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Abstract

The nature of dark matter (DM) as a particle is still an unresolved mystery in Physics.
Therefore, a vast amount of competing particle models have been proposed. A promising
category among these models are those that include relevant collisional damping in the
primordial power spectrum due to the interactions with relativistic particles in the early
Universe. This damping is reflected in the DM distribution as dark acoustic oscillations
(DAOs) before the onset of structure formation (analogous to the baryonic acoustic
oscillations in the photon-baryon plasma, but at smaller, galactic scales) which are
potentially observable.

In this Thesis, two effective parameters are proposed that fully describe DAO models
based on their key features in the linear power spectrum: the amplitude/height (relative
to the Cold Dark Matter expectations) and scale of their primary DAO peak (effectively
setting the cut-off scale for structure formation). In the limit of a peak height of zero,
this parametrization also includes warm dark matter (WDM), which has a very different
particle origin with a collisionless damping and a featureless cut-off in the power
spectrum. A large suite of tailored N-body zoom-in simulations is used to cover the
DAO parameter space that is still unconstrained, but relevant for galaxy formation. A
novel (scale-dependent) way to compare different structure formation is introduced that
makes it possible to identify the regions of distinct non-linear structure formation at high
redshifts z & 5 based on statistical measures such as the non-linear power spectrum and
the halo mass function. It is found that for a large part of the DAO parameter space, the
non-linear power spectrum is actually indistinguishable from WDM models and only
a small region of the models with the strongest DAOs has a distinct power spectrum
(this region shrinks as the redshift becomes lower). However, the halo mass function
breaks this WDM-DAO degeneracy and even the weakest DAO models show a distinct
slope in the halo mass function for low-mass haloes, as long as the DAO scale is large
enough. With these results, the proposed parametrization offers a quick way to connect
a specific DM particle model to its linear power spectrum and from there (using the
suite of simulations performed in this Thesis) to the non-linear power spectrum and
halo mass function. It is also shown that the properties of DAO haloes can be well
described by the extended Press-Schechter (EPS) formalism using a smooth-k filter. On
the other hand, the structure of haloes within the DAO cosmology is well described by
the well-known Navarro-Frenk-White profile (widely used in Cold Dark Matter, CDM).
Relative to CDM, low-mass haloes in DAO models have a a lower concentration, which
is also well approximated by the concentration-mass relation predicted by the EPS
model and a simple mass assembly model based on hierarchical structure formation.
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These results can be used to perform inexpensive calculations of the (high-redshift) halo
mass function and concentration-mass relation instead of computationally expensive
N-body simulations for virtually all the DAO parameter space explored in this Thesis.
Finally, we show that truly distinct strong DAO features can potentially survive in the
1D Flux power spectrum down to redshifts probed by the Lyman-a forest (z = 3�5:4)
and upcoming 21-cm observations at the cosmic dawn (z = 10�25). Future dedicated
simulations including baryonic physics within the template provided in this Thesis
should be able to give a detailed prediction for these possible observational signatures,
to be searched for in future observations.
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Útdráttur

Eðli hulduefnis er enn óleyst ráðgáta innan eðlisfræðinnar og því hefur verið stungið
upp á ógrynni líkana til að lýsa því. Eitt þeirra sem lofar góðu, inniheldur hulduefni sem
víxlverkar við afstæðilegar eindir í hinum unga alheimi. Þessi víxlverkun endurspeglast
í dreifingu hulduefnis sem þrýstingssveiflur (e. DAO) áður en uppbygging alheimsins
hefst og er hugsanlega mælanleg.

Í þessari ritgerð eru kynntar tvær breytur sem lýsa að fullu DAO líkönum út frá
sérkennum þeirra í aflrófinu: útslagi og hæð megintopps DAO. Sérsniðin hermilíkön
eru síðan nýtt til að rannsaka breyturými DAO sem tengist myndun vetrarbrauta. Kynnt
er ný aðferð til að bera saman mismunandi formgerðir alheimsins. Hún gerir það
mögulegt að bera kennsl á svæði með ólínulegri uppbyggingu formgerðar við há rauðvik
(z & 5); er þetta byggt á tölfræðilegum mælikvörðum eins og ólínulega aflrófinu og
massadreifingarreglu hjúpsins.

Ein af niðurstöðunum er sú að fyrir stóran hluta breyturýmis DAO er ólínulega
aflrófið í raun óaðgreinanlegt frá líkönum sem innihalda svokallað volgt hulduefni. Auk
þess hefur aðeins lítill hluti af þeim líkönum með kröftugustu DAO, auðgreinanlegt
aflróf. Hins vegar brýtur massadreifingregla hjúpsins margfeldnina á milli DAO og
volgs hulduefnis. Þessar niðurstöður sýna að hægt er að nota áðurnefndar breytur á
skjótan hátt til að tengja ákveðið hulduefnislíkan við línulega aflrófið og þaðan (með
því að nota hermilíkönin í þessri ritgerð) við ólínulega aflrófið og massadreifingarreglu
hjúpsins.

Einnig er sýnt fram á hægt er að lýsa eiginleikum DAO hjúpa með útvíkkaðri
aðferðarfræði Press-Schechter með því að nota slétta k síu. Aftur á móti er formgerð
hjúpa innan DAO-heimsfræði lýst vel með hinu þekkta Navarro-Frenk-White sniði
(mikið notað í köldu hulduefni). Miðað við kalt hulduefni, er samansöfnun hjúpa
með lágan massa minni en í DAO líkönum. Þessar niðurstöður er hægt að nýta til að
framkvæma hagkvæma útreikninga, við hátt rauðvik, á massadreifingarreglu hjúpsins
og massa-samansöfnunar sambandinu, í stað keyrslu hermilíkana sem kosta mikinn
reiknitíma í tölvum. Þetta á við um nánast allt DAO breyturýmið sem kannað er í þessari
ritgerð.

Að lokum sýnum við að ákveðnir eiginleikar DAO geta hugsanlega lifað af í 1D
aflrófinu, niður í rauðvik sem kannað er með Lyman-a skóginum (z = 3� 5:4) og
komandi 21-cm athugunum (z = 10�25). Væntanleg hermilíkön sem taka eðlisfræði
þungeinda með í reikninginn, innan þess ramma sem settur er fram í þessari ritgerð,
ættu að geta spáð ítarlega fyrir um væntanlegar mæliniðurstöður sem leitað verður í
náinni framtíð.
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Chapter 1

Introduction

Dark matter (DM) is a key ingredient in Cosmology and Astrophysics needed to describe
the evolution and current state of the Universe at various scales: from galaxies (� 1 kpc)
to clusters of galaxies (� 1 Mpc) to the large scale structure of the Universe (& 10Mpc).
Arguably, the evidence that solidi�ed the DM hypothesis came from the observation of
galaxy rotation curves by Rubin et al. (1980). If you only consider the mass from the
stars and gas (baryons) that you can observe, the rotational velocity of baryons around
the center of a galaxy is expected to be highest in the inner regions and then decrease
with the distance to the center (this is because baryons are more concentrated in the
center of galaxies, thus, this expectation is analogous to what would be expected in a
solar-system-like system where most of the mass is located in the center). However,
observations showed that the velocity did not decrease signi�cantly in the outer regions,
but remained high. The rotation curve (radial pro�le) was thus observed to be nearly
�at. Stars with a velocity this high could not be gravitationally bound to the galaxy
by the mass of the baryons alone. Therefore, the results of Rubin and collaborators in
the 1970's and 1980's seemed to con�rm the independent results originally found by
Zwicky (1933) in the 1930's, who analysing the dynamics of galaxies within galaxy
clusters concluded that in addition to baryons, there must also exist a vast amount of
matter, which does not interact with light, hence, Zwicky named itdark matter.

A large number of other independent observations support the DM hypothesis. The
following is an incomplete list:

• Baryon acoustic oscillations (BAOs) are density �uctuations that are created
through frequent scattering in the baryon-photon �uid in the early Universe,
which leave an observed signature in the large scale statistical distribution of
galaxies in the late Universe. The scale and amplitude of the observed BAOs
require the presence of DM (Cole et al., 2005; Eisenstein et al., 2005; Anderson
et al., 2012).

• Gravitational lensing of background sources caused by matter bending space-
time around foreground systems along the line of sight is stronger than can be
explained by the mass of visible matter alone, requiring additional mass in the
form of DM. On large scales, this can be observed as tomographic weak lensing
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Chapter 1. Introduction

and cosmic shear of millions of galaxies (Hildebrandt et al., 2017). On cluster
scales, weak lensing arcs (Hoekstra et al., 1998) and multiple images through
strong lensing (Tyson et al., 1998) of background objects require DM.

• Hot gas is the dominant form of baryonic matter in galaxy clusters (directly
observable in X-ray emission). The measured distribution of hot gas suggests
a system near hydrostatic equilibrium containing in addition to baryonic matter
(hot gas corona and galaxies) a signi�cant amount of DM (e.g. Vikhlinin et al.,
2006).

• The Bullet Cluster is the result of a collision of two galaxy clusters. The dominant
X-ray emitting hot gas of each cluster clearly experienced drag during the collision
which separated the center of mass of the baryonic matter from the center of
mass of the total gravitational matter in the cluster (measured directly through
gravitational lensing). The Bullet Cluster can be explained by a vast amount of
DM present in the cluster, but being unaffected by the collision (Clowe et al.,
2006; Randall et al., 2008).

• Dwarf spheroidals, such as those in the Milky Way, have mass to light ratios
inferred from their stellar kinematics, which are signi�cantly higher than in
larger galaxies, suggesting that they are strongly dominated by DM (the random
velocities of their constituent stars are too large to be supported by the mass in
the stellar component alone; Walker et al. 2009).

One of the strongest and more precise pieces of evidence on the existence of DM is
provided by measurements of the cosmic microwave background (CMB; see Planck
Collaboration et al. 2020 for the most recent observational results). The CMB is light
that was emitted at the time of recombination (z � 1100; � 370000years after the Big
Bang), when the Universe expanded and cooled down enough for protons and electrons
to combine into hydrogen and remain stable. While photons frequently scattered
through Thomson scattering with free electrons keeping the mean free path short before
recombination, after recombination baryonic matter became almost completely neutral
and therefore, the mean free path of photons became effectively in�nite. As these
photons were previously in thermal equilibrium through frequent scattering, they are
distributed as black body radiation with the temperature of the photon-baryon plasma at
the time of photon decoupling. We observe this radiation redshifted into the microwave
range today as the CMB. Although the CMB has a featureless (black body) energy
spectrum, it is not completely isotropic due to acoustic oscillations in the baryon-photon
�uid before recombination, which are imprinted in the angular power spectrum of the
CMB. This phenomenon is brie�y described below.

In the tightly coupled baryon-photon �uid, gravity tries to compress the �uid, while
photon (radiation) pressure acts against the compression and expands the �uid. The
oscillation between compression and expansion phases form pressure waves, which
propagate at the speed of sound. When baryons and photons decouple from each other
around the time of recombination, radiation pressure can no longer sustain gravity
and the oscillations stop, imprinting the rarefaction and compression pattern of the
oscillatory stage at recombination into the density �uctuations over the background,
which is re�ected in the temperature �uctuations observed in the CMB. The maximum

2



Figure 1.0.1. CMB temperature angular power spectrum showing the imprint of acoustic
oscillations in the photon-baryon �uid. The green dots are the latest Planck 2018
measurements and the black line corresponds to the best-�t model, which corresponds
to a global abundance of DM given byWc = 0:26. With a smaller amount of DM, the
acoustic peaks would be less damped and would follow a common damping envelope
(blue line), Both of these features would make the model inconsistent with observations.
A higher amount of DM would dampen the peaks below observations, especially the
even peaks that correspond to the expansion phase (red line). Additionally, a change
on the DM amount also changes the angular scale of the peaks by shifting the time of
matter-radiation equality.

distance a sound wave could travel by recombination is called the sound horizon,
and at the angle corresponding to twice the sound horizon a strong correlation of
the temperature �uctuations is indeed observed in the CMB, as the �rst and most
prominent peak in the angular power spectrum. At multiples of the corresponding
wavenumber/angle, we can also observe the harmonics of the acoustic oscillations in
the higher order peaks (see Fig. 1.0.1). As DM also contributes to the gravity well
driving the compression phase of the oscillations, a higher amount of DM dampens the
peaks in the CMB power spectrum and the ratio of the peaks is highly in�uenced by the
amount of DM compared to the amount of baryons. The additional mass in the gravity
well from a higher DM density enhances the compression phase of acoustic oscillations
and weakens the expansion phase. Therefore, the even peaks, that correspond to the
expansion phase, are damped stronger than the odd peaks. This is most clear in the
second and third peak in Fig. 1.0.1.
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Chapter 1. Introduction

1.1 The Universe at large scales: the LCDM
paradigm

All of the evidence mentioned above have in common that baryonic1 matter alone
cannot account for the total matter needed to explain the properties of the observed
cosmic structure. In cosmology, the established standard model of structure formation
and evolution is known asLCDM, which requires general relativity and the standard
model of particle physics in an expanding Universe, plus two still unknown additional
components: a cosmological constantL driving the acceleratedexpansion of the
Universe and CDM standing for cold dark matter, which is a non-relativistic and
collisionless matter component beyond the standard model of particle physics. The
main parameters of theLCDM model areWL = 0:6889, Wc = 0:2619, Wb = 0:0492,
H0 = 67:66kms� 1Mpc� 1, s8 = 0:8102, andns = 0:9665. The overdensitiesWx =
r x=r c are measured relative to the critical density of the Universe and correspond to
the the cosmological constant, DM, and baryons, respectively. The critical densityr c
separates positive and negative spatial curvature of the Universe, and the Universe is
�at if å Wx = 1. The Hubble rateH0 represents the current rate of expansion of the
Universe,s8 is the mass variance on 8 Mpch� 1scales and gives a normalization for
the power spectrum, while the spectral indexns sets the slope of the primordial power
spectrum.

