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Abstract

This thesis investigates the Large Magellanic Cloud’s (LMC) influence on the
Milky Way’s local dark matter distribution, focusing on implications for dark
matter direct detection. Using state-of-the-art Auriga magneto-hydrodynamical
simulations with an LMC-like system, we study the dark matter distribution
in the Solar neighborhood during different phases of the LMC’s orbit around
the Milky Way. Our findings show that dark matter particles from the LMC
analogue dominate the high speed tail of the local dark matter velocity distri-
bution, confirming earlier Milky Way-LMC system simulations. The LMC’s
motion significantly accelerates native Milky Way dark matter particles in the
Solar neighborhood, creating a distinct peak in the dark matter velocity dis-
tribution, particularly for speeds over 500 km/s with respect to the center of
the Milky Way-like galaxy:.

Simulations of potential signals in upcoming xenon, germanium, and silicon
direct detection experiments reveal that the LMC’s presence shifts expected
direct detection exclusion limits towards smaller cross sections, especially for
low mass dark matter. This highlights the LMC’s critical role in future dark
matter detection studies. We estimate the local dark matter density to be
between [0.21 — 0.60] GeV/cm?, influenced by the prevalence of LMC dark
matter particles in the Solar neighborhood and the Sun’s relative position to
the LMC in simulations. The outcomes contribute significantly to our under-
standing of the LMC’s role in influencing the local dark matter distribution

and the broader dynamics of dark matter particles in galactic environments.
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Preface

This thesis is a comprehensive exploration of the effect of the Large Magellanic
Cloud on the local dark matter distribution in the Milky Way, a topic that em-
bodies both individual and collective academic endeavors. The content within
is structured to precisely acknowledge the contributions of each collaborator.

Dr. Nassim Bozorgnia has led the research efforts, bringing forth significant
insights and direction to the study. Chapter 2 is the original contribution of
Adam Smith-Orlik, Dr. Nassim Bozorgnia, and Dr. Marius Cautun, whose
joint expertise has been instrumental in establishing the research groundwork.
Chapter 3 further showcases the collaborative synergy between Adam Smith-
Orlik and Dr. Bozorgnia. Section 4.1 is a collective effort of Adam Smith-
Orlik, Dr. Bozorgnia, and Dr. Cautun, reflecting their shared vision and
comprehensive understanding of the subject. In addition to these efforts, I have
actively contributed to the discussions and analysis of the results presented in
these chapters and sections. Sections 4.2 to 4.5 are a joint endeavor among
Adam Smith-Orlik, myself (Nima Ronaghi), and Dr. Bozorgnia, culminating
in a multi-faceted and thorough examination of the topic. Chapter 5, which
represents my work, Nima Ronaghi, offers personal insights and contributions
to the broader research field.

Additionally, this research has been enriched by the contributions of other
collaborators, whose diverse perspectives and expertise have significantly en-
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I am immensely proud to acknowledge that the contents of this thesis
have been published in the Journal of Cosmology and Astroparticle Physics
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collective contribution to the scientific community.
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Chapter 1

Introduction

The undefined characteristics of dark matter remain a notable conundrum in
the field of physics. An array of data, predominantly gathered from astro-
physical and cosmological studies on the gravitational interaction of ordinary
matter, points to an unseen type of matter. Astonishingly, this matter seems
to have more mass than ordinary matter - as described by the trusted standard
model of particle physics - by about five times. However, understanding dark
matter solely through its gravitational effects is insufficient since all matter
types share these interactions. The key to unlocking the minute properties
of dark matter lies in pinpointing yet-to-be-discovered behaviors. This will
require formulating solid theories, creating detailed experiment designs and
observational methods, as well as carrying out meticulous data analyses to
sift out any “new physics” hints in vast data collections amidst potentially
misleading factors.

Despite the complexities, the quest to pinpoint what dark matter is might
be the most encouraging path to enhance our comprehension of particle physics.
By giving a clear definition to dark matter and formulating a core theory that
envelops both ordinary matter and dark matter, along with their interplays, we
could potentially unravel solutions to profound theoretical dilemmas. Given
that dark matter constitutes the primary portion of the universe’s matter, it
plays a fundamental role in modeling the universe and the motions of galaxies
and clusters of galaxies. Hence, the investigation of dark matter is exceedingly

intriguing, and gaining a clear understanding of its unique aspects is essential



for our grasp of the universe’s evolution.

This chapter serves as a preliminary overview of the topic of dark matter,
offering a concise introduction. Specifically, section 1.1 outlines the observa-
tional evidence supporting the existence of dark matter, whereas section 1.2
introduces various hypothesized candidates of dark matter, a discussion on
Weakly Interacting Massive Particles (WIMPs), methods of detecting dark
matter, and delivers a display of the most recent findings and the current sta-
tus of dark matter direct detection experiments. Section 1.4, focuses on the
existing cosmological simulations that map the evolution of matter in the uni-
verse. The main focus of this research, the effect of the LMC on the local dark
matter distribution, is outlined in section 1.5. The structure of this thesis is

presented in section 1.6, providing a road map for the subsequent chapters.

