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Abstract

The ΛCDM model predicts a large population of low-mass galactic halos. This prediction
is often in contrast with observational distributions of galactic halos, putting the number
density of such halos at a much smaller value than is theoretically expected. In contrast,
ULA models create suppression in the growth of these small scale populations and thus
are a plausible solution for the discrepancy between theoretical and observational results.
In this thesis, we use data from mock 21cm neutral hydrogen (HI) surveys based on real
life survey detection limits. The mock surveys were conducted in simulated universes
that employed CDM and ULA dark matter models. We then construct mock HI Width
Functions (HIWFs) as probes to test ULA dark matter. We find that our mock HIWFs are
not robust enough to definitively test the ULA as a viable dark matter model.
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1 Introduction

1.1 Dark Matter and the ΛCDM Model

In the late 1930’s, astronomers noticed that estimates for the virial, or gravitationally
bound, mass in galaxies were orders of magnitude greater than any mass estimate from
the galaxy’s luminosities (i.e. from just looking at the galaxy optically and estimating
the mass in stars which create that light, Zwicky, 1937). Then, in the late 1970’s, Vera
Rubin (along with Kent Ford) discovered that galaxy rotation curves defied expectation.
The material at the edge of a galaxy appeared to be rotating with circular velocity just
as fast as material towards the center (Rubin et al., 1978) as shown in Figure 1.1. This
was a clear departure from the explanation that typical Newtonian mechanics provides
and that we observe in the solar system in that orbital velocity decreases with the square
root of the distance between gravitationally bound objects. Since then, further research
has revealed that the amount of visibly available matter present in galaxies is no where
near enough to account for the additional gravitational potential required to keep the
edge of the galaxy rotating at the same speed as its center (Zwicky, 1933; Smith, 1936)
and thus, the discovery of dark matter in galaxies. Very little is understood about dark
matter other than it has gravitating mass and plays a key role in cosmological phenomena,
galactic dynamics and structure (Frenk et al., 1996; Dekel and Silk, 1986), it only appears
to interact with baryonic (normal, everyday) matter gravitationally, it seems to constitute
96% of the total gravitating matter of the universe (Bennett et al., 2003), and it resides in
halos surrounding galaxies and other large scale structures (Navarro, 1996).

Many attempts have been made to identify what dark matter exactly is. The most
widely accepted cosmological model is the ΛCDM model. Λ is the cosmological constant,
in Einstein’s Theory of General Relativity, and represents the accelerated expansion of the
universe. CDM is an acronym for cold dark matter and is one of the more popular theories
that could explain the mysterious substance. Temperature as an adjective here describes
the average speeds at which a typical particle of dark matter would be travelling at relative
to the speed of light. Hot dark matter (HDM) is a model that describes a particle that
moves with relativistic speeds (speeds close to the speed of light) while CDM is a similar
such model but with speeds far less than the speed of light. There are many advantages
to using a CDM model as opposed to a HDM one. The most notable is that HDM smears
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1 Introduction

Figure 1.1: Galaxy NGC3198’s flat rotation curve. The plot shows the circular velocity as a function of radius
and how the circular velocity appears constant as radius increases (Begeman, 1989).

out the large scale structure of galaxies (Davis et al., 1992). This is in direct contrast to
observations made today and thus HDM isn’t considered a viable model. On the other
hand, simulations of CDM predict galaxy distributions close to current observations
(White et al., 1987). Other theories of dark matter include self-interacting dark matter
(SDIM, Spergel and Steinhardt, 2000), and warm dark matter (WDM, Maio and Viel,
2015). The nature and reason for scientists proposing these models as alternatives to CDM
vary, usually due to some shortfall of ΛCDM (Young, 2017).

Popular CDM theories predict a hypothetical weakly interacting massive particle
(WIMP) as a relic dark matter particle from the early universe. WIMPs are characterized
by their large masses and inability to interact at any scale larger than the weak force.
Current cosmological models predict that the early universe was extremely dense and
hot. At these sufficiently high temperatures, all particles of the standard model were in
thermal equilibrium. This relic dark matter particle would be forming from the particle
bath and then annihilating with its antiparticle pair, forming lighter particles. When the
universe eventually expanded and cooled, the particle bath would no longer be energetic
enough to form new dark matter particles and so all dark matter production would cease.
Dark matter annihilation, however, would continue and the dark matter particle’s number
density would begin to decrease. Eventually, the expansion of the universe would forbid
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1.1 Dark Matter and the ΛCDM Model

this process too, as the particle-antiparticle pairs could no longer find each other, and
dark matter will have frozen out with a constant number density. Particles that have
larger interaction cross sections will have annihilated for longer and therefore have a
smaller number density. Based on current measurements of the abundance of dark matter,
it would need to have a interaction cross section no larger than that for the weak force,
thereby seemingly supporting a WIMP CDM theory.