TheLCDM model is very successful at describing the large scale structure of the
Universe. It can explain observations like the CMB and BAOs with high accuracy. In
addition, numerical simulations of cosmological structure formation and evolution (see
Section 1.2) agree remarkably well with large-scale observations of the cosmic web as
given by large galaxy surveys (see Fig. 1.1.2). It is crucial to remark that in theLCDM
model, dark matter has only three de�ning characteristics – being cold (non-relativistic),
dark (collisionless), and classical (non-quantum) matter – that are unchallenged,but
only on the very largescales relevant for cosmology. However, the validity of these DM
characteristics on smaller (galactic) scales remains debatable. A DM nature distinct to
CDM is a viable possibility, which is completely compatible with theLCDM model,
despite of what the name seems to imply.

1Note that baryons in cosmology and astrophysics include everything consisting of standard model
particles (baryons, mesons, leptons), of which baryons make up the majority by mass
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1.2. The non-linear regime of structure formation: N-body simulations

Figure 1.1.2. The distribution of galaxies from observations and simulations (Fig. 1 of
Springel et al. 2006). The top slice shows the observations of the CfA Great Wall (Geller
& Huchra, 1989) and Sloan Great Wall (Gott et al., 2005), two largest structures in the
local Universe. The left slice shows one half of the 2dFGRS survey (Colless et al., 2001).
The bottom and right slices show similar structures obtained from mock surveys of the
Millennium simulation (Springel et al., 2005) within theLCDM cosmology. (Reprinted
by permission from Springer Customer Service Centre GmbH: Nature; The large-scale
structure of the Universe. Springel V., Frenk C. & White S, ©2006)

1.2 The non-linear regime of structure for-
mation: N-body simulations

Structure formation theory can be divided into two regimes depending on the strength
of density perturbations. The perturbations on the large scales probed by observations

5



Chapter 1. Introduction

of the CMB and BAOs discussed above are still small compared to the average density.
Therefore, they can be described using linear perturbation theory (see also Section 1.5).
When the perturbations become too large however, linear perturbation theory breaks
down and thus a different approach is needed. Higher order perturbation theory can be
used for the quasi-linear regime (e.g. Carrasco et al. 2012), while simpli�ed analytical
models can be used to predict from the properties of the linear density �eld (power
spectrum) some of the statistical properties of the end state of non-linear evolution:
dark matter haloes (e.g. spherical collapse, Gunn & Gott 1972, or ellipsoidal collapse,
Sheth et al. 2001). However, the most general and powerful approach areN-body
simulations, which in essence compute the dynamical evolution of a sample ofN
particles by computing the gravitational forces for all particles at each timestep in the
simulation.

For collisionless DM particles, the system is fully described statistically by a phase-
space distribution functionf (~x;~v;t), whose evolution is given by the Vlasov-Poisson
equation

d f
dt

=
¶ f
¶t

+ vi
¶ f
¶xi

�
¶F
¶xi

¶ f
¶vi

= 0; (1.1)

r c (~x;t) =
Z

f (~x;~v;t)d3~v; (1.2)

DF(~x) = 4pGr c (~x); (1.3)

wherer c is the DM density �eld,F is the gravitational �eld, andG is the gravitational
constant. In the case ofN-body simulations, the phase-space distribution is discretized
by a set ofN (macro) particles with a mass that is many orders of magnitude larger than
the actual (micro) DM particles. Thus, the system ofN particles provides a statistical
representation of the true system averaged at the scales probed (resolved) by the macro
particles whose evolution is given by a discretized form of Eqs. (1.1)-(1.3):

f̃ (~x;~v) = å
i

miW(j~x� ~xi j;e)d3(~v � ~vi); (1.4)

r̃ c (~x) = å
i

miW(j~x� ~xi j;e); (1.5)

F̃ =
Z

g(~x� ~x0)r̃ c (~x0)d3~x0; (1.6)

wheremi is the mass of the (macro) particlei, d3 is the three-dimensional Dirac delta
function,W is a softening kernel with softening lengthe, andg is a Green's function
for the Poisson equation. The softening kernel smoothes the point-like masses ofN
discrete particles effectively extending each particle to represent a �nite volume. This
removes the gravitational singularities resulting from point-like density spikes, which
would require tiny time-steps in the numerical integration of close encounters due to
a diverging force (see e.g. Dehnen & Read, 2011). Additionally, the softening kernel
suppresses two body interactions, which would be arti�cial as every simulation particle
represents a large amount of DM particles. CosmologicalN-body simulations use a
comoving reference frame for theN particles and include the expansion of the Universe
in the scale factor, which is obtained by solving the Friedmann equations.
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1.2. The non-linear regime of structure formation: N-body simulations

N-body method. Solving the Boltzmann equation directly in phase space for a
large number of particles in a full cosmological setting is computationally impractical.
Instead,N-body simulations rely on solving the equations of motion for each of theN
(macro) particles directly. The simplest approach to solve the dynamics of theN-body
system is numerically integrating theN2 gravitational interactions, but this approach is
highly inef�cient and too computational expensive for a reasonably largeN (required
by cosmic structures). Another method is the particle-mesh (PM) technique, which
�rst creates a density mesh from theN particles. A Fourier transform of the density
is then performed in order to solve the Poisson equation (Eq. 1.3) for the potential
F in Fourier space by simple multiplication. Finally, the potential and force at the
location of each particle can be found after an inverse Fourier transform and an accurate
interpolation (Klypin & Shandarin, 1983). This method is however limited by the mesh
size restricting the effective resolution. A third algorithm is the hierarchical tree method,
which divides the simulation volume recursively into cubes in a tree structure (Barnes
& Hut, 1986). For distant particles, the tree structure does not get resolved fully and
all particles within the respective cube are grouped together to act as a single bigger
(macro) particle for the gravitational force, instead of computing each individual force
pair. For nearby particles, the tree gets fully resolved and each force pair is computed
exactly. ModernN-body codes actually use a combination of these methods to overcome
their individual shortcomings. For example, the codeAREPO(Springel, 2010) used in
this Thesis uses the treePM algorithm, which utilizes the tree method for short-range
interactions and the PM method to compute the long-range forces in Fourier space (this
hybrid approach is based on the widely knownN-body codeGADGET, Springel 2005).
It is important to remark that if different DM models have no other interactions besides
gravitation that are relevant during the non-linear evolution, it is suf�cient to only
change the initial conditions for theN-body code, the rest of the evolution is treated in
the same way as in the CDM case. This is precisely the type of models studied in this
Thesis.

Initial conditions. For cosmological simulations, the initial conditions of theN
particle system have to be a statistical realization of the DM phase space distribution as
given by the linear regime of cosmological structure formation, i.e. theN-body approach
should start before linear perturbation theory can no longer be trusted. For Gaussian
random �elds, both the density and velocity �elds in the linear regime are given by the
linear power spectrumP(k), wherek corresponds to a mode with wavenumberk; this
quantity contains (statistically) all the information on the phase space clustering of DM.
The power spectrumP(k) is the Fourier transform of the two-point correlation function
x(r), which in the limitr ! 0 reduces to the variance of the density �eld. The power
spectrum is often written as the dimensionless power spectrumD2 = k3P(k)=(2p2),
which gives the contribution to the variance of the density �eld per bin ofln k. For
the linear regime, Fourier space is especially useful, as eachk mode can be treated
independently from each other. TheN-body code can therefore also treat the simulated
volume as a periodic box if its size is suf�ciently large to be considered linear over the
full simulation time (cosmological principle).

The procedure to construct a statistical realization of the linear density �eld is as
follows. First, all particles are homogeneously distributed in the simulation box. In
the next step, perturbations of wavenumberk are introduced according to a Gaussian
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distribution whose variance is determined by the linear power spectrum. The corre-
sponding real space density �eld is then used to compute displacements for theN
particles with second-order Lagrangian perturbation theory (Jenkins, 2010). After these
displacements, the particles are distributed (statistically) according to the input power
spectrum (see top left and right of Fig. 1.2.3). The initial conditions used in this Thesis
were constructed with the code MUSIC (Hahn & Abel, 2011).

TheN-body approach is limited in two ways. First, the size of the simulation box,
beyond which periodicity is assumed, sets the lower limit for wavenumbers that can
be probed tokmin = 2p=L (left vertical line in the top left of Fig. 1.2.3), whereL is
the side length of the simulation volume.L has to be chosen large enough, so that
the minimum wavenumber remains mostly linear over the course of the simulation.
Otherwise, the simulation would miss power transferred from larger scales to small
scales, i.e., it would lack the gravitational coupling of the clustering on the largest scales
(smallest wavenumbers) to the smallest scales, which is relevant for the non-linear
evolution of the small scales. Second, the spatial and mass resolution given by the
numberN of (macro) particles determines the maximum wavenumber, roughly given by
the Nyquist frequencykmax � kNy = p=d (right vertical line in top left of Fig. 1.2.3),
whered is the interparticle separation, and the minimum mass scale that can be probed
mpart = r c L3=N. At lower redshifts, Poisson noise (due to the �nite discretization) is
introduced into the particle distribution and sets a minimum level of (arti�cial/numerical)
irreducible powerD2 = ( kL)3=(2p2N) (dashed line in center left of Fig. 1.2.3). For a
given simulation sizeL, the number of particles will determine the softening length
for the softening kernelW in Eq.(1.4)-(1.5)and with that the smallest scales that can
be studied. The softening length is chosen as a fraction of the interparticle separation,
usually between 1/100 and 1/10 – a common choice which will be used in later chapters
is e = L=(45N1=3).

DM haloes.The small DM over-densities that are present in the initial conditions
grow over time and eventually disconnect from the expansion of the Universe, when
they collapse due to gravity into self-bound structures called haloes. These haloes are
the (non-linear) virialized �nal state of evolution of the primordial density perturbations
seen in the CMB. After their initial “formation” (i.e. when they �rst become virial-
ized structures), haloes continue growing and increasing their mass over time in two
main modes: continuously by accreting particles from its surroundings and abruptly
by merging with other haloes. The smallest (least massive) merging haloes become
subhaloes of the host halo, and are gravitationally bound to it. The exact mass and size
of a halo is rather ambiguous given the dif�culty of properly de�ning the boundary of a
halo. A common choice is to approximate the halo as a sphere of radiusR200 within
which the average density is given by 200 times the critical densityr c. This choice is
inspired by the (analytical) spherical collapse model, which predicts that the overdensity
of a spherical region that collapses and virializes in an Einstein� de Sitter Universe
is � 180 times the critical density. The corresponding virial mass is then given as
M200 = 4p=3r cR3

200. Unless otherwise stated, this is the halo mass used in this Thesis.
Halo mass function.The simplest statistical property of haloes is their abundance

as a function of mass, which is called the halo mass function (see bottom left of
Fig. 1.2.3). The CDM model predicts a hierarchical formation of DM haloes, with low
mass haloes forming �rst and more massive haloes later, mostly through the merger of
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Figure 1.2.3. Cosmological simulations in a nutshell. An initial conditions code is
used that takes the linear power spectrum as an input (in this case atz= 127; black
curve in top left) to create a discretized realization ofN particles which contains the
statistical properties of the input spectrum (top right; colour scale is exaggerated for
better visibility). The power spectrum computed from theN particle realization (blue
line in top left) follows the input power spectrum very closely between the limiting
wavenumbers set by the box size (beyond which the simulation is periodic) and the
resolution limit. At lowk, the reconstructed power spectrum shows some noise due
to the limited number of modes that can be �t into the �nite simulation volume, while
at highk the simulation is limited by the �nite number of particles. The simulation
evolves the distribution of the particles down to a lower (non-linear) redshift (z= 5;
bottom right), at which the DM clusters together into clear structures. From a snapshot
like this, statistical properties like the power spectrum (center left; compared to the
linear spectrum at the same redshift in black) and halo mass function (bottom left) can
be extracted and used to compare varying DM models. The images on the right were
created using the Pynbody library (Pontzen et al., 2013).
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Figure 1.2.4. The DM distribution in a halo. The left panel shows a DM halo and its
immediate environment atz= 5; the circle indicates the virial radius (boundary) of the
halo. The spherically averaged density pro�le can be extracted from the (simulated)
particle data in the snapshot (blue line on the right) and it is well described by a NFW
pro�le (black line on the right, Eq. 1.8). The image on the left was created with the
Pynbody library (Pontzen et al., 2013).

small haloes. One of the outcomes of this hierarchical scenario is that the CDM model
predicts an ever increasing amount of haloes towards smaller masses, which can be
approximated by a power law (see e.g. Boylan-Kolchin et al., 2009)

dn
dM

µ M� 1:9 (1.7)

At the high-mass end, the halo mass function eventually reaches a cut-off at the scale
at which structures have had the time to become non-linear and collapse into haloes
(massive clusters today). The gravitational collapse into haloes is also well described by
the extended Press-Schechter (EPS) formalism using spherical or ellipsoidal collapse
from which the halo mass function can be computed (Press & Schechter, 1974; Sheth
et al., 2001), with quite a good agreement with simulations. This formalism assumes
that areas with a density larger than a critical densitydc(t) = 1:686=D(t), whereD(t)
is the linear growth factor, will have collapsed into haloes at a cosmic timet. These
models only require the linear power spectrum as an input to compute the mass variance
and give a probabilistic estimate of the number of haloes based on the collapse barrier.
In Chapter 3, we apply the EPS formalism to DAO models.