1.1 The evidence for dark matter

1.1.1 Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is the residual thermal radiation
left over from the time of recombination in Big Bang cosmology, providing
a snapshot of the universe when it was only about 380,000 years old. This
radiation, which is uniform across the sky, contains minute fluctuations that
are crucial for understanding the early universe. In the standard model of cos-
mology, A-Cold Dark Matter (A-CDM), “Cold Dark Matter” refers to a form
of dark matter that moves slowly compared to the speed of light, playing a vi-
tal role in structure formation in the universe. This model significantly aligns
with the available cosmic data, thereby underlining the key role of dark matter
in interpreting fluctuations in the CMB data. The gravitational fluctuations
caused by local high and low density regions of CDM incite oscillations in the
combined baryon-photon fluid. These fluctuations result in observable tem-
perature differences displayed as acoustic peaks in the CMB power spectrum.
By analyzing the relative prominence of these peaks, we can estimate the pro-
portion between matter and radiation, enabling us to calculate the density of

dark matter in the universe. Latest studies [3] suggest a universe that seems
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flat, and present values for Q,h? and €,,h% at a 68% confidence interval as
0.02233 £+ 0.00015 and 0.1428 4+ 0.0011, respectively. Here, ‘h’ stands for the
Hubble constant expressed in units of 100 km/(s.Mpc), and 5 and €2, signify
the density ratios of baryonic matter and all matter, respectively. Hence, it is

inferred that dark matter is about five times as abundant as ordinary matter.

1.1.2 Rotation curves

Observations of stars and galaxies hint at the presence of a non-baryonic form
of matter influencing their behavior. One can deduce a galaxy’s mass by
looking at its rotation curve, which essentially represents the pattern of its
circular velocity.

An essential principle in this context is that star and gas velocity within
a galaxy’s gravitational pull is inherently linked to the gravitational force it
experiences, which is determined by the galaxy’s internal mass relative to the
orbit. This principle underpins our most direct evidence for dark matter, which
comes from gauging the circular velocity of stars and gas within galaxies.

Given the extremely rare occurrence of collisions of stars or gas in the
galactic disk, it is clear that a galaxy’s movement is largely dictated by grav-
itational forces. Using the principles of Newtonian gravity, we can calculate

the circular velocity of stars,

vy = 1| EMr (1.1)

r

where (G is the universal gravitational constant, while M, represents the mass
of the galaxy enclosed within a galactocentric sphere of radius r. One can
assemble the mass distribution of a galaxy by evaluating the circular veloci-
ties of a multitude of stars and the gas situated at various distances from the
galaxy’s center. Figure 1.1 illustrates this with an example of an observed
rotation curve for the Milky Way (MW) galaxy along with theoretical predic-
tions. The same pattern has been observed in a broad range of galaxies and
clusters of galaxies. When we consider these observations without factoring in
dark matter, the contrast between theoretical expectations and actual obser-

vations is significant. The flattened velocity curves at large distances from the
3
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Figure 1.1: Observed circular velocities representing the rotation curve of the
Milky Way galaxy. (figure from ref. [61])

galactic center can be explained by a mass distribution of M (r) o r, pointing
to the presence of an unseen form of matter extending beyond the galaxy’s
disk, known as the dark matter halo.

While galaxy rotation curves offer evidence, they merely represent grav-
itational anomalies and don’t definitively establish the existence of “dark”
matter. Rather than indicating the presence of extra matter, these rotation
curves might be pointing us toward modifications of the law of gravity. The
latter is referred to as MOdified Newtonian Dynamics (MOND) theories, which
introduces an alternative explanation to the rotation curve problem. (for more

details see ref. [27]).

1.1.3 Gravitational lensing

Gravitational lensing [9] offers yet another window into the potential existence
of dark matter. This phenomenon occurs when a massive celestial mass is
positioned between the observer on Earth and the subject of observation. The
pathway of light rays, when passing by this massive object, deviates due to
the disturbance the object causes in spacetime. Consequently, the observer

may notice either multiple images (referred to as, strong lensing) or some
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Figure 1.2: The Bullet Cluster; Using the Chandra X-ray observatory, hot
gas, or baryonic matter, in two colliding clusters was detected and depicted in
pink. An image combining data from Magellan and Hubble displays galaxies
in orange and white. Gravitational lensing, represented in blue, shows most
of the clusters’ matter is separate from the baryonic matter, indicating the
prevalence of dark matter. (Credit: X-ray: NASA/CXC/CfA/M.Markevitch
et al.; Optical: NASA/STScl; Magellan/U.Arizona/D.Clowe et al.; Lensing
Map: NASA/STScl; ESO WFT; Magellan/U.Arizona/D.Clowe et al.)

deformation (weak lensing) in the visual representation of the observed object.
The degree of this distortion can be used to deduce the mass of the object that
is influencing spacetime along the observer’s line of sight.

