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Abstract

Recent discoveries of large halos of stars and dark matter around some of the lowest
mass galaxies defy expectations that dwarf galaxies should be small and dense.
Furthermore, these halos are seen to surround a dense core within each dwarf, with
a clear density transition visible between the core and the halo at a radius of 1.0kpc.
This common core-halo structure is hard to understand for standard heavy particle
dark matter where featureless, concentrated profiles are predicted, whereas dark
matter as a Bose-Einstein condensate, »DM, naturally accounts for the observed
profiles, predicting a dense soliton core in every galaxy surrounded by a tenuous
halo of interfering waves. We show that the stellar profiles of the well studied
"dwarf Spheroidal" (dSph) class, and also the equally numerous "ultra faint dwarfs"
(UFD) are accurately fitted by the core-halo structure of yDM, suggesting two boson
species which are reinforced by parallel relations seen between the central density and
radius of UDF and dSph dwarfs respectively, which both match the steep prediction,
pe < R4, for soliton cores in the ground state. Here we also compare these stellar
profiles with hydrodynamical simulations where the previously observed core-halo
structure is predicted to be visible in the »DM context, but not for CDM.



Contents

Introduction

General Context

2.1 Dark Matter . . . . . . . . ..
2.1.1  Cold Dark Matter . . . . . . ... .. ...
2.1.2  The NFW profile for CDM halos . . . ... ... ... ....
2.1.3 Wave Dark Matter . . . ... ... ... ... .. ... ...
2.1.4 The Ly-« forest challenge . . . .. ... ... .. .......
2.1.5  Supermassive black holes and Soliton accretion time . . . . .
2.1.6  Axiverse . . . ...

2.2 Dwarf Galaxies . . . . . . . ...
2.2.1 Classical dwarf spheroidal (dSph) . . . . ... ... ... ...
2.2.2  Ultra Faint dwarfs (UFD) . .. ... ... ... ... ... ..
2.2.3 Ultra Diffuse galaxies (UDG) . ... ... ... ... .. ...

Methodology

3.1 The Wave Dark Matter Halo . . . . . . .. ... ... ... ......

3.2 Dynamical Model of Galaxies in Wave Dark Matter Halo . . . . . . .

3.3 Stars trace dark matter . . . . . ... ..o

3.4 Tidal stripping in Wave dark matter scenario. . . . . . ... ... ..

3.5 Stars as test particles uniting the Uncertainty Principle with the Ax-
IVEISE . . . . .

Results & Conclusions
4.1 Wave DM modeling in classical dwarfs and UDG (Paper 1) . . . . . .
4.1.1 Minimal Wave-Dark-Matter Radial Profile Comparison . . . .
4.1.2  Comparison of the velocity profile of DF44 with other low and
intermediate mass Galaxies . . . . .. ... ... ... ...
4.1.3 Pure NFW profile. . . . . .. .. ... ... .
4.1.4 Generalised Wave-Dark-Matter profile fitting . . . . . . . . ..
4.2 Dwarfs’ Wave DM core-halo structure (Paper 2) . . . . ... ... ..
4.3 Crater IT and Classical dwarfs with tidally stretched Wave Dark Mat-
ter (Paper 3) . . . . ...
4.3.1 Crater IT’'s Modeling Results . . . . . . ... .. ... .. ...
4.3.2 Ideal dwarfs’ Modeling Results . . . . .. ... ... ... ..
4.4 Dwarfs and multiple Axion species (Paper4) . ... ... ... ...
4.4.1 Individual DM core-halo structures . . . . .. ... ... ..



4.5

4.4.2 Ultra-Faint Dwarf Galaxies . . . . . . . . . . . . . ... ... 140

443 Milky Way . . . . . . ... 148
4.4.4 Andromeda . . . . .. ... 151
Galaxy formation with ¥/ DM. The Core-halo structure. ( Paper 5 to

be submitted) . . . . ... o 155
4.5.1 CFA simulations data. . . . . . . .. . ... ... ... .... 156
4.5.2 Methodology . . . . . . . ... 157
453 Results. . . . . . . ... 159
4.5.4 Tests feasible with JWST . . . . . . . .. ... .. ... ... 170

i



Chapter 1

Introduction

Dark Matter (DM) is still one of the most unresolved puzzles of modern physics. It
is amply established that DM is the dominant form of matter in the Universe, the
nature of which is widely understood to lie beyond the Standard Model of particle
physics (Ellis et al.; 1984). DM has been uncovered by wide-ranging, independent
observations ranging from the perturbations spectrum of the Cosmic Microwave
Background (CMB) to large-scale structures, including the Baron Acoustic Oscilla-
tions and individual galaxy rotation curves and stellar dispersions. The community
has accurately established and accepted that the DM comprises 85% of the total
mass density of the Universe, with the remaining 15% only in the form of baryonic
matter, including stars, gas, and black holes. Decades of study and work have led
the community to consider DM predominately composed of some form of unknown
heavy particles, usually called "WIMPs" weakly interacting massive particles moti-
vated by super-symmetry. Black holes represent a possible similar contender usually
classed as "MACHO’s" or massive-compact-halo-objects for which predictions differ
from WIMPs mainly in terms of the lensing and collisional /accretion effects expected
for astrophysical-sized black holes. This latter idea is now revived with the detec-
tion of many surprisingly massive binary black hole mergers by the LIGO/VIRGO
team and also because of the strongest absence of WIMPs in laboratory experiments
(Aprile et al., 2018). For over 30 years, these two classes of the model have been
simulated approximately as "cold dark matter" as they are not dynamically rela-
tivistic in cosmological simulations and hence "cold" of structure formation (Davis
et al., 1985; Efstathiou et al., 1990) focusing cosmologists on testing the predictions

of CDM.

With the lack of any evidential detection of weakly-interacting massive particles,
the favored particle theory explanation for many years, this alternative possibility
of "MACHOs" kind objects as DM has seen increased their amount of supporters.
The LIGO data of the past years has motivated if the primordial black holes (PBHs)
could be the main DM contributors between these compact objects in the DM halos
(Carr & Hawking, 1974; Carr, 1975; Meszaros, 1974; Clesse & Garcia-Bellido, 2015).
For this purpose, some recent works have been done to understand if some of these
LIGO detections could somehow be DM detection, considering the BH binaries as a
signature of DM (Bird et al.; 2016). This idea is based on the concept that if BHs



in a galactic halo pass sufficiently close, they radiate enough energy in gravitational
waves to become gravitationally bound. The bound BHs will rapidly spiral inward
due to the emission of gravitational radiation and ultimately merge in less than a
Hubble time. This could be possible if BHs will have ~ 300, something that will
match with the expected window of 200, to 100M, of PBHs as a candidate of DM
(Bird et al., 2016). Moreover, PBHs are predicted to be distributed spatially more
like DM than luminous matter, where distinguishing them from traditional astro-
physical sources seems to be the main issue nowadays. Is it supposed that PBHs
mergers should occur in smaller dominated DM halos than in the luminous ones
where traditional stellar BHs mergers should dominate.

Earth

during

Figure 1.1: Brightness temporal magnification of a lighting source due to the grav-
itational microlensing product of and intermediate MACHO. Credit Wesley (2004)

In this scenario, a recent LIGO detection of two ~ 30M, has recently been sug-
gested as a PBH DM detection (Bird et al.; 2016), due to being inside the expected
range of 20M, to 100M, (Carr et al., 2010; \Iom()\ Rodriguez & Allen, 2014)(Lower
masses are excluded by mlcrolensmg surveys (Wyrzykowski et al., 2( ll Tisserand
et al., 2007a), higher masses would dlsrupt wide binaries (Momm Hoduou(/ &
Allen, 2014; Yoo et al.; 2004; Quinn et al.; 2009), and it has been argued that PBHs
in this mass range are excluded by CMB constraints (Ricotti, 2007; Ricotti et al.,
2008)). Nevertheless, the resulting merger rate they found for PBHs of ~ 30M
was quite smaller compared to the estimated one from LIGO, of 2-53 Gpc 3yr—!.
However, they pointed out that the rate is expected to be higher in higher density
regions and in regions of lower DM velocity dispersion that are expected to be in
Milky-Way-like halos. Moreover, even if the obtained merger rate conflicts with the
expected one, with more precise treatments of the small-scale galactic phase-space
distribution, conservative lower estimates of the merger rate for PBH DM suggest
that the LIGO/VIRGO network should see a considerable number of PBH mergers



over its lifetime (Bird et al., 2016).

The stochastic GW (Gravitational wave) background could be another important
source of information. These models predict a wide mass distribution that extends
to small BHs and redshift values that seem related to stellar formation history. As
we have already commented, PBHs mass function is limited by microlensing anal-
ysis to 30M in his lower limit, making the resulting merger rate more significant
per volume for PBHs than traditional BHs at high redshifts. This prediction goes
in hand with the obtained information by the LIGO-Virgo collaboration, where 11
pairs of BBH ( Binary black hole) events are suggestive that lensing of GWs may
be taking place at a much higher rate than previously realized by the LVT. If this is
confirmed, it will imply that models that predict more merger rates at z>1, as the
BDS ( Bardeen de-Sitter) model, would be in the good direction. In this scenario,
the predicted stochastic background of GWs will highly differ from the predicted by
the standard model one, which expects a much higher rate at lower redshifts than
at higher (Diego et al., 2021).

Some constraints have seemed to rule out the option of PBHs as an important
DM candidate, based on the ideality of galaxy clusters to study the microlensing by
these objects ( An effect that happens when these MACHO objects pass in front of
a visible baryonic source, that suffer a temporal magnification due to gravitational
lensing (Paczynski, 1986), check figure 1.1) due to being possible to find critical
curves free from a similar event with stellar impact. These works have made analy-
ses of multiply imaged quasars (QSOs) that suggest that the observed microlensing
signals are incompatible with the hypothesis that PBHs of ~ 300 could form a
high proportion of the dark matter(Mediavilla et al., 2017), limiting it to a 20%, but
with the most likely mass of microlenses being below 1 M. Even if the accretion
disk around the QSOs were an order of magnitude larger than they are considered (
something that could imply a higher percentage of DM being constituted by PBHs),
most of the works seem to conclude that applying a realistic extended mass function,
PBHs in the range of 20M, to 100M, could only imply a ~ 10% of the DM (Carr
& Kithnel, 2020; Diego et al.; 2018). Even more, recent results from MACHO and
EROS collaboration have discarded MACHO objects as the main DM contributor
in the galactic halos in the range from 107 M, to a few solar masses, as it has been
known "The End of the MACHO Era" (Yoo et al., 2004; Alcock et al., 2000, 1998).
This end of the "Macho era" is based on several constraints of a wide diversity of
works: Microlensing events on the Large Magellanic cloud seem not to show any
evidence to discard high masses of dark objects, but they favor exclusion of objects
between 0.3M to 30M, from contributing more than 4 x 10 Mto the Galactic
halo (Alcock et al., 2000), where the small number of events with levels higher than
background levels (2-4) were insignificant compared to the expected amount (60-
80) if MACHOs would entirely make the dark matter. Suggesting a more realistic
percentage of 20% MACHO halo fraction. Something reinforced by EROS whose
detections on the range of 10 days suggested a MACHO fraction less to 25% in the
range from 10~"My to 107* M, and less to the 40% for objects less massive than
one solar mass (Alcock et al., 1998, 2000). At the same time, MACHOs with masses
superior to M > 43M, also seem to be directly discarded by Yoo et al. (2004), con-



cluding that objects below 43M, can not form the bulk of DM in normal size galactic
halos. All these points clearly seem to disfavor the possible window for MACHOs
from 10~"° M, to 10*3M,, and smaller, cause baryonic matter below 10~"° M, ould
have evaporated away in a Galactic time scale (de Rujula et al.; 1992). But the
end of this "MACHO era" seems to be inevitable as the values of the upper limits (
upper 43M ®) have been excluded too from a catalog of 251 halo binaries, with the
next resulting limits-exclusions values(Monroy-Rodriguez & Allen, 2014): 112Mg,
85My, 21 — 68 M), 28 — 78 M, 3 — 12M, and superior to 10° (de Rujula et al.,
1992). In summary, even MACHOs have been major candidates for dark matter in
the past; nowadays, they seem to be a failed CDM scenario, where such massive
objects should be dominant in the dark matter total mass. The recent community’s
efforts have gradually reduced their mass window to 100 — 105M,,(Yoo et al.; 2004;
Monroy-Rodriguez & Allen, 2014; Alcock et al., 2000, 2001).

The most popular CDM scenario, the paradigm of Weakly-Interacting-Massive-
Particle (WIMP), has been leading the study of DM physics since it was proposed
decades ago. The so-called "WIMP miracle" tells us that the DM relic abundance
observed can be generated without tuning much of the WIMP couplings if the un-
derlying physics appears at a weak scale. Thus, this paradigm could be naturally
accommodated in theories addressing electroweak symmetry breaking (EWSB). As
we know, the Standard Model of particle physics only parametrizes EWSB, but it
fails to explain its dynamical origin. The incapacity of the standard model of particle
physics to describe types of matter outside the baryonic one ( stars, gas...ordinary
matter), and to find a candidate for DM, has motivated a wide variety of alterna-
tive DM theories. Like the current most accepted one of weakly interacting massive
particles (WIMPs) to the quantum chromodynamic axion and axion-like particles
(ALPs) generic in string theory, defended here. The failure to detect any sign of
these WIMP at high energies with the LHC or with subterranean experiments( dif-
ferent experiments to detect WIMPs like Xenon100 (2012), PandaX-II (2017) / LUX
(2017), and XENONIT (2018) have a failure, not been able to observe any signal
with a significant confidence level) has recently made the community turn around
in the apparently more promising ALPs. Moreover, the past discovery of the Higgs
boson at the LHC in 2012 increased the theoretical and experimental interest re-
lated to the axions, as the Higgs boson is proof of the existence of an apparently
elementary spin-zero boson undergoing spontaneous symmetry breaking, something
that was somewhat controversial and unknown previously (Chadha-Day et al., 2022;
Aprile et al., 2018). A proof that should validate the theoretical existence of the
axion. This fact in combination with the eternal lack of WIMPs in the LHC, has
extremely favored the plausibility of the ALPs as the solution for the long searched
dark matter particle.

The wave dark matter scenario is the most promising ALPs based DM scenario.
The strength of this wave dark matter theory is based on the capacity to resolve the
small-scale structures contradictions that WIMPs-based theories have challenged
without success in the past decades. These small-scale contradictions called the
"Small Scale Crises," are basically defined by the "cuspy core problem" ( which re-
lays on the contradiction of the observed galaxies’ flat density profile at their center



and the prediction of Navarro-Frenk-White (NFW) cusps (Navarro & Frenk, 1996)
based on many-body simulations of collisionless CDM), the "missing satellite prob-
lem" (Collisionless CDM cosmology predicts that dwarf satellites in the Milk Way
should be significantly more numerous than observed, more than 500 vs. ~20) and
the "Too big to fail problem" (A proposed solution to the missing satellites problem
is the argument that many of the dwarf galaxies have had their stars stripped from
them during tidal interactions and hence we are prevented from being able to see
them. Nevertheless, many of the dwarf satellites predicted are so massive that there
is no way they could not have visible stars). Any viable model of DM explains these
three problems well. Here is where alternative theories like wave dark matter (Hu
et al., 2000) and self-interacting DM (Spergel & Steinhardt, 2000) seem to triumph
whereas WIMPs are in tension with the data as we discuss below. Focusing on
wave dark matter, the pioneering work led by Schive in 2014 (Schive et al., 2014a),
predicted a solitonic standing wave cores of de Broglie scale in galaxies caused by a
Bose-Einstein condensate. In this soliton, wave DM behavior should make an indis-
tinguishable signature to test observationally and differ from the WIPM scenario.
Such observational proof should lead wave dark matter to the top in this scientific
race of answering the DM puzzle.

Many other alternative DM theories have been postulated these decades, such
as spanning ultralight bosons to heavy fermions, warm dark matter, and primordial
black holes, among others. Check figure 1.2. Although all these ranges of theo-
ries, whether DM shares any interactions with the familiar particles described by
standard particle physics, other than gravity, is still unknown. Despite our huge
ignorance, it has become very clear from observational surveys that DM constitutes
most of the matter in the Universe and governs the formation of structures by col-
lapsing under its own gravity to form galaxies. Further, to achieve this DM must
be non-relativistic or cold, even in early times. Otherwise, the initial density per-
turbations destined to become galaxies would have been erased by free streaming of
the DM.

The main objective of this thesis is to test the distinctive predictions of Wave DM.
For that purpose, many semi-analytical computations based on Schréedinge-Poisson
equations have been done willing to find and compare that wave-like behavior at as-
tronomical scales. In particular, new observations of high and low redshifts galaxies
will be done to compare the rich wave-like structure in the de Broglie scale with such
a standing wave core, the soliton. This central solitonic core should also be rounded
by an excited state interference patron, forming the galactic halo. Many computa-
tions and analyses have been done to demonstrate the wave-like predictions within
the observations, such as the stellar velocity dispersions in the galaxies, the solitonic
imprint in the stellar density in galaxy cores, and extended DM haloes between oth-
ers. These extended DM halos of some dwarf galaxies clusters spread to many kpcs
despite their low masses (Torrealba et al., 2016, 2019), have recently increased the
tension at galactic scales. Moreover, the existence of some "enormous" dwarfs called
"ghostly" galaxies of very low densities directly contradicts heavy particle-based DM
expectations. Low-density galaxies are naturally explained by a wide soliton, the
product of a less massive galaxy halo. Successfully describing the recently discovered



new type of galaxies, "Ultra-diffuse galaxies".
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Figure 1.2: Postulated DM models on a mass versus interaction cross-section plot.
Observe the high particle mass difference between the fuzzy dark matter (wave dark
matter) and the concept of Weakly Interacting Massive Particles (WIMPs). This

mass discrepancy makes them irreconcilable. Credit Gardner & Fuller (2013).

These extended halos are here naturally explained with our wave dark matter
pioneering simulations based on the stellar profiles of the galaxies. In particular, we
have shown how wave dark matter naturally predicts the observed extended stel-
lar profiles in the isolated dwarfs that are far enough to be tidally affected by the
Milky Way. Vanishing any opportunity for standard cold dark matter to describe
these extended profiles as tidal tails. Observations from the JPCAM high-resolution
T250 telescopy of the OAJ (Observatorio Astronémico Javalambre) in Teruel, with
dedicated images of these local dwarfs, could help test these results. Moreover, the
wide range of astrophysical and cosmological instruments, such as the Hubble Space
Telescope (HST) and the recently launched James Webb Space Telescope (JWST),
will provide us with more precise measurements that would help us to narrow the
DM unknowns. These tools will help distinguish the WIMP scenario from its alter-
natives, such as fuzzy-wave DM. For that purpose, future setting-ups of the JWST
survey program and its forefront data of deep imaging (and the HST data) for DM
detection will facilitate the study of the underlying theory and fundamental laws
that predict DM physics. For that purpose, the already commented JWST deep
images survey program feels to be one of the keys due to its potential to provide
deep images of groups of the lens covering the mid-and near-infrared wavelength
and providing us with much higher quality images than the ones from the Hubble
in terms of depth, resolution, and redshift. Many dwarf galaxies are expected at
high redshift for CDM ( small galaxies form earlier), while a lack of them should be
detected for wave dark matter at z > 10 ( Check figure 2.14 in section 2.1.3). Stellar



early formations should also be detected for wave dark matter, being both points
only possible to answer with the JWST.

So what do we actually really know about dark matter? By Chadha-Day et al.
(2022)

1.

Cosmic density (strong evidence: cosmic microwave background anisotropies
(Collaboration et al., 2018b)). Expressed as a fraction of the total density of
the Universe, DM makes up 26 % of the Universe, compared to 6% in ordinary
matter, and 68% in vacuum energy.

. Local density (strong evidence: Milky Way stellar motions). The local density

of dark matter is around 0.3 to 0.4 GeV ¢m ™2, equivalent to one proton every
few cubic centimeterss, or one solar mass per cubic lightyear. The local density
is around 10° times the average cosmic density.

. No preferred galactic length scale (strong evidence: galaxy clustering and evo-

lution). DM must be non-relativistic (v ~ ¢ would allow DM to move signifi-
cant distances during galaxy formation), and have negligible pressure (which
would imprint sound waves during galaxy formation). This discounts standard
model neutrinos and other “hot” or “warm” DM. For bosons, the de Broglie
wavelength (which can be modeled as an effective pressure) must be small
compared to the galaxy clustering scale.

. Early appearance of DM (strong evidence: galaxy clustering). DM had to be

present, and gravitating, in the Universe long before the cosmic microwave
background formed, and its gravitational influence began before the Universe
was one year old. For light bosonic DM (like the axion) this corresponds to
the latest epoch of particle creation.

Lack of significant interactions (strong evidence: the “Bullet Cluster” (Clowe
& Markevitch, 2004)). DM cannot interact with itself or ordinary matter too
strongly.



Chapter 2

(zeneral Context

This section will introduce the previously mentioned dark matter concept and the
two main DM theories of this work: The current accepted standard Cold dark mat-
ter (CDM) and the alternative proposition of Wave dark matter ( Y DM).

2.1 Dark Matter

Dark matter still remains one of the biggest unresolved puzzles in cosmology,
even if its existence is required to explain galaxy formation, as well as astronomical
observations of the observable universe’s current structure. Dark Matter consti-
tutes the 85% of the matter in the Universe and the %27 of the total content of
the universe. In this thesis, I focus on the Nature of dark matter by studying the
properties of dwarf galaxies because they are known to be dominated by dark mat-
ter, with large mass-to-light ratios (Read & Gilmore, 2005; Amorisco & Evans, 2012).

Dark Matter is not known to have any electromagnetic interaction( it does not
absorb, reflect or emit light). This makes dark matter extremely difficult to detect
directly, making its gravitational interaction with ordinary matter the best spot
chance. This is why it has long been thought that DM must be a stable, long-lived
particle that lies outside the Standard Model of particle physics. Although there still
hasn’t been any direct observation of any such DM particle, there are many indirect
observations that reinforce its existence and explain its physical behavior: Galaxy
rotation curves (explaining why the rotation velocity of the stars doesn’t decrease
in the outer zones of a galaxy, as predicted in a situation of ordinary matter alone,
where Ve oc r~%/2, while observations have long shown flat behavior, independent
of radius, something more like; V¢ ~constant), stellar velocity dispersions, the to-
tal mass of galaxy clusters, mass constraint due to gravitational lensing ( the mass
distribution of a galaxy cluster or any other supermassive object, can be computed,
observing the lensing effect of such object on the light of the light source beyond
it, concluding a baryonic faction ~0.18 at the virial radius (McCarthy et al., 2007;
Fckert et al., 2013)), the necessity of a non-electromagnetic-interaction matter ex-
istence for the universe’s current structure formation and its imprint on the Cosmic



microwave background, between many others. Continuing with these last listed
points, dark matter also permits the primordial perturbations in the density field
of the baryonic matter, as it is observed in the temperature anisotropy fluctuations
of the CMB, making it possible to grow and form the cosmic structures we observe
today (IKuhlen et al.; 2012). Moreover, in the models where dark matter and dark
energy are not decoupled from the other components of the universe, dark matter
should decouple from the primordial plasma earlier than baryonic matter, making
possible an earlier growth of the primordial fluctuations in the dark matter density
field, and making them also bigger than the baryons’ in the recombination epoch,
where these ones are still coupled to the density perturbation of the background ra-
diation field that generates the CMB anisotropies. After the recombination epoch,
baryons should be dominated by the dark matter’s dominating gravitational po-
tential sources, forming after many Gyrs, the actual halos, and observed cosmic
structures such as galaxies, etc.(Bertone et al.; 2005; Boyarsky et al.; 2009; Feng,
2010; Kawasaki & Nakayama, 2013)

The first claims for dark matter existence using observable stellar motions were
made by Kapteyn (1922), followed by Oort (1932), also claiming the necessity of
more mass than the visible stars to fit the observable data. Fritz Zwicky found the
first clear evidence for DM using the galaxies in the Coma cluster. He correctly de-
termined that the motions of the Coma cluster’s stars were dominated by the mass
of a non-stellar matter. Zwicky concluded that there must be considerably more
matter than the mass of the visible stars in all the galaxies in the Coma cluster, and
so he concluded that there was a lot of "Dark Matter" (he used the term "Dunkel
Matierie" as he wrote his papers in German) (Zwicky, 1933). Many theories have
been postulated in order to resolve the dark matter puzzle, being WIMP-based (
weakly interacting massive particles) Cold dark matter (CDM) the most recognized
theory nowadays.

To fully understand the nature of dark matter, one must determine the funda-
mental laws and theory of DM physics. Nowadays, observations on scales larger
than a few Megaparsecs clearly show the consistency of DM with being collisionless
(Clowe & Markevitch, 2004; Clowe et al., 2006; Bertone & Tait, 2018). However,
as we have already pointed out in the introduction, on small galactic scales of a
few kpcs, observations seem to differ from expectations (Aprile et al.; 2018), allow-
ing for many plausible theories with exotic small-scale physics and particle masses
spanning over 30 orders of magnitude. We have already introduced the nowadays
leading theory based on WIPMs, which is considered the ’backbone’ of the Uni-
verse, CDM. Apart from the small scale problems, it has been highly successful
in describing the large-scale structures (Bertone & Tait, 2018). However, the lack
of direct and indirect detections of such particles (de Martino et al.; 2020b) have
opened the door to alternative theories such as warm dark matter (WDM), which
is often associated with fermions ,in particular, "sterile" neutrinos, of particle mass
of a few keV (typically treated as collisionless), or Peccei-Quinn axions (de Martino
et al., 2020b) which are bosons of mass ~ 107 — 1073eV, and also the possibility
of ultralight wave dark matter ('DM") of mass ~ 10722eV, which is described by a
classical scalar field and exhibits wave phenomena on scales of the de Broglie wave-



length (Navarro & Frenk, 1996; Hu et al., 2000; Spergel & Steinhardt, 2000; Schive
et al., 2014a; de Martino et al., 2017).

Both, Warm dark matter and ¥yDM produce smoother structures at low scales
than CDM, as a product of their thermal motion (Hui, 2020), or quantum pres-
sure (Hui, 2020; Schive et al., 2014a), respectively. Moreover, the presence of dwarf
galaxies with masses ~ 10°M, as well as measurements of the ‘lumpiness’ of the
dark matter distribution, favor WDM and DM proposed particle masses; ~ 3keV
for WDM and ~ 10722V for wave dark matter(Hu et al., 2001; Maldacena, 2001).
Much more work is needed for wave dark matter as the simulations done to constrain
this theory have all been done without considering the impact of its wave behavior
in baryons ( with few exceptions as Mocz et al. (2019, 2020)), something that might
be crucial to understand it accurately.

Competing DM theories differ in terms of their early growth of structure with
differing predictions for the formation of galaxies. For example, at redshift ~ 30
(10® years after the BIG Bang), CDM expects a population of subhalos of masses
from 10° to 10"M, with a not less denser filament connection (Wang, 2014) than
WDM and ¥ DM. Moreover, galactic stellar structures formation should happen ear-
lier than for WDM and ¥ DM, where these structures should form later due to the
initial suppression of the dark matter power spectrum by particle free-streaming
(Doré, 2014). The main difference of DM with WDM should be the interference
patterns and soliton cores. As star and galaxy formation has been studied with
hydrodynamical simulations that ignore the wavelike aspects of the dark matter
superfluid (Arkani-Hamed & Maldacena, 2015), wave and warm dark matter differ-
ences still have not been discerned to the maximum. This reinforces the importance
of accurately simulating the wave dark matter wave structures for a precise forma-
tion history and large-structure knowledge.

2.1.1 Cold Dark Matter

The origin of Dark Matter is understood to lie “beyond" the standard model of
particle physics, which describes only 16% of the total cosmological mass density
(Cyburt et al., 2016; Collaboration et al., 2016). Tt is also clear that DM is non-
relativistic due to the earliest limits of observation given by the Cosmic Microwave
Background and galaxy power spectrum. Furthermore, DM behaves collisionlessly
for pairs of clusters undergoing a collision, implying there is no significant self-
interaction other than gravity, in particular, the iconic Bullet cluster (Markevitch
et al., 2004; Clowe et al., 2006) and other massive examples (Molnar & Broad-
hurst, 2018). This “Cold Dark Matter" collisionless and Jeans unstable to forming
structures on all astrophysical scales down to a particle physics model-dependent
small-scale cutoff ( e.g. ~ Earth mass / 107* kpc for a 100 GeV WIMP (Broad-
hurst et al., 2020)) , has long been synonymous with heavy particles of some new
form, that must be unusually stable and interact only via gravity, and principally
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motivated by supersymmetric extensions of the Standard Model (Ellis et al., 1984).
This model has been considered to be the standard model for the evolution of the
Universe (ACDM) due to its good agreement with many independent observations;
The temperature fluctuations of the Cosmic microwave background (CMB) (Col-
laboration et al.; 2018a,b, 2020b,c,e), the power spectrum of the matter density
perturbations (Percival et al.,; 2001; Pope et al., 2004; Tegmark et al., 2004), the lu-
minosity distances to supernovae SNela (Ri(’ ss et al., 1998, 2004, D(u is et al., 2007,
Kowalski et al., 2008; Amanullah et al., 1() 511711k1 et al., 20 12), and the expan—
sion rate of the Unlverse (Jimenez et a,l., 2003; Simon et al., 2( 2 05; Stern et al., 2010).

This model predicts a spatially flat universe, and it can successfully explain and
describe the observed homogenous and isotropic Universe, as well as the dynamics
of the large cosmic structures. All these results are a product of some of its cos-
mological, more important characteristics like its density value Q4 ¢ = 0.6860.020
( which it is in units of the critical density p. = 3H3/87G) product of its char-
acteristic cosmological constat (A), that naturally explains the observed present
accelerated expansion period (Collaboration et al.,; 2018b). Dark matter is sup-
posed to be the second contributor to the Unlverse s total energy density; in this
scenario where dark matter is necessary to explain the motions and formation of
large structures, which the ACDM model has demonstrated to be efficient, deter-
mines a dark matter-energy density of Qpar0 = 0.314 & 0.020, while the predicted
density of ordinary matter is much lower €2, = 0.0221 £ 0.0003 (Collaboration
et al., 2018b). Leads us to the previously mentioned flat curvature of the Universe
of Qoh?( the Hubble constant)=—0.0373553 (Collaboration et al.; 2018b). How-
ever, there are some discrepancies between its predicted values fOI'QAp and €0
and the observed ones. For example, the predicted value for Q2 , gives us max-
imum vacuum energy of py ~ 107%GeV*, which is too small compared to the
value resulting from the quantum field theory, where quantum chromodynamics
predicts a value of py ~ 10"*GeV*. In this scenario, constant reviews of the cos-
mological constant and dark energy have been done, trying to solve the issue, but
the continuing discrepancy has not alleviated the so-called "fine-tuning problem"
(Weinberg, 1989), proposing different solutions as the anthropic principle or a cyclic
model of the Universe (Rubakov, 2000; Steinhardt & Turok, 2006; Weinberg, 1987;
Capolupo, 2019). Furthermore, the measured Hubble constant from the nearby Uni-
verse seems to differ also from the value anticipated by the ACDM model, as well
as with the normalization of the power spectrum of the mass density perturbations
on cosmic scales, og, inferred from the CMB and large-scale structure surveys (Col-
laboration et al.; 2018b). First, the Hubble constant from the CMB measurements
Hy = 67.7740.60kms ™ Mpc (Collaboration et al., 2018h) has a discrepancy of 4.40
With the observer local value of Hy = 73.52 + 1.62kms ' Mpc™! (Riess et al., 2016,

2019). Similarly, the og obtained by the Planck collaboration is og = 0. 8149j:0 0093,
Wthh denotes a Sz = 0.811 & 0.011 (Sg = 05(£2,,/0.3)*°), while the Kylo Degree
Surveys estimates a values of Sg = 0.745 + 0.039, implying a discrepancy of 2.30.
Moreover, some recent interpretations from the Planck experiments are more con-
sistent with a spatially closed Universe ( even if still is a big consensus that Planck’s
data favors a flat universe, consistent with ACDM), in contrast to the flat one from
ACDM (Di Valentino et al., 2020).
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It is well known and has been previously mentioned in this work that WIMPs
are supposed to be the pillar of the CDM model. These particles are naturally
foreseen in the supersymmetric (SUSY) extension of the Standard Model of particle
physics (Jungman et al.; 1996). Furthermore, it has been suggested that they could
be the product of certaln compactifications of extra dimensions (Servant & others
Tait, 2003). These WIMPs within the range of 1GeV to 10 TeV predict what has
been called the "WIMP miracle", which computed annihilation cross-section that
sets the density number of the dark matter particles, is consistent with the observed
dark matter density Qparo ~ 0.3 (Collaboration et al., 2018b). Many experiments
have been done to detect such heavy particles directly or indirectly. In experiments
like LUX and XENON 1t (Aprile et al., 2011), dark matter particles are expected to
crash with the atomic nucleus of a detector that should liberate a piece of energy, di-
rectly confirming these particles. On the other hand, indirect detections include the
search for neutrinos that should appear in the annihilation of pair of WIPMs in the
center of the Earth or the Sun, as these particles are expected to accumulate in the
gravitational potential wells. Experiments like IceCube and Super-K (Choi et al.,
2015) have been designed for such detections. Moreover, the WIMPs annihilation
should imprint the cosmic rays that can be detected on the Earth with the location
of positrons and antiprotons (Avrorin et al., 2015; Bergstrom et al., 2013). Finally,
similar results are expected in collisions between WIMPS and fermions, checked in
the Large Hadronic Collider (LHC) (Tanabashi et al.; 2018).

However, enthusiasm for WIMP-based CDM is now fading with the continued
absence of any such particle in stringent direct laboratory searches (Aprile et al.,
2018) and astrophysical DM annihilation searches (Archambault et al.; 2017) and
because of long recognised tension in this context with the basic observed properties
of low mass galaxies (Moore, 1994; Bullock & Boylan-Kolchin, 2017).

Black holes as dark matter have been revived recently due to the puzzling large
black holes inferred from the gravitational wave detections by LIGO/Virgo (Bird
et al., 2016). Black holes act effectively as collisionless "particle" DM, like WIMP’s
(except when coalescing). However, the LIGO inferred black hole mass scale of 30M,
is not present in Galactic microlensing searches, nor in the light curves of individual
lensed stars recently discovered through high columns of cluster DM, limiting any
such PBH contribution to a small fraction of the DM (Diego et al., 2018; Kelly et al.,
2018; Oguri et al., 2018). Nevertheless is also important to point out the achieves of
the ACDM model since it was proposed to solve the difficulty in forming galaxies by
the present day from the very tiny temperature fluctuations observed in the CMB
(Peebles, 1982). The CDM galaxy formation models showed to be in high agreement
with quite a lot of observations as the large-scale clustering of galaxies, the approx-
imate mass ranges of galaxies, galaxy scaling relations (such as the Faber-Jackson
and Tully-Fisher relations), observational constraints on galaxy formation, the age
of the universe, and the amplitude of CMB fluctuations (Blumenthal et al.; 1984).

The excellent agreement of CDM with large scales observations ( larger than
1 Mpc ) has encouraged the community to consider CDM as the primordial dark
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matter theory. However, they are more than one question that CDM still cannot
answer, like the formation of high massive galaxies at high redshift than hoped
(Genzel et al., 2003; Glazebrook et al., 2004). Nevertheless, the main challenge that
CDM has to face are all the small scales observations that directly attack CDM
simulations, where this new ultra-light boson dark matter theory seems to be in
much better agreement: Cuspy-halo problem, missing satellite problem, extremely
ghostly dwarfs, and extended dark matter halos in classical and ultra-faint dwarfs
that disagree with the expected concentrated CDM halos.

2.1.2 The NFW profile for CDM halos

The Navarro-Frenk-White (NFW) profile is a spatial mass distribution of dark
matter fitted to dark matter halos identified in N-body simulations by Julio Navarro,
Carlos Frenk, and Simon White (Navarro & Frenk, 1996). This model was designed
to describe the dark matter halo’s structure in standard cold dark matter cosmol-
ogy. The model is helpful to describe dark matter halos behavior for an object with
masses from dwarfs to Milky way kind galaxies. In this model, the halo concen-
tration is fully correlated with its total mass, whereas it is dependent to the epoch
formation. Halo profiles are approximately isothermal over a large range in radii

but are significantly shallower than 7=2 near the center and steeper than r~2 near
the virial radius.

The dark-halo cusp/core problem

—ay —3+ay
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Figure 2.1: Cusp Vs Core density profile. The blue line represents the NF'W density
profile while the red one shows the observed flat central profile. The NFW profile
simulates an increasing profile rising to the infinitive in the center, inconsistent with
the data. Credit Bryant (2018).

These CDM halos, when azimuthally averaged, are found to follow the NFW
density profile (Navarro & Frenk, 1996) so that the full radial profile may be ap-
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proximated as:
Po

—Tl(l N §)2 (2.1)

pom(r) =

where py is the halo’s dark matter density that varies from halo to halo, and r, is the
scale radius, where R,;, = ¢ X r,. R,; is the virial radius, the radius of the sphere
where the enclosed mass (Mayg) is 200 X perir (Where pe.i; is the critical density of
the universe). The scale radius is the point where the profile changes in slope (
"-1" for the inner part and "-3" for the outer part), while ¢ is the "concentration
parameter" that defines the relation between the virial and the scale radiuses. It is
important to remark that the scale radius helps define an object’s concentration. A
big scale radius means a less concentrated object than one with a bigger scale radius.

This model also demonstrates that the main reason cause dynamics and lu-
minosities are uncorrelated could be the necessity of systematically increasing the
mass-to-light ratios with luminosity (Navarro & Frenk, 1996). The authors already
expose in the original work two of the main problems that are also two of the main
motivations of this thesis: The inconsistency of the inner regions of many classi-
cal dwarfs and low surface brightness galaxies, which have less central mass than
predicted, known as the "cuspy-core" problem, and the discrepancy between the
number of satellite galaxies seen when a Milky-Way type galaxy is simulated, and
the dwarf galaxies observed around our own Milky Way, known as the "missing
satellite" problem. Another CDM potential issue is the "too big to fail" problem,
characterized by predicting more dense dark matter halos than are observed among
the Milky Way satellite galaxies. But as it is a problem specifically focused on the
dwarfs, we will be deeper explained in the corresponding section 2.2. All these small-
scale problems of the CDM model are a product of its scale-invariant spectrum of
density fluctuations with substantial power on small mass scales. As the behavior of
the power spectrum on extremely small scales depends on the specific physics of the
dark matter particles, this model based on weakly interacting massive particles has
power spectra that extend without suppression all the way to Earth masses, pro-
ducing all these inconsistencies with the observable data, like the cuspy profiles and
the lack of small mass dwarfs that should we see around Milky Way kind galaxies.
Something that ¢"DM solves, as in scales smaller than the Jean scale, the pressure
will dominate, suppressing the small scale structures, making a real difference from
CDM to ¢yDM (More thoroughly explained in section 2.1.3 ).

The cusp-core problem refers to the discrepancy between the observed cen-
tral dwarfs” DM density profiles and the computed ones by NFW in standard CDM
N-body simulations (Del Popolo & Le Delliou, 2009). The central mass inferred by
stellar kinematics of the galaxies is ~ 5 times smaller than anticipated by the CDM
model, a considerable discrepancy that is difficult to alleviate (Weinberg, 2015).
This cuspy inner profile results from the CDM N-body simulations that describe the
dark matter mass density profile (p(r)) by a steep power law in the central regions
of the halos. This density profile was seen to follow the next relation: p ~ r®, with
a = —1 (Navarro et al., 1997; Navarro & Frenk, 1996). It was also suggested in
more recent works that the inner slope could be dependent on the total mass of the
halo, becoming stepper as a result of a more negative a of -1.5 (Jing, 2000a; Moore
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et al.; 1999a). Almost the entire simulations show a cuspy density in the center
of every galaxy, with a substantial density increment in small radiuses, while the
rotation curves of the majority of the dwarfs suggest a cored central density profile
(Carignan, 1989). This central mass inconsistency of the small masses galaxies is
graphically represented by the differences between a cuspy profile that goes to in-
finity at the center or a cored profile in the galaxy’s central regions.

Figure 2.2: UGC 5750 dwarf’s rotation curve: Notice how the NFW profile
(long-dashed line) nor the singular isothermal sphere (SIS, dotted line) can fit the
measured rotation curves of the galaxy. In contrast, the cored profile, apart from

being the only acceptable option, seems to agree excellently with the data. Credit
Chen & McGaugh (2010); de Martino et al. (2020a)

The discrepancy between the expected cusp NFW profiles and the observed
profiles seems far to be alleviated due to the point that dwarf galaxies, which are
expected to be some of the darkest matter-dominated objects in the universe, should
provide the the best match to the DM halo predictions of CDM. Moreover, even if
they are dwarfs with several orders of magnitudes in terms of luminosities ( from
10%to 10"Lg (McConnachie, 2012; Javanmardi et al., 2016)), all of them seem
to show similar velocity dispersion values, indicating an analogous dark-baryonic
proportion, and in consequence, theoretically similar profiles (Mateo et al.,; 1993).
Plenty of similar and independent analyses have reinforced this discrepancy between
the expected cuspy and the observed cores. For example, the measured HI rotation
curve of the dwarf irregular galaxy DDO 154 (Carignan & Freeman, 1988), is more
consistent with a cored inner profile. Some recently discovered ultra-faint galax-
ies in the local groups have half-light radiuses of just a few kpcs that are difficult
to explain for the CDM model in an isolated situation, with tidal iterations and
baryonic feedback as the only possible explanations (Willman et al., 2005; Zucker
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et al., 2006a,b; Torrealba et al., 2016; Caldwell et al., 2017; Torrealba et al., 2019).
In the same way, this cuspy profile has been noticed to be too steep not only for
classical dwarfs but also for LSB (Light surface brightness), which rotations curves
seem to agree with cored inner regions than with cuspy ones (Borriello & Salucci,
2007; de Blok & Bosma, 2002; de Blok et al., 2003; Gentile et al., 2004) ( see figure
2.2). Similar observations and conclusions have been obtained from dwarf irregu-
lar galaxies like NGC 6822 (Weldrake et al., 2003), and NGC 3741 (Gentile et al.,
2007). In summary, the analysis made to the rotation curves of all these dwarfs
suggests inner slopes of @ = —0.22£0.08 (Spekkens et al., 2005), with a mean slope
a = —0.32 £ 0.24 obtained from some of the most irregular low surface brightness
galaxies as the steepest, very far from the o = —1 required value (Spekkens et al.|
2005; de Blok et al., 2003). Finally, the appearance of a new kind of extended
galaxies(Crater II (Caldwell et al.; 2017), Antlia IT (Torrealba et al.; 2019)|,NGC
1052-DF2 and NGC 1052-DF4 (van Dokkum et al.; 2018¢,d,a, 2019a; Danieli et al.,
2019; Haslbauer et al., 2019)), called as ultra-diffuse galaxies seem to be inexplica-
ble for the CDM model (Pozo & others., 2021b), where galaxies with such extended
profiles and cores seem to contradict CDM expectations in all the aspects.

