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1 Introduction

Currently, among the theories that describe the Universe on a large scale, the ACDM
Model is the most widely accepted by the scientific community. It describes a spatially-
flat Universe, in which the energy is allocated as follows:

e 68 + 1% in Dark Energy
e 27 4+ 1% in Dark Matter
e ~ 5% in Baryonic Matter

Other contributions to energy (photons, neutrinos,...) are negligible.

Although the numerous successes of the ACDM Model, the nature of Dark Energy
and Dark Matter is not yet clear. In this thesis, it will be assumed that the Dark Matter
is composed of elementary particles, which are only theoretical at the moment, created
in the very first instants of life of the Universe. The dispersion velocity of these particles
in the formation of structures is negligible, thus we name it Cold Dark Matter.

Over big scales (> 10kpc), the ACDM Model has been amply corroborated, and
can be considered substantially correct. However, the predictions of the CDM Model
diverge significantly from observational data over minor scales (typical of galaxies). It
is therefore necessary to develop a new model for the Dark Matter, which replicates the
predictions of ACDM theory over big scale and concurrently agrees with observational
data over minor scales.

An alternative model provides that Dark Matter is “Fuzzy”, in the sense that it is
composed of extremely light bosons or axions. In particular, the mass of Fuzzy Dark
Matter (FDM) particles is expected to be ~ 10721 — 10722 eV otherwise, as shown in the
following, FDM wouldn’t be able to explain the phenomena for which it is introduced.
Thanks to their small mass, these particles have a wave nature that is manifest over
astrophysical scales, and that prevents themselves to collapse into the galactic nucleus.
Thus, Fuzzy Dark Matter halos are stable for the same reason that makes atoms stable:
any attempt to confine a Fuzzy Dark Matter particle under a scale smaller than its huge
wavelength would produce an increase in the particle momentum.

More specifically, the so-called “small-scale crisis” is mainly threefold:

e According to cosmological simulations related to the ACDM Model, the expected
number of dwarf galaxies, which are supposed to populate CDM subhalos, is much
larger than the observed one: CDM should form some hundreds of subhalos around
the Milky Way, in contrast with the 11 observed dwarf galaxies. This issue goes by
the name of Missing-Satellite Problem.

e Usually, the baryonic physics is invoked to solve the Missing-Satellite Problem: for
example, stellar winds or supernovae could drive the baryonic matter out of small
CDM halos. However, these kind of explanations makes another issue to arise: the
Too big to fail problem, related to the fact that some expected dwarf galaxies are
nevertheless too massive to be wiped out.



e It is possible to probe the CDM distribution even near to the galactic cores. However,
while numerical simulations describe a singularity in the Dark Matter density for r = 0,
the value of popas is observed to be approximately constant in the inner regions of
galaxies. This mismatch is the Cusp-Core Problem.

In Section 2, the physics that describes FDM particles is presented. The main inter-
est is focused both on the value of their mass, and thus on their De Broglie wavelength,
and on the Madelung Equations, a formulation of the Schrédinger equation in terms
of hydrodynamics variables. In fact, the superfluid model is much handier to compute
numerical simulations with which to compare CDM and FDM models.

Section 3 aims to summarise some of the macroscopic, and therefore observable, features
of FDM structures. Moreover, constraints on size, density and mass of Fuzzy Dark Mat-
ter halos are derived starting from the properties of FDM particles. Finally, the three
main issues of the small-scale crisis are presented in greater detail.

Section 4 is dedicated to the comparison of CDM and FDM density power spectra de-
rived from numerical simulations in the linear regime. In particular, a numerical result
derived by Hu, Gruzinov and Barkana ( [1]) describing the ratio of the power spectra is
initially refined. Then, the same model is studied varying some cosmological parameters
(mass of FDM particles, dark matter density and neutrino mass), showing a very weak
dependence on these quantities.

Section 5 focuses on the constraints on FDM model provided by the Lyman-alpha forest:
after a brief explanation on the nature of the forest and the way it affects the model,
a strong constraint on FDM particles mass derived in the nonlinear regime is reported.
The number of the Milky Way FDM subhalos is also explicitly calculated according to
one of the very few values of mppys that satisfies the Lyman-alpha forest constraint and
approaches to solve the missing-satellite problem. Furthermore, since the constraint im-
posed by the Lyman-alpha forest clashes with the expected value of mppys, an attempt
to recover the model is presented in the form of mixed models. However, also mixed
models are shown to be unable to solve the missing-satellite problem while remaining
compatible with the Lyman-alpha forest.

In Section 6 ratios of FDM and CDM power spectra derived with numerical simulations
in the nonlinear regime are reported, studied varying redshift and mpgpys, and compared
with the ones presented in Section 4.

In Appendix A, a more accurate fit for the ratio of FDM and CDM power spectra in the
linear regime is derived and analyzed.

In Appendix B, the basic algorithm followed by AX-GADGET (the code used to produce
the simulations used in Section 6) is illustrated.



2 The Physics of Fuzzy Dark Matter

Fuzzy Dark Matter is composed of extremely light particles. However, the presence
of some particles with small or zero mass is a characteristic common to many field
theories, therefore it is not necessary to introduce these particles to specially justify the
FDM ( [2]). The reason that makes these particles so widespread concerns their extra
symmetry (exact or approximate), evident in the action

I = ;/d4x\/jgguyau¢au¢ (1)

which is symmetric for the shift transformation ¢ — ¢ + C, where C is a constant.
This symmetry is obviously lost if a mass term or a coupling (self coupling or with other
fields) is introduced. If we introduce a very small mass or coupling, the exact symmetry
is downgraded to an approximate one.

A remarkable example of an approximate shift symmetry can be found in the action
of the “axionlike fields”, that is characterized by two parameters F' and a

I= /d4:r\/—g [;Fzg’“’aﬂa&,a — (1 = cos a)] (2)

This action is clearly symmetric under the shift transformation a — a + 27, where
a is a dimensionless scalar field. The mass of axions can be obtained by expanding the
term in the round parenthesis at the first order in a and dividing by F2, so to obtain

1 4
I= /d4x\/—gF2 [zg“l’a”a&,a - 572@2] (3)
It is easy to identify the mass term for a
2
Mg = % (4)

In particular, it is possible to obtain mg ~ 1072 —10722 eV for appropriate y and F;
therefore these fields are good candidates for FDM. The exact value of F' varies according
to the model, but in most cases it lies between the GUT scale 10'6 GeV and the reduced
Planck mass 108 GeV ( [2]).

1019 GeV < F <10 GeV (5)

Also p depends on the model, but it can be roughly valued by

pt~ My APe™ (6)

where S is the instanton! action and A is an estimation of the suppression of instanton
effects due to supersimmetry, and covers a very wide spectrum of values:

L An instanton is a solution to the equations of motion of the classical Field Theory on a Euclidean
spacetime.



10* GeV < A < 10%¥ GeV (7)

However, A typical values are 108 GeV, 101! GeV and 10* GeV, depending on how
(and if) the suppression occurs. Taking F =~ 107 GeV - an indicative value of the

previously calculated range - it is possible to calculate the value of S that produces
mq = 10722 eV.

165, if A is 10 GeV
S =14198, if Ais 10! GeV (8)
230, if Ais 10'® GeV

which are reasonable values for S, as can be shown considering the very rough for-
mula? S ~ 2w /aq, where ag is the Standard Model coupling constant at GUT energy.
Taking o = 1/25, it follows that S & 157, which is of the same order magnitude of the
previously calculated S, so there is another reason to expect mq ~ 10722eV.

It is also possible to estimate F' analyzing the evolution of the axionlike field a. The
first thing to notice is the impossibility to know the value taken by the axionlike field in
the very early Universe. In fact, as the axionlike field potential in (2) is pu*(1 — cosa), it
would have been written more generally as ;*(1 — cos(a — ag), where we have assumed
aop = 0. Indeed, the value of ag depends on the mechanism that breaks the shift symmetry
when the energy of the field drops down. However, whatever mechanism determines the
value of a in the early Universe do not permit us to find out what is the value of a that
minimizes the potential at low energies. For this reason, the only possible choice is to
take the initial value of a as random. Furthermore, ¢ is intended to remain constantly
equal to its initial random value as long as H 2 m,. This is a consequence of the
equation of motion of an oscillating field that depends only on time in a Friedmann-
Robertson-Walker Universe:

i+ 3Ha+m2sina =0 (9)

It is straightforward to notice that, for H > m,, the value of a is constant (since
equation (9) is solved for @ = 0). When this condition is no longer valid, a starts
oscillating with angular frequency m,c?/h (once restored h and c), and the amplitude

of the oscillations is damped as R3. Moreover, the energy of this field scales as R~3,
S0 it is consistent with the behavior of Cold Dark Matter.

When H ~ my,, the temperature has reached the value Ty, that satisfies the rough
relation

£
Mpy

Furthermore, the energy density of radiation is 7}}, while the Dark Matter one is
approximately p? (from equation (2)). Remembering that

=m, (10)

2This formula is valid only in a few simple cases, but can still be used to find out what values of S
are reasonable.



Pa 1
— X = (11)

py T
where p is referred to the energy density of Dark Matter and radiation, it is clear
that they are equal when T' = T7 =~ 1eV. Briefly, it is possible to refer to the following

rough relation:
4
© To
2 29 1 12
And recalling the relation between p, F' and m,

pt = F*m; (13)

It is possible to obtain the value of F' that is in agreement with the fact that the
field a is a candidate for Dark Matter:

3 1

4 2
Mp, Ty

L lme=10-22ev
a

F~ ~0.5-10'7 GeV (14)

It’s interesting to notice that two separate arguments about Fuzzy Dark Matter have
led to the same value of F' (and, consequently, of p).
An estimation of Ty allows to understand when the axionlike field begins to oscillate:

T() ~ \/maMpl ~ 500eV (15)

that corresponds to a redshift of ~ 2-10%. So, FDM begins to oscillate after nucle-
osynthesis (which happens at redshift ~ 3 - 10®). For this reason, and recalling that the
energy density of a is approximately constant before it starts to oscillate, it is possible
to conclude that FDM acts as a form of Dark Energy (distinguished precisely by having
p constant) during nucleosynthesis. However, the contribution of FDM to Dark Energy
is negligible ( [2]).