By comparing the mass distribution with the pattern of electromagnetic
emissions, we can detect the existence of dark matter, as demonstrated in
familiar instances like the “Bullet Cluster”, as depicted in figure 1.2. The figure
showcases pink and blue shadows, representing the peaks of X-ray emission and
mass distribution, respectively. The blue shadow aligns with the area where
galaxies reside, suggesting that the majority of the matter in the cluster, which
is dark, does not interact like baryonic matter. Calculations pertaining to the
total mass reveal an excess beyond what is comprised of galaxies and stars,
which implies the existence of dark matter. If we operate under the premise
that dark matter consists of particles, we can use these observations to set

upper limits on the self-interaction cross section of dark matter [53].



1.1.4 Large scale structure

The structure we see in the universe are essentially the end product of ini-
tial density fluctuations set into motion by inflation in the Universe’s early
stages, leading to gravitational instabilities. By studying the evolution of
these density disturbances, we can foresee their growth over time. To mirror
the observations, it is found that these matter density fluctuations need to
commence their growth prior to the era of recombination. However, the close
interaction between baryonic matter and radiation opposes gravity, preventing
density field fluctuations for baryonic matter from growing before recombina-
tion. Therefore, it becomes necessary to have a component of matter that is
non-baryonic and has negligible interactions with radiation.

The concept of non-baryonic dark matter, underpinned by theories of large
cosmological structure evolution, has received empirical support through N-
body simulations. These simulations trace the progression of structure for-
mation from initial conditions, which are based on data from the CMB. The
statistical congruence between extensive systems of galaxy observations and
their simulated N-body counterparts is viewed as a triumph for the ACDM
model. As a result, the value of N-body simulations has been elevated, now
serving as a potent tool for predicting the traits of the matter power spectrum

in relation to diverse scales and dark matter particle paradigms.

1.2 Particle candidates of dark matter

The nature of dark matter is a mystery that science has yet to unravel fully.
Some suggest alternative solutions to explain the discrepancy observed in as-
trophysical objects’ mass, including hidden baryonic matter or modified grav-
ity. Nonetheless, the proposition that dark matter could consist of an as-
sortment of unobserved particles that exist beyond the realm of the standard
model remains a prominent theory. This hypothetical collection of particles is
often collectively referred to as the “dark sector”.

To qualify as potential components of the dark sector, the dark matter
candidate particles must meet a basic set of criteria. They should be elec-

6



trically neutral and have extremely feeble interactions with ordinary matter.
Their interaction level, if it exists, should be comparable to or weaker than the
weak scale; otherwise, they would have been detected by now. These particles
need to exhibit stability on a cosmological scale, meaning they should not have
decayed over the extensive span of cosmic time. Additionally, these particles
must be non-relativistic to comply with the predictions of the ACDM model
and the mechanisms of large-scale structure formation [50].

Various candidates have been proposed to fill the role of dark matter, such
as CDM, axions, fuzzy dark matter, and warm dark matter, each with distinct
properties and implications for cosmology and particle physics. Fuzzy dark
matter, for instance, is characterized by its suppression of structure growth on
small scales and potential signatures in the 21-cm signal due to its delaying
effects on cosmic dawn and the epoch of reionization [57][7]. Warm dark
matter, on the other hand, naturally reproduces astronomical observations at
both small and large scales and may be detectable in beta decay [64]. However,
this discussion will focus specifically on WIMPs, a class of particles that has
garnered significant attention in both theoretical predictions and experimental

searches.

1.2.1 WIMPs

Within the spectrum of potential dark matter candidates, WIMPs are among
the most notable. As indicated by its designation, it is a hypothetical particle,
neutral and stable, with a mass ranging from a few GeV /c? to several TeV /c?.
Its interaction with ordinary matter is theorized to occur at or below the weak
scale.

The standard proposition for the origin of WIMP dark matter is rooted
in the early Universe’s high-temperature conditions. During this epoch, it is
assumed that WIMPs were in thermal equilibrium with the plasmatic ordinary
matter due to the intense heat [30]. However, as the Universe continued to
expand and cool, lighter particles lacked the requisite kinetic energy to gen-
erate dark matter. Concurrently, WIMPs became so sparse that annihilation

was no longer feasible, a phenomenon termed ”freeze-out”.
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It is also noteworthy that the existence of WIMPs is a natural expectation
in various theoretical frameworks that go beyond standard model. These in-
clude but are not limited to, theories such as super-symmetry models (SUSY)

and models incorporating extra dimensions (see ref. [40] for more details).

1.2.2 WIMPs searches

Globally, a multitude of initiatives is underway that aim to uncover the elusive
dark matter particles. These efforts can essentially be bucketed into three main

tactics:

1. The first involves experiments focused on direct detection, where the
objective is to capture the interactions between dark matter particles

and atomic nuclei in underground laboratories.

2. The second strategy for detecting dark matter involves high-energy ac-
celerators, such as the Large Hadron Collider (LHC), where standard
model particles are accelerated to high speeds and collide. These col-

’ indicative of dark

lisions are investigated for signs of “missing energy,’
matter particles produced and then escaping detection due to their weak

interaction with ordinary matter.