Other popular CDM candidates are massive, compact, halo objects (MACHOs), and the
axion, which will be the focus of this paper. A MACHO model predicts that large objects,
like black holes or brown dwarfs, comprise the dark matter halo. These large objects would
have considerable gravitational potentials but aren’t bright enough that scientists could
be able to detect them making them potential dark matter candidates. MACHOs have
lost favor and have been nearly totally ruled out as a possible candidate (Carr et al., 2010;
Peter, 2012). Axions, which as a particle of dark matter have been nicknamed fuzzy dark
matter (FDM), have increasingly become more popular and the nature of such axionic
dark matter will be discussed in more detail in Section 1.3. Regardless of the exact nature
of dark matter, ΛCDM’s success can’t be overstated. The model has successfully predicted
a wide range of observations, from the statistics of weak gravitational lensing (Brouwer
et al., 2016) to the polarization of the CMB (Ade et al., 2016).

In spite of all the success, ΛCDM still falls short in certain areas where predictions fail
to match observation. One such shortfall has been dubbed the Missing Satellites Problem
(MSP) the nature of which will be discussed in further detail in Section 1.2. In attempting
to resolve a problem, a theory would ideally need to be able to retain all the success of
ΛCDM and its core behavior before potentially expanding on it in a new direction. While
seeming like a fairly limiting constraint, the alternatives to ΛCDM are actually quite
plentiful, namely positing WDM to solve small-scale CDM crises in the early universe
(Maio and Viel, 2015), and SIDM to solve the famous cuspy-core problem (Spergel and
Steinhardt, 2000).

In this thesis, I look to consider one such alternative to ΛCDM where very low mass,
or ultra-light, axions constitute dark matter in an attempt to solve the MSP. The nature
of the MSP, how it arises, and the observational evidence against standard ΛCDM will
be discussed in Section 1.2. The physics of axions and how they could potentially be a
dark matter particle will be discussed in Section 1.3. Simulation data and methods will
be discussed in Section 2. Outputs and results are shown in Section 3 and their broader
implications are discussed in Section 4.
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1 Introduction

1.2 HI Surveys and the Missing Satellites Problem

1.2.1 HI Surveys and the HI Width Function as a Probe

HI, or neutral, atomic hydrogen, is the raw material that ultimately forms stars (Zhou et al.,
2018). As such, it plays an extremely important role in galaxy formation and evolution.
What makes HI so useful as a tool in astronomy is the emission line that it produces
when it undergoes a quantum state change due to the spin of its electron flipping. This
emission line has a wavelength of 21cm due to the energy split of the quantum states.
This puts the line firmly in the radio wave range of light and as a result is capable of
easily passing through the Earth’s atmosphere. HI mass can be measured since HI is
optically thin, and so mass is proportional to flux. More so, if the gas is in dynamic
equilibrium, i.e its bulk motion is a result of the circular motion of the galaxy and not
due to extenuating phenomena (like a galaxy merger), the width of the emission line due
to Doppler broadening can be used to calculate the galaxy’s rotational velocity since HI
spatially extends far enough out to the flat portion of a galaxy’s rotation curve. This in
combination with an assumed or estimated size, can be used to calculate the galaxy’s
virial mass (Yu et al., 2020). HI surveys can directly measure large patches of sky to
construct catalogues containing thousands of galaxies and their HI profiles. For example,
the Arecibo Legacy Fast ALFA survey (ALFALFA) catalog contains 31500 extragalactic
HI line sources and covers a sky area of 7074 square degrees (Haynes et al., 2018).

Given dark matter’s elusive nature, methods of measurement and detection usually
come in the form of indirect detection. As previously discussed, dark matter plays a key
role in galaxy formation and evolution. Therefore, HI surveys can be used to construct
various statistical tools that can probe and test dark matter models at extragalactic scales.
One such tool is the HI mass function (HIMF), which describes the volume number
density of galactic HI halos of a given HI mass. HIMFs are effective probes (Garland
et al., 2024; Jones et al., 2018; Zwaan et al., 2005) for how dark matter affects structure
formation at varying scales. In a similar vein, an HI velocity width function (HIWF) can
be constructed which, like the HIMF, describes the volume number density of galactic HI
halos but for a given HI velocity width to similarly probe galactic structure formation at
low and high scales. While the HIWF doesn’t directly represent the distribution of any
actual fundamental galaxy property (unlike HI mass), it can still serve as a powerful tool
to compare simulated data against theoretical expectations for HI surveys and will be the
focus of this paper.
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1.2 HI Surveys and the Missing Satellites Problem

Figure 1.2: The halo mass function for sixteen simulated ΛCDM universes (Warren et al., 2006). Each
simulation is in a different color. The Warren fit (Warren et al., 2006) is a solid red line, the
Jenkins fit (Jenkins et al., 2001) is a dashed purple line, and the Sheth-Tormen fit (Sheth and
Tormen, 2002) is a dark gray dot-dashed line.