Inner halo structure. Despite the complexity of the phenomenon of gravitational
clustering in a cosmological setting, the internal structure of DM haloes shows some
remarkably simple properties. For instance, the spherically averaged density pro�le of
CDM haloes of all sizes are very well approximated by a common (universal) shape,
the so called Navarro-Frenk-White (NFW) pro�le (Navarro et al., 1996, 1997, see

10
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Fig. 1.2.4)
r (r)
r c

=
dc

r
rs

�
1+ r

rs

� 2 ; (1.8)

wheredc, and the scale radiusrs are free parameters. However, the concentration param-
eterc = R200=rs offers a better comparison between haloes, where a low concentration
means lower central densities. Requiring that the mass withinR200 equalsM200, dc is
given byc:

dc =
200
3

c3

ln(1+ c) � c=(1+ c)
: (1.9)

Furthermore, the concentration of haloes is tightly correlated with mass, with low mass
haloes being more concentrated than more massive haloes. The concentration-mass
relation can also be understood from the hierarchical process of mass assembly and
the extended Press-Schechter formalism, assuming that the mean inner density within
the scale radius is proportional to the critical density of the Universe at the assembly
redshift of the halo (see e.g. Ludlow et al. 2016). In Chapter 3, we apply the model of
Ludlow et al. (2016) to DAO models.

1.3 Challenges to the CDM model at galac-
tic and sub-galactic scales

Besides being part of the standardLCDM model of cosmology, CDM is the established
ingredient for the theory of galaxy formation and evolution. As mentioned above, its
main characteristics are that DM is assumed to be made of classical (with negligible
quantum effects) particles that arecold andcollisionless. Cold in the broadest sense
means that DM is non-relativistic, but in CDM it means more speci�cally that DM does
not have any signi�cant primordial thermal/random velocities that could affect galactic-
scale structure formation. In other words, CDM does not experience collisionless
damping through the phenomenon of free-streaming.Collisionlessspeci�es that DM
only interacts gravitationally; it does not interact otherwise with other species or with
itself. However, the degree to which DM can be considered cold and/or collisionless
is not tightly constrained by observations. As mentioned above, on large scales, CDM
successfully explains the structure of the Universe from its early stages as imprinted in
the CMB, to the cosmic web formed by the large scale distribution of galaxies today.
On small (galactic and sub-galactic) scales however, it faces a number of signi�cant
challenges, which could possibly be related to the CDM assumptions. The following
are among the most relevant challenges in low mass galaxies (see Bullock & Boylan-
Kolchin 2017 for a review):
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• under-abundance of low-mass galaxies: Although the minimum halo mass for a
galaxy to form remains uncertain, at the mass scales corresponding to (low-mass)
dwarf galaxies, CDM predicts a vast abundance of low-mass haloes (see Eq. 1.7),
each of which could potentially host a galaxy, while the observed number of
dwarf galaxies is way below the naively expected number in CDM. For instance,
the observed satellites of the Milky Way and M31 have been repeatedly claimed
to be too few to be compatible with the predictions from CDM simulations since
two decades ago (Klypin et al., 1999; Moore et al., 1999). Similarly, low-mass
�eld galaxies are also seemingly underabundant (Zavala et al., 2009; Papastergis
et al., 2011; Klypin et al., 2015; Schneider et al., 2017; Trujillo-Gomez et al.,
2018). The under-abundance of satellites is mostly solved by correcting for the
detection ef�ciency of the SDSS survey (see Kim et al., 2018).

• core-cusp problem: Although it is challenging to infer the inner DM distribution of
haloes due to the incomplete kinematical information we have from gravitational
tracers (stars, gas), rotation curves of low surface brightness galaxies consistently
show the presence of less dense and more extended DM haloes than naively
expected, seemingly implying the presence of constant DM density “cores" in the
inner parts of the galaxies (e.g. de Blok & McGaugh, 1997). Stellar kinematics in
some dwarf Spheroidals in the Milky Way also show “underdense” possible cored
haloes (Walker & Peñarrubia, 2011). In contrast and as mentioned in Section 1.2
above, DM haloes in CDM simulations show a steep power law density pro�le
towards their center (see Eq. 1.8), called a “cusp”. The higher DM densities and
cuspy pro�les predicted by CDM in low-mass haloes have been challenged by
observations of low-mass galaxies.

• too-big-to-fail problem: Simulations of Milky Way sized haloes have massive
subhaloes that due to their mass should be expected to be the hosts of the satellite
galaxies observed in the Milky Way. However, the internal kinematics of most
of the MW satellites is inconsistent with inhabiting such subhaloes due to their
high DM densities. This challenge known as the “too big to fail” problem, since
these subhaloes should be too massive to fail to form stars (Boylan-Kolchin et al.,
2011, 2012), has also been identi�ed in the Local Group (Garrison-Kimmel et al.,
2014) and in the �eld (Papastergis et al., 2015).

• diversity problem: The rotation curves of simulated dwarf galaxies within CDM
show a high degree of similarity between galaxies of the same mass. This is at
odds with a large diversity in observed rotation curves, which seemingly implies
that galaxies of the same mass can inhabit very cuspy or very cored DM haloes;
the latter deviate more strongly from the the simulated rotation curves in CDM
(Oman et al., 2015). A similar diversity is observed in the inner DM densities
of the MW satellites, which augments the too-big-to-fail problem (Zavala et al.,
2019).

There are different approaches to provide solutions to these problems. First, as
there are always limitations to observations, the underlying observational data can
be checked for incompleteness, biases and systematic uncertainties (see e.g. for the
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under-abundance problem Koposov et al. 2008; Kim et al. 2018; Chauhan et al. 2019;
Dutton et al. 2019; for diversity problem Oman et al. 2019; for too-big-to-fail and
core-cusp problem Campbell et al. 2017). Second, uncertain baryonic physics can
alleviate some of these problems. For example, impulsive supernova feedback can
explain the presence of DM cores if the energy released is large enough (Pontzen &
Governato, 2012; Peñarrubia et al., 2012; Di Cintio et al., 2014; Burger & Zavala,
2021), tidal effects from the Milky Way disk can address the too-big-to-fail problem
(Garrison-Kimmel et al., 2019), and cosmic reionization can suppress galaxy formation
at dwarf galaxy scales (Gnedin, 2000; Sawala et al., 2016b). And third, deviations from
the CDM hypothesis through additional DM physics can also alleviate the small scale
issues; which is the approach focused on in this Thesis.

1.4 Particle models

As the nature of DM still remains a mystery, a wide variety of different DM models
has been proposed and studied (for a recent review, see e.g. Buckley & Peter, 2018).
Particle models for CDM include axions, a new elementary particle that could solve
the strong CP problem in particle physics (Preskill et al., 1983). Another and perhaps
favourite CDM candidate are weakly interacting massive particles (WIMPs), that are
just coupled weakly, i.e. through the weak force, with standard model particles and
are massive enough to be cold. One of the reasons for their appeal is that for typical
weak-scale cross-sections and a particle mass ofO(100) GeV, similar to that ofW=Z-
bosons, the thermal relic density of symmetric WIMPs, i.e. there is the same amount
of WIMPs and anti-WIMPs, matches the observed DM density of the Universe, which
is called the “WIMP miracle". A suitable WIMP candidate (the light neutralino) is
also predicted by supersymmetric theories, which extend the standard model of particle
physics. Although current constraints reject large parts of the possible WIMP parameter
space, there are still signi�cant regions that remain to be explored (see e.g. Arcadi et al.,
2018; Roszkowski et al., 2018, for an overview of the WIMP paradigm and current
constraints on WIMPs).

Among the many possible classi�cations of alternative DM models, one could focus
on their impact on cosmological structure formation at scales that are relevant for galaxy
formation and evolution. In particular, there are two main DM-physics effects on the
linear matter power spectrum: collisionless and collisional damping. Both of these
effects suppress the power on small scales, but the physical mechanism and resulting
power spectrum is rather different. In the case of collisionless damping, the requirement
of DM being cold gets relaxed and DM is then generically called warm dark matter
(WDM). This type of DM has a non-negligible velocity in the early Universe leading
to a collisionless damping in the linear power spectrum caused by the free-streaming
mechanism with a characteristic length set by the random motions of the DM particles,
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which �ow from over- to under-dense regions. On scales up to the free-streaming length,
structure formation is highly suppressed in the early universe, while on larger scales
WDM behaves identical to CDM. Therefore, WDM with a galactic-scale free-streaming
length can alleviate the problems of CDM at the scale of low-mass galaxies, while
keeping the success of CDM on large scales. A possible WDM candidate are sterile
neutrinos, which are hypothetical right-handed neutrinos that can interact with the
active neutrinos of the standard model, but that are effectively collisionless in structure
formation. Sterile neutrinos are additionally attractive since they offer a mechanism
to explain the small masses of the standard model neutrinos (for a recent review on
sterile neutrions see Boyarsky et al., 2019). Another WDM candidate is the gravitino, a
supersymmetric partner of the graviton from supergravity theories, which is produced
from the decay of heavier superpartners (see e.g. Pagels & Primack, 1982; Feng et al.,
2010). Note that WIMPs actually have a free-streaming scale of order of Earth mass
(Bringmann, 2009). However, as this is well below the scales relevant for galaxy
formation, they are not considered WDM but CDM.

In contrast, collisional damping in the early Universe occurs when DM is strongly
coupled with a relativistic species through additional interactions besides gravity. At
early times, pressure waves can then propagate through the tightly coupled DM-radiation
�uid, which introduces dark acoustic oscillations (DAO) similar to BAOs in the early
universe. These DAOs get imprinted in the distribution of matter as oscillations and
a suppression of power (Silk-like damping) on small scales with an amplitude that
depends on the scattering rate. The small scale suppression below the cut-off scale
is weaker than in the WDM (free streaming) case, as the oscillations can even reach
the power of CDM. For the potential additional interactions driving this mechanism,
there are two types of models. First, the interactions can be between DM and standard
model particles like photons and/or neutrinos (Bœhm et al., 2002; Bœhm & Schaeffer,
2005). Second, the interactions can be part of a more complex dark sector decoupled
from ordinary matter with more additional dark/hidden particles. Possible scenarios are
interactions with massless sterile neutrinos through a massive vector boson (van den
Aarssen et al., 2012), atomic DM, which is a dark equivalent of the proton-electron-
photon interactions of the standard model including a dark recombination (Cyr-Racine
& Sigurdson, 2013), or non-Abelian DM and dark radiation (Buen-Abad et al., 2015).

There are other physical mechanism to produce a galactic-scale cutoff in the power
spectrum, e.g. ultra-light bosons with a de Broglie wavelength of the order of 1 kpc,
which in addition introduce quantum effects on galactic scales. This DM model is
called fuzzy dark matter (e.g. Hui et al., 2017). In this Thesis, we will only consider the
two damping mechanisms described in the previous paragraph, generically, WDM and
DAOs.

The damping of small scale power in the linear power spectrum survives into the non-
linear regime leading to a clear suppression of the non-linear power spectrum compared
to CDM, but to a weaker degree than in the linear power spectrum. Additionally, it
also delays the formation of haloes and leads to i) fewer small mass haloes (potentially
explaining the dearth of low-mass galaxies, see e.g. Bode et al. 2001 for WDM), and
ii) lower inner DM densities (see e.g. Avila-Reese et al., 2001, for WDM). Recent
high-resolution simulations for WDM have shown that haloes within this cosmology
still follow a NFW pro�le (Eq. 1.8), but the concentration of small mass haloes is lower
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Figure 1.4.5. Dimensionless linear matter power spectrum of different DM models.
Observations of the distribution of galaxies and the Lyman-a forest constrain DM to
behave like CDM below10hMpc� 1. However, above10hMpc� 1the linear matter
power spectrum remains unconstrained. In the case of CDM, the power spectrum keeps
rising at largerk. However, WDM and DAO models introduce a cut-off at smaller scales
and in the case of DAOs also subsequent oscillations.

than for CDM (see e.g. Lovell et al., 2014; Ludlow et al., 2016). Simulations with
models with DAOs are scarce, but recent examples show similar features as that in
WDM with the suppression of small scale power leading to less low-mass haloes and to
less dense halo centers (e.g. Buckley et al., 2014; Vogelsberger et al., 2016).

