than
observed in order for the density perturbations to grow sufficiently from recom-
bination into the observed large-scale structure today. However, in the presence
of a non-baryonic DM component decoupled from the photons, matter domi-
nation occurs earlier and the DM density perturbations can begin to grow well
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before recombination. Following recombination, baryons can then fall into the
gravitational potential wells created by the DM and eventually form the visible
stars and galaxies we see today. Moreover, detailed analyses of the positions
and relative heights of the acoustic peaks in the CMB angular power spectrum
give a precise determination of the abundances of the baryonic and DM compo-
nents [45]. Remarkably, the determination of the baryon density from the CMB
(⌦bh

2 ' 0.0224 [45]) is consistent with the independent prediction from BBN.
BBN accurately predicts the abundance of light elements created in the pri-
mordial Universe which depends on the baryon density, and limits the amount
of baryonic matter to 0.021  ⌦bh

2  0.024 [84], further supporting the need
for a non-baryonic matter component. Both CMB and BBN measurements can
also be used to place limits on the DM particle properties, as we discuss in
Section 1.2.4.

Large-scale structure Large-scale structure observations imply that dark
matter must be cold, i. e. non-relativistic at matter-radiation equality. Standard
Model neutrinos – which first seemed like perfect candidates, being massive and
not interacting with light – were ruled out by numerical simulations due to the
lack of clustering at small scales compared to observations [83]. Relativistic
neutrinos are an example of hot dark matter candidates, which erase density
perturbations below their free-streaming scale, and predict a top-down model of
structure formation whereby very large structures form first, which later frag-
ment to form smaller halos. The resulting galaxy distribution is not compatible
with observations [60, 85]. In contrast, non-relativistic cold dark matter (CDM)
predicts a bottom-up scenario in which matter first collapses to form the small-
est halos, which then merge and form larger structures in a process known as
hierarchical structure formation. The first numerical simulations of a Universe
dominated by CDM correctly reproduced the observed structure [86], and the
CDM paradigm soon became well-established. In between these two extremes,
warm dark matter (WDM) remains a possibility: DM with a mass around
the ⇠ keV scale and a non-negligible free-streaming length, which suppresses
the amount of low-mass DM halos [87] compared to a CDM Universe, but is
still compatible with the observed structure and N-body simulations. Warm
dark matter has been somewhat motivated by the need to resolve a number
of small-scale challenges within the CDM framework – known as the missing
satellites [88, 89], too-big-to-fail [90, 91], and cusp-core [92] problems. However,
these putative issues are still the subject of intense debate in the literature and
can potentially be resolved with the inclusion of baryonic physics.
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Weak lensing Gravitational lensing is an important result of GR; mass curves
spacetime, and so photons travelling from a distance source are deflected by
massive objects along their path which act as a lens. If the lens is sufficiently
massive, the distorted photons emitted from the background source can be
fully resolved and appear as multiple images of the same source or even a ring
around the lens, a phenomenon known as strong lensing. On the other hand,
weak lensing is when the lens is not strong enough to produce distinct distorted
images of sources visible to the naked eye. However, the small distortions in
all images of sources around a given lens are correlated and thus information
about the foreground mass can be inferred statistically. Weak gravitational
lensing observations of galaxy clusters provide further striking evidence for DM
and can be used to map out the matter distribution. Weak lensing observations
of the Bullet cluster [93] – a system of two colliding galaxy clusters – reveal
that the majority of the mass of the system is dominated by a non-luminous
component which is displaced from the hot intra-cluster medium observed in
X-ray. As the clusters collide, the two bodies of hot gas interact and form
a bow shock formation, but the DM halos of each cluster pass through each
other without interacting. As such, DM is often characterised as “collisionless”;
analysis of the Bullet cluster places a limit on the self-interaction cross-section
of a DM particle of �/m� . 1 cm

2
g

�1 [94].

Efforts to explain DM with modified gravity theories, such as MOND [95],
are unable to account for the gravitational lensing of clusters, the CMB and
the observed large-scale structure. Other proposals to accommodate DM with-
out the need for a new particle species include Massive Compact Halo Objects
(MACHOS) – i. e. compact objects made of baryons which emit negligible radi-
ation such as black holes, neutron stars, dwarf stars and planets. MACHOs can
be detected via gravitational microlensing events, but results of microlensing
surveys reveal that the abundance of MACHOS is too small to account for the
required DM density [96–98]. Moreover, these objects would not be present in
the early Universe and so cannot explain CMB and BBN observations. The
exception to this is primordial black holes (PBHs), which would behave like a
pressureless decoupled fluid and have been proposed as an alternative to parti-
cle DM [99, 100]. PBHs face a number of stringent constraints [101], but could
still make up some fraction of the DM density. This thesis focus on particle
DM candidates, but we refer the reader to refs. [102, 103] for recent reviews on
PBH DM.

In short, the seminal research outlined above strongly motivates DM as being
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comprised of a cold, collisionless, non-baryonic particle. Further constraints on
the particle nature of DM have been gleaned from a multitude of cosmological
and astrophysical observations over the last few decades. To summarise, a viable
DM particle must be:

• Neutral : Very stringent limits exist on charged DM [104–106], and they
are effectively ruled out. Models with a fractional electric charge (i. e. mil-
licharged DM) are still allowed, but are severely constrained by a variety of
observations and can only constitute a small fraction of the total DM [107–
111]

• Stable: DM must be stable or very long-lived with respect to the age of
the Universe in order to be present today with the observed abundance

• Collisionless : The strength of the DM self-interaction cross-section must
be within the allowed limits set by, e. g., the Bullet cluster

• Cold-ish: DM must be cold enough to reproduce the observed large-scale
structure in the Universe today

• Produced in sufficient amounts in the early Universe to be compatible
with the observed relic density as measured from the CMB

• Consistent with all other cosmological measurements, such as BBN, and
astrophysical bounds (see e. g. ref. [106]).

There is no particle within the SM that possesses all of these properties. If
a particle DM candidate is to be found, physics beyond the Standard Model
(BSM) is required. At the same time, new particles are required to solve several
issues within the SM itself. In the next section, we briefly review several of the
most popular DM candidates that arise naturally in solutions to some of the
open problems in particle physics.

1.2.3 Particle Dark Matter Candidates

The Standard Model of particle physics (SM) encapsulates our current un-
derstanding of the basic structure of matter – the elementary particles and
fundamental forces of nature and how they interact. Despite its spectacular
experimental success to date, a number of unresolved issues and theoretical
shortcomings remain. For example, the SM does not incorporate gravity along-
side the other fundamental forces, the origin of the neutrino masses is unknown
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(see Section 1.3), and there are several issues related to fine-tuning or natural-
ness, such as the hierarchy problem (see e. g. [112]). It turns out that many
well-motivated extensions to the SM which aim to resolve one or more of these
issues, naturally provide us with a suitable DM candidate. A multitude of DM
candidates exist in the literature, and we refer the reader to refs. [113–115] for
reviews. Here we provide a brief overview of some of the most theoretically
well-motivated particle DM candidates which arise out of BSM theories.

Axions The axion arose as a solution to the strong-CP problem in particle
physics. The theory of Quantum Chromodynamics (QCD) – which describes
the strong force – permits Charge-Parity (CP) symmetry violation in strong
interactions, which would manifest itself as a non-zero neutron electric-dipole
moment dn. However, no CP violation has been observed; current constraints
are consistent with a very small or zero electric-dipole moment (|dn| < 2.9 ⇥
10

�26
ecm [116], 10 orders of magnitude smaller than expected). As there is no

theoretical basis for CP conservation in QCD, this leaves a fine-tuning problem
known as the “strong-CP problem”. The Peccei-Quinn mechanism provides an
elegant solution to the strong-CP problem [117] and generates a new massive
particle – the QCD axion [118, 119] – which was later recognised as a viable
DM candidate [120–122]. The original (PQWW) QCD axion has been ruled out
by particle collider experiments, but alternatives such as the KSVZ [123, 124]
and DFSZ [125, 126] QCD axion models are still allowed. Moreover, axions and
axion-like particles also arise in other BSM theories, such as string theory – for
a review on axion DM, please see [127].

Sterile neutrinos All particles within the SM can have both left- and right-
handed chirality. However, only left-handed neutrinos have been observed. The
solution is to introduce sterile neutrinos with right-handed chirality that do not
interact via the weak force, as opposed to their left-handed counterparts which
are active neutrinos. These sterile neutrinos can act as a DM candidate [128].
Sterile neutrinos can also provide a mechanism for the non-zero neutrino masses
(see Section 1.3), which are not accounted for within the SM, via the see-saw
mechanism [129–131]. Sterile neutrinos would have mass on the order of ⇠ keV
(for reviews, see refs. [132–134]), and would produce X-rays via radiative decays
to active neutrinos – as such, they attracted attention as a potential explanation
for the anomalous 3.5 keV X-ray line observed in galaxies and clusters [135,
136] (see also [137]). However, this interpretation is under pressure from other
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cosmological and X-ray observations which constrain the allowed parameter
space for sterile neutrinos to constitute the DM [138–140].

WIMPs Weakly Interacting Massive Particles (WIMPs) represent a broad
category of particle DM candidates with the following properties: weak coupling
to SM particles, no direct photon coupling, and thermally produced in the
early Universe with their relic density set by their freeze-out abundance. In the
early Universe, WIMPs are kept in equilibrium with the thermal plasma via
frequent interactions with SM particles. As the Universe cools and the WIMP
annihilation rate drops below the Hubble expansion rate, the WIMPs fall out of
equilibrium and their number density per comoving volume becomes constant.
This process is known as freeze-out. In the standard freeze-out scenario, the
DM relic density ⌦DM observed today directly depends on the annihilation rate
as [141]

⌦DMh
2 ⇡ 3⇥ 10

�27
cm

3
s
�1

h�vi , (1.13)

where is h�vi is the WIMP self-annihilation cross-section. To match the ob-
served DM relic density ⌦DMh

2 ⇠ 0.12 [45], the canonical thermal relic cross-
section is h�vi ⇠ 3⇥10

�26
cm

3
s
�1. The fact that massive particles (⇠ GeV) with

weak-scale interactions naturally produce the correct relic cosmological abun-
dance of DM is known as the WIMP miracle. More generally, WIMPs refer to
broad class of particles with electroweak scale masses O(10 GeV)�O(100 TeV)

and weak-scale interaction cross-sections.
The WIMP paradigm is particularly attractive because new stable particles

at the electroweak scale are a generic feature of well-motivated extensions to
the SM that seek to address the hierarchy problem. Supersymmetry (SUSY)
is the most popular example of such SM extensions, which is able to resolve a
number of problems including the hierarchy problem and gauge coupling unifica-
tion [142]. In SUSY models with R-parity conservation, (typically) the lightest
supersymmetric particle – e. g. the neutralino – is stable and electrically neutral,
making it an ideal WIMP candidate [141, 143]. WIMP candidates also arise in
theories of universal extra dimensions, such as Kaluza-Klein particles [144].

Note that the discussion here concentrates on the prototype standard or
natural thermal WIMPs with masses in range from a few GeV to a few TeV.
However, specific models can relax this mass range; it is possible to obtain the
thermal relic cross-section for a wide range of different masses and coupling
strengths [145] (e. g. hidden sector DM). These “non-natural” WIMPs can ex-
tend the mass range down to the O(MeV) scale. Additionally, other alternatives
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include DM relics produced in the correct abundance by non-thermal produc-
tion mechanisms, such as FIMPs (or super-WIMPs) [146, 147]. Thus the term
WIMP is somewhat ill-defined, and can also generally refer to any particle with
the correct relic abundance and some “weak” coupling to SM particles – in this
sense, not necessarily referring to the electroweak scale.

1.2.4 Dark Matter Searches

The prevailing WIMP paradigm has motivated an extensive experimental pro-
gram to search for DM particles with such properties along three broad fronts:
direct detection [148, 149], indirect detection [150–152] and collider searches [153,
154].

Collider searches aim to produce DM particles via collisions of SM particles
at high energies in particle accelerators such as the large hadron collider [155–
157]. DM particles produced in these collisions are expected to escape the
detector, leaving an observable signature in terms of missing transverse energy
(in combination with a jet of SM particles). Importantly, even if a new stable
particle is detected at colliders, corroborating evidence from direct or indirect
detection will be required to confirm it as the DM in the Universe.

Direct detection experiments search for signals of DM particles scatter-
ing with target nuclei in underground detectors, shielded from other radia-
tion such as cosmic rays. State-of-the-art liquid Xenon experiments – such
as LUX [158], XENON1T [159], and PandaX-4T [160] – and Cryogenic experi-
ments – e. g. CRESST-III [161] and SuperCDMS [162, 163] – provide some of the
strongest constraints on nucleon-DM scattering cross-sections for masses above
the ⇠GeV scale [164]. Traditional nuclear recoil experiments have limited sen-
sitivity to lighter, sub-GeV DM; strategies for direct detection of sub-GeV DM
(e. g. [165–167]) mainly rely on DM-electron recoil experiments. Direct detec-
tion of the DM-nucleon scattering cross-section remains a challenge for low mass
DM, although novel technologies and experiments are being proposed [168].

Indirect detection refers to searches for the SM particles produced in DM
annihilation or decay processes in astrophysical sources with high DM den-
sity, such as the Galactic centre, dwarf spheroidal galaxies and galaxy clusters.
Space-based experiments such as the Fermi Large-Area Telescope (LAT) have
provided some of the strongest constraints on DM annihilation to �-rays [169,
170] in the ⇠ O(GeV) regime. At the highest energies (&TeV), constraints from
VERITAS [171], MAGIC [172], HAWC [173], H.E.S.S [174] dominate – and will
substantially improve with next-generation very high energy gamma-ray exper-
iments such as CTA [175]. A signal of DM decay or annihilation can also be
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searched for in high energy cosmic-rays data from, e. g., the Alpha Magnetic
Spectrometer (AMS-02) experiment [176–178]. Below the GeV scale, the sensi-
tivity of experiments like Fermi and AMS-02 degrade significantly; as we will
discuss below, cosmological constraints are very complementary in this regard.
There is motivation to explore the ‘MeV gap’ in gamma-ray astronomy [179].
Observations of the diffuse X-ray sky also places constraints on DM at the keV
scale [180, 181].

Despite this comprehensive experimental effort, providing increasingly stronger
bounds on the DM properties, a non-gravitational signature of DM is yet to be
found. While there is still ample viable parameter space to explore [182, 183],
a substantial fraction of the canonical thermal WIMP parameter space has al-
ready been excluded [184]. As a result, we are in the midst of a paradigm shift
in DM search strategies as the focus broadens to encompass mass and energy
scales outwith the conventional WIMP window as well as alternative DM mod-
els [185]. Cosmological observations are very promising in this regard, offering a
unique and independent probe of DM properties which are highly complemen-
tary to the aforementioned methods. Cosmological searches rely on detecting
the effects of DM microphysics on the structure formation and thermal his-
tory of the Universe. This presents distinct advantages: cosmological probes
are often sensitive to complementary regions of parameter space, can avoid the
astrophysical backgrounds and modelling uncertainties associated with direct
and indirect detection, and can probe dark sector interactions that have no
detectable signal in traditional astrophysical or terrestrial experiments.

In the early Universe, DM annihilation or decay via electromagnetic chan-
nels injects energy into the photon-baryon plasma, leaving an imprint on the
CMB anisotropies [45, 186–188] and spectral distortions [189, 190]. Measure-
ments of the CMB anisotropies provide some of the strongest and most robust
constraints on sub-GeV DM, complementary to indirect searches. Furthermore,
elastic scattering between DM and SM particles leads to heat and momentum
exchange between the DM and baryon fluids which can impact both the ther-
mal history and the growth of cosmological perturbations. Various cosmological
observables can probe such effects, and are sensitive to masses and scattering
cross-sections outwith the reach of most direct detection experiments (extending
down to ⇠ keV masses). DM-baryon scattering causes a drag force between the
two fluids which inhibits DM clustering and smooths out structure on small cos-
mological scales; the CMB anisotropy measurements provide one of the cleanest
probes, and is sensitive to DM scattering with baryons [191–200], electrons [201,
202], photons [203–205], neutrinos [206, 207] and even dark radiation [208–210].
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DM-baryon scattering can also drain heat from the photon-baryon plasma af-
fecting the CMB spectral distortions [189, 211], which constrains scattering of
light (. 100 keV) DM. Moreover, the effects of DM-baryon scattering on the
matter clustering affects other observables that trace the structure formation
throughout cosmic history; the Lyman-↵ forest, galaxy clustering, and galaxy
weak lensing observations as well as near-field cosmology probes such as the
Milky Way satellites galaxies, can all be used to constrain DM-baryon scatter-
ing (as well as other DM models that modify the matter clustering, see ref. [212]
for a comprehensive overview). Finally, different DM models would affect the
abundance of light elements created in BBN, which places limits on both cou-
pling to SM particles and new relativistic species [213–219].

In the coming decades, cosmology will play a key role in diversifying the
experimental search strategy for DM with next-generation CMB experiments
and LSS surveys expected to increase sensitivity to a range of DM models
and interactions [220–224]. Moreover, forthcoming measurements of the cos-
mological 21 cm signal [225, 226] may provide a powerful new probe of DM
properties. The redshifted 21 cm emission from neutral hydrogen (HI) offers a
unique window on the post-recombination Universe, spanning the cosmic dark
ages (z ⇠ 30–1100) prior to the formation of the stars and the following epochs
of cosmic dawn and reionization (z ⇠ 5–30) after the birth of the first luminous
sources. Such observations can bridge the unexplored gap between the last scat-
tering of the CMB in the early Universe and the low-redshift reach of galaxy
surveys. The 21 cm signal is highly sensitive to the temperature of the baryon
gas, and thus is a promising testbed for exotic DM processes that would alter
its thermal properties such as DM decay or annihilation, scattering, and PBHs.
Furthermore, the 21 cm line during cosmic dawn is also a probe of structure
formation, tracing the formation history of the first stars and galaxies. Various
DM processes – including scattering, dark sector interactions and warm DM –
suppress clustering at the scales relevant for the DM halos that could host the
first galaxies, thereby affecting the abundance of the first luminous objects and
the time evolution of 21 cm signal [227–236]. In this thesis, we consider the
cosmological consequences of DM decay and annihilation (Chapter 2) and DM-
baryon scattering (Chapter 3) and the potential imprint on the 21 cm signal
from the dark ages and cosmic dawn. In particular, we do not focus on any
specific DM particle or model; instead, assuming some coupling to SM parti-
cles within current limits, we aim to study the non-gravitational cosmological
signatures of DM interactions relevant to broad classes of DM candidates.
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1.3 Massive Neutrinos

Neutrino physics is another compelling example of how the connection between
cosmology, particle and astroparticle physics is driving our understanding of
fundamental physics. Within the framework of the SM, neutrinos are massless;
the discovery of neutrino masses is therefore one of the most compelling cases
for physics beyond the SM. At the same time, these light, weakly interacting
particles leave unique imprints on cosmological observables which can be used
to study their properties. In this section, we give a brief overview of neutrino
oscillations from a particle physics perspective and discuss the effects of massive
neutrinos in cosmology, highlighting the most relevant aspects in relation to the
work presented in Chapter 4.

1.3.1 Discovery

Neutrinos were first postulated in the 1930s by Wolfgang Pauli as a way to pre-
serve energy and momentum conservation in beta decays [237]. His prediction
was confirmed almost a quarter of a century later when they were first detected
in the 1956 Cowan-Reines neutrino experiment [238]. While the SM predicts
neutrinos to be massless, the idea that massive neutrinos would exhibit flavour
mixing was first hypothesised by Pontecorvo [239, 240] in 1957. At this time,
only the electron neutrino type was known (⌫e), and the idea was that mixing
could occur between electron neutrinos and anti-neutrinos. Later, a second neu-
trino type was discovered – the muon neutrino ⌫µ – at the Brookhaven neutrino
experiment in 1962 [241]. Following this discovery, theories of neutrino mixing
between different flavour eigenstates were further developed [242, 243].

The first experimental indication of this came with the discovery of solar
neutrinos [244] in the Homestake experiment of the 1960s. The measured flux of
electron neutrinos coming from the sun was found to be ⇠2–3 times smaller than
the predictions based on the Standard Solar Model [245], a phenomenon known
as the solar neutrino problem [246]. Pontecorvo has already anticipated the
solar neutrino problem, which could be resolved by neutrino oscillations [243];
the experiment was only sensitive to the electron neutrinos produced in the
Sun, and if the neutrinos underwent flavour changes as they travelled to Earth,
this would explain the discrepancy (as we will discuss below). Finally, the
tau neutrino (⌫⌧ ) was discovered in 2000 [247], which completes the standard
three-neutrino flavour model predicted in the SM framework [84].
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1.3.2 Neutrino Oscillations

Neutrinos come in three (known) flavour eigenstates ⌫↵ (↵ = e, µ, ⌧) which are
linear combinations of the mass eigenstates ⌫i (i = 1, 2, 3), expressed as

⌫↵ =

X

i

U↵i⌫i , (1.14)

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [240,
242]. Neutrinos are produced at a source in a definite flavour eigenstate but
propagate in space as mass eigenstates which evolve at different rates. As a
result, there is a non-zero probability that the flavour of the neutrino arriving
at a detector some distance from the source will be different from its original
flavour. This possibility of flavour change is known as neutrino oscillations. For
small neutrino masses, flavour oscillations happen over macroscopic scales and
can be measured by comparing the measured versus predicted flux of neutrinos
from distant sources, e. g. the Sun or the Earth’s atmosphere. The probability
of flavour change ⌫↵ ! ⌫� over a distance L is given by (see e. g. [248, 249])

P (⌫↵ ! ⌫�) =

X

ij

U
⇤

↵i
U�jU↵iU

⇤

�j
e

�i
�m2

ijL

2|p| , (1.15)

where the squared mass splitting �m
2

ij
⌘ m

2

i
� m

2

i
, and p is the momentum

of the neutrino. If we consider, for example, a simplified case of two-flavour
neutrino mixing then the probability becomes

P (⌫↵ ! ⌫�) = sin
2
(2✓) sin

2

✓
�m

2
L

4E

◆
, (1.16)

where �m
2 is the squared mass splitting between the two mass eigenstates, ✓ is

the mixing angle, and E is the neutrino energy. In this form, it is immediately
clear that the observation of neutrino oscillations requires that the squared mass
splitting be non-zero.

Today there is a strong body of evidence of neutrino oscillations from a
variety of experiments. The first conclusive evidence for neutrino oscillations
came from the measurement of the flux of atmospheric neutrinos by the Super-
Kamiokande experiment in 1998 [250] and the flux of solar neutrinos measured
by the Sudbury Neutrino Observatory (SNO) in 2001 [251, 252]. Since then,
neutrino oscillations have been further confirmed by other solar [253], atmo-
spheric [254], and reactor [255–258] and accelerator [254, 259] neutrino data.

The neutrino oscillation experiments are sensitive to the difference between
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squared neutrino masses only, i. e. �m
2

ij
⌘ m

2

i
� m

2

i
, and thus are insensi-

tive to the absolute neutrino mass scale (leaving one neutrino mass uncon-
strained). Current experiments have measured two mass-squared splittings to
high precision: the solar mass splitting, �m

2

21
, and the atmospheric mass split-

ting, |�m
2

31
|. Therefore, we know that two of the neutrinos must have non-

zero masses. While the magnitudes of the splittings have been measured to
exquisite accuracy, the sign of the larger atmospheric mass splitting �m

2

31
is

currently unknown. This leaves two possibilities for the ordering of the masses,
known as the mass hierarchy : the normal hierarchy (NH), such that �m

2

31
> 0

and m1 < m2 < m3, and the inverted hierarchy (IH), for �m
2

31
< 0 and

m3 < m1 < m2. If we define the lightest mass m0, such that m0 = m1 in the
NH and m0 = m3 in the IH, then the sum of the neutrino masses (⌃m⌫ ⌘

P
i
mi)

for each ordering can be expressed as:

⌃m⌫ = m0 +

q
m

2

0
+�m

2
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31
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31
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2

21
(IH) .

(1.17)

This is where cosmological probes become highly relevant. Cosmology is sensi-
tive to the sum of neutrino masses and is thus highly complementary to neutrino
oscillation experiments, providing a handle on the absolute neutrino mass scale
which can be used to constrain the individual neutrino masses (and hierarchy)
in combination with the mass-squared splittings measurements.

The absolute neutrino mass scale can also be probed by beta decay (�-decay)
and neutrinoless double-beta decay (0⌫2�) laboratory experiments. These ex-
periments are sensitive to different combinations of the individual neutrino
masses and mixing parameters. Currently, the strongest upper bounds on the
effective electron neutrino mass are given by the latest KATRIN Tritium �-
decay results, which constrain m� < 0.8 eV [260] at 90% confidence level (C.L.).
Experimental searches for neutrinoless double-beta decay can also be used to
constrain the absolute neutrino mass scale and are sensitive to the effective
Majorana mass of the electron neutrino m��, with the tightest upper limits
currently giving m�� < 61�165 meV [261] and m�� < 79�180 meV [262] (90%
C.L. ranges). Oscillation experiments measure the parameters of the mixing
matrix U , which together with a measurement of one of the three mass pa-
rameters (⌃m⌫ ,m�,m��) then uniquely determines the other two. Therefore
all these observations probe the absolute neutrino mass scale in a different and
synergistic way; combining datasets provides an important consistency check,
and can be used to increase the overall sensitivity to the neutrino mass scale.
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As we will discuss in the following section, currently cosmological observations
provide the tightest constraints on the absolute neutrino mass scale.

1.3.3 Massive Neutrinos in Cosmology

Neutrinos play an important role in cosmic evolution, from the creation of
light elements in Big-Bang nucleosynthesis to the large-scale structure formation
today. In the early Universe they are ultra-relativistic and contribute to the
radiation energy density, but later behave as non-relativistic matter. Here we
focus on the effect of massive neutrinos on the evolution of matter perturbations
and the imprint on the large-scale structure, which is the key observable to
constrain neutrino masses from cosmology. For detailed reviews on the role of
neutrinos in cosmology, we refer the reader to refs. [263–266].

In the early Universe, neutrinos are kept in equilibrium with the thermal
bath via weak interaction with electrons such as

� $ ⌫e + ⌫̄e $ e
+
+ e

�
and e

�
+ ⌫̄e $ e

�
+ ⌫̄e, (1.18)

and likewise for the muon and tau species. As the plasma cools below T ⇠ 1

MeV, the interaction rate drops below the expansion rate of the Universe and
neutrinos fall out of thermal equilibrium. After decoupling they have a fixed
relic density and freely stream through the Universe without interactions, leav-
ing a relic cosmic neutrino background. After the neutrinos become non-
relativistic, they contribute to the matter density of the Universe. The cos-
mological relic density of neutrinos today is given by

⌦⌫h
2 ⇡ ⌃m⌫

93.14 eV
. (1.19)

As discussed in Section 1.2, there were early ideas that massive neutrinos
could constitute the DM [267–269], and cosmological arguments were used to
place upper bounds on absolute neutrino mass scale simply by requiring that
neutrinos not be heavy enough to overclose Universe (⌦⌫ < 1) [267, 270], giving
⌃m⌫ < 45 eV (for h = 0.7). If we combine with the non-cosmological upper
limit on the absolute neutrino mass scale (Section 1.3.2), the tritium �-decay
bound m� < 0.8 eV can be used to derive a rough upper bound on ⌃m⌫ . 2.4

eV (assuming m� ' m0). This leads to an upper bound on the neutrino relic
density of

⌦⌫h
2 . 0.0258, (1.20)
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which, compared to the measurement DM density ⌦DMh
2
= 0.1197, is just over

one-fifth of it. Moreover, if we include the much stronger cosmological bounds
on the mass sum ⌃m⌫ < 0.12 eV (see next section), we can then deduce

⌦⌫h
2 . 0.0013. (1.21)

Therefore, the SM neutrinos can only contribute at most ⇠ 1% of the total DM
density.