Another issue concerns axion self-interaction. Until now, the dynamics of the FDM
field have been considered as purely gravitational, but it’s easy to notice that action (2)
generates also a self-interaction term in the equation of motion:

2

D*D,a+m2a— %cﬁ +0(a®) =0 (16)

2
In what limits the (attractive) self-interaction term “g2a® can be neglected? To

answer, we have to compare m2a®, which represents the self-interaction - with the grav-
itational term em?2a, where € is the gravitational potential. So, we have to figure out if
m2a® > em2a — a® 2 e.

For T' = Ty - when the field begins to oscillate - a still has its initial random value,
so we have a? ~ 1. At the same time, € has the value of the primordial cosmic fluctua-

tions: € ~ 107°. Therefore, in the early Universe, a® > € and the self-interaction term



dominates. Things change as the Universe ages. Since a ~ R~ 2 the gravitational term
begins to dominate when R increases by a factor of about 105, i.e. when a® ~ €. In
other terms, gravity dominates when the temperature is dropped below Tj - 10~ 3.0 It
is important to notice that gravity is already dominating the FDM dynamics when the
radiation-matter equality is reached.

There is often another type of potential in dealing with FDM: € ~ GpL?, which
represents the gravitational potential generated by a weakly bound object with density
p and size L. In this case, the dynamics are dominated by gravity if a®> > € ~ GpL?.
Remembering that, for an axionlike field, p ~ F?m2a?, it is easy to obtain 1 > GL?F?m?
and substituting G = it is possible to conclude that the self-interaction term

1
87TM1231
dominates the dynamics of this object if

1< V8T Mpy;

~1 1
Fon pc (17)

Considering that FDM particles have a De Broglie wavelength of ~ 1 kpc, we will
always neglect self-interaction term for FDM candidates.

Another question concerns the actual possibility of detecting FDM particles. In
fact, due to their extremely small mass and weak coupling with ordinary matter, any
conventional search for Fuzzy Dark Matter candidates would not be successful. However,
some proposal for direct observation of axionlike particles have been made by Arvanitaki
et al. ([3]).

In particular, axionlike candidates for FDM with mass included in the range 10722 eV <
mq < 1071%eV can affect the dynamics and gravitational wave emission of rapidly rotat-
ing black holes by the Penrose superradiance process: an effect resulting from the entry
of matter in the ergoregion of a Kerr Black Hole. Once entered in the ergoregion, the
matter is split in two parts: one could fall into the event horizon, while the other could
exit the ergoregion. The emitted matter has in general more energy than the entire
matter that initially entered the ergoregion. The energetic imbalance of the emitted
matter is at the expense of the rotational energy of the black hole, which loses some of
its angular momentum. This loss of angular momentum affects the gravitational waves
emitted by the black hole, through which the decrease of energy of the black hole could
be detected. The value m, ~ 10722V is not optimal for this technique, but can still be
detected.

Other possibilities to detect FDM candidates involve CASPEr axion experiment ( [4])
and, less directly, the observations of pulsar timing ( [5]).

2.1 The Superfluid Model for Fuzzy Dark Matter

As shown previously, in studying FDM it is possible to ignore its self-interaction. Thus
FDM candidates action is

1m2c?
2 R2

o = [ 0,00, — 1T 52 (18)

th
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which describes the motion of a scalar ¢ (related to the axionlike field a by the
relation ¢ = Fa) minimally coupled to the metric g"”. Instead of studying the field
¢ directly, in the nonrelativistic limit it is convenient to express ¢ in terms of another
scalar field v, whose equation of motion is derived.

h3 —imc? imc2t
6= %j<we e ) (19)

The equation of motion of ) has the form of a slightly modified Schrédinger equation

( [6])

.3 h?
ih “HY ) = (- >+ md 2
i <¢+ 5 ¢> < 2mR2v +m )1/1) (20)

where the zp term is neglected and a FRW metric perturbed by the gravitational
potential ®(r,t) is adopted:

20 20
ds® = (1 + C2> Adt? — R (t) (1 - Cer2> (21)

where R(t) is the scale factor.
It is now convenient to consider Dark Matter as a superfluid, so it is necessary to
define its fluid density p and velocity v:

Y= ,/Le? (22)
v =gV = sl (5Ve - £vy)

Applying these definitions to the ¥ equation of motion in comoving coordinates, one
obtains the following relations:

1

. 1 1 h2 V2\/ﬁ (23)
v+Hv+R(V-V)v——RV@+2R3m2V< 7p >

These are the Madelung equations ( [6]) and the modified Navier-Stokes equation,
adjusted with terms proportional to H to take in account the expansion of the Universe.
The Madelung equations are essentially an alternative formulation of the Schrédinger
equation, written in terms of hydrodynamics variables. They can be considered a quan-
tum generalization of the Navier-Stokes equation for fluid dynamics (which are derived,
in turn, by application of the Newton’s Second Law to fluid motion). Besides the terms
that describes the expanding Universe contribute, the differenge between Madelung and
Vivp

; ), which is commonly

. . . . . 2
Navier-Stokes equations is contained in the term A—sV
2R3m

referred to as the “quantum pressure” term. This contribute causes the fluid to acquire
a certain rigidity against compression.



The advantage in using the Madelung equations instead of Schrodinger one concerns
the fact that the superfluid model is simpler to treat with numerical simulations, which
are the main means to compare FDM and “standard” Dark Matter models.



3 FDM constraints and predictions over small scales

As said in Section 1, predictions of CDM and FDM models over scales bigger than ~
10kpc, where they reproduce correctly the observational data. However, the two models
differ over smaller scales. In particular, none of CDM predictions have been observed
in the Milky Way or other Local Group galaxies, while it will be shown that FDM
models are more successful in describing the same astrophysical data. In the following,
some of the numerous comparisons between FDM predictions and observational data are
described.

3.1 Limits on size and density of a FDM structure

A first constraint on FDM emerges studying the equilibrium of a self-gravitating system.
The confrontation between the kinetic and potential energy of such a system brings to
the definition of its virial radius, that is associated with stability. If the de Broglie
wavelength of FDM candidates were bigger than the virial radius, the system could not
reach the stability. This fact establishes a lower limit to the size of FDM structures:

A GM h?

L N e >
o — U v2 — GMm?

A more precise reasoning brings to a lower limit for 7 /5: the radius containing half of
the mass of a spherically symmetric, time-independent, self-gravitating system of FDM

([2])-

(24)

2
T2 > 3.925% (25)
Inserting data (M = 109My, m = 10722eV) in equation (25), one obtains 0.335kpc
as lower limit for 71 /5. The equality is reached if the system is the state that minimizes
the energy, which is called “soliton”. This constraint reveals a strange property of self-
gravitating time independent FDM systems supported by quantum pressure: the larger
is the mass of the structure the smaller is its scale.
Developing (25) it is possible to derive an upper limit for the central density of an
FDM structure.

2

am2\? 4
< 0.0044 ( Z5- ) M (26)

B M
Pe = 47r7”:f/2
3

Again, inserting data in this equation one obtains an upper limit of 7.05Mspc™
for the central density of an FDM structure (i.e. an upper limit on the density inside
a sphere of radius rq /2). This limit offers the possibility to test the FDM model by
comparison with observational data. More precisely, it is possible to compare this result
with the observed central densities of dwarf spheroidal galaxies in the Local Group.
These galaxies are, in fact, strongly dominated by dark matter, and then represent the

3



most severe test for the model. However, the maximum value of the central density of
a dwarf galaxy observed in the Local Group is 5Mopc™3, which is consistent with the
FDM model (mppas = 10722eV and Mg, ~ 108 — 109My).

Therefore, it is possible to extract another remarkably confirm of the FDM model
by analyzing the dwarf spheroidal galaxies. If we assume that the central part of these
galaxies is a soliton, it is possible to obtain a reasonable value for the FDM particles
mass by studying the kinematics of the stars orbiting around it. Using this approach,
two estimates for the FDM candidate mass were obtained ( [7]):

o m=2810"2eV

e m=06"710"22eV

These measures are compatible both with each other and with the assumptions of
the FDM model.

3.2 Effects due to the relaxation in systems composed of FDM

FDM is successful in describing several phenomena which are inconsistent with the
standard CDM models (in particular the cusp-core and the missing-satellite problems).
Most of these matters deal with the relaxation® in systems composed of FDM. In the
following, relaxation for FDM is firstly described, and below some of the problems are
presented and faced using the FDM model.

3.2.1 Relaxation in FDM systems

Due to the fact that FDM and standard CDM follow the same behavior over big scales,
it is reasonable to expect that the soliton is surrounded by a Dark Matter virialized halo,
which density follows a Navarro-Frenk-White profile ( [8]):

pnrw(r) = —L0 (27)
= (1 + RL>

where pg and R are parameters that describe the central density and the “scale
radius” of any particular halo. This conclusion is confirmed by simulations ( [9]).

3Relaxation is the process that drives a perturbed system to the equilibrium, and is characterized by
a relaxation time.

10
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Figure 1: Navarro-Frenk-White profile that describes the density of the halo sur-
rounding a soliton with py = 5Mg /pc® and R, = 0.335kpc

It is also possible to use the simulations to derive a relation between the masses of
the soliton and the surrounding halo:

Msoliton ~ 2.7 108M@ (28>

10722eV [ My V3
101007,

Despite the fact that most of the mass is in the halo, these simulations show that there
is a two order of magnitude gap between the FDM density in the halo and in the soliton.
Moreover, increasing the mass of the halo, one occurs in two surprising consequences:
the gap between the halo and soliton densities grows up, and the soliton mass becomes
even smaller than the one estimated by using equation (28). To understand this last fact,
it is necessary to investigate on the relaxation process that occurs in a FDM system.

First, an isolated CDM system in equilibrium (i.e., composed of non collisional Dark
Matter particles) evolves only through two-body relaxation ( [10]). It is also possible to
derive an expression for the characteristic time of the process:

M
trelaz = OlL (29)

om

Substituting typical values for M and m, one finds that the relaxation time is in
general much bigger than the Hubble time, so the process can be neglected.

11



Things are different if the system is composed of FDM instead of standard CDM. In
this case, every eigenstate different from the soliton is unstable, and the whole system is
destined to collapse into a soliton by a process called “Gravitational Cooling”. Moreover,
the wavy granularity, which is the source of the relaxation process for FDM systems, is
due to two phenomena ( [2]):

e The finite number of eigenstates in the halo (of order (2%)3)

e The spatial correlation in density fluctuations that arises because the FDM particles
are bosons.