NFW has been exposed to be insufficient in describing the density profile in
the center of these galaxies, whereas the here explained yDM (wave DM) profile is
able to reproduce the required central constant density (Marsh & Pop, 2015; Schive
et al., 2014a,b). Nevertheless, some authors seem to claim that these flat density
profiles are not unequivocally forced to discard NF'W as the correct solution, claim-
ing that the baryonic effects such as radiation pressure of massive stars, gas cooling,
tidal effects, or the supernova feedback (Ogiya & Mori, 2014; Spekkens et al., 2005;
Maccio et al., 2012) can alter dark matter gravitational potential wells, solving this
cusp-core discrepancy inside the NFW context. For example, an inner Lindblad-
like resonance, which couples the rotating bar to the orbits of the star through the
cusp, was suggested to cause an angular momentum transfer from the bar pattern
to the dark matter halo (Weinberg & Katz, 2002), transforming a cuspy profile into
a cored one; nevertheless, some new investigations claimed just the contrary result
(Dubinski et al.; 2009). Another solution, and one of the most popular ones for
the CDM community, is based on the previously presented baryonic feedback, more
concretely, in supernova feedback. The wind created in a supernova seems to be
effective in order to transform cuspy profiles into cored ones (Mashchenko et al.,
2006) by transferring the gas and the dark matter particles from the center to outer
zones (Mashchenko et al.; 2008), flattening the dark matter density profile. Sim-
ilar results are expected from the stellar winds in this scenario, but with a more
negligible effect than supernovas (Gnedin & Zhao, 2002; Mashchenko et al.; 2008).
Another option would be radiative cooling, which would make gas collapse and
generate cyclical starbursts, periodically contributing to the flattening of the inner
cuspy cold dark matter profile (Ogiva & Mori, 2014). Nevertheless, these proposals
seem not reasonable to solve the problem in a simple universal way, non its effects on
cosmological scales. Moreover, simulations done by Mocz et al. (2020, 2019) already
suggested that the baryonic feedback does not significantly alter the dark matter
dynamics, being unable to transform cusps to cores. These Auriga and EAGLE
simulations show that gas outflows and the cyclical starburst cannot transform a
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cuspy profile into a cored one (Bose et al.; 2019). Another possible solution could be
carried out by the dynamical friction between gas clumps with masses between 10°
and 10°M,, in the initial phases of the galaxies formations (El-Zant & Shlosman,
2001; Romano-Diaz et al., 2008). In this scenario, the friction between these clumps
would transfer angular momentum to the dark matter particles, making it possible
to change their position to the outer zones of the halo, flattening the inner part.
Even if these clumps are known to have masses in the order of 10°M,, (Kaufmann,
2006), the existence of such gas clumps could imply an inefficient star formation and
cloud fragmentation (Nipoti & Binney, 2015), that would imply halos < 107 M, and
gas clumps of ~ 10*M, and in consequence orders of magnitude smaller than the
needed ones to solve the cusp core problem (Jardel & Sellwood, 2009).

The missing satellite problem is the lack of observable satellite galaxies
around the Milky way, compared to the simulations of Milky Way-type galaxy re-
sults. This CDM simulation expects quite more satellite galaxies around Milky way
type galaxies of ~ 10 M, for which high-resolution CDM cosmological simulations
predict thousand of subhalos with masses equal or superior to 107 M. However, this
value is ~20 times larger than the observed amount of such satellites around the
Milky Way and Andromeda (Bullock & Boylan-Kolchin, 2017; Kauffmann et al.,
1993; Klypin et al., 1999; Moore et al., 1999b). The origin of this discrepancy be-
tween the observations and the number of galaxies for CDM comes from its power
spectrum, in which its behavior on small scales is totally dependent on the physics
of the applied dark matter particles; in the case of the WIMPs, the power spectra
extends without suppression to Earth masses (Green et al., 2004), allowing in the
CDM scenario to the early formation of plenty low mass subhalos that would form
the right amount of nowadays expected extra couples of satellites. This problem
was first confirmed by Klypin et al. (1999), which clearly showed how the expected
low mass satellite amount doesn’t fit with simulations in Milky and Andromeda
cases ( check figure 2.3). Although the difficulty of detecting ultra-faint galaxies
has constantly fed the doubts about whether the observations were talking against
the theoretical results (Bullock, 2010), arguing that the higher sensitivity of the
detection tools is discovering a higher amount of ultra-faint galaxies. The actual
number still seems to be relatively low for CDM, being four times lower than ex-
pected (Simon & Geha, 2007), and with no prospect of detecting enough in the
future to resolve it. Furthermore, the densest subhalos predicted by CDM from the
ELVIS ACDM simulations (Garrison-IKimmel et al.; 2014a) are much denser than
the denser subhalos of Milky’s biggest satellites.

Another popular solution is based on the point that small subhalos below 108 M,
would not have detectable stars or gas due to being not massive enough to gravita-
tionally attract ( or contain form tidal forces) cold gas to form stars and/or physical
phenomena are undergoing within these subhalos that prevent the formation of lu-
minous stars, preventing us from detecting these dwarf galaxies(l<im et al., 2018).
This solution has carried out another small-scale problem for the cold dark matter
paradigm, usually referred like the “too-big-to-fail” problem. This problem estates
that the predicted galaxies are too big not to have visible stars or to have seen their
start formation process truncated due to tidal forces.
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A quantitative comparison of # satellites at r < 400 kpc.
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Figure 2.3: Number of satellite galaxies vs circular velocity (or mass). The ob-
servable amount of low-mass satellite galaxies in MW and M31( black data points)
shows a high discrepancy with CDM'’s theoretical results, white dots, and ACDM,
represented with a solid line. The models expect a rising trend while we search for
low mass galaxies ( low circular velocities), whereas the data shows a much flatter
one below 50 km/s. Credit Kim et al. (2019).

As for the "cuspy-core" problem, it has been argued by some authors that there
is no need to add another dark matter alternative theory to explain the observed
discrepancies that have carried out the "missing satellite" problem. The abundance
matching (AM) technique (Bullock & Boylan-Kolchin, 2017)(for comparing the dis-
tribution of the dark matter halo when using galaxy luminosities) seems to be able
to solve the problem for galaxies of ~ 10°M, after applying the observed star for-
mation rate (Read & Erkal, 2019). For galaxies smaller than ~ 10°M, assuming
the suppression of star formation by UV reionization may plausibly correct the dis-
crepancy (Bullock & Boylan-Kolchin, 2017; Efstathiou et al., 1992; Sawala et al.,
2016) while for galaxies smaller than ~ 10®M, an atomic cooling must be consid-
ered (Bullock & Boylan-Kolchin, 2017; Rees & Ostriker, 1977). The stellar mass of
the galaxies can be easily estimated by fitting broad-band photometric data with
a Spectral Energy Distribution model (Walcher et al., 2011; Mitchell et al., 2013).
In contrast, the total galaxy mass Mhalo can be inferred from either gravitational
lensing or HI rotation curves (Mandelbaum et al., 2006; Moster et al.; 2010; Katz
et al., 2017). These models are all consistent with each other, predicting more than
80 satellites with stellar masses bigger than 103M, in clear discrepancy with ob-
servations that might be alleviated assuming a low total mass for the Milky way,
something that seems unreasonable nowadays (Hargis et al., 2014). Nevertheless,
one of the biggest victories of this technique came out from an improved version
of AM (Abundance matching ) by Brook et al. (2014) with the successful match
between the predicted amount of satellites around Milky with stellar masses sup-
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pression to 103M@ with and without considering the reionization (Brook et al., 2014;
Dooley et al., 2017). Although (Brook et al., 2014) obtained a satisfying result for
the CDM commumty, it has been recently considered that the stellar mass might
have some important issues in its efficiency to predict the real amount of satellites
by AM; the suppression of star formation due to either the infall of the galaxy to-
ward a larger galaxy (Geha et al., 2012; Gatto et al., 2013) or tidal stripping (Read
et al., 2006a; Tomozeiu et al., 2( Jl()) mtroduces an 1ntr1n31c scatter in the M.-Mjq.,
relamon (Uml et al., 2015; Rmd et al., 2017). These issues could be alleviated by
replacing the stellar mass with the star formation rate.

The Too big to fail is a discrepancy that arises when we observe the dark
matter density profiles of the most luminous satellites of the Local Group and the
predicted densities by the CDM model. Briefly, the expected densest dwarfs by the
CDM model are ~ 5 times denser than the observed densest ones around Milky
and Andromeda (Boylan-Kolchin et al., 2011; Read et al., 2006b; Boylan-Kolchin
& Bullock, 2012). As we have already commented, this problem also arises in one
of the postulated possible solutions for the missing satellite problem, which argues
about a lack of stars in some dwarfs that may make them undetectable, impossible
to be true for their dark matter densities that will be able to retain gas and form
stars, making them observable. We must remark that the TBTF problem is an
independent problem from the missing satellite problem and instead is related to
the stellar mass dark matter halo relation; it is an internal dark matter distribution
issue where the mismatch between the observed and predicted dark matter central
densities depend upon the specific realization of the dark matter halo substructure
(Boylan-Kolchin et al., 2011; Boylan-Kolchin & Bullock, 2012).

This problem arises when comparing the predicted and observed circular velocity
(Viire) at the half-light radius of the galaxies, where, due to being dwarfs, one of the
most dark matter dominated objects, they are expected to be dominated by dark
matter at all their extension, so that the dynamical mass of a dwarf (Mg, (< 1/2))
should be representative of its dark matter content at least until that radius. In
conclusion, the computed V.. at the half-light radius is equal to the observed one
(Boylan-Kolchin & Bullock, 2011). This requirement seems to be completed by just
the subhalos that are far from the density values of the predicted densest ones by
ACDM; in other words, the most luminous and denser dwarfs of the local group
have smaller Vi;,.(71/2). For example, 10 of the most massive subhalos computed by
the Aquarius simulations (Springel et al.; 2008), have circular velocities values that
are pretty higher than observed ones, of V,,,,>25km/s instead the observed values
of Vipar ~12-25km /s (Boylan-Kolchin & Bullock, 2012). These problems seem to
be universal, as has been observed in the whole Local group’s dwarfs, with similar
conclusions in Andromeda’s system. Moreover, isolated galaxies stand out for the
same issue, showing much lower circular velocities and not enough dense galaxies
than expected in a CDM scenario (Tollerud et al.; 2014; Kirby et al., 2014) simulated
with the ELVIS model(Garrison-Kimmel et al., 2014b). Moreover, this discrepancy
between the predicted amount of too dense halos and observed less dense ones grows
up when we analyze the same problem in other systems out from the Local Group
(Garrison-Kimmel et al., 2014b). For example, the observed galaxies around M94
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and M101 are less dense than predicted by CDM simulations, where M94 is a group
formed by a Milky way kind galaxy with just two satellites of stellar masses around
10° Mg, very far from the 10 suggested by CDM models (Smercina et al., 2018). In
the same way, M101 galaxies have a luminosity function similar to the ones from
Milky, suggesting a similar lack of intermediate-mass galaxies (Danieli et al., 2017).
On the other hand, the lack of the found Ultra-faint galaxies( the half compared
to the Milky way’s) seems to note out the missing satellite problem in this system
(Bennet et al., 2020).
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Figure 2.4: The TBTF problem in the Milky Way. The left panels show
the predicted nine densest satellites from the ELVIS ACDM simulations Garrison-
Kimmel et al. (2014Db) for a Milky Way-like galaxy of 10'2M, while the right panel
shows the current distribution of the real densest satellites. The densities of the
densest real satellite are ~ 5 times smaller than the predicted ones, while the es-
timated amount of subhalos by the simulations largely exceeds the observed ones.

This last point is related to the previously commented missing satellite problem.
Credit Weinberg (2015).

Recently it has been claimed that the mass of the milky way is half of the widely
adopted, established value, and this lower mass is claimed by them to be sufficient to
alleviate the TBTF problem for CDM (Boylan-Kolchin & Bullock, 2012). A Milky
way with a mass of ~ 5 x 10 M, will just show a discrepancy of ~3 extra subhalos,
whereas the actual accepted values of ~ 10'2M, (Xue et al., 2008; Brown et al.,
2010; Gnedin et al., 2010) or ~ 2 x 102My (Sakamoto et al., 2003; Sohn et al.,
2018) have a discrepancy between 6 and 12 subhalos more or less, too much to be
considered as a consistent statistical fluctuation. Nevertheless, there is no evidence
to indicate that the mass of the Milky way has been overestimated, and the appar-
ent Universal characteristic of the TBTF problem due to appearing in Andromeda’s
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group and outside the Local group makes the Milky’s possible mass overestimate
inefficient to solve it entirely. So as for the other small-scale issues, baryonic feed-
back seems to be the best option. As suggested for resolving the cusp-core problem,
N-body/hydrodynamical simulations claim that repeated bursts of star formation
feedback from supernovas can significantly decrease the amount of dark matter in
the center ( flattening the core) in consequence, drastically reducing the circular
velocity (Brooks & Zolotov, 2014; Dutton, 2016; Buck et al., 2019). However, for
APOSTLE simulations (ba\\ ala et al., 2016; Fattahi et al., ()l() 2018), FIRE sim-
ulations(Garrison-Kimmel et al., 20 l()) and EAGLE models for galaxy formation
(Crain et al., 2015; Schaye et al.; 2015), the best option for solving the TBTF prob-
lem seems to be the subhalo dlsruptlon and the mass loss due to tidal disruption.
Furthermore, the amount of subhalos with stellar masses superior to 10° M, is still
close to 10, vaguely resolving the issue.

2.1.3 Wave Dark Matter

These three small-scale ( cuspy-core, missing satellite and too big to fail prob-
lems) issues are not just the only ones whose CDM has to face. In many cases, the
CDM profiles are too compact for the measured velocity dispersion, asking for un-
reasonable low values of "c¢" ( the concentration parameter), something that ¢y DM
matter has shown to be able to solve with the presence of a soliton in the center of
every galaxy, as we describe now in this section.

This soliton would provide the galaxy with a flatter central density, consistent
with the observable inner low velocities. More massive galaxies of high internal
momentum are predicted to have narrower, denser solitons of approximately 100pc
in radius. This is supported by the rising central velocity dispersion recently mea-
sured in the Milky Way (de Martino et al.; 2020b). For lower mass galaxies, wider
solitons are predicted, reaching 3kpc in a scale close to the lower limiting "Jeans
mass", below which galaxies form in Wave-DM as the bosons cannot be confined
below the de Broglie scale. This limiting soliton size appears to match well the
newly discovered Antlia II galaxy, which is extremely "ghostly" despite its large size
and proximity orbiting the Milky Way (Torrealba et al., 2019) at only 130kpc. Such
extensive galaxies seem impossible to exit in the CDM paradigm, where much more
concentrated halos are expected. Antlia II has been identified via proper motions
with Gaia(Torrealba et al., 2019), and we have its extreme represents the limiting
case fo Wave-DM with mean velocity dispersion of only ~ 6.5km /s, with an unprece-
dentedly low stellar surface brightness. All these Y DM characteristics and answers
to CDM misconceptions will be explained in the following chapters of the work.

DM matter is a non-relativistic alternative DM theory based in axions, this light
boson solution for the universal DM is gaining credence on the strength of the first
simulations to evolve the coupled Schrordinger-Poisson equations, dubbed DM,
(Schive et al., 2014a) that reveal distinctive, testable predictions for the non-linear
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structure of this wave-like form of DM. The Uncertainty Principle means bosons
cannot be confined to a scale smaller than the de Broglie one, so this “pressure"
naturally suppresses dwarf galaxy formation and generates rich structure on the de
Broglie scale, as revealed by the first simulations (Schive et al., 2014a,b; Mocz et al.,
2017; Veltmaat et al.; 2018) in this context. The most distinctive Y DM prediction is
the formation of a prominent solitonic standing wave at the base of every virialised
potential, corresponding to the ground state, where self gravity of the condensate
is matched by an effective pressure due to the Uncertainty Principle. The solitons
found in the simulations have flat cored density profiles that have been shown to
accurately match the known time independent solution of the Schrédinger-Poisson

equation (Schive et al.; 2014a,b, 2016), for which the soliton mass scales inversely
with its radius. Furthermore, a scaling relation between the mass of this soliton 8>nd
1/3

its host virial mass has been uncovered by the ¥ DM simulations, meiton =~ M},
such that a more compact dense soliton should be found in more massive galaxies
(Schive et al., 2014b) and can be understood from the virial relation (Veltmaat et al.,
2018).

On scales larger than the de Broglie scale, the evolution of structure in Y DM sim-
ulations is indistinguishable from CDM simulations, starting from the same initial
conditions, as desired given the well established agreement between CDM and the
statistics of large scale structure and the CMB. Hence, although the light bosons
contrast completely with the heavy fermions from supersymmetry, they actually
provide a very viable non-relativistic explanation for the observed coldness of dark
matter.

These characteristics make wave dark matter a good candidate for resolving the
previously mentioned problems ( "cusp-core", "missing satellites", and "too big to
fail"), as their solitonic flat cores profiles provide less dense halos than predicted
by CDM. This happens because of the “quantum pressure” product of the Heisen-
berg uncertainty principle that balances the self-gravity of the soliton (Schive et al.,
2014a) on the de Broglie scale. Forming solitonic, standing wave cores in the ground
state (rather than a divergent cusp) within galaxies which are surrounded by a gran-
ular halo where the density is fully modulated between constructive and destructive
interference on the de Broglie scale (Schive et al., 2014a). This is quite unlike the
smooth divergent NFW profile of CDM halos. Moreover, the existence of some star
clusters at the center of certain dwarfs "conflict directly with" the cuspy NFW pro-
file and has favored the 1yDM model as the soliton core provides a shallow, tide free,
central potential provided the star cluster orbits within the soliton (Schive et al.,
2020; Contenta et al., 2018).

This revolutionary cored profile seems to go in hand with the observational data
from the dark matter-dominated dwarfs, which are understood to have dark matter
cores. The kpc size of these dwarf cores provides a simple estimate of the boson
mass that is close to 10722eV (Schive et al., 2014a; Chan et al., ; Broadhurst
et al., 2020). This general value for the boson mass has been recently reinforced
with the detection of the new "ghostly" galaxy Antlia-2, famous for its low surface
brightness and relatively large radius. This, along with the low mass and density
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of this galaxy, matches well with the wave dark matter predictions where such an
internally low momentum galaxy should have a wider soliton, compatible with a bo-
son mass of 10722eV. Explaining the observed extended stellar profile with a soliton
of 3 kpes (Broadhurst et al.; 2020).
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Figure 2.5: Predicted core-halo relations for ¢yDM and CDM models. The Small
panel represents the analytical expressions for the c-M relation of DM (blue) and
CDM (red) models. The upper panels show the computed core-halo relation for the
DM models, and its discrepancy/agreement with the simulated numerical predic-
tions while the lower panels show exactly the same but for the CDM model. For
both panels, the thick solid line represents the median. The shadowed areas repre-
sent the 1, and 20 errors around the mean in order to accurately fit the well know
large scatter measured in ¢-M simulations (Bullock, 2001; Jing, 2000a; Bhattacharya
et al., 2013; Diemer, 2015). The gray dashed lines represent fitting function found
numerically by Schive et al. (2014a) while the green and purple data points show the
estimated results from soliton mergers simulations (Chan, 2022) and cosmological
simulations (May & Springel, 2021) respectively. Credit Taruya & Saga (2022)

Figure 2.5 shows the resulting core-halo relations for wave dark matter and cold
dark matter models, adopting the ¢-M relations of each DM model. The results from
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the c-M CDM relation, which predicts high-concentration halos, are much shallower
than the trend predicted by the numerical simulations. In contrast, the obtained
results from the c-M ¥DM coincide better with the results obtained from the nu-
merical simulations. The predicted core-halo relation seems to agree surprisingly
well with the scaling relation from Schive et al. (2014a) (where; r. oc M~*/3 h and
M, oc M'/3 h.) until 10° M, but with important discrepancies for halos bigger to
10°Mg, (Taruya & Saga, 2022). Nevertheless, it is important to remark that the
data points result of the cosmological numerical simulations ( purple data points of
figure 2.5 ) have been done with small box size, L = 10 h~! Mpc. In contrast, the
soliton merger simulations (green data points of figure 2.5) were done with an L=300
kpc. Moreover, these simulations have not been made with a strictly cosmological
setup, where the initial conditions of the former simulations is not precisely consis-
tent with the wave dark matter model having a small-scale cutoff. Something that
could explain the observed discrepancy of the computed c-M relation upon 10° M.
In addition, the analytical ¢-M relation for the DM model is not designed to ac-
count for the low-mass halos considered here. In this respect, the predicted core-halo
relations adopting the ¢-M relation of (Dentler et al.; 2022) might not be accurate
at 10" M. The observed smaller scatter in the core-halo relation for smaller halos
seems to result from the preference of the ¥ DM model for low concentration halos
at small scales. Something that is also observable for the numerical simulations.
Making the core-halo »DM relation much stronger than the predicted one from the
CDM model (Taruya & Saga, 2022).
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Figure 2.6: Summary of constraints and probes of axion cosmology. Credit Marsh
(2016).

JWST may definitively test the rich non-linear coherent wave structure of fuzzy
DM’s unique signature, imaging the substructure around Einstein rings at the de
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Broglie scale. Moreover, they are assumed to be more different ways to look for
wave dark matter: distinguish fuzzy DM from the WIMPs by exploiting cosmolog-
ical birefringence (Carroll et al.; 1990), analyze linearly polarized light such as the
one from pulsars (Liu et al., 2020) to detect the polarization angle variation that
may happen because of topological interactions between axion and photons when
linearly polarized light travels in the axion-like DM media and the galaxy formation
delay between wave dark matter and CDM scenarios ( deeper explained in point 6
of the wave main characteristics list enumerated in next pages).

The boson mass, my, is the only free parameter for 1yDM, this simplicity is one
of its great strengths as predictions for the DM is unique once a particular value
of the boson mass is specified. The boson mass has been previously estimated to
be approximately m, ~ 10722 eV (Schive et al., 2014a), by identifying the large
DM-dominated cores observed in dSph galaxies as solitons. Independent analyses of
other dSph galaxies have supported this value (Chen et al., 2017; Broadhurst et al.,
2020). With this value, we can normalize the {yDM simulations and predict the
absolute values of soliton properties as a function of halo mass for comparison with
the observations.

Axions are recognized as a viable candidate of DM and the primary physical
particle of the thesis of this work. With a null spin and uncharged and hence only
gravitational self interaction. They are postulated to have extremely light masses,
from 10723 to 1073eV (Marsh, 2016), where this upper value is limited by the nuclear
reactions in stars and actual supernova explosion mechanics. They are supposed to
weakly interact with normal matter and are not very susceptible to weak and strong
nuclear forces, so gravitational interactions are their only interaction with ordinary
matter. They are a natural solution of the standard model and the string theory pre-
dicted by quantum chromodynamics, and they were postulated as a natural solution
to the CP problem (Peccei & Quinn, 1977a; Peccel, 1977), where the QCD(quantum
chromodynamics) violated the CP symmetry. The axion would be the particle of
the needed field to solve this problem (Dine et al., 1981; Svreek & Witten, 20006).
Nevertheless is important to point out that the axions postulated to solve the CP
problem are very different from the "axion-like" particles (ALPs) of String theory
( they MUST not be confused). Both are axionic in terms of their axial rotation
symmetry but not at all related. ALPs can have a wide range of mass, whereas
QCD axions are thought to naturally be about 10~7 eV or a bit lower, but certainly
not thought to be as light as 10722eV for the ALPs.

Many different kinds of tests have been proposed in order to detect ALPs in
laboratories, such as for example measuring couplings to electrons, nucleons, elec-
tric dipole moments etc. Nevertheless, the first needed step would be to set the
appropriate mass scale of the searched particle in such experiments, in order to
target the oscillation frequency f = myc®/h Chadha-Day et al. (2022). Another
very useful method to detect axions and ALPs, could be based in the argued in-
teraction of these particles with electromagnetic fields. In this context, axions can
interconvert with photons in the presence of a background magnetic field. Some-
thing similar to neutrino’s oscillation, but in this case the strength of the mixing
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would be totally related to the magnetic field’s size. Astrophysical environments
impossible to replicate on Earth, such as stars, galaxies, and clusters seem to be the
perfect place to look for ( Galaxy clusters host strong magnetic fields over very large
distances). This means that if ALPs exist, some of these photons should convert to
ALPs while they pass through these clusters, making some of the light from different
sources disappear while they cross through the clusters. Even if definitive bounds
are impossible due to essential knowledge of the magnetic fields of these clusters,
the non-observation of this effect can be used to place bounds on the axion photon
coupling (Reynolds et al.; 2020). Another expected testing sources are the Super-
novas, these explosions at the end of stars’ life, produce a huge amount of neutrinos,
photons, and ALPs, these last ones only if they exist. It was predicted that in the
case of the supernova SN 1987A, these ALPs would have been converted into gamma,
rays photons through Milky Way’s magnetic field, giving us the opportunity to get
new constraints (Chadha-Day et al., 2022). The principal handicap of these tests,
relies on the fact that photons traveling through the plasma of these astrophysical
structures acquire low efficient masses avoiding axions or ALPs with higher masses
mix with them. The CERN Axion Solar Telescope (CAST) experiment will also
look up to these axion-photon conversions that should happen in stars, specifically,
in the Sun (Anastassopoulos et al., 2017).

As we have previously commented, a light axion of ~ 10722 ¢V would be a viable
candidate for the Wave DM halos base particle, so their wave nature would manifest
on astrophysical scales (Schive et al., 2014a,b). Under this proposal, dark matter
halos are stable on small scales for the same reason that the hydrogen atom is sta-
ble: the Uncertainty Principle. Moreover, it is well known that if the dark matter is
composed of ultra-light scalar particles m«1eV, the occupation numbers in galactic
halos are so high that the dark matter behaves as a classical field obeying a collec-
tive, coherent Schrodinger wave equation(Schive et al., 2014a,b). Another important
consequence of ¥’ DM halos composed of axions of ~ 10722 eV is the inherent cut-off
at small scales of the power spectrum in this context. This boson mass suppresses
small-scale structures in ¥ DM context below the de Broglie wavelength of ~1kpc for
such boson mass, making it the largest scale at which quantum mechanical effects
will appear (Chavanis, 2011; Suarez & Chavanis, 2017), coinciding with the sizes of
the observed stellar distribution is dawrfs(Marsh & Silk, 2014; Bozek et al., 2015).
Nevertheless, these boson fluids seem to behave and form exact structures as CDM
at large scales, showing consistent results with observations (Suarez & Chavanis,
2017; Matos et al., 2009). It is necessary to remark that to create the relevant
cut-off in the power spectrum at small scales, it requires an axion mass larger than
~ 1072 &V to still be consistent with the observed large structures (a constraint that
comes from the Hubble Ultra Deep Field UV luminosity function and the optical
depth to reionization as measured from CMB polarisation)(Bozek et al.; 2015), and
above ~ 10724 eV for the observed stellar formation rates and halo masses functions
(a constraint that comes from CMB temperature anisotropies) (Hlozek et al., 2015).
We will explain these two ¢y DM cosmological results in detail at the end of this
section.

Condensate of Bose-Einstein is considered as the fifth state of the mat-
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ter. This state is revealed when a boson gas is cooled to temperatures near absolute
zero. The bosons would occupy the lowest energy-quantum state, at which point mi-
croscopic quantum mechanical phenomena, particularly wavefunction interference,
become apparent macroscopically. This phenomenon is only physically possible in
a gas formed by bosons. Being the only particle with the same quantum state due
to not filling Pauli’s exclusion theorem, a product of their symmetric wave function,
where fermions with spin 1/2 cant fill the same quantum state whereas bosons with
spin 1 can. This state’s two main associated characteristics are superfluidity( matter
stops having friction) and superconductivity( null electrical resistance).

High
Temperature T:

‘Billiard balls"

. Low
<§ s Temperature T:

"Wave packets"

T=Terit:
Bose-Einstein
Condensation

‘Matter wave overlap”

T=0:
Pure Bose
condensate
"Giant matter wave”

Figure 2.7: Bose-Einstein Condensation phases. At high temperatures, the parti-
cles of a weak interactive gas can be described as wave-packets with an extension
of Ax, approximately given by Heisenberg’s uncertainty relation Ax= h/Ap, being
Ap the width of thermal momentum distribution. As Ax is similar to the thermal
de Broglie wavelength \;p, as well as the temperature of the gas decreases, the A\yp
increases to a comparable size to the distance between the particles, increasing also
Ax, the uncertainty of their exact position. When the temperature gets close to zero
absolute, the Ax gets maximum being impossible to distinguish one particle from
another. Vanishing the thermal cloud and leaving a pure Bose condensate. Credit
Durfee & Ketterle (1998).

An ideal Bose gas is a collection of non-interacting N bosonic particles. Following
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the laws of quantum mechanics, these particles have a wave nature that the de
Broglie wavelength can characterize;

h
Ap = — 2.2
B » (2.2)

and which can be used to obtain the de Broglie thermal wavelength for ideal
gases with massive particles:

h

App = ——— 2.3
BT vV mekBT ( )

Where m;, is the boson mass ( as this scalar particle has to be a boson, not
fermions, that can form a Bose-Einstein condensate by virtue of being "bosonic",
whereas fermions cant all fall into one ground state like bosons, due tot he Pauli
exclusion principle, with rare exceptions like the cooper pairs of electrons (of op-
posite spin) that can pair up to effectively become bosons and thus condensate as
in superconductivity), T is the temperature, h Planck’s constant, and kp is Boltz-
mann’s constant. At high temperatures, when Agr is smaller than the distance
between particles, their thermal movement dominates the gas properties as localiz-
able particles. But while the temperature decreases, A\gr increases to values more
significant than the distances between the particles, arising their wave behavior. In
this situation, the different matter waves overlap, coordinating their state and pro-
ducing the Bose-Einstein condensate. A single wave function defines all the system
as a "super-atom". At his point, all de atoms are in the smaller quantum-energy
state, being identical. As all of them share the same quantum state and have all the
same minimum energy, they become indistinguishable from each other, behaving as
a single super-atom.

This boson mass ( the only free parameter, in the yDM ), has been estimated
to be approximately my ~ 10722 eV (Schive et al., 2014a), by identifying the large
DM dominated cores observed in dSph galaxies as solitons. Independent analyses of
other dSph galaxies have supported this value (Chen et al., 2017; Broadhurst et al.,
2020). With this value, we can normalize the {yDM simulations and predict the
absolute values of soliton properties as a function of halo mass for comparison with
the observations. A gas-fluid formed by such axions will have a high-temperature
condensation (critical temperature is ~ TeV due to the high number density of axion
particles), a temperature that will see its difference with the mean-field tempera-
ture enlarged while the universe expands and cools. This will make the axion gas a
Bose-Einstein condensate due to the previously explained physical phenomenon of
the boson gases cooled to temperatures near absolute zero. The expected de Broglie
wavelength for such axions condensates is about ~1kpc, and will set off the area
in which quantum mechanical effects will appear. This de Broglie wavelength size
coincides with the observed stellar distributions from galaxies (Marsh & Silk, 2014;
Bozek et al., 2015). The needed boson mas constraint so this axion’s Bose-Einstein
condensates will reproduce CDM structure at large scales while at the same time,
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they will be able to create the relevant cut-off in the power spectrum on small scales,
has to be superior to m, > 1072%¢V(Bozek et al., 2015). This constraint comes from
the Hubble Ultra Deep Field UV luminosity function and the optical depth to reion-
ization as measured from CMB polarisation, which stipulated a boson mass higher
to m, > 107%4eV, as a product of the CMB temperature "anisotropy" (Hlozek et al.,
2015).

This physical state where a vast group of indistinguishable bosons can coexist
in thermal equilibrium, in the same quantum state can be described by the Bose-
Finstein statistic:

This Bose-Einstein statistic is equivalent to Maxwell-Boltzmann statistic for high
energies, originally postulated to describe these particle gases in classical mechanics.

In summary, these are the five main points that characterize wave
dark matter:

1. Extreme light particles:

May = my,/10722eV — 103! lighter than CDM.

Because of such small particle mass de Broglie wavelength becomes astronom-
ical (kpc) scale

Wavelike properties (e.g, interferences)

2. Governed by Schroedinger-Poisson equations:

"Is a nonlinear modification of the Schroedinger equation with a Newtonian
gravitational potential, where the gravitational potential emerges from the
treatment of the wave function as a mass density, including a term that rep-
resents the interaction of a particle with its own gravitational field."

Z@‘Iéix) = —2;% V2U(z) + myp(z)¥(z) (2.4)
Vip(z) = dnGa(t)(|¥(z)[* — 1) (2.5)

U is the wave function, ¢ is the Newtonian gravitational potential, and ’a’
is the cosmic expansion scale factor. One of the most critical features of this
model is that it has only one free parameter, m,,, the boson mass. So the most
significant task in the wave DM model is to constrain the actual value my,
as a result of observational data. That is the main purpose of this work. See

29



figure 2.11 to realize how a small variation of the mass can produce slightly
different cosmological structures.

One of the essential properties of wave dark matter is that there is an ef-
fective quantum pressure that will suppress the small-scale structure. This
feature can be easily noticed if rewriting the Schréedinger-Poisson equations
into conservation laws, just like the Euler equation in hydrodynamics.

dp L
E + V(pv) =0 (26)
W v v V) v, @7)

ot

Where:

U — feld

p = myf?
— m;IVS

Eq.(2.6) is the continuity equation and Eq.(2.7) is the moment equation, where
the below explained conditions are the conversions from wave equation to
fluid. Applying those conversion variables, we get the momentum equation in
hydrodynamics:

ov 1
4 OVT = —-Vp — 2.
" + VU Vp—Vop (2.8)

Notice how the only difference between these last two momentum equations
(equation(2.7) and (2.8)), is the first term on the right side, colored with blue,
which represent the pressure. By rewriting the term of quantum fluid into a
similar term in hydrodynamics, we can derive an expression for the already
mentioned quantum pressure, which is a stress tensor:

1 1
P = m_w@ifajf - Z5ijv2f2) (2.9)

. The Uncertainty principle means bosons cannot be confined to a
scale smaller than the de Broglie scale, so this “pressure" naturally
suppresses dwarf galaxy formation and generates rich structure on
the de Broglie scale, as revealed by the first simulationsSchive et al.
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(2014a,b):
Representing the de Broglie wavelength in terms of boson mass:

My 100kms—!

Agp = 1.2
B 1022V v

kpc (2.10)

In combination with axion masses of ~ 10722eV, it provides 1YDM models wave-
like small-scale structures as a consequence of the de Broglie scale. Moreover,
in scales smaller than the de Broglie wavelength, the quantum pressure dom-
inates over gravity. The axion field is uniform and there is a minimum mass
for a dark matter halo (Khlopov et al.; 1985) due to the suppression of small-
scale structures. At the same time, we will see how large-scale structures stay
similar to CDM in the next point. This suppression of small-scale structures
formation with such boson mass is the product of the inherent cut-off:

The power spectrum and the small scale cut-off in v DM:

The small-scale cut-off is in relation to the power spectrum for vyDM and
WDM caused by the pressure (quantum for ¢YDM and thermal heating pres-
sure for WDM); this cut-off limits the minimal mass at which a structure can
first form, limiting for example for a boson mass of ~ 10722eV any structure
formation below ~ 10°M,. CDM has no such pressure and, in consequence,
no cut-off, stipulating almost no small-scale structure formation mass limits,
and also, there is no smoothing of the core. For masses similar to 10~22eV,
this suppression of structures of scales below the Jeans scale is expected to
suppress structures of ~ 10Mpc~! and below.

Notice how the resulting pressure in equation (2.9) is related to the spatial
derivative of density. This is the quantum pressure that involves a significant
rule in wave dark matter, because after defining pressure, the corresponding
Jeans limit can be computed, defining the point where gravity balances pres-
sure. Above this Jean scale limit, gravity would dominate in both CDM and
DM, expecting similar behaviors. But in scales smaller than this Jean scale,
the pressure will dominate, suppressing the small-scale structures, making a
real difference from CDM to ¥YDM in these scales smaller than the Jean scale.
As we have just pointed out in the previous paragraph, this does not happen
for CDM, as models based on weakly interacting massive particles, have power
spectra that extend without suppression all the way to Earth masses. This
"effective" pressure from the UP sets a lower scale for the structure of ¢yDM,
given by the de Broglie scale. On scales larger (several times larger) than the
de Broglie scale, the pressure is negligible and so ¢y DM can be expected to
approximate the behavior of CDM and hence explains why the halos of 1yDM
have an NFW form like CDM. But the halos are not smooth like CDM they
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have a pervasive structure on the de Broglie scale due to interference - how-
ever, when azimuthally averaged, the profile is NF'W-like.

The linear power spectrum (“power per octave” )
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Figure 2.8: The small scale cut-off at the power spectrum. See how the
power spectrum value dives to zero for WDM (DM is actually a sharper cut-off than
WDM) at large frequencies(small-scales), a product of caustics pressures(quantum
pressure for 1Y DM). Notice how there is no such cut-off for CDM, making possible
the formation of DM structures at very small scales and low masses.

The matter power spectrum describes the density contrast of the universe (the
difference between the local density and the mean density, the variance of the
density field), P(k), as a function of scale. A higher frequency, k, will refer to
smaller scales. In contrast, P will increase with the more significant difference
between the local density and the universe’s mean cosmological density, being
zero when they are equal. It is the Fourier transform of the matter correlation
function. Gravity competes with cosmic expansion on large scales, and struc-
tures grow at first according to linear theory. Later, these overdensities will
grow so large they can collapse, "non-linearly" to make galaxies. This must
be simulated as the linear theory approximation can no longer be applied. In
this regime, the density contrast field is Gaussian, Fourier modes evolve in-
dependently, and the power spectrum sufficiently describes the density field.
On small scales, gravitational collapse is non-linear and can only be computed
accurately using N-body simulations. The fundamental behavior of the mod-
els at small scales will be defined by the physics of their primordial particles,
giving different results for CDM (WIMPs) and ¢)DM (axions).

4. The most distinctive waveDM prediction is the formation of a promi-
nent solitonic standing wave at the base of every virialised potential,
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corresponding to the ground state, where self-gravity of the con-
densate is matched by an effective pressure due to the Uncertainty
Principle. (Schive et al., 2014a,b):

This is because the soliton is all the bosons collected in the ground state of the
bose-Einstein condensate ( the lowest energy configuration is a soliton). All
these bosons, zillions, all form one giant wave, and not an unrelated smooth
mass of individual boson waves but one coherent "standing wave" that is to-
tally smooth and lasts forever as a stable soliton, that is self-reinforcing the
tendency of a wave to spread is countered by its self-gravity; In summary, this
is the definition of a standing wave.

As DM large structure scale results seem not to differ from CDM, the most
interesting property of wave dark matter occurs in scales smaller than the Jean
scale. In such smaller scales, in very high density points, axions form the well
known solitonic-core supported by an equilibrium between gravity and quan-
tum pressure (Seidel & Suen, 1991) ( Small right panel of figure 2.9).

. On scales larger than the de Broglie scale, the evolution of structure
in waveDM simulations is indistinguishable from CDM simulations,
starting from the same initial conditions, as desired given the well-
established agreement between CDM and the statistics of large scale
structure and the CMB.(Schive et al., 2014a,b)

On large scales, however, the scalar field behaves just like a collisionless self-
gravitating fluid, identical to CDM, and is therefore consistent with modern
large-scale cosmological constraints. In this scale, gravity causes the axion
field to develop inhomogeneities, and its clusters into ¥YDM halos ( The whole
orange structures of figure 2.9). The development of these inhomogeneities in
the axion field is governed by gravity but also by axion self-interactions, but in
a smaller proportion. These are governed by the non-linear Schrodinger equa-
tions presented on the upper side. Finally, the different halos are connected by
dark matter filaments ( Blue structures of figure 2.9) creating the appreciable
"Cosmic Web" of figure 2.10.

For further understanding check out sections 3 and 3.1, where these ¥DM
halos’ structures are well explained, specifically in figure 3.2, where the dark
matter halos painted in orange of figure 2.9 can be seen with the color map
used in figure 2.10 to differ the high density zones (cores) with the low ones
(outer part of the halo). In this section, we will also explain the different
behavior of these two structures.
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Figure 2.9: Cosmic web small scale: Cosmological simulations representing Wave
dark matter density distribution on scales smaller than Jean scale and beyond. No-
tice how the interference patterns product of the wave behavior dominate the struc-
ture at these scales, connecting halos(density granules in this case, orange structures)
by filaments ( blue structures). At the center of every halo, we should localize the
main difference with CDM, the solitonic core (labeled “core”), instead of a divergent
cuspy profile. Credit Schive et al. (2014a).

Figure 2.10: Cosmic web large scale: This figure shows cosmological simulations
to represent the 1y DM large scale structure vs. the CDM large scale structureSchive
et al. (2014a). The predicted results by these two models are very consistent in these
large scales, where gravity should dominate both DM models. So as a consequence,
these two models should not differ at large scales, giving to ¥»DM the same cos-
mological observational consistency of CDM. Notice how now the halos are plotted
with a color map from lower densities in green to higher in red in contraposition
to the orange of figure 2.9. Representing this last color the position of the cores.
Filaments are painted in blue also in this case. Credit Schive et al. (2014a).
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Figure 2.11: Cosmic web large scale: As in figure 2.10 figure shows cosmological
simulations to represent the ©y DM large scale structure vs. the CDM large. The
main difference with figure 2.10 is that in this case, three different boson masses
have been used in order to point out the weight of the boson mass in the resulting
cosmological structures. Credit Dome et al. (2023).

6. Cosmological formation

In this point, we will describe how the sum of the previous 5 points affects
galactic formation in the ¥ DM context, comparing it also with the CDM for-
mation process. This structure’s formation process starts very early in the
Universe’s time life, the potential wells of the dark matter halos start to form
at very high temperature, when the ordinary matter is still ionized.