Despite such a small contribution to the energy density of the Universe, neu-
trinos have significant cosmological consequences and leave a distinct imprint
on both the expansion history and the evolution of cosmological perturbations.
Neutrinos were relativistic at decoupling, after which they could freely stream
throughout the Universe without interacting much with other species. The
mean distance travelled from decoupling until they become non-relativistic de-
fines the free-streaming scale below which initial inhomogeneities are washed
out. Due to their large velocities, neutrinos cannot be confined in the gravi-
tational potential wells below the free-streaming scale, thereby suppressing the
growth of density perturbations at small scales. Once neutrinos become non-
relativistic, they behave like standard matter and fall into the potential wells.
The comoving free-streaming wavenumber at the non-relativistic transition is
defined as

knr ⇡ 0.018

p
⌦m

✓
⌃m⌫

1eV

◆1/2

hMpc
�1

. (1.22)

At scales k � knr, the free-streaming damps the neutrino density perturbations
which in turn inhibits the clustering of the DM and baryons, while for k ⌧ knr,
the clustering is unaffected and neutrinos effectively behave as cold DM.

Therefore, the matter distribution in the Universe is a powerful tool to
constrain the neutrino mass scale and can be probed via measurements of BAO,
galaxy lensing, and galaxy clustering [271, 272]. Moreover, the effect of neutrino
masses on the large-scale structure also leaves an imprint on the CMB. As
CMB photons travel from the last-scattering surface to today, the gravitation
potential wells created by the matter clustering generate secondary anisotropies
in the CMB [273, 274], providing another probe of neutrino mass scale [275,
276]. Today the strongest constraints on ⌃m⌫ come from a combination of
measurements of the CMB anisotropies and BAO from galaxy clustering data,
which we discuss below.
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1.3.4 Current Constraints and Determining the Mass Hi-
erarchy

Based on the most recent global fit to neutrino oscillations data, the mass
splittings are now measured to be �m

2

21
' 7.42⇥ 10

�5
eV

2 and |�m
2

31
| ' 2.5⇥

10
�3
eV

2 [277]. Combining these measurements with the definition in Eq. (1.17)
and setting m0 = 0, we can obtain a lower limit on the sum of the masses for the
two orderings: for the NH, ⌃mNH,min

⌫
' 0.06 eV, while for the IH, ⌃mIH,min

⌫
' 0.1

eV.
As cosmological observations are (at first order) sensitive to ⌃m⌫ , they of-

fer an opportunity to test the neutrino mass hierarchy; if measurements can
constrain ⌃m⌫ < 0.1 eV at high statistical significance, the IH would be effec-
tively excluded. Cosmological probes have been providing increasingly stronger
bounds on ⌃m⌫ over the past decade(s) and are approaching the minimum
bound allowed in the IH. The Planck collaboration report an upper limit of
⌃m⌫ < 0.12 eV (95% C.L.) using a combination of CMB data and BAO data
from the MGS, 6dFGS and BOSS DR12 galaxy surveys [45]. Even more re-
cently, analysis of a combination of CMB data from Planck and LSS data
from the eBOSS collaboration (BAO, RSD) obtain an even stronger bound
of ⌃m⌫ < 0.102 eV (95% C.L). It is clear that current cosmology constraints
are tantalisingly close to ⌃m

IH,min

⌫
, putting pressure on the IH scenario (see also

Figure 4.1 of Chapter 4). The combination of forthcoming data from LSS sur-
veys and next-generation CMB experiments are expected to reach this bound
in the coming decade [220, 221, 278, 279].

Determining the neutrino mass hierarchy is highly important because it
will provide insight into the physical mechanism responsible for the neutrino
masses, particularly pertaining to the question of whether neutrinos are Dirac
or Majorana particles [280]. Moreover, detection of neutrinoless double-beta
decay [281] is only possible if neutrinos are Majorana particles. A determination
of the hierarchy thus has important implications for experiments aiming to
detect this [282]. It is therefore interesting and timely to look at what the
current data tells us about the neutrino mass scale and the mass hierarchy,
which is the topic of the work presented in Chapter 4.

1.4 Outline of the Thesis

This thesis consists of a collection of original research works carried out during
my doctoral studies at the University of Barcelona. The overarching goal of
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this research is to study some of the key open questions at the intersection of
particle physics and cosmology, in particular the nature of DM and neutrinos,
as motivated in the preceding sections. To this end, I present research that
highlights the potential of future cosmological observations to explore the na-
ture of DM and the complementarity between cosmological observations and
terrestrial experiments in determining the neutrino mass hierarchy.

The thesis is organised as follows. In Chapter 2, we explore the effect of DM
decay and annihilation on the thermal and ionization history of the Universe and
the observable signatures on the highly redshifted 21 cm line-intensity mapping
(LIM) signal from the dark ages. We present forecasted constraints for both
forthcoming radio surveys (SKA) and a variety of next-generation experiments.
This chapter is based on the original publication [1].

In Chapter 3, we focus on the cosmological consequences of DM models
that feature velocity-dependent elastic scattering with baryons. In particular,
we study the effect of these interactions on the DM and baryon temperature
perturbations and the resulting imprint on the matter clustering at small scales.
This chapter is based on the manuscript [2] currently under review.

In Chapter 4, we turn our attention to neutrinos and the role of cosmology in
determining the neutrino mass hierarchy. We perform a Bayesian analysis using
the latest data from cosmological surveys and neutrino oscillation experiments
in order to constrain the neutrino masses and perform a model comparison of
the two mass hierarchies considering widely different priors. This chapter is
based on the original publication [3].

Finally, in Chapter 5, we summarise the main conclusions and the relevance
of the research presented in this thesis and discuss future prospects.
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Chapter 2

Dark Matter Annihilation and

Decay in the Dark Ages

2.1 Introduction

A vast array of DM candidates predict electromagnetic signatures either through
coupling to Standard Model particles via decay, annihilation and scattering, or
due to standard astrophysical processes such as primordial black holes [283,
284]. While DM must be predominantly stable over cosmological timescales, it
is possible to have particle DM models with a very long yet finite decay lifetime
(e. g. sterile neutrinos [134, 285], axinos [286, 287], R-parity violating SUSY
models [288]) or where a small fraction of the total DM is decaying (e. g., an
excited metastable species [289, 290], atomic DM [291], or some other richer
dark sector physics). If the DM consists of a massive particle with weak-scale
interactions such as a thermal relic WIMP [292], then we expect coupling to
Standard Model particles via DM self-annihilations.

As discussed in Section 1.2, DM candidates with phenomenology beyond the
standard cold DM properties are constrained by both astrophysical and cosmo-
logical observations [150], as well as direct detection [148, 293] and collider [154]
laboratory experiments. Signatures of particle DM in the low-redshift Universe,
such as high energy cosmic rays or �–rays from annihilation or decay of DM
in astrophysical sources within our local environment (dwarf galaxies, Galac-
tic centre), have been searched for and used to place stringent bounds on the
particle properties (see e. g., [294] and references therein). Non-gravitational
effects of particle DM have also been constrained from early Universe observa-
tions, such as the CMB power spectrum [45, 186, 188, 295–300] and spectral
distortions [188, 301–307], as well as Big-Bang Nucleosynthesis [215, 216, 308].

Probes such as Big-Bang Nucleosynthesis and CMB spectral distortions
dominate constraints for DM models with short decay lifetimes (⌧ . 10

12
s),

while the CMB angular power spectrum is sensitive to longer lifetimes and
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strongly disfavours lifetimes ⌧ . 10
24 � 10

25
s if all the DM decays [187, 188,

309]. More stringent limits have been set on the decay lifetime in the GeV–
TeV mass regime via astrophysical probes; the strongest constraints come from
the lack of signal in the Isotropic Gamma-Ray Background above known astro-
physical sources [310, 311]. However, these constraints are commonly affected
by large uncertainties in the diffuse Galactic background modelling, the Milky
Way’s DM halo profile, and features of Galactic cosmic-ray propagation. Con-
straints are typically weaker for light (below ⇠ GeV) decaying DM. Similarly,
measurements of the CMB anisotropies have been used to place constraints on
the amount of energy injection due to annihilation of DM particles [45, 186, 295,
300, 312–314]. As in the case of DM decay, indirect detection constraints on DM
annihilation can be stronger for masses & GeV than those derived from CMB
measurements (e. g. [170–172, 315, 316]), but are generally model-dependent
and less robust due to the associated astrophysical uncertainties. Despite these
constraints, a large portion of viable parameter space for DM decay or annihi-
lation to the visible sector remains unexplored [183].

Future searches must aim to beat and improve these limits, and eventu-
ally achieve detection to characterise the nature of DM. However, even with
drastically more sensitive future CMB anisotropy instruments, the forecasted
constraints on DM annihilation are not expected to drastically improve [317,
318]. It is thus vital that new probes are explored. The advent of line-intensity
mapping (LIM) opens up a promising new path for the study of both cosmol-
ogy and astrophysics [319, 320]. Appropriate analyses of LIM observations will
allow to probe cosmology beyond the reach of galaxy surveys (see e. g. [321]),
bridging the unexplored epoch of the Universe between redshift z ⇠ 3–5 and
the CMB (see e. g. [322, 323]). The 21 cm line [225, 226] offers a direct way
to survey the cosmic dark ages, spanning the evolution of the Universe follow-
ing the end of recombination until the formation of the first luminous objects,
with an expected signal in principle reaching up to z ⇠ 500 [324]. Electromag-
netic energy injection induced by DM decay or annihilation during the dark
ages would alter the thermal and ionisation history of the intergalactic medium
(IGM) and leave a potentially detectable imprint in the 21 cm LIM signal and
its fluctuations [325–332]. Since the 21 cm LIM signal is sensitive to the late-
time behaviour of the Universe and depends on the thermal history, not only
the ionisation fraction (like CMB), it may provide a powerful complementary
cosmological probe of DM with very long lifetimes or low annihilation rates
that otherwise evade constraints from the CMB. Furthermore, in contrast to
CMB measurements, the onset of structure formation can have an impact on
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the DM annihilation rate [297, 333, 334], boosting the effect in the 21 cm sig-
nal. Both the global 21 cm signal during reionization and the cosmic dawn and
the power spectrum of its fluctuations have been proposed as a probe for exotic
DM (see e. g., [188, 328, 330]). However, isolating an unambiguous DM signal in
this era, given the uncertainties in the physics of reionization, presents a major
challenge [335, 336].

On the other hand targeting the 21 cm signal from the dark ages, although
observationally challenging, would circumvent the astrophysical uncertainties
related with the cosmic dawn and reionization [337, 338]. Furthermore, matter
perturbations remain in the linear regime throughout most of this era [329],
which simplifies the modelling of the relevant physics without complications
due to galaxy bias and non-linearities in structure formation. Even when de-
parting from the linear regime at z & 30, corrections remain perturbative [329].
Additionally, the 21 cm temperature fluctuations can be observed at many inde-
pendent redshift slices, the information from which can be combined to perform
a tomographic analysis. This kind of observation would thus provide an uncon-
taminated window to constrain physics beyond the standard model of cosmology
(e. g. inflation [339–341], non-gaussianity [342]), and particularly those involving
exotic energy injection from DM [188, 328, 330] or PBH [343, 344].

The forthcoming Square Kilometre Array1 (SKA) [345] will have the capabil-
ity to measure the 21 cm LIM signal up to redshifts of z ⇠ 30. Beyond z & 30,
the 21 cm signal is redshifted to low frequencies that the Earth’s atmosphere is
opaque to and the signal suffers contamination from terrestrial radio interfer-
ence, rendering detection impossible unless an extremely precise modelling of
these contaminants is achieved. As such, the concept of a low-frequency radio
array on the lunar far-side is being developed [346–350] in order to study the
21 cm signal up to high enough redshifts to adequately probe the dark ages and
take full advantage of the power of 21 cm LIM tomography. A radio telescope
on lunar far-side would be shielded from Earth’s ionosphere and terrestrial ra-
dio interference. However, as we go to higher redshift (lower frequencies), the
radio foregrounds become rapidly brighter (reaching several orders of magni-
tude larger than the expected signal) and will need to be removed with high
precision in order to disentangle the cosmological signal in this frequency range
from other sources [225].

In this Chapter, we consider the effect of exotic energy injection from DM
decay or annihilation on the 21 cm LIM signal during the dark ages. We con-
sider DM with decay lifetimes or annihilation cross-sections that evade current

1https://www.skatelescope.org

https://www.skatelescope.org
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CMB limits, and model the energy injection in a phenomenological way, without
modelling all particle physics properties such as the mass and decay or annihila-
tion channels in detail. The purpose of this work is to evaluate the 21 cm LIM
power spectrum from the dark ages as an efficient probe of exotic DM mod-
els, estimate its potential, and compare it with existing complementary probes
such as the CMB. Therefore, we do not aim for a detailed and comprehensive
analysis of the DM contribution depending on the specific underlying particle
physics, and leave this study for future work.

This Chapter is organised as follows. We begin in Section 2.2 by reviewing
the standard physics of the global 21 cm signal and the angular power spectrum
of its fluctuations in the dark ages. In Section 2.3 we introduce the effect of DM
decay and annihilation in the physics of the dark ages; we review the thermal
and ionisation history of the IGM, including the effect of exotic energy injection,
and show how this leads to changes in the global sky-averaged 21 cm signal and
the angular power spectrum. Section 2.4 covers the forecasting methodology and
the instrumental set-up. In Section 4.3 we present the forecasted detectability of
DM decay and annihilation with the forthcoming SKA and different realisations
of next-generation radio surveys: a more sensitive “advanced SKA” (aSKA) and
a futuristic “Lunar Radio Array” (LRA). Finally, we summarise our findings in
Section 2.6.

2.2 Standard 21 cm Line-Intensity Mapping in

the Dark Ages

In this section we review the standard physics of the 21 cm signal and set out
our notation. Reader experts in this subjects can go directly to Section 2.3.

2.2.1 Global 21 cm signal

The 21 cm line from neutral hydrogen is triggered by the spin-flip transition
between the singlet state and triplet state of the hyperfine structure of the 1s

ground state. The excitation temperature of this transition is called the spin
temperature Ts, defined via the ratio of the populations in the two hyperfine
levels n1/n0 = 3e

�
T?
Ts with energy splitting T? = 0.068K. The spin temper-

ature is driven by: (i) absorption/emission due to Compton scattering with
ambient CMB photons, (ii) atomic collisions, relevant at high redshift when
the IGM is dense, and (iii) resonant scattering with Lyman-↵ photons (the
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Wouthuysen-Field effect [351–353]). Then, the evolution of the spin tempera-
ture follows [354]:

Ts =
T? + TCMB(z) + ykTk(z) + y↵T↵

1 + yk + y↵

, (2.1)

where TCMB is the CMB temperature, Tk is the mean kinetic temperature of
the cosmic gas, T↵ the color temperature, and yk and y↵ are the kinetic and
Lyman-↵ coupling terms respectively. The kinetic coupling efficiency yk is

yk =
T?

A10Tk

(CH + Ce + Cp), (2.2)

with de-excitation rates Ci (of the triplet) due to collisions with neutral hydro-
gen, free electrons and free protons, respectively. To determine these rates, we
adopt the fitting formulas found in [355]:

CH = nHxHI, Ce = nH(1� xHI)�e,

Cp = 3.2nH(1� xHI),

(2.3)

where nH is the comoving number density of hydrogen nuclei and xHI is the frac-
tion of neutral hydrogen, both in units of cm�3,  = 3.1⇥10

�11
T

0.357

k
exp

⇣
�32

Tk

⌘
cm

3
s
�1

and log
10
(�e/cm

3
s
�1
) = �9.607+0.5 log

10
(Tk) exp[�(log

10
Tk)

4.5
/1800] for Tk 

10
4
K and otherwise, �e(Tk > 10

4
K) = �e(Tk = 10

4
K) [356].

Since we focus on the dark ages before the first stars form, in the standard
case the Wouthuysen-Field effect can be safely neglected and we set y↵ = 0. In
principle, the injected DM annihilation and decay products may provide a non-
negligible Ly-↵ background intensity which could cause the Ly-↵ coupling term
to become important. We discuss the potential implications of this at the end of
Section 2.3.1. We consider the end of the dark ages to be at z ⇠ 30; nonetheless,
in some scenarios star formation might begin earlier, hence introducing larger
uncertainties in the measurements at z ⇠ 30 due to its effect on the 21 cm signal
(see e. g. [335, 336]). We implement a simple stellar reionization model [357]
(whose details can be found in Appendix A.1), and find that it has no significant
impact in our results.

The observed differential brightness temperature, at some frequency ⌫, is
given by [225, 226, 352],

T
obs

21
=

Ts(z)� TCMB(z)

1 + z
(1� e

�⌧⌫0 ) ⇡
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⇡ (27mK)(1+�b)xHI
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1� TCMB
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◆✓
⌦bh

2

0.023

◆
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✓
1 + z

10

0.15

⌦mh
2

◆1/2
1

1 + (1 + z)
@rvr
H(z)

,

(2.4)

where ⌧⌫0
is the optical depth of the IGM for the hyperfine transition frequency

⌫0 = 1420.4 MHz, xHI is the fraction of neutral hydrogen, �b is the fractional
baryon overdensity, ⌦b and ⌦m refer to the baryon and matter density param-
eters, respectively, H(z) is the Hubble parameter, h = H0/100 is the reduced
Hubble constant, and @rvr is the comoving (peculiar) velocity gradient along
the line of sight. Thus, when Ts < TCMB, we observe the 21 cm signal in ab-
sorption against the CMB spectrum, and in emission for Ts > TCMB. Beyond
z & 200�500, collisional coupling is so effective that Ts = Tk, while the residual
free electron fraction couples the gas to CMB photons via Compton scattering
(Tk = TCMB), and hence T obs

21
⇠ 0. With this in mind, we consider as our science

case the interval 30 . z . 200. As we will show, the signal-to-noise is too small
beyond z ⇠ 200, so this choice does not affect our results.

2.2.2 Angular Power Spectrum of the 21 cm Fluctuations

Fluctuations in the T21 signal are expected to be sourced by perturbations in
the density and velocity divergence of the hydrogen clouds (which in turn cause
fluctuations in the optical depth and spin temperature). For the purposes of
this study, in which we consider the dark ages z & 30, it suffices to treat the
perturbations as linear. Additionally, since we are primarily interested in a
signal-to-noise calculation, we neglect fluctuations in other quantities (e. g. the
ionisation fraction, gas temperature) which have a sub-dominant effect (see
ref. [358] for a full account of these effects up to second-order).

Here we follow the formalism of ref. [329], in which the fluctuations in the
21 cm differential brightness temperature signal to linear order are given by:

�T21(~x) = ↵(z)�b(~x) + T̄21(z)�v(~x), (2.5)

where ↵(z) =
dT21

d�b
, �v ⌘ �(1 + z)�rvr/H(z), and we have now dropped the

superscript “obs” from Eq. 2.4. Under the assumption of matter domination,
and that the baryons follow perfectly the DM distribution, then �b / 1/(1+ z).
Thus, in Fourier space one can write �v(k, z) = (k̂ · n̂)2�b(k, z) as defined in
ref. [329]. Therefore the transfer function of �T21 can be defined as:

T`(k, ⌫) =

Z
1

0

dxW⌫(x)[T 21(z)J`(kx) + ↵(z)j`(kx)], (2.6)
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where j`(kx) are the spherical Bessel functions, and J`(kx) ⌘ �@2
j`(kx)/(@kx)

2

can be written in terms of spherical Bessel functions2 [359]. W⌫(x) is a window
function spanning a particular frequency band centred on ⌫ accounting for finite
spectral resolution, and x denotes the comoving distance along the line of sight.
The window function depends on the details of the experiment; here we have
assumed a Gaussian window function of width �⌫. The angular power spectrum
of the 21 cm fluctuations at a certain frequency ⌫ in terms of the matter power
spectrum Pm(k) can then be written as,

C` =
2

⇡

Z
1

0

k
2
dkPm(k)T 2

`
(k, ⌫). (2.7)

In order to speed up computation time, we switch to the Limber approxima-
tion [360, 361] at ` � 10

3.

2.3 Signatures of Dark Matter on the 21 cm Line-

Intensity Mapping Signal

Throughout this work we use the Boltzmann code CLASS3 [362] interfaced with
the recombination code CosmoRec4 [363] to solve the evolution equations for
xe and Tk accounting for particle decay or annihilation. In this section we
briefly review the standard recombination model plus the additional effects of
energy injection from decay or annihilation of DM particles. We then show
how the standard 21 cm global signal and angular power spectrum, described
in the previous section, is affected by exotic DM energy injection through this
dependence on the thermal and ionisation history.

2.3.1 Exotic energy injection: thermal and ionisation his-
tory and the global 21 cm signal

Here we follow standard Peebles recombination [364] (further developed in [363,
365–367]). Energy deposited in the medium from an injection of energetic parti-
cles, denoted by dE

dV dt

��
dep

, ionises, excites and heats the medium. The amount of
energy going to each of these channels is denoted by the subscripts c = {i,↵, h},
respectively. However, not all the injected energy from the decay and annihi-
lation products is deposited in the medium. The amount of energy deposited

2J` = �`(`�1)
4`2�1 j`�2(kx) + 2`2+2`�1

4`2+4`�3j`(kx) + �(`+2)(`+1)
(2`+1)(2`+3)j`+2.

3https://github.com/lesgourg/class_public
4http://www.chluba.de/CosmoRec

https://github.com/lesgourg/class_public
http://www.chluba.de/CosmoRec
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depends strongly upon the decay and annihilation channels of the DM parti-
cle and its mass (which together determine the energy spectrum of injected
particles), and also the redshift of energy injection. Following the approach of
refs. [299, 368] the energy deposition rate is commonly parameterised as

dE

dV dt

����
dec/ann

dep,c

= fc(z)
dE

dV dt

����
dec/ann

inj

, (2.8)

where fc(z) is a dimensionless efficiency function parameterising the amount of
energy deposited in the medium in the three different channels c = {i,↵, h}.
The function fc(z) encapsulates the dependence on the energy spectrum of
the injected particles and the redshift of injection. A common approximation
assumes on-the-spot energy deposition, i. e., the energy released from the exotic
process is promptly absorbed at the same redshift. A further simplification of
this is to approximate the fc(z) curves by a constant efficiency factor fe↵ over
the entire redshift range, i. e. the fraction of injected energy that is promptly
deposited in the IGM stays constant with redshift. This simplification has
been shown to be a sufficient approximation in relation to CMB analyses for
DM annihilation and long-lived DM decay [187, 295, 357, 368]. We choose to
adopt this approximation in our analysis, foregoing a full calculation of the fc(z)

functions, for this initial exploration of the effect of DM energy injection in the
21 cm LIM angular power spectrum. We later discuss the implications of this
choice in Appendix A.3.

The evolution of the ionisation fraction (or free electron fraction) xe is gov-
erned by [369],

dxe

dz
=

1

(1 + z)H(z)
[Rs(z)� Is(z)� IX(z)], (2.9)

with the standard recombination and ionisation rates respectively given by,

Rs(z) = C
⇥
↵Hx

2

e
nH

⇤
, Is(z) = C

h
�H(1� xe)e

�
h⌫↵
kbTk

i
. (2.10)

The coefficient C takes into account the probability that an electron transitions
from the n = 2 to the n = 1 state before being ionised and is given by

C =
1 +KH⇤HnH(1� xe)

1 +KH(⇤H + �H)nH(1� xe)
, (2.11)

where KH = �
3

↵
/8⇡H(z) describes the cosmological redshifting and escape of

the Ly-↵ photons, and ⇤H is the vacuum decay rate of the metastable 2s level
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(for a more detailed explanation, refer to Appendix A of ref. [357]).
The final term of Eq. 2.9, IX = IXi+IX↵ , is an effective ionisation rate due to

extra injection of energetic particles, split in terms of the direct ionisation rate
and the excitation plus ionisation rate following ref. [188] (see also [187, 369]).
The contributions to the ionisation rate IX in terms of the energy deposition
rate from the DM decay/annihilation, are

IXi = � 1

nH(z)Ei

dE

dV dt

����
dep,i

,

IX↵ = � 1� C

nH(z)E↵

dE

dV dt

����
dep,↵

,

(2.12)

where nH(z) is the comoving number density of hydrogen nuclei, and Ei and
E↵ are the average ionisation energy per hydrogen atom and the Lyman-↵
energy respectively. Direct ionisations have no inhibition factor C, while extra
excitations can only be effective with a probability 1�C. We neglect the effect
of the extra energy injection on Helium ionisation, which has been shown to be
sub-dominant [370, 371] and thus should not significantly affect our results.

In turn, the evolution of the kinetic gas temperature Tk follows

dTk

dz
=

1

1 + z
[2Tk + �(Tk � TCMB)] +Kh, (2.13)

where � is a dimensionless parameter defined as [332]

� =
8�TaRT

4

CMB

3Hmec

xe

1 + fHe + xe

. (2.14)

Here �T is the Thompson cross section, aR is the radiation constant, me the
electron mass, c the speed of light and fHe is the number of helium nuclei
relative to hydrogen nuclei [357, 366]. The additional heating rate term Kh due
to the exotic energy injection is given by [332, 357],

Kh = � 2

H(z)(1 + z)3kBnH(z)(1 + fHe + xe)

dE

dV dt

����
dep,h

, (2.15)

where kB is the Boltzmann constant.
While the formalism described above is general for any exotic source of

particles injected to the IGM, we now focus solely on decaying and annihilating
DM. The energy injection rates for DM decaying or annihilating into Standard
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Figure 2.1: From top to bottom: Evolution of the free electron fraction xe, gas
kinetic temperature Tk, global 21 cm differential brightness temperature T obs

21
and

↵(z) with redshift for DM decay (left) and DM annihilation (right). The standard
⇤CDM prediction is shown for both a single-step reionization (black line) and with
a simple stellar reionization model (black dashed) as discussed in Appendix A.1.
Black dashed line in the second row represents the CMB temperature. Annihilation

efficiency pann in units of m3s�1kg�1.
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Model particles are given by, respectively:

dE

dV dt

����
dec

inj

= (1 + z)
3
f�⌦DMc

2
⇢c

e
�

t
⌧

⌧
,

dE

dV dt

����
ann

inj

= (1 + z)
6
f

2

�
⌦

2

DM
c
2
⇢

2

c

h�vi
m�

(2.16)

where f� is the fraction of DM that decays/annihilates, ⌦DM is the present-day
total abundance of cold DM, ⇢c is the critical density of the Universe today, ⌧ is
the lifetime of the decaying particle (related with the decay rate � by ⌧ ⌘ �

�1),
m� is the DM particle mass, and h�vi is the thermally averaged self-annihilation
cross section. As customary, in these equations a smooth cosmological DM
distribution is assumed, neglecting structure formation. In this Chapter we
consider only cases in which all of the DM decays/annihilates, i. e. f� = 1.

For the purposes of this work, for DM decay we choose to set fe↵ = 0.1 in
order to explore the implications of this fiducial model on the 21 cm angular
power spectrum and the potential to constrain the DM lifetime. We discuss
the limitations of this choice and how our results may change quantitatively
when considering more detailed injection histories in Appendix A.3. For DM
annihilation, we can condense the DM parameters into an effective annihilation
efficiency pann ⌘ fe↵h�vi/m� and so the efficiency factor, if taken to be constant,
is already absorbed into the parameter we want to constrain and we do not
assume anything for fe↵ . After the first stars form, there are other sources of
heating and ionisation. We take this into account by including our simple stellar
reionization model, described in Appendix A.1. Unless otherwise stated, the
results presented in this Chapter include this stellar reionization prescription.