Figure 1.4.5 shows the effects of the different classes of DM models on the linear
power spectrum. While the power of CDM (blue line) keeps rising towards highk, the
collisionless damping of WDM (red line) erases all power at small scales and introduces
a sharp cut-off at ak corresponding to the free-streaming scale. The collisional damping
of DAOs (black line) also leads to a suppression of the small scale power, but in an
oscillatory pattern due to the acoustic nature of the damping which is clearly visible
in the power spectrum. Observations of the Lyman-a forest (see also Sec. 1.6) have
constrained the linear power spectrum to be CDM-like belowk � 10hMpc� 1(e.g. Viel
et al., 2013; Irši�c et al., 2017). The different possibilities for DM below this scale and
their consequences on non-linear quantities are the focus of this Thesis.
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1.5 The ETHOS framework in the linear
regime

The effective theory of structure formation (ETHOS) was introduced in Cyr-Racine
et al. (2016) to offer a framework to explore cosmological structure formation in a more
general way than CDM, encompassing different DM models having DM physics that
deviate in both the linear and non-linear regimes of structure formation. In particular
for the interest of this Thesis, ETHOS incorporates a variety of models with a cut-off
in the linear power spectrum, as explained in Sec. 1.4 and shown in Fig. 1.4.5, that
can have a signi�cant impact in the low-end of the relevant scales for galaxy formation
and evolution. The original objective of ETHOS in Cyr-Racine et al. (2016) was
to extend the equations of cosmological perturbation theory with a generalized and
effective parametric model to study particle models with DAOs. Instead of implementing
each particle DM model separately into a Boltzmann solver, they can be grouped into
classes according to a set of effective parameters that are suf�cient to characterize, with
precision, the linear power spectrum. In this way, the linear power spectrum of a new
model can be quickly computed with the ETHOS implementation in the Boltzmann
solver, and constraints on the effective parameters can simultaneously constrain multiple
particle models that have similar ETHOS parameters. The ETHOS parameters can then
be converted back to the particle physics parameters of individual DM models. This
creates a direct link between the parameters of particle DM models and those that are
more relevant (directly connected) to cosmological structure formation.

In the ETHOS framework, the DAO features in the linear power spectrum are
fundamentally caused by DM interacting with a new relativistic species called dark
radiation (DR) in the early Universe. To obtain the DM and DR density perturbations,
dc anddDR, it is necessary to modify the Boltzmann equations for the DM perturbation,
which are coupled to the DR ones in this case. The evolution of DM perturbations
is described by a couple of equations in Fourier spacefor eachFourier mode with
comoving wave numberk:

�dc + qc � 3 �F = 0; (1.10)
�qc � c2

c k2dc + H qc � k2Y = �kc
�
qc � qDR

�
; (1.11)

whereqc (qDR) is the divergence of the DM (DR) bulk velocity,F andY are the two
gravitational potentials in the conformal Newtonian gauge,H is the conformal Hubble
parameter, and�kc is the DM drag opacity. Overhead dots denote derivative with respect
to conformal time. The DM sound speedc2

c is given by

c2
c =

Tc

mc

�
1�

�Tc

3H Tc

�
; (1.12)

whereTc is the DM temperature, andmc is the DM particle mass. For non-relativistic
DM, the sound speed only amounts to a small contribution in the perturbative equations.
In the case of CDM, the sound speedcc = 0 and drag opacity�kc = 0 vanish and the
equations return to their well known form for CDM (see e.g. Ma & Bertschinger, 1995).
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The interaction partner (DR) follows the relativistic Boltzmann equations

�dDR +
4
3

qDR � 4 �F = 0; (1.13)

�qDR + k2
�

sDR �
1
4

dDR

�
� k2Y = �kDR(qDR � qc ); (1.14)

�PDR;l +
k

2l + 1
(( l + 1)PDR;l+ 1 � lPDR;l � 1) = ( a l �kDR + bl �kDR� DR)PDR;l ; (1.15)

wheresDR is the DR shear stress,�kDR is the DR opacity,a l are the angular coef�cients
for DM-DR scattering,�kDR� DR is the DR self-scattering,bl are the angular coef�cients
for DR-DR scattering, andPDR;l is thel -th moment of the DR multipole hierarchy. In
this Thesis, the DR self-scattering�kDR� DR will be set to zero, as it only directly affects
the DR and it is a higher-order effect for the DM perturbation.

So far, Eqs.(1.10)-(1.15)are general and independent of the exact nature of the
DM-DR interactions. For a speci�c DM model, the opacities�kc and �kDR, and the
angular coef�cientsa l can be computed from the matrix element for the respective
DM-DR scattering process. For instance:

�kc =
4r DR

3r c
�kDR µ a

Z
dpp4 ¶ f (0)

DR(p)
¶ p

(A0(p) � A1(p)) ; (1.16)

wherea is the scale factor,p is the magnitude of the three-momentum,f (0)
DR is the

homogeneous part of the DR phase-space distribution function, and theAl are the
projection of the squared matrix element on thel -th Legendre polynomial (for the exact
expression see Cyr-Racine et al. 2016).

For several relevant DM particle models, the squared matrix element is a power law
of the incoming DR momentumpDR

jMj2 µ
�

pDR

mc

� n� 2

; (1.17)

wheren is an integer. Therefore, it is a good assumption to model the DR and DM
opacities as power laws in redshift. In ETHOS, the opacities are then approximated as2:

�kDR = � (Wc h2)an

�
1+ z

1+ zD

� n

; (1.18)

�kc = �
4
3

(WDRh2)an
(1+ z)n+ 1

(1+ zD)n ; (1.19)

wherean and the correspondingn are the effective ETHOS parameters,Wc andWDR are
the DM and DR fraction of the total matter-energy density of the Universe today,h is the
dimensionless Hubble constant, andzD = 107 is an arbitrary redshift to normalize the
value ofan. The parametern controls the redshift scaling of the opacities and therefore

2Note that a sum of different power laws is also possible for more general models in ETHOS. However, in
most cases a single power law is dominant during the relevant times and is therefore suf�cient for the cases
studied in this Thesis.
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Figure 1.5.6. Linear transfer functionT2
L = PETHOS=PCDM of ETHOS models with

different powern for the opacity redshift power law. A steeper redshift scaling of the
DM-DR opacities (largern) leads to a quicker transition from the coupled to decoupled
regime and therefore less damping during the mildly coupled regime.

also how quickly DM and DR decouple from each other. A slow transition from tightly
coupled to decoupled (smalln) leads to a stronger suppression of the power spectrum
through collisional damping during the weakly coupled regime (e.g. in the models of
Bœhm et al. 2002; van den Aarssen et al. 2012). A quick transition on the other hand
(largen) strengthens the DAO impact in the power spectrum (see Fig. 1.5.6; e.g. in the
atomic DM model of Cyr-Racine & Sigurdson 2013). For a �xedn, an controls the
strength of the interactions and thus the time of decoupling. Increasingan decreases the
wavenumber at which the �rst DAO peak occurs, i.e., the cut-off in the power spectrum
occurs at larger scales.

The ETHOS framework in the linear regime can be summarized schematically by a
mapping between particle physics and effective parameters

�
mc ; f gig; f hig

	
! f WDR;an;n;a l g; (1.20)

where the DM massmc , coupling constantsf gig and internal parametersf hig on the
left describe the DM particle model and are connected to the ETHOS parameters on the
right, which modulate the features in the linear power spectrum. As an example, the
particle DM model of van den Aarssen et al. (2012) consists of DM interacting with a
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sterile neutrinon via a light vector bosonV and the resulting squared matrix element is

jMj2 = 64g2
c g2

n
m2

c E2
n

m4
V

µ p2
DR; (1.21)

wheregc andgn are the coupling constants of DM and sterile neutrino with theV boson,
respectively,mc andmV are the DM andV mass, respectively, andEn is the energy of
the scattering neutrino. From thep2

DR scaling (see Eq. 1.21), it follows thatn = 4 in
this case and with Eqs. 1.16 and 1.19 it follows that

a4 = ( 1+ zD)4 3
2

pg2
c g2

n

m4
V

r c

mc

�
310
441

�
T2

DR; (1.22)

whereTDR is the DR temperature. For a detailed derivation, see Cyr-Racine et al. (2016).

1.6 Astrophysical probes of the DM nature
at high-redshift

As DM does not interact with any particle of the standard model of particle physics in
any signi�cant way, the DM distribution in the Universe cannot be directly observed.
Thus, it has to be inferred from observations of baryonic tracers of the underlying
gravitational �eld, which receives contributions from both, DM and baryons. There
is an abundant number of astrophysical systems that are observed to infer their DM
distribution, some of which are mentioned at the beginning of this Chapter. In the
context of this Thesis, there are two tracers of the matter power spectrum to highlight:
the Lyman-a forest (z = 3� 5:4) and the 21-cm signal in the even earlier Universe
(z= 6� 30).

The Lyman-a forest 1D �ux spectrum. The Lyman-a transition is between the
ground state and the �rst excited state of neutral hydrogen. A photon with the matching
wavelength can therefore be absorbed by neutral hydrogen exciting its electron to a
higher orbital. When light emitted over a broad spectrum from a bright and distant
source (e.g. a quasar) travels through multiple intervening neutral hydrogen clouds
along the line of sight, each cloud absorbs light at the Lyman-a wavelength creating an
absorption line feature over the continuum spectrum. Each absorption line is however
redshifted due to the expansion of the Universe, according to the location in redshift
space of each of the intervening gas clouds. Therefore, when the light spectrum of the
distant source is observed, it has a large number of absorption lines – the Lyman-a
forest – at wavelengths above the Lyman-a rest wavelength and up to azs+ 1 multiple
thereof, wherezs is the redshift of the distant source. Thus, the wavelength and strength
of each absorption line maps the density of neutral hydrogen within the line of sight.
From combining multiple lines of sight, a 1D �ux power spectrum can be constructed,
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which in turn can be used to infer the matter power spectrum (Croft et al., 1998, 1999).
This offers a powerful probe for the nature of DM in the mildly non-linear regime
(z = 3� 5:4; k = 0:1 � 10hMpc� 1) and it has been used extensively to constrain a
possible suppression of the linear matter power spectrum in the case of WDM (e.g.
Viel et al., 2013; Irši�c et al., 2017). The constraints of the WDM mass are relevant for
Chapter 2 and the effects on the Lyman-a forest of sDAO models are discussed on
Chapter 5.

21-cm signal from the cosmic dawn.The spin �ip of an electron in the ground
state of neutral hydrogen emits photons of 21-cm wavelength. As this transition has
a very small transition rate (and small natural line width), it is highly unlikely to
be observed in the laboratory and can only be observed on astronomical scales in
gas clouds. The 21-cm signal does not require a background source as in the case
of Lyman-a observations, but its emission or absorption can be detected against the
CMB by comparing the observed 21-cm signal with the expected emission from the
CMB. Therefore, it can probe the distribution of neutral hydrogen at the cosmic dawn,
before the epoch of reionization (z > 10). These redshifts are especially interesting
for DM physics, as DAO features are more prominent at higher redshifts, closer to
the linear regime in structure formation theory. The population ratio of both spin
states is determined by the spin temperatureTS and the change in the 21-cm brightness
temperatureTb compared to the CMB temperatureTCMB is given by

T21 = Tb � TCMB µ
�

1�
TCMB

TS

�
: (1.23)

Therefore, ifTS = TCMB, the absorption and emission of 21-cm photons are in equi-
librium and there is no 21-cm signal. For larger spin temperatures however, there is
net emission of 21-cm photons (T21 > 0), while a smaller spin temperature leads to net
absorption (T21 < 0). The 21-cm signal develops in different phases. When the �rst
generation of stars form, they emit Lyman-a photons which couple the spin temperature
to the gas temperature through Wouthuysen-Field coupling, in which the electron gets
excited from the ground state to the �rst excited state and then decays into the ground
state with a spin �ip (Wouthuysen, 1952; Field, 1959). This cools the spin temperature
and leads to absorption. In the second phase, the X-rays of the �rst generation of stars
heat the neutral hydrogen untilTS > TCMB leading to emission (Pritchard & Furlanetto,
2007; Pacucci et al., 2014). With the onset of reionization, the fraction of neutral hydro-
gen decreases reducing the 21-cm signal as well (Barkana & Loeb, 2001; Pritchard &
Loeb, 2008). The exact timing of the different phases depends on the fraction of DM
collapsed into haloes, and therefore on the DM model. In the case of WDM and models
with DAOs, a delay in the collapse of the �rst haloes is predicted, and thus a 21-cm
signal different to that predicted by CDM is expected, both in the global signal averaged
over the full sky as well as in the �uctuation spectrum. The effects of DAO models on
the 21-cm signal are shown in Chapter 4.