1.2.2 The Missing Satellites Problem

A consequence of CDM is that structure forms ground up, first from small scales to larger
scales. This sort of formation process is in-line with current cosmological models and is
part of the reason why CDM is favored over HDM (which assumes that structure forms
first from large scale to smaller scales). For a CDM model, objects in the universe would
collapse under their own self gravity, before merging to form larger scale structures like
galaxies. Therefore, it would be expected that there is a large number of low-mass dark
matter halos as these would be the first in the chain to be produced. More specifically,
the number density of dark matter halos as a function of their virial mass is described by
a dark matter, or halo, mass function. Its been analytically predicted that the halo mass
function (HMF) behaves as a power law with an exponent of α ≈ −1.9 at low halo masses
(Sheth and Tormen, 2002; Press and Schechter, 1974). This has been confirmed by CDM
N-body simulations (Warren et al., 2006; Boylan-Kolchin et al., 2009) as seen in Figure
1.2. The HMF predicts a large number of low-mass satellite halos for every Milky Way
sized galaxy. Herein lies the problem; observational distributions paint a much shallower
picture. These observational distributions similarly behave as a power law but with an
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1 Introduction

exponent of α ≈ −1.3 meaning not nearly as many satellites as predicted thus earning the
name of the "missing satellites problem" (Klypin et al., 1999). This can be shown explicitly
by comparing data from large HI (neutral atomic hydrogen) surveys and results from
CDM simulations as seen in Figure 1.3.

Figure 1.3: Data points with error show the ALFALFA HIWF from (Papastergis et al., 2011). The solid
line represents the WF of a modeled galaxy populations corresponding to the CDM simulation
of (Zavala et al., 2009). Note the discrepancy in growth rate of small HI halos between CDM
modeled populations and observational populations in the low width range.

This observational discrepancy can be likely be attributed to either i.) a problem with
standard CDM simulations, likely due to an inadequate DM model or ii.) improper
comparison of simulated halos with observed galaxies due to either a problem with
modeling of corresponding baryonic content or incorrect interpretation of HI linewidths
as maximum rotational velocities (Papastergis et al., 2011).

In this thesis, I will consider ways to investigate if i.) could be the possible root cause. A
possible solution would be to consider the ultra-light axion (ULA) as a candidate particle
for dark matter. The details of the ULA as a possible model for dark matter will be
discussed in the next section.
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1.3 Axion Cosmology

1.3 Axion Cosmology

1.3.1 Ultra-Light Axions

For clarity, "axion" in physics can take on multiple meanings. In general, axions can be
broadly defined as a light pseudoscalar field and are used in many different disciplines as
a sort of fix-it particle. The original quantum chromodynamics axion, called the Peccei-
Quinn-Weinberg-Wilczek (PQWW) axion, was developed as a solution to the Strong CP
problem (Peccei and Quinn, 1977). Other QCD axion solutions were also developed to
solve miscellaneous problems including the Kim-Shifman-Vainshtein-Zakharov (KSVZ)
axion (Kim, 1979; Shifman et al., 1980) and the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
axion (Dine et al., 1981; Zhitnitskii, 1980).

In the case of the ULA, the mass range considered in this thesis will be

10−24eV ≤ ma ≤ 10−20eV. (1.1)

The ULA’s decay constant, fa ≈ 1016GeV, is defined as the energy scale at which the
particle is able to acquire mass (i.e. it is the scale at which Pecci-Quinn Symmetry is
broken).