The effect of DM decay and annihilation on the thermal and ionisation his-
tory of the IGM, and the resulting 21 cm differential brightness temperature
T21, defined in Eq. 2.4, and corresponding ↵(z) = dT21/d�b are shown in Fig-
ure 2.1. We show here the standard ⇤CDM prediction (without exotic energy
injection) both with the stellar reionization model and with the standard hy-
perbolic tangent transition describing reionization. For decaying DM with the
considered lifetimes, the energy injection heats and ionizes the gas, resulting
in an increasing ionisation fraction with redshift, slowly reionizing the IGM at
high redshift. Additionally, the extra energy injection heats the gas tempera-
ture Tk, which then rises above the CMB temperature earlier than in the case of
no DM decay. Furthermore, as the DM decay increases the ionisation fraction,
Compton scattering becomes more efficient and results in extra heating of the
gas (second term of Eq. 2.13) on top of the direct heating term Kh. All of this
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has a strong effect in the global T21 signal which directly depends on the ther-
mal history, unlike CMB. While Tk < TCMB (and collisional coupling maintains
Ts < TCMB), we observe the 21 cm signal in absorption. However, due to the
heating and ionisation produced by the DM decays, the depth of the absorption
signal reduces, even transitioning to a signal in emission for the shortest decay
lifetimes considered here.

The effect of annihilating DM on the 21 cm signal is comparable, where
greater annihilation efficiency leads to more ionisation and heating of the gas,
resulting in a shallower absorption or even emission signal in 21 cm. For anni-
hilating DM however, the energy injection is proportional to the square of the
density, hence most of the energy is injected at earlier times (before or around
recombination) when the DM density was higher. The ionisation fraction then
freezes out at an elevated value relative to the ⇤CDM prediction, then decreases
very slowly until reionization kicks in. On top of the direct heating of the gas
from the energy injected in the annihilation products, the higher xe can have
the effect of delaying hydrogen-CMB decoupling (keeping Tk ⇠ TCDM for longer)
resulting in an increased gas temperature at later times since there has been
less time to cool adiabatically. The effect of DM annihilation on gas heating at
high-z is much smaller because the majority of energy is injected while Comp-
ton scattering is still efficient enough to ensure Tk ⇠ TCMB. Therefore, DM
annihilation tends to reduce the variation of T21 with redshift.

This work being a proof-of-concept, we do not include second order effects
of the extra energy injection from exotic DM in our modelling. Among these,
the most important might be the potential advance of reionization, with the
first stars forming earlier, due to the impact of DM decays or annihilation.
This would increase the redshift at which the dark ages end, hence keeping
the observation of the dark ages out of reach for ground-based experiments.
However it has been shown [334] that a contribution of more than 10% to
reionization is disfavoured for almost all DM decay and annihilation scenarios
which are consistent with the CMB constraints. Nevertheless, the backreaction
effect of the increased ionisation level due to DM energy injection can lead to
greater gas heating, especially near the end of the cosmic dark ages [372] which
can in turn modify the global T21 signal.

We have also neglected any potential contribution from Ly-↵ photons in-
jected by the DM decays or annihilations in the IGM. Additional heating of the
IGM due to the Ly-↵ background has been found to be negligible compared
to other sources of heating [373–375], and in fact becomes less efficient as the
gas temperature rises (e. g. through direct heating from DM annihilations and
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decays). However, there may be some consequence due to the Ly-↵ coupling of
Ts to Tk through the Wouthuysen-Field effect. As the IGM cools and expands,
collisional coupling becomes inefficient (z ⇠ 70) and Ts tends toward TCMB. If
the Ly-↵ coupling becomes efficient enough to drive Ts toward Tk again, then
for DM models in which the IGM temperature remains below TCMB, Ts would
be driven towards lower values, resulting in the differential brightness tem-
perature T21 curve to drop below that of the standard scenario without DM.
Ref. [328] demonstrates this effect for several DM annihilation models, where
the additional Ly-↵ coupling causes the differential brightness temperature to
dip slightly below that of the standard scenario at around z = 30�40 (see their
Figure 5). On the other hand, if the IGM is sufficiently heated above the TCMB

by the DM energy injection, then we expect the extra Ly-↵ coupling of Ts to
the higher Tk to contribute to an increase in the differential brightness tempera-
ture T21; resulting in a shallower absorption signal or earlier emission signal. In
either scenario, the effect would result in a larger deviation from the standard
(no DM) case, and as such, our projections remain conservative. Further, we
expect these deviations to be minor, as Refs. [330, 376] indicate that the Ly-↵
coupling term is sub-dominant to the collisional coupling/IGM heating in the
case of DM energy injection. Given these considerations, we do not expect the
inclusion of the Ly-↵ coupling to alter the results significantly.

We leave the study of these effects to be included in a more detailed anal-
ysis in future work. Finally, we do not consider any DM annihilations with
velocity-suppressed cross-sections (p–wave annihilation) or models with Som-
merfeld enhanced [377] annihilation cross-sections.

2.3.2 Dark matter energy injection on the 21 cm angular
power spectrum

We compute the effect of DM decay and annihilation on the 21 cm angular
power spectrum during the dark ages. We only consider here the changes in
the angular power spectrum due to the modifications of Pm(k), T21, and ↵. In
principle, the extra energy injection would not only affect the global quantities,
but also the perturbations and scale dependence of the power spectrum. We
leave such study for future more detailed analyses.

Figure 2.2 shows how the 21 cm angular power spectrum at z = 30 is
modified from the standard ⇤CDM signal by electromagnetic energy injection
from either decaying or annihilating DM (top left and right panels, respectively),
for several values of the decay lifetime or annihilation efficiency. The bottom
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Figure 2.2: Top: Angular power spectrum of fluctuations in the 21 cm brightness
temperature at z = 30 with contribution from decaying (left) or annihilating (right)
DM of various decay lifetimes or annihilation efficiency. Bottom: Angular power
spectrum for a fiducial DM decay of ⌧ = 1⇥1026 s (left) and fiducial DM annihilation
with pann = 1.9 ⇥ 10�7 m3s�1kg�1 (right) in solid lines at various redshifts during
the dark ages (z = 30� 180), compared to the standard ⇤CDM power spectrum at

each redshift (dashed lines). Annihilation efficiency pann in units of m3s�1kg�1.

left and right panels of Figure 2.2 show the predicted signal at various redshifts
for a single fiducial decay lifetime and annihilation efficiency, respectively. The
C`’s depend on the square of the quantities T21 and ↵ (eqs. 2.5–2.7), and so the
power in the C`’s is enhanced or suppresed accordingly as the absolute value
of these quantities changes. In other words, it is the difference in intensity
of the absorption/emission signal compared to the standard absorption signal
that determines the difference on the power spectrum (regardless of whether
the global T21 signal is in absorption or emission itself).

At z = 30, we find an enhancement in the 21 cm fluctuation signal for decay
lifetimes ⌧ . 1 ⇥ 10

25
s, while for ⌧ = 1 ⇥ 10

26
s, the extra energy injection

reduces the intensity of the global absorption signal, and so the resulting power
spectrum is suppressed compared to the ⇤CDM case. For even longer lifetimes,
e. g., ⌧ = 1 ⇥ 10

27
s, the global absorption signal is almost as large as the
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standard one, and so the power spectrum increases again to close to the ⇤CDM

line. Within current bounds on the DM annihilation parameter (pann < 1.9 ⇥
10

�7
m

3
s
�1
kg

�1), the deviation from the standard signal in the angular power
spectrum is much smaller than for the allowed range of decay lifetimes (⌧ &
1 ⇥ 10

25
s) at z = 30. This is expected due to most of the energy injection

occurring at higher redshift for annihilating DM. While the deviation for a
fiducial pann = 1.9⇥ 10

�7
m

3
s
�1
kg

�1 is small at z = 30, the difference between
the annihilating DM and the standard signal increases with redshift until around
z ⇠ 50 (bottom right of Figure 2.2). For the decaying DM lifetime ⌧ = 1⇥10

26
s

the signal also grows with redshift until around z ⇠ 40 � 50, but then decays
faster than for the annihilating DM scenario.

We remind the reader that we demonstrate the effect of each decay lifetime
for a fixed fe↵ = 0.1 only, and that the amount of the energy injection for a given
lifetime can vary greatly with the particle mass and types of decay channels.
We discuss the implications of this, exploring some examples, in Appendix A.3.
Due to the sensitivity of the 21 cm signal to the energy injection history, a
careful analysis of the effect on the 21 cm LIM signal across all decay masses
and channels would allow the possibility to constrain or eventually measure DM
particle properties beyond the lifetime, if potential degeneracies can be taken
care of. These degeneracies are worth exploring, and we aim to perform such a
study in future research.

2.3.3 DM annihilation in halos: the halo-boost

Below z ⇠ 100 the effects of structure formation may become important, en-
hancing the average square DM density with respect to the smooth background
by some boost factor B(z), such that [297, 357]:

h⇢2i(z) = (1 + B(z))h⇢i2(z). (2.17)

The energy injected from DM annihilation then becomes,

dE

dV dt

����
ann

inj,smooth+halos

= (1 + z)
6
f

2

�
⌦

2

DM
c
2
⇢

2

c

h�vi
mDM

(1 + B(z)). (2.18)

In the halo model framework, adopting the Press-Schechter formalism for the
halo mass function, the boost factor is (see Appendix C of ref. [357]),

B(z) = fH

(1 + z)3
erfc

✓
1 + z

1 + zH

◆
, (2.19)
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Figure 2.3: Evolution of free electron fraction xe (top left), gas temperature
Tk (top right), and global T21 signal (bottom left) with redshift, and the angular
power spectrum of the 21 cm fluctuations at z = 30 (bottom right), comparing the
effect of energy injection of annihilating DM from the smooth background only and
with the effect of various halo boost factors included. For the smallest boost factor
considered, the curve (orange) lies on top of the smooth annihilating DM curve
(blue) except in the plot of the Tk. The stellar reionization model is included and
the annihilation efficiency is fixed at the maximum value allowed by current Plank

bounds pann = 1.9 ⇥ 10�7 m3s�1kg�1.
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where zH is the characteristic redshift at which halos begin to contribute, and fH

is a normalisation set by the amplitude of the boost factor at z = 0. According
to [357] reasonable values for these parameters lie in the range zH 2 [20, 30]

and B(z = 0) 2 [5 ⇥ 10
4
, 10

6
] (corresponding to fH 2 [10

6
, 10

8
]), however

this is still poorly constrained. In Figure 2.3 we show the effect of various
halo boost parameterisations on the ionisation fraction and gas temperature
compared to a smooth DM distribution, and the resulting evolution of the
global 21 cm temperature and its fluctuations (at z = 30) for a fixed fiducial
pann = 1.9 ⇥ 10

�7
m

3
s
�1
kg

�1. Although outside the redshift range of interest
here, we find that the stellar reionization model kicks in already before z = 20,
suppressing the effect of the halo boost choice. For this reason we set zH = 30

and choose different fiducial values of fH in our analysis.
Once the boost kicks in, it increases DM annihilation efficiency, thereby

injecting more energy which in turn induces earlier ionisation and heating of
the IGM. For large enough halo boost, this can cause the gas temperature Tk to
rise above the CMB temperature T� at early redshifts (z > 30) and trigger an
emission signal in the global 21 cm line during the dark ages. For smaller boost
factors, the extra energy injection can result in a smaller absorption or smaller
emission signal (in absolute value) at z = 30 than for smooth DM, resulting in
a suppression of the power spectrum with respect to the smooth DM case.

Here we have only considered the effect of early sub-structure formation
boosting the amount of energy injection from DM annihilation. In computing
the angular power spectrum we still treat the DM as a continuous background,
neglecting a full calculation of the contribution from the ‘one-halo’ and ‘two-
halo terms’ in the halo model. Additionally, there may be an important Poisson
contribution at small scales. It has been shown that when the sub-structure
contribution becomes important for DM annihilation, the energy deposition is
dominated by . 1M� halos, which can be treated as uniformly distributed on
large scales & 10Mpc [328, 330]. Assuming ⇤CDM with the Planck best-fit
parameters, at z = 30 the multipole ` = 10

3 corresponds to k ⇠ 0.1Mpc
�1 and

so up to this scale, we consider our assumption sufficient. At smaller scales (we
consider up to ` = 10

5, which corresponds to k ⇠ 10Mpc
�1) however, this as-

sumption may break down as the Poisson contribution may become important.
In this case, however, the Poisson-like contribution adds an extra signal (also
with its variance) at small scales. Such extra contribution should be accounted
for in any realistic analysis but for our proof-of-principle estimate of neglecting
it is likely to yield an underestimate of the expected signal to noise.
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2.4 Forecasts

We now forecast the detectability of a decaying or annihilating DM contribution
to the 21 cm angular power spectrum from the dark ages. We estimate the
constraining power of a given experiment using a Fisher information matrix
analysis [378, 379]. The Fisher information matrix is defined as

F↵� =

⌧
�@

2
lnL(✓)
@✓↵@✓�

�
, (2.20)

where L is the likelihood and ✓↵ are the cosmological model parameters. We
consider the 21 cm angular power spectrum C`, measured with a covariance �2

C`

(assumed to be diagonal), which will be given by the specific instrumental set-
up and presented in Section 2.4.1 and Eq. 2.25. Assuming the C`’s are Gaussian
distributed, the Fisher matrix elements corresponding to parameters ✓↵ and ✓�

can be computed from

F21cm

↵�
=

X

`,z

@C`

@↵

@C`

@�
�

�2

C``0 . (2.21)

We assume a standard ⇤CDM plus an extra parameter to describe the DM
decay or annihilation (lifetime ⌧ and annihilation efficiency pann respectively)
as our fiducial model, considering the following set of free parameters

P ⌘ {✓s,!cdm,!b, ln
�
10

10
As

�
, ns}+ #, (2.22)

where ✓s is the angular size of the sound horizon, !cdm ⌘ ⌦cdmh
2 is the cold

dark matter abundance, !b ⌘ ⌦bh
2 is the baryon abundance, As and ns are

the amplitude and spectral index of the primordial power spectrum of scalar
modes respectively, and # corresponds either to ⌧ or pann depending on the DM
scenario. We adopt the latest Planck 2018 TT,TE,EE + low-E [45] best-fit
values for our fiducial ⇤CDM cosmology: ✓s = 1.04109, !cdm = 0.1202, !b =

0.02236, ln(10
10
As) = 3.045, ns = 0.9649. To compute the final constraints

we adopt the stellar reionization model discussed in Appendix A.1 , and so we
do not fix the redshift of reionization zreio as this is taken care of within the
modelling. In our modeling, As is completely degenerate with the parameters
governing the DM decay or annihilation at each redshift bin (since both control
the amplitude of the power spectrum). Therefore, we use a prior on As from
the Planck 2018 TT,TE,EE + low-E [45] results. Nevertheless, this degener-
acy would be broken with the use of tomography. We do not include Planck
priors on other parameters, so beyond As, the measurements presented here are
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independent of CMB measurements.
We consider several fiducial values for ⌧ and pann within the current limits set

by CMB and Big-Bang Nucleosynthesis analyses, and forecast the errors on the
fiducial DM particle parameter of interest. Specifically, we forecast marginalized
constraints on the DM decay lifetime for fiducial ⌧ = 10

25 � 10
27
s and on the

annihilation efficiency for fiducial pann = 1.9 ⇥ (10
�7 � 10

�8
)m

3
s
�1
kg

�1, still
viable ranges for many DM masses and channels. We do so in order to estimate
potential detections for 21 cm from the dark ages searches. For DM decay, we
assume two cases for a constant fe↵ , with values 0.1 and 0.4, as well as time
varying functions mimicking specific DM masses and decay channels. For the
annihilating DM case, we consider annihilation with and without the halo boost.
Regarding the parameters of the boost, we choose two configurations to bracket
the reasonable range described in [357]: Boost 1 zH = 30, fH = 1 ⇥ 10

6 and
Boost 2 zH = 30, fH = 1 ⇥ 10

8. We do not vary the boost parameters, solely
exploring the effect on the constraints for pann for each fiducial halo boost.
Additionally, we fix the fraction of DM that decays/annihilates to f� = 1, as
varying this fraction would be degenerate with varying the efficiency factor fe↵ .

Finally we consider the case of non-detection, and forecast marginalized
upper limits on ⌧ and pann. We do so by assuming a fiducial model with no
exotic DM and studying variations around it.

2.4.1 Experimental setup

The power spectrum of the instrumental noise C
N

`
of a radio interferometer

with uniformly distributed antennas at a given frequency ⌫ can be written as
(see e. g. [380–383]),

`
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``0 , (2.23)

where the maximum multipole observable `cover(⌫) ⌘ 2⇡Dbase/�(⌫), Dbase is the
largest baseline of the interferometer, fcover is the fraction of this baseline covered
with antennas, tobs is the observation time, Tsys is the system temperature,
and �

K is the Kronecker delta. Assuming the system temperature to be the
synchrotron temperature of the observed sky, we have (extrapolating to lower
frequencies the results reported in Ref. [384]):

Tsys(⌫) = 180

⇣
⌫

180MHz

⌘�2.62

K. (2.24)
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Spec SKA aSKA LRA1 LRA2 LRA3

Dbase (km) 6 100 30 100 300
fcover 0.02 0.2 0.1 0.5 0.75

tobs (years) 5 10 5 5 5
lcover

1+z

31
5790 96515 28954 96515 289547

Table 2.1: Instrument specifications for the forthcoming SKA, an advanced
ground-based SKA-like experiment (aSKA), and three realisations of a futuristic

lunar radio array (LRA).

Therefore, the uncertainty in the measured 21 cm C` at a given multipole `
including cosmic-variance is then given by

�C``0 =

s
2(C` + C
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``0)
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fsky(2`+ 1)
�

K

``0 , (2.25)

where fsky is the fraction of sky coverage of the survey (we assume all-sky
surveys, i. e., fsky = 0.75 ⇠ 30, 000 deg

2). In addition, we consider for all
cases a frequency band �⌫ = 1MHz. We consider both the forthcoming SKA
experiment, and different realisations of more advanced, futuristic earth- and
lunar-based radio interferometers. The instrument specifications for each survey
we consider are summarised in Table 2.1. Ground-based experiments (SKA and
aSKA) will be limited to observe at z = 30, while the three realisations of the
LRA will be able to perform a tomographic analysis over the redshift range
30 . z . 200. By considering both, we examine how much improvement
in detection capabilities for a DM decay or annihilation signal is possible for
different types of next-generation experiments measuring the 21 cm LIM power
spectrum. Following the arguments of Ref. [342], we consider 39 independent
(i. e. uncorrelated) redshift bins between z = 30 and z = 180, equally spaced in
frequency with �⌫ = 1MHz.

2.5 Results

We present forecasted constraints and lower (upper) limits on ⌧ (pann) for DM
decay (annihilation), from the 21 cm LIM power spectrum as observed by the
experimental setups described in Section 2.4.1, for different versions of the SKA
and Lunar radio arrays. To obtain comprehensive results, we consider two
representative values of the effective efficiency parameter fe↵ = 0.1, 0.4 for
decays, and both a smooth background and halo-boosted annihilations for the
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Figure 2.4: Evolution of the signal-to-noise ratio (S/N) with redshift between
the 21 cm angular power spectrum with decaying DM lifetimes ⌧ = 1 ⇥ (1025 �
1027) s compared to the ⇤CDM case (no decaying DM) as measured by SKA, an
advanced SKA-like instrument (aSKA) and 3 realisations of a futuristic lunar radio
array (LRA). Instrument specifications can be found in Table 2.1. For SKA and
aSKA (z = 30), the circles represent fe↵ = 0.1 and diamonds represent fe↵ =
0.4. For LRA, solid lines represent an efficiency factor fe↵ = 0.1 and dashed lines
represent fe↵ = 0.4. Solid black line represents an S/N of unity. We define S/N =P

`
(�C`/�C`), and the lines connect the S/N in each redshift bin into a curve.

annihilating DM scenario. We summarize our results in this section, and report
all cases in detail in Tables A.1, A.2 and A.3 in Appendix A.2.

We find that the forecasted errors are largely insensitive to the adopted stel-
lar reionization model (Appendix A.1) as expected, given that the reionization
effect kicks in below z = 30. Hence, all results are reported with the stellar
reionization prescription included, and we do not expect reasonable changes to
the reionization model to affect our results.

Figures 2.4 and 2.5 show the evolution of the signal-to-noise ratio (S/N)
with redshift of the 21 cm angular power spectrum for the fiducial decaying and
annihilating DM models, respectively, as measured by SKA, aSKA (z = 30) and
LRA. As most of the energy injection occurs at earlier times for DM annihilation
when the background DM density is higher, the S/N tends to peak at higher
redshift than for decaying DM. The dip in the S/N that is observed e. g. for
⌧ = 1 ⇥ 10

25 s is due to the crossing from absorption into emission of the
global T21 signal, resulting in a drop in signal in the C`’s. Figures 2.6 and
2.7 summarise the marginalised forecasted relative errors around each fiducial
decay lifetime and annihilation efficiency respectively, for all 5 experimental
set-ups measuring the 21 cm power spectrum.

Our results demonstrate that SKA alone is unlikely to precisely constrain
DM decay even for the shortest viable decay lifetimes. There is no case within
the allowed lifetimes for which the SKA reaches a signal-to-noise ratio S/N

of unity, except for decay channels with much larger energy injection, see Ap-
pendix A.3. Even under the optimistic assumption that SKA can observe up to
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Figure 2.5: Evolution of the difference in signal-to-noise ratio (S/N) with redshift
between 21 cm power spectrum with annihilating DM with pann = 1.9 ⇥ (10�7 �
10�8)m3s�1kg�1 in smooth background (solid), with halo boost 1 (dotted) and
halo boost 2 (dashed), with respect to the ⇤CDM case (no DM energy injection).
For SKA and aSKA (z = 30), the circles represent smooth DM distribution and
diamonds represent with halo boost 1. Solid black line represents a S/N of unity.

S/N defined as in Figure 2.4.

z ⇠ 35, we found the constraints do not improve dramatically enough to enable
a precise detection. With a more sensitive earth-based instrument like aSKA,
it would be possible to constrain lifetimes of up to ⌧ = 1 ⇥ 10

26s with close
to percent-level precision observing at z = 30 only. Due to its large baseline,
aSKA measuring the power spectrum at z = 30 could better constrain the DM
lifetime than LRA1 even taking advantage of the full redshift range. Therefore,
having a large enough baseline with enough angular resolution to resolve the
information at small scales will be critical in providing precise measurements of
the DM parameters.

However, only a tomographic analysis would allow the possibility to con-
strain the DM lifetime down to the sub-percent level. The information gain from
probing higher redshifts significantly boosts the detection capabilities. While in
general the S/N decreases with redshift, the maximum S/N appears at z > 30

for various parameters configurations, especially as the experiment improves
(see Figure 2.4). Even with a much more sensitive instrument like LRA3 (with
a much larger baseline and fcover), the measurement errors at z = 30 alone
do not improve much over what is attainable with aSKA (an improvement of
around a factor of ⇠ 1.3 at z = 30 compared with a factor ⇠ 11 using the range
30 < z < 200). As such, a lot of information is lost if these higher redshifts
cannot be reached.

With LRA2, it would be possible to constrain lifetimes of up to ⌧ = 1 ⇥
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Figure 2.6: Marginalised 68% confidence level forecast relative errors around
each fiducial decay lifetime ⌧ = 1 ⇥ (1025 � 1026) s (left panel) and comparing the
errors around two fiducial lifetimes with both fe↵ = 0.1, 0.4 (right panel), for SKA,
an advanced SKA-like instrument (aSKA) and 3 realisations of a futuristic lunar
radio array (LRA). For SKA and aSKA, the constraints are based on a measurement
of the 21 cm at z = 30 only while LRA utilises tomography of the 21 cm LIM in

30  z  200. Solid black line represents a relative error of unity.

10
26
s at the sub-percent level, already ⇠ 1 order of magnitude below general

bounds on the DM lifetime from CMB [187]. LRA3 could reach sub-percent
level precision even for ⌧ = 1⇥ 10

27s, two orders of magnitude longer lifetimes
than current CMB limits (given an energy injection of fe↵ = 0.1). For decay
scenarios with larger energy injection, even longer lifetimes could be probed.

We also use the Fisher matrix formalism to forecast a lower limit on the decay
lifetime in case of non-detection, assuming fe↵ = 0.1. For aSKA, we project a
lower limit at ⌧ > 1.9⇥ 10

27
s at 95% C.L. With a lunar-based instrument, we

can reach a forecasted lower bound on the lifetime of ⌧ > 2.21⇥ 10
29
s at 95%

C.L for LRA3, improving upon the current bounds from CMB measurements
by more than 4 orders of magnitude (⌧ > 1⇥ 10

25
s [187]). A detailed report of

forecasted limits for each experiment can be found in Table A.3 in Appendix A.2.
We emphasise that the forecasts discussed above corresponding to DM decay

are for two representative cases of the energy injection history, fe↵ = 0.1, 0.4.
In Figure 2.6 we can see that the relative forecasted errors do not change sig-
nificantly when assuming fe↵ = 0.4; hinting that the constraining power does
not depend strongly on the value of fe↵ while it is constant. Still, we explore
some specific particle decay cases (e. g. DM particles of 100 MeV decaying into
electron-positron pairs (� ! e

+
e

�) and 100 GeV decay to photons (� ! ��))
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Figure 2.7: As in Figure 2.6, but here forecasted constraints are shown for the
fiducial values of pann = 1.9⇥(10�7�10�8)m3s�1kg�1 for a smooth DM distribution
(left panel) and errors around a fixed pann = 1.9 ⇥ 10�7m3s�1kg�1 assuming a
smooth background DM distribution only compared to adding a halo boost factor
to account for early structure formation (right panel). Solid black line represents a

relative error of unity.

for a lifetime of ⌧ = 1 ⇥ 10
26 s and discuss the implications for the forecasted

constraints in Appendix A.3. We find that the constraints on ⌧ can vary by
up to an order of magnitude for the specific decay models considered. The
main case studied here, fe↵ = 0.1 describes reasonably well a 100 GeV decay
� ! e

+
e

�. In any case, observations of the 21 cm power spectrum at z = 30

alone are unlikely to yield a S/N of unity for DM decay, except in decay cases
where the energy injection is near maximal, e. g. MeV-scale particle decaying to
electron–position pairs, or with an instrument with extremely good resolution
like aSKA. Nonetheless, 21 cm LIM tomography with LRA will have the power
to improve upon CMB constraints by orders of magnitude.

As in the case of decaying DM, SKA will not reach the required sensitivity to
detect an annihilating DM signal in the 21 cm angular power spectrum. Even at
the upper limit set by Planck CMB measurements of pann = 1.9⇥10

�7
m

3
s
�1
kg

�1

and with the largest considered halo boost, the S/N for SKA remains well be-
low unity. aSKA may have the potential to detect a DM annihilation signal
if the annihilation rate (or boost factor) is sufficiently high. In order to reach
(sub-)percent level precision measurements or probe weaker annihilation rates
it will be necessary to use tomographic observations of the 21 cm LIM. An
instrument like LRA2 (LRA3) has the capability to constrain the DM anni-
hilation parameter at the level of pann = 1.9 ⇥ 10

�8
m

3
s
�1
kg

�1 with percent
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(sub-percent) precision, allowing for a very accurate measurement, at least one
order of magnitude below the current limit set by Planck CMB measurements.