20



1.7. Thesis outline

1.7 Thesis outline

In the following, a brief outline of the content of the different chapters is discussed.
Chapters 2 and 3 are connected to two articles, one published and one under review.
In both, I was the leading author. Chapters 4 and 5 are connected to two articles, both
published; my contributions to these papers are mentioned below.

Chapter 2. The ETHOS framework described in Sec. 1.5 is very convenient to
generalize linear perturbation theory and describe thelinear evolution of alternative
DM models, based (primarily) on the parameters that de�ne the expansion of the
DM opacity into power laws in redshift (see Eqs. 1.18-1.19 in Sec. 1.5). For the
subsequent non-linear evolution however, the original ETHOS parametrization becomes
less convenient, obscuring/limiting a physical interpretation of the evolution of the
linear power spectrum into the non-linear regime, which should ideally be based on
the relevant physical scale(s) of the linear damping mechanism(s). Therefore, one of
the main purposes of this Thesis is to reparametrize the ETHOS framework in terms
of parameters that have both, a more apparent physical interpretation and a simpler
phenomenological connection to the features in the linear power spectrum of models
with DAOs. This is done in Chapter 2 where two new effective and physically motivated
parameters are introduced:hpeakandkpeak– the height and scale of the �rst DAO peak
– that can fully describe the linear power spectrum of a variety of ETHOS models.
Within this new parameter space, we performed a suite ofN-body DM-only simulations
down toz= 5, where we chose to stop the simulations due to several reasons. First, to
avoid entering the evolutionary stage where DM self-interactions can have a signi�cant
impact on the inner structure of DM haloes (see e.g. Vogelsberger et al., 2012, 2014b,
2016; Rocha et al., 2013). Second, we performed DM-only simulations with the goal
of isolating the impact of DM physics over that of baryonic physics. We note that by
focusing in the high-redshift Universe, the impact of DAOs in the linear power spectrum
becomes more apparent, while the role of baryonic physics is less entangled with a
possible signature of new DM physics. Third,z = 5 is roughly the highest redshift
probed by Lyman-a observations, which remain one of the most powerful observational
constraints on the possibility of new DM physics in the power spectrum at small scales.

Chapter 3. We extend here the characterization of structure formation models
with ETHOS developed in Chapter 2 by making a detailed analysis of the abundance
and structure of haloes using the same simulation suite. In the �rst part, we apply
the extended Press-Schechter (EPS) formalism (mentioned in Section 1.2 above) to
describe the halo mass function of the different DM models, determining the appropriate
parameters for the window function to match the simulation results. In the second part,
we study the inner halo structure and compare the halo concentrations to the predictions
of the model of Ludlow et al. (2016), which has been found to be remarkably accurate
for CDM and WDM.

Chapters 4� 5. While the DM matter power spectrum and halo mass function are
direct statistical measures of the DM distribution and DM halo abundance, they are
not directly observable. In Chapters 4-5, we study observational signatures of DAO
models. In Chapter 4, we explore the detectability of the DAOs in the 21-cm signal
(both global and the �uctuations spectrum) in the full range of the DAO parameter
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space (hpeak, kpeak). My contribution to this project was the execution of the necessary
N-body simulations and the preparation of their output for the 21-cm simulations, as
well as contributing to the adaptation of the extended Press-Schechter formalism for
DAO models into the 21-cm code. In Chapter 5, we explore a strong DAO model
within a cosmological hydrodynamical simulation with the speci�c goal of simulating
its Lyman-a 1D �ux spectrum signal, and comparing it to a WDM model with identical
cut-off scale. One of the purposes was to test to what extent the distinctive DAO features
in the linear power spectrum can survive non-linear structure formation and remain
truly distinct from the featureless WDM case. For this project, I performed part of the
simulations.
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Chapter 2

The non-linear extension of the
ETHOS framework

This chapter is based on the following article:

ETHOS – An effective parametrization and classi�cation for struc-
ture formation: the non-linear regime at z& 5

Published in Monthly Notices of the Royal Astronomical Society, Volume 498, Issue 3,
pp. 3403-3419 (2020), Oxford University Press

Authors:
Sebastian Bohr1, Jesús Zavala1, Francis-Yan Cyr-Racine2, Mark Vogelsberger3,
Torsten Bringmann4 and Christoph Pfrommer5

1Centre for Astrophysics and Cosmology, Science Institute, University of Iceland, Dunhagi 5, 107

Reykjavik, Iceland
2Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM 87131, USA
3Department of Physics, Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of

Technology, Cambridge, MA 02139, USA
4Department of Physics, University of Oslo, Box 1048, N-0371 Oslo, Norway
5Leibniz-Institut für Astrophysik Potsdam, An der Sternwarte 16, 14482 Potsdam, Germany

We propose two effective parameters that fully characterise galactic-scale structure
formation at high redshifts (z& 5) for a variety of dark matter (DM) models that have a
primordial cutoff in the matter power spectrum. Our description is within the recently
proposed ETHOS framework and includes standard thermal Warm DM (WDM) and
models with dark acoustic oscillations (DAOs). To de�ne and explore this parameter
space, we use high-redshift zoom-in simulations that cover a wide range of non-linear
scales from those where DM should behave as CDM (k � 10hMpc� 1), down to those
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characterised by the onset of galaxy formation (k � 500hMpc� 1). We show that the
two physically motivated parametershpeakandkpeak, the amplitude and scale of the �rst
DAO peak, respectively, are suf�cient to parametrize the linear matter power spectrum
and classify the DM models as belonging to effective non-linear structure formation
regions. These are de�ned by their relative departure from Cold DM (kpeak! ¥ ) and
WDM (hpeak= 0) according to the non-linear matter power spectrum and halo mass
function. We identify a region where the DAOs still leave a distinct signature from
WDM down toz= 5, while a large part of the DAO parameter space is shown to be
degenerate with WDM. Our framework can then be used to seamlessly connect a broad
class of particle DM models to their structure formation properties at high redshift
without the need of additionalN-body simulations.

2.1 Introduction

Dark matter (DM) is a crucial ingredient in the formation of structures in the Universe as
it makes up the majority of its matter content. Although the most likely explanation for
DM is the particle hypothesis, its speci�c nature remains a mystery. The CDM model of
structure formation has now emerged as the standard paradigm, and it has been shown
to be consistent with the observed large scale structure of the Universe (e.g. Springel
et al., 2005). At smaller (galactic) scales however, the CDM model has faced a number
of signi�cant challenges over the last decades: (i) the underabundance of low-mass
galaxies (either satellites or in the �eld) (Klypin et al., 1999; Moore et al., 1999; Zavala
et al., 2009; Papastergis et al., 2011; Klypin et al., 2015), (ii) the core-cusp problem in
low-surface brightness galaxies and possibly in dwarf spheroidals (de Blok & McGaugh,
1997; Walker & Peñarrubia, 2011), (iii) the "too-big-to-fail problem" (Boylan-Kolchin
et al., 2011; Papastergis et al., 2015), (iv) the plane of satellites problem (Pawlowski
et al., 2013), and (v) the diversity problem of rotation curves in dwarf galaxies (Oman
et al., 2015). We note that with recent observations of ultra-faint galaxies, the too-big-
to-fail problem becomes a diversity problem as well for the broad distribution of stellar
kinematics in dwarf spheroidals in the Milky Way (Zavala et al., 2019).

There is a long history of attempts to provide a satisfactory solution to these issues
based on either: (i) incompleteness, biases and systematic uncertainties in observations
(e.g. Koposov et al., 2008; Kim et al., 2018, for the “missing satellites problem"),
(ii) invoking a strong in�uence of uncertain baryonic physics in dwarf galaxies (e.g.
impulsive supernova feedback to explain DM cores (Pontzen & Governato, 2012),
tidal effects from the Milky-Way disk to alleviate the too-big-to-fail problem (Garrison-
Kimmel et al., 2019), and suppression of galaxy formation at the dwarf mass scale due to
cosmic reionisation (Gnedin, 2000; Sawala et al., 2016b) to explain the underabundance
of low-mass galaxies); and (iii) additional DM physics, i.e. departures from the CDM
hypothesis such as: Warm Dark Matter (WDM; for a review see Adhikari et al. 2017)
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Figure 2.1.1. Diagram illustrating the different sets of parameters that characterise
a given DM particle model and the connections between them within the ETHOS
framework, both in Cyr-Racine et al. (2016) and in this work. The particle physics
space parameters such as the DM particle massmc , coupling constantsgi (e.g. DM-DR),
internal parametershi such as the mediator mass and degrees of freedom and the present
day DR to CDM temperature ratiox , were mapped in Cyr-Racine et al. (2016) into
effective parameters fully describing the linear DM power spectrum (see section 2.3.1).
In this work, we make a re-parametrization, de�ning new ETHOS parameters that have
both a more straightforward interpretation in terms of the linear power spectrum and a
clearer physical interpretation (amplitudehpeakand scalekpeakof the �rst DAO peak,
amplitude of the second peakh2, and damping of higher order peakst ; see section 2.3).
The rede�ned ETHOS parameter space can be connected naturally to that de�ned in
section 2.3.1, and thus to the particle physics space. Crucially, it is also suf�cient to
characterise non-linear structure formation for a variety of relevant DM models (such
as WDM and models with DAOs) in the high-redshift Universe.

where the relativistic motion of the DM particles in the early Universe reduces the
abundance and inner DM densities of galactic-scale haloes relative to CDM (e.g. Colín
et al., 2000; Lovell et al., 2012); self-interacting DM (SIDM; for a review see Tulin
& Yu 2018) where DM particles have strong self-interactions redistributing energy
in the centre of haloes, thus resulting in DM cores (e.g. Spergel & Steinhardt, 2000;
Vogelsberger et al., 2012); and quantum effects at galactic scales if DM is made of
extremely light bosons withO(1kpc) de Broglie wavelength (fuzzy DM; for a review
see Hui et al. 2017), also giving rise to extended DM cores (Robles & Matos, 2012;
Mocz et al., 2017).

Whether the CDM challenges are due to missing new DM physics, systematic
uncertainties, or an inaccurate account of baryonic physics remains an open question
(for a recent review on different DM models and their impact on structure formation see
Zavala & Frenk 2019; for a review of the CDM challenges and possible solutions see
Bullock & Boylan-Kolchin 2017). Regardless of the answer to these puzzles, the impact
of the DM particle nature on the physics of galaxies remains a relevant factor that needs
to be taken into account, not only because it causes a major and unavoidable uncertainty
in structure formation, but also because the detailed properties of galaxies remain one
of the most promising avenues to �nd clues about the DM identity. To incorporate new
DM physics into structure formation theory, a novel framework has been proposed that
aims at mapping a broad range of DM particle physics models into a set of effective
parameters that fully characterise structure formation at galactic scales (ETHOS; Cyr-
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Racine et al., 2016; Vogelsberger et al., 2016). Thus far, ETHOS covers two types of new
DM physics: (i) a primordial cutoff in the linear matter power spectrum suppressing
the growth of small density perturbations due to either collisionless damping (free-
streaming) like in WDM, or due to collisional damping caused by interactions between
DM and relativistic particles in the early Universe and resulting in Dark Acoustic
Oscillations (DAOs; for a review see Bringmann 2009). DAOs are given explicitly in
ETHOS by hidden sector DM-dark radiation (DR) interactions (van den Aarssen et al.,
2012; Buckley et al., 2014) but DM interactions with photons or neutrinos lead to a
similar damping, (e.g. Bœhm et al., 2002); (ii) DM self-interactions (SIDM) reducing
the central density of haloes in the non-linear regime.

In this work we concentrate exclusively on (i) above, i.e., on the impact of a primor-
dial DM cutoff with the objective of de�ning a parameter space that fully characterises
structure formation within ETHOS at galactic scales (at high redshiftz> 5; see below).
Ours is then a continuation of the work done in Cyr-Racine et al. (2016) where a small
set of effective parameters was de�ned that where suf�cient to characterise thelinear
power spectrum in a variety of DM models with a cutoff. However, a large number of
models that are different with respect to their linear power spectrum can in fact lead
to identical structure formation. Therefore, we re-parametrize this effective ETHOS
parameters, still being determined by the linear power spectrum, but with the goal of
providing a full account of the non-linear evolution of galactic-scale structures (down
to z= 5) using cosmologicalN� body simulations and a physical interpretation of the
parameters; see Fig. 2.1.1. We aim at dividing this new ETHOS parameter space into dis-
tinct structure formation regions, mapping smoothly between the different possibilities
for the small-scale power spectrum (CDM, WDM or DAOs).

We note that previous works have proposed analytical formulae to describe the
linear power spectra of different DM models, usually written as a transfer function
relative to CDM (e.g. for WDM Bode et al., 2001; Viel et al., 2005; Leo et al., 2018b).
More recently, Murgia et al. (2017, 2018) proposed a formula for the transfer function
that can seemingly accommodate WDM, fuzzy DM, and also certain ETHOS models.
Crucially however, this formula does not describe DAOs since they were deemed not
relevant for the properties of interest in Murgia et al. (2017, 2018), namely, for the 1D
Lyman� a �ux power spectrum, and for the number of observable Milky-Way subhaloes
(i.e. those that can host a luminous satellite). As we demonstrate and quantify in this
work, DAOs are quite relevant for a range of ETHOS models (see also Bose et al.,
2019). Moreover, our approach differs from previous ones since the parametrization we
propose goes beyond providing a �t to the power spectrum, with the parameters having
a clear physical interpretation.