The differences in the power spectrum and their consequences on
the structure formation process
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In CDM, there is no power spectrum cut-off at small scales, allowing to form
DM structures of low masses and concentrations. Nevertheless, whereas such
a cut-off at small scales occurs for DM, limiting the minimum mass at which
DM structures can start to be formed at scales below the de Broglie length,
defined by the boson mass. This phenomenon is typically called the "suppres-
sion of DM structures at small scales", making for example, the formation
of DM haloes below the ~ 10°M,, for boson masses of 107%2¢V, impossible
to form. This limit carries out a direct consequence on the formation times
between CDM and ¥DM. More massive halos need more time to be concen-
trated, indicating that, as in CDM, there is no small scale formation limit,
haloes below ~ 10°M, will be formed before the first ~ 10°M, halos are
formed in the ¥y DM context. In both cases, we will see the formation of the
first "filamentary" structures at the very first times ( very high redshifts),
forming earlier in CDM. In CDM the filaments are comprised of low mass
subhaloes. In contrast, in »yDM/WDM, there is no fragmentation between
them, as the filaments are not eaten so quickly due to the delayed halo for-
mation product of the small-scale structures cut-off of the power spectrum.
Instead, dark matter is distributed more continuously also alongside these fil-
aments wherein 1Y DM the interference pattern is displayed due to the relative
velocity of the matter converging onto the filament. Inside the virial radius,
the main difference between the WDM and DM filaments structure is that
for WDM, a caustic structure can be seen, while the interference pattern of
DM, produces a much more turbulent density structure, due to being the
superposition of many plane waves that encode the velocity dispersion in the
halo (Mocz et al., 2020). These filaments should endure much more time (
should be appreciable at much lower redshifts) in ¢y DM, as the earlier forma-
tion of the first halos in CDM should start breaking these filaments earlier
due to gravitational attraction. Moreover, the longer life of these filaments
in wave dark matter will favor the formation of much more stars inside these
filaments, making a great difference in the location and extension of stellar
profiles in CDM and DM galaxies, as well as making baryonic objects look
“fuzzier”/more smoothed than in CDM (Mocz et al., 2019, 2020), postulat-
ing them as excellent DM tracers in DM (something that will make a great
point of the thesis, being discussed here and in section 3.3). All these points
have been recently confirmed with new simulations by May & Springel (2022),
where they support a ¥ DM scenario with linked halos via continuous, smooth,
and dense filaments while in CDM these filamentary structures break into sub-
halos much quicker ( see figure 2.12). Moreover, they also pointed out that
significant visual differences should be observed between ¢yDM and CDM in
the outer part of the halos. Concretely, they argue ( as I do in this work),
that the main difference relays on the slopes and extent of the density profiles,
making the ¢y DM profiles flatter and fall more slowly towards the outer regions
of the halos; "reaching much further outwards before dropping to the back-
ground matter density" (May & Springel, 2022). Whereas for CDM, filaments
are less extended and with quicker declining density profiles. This decline is
expected to be of 500 h~kpc for CDM in contra-position to the one of 1y DM,
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that extends to 1 h~tkpe (May & Springel, 2022).
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Figure 2.12: Projected density for DM and CDM filaments. Notice how
the density profile is much more flat and continuous compared to CDM, where the

filament seems to be broken into sub-halos along the whole structure. Credit May
& Springel (2022).

At early times, dark matter and gas first collapse to filaments for wave dark
matter as a product of lacking small scale power below a Jeans scale of
10° M for m,, = 10722V (Product of the small scale cut-off of the power spec-
trum). These filaments should never really maintain in a CDM scenario, where
filaments should dissolve into a scale-free mass spectrum of small DM halos,
commonly named subhalos (the fragmentation into subhaloes is a function of
the mass resolution of the dark matter). This characteristic will also provide
CDM to form stellar structures earlier than in yDM. In such wave dark matter
scenario, galaxy formation should begin at z~10 for a boson mass of 10~*%¢V,
with reionization completed only at z~8 (check figure 2.14). Nevertheless,
these predictions seem well to agree with the surprisingly low optical depth of
Thomspon scattering of the CMB and with the tentative turn down in galaxy
number density at "z > 8" (Leung et al., 2018), implying that the galaxy
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formation is not significant until z > 8. So the most interesting fact is that
the galaxy formation should begin before for CDM than for ¥ DM, creating
another potential observation by JWST. This lack of galaxies at high redshifts
for wave dark matter is because the matter will not collapse into galaxies until
the density is higher than the Jeans scale (set by the small scale cut-off of
the power spectrum), so that lower boson results in a bigger Jean’s mass, and
hence, galaxies form later (Schive et al., 2016).
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Figure 2.13: The dark matter power spectrum for CDM, WDM and
Y»DM. WDM and DM follow each other quite close in all the redshifts until z=15,
indicating that the dynamic quantum potential has not significantly modified the
structure. Both DM and WDM show a lack of power compared to CDM at high
frequencies, revealing the cut-off at small scales. Notice how at z=7, at very small
scales, there is an excess of power for DM compared to WDM and CDM as a
consequence of the interference patterns proper of 1YDM. Credit Mocz et al. (2020).
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Figure 2.14: Galaxy formation with time: The top panels represent the galaxy
formation evolution for CDM, whereas the ones below represent wave dark matter.
Notice how in standard CDM the predicted dwarf formation is abundant at z > 10,
while for my, = 10722eV DM, galaxies are suppressed as matter can not be confined
below the Jeans scale due to the uncertainty principle. At z > 10, the filaments are
deprived of galaxies. These filaments are full of DM and gas, where dark matter’s
most significant gravitational potential should make gas trace DM. Moreover, the
cooling of the gas should make stars form in these filaments, a characteristic imprint
of wave dark matter ( check figure 2.15). Something required to be tested by JWST,
along with the presence of galaxies at these high redshifts. Important to note that
the lack of galaxies at z > 10 compared to CDM in wave dark matter is a direct
result of the boson mass, and is more obvious for smaller boson masses. Credit Mocz
et al. (2017).

These filaments are also expected for warm dark matter being apparently indis-
tinguishable from wave dark matter at early times in terms of smooth filaments
as with warm-DM as it also has an effective cut-off at high frequency in the
power spectrum. Nevertheless, both WDM and CDM highly differ to ¥ DM:
WDM and CDM, show a cuspy profile, whereas WDM’s filaments represent a
caustic dark matter distribution. Something that contrasts with ¢Y"DM where
the caustics are regularized by the uncertainty principle with a wave-like inter-
ference DM structure. In filaments, the interference remains coherent due to
a limited number of wave velocities from the initial collapse, and interference
minima/maxima are aligned on scales of a few ~ 100 kpc. Nevertheless, inside
halos, the wave seems to be crossed in many capes as in classical collisionless
dynamics (Mocz et al., 2019). However, interference patterns can be observed
at kpc-scales for yDM where the size of the interferences in filaments and halo
seems to be possible to estimate (Mocz et al., 2019, 2018). At scales of the or-
der of the de Broglie wavelength, the structures in dense regions can be highly
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nonlinear, differing from WDM and CDM. Moreover, as we have highlighted
in point 4 of the previous wave dark matter characteristics list, the quantum
pressure in ¢YDM can become strong enough to counteract the self-gravity of
the dark matter superfluid. This results in the formation of a prominent soli-
tonic standing wave at the base of every virialised potential, characterized by
a spherical soliton core of few kpcs at the center of every DM halo(Schive
et al.,, 2014a). Versus much denser cusps in CDM (Navarro & Frenk, 1996)
and WDM Mocz et al. (2019). See figure 2.15.
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Figure 2.15: Cosmic filaments structure in ¥ DM /WDM /CDM. This figure
shows the dark matter, gas, and stellar structure for CDM, WDM, and ¥ DM across
the filaments and their main differences in large and small scales. a) Projected
dark matter distribution at large scales: On large cosmological scales the
projected dark matter density fields look similarly smooth in WDM and FDM while
both still are consistent with CDM. As stipulated in point 3 of the previous wave
DM characteristics list; the initial suppression prevents the formation of halos with
masses below M 5 ~ 5 M (my/10722eV) =43 Hui (2020). Obtaining a cosmic web
dominated by dense filaments, which can fragment due to a linear instability to form
halos Valinia & others. (1997). In contrast, CDM filaments hierarchically fragment
into nearly-spherical subhalos. b) Projections of dark matter, gas, and stars
in a filament: The main difference between WDM and ¥ DM with CDM is that
the gas and stars seem to trace dark matter in the filaments, a point that would
be taken into account for the assumption of section 3.3. c) Slices of the dark
matter through a filament: In CDM, the dark matter fragments into subhalos
on all scales. On the other hand, WDM shows a rich caustic structure while ¢x"DM
differs at the scales of the de Broglie wavelength where interference patterns arise.
Credit Mocz et al. (2019)
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As we have already commented, the power spectra match for CDM and DM
on large scales (>Mpc), with the main difference being the cut-off on small
scales due to the length-scale introduced by the de Broglie wavelength of the
axion. This cut-off is expected to happen at Ley—opp ~ 1.4 Mpc for a boson
mass of ~ 2.5x10722eV (Mocz et al., 2020). These boson masses of ~ 10~22¢V,
due to the uncertainty principle, should suffer a quantum potential ( pressure)
that would prevent the gravitational collapse of any DM structure below the
de Broglie wavelength( observable as the cut-off at small scales of the power
spectrum), of some kpcs for this case. This would suppress the formation of
galaxies and other DM structures below the ~ 10°M,, giving us a clear char-
acteristic at high redshifts to discard or confirm the vYDM cosmological model.
It is important to note that even though WDM shows a similar cut-off at small
scales in the power spectrum, with similar consequences, the physical reason
is quite different, being free-streaming instead of quantum pressures. This is
the main point why the halo/filament structure is also different in both, being
an interference pattern for vy DM due to his wave behaviour.

The motions and distribution of the observed luminous objects in these galax-
ies are totally dominated and defined by the dark matter potential wells. How-
ever, as the formed dark matter structures and their behavior are quite dif-
ferent for the different DM scenarios (CDM/WDM/¢¥DM), the distribution
and motion of baryons will also be. Apart from the different haloes formation
epoch and the filaments lifetime due to the initial cut-off of the power spectrum
for the WDM /DM models, the wave behavior and the quantum pressures
of DM provide different virialized DM halo structures. While for CDM and
WDM cuspy profiles are expected (Navarro & Frenk, 1996; Lovell et al., 2014),
in ¥ DM context, simulations of merging DM haloes clearly show the formation
of solitonics structures at the de Broglie wavelength scale (Schive et al.; 2014a;
Mocz et al., 2017; Schwabe et al.; 2016), even if these are more evident as we
go lower in redshift, where large, more-spherically symmetric cores are formed
embedded in filaments. In contrast to the early filaments fragmentation and
cuspy haloes of CDM (see figures 2.14, 2.15 and 3.5). These simulations by
Mocz et al. (2019, 2020), also seem to reinforce that the baryonic feedback has
not a significant effect in these halos of 10°M to 10'°M,, in redshifts z>6,
being unable to soft these cuspy profiles of CDM/WDM and discarding their
possible transformation to a core. They conclude that baryonic feedback does
not significantly alter the dark matter (Mocz et al., 2019, 2020).

Simulations by Mocz et al. (2020, 2019) confirmed that DM and WDM are
practically identical to large cosmological scales, even with the presence of
baryonic feedback. Both were also similar at small scales, having similar fil-
aments behavior and structure, also producing a similar stellar formation in
haloes and alongside the filaments, in contrast to CDM, where the earlier
breaking of the filaments should avoid stellar formation in filaments. More-
over, the first stars should form in these filaments for xDM/WDM rather than
in the halos (Yoshida et al., 2003). Nevertheless, the global star formation in
DM /WDM will occur quite later due to the delayed halo formation( product
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o the small scale structure cut-off), being at z~13, while in CDM will start
at z ~35. To be more precise, the quantum effects should also delay a bit the
star formation in DM (z~13) compared to WDM (z~13.5). The star for-
mation rate seems to be also smaller in DM /WDM, decreasing the possible
disturbances of baryonic feedback, like supernovas, increasing the possibilities
of being stars tracers of DM (See the hypothesis of section 3.3). Moreover,
the simulations already proved that the baryonic gas is a good tracer of the
dark matter density in the initial formation phases (Mocz et al., 2019, 2020),
with a similar distribution of it in the intergalactic medium from WDM and
»wDM. Making gas also follow the gravitational potential at large scales, limit-
ing shock and cooling to unimportant roles in the DM context. This would
be impossible without the quantum pressures that suppress the small scale
structures formations, where the cosmic Jeans criterion avoids gas from col-
lapsing in small scale structures (the Jeans mass is about10° Mgat z = 100 and
2 x 10*Mg, at z = 20 (Mocz et al., 2019, 2020)). In consequence, this initial
suppression of the power spectrum limits the minimum dark matter halos that
can form, making the baryonic objects look more smoothed and more homoge-
nously distributed alongside the halos and filaments, being in good agreement
with the dark matter density profile and therefore, tracing it (Mocz et al.,
2019, 2020).
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Figure 2.16: The ratio between gas and dark matter power spectrum in CDM
(red), WDM (green), and ¥'DM (blue) remarks that baryons still can be traces of
DM in DM context at z~7. Credit Mocz et al. (2020).

On the other hand, that scenario is not expected for CDM, where the lack of
the cut-off at small scales will allow baryonic formations at almost any scale,
increasing the effect of baryonic feedback, and in sum, with the no minimum
dark matter halo mass formation alongside with the quick filaments break,
will produce a disengagement of baryonic density profiles with dark matter.
A consequence of the not smoothed, extensive homogeneous baryonic-dark
matter structures. The time where baryons should perfectly trace DM in
WDM/4¥DM, should endure from z=127 to z~10, where baryons show the
same lack of power at large frequencies( small scales) compared to CDM ( due
to the initial power spectrum cut-off). However, after the first halo formations
and the starting fragmentation of the filaments, baryons should also start feel-

42



ing their own pressure, making their distribution not exactly to dark matter
ones, but still partially tracking it (Mocz et al., 2019, 2020). The point why
baryons really trace DM and still be imperfect tracers of DM at z=7 and later
on is shown in figure 2.16, where simulations by Mocz et al. (2020) showed that
the ratio between gas and dark matter is closer to unity at low frequencies(
small values of "k"), than for CDM, showing a smoother distribution of the
dark matter. Being also the one that stays closer to unity along the frequen-
cies. The contrary effect is shown for CDM, where the less small-scale power
for baryons allows them to feel the gas pressure earlier and stronger, making
them not coupled to dark matter. So, in consequence, evidence of baryons
tracing dark matter in actual galactic profiles should be irremediable evidence
of DM ( we will show the different examples of it in the results section 4).

“WDM"” /BECDM

-

Figure 2.17: Evolution of the projected stellar densities for CDM and
WDM /y)DM. Notice how for CDM, the stellar filaments have fewer stars, and
they are almost totally accreted by the subhalos much earlier. For ¢)DM, stellar
filaments are still a clear observable structure at z=5.5, with also some extended
stars (possible remnants of these past full-filled stellar filaments) observable at z—2.3
for WDM, where similar results are expected for vyDM but still unable to do due to
lack of resolution. Credit Mocz et al. (2020).
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Finally, there are still some results in the simulations that strongly reinforce
the stellar-DM tracer hypothesis. The distribution of gas and stars was clearly
seen to have a cuspy profile for WDM /CDM, while in yDM, stars seem to de-
velop the solitonic core shape (Mocz et al., 2019). Moreover, by z~6, just
half of the stars per unit volume are formed in low mass halos, indicating
that they will be more embedded to DM due to their smaller own pressure
and feedback. This lack of stars at such redshift also could indicate that the
last stars formed in the filaments will be formed late enough to still see some
of them in an extensive, distant position compared to the ones concentrated
in the halo center (check figure 2.17). In order to test this last argument, a
simulation was done until z=2.3 for WDM (Mocz et al., 2020) ( looking to be
similar for ¥y DM), with filaments finally being accreted into the haloes, but
much more later than in CDM, and furthermore, with still some baryonic ob-
jects, primordially starts, in more extensive position and distant to the core
as the imprint of these past stars full-filled filaments ( check figure 2.17 and
the hypothesis done in section 3.3).

Summary of cosmological formation differences between DM and
CDM Mocz et al. (2020):

(a) DM stays filamentary much more time while in CDM filaments are
fragmented into spherical subhalos

(b) ¥DM forms fuzzy/smoother structures at small scales ( few kpcs) due to
quantum pressure

(¢) ¥DM forms solitons at the center of every halo( below the de Broglie
scale) while CDM shows denser cuspy inner profiles

(d) In DM, the longer "survival" time of filaments makes the first stars born
there before are fragmented, while in CDM, the early fragmentation of
the filaments makes them born directly in the subhalos. This makes stars
be distributed along the filaments, showing more extended stellar profiles
than in CDM

(e) The distribution of stars and gas along the entire filaments exhibit central
cores imprinted by dark matter. There is no equivalence in CDM

(f) ¥ DM halos show density granules, an interference pattern product of
their wave behavior

(g) ¥DM has a delayed stellar formation start compared to CDM, as well
as a reduced formation rate. This suggests smaller baryonic feedback
embedding stars more robustly to the dominating dark matter poten-
tial than CDM. Furthermore, these two points should have significant
consequences on the reionization history and signatures of the universe.
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Summary of cosmological formation differences between DM and
WDM (Mocz et al., 2020):

(a) ¥ DM filaments show a quantum interference pattern while WDM show
a caustic one

(b) The dark matter density profile stays cylindrical in the filaments and
spherical in the solitonic cores for DM, while WDM has a cuspy central
profile

(¢) The dark matter cores are imprinted in the distribution of gas stars, both
in filaments and halos. In contrast, gas and stars profiles are cuspy in

WDM

(d) The star formation occurs a bit later for 1»YDM due to quantum potential
(Az~0.5), also reducing a bit the stellar formation compared to WDM.

2.1.4 The Ly-a forest challenge

The Ly-a forest is claimed to provide a constraint on the boson mass of DM
that is significantly larger than the dwarf galaxy based estimated mass of 10722eV
(Schive et al., 2014a,b). The larger the de Broglie wavelength, the lower would be
the power spectrum of the forest below that scale. Due to the characteristic power
spectrum cut-off of DM, would leave observable imprints in the structure of the in-
tergalactic medium(IGM) at the scales probed by the Ly-« forest of distant quasars.
This section will start by explaining the Ly-a forest concept, and its cosmological
implication in the wave dark matter paradigm.

The Ly-a forest is the many narrow absorption lines that appear between the
Lyman-« transition of the neural hydrogen at the redshift localization on the spec-
trum of the observed background, luminous object. These absorption lines occur
due to the neutral hydrogen clouds located between us and the observed object.
The different hydrogen clouds produce absorption lines at different redshifts as the
universe expands. The ensemble of all these lines is known as the Ly-« forest, and
it is located between the location where the absorption line will occur at a null
distance( 121,6nm ), and the absorption line of the farthest cloud to us, so obvi-
ously, each line would represent a hydrogen cloud in the way that has absorbed the
light that we are analyzing. So the Ly-a forest permits to analyze the character-
istics of the intergalactic medium, the diffuse filamentary matter filling the space
between galaxies, being a very useful constraint of DM properties on small scales
(0.5Mpc/h< A <20 Mpc/h) and high redshift regime (2< A <5). This is due to the
point that the thermal cut-off only limits the constraints of matter power spectrum
in the flux power spectrum introduced by pressure and thermal motions of baryons
in the photo-ionized IGM (Irsic et al., 2017a; Armengaud et al., 2017; Viel et al.|
2005, 2013; Nori et al., 2019). Allowing us to measure the suppression in the matter
power spectrum induced by ¥ DM.
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Figure 2.18: The observed Ly-a forest analysis for a distant quasar. Notice how
different hydrogen clouds absorb his light at different redshifts, producing all the
absorption lines of the forest. Credit Edward (2004).
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So the Ly-a forest seems to be very useful to analyze the DM power spectrum at
small scales, and the main difference between yDM and CDM appears at those scales
due to the wave-like nature of YDM. on scales below the de Broglie wavelength and
the Jean scale, the dominance of pressure should suppress small scale structures. For
masses similar to 10722V, this suppression occurs at sub-galactic scales, providing
as a perfect target for the observations (Irsic et al., 2017a; Armengaud et al., 2017;
Viel et al.; 2005, 2013; Nori et al., 2019). This is due to the fact that for such axion
masses, the resulting de Broglie wavelength and its quantum properties are large and
strong enough to smooth the associated density fluctuations on the relevant small
scales. One of the most implemented Ly-« forest observations, are the ones based
on emissions from distant quasars by neutral HI in the intergalactic medium (IGM).
These observations have longly claimed as an excellent high-redshift probe for spa-
tial fluctuations of the matter density at comoving scales going down to ~ 1-0.1 Mpc.
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Figure 2.19: Different possible constraints for the boson mass. Important to
remark that all these constraints have been estimated by analogy with warm dark
matter’s excess power in the forest clustering on small scale (few Mpc) with wave
dark matter, as both have a mass cut-off, where they do not take into account the
granular substructure and the mechanical feedback from stars and gas, which is
clearly an important source for IGM turbulence and heating. Moreover, a narrow
range of initial angle of #, can alleviate the tension faced by the wave dark matter
(Leong et al.; 2019) The left panel: Compilation of possible excluded boson masses
from different observational data. Axions of 1073 < m,, < 107! eV are excluded
by Planck (Collaboration et al., 2015, 2020a) cosmic microwave background (CMB)
data (Hlozek et al., 2015; Hlozek et al.; 2018). A combination of the high-redshift
UV luminosity function (Bouwens et al., 2015) and the optical depth to reionization
(Spergel & Flauger, 2015) exclude axions of m,, = 107%? eV. The non-detection of
supermassive black hole super-radiance (BHSR) excludes 107! < m,, < 1071¢ eV
(Arvanitaki, 2011; Stott & Marsh, 2018). The sub-halo mass function excludes m,, <
2.1 x 1072 eV, while analyzes from the Lyman-alpha forest, exclude m, < 2 x 1072
eV. Axions below 2x1072% eV are excluded by Rogers & Peiris (2021). Credit Rogers
& Peiris (2021). The Right panel: Ly« constrains excluding m, < 1072*e¢V.Notice
an extra more detailed exclusion of axions between 1071 < m, < 107¥eV, mainly
product of (BHSR). Indicating that the soliton absorption time by the BH is smaller
than the age of the universe Bar et al. (2019). The red region marks the constraint
of the S2 orbiting star around the hypothetical soliton of the Milky Way while the
green area represents the conflict with observations of a clockwise-rotating disk.
Credit Bar et al. (2019). All these SMBH constraints will be explained deeper in
section 2.1.5.

Constraints on the boson mass of ¥YDM have been claimed using the power
spectrum of Ly-«a forest clustering, by analogy with Warm-DM, assuming the trans-
mission power spectrum of tenuous, highly ionized Hydrogen turns over at a scale
set by the boson mass that has been assumed analogous to the turnover predicted
by the free streaming scale of Warm-DM. Relatively high boson masses are inferred
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this way, > 1072'eV/, from the turnover scale observed in the forest in particular at
z > 5 (Irsic et al.,, 2017a; Rogers & Peiris, 2021), which underpredict the kpc scale
cores of dSph galaxies. These estimates do rely on several simplifying assumptions,
including universal parameterizations for gas heating evolution and uniform UV ra-
diation from star-forming sources after an instantaneous transition to reionization.
It has been cautioned that plausible variation of these assumptions can accommo-
date Warm-DM with a colder, early IGM (Garzilli et al., 2017, 2021). Moreover,
these analogues with Warm dark matter are in debate due to not taking into ac-
count the different matter power spectrum between vy DM and Warm DM, tha could
critically change the results. In summary, these Ly-a constraints use models that
only consider the cut-off in the initial power spectrum of dark matter and ignore
wave effects like interference pattern fluctuations of the DM field which can add
additional small-scale power.

We emphasize that forest predictions for Wave-DM are currently missing cos-
mological simulations incorporating gas hydrodynamics ( firstly achieved by Philip
Mocz (Mocz et al., 2017, 2018, 2019, 2020)), and that it is already clear that rich
substructure is predicted at least for the DM in this context from the full density
modulation caused by self-interference of the wave function on the de Broglie scale,
pervading all galaxy halos and filaments (Schive et al.; 2014a). This inherent sub-
structure may be expected to affect the early gas distribution, particularly in the
epoch before reionization is completed, where dense filaments predate galaxy for-
mation in this context, the epoch of which is set by the boson mass. This early
filament dominated era is expected to be similar for Warm-DM for which one de-
tailed filament simulation exists, predicting that gas cools to very high density along
DM filaments, with the possibility of early star formation (Gao & Theuns, 2007),
which can therefore result in a "cosmic dawn" that is very different from LCDM.
Furthermore, gas outflows and shocks are observed to be widespread at high red-
shift which can also be expected to enhance the variance in power on small scales
in the gas. However, these are not included in the simulations relied on for Ly-a
constraints, even for Warm Dark Matter. For Wave-DM, the distribution of the first
galaxies will be more biased than for CDM, from the absence of low mass galaxies
below the Jeans scale that is set by the boson mass (Schive et al.; 2014b) and hence
reionization is expected not only to be later than for CDM but with more significant
spatial variance, enhancing the forest and 21cm power spectra. Empirical guidance
is expected soon with deep JWST imaging into the era of reionization and also from
21cm mapping of early galaxies and filaments traced by stars and HI respectively.

There may be a gathering case for a significant AGN role in early reionization
(Padmanabhan & Loeb, 2021) as implied by new high redshift z ~ 6 detections of
double peaked Ly« emitters (Hu et al., 2016; Bosman et al., 2020; Gronke et al.,
2021). This adds to claims of unusually wide "gaps" in the forest at higher red-
shift z > 5 (Becker et al.; 2015) and may be taken to indicate late and/or sparsely
distributed sources of ionization (Gangolli et al., 2021). These observations lend sup-
port to the proposal that AGN are responsible for the bulk of reionization (Madau
& Haardt, 2015), which would imply a different heating history and less uniform
reionization, with possibly different conclusions regarding the interpretation of the
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Lyman-forest power spectrum, especially on small scales.

Another heating source for the forest is gas outflows from galaxies that are ob-
served to be ubiquitous at z > 4 in high-z surveys (Pettini, 1999; Frye et al., 2002),
that will also act to increase spatial and velocity variance on small scales (Oppen-
heimer & Davé, 2006; Viel et al., 2013; Bertone & White, 2006) and may explain the
apparent lack of damped Lya absorption near massive high-z galaxies (Adelberger
et al., 2005). General gas enrichment by these outflows may also be supported by
the common presence of CIV absorption in the forest (Broadhurst & Scannapieco,
2000), now detected to the lowest detectable column densities with sizeable, ~ 0.1,
volume filling factors (Songaila & Cowie, 1996; D'Odorico et al., 2016).

If with further observations and simulations is it concluded that outflows and
AGN heating do not significantly affect the scale or utility of the turnover in the
Ly« forest transmission power spectrum for constraining boson mass, then it is still
possible in the context of Wave-DM, with the dominant light boson considered here
of ~ 10722¢V, to appeal to a larger initial field misalignment of the axion potential,
which has been demonstrated to provide suitable excess small scale power to match
the forest data(L.eong et al., 2019) in the Wave-DM context. Additionally, it is also
natural to consider adding a subdominant DM contribution from a heavier axion
of ~1072Y eV to generate more small scale structure, and indeed this does account
well for the newly appreciated DM dominated class of Ultra-Faint galaxies orbiting
the Milky Way and perhaps also for the common presence of nuclear star clusters in
all classes of galaxy (Luu et al., 2020). This multiple axion model is motivated by
the discrete axion mass spectrum generically predicted by String Theory (Arvani-
taki et al.; 2010) which may lead to "nested" solitons (Luu et al., 2020) and will
also boost small scale clustering of DM and gas to a level that may be predicted by
future simulations (Hsu & Chiueh, 2021).

2.1.5 Supermassive black holes and Soliton accre-
tion time

It is well known that almost all massive (not dwarf) galaxies host a supermas-
sive black hole (SMBH) at their centers. This SMBH of millions of solar masses
should dominate the central mass content and dynamics (Ferrarese & Merritt, 2000
Gebhardt et al.; 2000). It has also been demonstrated that such SMBH mass is also
related to many halo main characteristics, such as their total halo mass (Ferrarese,
2002; Bandara et al.; 2009). Like the soliton, it is also directly connected with the
total halo mass of a galaxy ( section 3.1), the effect of these SMBHs in soliton den-
sities has been recently analyzed (Davies & Mocz, 2020; Bar et al., 2019), where
soliton’s profiles were analyzed far away from the Schwarzschild radius, considering
the SMBH a point mass inside the ¥y DM regime.
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These two works conclude to limit the boson mass, getting a forbidden range
of 1072212 to 107229V (from MS87*, the SMBH of M87 galaxy) (Davies & Mocz,
2020) and from 2 x 1072 to 8 x 107%V (from Sgr A*) and m, < 4 x 107*%eV (from
M8T7*), in order to ensure soliton’s lifetime in the presence of an SMBH (check the
right panel of figure 2.19). These constraints were based on the possible produced
effects of an SMBH in the well-known soliton-halo relation and in the soliton accre-
tion time in the presence of an SMBH. However, they assumed that the soliton-halo
relation should still hold in the presence of an SMBH, making the soliton mass un-
changed by the SMBH. Even if the black hole’s gravitational potential could reshape
the soliton’s density profile in certain cases. Nevertheless, they alerted that an in-
appropriate extrapolation of the soliton-halo relation could imply different results
regarding boson masses and soliton surviving time(Bar et al., 2019).
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Figure 2.20: Effect of SMBH in different soliton’s densities. Coloured
dashed lines represent soliton’s density profile while the shaded areas represent those
profiles under an SMBH effects. Appreciate how the squeezing effect of the soliton
increases along with bigger halo and boson masses. It is also appreciable how the
soliton core scales inversely with black hole mass rather than the soliton mass. We
must take into account how the solitons of galaxies below to 10''M seem to be
unaffected by the black hole for both m,, precisely the M), and m,, values analyzed
in this work. Credit Davies & Mocz (2020).

Their simulations show that black hole’s perturbation was only noticeable for
halo masses bigger to 10*M, for m, = 10722V and for M, > 10'2M, for more
massive bosons of my = 1072'eV. The black hole effect " squeezes" the soliton, rais-
ing its central density, producing at the same time a decrement of the core radius
due to the direct relation between soliton mass and soliton radius. However, when
the black hole dominates, this soliton radius decrement is inversely proportional to
the black hole’s mass, instead of the soliton’s mass (Davies & Mocz, 2020).
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The other important fact is the soliton accretion time, more exactly the time
that the soliton can survive in the presence of a SMBH without being accreted. By
the ‘no-hair’ theorem, the soliton cannot survive forever; the accretion timescale is
given by Barranco et al. (2011):
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Where Mg is The mass of the black hole.
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Figure 2.21: Soliton accretion time in function of the m, and Mjvalues. The blue
shaded area represents the solitons that would have already been destroyed in 10
Gyrs by the SMBH. Notice how the solitons of the galaxies analyzed in this work
with my of 10722 < 1072V and M), of 10 < 10" M, have not seen their solitons
accreted. Credit Davies & Mocz (2020).

The main thing to ensure is that the accretion time is longer than the two most
crucial timescale factors; the age of the universe ( ~14Gyr) and the re-condensation
time of the soliton, to ensure that the soliton could survive until the present day.
The total time was decreased to 10 Gyr in order to represent more accurately the
time that the SMBH and the halo existed with similar masses to their measured
values. In comparison, the re-condensation was already discarded to be relevant
(Davies & Mocz, 2020). Tt is also known that black holes seem to grow exponen-
tially with time, which would affect the possible surviving time of the soliton. All
these calculations were made considering a constant mass for the black hole, where a
possible less massive SMBH in the past would enlarge the surviving time of the soli-
ton, due to being the accretion time a conservative ( lower-limit) estimation(Davies
& Mocz, 2020). Moreover, if the black hole grows across time, it will decrease its
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possibility to break the soliton-halo relation, making it only possible at later times
when the black hole really becomes a SMBH.

There have been some recent works that have shown the potential of SMBHs to
constrain the viability of the "DM model. For example, (Pantig & Ovgiin, 2022a)
focused his analysis on the weak deflection angle, specifically in one of its applica-
tions; the formation of the Einstein ring. This work used realistic parameters from
Sgr. A* and M87* to analyze the angular size of the Einstein rings due to the effect
of a possible solitonic profile. A considerable deviation was founded for the light
source near the SMBH compatible with the existence of a solitonic core, promoting
it as a possible good experimental ¥y DM detection method. This deviation of the
weak deflection angle seems to be bigger in the Schwarzschild case, implying that the
soliton mass could be effectively added to the black hole’s mass. The most observ-
able effect of this join of the soliton mass with the SMBH mass is the increase of the
photonsphere and shadow radii. It is also important to remark that this analysis was
focused on solitons with a r. proper for a boson mass of 10723V < m,, < 107*eV
(Pantig & Ovgiin, 2022a), the value postulated to resolve the small scale problems
of CDM.

2.1.6 Axiverse

The string theory, in which the axions are a product of a potentially testable
dynamical solution to the strong CP problem, also predicted the presence of a pin
in which the axions are a product of a potential plenitude of light axions with dif-
ferent masses (Arvanitaki et al.; 2010), known as the "Axiverse". This axiverse is
predicted to be populated with axions of masses from 10733eV to 1071%V (Arvan-
itaki et al.,; 2010), which these axions have masses that should be distributed per
decade. A dark matter model with a hierarchy of masses seems not difficult to be-
lieve since the standard model of particles follows the same way. Furthermore, some
recent works suggested that the recent transition from decelerated to accelerated
cosmic expansion is driven by an axion-like quintessence field with a subPlanck-
ian decay constant, postulating them as a possible Dark energy source. Obviously,
any observational evidence of such a wide population of axions would reinforce the
Sting Theory postulations. Theoretically, the different populations would be re-
sponsible for different astrophysical features, being three of the main ones: First,
axions with masses between 10723¢V and 4 x 10~2eV will be responsible for the
constant polarization of the CMB, by an angle ~ 1073, quite close to the concluded
one by observations ~ 1072 (Wu, 2009; Komatsu et al., 2009). Second, axions with
masses from 10~2eV to 1078eV seem to be a potential candidate for DM suppress-
ing power in small scale(kpcs) density perturbations. Making ultralight axions with
masses ~ 10722eV with axion decay constant, fa~ 10'7GeV, ideal candidates for
the DM model. Due to the Uncertainty principle, this kind of axions cannot be
confined to a scale smaller than the de Broglie one, so this quantum “pressure" nat-
urally suppresses any gravitational small scale collapse and generates rich structure
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on the de Broglie scale (Schive et al., 2014a). Since the axiverse should contain
a plethora of string axions with masses homogeneously distributed on a log scale,
the existence of multiple steps in the small scale perturbation spectrum is a natu-
ral expectation (Arvanitaki et al.; 2010). This may naturally generate a universe
populated with different DM-dominated galaxies of different axion masses. Finally,
axions from 10722e¢V to 107'%V can affect the dynamics, and gravitational wave
emission of rapidly rotating astrophysical black holes through the Penrose superra-
diance process (Arvanitaki et al., 2010).

It has been recently suggested that if dark matter comprises ULAs (ultra-light
axions), some DM over density regions should collapse into concentrated gravita-
tionally bound objects of few pcs, known as miniclusters (Hogan & Rees, 1988; Kolb
& Thkachev, 1994a, 1993). These miniclusters have already been analyzed in order to
define their masses and densities via analytical and numerical N-body simulations
(Kolb & Tkachev, 1994b; Zurck et al., 2007), implying a boson mass of 10718V
for the specific case of Tuc-47 (Emami et al., 2020). However, as we have already
pointed out, the most direct observational consequence of these many light axion
populations should be the presence of different DM-dominated dwarfs, each dwarf
group as a product of a different boson mass. These DM dwarfs should be the prod-
uct of ULA (ultra-light axion) axions. Moreover, such ULAs seem to be favored
directly by string theory to be one of the most abundant axion populations, sug-
gesting that most of the axions originating from the string axiverse would be of the
ULA type (107%8eV to 107298eV) (Visinelli & Vagnozzi, 2019). Exactly the range
that seems to be the candidate to form all the observed galaxies DM halos in the
DM scenario (Schive et al., 2014a,b, 2016, 2020; Broadhurst et al., 2020; de Mar-
tino et al., 2017, 2020b; Pozo et al., 2020; Pozo & others., 2021a). Preliminary works
already reinforced such boson value for dwarfs as a result of an observable soliton
core mass-radius relation and indicated the existence of at least other two boson
subpopulations of ~ 4 x 1072%eV, suggested by the star cluster of Eridanus II, and
~ 6 x 10718V proposed by Tucana’s 47 clusters.

A significant feature of the Axiverse is that these ultralight axions of masses from
10728eV to 10718V are viable and exciting dark matter candidates. In consequence,
it would be interesting to study their possible observational signatures at cosmo-
logically late times in order to see how those imprints could differ from other dark
matter candidates; like laboratory searches for axion—photon conversion enhanced
by resonance effects (Graham, 2015), or the point that the presence of a background
axion population could lead axions decay into photons (Masso & Toldra, 1997; Grin
et al.,, 2007). Moreover, the presence of micniclusters formed as a consequence of
ultra-light axions overdensity regions could imply observational consequences in cur-
rent or future microlensing experiments, providing us with fundamental evidence of
the ¢y DM dark matter model.

Constraints on this axiverse have already been examined in the context of the
DM model, to evaluate whether there is evidence of more than one axion popu-
lation (Luu et al., 2020). This work suggested possible boson masses by analyzing
different solitonic dark matter structures in the Milky Way. With a boson mass of
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~ 10722eV already suggested as the primordial one in the galaxy formation and a
lighter one of ~ 1072%V derived from the inner density profile of a nuclear star clus-
ter (NSC) of 10" M. A third possible mass was also discussed (0.5 x 107*¥eV) but
with much less convincing data, not string enough as the one for the other two. It is
important to remark that they also found that solitons produced by different axions
have a negligible effect on each other, enabling the "soliton in soliton" structures in
this axiverse scenario. The observed data, as well as the predicted results from the
axiverse, where cosmological analyzes expect that the lighter scalar field is likely to
have a higher density, suggest bigger densities for the lighter axions, making the ax-
ion of ~ 1072%¢V to be dominant (Luu et al., 2020). Along with this, the observed
astrophysical data suggested that apart from the "soliton in soliton" structures,
independent structures of the heavier axion of ~ 1072%V seem to be supported,
making possible to explain the plenitude of different astrophysical structures as the
consequence of a different population of axions. These data also coincided with
the previously commented axionic cosmological prediction of the axiverse where the
lighter axions should contribute more to the dark matter density, being the ones of
~ 10722¢V the primordial ones, followed by ~ 10~2%¢V with a negligible contribution
from the heaviest ones of ~ 107'8¢V. All these results are supported and derived by
the number of structures consistent with each axion population (Luu et al.; 2020).
Moreover, dynamics already show that the conversion from vacuum energy density
to dark matter density is earlier for the heavier axion, making the axion density of
the heaviest ones to be diluted earlier and, consequently, ending with a lower axion
density.

This work firmly proposed after some Jeans-based dynamical calculations that
the founded second heavier axion mass of ~ 1072%eV was extremely required and
consistent to describe the observed small-scale and high-density structures of the
"Ultra Faint Galaxies” (UFDs) (Luu et al., 2020). We will show in section 4 that
the data (soliton density and dynamical-based calculations) support at least two
distinct axions differing by over one order of magnitude in mass. These small dense
galaxies, with apparently small 0, seem quite difficult to be explained for the
CDM model, where here are a natural result of the galaxy formation of just an
alternative axion mass population. Their small structures, along with their small
orbits, have been made to be proposed to be more like nuclear star clusters that
have suffered powerful tidal forces, trying to relate them with the observed nuclear
clusters found in the inner regions of the milky way, nevertheless even if possible,
this axiverse interpretation is able to directly describe them just as a population of
galaxies product of a heavier axion mass (Pozo et al., 2023; Luu et al.; 2020). The
presence of these solitons might be tested in the near future by using the pulsar
timing residuals imprinted on millisecond pulsars detected at the Galactic Center
(de Martino et al.; 2017). Thousand of pulsars are expected to be detected with the
SKA, and the presence of them in the center of galaxies, as well as in the nuclear
star clusters, will possibly provide indistinguishably imprints like the ones suggested
by Luu et al. (2020);" distinctive multi-frequency timing residuals on the respective
Compton time scales of these independently oscillating scalar fields, of a few hours
and a few months corresponding to ~ 1072%¢V and ~ 10722V respectively". More-
over, in ©y DM, the coherent oscillations of the field lead to the suppression of the
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dark matter small scales structures, as the product of the power spectrum small scale
structures cut-off that distinguishes »DM from CDM could be used to constraint
the contribution and abundance as well as the existence of any axion population, as
the set scale limit will be a direct result of the de Broglie wavelength that is at the
same time established by the axion mass. Depending on the axion mass, this scale
can affect observed CMB anisotropies, galaxy clustering, and weak lensing power
spectra (Marsh et al., 2013).
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Figure 2.22: Soliton mass Vs. Core radius : Figure from Luu et al. (2020)
that directly derives the boson mass for each analyzed astrophysical structure by
their expected soliton mass and core size. Notice how each astrophysical structures
seem to be part of a product result of different axion masses, with classical dwarfs as
the result of a boson mass 0f ~ 10722eV, ultra-faint dwarfs, and nuclear star clusters
~ 1072%V and an extra possible population of ~ 107!8¢V suggested by the Tuc-47
globular cluster. Each possible axion mass value is represented with the colored
shaded bands. Credit Luu et al. (2020).

It is important to me to remark that the existence of the Axiverse would also
have important repercussions in the previously explained Ly-a constraints. The ex-
istence of many axion populations would imply many different de Broglie sizes and
in consequence, many different impacts in the observed Ly-a constraints. Moreover,
the proportion of each population in the total axions amount will also be a crucial
point to anybody with the intention to do a good constraint, and the lack of knowl-
edge of it will make any study not reliable enough.
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2.2 Dwarf Galaxies

Galaxies with stellar masses in the range 10*~°M, are normally classified as
dwarfs (McConnachie, 2012; Javanmardi et al., 2016). These galaxies are mainly di-
vided into two groups: Dwarf spheroidal galaxies(dSph), characterized by their small
sizes, low luminosity, little dust, and old stellar population, and elliptical galaxies
with very poor recent star formation and even lower amounts of dust, gas, and lumi-
nosity. Nevertheless, some new kinds of "dwarfs" ( their cataloging is still in debate)
have seemed to be detected in recent years. The extremely low in size "ultra-faint
galaxies" and the extremely extended ones known as "ultra-diffuse" share an in-
credibly high lack of stars and luminosity values. As these kinds of galaxies are few
in stars and ordinary matter, they are assumed to be dominated by dark matter
despite their high-velocity dispersions. Making them the ideal guinea pigs to test
DM theories. In this section, we will briefly describe each of these types, noting the
different contributions of each one to test » DM observationally.