In the very early, hot, and dense universe, it is hypothesized that a period of extremely
rapid expansion occurred, called inflation, 10−36 seconds after the Big Bang (BB) and
lasted until 10−33 seconds after BB where the universe grew by a factor of at least 1026.
The temperature of the Universe during inflation is given by the Gibbons-Hawking
temperature

TI =
HI

2π
(1.2)

where HI is the inflationary Hubble scale (Gibbons and Hawking, 1977). It has been
shown that with current measurements of the tensor-to-scalar ratio, rT, which is defined
as the ratio of tensor perturbations (primordial gravitational waves) to scalar perturbations
(what are observed as temperature fluctuations in the Cosmic Microwave Background
(CMB) today), the inflationary temperature is constrained to approximately

HI

2π
< 1.4 × 1013GeV, (1.3)

(Ade et al., 2015). Because fa > HI
2π , PQ symmetry is broken during inflation (Marsh,

2016). As a result, causally disconnected patches with different values of θPQ = ϕ
fa

are
generated, where ϕ is the pseudoscalar axion field. However, rapid inflationary expansion
stretches each patch of θPQ such that our current Hubble volume, or the region of space
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1 Introduction

surrounding an observer where objects outside of the region recede at a rate faster than
light, began with a single uniform value of θPQ. The initial value of θPQ is completely
random and is drawn from a uniform distribution (Marsh, 2016).

There are two mechanisms for the generation of fluctuations in θPQ (these fluctuations
seed structure formation via axionic dark matter). The first are via adiabatic fluctuations,
or patches where θPQ might vary locally, but the overall density remains the same. The
second is a result of isocurvature perturbations. When PQ symmetry is broken during
inflation, we have ma << HI and the axion exists as a massless field. All massless fields
in de Sitter space (mathematical description of space without matter) experience quantum
fluctuations with amplitude

δϕ =
HI

2π
. (1.4)

The production of a relic ULA population can be attributed to i.) parent particle decay,
ii.) topological defect decay, iii.) thermal production from radiation bath, and iv.) vacuum
realighment (Marsh, 2016).

The axion field potential can be written approximately as

V(ϕ) ≈ 1
2

m2
aϕ2, (1.5)

which is the dominant term of a Taylor approximation thats valid if only small, ϕ < fa
displacements from the potential minimum are considered (Winch et al., 2023).

The homogeneous equation of motion for the axion field is described by

ϕ̈ + 3Hϕ̇ + m2
aϕ = 0, (1.6)

which is the equation of a simple harmonic oscillator.
The axion field energy density and pressure is given by

ρa =
1
2

ϕ̇2 +
1
2

m2
aϕ2, (1.7)

and
Pa =

1
2

ϕ̇2 − 1
2

m2
aϕ2, (1.8)

respectively.
At later times, when H << ma

3 , ϕ begins to coherently oscillate, with cycle averaged
density scaling as ⟨ρa⟩ ∝ a−3 (Turner, 1983). This has the same time dependence as matter
and for ma ≥ 10−27eV, the transition would take place after the radiation epoch in the
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1.3 Axion Cosmology

universe. As a result, ULAs would behave as matter and contribute to the dark matter
density of the universe (Garland et al., 2024).

The de Broglie wavelength, the length scale at which particles begin to behave like
waves, of the ULA is given by

λa =
1

mava
, (1.9)

where va is the axion velocity with respect to the Hubble flow, or the flow of galaxies
due to the expansion of the universe. Because ma is exceptionally small, λa is remarkably
large.

It is useful then, if not ideal, to model the axion field as a fluid. This is a consequence
of considering the quadratic potential well from Equation 1.3.1. As a result, axion pertur-
bations can be conducted in a fluid treatment. It is possible to construct a scale-dependent
sound speed given by

c2
s ≈

k2/(4m2
aa2)

1 + k2/(4m2
aa2)

, (1.10)

where k is the wavenumber and a is the cosmological scale factor(Hwang and Noh,
2009; Passaglia and Hu, 2022).

At small scales, k >> maa, and thus cs −→ 1, while on large scales, cs −→ 0, thereby
recovering CDM behavior.

A direct result is that fractional ULA density fluctuations, δa obey the usual 2nd order
equation for Jeans instability, the critical density at which self-gravitational collapse is
assured (Hu et al., 2000) namely,

δ̈a + 2Hδ̇a +

[
k2c2

s
a2 − 4πGρa

]
= 0, (1.11)

where perturbation growth for wavenumbers k > k J beyond the comoving ULA Jeans
scale is prevented due to acoustic pressure. More specifically, at any scale less than k J , the
uncertainty principle from wave mechanics prevents confining the the fluid to a more
defined position via gravitational collapse without conferring it the additional momentum
it would need to escape collapse (Hu et al., 2000).