The importance of measuring the 21 cm power spectrum beyond z > 30 to
perform tomography is even more pronounced in the case of annihilating dark
matter. Since the majority of energy injection occurs earlier, the contribution
from exotic DM at z = 30 is generally significantly less than its maximum at
around z ⇠ 50. This results in a huge improvement in the forecasted measure-
ment errors when comparing LRA constraints at z = 30 versus using tomog-
raphy (up to 3 orders of magnitude improvement, e. g. for LRA3 measuring an
annihilation rate pann = 1.9⇥ 10

�8
m

3
s
�1
kg

�1).
Including the effect of sub-structure in the DM distribution with the halo

boost enhances the DM annihilation efficiency at low redshift, thereby boosting
the S/N at later times (see Figure 2.5). For the most conservative boost factor
we chose, Boost 1, the impact in the constraints is negligible. However with
the larger Boost 2, the effect in the constraints at z = 30 can be significant
(see right panel Figure 2.7). For example, there is a factor of ⇠ 8 improvement
for aSKA, and over an order of magnitude stronger constraints with LRA3 at
z = 30. When performing tomography with LRA, the effect in the constraints
is negligible. However, when including the effects of structure formation, the
effective on-the-spot approximation may break down and the energy deposition
curves can change substantially at low redshifts [368]. Therefore, a full calcu-
lation of the redshift-dependent f(z) (or pann(z)) curves once precision 21 cm
measurements are made possible should be taken into account when including
halo boost effects.

Regarding the upper limit on the annihilation efficiency pann for cases of non-
detection, we can compare it with the forecast from an ideal Cosmic Variance
limited (CVl) CMB experiment, reported to be pann < 5 ⇥ 10

�8
m

3
s
�1
kg

�1

at 95% C.L. in Ref. [295]. Figure 2.8 shows the forecasted upper limits on
the annihilation efficiency for each experimental set-up, compared to the latest
Planck bounds and the aforementioned CVl experiment forecast. Exploiting
the power of tomography of the 21 cm LIM signal, LRA could detect or exclude
values of pann up to 1–3 orders of magnitude smaller than current CMB bounds
(based on LRA1–LRA3 upper limit). Even with an earth-based instrument
like aSKA, measurement of the 21 cm power spectrum can achieve 20–fold
improvement over current Planck bounds with a projected upper limit of pann <

9.3⇥ 10
�9
m

3
s
�1
kg

�1 at 95% C.L.
Assuming a thermal relic cross-section of h�vi ⇠ 3 ⇥ 10

�26
cm

3
s
�1 and a
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Figure 2.8: Projected upper limits (95% C.L.) are shown in green for aSKA and
red for LRA (solid, dashed, and dot-dashed represent LRA1–LRA3 respectively),
compared to a forecasted Cosmic Variance limited CMB bound (95% C.L.) from
Ref. [295] (orange). Blue shaded exclusion region is the 95% C.L. Planck 2018
TT,TE,EE+lowE bound [45]. Purple horizontal band represents the thermal relic
cross section of h�vi = 3 ⇥ 10�26 cm3s�1 multiplied by a range of fe↵ values for
different annihilation channels, from fe↵ = 1 (top) to fe↵ = 0.2 (bottom). The
grey circles show the best-fit DM models that are compatible with the Fermi-LAT
Galactic centre excess found in Ref. [385], and the hatched area represents the factor
⇠ 5 uncertainty in the best-fit cross-section due to Milky Way halo parameters.

perfect absorption efficiency of fe↵ = 1, then a non-detection of a DM annihi-
lation signal with LRA3 would exclude a thermal WIMP of O(10

5
)GeV mass.

For a more conservative choice of fe↵ = 0.2 (relevant for many annihilation
channels [317]), LRA3 would have the potential to probe the region of the ther-
mal relic annihilation cross-section for O(10

4
)GeV WIMP masses. Even less

powerful instruments such as aSKA and LRA1 would permit the possibility to
probe a thermal relic WIMP of mass O(10

2 � 10
3
)GeV, allowing to explore

much of the parameter space often invoked if DM annihilations are to explain
the observed Fermi -LAT Galactic centre gamma-ray excess [385] and the AMS
anti-proton excess [386]. With more sensitive instruments like LRA2 or LRA3,
this region could be decisively excluded. We leave for future work a detailed
computation of the energy injection histories in order to forecast constraints on
the cross-section in terms of specific annihilation channels.

2.6 Conclusions

In this chapter, we have proposed the use of the 21 cm line-intensity map-
ping angular power spectrum from the dark ages to constrain decaying and
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annihilating dark matter through its exotic energy injection. While remaining
agnostic about the specifics of the microscopic description of the DM particles
(i. e. mass, branching ratios), we modelled generic energy injection from DM on
the thermal and ionisation history of the intergalactic medium, and computed
how this in turn modifies the global T21 and the angular power spectrum of its
fluctuations during the cosmic dark ages, the epoch following the last scattering
of the CMB until the formation of the first stars and galaxies.

In particular, we estimated the potential of next-generation and futuristic
radio arrays to detect signatures of decaying or annihilating DM. Considering
several fiducial cases for the DM parameters allowed by current bounds, we
forecasted the observational errors and limits (in the case of non-detection) on
the decay lifetime ⌧ or annihilation efficiency pann with the forthcoming SKA,
an idealised earth-based SKA-like instrument (aSKA), and three realisations of
a futuristic radio array on the lunar far-side (LRA). We have found that a dra-
matic improvement upon current and maximal constraints from other probes,
such as the CMB power spectrum, can be achieved for experiments beyond SKA.
This is especially true for the LRA realisations, which will allow tomographic
analyses of the 21 cm LIM power spectra from the dark ages.

Ground-based experiments will need exquisite angular resolution to access
very small scales and be able to efficiently constrain these DM models. However,
the real boost in constraining power comes from the tomographic analyses; in
many cases the S/N remains larger than unity over a large redshift range. The
information available thanks to observations at z > 30 is most apparent for the
annihilating DM case since the majority of the energy injection occurs earlier,
boosting the S/N at higher redshift. In addition, measuring the signal across
a wide redshift range will also be important for understanding the evolution of
the signal, which may prove to be crucial for constraining the precise particle
properties and breaking otherwise degenerate signals at a single redshift.

Since the 21 cm signal is sensitive to both the thermal and ionisation his-
tory of the IGM, it holds great promise, and has the potential to constrain much
smaller or later-time energy injection from DM than the CMB, even when con-
sidering next generation (e. g. CMB-S4 [220]) or a Cosmic Variance limited
CMB experiment, which is sensitive only to the ionisation fraction around the
time of recombination. Our results demonstrate that an instrument like LRA3
could be sensitive to annihilation efficiencies up to pann = 7.4⇥10

�11
m

3
s
�1
kg

�1

(95% C.L.), reaching over 2 orders of magnitude greater sensitivity than what
is ultimately accessible with an idealised CMB experiment, and over 3 orders
of magnitude more than current Planck bounds, allowing to probe the thermal
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relic cross-section for ⇠ O(10
4
)GeV WIMP masses. In the case that all of the

DM decays, the proposed instruments (aSKA–LRA3) could probe lifetimes up
to ⌧ ⇠ 10

27 � 10
29
s, improving by 2–4 orders of magnitude the current bounds

on DM lifetime from CMB measurements. This represents an interesting region
of parameter space for certain light decaying DM models (e. g. sterile nuetrinos,
axinos) which are expected to have a lifetime on the order of ⇠ 10

27
s if they are

to explain the 3.5 keV photon line observed in several galaxy clusters [387–391].
Given the proof-of-concept character of this work, our modelling presents

several caveats due to some simplifying assumptions which should be taken
into consideration. First, we assume that the extra energy injection does not
accelerate the process of formation of the first stars, and that the end of the
dark ages is fixed at z ⇠ 30, no matter the lifetime or annihilation rate of the
DM. However, in order to remain consistent with CMB measurements, it has
been shown that DM decay or annihilation cannot be a dominant contribution
to cosmic reionization [334, 357]. Further, neglecting the backreaction effect
of the increased ionisation level on the evolution of the thermal and ionisation
history may not be a valid assumption at the end of the cosmic dark ages [372].
Including this effect leads to greater energy deposition in heating the gas tem-
perature Tk, which can result in 10%-50% stronger constraints from the global
T21 signal [372]. Hence by ignoring this effect we expect our forecasts to be
more conservative. Second, we neglect any effect of the exotic energy injection
on the spatial perturbations of the 21 cm signal, beyond its effect on the global
T21, as well as any potential coupling to the gas through the Wouthuysen-Field
effect. In addition, for most of our results we assume no knowledge of the par-
ticle decay (or annihilation) process, and adopt a constant on-the-spot energy
injection efficiency. The actual energy injection history is highly dependent on
the particle mass and decay channel, as well as the lifetime, and so the DM
lifetime forecasts presented here may change quantitatively when taking this
into account. Likewise, the use of a constant efficiency factor fe↵ may not be
a sufficient assumption during the redshift range of interest. We explore more
realistic scenarios in Appendix A.3, and find that in these cases the significant
improvement on exotic DM constraints from 21 cm LIM during the dark ages
with respect to any other probe holds true. The fact that the results are sensi-
tive to the precise energy injection history demonstrates that the 21 cm power
spectrum from the dark ages holds promise of being a powerful tool to not only
detect a decay or annihilation signal, but to probe the precise microscopic na-
ture of the DM particle. A more detailed analysis, computing the corresponding
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f(z) functions over the whole redshift range to specific microscopic DM descrip-
tions (using e. g. DarkHistory [372] or ExoCLASS [392]), ascertaining whether
different options could be distinguishable, is left for future work. Finally, the
forecasted constraints presented here assume that the relevant foregrounds can
be characterised and subtracted perfectly well, and we consider only the cosmic
variance and instrumental noise in our final forecasted uncertainties in order to
evaluate the potential reach of future 21 cm observations.

Observing a deviation from the standard ⇤CDM signal in the 21 cm global
sky-averaged brightness temperature or its fluctuations during the dark ages
would be strongly indicative of exotic physics, as there is no known astrophysical
process which could mimic such a signal. However, in this work we have not
considered alternative sources of exotic energy injection during the dark ages
other than DM decays or annihilations, which could be degenerate with the
studied DM models. Nevertheless, the signature from decaying and annihilating
DM on the 21 cm angular power spectrum are qualitatively rather different
from that expected due to e. g. a population of primordial black holes [343]
which enhances the power spectrum significantly at small scales only during
the dark ages. At lower redshifts there may be some effects at large scales
also [344]. Similarly, models with DM-baryon scattering are expected to have a
distinct effect in the 21 cm signal [393, 394]; we will explore this topic further
in Chapter 3.

Another important effect to consider is that of massive neutrinos, which
suppress the growth of perturbations (at small scales) in a scale-dependent
and redshift dependent manner, in turn affecting the 21 cm power spectrum of
fluctuations. The 21 cm window promises to be highly complementary to the
CMB and LSS windows used thus far to constrain neutrino properties, due to
the different redshift range and the sheer number of modes accessible. Hence,
the observational efforts examined in this work may at the same time provide
a powerful probe of neutrino properties.

In summary, if DM is coupled to the visible sector beyond gravitational in-
teractions, then the 21 cm LIM signal will be very sensitive to exotic energy
injection from its interactions with Standard Model particles. Measuring the
signal during the cosmic dark ages can provide a clean and robust measurement
of the DM properties, free from complication due to astrophysical processes. In
this Chapter, we have shown how the 21 cm angular power spectrum will be an
extremely powerful probe of the DM decay and annihilation rate, with the po-
tential to measure orders of magnitude weaker signals than those accessible with
current or even idealised CMB experiments. At the same time, the potential
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constraints are complementary to indirect detection probes (or even stronger,
e. g. MeV–GeV mass particles decaying to e

+
e

� pairs), while being more ro-
bust to uncertainties in the astrophysical modelling (especially at z > 30). Our
results highlight the power of 21 cm LIM in the dark ages to measure DM an-
nihilation and decay; however, opening a window to this unexplored epoch in
cosmic history will undoubtedly bring other major findings and will be highly
complementary to forthcoming experiments aiming to measure the global 21 cm
signal and the power spectrum from the later epoch of reionization and cosmic
dawn.
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Chapter 3

Dark Matter-Baryon Scattering

and Implications for Cosmic Dawn

3.1 Introduction

Many well-motivated particle candidates for DM, including weakly-interacting
massive particle (WIMP) models [113, 395], predict elastic scattering between
the DM and baryons which has cosmological consequences. While direct detec-
tion experiments are highly sensitive to DM-nucleon interactions for DM masses
larger than a few GeV, cosmological probes cover complementary regions of pa-
rameter space and are particularly sensitive to scattering of sub-GeV DM with
baryons [189, 191–202, 211, 222, 396–399]. In a cosmological context, the in-
teraction between DM and baryons leads to transfer of heat and momentum
between the two fluids which can affect a range of physical scales and leave im-
prints on cosmological observables throughout cosmic history. A key signature
of the interactions is a suppression of power in cosmological perturbations on
small physical scales.

In cosmology, DM-baryon scattering is often characterised by a power law
dependence of the momentum-transfer cross section on the relative particle
velocity, �(v) = �0v

n, with a power law index n and an unknown coefficient �0

that quantifies the strength of the interaction at hand. If the dependence of the
scattering cross section on the relative velocity is steep enough (n < �2), its
effect is larger later on in cosmic history, thus impacting late-time observables
more than the cosmic microwave background (CMB) anisotropy. Moreover, the
impact of the interactions on the baryon temperature and matter clustering at
small scales is expected to affect the formation of the first stars.

Upcoming cosmological probes, in particular line-intensity mapping, will
provide new avenues to investigate the nature of DM. While post-reionization
measurements are promising in this regard (see, e. g., [400, 401]), the 21 cm-HI
intensity mapping signal from cosmic dawn is expected to be especially sensitive
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to the DM microphysics. In general, any model with clustering suppression at
small scales delays the collapse of the first halos and therefore the formation of
the first stars, affecting the time evolution of cosmic dawn and reionization [228–
236]. Furthermore, since the HI signal is highly sensitive to the gas temperature
through the HI spin temperature, any modification to the gas temperature
(either due to energy injection or heat transfer) is expected to greatly modify
the HI signal [1, 107, 330, 343, 344, 402–405]. This has motivated studies of the
signatures of DM-baryon scattering in the HI intensity mapping from the dark
ages and cosmic dawn [107–109, 198, 393, 394, 404–406], especially in attempts
to explain the anomalous EDGES measurement [407]. Experiments such as
EDGES [407], SARAS [408], and LEDA [409], which measure the sky-averaged
brightness temperature of the HI line at cosmic dawn, and HERA [410] and
SKA [411], which will provide measurements of its power spectrum, are thus
expected to return invaluable insight on the nature of the dark matter.

However, the direct contribution from DM-baryon scattering to the gas tem-
perature perturbations and the actual dark matter temperature perturbations
have been thus far ignored. Temperature perturbations are usually negligible
for CMB observations [412] but are critical for signals like the HI intensity
mapping, and they may affect the clustering of the first stars. Furthermore,
temperature perturbations appear in the sound speed terms of the DM and
baryon fluid evolution equations, modifying the clustering at scales below the
corresponding Jeans scales. Therefore, we deem the inclusion of these contribu-
tions and variables in the evolution equations critical for a detailed assessment
of the effects of DM-baryon scattering at low redshift.

In this Chapter, we compute for the first time the effects of DM-baryon elas-
tic scattering in the baryon temperature and ionization fraction perturbations,
as well as considering the DM temperature perturbations. We implement this
derivation in a modified version of the linear Boltzmann solver CLASS1 [362], de-
veloped for DM-baryon scattering cosmologies in ref. [196], and self-consistently
evolve the perturbation equations up to the beginning of cosmic dawn (which
we consider to be at z ⇠ 30).2 We show numerical results for the n = �4 case
with cross section values set to the 95% confidence level (C.L.) upper limits
from CMB analyses when all the dark matter interacts with baryons [196, 197].
As expected, we find significant changes in the gas temperature and ionization
fraction perturbations due to the additional terms sourced by DM-baryon scat-
tering. Furthermore, there is an increased suppression of the baryon and total

1https://github.com/lesgourg/class_public
2
The specific start of cosmic dawn depends on the cosmological and astrophysical model.

However, this does not affect our main conclusions.

https://github.com/lesgourg/class_public
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matter power spectra relative to ⇤CDM when compared to the prediction for
DM-baryon scattering models neglecting the newly-derived contributions to the
temperature perturbations. We argue that these changes are large enough to
have a sizeable impact in the beginning of cosmic dawn and must be taken into
account when setting the initial conditions for cosmic dawn. Once the first stars
form, the heating of the gas will be dominated by these sources and a dedicated
study, beyond the scope of this work, is required to follow the evolution of the
gas and dark matter temperature perturbations coherently with the effects of
the scattering in the matter clustering. As an example of the impact of the new
terms in an observable, we compute the HI power spectrum from the dark ages.

This Chapter is organised as follows. In Section 3.2, after reviewing the mod-
ified Boltzmann equations for DM-baryon scattering cosmologies, we present the
main result of this work: we derive the evolution of the temperature and ion-
ization fraction perturbations sourced by the DM-baryon interactions. In Sec-
tion 3.3 we present our numerical results, quantifying the effects on the DM and
baryon temperature and ionization fraction perturbations and the consequent
effect on the baryon and total matter power spectra. Finally, in Section 3.4 we
discuss the phenomenological impact of the new temperature perturbation con-
tributions on cosmological observables and as a case example, we compute the
effects on the HI line-intensity mapping signal during the dark ages. We discuss
and conclude in Section 3.5. Hereinafter we focus on the power spectrum at
z = 30, but relevant results at z = 50 can be found in Appendix B.1, while
the effects of varying the scattering cross section and the fraction of interacting
DM are discussed in Appendix B.2.

3.2 Evolution of perturbations with DM-baryon

scattering

In this section, we derive the contributions to the perturbed DM and baryon
temperatures and ionization fraction arising from the DM-baryon collision term,
and incorporate these contributions into the modified Boltzmann equations for
DM-baryon interacting cosmologies. We consider DM-baryon scattering of the
form �(v) = �0v

n, where v is the relative velocity between scattering particles.
Perturbations in the ionization fraction during recombination and the dark

ages affect the evolution of the baryon temperature and density perturbations,
which has a direct impact on the HI signal and structure formation. Here
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we follow the nomenclature introduced by ref. [412] and refer to this effect as
“perturbed recombination”.

3.2.1 Modified Boltzmann equations

We review the modified Boltzmann equations accounting for scattering between
the DM and baryons, following the treatment presented in ref. [196]. Note that
here we work in the Newtonian gauge, but the equations in the synchronous
gauge are identical up to terms involving the metric perturbations. The evo-
lution equations for the DM and baryon density perturbations, �� and �b, and
velocity divergences, ✓� and ✓b, respectively, are given by

�̇� = � ✓� + 3�̇

�̇b = � ✓b + 3�̇

✓̇� = � ȧ

a
✓� + c

2

�
k

2
�
�� + �T�

�
+ k

2
 + eR� (✓b � ✓�)

✓̇b = � ȧ

a
✓b + c

2

b
k

2
(�b + �Tb

) + k
2
 +R� (✓� � ✓b) +

⇢�

⇢b

eR� (✓� � ✓b) ,

(3.1)

where k is the wave number of a given Fourier mode; a is the scale factor;
� and  are the Newtonian scalar metric potentials; c� and cb are the DM
and baryon sound speeds, respectively; ⇢� and ⇢b are their energy densities;
R� is the momentum-transfer rate for baryon-photon coupling due to Comp-
ton scattering; and eR� is the (modified) momentum-transfer rate arising from
the DM-baryon interactions. The overdot denotes a derivative with respect to
conformal time. We have added the temperature perturbations �T� and �Tb

(�T�,b
⌘ �T�,b/T̄�,b, where T̄�,b denotes the mean temperatures) of the DM and

baryon gas to the sound speed terms in the momentum equations, as is done
for the baryons in refs. [413, 414]. Previously the DM temperature perturba-
tions �T� have been neglected entirely; in this work, as will become clear in the
following, we include it for the first time. As we will see below, accounting for
the DM temperature perturbations will not only change the gas temperature
power spectrum but also the growth of matter overdensities at small scales, due
to this additional contribution to the DM sound speed.

At early times (z > 10
4), the DM-baryon relative bulk velocity is small com-

pared to the relative thermal velocity dispersion, and the momentum-transfer
coefficient R� is approximately independent of the velocity divergences such
that

R� = a⇢b

YH�o

m� +mb

Nnv̄
(n+1)

th
, (3.2)
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where Nn ⌘ 2
(5+n)/2

�(3 + n/2)/(3
p
2), v̄

2

th
= T�/m� + Tb/mb is the relative

thermal velocity dispersion squared, T� (m�) and Tb (mb) are the DM and baryon
temperatures (masses), respectively, YH is the mass fraction of hydrogen, and we
neglect helium scattering. This approximation breaks down at lower redshifts
for n  �2 as the relative bulk velocity becomes non-negligible, resulting in non-
linear Boltzmann equations and mode-coupling. In order to restore linearity
to the evolution equations, we follow the prescription of ref. [196] in which a
modified momentum-transfer rate is introduced to include the effects of mode
mixing. Defining
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(3.3)

where �
2

⇣
is the primordial curvature perturbation variance per ln k, the modi-

fied momentum-transfer rate is given by

eR� = R�


1 +
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(k, z)/3

v̄
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(3.4)
where 1F1 is the confluent hypergeometric function of the first kind. In the limit
where hV 2

�b
i ⌘ V

2

flow
+ V

2

RMS
⌧ v̄

2

th
,3 we recover eR� = R�, as desired.

Before recombination, supersonic relative velocities between the DM and
baryons are generated, leading to a root-mean-square (rms) velocity of ⇠ 29

km s�1 at kinematic decoupling. This supersonic relative velocity permits the
baryons to freely stream out of the DM potential wells, suppressing density
perturbations at scales below the characteristic advection scale over a Hubble
time at the time of decoupling (k ⇠ 40Mpc

�1) [414–417]. The relative velocity
is coherent over scales much smaller than k ⇠ 0.3Mpc

�1, which allows the
use of moving-background perturbation theory to account for a formally non-
linear term, by perturbing around a local background value of the relative bulk
velocity within coherent patches. Following ref. [415], the evolution of small-
scale perturbations (k & 10Mpc

�1) after recombination in the presence of a
3hV 2

�bi is the full variance of the relative bulk velocity, integrated over all k.
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local relative bulk velocity vbg

�b
can be written to first order as4
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a
✓b + k

2
�+ c

2

b
k

2
(�b + �Tb

) +
⇢�

⇢b

eR�(✓� � ✓b)

with
k

2

a2
� = � 3

2

H
2

0

a3
(⌦

0

b
�b + ⌦

0

�
��) .

(3.5)

In this regime, we are considering scales much smaller than the horizon and
times after recombination, and so we neglect the relativistic contributions to
the evolution equations and the baryon-photon coupling term. For small scales,
V

2

RMS
! 0 and V

2

flow
! hV 2

�b
i in Eq. (3.4); moreover, we replace hV 2

�b
i by the

local relative velocity V
2

�b
(where V�b = |vbg

�b
|) in each patch. We assume that

v bg

�b
follows an 3-dimensional Gaussian distribution with variance given by hV 2

�b
i

and place ourselves in the local baryon rest frame.
The small-scale patches with coherent relative velocities are correlated as a

relic of the correlation of the relative velocities after recombination. Therefore,
the small-scale fluctuations modulated by the relative velocities also affect the
large-scale fluctuations through uncorrelated, additive quadratic terms [414,
416]. The quadratic terms at small scales are averaged over regions of the
size of the coherence scale of the relative velocity and contribute to large-scale
perturbations, following the correlation function of the local relative velocities.
Throughout this work, unless otherwise stated, we refer to k & 10Mpc

�1 and
k . 1Mpc

�1 as small and large scales respectively.

3.2.2 Temperature and ionization fraction perturbations

To derive the evolution equations for the DM and baryon temperature pertur-
bations, we begin from the first law of thermodynamics

3

2
dT�,b � T�,bd log ⇢�,b = dQ�,b, (3.6)

where dQ�,b is the heating rate per particle. In the absence of DM-baryon inter-
actions, the only relevant source of heating is the standard Compton collision

4
Note that, contrary to ref. [415], we use derivatives with respect to conformal time and

use the standard definition of ✓ as the velocity divergence with respect to comoving space.
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heating rate for baryons scattering with CMB photons, given by

Q̇C = 3
µb

me

R�(T� � Tb) =
4a�T⇢�xe

me(1 + xHe + xe)
(T� � Tb) (3.7)

where µb = mH(1 + 4xHe)/(1 + xHe + xe) is the mean molecular weight of the
baryons, me is the electron mass, T� is the photon temperature, xe = ne/nH

is the free electron fraction, xHe = nHe/nH is the constant helium to hydrogen
number density ratio, ⇢� = arT

4

�
is the photon energy density with radiation

constant ar, and �T is the Thompson cross section.
In our case, there is an additional contribution sourced by DM-baryon in-

teractions Q̇
iDM, for both the baryons and DM. Scattering of the baryons with

the colder DM leads to heat exchange between the two species, cooling down
the baryons and heating the DM. Moreover, the non-negligible relative bulk ve-
locity induces a drag force between the two fluids which generates an additional
temperature-independent heating term that dominates over the baryon cooling
at high redshift for masses m� & 1 GeV [393]. The heat exchange rates due to
DM-baryon interactions, accounting for a non-negligible relative bulk velocity,
were generalised for all n > �5 in ref. [196]. Let us define the following rates
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(3.8)

where the heat-transfer rate coefficient is given by R
0

�
= R�m�/(m�+mb). The

heating rates due to DM-baryon interactions may then be written as

Q̇
iDM

�
=

3

2

✓
��

⇢b

⇢̄b

(Tb � T�) +H�

⇢b

⇢̄b

◆
, Q̇

iDM

b
=

3

2

✓
�b

⇢�

⇢̄�

(T� � Tb) +Hb

⇢�

⇢̄�

◆
.

(3.9)
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Combining Eqs. (3.6), (3.7) and (3.9), we obtain the full evolution equations
for the DM and baryon temperatures

Ṫ� � 2
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(3.10)

Expanding Eq. (3.10) and linearising using ⇢̇i/⇢i = �3ȧ/a+ �̇i for species i, we
find the homogeneous part gives the evolution of the background temperatures
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(3.11)

which matches the results found in previous work [196, 393]. The background
temperature evolution depends on the DM-baryon relative velocity V�b through
the rates in Eqs. (3.8). Therefore, they are coupled with an equation for the
evolution of the relative velocity [196, 393]
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assuming interactions with a baryon fluid comprised of a single species. Follow-
ing the prescription first set out in ref. [393], we evolve this system of equations
simultaneously (together with the ionization fraction, see below) for an array
of different initial relative velocities V�b,0 to obtain the background evolution
T̄i = T̄i(z, V�b,0). The average temperature evolution is then found by averaging
over the Maxwell-Boltzmann initial-velocity probability distribution P(V�b,0),
with rms value �3d, according to

hT̄i(z)i =
Z

dV�b,0T̄i(V�b,0)P(V�b,0) ,

P(V�b,0) = 4⇡V
2

�b,0
e

�3V
2

�b,0/2�
2

3d/(2⇡�
2

3d
/3)

3/2
.

(3.13)

Figure 3.1 shows the evolution of the averaged background temperatures, and
the ionization fraction (with respect to ⇤CDM), as function of redshift for
different DM masses and n = �4 when setting �0 to current 95% C.L. upper
limits from CMB power spectrum analyses as reported in Table 3.1.
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Figure 3.1: Evolution of the mean free-electron fraction over the ⇤CDM pre-
diction (left) and the mean baryon and DM temperatures (right) as a function of
redshift for several DM masses for n = �4 (averaged over relative velocities). The
⇤CDM mean baryon temperature is shown in black, and the CMB temperature is
shown in dotted grey. For each DM mass, the coefficient of the momentum-transfer
cross section �0 can be found in Table 3.1, consistent with 95% C.L. upper limits

derived in refs. [196, 197].