Dwarf galaxies are known to be very dark matter dominated objects with cen-
tral velocity dispersions of ~ 10kms~! instead of the expected value of 1kms~! for
self-gravitating systems of the same luminosity and scale radius ~ 100 pc at equi-
librium (Mateo, 1998). Even if they can be dwarfs of luminosities of several orders
of magnitude of difference, they all show similar velocity dispersions values, sug-
gesting that they are proportionally dominated by similar dark matter distributions
(Haslbauer et al., 2019). In the past decades, it has been strongly demonstrated
that dwarf galaxies favor central core profiles instead of cusps(Carignan & Freeman,
1988; Carignan, 1989). The first evidence came out in 1988 when the measured HI
rotation curve of the dwarf irregular galaxy DDO 154 (Carignan & Freeman, 1988)
was best fitted by a cored profile of ~3kpc. In addition, the ultra-faint galaxies
show half-light radiuses of a few kpcs that fit better with a core than with a den-
sity cuspy profile, leaving all the possible CDM hopes in the effects of the baryonic
feedback(Torrealba et al.; 2019). In contrast, the 1Y DM model is able to explain all
these dwarfs’ characteristics naturally.

2.2.1 Classical dwarf spheroidal (dSph)

Understanding dwarf galaxies’ structure and behavior is crucial to for an un-
derstanding of the evolution at the low-mass end of the galaxy mass function and
the DM properties at small scales. In the Local Group (LG), most dwarfs seem to
be dSph, with small sizes compared to their hosts, the Milky Way and Andromeda
and masses between 10° and 101°M,. With 0;,, ~ 10km/s these poor-gas galaxies
have been almost universally claimed to be dominated by DM (Mateo, 1998; FLokas,
2009; Walker et al.; 2009). Their vast stellar population diversities have also been
recently claimed to be an important test to reinforce the presence of a soliton, where
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the called "relaxation" phenomenon should make different observations in each stel-
lar population that are still in test (Bar-Or et al., 2021; Niemeyer, 2020). Moreover,
the tidal imprint of the host in these galaxies is also to be detectable, where the
DM tidal imprints differ from standard CDM, with some recent simulations and
observations reinforcing the ©YDM predictions (Schive et al., 2020; Du et al.; 2018;
Pozo et al., 2020; Pozo & others., 2021a). Detailed studies of the internal kinematics
and chemical properties of the various morphological types of dwarf galaxies placed
in different environments are crucial for identifying similarities and differences be-
tween these classes of systems (I{azantzidis et al.; 2011), which can then be used to

understand their evolutionary paths.

Although the tidal forces from the host could affect the internal dynamics of
the galaxies significantly influencing observational results, there are a few confirmed
isolated cases in the LG willing to be DM test ideal laboratories. Studying these
isolated galaxies will drastically minimize the possible effects of tidal forces in their
natural structures, allowing us to fully understand dwarfs’ properties, internal dy-
namics, and the environment’s role in their evolution. (Leaman et al.; 2013; Kirby
et al., 2014). The studies in these dwarfs seem to be the necessary window to resolve
the small-scale issues of the ACDM paradigm. Tucana, an isolated galaxy whose
star formation stopped a long time ago, is one of these examples between others as;
Cetus, Leo A, Aquarius, Andromeda XVIII(Gregory et al., 2019; Taibi et al., 2018;
Avila-Vergara et al., 2016; Hermosa Munoz et al., 2017; Kirby et al., 2017)...

dark matter

Figure 2.23: Comparation of the observed structure of a dwarf galaxy (left) and
the hypothetical DM halo structure of it (right). Credit Wetzel (2016).
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Figure 2.24: TBTF: Experimental and observational evidences to constrain that
ACDM Milky Way halos are too dense to host any of its bright satellites (Ly >
10°L). The left panel: Simulated different possible halos of different galaxies,
circles for Aquarius and triangles for VL-II. The colorized in terms of Vj,,squ(peak
circular velocities at infall) with a gray shaded area representing the 20 constrain
from the real Milky Way satellites. Notice how there is a high amount of halos
that lie beyond the grey area, all of them being too dense to host any of the bright
MW dwarf spheroidals. Credit Boylan-Kolchin & Bullock (2011). The right panel:
Amount of dark halos with bigger V;,, s values than > 30 km/s; the limited velocity
to be consistent with any of the bright MW satellites. Notice how each simulated
galaxy has more than six non consistent too dense halos. Credit Boylan-Kolchin &
Bullock (2011).

Standard CDM expects galaxies with high density concentrated halos (Navarro
& Frenk, 1996) with a central dark matter density ppas(150pc) > 108 Mkpe=3 (Read
et al., 2018, 2019). The observations in the last two decades had shown the incon-
sistency of these predictions, with denser values than observed. Being the two main
issues the previously explained "cuspy-halo" and "missing satellites" problems. Sim-
ulated dark matter halos appear too dense to host the observed dwarf satellites of
the Milky Way and Andromeda; a problem referred to as "Too Big to Fail" (TBTF),
check figure 2.24 and section 2.1.2. This problem has been represented with some
more extended halos than predictions in many of the LG dwarfs (Sohn et al., 2007;
Sand & otehrs, 2010; Collins et al.; 2019) and with lower density than predicted, like
in Andromeda XIX’s case (Collins et al., 2021; Ferrero et al., 2012; Caldwell et al.,
2017). The inferred masses of most satellite dwarf galaxies within their half-light
radii are also inconsistent with this prediction (Read et al.; 2006b; Boylan-Kolchin
& Bullock, 2011). Even if baryonic physics and environmental effects such as ram
pressure, tides (Arraki et al., 2014; Brook et al.; 2014), and energy injections from
gas and stars Brooks (2013) have been postulated to alleviate the TBTF problem,
the non obvious distinction between isolated and orbiting dwarfs seems not to fa-
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vor that idea (Kirby et al., 2014). The results show that none of these minimally
gravitational-ram pressure affected isolated dwarfs is denser than the densest LG or-
biting galaxies, showing no obvious distinction in the velocity dispersion—half-light
radius plane from the satellite galaxies of the Milky Way and M31. This is sup-
ported by (Kirby et al., 2014) computations, where they focused the TBTF problem
in terms of the maximum circular velocity of a subhalo (v,,4,) and its radius when
it achieved that circular velocity (7,4.). Isolated and orbiting galaxies did not dis-
tinguish in o,, and 7, terms, parameters derived from v,,,, and 7,,,, and that can
be directly observed. This made them conclude that environmental-baryonic effects
seem not to answer the TBTF problem.

In this context, consistency seems to be found with wave dark matter in several
aspects, such as the fitting of the phase space distribution of stellar velocities and
positions by (Schive et al., 2014a; Chen et al., 2017; Pozo et al., 2020), with results
that approximate in good agreement with the soliton mass-halo relation (Schive
et al., 2016). The haloes’ tidal evolution (Schive et al., 2020; Pozo et al., 2020;
Pozo & others., 2021a) and the non-so-dense extended halos Pozo et al. (2020). In
summary, wave dark matter shows possible consistent answers to all these questions-
issues that CDM cannot. As this is one of the main points of the work, it will be
deeper explained in section 4.

2.2.2 Ultra Faint dwarfs (UFD)

Ultra-faint dwarf galaxies (UFDs) are considered the smallest not-failed galaxies
in the universe, containing a few hundred to one hundred thousand stars. Due to
their small size and luminosity, they repeatedly look like globular clusters. However,
UFDs are much more dominated by DM and they have more extended profiles. The
combination of the low amount of stars and high quantity of dark matter makes
them the most dark matter dominated systems known, enlarging their possibilities
to test DM behavior. Although their small size and faint light profile make them
still difficult to analyze, requiring much more spectroscopy in the future. UFDs are
also some of the oldest systems in the universe, thought to be formed only a few
million years after the Big Bang and before the epoch of reionization.

It is now clearly established that these UFDs are also smaller, much less luminous
and more metal poor than dwarf spheroidals. Some recent works also postulated
that they might be a distinct population in ¥y DM, arguing to be the product of a
different boson mass compared to classical dwarfs (Luu et al., 2020). This result
goes in hand with the previously hypothesized natural wide axion population, "Ax-
iverse", as a natural solution of the string theory (Arvanitaki et al.; 2010). UFDs
like Segue 1, Reticulum II, Carina II, Hydrus 1... seem clear to predict a higher
boson mass product of their core-halo relation (Luu et al., 2020), with reasonable
halos of103~? M, for Triangulum IT and Draco II. These computations required the
broadly claimed mass of 10722¢V for dSphs, while the UFDs argued a higher mass
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of 1072%¢V. This higher mass seems essential to explain their high densities in such
small sizes, similar to our results and conclusions in this work, as described in detail
in section 4.
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Figure 2.25: "Too-dense-to-be-satellite" problem: Blue squares are galaxies
with their formation redshift and halo mass below the MW'’s line, and the red crosses
are galaxies with estimated formation redshift and halo mass at formation close to
the MW’s assembly line. The left panel: Individual galaxy with its surface density
within the half-light radius. Notice how the clearly shows the limit with halo masses
and formation redshifts inconsistent with being an MW satellite. Credit Safarzadeh
& Loeb (2021). The right panel: Same as the left panel but with the density
within the half-light radius. Credit Safarzadeh & Loeb (2021).

Even if UFDs are expected to be a different group in terms of boson mass,
the presence of the main issues of CDM as the "cuspy-core" and the "Too Big to
Fail" problems indicate that the may not be very different from dSphs in struc-
tural characteristics. The "cuspy-core" problem is also found in these galaxies, with
the non-disruption of a stellar cluster in the center of Eridanus II (Contenta et al.,
2018), only possible with a cored profile as it was demonstrated for Eridanus I classi-
cal dwarf (Schive et al.; 2020). At the same time, Tucana II recently showed a more
extended DM profile than expected for UFD in the CDM context (Chiti et al., Chiti
et al.). Even more, a new kind of CDM problem seems to arise in these galaxies,
recently named the " Too-dense-to-be-satellite" problem, highlighted in particular
by Tucana IT and Horoligium I proportionally dense as MW. With surface den-
sities above mean dark energy cosmic surface density ~ Qa,../Ho ~ 600M /pc?
(Safarzadeh & Loeb, 2021). This point makes them simply to be too dense to be
explained by standard CDM, with the enclosed density within the half-light radius
being unreconcilable with their masses and formation redshifts (Safarzadeh & Loeb,
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2021).

2.2.3 Ultra Diffuse galaxies (UDG)

UDG dwarfs are a recently discovered class of galaxies. Their principal charac-
teristic is that they are relatively large in size, up to several Kpc in radius, but with
very low surface densities of stars, with median magnitudes of 24 — 26 mag/arcsec?
, effective radii r.;; = 1.5 kpc — 4.6 kpc and dwarf-like luminosities of ~ 6 x 107 M.
They were first discovered in the Coma cluster in 2014 (van Dokkum et al., 2015).
These new type galaxies seem not to be like the previously discovered low surface
brightness galaxies (LSBs) because they do not lie in a star forming, gas-rich disk,
but rather the opposite. Visually and structurally, the newly found galaxies resem-
ble dwarf spheroidals. This last point has opened a considerable debate about the
origin of UDGs, with three major hypotheses: Possible descendants of "classical"
galaxies that have been altered within the cluster tidal field. Alternatively, “tidal
dwarfs” systems formed during galaxy interactions and then lost to the cluster po-
tential to exist in a transient, free-floating phase. A third possibility is that they
are ancient, remnant systems, perhaps either a species of “peculiar dwart” or “failed
giant,” depending upon their total masses (Beasley et al., 2016). This last point
will imply to be one of the most DM dominated systems in the universe, in order to
explain their survival efficiency in these cluster environments (van Dokkum et al.,
2015).
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Figure 2.26: Ultra diffuse galaxies whose stellar characteristics clearly differ from
other kinds of galaxies, reinforcing the idea of cataloging as a new type.The left
panel: Stellar median [Fe/H| Vs age. The right panel: Stellar mass Vs age.
Credit Gu et al. (2018).
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The fully dark matter dominated UDG theory has been postulated in many
works. One of the recently discovered UDG in the coma cluster, DF 44, seems to
reinforce this fully DM dominated idea with a surprisingly large velocity dispersion
of 44 km/s for its low stellar mass. Moreover, with aMg,, (< r1/2) = 0.7503 x 10 M,
within its deprojected half-light radius of ry,, = 4.6703 kpc, and with a mass-to-
light ratio of M/L(< r12) = 48%13My/Le. With a negligible gas contribution
and a stellar mass of M, ~ 3 x 10%M,, it was conclude to have a 98%((M(r <
r1/2) — 0.5M,)/M(r < 11/2) = 98%) of DM within /5 (van Dokkum et al., 2016).
This would imply that some UDG could rely/exist on halos with baryon fractions
below the cosmic average of 1%.

These UDGs dominated galaxies with wide extended halos, apparently contra-
dict the expected concentrate CDM profiles but also the core-halo DM relation,
as if they rely on halos of 10'°M,), the predicted small-concentrate soliton would
challenge the observed wide structure. We will find the answer to it in section 4.
Nevertheless, there is a special-extreme case of such extended profile, of an also DM
dominated galaxy with a surface brightness ~100 times lower than regular UDGs:
Antlia-2. After tracking its stellar motions, it was clearly identified a considerable
conflict with CDM, as in this case, the galaxy seems to have a relatively low mass
despite its UDG size. Some works suggested that this galaxy would naturally re-
sult from a low mass wide soliton that naturally predicted the observed data. This
rare case extremely favors the wave dark matter light boson paradigm. As we have
already commented, a low mass halo should directly propitiate a wide low-density
soliton (Broadhurst et al., 2020). Antlia-2 seems to be such an extreme case that
even the Y DM model seems not to explain much wider galaxies, as antlia-2 is already
in the lower limit of jeans scale permitted by the uncertainty principle for galaxy
formations.
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Chapter 3

Methodology

Here we will explain the halo structure of the previously introduced Wave dark
matter paradigm in section 2.1.3. We will also highlight the main differences with
the NF'W cold dark matter halo structure of section 2.1.2. This cold, ¥ DM non-
relativistic Bose-Einstein condensate halo structure was first explained by Schive
et al. (2014a), where the main difference with CDM was appreciable at small scales,
with gravitationally self-bound solitonic cores inside every galaxy surrounded by ex-
tended haloes of interfering density "granules". On large scales, the simulated dark
matter distribution is identical, forming connected ﬁlaments and collapsed haloes
form a large interference network voids (Schive et al., 2014a). The most distinctive
DM prediction is the formation of a prominent sohtomc standing wave at the base
of every virialised potential, corresponding to the ground state "within every galaxy"
, where an effective pressure matches the self-gravity of the condensate due to the
Uncertainty Principle. The solitons found in the simulations have flat cored density
profiles that have been shown to accurately match the known time independent solu-
tion of the Schrodinger-Poisson equation (Schive et al., 2014a,b, 2016), for which the
soliton mass scales inversely with its radius. Furthermore, a scaling relation between
the mass of this soliton and its host virial mass has been uncovered by the ¥yDM
simulations, "the core-halo relation", mgiton =~ mi{jo, such that a more compact
dense soliton should be found in more massive galaxies (Schive et al., 2014b) and
can be understood from the virial relation (Veltmaat et al., 2018). With denser and
more concentrated solitons for more massive galaxies like Milky way galaxies than
their own satellites” dwarfs. This core-halo relation seems to be universal in 1yDM
galaxy profiles with a few reasons that could explain certain breaks of it: Unrelaxed
systems ( for example, after major mergers), non-isolated systems ( galaxies that
have suffered high tidal forces from their host), massive halos ( where the isothermal
assumption may become invalid ), non-negligible baryon mass around the center and
strong baryonic feedback around the center. It is important to remark that the only
free parameter is the boson mass, which we will emphasize in this section (Schive
et al., 2014a,b, 2016).

The first simulations in this context have revealed a surprisingly rich wave-like
structure with a solitonic standing wave core, surrounded by a halo of interference
that is fully modulated on the de Broglie scale (Schive et al., 2014a). The solitonic
core corresponds to the ground-state solution of the coupled Schréedinger-Poisson
equations, with a cored density profile well-approximated by Schive et al. (2014a,b).
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Figure 3.1: Radial density profiles of haloes formed in the yDM model.
Notice how all the galaxy profiles show a clear inner solitonic core (solid line) plus an
outer NFW-like halo (dashed line) ¥ DM. These solitonic cores, which are gravita-
tionally self-bound and appear as additional mass clumps superposed on the NF'W
profile, are clearly distinct from the cores formed by ¥DM and collisional CDM,
which truncate the NFW cuspy inner profile at lower values and require an external
halo for confinement ¥ DM. This flat core structure is the main different character-
istic from the other DM theories, as warm dark matter and the standard cold dark
matter. Credit Schive et al. (2014a).

The simulations also show the soliton core is surrounded by an extended halo of
density fluctuations on the de Broglie scale that arise by self interference of the wave
function (Schive et al.; 2014a) and is “hydrogenic" in the form (Hui, 2020; Vicens
et al., 2018). These cellular fluctuations are large, with full density modulation on
the de Broglie scale (Schive et al.; 2014a) that modulate the amplitude of the Comp-
ton frequency oscillation of the coherent bosonic field, allowing a direct detection
via pulsar timing (de Martino et al., 2017, 2020b). This extended halo region, when
azimuthally averaged, is found to follow the Navarro-Frank-White (NFW) density
profile (Navarro & Frenk, 1996; Woo & Chiueh, 2009; Schive et al., 2014a,b).

In a simpler way, the whole wave dark matter halo profile is a consequence of the
evolution of the coupled Schroedinger-Poisson equation of section 2.1.3. Dividing the
profile into the main two structures: the inner zone will be represented by a soliton
( the spherical symmetric non-dispersive ground state solution in the Schréedinger-
Poisson equation, below the de Broglie scale, where quantum pressure dominates)
that would see his appearance like the NFW profile in the outer halo, represented
by these fluctuating density granules resulting from the quantum wave interference,
above the de Broglie scale (where gravity dominates and structure formation can
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happen, check figure 3.2). It can be appreciated in figure 3.1 that 3D density dis-
tribution for Wave-DM has a granular lumpy appearance, which looks like NF'W
when it is azimuthally averaged the 3D in concentric annuli. This is fundamentally
because Wave-DM is "cold". So the outer profiles of galaxy haloes possess a steep-
ening logarithmic slope, similar to the NFW profile of standard CDM (Schive et al.,
2014a). It is important to remark that this NFW-like halo profile for the galaxies’
outer zone does not imply a central wave-like dark matter + a CDM outer halo
profile fusion. However, due to the evolution of the coupled Schréedinger-Poisson
equation at regions outside the soliton, the wave-like dark matter will naturally be-
have as the non-relativistic NF'W cold dark matter halo, a product of being both
cold. In summary, this certainly does not imply that the outer halo is made of
CDM and the inner is wave-DM. It’s all Wave-DM, and we can understand that
the outer profile of Wave-DM should look like NF'W, after averaging, due to the
non-relativistic behavior in both cases.

Figure 3.2: ¢yDM soliton-halo pair. Wave dark matter halo profile as a con-
sequence of the evolution of the coupled Schroedinger-Poisson equations, with the
soliton at the center as the ground state solution (below the de Broglie wavelength)
and the density granules in the outer halo zone (above the de Broglie wavelength).
These fluctuating density granules resulting from the quantum wave interference can
be resented by the NFW CDM halo density profile due to their similar behavior,
reflecting the non-relativistic nature of condensates beyond the de Broglie scale.
Credit Schive et al. (2014b).

We have already pointed out that fluctuating density granules represent this
NFW-like wave dark matter halo regime as a result of quantum wave interferences
that are directly produced after the formation of many solitons and their subse-
quent mergers. Figure 3.3 shows this process; whereas solitons merge, they interfere
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with quantum mechanics and create waves and interference patterns in the fluid.
The support against collapse at small scales is provided by the quantum energy
gradient that dominates over the classical kinetic energy. As can be seen, these
DM soliton-halo pairs are formed after the mergers of many primordial wave dark
matter solitons, evolving under the Schrodinger Poisson equations. Forming at the
end, a DM matter halo with a solitonic core supported against gravitational collapse
thanks to the quantum pressures, and an outer fluctuating density granules interfer-
ence zone, perfectly described by an asymptotic r—2 NFW-like profile. In summary,
figure 3.3 shows the formation process of the 1yDM soliton-halo pair of figure 3.2. It
is important to remark that even if less common, this ¥y DM core-halo structure can
also arise after a large structure’s halo formation ( see figure 3.4).

Figure 3.3: Solitons merger process: This figure shows the different phases of
the merger of a sort of solitons across time. Notice how the {yDM soliton-halo pair
is the final product of these mergers, characterized by the solitonic core. The soliton
remains stable and supported against gravitational collapse and turbulence due to
the dominance of quantum pressures against classical kinematics. At the same time,
an NFW-like interference pattern regime is formed outside the soliton. In contrast,
this last one seems to be turbulent due to the comparable quantum potential and
classical kinematic energy. Notice how the small panel inside the right-low panel
that show the final phase of these isolated solitons mergers, is exactly the ¢y DM
soliton-halo structure represented in figure 3.2. Credit Mocz et al. (2017).
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Figure 3.4: Solitons merger process Vs halo formation: This figure compares
the time evolution of a core and the respective halo by soliton merger ( top row)
and a selected halo formation from the large-scale structure simulations by May &
Springel (2021) ( low row). Notice how for both cases, a stable core-halo structure
can always be found at the end of all simulations. Credit Chan (2022).

The typical soliton size after this process is expected to be around 3.5 xr. (Mocz
et al.,; 2017; Schive et al., 2014a). However, as this value seems far from always cor-
rectly defining the transition point between the soliton and the NFW-like halo, it
has not been previously fixed in this work ( check equation (3.6), where r;, the
parameter that defines this transition point has not a fixed value). Beyond this
transition point, the NFW-like density granules section is obviously found to be
turbulent due to its wave interference pattern origin, in contrast to the soliton. The
soliton seems to be protected until gravitational collapse at small scales thanks to
quantum pressures, where solitons product of bosons with masses around 10722eV
suffer a quantum potential that prevents the collapse below the de Broglie wave-
length of few kpcs for such boson mass. Furthermore, this provides the soliton also
to be protected against disruptions ( being more robust against tidal forces than
the halo, as we will see it later in section 3.4) and turbulent perturbations, which
should start after the transition point, in the NFW-like halo regime (r—3), where
classical kinetic energies become comparable to the quantum pressures (Mocz et al.,
2017). This quantum nature and turbulent r—3 NFW-like regime outer the solitons
also explain the interference pattern of the cosmic web inside the »DM context,
where such turbulences are the product of the interference pattern created outside
the soliton during the mergers, where the quantum pressure is not big enough to
dominate the classical kinematic energy. Finally, his NF'W-like halo regime is ex-
pected to evaporate (not bounded anymore to the soliton) after the system reaches
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virial equilibrium, leaving the central soliton alone (Mocz et al., 2017).

Figure 3.5: Combination of figures 2.10 , 3.2 and 3.3: In this figure we
can see the location ¥ DM soliton-halo pair (figure 3.2) inside the large scale Y DM
cosmic web (figure 2.10). Credit Mocz et al. (2020).
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Figure 3.6: Structure of a DM halo: Visual representation of a ¥y DM halo
with a soliton of r. radius in the center and a clear representation of the expected
transition point marked with a red circle of r; radius. A color bar has been added
to represent the different density values. The pink-blue-yellow zone and the red
filaments are not of interest for this work. Credit Liu et al. (2022).
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3.1 The Wave Dark Matter Halo

Ultralight bosons, such as Axions, explored in relation dark matter (Widrow
& Kaiser, 1993; Hu et al., 2000) in their simplest version, without self-interaction,
the boson mass is the only free parameter, which if sufficiently light means the de-
Broglie wavelength exceeds the mean free path set by the density of dark matter, so
these bosons can satisfy the ground state condition for a Bose-Einstein condensate
described by the coupled Schréedinger-Poisson equation, that in comoving coordi-
nates reads:

0 V2
V2V =dr([y> - 1). (3.2)

Here ) is the wave function, V' is the gravitation potential and a is the cosmological
scale factor. The system is normalized to the time scale dr = x/?a~2dt, and to the
scale length & = x'/*(mp/h)'/*x, where x = 3H3Q where Q is the current density
parameter (Widrow & Kaiser, 1993).

Recently, it has proved possible with advanced GPU computing to make reli-
able, high dynamic range cosmological simulations that solve the above equations,
(Schive et al., 2014a; Schwabe et al., 2016; Mocz et al., 2017; May & Springel, 2021)
that evolve to produce large scale structures indistinguishable from CDM, but with
virialized halos characterized by a solitonic core in the ground state that naturally
explains the dark matter dominated cores of dwarf spheroidal galaxies (Schive et al.,
2014b). Another, important feature arising from simulations is that the central soli-
ton is surrounded by an extended halo with a “granular" texture on the de-Broglie
scale, due to interference of excited states, but which when azimuthally averaged
follows closely the Navarro-Frank-White (NFW) density profile (Navarro & Frenk,
1996; Woo & Chiueh, 2009; Schive et al., 2014a,b).

The fitting formula for the density profile of the solitonic core in a DM halo is
obtained from cosmological simulations (Schive et al.; 2014a,b):

1.9 a=*(my /1073 eV)~2(r./kpc)
[149.1x1072(r/r.)??

pe(r) Mgpe™. (3.3)

where the values of the constants are: ¢; = 1.9, ¢ = 1072 | ¢3 = 9.1 x 1072, my is
the boson mass and r. is the solitonic core radius. The latter scales with the product
of the galaxy mass and boson mass, obeying the following scaling relation which has
been derived from our simulations (Schive et al., 2014Db):

B 10—22 / C(Z) -1/6 Mh -1/3
re = 1.6( _ eV) a' 2(@) (109M®) kpc (3.4)
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Which simulations show scales as halo mass (Schive et al.,; 2014Db) in the following
way:
Te X mQZIM,;Illé?’ . (3.5)

Where a = 1/(1 + z). Beyond the soliton, at radii larger than a transition scale
(r¢), the simulations also reveal the halo is approximately NFW in form, presumably
reflecting the non-relativistic nature of condensates beyond the de Broglie scale, and
therefore the total density profile can be written as:

pe(T) if  r<r,
pom(r) =94 __m otherwise, (3.6)

()

where py is chosen such that the inner solitonic profile matches the outer NFW-
like profile at approximately ~ 2r., and r; is the scale radius.

In detail, the scale radius of the solitonic solution, which represents the ground
state of the Schréedinger-Poisson equation, is related to the size of the halo through
the uncertainty principle. From cosmological simulations, the latter is found to hold

non-locally, relating a local property with a global one (for more details we refer to
(Schive et al., 2014b)).
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Figure 3.7: DM soliton-halo profile. Simple graphical representation of equa-
tion (3.6). The transition point (vertical solid orange line), differs the two main
behaviors of ¥ DM, solitonic core below the de Broglie scale, and NFW like halo
beyond it. The green solid line shows the 3D ppys(r) profile.
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3.2 Dynamical Model of Galaxies in Wave Dark
Matter Halo

The classical dwarf galaxies are known to be dominated by DM, and so the stars
are treated as tracer particles (Gregory et al.; 2019; McConnachie & Trwin, 2006;
McConnachie et al.; 2006; Kang & Ricotti, 2019) moving in the gravitational poten-
tial generated by DM halo density distribution.

In this context, assuming that the dwarf galaxies contain one or more pressure-
supported stellar populations in dynamical equilibrium tracing the underlying dark
matter gravitational potential, the dynamical mass distribution My, (r), which ac-
counts for both the stellar and the dark matter distribution, is related to the stellar
distribution through the Jeans equation, from which the velocity dispersion profile
can be predicted by solving this spherically symmetric Jeans equation:

d(p.(r)o;(r))

) )GMDZM(T) Ly BP*(T):U?(T), (3.7)

= —pu(r

where Mpy,(r) is the mass DM halo obtained by integrating the spherically
symmetric density profile in Eq. (3.6), § is the orbital velocity anisotropy parameter
of the stellar component (see Binney & Tremaine 2008]. & S. (2008), Equation
(4.61))

2
0y

p=1-2. (3.8)

T

And p,(r) is the stellar density distribution defined by the standard Plummer
profile for the stellar population:

pu(r) = M <1+ s )_ | (3.9)

ol

Here, rpq¢ is the half-light radius, and M, is the stellar mass.

Thus, the gravitational potential is given by:

MDM(T)
’1“2

d(I)DM<T’) =G d?”, (310)

with a boundary condition ®py(c0) = 0, and the mass enclosed in a sphere of
radius r is computed as follows

Mpy(r) = 4m /OT 2 ppyr(z)de . (3.11)
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Finally, to directly compare our predicted dispersion velocity profile with the
observations, we have to project the solution of the Jeans equation along the line of
sight as follows:

2 (R a20)p.(r)
0los<R) - m/]{ (1 - Bﬁ) mrdr (312)
where
Y(R) = /R o (1) (2 — R) ™Y 2rdr . (3.13)

Here we simply assume that the stellar mass is negligible compared to the dark
matter, given their high mass-to-light ratios, when testing dark matter models.
Many of the Milky Way‘s dwart galaxies’ projected velocity dispersion profiles have
been successfully fitted using a Markov Chain Monte Carlo method (Walker et al.
2009), being able to reproduce the kinematic data with both, cuspy and core density
distribution. With no statistical evidence favoring one model over the other. Nev-
ertheless, the Jeans model is affected by a degeneracy between [ and the total halo
mass (J. & 5., 2008), giving unambiguous results about the dark matter parameters
values. Two ways have been postulated in order to prevent or at least ameliorate the
effects of this degeneracy: Information from multiple stellar populations (Walker &
Penarrubia, 2011; Zhu et al.; 2016a,b), or higher velocity moments (FLokas & Mamon,
2003). Add1t1onal mformatlon about stellar populations would help to control the
degeneracy but would not improve the constraints of the dark matter parameters.
On the other hand, higher velocity moments seem to be more appropriate if proper
motion measurements are available (Read & Steger, 2017; Webb & Vesperini, 2018).
Fornax and Sculptor are good examples of it, Where using kinematic data of their
well known two distinct stellar population was enough to remove the degeneracy
(Walker & Penarrubia, 2011; Battaglia et al., 2008). Even if this result favored
cored profiles, results from LSB (Hayashi et al., 2004) and late-type dwarf galaxies
(van den Bosch & Swaters, 2001) seemed to be more consistent with cuspy ones.

3.3 Stars trace dark matter

Galaxies with low velocity dispersions < 15 km/s, indicating small masses, are
classed as “dwarfs" with half of the stars detected typically within only 71/, ~ 0.3
kpc. So it is surprising that several low mass dwarfs are now known to possess large
halos of stars and dark matter extending to over several kpcs, defying the dwarf
definition. This includes two spectroscopically detected halos that are dynamically
dominated by dark matter around the Tucana II and AndXXI dwarf spheroidal
galaxies (Chiti et al., Chiti et al.; Collins et al.; 2021). This adds to the case of
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Crater II, a dwarf that extends to over 3 kpcs despite its very low velocity disper-
sion of ~ 3 km /s and also the “ghostly" Antlia IT of extremely low surface brightness
extending over 4 kpcs with a dispersion of 6 km /s, discovered serendipitously using
GAIA satellite proper motions (Torrealba et al., 2016; Collins et al.; 2021). Such
“large dwarfs" are at odds with the compact, high concentration profiles predicted
for low mass galaxies in N-body simulations of standard heavy particle dark matter
of cold Dark Matter (CDM), where dwarfs are predicted to have the highest internal
density of dark matter of any galaxy, reflecting the relatively high universal mean
density at earlier times when dwarf galaxies were first formed. In this CDM context,
the extended halos of dwarfs have been qualitatively attributed to tidal effects in-
duced by the Milky Way, or Andromeda (Torrealba et al., 2019; Collins et al., 2021;
Chiti et al., Chiti et al.), based on simulations that show stars may be periodically
stripped or shocked near pericenter to beyond the tidal radius, generating halo-like
extensions of enhanced velocity dispersion, whereas the outer velocity dispersions
observed in most dwarf halos appear to be significantly lower than in their cores
(Wilkinson et al., 2004; Fabrizio, 2016; Collins et al.,; 2021). Strong tidal effects
are expected for only a minority of orbiting dwarfs on eccentric orbits with small
pericenters and so it is important to examine the generality of stellar halos to deter-
mine whether such halos are atypical or perhaps a common structural component of
dwarf galaxies. Two such cases of the Milky Way dwarfs are definitively established
to be in the process of being tidally stripped, namely the Sagittarius and Tucana
IIT dwarfs which show opposing pairs of tidal arms (Li et al., 2018; Newby et al.|
2013), representing only ~ 5% of the dwarfs orbiting the Milky Way and both of
these dwarfs have relatively small orbits.

In this context, we examine whether stars do trace dark matter for »DM pro-
files. In particular, we test for the presence of a dense central soliton within galaxies
and its imprint in the stellar profiles. Calculating the effect of such soliton on the
stellar profile as a function of galactocentric radius. One of the key points is to
identify the same core-halo relation explained in section 3.1 and figure 3.7, with the
predicted substantial drop outside the soliton compared with the inside imprint and
the change of regime between the soliton and the NFW-like halo.

In summary, we examine the following profile predictions:

1. Dark matter simulations as a Bose-Einstein condensate predict large halos
surrounding a soliton core with a marked density transition at the core radius
(Schive et al., 2014a,b).

2. Most relevant stellar profiles models, as Plummer and King, emphasize the
cored shape of stellar density profiles (Plummer, 1911; V., 2016). Reveling an
apparent similarity with ©x"DM profiles, where the central density also provides
a core (Schive et al., 2014a,b):

Both models have a mathematical expression to describe their rapid falloff of
the density at large radii. More precisely, the point where the surface density
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drops to half of its central value, is called the core radius. Just the same
as equation (3.4), making us think that should represent the same physical
characteristic, the product in this case of the more protagonist gravitational
potential of the wave dark matter profile, making his imprint on the stars.

Plummer’s model core radius (Plummer, 1911):

re=a\/ V2 —1~0.64a

(3.14)

Where "a" for clusters and galaxies is the half-light radius, rpe s, this model
postulates a proportional core/half-light radius relation, being the core radius
a bit smaller. Something that we will corroborate and reinforce in our results
(See section 4.3).

King’s model core radius King (1962); V. (2016):

902
Te =
47TG,00

Check pages 36-51 of V. (2016) and King (1962) for a detailed explanation.

(3.15)
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Figure 3.8: Plummer and King’s profiles applied to Eridanus II’s surface
brightness profile. Notice the flat Central profile, coinciding with the soliton’s
prediction. Take into account how these two profiles rapidly fall to zero ( here
averaged to the background value) after describing the core, unable to describe the
group of data points in the outer zone of the profile ( yellow circle). Credit Contenta

et al. (2018).

3. Most nearby classical dwarf galaxies are now known to be surrounded by large
halos of stars extending to over 2kpc (Chiti et al., Chiti et al.; Collins et al.,
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2021; Gregory et al., 2019; McConnachie & Irwin, 2006; McConnachie et al.,
2006)

. Clear transitions are also evident for most classical dwarfs that orbit the Milky
Way, with pronounced amplitudes indicating significant tidal stripping as an-
ticipated in ¥ DM simulations of orbiting dwarfs (Schive et al.; 2020). Here we
identify this predicted transition at a radius of ~1 kpc in the stellar profiles
of dwarfs.

. The shallow slope of the observed halos accurately matches the tidal stripping
simulation, something that we will extend in the results section.

These first five points make us indirectly detect the 1yDM imprint in the stellar
profiles of the galaxies.

. Notice that the stellar density profile, p.(r), is one of the "ingredients" of
eq.(3.7), making the assumption that stars trace DM. Moreover, the well-
accepted Jeans equation, realizes that the DM potential dominates in these
dwarfs galaxies, assuming that stars’ dynamics are dominated and traced by
DM. So why not also assume that imprint, in stellar density profiles?

A possible imprint of the soliton in the velocity dispersion profile will be ana-
lyzed in section 4.

. As already commented in point 6 of list 2.1.3, simulations from (Mocz et al.,
2019, 2020) show a very different behavior of baryonic matter in DM com-
pared to CDM and WDM. In CDM, baryons follow DM imprint on scales
larger than the filtering scale ( the characteristic distance on which pressure
acts), whereas on smaller scales, the gas is diffused by pressure. This does not
happen in DM and WDM, where the filtering scale is below the cutoff scale of
the initial power spectrum, vanishing pressure’s effect. Making DM /WDM
filaments able to collect gas along with their structure compared to the visible
fragmentation that can be appreciated in figure 2.15. In summary, Mocz et al.
(2019) simulations clearly show how gas profile traces 1Y DM while stars appear
to be potential "detectable smoking-gun signatures of 1Y DM". These simula-
tions also contradict the possible effect of baryons on the central dark matter
structure, arguing that DM should dominate baryons. Moreover, even if super-
nova feedback and photo-heating of the UV background during reionization
may influence the distribution of gas and stars, the DM /WDM filaments
are dense enough to be entirely lit up by the first generation of stars even
in the presence of sub-grid models for baryonic feedback. This main differ-
ence between CDM and DM where gas and stars should follow DM imprint
also in the filaments should be only appreciable at high redshifts (potentially
detectable by the James Webb Space Telescope (JWST)). As in lower red-
shifts, gravity should break these structures, bounding stars in more spherical
objects (Mocz et al.,; 2019). Nevertheless, even at these low redshifts, stars
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should be less concentrated in spherical objects than in CDM, with a still po-
tential imprint of these past "full star-filled filaments", still conserving some
stars. Something that could explain these observed extensive stellar halos rep-
resented in figure 3.9. These possible evidences probing that stars trace DM
in DM (Mocz et al.; 2019, 2020) have been already widely represented in this
work in point 6, previous section, but we will try to sort them out here again:

(a)

The filaments should endure for more time ( should be appreciable at
much lower redshifts) in ¥y DM, as the earlier formation of the first halos
in CDM should start breaking these filaments earlier due to gravitational
attraction. Moreover, the longer life of these filaments in wave dark mat-
ter will favor the formation of much more stars inside these filaments,
making a great difference in the location and extension of stellar pro-
files in CDM and ¥DM galaxies, as well as making baryonic objects look
“fuzzier”/more smoothed than in CDM (Mocz et al., 2019, 2020), postu-
lating them as excellent DM tracers in DM

The global star formation in DM /WDM will occur quite later due to the
delayed halo formation( product o the small scale structure cut-off), being
at z~13, while in CDM will start at z ~35. The star formation rate seems
to be also smaller in »DM/WDM, decreasing the possible disturbances
of baryonic feedback, like supernovas, increasing the possibilities of stars
being tracers of DM

The simulations already proved that the baryonic gas is a good tracer
of the dark matter density in the initial formation phases (Mocz et al.,
2019, 2020). Making gas also follow the gravitational potential at large
scales, limiting shock and cooling to unimportant roles in the ¢YDM con-
text. In consequence, this initial suppression of the power spectrum limits
the minimum dark matter halos that can form, making the baryonic ob-
jects look more smoothed and more homogenously distributed alongside
the halos and filaments, being in good agreement with the dark matter
density profile and therefore, tracing it (Mocz et al.; 2019, 2020)

The time where baryons should welly trace DM in WDM /¢ DM, should
endure from z=127 to z~10, where baryons show the same lack of power
at large frequencies( small scales) compared to CDM ( due to the initial
power spectrum cut-off). However, after the first halo formations and the
starting fragmentation of the filaments, baryons should also start feeling
their own pressure, making their distribution not exactly to dark matter
ones, but still partially tracking it (Mocz et al.; 2019, 2020). The point
why baryons really trace DM and still be imperfect tracers of DM at z=7
and later on is shown in figure 2.16, where simulations by Mocz et al.
(2020) showed that the ratio between gas and dark matter is closer to
unity at low frequencies( small values of "k"), than for CDM, showing
a smoother distribution of the dark matter. Being also one that stays
closer to unity along the frequencies.
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Figure 3.9: Graphical representation of the first five points that favor
stars trace dark matter. Panel a: ¢YDM projected density profile ( solid blue
line). The vertical dashed lines represent the point where the surface density drops
to half of its central value, the core radius. At the same time, the solid vertical
cyan line shows the transition point from the solitonic regime to the outer halo.
Panel b: Stellar radial profile of the isolated Tucana dwarf galaxy Gregory et al.
(2019). Notice how the value of the DM density from panel "a" is much higher than
the hypothetical mass that this stellar density profile will show, assuming that his
gravitational potential would be negligible compared to DM’s. Panel d: Simulation
of a dwarf galaxy after suffering tidal forces in a ¢y DM context Schive et al. (2020).
Panel c: Normalization of panels "a" and "b" in order to compare the DM profile
with the stellar density. Notice how they match exceptionally well and how this
makes sense with the arguments that stars trace dark matter (point 1). The stellar
profile follows the flat core that ¥DM reproduces (point 2), while the stars seem
to expand over two kpc, contradicting the expected concentrated halos from CDM
(point 3). The stars clearly seem to show the exact change of regime from soliton to
halo, at ;. At the same time, the density gap from the peak to this point seems to
be higher for tidally stripped galaxies, coinciding with the independent simulations
from Schive et al. (2020) (point 4). The slope of the stellar haloes seems to coincide
with the simulations from Schive et al. (2020) (point 5, Notice that here panel "c"
represents the density in 2D and panel "d" in 3D, so the slope comparison must be
made in the exact dimensions for both). All these points will be deeper explained

in section 4, especially 4 and 5. .-



(e) The distribution of gas and stars was clearly seen to have a cuspy profile
for WDM /CDM, while in ¢yDM, stars seem to develop the solitonic core
shape (Mocz et al., 2019)

= Wave DM projected density
2e++e*s Flat core
lar/DM halo pver

Transition point & density gap
Slope of the halo \

r [kpe]

Figure 3.10: Possible correlation of the actual dwarfs’ galaxies stellar pro-
files with the cosmological evolution of them in {yDM scenario.. Strategy
to analyze if the actual stellar profiles of dwarfs still show imprints of their past cos-
mological strictures inside the hypothesis that stars trace dark matter, summing the
arguments that have constructed figure 3.9 with the ones of figure 2.17. 1) Solitonic
shape of stars in the center of every halo (blue circle). 2) Location of extended stars
outside the center as remnants of past stars born in the filaments (red square). 3)
Check if the density fall between the halo and the filament remnants coincides with
the density fall between the core and the NF'W halo regime of the dwarfs’ stellar
profiles (Green line). 4) Check if the distance/size where the transition point ()
is located and the final locations of stars at the NFW-like regime coincide (Yellow
line). Credit Mocz et al. (2020).