Thus, the abundance of dark matter halos for small scales is strongly suppressed where

M ≤ Mj(z) =
4π

3
200r3

J ρ0(z), (1.12)

where rJ = 2π
k J

is the Jeans scale and ρ0(z) is the mean cosmic density at redshift z
(Marsh, 2016).
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1 Introduction

The ULA as the dark matter particle suppresses small scale halo overproduction
for the same reason that the hydrogen atom is stable. Its extremely large de Broglie
wavelength means it behaves like a wave at astronomical distances and so any attempt to
gravitationally collapse below this scale is met with the uncertainty principle. At scales
larger than the particle’s de Broglie wavelength, halos can form as the axion fluid is able
to gravitationally collapse and expected CDM behavior is recovered. This makes the ULA
a promising candidate to solve the MSP.
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2 Methodology

2.1 HI Data Collection and Processing

As introduced in Section 1.2.1, large HI surveys provide catalogues with plentiful galaxy
HI global profiles that can then be used to construct valuable statistics like the HIWF. These
surveys usually employ a pipeline to handle the collection and processing of thousands
of galaxies and radio sources. These surveys rely on large telescopes, like the Arecibo
Telescope in Puerto Rico or the Australian Square Kilometer Array Pathfinder (ASKAP)
Telescope in Australia, to scan large swathes of sky and collect thousands of radio sources.
The resulting HI profiles are then analyzed, cleaned, and fitted to approximate useful
galaxy parameters like total HI mass content or line width.

The wavelength of light that HI emits is always 21cm due to the quantum mechanical
nature of the hydrogen atom. Since nearly all galaxies are moving away from us, the entire
profile will be redshifted. Therefore, any measurements gathered from the profile will be
measured relative to some mean recessional velocity of the galaxy. Additionally, because
of the galaxy’s rotation, the wavelengths of light that are actually observed can be shifted
longer or shorter than 21cm. This is because of the Doppler effect (Beals, 1936). The half
of the galaxy that is rotating away from Earth will shift red (or have longer wavelengths)
and the half that is rotating towards Earth will shift blue (or have shorter wavelengths).
The result is a characteristic double horned profile as seen in Figure 2.1.

The universe, as well as the telescope used to observe, are contain inherent sources
of noise that can slip into samples. Surveys will employ a data cleaning pipeline that
measures and separates the noise from the signal. Samples with poor signal to noise ratios
are often discarded in final catalogues as galaxy statistics can’t be reliable inferred from
the noise-shrouded signal. The profiles can then be functionally fit and quantities like the
total HI mass content can be derived by integrating over the area under the signal. The
velocity width of a profile, W or W50, can be calculated by measuring the full width of the
signal at half the maximum output (FWHM). From there, an inclination, or the galaxy’s
tilt relative to our line of sight, correction can be applied to W to recover the rotational
velocity of the galaxy, Vrot.

Naturally, there is a limit to the detectability of a given galaxy, largely governed by
a telescope’s sensitivity and survey’s scope. For this paper, we will be utilizing a mock
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2 Methodology

Figure 2.1: A fitted radio profile of FGC 1440 (Aditya et al., 2022). The red line is data that comes from
ALFALFA, the blue line is data that comes from the Giant Meterwave Radio Telescope (GMRT)
in India. Note the double horned shape as a result of Doppler broadening. The profile is centered
at 4200 kms−1, indicating the redshift of the galaxy as a result of its recessional motion from the
Milky Way.

survey dataset generated by (Garland et al., 2024) where the detectability limits of the
ALFALFA (Haynes et al., 2018) and WALLABY (Koribalski et al., 2020) (Westmeier et al.,
2022) surveys are used to conduct mock observations of simulated data that posits the
ultralight axion as the dark matter particle. These mock observations form a simulated
catalogue of galaxy HI detections, similar to real HI surveys. An HIWF can then be
constructed to compare varying axionic dark matter cosmologies.

2.2 Halo Simulations and Mock HI Surveys

The dataset generated by (Garland et al., 2024) consists of six different spherical 100

Mpc universes that are populated with dark matter halos. One of these universe’s halo
population follows the halo mass function (HMF) for CDM, and the other five follow the
HMF for the ULA model with the mass of the axion varying between each universe. The
ULA HMF is well described by a Sheth-Tormen fit (Sheth and Tormen, 2002) given by
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2.2 Halo Simulations and Mock HI Surveys

f (v) = A
√

a
2π

v
∣∣∣(1 + av2)−p

∣∣∣ exp(−av2/2), (2.1)

where A = 0.322, a = 0.707, p = 0.3, and v = δcrit/σ(M) = G(M)vCDM (Marsh, 2016)
where δcrit is the mass-dependent collapse threshold. Figure 2.2 shows the output of
numerical simulations from (Du et al., 2016) of HMFs for different axion masses as well
as CDM.