After expanding Eq. (3.10) to first order in the perturbations �Ti = (Ti �
T̄i)/T̄i, we find the perturbed DM and gas temperatures evolve according to
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(3.15)

where �T� is the photon temperature fluctuation, �� = 4�T� is the photon den-
sity fluctuation, �xe ⌘ �xe/x̄e is free electron fraction fluctuation, and helium
fraction perturbations are neglected. The terms ��i , �Hi denote the perturba-
tion terms that result from the dependence of the rates on the temperatures
through the thermal velocity v̄

2

th
. These terms are sub-dominant to the other

contributions; therefore, we decide not to include them explicitly here for clarity.
The interested reader can find them in Appendix B.3. In the above equations
the first line corresponds to the contributions from the DM-baryon scattering,
while the contributions from Compton heating are encoded in the second line
of the baryon temperature perturbation equation. A detailed derivation of the
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fluctuations sourced by the standard Compton heating term can be found in,
e. g., refs. [412, 413, 418]. Eqs. (3.14) and (3.15) are the main theoretical result
of this work, and we study the effects of including the temperature perturba-
tions in the following sections. Note that here the temperatures T̄i and rates
�i, Hi are still functions of the relative velocity. Therefore, the perturbations
are evolved as a function of the relative velocity in different patches of the sky,
as described for Eqs. (3.11), and averaged over the distribution of initial relative
velocities.

At small scales (k & 10Mpc
�1) and after recombination, where the super-

sonic relative velocities between DM and baryons are coherent and the growth
of perturbations is affected, we solve the system using the moving-background
perturbation theory as described in Eq. (3.5). The temperature (and ionization
fraction, see below) perturbations are affected by the coherent bulk velocities
indirectly through the DM and baryon perturbations, hence we need to take this
into account. Furthermore, we neglect the photon temperature perturbations
in this regime as they are negligible.

Ionization fraction fluctuations

The evolution of the ionization fraction perturbations is modified by DM-baryon
interactions indirectly through the dependence on the gas temperature fluctua-
tions. After recombination, the ionization fraction obeys

ẋe ⇡ �CABnHx
2

e
, (3.16)

where C is the Peebles factor [364] and AB(Tb, T�) is the effective case-B re-
combination coefficient [419, 420]. The linear ionization fraction perturbations
then evolve as

�̇xe =
˙̄xe

x̄e

(�xe + �b + �AB
+ �C), (3.17)

where �nH
⇡ �b up to very small corrections, and
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�C =
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✓
✓b

3H
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◆
. (3.18)

Here the Lyman-↵ escape rate is modified to account for the local baryon ex-
pansion rate, i. e.,

RLy↵ ⌘ 8⇡(H + ✓b/3)

3�
3

Ly↵
(1� xe)nH

(3.19)

following refs. [412, 418].



3.2. Evolution of perturbations with DM-baryon scattering 67

Large-scale enhancement of temperature and ionization perturba-

tions

At small scales, the relative velocities only affect the temperature and ionization
perturbations indirectly through their effect on the matter. Over large scales,
the small-scale relative velocities have no dynamical effect on the growth of
overdensities, since the non-linear terms are full divergences that integrate to
zero. However, the quadratic cooling of temperatures at small scales is non-
adiabatic and therefore the temperature and ionization fraction need to be
evolved as a coupled system up to second order, which affects the large-scale
temperature and ionization perturbations differently [329].

Perturbing the temperature evolution equations (3.10) to second order –
i. e., Ti = T̄i(1 + �
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(3.21)

where we have neglected photon temperature fluctuations and assumed 1+xHe+

xe ⇡ 1+ xHe to be locally homogeneous, valid at small (sub-horizon) scales. As
was the case at first order, here there are also additional perturbation terms
resulting from the dependence of the rates on the temperatures through the
thermal velocity v̄

2

th
; these terms are sub-dominant to the other contributions

shown here, and we choose to neglect them.
The second-order perturbations to the ionization fraction �II

xe
evolve accord-

ing to [329]
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✓
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II
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+
@ lnAB

@ lnTb

�
II

Tb
+ �

II

ẋe

◆
, (3.22)

where �II

ẋe
represents the part of �ẋe/ ˙̄xe quadratic in the perturbations. Each of

the source terms in the above equations are previously smoothed over the small
volumes with coherent relative velocities.
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3.3 Numerical results

We solve the perturbation equations in different regimes, accounting for all
new terms in the temperature perturbations sourced by DM-baryon scattering,
and also for the coherent relative velocities at small scales and the consequent
quadratic contributions at large scales, as required in each regime. Therefore,
we use a different approach in each case.

We have implemented the new contributions to the perturbed recombination
arising from DM-baryon interactions derived in Section 3.2.2 (see Eqs. (3.14)–
(3.15)) into a modified version of the linear Boltzmann solver CLASS that has
been developed for DM-baryon scattering models in ref. [196]. We use this
version of CLASS to evolve the linear perturbation equations at all scales before
recombination, extract the initial conditions at z = 1010, and then evolve the
perturbation equations in each regime as described in Section 3.2 until z = 20.5

At large scales (k . 10 Mpc�1), the perturbation equations are a function of
the magnitude V�b only, and we average the power spectrum by integrating over
the Maxwell-Boltzmann distribution P(V�b,0). The small-scale perturbations
(Eqs. (3.5)) are a function of vbg

�b
·k, hence the power spectrum is first averaged

isotropically over the direction of k with respect to vbg

�b
, and then over P(V�b,0).

With these results, we follow ref. [329] to compute the quadratic corrections at
large scales, using the smoothed perturbations at small scales and the solution
of the system in Eqs. (3.20), (3.21), and (3.22). For z . 50, non-linear effects
become important at the several percent level at high-k. Due to this, we restrict
our kmax = 500Mpc

�1 when computing the large-scale modulation of small-scale
perturbations at these redshifts, which should result in a conservative estimate.

For all results presented in this work we consider DM-baryon interactions
with n = �4 velocity dependence and adopt the best-fit Planck 2018 [45] values
for the ⇤CDM cosmological parameters. We show results for selected masses
in the range 1 MeV–10 GeV, setting �0 for each DM mass to the corresponding
95% C.L. upper limit found in ref. [196] where available. The mass-scaling re-
lationship �0 / (m� +mH) of refs. [197, 198] is used to obtain our benchmark
10 GeV limit. For reference these values are reported in Table 3.1. As antic-
ipated in the introduction, the perturbed recombination – even with the new
contributions derived in the previous section – has no significant effect on the
CMB power spectra.

5
At z . 40–30 we expect the first stars to form, triggering cosmic dawn, which will

then dominate the temperature perturbations; the effects of DM-baryon scattering on the

temperature perturbations during cosmic dawn are beyond the scope of this study and left

for future work.
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DM mass m� �0 [cm
2
]

1 MeV 1.7⇥ 10
�41

0.1 GeV 1.9⇥ 10
�41

1 GeV 3.5⇥ 10
�41

10 GeV 2.0⇥ 10
�40

Table 3.1: Benchmark values of the momentum-transfer cross section coefficient
�0 for each DM mass used in all of our numerical results. Consistent with the 95%

C.L. upper limits found in refs. [196–198].

3.3.1 Temperature and ionization fraction perturbations

We first focus on the perturbations of the baryon temperature and ionization
fraction. We compare the results considering DM-baryon scattering with re-
spect to that of ⇤CDM, both when including and neglecting the DM-baryon
interactions contribution to the perturbed recombination (in the latter case,
this amounts to setting �b = Hb = 0 in Eq. (3.15) and ignoring �T�). We refer
to these two cases as �iDM and �std and represent them in figures with solid (or
dark) and dashed (or light), respectively, unless otherwise stated.

The evolution of the baryon temperature and ionization fraction perturba-
tions as a function of redshift for k = 1 Mpc�1 is shown in Figure 3.2, for an
initial relative velocity equal to the rms value. In the bottom panels, we explic-
itly show the relative contributions of each term in Eq. (3.15) to the evolution
of the perturbations, with each term labelled by its rate coefficient respectively:
R�, �b, or Hb. For m� & 1 GeV, the drag heating term (Hb) dominates at early
times, increasing temperature fluctuations and therefore indirectly enhancing
the standard Compton heating term through its dependence on �Tb

, analogous
to the effect on the mean temperatures. These two terms have opposite im-
pact in the evolution of �Tb

, but their balance results in enhanced temperature
perturbations for all redshifts considered. On the other hand, the ionization
fraction fluctuations are suppressed relative to ⇤CDM, as recombination is less
efficient in the overdensities due to the higher gas temperature, i.e. there are
more free electrons. A similar effect – albeit with smaller amplitude – is seen
for m� = 1 GeV, with the exception that the contribution from the cooling term
(�b) becomes important at later times, and �Tb

is suppressed for 50 . z . 100,
then enhanced again z . 50. For m� < 1 GeV, while the Hb contribution
can enhance temperature perturbations at z ⇠ 10

3, the cooling term domi-
nates at late times; this results first in suppressed temperature fluctuations for
100 . z . 200, and later enhanced negative fluctuations z . 100 compared to
⇤CDM. For 0.1–1 GeV, the dominant contribution to the cooling term becomes
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Figure 3.2: The evolution of the gas temperature and ionization fraction fluc-
tuations at k = 1 Mpc�1 as a fraction of the respective fluctuation in ⇤CDM,
including (dark) and neglecting (light) the new temperature perturbations sourced
by DM-baryon interactions. In the bottom panel of each figure, we show the rela-
tive contribution of each of the three terms in Eq. (3.15) (labelled by its coefficient)
to the temperature fluctuations, scaled to the range [�1, 1]. When neglecting the
fluctuations from DM-baryon scattering, there is only a contribution from the term
proportional to R� . Note the change of scale in the y-axis of each panel. Here we

show the evolution for the case V�b,0 = �3d ⇠ 29 kms�1.
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neglecting (dashed) fluctuations sourced by DM-baryon interactions, shown until
k = 10Mpc�1. At smaller scales, other effects become important, which are con-

sidered in Section 3.3.2.

small at z . 70 as the DM and baryon temperatures approach equilibrium;
the remaining terms add up to increase the temperature perturbations, and
hence the gas temperature grows again in over-dense regions. For m� = 1

MeV, the DM and baryon temperatures approach equilibrium later, at z . 30.
Finally, for sub-GeV masses, the lower temperature in overdensities results in
an enhancement of the (negative) ionization fraction fluctuations, due to more
efficient recombination. In all cases, the interdependence of the three contri-
butions to the temperature perturbations results in a richer redshift evolution
of the perturbed temperatures with respect to neglecting the terms sourced by
DM-baryon scattering.

In Figure 3.3, we demonstrate how the baryon temperature power spectrum
changes due to the DM-baryon interactions and in particular, the importance of
the new terms derived in the previous section. We plot the ratio of the baryon
temperature power spectrum for different DM masses with respect to the ⇤CDM
prediction at z = 30. The contributions from the DM-baryon scattering to the
baryon temperature power spectrum modify the amplitude by a factor of a
few up to several tens in a roughly scale-independent manner. We find that
the power spectrum is always larger than the standard prediction (Compton
only, dashed lines) at the end of the dark ages (z ⇠ 30–50). Moreover, we
see that including the DM-baryon scattering contributions to the perturbed
recombination can enhance or suppress the baryon acoustic oscillation (BAO)
feature in the temperature power spectrum. This is a result of the changes, with
respect to considering Compton scattering only, in the terms that dominate
the baryon temperature perturbations and their dependence on the density
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perturbations.
These results depend on the strength of the interacting cross section, which

we explore for a DM mass of 1 GeV in Appendix B.2. Interestingly, the change in
amplitude of the gas temperature power spectrum does not necessarily decrease
with the scattering cross section; reducing the cross section alters the balance of
competing terms on the right-hand side of Eq. (3.15), which can result in more
or less enhancement or suppression of the temperature perturbations depending
on the redshift.

3.3.2 Small-scale effects

In addition to the almost scale-independent enhancement of the temperature
fluctuations, there are several effects that alter the power spectra only at scales
k & 10 Mpc�1. First, there is the averaged effect due to the relative bulk veloc-
ities; the effect of the vbg

�b
·k term is qualitatively similar to ⇤CDM cosmologies,

suppressing fluctuations at wave numbers higher than the characteristic advec-
tion scale (k & 40Mpc

�1). However, DM-baryon interactions lead to a further
suppression of power and a series of damped oscillations at very small scales.
We find that averaging over relative bulk velocities can modify the shape of this
oscillatory feature. Moreover, in the presence of DM-baryon interactions, the
baryon sound speed cb depends on the relative velocity through T̄b(V�b); smaller
values of V�b result in a lower sound speed, and therefore an enhancement of
power around the baryonic Jeans scale. This effect is independent of the new
contributions to the temperature fluctuations, and therefore is present for both
�
iDM and �std cases. Due to this, the velocity-averaged baryon power spectrum

features an increase in power around the baryon Jeans scale, which is most
pronounced for the 10 GeV case.

Second, the changes to the temperature fluctuations sourced by DM-baryon
interactions are imprinted on the small-scale density fluctuations through the
sound speed terms. The dark matter fluid sound speed term now has an ad-
ditional contribution due to the presence of �T� , which acts to suppress the
DM density perturbations at small scales for all cases since �T� is always posi-
tive. Similarly, �Tb

has new contributions, which modify the baryon fluid sound
speed term: the cooler (hotter) baryon temperature in overdensities for sub-GeV
masses (m� & 1 GeV) tends to enhance (suppress) the baryon density power
spectrum. However, due to the coupling of the two fluids, the suppressing effect
on the DM due to �T� dominates in all cases; we find that the baryon power
spectrum is increasingly suppressed due to the contributions to perturbed re-
combination from DM-baryon scattering for all masses considered. The effect
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case.
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is smaller for sub-GeV masses because of the opposite trends in the effects of
�Tb

and �T� described above. Of course, the new contributions to the sound
speed terms result in a larger suppression of the small-scale total matter power
spectrum, too. Consequently, the temperature power spectrum is also affected
at small scales through its dependence on the density perturbations.

We illustrate this effect in Figure 3.4, showing the ratio of the small-scale
baryon temperature, baryon density and total matter density power spectra
with respect to ⇤CDM at z = 30, comparing the predictions for DM-baryon
scattering cosmologies with (solid) and without (dashed) including the new con-
tributions to perturbed recombination. For k . 100 Mpc�1 we find a similar
scale-independent enhancement of the baryon temperature power spectrum as
demonstrated in Figure 3.3. However, this power spectrum drops at higher k

due to the DM-baryon interactions. This suppression is faster when all the
terms in the temperature perturbations are included, since the contributions to
the sound speed terms increase. This can be seen comparing the panels corre-
sponding to the baryon temperature and the baryon density power spectra. The
relative suppression of baryon density perturbations, including all contributions
to perturbed recombination, is greater for DM masses & 1 GeV due to the com-
bined effect of increased contributions to both the DM and baryon sound speed
terms (e. g., for a 10 GeV DM, there is a further ⇠ 5–10% suppression of the
baryon power spectrum for k ⇠ 200–300 Mpc�1, compared a few % for sub-GeV
masses at the same scales.)

On the other hand, the DM temperature perturbations �T� are larger for
lighter DM masses; this results in a greater suppression of the DM density per-
turbations, and therefore the total matter power spectrum, at small scales. For
sub-GeV masses, we find that the total matter power spectrum is suppressed by
⇠ 10–15% over scales k ⇠ 200–300 Mpc�1 relative to the case when neglecting
the temperature perturbations sourced by DM-baryon scattering. For heavier
DM, the small-scale suppression is less steep; over the same scales, the matter
power suppression ranges from ⇠ 5–10% for m� = 1 GeV and from ⇠ few–5%
for m� = 10 GeV, compared to neglecting the new contributions.

Overall, depending on the DM mass, we find that including the terms
sourced by DM-baryon scattering in the perturbed recombination leads to an
additional ⇠ 5–10% suppression of the total matter power spectrum relative to
⇤CDM for scales k & 200 Mpc�1. These results will also depend on the strength
of the interaction cross section �0. We discuss the effect varying �0 for a 1 GeV
mass in Appendix B.2. As one might expect, the additional small-scale suppres-
sion that results from our full treatment of the perturbed recombination scales
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feature in the monopole evident for the 1 MeV case. For each DM mass we set the

momentum-transfer cross section to the values found in Table 3.1.

inversely with the scattering cross section, and the effect is less pronounced as
the interaction strength weakens. However, there is still an extra suppression
at the few percent level even for a value of �0 one order of magnitude below
current limits.

3.3.3 Large-scale enhancement of baryon temperature power
spectrum

Finally, we study the large-scale quadratic corrections to the baryon temper-
ature power spectrum. In the case of ⇤CDM, this correction amounts to a
⇠ 10% enhancement of power at k . 0.01Mpc

�1 for z = 30 [329]. Scatter-
ing between DM and baryons can enhance the quadratic contribution to the
large-scale temperature fluctuations (both in absolute terms and relative to the
linear power spectrum), as we illustrate in Figure 3.5. We find that for m� = 1

MeV–1 GeV, this contribution to the large-scale temperature fluctuations can
become larger than the standard, linear contribution for scales k . 0.01Mpc

�1.
Neglecting the temperature fluctuations sourced by DM-baryon interactions not
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only significantly mis-estimates the linear power spectrum, but the second order
contribution at large scales as well.

3.4 Consequences of temperature perturbations

in the presence of DM-baryon scattering

In the previous sections, we have derived the new contributions to perturbed
recombination arising from DM-baryon scattering and their direct effects on the
evolution of cosmological perturbations, with special attention to the tempera-
ture and density power spectra. While the newly-derived contributions do not
have an impact on CMB power spectra, the modified baryon temperature and
growth of structure at small scales may have sizable signatures in other observ-
ables that are sensitive to the abundance of light collapsed structures and the
baryonic gas.

It is expected that the first stars form at z ⇠ 30–40 in the densest volumes
of the Universe where gas collapses into dark matter halos and cools. As dis-
cussed above, accounting for the temperature perturbations arising from the
DM-baryon scattering results in a ⇠ 10% suppression of the baryon and matter
density power spectra with respect to the (already suppressed) previous predic-
tions. This suppression occurs at the scales of interest for the formation of the
dark matter halos that could host the first stars. Therefore, the DM-baryon
interactions may delay cosmic dawn even more than originally predicted by
first estimates that neglected the contributions to the temperature perturba-
tions, which should have a very strong impact in the HI line-intensity mapping
observables during cosmic dawn [228–236]. Moreover, the modified tempera-
ture perturbations may induce additional spatial correlations in the clustering
of the first stars. At the very least, our results show that the inclusion of
all relevant sources of temperature perturbations is very likely to modify the
initial conditions at the onset of cosmic dawn. Nonetheless, it will arguably
still play an important role once sources of radiation switch on, modifying the
predicted evolution of the cosmic dawn and the epoch of reionization. Given
the complexity of such processes and the expected highly non-trivial interplay
between the effects of the DM-baryon scattering (both on densities and temper-
ature) and astrophysical processes, we leave a dedicated study of this to future
work. In any case, we anticipate that these contributions will increase the sen-
sitivity of experiments targeting both the high-redshift HI power spectrum –
such as HERA [410] and SKA [411] – and the sky-averaged measurements –
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e. g. EDGES [407], SARAS [408] and LEDA [409] – to DM-baryon scattering
models.

As an example, we study the effect on the HI line-intensity mapping from the
dark ages, before the formation of the first stars, which can be computed from
the evolution equations in Section 3.2. We first briefly review the computation
of the HI line-intensity mapping observables from the dark ages, drawing heavily
from refs. [329, 421]; we refer the interested reader to these works for further
details. Then, we show the predicted power spectra. We note that for z . 50,
non-linearities become important in the HI fluctuations and can affect the small-
scale power spectrum at the many percent level [421]. However, we emphasise
that the aim of this work is to demonstrate the importance of including DM-
baryon interactions in the temperature perturbations (not just the background)
when evaluating the HI signal for these models. For this purpose it is sufficient
to limit ourselves to a linear treatment, but non-linear effects should be included
for a high-precision prediction of the signal and comparison with data.

3.4.1 HI line intensity and fluctuations

The spin temperature Ts of the baryon gas is defined through the ratio of the
populations of neutral hydrogen in triplet to singlet state, and can be computed,
in the limit T? ⌧ Tb, T�, as

Ts = T� + (Tb � T�)
C10

C10 + A10

Tb
T?

, (3.23)

where C01 and C10 are the upward and downward collision transition rates,
respectively [421], A10 ⇡ 2.85⇥10

�15
s
�1 is the spontaneous Einstein decay rate

of the HI transition, and T? ⇡ 0.068K is the energy difference between the two
spin states.

The HI brightness temperature THI, defined as the difference between the
brightness of the HI radiation field and the background CMB radiation field, is
equivalent to the line intensity. The observed brightness temperature (redshifted
to today) of the HI radiation emitted at redshift z is given by

THI =
(Ts � T�)(1� e

�⌧
)

1 + z
⇡ (Ts � T�)

1 + z
⌧, (3.24)

where we have used the optically thin limit, valid during all of the dark ages,
and ⌧ is the optical depth for the HI radiation. Since the gas temperature
depends on the DM-baryon relative velocity, so do the spin temperature and
the HI brightness temperature.
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Figure 3.6: Ratio (with respect to ⇤CDM) of the HI power spectrum as a function
of redshift at k = 1 Mpc�1. We show the result when including the additional
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absorption line z . 40, indicated by the shaded region.

We compute the HI brightness temperature fluctuations to second order
in the hydrogen density, temperature perturbations, and ionization fraction,
neglecting fluctuations in the photon temperature. Accounting for redshift-
space distortions, the observed brightness temperature fluctuations to second
order are

�T
obs

HI
= � THI�v + TH�b + TT �Tb

+ Tx�xe

+ THH�
2

b
+ TTT �

2

Tb
+ Txx�

2

xe
+ THT �b�Tb

+ THx�xe�b + TTx�Tb
�xe ,

(3.25)

where THI(V�b) is the mean brightness temperature, �v ⌘ @kvk/H is a dimen-
sionless small quantity (where @kvk is the line-of-sight gradient in proper space
of the component of the peculiar velocity along the line of sight), and we as-
sume �H ⇡ �b. The coefficients Ti are also functions of redshift and the relative
velocity (for explicit expressions see ref. [358]).



3.4. Consequences of temperature perturbations 79

The monopole source can be defined as

�s ⌘
TH�b + TT �

I

Tb

THI

(3.26)

and the total contribution of quadratic terms (recalling that �Tb
= �

I

Tb
+ �

II

Tb

contains quadratic terms itself) is defined as

�T
II

HI
⌘ THH��

2

b
+ TTT��

2

Tb
+ THT��b�Tb

+ TT �
II

Tb
, (3.27)

where we have neglected terms involving the ionization fraction perturbations
because they are much smaller, ��2 is the fluctuation around the mean of �2, and
relativistic terms are neglected. Therefore, the perturbations of the observed
brightness temperature are

�T
obs

HI
= THI(�s � �v) + �T

II

HI
= THI(�s �

µ
2
✓b

H
) + �T

II

HI
, (3.28)

where µ = n̂ · k̂. At small scales we only consider the first term, while at large
scales the quadratic corrections are uncorrelated with the linear terms. Finally,
we compute the HI power spectrum averaged over the initial relative velocity
distribution.

In Figure 3.6, we illustrate the effect of DM-baryon scattering on the HI
power spectrum as a function of redshift for each DM mass. We show the ratio
of the power spectra sourced by the monopole at k = 1 Mpc�1 with respect to
⇤CDM, comparing the result when including (blue) and neglecting (red) the new
contributions to the gas temperature fluctuations from DM-baryon scattering.
The primary effect of including the additional gas temperature fluctuations is
to modify the overall amplitude of the HI power spectrum over a wide range of
scales and redshifts. This is not surprising, since this was also the main effect
at large scales for the baryon gas temperature power spectrum which is one
of the leading contributions to �THI at linear order. However, the coefficient
TT decreases with redshift, which can diminish the impact of the enhanced
temperature perturbations �Tb

at low-redshift.
For m� < 1 GeV, we find an enhancement of the HI power spectrum by

up to a factor of a few for z & 100 compared to neglecting the effects of DM-
baryon interactions in the perturbed recombination; at lower redshift, the HI
power spectrum is modified at the tens of percent level. Note that for sub-GeV
masses, the cooling of the baryon gas temperature drives the mean brightness
temperature THI ! 0 much faster, and there is effectively no HI absorption



80 Chapter 3. DM-Baryon Scattering and Implications for Cosmic Dawn

10�1

100

�
2 H

I
/�

2 H
I
�
C

D
M

1 MeV

0.1 GeV

1 GeV

10 GeV

10�1

100

10�3 10�2 10�1 100 101

k [Mpc�1]

10�1

100

�
2 H

I
/�

2 H
I
�
C

D
M

102

k [Mpc�1]

10�1

100

z = 30

z = 50
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On the right, we show the same for scales k = 40–500 Mpc�1.

line below z ⇠ 40. Similarly for m� & 1 GeV, the amplitude of the HI power
spectrum is enhanced by up to a factor ⇠ few for z & 70; below this redshift,
even while the baryon temperature fluctuations may be enhanced, there is a
closer cancellation of the monopole terms and the enhancement of the HI power
spectrum is lessened. The undulating behaviour in the upper panels is an
artefact of averaging over a finite number of relative velocity patches, in which
some coefficients Ti(V�b) in Eq. (3.25) cross from positive to negative at different
times for different relative velocities.

In the left panels of Figure 3.7 we show the ratio of the large-scale HI
power spectrum relative to ⇤CDM at z = 30 and 50 up to k = 10Mpc

�1. At
z = 50, the amplitude of HI power spectrum for m� = 1 GeV is enhanced by ⇠
10% compared to the case when considering standard Compton scattering only
in the temperature perturbations. Moreover, the additional gas temperature
fluctuations from DM-baryon interactions can modify the BAO feature in the
power spectrum depending on which term in Eq. (3.25) dominates. Observing
this feature could help to distinguish a DM-baryon scattering signal from other
exotic physics which might modify the amplitude of the HI power spectrum.
The right panels of Figure 3.7 show the ratio of the HI power spectrum relative
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baryon scattering (std.), and to ⇤CDM (black). The interaction cross section �0

for each DM mass is set to the values found in Table 3.1.

to ⇤CDM at z = 30 and 50 for scales k � 40Mpc
�1. The effects on smaller

scales are a combination of the results at larger scales (i.e., maintaining the
amplitude change shown in Figure 3.6) and the suppression of temperatures
and densities at scales smaller than the Jeans scale. However, for the m� = 10

GeV case, the HI power spectrum can become enhanced around the baryonic
Jeans scale due to the enhanced baryon density perturbations (see Figure 3.4).

Finally, in Figure 3.8 we show the power spectrum of the quadratic terms
�T

II

HI
compared to the monopole fluctuations for both the ⇤CDM and DM-

baryon scattering cases at z = 50. In ⇤CDM, the relative contribution of
quadratic terms is maximal around z ⇠ 30, contributing greater than ⇠ 10% of
the monopole fluctuations for k . 0.01Mpc

�1. In the presence of interactions
between the DM and baryons, however, we find a considerable enhancement
of the absolute and relative amplitudes of the quadratic contributions. For all
masses considered, this contribution becomes comparable to or larger than the
monopole signal for scales k . 0.01 Mpc�1 at z = 50. The relative contribution
is similar at z = 30 for 1–10 GeV masses (not shown). In almost all cases,
neglecting the new contributions from DM-baryon interactions in the temper-
ature fluctuations significantly underestimates the amplitude of the quadratic
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correction to the HI power spectrum.

3.5 Conclusions

In this Chapter, we have considered the cosmological effects of dark matter
that features velocity-dependent elastic interaction with protons, where the
momentum-transfer cross section is parameterised as a power law of the rel-
ative particle velocity, �(v) = �0v

n. In particular, we focused on understanding
the effects of the perturbed baryon and dark matter temperatures, deriving for
the first time the contributions arising directly from the DM-baryon collision
term and studying their effects on the evolution of cosmological perturbations.
We presented numerical results for Coulomb-like scattering with n = �4. Such
interactions have been previously invoked to explain the anomalous HI signal
reported by the EDGES collaboration, but are also well-motivated from a the-
oretical standpoint within millicharged models for dark matter.