(f) By z~6, just half of the stars per unit volume are formed in low mass
halos, indicating that they will be more embedded to DM due to their
smaller own pressure and feedback. This lack of start at such redshift also
could indicate that the last stars formed in the filaments will be formed
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late enough to still see some of them in an extensive, distant position
compared to the ones concentrated in the halo center ( check figure 2.17).
With filaments finally being accreted into the haloes, but much more later
than in CDM, with still some baryonic objects, primordially starts, in a
more extensive position and distant to the core as the imprint of these
past stars full-filled filaments.

Is important to remark that the half-light radius of stars is not necessarily a guide
to the soliton radius - its not likely to be larger but may be significantly smaller
depending on how the gas that formed the stars cooled in the DM halo, whereas
the radius to which the dispersion velocity profile remains approximately constant is
likely close to the soliton radius. The equilibrium between gas and DM in the DM
context and subsequent relaxation and heating by the de Broglie scale fluctuations
and soliton oscillation and also whether disk formation dominates star formation or
the infall of stars to form an extended halo are open questions in this context that
simulations will clarify.

Figure 3.9 shows a graphical combination of how all the listed points above (
which suggest that start could trace dark matter) could be tested in the following
section 4.

The DM stellar profile

The classical dwarf galaxies are known to be dominated by DM, and so the
stars are treated as tracer particles (Gregory et al., 2019; McConnachie & Trwin,
2006; McConnachie et al., 2006; Kang & Ricotti, 2019) moving in the gravitational
potential generated by DM halo density distribution. In order to apply this idea
that stars trace DM to the stellar density model, p.(r) from equation (3.9) has to
be modified to a ¢yDM approximation, being the stellar density distribution defined
by the soliton’s wave dark matter imprint:

p14(7) if <,
pulr) = — L2 otherwise, (3.16)
where p
0 —
pra(r) = | < N.kpc™ (3.17)

1+9.1 % 10-2(r/r,)?]

Here, 7, is the 3D scale radius of the stellar halo corresponding to pg. the central
stellar density, po2s« is the normalization of py, at the transition radius and the tran-
sition radius, ry, is the point where the soliton structure ends and the halo begins
at the juncture of the core and halo profiles.
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3.4 Tidal stripping in Wave dark matter scenario

Many satellites dwarf galaxies of a bigger host have to deal with tidal forces
due to their host’s more considerable gravitational potential. Here we will try to
introduce the already explained tidal imprints in wave dark matter scenarios and
the way to compute them. We study tidal stripping of wave dark matter cores us-
ing simulations of the Schroedinger-Poisson equations and analyze the dynamics of
tidal disruption highlighting the differences with standard cold dark matter. Our
methodology and assumptions are almost based on these two previous works: Du
et al. (2018), and Schive et al. (2020).

As well as in other DM scenarios, the 1y DM galaxies see their masses "eaten"
by the bigger host that are orbiting. Both regimes, core (Du et al., 2018) and halo
(Schive et al., 2020) seem to see their mass lost due to these tidal forces, but not in
an identical way and proportion. We will first concentrate on what happens to the
soliton:

1. Soliton-core: Due to its wave behavior, when the soliton sees its mass lost,
it is transformed to a more elliptical shape, from its original more spherical
one (Du et al.; 2018). Moreover, as a natural consequence of Y DM paradigm,
a less massive soliton means a less dense and wider one. This is because one
of the main characteristics of the soliton is to see its core inversely scaled with
its mass ( Eq. (3.4) and Eq. (3.5)). Before explaining the exact process of
the solitonic stripping, we must take into account this assumption made by
Du et al. (2018) about the effect of NFW-like halos of ¢YDM on the soliton
stripping process: "Under the assumption that the incoherent matter in FDM
subhalos with an NFW-like density profile behaves similarly to CDM, their
solitonic cores will be stripped clean after a certain number of orbits and ex-
posed to tidal forces."

As the mass outside the tidal radius is removed by the host, due to the reason
that we have already pointed out, the core should relax into a new ground
state with less mass and a wider core. In the process, mass is transferred
through the tidal radius and subsequently stripped away. Resulting in a con-
tinuous mass loss, being tidally locked with a continuous ellipticity increasing
before being disrupted (Here, we can see one of the main differences between
wave dark matter and CDM stripping scenarios, as in CDM this process is not
enough to disrupt the satellite totally). When the other parts of the satellite
are totally stripped, the remnant core is no longer in virial equilibrium, need-
ing to convert its extra kinetical energy to potential one, in order to recover
the equilibrium. This is the main physical phenomenon apart from the direct
DM relation between mass and core size, which explains why the resulting
shape has a larger characteristic radius and decreased density. Finally, once
the soliton’s density drops below 4.5 times the average density of the host,
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seeing its tidal radius becomes smaller than its core radius, it should become
unstable, getting totally stripped (Du et al., 2018).
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Figure 3.11: As can be seen, the core loses mass gradually but since the gravi-
tational time scale is smaller than the mass loss time scale, it quickly relaxes to a
new soliton state with a lower central density (upper-right plot). At t= 4.36Torbit
(lower-left plot), the tidal radius is comparable to the core radius. Afterward, in
less than one orbit, the core is totally disrupted and leaves only a long tail behind
(lower-right plot). Credit Du et al. (2018).

These are the two main distinct scenarios-methods used by Du et al. (2018) to
describe and explain tidal mass-loss of a solitonic core orbiting inside a host

halo:

e Classic= A satellite halo orbiting the host halo loses its mass due to the tidal
force of the host halo, i.e. the tidal stripping effect. Considering a satellite
orbiting its host with synchronous rotation, i.e. the angular velocity of self-
rotation equals the orbital angular velocity, the tidal radius can be calculated
from classical Newtonian dynamics

e Tunneling approximation= tidal stripping of ®» DM halos is treated quantum-
mechanically by adding a spherical tidal potential to the Schréedinger equa-
tion. The authors propose that mass inside the tidal radius can be stripped
insufficiently long time due to tunneling. Moreover, as the solitonic core loses
some of its mass and becomes less dense, it is increasingly vulnerable to tidal
forces. The mass loss rate is obtained from the imaginary part of the (com-
plex) energy eigenvalue E (which only depends on the density ratio between
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the central density of the soliton ¢ and the average density of the host within
the orbital radius). Since both tidal and gravitational potentials are taken to
be time independent, so is the tidal radius. Consequently, the mass loss is
fully characterized by the decreasing amplitude of the wave function.

Below we mathematically describe different effects of tidal stripping including
the mass-loss and core enlargement.

We first calculate the relation between M ( halo mass) and M, (core mass)
using Eq. (3.3) until the core radius, as indicated in Eq (3.6). After that, the
core mass-loss rate is inferred for each orbit with the following formula (Du
et al., 2018):

a[3u(1\24’$(t)) ]2+b[3u(1;f’$(t)) ]_,’_c7

A(M,(1))/dt = —2 x M.(t)e (3.18)

With the best fitting parameters’ values: (a,b,c)=(5.89794 107°, —8.72733
1072, 1.6774), , the effect of the centrifugal force owing to synchronous rota-
tion of the orbiting satellite, assuming it to be a rigid body, fixed to 3/2 for a
soliton (Du et al.; 2018) and p, the density ratio between the central density
of the soliton p. and the average density of the host within the orbital radius
Phosts 1t = Pe/pProst (Du et al., 2018). Nevertheless, ;1 must be recalculated
across the orbits due to the core density loss along each orbit:

= 4.38 x 10"mg M d*m;,, (3.19)

. Halo: More recent simulations from Schive et al. (2020) seem to predict a
more stable and robust soliton than halo against tidal forces. In this ¥y DM
model with a soliton in the center and an outer NFW-like halo regime, tidal
forces seem to affect the halo more and quicker, as its mass is easier stripped
than the soliton’s mass. These simulations emphasize the importance of the
self-gravity of the soliton as it clearly offers him a more robust defense against
tidal forces compared to the NFW-like halo regime. The main observable im-
print of tidal forces in this core’s more robust scenario is a clear density gap (
check out point 4 of section 3.3 and figure 3.9) increment. Even in cases where
tidal forces are not strong enough to remove mass from the soliton, check fig-
ure 3.12.
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Figure 3.12: This plot shows how the halo regime of Eridanus II is easier removed
by Milky’s tidal field, while the soliton can maintain almost intact.The left panel:
Projected dark matter density. We can see how the galaxy’s halo is almost removed
after 4Gyr of tidal forces while the soliton remains almost there. The right upper
panel:Dark matter density profiles. Notice how the soliton ( central) dark matter
maintains equal across the Gyrs while the halo shows its bigger weakness to tidal
forces losing density. This density gap between the core and the halo,Ax_pg, and its
connections with tidal forces will be deeper analyzed in section 4.2. Credit Schive
et al. (2020).

One clear observational evidence of this core robustness in contraposition to
the weakness of the halo against tidal forces was detected after analyzing the
stellar cluster of Eridanus II (Schive et al., 2020). Eridanus II is a tidally
affected dwarf galaxy orbiting the Milky Way. This galaxy has a star cluster
in its central area, which survival clearly defies DM soliton behavior, which
random walk ( product of its wave behavior) should disrupt the cluster in
less than 1 Gyr. Nevertheless, Schive et al. (2020) already demonstrated with
his simulations the more significant weakness of the halo against tidal forces,
leaving the relatively dense soliton intact, and directly declining the soliton
random walk. Softening it and delaying clusters disruption to 5 Gyrs (check
figure 3.13). Allowing the star cluster to survive time much longer within the
soliton due to a substantial halo removal.
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Figure 3.13: This plot shows how the Milky Way’s tidal field affects a soliton’s
random walk. With an original soliton random walk ( black line), the star cluster
will trace the soliton trying to follow its random motion. Because of the soliton’s
random motion, the expected characteristical separation between the star cluster
and the soliton will be ~ r.. In this isolated scenario, the tidal field suffered by
the cluster due to that characteristical separation will disrupt the cluster in ~1Gyr.
Nevertheless, these simulations predict that the soliton’s random motion becomes
smaller as the halo is tidally stripped, increasing the cluster’s survival time to 5Gyrs.
Credit Schive et al. (2020).

3.5 Stars as test particles uniting the Uncer-
tainty Principle with the Axiverse

Until recently the classical "dwarf spheroidal" (dSph) galaxies were recognised
as the lightest type of galaxy, with masses of 10°71°M, comprised mainly of
dark matter. But the previously presented distinct new class of smaller and
denser "ultra faint" dwarfs (UFD’s) has been uncovered in recent surveys,
with masses of only 10""8M, that are also dominated by dark matter. This
bimodality amongst low mass galaxies contrasts with the scale free continu-
ity expected for galaxies formed under gravity, as in the standard Cold Dark
Matter (CDM) model of collisionless particles.

Our results show ( below in section 4.4) that the dSph and UFD dwarfs fol-
low parallel, inverse relations between their core sizes, r. and stellar velocity
dispersions, o, such that the cores are larger for dwarfs of lower velocity disper-
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sion within each class, quite the opposite of standard expectations where larger
galaxies should be more massive. This behavior is predicted for dark matter
as a Bose-Einstein condensate because the Uncertainty Principle linking posi-
tion and momentum dictates r. X ¢ is set by Planks constant, h requiring an
inverse relation between r. and o as observed. We use this relation for each
class of dwarf to derive the boson mass, m,, directly via my, = h/r.o, differing
by a factor of ten between both galaxy populations in m,. This light boson
interpretation is independently reinforced by the presence of the prominent
central soliton cores, explained in section 3.1 and 3.3, visible for the dSph
and UFD dwarfs that differ in scale by a factor of 10 in radius. This soliton
core is also seen in terms of the core density, p. which follows the predicted
steep relation p. o< 74, for both the dSph and UFD dwarfs, required by the
Uncertainty Principle. This relation is easily extracted from the solitonic core
equations (see equations (3.4) and (3.5), which corresponds to the ground-state
solution of the coupled Schréedinger-Poisson equations, with a cored density
profile well-approximated by Schive et al. (2014a,b)) and the fact that the core
mass scales as 0°r., giving us the opportunity to describe density in the YDM
scenario by the following relation:

pe < (0/r.)? (3.20)

Taking into account the inverse soliton core mass vs. radio relation required
by the uncertainty principle (M, o 1/r.) and that the soliton’s density is equal
to its mass divided by its volume (p. = M,/r3), we got the wanted relation:

Pe X 7{4 (3.21)

A condensate of Bose-Einstein is revealed when a boson gas is cooled to tem-
peratures near absolute zero, this DM version of a bose-einstein condensate
is assumed to be "born in the ground state", rather than cooling down into
the ground state. In this context, the bosons would occupy the lowest energy-
quantum state, at which point microscopic quantum mechanical phenomena,
particularly wavefunction interference, become apparent macroscopically. An
ideal Bose gas is a collection of non-interacting N bosonic particles. Following
the laws of quantum mechanics, these particles have a wave nature that the
de Broglie wavelength can characterize;

h
A = — 3.22
5= (3.22)

and which can be used to obtain the de Broglie thermal wavelength for ideal
gases with massive particles:
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h

App o= ——— 3.23
B BmkgT (3.23)

Where m is the particle’s mass, T is the temperature, h Planck’s constant,
and kg is Boltzmann’s constant. At high temperatures, when Agp is smaller
than the distance between particles, their thermal movement dominates the
gas properties as localizable particles. But while the temperature decreases,
Apr increases to values more significant than the distances between the parti-
cles, arising their wave behavior. In this situation, the different matter waves
overlap, coordinating their state and producing the Bose-Einstein condensate.
A single wave function defines the entire system as a "super-paricle". At his
point, all de particles are in the smaller quantum-energy state, being identi-
cal. As all of them share the same quantum state and have the same minimum
energy, they become indistinguishable from each other, behaving as a single
super-particle. More precisely as a "coherent wave function" in our ¥ DM,
where all bosons in the ground state coherently oscillate together as one wave
function. In summary, in a coherent Bose-Einstein condensate, all bosons
would "wave together" due to being in the identical ground state. This was
formalised by Gross-Pitaevskii’s wave function (Gross, 1961), making us pos-
sible to describe the collective behavior of bosons in a condensate with the
Schroedinger equation ( Eq.(3.1)).

In this scenario, we can consider the condensate as one single particle, where
the de Broglie wavelength of such "super-particle" would correspond to the
total size of the condensate, of the soliton in this case. Making us make a
possible relation with the Uncertainty principle:

AxAp >

DO | St

(3.24)

Where Az, the position dispersion, can be replaced by the soliton’s size (
equivalent to the de Broglie wavelength~ 2xr.) and Ap, the dispersion of the
lineal momentum ( p=mxv), where "v" can be replaced with the correspond-
ing velocity dispersion value (Eq.(3.12)) in the soliton, equivalent to the one of
the bosons in a system in a dynamical equilibrium where stars are dominated
by the higher potential of the dark matter. In summary, in this DM con-
text, where self-gravity balances the effective pressure from the Uncertainty
Principle, we could relate the size of the soliton (almost defined by the de
Broglie wavelength(~ 2xr.) ) with the momentum product of the dominant
dark matter potential, represented by the observed velocity dispersion( equiv-
alent to the motion of the bosons if they will behave as macroscopic particles)
of the stars and the mass of the boson corresponding to the de Broglie wave-
length of such astronomical structure (Eq.(3.24)). The point why the mass of
the lineal momentum would correspond to the boson’s one is obvious; simply
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cause the boson mass is the value that sets the size of the de Brogile wave-
length and in consequence of the soliton’s size, defining the value of Ax as
well. The point why the dispersion velocity is meaningful to determine the
Ap, is a more complicated statement. First of all, as we are talking about
spheroidal and not circular galaxies, the velocity dispersion will be the most
representative direct observable value of the dominant potential, DM’s. So
the observed velocity dispersion of the stars is a direct product of the soliton’s
dominant gravitational potential. Secondly, as stars and bosons are supposed
to be at the same temperature( as particles moving with a certain velocity
in a system, not their internal own temperature), both should have the same
velocity dispersion giving us the opportunity to use the stars’ velocity as an
accurate representation of bosons’. The last point to clarify here is that the
bosons due to being in a BE condensate, should all be represented by a single
one, so no dispersion velocity would exist between them. So how can we use
stars’ dispersion velocity as a synonym of theirs? The answer relies on the
fact that both, stars and bosons are dominated by the soliton’s potential and
that the stars are just simply showing the bosons’ exact behavior but on the
macroscopic scale, in other words, stars are showing us how bosons would be-
have in case of being macroscopic particles. Stars and bosons are behaving in
the same way, but this exact behavior is differently represented in macro and
micro scales. What we are observing is how particle behavior would be rep-
resented in the macro and the micro scales for the same quantum phenomenon.

All these points, allow us to determine the mass that corresponds to the as-
tronomically relevant de Broglie wavelength, the boson mass:

h
~ 3.25
My 8T 0105 ( )
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Chapter 4

Results & Conclusions

This section will explain all the results we obtained for this work. First of all, in
section 4.1, we will show the efficiency of 1y DM model to fit the observable dynamical
data of the previously introduced classical dwarfs ( section 2.2.1) and ultra-diffuse
galaxies (section 2.2.3). As a result of the already explained methodology for it in
section 3.2. Secondly, we will show all the analyses done to the observable stel-
lar profiles of the local group’s dwarfs that reinforce the idea of stars tracing dark
matter ( section 3.3). Thirdly, we will present all the simulations made in a DM
paradigm towards tidal stripping in order to validate the arguments of section 3.4.
Finally, we will focus again on the stellar observable data of these local dwarfs and
ultra-faint galaxies of sections 2.2.1 and 2.2.2 respectively, to favor the theory of a
wide range of axion masses, previously introduced as the concept of the "axiverse",
in section 2.1.6. Each result section will have a small script to explain the working
method, motivation, and final results and conclusions concisely.

4.1 Wave DM modeling in classical dwarfs and UDG
(Paper 1)

As we have previously commented in this work, dark matter as a Bose-Einstein
condensate, such as the axionic scalar field particles of String Theory, can explain
the coldness of dark matter on large scales. Pioneering simulations in this context
predict a rich wave-like structure, with a ground state soliton core in every galaxy
surrounded by a halo of excited states that interfere on the de Broglie scale. This
de Broglie scale is largest for low mass galaxies as momentum is lower, providing
a simple explanation for the wide cores of dwarf spheroidal galaxies. Here we ex-
tend these “wave dark matter" (Y DM) predictions to the newly discovered class of
“Ultra Diffuse Galaxies" (UDG) that resemble dwarf spheroidal galaxies but with
more extended stellar profiles. Currently, the best studied example, DF44, has a
uniform velocity dispersion of ~ 33km /s, extending to at least 3 kpcs, that we show
is reproduced by our ¥DM simulations with a soliton radius of ~ 0.5 kpc. In the
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DM context, we show the relatively flat dispersion profile of DF44 lies between
massive galaxies with compact dense solitons, as may be present in the Milky Way
on a scale of 100pc and lower mass galaxies where the velocity dispersion declines
centrally within a wide, low density soliton, like Antlia II, of radius 3 kpc.

Here, we compare our wave-DM predictions for the newly discovered class of
UDG galaxies, in particular for DF44 the currently best-studied example, in the
Coma Cluster. It was discovered with the pioneering Dragon Fly multi-beam tele-
scope, built for the purpose of reaching unprecedentedly low surface brightness in
ground based surveys (Abraham & van Dokkum, 2014). The extended stellar profiles
of these UDG galaxies and their low surface brightness seem to challenge models
of galaxy formation in standard CDM where large tidal forces and ram pressure
stripping, or high rotation dark halos have been proposed by Liao et al. (2019) and
Tremmel (2020) and even stars formed in outflows by Di Cintio et al. (2017). These
ideas are hotly debated and hard to extend to the discoveries of isolated examples
of UDGs some of which show modest ongoing star formation and also extended HI.

We also compare DF44 with wave-DM profiles fitted to other well-studied galax-
ies of higher and lower mass, for which extended velocity dispersions have been
measured. In sections 3.1 and 3.2 we describe our baseline model consisting of the
solitonic core plus a NFW-like outer profile; and in section 4.1.1 we compare our
predictions to the dataset of the Dragon Fly 44 dwarf galaxy, together with other
newly discovered dwarf galaxies. We also show the self-consistency of our baseline
model for explaining the dispersion profile of those galaxies. Throughout the sec-
tion, we assume a standard cosmology (Collaboration et al.; 2016).

Gas outflows have been appealed to for flattening the central DM density pro-
file of dwarf galaxies in the context of CDM, with increasingly detailed modeling
to help capture the complexities of supernova-driven outflows powered by repeated
bursts of star formation, (Navarro & Frenk, 1996; Gelato & Sommer-Larsen, 1999;
Binney et al., 2001; Gnedin & Zhao, 2002; Mo & Mao, 2004; Read & Gilmore, 2005;
Mashchenko et al., 2006, 2008), and also dynamical friction of inflowing clumped
baryons with repeated outflows (Fl-Zant & Shlosman, 2001; Weinberg & Katz, 2002;
Tonini et al., 2006; Romano-Diaz et al., 2009; Goerdt et al., 2010; Cole et al., 2011).
The formation of large cores is now questioned in the latest detailed high resolution
simulations by Bose et al. (2019) indicating the gravitational coupling between gas
outflows and the central DM profile may not be sufficient to significantly modify the
central DM profile, with confirmation by Benitez-Llambay et al. (2019) who empha-
sise that only the high gas density regime is relevant for core formation in the CDM
context, requiring frequently repeated outflows with gas continuing to dominate the
central potential for Gyrs.
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4.1.1 Minimal Wave-Dark-Matter Radial Profile Com-
parison

Here we first compare the measured velocity dispersion and light profile of DF44
with Wave-DM with the minimum number of parameters that are consistent with
the findings from our simulations and then subsequently we allow a wider range
of soliton and halo mass to allow comparison with previous work for more general
conclusions.
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Figure 4.1: The figure shows the acceptable range of predicted velocity dispersion
profiles comparison with DF44 for our minimal model, where the soliton scale is
determined by the halo mass and the boson mass. We vary boson mass in the upper
panel, setting 3 = —0.8 and in the lower panel we set the boson mass to m,, = 1072
eV and vary (8 according to the legend. This show that a light boson mass in the
above range, with modestly negative 3, produces acceptable reduced y?.
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For our minimal model profiles, we solve the spherically symmetric Jeans equa-
tion, described above, Eq. (3.7), subject to a total mass of 4 x 10'°M,, which is
the dynamical mass estimated by van Dokkum et al. (2019b) for this galaxy adopt-
ing the virial estimate commonly used for dwarf spheroidal galaxies (Walker et al.,
2009). We also adopt the commonly used Plummer ’profile for the stellar profile
and match it the measured half-light projected radius of 4.6 kpc measured for DF44
(van Dokkum et al., 2019b).

For our minimal model adopt the soliton-halo mass scaling relation of Eq. (3.5)
discovered in the 1yDM simulations (Schive et al., 2014b). This provides the scale of
the soliton for a fixed total halo mass. The vy DM simulations have also shown that
the NFW form provides a good azimuthal description of the granular {yDM halos
outside the soliton core. Hence we may fix the scale length of the NF'W profile, r,, to
provide the total mass computed with our model for a given choice of concentration
we set ry = 8 kpce. All values are summarized in Table 4.2.

This comparison shows simply that the general level of velocity dispersion mea-
sured for DF44 of ~ 30 km/s is consistent with the widely favored boson mass from
similar analyses of dwarf spheroidal galaxies ~ 10722 ¢V, for which the observed
absence of any central rise in the velocity dispersion favors a predominance of tan-
gential over radial dispersion. We can also see that for a larger choice of boson mass
of 1.2 x 10722 eV, a larger value of 3 can be tolerated. This contrasts with the
significantly larger mean boson mass of ~ 3 x 10722 eV, highlighted by Wasserman
et al. (2019) in a recent analysis of DF44, but is consistent with the lower end of
their 95% range of 1.2 x 10722 eV.

Acceptable minimal model profiles for DF44 are shown in Figure 4.1 for several
illustrative values for the minimal set of parameters listed in Table 4.2, varying the
boson mass and the velocity anisotropy parameter. These profiles have reduced y?
values near unity, consistent with the measured dispersion profile of DF44 for its ob-
served large half light radius and virial mass estimate. In the upper panel of Figure
4.1 we vary the boson mass in the range [0.6,1.2] x 10722 ¢V, setting 8 = —0.8 on
the basis of the analysis in (van Dokkum et al., 2019b). In the bottom panel, we do
the opposite by setting m,; = 10722 ¢V and varying the anisotropy parameter in the
range [—0.75, —1.5]. In both cases, the wave-like DM is able acceptably reproduce
to the dispersion velocity profile out to r ~ 3 kpc and even outsider for lower panel
profiles.

4.1.2 Comparison of the velocity profile of DF44
with other low and intermediate mass Galax-
ies

Here we place the velocity profile of DF44 in the wider context of dwarf galaxy
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profiles for the ¥y DM framework, spanning the full range of lower masses appropri-
ate for dwarf galaxies. We compare our minimal model with the velocity dispersion
profile of representative well studied low mass galaxies whose halo mass and half-
light radius span the ranges from ~ 10°Mg to ~ 5 x 101°M,, and from ~ 0.8 kpc
to ~ 5 kpc, respectively. Since our minimal model must assume a halo mass to
compute the corresponding solitonic profile, Eq. (3.5), we take care to check that
the predicted total mass from our model is compatible within the errors with the
total mass estimates from observations.
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Figure 4.2: In this figure, we show model solutions for all model galaxies listed in
Table 4.1 to highlight the transitional feature in the radial profile from the soliton
to the NFW-like halo. Solid lines represent solution of the isotropic Jeans equation
(8 = 0), while dashed lines indicates the predicted dispersion profiles for negative
values of 3. For a better visualization, we plot the galaxies with higher mass in the
upper panel, while the remaining galaxies are shown in the lower panel.

In Figure 4.2 shows illustrative velocity dispersion profiles for a range of DM
mass profiles highlighting the transition from the soliton core to the outer NFW-like
outer profile (Schive et al.; 2014a,b; Vicens et al.,; 2018). The velocity dispersion
profiles are listed in Table 4.1, and cover one order of magnitude in the total mass
starting from 10°M,, and for different choices for the extent of the stellar profile,
and for each model profile compare two representative values of 5 = [0.0, —0.5] to
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Model | Mpaio Tsol | Thalf M, Ts B
(10°00,) | (pe) | (kpe) | (10°31,) | (kpe)

G190 0.0
0.1 1.6 0.6 0.3 8.5

Gl1™ —-0.5

G20 0.0
0.5 0.94 0.6 0.3 10.5

G2~ —0.5

G3Y 0.0
1.0 0.74 2.9 3.0 9.0

G3~ —0.5

G40 0.0
5.0 0.43 2.9 3.0 7.5

G4~ —0.5

Table 4.1: Values of the parameters used to construct the velocity dispersion profile
of a set of simulated dwarf galaxies |G1,G2,G3,G4| for two values of the anisotropy
parameter. We also vary here the Plummer scale radius for the stars, which allows
for a range in "depth" that the stars may occupy in 3D, given by the half light

radius.

show the effect of the transition in a family of physical systems representing dwarf
galaxies. Solid and dashed lines depict in Fig. 4.2 for each system, our predicted

dispersion profile for 3 is set to 0.0, and —0.5, respectively.
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Figure 4.3: Comparison of the observed velocity dispersion profiles with the pre-
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dictions, for all galaxies listed in Table 4.2.
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Galaxies my Mhatoobs | Tsol T Thalf M(r < Thaif)sobs | M7 < Thaiy)sn B Xoa Refs.
(1072 eV) | (10°My) | (kpe) | (kpe) (kpc) (107 Ms) (10"M¢)
DF44 1 40 0.47 8 46+0.2 390 £+ 50 300 -1.25 | 0.87 | (van Dokkum et al., 2019b)
WLM 1 10 0.74 7 1.66 4 0.49 43+3 25 -0.75 | 0.82 (Leaman et al., 2013)
Fornax 1 7 0.84 4 0.85 6.1-8 6.57 0.0 |1.21 (Mashchenko, 2015)
Antlia IT 1 1 1.6 7 29+03 55+22 9.75 -0.75 | 1.34 (Torrealba et al., 2019)

Table 4.2: Observed and estimated magnitudes of the dwarfs galaxies.

Finally, in Figure 4.3, we apply our model to the dwarf galaxies listed in Table
4.2, together with the reduced chi-square. We have aimed to illustrate the family
of predicted profile shapes to see how of the velocity profile of DF44 may fit in. It
can be seen that the relatively flat profile DF44 appears to be continuous with the
lower mass galaxies shown here, including Fornax, and Antila IT (Schive et al., 2014b;
Broadhurst et al., 2020) that span the dSph regime and for which we have previously
derived boson masses. We have added the more massive, well studied "transition"
galaxy, WLM for broader mass coverage. Note, we don’t intend to be exhaustive
here in this comparison as this would require an understanding of the transformative
role of tidal effects which are important for most nearby dwarf galaxies orbiting the
major local group galaxies, as we have recently shown in Pozo et al. (2020). Our
results show that the minimal model is able to provide a good fit of these dwarf
galaxies, where we vary the whole set of parameters, namely (Mg, 75, 3). For all
galaxies, we also compute the total mass within the half-light radius to ensure that
it matches the observations. All results are listed in Table 4.2.

4.1.3 Pure NFW profile.

Here we consider a pure NFW profile for a range of relatively high concentration
parameter, ¢, appropriate for relatively low mass galaxies like DF44, ranging over
20 < ¢ < 40, guided by the mass-concentration relation and its inherent dispersion
derived from CDM simulations.

Generically of course a centrally rising dispersion profile is predicted for NFW
profiles, shown in Figure 4.4 (and Table 4.3 labeled as NFW; and NFW,) as ex-
pected given the inherently cuspy density profile of CDM, but is quite unlike the
flat profile observed for DF44. A better match DF44 requires a negative anisotropy
parameter, with § < —1 as shown in Figure 4.4 (and Table 4.3 labeled as NFWj,
NFW, and NFWj5) in order to more than counter the CDM cusp. The NFW; model
has a concentration parameter has been set to the best NF'W fit obtained by Tor-
realba et al. (2019), while § is the same as explored by van Dokkum et al. (2019h)
and this is marginally acceptable with § = —1.25, in terms of the velocity dispersion
profile. However, the scale length predicted for this model ry = 3.6 kpc is smaller
than the measured half light radius of DF44, therefore appearing to be unreason-
able, and this is generally the case for the other solutions we have explored here and
listed in Table 4.3, as generically the cooling of gas required to form stars is not
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expected to produce a stellar distribution that is more concentrated than the dark
matter halo as both stars and DM particles behave as test particles. Furthermore,
any subsequent "heating" that may have occurred through interactions subsequent
to formation may be expected to affect collisionless stars and dark matter equally.

Profiles Moo Ts c 15}
(10°My) | (kpe)
NFW; 10 2.89 | 15 0
NFW, 8 2.01 | 20 0
NFW;3 40 4.59 | 15| -2
NFW, 40 3.44 [ 20| -3
NFW; 20 3.64 | 15| -1.25

Table 4.3: DragonFly 44 NFW predicted profiles
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Figure 4.4: Result of the best pure NFW fits for DF44 listed in table 4.3.The black
vertical line is the limit of the calculated soliton for the wave DM profile.

4.1.4 Generalised Wave-Dark-Matter profile fitting

Here we explore a fuller range of parameters that does not rely on the "standard"
dynamical mass advocated by Walker et al. (2009) for simple stellar systems, since
this may not be fully appropriate for the Wave-DM model that we examine here,
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but has been calibrated in the context of CDM simulations.

For this purpose, we have constructed an MCMC multi-parameter scheme that
we compare with the dynamical data and observed scale length for DF44, which
we link through the Jeans analysis outlined earlier. In addition to the parameters
of the minimal model above, we allow the halo mass to be free and some freedom
in "transition radius" between the central soliton and outer NFW halo components
given by € below that is consistent with the spread found in the first simulations
(Schive et al., 2014a).

Wide uniform priors are adopted for the above model:

—0.5 < log;o(my) < 2.5; (4.1)
1 < logo(7sor) < 4; (4.2)
—1 < —log,,(1 —p) < 1; (4.3)
2<e< 3.5, (4.4)

Note, here we have let the matching radius between the soliton and the NFW halo

vary over a range of scale, where 7., = €rso, implied by the inherent spread found
in the simulations.

—— Best fit: "2 =2.62 , r,y= 83.0 pc, p=-1.78
45 - 1o deviation of the posterior distribution
40 ’
7
(3]
e 357
=
a |
& 30 *
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Figure 4.5: The best fit soliton + NFW model and its one-sigma deviation is
calculated by randomly sampling from the distributions of velocity dispersion at
each radius.. Corner plot in the appendix , Figure 4.64.

The best fit velocity dispersion curve of the above model is shown in Figure 4.5,
together with the 1-o uncertainty. The preferred value is of the core radius of this
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model is ~ 100 pc, which is quite small compared to the size of DF44 (~ 4.6 kpc).
The preferred halo mass, 1.5752 x 101 M, is several times larger than the dynam-
ical mass adopted earlier of 4 x 10'°M,, for our minimal model and the best fitting
soliton mass is lower in relation to the halo mass, only 2% of the halo mass and
hence this model is essentially a pure NFW profile with a relatively large tangen-
tial anisotropy 8 ~ —2 that counters the inherent NF'W cusp, lowering the central
velocity dispersion as shown in Figure 4.5. This halo dominated solution is very
similar in terms of halo mass and velocity anisotropy to our best fitting pure NF'W
profile, NFWy described in section 4.1.3.

This halo dominated ¥DM solution has a somewhat higher favored boson mass
than we derived in section 4.1.2 for our minimal model, but with a sizeable uncer-
tainty: my = 2.1, x 10722¢V. This value of the boson mass is compatible with
that obtained by Wasserman et al. (2019) for their independent MCMC analysis
of DF44 and also agrees with their relatively large negative value of 5. Hence, this
higher mass soliton for both the boson mass and the halo mass may be less physically
compelling than the minimal model solution we found earlier, for which the reduced
x? is certainly acceptable, and for which the soliton is wider so that a relatively
less extreme value of /3 is required (Luu et al.; 2020; Kang et al., 2020; Lokas et al.,
2005a; Klimentowski et al., 2007).

Summary & Conclusions

1. Motivation:

Test DM model efficiency for stellar dynamics in classical dwarfs and the
recently discovered UDGs, whiches such extended profiles seem to contradict
CDM expectations.

2. Methodology:

Step 1: Use the observable o value to compute a consistent wave dark matter
halo as described in section 3.1.

Step 2: Apply the corresponding potential of the computed wave dark matter
halo to Equation (3.7) in order to get the value of the projected velocity
dispersion of Equation (3.12) and compare it with the observational profile.

3. Results:

Result 1: Figure 4.1 shows the efficiency of wave dark matter to reproduce the
observable data with a boson mass of ~ 10722eV.

Result 2: Figure 4.3 clarifies how the ¥yDM model can reproduce observed
velocity dispersion profiles of all kinds of galaxies; UDG( DF44), Intermediate
galaxy ( WLM), classical dwarf (Fornax), and ghostly galaxy (Antlia-2). While
table 4.2 shows the consistency of the wave dark matter profile values with the
theoretical ones.
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Result 3: Even if Figure 4.4 shows how some NFW model is able to fit well
the observed profile, the attached anisotropy () and scale radius (r5) values
of them, listed in table 4.3, seem unreasonable.

. Conclusions:

Conclusion 1: Here we have been particularly interested in whether this class of
galaxy may have implications for the newly appreciated “Wave-Dark-Matter"
interpretation of DM, because of the distinctive density profiles found in the
first cosmological simulations in this context that predict a rich wave-like struc-
ture in the non-linear regime with collapsed halos that should contain solitonic
standing wave core of dark bosonic matter at the center surrounded by a wide
halo of excited states that are fully modulated in density on the de Broglie
scale (Schive et al., 2014a,a, 2016)

Conclusion 2: We have shown that this distinctive Wave-DM profile can ac-
count for the puzzling combination of the large radius of DF44 and its shallow,
low velocity dispersion profile predicted for intermediate mass halos, of approx-
imately ~ 4 x 10'°M, with a soliton radius of ~ 400pc, this is several times
more massive than typical dwarf spheroidal galaxies in the local group neigh-
bourhood for which Wave-DM profiles fitted typically have masses of a few
x 109 M,q0¢ With a soliton radius of ~ 700pc (Schive et al., 2014a; Chen et al.,
2017).

Conclusion 3: Regarding the NFW profile, our Jeans analysis has explored
the range of concentrations, 10 < ¢ < 20, predicted by ACDM simulations for
dwarf galaxies and we have examined the scale length of the Plummer profile
used to model the projected star profile for comparison with the measured
half light radius of 4.6Kpc for DF44. We firstly adopted the pure NF'W halo
and isotropic stellar orbits, § = 0, which produced a centrally rising velocity
dispersion, that is at odds with the flat profile of DF44, as shown in Figure 4.3,
irrespective of the halo mass. To help flatten the dispersion profile we extend
our Jeans analysis to large negative values of 3, larger than used for ¥DM
profile and this reverses the predicted velocity dispersion profile, more like the
data, as shown in Figure 4.3, for the profiles with < 0. To reproduce the
large observed stellar half light radius, 4.6kpc requires a high halo mass with
a larger mean velocity dispersion as shown as the NFW, profile in Figure 4.3.
A reasonable compromise can be found by either lowering the concentration
allowing a lower halo mass, given by the NFWj5 solution listed in Table 4.3,
and shown in Figure 4.4, for which the DM scale length is only 30% smaller
than the stellar profile, or by enhancing the velocity anisotropy with the NFW3
solution where the scale length matches the observations with g = —2. Thus
one may conclude that in order to obtain a reasonable fit to DF44 that it is
possible to reverse the inherent tendency for a centrally rising profile to match
the observed centrally declining profile by invoking sizeable radial velocity
anisotropy.

Conclusion 4: We conclude that the NFW is in some significant tension with
DF44, but is not firmly excluded provided the relatively large tangential ve-
locity dispersion anisotropy can be deemed reasonable for a NFW halo suf-
ficient to explain the relatively large half light radius scale. Core formation
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by outflows may help to lower the central dispersion though if this requires
repeated outflows of recycled gas for a lasting dark core(Pontzen & Gover-
nato, 2012), including UDG galaxies (Freundlich et al., 2020) and a minimum
level of star formation (Bose et al., 2019; Benitez-Llambay et al., 2019; Dutton
et al., 2020)this may conflict with the old age and rather low stellar metallic-
ity estimated for DF44(van Dokkum et al.; 2019b). The advantage of ¥y DM is
that it supplies an inherently large core without the need for transformative
outflows.

Conclusion 5: This consistency we find for DF44 with ¥ DM is important as
it extends the viability of this form of wave-like DM beyond the dSph class for
which clear agreement has been claimed with the wide solitonic cores predicted
for this lower mass class of galaxy. The Milky Way provides more evidence of
this possibility, as a dense, dark central mass of 10°M has been uncovered
(Portail et al.,; 2017) from the centrally rising dispersion profile of bulge stars
that appears in excellent agreement with the expectation of v» DM for a boson
mass of ~ 10722eV (de Martino et al., 2020a).

4.2 Dwarfs” Wave DM core-halo structure (Paper
2)

Galaxies with low velocity dispersions < 15 km/s, indicating small masses, are
classed as “dwarfs" with half of the stars detected typically within only ry/,, ~ 0.3
kpc ( Check section 2.2.1 for more info). So it is surprising that several low mass
dwarfs are now known to posses large halos of stars and dark matter extending to
over several kpc, defying the dwarf definition. This includes two spectroscopically
detected halos that are dynamically dominated by dark matter around the Tucana II
and AndXXI dwarf spheroidal galaxies (Chiti et al., Chiti et al.; Collins et al., 2021).
This adds to the case of Crater II, a dwarf that extends to over 3 kpc despite its very
low velocity dispersion of ~ 3 km/s and also the “ghostly" Antlia II of extremely
low surface brightness extending over 4 kpc with a dispersion of 6 km /s, discovered
serendipitously using GATA satellite proper motions(Torrealba et al.; 2016; Collins
et al., 2021). Such “large dwarfs" are at odds with the compact, high concentration
profiles predicted for low mass galaxies in N-body simulations of standard heavy
particle dark matter of cold Dark Matter (CDM), where dwarfs are predicted to
have the highest internal density of dark matter of any galaxy, reflecting the rela-
tively high Universal mean density at earlier times when dwarf galaxies were first
formed. In this CDM context, the extended halos of dwarfs have been qualitatively
attributed to tidal effects induced by the Milky Way, or Andromeda(Torrealba et al.,
2019; Collins et al., 2021; Chiti et al.; Chiti et al.), based on simulations that show
stars may be periodically stripped or shocked near pericenter to beyond the tidal
radius, generating halo-like extensions of enhanced velocity dispersion, whereas the
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outer velocity dispersions observed in most dwarf halos appear to be significantly
lower than in their cores (Wilkinson et al.; 2004; Fabrizio, 2016; Collins et al.; 2021).
Strong tidal effects are expected for only a minority of orbiting dwarfs on eccentric
orbits with small pericenters and so it is important to examine the generality of
stellar halos to determine whether such halos are atypical or perhaps a common
structural component of dwarf galaxies. Two such cases of the Milky Way dwarfs
are definitively established to be in the process of being tidally stripped, namely the
Sagittarius and Tucana III dwarfs which show opposing pairs of tidal arms(Li et al.,
2018; Newby et al., 2013), representing only ~ 5% of the dwarfs orbiting the Milky
Way and both of these dwarfs have relatively small orbits.
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Figure 4.6: Stellar profiles of classical dwarfs orbiting the Milky Way and also the
four well known “isolated" dwarfs that lie beyond in the Local Group (all listed in
Table 1), and rescaled by their measured transition radius, revealing these profiles
have a common core-halo form that is more pronounced for the orbiting dwarfs
(redder colors) for which the halo density is generally lower than the “isolated"
dwarfs (bluer profiles). The right hand panel compares the change in stellar
density, or “gap", between the core and halo against the pericenter radius estimated
from GAIA proper motions, showing the isolated dwarfs beyond the Milky Way
(blue points) have generally smaller transition amplitudes compared to most of the
orbiting dwarfs (red points).