It is possible to roughly estimate the relaxation time given by the density fluctuations.
Let p be the local density of an FDM halo. As a consequence, FDM acts as quasiparticles,
with effective mass mery ~ p(A/2)%. Again, a rough estimation of the relaxation time
is given by the formula (29), where we substitute the effective FDM mass in place of m
and write M ~ %wprf’, the halo mass included in a sphere with radius 7.

rM 0.4 m3v2rt

UMeff frelax m3h3

lrelax (7") ~ (30)

Where freae S 118 a dimensionless constant. Finally, we find that the relaxation

~

time for an FDM system composed of an FDM quasiparticle with mass 10722 eV, orbiting
around a sphere of radius 5kpc at a velocity of 100 Km/s is about flrglljz years.

Briefly, every FDM halo will slowly develop a solitonic core with the mass included
in a radius r4, where r satisfies the relation t,.¢jq.(7s) = to (and tg is the age of the halo).
An important fact to notice is the relation between the relaxation time and the velocity
and radius of the halo. Low-mass halos have also small radius and velocity, so their
relaxation time will be very short if compared with higher-mass halos. Consequently,
most of the mass of the small halos is collapsed in the soliton by gravitational cooling,
and as the mass grows the relaxation time becomes bigger. Thus, as anticipated, in big

halos only a small fraction of the mass is collapsed in the soliton.

The fluctuating potential has effects on some structures that populates the galaxy. In
the following, some of these will be analyzed, so it is important to estimate the physical
quantities that are going to be used. As a rough estimate is sufficient, we can examine
the Milky Way at the distance of the Sun. Therefore, we have: r ~ 10kpc, v ~ 200 Km/s
and p ~ 0.01Mopc=3. Assuming that FDM particles have a mass of 10722¢eV, we can
calculate the de Broglie wavelength A ~ 600pc, and lastly the mass of a typical FDM
quasiparticle meyss ~ p(A/2)3 ~ 3 - 10° Mg,

3.2.2 Disruption of star clusters and wide binary stars

The fluctuating potential generated by FDM exerts tidal forces on bounded structures,
such as star clusters and binary stars. In some cases, the tidal forces are strong enough
to disrupt these structures. Now we are going to determine if the characteristic time

12



of the process is short enough to make it physically interesting. An estimation of the
disruption time for star clusters is given by the equation ( [11])

0.05 oymar;
frelax Gmeffpa3
Where o, ~ v is the dispersion in relative velocity, m¢ is the mass of the cluster,

rp, ~ A/2 is the half-mass radius of the perturber and a is the semimajor axis of the
cluster star. Inserting the following parameters (suitable for a globular cluster)

tdis =~ (31)

v Mgy m p a
200Km/s 3-10°Ms 10722eV  0.01Mgpc™  30pc

one obtains that ¢4, = %?n)yr Thus, the disruption time seems to have no physical
interest. However, it is posgiel;lfe that some globular clusters orbit very near to the
Galactic core, in which the FDM density is much larger. Thanks to the relation ¢4;5
p~2 and assuming frens ~ 1, it is reasonable to expect that the tidal forces produce
observable effects on the globular clusters that are very close to the Galactic core, like
the shear of their outer parts.

Nevertheless, FDM fluctuating potential cannot affect considerably the open clusters.
In fact, in this case nominal values are

v Ml m P a
200Km/s 300-10°Ms 10722eV  0.01Mgpc™  2pc

So one finds tg;s ~ 2 - 101/ f,e102y7, much longer than the typical age of 3 - 10%yr of
open clusters themselves.

The same mechanism might disrupt a system of binary stars. We can use equation
(31) and replace m; with the mass of the binary system my;,, ~ 2M. The widest binary
stars have a ~ 0.1pc. With these data one obtains %z, ~ %?Myr, again a time much
longer than the typical age of stars. o

3.2.3 Effects of FDM on the orbits of merging black holes

Supermassive black holes (10° —10'2 M) are usually in the center of a galaxy. Then, the
merger of two black holes of this kind is supposed to occur when two galaxies collide. In
particular, the process that leads the two black holes to spiral and eventually merge is
influenced by the presence and kind of Dark Matter. This is an important fact, because
the last stages of the inspiral are characterized by the emission of a large amount of
energy in the form of gravitational waves, that could be detected and studied.

However, FDM density fluctuations could hinder the inspiral at kiloparsec scales.
This occurs when the mass of the fluctuations is even larger than that of the black
holes, because in this case the fluctuations pump energy into the black hole system and
compensate its loss due to dynamical friction. Thus, the effect of FDM quasiparticles
on merging black holes is similar to the disruption of binary star systems.

13



It is possible to estimate the scale at which the FDM can prevent the collapse of the
two black holes. The effective mass of FDM quasiparticles is about mes; ~ p’\;, and
a nominal value for p (the mean density inside radius r) can be obtained by supposing
that the mean density is dominated by the FDM density prpas. Under this assumption,
one obtains:

2 2 2
v My 3meyy 3v
mefi T 2 PEDM = 43 = 4nGr? (32)
And remembering that A\ = 27;5”, we conclude that

37203 lkpe\? /200Km/s\ [10-2eV "
~ e =6-10"M, 33
Meff 4Gr2m3v © ( r ) < v ) < m > (33)

Thus, the merge of smaller black holes can be hindered by FDM density fluctuations
at the scale of 1kpc. More precisely, the orbital decay may be stopped and even reversed
if prpymers 2 psmBH, Where p, is the non-rotating stellar system. In this case,
the formation of subparsec black holes binaries would be suppressed. This would be
a remarkable success of the FDM model, but unfortunately the predicted population
of supermassive black holes orbiting at kiloparsec distances from the center of galaxies
would be extremely difficult to detect.

3.2.4 FDM solitonic disk

Since the relaxation time computed in equation (29) and (30) is smaller than the typical
age of a halo, it is possible that an FDM disk is formed around the soliton. Such a disk
could be characterized using three variables:

e The density pppas(r), which should be symmetric around » = 0 and indeed can be
described by its value at this point: ppyrp(r = 0).

e The surface density Xpppyr = ffooo prpM(T)dr.

e The half-thickness ry /5, defined as the distance within which half of the mass is en-

closed: [ prpa(r) = & [ prpa (7).

These features may be estimated by computing the ground state of the Schrodinger-
Poisson equation in one dimension (because of the symmetry of pppas, r is the only
interesting variable), while assuming that the baryonic contribution to the gravitational
potential is neglectable. In particular, assuming that Xppys ~ 100Mopc™2, prpar(0)
and 7y are given by ( [2]):

4 2
GXrpym

1/3
=) ) =0.104Mgpc

proa(0) = 0.984 <
h2 1/3 (34)
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However, the total density in the Galactic midplane is p(0) = 0.10£0.01 Mzpc—3, and
it is strongly affected by the baryons. In particular, for mppy = 10722 €V, the maximum
value of the surface density of the FDM disk in the solar neighborhood is 20Mxpc~2.
Therefore, since the new value of the central density is prpas(0) < 0.012Mopc™3, the
assumption that the baryonic contribution is neglectable is inconsistent. On the contrary,
one could try to calculate prpa(0) and 79 starting from the assumption that the
gravitational potential is dominated by the baryons. The new values are given by ( [2]):

ZFDM (Gngz

1/3
S s > =0.120Mypc 3
b

prpm(0) = 1.141
) 13 (35)
=0.2399 | ——— =228
172 <G2bm2 > be
where X, ~ 51Mgpc—?2 is the baryons surface density along an approximated zero-
thickness sheet that underlies the FDM disk. Taking Xrpar ~ 17Mopc™2, one arrives
to prpar(0) = 0.016Mgpc= and to 7172 = 285pc. Therefore, although an FDM disk
would have a thickness comparable to the baryonic matter one, it would only make a
small contribution (~ 20%) to the total density in the solar neighborhood. This result
is strongly affected by the value of mgpys. In fact, assuming it equal to 1072 eV, the
FDM central density would be comparable to the baryonic one and the disk would be
thinner than the stellar one.

3.3 Lower bound on FDM halo masses

FDM halos significantly less massive than 107 M cannot exist. This fact arises from
two separate arguments that produce the same result. One limit comes from the fact
that every structure formed by gravitational collapse, like Dark Matter halos, cannot be
less dense than the average Universe. Thus, we firstly define the mean density contained
in the half-mass radius p;/, = %%%%2 It has to be compared with py; =~ 200p., the
density that defines the virial radius in terms of the critical density p. = %. More
precisely, we are requiring that p;/5 > gpuir, where ¢ 2 1 is a factor introduced to

account for the roughness of the estimate. Following this approach we get to

M >1.4-10"Myqt (36)

The second argument is based on the Jeans length: the minimal radius that a density
fluctuation needs to have to collapse. In particular, the Jeans analysis for FDM produces
the critical wave number ( [2])

1 1
2(mrGp)amz2
gy = HrCPRme (37)
h2
where p is the background matter density. It is possible to derive the corresponding
Jeans wavelength \; = %, and finally the Jeans mass
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(38)

where Qppys is the fraction of FDM density over the critical one.

Thus, two independent arguments bring to the same lower limit M > (1.4 — 1.5) -
10" M., for FDM halo masses. This constitutes an opportunity for comparison between
FDM and CDM models. In fact, the last provides that the number of halos less massive
than 108M¢, drops down very quickly as n(Mj,) oc M, * ( [12]), so the presence of a large
number of low-mass halos would weaken the CDM models and favor FDM.

3.4 The cusp-core problem

One of the most discussed issues about the small scale crisis of Cold Dark Matter is the
so-called cusp-core problem, that arises analyzing the rotation velocity of objects in the
inner part of galaxies. Obviously, stars populate these regions, and they are certainly
the cause of a fraction of the rotation velocities. Therefore, it is important to take
into account that the motion of objects near the galactic nucleus is strongly affected by
baryionic matter, while the rotational velocity outside the galaxy is dominated by dark
matter. It is however possible to trace the dependence of the rotational velocity on dark
matter density even in the inner part of the galaxies, where velocities are found to rise
approximately linearly with the radius ( [13]). This observation is consistent with the
presence of a central core in the dark matter distribution. However, the first results of
numerical N-body simulations of dark matter halos based on collisionless CDM were not
consistent with the core-distribution, showing rather that the rotation curves rise as the
square root of the radius and that dark matter density decreases as p ~ r=1 ( [14]).
Therefore, numerical simulations describes a steep power-law density distribution, i.e. a
cusp. One of the first models describing the steep power law trend of dark matter density
was proposed by Navarro, Frenk and White in 1997, and has already been reported in
Figure 1. It has been argued that baryonic processes might be the cause of the observed
core distribution. For example, Navarro et al. ( [15]) used N-body simulations to model
the effect of star formation on the baryons and the dark matter, and found that a central
dark matter core can be created if a large fraction of the baryons is suddenly expelled
into the halo.