Figure 2.2: HMFs for various axion masses as well as CDM from (Du et al., 2016). Note the suppression in
the number density of halos at the low mass regime for ULA HMFs.

For each halo, the authors randomly assigned a position within the universe as well as
an inclination angle, i, that was sampled from a uniform sin i distribution. They assigned
HI mass, MHI , to each halo following the relationship

MHI(Mh) = M0

(
Mh

Mmin

)a
exp

(
−Mmin

Mh

)0.35

, (2.2)

where M0 = (4.3 ± 1.1) × 1010h−1M⊙, a = 0.24 ± 0.05, and Mmin = (2.0 ± 0.6) ×
1012h−1M⊙. Equation 2.2 is taken from Villaescusa-Navarro et al. (2018) which used output
from Illustris TNG (Nelson et al., 2021), a smooth particle hydrodynamics simulation
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2 Methodology

with a 75h−1Mpc box size. Disc rotation velocities are then assigned following a v f lat - Mh
relationship found by Katz et al. (2019) where

Vf lat = 10−B/AM1/A
h , (2.3)

where A = 2.902 ± 0.138 and B = 5.439 ± 0.292. The observed HI line width, that is the
line width that would be seen by a telescope on Earth, can be calculated from

W = 2Vf lat sin i. (2.4)

The authors then performed mock detections to generate a catalogue similar to what
would be produced on Earth given the detection limits of the surveys. For ALFALFA for
Code 1 detections, which is defined as detections with a signal to noise ratio of at least
6.5, Haynes et al. (2018) cites a 90% completeness limit of

log S21,90%,Code 1
=

{
0.5 log W50 − 1.14, log W50 ≤ 2.5
log W50 − 2.39, log W50 ≥ 2.5

(2.5)

where S21 is the total integrated flux. For WALLABY, Koribalski et al. (2020) estimates a
5σ MHI detection limit for a source measured by a single beam as

MHI [M⊙] =
(

3901W0.493
)

D2. (2.6)

Garland et al. (2024) classifies any halo that satisfies these detection limits, that is
possesses a flux greater than the limit, as "detected" for the corresponding mock survey.

The output of the simulation and mock observations is six fits files, one for each
universe, as described in Table 2.1.

The construction of mock HIWFs using this dataset is discussed in the next section.

2.3 HIWF Construction

The HIWF describes the volume number density of galactic HI halos for a given velocity
width. Therefore to construct it, one should logarithmically bin by velocity width and
count the number of halos in each bin. However, halos with larger velocity widths are
more detectable at greater distances than halos with smaller widths. Without taking this
effect into account, the HIWF would overestimate the number of large velocity width halos.
A solution is to weight each halo by the inverse of the maximum volume within which
each halo could be observed within the survey, hence a volume number density. This is
the core idea behind the 1/Vmax method (Schmidt, 1968). More specifically, the maximum
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2.3 HIWF Construction

Column Name Units

dist Mpch−1

phi rad
theta rad
inc deg
vrec kms−1

vrot kms−1

mHI M⊙h−1

mh M⊙h−1

alfalfa bool
wallaby bool

Table 2.1: Output of the simulation and mock observations. The ’alfalfa’ and ’wallaby’ columns are booleans
that return true if the halo is detectable in the respective survey, and false otherwise.

volume at which each halo can be observed within a given bin, Vmax, is calculated, before
summing its reciprocals,

ϕk = ∑
i

1
Vmax,i

, (2.7)

where ϕk is the halo volume number density and i is a given halo of a given velocity
width bin, k. Halos with larger velocity widths will have greater maximum volume at
which they can be observed, and so by weighting each halo by the reciprocal of the
maximum detectable volume, any overestimation of larger width halos is minimized.

Because the simulated data is spatially homogeneous, no additional corrections for
large scale structure, like an over dense halo region of space, or distance errors is required
(Masters et al., 2004; Zwaan et al., 2005; Papastergis et al., 2011; Garland et al., 2024).

To calculate the maximum volume at which a given halo can be detected, the following
relationship,

MHI =
(

2.356 × 105
)

D2S21, (2.8)

can be inverted to calculate a given halo’s total HI flux content since MHI and D is
provided by the mock catalogue. Along with with the sensitivity limits given by Equation
2.5, the maximum distance at which the halo is detectable can be calculated, and as a
result the maximum volume.

Similarly, for WALLABY (Koribalski et al., 2020), Equation 2.6 corresponds to a sensi-
tivity of MHI = 5.3 × 108M⊙ at a distance of 100 Mpc assuming typical width, W = 250
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2 Methodology

kms−1. This can then be used to calculate maximum detectable distance and subsequently
maximum volume.