3. Lastly, the third approach in dark matter research involves indirect
detection experiments, which seek evidence of dark matter annihilation
or decay through diverse residues. Gamma-ray detectors, such as Fermi-
LAT [10], probe for dark matter annihilation signals in gamma rays,
while cosmic-ray measurements focus on potential dark matter decay
or annihilation byproducts like antimatter. Neutrino detectors aim to
detect high-energy neutrinos resulting from dark matter interactions,
particularly from celestial bodies, offering another avenue for indirect

dark matter detection [54].

Detailed discussions about direct methods of detecting dark matter particles

are to follow in the subsequent sections.



Direct detection experiments

The hunt for dark matter, specifically WIMPs, has led to an array of unique
direct detection experimental designs utilizing various materials.

These designs include [13]:

e High-purity scintillator crystals, predominantly Nal(T1) and CsI(T1),
are used to create large target masses. These designs are generally sim-
ple and can operate stably over long periods. The high mass numbers of
Iodine and Cesium enhance sensitivity to spin-independent interactions.
However, they also possess a significant intrinsic background level and
lack electronic recoil rejection. Instead, these designs focus on exploiting

the annual modulation signature to identify a dark matter signal.

e Germanium and silicon semiconductor ionization detectors aim to
detect dark matter-induced charge signals. These detectors stand out
for their superior energy resolution due to the minimum energy required
to generate an electron-hole pair. However, they are limited in size due

to the high electronic noise generated by the diodes’ capacitance.

e Crystalline cryogenic detectors, or bolometers, measure either heat
or athermal phonon signals resulting from particle interactions. These
detectors operate at cryogenic temperatures to achieve good sensitivity

and use dielectric crystals with good phonon-transport properties.

e Noble gases like argon and xenon serve as excellent scintillators and
ionization agents, primarily in their liquid state. They enable the con-
struction of dense and compact dark matter targets and generate both

heat and excited atoms during interactions.

e Bubble chambers utilize superheated liquids as target material. These
liquids are maintained at a temperature just above their boiling point to
facilitate a phase transition, creating a bubble whenever energy above a

certain threshold is deposited.



e Lastly, directional detectors aim at determining the direction of the
WIMP-induced nuclear recoil. Most of these detectors use low-pressure

gas targets with photographic readout.

The above designs exhibit an assortment of strengths and weaknesses and,
in many cases, emphasize different aspects of dark matter detection. They
reflect the diverse and dynamic nature of the ongoing global effort to detect
and understand dark matter. Direct detection experiments are notable for
their ability to search for both nuclear and electron recoils, a feature that al-
lows for a broader exploration of dark matter interactions [21]. However, these
experiments face a significant challenge known as the “neutrino floor” or “neu-
trino fog,” where neutrino interactions can mimic dark matter signals, compli-
cating the detection process [48]. This necessitates innovative approaches in
experiment design to differentiate between neutrino and potential dark mat-
ter interactions. The current state of spin-independent interactions between
WIMP and nucleons is illustrated in figure 1.3. The toughest restrictions for
a WIMP mass above roughly 3 GeV/c? are imposed by LXe TPCs, includ-
ing XENONI1T, LUX, and PandaX-II. XENONI1T outperforms others in this
mass range, largely because of its substantial target mass and exposure. LAr
experiments like DarkSide-50 and DEAP-3600 currently face constraints due
to the need for significantly greater exposure than xenon and low acceptance

in DEAP-3600.

1.3 Local dark matter distribution

The local dark matter distribution is critical for direct dark matter detection.
The Standard Halo Model (SHM), which is the simplest model to describe the
distribution and behavior of dark matter in galaxies, assumes that galaxies,
including the Milky Way, are embedded in an isothermal dark matter halo,
that is spherically symmetric with isotropic Maxwellain velocity distribution.
The conventional value for local dark matter density, as per the SHM, is around

0.3 GeV/cm?, but estimates vary between 0.2 and 0.6 GeV /cm?® [36][51].
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Figure 1.3: The recent state of inquiries into spin-independent elastic WIMP-
nucleus scattering, under the assumption of standard isothermal WIMP halo
parameters, namely: a local density of p, = 0.3 GeV /em?, vy = 220km/s, and
Vese = D44 km/s. (figure from ref. [13])

1.4 Cosmological and hydrodynamical simula-
tions

The process of cosmic structure formation is exceptionally intricate, neces-
sitating the use of both analytical models and numerical simulations for a
comprehensive understanding.