However, Burkert ( [16]) analyzed four dwarf galaxies and came to the conclusion that
their rotation curves, after appropriate scaling, are self-similar. Therefore, it is unlikely
that baryonic physics blow-outs and mass-flows can accurately explain the presence of
cores, and attributed the linear rise of the rotation curves to the intrinsic properties of
dark matter. Moreover, Burkert found evidence that the mass density in the outer parts
of these four dwarf galaxies drops off as r=3, i.e. consistent with dark matter, and not
as 72, as suggested by the rotation curves of spiral galaxies. Finally, he proposed the
so-called “Burkert profile” to describe this behavior:
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POTS’
r+10)(r? 4 13)

p(r) = ( (39)

where pg and rg are respectively the core density and radius. This model reproduces
the trend of rho both for r both small (p ~ const) and big (p ~ r73).
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Figure 2: Navarro-Frenk-White profile, in red, displays a cusp for r ~ 0, while
Burkert profile, in blue, remains finite for  ~ 0. In both profiles, 1y = Rs = 1000
pc, which has been shown to be a rough estimate of the soliton radius, and py =
Mg /Mpc37 the upper limit of the density of an FDM structure. (Plot computed
with Wolfram Mathematica [17])

One of the main differences between the predictions of FDM and CDM models regards
the Dark Matter density in the center of halos. Indeed, CDM models predict that the
density in Dark Matter halos goes roughly as p ~ r~!, so there would be a cusp for
r ~ 0. On the contrary, as said in Section 2, FDM halos envelope a soliton core at their
center, and therefore is consistent with the presence of cusps in the center of dark matter
halos. Currently, the problem has not been solved. In particular, the dwarf spheroidal
galaxies are being studied because their density is strongly dominated by Dark Matter,
so it would be easier to reveal a cusp or a core in the Dark Matter distribution ( [18]).
However, although the observations of stellar kinematics are more consistent with the
presence of cores predicted by FDM model than with the cusps, a final answer has not
been reached yet.

3.5 The missing-satellite problem

The missing-satellite problem arises from numerical cosmological simulations that pre-
dict the evolution of the distribution of matter in the Universe. In particular, Dark
Matter seems to cluster hierarchically, i.e. every halo is surrounded by others smaller
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subhalos. Further, the number of subhalos increases as the iteration proceeds. However,
whilst the number of normal-sized galaxies, corresponding to normal-sized halos, is in
agreement with the predicted result, the number of dwarf galaxies observed in the Milky
way, i.e. of small-sized halos, is far less than the expected.

For comparison, simulations suggest that the Milky Way has up to 500 dwarf satellite
galaxies (depending on the model), while only 11 has been observed ( [19]).

The most common attempts to solve the missing-satellite problem invoke baryonic
physics and state that ( [2]):

e The ultraviolet radiation could heat the halo gas and suppress gas accretion onto
subhalos.

e Supernovae or stellar winds could drive most of the gas out of the subhalos.

Therefore, according to this model, Dark Matter small-sized halos do form, but bary-
onic matter is swept away or does not even settle over them, making it hardly impossible
to directly probe the presence of Dark Matter subhalos. However, it is not clear if these
solutions can explain the observations over the full range of halo and subhalo masses.

In FDM models, the missing-satellite problem is easy to solve thanks to equation
(36). The number of low-mass FDM halos or subhalos is rapidly suppressed, so we do
not expect to observe many. However, there is another reason that further reduces the
expected number of FDM low-mass halos: the inevitable tidal disruption of subhalos,
due to the upper limit on their density (described in equation (26)) and the possibility
for FDM to tunnel through the potential barrier centered on the tidal radius. More
precisely, a soliton cannot survive on a circular orbit on a host system for more than
10! orbits, unless its central density is p. = 60ppos;. However, the time required by
a soliton to travel an orbit often exceeds the Hubble time. For example, the orbital
period of the Sun is ~ 2.25 - 103y, so it takes 10! - % ~ 1.6 -10° times the Hubble
time to describe 10! orbits. If the soliton mass were p, 2 100ppost, then the survival
time would decrease to a few hundred orbits. This limit has to be compared with the
maximum density of FDM structures given by equation (26). Using these two relations,
it is possible to estimate the minimum mass of an FDM structure that survives for 10
orbits with radius 10 kpc. We will suppose that the mass of the host galaxy is about
10" My the same magnitude of the Milky Way mass.

1 3 3
M, 1 (10kpc\ 1 [10722eV 2
MFDMstruct > 6.7 - 108M® <101?;\54t > ( rh 2 ) < m ) (40)
®© ost

This limit remarks again the suppression of FDM structures with mass lower than
108 My, and is consistent with simulations. The suppression on the number of FDM
halos over the CMD ones becomes much more evident analyzing the power spectra of
density fluctuations. In fact, as it will be shown in Section 4, the power spectrum of
FDM density fluctuations is suppressed at small masses relative to CDM.
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Currently, the most stringent observing limits come from the ALMA interferometer,
which allows to analyze the gravitational lensing of high-redshift galaxies by dark matter
subhalos and probe the subhalo mass function. The sensitivity of ALMA to subhalo
masses is about 10° Mg [20], but this limit is expected to be reduced in the future.

The missing-satellite problem will be analyzed in greater detail in Section 6.

3.6 The too big to fail problem

Even assuming that the baryonic physics explanations for the mismatch between the
observed number of dwarf galaxies and the predicted one are correct, a new problem
arises. In fact, some of the expected galaxies are just so massive that there’s no way
they could not have visible stars. In other words, the dwarf galaxies orbiting around the
Milky Way seem to have much less dark matter than the simulations would predict.

This conclusion was reached by Bullock et al. ( [21]), who used standard abundance
matching methods to relate galaxies and halos * to predict the magnitude difference
between central and satellite galaxies in groups. A possible explanation involves feedback
from massive stars and black hole outflows, but a definitive answer has not been reached
yet.

Anyway, Fuzzy Dark Matter model smartly reduces the magnitude of the too big
to fail problem through two phenomena. At first, as will be shown in Section 4, the
number of halos with mass smaller than 10'°M, is strongly suppressed in FDM model.
Secondly, since the maximum circular speed of baryons is lower if they populate a FDM
halo than a CDM one with the same mass, the measured value of the mass of a halo
varies according to the adopted Dark Matter model. In other words, if FDM model is
correct, the masses of the probed small-sized halos are lower than the measured ones, so
that the halos may still not accommodate a visible dwarf galaxy.

4These methods permit to determine the subhalo masses through the measurement of the maximum
circular speed of the baryons settled on them.
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4 FDM suppression over small galaxy formation in the lin-
ear regime

All the graphs reported in this section are the result of simulations conducted with the
code AXIONcamb( [22], [25], [24]): a modified version of the more popular CAMB that
computes cosmological observables for comparison with data. AXIONcamb exploits the
Madelung Equations (23) to produce, among other results, simulated power spectra for
Dark Matter - both CDM and FDM - density fluctuations. These power spectra P(k) have
been studied varying the mass of FDM particles, the redshift, the mass of neutrinos, the
ratio between the density of FDM and the global Dark Matter one and the density of
Dark Matter Qp. It is of primary importance for the following to underline that all the
results computed with AXIONcamb are obtained in the linear regime.

A remarkable difference between CDM and FDM regards the stability of density
fluctuations. These are unstable over all spatial scales for CDM while, thanks to its
large wavelength, FDM is stable for masses smaller than the Jeans mass. As shown in
Section 3.3, because of the uncertainty principle, an increase in momentum opposes any
attempt to confine FDM particles under the Jeans scale (with which the Jeans mass can
be defined).

This fact brings to a strong constraint on the abundance of FDM low-mass halos.
More precisely, the linear power spectrum of density fluctuations in FDM is strongly
suppressed compared to CDM at small scales. A numerical result that reproduces this
suppression was calculated by Hu, Gruzinov and Barkana ( [1]):

Prpu (k)
Pepu (k)

where z = 1.61m%418%, with £ jeq = 9m§é2Mp(f1 and moy =
eq

COS ZE’S 2
=T() with T(k)~ < : +(x8)> (41)

Ma
10-22eV"
This ratio has also been probed in this thesis, resulting in the relation:

3
cos(x%7) |2

TEk) ~ | ——==
(k) 142"

(42)

The exponents 7.5 and 3/2 reproduce the slope of the suppression better, while the
exponent of the argument of the cosine controls the position of the local minima. The
choice of the exponent 2.7 is due to its better fitting with the simulation at nearly-half
of the suppression (Figure 5). However, the T function fails in predicting the position of
every local minima, so it needs to be further generalized. Moreover, as shown in Figure
(5), even changing m, the function (42) is still a good approximation of the slope of the
simulation.

Furthermore, the proposed fit for T'(k) has been successfully tested for different Dark
Matter densities Qp. As shown in Figure 6, simulations for Qp - h? = 0.2,0.4° don’t
significantly differ from the fit.

5Corresponding to a Universe composed of 44.5% and 89% of Dark Matter respectively.
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Figure 3: Comparison between the T function by Hu, Gruzinov and Barkana and
the ratio of the power spectra of CDM and FDM given from a simulation for
me =4-10722 eV

A further parameter whose influence on T function has been investigated is the
neutrino mass, which has been made to vary within the range of 0.06eV < m, < 0.6eV.
The results, that exclude any dependence of the T function on m,, are summarized in
Figure 7.

According to equation (41), the FDM power spectrum is suppressed by a factor of 2

at
1
ki /o ~ ikhqmgég = 4.5m;‘égMpc*1 (43)
which corresponds to the mass
4 r\? Qrpym —4/3
My =-mp|— ) =5-10"M, 44
1/2 = 37P <k1/2> 007 22 (44)

This suppression imposes a much more stringent limit on FDM halos than the one
presented in Section 3.3 (M > 1.4- 10" M).