In this work we study structure formation within ETHOS in the high-redshift
Universe down toz= 5. This choice was partly done to avoid entering the regime where
DM self-interactions (another relevant ingredient in ETHOS) start to have a relevant
impact in the centre of DM haloes. We are also only considering the impact of DM
physics in structure formation without taking into account the role of baryonic physics,
which clearly plays a role in DM clustering, albeit considerably smaller at high-redshift
relative to the low-redshift Universe. In this way we can isolate the potential difference
between CDM and other DM models, purely due to DM physics, without the in�uence
of baryons; this is in fact needed to disentangle the impact of both effects. Our plan
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in future work is to extend the spirit of this work, by de�ning the space of structure
formation parameters that are relevant for the physics of galaxies, to include both SIDM
and baryonic physics. We also choosez= 5 as the lowest redshift we examine since it
is roughly the maximum redshift where data from the Lyman-a �ux-power spectra have
been used to constrain the DM power spectrum at small scales (e.g. Viel et al., 2013;
Murgia et al., 2018). We use this both to exemplify how our parametrization can be
used to potentially constrain DM models and to de�ne the maximum scale where new
DM physics can play a role in galactic-scale structure formation: DM models with a
non-linear power spectrum signi�cantly deviating from CDM atk . 10hMpc� 1are not
compatible with the data (Irši�c et al. 2017; although see Garzilli et al. 2019a). On the
other hand, we set the relevant minimum scale to be given by the atomic cooling limit
(speci�cally, the primordial gas in haloes with a virial temperature. 104 K cannot cool
via atomic transitions; see White & Rees 1978). Galaxy formation is thus suppressed
for DM haloes with masses below� 108M � h� 1 (corresponding to non-linear scales of
� 500hMpc� 1). In summary, we study non-linear structure formation down toz= 5
within the ETHOS framework using DM-onlyN-body simulations focusing on the
non-linear scale range10hMpc� 1. k . 500hMpc� 1 (halo virial masses in the range
108M � . Mvir . 1010M � ).

This paper is organized as follows. In Section 2.2, we describe our simulation setup
and the zoom-in method we use to cover the dynamic range of interest. The convergence
properties of our simulations is discussed in Appendix 2.6.1. In Section 2.3, the new
ETHOS parametrization is constructed and connected to that in Cyr-Racine et al. (2016)
(see also Appendix 2.6.2). In Section 2.4, we present our main results on how different
structure formation models are classi�ed within the new parametrization based on both
the non-linear power spectrum and the halo mass function. Finally, our conclusions are
given in Section 2.5.

2.2 Numerical Methodology

The cosmological dark-matter-onlyN� body simulations used in this work were per-
formed with the codeAREPO(Springel, 2010). Initial conditions for the simulations
were generated using the codeMUSIC (Hahn & Abel, 2011) with the cosmological
parameters set toWm = 0:31069, WL = 0:68931, H0 = 67:5km=s=Mpc, ns = 0:9653
ands8 = 0:815, whereWm andWL are the contributions from matter and cosmological
constant to the matter-energy density of the Universe today, respectively,H0 is the
Hubble constant today,ns is the spectral index, ands8 is the mass variance of linear
�uctuations in8Mpch� 1spheres atz= 0. This choice of cosmological parameters is
consistent with a Planck cosmology (Planck Collaboration et al., 2020). The linear
power spectrum used as an input forMUSIC for the different DM models we explore

27



Chapter 2. The non-linear extension of the ETHOS framework

is computed with a modi�ed version of CLASS1 (Archidiacono et al., 2017, 2019)2.
For this work, we are interested in the matter power spectrum at thenon-linear

scales relevant for dwarf galaxies at high redshift fromk � 10 to 500hMpc� 1. This
range roughly corresponds to halo masses� 1010 to 107 M � , which are close to the
limits where signi�cant deviations from CDM are possible, and galaxy formation
becomes highly inef�cient, respectively. Achieving a fair representation of the power
spectrum and the halo mass function at such small scales was not feasible with a uniform
simulation box due to the following stringent limitation. At a �xed spatial resolution,
reducing the size of the cosmological box, reduces the minimal scales probed, but at
the cost of missing the power transferred from larger to smaller scales in the non-linear
evolution. Thus, the power spectrum at the scales and redshifts of interest would be
biased towards lower values. This problem can be alleviated by having a suf�ciently
large simulation box, but in order to resolve500hMpc� 1, the amount of particles and
thus the computational cost increases dramatically. To achieve our goals we therefore
rely instead on cosmologicalzoom-insimulations by using the method described in the
following.

2.2.1 Small-scale power spectrum with zoom sim-
ulations

In a zoom-in cosmological simulation, the computational resources are focused on a
smaller subregion within a large cosmological box. This subregion is simulated at the
desired highest resolution, while the volume around contains low resolution elements
that still preserve an accurate representation of large scale properties of the density
�eld. The region of interest is usually a halo and its immediate environment, and the
procedure to construct the initial conditions for zoom simulations consists of: i) run a
low resolutionparentcosmological simulation within a cosmological box large enough
to provide a fair representation of the clustering properties at the scales of the box in the
range of redshifts of interest (we found that a box size of 40 Mpch� 1per side satis�es
this for z � 5); ii) select a volume within the parent simulation encompassing the region
of interest at the redshift of interest; iii) trace back the particles within this region to
the starting redshift of the resimulation; this represents the targetLagrangianvolume
for the zoom simulation; (iv) �nally, an initial conditions code likeMUSIC is used to
generate a multi-layered resolution coverage of the resimulation specifying the volume
that covers this Lagrangian region with the highest resolution required. For more details
of the general procedure see Oñorbe et al. (2014).

In our case we followed the previous standard zoom-in procedure but not focusing
on a particular halo in the parent simulation but rather on a smaller subregion with
the main requirement for it to have asimilar power spectrum compared to the larger
parent box at the resolved scales. In the following we describe how we �nd the optimal
sub-region according to this requirement.

1Blas et al. (2011) (class-code.net)
2Note that in the �rst ETHOS paper (Cyr-Racine et al., 2016), this implementation is done with

CAMB (Lewis & Bridle, 2002).
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Figure 2.2.2. Top panel: Dimensionless power spectraD2 at z = 5 of a large
40Mpch� 1cubic uniform simulation (cyan) and of sub-regions inside this simulation
(� 6:25Mpch� 1) coloured from under-dense (black) to over-dense (orange) relative to
the larger box. The excess of power at smallk . 1hMpc� 1in the small box simulations
is due to the �nite size of the sub-regions, while at largek the models start to converge
arti�cially due to Poisson noise, which starts to dominate the signal (visible at around
k & 40hMpc� 1). Bottom panel: Correlation of the dimensionless power spectrum at
10hMpc� 1and the overdensity of the sub-regiondsub (the colour scale is as in the top).
The cyan star corresponds to the value for the whole simulation box.
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We �nd that at the scales of interest the power spectrum has roughly a similar shape,
but with an amplitude that correlates strongly with the overdensitydsub of the subregion,
as can be seen in Fig. 2.2.2. This type ofcosmic varianceis a well known effect that
has been studied in the past, particularly in the linear regime wheredsub � 1. In this
regime, it is possible to correct for this bias by e.g. using the separate universe approach,
where each subregion is treated as a separate universe with a different cosmology, in this
case a universe with different background density (see e.g. Chiang et al., 2014; Li et al.,
2014). As is clear from the bottom panel of Fig. 2.2.2, the distribution ofdsub is broad,
covering values that are clearly non-linear anymore. This is because we are looking at
smaller scales where the impact of non-linear effects is stronger and the variance of
D2 for regions with the same overdensity can be quite large, weakening the correlation
between the amplitude of the power spectrum and the overdensity. Instead of trying
to generalize the separate universe approach into the non-linear case, we decided to
carefully select our high resolution sub-region so that it has a power spectrum that is
as similar as possible to the one of the larger lower resolution region, at the scales that
both can resolve. In this way a correction becomes unnecessary. This is suf�cient for
our purposes since we are only interested in an average measure of the power spectrum
down to small (galactic) scales, rather than in its variance. Nevertheless, Fig. 2.2.2 gives
an impression of the (cosmic) variance to be expected in the power spectrum for survey
volumes that are small. 10 Mpc.

2.2.2 Performance of the zoom-in simulation tech-
nique

As a benchmark test for the reconstruction ability and resource advantage of the method
described above, we performed four CDM simulations in a (40 Mpch� 1)3 volume down
to z= 5. The baseline is a uniform simulation with10243 particles, while the other three
are zoom simulations where the low-resolution region corresponds to5123 particles.
The �rst of these has a (12.5 Mpch� 1)3 zoom region with an effective resolution of
10243 particles, the second one has a (6.25 Mpch� 1)3 zoom region with an effective
resolution of20483 particles, and the third one has a (6.25 Mpch� 1)3 zoom region with
an effective resolution of 40963 particles.

In Fig. 2.2.3, we can see that all three zoom simulations give a good reconstruction
of the baseline power spectrum at large scales. As expected, the one with the same
effective resolution as the baseline (10243 particles; red line) shows almost the same
power spectrum as the uniform one at all scales, with nearly the same level of Poisson
noise. The other two zoom simulations can resolve the power spectrum at smaller
scales by factors of 4 (green) and 8 (blue) relative to the uniform simulation. This
test shows that we can measure the power spectrum across a large dynamical range
using the zoom simulation technique described in Section 2.2.1. More importantly, it is
possible to achieve this with a reduced computational cost as we show in Table 2.2.1.
For instance, the zoom simulation with same effective resolution as the uniform one
(red and black lines in Fig. 2.2.3) uses only a small fraction (. 1=7) of the core hours
and less than half the memory of the uniform simulation. Even our highest resolution

30



2.3. Parametrization of the linear power spectrum

core-h memory resolvedk
uniform (10243) 14.9k 594 GB � 100hMpc� 1

12.5 Mpc (10243) 2k 247 GB � 100hMpc� 1

6.25 Mpc (20483) 2.9k 259 GB � 400hMpc� 1

6.25 Mpc (40963) 15.1k 529 GB � 800hMpc� 1

Table 2.2.1. Computing resources needed to reach z= 5 for a uniform simulation with
10243 particles and three different zoom simulations.

zoom simulation uses about the same core-hours and memory compared to the uniform
run, while improving the scales that can be probed by a factor of 8, making it a very
affordable approach to probing the power spectrum at small scales.

Based on this test, we use the following setting for the results presented in this paper
(unless stated otherwise): a cosmological box with 40 Mpch� 1on a side with a high
resolution zoom region (effective resolution of 40963 particles with a particle mass of
8� 104M � h� 1) covering a� (6.25 Mpch� 1)3 Lagrangian volume, surrounded by a low
resolution region (effective resolution of 5123 particles), and intermediate resolution
levels as a buffer zone between them. With this setting, we �nd that the power spectra
of all DM models presented in this work is converged to better than5%at500hMpc� 1,
while the halo mass function is converged to better than5% down to108M � =h. In
Appendix 2.6.1 we explicitly show the convergence tests we performed.