While the effect of DM-baryon scattering on the background DM and baryon
temperatures has been well-studied in the literature, this is the first time the
impact at the level of the perturbations has been explicitly considered. We
derived the modified perturbed recombination equations for the temperatures
and the ionization fraction and evolved them self-consistently with the linear
Boltzmann equations appropriate for DM-baryon scattering cosmologies until
the end of the dark ages (z ⇠ 30). By doing so, we also computed how the
modified DM and baryon temperature perturbations affect the growth of struc-
ture by properly accounting for their contribution to the sound speed terms in
the momentum evolution of each fluid respectively.

We found that the baryon temperature (and ionization fraction) perturba-
tions are enhanced by up to an order of magnitude when including the novel
DM-baryon scattering contributions to perturbed recombination, for scattering
cross sections within current CMB bounds. These changes are significant over
a wide redshift throughout the dark ages, and largely scale-independent for
k . 100Mpc

�1. Moreover, the DM-baryon interactions result in non-negligible
DM temperature perturbations as well. These additional contributions to the
DM and baryon temperature perturbations also affect the growth of density
perturbations at the Jeans scale through the sound speed terms in the Boltz-
mann equations; we found a further ⇠ 5%–10% suppression of the baryon and
matter power spectra at scales k ⇠ 200Mpc

�1 relative to ⇤CDM at z = 30,
compared to the prediction without including these effects (depending on the
DM mass and scattering cross section).
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The effects of DM-baryon scattering on the temperature perturbations, and
the resulting suppression of small-scale structures, have important implications
for the modelling and interpretation of cosmological observables sensitive to the
gas temperature and the abundance of light collapsed objects. The evolution of
cosmic dawn and reionization is highly sensitive to the early-time star forma-
tion history, which in turn depends upon the fraction of gas collapsed into halos
where it can sufficiently cool and form stars. Therefore, our results will be criti-
cal to accurately predict the initial conditions of cosmic dawn and we anticipate
this to have a significant impact on the reionization history, delaying the mile-
stone epochs of cosmic dawn, X-ray heating and reionization. This will provide
future observations with additional sensitivity to DM-baryon scattering models.
One example of such an observable is HI intensity mapping. To illustrate this
point, we computed the HI power spectrum from the dark ages including the
newly derived contributions to the temperature perturbations from DM-baryon
scattering. We found that the amplitude of the HI power spectrum is modified
by tens of percent at z = 30, and up to factor of a few at higher redshifts. The
effect of the interactions is also expected to alter the global HI signal [422].

We have considered the end of the cosmic dark ages to be at z ⇠ 30. How-
ever, if cosmic dawn begins earlier, our main conclusions still hold; the novel
effects of DM-baryon scattering on the temperature perturbations and the mat-
ter power spectra are significant at higher redshift, which is shown explicitly for
z = 50 in Appendix B.1. We emphasise that the (previously neglected) tem-
perature perturbations sourced by DM-baryon scattering derived in this work
are required to model the initial conditions for cosmic dawn properly. Once the
first stars form, their radiation will become the dominant heating source over
the Compton or DM-baryon scattering contributions, and a dedicated study of
the interplay of these different effects is necessary to predict the evolution of
the cosmic dawn signal. Our results strongly motivate further investigation into
how these effects would impact the cosmic dawn signal beyond z = 30, which
are likely to further improve the constraining power of forthcoming probes of
the high-redshift Universe to DM-baryon interactions.
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Chapter 4

Inferring the Neutrino Mass

Hierarchy with Cosmology

4.1 Introduction

Solar, atmospheric, accelerator and reactor neutrino experiments have observed
neutrino flavor conversion driven by neutrino masses, but the observable ef-
fects of neutrino oscillations are sensitive only to mass-squared splittings among
eigenstates and thus can only constrain the neutrino mass square differences.
Matter effects have allowed the sign of the small mass splitting to be deter-
mined, leaving two possible mass orderings: the normal hierarchy (NH) and
the inverted hierarchy (IH). Determining the precise values of the three mass
states, and the mass ordering (i.e., the hierarchy) or, equivalently, the precise
determination of the sum of the masses (or the absolute mass scale) and the
hierarchy, remains an open challenge.

The absolute neutrino mass scale can be probed using beta decay; the best
current bound is provided by the KATRIN experiment with an upper limit on
the beta decay effective neutrino mass of m� < 0.8 eV, i. e., the sum of neutrinos
masses ⌃m⌫ < 2.4 eV [260] at 90% C.L., which improves dramatically upon the
previous limit of ⌃m⌫ < 6.9 eV at 95% C.L. [423]. Yet, despite these spectacular
improvements, this bound is still about an order of magnitude less stringent than
state-of-the-art cosmology constraints.

This is where cosmological observations become of relevance (see, e. g., [271,
424–428] and references therein). Cosmological surveys can provide crucial in-
formation on the absolute masses of neutrinos, as massive neutrinos influence
both the expansion history and growth of structure in the Universe. Over the
past five years the cosmological limits on the sum of neutrino masses, ⌃ (now
dropping the m⌫ to clarify notation), have become increasingly tighter, and are
getting tantalizingly close to the lower limit for the sum of the masses allowed
by the inverted hierarchy ⌃IH,low = 0.0982 ± 0.0010 eV (68% C.L.) [429, 430],
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implying the volume of parameter space available for the IH is becoming heavily
restricted. In this chapter, we revisit the question originally asked in ref. [431]:
“Given the current knowledge about mass-squared splittings and cosmological
constraints on the total mass, can anything be said about the neutrino mass
hierarchy?”

Whether the electron neutrino is mainly composed by the lightest mass state
(as in the NH) or not (IH) has important implications on the theoretical upper
limit of the neutrinoless double-beta decay half life [432], in the case that neu-
trinos are Majorana fermions and obtain the Majorana mass through the three
light neutrinos mechanism. Therefore, the fraction of the neutrino parameter
space to be explored by future ton-scale double-beta decay experiments [282,
433, 434] is greatly influenced by the type of neutrino mass hierarchy. As such,
determining the hierarchy has important implications for the future technologies
and resources needed to lead to a potential discovery.

In cosmology we cannot perform experiments; we only observe the sky. As
such, we always test a model of the observations that we gather from the sky
with our detectors. Given this constraint, the most natural choice to make
inference in cosmology and astronomy is Bayesian statistics: we want to infer the
parameters of the model given some data. This takes the following, extremely
well known, mathematical form

P (↵|D,M) =
P (D|↵,M)P (↵|M)

P (D|M)
, (4.1)

where D stands for data (observations), M for model (hypothesis) and ↵ de-
notes the parameters of the model; P (↵|D,M) is the posterior, used for pa-
rameter inference, and P (D|↵,M) is the likelihood which is usually provided
along with the data. P (↵|M) is the prior, the so-called prior knowledge, which
has provoked abundant literature for centuries on its choice and value and an
ongoing debate between Bayesian and frequentist approaches to probability.
All Bayesian inference depends on the choice of the prior, which is always a
subjective choice. It is true that for parameter inference, in the limit of preci-
sion measurements – i. e., if the likelihood is very localised – the likelihood can
overcome (most reasonable choices of) the prior.

The question we set out to address, however, falls under “model selection”
or “model comparison” and therefore it is useful to employ Bayesian evidence
methods [435], which have gained attention in cosmology over the past couple of
decades [436–438]. The evidence can be written as a function of the likelihood
and the prior, being the integral of the likelihood over the (full range of the)
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prior integrated over the values of the parameters ↵:

P (D|M) =

Z
P (D|↵,M)P (↵|M)d↵ . (4.2)

The evidence quantifies the probability of obtaining the data given the full
model, not just a specific set of parameters values. What we really want to
infer is the probability of a particular model given the data, i. e.,

P (M |D) =
P (D|M)P (M)

P (D)
. (4.3)

Thus when considering two models, each of them with the same a priori prob-
ability P (M) for the same data, model comparison can be done by taking the
evidence ratio for the two models. It is important to note that the evidence,
and hence also the evidence ratio, will always depend on the choice of the prior
P (↵|M) even for very localised likelihoods.

In light of this limitation, it is important to fully understand the motivation
for and implications of a given prior choice, the impact of the prior choice on
the inferred result, or alternatively, how to choose the prior depending on the
context or the question at hand.

Historically, Bayesian analysis has been accompanied by methods to
work out the “right” prior for a problem, for example, the principles
of insufficient reason and maximum entropy. The modern Bayesian,
however, does not take a fundamentalist attitude to assigning the
“right” priors - many different priors can be tried; each particular
prior corresponds to a different hypothesis about the way the world
is. We can compare these alternative hypotheses in the light of
the data by evaluating the evidence. The answer to this question
can be reached by performing Bayesian model comparison. - DJC
MacKay [439].

Choosing an appropriate prior in the context of inferring the odds of one
mass hierarchy over the other has been discussed at length in the literature [431,
440–446]. The results of ref. [431] elicited strong reactions and stimulated a
vivid discussion on the hierarchical nature of neutrinos. Many different sets
of priors have been explored which have yielded a wide range of conclusions.
The disparities in the findings of these works further highlights the fact that
the evidence always depends on the prior choice. Yet very few have followed
MacKay’s advice regarding how the prior choice encompasses our a priori views
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about the way the world is – in this case which set of prior is supported by our
knowledge of e. g., physics, and how that informs model selection.

For example, ref. [445] argues that the prior choice should be motivated by
fundamental physical principles and chooses to specify the prior directly at the
level of the neutrino mass matrix, obtaining odds of the order of ⇠100:1 for
the NH, using the constraints available in 2018. Ref. [431] on the other hand,
tries to be more generic and argues that the prior should describe our state of
belief before we have constraints, i. e. before the measurement of neutrino oscil-
lations and thus before having information about the mass-squared splittings,
when each of the neutrino masses has an uncertainty that spans many orders
of magnitude. In this case, ref. [431] argues, a logarithmic prior on each of the
masses naturally incorporates this uncertainty. More precisely, rather than us-
ing a single pre-determined prior, ref. [431] adopted a family of priors described
by hyper-parameters, which yields a hierarchical prior (see Appendix C.1) and
obtained odds of 40:1 for the NH. Such a choice of prior reflects the fact that
the three masses are indistinguishable before the data arrives, and specifies the
prior on each mass before any ordering takes place. This prior is well known
in the particle physics community. It is based on the construction of the Stan-
dard Model mass mechanisms, which generally assume a common mechanism
(usually at a high energy scale) for the origin of the three neutrino masses. In
perspective, this prior is behind the rise of neutrino oscillation experiments. The
additional ingredient of adopting a hierarchical prior (see Appendix C.1) means
that effectively rather than one given prior, a family of priors – described by
hyperparameters – is adopted, and the hyperparameter values are marginalized
over.

A completely different approach to the same question, which comes from
the alternative school of thought that is “Objective Bayesianism”, is taken in
ref. [440]. The idea is to construct a prior that is as uninformative as possible
from a mathematical point of view. To do so the likelihood is used and in
particular the likelihood provided by oscillation data. The adopted prior, for
precision experiments where the likelihood achieves asymptotic normality, uses
as information measure the Fisher information. This choice of prior depends on
the experimental set up. In particular, in the case of the neutrino hierarchy, it
does not enclose any a priori information about the fact that e. g., we believe
there to be a single mechanism that gives rise to the three neutrino masses
and that their masses can span many orders of magnitude (as ref. [431] does).
Still it is important to note that this prior choice reflects the fact the three
masses are indistinguishable before the data arrives, and thus does not favour
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one hierarchy over the other.1 This objective prior does need to be updated
for every different experiment that is performed. For the experimental data
considered in ref. [440], this approach yielded odds of 5:1 for the NH.

In addition, as MacKay points out, the very same framework that we use
to compare the normal hierarchy to the inverted hierarchy – the Bayesian evi-
dence ratio – can also be used to identify which set of priors is favoured by the
data. This can be explicitly explored in the hierarchical prior case, where the
distribution of the hyper-parameters quantifies exactly this (see Appendix C.1).

In this work, we revisit this issue – which has remained somewhat dormant
since 2018 – in light of the latest cosmological constraints and global fits to
neutrino oscillation experiments. We follow MacKay in considering two generic
type of priors: the logarithmic-hierarchical prior used in ref. [431] (which we
abbreviate by ‘SJPV’ from the author’s initials), and the objective Bayesian
(‘HS’) used in ref. [440]. We perform a Bayesian model comparison under
each of these approaches, computing the evidence for NH and IH, as well as
computing the posterior distributions for the individual neutrino masses and
the sum of the masses under each hierarchy. We speculate on the implications
of these results for double-beta decay experiments. While other prior choices
have been considered in the literature, we do not consider them here because
they are either not physically motivated, or adopt different prior distributions
for the different mass eigenstates, or would return odds in between the HS
and the SJPV cases. This Chapter is organised as follows: in Section 4.2,
we introduce the datasets used in our analysis and set out our notation and
methodology; in Section 4.3 we present our numerical results and discuss their
interpretation with regard to each prior; in Section 4.4 we perform a sensitivity
analysis, reporting results for different variations of our baseline dataset, and
finally we discuss and conclude in Section 4.5.

4.2 Data and Methodology

Following standard practice we denote the three neutrino mass eigenstates as
m1, m2, and m3 such that there are two independent neutrino mass-squared
differences and two possible hierarchies only. Here we adopt the convention
where m1 < m2 and m1,m2 refers to the smaller mass-squared difference. Hence

1
Note that conversely, it is possible to set up a prior that does not distinguish between

the hierarchies yet does not satisfy exchangeability (the three masses are not drawn from

a common prior, see for example the priors adopted in refs. [447–449] and other references

therein). This choice implies that the three masses do not share a common origin and therefore

that there are different physical mechanisms that give neutrinos the different masses. We do

not consider this case.
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in the so-called normal mass hierarchy (NH), m1, m2, and m3 are defined in
ascending order such that m1  m2  m3. In the inverted hierarchy (IH) the
ordering is instead m3  m1  m2. The hierarchy is given by the sign of the
square mass splitting involving m3. When needed, we might refer to the three
masses as mL, mM and mH (for “low”, “medium” and “high” respectively). In
the NH then mL . mM ⌧ mH, while in the IH instead mL ⌧ mM . mH.

We will use the following constraints on the squared mass splitting, de-
rived from a global fit to observations of neutrino oscillations using NuFIT v5.1
(2021)2 [277]
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2
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2

2
�m

2
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= 7.42 (±0.21)⇥ 10
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�2.490 (±0.027)⇥ 10
�3
eV

2 (IH)
(68.4%CL) ,

(4.4)

where m` denotes m1 and m2 for the normal (NH) and inverted (IH) hierarchies
respectively, and we approximate the uncertainty distribution as a Gaussian.
In particular we have symmetrized the error bars for simplicity as this has a
completely negligible effect on the final results. Compared to refs. [431, 440] the
error bars have increased by ⇠10% on �m

2

21
but decreased by ⇠30% on �m

2

3`
.

This provides (a Gaussian approximation to) the likelihood P (D|↵,M) where
↵ denotes the mass-squared splittings of Eq. (4.4).

It is important to note that, as discussed extensively in ref. [277], the three
flavour oscillation parameters from the fit to global data yields the best fit for
the normal ordering, with the solution for the inverted ordering having a worse
fit by ��

2
= 7 (2.6) when including (not including) the Super-Kamiokande

atmospheric data (SK-atm). Moreover, there is a small tension between T2K
and NOvA data, where the normal ordering option preferred by NOvA is in
tension with the combination of T2K and reactor neutrino data. Although
the inclusion of Super-Kamiokande data in the analysis of ref. [277] is sub-
optimal, we see no reason to exclude this data set, and hence our baseline
results will always include SK-atm. For our purposes the mild tension with
NOvA data and the sub-optimal inclusion of SK-atm primarily affect the ��

2

values, which generally underestimate the power of disentangling the neutrino
parameter space when the tension is resolved.

2
The original reference reports slightly asymmetric error bars:

+0.21
�0.20 for �m2

21 and
+0.026
�0.028

for �m2
32 IH, which we have symmetrized here as Gaussianity is a key assumption of ref. [440].
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Figure 4.1: Visualization of the neutrino oscillation experiment constraints
(Eq. (4.4)) and ⌃� KATRIN sensitivity limit and ⌃cosmo constraints (95% C.L.)
in the mL-⌃ plane and �-⌃ plane. The grey bands represent 5� uncertainties on

the oscillations measurements.

The oscillation constraints of Eq. (4.4) can be visualized in Figure 4.1 where
we show the allowed region in the mL-⌃ plane, and in the �-⌃ plane where �

is defined as the ratio of the largest mass splitting to the total mass [427],

�NH ⌘ (mH �mL)/⌃ and �IH ⌘ (mL �mH)/⌃. (4.5)

The bound on the sum of the masses ⌃ = m1 + m2 + m3 derived from beta
decay has significantly improved recently from ⌃ < 6.9 eV (95% C.L.) from
the Mainz experiment [423] to ⌃ < 3.3 eV (90% C.L.) from the first KATRIN
campaign [450] and even further to ⌃ < 2.4 eV (90% C.L.) from the combination
of the first and second KATRIN campaigns [260]. The estimated sensitivity of
KATRIN is ⌃ < 0.8 eV (95% C.L.) Meanwhile, over the past two decades
cosmological surveys have yielded increasingly stronger constraints on the sum
of the masses: ⌃cosmo < 1.8 eV in 2002 [451], ⌃cosmo < 0.44 in 2012 [452],
⌃cosmo < 0.25 eV [453] in 2013, ⌃cosmo < 0.18 eV [300] in 2015 and ⌃cosmo < 0.13

eV [454] in 2016 (all quoted at 95% C.L.). The latest constraints provided by the
eBOSS collaboration from the joint analysis of cosmic microwave background
and large-scale structure data obtain an upper limit of ⌃cosmo = 0.102 eV (95%
C.L.) for the combination of Planck CMB data with BAO and redshift space
distortions (RSD) from e-BOSS (CMB+BAO+RSD) and ⌃cosmo = 0.099 eV
(95% C.L.) for the combination CMB+BAO+RSD+SNeIa (including Type Ia
supernovae data) [429]. Finally in combination with the Lyman-↵ forest 1D flux
power spectrum, ref. [430] obtains an even stronger bound of ⌃cosmo < 0.089 eV
(95% C.L.). We illustrate a few of these cosmological constraints in Figure 4.1.
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In what follows, as is commonly done, we assume Gaussianity in all the
reported constraints. The upper limit on ⌃cosmo can in principle be interpreted
in two ways: either as a (one-sided) Gaussian distribution centered at ⌃ = 0 or
as a Gaussian distribution extrapolated to ⌃ < 0 and centered at the (interpo-
lated or extrapolated) maximum of the posterior (even if that happens to be at
⌃ < 0) and truncated at ⌃ = 0. Since the data show no indication of a detec-
tion of ⌃ and negative masses are unphysical, we adopt the first interpretation.
However, we explore the sensitivity of the results to this assumption for a few
select cases.

The priors and evidences for logarithmic hierarchical SJPV and objective
Bayesian HS are computed following refs. [431] and [440] respectively, using
the updated constraints. In the case of the HS prior, the interpretation of the
mass splittings and the naming conventions of the individual masses are slightly
different from that of ref. [440] to make them consistent with the treatment of
SJPV and ref. [277]. Details are reported in Appendices C.1 and C.2.

Different sources are responsible for different contributions to the final ev-
idence ratio. We denote the final evidence ratio for the NH over the IH by
KHS/SJPV with subscript indicating the choice of prior. Partial results towards
the full K, obtained including only some of the different contributions, are
denoted by i (where the subscript i specifies the different contributions con-
sidered or excluded). In particular, the contribution to K due to the ��

2 of the
global fit is a multiplicative factor: ��2 = exp(��

2
/2). For completeness and

a more transparent comparison with previous work, we also report the partial
results excluding the ��2 contribution. However, we stress here that we see no
reason to exclude it.
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Figure 4.2: Visualization of current constraints. On the top two panels, the
two thin (blue, NH and red, IH) ridges in the 3D space of m1, m2, m3 represent
the mass splitting constraints (95% CL) from oscillation experiments in Eq. (4.4).
For the NH (m1, m2, m3) corresponds to (mL, mM, mH), while for the IH it corre-
sponds to (mM, mH, mL). For visualization purposes the NH ridge is shown only for
mL > 10�3 eV. In the uppermost panel only oscillation constraints are used, while in
the middle panel a cosmology constraints of ⌃ < 0.1 eV is imposed; note the signif-
icant decrease of the allowed IH region and the different z-axis range. The bottom
panel shows the normal and inverted hierarchy oscillations likelihood probability
distributions (P/Pmax) for the sum of the masses, keeping the mass of the lightest
neutrino fixed at mL = 3 ⇥ 10�3 eV and cosmology constraint ⌃cosmo < 0.089 eV

(95% C.L., orange).

4.3 Results

We begin by presenting a visualization of the parameter space available for the
two hierarchies, given the updated constraints illustrated in Figure 4.1 where the
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probability distribution for the sum of the masses ⌃ is shown on the right panel.
The black lines correspond to the oscillation constraints for the normal and
inverted hierarchies, as indicated in the labels, and the grey bands represent the
5� uncertainty regions. The vertical lines show the various ⌃cosmo constraints.

However, the (e.g., 95% C.L.) regions allowed by the oscillation experiments
are actually in the 3D space of (m1,m2,m3); recall that for the NH this cor-
responds to (mL,mM,mH) and for the IH this corresponds to (mM,mH,mL).
Therefore, in Figure 4.2 we show the 3D locus of the hierarchies as allowed by
current oscillation data (top panel) and after imposing a cosmological constraint
of ⌃ < 0.1 eV (middle panel); note the significant decrease of the allowed region
for the IH. The bottom panel shows the probability distribution of the sum of
the masses given the oscillations measurements for both the NH and IH and
fixing the lightest neutrino to mL = 3 ⇥ 10

�3 eV, and the effect of the cosmo-
logical constraint (orange line) at further decreasing the allowed region for the
IH.

It is very illustrative to visualize the priors of the two different approaches
and compare them. In Figure 4.3, the top panels show the logarithmic hierar-
chical (SJPV) prior probability density, P (m), in the mL-mM plane for a fixed
mH = 1 eV and before considering the oscillations data. We show this for a
representative choice of hyper-parameters log µ = �1.5, � = 1.0, noting that
while this is a somewhat low value of � (see discussion in Appendix C.1), a
higher value would be less illustrative as the distribution on the right panel
would look very uniform. The specific choice of value for mH does not affect
the distribution, provided that mH � mM. The prior distributions are shown
with axes in both linear (left) and logarithmic (right) scales. The bottom row
panels show the corresponding probability density for the objective Bayesian
(HS) prior. In this case, changing the value of mH simply rescales the values
on the mL and mM axes. The HS prior decreases for smaller values of mM and
mL and, for a fixed value of mL, is minimal when mM = mL. On the other
hand, the SJPV prior (before any oscillation data) does exactly the opposite;
it increases for low mM and mL and, for a fixed value of mL, is maximal when
mM = mL.

In Figure 4.4 we demonstrate how the SJPV hyperprior changes once the
hyper-parameters are constrained by the inclusion of the oscillations data. It
is evident that once oscillation constraints are taken into account, the result-
ing hierarchical prior becomes drastically different. The oscillations-informed
hyperprior heavily favors either mL ' mM (NH, diagonal ridge) or mL ⌧ mM

(IH). Even along these directions this prior favors low masses and the smooth
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Figure 4.3: Comparison of the SJPV (logarithmic hierarchical) and HS (objective
Bayesian) prior density P (m): top panels show the SJPV prior probability be-
fore imposing oscillations constraints for an illustrative choice of hyper-parameters
log µ = �1.5, � = 1 in the mL-mM plane, for a fixed mH, while bottom panels
show the corresponding probability density for the HS prior. Shown for axes in
linear (left) or logarithmic (right) scale. The color scale is linear with black at the
maximum (P/Pmax = 1) and white at the minimum. The lower triangle is excluded
by the condition mL  mM  mH. The HS prior decreases for low mM and mL

and, for a fixed value of mL, is minimal when mM = mL; for the SJPV prior, the
opposite is true.
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Figure 4.4: SJPV hyperprior density P (m) once constraints from oscillation data
are included, marginalized over the hyper-parameters µ and � and over mH; no
constraints on ⌃ are imposed. Axes in linear (left) and logarithmic (right) scale,
with linear color-scale artificially cut at 0.2 to increase contrast. Here it is evident
that the SJPV hierarchical prior, which encodes information from oscillations, differs

drastically from HS, favoring low masses.

cutoff at high masses becomes more stringent with subsequent improvements
on the ⌃ limits.

The probability density of the hyper-parameters µ and � for the logarithmic
hierarchical SJPV prior is shown in Figure 4.5 for the normal (left) and inverted
(right) hierarchies after imposing cosmological constraints. A direct comparison
with Figures 2 and 3 of ref. [431] shows how the hyper-parameter values change
as the bound on ⌃ becomes more stringent, progressively disfavoring the hyper-
parameter space for the IH more than for the NH.

We are now ready to interpret the Bayesian evidence results presented in
Table 4.1 for both the SJPV and HS priors as a function of the ⌃ upper limit,
assuming a zero-centered Gaussian distribution truncated at ⌃ = 0. The error
in the calculation of the log-evidence values is estimated to be around 0.05–
0.1, hence negligible for our purposes. Results with or without the Super-
Kamiokande atmospheric (SK-atm) data are reported in Section 4.4 for com-
pleteness. However, we see no reason to exclude this data set, hence our baseline
results discussed here always include it.

The new oscillation constraints do not significantly alter the evidence com-
pared to the 2018 situation. In the HS case, compared with ref. [440], the major
effect is due to the increased ��

2 between the two hierarchies which has risen
from ��

2
= 0.83 in 2018 to ��

2
= 7.0 now, increasing the contribution to

the HS evidence ratio from the ��
2 alone (which is an overall multiplicative

normalization factor) from ��2 = 1.5 to ��2 = 33. Ref. [431], using the SJPV



4.3. Results 97

�6 �4 �2

log(µ/eV)

�4

�2

0

2

lo
g

�

NH

�6 �4 �2

log(µ/eV)

�4

�2

0

2

IH 4

6

8

10

12
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distributions for the hyper-parameters of the hierarchical prior for a cosmology mass
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SJPV HS

no��2
KSJPV (w/ �

2

�
) no��2

KHS (w/ �
2

�
)

⌃ < 2.85 eV (95%) [A] 3.8 124 1.0 33.1
⌃ < 0.8 eV (95%) [B] 5.3 175 1.2 38.1
⌃ < 0.12 eV (95%) [C] 49 1607 3.6 118
⌃ < 0.102 eV (95%) [D] 87 2861 4.3 143
⌃ < 0.099 eV (95%) [E] 88 2890 4.7 156
⌃ < 0.089 eV (95%) [F] 138 4553 7.4 244

Table 4.1: Bayesian evidence ratios for the NH vs IH with SJPV and
HS priors. The ⌃ constraints assume zero-centred Gaussian distributions
and 95% C.L. limits as follows: A=KATRIN (current) [260], B=KATRIN
(sensitivity) [260], C=Planck+BAO [429], D=Planck+BAO+RSD [429],
E=Planck+BAO+RSD+SNeIa [429] F=Planck+BAO+Ly-↵ [430]. The sen-

sitivity to the interpretation of the ⌃cosmo constraints is explored in Table 4.4.
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K Strength of evidence
1–3.2 Not worth more than a bare mention
3.2–10 Substantial
10–100 Strong
>100 Decisive

Table 4.2: Kass and Rafetry 1995 [455] qualitative interpretation of Bayesian
evidence ratios. K is a osterior Bayesian odds ratio, the relative plausibility of two
models in light of the data, and should not be interpreted as number of sigmas or

a p-value.

prior, reported evidence ratios neglecting the contribution from the ��
2 as it

had a negligible effect for the oscillations measurements adopted in that work.
One can also appreciate that the increasingly stringent mass limits have only
a mild effect on the evidence ratio for the HS prior choice, but a much more
significant effect for the SJPV prior.