Assuming that the rate of suppression has never changed®, this result has a funda-
mental consequence: FDM tends to suppress the formation of small galaxies at high
redshift compared to CDM. This fact offers an important opportunity to probe FDM
models. In particular, it is necessary to verify if the FDM lower limit on Dark Mat-
ter halos is consistent with the high-redshift galaxy luminosity function, reionization at
z = 8 — 9 and production of small-scale structures probed by the Lyman-« forest.

5This assumption will be tested later.
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Figure 4: Comparison between the T function by Hu, Gruzinov and Barkana, the

correction fit and the simulation for m, = 4 - 10722 eV

According to the limit (44) and noticing that M;, > M; ~ 1.4 - 10" My, it is
possible to neglect any effect due to the wavy nature of FDM (that becomes important
for M ~ My). Therefore, one can approximate the formation of structure in FDM
using CDM simulations in which the initial power spectrum is that of FDM. However,
these simulations ( [25]) show that FDM is still able to reproduce the UV luminosity
function of galaxies ad z = 4 — 10) and is consistent with current observations of the
reionization history. Consistence between FDM lower limit on halos and the production

of small-scale structures are discussed in the next section.
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5 Constraints on FDM due to the Lyman-alpha forest

Currently, the most stringent constraint on FDM, that threats to rule out the entire
model, comes from the Lyman-alpha forest. In the following, a first explanation about
what the forest is and how can it bind the FDM model is given. Hence, a detailed
comparison between the data provided by the Lyman-alpha forest and both the FDM
and the alternative “mixed” solution is presented.

5.1 The Lyman-alpha forest

The nature of the Lyman-alpha forest can be understood starting from the light emitted
from quasars. In particular, quasars emit energy in the whole electromagnetic spectrum,
including a strong Lyman-alpha emission line at A = 122nm. However, the typically
huge redshift of quasars makes sure that the observed Lyman-alpha line is shifted to a
major wavelength.

The Lyman-alpha forest forms when the light emitted from a far quasar crosses at
least one of the numerous clouds of gas that stands between the quasar and the Earth.
The intergalactic clouds absorb the ultraviolet light of the Lyman-alpha transition but,
being at a smaller distance from Earth, the redshift of the absorption line is smaller.
Therefore, all the spectrum absorption lines due to the intergalactic clouds are in the
shorter wavelength side of the quasar emission line. Since there are many absorbing
clouds, the resulting spectrum is composed of the initial emission line, followed by some
identical absorption lines at different redshift. The process is summarised in the following
picture

o O
iwfv\é\((}@g Q

Y

A—>
while below are two examples of spectra of high redshift objects
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5.2 Contraints on FDM

The Lyman-alpha forest represents an extremely useful method for probing the matter
power spectrum at small scales (0.5Mpc/h < A < 100Mpc/h), at which the intergalac-
tic medium displays structures ( [26]). This is possible thanks to the fact that the
Lyman-alpha forest is composed of many contributors from clouds at different redshifts.
Therefore, it is possible to analyze the evolution of these structures, which is affected by
the characteristics of Dark Matter. This approach is also useful to probe FDM models.
In fact, even though the de Broglie wavelength is rather small, the effect of FDM on the
linear power spectrum is noticeable on scales larger than the smallest scales typically
constrained by intergalactic medium data. Moreover, the quantum pressure term in
equation (23) results to have a negligible effect on the structure formation relevant for
the Lyman-alpha forest.

However, although there are no reasons to suppose that the rate of suppression of
CDM density fluctuations on FDM ones has ever changed, it is necessary to probe this
hypothesis using simulations. In Figure 8, some T'(k) functions are presented for different
redshifts:

26

1350



Tsimuiation at different redshifts
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Figure 8: T function at different redshifts.

Therefore, although some dependence of T from the redshift emerges, it can be
neglected when probing the Lyman-alpha forest constraints since the furthest objects
that contributes to the forest have z = 10.

The method for probing Dark Matter through the Lyman-alpha forest is broadly the
following:

1. At first it is necessary to follow the evolution of structures in the selected model
using collisionless N-body simulations.

2. An artificial Lyman-alpha forest spectrum is extracted from the data produced
with the simulation.

3. The artificial spectrum is compared with the observed one, and the match (or
mismatch) permits to corroborate (reject) the model.

4. The process is iterated varying some parameters of the initial model in order to
find the constraints.
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Following this approach, Irsi¢ et al. ( [27]) used hydrodynamical simulations to model
the Lyman-alpha power spectrum in the FDM model and compared it with the observed
flux of the quasars XQ-100 and HIRES/MIKE. This analysis brought to a very strong
constraint over the mass of FDM particles:

me > 20-107%2eV (45)

which seems to make vain every attempt to solve the Cold Dark Matter small scale
crisis with ultralight particles, inasmuch it clashes with the expected values for m,
calculated in Section 3.1. This result will be further analyzed in Section 6.

However, an alternative solution was recently proposed by Kobayashi at al. ( [28]).
In particular, even though FDM alone can’t explain the data provided by the Lyman-
alpha forest, a mixed model, in which both Fuzzy and Cold Dark Matter constitute the
entire Dark Matter, could still be valid. In fact, defining the ratio F' = % between the
densities of FDM and total Dark Matter, it is possible to obtain new and less restrictive
constraints. The results are represented in Figure 9
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Figure 9: Constraints on the mass of FDM particles for mixed models with density
ratio F ( [28]).

Therefore, although for ' > 0.4 FDM is ruled out (since the constraint m, 2
1072 eV clashes with the values estimated in Section 3.1), it is recovered for lower
F and can still be used to face the small scale crisis. Moreover, the Lyman-alpha forest
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data are compatible with every value of m, for F' < 0.2.

Furthermore, the suppression of FDM power spectrum over Light Cold Dark Matter
(LCDM) was studied again, now assuming that the Dark Matter isn’t consisting of
FDM entirely but is composed of both FDM and LCDM in a certain ratio F. Results
are summarised in Figure 10. As expected, the suppression for F' = 1 reproduces the
original trend.
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Figure 10: Suppression of FDM power spectrum over LCDM for different F values.

5.3 Full analysis of the missing-satellite problem
5.3.1 The extended Press-Schecther model

Although models with low F satisfy the Lyman-alpha forest constraints, it is necessary
to verify if they can also solve the problems reported in Section 3. In this section, a
formula estimating the expected number of CDM subhalos will be derived and used to
show that the FDM model is unable to solve the missing-satellite problem while remain-
ing compatible with the Lyman-alpha forest even for F' < 1.

Many aspects of nonlinear structure formation, such as the FDM subhalos, can be ana-
lytically described by the extended Press-Schechter (EPS) model, which assumes linear
growth of perturbations followed by immediate halo formation above a certain threshold.
In particular, the threshold for the halo formation could be derived from an idealised
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spherical collapse calculation. Obviously, these are oversimplified hypotheses, but nev-
ertheless the model reproduces fundamental statistics of the structure formation. The
main constraint on the EPS model comes from the initial power spectrum of CDM den-
sity fluctuations, which must not be steeper than k=2 to reproduce the right clustering.
The formalism needs to be adapted in order to give adequate predictions for models
with general initial power spectra. A first attempt of generalization was presented by
Schneider et al. in 2013 ( [29]), and the same method will be followed here.

The starting point of the EPS model is the halo mass function (originally presented
in 1974 by Press and Schechter [30]):

dn  1p dlnv

amar ~ 207V

where n is the number density of haloes, M the halo mass, v the peak-height of

perturbations, p the average density of the universe and f(v) is the first crossing dis-

tribution depending on the way one follows to model the collapse. For the spherical
collapse f(v) takes a particular simple shape ( [31]):

0= Fe

Finally, it is possible to bound v to the other physical quantities through the equation:

(46)

(SN

(47)

02
Y= S(R)D(a) (48)

where d.0 = 1.686, D(a) is the universal growth factor of perturbations

d )
D(a) = ——H(a) / WC(LCL)?’ where H = % is the Hubble parameter (49)

and finally S(R) is the variance of a halo with radius R, defined as:

3k
S(R) = | —P(k)W?(k|R 50
(7) = [ G PRIWAHA) (50)

where P(k) is the linear power spectrum ( [32]) and W (k|R) is a filter function in
Fourier space that takes into account the threshold mentioned before. There are many
possible choices for W: a first possibility is a top-hat function in real space with enclosed

3.
mass M = 4”§R , i.e.

W (K R) = (ki’z)g[sin(m) — 3cos(kR)] (51)

in Fourier space. The resulting EPS halo mass function is in very good agreement
with CDM simulations for halo masses below M = 103 Mg /h, and needs to be slightly
modified for bigger masses ( [33]).
However, different W filters lead to only slightly different models. In particular, since
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the top-hat filter used in the standard EPS approach is unable to model cosmologies
with strongly suppressed power spectra, it could be convenient to confer another shape
to W:

W (k|R) = ©(1 — kR) (52)

where © is the Heaviside step function. This elegant simplification, introduced by
Bertschinger in 2006 ( [34]), consists in switching the filter from a top-hat function in
the real space to a top-hat function in the Fourier space. Formula (52) goes by the name
of sharp-k filter. Adopting this filter, the halo mass function can be simplified:

dn 1 p ) P(1/R)
= —vf(v
dinM 1272 M d2R3
Moreover, the sharp-k filter has no well defined mass M associated to its filter scale R.

Therefore, the halo mass is unconstrained, and its dependence on R could be reproduced
as:

(53)

M = p(eR)? (54)
In other words, we expect that M oc R? due to the spherical symmetry, but we also
reserve the right to adjust the constant of proportionality ¢ in order to make equation
(54) match with observational data. This approach suggests that ¢ = 2.5 is the best
choice.
The most important application of the EPS model for the purposes of this thesis is
the conditional mass function: a formula that gives the abundance of haloes per mass.
In particular, the conditional mass function is given by ( [35]):

dN(M|Mo) My dlnS

T dm M _ﬁsf((swswc,OySO)m (55)
and it can be simplified adopting a sharp-k filter:

dN(M|My) 1 My P(1/R)

(507 5’50,07 SO) (56)

dinM 672 M R3
where, as before, the first crossing distribution f depends on the assumed model for
nonlinear collapse. For a spherical collapse,

(50 - 50,0) (50 - 50,0)2
or(5 =S ¥ {_ 2(S - So) ]

obtained by shifting the starting point of trajectories from (0,0) to (d,0,S0) in the
(6c — S) plane.