Here we examine the outer profiles of all known classical dwarf spheroidal galax-
ies (dSph) in the local neighborhood, where stars can be individually counted to
large radius, so the entire stellar profile can be traced free of surface brightness lim-
itations. We start with the best studied “isolated" dwarfs lying beyond the virial
radius of the Milky Way, and understood not to have interacted tidally with the
major members of the Local group (Gregory et al., 2019; Fraternali et al.; 2009;
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Taibi et al., 2018; Kirby et al.; 2017). These isolated dwarfs include Cetus, Tu-
cana, Aquarius and Leo A, which have small velocity dispersions ~ 10 km/s and
old spheroidal stellar populations. Their stellar profiles are shown in Figure 4.7,
where their large radial extents are visible to over ~ 2 kpec (Gregory et al., 2019;
McConnachie & Irwin, 2006; McConnachie et al.; 2006). It is also apparent from
Figure 4.7 that the stellar halos of these dwarfs extend radially from a well defined
core, with a clear transition in density between the core and the halo. The core is
reasonably well fitted by the standard Plummer profile in each dwarf (red curve in
Figure 4.7), but falls well short in the halo region beyond a transition radius indi-
cated in Figure 4.7 (vertical orange band). Reinforcing observations the assumption
of section 3.3.

We now turn to the well studied classical dwarf galaxies orbiting the Milky Way.
For these, detections of stars at surprisingly large radius beyond the estimated tidal
radiuslrwin & Hatzidimitriou (1995) and originally termed “..‘extra tidal stars’ - for
convenience..." (Irwin & Hatzidimitriou, 1995). Subsequently, such stars have been
assumed to be tidally stripped, motivated by simulations where temporary exten-
sions can be generated for dwarfs on rather radial orbits. However, the predicted
enhancement of the velocity dispersion for stripped in the simulations may con-
flict with the observations, as reduced velocity dispersions are found at large radius
(Wilkinson et al., 2004). In Figure 4.6 we compare the deepest, wide-field profiles for
the classical dwarfs, for which a general core-halo structure is seen extending beyond
~ 1.0 kpc, with very similar outer profile gradients that are relatively shallow and
extend well beyond the standard Plummer profile. Distinct cores are also evident,
with a clear density transition between the core to the halo visible in most cases,
(individual fits shown in Figure 4.11, and fitted parameters listed in Table 4.4). In
Figure 4.8;.y; we scale the stellar profiles by their individually fitted core radius,
which reveals more clearly the distinctive core-halo profile, with relatively larger
density transitions seen for these orbiting dwarfs (red data, Figure 4.8,;5,, ) than
the mean isolated dwarf profile (blue data, Figure 4.8,;55: ). The observed profiles
are seen to be very similar within the core region, below the mean transition radius
of 0.75kpc, whereas at larger radius the profile vary by two orders of magnitude, but
with similar gradients.
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Figure 4.7: Isolated Dwarf Galaxies: This figure shows the star count profiles
versus dwarf galaxy radius for the well studied “isolated" dwarf galaxies in the local
group, lying outside the virial radius of the Milky Way. (In the right panels D
shows the distance from the Milky Way galaxy center.) Each dwarf galaxy has an
extended halo of stars stretching to ~ 2 kpc and most evident on the linear scale of
left hand panel. Cores are also evident on a scale < 1 kpc in each dwarf. A standard
Plummer profile (red curve) is seen to fit approximately the core region but falls
well short at large radius. Our predictions for light boson dark matter, y DM, are
shown in green, where the distinctive soliton profile provides and excellent fit to the
observed cores with the surrounded halo of excited states that average azimuthally
to an approximately NFW-like profile beyond the soliton radius. The observed cores
are excellent agreement with the predicted soliton, best seen on a log scale in the
right panels, and the predicted 1yDM halo (grey curve) is also seen to match well the
observed halos, including the characterifié density drop of about a factor of ~ 30
predicted by ¥y DM between the prominent core and tenuous halo at a radius ~ 1
kpc indicated by vertical orange band. The best fit MCMC profile parameters are
tabulated in the appendix.



We define a transition gap to quantify the change in density between the core
and the halo; Ac_g = log pc/pu, where pe is the asymptotic central core stellar
density, and shown in Figure 4.6,;4,:. The value of the gap is generally larger for the
orbiting dwarfs than the isolated dwarfs, with Ac_y > 2.0, see Figure 4.6,,4,,. The
largest core-halo transition is found for Leo I, with Ac_py ~ 3.5 (Figure 4.6,,41:)
and so it is interesting that although Leo I is relatively distant now at 250 kpc, its
orbital pericenter is now established by the GAIA satellite to be only ~ 50 kpc,
moving on an eccentric orbit (see table 4.4) where tidal stripping is enhanced during
close approaches Sohn et al. (2007). Tidal effects are also claimed for Ursa Minor
(Martinez-Delgado et al., 2001), Sculptor (Walker & Penarrubia, 2011; Amorisco &
Fvans, 2012) and Carina dwarfs (Battaglia et al.; 2012b).

The core-halo structure we have uncovered here is a general feature of these
classical dwarfs and far from expected for standard CDM, where low mass galaxies
should be concentrated and core-less, with no inherent density transition. A fair fit
to the inner region is provided by the Plummer profile, standard in Jeans analysis,
but clearly does not extend into the halos. Expectations of small sizes and high
concentrations for low mass galaxies are conditioned by CDM simulations, however
a physically very different explanation for dark matter as light bosons is now under-
stood to naturally form wide cores and extended diffuse halos. This is seen in the
first simulations of dark matter (DM) as a Bose-Einstein condensate(Schive et al.,
2014a,b; Schwabe et al.; 2016) revealing unanticipated, rich wave-like structure on
the de Broglie scale, described simply by a coupled Schroedinger-Poisson equation
for the mean field behavior under self-gravity, hence the term 1yDM. Condensates are
inherently non-relativistic and hence ¢yDM behaves as "cold" dark matter on large
scales, exceeding the de Broglie wavelength, where it is statistically indistinguishable
from CDM, as demonstrated in the first simulations (Schive et al.; 2014a). Several
unique predictions are now established for 1y DM, including a dark core within each
galaxy that follows the soliton solution of the Schréedinger-Poisson equation (see
methods) with a radius, r,, set by the de Broglie wavelength and also that this core
radius should be largest in lower mass galaxies, myq;, of lower momentum, scaling

as: Tgo OX m;all/g as predicted by Schive et al. (2014b)Schive et al. (2014b) and
verified in independent simulations, (Schwabe et al.; 2016; Niemeyer, 2020; Mocz

et al., 2017; Veltmaat et al., 2020; Hui et al., 2020).

The predicted soliton profile has been shown to match well the Fornax dwarf, for
which the dynamical data extends beyond the core radius allowing a determination
of the boson mass of m, ~ 107*2eV (Schive et al., 2014a) and this supported by
Jean’s analyses of other classical dwarfs (Chen et al., 2017).

Here we examine the unique prediction that the density of ¥ DM should transi-
tion sharply between the soliton core and the surrounding halo, as the soliton forms
a prominent core that contrasts by over an order of magnitude in density above the
halo. This transition is predicted to be distinct even though observations are made
in projection, because the soliton core is close to a Gaussian and hence its sharp 3D
boundary is preserved in 2D at the core radius. It is important to appreciate this
prominent core is quite unlike the behaviour of smooth cores employed, where the
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core is continuous in density with the halo. In contrast, the ¢YDM core is a stable
standing wave that is a gravitationally self-reinforcing (Schive et al., 2014b) with a
pronounced overdensity predicted to be about > 30 times denser than the surround-
ing halo in the case of low mass galaxies relevant here, of ~ 101°M, (see Figures 1
& 2 of Schive et al. (2014b)). It is also clear that the soliton core is relatively stable
to tidal stripping compared to the halo, as shown in recent simulations of dwarf
galaxies orbiting the Milky Way (Schive et al., 2020) as the soliton by nature is self
reinforcing. The halo comprises excited de Broglie scale waves that fully modulate
the density but is seen in the simulations to average azimuthally to an approxi-
mately Navarro-Frenk-White (NFW), reflecting the cold, non-relativistic nature of
the condensate on scales exceeding the de Broglie wavelength (Schive et al., 2016).
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Figure 4.8: The left hand panel compares all the dwarf profiles scaled by their
individual best fitting core radius. The profiles are very similar in the core region,
differing in the extended halo region relative to the core, with the isolated galaxies
(bluer colors), having denser halos than the orbiting dwarfs (redder colors). The
right hand panel shows the projected simulation profiles for 1y DM by Schive et al.
(2020), where little dependence on the degree of tidal stripping is predicted for
the core region, in contrast to the halo region bracketed in grey where stripping is
significant. The duration of stripping is indicated by the legend and also shown in
the inset of the left hand panel spanning 1-4Gyrs, and matching well the observed
range of halo profiles. Note, the simulations predict the halo slope is relatively
shallow and fairly independent of the degree of stripping, in good agreement with
the mean halo profile of the isolated dwarfs (blue data) and the orbiting dwarfs (red
data points) including the larger core-halo transition of the orbiting dwarfs. The
NFW profile fits to the halos are also shown and can be seen to fall well below the
prominent cores.
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We first perform MCMC based ¢)DM profile fits to the isolated dwarfs, shown
in Figure 4.7. The shape of the soliton core profile is fully characterised by the core
radius, r.. For the halo we fit an NF'W profile with scale radius 7, and normal-
ization p,.. The only other free parameter we require is the transition radius, 7y,
defining the radius of the density transition between the soliton and NF'W profile
which we vary within a prior range indicated by the ¢yDM simulations, of 2 —4 x r,
(see Method’s section 3.3), with the best parameters and uncertainties listed in Ta-
ble 4.4 and in Figures 4.67, 4.68, 4.69 and 4.70.

We now compare the DM model with the orbiting dwarfs, with new ¥ DM sim-
ulations that quantify the effect of tidal stripping of a dwarf galaxy orbiting within a
Milky Way sized halo, shown in Figure 4.8,,;4,;. The main effect of tidal stripping is
to strip the relatively tenuous halo, thereby enhancing the density transition at the
core-halo radius, providing a natural explanation for the generally larger "mass gap"
of the orbiting dwarfs compared to the isolated dwarfs, plotted in Figure 4.6,;gn:.
In detail, the family of profiles for the orbiting dwarfs in seen in Figure 4.8,4,: to
span the predicted range when tidal stripping is included, spanning several Gyrs,
as can be seen in Figure 4.8;.5;. The Sextans dwarf galaxy has a core-halo tran-
sition that is intermediate between orbiting and isolated dwarfs, with an extensive
core-halo structure and a transition gap of Ac_p =~ 1.8 (Figure 4.6,;4n¢), suggesting
that Sextans is less tidally stripped than the other orbiting dwarfs, a conclusion
supported by the undisturbed morphology and simple internal dynamics noted for
Sextans (Roderick et al., 2016; Okamoto et al., 2017), indicating Sextans may have
become bound to the Milky Way relatively recently.

Galaxy Te T Tox Gap(Log) | Distance | Pericenter Olos Ref
(kpc) (kpe) (kpc) Ac-n (kpc) (kpc) | (km/s)

Aquarius | 0.357050 | 1.254007 | 1.05+982 1.78 1071

Cetus | 0.367002 | 0.87F598 | 0.247084 | 1.34 775

Tucana | 0.257001 | 0.7870:08 | 1.057029 15 887 - 13.3727 (Gregory et al., 2019)
Leo A | 043700 | 1.517009 | 0.7310:47 1.76 800

Sextans | 0.48%001 | 1.315005 | 1.61705 1.82 90 71713 7.0%13 | (Cicuéndez & Battaglia, 2018)
Phoenix | 0.28%00 | 1.277091 | 1.1070:22 3.44 415 263757 9.3407 (Zaggia et al., 2011)
Leo 1 0.245901 | 1.307998 | 1.7510-78 3.43 250 45180 9.2+12 (Koch et al., 2007h)
Draco | 0.17991 | 0.56592 | 0.125:92 2.32 80 28112 9.1} 2 (Eokas et al., 2005a)
Carina | 0217590 | 0.81799% | 117533 | 2.26 101 60735

Sculptor | 0.20%851 | 0.72407 | 0.12592 2.18 80 51715 9.2114 (Walker et al., 2009)
Ursa Minor | 0.287051 | 0.96450:05 | 05259490 2.14 66 2978 9.5112 (Walker et al., 2009)
Leo IT | 0.14759% | 0.6070:53 | 1.3470:32 2.45 210 457321 | 6.6%97 (Walker et al., 2009)

Table 4.4: Observations and DM profile fits. Column 1: Dwarf galaxy colour
coded as in figure 2b, Column 2: Core radius 7., Column 3: Transition point 7y,
Column 4: Stellar scale radius r,,, Column 5: Gap Ac_py, Column 6: Distances
from Milky Way center & Column 7: Pericenter determined from GAIA Fritz et al.
(2018), Column 8: Mean dispersion velocity o;,s from McConnachie & Venn (2020),
Column 9: References of the profiles of figure 4.10.
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Figure 4.9: Comparison of the predicted mean velocity dispersion of the DM
profile (purple model curve), with the mean observed velocity dispersion shown
as black data points with errors averaged over the eight dwarfs with well resolved
dynamical data, in units of the core radius from fitting the star counts (listed in
Table 4.4). The individual dispersion data are also shown for each dwarf, (coloured
in the same way as Figures 4.6 & 4.8 ) and normalised to the mean level for this
comparison, demonstrating the dwarfs follow the general form expected for vy DM,
peaking near the observed mean core radius of ~ 0.3 kpc, and then declining into
the lower density halo. The mean level of the dispersion at the peak is 10 km/s and
together with the mean core radius of 0.3 kpc may be used to obtain an approximate
boson mass, via eq. 3.4 to ~ 1.5 x 10722¢V, for a mean formation redshift of z—6.

We now make an independent, dynamical consistency check of our ¥DM fitted
stellar profile fits above, using the well resolved velocity dispersion profiles available
for most of the classical dwarfs, by inputting our bestfit 1yDM density profile for each
dwarfs into the Jeans equation (see section 3.2) to predict the corresponding velocity
dispersion profile for comparison with the data for each dwarf. The form of these
predicted velocity dispersion profiles should peak just beyond the core radius and
then decline into the lower density halo, as shown in Figure 4.10, where consistency
is evident in each case, both in terms of the form of the profile and in terms of the
stellar core radius (vertical lines in Figure 4.10). The amplitude of the dispersion
profiles peaks at a mean level of ~ 10 km/s and together with the mean core radius
of ~ 0.3kpc provides an estimate of the boson mass of 1.3 — 1.7 x 1072V (see
appendix) as indicated by the spread in the model curves in Figures 4.9 and 4.10.
This is similar to the boson mass from other dynamical studies for these classical
dwarfs for ¢yDM (Schive et al., 2014a; Chan et al., 2020; Broadhurst et al., 2020),
and for the intermediate mass galaxy DF44 (Pozo et al., 2020) and also consistent
with the boson mass estimate for the claimed soliton core within the Milky Way
of ~ 100pc, which is smaller than for dwarf galaxies estimated here, reflecting the
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inverse momentum dependence of the de Broglie scale (Schive et al.; 2014b).
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Figure 4.10: Comparison of the well measured dispersion profiles (black data
points) of the classical dwarfs, with the DM model fit obtained from the stellar
profiles with our MCMC analysis above (purple curves), indicating good consistency
in general with the characteristic ®x"DM dispersion profile that can be seen to peaks
near the core radius in each case, indicated by the vertical band (listed in Table 1).
The range of model profiles shown spans the range of boson mass of 1.3 — 1.7 x
10722V, and assumes a modest fixed anisotropy parameter, 5 — -0.5
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Figure 4.11: Stellar density profiles of orbiting dwarf galaxies listed on table 4.4.
The green profile shows the 95% uncertainty on the fitted profile obtained from the
MCMC simulation. with the model transition radius r; and uncertainty marked
as the vertical orange bar, separating the core and halo regions. Notice the highly
extended halos for Carina, Leo I, Sculptor, Sextans and Leo II were after subtracting
the background level, stars can be detected to even 8kpc in the case of Leo I. The red
dashed line represents the standard Plummer profile with the 74 of each galaxy
as the only free parameter, observe how is not sufficiently pronounced for almost all
the galaxies in contrast to the soliton. References for the data are: Tucana (Gregory
et al., 2019), Cetus (McConnachie & Irwin, 2006), Leo A (Kang &' Ri('()tti 2019) ,
Aquarlus (McConnachie et al., 2006), Carlna Frinchaboy et al. (2012), Ursa Minor
(Martinez-Delgado et al., 2001), Leo I (Sohn et al., 2007), Leo IT (Moskowitz &
Walker, 2020), Phoenix (Battagh(t et al., 2012a), Sculptor (Frinchaboy et al., 2012),
Sextans (Okamoto et al.; 2017) and Draco (Wilkinson et al., 2004)).
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Summary & Conclusions

1. Motivation:

Motivation 1: All the explained points in section 3.3 assume that stars trace
dark matter in a ¥ DM context.

Motivation 2: Working with the assumption that stars trace dark matter;
NFW is inefficient to describe the density profile in the center due to its cuspy
profile. At the same time, Plummer and king profiles cannot describe the
outsider extended stellar halos due to their rapid fall of the density at large
radiuses. Therefore they cant also explain the different observed A¢_py =
log pc/pu, a product of tidal iterations.

2. Methodology:

Step 1: Establish a selection criterion for the galaxies, only analyzing galaxies
with two main characteristics; stellar cores from 150 to 500 pc and with o ~
10 km/s. They are divided between isolated and orbiting to emphasize the
excellent source that isolated galaxies should be due to not suffering tidal
forces and supposedly being in their natural conditions. Orbiting should be
the ones inside Milky Way’s virial radius, 230-350 kpc, marked by a vertical
shaded region in the right panel of figure 4.6.

Step 2: Fit our best ¢YDM stellar profile (section 3.3) to the observed stellar
profile of the galaxy in order to quantify the core radius size (r.) and the
transition point (r;) between the soliton and the NFW-like halo ( represented
in Figure 4.69). With this wave dark matter profile, we will also quantify
the density gap between the core and the halo, observed in the stellar profile,
Aoy =logpc/pu-

Step 3: Normalize all the different galaxy profiles to compare the different
density gaps ( Ac_py = log pc/pu)-

Step 4: Apply the used wave dark matter profile of the first step to check
his consistency with the observable dynamical data, calculating the projected
velocity dispersion by equations (3.7) and (3.12).

3. Results:

Result 1: Compute all the DM profiles that fit well with each individual
stellar profile with equations (3.16) and (3.17) of section 3.3 with a fixed boson
mass of 1.5x10%2eV. The correspond value of 7., product of equations (3.17)
and (3.4) will give us the core size of the galaxy while the observed regime
change will give us the value of r;, equation (3.16) ( Results in table 4.4). The
selected value of m,; is only motivated by previous works that recommend such
value to get reliable halo masses of 10°71°M,. Notice that the selected
boson mass will not provide different r. and r; values, as these are
direct results of the stellar profile shape. So the assumption of
different boson masses and halo masses combinations will always
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provide the same r. and r; values for a certain stellar profile. Check
figures 4.7 and 4.11 to see how the stellar profiles follow the wave dark matter
imprint in the soliton and NFW-like imprint in the halo, being the transition
point ( set by de Broglie wavelength) equal for stars and DM.

Result 2: Figure 4.6 shows an apparent correlation between the density gap (
Ac_g = logpc/pr) and the possible tidal iterations suffered by the galaxies,
where the isolated galaxies show a smaller gap, check figure 4.6. This seems
to be reinforced by the independent simulations from (Schive et al., 2020)
where the core seems to be most robust against tidal forces while the halo gets
easier stripped ( More explanations in section 3.4), something that matches
accurately with the observable data, see figure 4.8.

Result 3: Figure 4.10 clarifies how the vy DM model is able to reproduce ob-
served velocity dispersion profiles of all these dwarfs, isolated and orbiting.

. Conclusions:

Conclusion 1: Here we find large halos are a general feature of the well known
dwarfs orbiting the Milky Way and also for the isolated dwarfs in the Local
Group. These large halos of stars and dark matter around some of the lowest
mass galaxies defy CDM expectations that dwarf galaxies should be small and
dense.

Conclusion 2: These halos are seen to surround a dense core within each dwarf,
with a clear density transition visible between the core and the halo at a radius
of ~ 1.0kpc. This common core-halo structure is hard to understand for stan-
dard heavy particle dark matter where featureless, concentrated profiles are
predicted, whereas dark matter as a Bose-Einstein condensate, 1yDM, natu-
rally accounts for the observed profiles, predicting a dense soliton core in every
galaxy surrounded by a tenuous halo of interfering waves. We show that the
stellar profiles are accurately fitted by the core-halo structure of DM, with
only one free parameter, the boson mass.

Conclusion 3: The case we have made here for common core-halo structure,
with consistency found between the stellar profiles and dynamics in the context
of DM, implies stars trace well the dark matter in dwarf spheroidal galaxies.
In summary, dark matter comprised of light bosons, such as the axions generic
in String Theory, provides a compelling solution for the structure of dwarf
galaxies with stars that simply trace the dark matter profile of a Bose-Einstein
condensate.

Conclusion 4: The observed different density gaps ( Ac_g = log pc/pu) and
the almost invariable stellar density profiles in the core region suggest that the
halo is much weaker to tidal forces than the soliton. This point highly remarks
the sturdiness of the soliton and will explain why stripped galaxies still show
a core structure, in contradiction to CDM expectations.

Conclusion 5: We also find independent consistency with the stellar velocity
dispersions measured in these dwarf galaxies, which peak at the core radius
and fall in the halo, at a level consistent with a boson mass of ~ 1.5 x 10722

eV.
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4.3 Crater II and Classical dwarfs with tidally stretched
Wave Dark Matter (Paper 3)

A surprising diversity of dwarf galaxies has been steadily uncovered over the past
decade, with many “ultra faint dwarfs" (Moskowitz & Walker, 2020; Mutlu-Pakdil
et al., 2018; Munoz et al., 2018; Koposov et al., 2015) that are much smaller and
denser than the well studied class of dwarf spheroidal galaxies (dSph), and other
“ghostly" dwarfs of very low surface brightness that are large and lower in density.
The aptly named “feeble giant", Crater II, has been particularly puzzling, with its
dwarf-like velocity dispersion of only ~ 3 km/s (Torrealba et al., 2016; Caldwell
et al., 2017) and large size, over ~ 2 kpc, that strains the dwarf definition in terms
of size. Despite the low velocity dispersion, the mass-to-light ratio of Crater II is
large, M/L ~ 30 (Caldwell et al., 2017; Ji et al., 2021; Sanders et al., 2018) and
appears to have a shallow, cored profile (Ji et al., 2021; Sanders et al., 2018) and
an old, but not ancient stellar population, dated to ~ 10 Gyrs (Torrealba et al.,
2016; Caldwell et al., 2017), resembling in these respects the common class of dwarf
Spheroidal galaxy (dSph) for which dark matter dominated cores are commonly
claimed. However, both the stellar surface brightness and the velocity dispersion of
Crater II are both much lower than the typical dSph dwarfs.

Here we determine whether this predicted momentum dependence of ¥DM can
account for the relatively unusual properties of Crater II, given that its relatively
wide core and low-velocity dispersion relative to the classical dSphs seems to sup-
port this possibility qualitatively. Similarly, it has been proposed that an ultra-light
boson of myc? = (0.6 — 1.4) x 1072 eV accounts for the large size and modest
velocity dispersion stars within Antlia II, consistent with boson mass estimates for
more massive dwarf galaxies with smaller dark cores (Schive et al.; 2014a) and places
Antlia II close to the lower limiting Jeans scale for galaxy formation permitted by
the Uncertainty Principle for this very light boson mass. New spectroscopy data has
revealed that Antlia II has a systematic velocity gradient that is comparable with
its velocity dispersion (Ji et al., 2021) indicating that it has suffered tidal elongation
or possibly rotating, at least in the outskirts where the sign change of the velocity
gradient is apparent (Ji et al., 2021). The tidal field of Crater II is also thought
to have had a significant effect given the small pericenter that is now established
for Crater II in the latest ’Gaia’ based analysis (Ji et al., 2021), though it does not
show any clear evidence for a velocity gradient nor visible elongation along its orbit,
unlike the case of Antlia IT where tidal effects appear more evident (Ji et al.; 2021).
Moreover, the range of core-to-halo variation predicted by this simulation has been
shown to match well the family of profiles of dSph galaxies, indicating most are
stripped at some level relative to the more distant “isolated" dSphs (Pozo et al.,
2020).

The effect of tidal stripping in ¢»DM has been examined recently by Schive et al.

(2020); Du et al. (2018) demonstrating the resilience of the soliton, which is self-
reinforcing so that halo is stripped first, with an abrupt disruption of the soliton
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predicted to follow if significant tidal stripping of the soliton follows (Du et al.,
2018). A steady loss of the halo is found in the ¥ DM simulation of (Schive et al.,
2020), for a typical dwarf of 10°M, following a circular orbit of ~ 200 kpc in
a Milky Way sized halo, showing that the halo density drops relative to the soli-
ton over several Gyrs with little change in the slope of the density profile of the halo.

This behavior has been recently claimed to bracket the range of profiles found
for dwarf spheroidal galaxies, which are observed to follow the predicted form with
a clear core and halo structure seen in all the stellar profiles of the classical dwarf
spheroidal galaxies (Pozo et al., 2020), and this is also supported by the generally
lower level of the velocity dlsperswn seen in the halo relative to the core as predicted
for DM (Pozo et al., 2020). This phenomenon is reinforced by (Schive et al., 2020)
as he already found that tidal stripping increases the density contrast between the
core and the halo, as the halo is relatively easily stripped compared to the core
and as mass outside the tidal radius is stripped, the core should relax, becoming
less massive and hence more extended, obeying the uncertainty principle. With in-
creased stripping such that the tidal radius becomes similar in size to the core radius,
the core will be disrupted, perhaps rather abruptly, leaving just extended tails (Du
et al., 2018). A recent dedicated ¥’ DM simulation that explores the properties of the
Erldanus IT dwarf, shows that under steady modest stripping the core remains stable
as the halo is reduced in density, leading to an enhanced contrast over time between
the relatively dense core and the tenuous surrounding halo (Schive et al., 2020), and
the range of core-to-halo variation predicted by this simulation has been shown to
match well the family of profiles of dSph galaxies indicating most are stripped at
some level, relative to the more distant “isolated" dSphs (Pozo et al., 2020).

Here we focus on the "ghostly" dwarf galaxy, Crater II, found recently to be
orbiting the Milky Way at a radius of 117 kpc currently (T()n( alba et al., 2016),
with a half-light radius of 1.1 kpc and with a relatively small pericenter, so that that
significant tidal stripping is assumed to be likely, perhaps resulting in 90% reduc-
tion in its mass, with the possible presence of tidal distortion seen (Ji et al., ()2'1)
consistent with the most recent 'Gaia’ based pericenter estimate of only 18Jr kpc
(Fritz et al., 2018; Battaglia et al., 2022), well within the measured virial radlus of
the MW halo (Sdnd( rs et al., 20 18)

4.3.1 Crater II's Modeling Results

The unusually large, “feeble dwarf" galaxy Crater II, with its small velocity dis-
persion, ~ 3 km/s, defies expectations that low mass galaxies should be small and
dense. In this scenario, we try to define its unusual properties in the context of
“Wave Dark Matter", combining the latest stellar and velocity dispersion profiles
for Crater II, finding a prominent dark core of radius ~ 0.717003 kpc, surrounded
by a low density halo, with a visible transition between the core and the halo. This

observed behavior is very similar to the distinctive core-halo profile structure of dark
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matter as a Bose-Einstein condensate, 1Y DM, where the ground state forms a promi-
nent soliton core, surrounded by a tenuous halo of interfering waves, with a marked
density transition predicted between the soliton and the halo. Crater II conforms
well to this distinctive DM prediction, with consistency found between its large
core and low velocity dispersion for a boson mass of myc® ~ (1.5 £ 0.3) x 102
eV. Similar core-halo structure is also apparent in most dwarf spheroidal galaxies
(dSph), but with typically smaller cores, >~ 0.25 kpc and higher velocity dispersions,
~ 9km/s. We argue that Crater II may have been a more typical dSph dwarf that
has lost most of its halo mass to tidal stripping in the context of 1yDM, resulting in
a factor 3 reduction in velocity dispersion causing a threefold expansion of the soli-
ton core, following the inverse scaling between velocity and de Broglie wavelength
required by the Uncertainty Principle. This tidal origin for Crater II is supported
by its small pericenter of ~ 20 kpc, now established by 'Gaia’, implying significant
tidal stripping by the Milky Way.

This behavior we have now established holds generally for the well studied dSph
galaxies which all fit well the soliton core profile and with extended halos (Pozo
et al., 2020). This behavior may be taken to imply simply that the stars trace the
dark matter, as may be expected approximately in dark matter dominated galaxies
of spheroidal morphology. Note also that the soliton form is closely similar to the
standardly adopted Plummer form widely used to model dSph galaxies, where it fits
well to several times the core radius but falls well short of the extended stellar halos
now commonly found (Torrealba et al.; 2019; Chiti et al., Chiti et al.; Collins et al.,
2021; Pozo et al., 2020).

We now apply the wave dark matter paradigm ( section 3.1 and 3.2) to the newly
measured dispersion profile of Crater II dwarf galaxy, discovered by Torrealba et al.
(2016) and some ideal DM cases. This unusual galaxy was identified in imaging
data of the VST ATLAS survey and seemed to be located at ~120 kpc from the sun.
Designed to search for extended low-surface-brightness emission (Torrealba et al.,
2016). The galaxy Crater II is one of the most extensive examples of these low mass
dwarfs, with a half-light radius ~ 1.08 kpc, and one with the lowest surface bright-
ness dwarfs, similar to cases like Tuc II, Tuc IV, and UMa II. Its stellar velocity
dispersion profile has recently been measured with deep spectroscopy by Caldwell
et al. (2017). Its stellar velocity dispersion profile has recently been measured with
deep spectroscopy by Caldwell et al. (2017) and found to be unusually low with a
surprisingly low mean value of only 2.7km /s traced to over 1kpc shown in 4.12 where
we see the data is consistent with the characteristic Y DM o form which peaks at
the soliton radius and declines into the halo (see figure 4.12).
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Figure 4.12: Stellar and velocity dispersion profiles of Crater II compared with
DM. Upper panel: The data points are the star counts of Crater II rebinned
from Torrealba et al. (2016), after applying background subtraction based on their
asymptotic limit (red curve in Figure 5 of (Torrealba et al.; 2016)), compared to
the DM profile shown as the green shaded area, representing the 20 range of
the posterior distribution of profiles, including the soliton core and the outer halo
approximate by the NFW form. The apparent excess at ~3kpc seems to be a
product of possible contamination by background galaxies (Torrealba et al.; 2016).
A standard Plummer profile is also shown, which is very similar to the soliton form
but underpredicts the observations outside the core. The orange vertical shaded
area indicts the transition radius of the yDM core. Middle panel: this shows the
same comparison as the upper panel, but on a linear scale, so the extent of the
halo can be appreciated better. Lower panel: The data points are the velocity
dispersion measurements from Caldwell et al. (2017) which are compared to the
predicted velocity dispersion for Crater II corresponding to the stellar profile fits to
the star counts in the upper and central panels for the 20 range of the MCMC fits
(see Fig.4.65 for details). The vertical grey shaded area indicates the stellar core
radius and uncertainty from the above-stellar profile.
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Galaxy e re M(r <ry) | M(r <rh),0bs M, *age.obs | [F'e/H], obs Refs
(kpc) (kpc) (10°My) (10°My) (108My) | Gyr
Crater 1T | 0.717009 | 1.6870:% | 7.171%8 4.4+)72 2934299 1 ~ 10 | —1.98751 | Caldwell(2017)

Table 4.5: Observations and ¥DM profile fits. Column 1: Dwarf galaxy name,
Column 2: Core radius 7., Column 3: Transition radius r;, Column 4: Dynamical
mass M(r < ry), Column 5: Observed dynamical mass M(r < 73),0s, Column 6:
Halo Mass M}, Column 7: Observed Stellar age, Column 8: Observed mean stellar
metallicity, Column 9: References of the observed data.
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Figure 4.13: Evolution of the density and velocity dispersion profiles predicted
for Crater II. The left panel: Possible evolution of Crater II‘s stellar profile in a
DM context, with the measure profile shown in orange, whereas the red and the
green represent previous less stripped profiles with 50% and 75% more mass. Notice
how the profile becomes "stretched" with a broader core (marked by the vertical
lines) and a bigger density gap between the core and the halo (larger Ac_p). The
right panel: Evolution of the velocity dispersion profile due to tidal stripping
corresponding to the same epochs as the left panel. The peak of the dispersion
moves to larger radius as stripping increases, following the expansion of the core,
and the distinction in velocity between the core and the halo diminishes.

Here we compare the measured velocity dispersion and the stellar profile of Crater
IT with ¥ DM. We fit the data with the following free parameters; the core radius 7.
of the soliton profile given by Eq.(3.17), the transition radius r; between the core
and the halo, the central 3D stellar density pg. and the 3D scale radius of the stellar
halo r,, describing the scale radius of the NFW-like halo that we infer from fitting
to the outer stellar profile beyond the transition radius. Note that the boson mass
is fixed, with a value of 1.5 x 10722 €V, consistent with our previous dynamical work
on dwarf galaxies in the context of DM (Schive et al., 2014a.b; Broadhurst et al.,
2020; Pozo et al., 2020).

In generating our model profiles, we solve the spherically symmetric Jeans equa-
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tion, described above, Eq. (3.7), subject to a total mass for Crater II of 2.937%9) x
108 M, that we obtain from fitting the core radius size ( Eq.(3.17) ) in the stellar
profile data with a fixed boson mass of 1.5 x 10722 €V, which is consistent with the
dynamical mass estimated by Caldwell et al. (2017) (see table (4.5) .The transition
radius, 7, is expected to be two or three times larger than the core radius in sim-
ulations of DM (Schive et al., 2014a,b), which we show below is consistent with
ry ~2.4r, that we derive here for Crater II.

The results are listed in table (4.5), and figure (4.12) shows the self-consistency
of these data in both stellar and kinematic profiles. The transition radius, r; at
which the profile changes from being dominated by the halo rather than the soliton
is marked with a vertical orange line in Figure (4.12). The green and purple shad-
owed areas represent the 20 range, respectively. The comparison shown in Figure
(4.12) between the models and the data represents a consistency check, where we
simply employ the Jeans equations in making predictions for the velocity disper-
sion profile (purple model band in lower panel of Figure (4.12) when inputting the
set of core+halo profiles that acceptably fit the stellar profile data (green model
band Figure (4.12) and subject to a constraint on the total galaxy mass set by
the mean level of velocity dispersion of about 3km/s. Note, the limited precision of
the velocity dispersion data does not yet warrant a classic combined Jeans analysis.

Figure (4.13) shows our predicted evolution of the stellar profile of Crater II as
well as the change in the velocity dispersion profile for two choices of galaxy mass
and spanning a mass loss of up to 50%. As a consequence of continued core mass
loss (Du et al., 2018), a widening of the core is induced, described by Eq. (3.4). It
is important to point out how both densities of core and halo seem to decrease, with
the halo changes more strongly over time, in good agreement with the halo’s greater
weakness against tidal forces (Schive et al., 2020). This tidally induced mass loss
results in a reduction of the velocity dispersion while widening the core so that the
dispersion profile has a less pronounced peak that shifts the larger radius, reflecting
the widening core as tidal stripping proceeds as seen in Fig.4.16 for the parameters
of Crater II. This is in line with the simulations of Fu et al. (2019) where prolonged
tidal stripping should produce a drop in the mean velocity dispersion in conjunction
with a half-light radius increasing (Fattahi et al.,; 2018; Sanders et al., 2018; Torre-
alba et al.; 2019).

We conclude that the extended core size of r. ~ 0.71 kpc of Crater II is the
product of its low halo mass(~ 10®) and significant tidal stripping of the halo have
have occurred which is natural in the ©yDM context, while CDM struggles to ex-
plain the observed combination of low-velocity dispersion and large radius (Fattahi
et al., 2018). Moreover, Fig.4.12 clearly shows how a cuspy NFW profile is unable
to explain the stellar density and kinematic behavior in the core, under the assump-
tion that stars trace the dark matter. We also note that we have not adopted the
commonly used Plummer profile for the stellar profile, preferring instead the soliton
form that fits well the stellar profile of Crater II (Eq. (3.16)).
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4.3.2 Ideal dwarfs’ Modeling Results

Here we predict the tidal evolution of dwarf galaxy profiles in the context of
1DM. Figure (4.15) shows how the soliton core mass should decrease with time over
several Gyrs, according to Eq.(3.18). The soliton profile remains unchanged until it
becomes stripped, then the core relaxes into a softer profile during this process, (see
figures (4.15) and (4.14). This right hand panel of Figure (4.15) shows the soliton
becoming wider, indicated by the difference between thick and dashed lines of the
same color, due to the halo mass loss described by Eq(3.4) and at the same time the
amplitude of the density gap and the transition radius can be seen to increase as
the halo is stripped. Similar behaviour is noticeable in the recent ¢yDM simulations
of Schive et al. (2020), where tidal stripping has been approximated for the orbiting
dwarf Eridanus II.
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Figure 4.14: Velocity dispersion profile evolution for two tidally evolved profiles
of different galaxy mass spanning the classical dwarf range, as in figure 4.15. Notice
how the core is more evident in the dispersion profile for the more concentrated,
massive soliton, indicated by the orange profile, compared to the softer core-halo
transition for the less massive dwarf indicated by the red profile.
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Figure 4.15: The evolution of Four typical dSph ¢)DM density profiles predicted
for orbits within the Milky Way, with a constant density ratio of; u=50. The left
panel: Core mass loss of the four profiles. The vertical dashed line marks four orbits.
The small panel shows in detail the profiles after each has lost 50% of the total mass
to steady tidal stripping after the first four orbits. The right panel:Tidal evolution
of the ¥y DM density profiles. The thick lines represent the original profiles before the
stripping process, while the dashed lines represent their situation after four orbits.
Notice how in all the cases, the core becomes extended due to losing mass as the
transition radius increases.

Figure (4.14) shows illustrative velocity dispersion profiles for a range of ¢y DM
mass profiles highlighting the transition from the soliton core to the outer NF'W-like
outer profile (Schive et al.; 2014a,b; Vicens et al., 2018). The velocity dispersion
profiles are listed in the right upper panel and cover one order of magnitude in the
total mass starting from 5 x 10°M to 5 x 101°M,. Solid and dashed lines dif-
ferentiate the original ideal isolated profile from the stripped one for each system.
In terms of the Jeans based calculation of the dispersion profile, the choice of f is
not very important, affecting the velocity dispersion well within the core, where it
rises (or falls) sharply for a positive (or negative) value of beta and remains flat if
isothermal. The data appear to favor a mildly negative value for /5 as the dispersion
of the innermost bin is lower than the mean, though quite uncertain, as can be seen
in Figure (4.12) (lower panel), consistent with our adopted § = —0.5 and this is
similar to the value chosen by Caldwell et al. (2017) for modeling dwarf spheroidals,
to counter the rising dispersion profile that would otherwise result from the “cusp”
of an NFW profile. The main influence on the velocity dispersion profile is from the
presence of the soliton core, rather than the choice of 3, because the soliton is dense
relative to the halo (by a factor of about 30), generating a peaked form at about
the core radius, as can be seen in Figure (4.14) and also in figure (4.12).
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Figure 4.16: Evolution of mass and rpq ¢ radius due to tidal stripping. The thick
solid and dashed lines are with a Milky way host of 5 x 10 M, and 102 M,
respectively. The left panel: Total mass loss evolution predicted for Crater II in
the 1Y DM context. The orange horizontal line represents the best fit mass of Crater
IT (see figure 4.12 and table 4.5). The solid and dashed purple horizontal lines
indicate the maximum and minimum allowed masses of Crater II from our analysis,
corresponding limiting purple contours of Figure 4.12. The right panel: Predicted
evolution of the 7, radius growth for Crater II, in a ¥DM context. The orange
horizontal line represents Crater II's actual 7545

Summary & Conclusions

1. Motivation:

Motivation 1: Examination of Crater II and other "large" dwarfs in the context
of 1yDM.

Motivation 2: Compute the general tidal imprints of dwarf galaxies in ¥DM
context, such as the core widening and the decrement of the velocity dispersion.
This was also analyzed to reinforce the theory that Crater’s actual profile could
be explained as a natural product of a typical dwarf after suffering tidal forces
in the ¥y DM scenario.

. Methodology:

Note*:For Y DM, the core and halo are coupled, with the ground state soli-
ton surrounded by the halos of excited states. A Core-halo relationship has
been established in the simulations, with more massive solitons formed in more
massive halos that are denser because of the higher momentum. Mass loss by
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tidal forces readily strips the tenuous halo (Schive et al.; 2020) and, in turn,
is expected to affect the soliton via the core-halo relation, but in a smaller
proportion (Du et al.; 2018).

In order to explain Crater’s actual profile:

Step 1: Fit our best ¢YDM stellar profile (section 3.3) to the observed stel-
lar profile of Crater II in order to quantify the core radius size (r.) and the
transition point (r;) between the soliton and the NFW-like halo ( represented
in Figure 4.12). With this wave dark matter profile, we will also quantify
the density gap between the core and the halo, observed in the stellar profile,

Aoy =logpc/pu-
Step 2: Apply the used wave dark matter profile of the first step to check

his consistency with the observable dynamical data, calculating the projected
velocity dispersion by equations (3.7) and (3.12).

In order to understand the tidal forces imprints in a DM galaxy:

Step 1: Analyze the consequences in the DM density profiles of some ideal
dwarf galaxies after suffering a mass loss with a constant density ratio of;
©=50. Eq. (3.18).

Step 2: Calculate the corresponding velocity dispersion profiles with equations
(3.7) and (3.12).

. Results:
For Crater II:

Result 1: We show how ¥yDM model can welly represent Crater’s actual ob-
servable expanded core as a product of a total halo mass of 2.937%99 x 10% M.
Moreover, that total mass and an acceptable value of the formation redshift (
check Schive et al. (2014b)) fit the velocity profile of Crater’s stars well. See

figure 4.12.