2.3 Parametrization of the linear power
spectrum

Our goal in this Section is to present a new parametrization of the linear power spectrum
for DM models that have a primordial power spectrum cutoff with or without DAOs
within the ETHOS framework. This parametrization is purely phenomenological but it
is constructed with two objectives in mind: (i) although it parametrizes the linear power
spectrum, its parameters should be suf�cient to describe with good precision the non-
linear power spectrum and (ii) the parameters should have a clear physical interpretation.
To accomplish this, our starting point is the work of Murgia et al. (2017) who suggested
the following parametrization for the cutoff of non-CDM (nCDM) models in terms of
the linear transfer functionT2

L (k) � PnCDM(k)=PCDM(k):

TL(k) = [ 1+ ( a k)b ]g; (2.1)

wherea is a measure of the cutoff scale length, andb andg the shape of the cutoff.
This is a generalization of the �tting formula for WDM, whereb = 2n andg = � 5=n
with n = 1:12, and allows for much higher variety in the shape of the cutoff. However,
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Chapter 2. The non-linear extension of the ETHOS framework

Figure 2.2.3. Dimensionless power spectraD2 at z= 5 for a uniform simulation (black)
and three zoom simulations with different zoom volumes and resolution levels. Note that
the power spectrum from the zoom simulations can reach the same larger scales as the
uniform simulation by including the low resolution particles. Thus, all lines completely
overlap fork . 30hMpc� 1. The dashed lines show the expected Poisson (shot) noise
(D2

shot= k3V=(2p2N), where N is the number of particles and V the volume they occupy)
for the corresponding simulation.

it only describes a single cutoff in the power spectrum, while we want to include models
with DAOs as well. We remark however that the transfer of power from large to smaller
scales in the non-linear evolution tends to erase the DAOs (e.g. Buckley et al., 2014).
Since one of the goals of our parametrization is to reproduce with good precision the
non-linear evolution of the power spectrum down toz= 5, we thus start by looking at
the accuracy to which Eq.(2.1)can be expected to account for the non-linear regime.
This can be seen in Fig. 2.3.4, where the red line corresponds to Eq.(2.1). Comparing
the results from our simulations using this parametrization and the power spectrum
with several DAOs (black lines) as initial conditions, we �nd that it is not suf�cient to
capture with precision the amplitude and features of the non-linear power spectrum at
small scales for models which have strong DAO features (i.e. where the �rst oscillations
are near the CDM amplitude). As can be seen in Fig. 2.3.4 (red line), for this particular
strong DAO model, this parametrization underestimates the power atk & 100hMpc� 1.
For instance, by up to 48% and 24% atk = 500hMpc� 1for z= 8 and5 respectively. In
Section 2.4.1 we quantify in detail the impact of DAOs in the non-linear power spectrum

32



2.3. Parametrization of the linear power spectrum

Figure 2.3.4. Top panel: Initial transfer functionT2
L (k) of a sDAO model computed

with Eq.(2.3)(black line) and two approximations: considering only the initial cutoff
(i.e. with a WDM-like parametrization; see Eq. 2.1), and adding as well the �rst
oscillation (blue line; see Eq. 2.2). Middle and bottom panels: Comparison of the
non-linear dimensionless power spectraD2 relative to CDM atz = 8 and z = 5 for
the models shown in the top panel. All these models used the following parameters:
hpeak= 1, kpeak= 53:3, h2 = 1:08, t = 0:67, s = 0:2, b = 4:05, g = � 20, d = 2:5, and
a according to Eq.(2.4). This corresponds to a model in the DAO region of Fig. 2.3.10.

for a broad range of scales and amplitudes of the DAOs.
In a �rst attempt to improve Eq.(2.1) to account for DAO models, we add a term
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that includes the �rst DAO peak by modelling it with a Gaussian:

TL(k) = [ 1+ ( a k)b ]g �
p

hpeakexp

 

�
1
2

�
k� kpeak

s kpeak

� 2
!

; (2.2)

wherehpeakandkpeakgive the amplitude (relative to CDM) and position of the �rst peak
(these two will be the most important parameters throughout this work), ands controls
how narrow the Gaussian is. Eq.(2.2) improves the agreement with the full non-linear
power spectrum as can be seen in Fig. 2.3.4, but is still not good enough to reconstruct
the full power at the smallest scales, where it underestimates the power by 30% and
14% forz= 8 and 5 respectively. Therefore, the power provided by the secondary peaks
in sDAO models remains relevant down toz= 5.

To gain precision in our parametrization for models that have DAOs, we extend
Eq.(2.2)by adding terms that model the secondary peaks of the DAOs. These peaks
can be described by two features, their envelope and oscillations. The oscillations of
the higher order peaks are very regular and can be �tted with a cosine function, whose
frequency is determined bykpeak. The envelope can be parametrized with the amplitude
of the second peakh2 and two error functions, one giving the steep rise on the left side
(similar to the Gaussian describing the �rst peak) and the other controlling the damping
on the right (the oscillations are not fully symmetrical and thus a Gaussian is not enough
to describe their shape). The full �tting function is then given by:

TL(k) = [ 1+ ( a k)b ]g �
p

hpeakexp

 

�
1
2

�
k� kpeak

s kpeak

� 2
!

+

p
h2

4
erfc

�
k� 1:805kpeak

t kpeak
� 2

�

� erfc
�

�
k � 1:805kpeak

s kpeak
� 2

�
cos

�
1:1083pk

kpeak

�
;

(2.3)

whereerfc(x) = 1� erf(x) is the complementary error function. This full parametriza-
tion would have 8 parameters, but they are not all independent and can be simpli�ed for
ETHOS models, where they are �xed byhpeakandkpeak(see Section 2.3.1 below). The
parametera can be determined by the scale at which the transfer function dropped to
1=2 (k1=2), which is connected tokpeak:

a =
d

kpeak

" �
1

p
2

� 1=g

� 1

#1=b

; (2.4)

whered controls the ratio betweenkpeakandk1=2, which is in the range 2:4� 3.
Fitting the power spectrum cutoff of ETHOS models with Eq.(2.1) leads in all

cases to large negative values forg, whose precise value makes almost no difference
in the reconstruction of the cutoff; thus, we have �xedg = � 20. From the remaining
parameters,hpeakandkpeakare the most relevant parameters since the former determines
the position of the �rst DAO peak as well as describing the position of the cutoff (see
Eq. 2.4), and the latter the amplitude of the �rst DAO. These parameters are responsible
for the leading order effects on the non-linear power spectrum and in fact the only
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2.3. Parametrization of the linear power spectrum

Figure 2.3.5. The transfer functionT2
L (k) of a DAO model computed with a Boltzmann

solver (black) and �tted according to Eq.(2.3) (red). The role of the most relevant
parameters hpeak, kpeakand h2 is also shown.

free parameters within the models we study in this work. Regarding the remaining
parameters:b is responsible for the cutoff shape,t controls the damping of the DAOs,
ands gives the width of the �rst peak. Physically,kpeak is connected to the DM sound
horizon andt to the Silk damping scale (the physical interpretation of the key parameters
is described in Section 2.3.1 and Appendix 2.6.2). The effects of the parameters and
the quality of our �nal parametrization in the linear transfer function can be seen in
Fig. 2.3.5.

We emphasize that the parametrization given by Eq.(2.3)can accurately describe
the entire range of DM models in the ETHOS framework that display DAOs in their
linear transfer function, including both weak and strong oscillations with only two free
parameters (hpeak;kpeak). Furthermore, it also naturally encompasses WDM (hpeak! 0)
and CDM (kpeak ! ¥ ), allowing us to explore a very broad range of possible DM
physics.
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Chapter 2. The non-linear extension of the ETHOS framework

2.3.1 Connection with the ETHOS framework and
physical interpretation of the parameters:
hpeak, kpeakand h2

Having accomplished the goal of providing a parametrization for DAO models that is
simpler than a fully general parametrization of the linear power spectrum (as provided
in Cyr-Racine et al., 2016) but still precise enough to describe their non-linear evolution,
we proceed now to establish the connection between these phenomenological parameters
and the physical parameters of the ETHOS framework (Cyr-Racine et al., 2016) in
regards to the effects of the DM-DR interactions in generating the power spectrum
cutoff and the DAOs. We recall that with such a connection, it is then possible to have a
complete mapping between the particle physics parameters of the models explored in
Cyr-Racine et al. (2016) and the parameters relevant for non-linear structure formation.

The physics of the DAOs in the linear power spectrum is captured within the
modelling presented in Cyr-Racine et al. (2016)3 by the parametersn and coef�cient
an that control the redshift scaling of the DM drag opacity�kc µ an(1+ z)n+ 1, plus a
set of coef�cientsa l that parametrize the angular dependence of the DM-DR scattering
cross section4. For this work, we will refer only to models that have single values
for n andan, and a set of constanta l � 2 values. A speci�c particle physics scenario
contained within these constraints is that of a massive fermionic DM particle interacting
with a massless fermion via a massive vector mediator as in van den Aarssen et al.
(2012), which corresponds to the casen = 4, a l � 2 = 3=2 with different values ofa4
providing cutoff scales for the power spectrum. This speci�c model has been studied
with simulations in the past (Vogelsberger et al., 2016), particularly the benchmark
model referred to as ETHOS-4 in table 1 of Vogelsberger et al. (2016).

Although the parametersn, an and the setf a l g are suf�cient to characterize the
linear power spectrum within the ETHOS framework, they obscure somewhat the
physical mechanism behind the DAOs, and they also lack the simple phenomenological
interpretation of the parameters described abovef kpeak;hpeak;h2g. Because of this,
we �rst attempt to approximate the results of the full calculation of the linear power
spectrum based on a Boltzmann code (modi�ed version ofCLASS; Archidiacono
et al. 2017, 2019) with a simple physical model based on the tight coupling limit
approximation (between DM and DR) in analogy with the photon-baryon plasma (see
e.g Hu & Sugiyama 1996). This attempt is described in Appendix 2.6.2. Although
we �nd that this approximation is not accurate enough, particularly in describing the
damping envelope of the DAOs, it does provide relevant insights into the relevance of
the sound horizon scale and the DM decoupling epoch as the physical quantities behind
the DAO features. Therefore, we decided to try a phenomenological approach based
on these quantities. To test this approach we explore a set of 84 ETHOS models as
described above with the set of values:f n = ( 3� 15;20); log10(an) = ( 0;1;2;3;5;7)g,
and �xing a l � 2 = 3=2.

The sound horizon scalerDAO � cshc , wherecs is the DM sound speed andhc is

3We refer speci�cally to the case where DR-DR interactions are irrelevant.
4More speci�cally,a l is the ratio between the opacity of thel th-moment to that of the dipole moment of

the DR multipole hierarchy given by the angular dependence of DM-DR scattering.
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2.3. Parametrization of the linear power spectrum

Figure 2.3.6. The position of the �rst DAO peakkpeakcorrelates strongly with the time of
DM decouplinghc de�ned by

Rh0
hc

� �kc dh = 1. Each symbol correspond to a different
ETHOS model within a grid off n;ang values and �xinga l � 2 = 3=2. Models with a
�xed n but differentan are represented with the same colour as given in the legend. The
blue line is a power law �t to the correlation, kpeak= 9:37

�
hc =Mpc

� � 0:97 h Mpc� 1.

the conformal time of DM decoupling de�ned by
Z h0

hc

� �kc dh = 1 (2.5)

with �kc being the DM drag opacity due to the DM-DR interactions, should give the
largest scale affected by acoustic oscillations and thus should be connected tokpeak. We
found this to be almost accurate, with only a slight deviation from a linear relation (see
Fig. 2.3.6):

kpeak= 9:37
�

hc

Mpc

� � 0:97

hMpc� 1; (2.6)

i.e., kpeak is given by the sound horizon scale at the time of kinetic decoupling, with
just a minor modi�cation. Notice that sincean is connected to the decoupling time (see
Eq. 2.19 and 2.20), then this relation implies a direct connection betweenkpeakandan.

On the other hand, we �nd that the damping of the �rst DAO, and therefore the
parameterhpeak, is mostly controlled by the DM mean free path (due to the DM-DR
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Chapter 2. The non-linear extension of the ETHOS framework

Figure 2.3.7. The amplitude of the �rst DAO peakhpeakscales with the ratio of the DM
drag opacity to the Hubble rate at the time of DM decoupling�kc (hc )=H (hc ) =
n. The colours are the same as in Fig. 2.3.6. The blue line is given byhpeak =

0:21
�

�kc (hc )
H (hc )

� 0:66
� 0:31.

interactions) at DM decoupling, which is given by the inverse of�kc (hc ) (see Fig. 2.3.7):

hpeak= 0:21
�

�kc (hc )
H (hc )

� 0:66

� 0:31; (2.7)

where the relevant quantity is actually the ratio�kc (hc )=H (hc ), with H being the
Hubble rate (relative to the conformal time). This ratio is actually equal to the ETHOS
parametern (see Appendix 2.6.2). Thus, forn � 1, the DM drag visibility function
�ke� kc is narrower, which implies a faster decoupling time scale; indeed, the DM-DR
plasma is clearly in the tightly coupled regime athc , and thus the damping by DR
diffusion is only signi�cant for the smallest scales. On the contrary whenn & 1, the
DM drag visibility function is broader so that the timescales for decoupling (which
occurs mostly in the weakly coupled regime) are larger. Thus, the DM mean free path
at decoupling is relatively large and DM can diffuse substantially, lowering the value of
hpeak. While for n . 9, n is the only factor in determininghpeak, that is not true anymore
for n � 10. In the latter case,hpeakspreads around the �t in Fig. 2.3.7 depending on the
value ofan, the largeran the largerhpeak.

Finally, the ratio of the �rst two DAO peakshpeak=h2, is connected to the ratio of
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2.3. Parametrization of the linear power spectrum

Figure 2.3.8. The ratio of the �rst two DAO peaks scales with the ratio of the DR and
DM decoupling times. The relation is nearly a parabola, with the parameters depending
on the speci�c value of n. The colours are the same as in Fig. 2.3.6.

the DR to DM decoupling timeshDR=hc (see Fig. 2.3.8), wherehDR is the conformal
time of DR decoupling de�ned by

Z h0

hDR

� �kDRdh = 1 (2.8)

with �kDR being the DR opacity to DM scattering. This relation can be approximated by
a parabola, but with different parameters for different values ofn.