Numerical simulations are crucial for accurately tracing the formation and
evolution of cosmic structure, especially in the non-linear regime. Early cos-
mological simulations focused on gravitational interactions, treating particles
as collisionless and not considering baryonic physics, known as N-body or dark
matter only simulations. Prominent examples of dark matter only simulations
include the Millennium-II simulation, which provides insights into dark mat-
ter statistics like halo mass function and subhalo abundance distribution [14],
and the Aquarius project, known for its high-resolution simulations of dark
matter halos and their role in galaxy formation [46][45]. These simulations

have been instrumental in advancing our understanding of dark matter and
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Figure 1.4: The face-on view of stellar densities of the 30 Auriga Mikly Way-
mass halos at z = 0. (figure from ref. [35])

the large-scale structure of the universe. Advanced hydrodynamical simula-
tions, despite being computationally expensive, offer a more comprehensive
analysis by incorporating both dark and baryonic matter. These simulations
include crucial processes like radiative heat loss and gas merging within ha-
los, although they require subgrid models for finer details. Projects such as
EAGLE [59], lllustris [65], and FIRE [38] have made significant strides in this

area, closely mirroring observed galactic characteristics.
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1.4.1 The Auriga simulation project

The Auriga project [35] represents a significant advancement in simulating
Milky Way-like galaxies. Utilizing the Arepo code [62], Auriga integrates
magnetohydrodynamics to explore the effects of magnetic fields on galaxy for-
mation. The project includes 30 isolated Milky Way-mass halos, selected from
a 100° Mpc? periodic cube from the EAGLE project, using Planck-2015 [2]
cosmological parameters. The dark matter particles in these simulations have
a mass of about 3 x 10° M, with a Plummer equivalent gravitational softening
of e = 370 pc [39][52]. The Auriga simulations have been successful in replicat-
ing key features of current Milky Way-mass galaxies, such as stellar masses,

rotation curves, and star formation rates (figure 1.4).

1.5 Influence of the Large Magellanic Cloud

Data from missions like Gaia [18] and the SDSS [66] have highlighted the
presence of kinematic substructures within the Milky Way [49][47]. Moreover,
recent hydrodynamic simulations have revealed that the LMC significantly
influences the local dark matter distribution and the dark matter halo of the
Milky Way. Studies have shown that the LMC affects the velocity distribution
of dark matter in our Solar System [12][22].

Recent research [28][22] has delved into the influence of the LMC on the
Milky Way’s local dark matter composition and its dark matter halo. The
study in ref. [28], utilizing idealized N-body simulations tailored for the Milky
Way-LMC dynamics, uncovered that the LMC’s gravitational influence con-
siderably alters the orbits of native dark matter particles of the Milky Way, in
addition to affecting the high speed tail of the dark matter velocity distribution
in our Solar vicinity due to dark matter particles stemming from the LMC.
Similarly, ref. [22] illustrated that the LMC’s proximity during its pericenter
passage augments the dark matter velocity distribution in the Solar region,
with the dark matter particles of the Milky Way also getting a boost due to
the LMC-induced reflex motion during its approach [32]. This aligns with the
observations of ref. [28].
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While the idealized simulations in references [28] and [22] align well with
the LMC’s orbit and characteristics within the Milky Way halo, it’s still un-
certain if such findings hold true for cosmological halos that have experienced
numerous accretion episodes throughout their evolution. A pivotal inquiry
revolves around whether a recent and proximate pericentric approach by a
massive satellite, less than 100 Myr and within 100 kpc, can leave a notable
imprint on the local dark matter distribution. Equally intriguing is the ques-
tion of whether the increase in the local dark matter velocity distribution is
a typical outcome across different Sun-LMC configurations, or if specific Sun-
LMC geometries heighten the effect. Hence, cosmological simulations that
sample potential Milky Way formation histories are essential to understanding
the details of the Milky Way-LMC interaction and the variability in outcomes
between different halos [56].

Understanding the influence of the LMC on our local dark matter distribu-
tion requires us to identify simulation-based LMC counterparts that mirror the
observed LMC’s properties. The LMC recently went through its first pericenter
approach about 50 Myr ago [6]. As a result, we will use the LMC’s properties
at or shortly after this first pericenter approach. Current observational data
indicates that the LMC’s stellar mass is approximately 2.7 x 10° M, [44]. The
LMC approached its first pericenter at roughly 48 kpc [6], with a speed relative
to the Milky Way of 340 + 19km /s [55]. Its current speed, when compared to
the center of the Milky Way, is 321 + 24km /s [42].

1.6 Outline of this thesis

The thesis is structured as follows: Chapter 2 outlines the methodology, includ-
ing the specifics of the simulations, the criteria for selecting Milky Way-LMC
analogues, and the process for determining the Sun’s position within these
simulations. This chapter lays the groundwork for understanding the intricate
simulations used to model the Milky Way-LMC system and its interaction.
The thesis then progresses to a detailed analysis of the local dark matter

density and velocity distributions, as presented in Chapter 3. This part of
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the study highlights how the presence of the LMC alters these distributions,
offering new insights into the dark matter structure within the Solar vicinity
and its dynamic changes influenced by the LMC.

Chapter 4 is dedicated to the analysis of the halo integral, an essential
component in dark matter direct detection computations. It emphasizes the
impact of the LMC on the halo integral, particularly its influence on the high
speed tails, which are critical for detecting low-mass dark matter particles.