By construction both priors, in the absence of oscillations data, do not
favour one hierarchy over the other.3 Once the oscillations data are taken
into account, but before considering any constraint on ⌃, both priors give very
similar posterior odds, which now are driven by the ��

2. Recall that the
oscillation experiment measurements of the mass-squared splittings in Eq. (4.4)
have not changed dramatically since 2018, although the value of the ��

2 has.
As long as the constraints on the sum of the masses are weak – e.g. ⌃� < 6.9

eV (adopted in SJPV) or ⌃cosmo < 1.5 eV (adopted in HS) – as in 2018, the
evidence ratio no��2 is inconclusive (< 3) for both prior choices, although the
��2 contribution now boosts the overall posterior odds for the NH by a factor
33. However, the situation changes drastically as the bounds on ⌃ tighten: in
the SJPV case, the evidence is much more sensitive to the ⌃ constraints and
the evidence for the NH increases much more dramatically once the total mass
limit crosses ⌃ < 0.1 eV. Regardless of the prior choice, the odds ratio for NH is
always & 100 when including the latest cosmological constraints ⌃cosmo which
disfavour values of ⌃ above 0.1 eV.

The Bayesian evidence ratio values or odds can be interpreted qualitatively
according to e.g. the Kass and Raftery [455] scale reported in Table 4.2, which
indicates that in all cases for both choices of priors the evidence ratio is always
“Strong” or “Decisive” when including the �2

�
normalization. Independently of

the prior choice the evidence for the NH is now “Decisive”. For the HS prior,
3
See related discussion in refs. [431, 440]. In short, the priors do not distinguish the three

mass eigenstates – a feature called exchangeability, see Appendix C.1 – and hence do not

favour one hierarchy over the other before the data arrives.



4.3. Results 99

0

100

200

300

400

500

600

p(
m

)

SJPV

Normal Hierarchy

0

100

200

300

400
SJPV

Inverted Hierarchy

0.00 0.02 0.04 0.06 0.08

m [eV]

0

100

200

300

400

500

p(
m

)

HS mL

mM

mH

0.00 0.02 0.04 0.06 0.08

m [eV]

0

100

200

300

400

500
HS� < 0.089 eV

� < 0.102 eV

� < 0.12 eV

Figure 4.6: Posterior distributions p(mi) = P (mi|D, M) for the individual masses
and sensitivity to the adopted ⌃ limit for the NH (left) and the IH (right). Upper

panels show the result with the SJPV prior, bottom panels the HS prior.

compared to the results from 2018 when the evidence was weak, this is driven
by the ��

2 obtained from the global fit of oscillations data. For the SJPV prior
the evidence moves from “Strong” to “Decisive” even without accounting for the
��

2 contribution, and is driven by the improved cosmological limit on the sum
of the masses.

Finally, we report the posterior distributions for the individual masses and
the sum of the masses for both NH and IH according to the two prior choices
in Figures 4.6 and 4.7. The distributions of the individual masses are very
similar for the two prior choices: once a hierarchy is chosen and the degenerate
regime (where all the masses are much bigger than the splittings) is excluded by
the constraints on ⌃, the individual masses are determined by the oscillations
constraints on the mass splittings (Eq. (4.4)). The probability distribution
for the sum of the masses of course differs under NH or IH assumptions, but
when taking the weighted sum of the two components the combined probability
distribution for ⌃ is virtually indistinguishable from that for the NH for either
prior choice. This reflects the fact that the evidence prefers the NH over the
IH with odds greater than 100:1. The effect of the stronger ⌃ limit can be
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Figure 4.7: Comparison of the posterior distributions for the sum of the masses
with the SJPV prior (left) and the HS prior (right). Dashed lines denote the IH,
solid lines the NH. The weighted combined distribution for the two hierarchies is

indistinguishable from that of the NH, because of the overwhelming odds.

appreciated by comparing our Figure 4.7 with Figure 8 of ref. [431], where a
limit of ⌃ < 6.9 eV was adopted.

4.4 Sensitivity analysis

The above results are quite robust to variations over the baseline setup of Sec-
tion 4.3; in a few cases these variations affect the results quantitatively but not
qualitatively, which we discuss below. In ref. [277] results are also reported with-
out the SK-atm constraints, in which case the constraints on �m

2

3`
in Eq. (4.4)

become

�m
2

3`
= m

2

3
�m

2

`
=

8
<

:
2.515 (±0.028)⇥ 10

�3
eV

2
, (NH)

�2.498 (±0.029)⇥ 10
�3
eV

2
, (IH)

(68.4%CL) . (4.6)

The evidence ratios both with and without inclusion of SK-atm data for both
prior choices are reported in Table 4.3. For each case, we report the resulting
odds before and after including the ��

2 normalisation from oscillations data.
While the SK-atm data does not affect much the no��2 , the effect on the ��2

is major, ranging from 3.7 (no SK-atm) to 33 (with SK-atm). Both cases are
reported for completeness, but we see no reason to exclude the SK-atm data set
or the ��

2 normalisation, and hence our baseline results include it.
The sensitivity of the posterior odds to the choice of interpretation of the

cosmological constraints on ⌃ is presented in Table 4.4. Clearly, for a fixed
95% C.L. limit, there is some sensitivity to the assumed shape (i.e., location of
the peak) of the probability distribution, but the evidence is always “Strong”
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NuFITv5.1 (no SK-atm) NuFITv5.1 (SK-atm)

SJPV no��2
KSJPV (�

2

�
= 2.6) no��2

KSJPV (�
2

�
= 7.0)

⌃ < 0.8 eV (95%) [A] 4.9 18.1 5.3 174.8
⌃ < 0.12 eV (95%) [B] 50.2 219.4 48.7 1607.4
⌃ < 0.102 eV (95%) [C] 87.3 322.9 86.7 2861.5
⌃ < 0.099 eV (95%) [D] 91.2 337.6 87.5 2888.6
⌃ < 0.089 eV (95%) [E] 131.2 485.3 138.0 4553.8

HS no��2
KHS (�

2

�
= 2.6) no��2

KHS (�
2

�
= 7.0)

⌃ < 0.8 eV (95%) [A] 1.1 4.0 1.2 38.1
⌃ < 0.12 eV (95%) [B] 3.4 12.4 3.6 118.4
⌃ < 0.102 eV (95%) [C] 4.1 15.2 4.3 143.4
⌃ < 0.099 eV (95%) [D] 4.6 16.8 4.7 156.1
⌃ < 0.089 eV (95%) [E] 6.4 23.3 7.4 244.2

Table 4.3: Bayesian evidence ratios with the SJPV and HS pri-
ors. As ref. [277] present results with and without including Super-
Kamiokande atmospheric constraints, here we also report both cases for
completeness. The upper limits on ⌃ are follows: A=KATRIN sen-
sitivity limit [260], B=Planck+BAO [429], C=Planck+BAO+RSD [429],

D=Planck+BAO+RSD+SNeIa [429] E=Planck+BAO+Ly-↵ [430].
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Dataset SJPV (KSJPV) KHS

Splitting constraints (⌃ < 6.9 eV) 2.6 (85.8) 33
⌃ < 0.8 zero-centred Gaussian 5.3 (175) 38
⌃ < 0.102 Gaussian centred at -0.026 eV 74 (2442) 138
⌃ < 0.102 zero-centred Gaussian 87 (2860) 143
⌃ < 0.099 zero-centred Gaussian 88 (2900) 156
⌃ < 0.099 Gaussian centered at 0.04 eV 43 (1419) 92
⌃ < 0.089 zero-centred Gaussian 138 (4550) 244

Table 4.4: Bayesian evidence ratios for the baseline case but using different inter-
pretations of the ⌃cosmo constraints (in eV, 95% C.L.). The rationale for centering
the distribution at �0.026 eV is that this is suggested by ref. [429]; the other plau-
sible alternative to centering the distribution at zero is to center the distribution at

the minimum value allowed by oscillations ⌃ ⇠ 0.04 eV.

or “Decisive” once the ��
2 is included. Excluding SK-atm on the other hand

lowers the ��2 by almost a factor of 10, from 33 to 3.7, but still larger than
the 2018 (HS adopted) value of ��2 = 1.5.

4.5 Conclusions

Adopting the latest constraints on the sum of neutrino masses from cosmologi-
cal observations and on the mass-squared splittings from ground-based oscilla-
tion experiments, we have computed the Bayesian evidence for the normal and
inverted hierarchies in order to determine whether the current data shows a
preference for a given neutrino mass ordering. Additionally, we have estimated
the posterior distributions of the individual neutrino masses and the sum of
the masses under each hierarchy. Our main conclusion is that new data prefer
“Strongly" if not “Decisively" the normal hierarchy, with odds over 100:1 (rang-
ing from 140:1 to over 2000:1 depending on the prior choice). Compared to
similar analyses presented with older oscillation experiments constraints, this
result is driven by two main effects: the increased ��

2 from global fits to neu-
trino oscillations data; and the more stringent limits on the sum of neutrino
masses from cosmology (obtained under the assumption of a ⇤CDM model).

It is well known that the evidence calculation is sensitive to the prior choice.
To demonstrate the robustness of this result we have considered two widely
different priors: (i) a set of hyperpriors in logarithmic space on the individual
neutrino masses, adopted in ref. [431] and (ii) the so-called “Objective Bayesian”
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reference prior, linear in the individual masses, motivated in ref. [440] in order to
make the prior as minimally informative as possible to the oscillations measure-
ments. These two cases are at the extreme of possibilities for prior choices, and
therefore bracket the range of results achievable with other (physical) choices of
priors. While the exact numerical value for the evidence depends on the specific
choice of prior and the adopted limit on the sum of the masses, we find that
for the latest cosmological constraints4 on the sum of the masses the evidence
remains “Decisive” across these very different prior choices. For the HS prior,
the cosmological constraints on the sum of the masses are crucial to push the
Bayesian evidence above the “Decisive” threshold. It is important to bear in
mind that cosmological constraints are well known to be model dependent; the
quoted constraints on ⌃ degrade for non-standard cosmological models. There
are examples in the literature (see e. g. [447–449] and references therein) where
the choice of the prior leads to an evidence for the normal hierarchy weaker than
reported here. This is achieved at the cost of having different prior distributions
for the different individual masses. Physically this would imply that the three
masses do not share a common origin and therefore that there are three dif-
ferent (yet undiscovered) mechanisms of mass generation for the different mass
eigenstates.

Our findings update and corroborate the previous results of ref. [431] and
significantly increase the Bayesian evidence for the normal hierarchy. This has
important consequences for neutrino physics and experiments that search for
neutrinoless double-beta decay. Current efforts aim at the ton-scale active ma-
terial experiments, which are sensitive to the 10 meV scale in the effective
neutrino mass of this decay. In light of the results of this work, the motivation
for covering the inverted hierarchy scenario is diminished and the focus should
shift to maximising the fraction of the normal hierarchy parameter space cov-
ered by a given experiment. Moreover, our results increase the incentive for
future neutrinoless double-beta decay experiments that would further cover the
parameter space for the NH, either due to their ability to scale up the mass of
the decaying nucleus or because the choice of nucleus is favoured by a smaller
decay half-life.

4
In an otherwise standard ⇤CDM cosmological model.
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Chapter 5

Conclusions

Our understanding of the Universe has grown immensely in the last few decades,
and much of this progress has been driven by the ever-increasing collaboration
between the fields of cosmology, particle and astroparticle physics. Answers to
the fundamental open questions that remain – such as the nature of dark energy,
dark matter, and the origin of the Universe – will likewise be guided by a col-
lective approach. Once considered a science with errors in the exponents [456],
cosmology has reached an astonishing level of precision thanks to a suite of high
accuracy measurements of the CMB anisotropies, the large-scale structure and
distance measures from Type Ia supernovae. It is a remarkable feat of modern
cosmology that observations of the Universe on the largest physical scales can
be used to constrain the microscopic properties of fundamental particles such
as neutrinos and dark matter. With this in mind, the research presented in this
thesis motivates the potential of current and future cosmological data in pro-
viding insight into the nature of these elusive particles, which are key indicators
of new physics beyond the SM and ⇤CDM paradigms.

In the following, we summarise the main conclusions of these works and
examine their relevance in the broader context of current developments in the
field. We also discuss future prospects and potential avenues to follow up on
these lines of research. To this end, we group our discussion along two main
themes: DM and 21 cm LIM observations, and neutrino cosmology.

Dark matter and 21 cm cosmology

In the first part of this thesis, we studied the cosmological signatures of non-
gravitational DM interactions – such as decay, annihilation, and scattering –
relevant to broad classes of particle DM candidates that feature some coupling
to SM particles. In particular, we explored the effects of such interactions
on the thermal and ionization history of the Universe and the resulting im-
pact on cosmological observables such as the 21 cm LIM signal from the dark



106 Chapter 5. Conclusions

ages and cosmic dawn. The 21 cm signal offers a unique window to the post-
recombination Universe, probing the cosmic dark ages prior to the formation of
the first luminous objects (z ⇠ 30–1100) and the period directly following, once
the first stars and galaxies have begun to form, known as cosmic dawn and the
Epoch of Reionization (EoR) (z ⇠ 5–30).

In Chapter 2 (based on ref. [1]), we computed the effects of electromag-
netic energy injection from DM decay and annihilation on the intergalactic
medium during the cosmic dark ages and the resulting impact on the global
21 cm brightness temperature and the angular power spectrum of the 21 cm
fluctuations from this epoch. We then estimated the potential to detect such a
DM signature with future 21 cm LIM experiments, forecasting constraints for
fiducial decay lifetimes and annihilation cross-sections allowed by current limits
for the forthcoming SKA, an improved terrestrial SKA-like instrument (aSKA),
and different realisations of a futuristic radio array on the lunar far-side (LRA).
Our results show that while SKA may have some limited sensitivity, more ad-
vanced next-generation 21 cm LIM experiments will be an extremely powerful
probe of DM decay and annihilation, with the potential to detect (or constrain)
a signal many orders of magnitude weaker than current or maximal constraints
from next-generation probes such as CMB-S4 [220]. Ground-based experiments’
ability to observe the dark ages is limited, and are incapable of accessing red-
shifts much farther than z ⇠ 30. On the other hand, including observations of
the 21 cm line fluctuations well beyond the end of the dark ages z & 30 dra-
matically boosts the sensitivity; for the fiducial cases considered, we find huge
constraining power comes from the ability to perform tomography utilising the
information from many independent redshift slices. Such observations are only
possible with an LRA-type experiment, located outside the Earth’s ionosphere.
Interestingly, we demonstrate that such an experiment would be able to ex-
plore much of the remaining viable parameter space for a thermal relic WIMP
with mass up to ⇠ O(10

4
) GeV. Moreover, this would also cover (almost all

of) the parameter space invoked for the DM annihilation interpretation of the
Fermi -LAT Galactic Centre �-ray excess [385, 457–463], potentially settling the
ongoing debate on the millisecond pulsar versus DM origin of this signal.

The results of Chapter 2 strongly motivate the science case for more ad-
vanced 21 cm LIM experiments that could observe deep into the dark ages
prior to the formation of the first stars. While ambitious, the discovery po-
tential of such experiments is huge; free from astrophysical contamination, the
21 cm signal from the dark ages is an extremely sensitive and pristine probe of
exotic physics such as DM interactions and PBHs [343, 344, 464]. Moreover,



Chapter 5. Conclusions 107

the highly redshifted 21 cm fluctuations provide access to orders of magnitude
more modes of the matter density field than other observables [465] and probes
the early Universe when small-scale perturbations remain mostly in the linear
regime. This supports precision tests of fundamental cosmology such as the in-
flationary paradigm [339–341, 466] and non-gaussianity [342, 467, 468], isotropy
and homogeneity [469], and cosmological parameters constraints on, e. g., cur-
vature and neutrino masses [466]. Targeting the 21 cm LIM signal from the
dark ages is extremely challenging, however. The signal from the dark ages
is redshifted to low frequencies at which the Galactic synchrotron foregrounds
are many orders of magnitude brighter. Moreover, the Earth’s ionosphere is
opaque to low-frequency radio waves (. 45 MHz) which necessitates obser-
vations made from space, with the radio-quiet lunar far-side being the most
promising option. Therefore, future work is crucially needed to overcome the
technical challenges of foreground removal as well as developing the theoretical
modelling and computational techniques (e. g. simulation, data analysis) to fully
exploit the cosmological information from 21 cm measurements. The forecasts
presented in Chapter 2 assume a comprehensive characterisation of the rele-
vant foregrounds is possible; a more realistic assessment of how the foreground
subtraction may affect the detectability is thus an important point for future
work. The arrival of data from the current generation of 21 cm experiments
targeting the EoR and cosmic dawn is an essential step in this direction, which
will help characterise the low-frequency radio sky and improve foreground mod-
elling, allowing for better exploration of cosmological constraints. Furthermore,
extending our analysis to lower redshift ranges would be interesting for these
experiments happening on a shorter timescale, although added complications
due to astrophysics and degeneracy with other signals would arise. Finally, it
could be interesting to evaluate the effect of DM decay and annihilation on the
temperature perturbations, as we do in Chapter 3 for DM-baryon scattering
models.

In Chapter 3 (based on ref. [2]), we considered the cosmological effects of
velocity-dependent elastic scattering between DM and baryons in the post-
recombination Universe. Such interactions received a lot of attention in wake of
the anomalous EDGES 21 cm measurement [407], which exhibits a much larger
than expected absorption signal and could be explained by a small fraction of
millicharged DM [107, 198, 404]. However, strong constraints have been placed
on the millicharged DM interpretation [107–109] and the EDGES measurement
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awaits confirmation from other experiments.1 Nonetheless, many DM models
predict elastic scattering with baryons which imprints signatures on the thermal
history of the Universe and the matter clustering at small scales, and is expected
to modify the 21 cm signal from the dark ages and cosmic dawn [107–109, 198,
393, 394, 404–406]. However, the direct contribution of the DM-baryon interac-
tions on the perturbed baryon gas and DM temperatures had previously been
neglected. The 21 cm intensity mapping signal directly depends on the gas
temperature perturbations, so it is critical to understand these effects.

In this work we derived these contributions for the first time, evolved the
cosmological perturbations until the end of the dark ages and show that they
may have a significant impact at the beginning of cosmic dawn. In particular,
we found that the amplitude of the temperature power spectrum at large scales
can change by an order of magnitude and that the matter power spectrum
is further suppressed with respect to ⇤CDM by ⇠ 5–10% at k ⇠ 200Mpc

�1

compared to the computation ignoring these contributions, for scattering cross
sections at current CMB limits. These results have important implications for
cosmological observables sensitive to the gas temperature and the abundance of
light collapsed objects. The modified temperature perturbations and the sup-
pression of small-scale density perturbations can affect both the amplitude and
time evolution of the 21 cm signal during cosmic dawn. The further suppres-
sion of the matter clustering occurs at the scales of interest for the formation
of the DM halos that could host the first stars and thus may delay the cos-
mic dawn even more than originally predicted by first estimates that neglected
these effects, which should have a strong impact in the 21 cm LIM signal. As
such, the inclusion of the novel temperature perturbations derived in this work
is required to properly model the initial conditions for cosmic dawn in the pres-
ence of DM-baryon scattering, and may provide forthcoming 21 cm observations
with additional sensitivity to these models. As a case example, we computed
the 21 cm power spectrum from the dark ages and found that the new contri-
butions can modify the amplitude of the power spectrum by up to a factor of
a few at high redshift (z > 30), which further promotes the science case for
next-generation LIM experiments targeting this epoch.

The 21 cm fluctuations from cosmic dawn and EoR are expected to be es-
pecially sensitive to DM microphysics, both to DM-baryon interactions as well
as other exotic models such as warm DM, fuzzy DM or dark sector interac-
tions. Thus, an accurate and complete modelling of all relevant effects in each

1
The latest measurements from the SARAS experiment is inconsistent with the EDGES

signal, disfavouring the interpretation in terms of new physics [470].
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case is of the utmost importance to potentially distinguish between different
DM models. The results of our work must be taken into account when setting
the initial conditions for cosmic dawn in the context of DM-baryon scattering
models, and strongly motivate further investigation into how these effects would
impact the evolution of the cosmic dawn signal at lower redshift (z < 30) in
anticipation of coming measurements of the 21 cm signal from this epoch. Once
the first stars switch on they will dominate the heating of the medium, and a
detailed study of the non-trivial interplay between the DM-baryon scattering
effects and astrophysical processes is needed. This is a future research direction
we are already pursuing, with the aim of implementing the novel contributions
to the temperature perturbations in 21cmFAST2 [471, 472] in order to model
the effects on the 21 cm signal during cosmic dawn and examine the sensi-
tivity of upcoming measurements of the 21 cm power spectrum (HERA [410],
SKA [411]) and the global signal (EDGES [407], LEDA [409], SARAS [473])
to constrain DM-baryon scattering. A significant challenge will be to sepa-
rate the astrophysics of cosmic dawn and reionization from the cosmological
information. Several promising strategies are being developed in this regard,
including improved theoretical modelling of the complex astrophysics [474, 475],
more flexible parameterisation in semi-numerical codes [476] as well as machine
learning techniques [477]. Additionally, small-scale effects of DM on the matter
power spectrum may be probed through their imprint on large scales which are
expected to be more robust to astrophysical uncertainties [232, 416, 478–480].

The highly-redshifted cosmological 21 cm signal represents just one of the
promising avenues to identify the fundamental nature of DM with cosmology
in the coming decade. Cosmological observations offer a way to probe DM
properties on a vast range of physical scales and throughout cosmic history; as
such, they can offer insight into processes relevant at energy, time and length
scales inaccessible from Earth. The next-generation of LSS and CMB data will
significantly increase the sensitivity to a wide range of DM interactions and
models, both interactions with SM particles (annihilation, decay, or scattering)
and within the dark sector itself (self-interactions, dark radiation) as well as
other beyond-CDM models such as warm DM, fuzzy DM and PBHs. The ar-
rival of these even higher precision cosmological observations will complement
the ongoing searches for DM in other astrophysical probes and terrestrial ex-
periments. All strategies must be fully exploited in the hunt for DM, which has
thus far evaded all pursuit. The synergy between all these different experimen-
tal avenues to search for DM will be the keystone for the eventual discovery of

2https://github.com/21cmfast/21cmFAST

https://github.com/21cmfast/21cmFAST
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DM and characterisation its properties.

Neutrino masses and the mass hierarchy

In Chapter 4 (based on ref. [3]), we performed a Bayesian analysis using the
latest constraints on the sum of neutrino masses from cosmology and the squared
mass splittings from global fits to neutrino oscillations data. We sought to
answer the question of whether the current data shows a preference for one
of the neutrino mass hierarchies. To do so, we performed a Bayesian model
comparison study, computing the Bayesian evidence for each mass ordering.
The topic of a suitable prior choice in the context of the mass hierarchy has been
the subject of much debate in the literature [431, 440–446]; therefore, we chose
to perform our analysis considering two priors at opposite ends of this debate.
Firstly, we followed ref. [431] and adopted a hierarchical prior which previously
found evidence in favour of the NH with odds of 40:1. On the other hand, we
compared this to the so-called “Objective Bayesian” prior used in ref. [440]; the
2018 analysis performed in this work showed no strong preference for the NH
under this prior. In light of more recent data, we re-analysed the evidence for the
NH and found that – while the numerical value for the evidence depends on the
choice of prior – the Bayesian odds now remain greater than 100:1 across these
very different prior choices. This is driven by two factors: (i) stronger preference
for the NH has arisen from the latest global fit to neutrino oscillations data,
giving an increased ��

2 value and (ii) tighter cosmological constraints on ⌃m⌫

have been obtained, which are critical in pushing the evidence for NH above the
“Strong” or “Decisive” threshold in the case of the Objective Bayesian prior.

Our results demonstrate that even under widely different priors, the current
combination of data now shows strong (or even decisive) Bayesian evidence for
the NH (as foreseen by ref. [431]). Regardless of the ongoing debate on prior
choices, it appears clear that the data is converging towards the NH. Forthcom-
ing cosmology surveys are expected to reach the sensitivity for a guaranteed
detection of the absolute neutrino mass scale. If the NH is really the true one,
as our analysis suggests, then it should be possible to decisively exclude the IH
with cosmological data in the coming decade. However, our results have imme-
diate implications for the discovery potential of planned and future neutrinoless
double-beta decay (0⌫2�) experiments and strongly motivate experimental de-
sign targeting the parameter space available for the normal mass ordering [433].

Currently, cosmological data provides the strongest upper limits on the abso-
lute neutrino mass scale but is as yet unable to provide a categorical detection
of ⌃m⌫ . However, this is likely to change with next-generation experiments
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which are expected to provide the first definitive measurement of ⌃m⌫ . Combi-
nations of next-generation CMB lensing data (CMB-S4, Simons Observatory)
with forthcoming data from LSS surveys (DESI-BAO) are projected to reach
a sensitivity of �(⌃m⌫) ⇠ 0.03 eV, assuming the current measurements of the
reionization optical depth ⌧ [220, 221]. Moreover, future LSST galaxy clustering
and lensing data can reach a similar precision [481]. This would correspond to
a 2� detection of the minimum mass sum allowed from oscillation experiments
(⌃m⌫ = 0.06eV). However, a better determination of ⌧ – possible with exper-
iments targeting the large-angular scale CMB E-modes, such as CLASS [482],
BFORE [483], LiteBIRD [484] and PICO [485] – would greatly improve the
sensitivity, enabling a ⇠ 3� detection of ⌃m⌫ = 0.06 eV (or a ⇠ 6� detection
of ⌃m⌫ = 0.01 eV, the minimum mass allowed in the IH). Furthermore, 21 cm
measurements can also be very powerful for cosmological parameter estimation;
ref. [466] forecasts a neutrino mass sum measurement to within ⇠ 0.007 eV.

The current and forecasted constraints assume the ⇤CDM model. While
data are consistent with a cosmological constant (w = �1) and a flat Uni-
verse, departures from ⇤CDM such as dynamical dark energy (time-varying w)
models or non-zero curvature are not excluded [486] and can have a degener-
ate effect on the expansion rate of the Universe and the matter clustering as
massive neutrinos. It has been shown that when allowing for a time-varying
dark energy equation of state, cosmological constraints on ⌃m⌫ can degrade
significantly [276] (and vice-versa, allowing ⌃m⌫ to be a free parameter loosens
the constraints on w [481]). These degeneracies can be alleviated with combina-
tions of future CMB and LSST data [487]. Ref. [488] provides a comprehensive
study of the forecasted sensitivity of a large number of different combinations
of future CMB and LSS datasets, finding that a high significance measurement
of the neutrino mass sum is still very likely under both minimal ⇤CDM and its
typical extensions with forthcoming surveys.

A concrete measurement of the neutrino mass sum from cosmology would
have deep implications for particle physics and would be highly complementary
to laboratory experiments targeting the absolute neutrino mass scale (which
are sensitive to different combinations for individual masses and mixing param-
eters). The results of our work indicate a strong preference for the NH, and a
definitive confirmation of this from a measurement of ⌃m⌫ < 0.1 from future
surveys would decisively exclude the IH. Determining ⌃m⌫ and the hierarchy
will inform both the fundamental theory behind the neutrino mass generation as
well as the discovery prospects of current and planned 0⌫2� experiments [282,
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433, 434]. Future 0⌫2� experiments may achieve a discovery sensitivity com-
petitive with cosmology [282], while the ongoing KATRIN �-decay experiment
is projected to reach a sensitivity of m� < 0.2 eV (m� < 0.04 eV projected for
the final phase of Project8 [489]). Furthermore, future long-baseline oscillations
experiments such as DUNE [490–492] aim to determine the sign of the atmo-
spheric mass splitting and therefore the mass ordering. The complementarity
between these different datasets will provide an important consistency check;
if significant tensions arise between cosmological data and the other probes,
it may signify new physics and can be an important guidepost for cosmology
beyond ⇤CDM.
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Appendix A

Supplementary Results: Dark

Matter Decay and Annihilation

A.1 Reionization modelling

In Chapter 2 we focus on the dark ages before the formation of the first stars,
but given the large uncertainties around the reionization epoch, we consider how
the modelling of the reionization might affect the 21 cm signal at z & 30 and
thereby our results. While the physics of reionization is poorly constrained,
a new generation of upcoming experiments such as the Hydrogen Epoch of
Reionization Array (HERA [410]), James Webb Space Telescope (JWST [493])
and the Dark Ages Radio Explorer (DARE [494]) will soon start to explore this
period of the cosmos. To date we have only weak upper limits on the redshift of
reionization and its physical processes. Nevertheless, we know the low-redshift
Universe is fully ionized (by around z ⇠ 8), and this process is thought to be
mostly due to the astrophysical processes of the first luminous sources.