Vmax weighting was performed for both surveys for all six universes resulting in twelve
HIWFs for which to analyze ULA models. Furthermore, an additional "ideal" survey
HIWF is constructed for each universe which posits that all halos are observable, and
therefore the maximum detectable volume for any given galaxy is simply the size of the
universe. Such a survey would then represent the "true" underlying distribution of halos
across velocity width bins and provide an ideal model for which to compare the mock
ALFALFA and WALLABY HIWFs against (Garland et al., 2024).

Additionally, the deviation between ULA and CDM model is quantified as

Nσk = (ϕobs,k − ϕCDM,k)/σobs,k, (2.9)

where ϕobs is the given observed ULA density, ϕCDM is the given observed CDM density,
and σobs is the Poisson counting error associated with ϕobs, all for a given velocity width
bin, k.
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3 Results

The output of the mock HIWFs, in logarithmic bins, is shown in Figure 3.1. Each panel
represents a 100 Mpc universe with a corresponding dark matter particle, either CDM or
a ULA with mass ma = 10−20, 10−21, 10−22, 10−23, or 10−24 eV. As mentioned previously,
each mock HIWF has been weighted using the Vmax method, and the ideal survey (in
orange) represents a survey where all halos are detectable; thus representing the true
HIWF for a given universe not restricted by survey detection limits.

The mock HIWFs in Figure 3.1 show a clear linear growth in number density that is
consistent with CDM models, until the observational surveys and ideal survey diverge at
a width cutoff. Interestingly, the mock HIWFs appear to inherit the general linear shape
of the HMFs, as seen in Figure 2.2, as opposed to the expected Schechter shape that the
actual ALFAFA HIWF displays, as seen in Figure 1.3. Most notably, the characteristic
"knee" that is expected at log w ≈ 2.6 is entirely missing. Furthermore, counts for bins in
the lower width regime for ALFALFA are several orders of magnitude greater than values
Papastergis et al. (2011) cite for their HIWF. While the mock universe has roughly four
times as many total data points as Papastergis et al. (2011), this still doesn’t account for
the total over-observing of low width halos. Both of these discrepancies are discussed in
more detail in Section 4.

Figures 3.2 and 3.3, binned logarithmically, are heat maps illustrating the deviations
between mock HIWFs ULA models and the simulated CDM HIWF, as given by Equation
2.9. Slashed regions represent bins that have observational detections less than or equal to
5. Figures 3.2 and 3.3 show low deviation between CDM and universes with axion masses
ma = 10−20 and 10−21 eV. These behaviors are discussed in more detail in Section 4.

Since ALFALFA is completed (Haynes et al., 2018), an observational HIWF can be
constructed (Papastergis et al., 2011) in which simulated data can be compared against.
This is illustrated in Figure 3.4.

Further analysis of these results are discussed in more detail in Section 4.
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3 Results

Figure 3.1: Mock HIWFs for six different 100 Mpc universes. Each universe varies by dark matter particle,
specifically it is either CDM or a ULA with mass ma = 10−20, 10−21, 10−22, 10−23, or 10−24 eV.
Orange triangles represent an ideal survey where all halos are observable and represents the
true HIWF. Black circles and blue stars represent HIWFs that would be detected by ALFALFA
and WALLABY respectively. Error bars correspond to 1σ Poisson errors. The histograms for each
plot shows the observed halo counts in each bin for each respective survey.
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Figure 3.2: Deviations between ALFALFA and CDM HIWFs, in factors of observational error. Slashed
regions indicate bins that have counts ≤ 5. Universes with ULA mass ma = 10−20 and 10−21

have the lowest observational deviation from CDM indicating little observational difference
between the models.

Figure 3.3: Deviations between WALLABY and CDM HIWFs, in factors of observational error. Slashed
regions indicate bins that have counts ≤ 5. Universes with ULA mass ma = 10−20 and 10−21

have the lowest observational deviation from CDM indicating little observational difference
between the models.
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3 Results

Figure 3.4: Our mock HIWFs compared to the observational ALFALFA HIWF as given by Papastergis et al.
(2011). CDM universe is cyan, ma = 10−20 eV universe is red, ma = 10−21 eV universe is green,
ma = 10−22 eV universe is blue, ma = 10−23 eV universe is purple, ma = 10−24 universe eV is
orange, and observational is black. The contrast in shape is immediately apparent. Furthermore,
the observational HIWF covers a greater width range than the simulated universes.
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4 Discussion

4.1 The Observational HIWF Against Simulated HIWFs

Figure 4.1: The ALFALFA observational HIWF (Papastergis et al., 2011) plotted against simulation outputs.
The red line is a HIVF that was produced by the observed luminosity function for spiral galaxies
and the Tully-Fisher relationship (Gonzalez et al., 2000). The solid blue line is the original HIWF
output of (Obreschkow et al., 2009); note the power law shape that is in disagreement with
observation at high widths. The dashed blue is the late-type corrected HIWF that better follows
the observational HIWF (Zwaan et al., 2010).