Result 2: As the computed total halo mass of the galaxy of the order of
~ 108 My, is small for a typical dwarf galaxy, we directly calculated the possible
past situation of Crater II (Figure 4.13). We show a possible solution where a
less tidally affected Crater II, which relatively less of his mass being stripped(
More or less with double mass that actually), should show a much concentrated
and massive soliton of ~ r. = 0.4kpc with a higher 0,5 ~ 4.5km/s. Values
that fit pretty well with a low mass typical dwarf, indicating that Crater II
naturally fits with a ¢y DM tidally stripped galaxy, where the core widening
and velocity dispersion decrement are a natural process.

For ideal dwarfs that have suffered tidal forces in a DM context:

Result 1: We show that in a DM enough strong tidal context, typical dwarfs
seem to see both soliton and halo partially removed in terms of mass, being the
imprints much more visible for the halo due to its more considerable weakness.
The soliton sees its core enlarged due to the mass loss while the density gap
between the halo and the core highly increases due to the bigger halo mass loss
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rate ( figure 4.15). All this has a direct repercussion on the velocity dispersion
profile, where its mean values decrease ( figure 4.14).

Result 2: An approximate proportionality between r. and the observed half
light radius, r, for local dSph galaxies in Pozo et al. (2020), of about ~
1.3. This 7,/r. ratio was also been pointed out by Lazar et al. (2020); Schive
et al. (2014a,b). So as well as computing the mass loss due to tidal stripping
using Eq (3.18), we continuously increment r. by updating the mass-loss in
Eq. (3.3). Finally, we use the above ratio between r. and 7, to increment 7,
across the orbits (see the righthand panel of Fig.4.16). The enlargement of
e, (extracted from the simulations made by Schive et al. (2020), where it is
defined in which ratio should the transition radius of a Milky way’s satellite
dwarf galaxy increase due to Milky Way’s tidal forces: "The halo surrounding
the central soliton is found to be vulnerable to tidal disruption; the density
at r > r; decreases by more than an order of magnitude after ~ 2 Gyr")
will explain the observed A¢_p( density drop between the core and the halo,
Ac_y = logpc/pu, where pe is the asymptotic central core stellar density
and py is the stellar density at the transition radius(r;) ) changes in the halo
of the galaxies.

. Conclusions:

Conclusion 1: We have shown that Crater II can be readily understood in
the context of dark matter as a Bose-Einstein condensate by comparison with
the profiles of galaxies generated in ¢yDM simulations (Schive et al., 2020),
especially if tidal stripping is included.

Conclusion 2: It should be emphasized that the simulations also make clear
that there is a marked transition between the core and the halo, and we can
see that Crater II does possess a well-defined core with such a visible transition
in its stellar profile at a radius of ~ 0.7kpc, shown in Figure 4.12, and this
is despite the relatively low surface brightness of Crater II, for which the star
counts are much lower than typical well-studied dSph galaxies. The existence
of this core is also supported by the velocity dispersion profile of Crater II,
which we have shown is consistent with being peaked at about the stellar core
radius, as we have shown is predicted for DM in Figures 4.15 & 4.14.

Conclusion 3: We have also pointed out that the observed stellar profile be-
havior of Crater II is continuous with the distinctive core-halo structure that
appears to be a general feature of the classical dSph galaxies, established in
the previous subsection 4.2, where we found that essentially all the well stud-
ied dSph galaxies have a prominent stellar core that accurately matches the
unique soliton form, and also that the velocity dispersion profiles of these dSph
galaxies generally peak near the stellar core radius and are lower in the halo.
However, despite this qualitative similarity between Crater II and the dSph
class, there is a clear difference in that the dSphs are about a factor three
smaller, with a mean core radius of ~ 0.25Kpc, compared to ~ 0.7kpc for
Crater II, and also in terms of the characteristic velocity dispersion which is
about three times greater for the dSphs, with a mean level of 8 — 12km /s com-
pared to only 2.7km/s for Crater II significantly higher than Crater II, and
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also of course, as the name "feeble giant" suggests, Crater II is relatively more
extended and of unusually low surface brightness than typical dSph galaxies
(Torrealba et al., 2016).

Conclusions 4: Our analysis of Crater II has examined the possibility that
tidal stripping in the context of WaveDM may account for the rather extreme
properties of this dwarf galaxy, with its relatively large size and low veloc-
ity dispersion. In support of this we show the stellar profile of the Crater II
(upper panel Figure 4.15) is well fitted by a soliton core plus a shallow NFW
halo and that this combined profile, which is generic to WaveDM, is consis-
tent with the extended, shallow, velocity dispersion profile of Crater II, (lower
panel Figure 4.15) where the low mean level of velocity dispersion of ~ 3km/s
corresponds to a total galaxy mass of about 3 x 10®M. The consistency we
find here may indicate that the stellar core and DM core are similar in scale,
though this is by no means conclusive at the currently limited precision of the
dispersion profile and relies on some extent the level of velocity anisotropy
assumed, but may imply the stars behave essentially as tracer particles within
the dark matter dominated potential. Detailed hydrodynamical simulations of
gas and star formation within dwarf galaxy haloes will be required for a more
definitive exploration of this relationship between stars and DM, which must
include the relaxation effects understood to be significant in randomly deflect-
ing stars orbiting through the de Broglie scale density fluctuations predicted
for WaveDM halos (Schive et al., 2014a) and proposed as possible explana-
tion for the increasing scale height of disk stars in the Milky Way with stellar
age, by Church et al. (2019), and Bar-Or et al. (2019). For now, we content
ourselves with the largely qualitative conclusion that tidal stripping of a DM
dominated dwarf galaxy in the context of Wave DM can plausibly result in
the unusual properties of Crater II, with an expansion of its soliton core in
response to stripping of its DM halo, an effect that follows fundamentally from
the Uncertainty Principle for WaveDM.

Conclusion 5: We have been able to understand these differences in the context
of DM, as the possible consequence of tidal stripping. It is now understood
that Crater II has a small pericenter within the Milk Way, so that tidal strip-
ping should be significant and this we have shown provides an interpretation
of Crater II as a stripped dSph galaxy. This possibility follows directly from
considering how the soliton expands as the halo mass is stripped away, as
proposed by Du et al. (2018) that is implied by the existence of a relatively
clear relationship established in the ¥ DM simulations between the mass of a
galaxy and the soliton core, which may act together with the strict inverse
relationship required for a soliton (by the Uncertainty Principle), such that
as galaxy mass is reduced by tidal stripping, the momentum associated with
the soliton ground state is also lower and hence the soliton expands as the
de Broglie Wavelength is larger following the inverse soliton mass-radius re-
lation, with a reduce soliton density and hence lower velocity dispersion. We
may conclude that in order for Crater II to have originated as a typical dSph,
its core has expanded by approximately a factor of 2-3, and hence the core
mass was 2-3 times higher and hence initially, the total mass would have been
~ 10 — 30x larger, assuming the core-halo mass scaling relation scaling is
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followed, i.e. Mgy o mgél. We can come to the same quantitative conclusion

by comparing the velocity dispersion ~ 3km/s of Crater II, which also differs
by a factor of 3 with the typical 8 — 10km/s peak dispersion for the dSph’s.
This agreement is quite compelling for the ¥»YDM interpretation as this factor
difference would not be expected, whereas for 1Y DM it is a requirement as the
uncertainty principle dictates that the soliton obeys rsp050=h/8mmy, (taking
215 as the width of the soliton wave packet) providing an approximate bo-
son mass of 2.51J_r8:g§ x 1072V, and because 0, and 7y, vary inversely with
a fixed product, this boson mass estimate is expected to be independent of
tidal evolution, in the absence of extreme tidal disruption that may deform
the soliton (Du et al., 2018). This value of my, is consistent with estimates
for the cores of classical dSph galaxies, ~ 1 —2 x 10722¢V (Chen et al., 2017),
and thus Crater II quantitatively reinforces the light boson solution for dark
matter.

4.4 Dwarfs and multiple Axion species (Paper 4)

Here we test these unique soliton predictions, examining all well resolved Lo-
cal Group dwarf galaxies orbiting Andromeda and the Milky Way, using their star
count profiles and velocity dispersion profiles (as in section 4.2). We first plot the re-
ported the half-light radius, R}, against the standard dynamical measure of density,
within this radius, M (< Rj) o< 0?Ry, so the central density scales to order unity
dimensionless constant «, as 41Gp, = ac?/R%. This is plotted in Figure 4.17 (left
panel) and color coded by stellar luminosity, revealing two steep parallel relations
with UFD galaxies following a relatively small and dense track compared to the
dSph dwarfs. Both classes of dwarf show a similar, surprisingly negative correlation,
towards lower density and larger radius for UDF and dSph dwarfs shown in Figure
4.17.

The presence of prominent cores can be seen clearly in the star count profiles
of the UDF and dSph dwarfs, in Figure 4.19, when averaged within each class of
dwarf, with an obvious difference in scale between the UFD and dSph galaxies of
about a factor of 10 in radius. Individually, these cores are also evident in deep
images available in most cases (all individual fits are below in subsection 4.4.1) and
are "prominent", meaning the core density rises well above the surrounding "halo"
by a factor of 30 in density for both classes of dwarf seen in Figure 4.19. The stellar
cores are similar to the commonly adopted Plummer profile (red curve Figure 4.19)
but more accurately match the soliton form of yDM in the ground state, despite the
inherent parameter free form of the soliton profile, with the boson mass as the only
free parameter for ¢yDM setting just the soliton radius. Furthermore, we also see
extended halos around these solitons as a general feature, extending to Kpc scales
in agreement with recent discoveries of halos around two well studied dwarfs (Chiti
et al., Chiti et al.; Collins et al., 2021). Such extended halos are inherent to ¢y DM
composed of excited states, above the ground state soliton as shown NFW form, as
predicted by the DM simulations (Schive et al.; 2014a), reflecting the inherently
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non-relativistic nature of 1YDM. Averaged to the core-halo structure of all dSph and
UDF dwarfs are shown in figure 4.19 showing very tight agreement, with all in-
dividual profiles shown at the end of the section, demonstrating the generality of
this cor-halo behavior for all well studied dwarfs, including a typically sharp density
transition between the core and the halo seen in Figure 4.19 and for most individual
dwarf profiles, indicated as vertical orange bands.
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Figure 4.17: Left panel: Density vs. half-light radius. Here we plot central
density, (¢/Ry)? for each local dwarf (named on plot) reported by many groups(see
Supplement) and these are color coded by luminosity revealing a clear distinction
between the UFD and dSph classes, forming two parallel power-law fits shown in
blue. Right panel: Density vs. core radius Here we plot density within our
fitted core radius for each dwarf, (0/R.)?, using the soliton form for the core (see
Supplement for all individual dwarf fits to 1YDM and Plummer profiles) which results
in sharper parallel relations between the UDF and dSph dwarfs and a good fit to
the slope, dlogp./dlog R, = —4, for the time independent soliton solution of the
Schréedinger-Poisson relation, where the higher the soliton mass the narrower the
core. We have added to this the core densities reported Milky Way, DF44 and
Antlia-2 and seen to be consistent with the lighter boson, in common with the dSph
class.

This agreement with the core-halo profile of ¥ DM is striking and we can now plot
the core density versus radius relation for the soliton radius measured individually
for all the dwarfs shown in Figure 4.17 where we also use the velocity dispersion
measured within that radius. Two parallel relations become more apparent now
in Figure 4.17, right panel, for the UFG and dSPh dwarfs respectively in terms of
pe o< 02/ R%. A steep slope of ps o R, is predicted for yDM because in addition
to the volume dependence, Rs_j dependence, there is an inherent inverse scaling of
the soliton radius with soliton mass, My, o 1/R,,, given by the time independent,
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soliton, solution of the Schréedinger-Poisson coupled equation (and verified by the
¢ DM simulations (Schive et al., 2014a,b)) so 0?/R} = B*(h/my)?/ R}, where S is
order unity dimensionless scaling given by the Uncertainty Principle, h = myo Ry,
resulting in a slope of dlog ps,/dlog Rs, = —4, for DM, which is clearly consistent
the data in Figure 4.17 (right panel) for both the UFD and dSPh galaxies, thereby
accounting naturally the otherwise puzzling trend that the large cores within each
class of dwarf have lower velocity dispersions. Note too the “feeble giant" dwarf,
Crater 11, falls on this relation, as do estimates of the core radius of the Milky Way
and the ultra diffuse low mass galaxy DF44, of 80pc and 220pc respectively (de Mar-
tino et al., 2020b; Pozo & others.; 2021a). Note too, this core density-radius relation
is unaffected by tidal stripping, (inferred to have affected significantly Crater II and
Antlia II with small pericenter orbits about the Milky Way, see section 4.3) as the
stability of the soliton requires that it always follows the inverse mass-radius re-
lation set by the boson mass, so that a stripped galaxy may move down the core
density-radius relation but will not depart from it until the soliton is catastrophi-
cally destroyed by tidal forces (Veltmaat et al., 2018).
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Figure 4.18: Velocity dispersion vs. core radius. Here we simply plot the
observed velocity dispersion against core radius for all dSph and UDF dwarfs and
compare them with the inverse relation required by the Uncertainty Principle, in-
dicated by the best fit red lines to the UFD and dSPh dwarfs separately, with the
corresponding boson masses derived from the normalization shown in the legend.
Also shown is the CDM related prediction (Walker et al., 2009) as thin red curve,
where galaxies with NFW profiles are larger with increasing mass and hence the
opposite of YyDM.
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Figure 4.19: Top panel: Dwarf Spheroidal Galaxies Mean star count profile,
after scaling to the mean core radius of all dSph dwarfs, listed in table 4.7. The
cores of both dSPh are prominent relative to the halo that extends to several times
the core radius. A standard Plummer profile (red dashed curve) fits approximately
the core region but falls well short at large radius, whereas the ¥y DM profile with
its inherent core-halo structure provides an accurate fit to the core from the soliton
component and to the halo when averaged azimuthally over the excited states that
approximate the NFW form. The form of the soliton profile has only one free pa-
rameter, the boson mass, my that sets the scale radius of the soliton. The sharp drop
in density visible between the core and the halo, by a factor of ~ 30 is characteristic
of DM at a transition radius marked by vertical orange band. The best fit MCMC
profile parameters are tabulated in table 4.7. Lower panel: Ultra Faint Dwarfs
Mean profile averaged over all resolved profiles of Ultra Faint dwarfs, listed in table
4.8. The predicted ¥y DM core-halo structure is also evident for ultra faint dwarfs,
including a marked transition in density between the core (marked in orange), with
best fit MCMC profile parameters tabulated in table 4.8.
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Finally, we test directly for the role of the Uncertainty Principle to see if the
inverse scaling is present between o, and r. from the commutability of momentum
and position required for the soliton. In Figure 4.18 we see this inverse relationship
is indeed supported by both the UFD and dSph dwarfs, in parallel, which is quite
the opposite of the positive correlation predicted for CDM (Walker et al.; 2009)
where more massive dwarfs are larger. This agreement means we can roughly esti-
mate the boson mass for both the UFD and dSPh classes from the normalization
between the core momentum myo. and the width of the soliton standing wave so,
my = h/2R.0,, fitted in Figure (4.17), obtaining m;, = 2.2775%2 x 1072'eV for the
UFD’s and m;, = 1.8570% x 10722eV for the dSph’s, differing by an order of mag-
nitude. This simple estimate using the Uncertainty Principle may be compared to
individual Jeans analysis of dSph dwarfs (Chen et al.,; 2017), where a similar range
of boson mass and core radius is derived dynamically for several dSph with high
quality profiles, in the range 0.9 — 2.8 x 10722¢V. This estimate assumes stars are
test particles ( see section 3.5 for a deeper explanation) so the 3D velocity dispersion
associated with the soliton wave function, where only the radial mode of kinetic en-
ergy < KE >, is present, means in 1D we have r.oc = 0.5(h/m), as adopted in our
estimate. Core masses of constant density scale as p. « (¢/r.)? and in the context
of 1Y DM there is also an inverse relationship between soliton core mass and solton
radius relation required by the non-linear solution to the Schroedinger-Poisson equa-
tion (?7) so the soliton’s density scales more steeply than the volume with radius,
i.e. p.oc r;4 The radius of the soliton is given approximately by the de Broglie
wavelength \p = ’1—;, following from the Uncertainty principle AxAp > %, where
Az, the position dispersion given by the soliton width, 2xr., and the dispersion in
momentum Ap, given approximately by m;o, the product of the boson mass and the
velocity dispersion of stars as tracer particles of the dominant DM potential. This
allows us to determine the boson mass that corresponds to the de Broglie wave-
length, my ~ h/4r.0;,s. The simulations also show the soliton core is surrounded
by an extended halo of density fluctuations on the de Broglie scale that arise by
self interference of the wave function (Schive et al., 2014a) and is “hydrogenic" in
form (Hui, 2020; Vicens et al.; 2018). These cellular fluctuations are large, with
full density modulation on the de Broglie scale (Schive et al., 2014a) that modulate
the amplitude of the Compton frequency oscillation of the coherent bosonic field,
allowing a direct detection via pulsar timing (de Martino et al., 2017, 2020b).

More precise absolute boson masses may need to rely on simulations as it is now
clear that stellar orbit scattering by soliton oscillation modes affects the evolution
of stellar orbits within the soliton. We emphasise that irrespective of absolute val-
ues, Figure 4.18 indicates there is an order of magnitude difference in boson mass
between UFD and dSph dwarfs. Furthermore, this conclusion is supported indepen-
dently by the dwarfs associated with the Milky Way and with Andromeda, prefixed
by “And" in Figures 4.17 & 4.18, for which we find indistinguishable core density
relations and bosons masses, as listed in Table 4.6, thus reinforcing the generality
of our two boson solution for local dwarf galaxies.
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Combinations Te T4 Ngai My,
(kpc) (kpc) 10~%2eV
dSphpon | 02175505 | 07170105 | 23 | 1.8570%5
UFDgy, | 0.0337509277 01170006121 | 23.21F15
TSphamvey | 0227008 | 075700 | 13 | 1esiin
dSphAnd'romeda 0261—8882 0821—88:2% 10 1861—8?2
UF Dantivay | 00327000 | 0.003°000 | 12| 313612
UFDAnd'romeda 0042i888% 014J—r8882 9 1783ig§}%

Table 4.6: Profile parameters for dwarfs associated with the Milky Way and An-
dromeda. Column 1: Dwarf CLass, Column 2: Core radius r., Column 3: Core-Halo
transition radius 7, Column 4: Number of galaxies Nyq, Column 5: Boson mass
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Figure 4.20: DM density vs. Core radius. Expansion of the left panel of
figure 4.17 but now with the color representing metallicity. Notice how the Ultra-
faint galaxies are systematically more poor-metal that the dSph class, supporting
the empirical distinction (based on luminosity) of two classes of dwarf galaxy.

Our two boson solution for dwarf galaxies may point to the “Axiverse" scenario
generic to string Theory (Arvanitaki et al.; 2010), where in general terms a wide
spectrum of axion-like scalar fields is predicted with a discrete mass spectrum span-
ning many decades in mass, with approximately one axion per decade. In this
context we may infer that the proportion of the Universal DM in a higher mass
boson may be approximately ~3% compared to the lighter boson, given the factor
10 mass difference we find, as the higher mass axion enters the horizon earlier and
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is redshifted to lower density ahead of lower mass axion (Luu et al., 2020). Our
two boson conclusion improves the viability of this String Theory solution for DM
raised in relation to the existence of UFD galaxies (Mohammadtaher & Spergel,
2020) and may relieve tension with /DM based on excessive variance of the of the
Ly-forest (Armengaud et al., 2017), though gas outflows and early AGN heating
must also be expected to enhance the forest variance above ideal DM simulation
based predictions at some level, as too may an initially “extreme" angle scalar field
for DM (Hsu & Chiueh, 2021). We can also now anticipate constraints on this two
boson solution from JWST, where early galaxy formation related to the subdom-
inant, heavier boson will be governed by the dominant density field of the lighter
boson and hence strongly biassed, favoring the formation of UFD dwarfs in groups
and clusters. Alternatively, JWST may reveal that dwarf galaxies are physically
continuous at early times, as expected for scale free CDM, implying subsequent evo-
lutionary processes are responsible for the physical distinction between UDF and
dSph dwarfs seen today.
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Figure 4.22: DM density vs Half-light radius. Expansion of the left panel of
Fig.4.17 .

4.4.1 Individual DM core-halo structures

Here we show all the stellar density profiles of a comprehensive sample of dSph and
UFD dwarfs that we compare with the generic DM core-halo profile of section
3.3 (Equation 3.16), as in section 4.2. As can be seen in all the figures of sections
4.4.1 and 2.2.2, these dwarfs do appear to have a distinctive common form, similar
core-halo structure predicted for 1y DM. The cores accurately conform to the unique
soliton form in all cases where the star counts are deep, and also the azimuthally
averaged outer at larger radius is well fitted by the NF'W profile as predicted for
DM (Schive et al., 2014a). These core and halo regimes are distinct because the
core is prominent in density above the halo, with the orange vertical line in the plots
marking the transition radius. The figures make clear that this profile behavior is
similar for dwarfs orbiting Andromeda’s and the Milky Way, that are classified as
either “ultra-faint" or “dwarf Spheroidal". The extension of these NFW-like stellar
halos is traceable in some dwarfs to over 2 kpc in radius, whereas the cores are
typically 0.5kpc for the dSPh’s and an order of magnitude smaller on average for
the UFD’s, 0.05 kpc.

130



Classical Dwarf Galaxies
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Figure 4.23: Dwarf Spheroidal Galaxies: This figure shows the star count
profiles versus dwarf galaxy radius for the well studied dSph dwarf galaxies in the
local group, listed in table 4.7. An extended halo of stars is visible in most cases,
stretching to >~ 2 kpc and most evident on the linear scale of left hand panel.
Prominent cores are also evident on a scale < 1 kpc in each dwarf. A standard
Plummer profile (red dashed curve) is seen to fit approximately the core region but
falls well short at large radius. Our predictions for the dSph class (~ 10722¢V/) for
DM are shown in green, where the distinctive soliton profile provides and excellent
fit to the observed cores and the surrounding halo of excited states that average
azimuthally to an approximately NFW-like profile beyond the soliton radius. The
accuracy of the core fit to the soliton, is best seen on a log scale in the right panels,
with linear scale of the left shows the extent of the halo, including the characteristic
density drop of about a factor of ~ 30 predicted by ¥y DM between the prominent
core and tenuous halo at a radius ~ 1 kpc indicated by vertical orange band. The
best fit MCMC profile parameters are tabulated in the supplement and references
to the data in this figure are:Tucana (Gregory et al., 2019), Cetus(McConnachie &
[rwin, 2006) and Aquarius (McConnachie et al., 2006)
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Figure 4.24: Dwarf Spheroidal Galaxies: Same as figure 4.23 for three more
dSPh galaxies and references to the data are: Draco (Wilkinson et al.; 2004), Leo I
(Sohn et al., 2007) and Phoenix (Battaglia et al.; 2012a)
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Figure 4.25: Dwarf Spheroidal Galaxies: Same as figure 4.23 with references
for the data: Sextans (Okamoto et al., 2017), Andromeda XXI (Collins et al., 2021)
and Crater II (Torrealba et al., 2016). It is important to point out that Andromeda
XXI shows the same DM core-halo structure as dSph satellites of the Milky Way,
reinforcing his “universality" of this profile for dwarfs.
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Figure 4.26: Dwarf Spheroidal Galaxies: Same as figure 4.23 for three more
galaxies. References for the data are:Carina (Frinchaboy et al.; 2012), Sculptor
(Frinchaboy et al.; 2012) and Ursa Minor (Martinez-Delgado et al., 2001).
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Figure 4.27: Dwarf Spheroidal Galaxies: Same as figure 4.23 but with three
more galaxies. References for the data are: Canes Ventici (Zucker et al.; 2006b) and
Leo II (Moskowitz & Walker, 2020).
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Figure 4.28: Dwarf Spheroidal Galaxies: Same as figure 4.23 but with three
more galaxies. It is important to point out how these Andromeda galaxies show the
same DM core-halo structure as UDF galaxies in the Milky Way, reinforcing the
universality of the 1yDM profile for dwarfs. References to the data are: Andromeda
[ (Saremi et al., 2020) , Andromeda III (Martin et al., 2016) and Andromeda V
(Martin et al., 2016).
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Figure 4.29: Dwarf Spheroidal Galaxies: Same as figure 4.23 but with three
more galaxies. References to the data are: Andromeda IX (Martin et al., 2016),
Andromeda XIV (Martin et al.; 2016) and Andromeda XV (Martin et al., 2016).
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Figure 4.30: Dwarf Spheroidal Galaxies: Same as figure 4.23 but with three
more galaxies. References to the data are: Andromeda XVIII (Martin et al., 2016),
Andromeda XXIII (Martin et al., 2016) and Andromeda XXV (Martin et al., 2016).
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Galaxy e rt Tor los.abs Thalf.obs Lobs [Fe/H],obs
(kpc) (kpe) | (kpe) (km/s) (kpc) (10°Ls)
Tucana 0.257000 | 0.78+008 | 1.05%020 13.3%2%(Gregory et al., 2019) 0.284%095(C; et al., 2019) 5.5(Gregory et al., 2019) ~-1.6(Taibi et al., 2020)
Cetus 0.3670.03 5| 0.24%0 08 1114 §(Taibi et al., 2018) 0.6901(Taibi et al., 2018) 28*8(Taibi et al., 2018) ~-1.7(Taibi et al., 2018)
Aquarius 0.355001 o | 1.05%082 | 10.3]5(Hermosa Muiioz et al., 2017) | 0.34+38 (Hermosa Muiioz et al., 2017) 17(Kirby et al., 2017) ~-1.5([Kin i, 2017)
Draco 017001 | 0564003 1143 (Massari et al., 2020) 0.23¢91 (McConnachie & Venn, 2020) 2.2(Lokas et al., 2005a) ~-1.9(Aparicio et al., 2001)
Leo I 0.247001 | 1304008 9.2+12(McConnachie & Ve 0.26*901 (Battaglia et al., ) 3471 (Koch et al., 2007b) ~-1.45 (McConnachie & Venn, 2020)
Phoenix 0.284000 | 1.2740¢01 9.307(McConnachie & 0.29+39! (McConnachie & Venn 6.2(Held et al., 1999) ~-1.5(McConnachie & Venn, 2020)
Canes Ventici | 0.3087001% | 106701 7.6+3:4(McConnachie & 0.47+3%2(McConnachie & Venn, 202( 2.3(C. et al., 2020) —1.98*+384(McConnachie & Venn, 2020)
Sextans 0.487500 | 1314003 | 1.614538 | 7.9%13(McConnachic & V 0.715331(Okamoto et al., 2017) 4.37+18(Battaglia, 2011) ~-1.95(McConnachie & Venn, 2020)
Crater 11 0715502 | 168035 | 2.6% 2.7433(Caldwell et al., 20 106675054 (Caldwell et al., 2017 0.83(Caldwell et al., 2017) ~1.987 well et al., 2017)
Leo I 017481 | 0.66100% | 3.761078 7.4+04(Battaglia et al., 2 0.191+393 (Moskowitz & 7.4%3(Koch et al., 2007a) ~-1.65(McConnachie & Venn, 2020
Carina 0214081 | 0.814051 | 1174531 | 6.6513(MeConnachic & Ver 0.424+39¢ (Hayashi « 5.9(de Boer et al., 2014) —1.72+381 (McConnachie & Venn,
Ursa Minor | 0.28°001 | 0967007 | 0.52°09 11.5498(Pace et al., 2 0.4675* 00 (Pace 2 3(Carrera et al., 2002) ~-2.13 (McConnachie & Venn,
Sculptor 0217001 | 0724007 | 0.12%035 10.1703(Ba et 0.289*551 (Battaglia et al., 2022) 20.373(Bettinelli et al., 2019) ~-1.45(McConnachie & Venn, 2020)
And I 0.527002 | 14702 | 0.13%003 9.4+ (Kirby et al., 2001) 0.660.97(Collins et al., 2013) 23.9870.37(Martin et al., 2016) —1.51458% (Kirby et 001)
And 111 0.337092 | 1.38401% | 2.53%5%0 11.0+13(Kirby et al., 2001) 0.417954 (Martin et al., 2016) 4,789 (Martin et al., 2016) —1.75+388 (Kirby et al., 2001)
And V 0.25%001 | 0.815008 | 2.507]% 11.2H}3(Kirby et al 1) 0.35+0:04(Martin et al., 2016) 4074348 (Martin et al., 2016) —1.841303 (Kirby et al., 2001)
And IX 0.224082 | 0.7090% 2+ 10.9730(Alexander et al., 2017 0.36+0.08(Martin et al., 2016) t al., 2017) —1.90+08 (Collins et al., 2013)
And XIV 0.3370.03 | 0.98*01) T 5.4+ 3(Jason et al., 20 0.397038(Collins et al., 2013) t al., 2017) ~
And XV 0.197003 | 0654008 11.0* 9 (McConnach 0.237093(Collins et a 13) t al., 2017) ~ —1.1 (Collins et al., 2013)
And XVIT | 02509003 | 0.85%042 | 2.99713 | 9.7433(McGaugh & Milgrom, 2013h) 0.337992(Collins et a 3) 3.98723(McGaugh & Milgrom, 2013b) —1.80*320 (Collins et al., 2013)
And XXI 0.517008 | 1324018 | 3167 6.1%5 4(Collins et al., 2021) 1.00579173(Collins et al., 2021) 3.253%(Collins et al., 2021) ~-1.8 (Collins et al., 2021)
And XXIIT | 0.80%000 | 2.207515 | 3.927930 7.141(Alexander et al., 2017) 1.19731%(Collins et al., 2013) t al., 2017) —1.80+325 (Collins et al., 2013)
And XXV | 0425008 | 115502 | 2.7971% 3.07H3(Alexander et al., 2017) 0.55+932(Martin et al., 2016) 3.16+982(Alexander et al., 2017) 1.80+433(Collins et al., 2013)

Table 4.7: Observations and ¥ DM profile fits for Dwarf Spheroidal galaxies.
umn 1: Dwarf galaxy name, Column 2: Core radius 7., Column 3: Transition point
ry, Column 4: Stellar scale radius rg,, Column 5: Observable projected velocity

dispersion 05 05, Column 6: Observable half-light radius 744 0bs, Column 7: Ob-

Col-

servable luminosity L., Column 8: Observable metallicity. We exclude the centrally
younger more metal rich stellar populations found in some of these dwarfs (that may
be due to later gas infall) adopting the metal-poor stellar and velocity dispersion
profiles of Leo II, Carina, Ursa Minor, and Sculptor, with mean velocity disperison

respectively of Glos poor.obs (km/s): 7.967137 (Spencer et al., 2017), 8.7575172
son et al., 2006; Fabrizio, 2016), 11.5753 (Pace et al., 2020) and 10.7715 (Chen et al.,

2017).
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4.4.2 Ultra-Faint Dwarf Galaxies
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Figure 4.31: Ultra Faint Dwarfs: This figure shows the star count profiles
versus dwarf galaxy radius for the “ultra-faint" dwarf galaxies in the local group,
listed in table 4.8. Many UDF dwarfs appear to show clear evidence of extended
halos stretching to ~ 0.5 kpc, most evident for on the linear scale of the left hand
panel. Cores are also evident on a scale < 0.1 kpc in these UDF dwarfs. A standard
Plummer profile (red dashed curve) is seen to fit approximately the core region but
falls well short at large radius. The soliton profile is normalised to the mean boson
mass that we estimate for these dwarfs, ~ 1072'¢V) and shown in green, where
the distinctive soliton profile provides and excellent fit to the observed cores with
the surrounded halo of excited states that average azimuthally to an approximately
NFW-like profile beyond the soliton radius. The cores agree well with the predicted
form of the soliton profile, as best seen on a log scale in the right panels. The best fit
MCMC profile parameters are tabulated in the supplement.References for the data
are: Phoenix II (Mutlu-Pakdil et al., 2018), Segue I (Moskowitz & Walker, 2020)
and Pegasus III (Moskowitz & Walker, 2020)
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Figure 4.32: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References to the data are: Wilman I (Moskowitz & Walker, 2020),
Horoligium I (Moskowitz & Walker, 2020) and Pisces IT (Moskowitz & Walker, 2020).
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Figure 4.33: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References to the data are: Coma Berenices (Moskowitz & Walker,
2020), Reticulum II (Koposov et al.; 2015) and Hydrus I (Koposov et al., 2018).
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Figure 4.34: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References to the data are: Grus I (Koposov et al., 2018), Leo IV
(Okamoto et al.; 2012) and Canes Ventici II (Koposov et al., 2018).
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Figure 4.35: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References to the data are: Bootes I (Moskowitz & Walker, 2020),
Tucana II (Chiti et al., 2022) and Tucana IV (Moskowitz & Walker; 2020). Note,
a surprisingly extended halo of stars and dark matter of 1kpc in extent has been
claimed for Tucana II by Chiti et al Chiti et al. (Chiti et al.)
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Figure 4.36: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References for the data are: Andromeda X (Martin et al., 2016),
Andromeda XI (Martin et al., 2016) and Andromeda XII (Martin et al., 2016).
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Figure 4.37: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References for the data are: Andromeda XIII (Martin et al., 2016),
Andromeda XVI (Martin et al.; 2016) and Andromeda XVII (Irwin et al., 2008).
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Figure 4.38: Ultra Faint Dwarf Galaxies: Same as figure 4.28 but with three
more galaxies. References for the data are: Andromeda XX (Martin et al., 2016),
Andromeda XXII (Chapman et al., 2013) and Andromeda XXVI (Martin et al.,
2016).
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Galaxy r. r To o Thalf,obs L.obs [Fe/H],0bs
(kpe) (kpc) (kpc) (km/s) (kpc) (10°Lo)
Phoenix IT 0.02470003 | 0.0825001 | 137117 11734°(Battaglia et al., 2022) 0.036 0003 (Battaglia et al., 2022) 1.79+545(Muiioz et al., 2018) —2.51+312(Battaglia et al., 2022)
Segue I 0.0205355 | 0.065+385% | 1.59%58 | 3.9+38(McConnachie & Venn, 2020) | 0.032¥$:9%3(McConnachie & Venn, 2020) | 0.287$%(Muiioz et al., 2018) | —2.72*$4(McConnachie & Venn, 2020)
Pegasus 111 0.0247555 | 0.08375012 | 1.16+010 5.4%3 (Battaglia et al., 2022) 0.05373914 (Battaglia ct al., 2022) 1.96(Kim et al., 2016) —2.55+015(Battaglia et al., 2022)
Wilman 1 0.0235+5001 | 0.0647990 | 0.64753} 4+38(Battaglia et al., 2022) 0.033*5.9%8 (Battaglia et al., 2022) 0.877845(Muiioz et al., 2018) ~-2.1(Battaglia et al., 2022)
Horoligium I | 0.02870902 | 01170913 | 1.20%2 4.9%28(Battaglia et al., 2022) 0041739} (Battaglia et a 2) 2244455 (Muiioz et al., 2018) 2.767019(Battaglia et al., 2022)
Pisces 11 0.032758008 | 0127902 | 1.857 140 5.413%(Battaglia et al., 2022) 0.062+551 (Battaglia et al., 2022) 4.167175(Muiioz et al., 2018) —2.45%38 (Battaglia et al., 2022)
Coma Berenices | 005370910 | 016709 | 167707 4.6*9%(Battaglia et al., 2022) 0.060*4985 (Bat taglis 4814128 (Muiioz et al., 2018) —2.9570% (Batta
Reticulum IT | 0.033355002 | 0.1020:90% | 148759 | 3.2278550 nachie & Venn, 2020) | 0.053*§892(McConnachie § 236192 (Simon et al., 2015) ~2.65%597(Simon ¢
Hydrus 004150008 | 0137001 | 127550 onnachi Venn, 2020) | 005640951 (McConnachie & Venn, 2020) 3.38(IKopc t al., 2018) —2.52+008 (Koposc
Grus T 0.047510008 | 0131007 | 1794072 5.4%3 (Battaglia et al., 2022) 0.070+0:922 (McConnachie & Venn, 2020) | 2.10+5:33(Muiioz et al., 2018) —1.88+003(Battag
Leo IV 0.08475003 | 0.28%00% | 1347583 3.4 33 (Jenkins, 2021) 0.114+01 (Jenlkir 18%8(Blaiia « J
Canes Ventici IT | 0.03750002 | 0147003 | 1.39705) 4.6719(Battaglia ¢ 0.07+38} (Muiioz et al., 2018) 10.46753 02 (Vi \
Bootes 0.0650003 | 0.23%003 | 1.8670 7 2.4%33(Battaglia ¢ lia et al., 2022) 21.78+354 (Muiior
Tucana IT 0117001 0.3175008 | 2457005 2.8+ 2(Chiti et a 0.125993(Chiti et ~2.83(Mutioz
Tucana IV 0.030%5004 | 0.10%063 | 1.90% 131 4.3*}17 (Battaglia et al., 2022) 0.117954 (Moskowitz & 1.40%355(Simon et al., 2020) —249*01% (Battag
Leo V* 0.02155007 | 0.07679007 | 1617130 | 3. 7433 (McConnachie & Venn, 2020) 0.055+003(Battaglia « 1924193 (Muiioz et al., 2018) —2.28+013(Batta
And X 0107090 | 0364007 | 6.18738 | 3.97 12 (McGaugh & Milgrom, 2013a) 0.21094(Martin et al., 2016) 79.43+ 2057 (Martin et al., 2016) —2.27483(Collin
And XI 00597008 | 021482 | 2.67714} < 4.6(Putman et al., 2021) 0.12+385(Martin et al., 2016) 25.12554% (Martin et al., 2016) —2.0732(Collins
And XIT 0.10%595 0.347507 | 2624137 | 2.6¥534(McGaugh & Milgrom, 2013a) 0.32+5:98(Collins et al., 2013) 50.12+23 (Martin et al., 2016) —2.0%53(Collins 13)
And X111 00457508 | 0134383 | 2.96713L | 5.8725(McGaugh & Milgrom, 2013a) 0.13998(Martin et al., 2016) 31627183 (Martin et al., 2016) —2.01318(Collins et al., 2013)
And XVI 0125500 | 0507007 | 2.84713 | 3.8725(McGaugh & Milgrom, 2013) 0.13*3%(Martin et al., 2016) 63.0071634 (Martin et al., 2016) 2.0+93(Collins et al., 2013)
And XVII 0155502 | 0575012 | 18473 | 2.9722(MeGan m, 2013b) 0.207508(Martin et al., 2016) 100.0072552(Martin et al., 2016) ~ =2.0(Collins ¢ 013)
And XX 0.0427095 | 0167005 | 2.647188 | 71390 eGan lilgrom, 2013b) 0.097584(Martin et al., 2016) 25.12F158 (Martin et al., 2016) —2.3+03(Collins ¢ 2013)
And XXII 00785000 | 0.205008 | 45750587 | 2.873(McGan lilgrom, 2013b) 0.23+0.08(Martin et al., 2016) 30.81+3338(Martin et al., 2016) —1.851310(Collins et al., 2013)
And XXVI 002050907 | 0.07590% | 3.657055 | 8.6735(McGan m, 2013b) 0.15+088(Martin et al., 2016) 15.8573%9°(Martin et al., 2016) —1.9%330(Collins et al., 2013)

Table 4.8: Observations and ¢y DM profile fits to ultra faint dwarf galaxies. Column
1: UFD name, Column 2: Core radius r., Column 3: Transition point r;, Column 4:
Stellar scale radius 74, Column 5: Observable projected velocity dispersion oyos ops,
Column 6: Observable half-light radius rpef,06s, Column 7: Observable luminosity
Lops, Column 8: Observable age, Column 9: Observable metallicity. Note: Leo V
has recently been suggested not to be a galaxy.

In this point we analyse separately the Milky Way’s and Andromeda’s satellites
independently to see whether there is any difference in core-halo structure (visible
in figures 4.39 and 4.43) or in the density vs. core radius trend (visible in figures
4.40 and 4.44).

4.4.3 Milky Way

Milky way’s galaxies alone.
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Figure 4.39: Like Figure 4.19 but just for Milky Way’s satellites.
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Figure 4.40: DM density Vs Core radius.

Way’s satellites.
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Figure 4.41: DM density Vs Core radius. Like Figure 4.20 but just for Milky
Way’s satellites.
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Figure 4.42: Velocity dispersion Vs Core radius. Like Figure 4.18 but just
for Milky Way’s satellites.
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4.4.4 Andromeda

Andromeda’s galaxies alone.
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Figure 4.43: Like Figure 4.19 but just for Andromeda’s satellites.
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Figure 4.44: DM density Vs Core radius. Like Figure 4.17,;4,; but just for
Andromeda’s satellites.
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Figure 4.45:

DM density Vs Core radius.

Like Figure 4.44 but with the

metallicities.
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Figure 4.46: Velocity dispersion Vs Core radius.
for Andromeda’s satellites.
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Summary & Conclusions

1. Motivation:

Motivation 1: Expand the observed core-halo structures in section 4.2 to the
rest of the Local Group dwarfs, including the UFDs. With the objective of
demonstrating its universality among all dwarfs(only dwarfs cause are the most
dominated DM systems) independently to their host/location or size/class.

Motivation 2: Contrasts with the scale free continuity expected for galaxies
formed under gravity, as in the standard Cold Dark Matter (CDM) model of
collisionless particles. Confirm that the dSph and UFD dwarfs follow inverse
relations between their core sizes, r. and stellar velocity dispersions, o, such
that the cores are larger for dwarfs of lower velocity dispersion within each
class, quite the opposite of standard expectations where larger galaxies should
be more massive. Furthermore, confirm the uncovered scaling relation between
the mass of the soliton and its host virial mass by the ¢yDM simulations,
Mesoliton = m,lu/jg, such that a more compact dense soliton should be found in
more massive galaxies (Schive et al.; 2014Db), following from the virial relation

(Veltmaat et al., 2018).

Motivation 3: Test this inverse soliton density-radius relation for the first time,
which should follow the predicted steep relation p. oc r %, for both the dSph
and UFD dwarfs, required by the Uncertainty Principle.

Motivation 4: Examine for the first time the Uncertainty Principle in this
context, examining the velocity dispersion of stars within the soliton and the
soliton radius which must be inversely related, mg, o< 1/r., where the boson
mass can be derived directly as the constant.

2. Methodology:
In order to fit galaxies stellar profiles with the yDM model:

Step 1: Examine the stellar profiles of all local group dwarfs (well studied by
independent teams), fitting our best ¢y DM stellar profile (section 3.3) to the
observed stellar profile of the galaxy in order to quantify the core radius size
(re) and the transition point (r;) between the soliton and the NFW-like halo
(‘as in section 4.2). These are about evenly divided into dSph and UFDs.