In Chapter 5, the implications of the LMC’s presence for dark matter
direct detection signals are discussed. The chapter elaborates on both dark
matter-nucleus and dark matter-electron scattering, exploring how the LMC’s
influence alters the expected signals in these detection methods. The focus
is on the anticipated changes in the exclusion limits of forthcoming direct
detection experiments due to the LMC’s impact.

The thesis concludes in Chapter 6 with a summary of the key findings and
their significance. It underscores the necessity of considering the LMC'’s role
in future dark matter direct detection data analysis, especially for lower dark
matter masses, thereby highlighting the study’s contribution to understanding

the nature of dark matter.
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Chapter 2

Auriga simulation

In this study, the magneto-hydrodynamical simulations from the Auriga project
are utilized to examine Milky Way mass halos. These simulations are con-
ducted employing the moving-mesh code, Arepo, accompanied by a galaxy
formation subgrid model. This model encompasses various processes such as
metal cooling, formation of black holes, Active Galactic Nucleus (AGN) and
supernova feedback, star formation, and background UV /X-ray photoioniza-
tion radiation [35].

The cosmological parameters applied in these simulations align with Planck-
2015 findings: Q,, = 0.307, Qpar = 0.048, Hy = 67.77 km s~! Mpc~t. The
selected resolution for these simulations is at Level 4, incorporating a dark mat-
ter particle mass (mpyr) of approximately 3 x 105 Mg, a baryonic mass element
(my) of 5 x 10* M. Notably, the simulations within the Auriga project have
successfully reproduced the observed attributes of present day Milky Way-
mass galaxies, such as stellar masses, sizes, rotation curves, star formation

rates, and metallicities.

2.1 Selection criteria for Milky Way-LMC ana-
logues

Given the vast array of possible Milky Way-LMC interactions, finding an ex-
act analogue within cosmological simulations can be challenging. This task
becomes even more daunting given our sample of just 30 Milky Way-mass

halos. To enhance the probability of finding a match, we do not just focus
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Halo ID | Auriga ID | riyc [kpd] | tos [Gyr] | MO 109 Mo | MMV [10™ M, | MYW 102 M)
1 Au-1 53.1 5.1 0.66 15 0.40
2 Au-7 49.2 42 0.56 2.3 0.93
3 Au-12 49.4 46 0.79 3.3 1.1
4 Au-13 45.8 6.7 2.4 2.6 0.95
5 Au-13 56.7 7.4 3.1 1.6 0.72
6 Au-14 45.6 6.7 33 3.7 1.3
7 Au-14 49.9 2.3 0.99 9.3 1.6
8 Au-17 54.0 7.1 0.85 5.0 0.89
9 Au-19 40.9 6.2 1.6 1.8 0.66
10 Au-19 50.8 5.4 9.1 2.1 1.2
11 Au-21 55.5 3.3 4.8 6.7 1.7
12 Au-23 41.0 5.9 2.5 6.0 1.6
13 Au-25 43.2 1.0 15 3.7 1.2
14 Au-27 58.9 6.3 1.0 5.6 1.6
15 Au-30 56.0 6.3 2.5 7.3 0.97

Table 2.1: Characteristics of the 15 Milky Way-LMC candidates. Columns
one and two provide the respective Halo ID and Auriga ID for each candidate.
Columns three to seven offer details based on the simulation snapshot nearest
to the LMC’s first pericenter passage, detailing parameters such as the LMC
counterpart’s distance from its host (rpLyc), the lookback duration (¢1p), the
Milky Way models’ stellar and virial masses denoted by My and M2, and

the stellar mass of the LMC candidates (M{;-). The final column provides

information on the LMC’s virial mass during its infall, represented by M{aill.

(table from ref. [60])

on the present but also trace back the history of these simulated Milky Way
analogues, searching for any Milky Way-LMC similar interactions since red-
shift z = 1 (which equates to the past 8 billion years). Among the 30 Auriga
halos, we select those that have an LMC analogue using two primary criteria:
(i) the LMC counterpart’s stellar mass should exceed 5 x 10® M, and (ii) its
distance from its host during the first pericenter should be between [40-60]
kpc. Based on these criteria, 15 Milky Way-LMC analogues are found, and
we analyze them using the simulation data closest in time to the LMC’s first
pericenter approach. We treat this simulation snapshot as a representation of
the current Milky Way-LMC scenario. It is worth noting, however, that with
an average interval of roughly 150 Myr between these simulation snapshots,
obtaining an exact “present day” snapshot for the 15 Milky Way-LMC ana-
logues is challenging. This considerable gap in simulation data is a limitation
we acknowledge and further explore below.

Table 2.1 provides a detailed breakdown of the properties of these 15 Milky
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Way-LMC analogues. Beginning with the table’s first two columns, they dis-
play the halo ID of the Milky Way-LMC counterparts and the corresponding
Auriga ID for the Milky Way hosts of the LMC. Following that, the next five
columns detail the characteristics of these counterparts during their closest
snapshot to the LMC’s first pericenter approach. These columns, from left to
right, highlight: the distance of the LMC analogues from their hosts (rpmc),
the lookback time (t15), the Milky Way analogues’ stellar mass (MMW), the
Milky Way analogues’ virial mass (M), and the LMC analogues’ stellar
mass (MIMC). The last column notes the LMC counterparts’ virial mass at
the time of their infall (M{3R!). The velocity of these LMC analogues relative
to the center of their Milky Way counterparts ranges between [205 - 376] km /s
during the snapshot closest to their first pericenter approach.