This approach can be used to estimate the average dwarf galaxies orbiting a galaxy
(the Milky Way, in the following). However, one must remember that this estimate comes
from an over-simplification: finding the number of a halo progenitors should require the
construction of the full merger-tree, i.e. for every halo one should consider all the possible

f(507 S|6C,0a SO) = (57)
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mergers of pre-existing haloes that could have formed the considered halo. However,
because of the complexity of this calculus, one could follow a simplified procedure (firstly
adopted by Giocoli et al. [36]) and estimate the total number of progenitors over all
redshifts Ngu(dc > 0c0) by computing the following integral:

dNgt 1 /inf dN

dIn M ~ Noorm @ (58)

§oo dIn M c

The reason why one must introduce the normalization constant Ny, is because the
integral overestimates the actual number of progenitors (and thus the expected number of
substructures) because it includes multiple counts pf structures simultaneously existing
at different redshifts. This issue can be solve just by fixing Ny, so that (58) is in
agreement with the outcome of the ACDM simulations. This leads to Nyjorm = 44.5.
Therefore, for a sharp-k filter, the expected number of satellites is given by:

dNew 1 1 My  P(1/R)

= _— - 20 )
dinM 445672 M R3,/27(S — Sp) (55)

resulting in
dNgyup . 1 Mhaio P(l/RSUb)
dMg, — 44.5(6m) M2, R3 /27 (Ssup — Shalo)

where R, M and S are the radius, mass and variance of the main halo or of a given
subhalo defined as:

(60)

1

T or

1/R; 47
S, / dkk*P(k),  M; = —Qupe(c-R)? — ¢=25 (61)
0

3

where P(k) is the linear power spectrum of a given model at z = 0 and p. is the
critical density today.

However, before proceeding with the calculus in the following, it is important to
remark the limits of formula (60). First of all, it is obtained for the linear regime only,
and should be adjusted for the nonlinear regime for a more accurate analysis. Secondly,
the entire model is clearly an over-simplification and does not take into account the
full hierarchical structure formation process. Moreover, due to the simplified method
followed to obtain equation (58), the model does not give the final subhalo mass prior
to the merger with the host, but rather some average mass of the subhalo formation
history. Finally, it does not consider the tidal striping, which could significantly reduce
the mass of a substructure whenever it approaches the main halo.

5.3.2 Explicit calculus of the expected number of FDM subhaloes

According to the constraints imposed by the Lyman-alpha forest and the missing-satellite
problem, the value moz = 25 should be one of the very few that satisfy both the issues.
However, before proceeding with the calculus, it is important to remind that equations
(60) and (61), that allow us to estimate the expected number of satellites for a given

32



0.1¢

value of moo, are derived in linear approximation. On the other hand, the constraint
given from the Lyman-alpha forest is derived in nonlinear approximation. However,
although the most accurate estimate of the number of satellites should be derived in
nonlinear approximation, a model that computes the number of satellites in nonlinear
approximation has not been developed yet. Therefore, the FDM power spectrum P (k)
that is going to be used is derived in linear approximation for may = 25: a value that
has been proved to be hardly compatible with the Lyman-alpha forest in nonlinear
approximation.

Firstly, the linearization of P(k) is obtained through the software Wolfram Mathe-
matica ( [17]). The results are shown in Figure 11.

105

100

2‘0 4‘0 éO 8‘0 1 60
(a) (b)

Figure 11: Plot (a) and linearization (b) of the FDM power spectrum P(k) for
mas = 25. (Plot computed with Wolfram Mathematica ( [17])).

Then, the dependence of the radius and variance of a halo on its mass was explicited
through formulas (61).

1 1
1 3M; 3 R(My)
M) = (22 o= [ akkzp 2
R(M;) C< 4mec> s /0 dkk2P (k) (62)

Where P (k) was approximated with its linearization. This has made it possible to
calculate the variance Shq, = 72.37 associated to a Milky Way-like halo with mass
Mpato = 1.7 - 102 Mg /h. Finally, equation (60) was used to calculate the expected
number of FDM subhalos with 108Mg /h < Mg, < 1019M, /h.

sub

N /mmM@/h L Myao P(1/R(Mywp)
sub W05Mo/h | 445672 M2, R(Myp)3/2m(S(Myup) — S(Mpaio)
(63)
The described procedure led to the conclusion that Ny,;, = 85.7: a better result than
the one obtained with standard CDM models, but still far from the observed 11 dwarf
galaxies orbiting around the Milky Way. This result could be tainted by the roughness
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Figure 12: Expected number of subhalos with 108 Mg /h < M, < M
for My =1.7-10'2My /h and mppyr = 2.5 - 10721 eV. (Plot obtained using Wolfram
Mathematica ( [17]))

of the linearization reported in Figure 11 or from the over-simplified EPS model, but
is in agreement with the conclusion reached by Kobayashi et al. ( [28]): a FDM model
with mgy > 20, i.e. compatible with the Lyman-alpha forest, is unable to solve the
missing-satellite problem.

To get an idea of how the number of expected satellites varies according to their
mass, one could define the following function:

dMsub

Noub(Mmaz) = /

MmaI(MG/h) ]_ Mhalo P(l/R(Msub)
108 Mg /h

44.5-6 - 2 Ms2ub R(Msub)s\/27T(S(Msub) - S(Mhalo)
(64)

which computes the expected number of satellites with mass in the range 108M, /h <
M < Mpaq. One could therefore plot (64), as in Figure 12, and check that it follows the
expected behavior: the more a subhalo is massive, the less probable is its formation.

In ( [28]), the missing-satellite problem is also faced with a mixed model: taking the
Milky Way halo mass Mpq, ~ 1.7 - 1012M@ /h and considering subhalos with Mg, >
108 Mg /h it is possible to obtain the predicted number of subhalos in function of m, and
F. The resulting Ny, is compared with the number of subhalos predicted by thermal
Warm Dark Matter models with 2 /kilo/eV < m < 3keV according to the same method,
which has already been discussed in the literature as a solution to the missing-satellite
problem. In particular, it is expected that 20 < Ng,;, < 30. The result is summarized in
Figure 13.
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Figure 13: Comparison between the constraints on FDM mixed models imposed
by the Lyman-alpha forest and the missing-satellite problem ( [28]).

Therefore, the only remaining (m,F) values that are still in agreement with the
Lyman-alpha forest with a confidence level lower than 20 and together are able to solve
the missing-satellite problem are confined in two very small areas: one with m, =~
1072 eV, already previously excluded, and one with m, ~ 10723V and a very thin
range of F values.
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6 FDM suppression in the nonlinear regime

Unlike the graphs presented in the previous two sections, the following charts are ob-
tained using AX-GADGET ( [37], [38]): a new module of the parallel N-Body code
P-GADGETS for cosmological simulations of Fuzzy Dark Matter.

Every result reported in Section 4 and 5 was obtained through simulations conducted
in the linear regime. However, the results seem to rule out the FDM model, as it fails
to reproduce a Lyman-alpha forest compatible with the observed ones. Likewise, mixed
models that are able to reproduce the forest cannot concurrently solve the missing-
satellite problem. This section aims to summarise and evaluate the results obtained
through simulations in the nonlinear regime.

In Section 5.2, a strong constraint on the mass of FDM particles was reported: m >
2-1072! eV. This result was obtained by Ir§i¢ et al. ( [27]) by comparing the artificial
Lyman-a flux power spectrum obtained through hydrodynamical simulations with the
observed flux power spectrum of two different observed Lyman-« forests. In particular,
this constraint was obtained through simulations in the nonlinear regime.

In this Section, the suppression of FDM over Light Cold Dark Matter is analyzed in
the nonlinear regime. More precisely, the suppression for mes = 2.5, 5,25 is evaluated
at redshift z = 2,3.8,5.4. A first result is reported in Figure 14:

Tsimuiation iN nonlinear regime for mzz =25

lol] 4

9x10°1 M

Tymy

4

gx10-1| N 7 =5
N z=38
Il =2

T T T
100 10! 102
k

Figure 14: Suppression of FDM power spectrum over LCDM in the nonlinear
regime for mos = 25 at different redshifts.
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Firstly, it is possible to notice that there is less suppression than in the linear regime,
which is a remarkable fact, inasmuch the Lyman-« forest is not compatible with FDM
in the linear regime because of its impossibility to form small scale structures. This is in
agreement with what was expected: the non-linearity couples different scales and cancels
primordial informations, therefore the linear suppression should be reproduced only for
redshifts much higher than 5.4. Another interesting feature concerns the relation between
the redshift and the suppression: as shown in Figure 8, in the linear regime a higher
redshift is associated with a lower suppression, although the dependence is very weak,
while in the nonlinear regime the higher is the redshift the higher is the suppression.
Moreover, as expected, the dependence of the suppression by the redshift is much more
marked in the nonlinear regime. The same considerations are valid for other masses,
presented in Figure 15.

Tsimulation iN NoNlinear regime for maz =2.5 Tsimuiation iN NONlinear regime for mzz =5
107 107
9x 107!
8x 107!
- -1 - -1
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6x 107!
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Emz=54 Sx1o-1| M z=54
Il z=38 Il z=38
=2 =2
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10 10! 104 10 10! 104
k k
(a) (b)

Figure 15: Suppression of FDM power spectrum over LCDM in the nonlinear
regime for mag = 2.5 (a) and mgy at different redshifts (b).

It is also possible to observe the dependence of the suppression on the mass at fixed
redshift from Figure 16.