The standard procedure (e. g., widely assumed for CMB power spectra anal-
yses) is to model the transition to a fully ionized Universe with a single-step
half-hyperbolic tangent function. This is unrealistic, and only modifies xe while
leaving the evolution of the inter-galactic medium temperature unchanged with-
out any treatment of how the astrophysical sources of reionization also heat the
kinetic gas temperature Tk. We follow the approach of ref. [357], adopting
their simple model of stellar reionization and implementing it into CosmoRec.
A source term is added to the xe evolution equation (Eq. 2.9 in Section 2.3.1)
that accounts for Lyman continuum photons from UV sources in star-forming
galaxies, thought to be a primary source of reionization. In addition to the
ionizing radiation, a source term is added to the kinetic gas temperature evolu-
tion equation (Eq. 2.13 in Section 2.3.1) to account for the extra heating of the
intergalactic medium due to e. g. X-rays from the stellar population. We refer
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the reader to ref. [357] for a detailed description. Additional collisional cooling
terms are added following ref. [495].

Unless otherwise stated, all results shown in Chapter 2 are computed as-
suming this stellar reionization model. We found no significant change in our
results from using the standard CLASS prescription for reionization, indicating
that the 21 cm signal measured from the dark ages should be largely insensitive
to the reionization process. Nonetheless, the extra ionization and heating of
the IGM might advance the formation of the first stars, increasing the redshift
at which the dark ages would end. We leave the exploration of the impacts of
this relation for future work. However it has been shown that DM annihilation
cannot be a dominant contribution to cosmic reionization if it is to be consis-
tent with CMB results [357], requiring an overly large annihilation rate or halo
boost. It is shown in Ref. [334] that for the most part DM cannot contribute
by more than 10% to reionization.

A.2 21 cm forecast results

A.2.1 Decaying DM
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Experiment Redshift
range

Efficiency
factor

Relative Error �⌧/⌧

⌧ =

1⇥ 10
25

⌧ =

1⇥ 10
26

⌧ =

1⇥ 10
27

SKA z = 30
fe↵ = 0.1 1.43⇥ 10

2
1.89⇥ 10

3
1.01⇥ 10

4

fe↵ = 0.4 1.45⇥ 10
2

5.56⇥ 10
2

2.3⇥ 10
3

aSKA z = 30
fe↵ = 0.1 1.70⇥10

�2
5.88⇥10

�2
6.07⇥10

�1

fe↵ = 0.4 3.79⇥10
�2

1.84⇥10
�2

1.11⇥10
�1

LRA1
z = 30

fe↵ = 0.1 2.42⇥10
�1

2.89 1.65⇥ 10
1

fe↵ = 0.4 2.75⇥10
�1

8.63⇥10
�1

3.62

30 < z < 200
fe↵ = 0.1 5.46⇥10

�2
3.21⇥10

�1
1.0

fe↵ = 0.4 1.32⇥10
�1

2.56⇥10
�1

1.11

LRA2
z = 30

fe↵ = 0.1 1.52⇥10
�2

3.17⇥10
�2

4.04⇥10
�1

fe↵ = 0.4 3.52⇥10
�2

1.04⇥10
�2

7.19⇥10
�2

30 < z < 200
fe↵ = 0.1 3.84⇥10

�3
5.15⇥10

�3
1.73⇥10

�2

fe↵ = 0.4 8.24⇥10
�3

4.71⇥10
�3

1.18⇥10
�2

LRA3
z = 30

fe↵ = 0.1 1.41⇥10
�2

1.34⇥10
�2

2.60⇥10
�1

fe↵ = 0.4 3.18⇥10
�2

5.55⇥10
�3

4.70⇥10
�2

30 < z < 200
fe↵ = 0.1 1.63⇥10

�3
1.72⇥10

�3
5.28⇥10

�3

fe↵ = 0.4 2.27⇥10
�3

7.32⇥10
�4

2.91⇥10
�3

Table A.1: Forecasted 68% C.L. relative errors on the lifetime ⌧ for each fidu-
cial parameterisation and experimental set-up measuring the 21 cm angular power

spectrum.

A.2.2 Annihilating DM
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Experiment Redshift
range

Boost Factor Relative Error �pann
/pann

pann =

1.9⇥ 10
�7

pann =

1.9⇥ 10
�8

SKA z = 30

Smooth 7.07⇥ 10
3

5.57⇥ 10
4

- fh = 1⇥ 10
6

5.54⇥ 10
3 -

fh = 1⇥ 10
8

1.9⇥ 10
3 -

aSKA z = 30

Smooth 4.18⇥ 10
�1

4.47

fh = 1⇥ 10
6

3.13⇥ 10
�1 -

fh = 1⇥ 10
8

5.32⇥ 10
�2 -

LRA1

z = 30

Smooth 11.33 9.35⇥ 10
1

fh = 1⇥ 10
6

8.82 -
fh = 1⇥ 10

8
2.93 -

30 < z < 200

Smooth 4.50⇥ 10
�1

1.58

fh = 1⇥ 10
6

5.11⇥ 10
�1 -

fh = 1⇥ 10
8

9.42⇥ 10
�1 -

LRA2

z = 30

Smooth 2.91⇥ 10
�1

3.39

fh = 1⇥ 10
6

2.41⇥ 10
�1 -

fh = 1⇥ 10
8

2.65⇥ 10
�2 -

30 < z < 200

Smooth 6.45⇥ 10
�3

2.28⇥ 10
�2

fh = 1⇥ 10
6

6.78⇥ 10
�3 -

fh = 1⇥ 10
8

6.80⇥ 10
�3 -

LRA3

z = 30

Smooth 2.15⇥ 10
�1

2.37

fh = 1⇥ 10
6

1.54⇥ 10
�1 -

fh = 1⇥ 10
8

7.88⇥ 10
�3 -

30 < z < 200

Smooth 1.75⇥ 10
�3

5.70⇥ 10
�3

fh = 1⇥ 10
6

1.76⇥ 10
�3 -

fh = 1⇥ 10
8

1.35⇥ 10
�3 -

Table A.2: Forecasted 68% C.L. relative errors on the annihilation efficiency pann

for each fiducial parameterisation and experimental set-up measuring the 21 cm
angular power spectrum.

A.2.3 Non-detection limits

The upper limits for the decay lifetime are only valid for an energy injection of
fe↵ = 0.1 (which roughly corresponds to 100 GeV decay to electron-positrons).
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Experiment ⌧ (95% C.L.) pann (95% C.L.)

SKA > 9.7⇥ 10
22 s < 1.9⇥ 10

�4
m

3
s
�1
kg

�1

aSKA > 1.9⇥ 10
27 s < 9.3⇥ 10

�9
m

3
s
�1
kg

�1

LRA1 > 1.3⇥ 10
27 s < 1.9⇥ 10

�8
m

3
s
�1
kg

�1

LRA2 > 7.4⇥ 10
28 s < 2.7⇥ 10

�10
m

3
s
�1
kg

�1

LRA3 > 2.2⇥ 10
29 s < 7.4⇥ 10

�11
m

3
s
�1
kg

�1

Table A.3: Forecasted 95% C.L. lower (upper) bounds on the DM decay lifetime
(annihilation efficiency) for each experimental set-up measuring the 21 cm angular

power spectrum.

A.3 Comparison to specific decay channels

We compare our generic approach of a constant effective efficiency parameter
using the on-the-spot treatment to a more precise energy injection history for
a few specific decay masses and channels. For the chosen decay channels and
masses, we fit fe↵(z) to the predictions from Ref. [368].

As exemplified in Figure A.1, the amount of energy injection can vary greatly
for a given lifetime, when the DM mass or decay channel is varied. For the three
cases explored here, we find around ⇠ 1 order of magnitude variation in the
forecasted relative errors for LRA, see Table A.4. The forecasted errors at z = 30

can vary by almost 3 orders of magnitude between the most extreme cases.
The results we found for fe↵ = 0.1 correspond roughly to 100 GeV decay to
electron–positron pairs (� ! e

+
e

�). However, for a 100 GeV particle decaying
to photons only, the projected sensitivity is significantly weaker. Yet even in
this case with minimal energy injection, LRA3 could reach almost percent-level
precision constraints. On the other hand, there are decay scenarios which can
inject much more energy than what our fiducial fe↵ = 0.1 describes e. g. 100
MeV � ! e

+
e

�, and so 21 cm LIM will be even more powerful to constrain
certain cases. Therefore, our choice remains as a conservative assumption, not
too optimistic nor pessimistic, given the different predictions across the available
parameter space. Nevertheless, the main conclusions still hold: observations of
the 21 cm power spectrum at z = 30 alone are unlikely to yield a S/N of
unity for DM decay, except in decay cases where the energy injection is near
maximal. In most cases, and especially to probe the longest decay lifetimes,
reaching percent or sub-percent precision will require a lunar radio array with
the ability to perform tomography during the cosmic dark ages. 21 cm LIM
tomography with LRA will have the power to improve upon CMB constraints
by several orders of magnitude - and for some decay channels, by even more than
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Figure A.1: Evolution of free electron fraction xe (top left), gas temperature Tk

(top right), and global T21 signal (bottom left) with redshift, and the angular power
spectrum of the 21 cm fluctuations at z = 30 (bottom right), for 3 example DM

decay channels with a decay lifetime ⌧ = 1 ⇥ 1026 s.

shown in our main results. The fact that the results are sensitive to the precise
energy injection history demonstrates that the 21 cm power spectrum could be
a powerful tool not only to detect a decay signal, but also constrain the DM
particle properties, provided that potential degeneracies can be accounted for.
A more detailed analysis, computing the f(z) functions over the whole redshift
range (using e. g. DarkHistory [372] or ExoCLASS [392]) will be necessary once 21
cm data is realised in order to determine constraints on specific decay channels
and masses.

In the case of annihilating DM, we do not assume a value for the efficiency
factor fe↵ , as all the model-dependence of the energy injection rate is condensed
into the annihilation efficiency parameter pann. While it has been shown that
a constant energy injection rate can capture with high precision the effect of
DM annihilation on the CMB [186, 298, 312, 317, 496], whether this approach
is sufficient to describe the impact on the 21 cm fluctuations during the dark
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ages needs to be evaluated. Given the proof-of-concept nature of this work,
we expect the uncertainties introduced by this assumption to be sub-dominant,
but the validity of this approach should be revisited with a calculation of the
redshift-dependent f(z) (or pann(z)) curves once precision 21 cm measurements
are made possible. This is especially important at low redshifts when including
the effects of structure formation where the energy deposition curves can change
substantially [368].

Experiment Redshift Relative Error �⌧/⌧ : ⌧ = 1⇥ 10
26 s

100 MeV
�! e

+
e

�

100 GeV
�! e

+
e

�

100 GeV
�! ��

SKA z = 30 1.14⇥ 10
2

4.10⇥ 10
3

1.04⇥ 10
5

aSKA z = 30 1.15⇥ 10
�2

2.42⇥ 10
�1

2.90

LRA1
z = 30 1.90⇥ 10

�1
6.56 1.70⇥ 10

2

30 < z < 200 6.19⇥ 10
�2

6.07⇥ 10
�1

5.06

LRA2
z = 30 1.05⇥ 10

�2
1.59⇥ 10

�1
1.23

30 < z < 200 4.23⇥ 10
�3

8.28⇥ 10
�3

7.15⇥ 10
�2

LRA3
z = 30 1.01⇥ 10

�2
1.05⇥ 10

�1
3.67⇥ 10

�1

30 < z < 200 1.60⇥ 10
�3

2.12⇥ 10
�3

1.80⇥ 10
�2

Table A.4: Forecasted 68% C.L. relative errors for 3 example decay channels with
a lifetime ⌧ = 1⇥ 1026 s for each experimental set-up measuring the 21 cm angular

power spectrum.
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Appendix B

Supplementary Results: Dark

Matter-Baryon Scattering

Here we present some additional results which supplement the main results of
Chapter 3. Our main results are shown at z = 30, which we assume to be the
end of the dark ages, but here we include results also at z = 50. Moreover, in
our main results we set the scattering cross-section to the current limits allowed
by CMB measurements, and always assume that 100% of the DM scatters with
baryons; here we explore the effects of varying these parameters.

B.1 Results at z = 50

In the main body of Chapter 3 we show results at z = 30 which we consider
to mark the end of the dark ages and the beginning of cosmic dawn. However,
as demonstrated in Figure 3.2, there are significant changes to the temperature
and ionization fraction perturbations during much of the redshift range of the
dark ages. We highlight here that there are important effects beyond z > 30

which, given the astrophysical uncertainties surrounding early stellar formation,
may be relevant for modelling the initial conditions of cosmic dawn at higher
redshift. Figures B.1 and B.2 are analogous to figures 3.3 and 3.4, but shown
for z = 50.



122 Appendix B. Supplementary Results: Dark Matter-Baryon Scattering

10�3 10�2 10�1 100 101

k [Mpc�1]

100

�
2 T

b
/�

2 T
b
�
C

D
M

10�3 10�2 10�1 100 101

k [Mpc�1]

100

1 MeV

0.1 GeV

1 GeV

10 GeV

Figure B.1: Ratio of the linear power spectra (with respect to ⇤CDM) of the
gas temperature fluctuations at z = 50 for several DM masses, including (solid) and
neglecting (dashed) fluctuations sourced by DM-baryon interactions, shown until

k = 10Mpc�1.
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Figure B.2: Ratio (with respect to ⇤CDM) of small-scale power spectra of baryon
temperature (top), baryon density (middle) and matter density (bottom) fluctua-
tions at z = 50 for scales k = 40–500 Mpc�1. We compare the result when including
(solid) and neglecting (dashed) additional contributions to perturbed recombination

from DM-baryon interactions for each DM mass.
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B.2 Varying scattering cross-section and the frac-

tion of interacting DM

Throughout Chapter 3 we show results for the case where all of the dark matter
interacts with baryons and adopt a benchmark value of �0 for each DM mass,
consistent with the 95% C.L. upper limits derived in refs. [196–198]. In this
appendix we vary these parameters, considering different values of �0 and small
fractions of strongly interacting DM f�. Note that the results here are obtained
assuming the background temperature evolution computed in CLASS, without
averaging the thermal history over the full initial relative velocity distribution,
as was done for our main results. Therefore these results may differ quanti-
tatively from that when taking into account this effect; however, this limited
example reveals qualitative trends when varying �0 or f�. We leave a more
accurate and complete exploration of this case for future work.

In Figure B.3 we show how results change when reducing the strength of
the interaction cross section by a numerical factor below the current upper
limit for m� = 1 GeV. We find that as we reduce �0, there is an intermediate
range where the change in the amplitude of the temperature power spectrum
at z = 30, with respect to neglecting temperature perturbations sourced by
DM-baryon scattering, actually increases significantly before decreasing again.
This is due to how the evolution of the temperature perturbations �Tb

depends
on the different contributions in eq. (3.15); varying the cross section alters
the balance of these competing terms and can result in either more or less
enhancement or suppression of the temperature perturbations, depending on
the redshift. For example, for an interaction cross section set at 80% of our
benchmark �0, we find that the temperature power spectrum is suppressed by
almost an order of magnitude at z = 30. This also has an impact in the large-
scale HI power spectrum; the amplitude of the HI signal becomes suppressed
by ⇠ 25% at z = 30 relative to neglecting the DM-baryon scattering effects on
the temperature perturbations (compared to ⇠ 15% for our benchmark �0).

On the other hand, the amount of extra suppression in the total matter
power spectrum due to the DM-baryon interaction contribution to the pertur-
bations scales inversely with �0. For a cross section one order of magnitude
weaker than current limits, there is an additional suppression of a ⇠few % in
the total matter power spectrum at k = 200Mpc

�1.
Lastly, we also consider how our results change when only a fraction f� of the

total DM density is interacting; in this regime larger values of the cross section
are allowed for small interacting fractions. In Figure B.4 we show results for
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Figure B.3: Effect of varying the scattering cross section for a DM mass of 1
GeV on the large-scale baryon temperature power spectrum (left) and the small-
scale total matter power spectrum (right) at z = 30. We compare the result when
including (solid) and neglecting (dashed) the additional contributions to perturbed
recombination resulting from the DM-baryon interactions for several values of �0

below the 95% C.L. upper limit given in Table 3.1.

various fractions with �0 set to the corresponding 95% C.L. upper limit derived
in ref. [196] for a mass of 1 MeV (reported in Table B.1).

For f� & 2% the limit on �0 roughly scales with f�. In this regime, we
find that the amount of extra suppression in the matter power spectrum de-
clines with smaller f�. On the other hand, the amplification of the temperature
perturbations can be substantially increased; e. g., for f� = 0.1, the large-scale
temperature power spectrum is enhanced by almost an order of magnitude at
z = 30 when fully accounting for all contributions to perturbed recombination.
The difference in scale of the impact on the baryon temperature and the matter
power spectra can be explained as follows. As shown in Figure 3.2, each contri-
bution to the gas temperature depends indirectly on the rest and the evolution
with redshift is much richer than when only Compton heating is considered.
Therefore, even if only a small part of the DM interacts, the change can be very
large. However, the effect on the total matter density decreases significantly
because the temperature of the (interacting) dark matter now only affects a
small fraction of the total dark matter.

The sensitivity of CMB constraints to DM-baryon interactions degrades sig-
nificantly for very small interacting fractions (below f� ⇠ 0.4% [196]), and large
values of �0 are permitted for which the interacting sub-component of DM is
tightly coupled to the baryons. In this regime, we find there can still be consid-
erable modifications to the baryon temperature perturbations (for f� = 0.3%,
suppressed by almost a factor of ⇠ 100 at z = 30), while the BAO feature
is markedly enhanced. Moreover, for such small tightly coupled fractions, the
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Figure B.4: Effect of varying the interacting fraction of DM f� for a DM mass
of 1 MeV, with �0 set to the respective 95% C.L. upper limits derived in ref. [196]
(see Table B.1). We show the large-scale baryon temperature power spectrum (left)
and the small-scale total matter power spectrum (right) at z = 30, comparing the
result when including (solid) and neglecting (dashed) the additional contributions

to perturbed recombination resulting from the DM-baryon interactions.

f� �0 [cm
2
]

1 1.7⇥ 10
�41

0.1 1.9⇥ 10
�40

0.05 6.0⇥ 10
�40

0.01 5.5⇥ 10
�39

0.003 5.0⇥ 10
�35

Table B.1: Benchmark values of the momentum-transfer cross section coefficient
�0 for various interacting DM fractions f� for m� = 1 MeV, consistent with 95%

C.L. upper limits derived in ref. [196].

additional suppression in the small-scale matter power spectrum can increase
again.

These results motivate further investigation and modelling of the effects of
these contributions to the full cosmic dawn signal, especially in the context of
millicharged DM models invoked to explain the EDGES measurement.

B.3 Thermal velocity perturbation terms

In Section 3.2.2 we derived the new terms in the perturbed DM and baryon
temperature evolution equations (eqs. (3.14) and (3.15)) resulting from the DM-
baryon interactions. Here we report the full expressions for the terms ��i , �Hi
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appearing in these equations, resulting from the dependence of the rates on the
thermal velocity v̄

2

th
, for the case n = �4:
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where

F (r) ⌘ erf

✓
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2
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and we have defined r ⌘ V�b/v̄th. The expressions for ��b
and �Hb

are obtained
by simply substituting �$ b in eqs. (B.1) and (B.2) respectively.
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Appendix C

Interpretation of Neutrino Mass

Priors

C.1 Bayesian hierarchical modelling

A key difference between the analysis of ref. [431] and other works is that the
prior is hierarchical in nature. Hierarchical priors were first explored in the
1960s, but their impact was not fully realised until the 21st century. This is
mostly due to the increase in computing power, as computing the evidence from
these priors is computationally expensive. Rather than adopting a single pre-
determined prior of fixed position and breadth, one adopts instead a hyperprior
– that is, one introduces an entire family of priors and effectively marginalises
over them. This process is called Bayesian hierarchical modelling. Without
repeating the arguments presented in ref. [431], the rational can be summarised
as follows: hyperpriors are more flexible and as a result of marginalizing over the
hyper-parameters describing this family of priors, the posterior is less sensitive
to the prior itself.

To appreciate how hierarchical priors can help improve measurements, con-
sider the following scenario: Alice and Bob are the first astronauts ever to set
foot on an exoplanet. Upon exiting their spacecraft, they soon come across a
new life form, a species they call snargs. In order to collect data on the na-
ture of snargs, Alice and Bob perform various measurements on the individual
creatures. One by one, Alice and Bob begin measuring how much each adult
snarg weighs. The first specimen weighs 9.8 kg, while the second is found to
weigh 9.7 kg. For these measurements, the accuracy of the weighing device is
one part in a thousand, and the uncertainties in the separate measurements can
be assumed to be statistically independent (i. e., not due to a calibration error
in the weighing device). After some time, Alice and Bob have successfully mea-
sured the masses of 99 different snargs. The mean mass of the snargs they have
sampled so far is 9.6 kg, with a standard deviation of 0.2 kg. However, they are
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not so fortunate with the 100th snarg. Activity from a nearby star causes an
electrical storm to engulf the planet, resulting in both of their weighing devices
to malfunction when measuring the 100th snarg. The weighing device returns
a measurement of 25 kg, along with an uncertainty of 20 kg. What is the true
mass of the 100th snarg? Alice and Bob are both Bayesians, but they adopt
different priors on their snarg masses. Alice adopts independent uniform pri-
ors on each of the snargs. Her posterior belief on the mass of the 100th snarg
is therefore 25 kg with a standard error of 20 kg. Bob adopts a different ap-
proach. Bob assumes that the mass of every snarg (including the 100th they
weigh) comes from the same underlying distribution, and adopts a hyerarchical
prior which is described by two hyperparameters: the mean and the standard
deviation. Bob marginalizes over the hyperparameters values, in the usual way.
The precise measurements on the first 99 snargs effectively constrain the val-
ues of the hyperparameters. By using a hierarchical model on the mass of the
snargs, Bob’s posterior belief is that the mass of the 100th snarg is 9.6 kg with
a standard error of 0.2 kg. Alice’s and Bob’s beliefs in the mass of the 100th

snarg differ in their precision by a factor of one hundred.
Hyperpriors are more flexible than standard priors and make the poste-

rior less sensitive to the prior itself. Following ref. [431], we work in a five-
dimensional parameter space, consisting of the three neutrino masses indicated
by the vector m = m1,m2,m3, and two hyperparameters µ and �. This takes
the form

P (D,m, µ, �|M) = P (D|m,M)P (m|µ, �,M)⇡(µ, �|M) , (C.1)

where D represents the data vector and M the Model or hypothesis i. e., the
normal or inverted hierarchy, and ⇡(µ, �|M) is the hyperprior.

The prior must reflect our state of belief before the data arrived. As the three
masses are indistinguishable before the (oscillation) data arrives, our prior must
(and does by construction, as the three masses are drawn from a common prior)
reflect this symmetry. This feature is also known as exchangeability, which nat-
urally arises if the three masses share a common origin – a hypothesis that
is adopted in most particle physics models for the neutrino masses. The re-
lationship between exchangeability and hierarchical priors is further explored
in refs. [497–499], but we will not dwell on this here. Following ref. [431] we
adopt a hierarchical log-normal prior P (logm|µ, �,M) ⇠ N (log µ, �), where
N denotes the Normal (Gaussian) distribution with mean and standard de-
viation controlled by the two hyperparameters µ and �. Here µ represents
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the median mass value associated with the log-normal distribution, while �

denotes the standard deviation of the Gaussian in logarithmic space. The
hyperprior imposed on our hyperparameters is given by ⇡(log µ, log �|M) ⇠
U(log µmin, log µmax)U(log �min, log �max), where U denotes a uniform distribu-
tion between the maximum and minimum bounds of µmin = 5 ⇥ 10

�4 eV,
µmax = 0.3 eV and �min = 5⇥ 10

�3 eV, �max = 20 eV.

C.2 Objective Bayesian prior

For completeness, we report here the details of our implementation of the HS
prior from ref. [440]. The approach in ref. [440] is to construct a prior that con-
tributes minimal information to the analysis – or, in other words, the prior that
maximises the expected information gain from the data. To do so a reference
prior (see e. g. [500]) is used, which maximises the missing information between
the posterior and prior as data arrives, in a mathematically well-defined sense.
In the case of the neutrino hierarchy problem, where the likelihood has achieved
asymptotic normality, the reference prior corresponds to the Jeffreys prior and
thus uses the Fisher information as information measure.

The natural parameters to use then are the small and large squared mass
splittings, � and  respectively,1 and the sum of the masses ⌃. With the preci-
sion of current measurements, all three parameters (�,  , ⌃) can be treated as
linear and the standard deviation as constant, which results in uniform Jeffreys
priors for each of the parameters (�,  , ⌃). Due to the independence of the
datasets, the total reference prior is the product of the three reference priors for
�,  , ⌃. Hence these are taken to be uniform, excluding non-physical values.
This prior is improper so a maximum value for ⌃ must be imposed, which HS
take to be 1.5 eV. This prior can then be transformed to the reference prior in
the (mL, mM, mH) parameterisation using the Jacobian, such that

J(mL,mM,mH) =

����

����
@(�, ,⌃)

@(mL,mM,mH)

����

����

= 4(mLmM +mLmH +mMmH) ,

(C.2)

is the resulting reference prior on the neutrino masses.
The implicit approximation adopted here, as discussed in ref. [440], is that

there is translational invariance of the likelihood – i. e., the likelihood does not
1
Ref. [440] uses an alternative definition for the large mass splitting, but this is unimportant

for this application.
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change shape or width as a function of each parameter. While this is approxi-
mately (although certainly not exactly) true for ⌃, it is interesting to consider
the case for the squared mass splittings. This approximation implies that the er-
ror on � (the small squared mass splitting) and  (the large one) do not depend
on the value of the splitting (� or  ) itself. We know that this holds around the
maximum likelihood for each mass splitting: the sensitivity to the mass split-
ting goes roughly like ⇠ sin

2
(�m

2

ij
L/E) where L denotes the distance traveled

by the neutrinos and E their energy and the L/E range explores more than 2⇡

in the argument of sin. However, the experimental design is very different for
the large versus the small splitting. In particular, the large splitting constraints
rely on accelerators and the small splitting constraints rely on nuclear reactors,
which have different energies and spread physics.

As eq. (4.4) indicates, � is about an order of magnitude smaller than  (a
factor 30 to be precise) and the error on � is about an order of magnitude smaller
than  , suggesting that experimental design might have been tuned to reach
roughly the same relative errors in each of the splittings. On the other hand,
if it can be stated that the small mass splitting would have an error of ⇠ 10

�6

eV2 and the large one an error of ⇠ 10
�5 eV2 even if the two mass spitting

were of the same order of magnitude, then the likelihood is truly transationally
invariant.

It is beyond the scope of this work to find a firm answer to this, but we
believe these considerations might help the reader to appreciate the subtle but
important role of priors and their relation to the physics and the mathematics
underlying the issue at hand.
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