Based on our findings presented in table 2.1, it is evident that five of the
LMC analogues we have identified possess a halo mass at infall, denoted as
MR that is < 0.4 x 101! Mg. Turning our attention to the actual LMC,
its halo mass at the point of infall has been approximated to range around
[1— 3] x 10! Mg, as cited in ref. [24].

An intriguing aspect to consider is the proportion between the LMC’s halo
mass at infall and the halo mass of the Milky Way. In our research, for five out
of the Milky Way-LMC analogues, the ratio MRE! /A2 stands at < 0.05.
This ratio is notably ~ 3 times lower than the mass ratio between the LMC
and Milky Way as derived from observational data.

Such LMC analogues might exert a diminished overall influence on their
respective host halos. Consequently, they might introduce fewer dark matter
particles in the Sun neighborhood and induce a milder reflex motion in their
Milky Way counterparts, as inferred from ref. [22].

However, a challenge arises when trying to compare the halo masses of
these LMC analogues acquired through cosmological simulations against prior
observation-based estimates. The latter often tends to consider a steady mass
over time or sometimes just a singular point mass. Given these complexities,
we opted to encompass the LMC analogues, even those with a diminished

halo mass during infall, into our research to broaden the scope of our study.
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Delving deeper into section 3.1, we illuminate on the potential consequences
of the reduced LMC to Milky Way mass ratio, especially concerning the count
of dark matter particles originating from the LMC in our immediate vicinity.

To gain deeper insight into the influence of the LMC on the local dark
matter distribution during various stages of its orbit, we pinpoint one Milky
Way-LMC analogue, specifically halo 13 which aligns with the Auriga 25 halo
(referred to as Au-25) and its corresponding LMC satellite. Interestingly, this
system includes the second massive LMC halo mass during its infall, almost
reaching the peak estimated from empirical observations. As a result, its
MPRE VRO ratio stands at 0.27. We proceeded to conduct an enhanced
simulation for halo 13, capturing more detailed snapshots around the time
of LMC’s pericenter. The span between these enhanced snapshots averages
around 10 Myr.

Four crucial snapshots were selected for halo 13:

1. Iso.: This snapshot depicts the maximum separation between the Milky
Way and LMC analogues, which is about 2.83 Gyr before the present day
snapshot. This essentially serves as a benchmark for an isolated Milky

Way.

2. Peri.: This snapshot represents the closest proximity (pericenter) of the

LMC, which is roughly 133 Myr before the present day snapshot.

3. Pres.: This is essentially the snapshot most similar to the current sep-

aration seen between the real Milky Way and LMC systems.

4. Fut.: This serves as an anticipated projection of the Milky Way-LMC
system, approximately 175 Myr post the present day snapshot.

Table 2.2 offers a summary of these four snapshots, indicating their tem-
poral position with respect to the present day and the distance of the LMC
analogue from its main host at each of these instances. For reference, the
LMC model’s distance and speed relative to its main host in the present day
snapshot are about 50 kpc and 317 km/s, aligning strikingly well with obser-

vational measurements. The subsequent chapter will showcase broad findings
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Snapshot Description t — tpres. [Gyr] | rLMc [kpC]
Iso. Isolated Milky Way analogue -2.83 384
Peri. LMC’s first pericenter approach -0.133 32.9
Pres. Present day Milky Way-LMC analogue 0 50.6
Fut. Future Milky Way-LMC analogue 0.175 80.3

Table 2.2: Explanation of the four distinctive snapshots within halo 13, their
respective timelines with respect to the present day snapshot, and the sepa-
ration of the LMC analogue from its host during each snapshot. (table from
ref. [60])

for the 15 picked Milky Way-LMC analogues at the snapshot that is closest to
the LMC’s first pericenter approach. Our primary emphasis, however, will be
on halo 13, as we seek to understand the effects of the LMC’s trajectory on

the local dark matter distribution as it orbits around the Milky Way.

2.2 Matching the Sun-LMC geometry

The spatial configuration between the Sun and the LMC is uniquely struc-
tured, where the LMC primarily travels in a direction counter to the Solar
motion. This distinctive orientation facilitates a significant increase in rela-
tive velocities of particles that originate from the LMC to the Sun, amplifying
the dark matter velocity distribution near the Solar region [12]. Ref. [12] has
highlighted the necessity of accurately replicating the real-world Sun-LMC ge-
ometry within simulations, emphasizing its critical role in precisely assessing
the LMC’s influence on the local dark matter distribution.