In order to contrast with the scale free continuity expected for CDM
galaxies and the inverse soliton density-radius expected for yyDM:

Step 1: Extract the resulting core radius values of all the galaxies from the
previous step’s best fits. Listed in Tables 4.7 and 4.8.

Step 2: Get the observable 74,45 and o values form the bibliography to plot
the next relations: Density vs. half light radius ((¢/r,)?), Density vs. core
radius ((o/r.)?) and Velocity dispersion vs. core radius (o/r.).

Step 3: Calculate the medians of ((o/r,)?) and ((o/r.)?) relations in order to
confirm the expected p. o< r;* trend.
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Step 4: Compute the median of (¢/7.) to compare it with the inverse relation
required by the Uncertainty Principle.

In order to extract the boson masses:

Step 1: Extract the boson mass formula( Eq. 3.25), as explained in section
3.5.

Step 2: Compute the boson mass for each individual galaxy and calculate the
median of all them at the end.

. Results:

Result 1: We show the capability of the 1y DM stellar model (Eq. 3.16) to fit
the stellar profiles for all these dwarfs independently to their host (Milky way
or Andromeda) and to their class (UFD or classical). In good agreement with
the possible solitonic cores and extended halos in the profiles of these dwarfs,
as predicted in this context by our simulations of Wave Dark Matter. Figures

4.23 to 4.38.

Result 2: Within each dwarf class we find the core radius R, is inversely
related to velocity dispersion o, quite the opposite of standard expectations,
but indicative of dark matter in a Bose-Einstein state, where the Uncertainty
Principle requires R, X o is fixed by Planks constant, h. Figure 4.18.

Result 3: We use the observed core radius derived above for each dwarf. Figure
4.17 shows this density looted against radius, revealing two parallel tracks
defined by the dSph and UFDs respectively with a clear separation. It is
interesting that these tracks form a steep relation that fits accurately the p. o
r-4 ( good fit to the slope, dlog p./dlog R. = —4, for the time independent
soliton solution of the Schrodinger-Poisson relation) relation predicated for
DM which is a steep relation that follows from the inverse soliton core mass
vs radio relation required by the Uncertainty Principle.

Result 4: Finding that ultra-faint and dSph dwarfs lie on two parallel tracks
of increasing radius with decreasing velocity dispersion, corresponding to two
species of dark bosons separated by one order of magnitude gave us the possi-
bility to estimate the boson masses for both the UFD and dSPh classes from
the normalization between the core momentum myo,. and the width of the
soliton standing wave so, m;, = h/2R.0., fitted in Figure (4.17), obtaining
my = 2.277552 x 10726V for the UFD’s and m;, = 1.8570%5 x 1072%eV. This
light boson solution for both the dSph and UFD dwarfs supports the generic
"Axiverse" prediction of String Theory, where a discrete mass spectrum of
light axions is predicted to span decades in mass, providing a unifying inter-
pretation for the puzzling physical "diversity" of dark matter dominated dwarf
galaxies.

. Conclusions:

Conclusion 1: Low mass galaxies in the Local Group are dominated by dark
matter and comprise the well studied “dwarf Spheroidal" (dSph) class, with
typical masses of 10971 M, and also the equally numerous “ultra faint dwarfs"
(UFD), discovered recently, that are distinctly smaller and denser with masses
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of only 107~8M. This bimodality amongst low mass galaxies contrasts with
the scale free continuity expected for galaxies formed under gravity, as in the
standard Cold Dark Matter (CDM) model for heavy particles. Within each
dwarf class we find the core radius R, is inversely related to velocity dispersion
o, quite the opposite of standard expectations, but indicative of dark matter
in a Bose-Einstein state, where the Uncertainty Principle requires R, X o is
fixed by Planks constant, h.

Conclusion 2: The most significant achievement of this work is the apparent
need for two axion species following the 1y DM relation set by the Uncertainty
Principle. The "-4 slope" relation for the density-core of solitons and the "-1
slope" relation between o;,, and r, for the solitons. Moreover, the observed
results of these two relations are the opposite of what is expected for the CDM
scenario where the opposite behavior is expected, where sizes should increase
with increasing velocity dispersion generically.

Conclusion 3: The resulting boson masses, m;, = h/R.o, differ by one order of
magnitude between the UDF and dSph classes, with 1072%4eV and 10720-3eV
respectively. Two boson species is reinforced by parallel relations seen between
the central density and radius of UDF and dSph dwarfs respectively, which
both match the steep prediction, p. o R_*, for soliton cores in the ground
state.

Conclusion 4: Multiple bosons may point to a String Theory interpretation for
dark matter, where a discrete mass spectrum of axions is generically predicted
to span many decades in mass, offering a unifying "Axiverse" interpretation
for the physical "diversity" of dark matter dominated dwarf galaxies.

Conclusion 5: The detection of the core halo structure (first shown in subsec-
tion 4.2) in the stellar density profiles of almost all the galaxies of the Local
Group, including the dwarfs from Andromeda, suggests the universality of this
profile. A profile in which its well-established core and extended halo after a
marked change of regime is a defining prediction of ¥ DM.

4.5 Galaxy formation with 1Y DM. The Core-halo struc-
ture. ( Paper 5 to be submitted)

Here we present the preliminary results in collaboration with the CFA (Center
for Astrophysics | Harvard & Smithsonian) with the objective of testing with new
simulations the results of the star profile fitting presented in the thesis of section
3.3. As the presented data in this point is still not part of a formal paper and due
to its methodology highly differing from the semi-analytical models explained in
the rest of the Ph.D., we will present the full structure of the work with individual
internal sections. All the next results have been possible using the CFA simulations
data related to galaxy evolution for DM, WDM and CDM Mocz et al. (2019, 2020).
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4.5.1 CFA simulations data

This hydrodynamical simulation describes the evolution of small, high resolution
cosmological simulation volumes leading to predict the formation and evolution of
galaxies, in terms of gas, stars and dark matter particles along different redshifts
in the previously mentioned three DM scenarios, DM, WDM and CDM. We aim
to test the empirical findings we have uncovered in section 3.3, as shown in figure
3.10. With that intention, we analyzed their data looking for the core-halo structure
in the different DM cosmological evolution scenarios. We will start this section by

describing the structure of the analyzed files:

@ BBGas1024L.17514
@ sLcasshLi7s1a
LLGas512L17514
@ snapdir_002 .
- F snap_030.0.hdfs
@ snapdir_003 ap.| oh M Kind
ame in
B snapdir_004 ¥F snap_030.1.hdfS -
® snapdir_005 ™ Config HDFS Group
8 snapdic 006 V¥ snap_030.2.hdfs # Header HDFS Group
@ snapdir 007 22 5mp_03o_}.hdr5 @ parameters HOFS5 Group
@ snapdir_008 # PartType0d HDF5 Group
- ¥ snap_030.4.hdfs 4
@ snapdir_009 -  PartTypel HDFS Group
B snapdir 010 ¥ snap_030.5hdfs ® PartTyped HDFS Group
@ snapdir_on g
B snapdir_012 ¥ 5nap_030.6.hdfS Name T S o
S 14 CenterOfMass HOFS Dataset Coordinates o meam i sI0T
o V¥ snap_030.7dfs i - e
snapdir_014 s Dens HOFS Dataset = 110590894 15076597 744 52547
. snapdlf 015 YF “)dp-ozo's hdrs 14 ElectronAbundance HDFS Dataset "ﬁ : 1209.87969 1192.62827 850.651063.
- 11 GFM_AGNRadiation HOFS Dataset oo s NI o ST B
:SMMIQNG snap_030,9,hdf5 11 GFM CoolingRate HOFS Dataset i Dl
snapdir_017 L GFM_Metallicity HDFS Dataset b 234t 28
B snapdi_018 ¥ SﬂOD_030.10.hdf5 i GFM_Metals HOFS Dataset My ————
[epa———————
B snapdir_019 ¥F snap_030.11.hdf5 :‘;::—"':[::‘e‘,‘;“*" o " o]
- J 1 ¢
B snapdir_020 v 030.12.hdf5 L Magnetiefield HOFS Dataset o e
@ snapdir_021 Y shap_030.12. i Magnetic W ETRININ 126512297 271750856
B snapdic 022 V¥ snap 030.13.hdfs i ases Horsoune o s s o
. Smpdll’ 023 w 17 109636655 1329.39058 124.137915
- (22 Snap 030.14. hdfs i ParticleiDs HOF5 Dataset R e
W snapdir_024 O 1 Potential HOFS Dataset
.“llpdi[ 025 I.’ smp 030 15 mfs 11 PotentialPeak HDFS Dataset
- e L1 StarFormationRate HDFS Dataset
. smpdlr-m‘ 6 starsmly hdfs A4 SubfindDMDensity HDFS Dataset
: 11 Subfindoensity HOF5 Dataset
1 SubfindHsml HDFS Dataset
s SubfindvelDisp HDFS Dataset
1 Velocities HOFS Dataset

Figure 4.47: CFA simulations data. Structure of the analyzed files.

The simulation output files are in hdf5 format. The files are divided into different
snapshots, where each snapshot represents the simulation data for each computed
redshift. Every snapshot is divided into 16 files due to the practical limitations of
saving all the information in one single file. These 16 files will have all the available
data of gas (particle type 0), stars (particle type 4) and DM (particle type 1) parti-
cles computed in the simulations; velocities, 3D coordinates, gravitational potential,
mass, 1D, stellar birth rate...
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4.5.2 Methodology

In order to confirm or discard the thesis of section 3.3, we needed to ana-
lyze/subtract the stellar profiles of the resulting dwarfs of the data. Here we will
explain how we did it. The first thing to do to start with the stellar membership, was
to localize and identify the three centers of the three galaxies. Two simple methods
can be used for this; Detect the three smaller potential points or the three densest
points, we selected the second method due to the lack of info about the gravita-
tional potential for the vy DM simulation data. Is important to remark that due to
the limit size of the simulations box (1700 kpc), in some snapshots, the particles
were re-localized in incorrect coordinates ( due to being calculated in coordinates
out of the box), forcing us to rotate them (see figure 4.50). After localizing the
three centers, we computed the stellar membership for each one in a simple way,
just calculating the virial radius and considering all stars between each center and
each individual radius part of the galaxy. To calculate the virial mass (Msg) and
the virial radius (Rsgo), we just needed to know the center location of the halo, and
find the radius Rago such that the enclosed mass (Msgg) in the sphere of radius R
was 200 X peie (Where pe.; is the critical density of the universe). With the stellar
membership done, we subtracted the stellar density profiles for each galaxy, calcu-
lating the density of stars ( number of stars/ sphere volume) in bins of 0.01 kpc from
the center to the virial radius. This process was repeated in all the snapshots suscep-
tible of being interesting for the detection of the core-halo structure; The snapshots
representing the data closer to redshift 0, 5.56 for ¢xDM and 2.3 for CDM and WDM.

10.9 7.8 5.5 10.9 7.8 5.5

halo 1
BECDM
& 3 —
CDNM

0001 fpun =000, f0 = 00031

— haloes 2 & 3
— haloes 2

0, Ry = Bkpe Mg =832 + M, o = 20t

Figure 4.48: Mocz (2019) Mocz et al. (2019) simulation data. Evolution of
the stellar structure of the three galaxies in 1yDM and CDM scenarios from redshifts
10.9 to 5.56.
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Figure 4.49: Mocz (2019) Mocz et al. (2019) simulation data. Diver-
sity of structures in dark matter (orange/purple), gas (green/blue), and stars
(black/yellow). Projected densities of the selected haloes simulated under the three
different cosmologies (Mocz et al., 2020). Notice how WDM and DM evolve al-
most identically along all the different redshifts, indicating their big similarity in
large-scale structures evolution, in contraposition to CDM.
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They are divided in two groups, the most massive
one(the green) is isolated with no filaments, the
blue one contents the other two galaxies that are
connected with a filament structure
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Figure 4.50: Mocz (2019) Mocz et al. (2019) simulation data. Visualization
of the large-scale structure of the analyzed data in ¥ DM context.

4.5.3 Results

Results from the subtracted data at z ~ 5.56

Due to limitations in resolving the smallest physical distance in ¢)DM in a fixed
co-moving volume 10243 resolution-element simulation, the ¥YDM simulation stops
at z = 5.56. We can clearly observe that CDM and ¢)DM have significant differ-
ences in large scales, with plenty of subhalos environment for CDM and filamentary
structure for DM and WDM. Moreover, even if both have similar amounts of stars,
in the ¥DM context, the stars seem to be less concentrated, something that makes
sense with the observed extended stellar halos (see figure 4.51). When we start
zooming into the individual stellar profiles of the galaxies in the different DM sce-
narios, we can appreciate how in the case of DM, the profiles seem to be flatter in
the inner parts, as expected for stars tracing the presence of the soliton in the core,
while for WDM and CDM the lack of such soliton makes them have a cuspy inner
profile. Nevertheless, the most important difference seems to arise in the isolated
galaxy, where a primordial core-halo structure seems to appear for DM (figure
4.54). This core-halo structure was also observed even more clearly for WDM in the
data referring to z = 2.3 for one of the filamentary galaxies. Such difference also
seems to be lightly detected in the other two, but not clearly enough to identify it
as a core-halo structure.
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Figure 4.51: Mocz (2019) Mocz et al. (2019) simulation data. Stellar
membership for »YDM and CDM in z = 5.56. The stars that belong to each galaxy
have been painted with different colors; red for the isolated one and blue and green
for the ones in the filamentary /subhalos structure. The figure shows the data in two
different perspectives; 3D in the up row and 2D in the low one.

We can now readily appreciate in the small panels of figures 4.52 and 4.53, the
main differences between these three galaxies in the two different DM scenarios are
that the stars seem to be more concentrated for CDM with irregular structures. In
contrast, for ¥DM, a more elliptical shape can be appreciated, where the galaxies
seem to have more extended stellar halos, making them see their stars farther from
the center. It is curious to see how the stellar profiles are more extended for vy DM,
even if the virial radius of these galaxies is smaller in this scenario. Nevertheless,
these extended stellar profiles agree well with the softer DM profiles predicted for
¥DM. On the other hand, we directly compare these three profiles for CDM and
DM in figures 4.54 and 4.56, with a remarkable difference in the inner profile for
galaxies two and three, in good agreement with the presence/lack of a soliton and
the resulting core-cuspy disagreement. The main observed result is the presence of
a possible primordial core-halo stellar structure in figure 4.54 (Zoom in fig. 4.55).
The vertical line represents the comoving resolution, 0.19 kpc in this case. This
value represents the limit where the subtracted data becomes unreliable beyond this
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Figure 4.52: Mocz (2019) Mocz et al. (2019) simulation data. subtracted
stellar profiles of the isolated galaxy in ¢YDM and CDM at z = 5.56. The small
panels represent the morphology and distribution of the stars in the galaxy.
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Figure 4.53: Mocz (2019) Mocz et al. (2019) simulation data. subtracted
stellar profiles of the filamentary/subhalos galaxies in DM and CDM at z=5.56.
The small panels represent the morphology and distribution of the stars in the
galaxy.
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Figure 4.54: Mocz (2019) Mocz et al. (2019) simulation data. subtracted
DM Vs CDM stellar profiles of the isolated galaxy. The left panel shows the
subtracted stellar profile in 0.01 kpc bins style, while the right one shows exactly
the same with continuous lines. Notice how there is a high discrepancy within the
two models from 0.5 kpc to 5 kpc, suggesting a structure similar to the core-halo for
the wave profile. The vertical black line represents the comoving resolution limit of
the data, indicating that the data for values smaller than that limit are not reliable.
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Figure 4.55: Mocz (2019) Mocz et al. (2019) simulation data. Zoom of the
left panel of figure 4.54. Notice how the stellar wave profile is compatible with a
core-halo structure (light blue fit). The transition point has been highlighted with
the pure soliton profile, remarking the position where a change of regime is needed
to continue explaining the observed stellar profile. The vertical black line represents
the comoving resolution limit of the data, indicating that the data for values smaller
than that limit are not reliable.
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Figure 4.56: Mocz (2019) Mocz et al. (2019) simulation data. subtracted
DM Vs CDM stellar profiles of the filamentary /subtracted galaxies. The left panel
shows the subtracted stellar profile in 0.01 kpc bins style, while the right one shows
exactly the same with continuous lines. Notice how there is a high discrepancy
within the two models in the inner zone, suggesting a cored profile for wave galaxies
and cuspy for CDM. The vertical black line represents the comoving resolution limit
of the data, indicating that the data for values smaller than that limit are not
reliable.

We now perform MCMC-based ¥y DM profile fits to the isolated dwarfs, shown
in Figure 4.57. The core radius, r., fully characterizes the shape of the soliton core
profile. For the halo, we fit an NFW profile with scale radius 7, and normalization
pos- The only other free parameter we require is the transition radius, r;, defining
the radius of the density transition between the soliton and NFW profile, which we
vary within a prior range indicated by the ¥ DM simulations of 24 xr.. The only
fixed parameter is the boson mass, with a value of 2.5 x 10722¢V, which is precisely
the same used for the simulations (Mocz et al., 2020). The best fit shows a resulting
profile with a total mass of 5.8732010° M, in good agreement with the computed
one from Mocz et al. (2020) of 8.3 x 107 My, for this galaxy at this redshift. Moreover,
the blue dashed profile shows the resulting profile where we repeat the analysis with
the fixed total mass from Mocz et al. (2020) of 8.3 x 10 M. Notice how, if it is not
as good as the free mass green profile, it is still in excellent agreement. Additionally,
the resulting r. and 7, (0.15352% & 0.420:992) are also inside the expected values for
such kind of dwarf spheroidals (Pozo et al., 2020, 2023).

We continue comparing this profile with the two stellar profiles of the known
dwarf galaxies orbiting the Milky Way and Andromeda with the most similar den-
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sity gaps to it; Cetus and Andromeda XXI (Fig. 4.58). The left panel represents
the profiles normalized in terms of stellar peak density, while the right panel is also
normalized by their transition radii. The black profiles represent the mean stellar
profile of all the Local Group dwarf spheroidal galaxies Pozo et al. (2023). The right
panel is handy to see how the subtracted stellar profile (blue profile) is compatible
with a real observed stellar profile, Andromeda XXI (red profile), indicating that
this subtracted DM stellar profile is compatible with observable data, in contra-
diction to the CDM profiles. Moreover, this right panel makes more clear how the
inner parts of the profiles are in good agreement, suggesting that all of them are
consistent with a solitonic core.
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Figure 4.57: Mocz (2019) Mocz et al. (2019) simulation data. This figure
shows the best fit of the projected star count profile of the ¢yDM isolated dwarf
galaxy. An extended halo of stars is visible, stretching to ~ 4 kpc and most evident
on the linear scale of left-hand panel. A prominent core is also evident on a scale <
0.5 kpc in each dwarf. These two characteristics seem to be in good agreement with
the real dwarf spheroidals’ stellar profiles observed in the Local Group Pozo et al.
(2023). A standard Plummer profile (red dashed curve) is seen to fit approximately
the core region but falls well short at large radius. Our predictions for the dSph class
(2.5 x 107*2¢V) for DM are shown in green, where the distinctive soliton profile
provides and excellent fit to the observed cores and the surrounding halo of excited
states that average azimuthally to an approximately NFW-like profile beyond the
soliton radius. The accuracy of the core fit to the soliton, is best seen on a log scale
in the right panels, with linear scale of the left that shows the extent of the halo,
including the characteristic density drop of about a factor of ~ 30 in density, as
predicted by ¥DM between the prominent core and tenuous halo at a radius ~ 0.5
kpc indicated by the vertical orange band. The blue dashed shows our prediction,
but with a fixed mass of 8.3 x 107 My, exactly the expected one by Mocz et al. (2020)
for this galaxy at this redshift.
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Figure 4.58: Mocz (2019) Mocz et al. (2019) simulation data. Comparison
between the stellar profiles of the 1y DM isolated galaxy, the mean profile of all the
dwarf spheroidals of the Local Group (Pozo et al.; 2023), and the two galaxies from
Andromeda and the Milky Way with the most similar density gap between the core
and the transition point. The left panel shows these four profiles normalized in their
peak density value while in the right panel, they are also normalized in terms of the
transition point. Notice how the subtracted profile from the data (blue line), is very
similar in terms of shape to the subtracted profiles of the real observable galaxies.
Moreover, this data’s profile seems to coincide extremely well with Andromeda XXI’s
profile.

Results from the subtracted data at z ~ 2.23

Here now we repeat the analysis of the previous section but for the data at z
~2.23, for the simulations of WDM and CDM. Even though the main idea of the
work is to compare DM evolved cosmological structures Vs CDM ones, the ex-
pected large-scale structures for WDM should be similar to ¥yDM. Notice in the
central small panels of figure 4.60 how the resulting structures are almost identical
for WDM and ¥ DM at z=5.56 (even in their internal halo structures differ in bigger
proportion). This gives us the chance to use WDM data to make us an idea of
how DM could look at this lower redshift. Moreover, analyzing CDM at this lower
redshift compared to previous data will give us the opportunity to confirm if the
non-detection of the core-halo structure at redshift 5.56 simply means that in CDM
this structure seems to be formed later than in vyDM or not.
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Figure 4.59: Mocz (2019) Mocz et al. (2019) simulation data. Stellar
membership for WDM and ¥DM in z=5.56. The main objective of this figure is
to show how similar are WDM and DM structures at the last » DM data redshift
(z=5.56). This figure makes us conclude that the obtained results from WDM at
z=2.23 are comparable to the ones that we would obtain at that redshift for a

hypothetical DM data.

The resulting subtracted stellar profiles that can be seen in figure 4.61, seem
to confirm the same results as in the previous redshift for CDM, where no pres-
ence or imprint of the core-halo structure has been founded in the halos of the
three simulated galaxies. In contrast, the three WDM halos seem to have compat-
ible core-halo stellar profiles, at least in a primordial way, still in construction for
the isolated galaxy and galaxy number two. In addition, a well-defined core-halo
structure is visible for the third, with a marked density drop from the core to the
halo and the characteristic change of regime point ( transition point, r;), that marks
the separation between the inner core and the outer halo ( Low panels of figure 4.61).

We continue generating the previously presented stellar core-halo profile model
for the WDM galaxy three ( as we did for the ¢y DM isolated at z—5.56), where the
core-halo shape is more visible. The resulting core radius (r.) and transition point
(r;) values are listed along with the other variables in table 4.9. It is interesting
how the resulting parameter values are inside of the expected ones compared to the
extracted from the observed profiles of the observable Local Group dwarf classical
spheroidals, even if the different redshift at which they were analyzed should make
them differ a little bit, due to being still in construction the two ones analyzed in this
paper. You can check the resulting parameter values of these two subtracted galax-
ies with the obtained values from the observable Local Groups dwarf spheroidals in
table 4.9 (Pozo et al., 2023). Notice how the core values are in excellent agreement
with the means obtained for such kinds of spheroidals in the Local Group. More-
over, the isolated galaxy from the ¥DM simulation data (¢)DM;seiateq) has a core
radius similar to two satellite galaxies of the Milky Way; Leo II and Sculptor while
on the other side the third galaxy from WDM simulation data (W DMs), is in excel-
lent agreement with the observed core of Sculptor and And IX. Both seem to differ
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slightly in the transition point, something that could be reasonable if we take into
account the redshift difference and in consequence the fact that these two simulated
galaxies are in construction and therefore, we should expect more similar r; values for
z~~(0). This seems to be supported by the observed r,; increment between D M;soiated
and W DMs;, where the lower redshift goes in hand with a bigger r;. However is
interesting to point out that even with the redshift difference ( almost 6 between
the observed galaxies and the observable local group dwarfs), the 7. are similar, sug-
gesting that the soliton is the first structure to be formed in this core-halo structure.

WDM z = 2.23 CDM z =2.23

Stellar Membership Galaxy 1
Stellar Membership Galaxy 2

Stellar Membership Galaxy 3 " 1400
Other Stars
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Figure 4.60: Mocz (2019) Mocz et al. (2019) simulation data. Stellar
membership for WDM and CDM in z=2.23. The stars that belong to each galaxy
have been painted with different colors; red for the isolated one and blue and green
for the ones in the filamentary/subhalos environment. The figure shows the data in
two different perspectives; 3D in the up row and 2D in the low one.
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Figure 4.61: Mocz (2019) Mocz et al. (2019) simulation data. Subtracted

WDM Vs CDM stellar profiles of the data’s galaxies.

The left panel shows the

subtracted stellar profile in 0.01 kpc bins style, while the right one shows exactly the
same with continuous lines. Notice how in this case there is not a high discrepancy
between the two models in the inner zone, in good agreement with the expected
cuspy profile for both. Nevertheless, we can observe a significative difference between
the profile in positions close to the theoretical transition point for the three profiles,
where the core-halo structure is easily observable for the last case (Galaxy 3). The
vertical black line represents the comoving resolution limit of the data, indicating
that the data for values smaller than that limit are not reliable.
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Figure 4.62: Mocz (2019) Mocz et al. (2019) simulation data. This figure
shows the best fit of the projected star count profile of the WDM galaxy number
three. An extended halo of stars is visible, stretching to ~ 3 kpc and most evident
on the linear scale of the left-hand panel. A prominent core is also evident on
a scale < 0.5 kpc in each dwarf. These two characteristics seem to be in good
agreement with the real dwarf spheroidals’ stellar profiles observed in the Local
Group (Pozo et al., 2023). A standard Plummer profile (red dashed curve) is seen
to fit approximately the core region but falls well short at a large radius. Our
predictions for the dSph class (2.5 x 10722¢V) for ¢yDM are shown in green, where
the distinctive soliton profile provides an excellent fit to the observed cores and the
surrounding halo of excited states that average azimuthally to an approximately
NFW-like profile beyond the soliton radius. The accuracy of the core fit to the
soliton is best seen on a log scale in the right panels, while the linear scale of the
left shows the extent of the halo, including the characteristic density drop of about
a factor of ~ 30 predicted by ¥ DM between the prominent core and tenuous halo
at a radius ~ 0.5 kpc indicated by the vertical orange band. It is important to note
that the green model tries to describe a solitonic core, making it unreasonable due
to the lack of a soliton in WDM dwarfs. Nevertheless is important to point out that
the transition point and the two different regimes are in contraposition to CDM.
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Combinations T T z My

(kpc) (kpc) 107%2eV
VD Misoiarea | 0.1557000 1 0.367005 | 5.56 | 2.5
W DM, 02070012 | 04770058 | 2.23 2.5
dSphpon 0.2150008 [ 0.7150051 | 0 [ 1.8570%%

dSpharikyway | 0-2270003 | 07550055 | 0 | 1.857058
dSphAndromeda 026t888£ 082i88§§ 0 186i8§§
Draco 017705 1 0567002 | 0 -
Leo 11 0.175000 106650521 0 -
Sculptor 0.21%00; | 0.7270%% 0 .
And IX 0.225002 [ 0.7050% | 0 -

0

And XV 0.1970%2 1 0.65°0%

Table 4.9: Profile parameters for dwarfs associated with the Milky Way and An-
dromeda. Column 1: Dwarf Class or Dwarf individual name, Column 2: Core radius
r., Column 3: Core-Halo transition radius r;, Column 4: Redshift z, Column 5: Bo-
son mass my.* We have to take into account that for W DM; the parameter values
are not reliable cause the model is based in ¥y DM, expecting a soliton and a wave
interference pattern, something that we will not have for a WDM galaxy. Never-
theless, the good agreement between the subtracted profile and the model is useful
to understand and confirm that the core-halo structure also seems to arise in the
WDM cosmological evolution, even if the physics are different from ¥y DM.

4.5.4 Tests feasible with JWST

The initial data from JWST seems capable of testing the rich non-linear coherent
wave structure of the ¥y DM soliton structure for high redshift dwarf galaxies and
the substructure around Einstein rings at the de Broglie scale. Evident in many of
the lensed high redshift dwarf galaxies as shown in figure 4.63, for which we aim
to provide a quantitative comparison with the model predictions in the next phase
of my work in relation to the simulations and generic predictions analyzed in this
thesis. Moreover, the data from JWST will also be crucial to distinguish between
filamentary or subhalos structures in galactic environments, making a great point
between the explained DM theories in this thesis.
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Figure 4.63: Compilation of dwarf galaxies they are lensed by the SMACS0723
cluster. Notice how all of them seem to show a core, something expected by ¥ DM
and difficult to explain by CDM. This high quality new data from JWST shows
the feasibility of testing the competing profile predictions found in the simulations
analysed in this thesis.

Summary & Conclusions

1. Motivation:

Motivation 1: Look for the stellar core-halo structure ( see section 4.2) in the
three dark matter scenarios: WDM, CDM, and DM.

Motivation 2: Analyze the simulations of the three DM models in order to
find an observable different impact on stellar behavior and stellar structural
development; Do stars trace dark matter?

Motivation 3: Look for the soliton’s imprint in the expected core profiles of
DM, and the lack of it in WDM and CDM.

2. Methodology:
Stellar membership of each galaxy

Step 1: Localize the three galaxies dark matter centers detecting the three
densest points.

Step 2: Rotate the 3D coordinates of the particles if it was necessary.

Step 3: Calculate the virial radius for each galaxy in order to establish all the
stars between the virial radius of a halo and its center as stars that belong to
that galaxy. To calculate the virial mass (Msg) and the virial radius (Rag),
we just needed to know the center location of the halo, and find the radius
Ryno such that the enclosed mass (Masgo) in the sphere of radius Rggo was 200
X perie (Where pe. is the critical density of the universe).
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Extract the stellar density profiles of each galaxy

Step 1: Subtract the stellar density profiles for each galaxy, calculating the
density of stars ( number of stars/ sphere volume) in bins of 0.01 kpc from the
center to the virial radius.

Step 2: Repeat this process in all the snapshots susceptible of being interest-
ing for the detection of the core-halo structure; The snapshots representing
the data closer to redshift 0, 5.56 for ¢y DM and 2.3 for CDM and WDM.
Also, snapshots with higher redshift in order to determine when the core-halo
structure first appears.

Find and fit a possible stellar-core halo structure

Step 1: Compare the obtained stellar profiles of the three galaxies in the three
dark matter scenarios to find a possible core-halo structure.

Step 2: Fit our best ¢yDM stellar profile (section 3.3) to the observed stellar
profiles that might be compatible with a core-halo structure in order to quan-
tify the core radius size (r.) and the transition point (r;) between the soliton

and the NFW-like halo.

3. Results:
z~ 5.56

Result 1: Clear core-halo structure is most visible for the isolated galaxy of
the DM data, figure 4.55 that we have shown is in quantitative agreement
with the soliton+halo structure predicted in this thesis. Comparison of the
three well defined galaxies that are formed in common in the CDM, WDM
and DM simulations with a possible soliton imprint in the observed flatter
inner profiles of wave dark matter (see figures 4.55, 4.54 and 4.56).

Result 2: We show how DM stellar core-halo model (Eq. 3.16) can reproduce
well the subtracted stellar profile from the ¥yDM simulation for the isolated
galaxy, with the boson mass as the only fixed parameter; 2.5x10722eV (Mocz
et al,, 2019)(green line and shaded area of figure 4.57). Moreover, we also
found satisfactory results if we repeat the same analysis with a fixed halo
mass from Mocz et al. (2019) of 0.8 x 10°My, the dashed blue line of figure
4.57.

z~ 2.23

Result 1: The core-halo structure is noticeable almost in the three WDM
profiles but never for CDM. Being the third WDM galaxy the one with the
most distinct core-halo structure (figure 4.61). The stellar profiles still differ
a lot for the three WDM and CDM galaxies.

Result 2: We show how )DM stellar core-halo model (Eq. 3.16) can reproduce
well the stellar profile from the WDM data for the third galaxy, with the boson
mass as the only fixed parameter; 2.5x10722¢V (Mocz et al., 2019)(green line
and shaded area of figure 4.62).

4. Conclusions:
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Conclusion 1: In comparison to 1y DM, we are able to highlight the considerable
discrepancy between the simulation data with CDM predictions. In addition,
there are other reasons to prefer DM from WDM, for example, the lensing
effects that see the granularity of the halo (which WDM does not have). An-
other crucial point is that no WDM particle has been found in the laboratory
despite stringent searches designed to find it. This is not a problem for Wave
DM, as the needed laboratory would have the size of 1 kpc to see such light
bosons. So certainly, there is no such heavy DM particle.

Conclusion 2: It is interesting to see how the core-halo structure also appears
for WDM in hand with the almost identical large-scale structures of these
two types of DM for which the core-halo structure may be the product of the
characteristical power spectrum small-scale cut-off of WDM and ¥ DM. This
last idea could be further tested after tracking the stars of each galaxy along
different epochs and observing their berth position, to examine in more detail
if the stars that appear in the outer extended halos were born in their halo
or the outer filamentary structures. Moreover, stars seem to trace DM, as
the stellar profiles are different in each DM scenario, following the predicted
behaviors for each DM scenario, with a cuspy profile for WDM and CDM and
with the core-halo structure hypothetically product of a change of regime in a
specific position of the halo that should be the product of a central soliton and
an interference pattern in the outer zone of the galaxies, something impossible
to observe and in apparent disagreement with CDM predictions.

Conclusion 3: Actually, as we can see in fig. 4.49, there is little difference
between the final large-scale structures in WDM and ¥ DM made by Mocz et al.
(2020). Taking into account that the main point that they have in common
is the small-scale cut-off of the initial power spectrum. This common cut-off
results in a length scale that is imprinted on the DM profile and communicated
to the star profile. This must be the key to the core halo structure, more than
the soliton, even if it is true that the physics of their outer halo is quite
different, one is caustic, and the other is the result of quantum interference
patterns. However, on macro scales, they are almost identical. So even though
the physical cause of this cut-off is very different (you can not know this from
the simulation data (Mocz et al.; 2020)), the result is the same; this scale is
imprinted on the profile. The only thing that seems to matter is that they
have the same cut-off in origin, which is why they evolve in a similar way
producing core-halo stellar profiles.

Conclusion 4: One of the points that need to be discussed is the apparent
detection of the core-halo structure for WDM data even if the presence of a
soliton for WDM is impossible. As the shape of the cut-off in the initial dark
matter power spectrum is not quite the same for WDM, it is probably slightly
smoother, making us conclude that the soliton itself is not the key to the
presence of this core-halo structure in the stellar profiles. Nevertheless, this
soliton discrepancy is not a discard factor as the transition feature is due to the
cut-off of the power spectrum; whether the inner profile is a soliton or a smooth
WDM core is not relevant to the existence of the transition. Nevertheless, the
presence of the soliton might have an effect on the earliest presence of the core
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halo structure for DM (z~5.56) than for WDM (z~2.23).
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Appendix

Extra section to comment the following Monte Carlo Markov Chain character-
istics and the resulting corner plots of the previously correspondent results. The
explanation refers to the exact methodology followed for the MCMC of sections 4.2,
4.3, 4.4 and 4.5. Due to being all the MCMC done exactly except the one refereed
to section 4.1, which their explanation is on their caption ( Figure 4.64):

We have explored the full range of relevant parameter space with the Monte Carlo
Markov Chain (MCMC) technique based on the Metropolis-Hastings sampling al-
gorithm to obtain the core radius that characterises fully the soliton profile, r., and
the scale radius and the normalization of the stellar density profile,r,, and pg., and
the also the transition radius r; between the core and halo profiles. We allow for
an adaptive step size in order to reach an acceptance rate between 20% and 50%,
computing 4 chains of 10000 iterations for each variable(r., 74, po. and rg,) in each
galaxy. Each chain’s serial correlation was checked by correlograms (ACF plots),
ensuring that the autocorrelation of the terms dropped to zero before 250 lags (Roy,
2020). We ensure the convergence relying on the Gelman-Rubin criteria adopting a
Max Gelman—Rubin Re below to 1.2 (Roy, 2020). Once the convergence criteria are
satisfied, the chains are combined to compute the total likelihood, together with the
1D marginalized likelihood distribution with the corresponding expectation value
and variance. The results for the above free parameters and their uncertainties of
section 4.2, 4.3, 4.4 and 4.5 are shown in Table 4.4, Table 4.5 and Tables 4.6 and
4.9 respectively. We also show the covariances between the free parameters for each
required figure-result with the following corner plots. We set flat priors for all the
galaxies MCMC calculations, with the following uniform distribution for the two
main parameters: 7.(kpc) ~ U(0.1, 0.75) and r(kpc) ~ U(0.75, 1.5) to span a wide
range of DM simulation expectations (Schive et al., 2014a, 2016). All the cal-
culations have been done with a fixed boson mass of ~ 1.5 x 10722 eV. We
decided to focus this paper cataloging the core size and the transition point of each
galaxy as a natural characteristic of DM by fixing the boson mass to plausible
theoretical values stipulated in previous works (Schive et al., 2014a, 2016) to avoid

any type of degeneracy with the halo mass, M), due to equation(3.4) .
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Figure 4.64: Respective corner plot of Figure 4.5. Correlated distributions
of free parameters: boson mass, core radius and anisotropy from MCMC simulation.
Transition factor distribution is not shown here due to its uniformity. Note, the 1D
and 2D posterior distributions of four UFDs taken from MCMC chains using em-
cee (Foreman-Mackey et al., 2013), plotted using corner package (Foreman-Mackey,
2016)
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Figure 4.65: Respective corner plot of Figure 4.12. Crater II: correlated
distributions of the free parameters. As can be seen the core radius and transition
radius are well defined despite the flat input priors, indicating a reliable result. The
contours represent the 68%, 95%, and 99% confidence levels. The best-fit parameter
values are the medians(with errors), represented by the dashed black ones, and
tabulated in Table4.5.
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Figure 4.66: Respective corner plot of Figure 4.7. Aquarius’ correlated distri-
butions of free parameters from MCMC simulation. The core radius and transition
radius is well defined here, despite the flat input priors, indicating a reliable result.
The contours represent the 68%, 95%, and 99% of confidence level. The best-fit
parameter values are the medians, represented with the vertical red lines while the
black ones show their errors.
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Figure 4.67: Respective corner plot of Figure 4.7. Cetus’ correlated distribu-
tions of the free parameters. As can be seen the core radius and transition radius are
well defined despite the flat input priors, indicating a reliable result.The contours
represent the 68%, 95%, and 99% of confidence level. The best-fit parameter values
are the medians, represented with the vertical red lines while the black ones show
their errors.
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Figure 4.68: Respective corner plot of Figure 4.7. Tucana’s correlated dis-
tributions of free parameters. As can be seen the core radius and transition radius
are well defined despite the flat input priors, indicating a reliable result with a well
constrained core and transition radius.The contours represent the 68%, 95%, and
99% of confidence level. The best-fit parameter values are the medians, represented
with the vertical red lines while the black ones show their errors.
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Figure 4.69: Respective corner plot of Figure 4.7. Leo A’s correlated distri-
butions of free parameters. As can be seen the core radius and transition radius are
well defined despite the flat input priors, indicating a reliable result.The contours
represent the 68%, 95%, and 99% of confidence level. The best-fit parameter values
are the medians, represented with the vertical red lines while the black ones show
their errors.
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Figure 4.70: Respective corner plot of Figure 4.11. Sextans’ correlated
distributions of free parameters. As can be seen the core radius and transition radius
are well defined despite the flat input priors, indicating a reliable result.The contours
represent the 68%, 95%, and 99% of confidence level. The best-fit parameter values
are the medians, represented with the vertical red lines while the black ones show
their errors.
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Figure 4.71: All dSph/ Respective corner plot of Figure 4.19 top panel:
Classical dwarfs mean profile: correlated distributions of the free parameters. As
can be seen the core radius and transition radius are well defined despite wide
Gaussian priors, indicating a reliable result. The contours represent the 68%, 95%,
and 99% confidence levels. The best-fit parameter values are the medians (with
errors), represented by the dashed black ones, and tabulated in Table 4.6.
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Figure 4.72: All UFD / Respective corner plot of Figure 4.19 low
panel:Ultra faint dwarfs mean profiles: correlated distributions of the free parame-
ters. As can be seen the core radius and transition radius are well defined despite
wide Gaussian priors, indicating a reliable result. The contours represent the 68%,
95%, and 99% confidence levels. The best-fit parameter values are the medians(with
errors), represented by the dashed black curve, and tabulated in Table 4.6.
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Figure 4.73: Respective corner plot of Figure 4.39 top panel: Milky’s dSph
mean: correlated distributions of the free parameters. As can be seen the core radius
and transition radius are well defined despite the Gaussian input priors, indicating a
reliable result. The contours represent the 68%, 95%, and 99% confidence levels. The
best-fit parameter values are the medians(with errors), represented by the dashed
black ones, and tabulated in Table 4.6.
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Figure 4.74: Respective corner plot of Figure 4.39 low panel Milky’s UFD 2
mean: correlated distributions of the free parameters. As can be seen the core radius
and transition radius are well defined despite the wide Gaussian priors, indicating a
reliable result. The contours represent the 68%, 95%, and 99% confidence levels. The
best-fit parameter values are the medians(with errors), represented by the dashed

black ones, and tabulated in Table 4.6.
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Figure 4.75: Respective corner plot of Figure 4.43 top panel Andromeda’s
dSph 1 mean: correlated distributions of the free parameters. As can be seen the
core radius and transition radius are well defined despite wide Gaussian priors, indi-
cating a reliable result. The contours represent the 68%, 95%, and 99% confidence
levels. The best-fit parameter values are the medians(with errors), represented by

.[Ma/Kpc2]

the dashed black ones, and tabulated in Table 4.6.
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Figure 4.76: Respective corner plot of Figure 4.43 low panel top panel
Andromeda’s UFD 2 mean: correlated distributions of the free parameters. As can
be seen the core radius and transition radius are well defined despite the Gaussian
input priors, indicating a reliable result. The contours represent the 68%, 95%, and
99% confidence levels. The best-fit parameter values are the medians(with errors),
represented by the dashed black ones, and tabulated in Table 4.6.
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Figure 4.77: Respective corner plot of Figure 4.57 . Correlated distributions
of the free parameters. As can be seen the core radius and transition radius are well
defined despite the Gaussian input priors, indicating a reliable result. The contours
represent the 68%, 95%, and 99% confidence levels. The best-fit parameter values
are the medians(with errors), represented by the dashed black ones, and tabulated
in Table 4.9.
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Figure 4.78: Respective corner plot of Figure 4.62 . Correlated distributions
of the free parameters. As can be seen the core radius and transition radius are well
defined despite the Gaussian input priors, indicating a reliable result. The contours
represent the 68%, 95%, and 99% confidence levels. The best-fit parameter values
are the medians(with errors), represented by the dashed black ones, and tabulated
in Table 4.9.
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