Again, the nonlinear simulation is in agreement with the expected behaviour of FDM:
a higher value of the mass is associated with a smaller De Broglie wavelength, and
consequently the scale over which the formation of FDM structures is inhibited becames
also smaller. However, as previously reported, the values m < 10722 eV are ruled out
by the Lyman-a forest, therefore - among the analyzed ones - only m = 25 - 10722 eV
can be a good value for the mass of FDM particles, but it has been shown in 5.3.2 that
this value can’t solve the missing-satellite problem.
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Figure 16: Suppression of FDM power spectrum over LCDM in the nonlinear
regime at z = 3.8 for different masses.
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7 Summary and Conclusions

In this work, the Fuzzy Dark Matter model was presented and analyzed as a possi-
ble solution of the small-scale crisis of Dark Matter. After an overall introduction, the
physics that describes the properties of FDM particles was summarized. In particular,
a reasonable value for mppys was shown to be ~ 10721 — 10722 eV. Hence, a lower limit
on the size of an FDM structure was derived for a Milky Way-like halo: rppas 2 0.335
kpc. Similarly, an upper limit to FDM structures central density and a lower bound on
their masses are calculated: prpyr < 7.05Mope™ and Mppyr = 1.5 - 10" M. More-
over, effects due to the relaxation of bond structures in systems composed of FDM were
analyzed, but the time that these phenomena require to produce observable effects is
usually much longer than the typical age of the same structures. Thus, the three issues
that constitute the small-scale crisis (cusp-core problem, missing-satellite problem and
too big to fail problem) were presented and analyzed.
The FDM suppression over small-scale structure formation is the main feature that dis-
tinguishes FDM from CDM, and the one that could hopefully solve the small-scale crisis.
Therefore, the ratio of FDM and CDM power spectra was derived using numerical simu-
lations in the linear regime and reported in Section 4. A first original result presented in
this thesis consists of an improved formula describing the suppression of the two power
spectra (based on the one originally derived by Hu, Gruzinov and Barkana ( [1])):

3
cos(xz%7) |2

14275

This formula has been tested varying the dark matter density (0.2 < Qp - h? < 0.4),
mppy (0.5 < maogy < 25) and the neutrino mass (0.06eV < m,, < 0.6eV) without noticing
any remarkable mismatch. The only parameter that has produced a considerable effect
when made to vary is the redshift (0 < z < 1299); however, T'(k) showed only a negligible
dependence on the redshift for the values of our interest (0 < z < 10).

Another mean to test the FDM model is represented by the Lyman-alpha forest,
which allows to probe the way in which FDM affects the formation of structures. After
a brief explanation on how it is possible to derive a constraint on the mass of FDM
particles through the forest, it has been shown that 2 - 102! eV is a lower limit for
mppp- This value clashes with the expected one and is unable to solve the small-scale
crisis. The expected number of FDM subhalos for the Milky Way was derived according
to mag = 25: one of the very few values of mppjs that could almost solve the missing-
satellite problem while satisfying the constraint coming from the Lyman-alpha forest.
This resulted in 85.7 expected subhaloes with 103Mg /h < My, < 101°My /h: a better
result than the ones produced with standard CDM models, but still incompatible with
the observational data.

Mixed models are an attempt to solve this mismatch and recover the FDM model. They

are based on the assumption that Dark Matter is constituted of both FDM and CDM,
PEDM. e T (k) function

PCDM
was tested varying F', resulting in a much smaller suppression for F' < 1 and reproducing

1/18

T(k) =~ with x = 1.61my,

k]eq

and every mixed model is characterized by the parameter ' =
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the original one for F' = 1, as expected. According to mixed models, the Lyman-alpha
forest is compatible with FDM for F' < 0.4. However, as reported in 5.3, almost none
combination of F' and mos is able to solve the missing-satellite problem while remaining
compatible with the Lyman-alpha forest and the expected value of mprpys. This fact
was also probed in Section 6, where the suppression of the CDM density power spectrum
in the nonlinear regime over the FDM one was presented and analyzed (basically, the
nonlinear analogous of T'(k) was derived). The suppression was studied varying the mass
of FDM particles 2.5 < mgos < 25 and the redshift 2 < z < 5.4, showing a much more
marked dependence of the suppression on this last parameter. Furthermore, it is possible
to notice that there is less suppression than in the linear regime.

Therefore, assuming that the data produced with the simulations are correct, it is

possible to conclude that the values of the FDM particles mass compatible with the
Lyman-alpha forest are too large to solve the missing-satellite problem, and thus the
small-scale crisis.
A possible solution could be a new model, in which the properties of Fuzzy Dark Matter
depend on the redshift. In particular, the constraint on the mass given by the Lyman-
alpha forest should also depend on the redshift and allow mgpjys values able to solve the
small-scale crisis for z = 0.
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APPENDIX A: A more sophisticated fit for the linear sup-
pression

This appendix aims to further analyze the suppression of FDM power spectra over CDM
ones. As reported in Section 4, the suppression is well-fitted by the function proposed
by Hu, Gruzinov and Barkana:

2
cos(x3) . 1/18 k
Thop(k) =~ ( > with r=161my, " - ——— (65)
g 14 a8 “ gmaMpe?
A first correction is provided by another choice of the exponents:
( 2 7) %
cos(x

which follows more neighborly the simulation along the suppression.
However, as evidenced in Figures 17 and 18, both these formulas fail to reproduce
two important aspects of the simulation:

e The local minima aren’t correctly fitted.

e The relative positions of local minima of Tg;puiation and Ty change when mass is
made to vary. This fact seems to suggest that the T function must depend on the
mass not only through the definition of .

At first, one could try to improve the fit through a different choice of the three
exponents: 2.7, 7.5 and 1.5. However, the slope of the suppression is well-fitted for every
tested value of moo, and since it is determined solely by the exponents 7.5 and 1.5, it
is reasonable to keep these values fixed. It is still possible to reproduce the same slope
with a different choice of both the exponents (provided that their sum is kept fixed at
—6, so that the slope is well-fitted even when the 1 in the denominator is negligible.).
However, no combination of the three exponents capable to correctly interpolate all the
local minima has been identified.

An interesting alternative provides that at least one of the three exponents is not
constant. It is possible that the exponents external to the cosine may vary, but the
constraint over their sum must be still valid. Therefore, it is likely that the only non-
constant exponent is that within the cosine. This offers an opportunity to insert an
additional dependence on the mass in the T function. Moreover, since the external
exponents 7.5 and 1.5 proved to be a good choice, we will keep their values. To sum up,
the simulation local minima could be interpolated by the general function:

3
COS(;CQ(Zﬁmm)) 2

Tyeneral(k) ~ 1+ 275

(67)

where the function g(z, mo2) possibly depends on the mass.
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Figure 17: Comparison between the suppression of Tyimuiation, Thgy and Ty for
mao = 1. The mismatch between the position of the local minima is glaring.

The ¢ function has been determined through the analysis of the suppression for
mao = 4 and then generalized to other values of mos. The whole procedure is summarized
below.

At first, the suppression has been divided into seven areas. For each area the function
g was considered constant, and its value that best reproduced the position of the local
minima was estimated. At the end of the process, it is possible to obtain a set of points
showing the shape of the g function. g appeared to be constant for xz 2 45 and was
considered constant also before the beginning of the suppression. The results reached
with this method suggest that g resembles a logistic function. In particular, a good
choice for g could be:

0.6
1+ e—L.75:(45f(ma2)—2)

g(x,maz) = 3.3 — (68)

where f(mg2) = x(ma2)/k. The explicit dependence of Tyeperqr by f is due to the
fact that the drop of g(k) takes place at k ~ 45 for every value of mgg, thus a factor 45- f
was introduced in order to express the drop in terms of x = f - k. Therefore, the factor
45 has to be considered to have the same dimension of k: Mpc~!. Thus, the expected
explicit dependence of T on the mass arises. Finally, it is possible to write the proposed
general fit:
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Figure 18: Comparison between the suppression of Tsimuiation (bold line) and Ty

(thin line) for different mgs values. It is possible to notice, for example, that the
first local minimum of the simulation precedes the one of Ty;; for mos = 0.5, while
their roles are reversed for msgs = 25. The same consideration applies to all the
other minima.
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Figure 19: A comparison between the suppression calculated through simulations
and Tgeneral-

1.5
_ 0.6
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T(x) = = (69)

which is compared with the simulation for mos = 4 in Figure 19.

The rapid variation of the g function between the intervals in which it is substantially
constant could be interpreted as the consequence of a phenomenon that occurs only when
k exceeds a certain value. Otherwise, it could be a non-physical numerical consequence
of the algorithm followed to generate power spectra.
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APPENDIX B: AX-GADGET

In Section 23, the Madelung equations, together with the modified Navier-Stokes equa-
tion, were presented as a handier mean to produce numerical simulations involving CDM.

1
/')+3Hp+§v-(pv):0

1 1 h? v2/p
v Hv+ —(v-V)v=——-Vd
v+ v+R(v V)v +2R3m2v< 75 >

where the gravitational potential satisfies the Poisson equation:

V2® = 4nGa’pyd

where 6 = (p — pp)/pp is the density fluctuation around the background density py.

The simulations were analyzed in both the linear and nonlinear regime, but while for
the first case the well-known CAMB code was used, analysis in the nonlinear regime re-
quired the use of AX-GADGET: a new module of the parallel N-Body code P-GADGETS3.
In this Appendix, the basic concepts underlying the functioning of AX-GADGET will
be illustrated.

The pressure term P can be related to p through an equation of state ( [37]):

_ M
T 2m?
where m and A represents the mass of FDM particles and the self-interaction coupling
constant of the field. In this terms, it is possible to derive the form of the Quantum
Pressure Q:

o= VP _ 1 (Vi |[VpP (70)
C2m? o p 2m2\ 2p 4p2
These equations have a stable solution for 6 = ® = |v| = 0, and assuming that
5, @, |v| < 1 it is possible to derive a set of linearised equations:
- : R2k* A2k?  4nGpy
0+2HO = — 0=0 71
* * <4m2a4 T a3 > (71)

where §(x,t) has been decomposed in Fourier modes dxe™®* and 2 = 9,P(p)|,, is
the sound speed of the fluid.

The functioning of AX-GADGET is well exemplified by the way it computes of the
Quantum Pressure effects. Therefore, it will be assumed that A = ¢; = 0 henceforth.

A perturbed stable solution of (71) is given by a § with mode:

1 3,2\ 1/4
kQ(a):<6ﬂGgM> a1/
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and wavelength Ao = 27 /kg (which represents a quantum version of the Jeans
wavelength: the scale at which gravity is perfectly balanced by the Quantum Pressure
effect).

More in general, the solution of (71) is a linear combination of two modes: a growing
one D and a decaying one D_.