There are two additional features in Fig. 2.3.7 that we highlight: (i) for models
with very largen & 15 it is possible to havehpeak> 1 (see also Kamada & Takahashi,
2018; Ando et al., 2019); (ii) for models withn & 10, the value ofhpeakdepends not
only on n = �kc (hc )=H (hc ), but also on the speci�c value ofan (the largern, the
stronger the dependence). For the latter models it is also true that the second DAO peak
is signi�cantly larger than the �rst (see Fig. 2.3.8). We decide to exclude these models,
i.e. those withn & 10, from our analysis for two reasons: (i) they would have a power
spectrum that exceeds that of CDM at certain scales, and (ii) the parameterh2 would
no longer be a secondary parameter in determining the non-linear power spectrum. We
notice however, that there is potentially interesting phenomenology in these models,
which we leave for a future work. With this exclusion and using the strong correlations
seen in Figs. 2.3.6-2.3.8, we have accomplished our goals at least for the regime of
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Figure 2.3.9. Power spectra of strong DAO models where the �rst few DAO peaks have
roughly the same height, reaching the CDM amplitude. The black line is the sDAO
model from Bose et al. (2019), while the lines with different colours are for ETHOS
models. It is possible to accomplish this behaviour within the ETHOS framework for a
�xed value of n by systematically changing the value ofa l � 2 for n = 8;9;10.

weak to moderately strong (hpeak � 0:6) DAO models, i.e., we have found a way to
connect the parametershpeakandkpeak in our parametrization ton anan, respectively,
in the original ETHOS framework, as well as to connecthpeak, kpeakandh2 to physical
quantities that are responsible for the DM-DR decoupling.

Within our parametrization, it is possible to include models with stronger DAO
features (hpeak� 1), but that do not exceed greatly the CDM power spectrum, such as
the benchmark sDAO model analysed in Bose et al. (2019) to show the distinct features
this type of models leave in the Ly-a forest 1D �ux spectrum. To do so, we need to
change the value ofa l � 2 from 3=2 to a value ofO(10) for n � 9. In this way, we can
create power spectra that have strong DAO features but without havinghpeak=h2 < 1
(see Fig. 2.3.9). This modi�cation breaks the relations for the peak heights in Fig. 2.3.7
and 2.3.8, while the one forkpeakstays unchanged. We used these models with increased
a l � 2 for our strong DAO cases.
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hpeak h2 t s b d
0.0 0.0 0.0 0.0 2.24 3.0
0.2 (0.067,-0.086,0.0011) 0.34 0.23 3.1 2.93
0.4 (0.221,-0.025,0.0129) 0.34 0.22 3.61 2.61
0.6 (0.572,-0.008,0.1490) 0.38 0.2 3.91 2.44
0.8 0.88 0.55 0.2 4.0 2.46
1.0 1.08 0.67 0.2 4.05 2.5

Table 2.3.2. Parameters used to construct the linear power spectra used in our simu-
lations (Eq. 2.3) as a function of the amplitudehpeakof the �rst DAO peak relative to
CDM. For hpeak in the range[0:2;0:6], the amplitude of the second DAO peak,h2 is
given by h2 = Aexp(Bkpeak) + C, where the(A;B;C) values are given in the column.

2.3.2 Final parameter space

Given all previous considerations, we work with a 2D parameter space with a set
f kpeak;hpeakg. We explore simulations within a range ofkpeakbetween 35-300hMpc� 1and
hpeak from 0 to 1. Notice thathpeak= 0 corresponds to thermal WDM models. This
parameter space is covered with a grid of 52 simulations, spaced by 0.2 intervals in
hpeak and equidistant in log(kpeak) on two separate intervals: [35,100]hMpc� 1and
[100,300]hMpc� 1. The parameters of our full parametrization (Eq.(2.3); Table 2.3.2)
have been calibrated to the linear power spectra of the corresponding ETHOS model
obtained with the Boltzmann solverCLASS. We �nd that for all models, the parameters
t ;s ;b andd only depend onhpeak. Following the results in Fig. 2.3.7, we can relate
n = 4 for hpeak= 0:2, n = 6 for hpeak= 0:4, andn = 9 for hpeak= 0:6; all of these
with constant valuesa l � 2 = 3=2. The height of the second DAO peak,h2, depends on
kpeak(through the correlation seen in Fig. 2.3.8) for all these models, but we �nd that
can be modeled with a simple exponential functionh2 = Aexp(Bkpeak) + C (see Table
2.3.2 for the values of A, B, and C). Forhpeak= 0:8;1:0, n was �xed to 9, buta l � 2
had to be increased to a value in between� 10� 30(30� 100) for hpeak= 0:8(1:0),
depending on the value ofkpeak, in order to reach the desired value ofhpeak without
having a very dominant second DAO peak, which in this case is independent ofkpeak.
The �nal parameters used in our simulations for a givenhpeakare given in Table 2.3.2.

2.4 Results

To characterise the differences between DM models and �nd out which features survive
the non-linear evolution, we look at the matter power spectrum and the halo mass
function at high redshiftz> 5.
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Figure 2.3.10. Division of structure formation models in the effective parameter space
hpeak and kpeak (see Eq. 2.3) according to their power spectra atz = 5 for kprobe=
500hMpc� 1. The black contour lines correspond to the ratioR(kprobe) of the CDM
power spectrum relative to a given model (see Eq. 2.9). The colour scale shows the
re-normalized values of the integrated quantityÎ (kprobe) (see Eqs. 2.10� 2.11), where
a value of 1 corresponds to areas that are degenerate with WDM: models withÎ = 1
have the same power spectrum atz= 5 as the WDM model at the same contour value
of R. The black dashed line (Î (kprobe) > 1:04) on the upper left encompass the area
where DAO features survive untilz= 5. The region to the right of the blue dashed line,
R(kprobe) = 1:1, can be considered as nearly indistinguishable from CDM up tokprobe.
The hashed region on the lower left encompasses the area of models that are degenerate
with a thermal WDM of mass <3:6 keV, which has been ruled out by Lyman-a forest
data (Murgia et al., 2018), and the arrow indicates the upper bound from the Lyman-a
analysis ofhpeak= 0:2 (n = 4) models in Archidiacono et al. (2019). The ETHOS-4
model used as a benchmark in Vogelsberger et al. (2016) is indicated by the purple star.

2.4.1 Matter power spectrum

We evaluate the power spectrum of the simulations at different scaleskprobebetween
10hMpc� 1and 500hMpc� 1. This range roughly covers the relevant range where
new DM physics can play a role in the physics of galaxies: the larger scales are
bounded by current constraints over deviations from CDM (for instance from Ly-a
forest measurements e.g. Irši�c et al. 2017), while the smaller scales are bounded by the
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minimum scales at which galaxies can form, where we use the atomic cooling limit as
a reference. Atz= 5, the virial mass of a halo corresponding to a non-linear scale of
k = 500hMpc� 1is � 5� 107M � h� 1, which is just below the atomic cooling limit at
this redshift,� 108M � h� 1.

To quantify the difference of a given model with respect to CDM, we de�ne two
different diagnostics: (i) we compute the ratioR(kprobe) of the power spectra with
respect to CDM atkprobe:

R(kprobe) =
D2

CDM(kprobe)
D2(kprobe)

; (2.9)

and considerR(kprobe) � 1:1 as essentially indistinguishable from CDM (since we set
our convergence goal to5%; see Appendix 2.6.1); (ii) to distinguish different non-cold
DM models,R(kprobe) is not suf�cient enough, as two models with the same ratio at
a givenk can have different behaviour on larger scales. To capture this with a single
number, we de�ne the following dimensionless integrated quantity5

I (kprobe) =

Z kprobe

kmin

�
D2

CDM(k)
D2(k)

� 2

dlnk

ln(kprobe=kmin)
; (2.10)

where we choosekmin = 10hMpc� 1since, as we mentioned above, the models we are
interested in have the same power at this scale. By construction, a larger value of
R(kprobe) also results in a larger value ofI (kprobe), thus we need to normalize it to a
reference case in order to de�ne a comparative quantity across the different structure
formation models. We choose the WDM case as the reference and normalize Eq.(2.10)
for a given model by the value ofI (kprobe) of a WDM model with the same value of
R(kprobe):

Î (kprobe) =
�

I (kprobe)
IWDM(kprobe)

�

R(kprobe)
(2.11)

De�ned in this way, for a �xedR(kprobe), all models withÎ (kprobe) = 1 have a non-linear
power spectrum at the given redshift which is essentially indistinguishable from a WDM
of the sameR(kprobe), regardless of how different the linear power spectrum of these
models is relative to WDM.

Figure 2.3.10 shows the results for our simulations forz= 5andkprobe= 500hMpc� 1in
the leading order space of parameterskpeakandhpeak(Eq. 2.3). We recall that we ran 50
simulations for models within this parameter space, which are then used to bilinearly
interpolate the values ofR(kprobe) andÎ (kprobe) between the simulated models (the grid
described in Section 2.3.2) to �ll in Fig. 2.3.10. The line contours showR(kprobe),
which increases from right to left with the models to the right of the blue dashed line
(R= 1:1) being virtually indistinguishable from CDM, while those to the left become
ever more divergent from CDM. The colour scale shows the value ofÎ (kprobe) and
therefore quanti�es how different a model is compared with a WDM model that has

5Note that we use a quadratic dependence on the ratio1=T2
NL = D2

CDM=D2 in the integrand in Eq.(2.10)
instead of a linear one in order to enhance the difference between models.

43



Chapter 2. The non-linear extension of the ETHOS framework

the same value ofR. Note that the WDM models in this plot lie at the bottomkpeakaxis
(hpeak= 0). Using the connection betweena andmWDM from Viel et al. (2005)

a = 0:049
� mWDM

1keV

� � 1:11
�

Wc

0:25

� 0:11 �
h

0:7

� 1:22

h� 1Mpc; (2.12)

we can computemWDM from kpeak:

mWDM

1keV
=

"

0:050
�

kpeak

hMpc� 1

� �
Wc

0:25

� 0:11 �
h

0:7

� 1:22
# 1

1:11

(2.13)

For a value of̂I close to one (green colour), the model's power spectrum (up tokprobe=
500hMpc� 1and atz= 5) will be indistinguishable from WDM, while larger values
mean that the power spectrum shape fork < kprobeis truly distinct from WDM regardless
of the value ofR(kprobe). The region in the top left wherêI (kprobe) has the largest values
corresponds to models with strong DAO features (hpeak& 0:7 andkpeak. 65hMpc� 1;
labeled as DAOs) where the impact of the DAO features has not been erased by the non-
linear evolution down toz= 5, and thus still leaves a signature in the power spectrum
up to kprobe. As is apparent most of the parameter space outside of the latter DAO
region has values of̂I close to 1, and thus any models here are essentially degenerate
(up tokprobe= 500hMpc� 1and atz= 5) with a WDM model with the same value ofR.
This degeneracy is either caused by the non-linear evolution erasing the DAO features,
especially for the weak DAO models in the lower part of the plot (hpeak . 0:6), or
because the DAO features appear at smaller scalesk > kprobe than we are interested in
(for models withkpeak& 100hMpc� 1). We remark that comparisons between WDM,
wDAO and sDAO models have been done in the past usingN-body simulations (see
e.g. Buckley et al., 2014; Vogelsberger et al., 2016; Schewtschenko et al., 2015). In
particular, Murgia et al. (2018) have shown that the presence of weak oscillations does
not affect the scales probed by Lyman-a forest observations. However, we are showing
with Fig. 2.3.10 that the degeneracies between DAO and WDM models extend to much
smaller scales (including strong oscillations), and crucially, we introduce a quantity
Î (kpeak) that is a measure of the degree of degeneracy.

The hashed region on the lower left was constructed taking as a reference the
constraints on the thermal WDM particle mass from current Lyman-a forest data from
Murgia et al. (2018) using MIKE/HIRES data:mWDM < 3:6 keV (2s C.L.). To do this,
we follow the contour line corresponding to this WDM model, up to the value ofhpeak
that remains degenerate with this WDM model (hpeak� 0:47) using a value of̂I = 1:01
as the dividing threshold. We then continue the Lyman-a constraint line towards larger
values ofR along thisÎ threshold. We remain within this threshold because we expect
that beyond, the Lyman-a analysis based on WDM model would no longer be valid due
to the impact of the DAO features. In this way, the hashed region on the lower left is
our expectation for the exclusion region from Lyman-a data. Drawing this region more
precisely would require a full analysis of the predictions of the 1D �ux power spectrum
within our framework. For theh = 0:2 (n = 4) case, this was done in Archidiacono et al.
(2019) and we indicate their upper limit ofanx4 < 30Mpc� 1 as an upper bound onkpeak
with the arrow in Fig. 2.3.10. We notice that their direct constraint on the wDAO model
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2.4. Results

Figure 2.4.11. Comparison of the power spectra from a couple of DAO models and
the comparable WDM models withm = 2:3keV (left) and m = 3:4keV (right) at
the initial conditions for our simulations (z = 127 top panels) and at the end of the
simulations (z= 5; bottom panels). The left panels are for a wDAO model (ETHOS-2 in
Vogelsberger et al. 2016), while the right panels are for an sDAO model. On the left, the
different models have clearly different power spectra at the initial conditions, but become
completely degenerate atz = 5. On the right panels on the other hand, the models
remain different even atz= 5, despite having the same power atk = 500hMpc� 1. This
shows that only strong DAO models have truly distinct power spectra features relative
to the WDM model.
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