Analyzing the shapes of each HIWF from Figure 3.1, its immediately apparent that they
follow power laws. This is consistent with the analytical formula used to generate the
rotational velocities for each dark matter halo in the simulation. Specifically, rotational
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4 Discussion

velocity is assigned according to Equation 2.3, which follows a simple power law. As
mentioned previously, this is in contrast to the expected Shchechter shape that is seen
with observational HIWFs. This difference is illustrated in Figure 3.4. Notably, simulated
HIWFs that follow power laws are not uncommon. Obreschkow et al. (2009) constructed a
simulated power-law-shaped HIWF based on the semi-analytic galaxy catalogue created
by De Lucia and Blaizot (2007), which itself is based on the Millennium N-body simulation
(Springel et al., 2005). Zwaan et al. (2010) argued that this HIWF over-simulated the HI
content of massive early-type, i.e. older elliptical, galaxies. Limiting the sample to just
late-type galaxies, i.e. spiral, or irregular, young, and star forming galaxies, they were able
to recover the luminosity function shape that was in better agreement with the HIPASS
survey’s observational HIWF. The results of these studies can be seen in Figure 4.1. The
simulations in these studies utilized CDM N-body simulations along with analytical
expressions for modeling galactic gas physics, star formation, supernovae, and active
galaxy nuclei (AGN) feedback. These mechanisms are beyond the scope of this paper’s
simulation. Thus, differentiating between late-type and early-type galaxies in attempt to
smooth the simulated HIWFs in Figure 3.1 isn’t feasible. Regardless, it is still interesting
to analyze the simulated universes to test ULA masses, especially in the low-width regime
where halo number density suppression is of the question.

Notably, there appears to be an under prediction in the simulated number density of
low width halos resulting from an over correction in the Vmax weighting. Figure 4.2 could
explain this phenomena. At lower widths, the mock surveys are able to only observe the
most face-on, brightest galaxies. This leads to an over estimation in the number of bright
low width halos and an under representation of the number of edge-on and dim low
width galaxies. As a result, the number density is over corrected when we performed the
Vmax weighting.

4.2 HIWF Deviations

Figures 3.2 and 3.3 visualize the discrepancy between the simulated CDM HIWF and
various simulated ULA HIWFs. It can be seen for ALFALFA that any ULA mass greater
than or equal to 10−21 eV shows little deviation from CDM.DM models with axion
masses in this range are observationally indiscernible from CDM models. Similarly, for
WALLABY, any mass greater than 10−22 eV also exhibit minimal deviation and thus are
observationally indistinguishable from CDM.

For ALFALFA, Garland et al. (2024) cites any axion mass greater than approximately
10−23 eV and 10−22 eV for WALLABY as observationally indistinguishable from CDM.
Notably, Garland et al. (2024) utilize HIMFs instead of HIWFs.
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4.3 Conclusion

Figure 4.2: Widths plotted against sin(inclination) for ALFALFA. Only the most face-on galaxies are able to
be observed in the low width regime (specifically w ≤ 30 kms−1), leading to the over correction
in Vmax

4.3 Conclusion

The purpose of this work was to explore and test the ULA as a potential dark matter
particle. Fuzzy dark matter and the ULA in particular present a potential solution to the
MSP, a discrepancy in existing CDM models. We make use of six simulated universes, one
with CDM as the DM model and five with ULA DM models, each varying the mass of the
axion (Garland et al., 2024). We performed mock observations in each survey according
to existing survey detection limits, namely ALFALFA and WALLABY. We constructed
HIWFs for each universe to test the ULA model against CDM as well as observational data.
We find that at the lower width regime, the simulation is only capable of observing only
the most face-on galaxies leading to an underprediction in volume number density. At
the larger width regime, any ULA mass less than 10−22 eV deviates significantly enough
from CDM such that it would be observationally noticeable. While both the simulations
and the analysis were robust, its possible, if not likely, that future work that amends how
widths are calculated by taking into account HI spatial distributions, and an improved
halo mass to rotational velocity relationship (perhaps one that is more phenomenological)
could go great strives in producing comparisons that are more representative.
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