(3 —2?)cosx + 3z sinx

2
— 72 g —
D,(x):(g :n)sma; 3x cosx
x
Ve
with z(k,a) = V65—
kg(a)

The presence of a growing mode is crucial because, as shown in the following, it makes
the linear approximations of (71) potentially inaccurate. In fact, since kg(a) all/4
increases with time, oscillating modes start growing as soon as they are passed by the
quantum Jeans scale, each at a different redshift. However, while in linear approximation
the fastest growth of density perturbations is indeed linear D, o a (thus, intermediate
suppressed scales won’t ever be comparable to the largest ones), in the nonlinear regime,
where intermediate and small scales grow faster at low redshift, different scales are
coupled. For this reason, it is necessary to develop numerical techniques to compute
hydrodynamical N-Body simulations in the nonlinear regime.

The tool that accomplishes this task is the AX-GADGET code, which exploits the
so-called Smoothed-Particle Hydrodynamics (SPH) techniques to compute the Quantum
Pressure acceleration and the corresponding Navier-Stokes equation. The SPH method
idea is to divide the fluid into a set of discrete elements, referred to as particles. These
particles have a spatial distance (known as the smoothing length), over which their
properties are “smoothed” by a kernel function, which can take many possible values.
This means that the physical quantity of any particle can be obtained by summing the
relevant properties of all the particles that lie within the range of the kernel. Therefore,
the value of a certain observable O at the position of particle i is expressed as the sums
of its value over all the neighbouring particles (NN (7)):

Oi= Y ij—fWij
FJENN(®) P

where m; is the mass, p; the density and W;; the kernel function. In particular, the
kernel function used by AX-GADGET (and by P-GADGET3 too) is:

1-6(5)+6(%)°, if0<r<h/2
W(r,h)=42(1-15)°, if h/2 <7 <h
0, otherwise
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where r is the distance between particles and h is the smoothing length, which is
varied at each timestep remaining compatible with

gwhgpi = Z m; = M
JENN(i)

So that its corresponding (spherical) region encloses enough fluid particles to match
the given mass M. However, the definition of the derivative and the Laplacian of O; is
not as simple as the definition of O;. In fact, if one chose the most natural definition for
the derivative:

O .
VOi= > m—LVWj
FJENN() P
which is not necessarily null for constant values of O;, due to the kernel function.
A second possibility is to define:

0. —0: 0.
VO, = ) L ZINTWos
¢ ' Z ' m; p; @z 1)
JENN(4)
which is null for constant values of O, regardless the form of the differentiable function

0O. According to the most common choices for ©, the derivative of the density field takes
this form:

1/pi, ife=1
Vpi= Y miVWiilp; —pi) { 1/p;. if©=p
JENN(i) 1/\/pipj, ifO©=./p
It is possible to select all these forms of © as input for AX-GADGET.

Another issue affects the definition of the Laplacian, which can’t be in the most
natural form:

0.
VQOZ' = Z mj—?VQWij
JENN(i) Pi
because this definition leads to unstable results, due to their high dependence on

the irregularities of the particle distribution. A handier form for V2O can be obtained
following the same approach as before:

0;,—0;0; 2
V2Oi = Z mjij JVQVVU - -

VO, -V,
JENN(5) pi O ©;

These definitions make it possible to estimate the value of the Quantum Pressure
acceleration which, since it is proportional to a third order derivative of the density
field, needs three cycles of computation to be determined. The first aims to calculate
the density:
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pi = Z m;Wij

JENN()

the second one leads to its gradient and Laplacian:

Pji — Pi2 2 Pj — Pi
Vpi= ), mVWy Vipi= ) mVIWy i
JENN() VPiPj JENN(:) PiP; pi

FlInally, it is possible to build the Quantum Pressure term using equation (70):

h? m; V2p; Voil?
VOi=gm 2 5, TW ( 20& - 4? >
JENN(i) 7777 4 J

where factors f; are introduced to enforce the condition (7)

48



Bibliography

References

1]

2]

[9]

W. Hu, R. Barkana, and A. Gruzinov, “Fuzzy Cold Dark Matter: the wave properties
of ultralight particles”, Phys. Rev. Lett. 85 1158 (2000).

L. Ham, J.P. Ostriker, S. Tremaine, and E. Witten, “Ultralight scalars as cosmolog-
ical dark matter”, Phys. Rev. D 95, 043541 (2017).

A. Arvanitaki, S. DImopoulos, S. Dubovsky, N. Kaloper, and J. March-Russel,
“String axiverse”, Phys. Rev. D 81, 123530 (2010).

J.E. Kim and D.J.E. Marsh, “An ultralight pseudoscalar boson”, Phys. Rev. D 93,
025027 (2016).

A. Khmelnitsky and V. Rubakov, “Pulsar timing signal from ultralight scalar dark
matter”, J. Cosmol. Astropart. Phys. 02 019 (2014).

L.M. Widrow and N. Kaiser, “Using the Schrodinger equation to simulate collisionless
matter”, The Astrophys. J. 416, L71 (1993).

S.-R. Chen, H.-Y. Schive, and T. Chiueh, “Jeans analysis for dwarf spheroidal galax-
ies in wave dark matter”, arXiv:1606.09030 (2016).

J.F. Navarro, C.S. Frenk, and S.D.M. White, “A universal density profile from hier-
archical clustering”, Astrophys. J. 490, 493 (1997).

B. SChwabe, J.C.Niemeyer, and J.F.Engels, “Simulations of solitonic core mergers
in ultralight axion dark matter cosmologies”, Phys. Rev. D 94, 043513 (2016).

[10] J. Binney and S. Tremaine, Galactic Dynamics 2nd ed. (Princeton University Press,

Princeton, NJ, 2008).

[11] J. Binney and S. Tremaine, “Galactic Dynamics” 2nd ed. (Princeton University

Press, Princeton, NJ, 2008).

[12] J.-W. Lee and S. Lim, “Minimum mass og galaxies from BEC or scalar field dark

matter”, J. Cosmol. Astropart. Phys. 1 (2010).

[13] W.J.G. De Block, “The core-cusp problem”, arXiv:0910.3538v1 (2009).

[14] H. Deng, M. P. Hertzberg, M. H. Namjoo, and A. Masoumi, “Can Light Dark

Matter Solve the Core-Cusp Problem?”, arXiv:1804.05921v1 (2018).

[15] J.F. Navarro, V.R. Eke, and C.S. Frenk, “The cores of dwarf galaxies haloes”, Mon.

Not. R. Astron. Soc. 283, L72-L78 (1996).

49



[16] A. Burkert, “The structure of dark matter haloes in dwarf galaxies”, Astrophys. J.
447, 1.25 (1995).

[17] Wolfram Research, Inc., Mathematica version 11.3, Champaign, Illinois (2018).

[18] I. Ferrero, M.G. Abadi, J.F. Navarro, L.V. Sales, and S. Gurovich, “The dark matter
halos of dwarf galaxies: a challenge for the ACDM paradigm?”, arXiv:1111.6609v3
(2012).

[19] A. A. Klypin, A. V. Kravtsov, O. Valenzuela, and F. Prada, “Where are the missing
Galactic satellites?”, Astrophys. J. 522, 82 (1999).

[20] Y.D. Hezaveh, N. Dalal, D.P. Marrone, Y.-Y. Mao, W.Morningstar, D. Wen,
R.D.Blandford, J.E. Carlstrom, C.D. FAssnacht, G.P.Holder, A. Kemball, P.J. Mar-
shall, N. Murray, L.P.Levasseur, J.D. Vieira, and R.H.Wechsler, “Detection of lensing
substructure using ALMA obesrvations of the dusty galaxy SDP.81”, Astrophys. J.
823, 37 (2016).

[21] M- Boylan-Kolchin, J.S. Bullock, and M. Kaplinghat, “Too big to fail? The puzzling
darkness of massive Milky Way subhaloes”, Mon. Not. R. Astron. Soc. 415, 140
(2011).

[22] A. Lewis, “Efficient sampling of fast and slow cosmological parameters”, Phys. Rev.
D87 103529 (2013).

[23] A. Lewis, CAMB notes, http://cosmologist.info/CITA /IoA /Sussex (2014).

[24] R. Hlozek, D. Grin, D.J.E. March, P.G. Ferreira, “A search for ultralight axions
using precision cosmological data”, arXiv:1410.2896v2 (2015)

[25] P.S. Corasaniti, S. Agarwal, D.J.E. Marsh, and S. Das, “Constraint on dark matter
scenarios from measurements of the galaxy luminosity function at high redshifts”,
arXiv:1611.05892 (2017).

[26] V.K. Narayanan, D.N. Spergel, R. Davé, C.-P. Ma, “Lyman-alpha forest constraints
on the mass of warm dark matter and the shape of the linear power spectrum?”,
arXiv:astro-ph/0005095v1 (2000).

[27] V. Ir§ic, M. Viel, M. G. Haehnelt, J.S. Bolton, G.D. Becker “First constraints
on fuzzy dark matter from Lyman-« forest data and hydrodynamical simulations”,
arXiv:1703.04683v2 (2017).

[28] T. Kobayashi, R. Murgia, A. De Simone, V. r$i¢, and M. Viel, “Lyman-a con-
straints on ultralight scalar dark matter: implications for the early and late universe”,
arXiv:1708.00015v1 (2017).

[29] A. Schneider, R. E. Smith, D. Reed, “Halo mass function and the free streaming
scale”, MNRAS 433, 1573 (2013).

50



[30] W. H. Press, P. Schechter, “Formation of Galaxies and Clusters of Galaxies by
Self-Similar Gravitational Condensation”, Astrophys. J. 187, 425 (1974).

[31] A. Schneider, “Structure formation with suppressed small-scale perturbations”,
arXiv:1412.2133v2 (2015).

[32] H. Mo, F.C. van den Bosch, S. White, Galazy formation and evolution (Cambdrige
University Press, Cambridge, UK, 2010)

[33] R. K. Sheth, G. Tormen, “Large-scale bias and the peak background split”, MNRAS
308, 119 (1999).

[34] E. Bertschinger, “On the Growth of Perturbations as a Test of Dark Energy”,
Astrophys. J. 648, 797 (2006).

[35] C. Lacey and S. Cole, “Merger rates in hierarchical models of galaxy formation”,
MNRAS 262, 627 (1993)

[36] C. Giocoli, G. Tormen, F. C. van den Bosch, “The population of dark matter
subhaloes: mass functions and average mass-loss rates”, MNRAS 386, 2135 (2008).

[37] M. Nori, M. Baldi, “AX-GADGET: a new code for cosmological simulations of fuzzy
dark matter and axion models”, arXiv:1801.08144v1 (2018).

[38] Pylians libraries, https://github.com/franciscovillaescusa/Pylians

51