Accurately mimicking this geometry in simulations is pivotal for a nuanced
understanding of the LMC’s effect on local dark matter distribution patterns.
The LMC influences the local Milky Way dark matter halo by directly con-
tributing particles and accelerating them to speeds over 700 km/s relative to
Earth, exceeding the velocities typically assumed in the SHM. The high speed
particles’ velocity vectors align with the LMC’s motion at its closest approach,
paralleling the Sun’s reflex motion, and showing a concentrated spatial distri-
bution skewed towards the South [26]. Furthermore, a radially biased initial
velocity anisotropy profile in the Milky Way enhances the LMC’s acceleration
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effect on Milky Way dark matter particles.

In the conducted simulations, the Sun’s position is undetermined before-
hand, and the LMC analogues exhibit phase-space coordinates that diverge
from the actual Milky Way-LMC system. This necessitates the selection of a
Sun position within each Milky Way analogue, driven by specific criteria aimed
at aligning with the observed Sun-LMC geometry. The criticality of precisely
matching the Sun-LMC geometry in the simulations to significantly influence
the local dark matter velocity distribution is also a subject of exploration in
this study.

Our initial focus is on explaining the methodology employed to ascertain
all allowed Sun positions in the simulations, aligning closely with the observed
Sun-LMC geometry. Following this, the discourse evolves toward defining the
“best fit” position of the Sun within the simulations, a position that resonates
most accurately with the observed geometric configuration of the Sun-LMC.
Through this approach, the study aims to discover the positions that most
effectively match the observed Sun-LMC relative geometry.

Figure 2.1 illustrates the geometrical arrangement of the Sun-LMC system
within a defined Galactocentric reference frame. The origin of this frame
is at the Galactic center. The coordinate axes x, and y, are strategically
aligned with the orbital plane of the Sun, with the x,-axis oriented towards
the Galactic center originating from the Sun, and the y,-axis aligning with
the direction of Galactic rotation. The z,-axis, conversely, points towards
the North Galactic Pole. The diagram specifically outlines various directional
components such as the Sun’s position (rsu,), the velocity of the Sun (vgyu,),
as well as the position (rpyc) and velocity (vime) of the LMC. Additionally,
it also illustrates the orbital angular momentum of the LMC (Lpyc).

In our simulations, the core of the Milky Way and LMC analogues is de-
termined by the location of the particle—whether star, gas, dark matter, or
black hole—that holds the minimum gravitational potential energy in each
halo. The center of mass velocity of all particles bound to each halo, deter-
mined using the SUBFIND algorithm [63], signifies the velocity of the Milky

Way and LMC analogues within the simulation reference frame. Subsequently,
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LMC'’s orbital plane

Sun’s orbital plane

Figure 2.1: The diagram presents a detailed visualization of the Sun-LMC ge-
ometry as observed. Blue and red vectors represent the Sun’s position (rguy)
and velocity (Vsun), respectively. Concurrently, the position (rpmc) and veloc-
ity (vime) of the LMC are depicted by light blue and orange vectors. Angles
within the system are also highlighted; angle « represents the angle between
rpve and veu,, and angle S is defined between viyc and vs,,. A dashed
green vector is used to illustrate the LMC’s orbital angular momentum direc-
tion (Lpymc). The diagram also displays the orbital planes of both the Sun and
the LMC, indicating that they are almost perpendicular to each other. (figure
from ref. [60])

the LMC analogue’s position and velocity are discerned relative to the Milky
Way analogue’s center.

Our approach to aligning the simulated Sun-LMC geometry with the ob-
served geometry involves a specific methodology. Initially, we adopt stellar
disk orientations that maintain a constant angular momentum angle between
the stellar disk and the LMC analogue’s orbital angular momentum, Liil\m/lc,
consistent with the observed Milky Way-LMC pair. Various allowed orienta-
tions for the stellar disk of the simulated Milky Way analogue emerge from
this criterion, as illustrated in figure 2.1.

In further steps, the Sun’s position relative to the Milky Way analogue’s

center is identified for each permissible disk orientation, ensuring the angular

alignments concerning the LMC’s orbital angular momentum align closely with
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observed values. This process results in the acquisition of multiple allowed
Sun positions for each halo due to the variety of allowable disk orientations.
Chapter 4 will explore the variances in Milky Way-LMC interaction signatures
attributable to these different Sun positions.

Furthermore, we engage in identifying the best fit position for the Sun.
Figure 2.1 illustrates that the Sun’s position vector primarily aligns with the
LMC’s angular momentum direction, exhibiting minimal variation across dif-
ferent disk orientations. However, a broader spectrum of variations is observed
in the Sun’s velocity vector, necessitating a more refined alignment with ob-

servational data. To facilitate this, we introduce the cosine angles,

~sim  ssim

CoOs ¥ = Vsun ° I‘LMC 9

~sim  asim

~sim

where the simulated Sun’s velocity vector, denoted as vg,, is aligned with
the Sun’s velocity relative to the Milky Way analogue’s center. Similarly, the
simulated LMC’s position and velocity vectors, 11+ and V5. respectively,
correspond to their directions relative to the Milky Way analogue’s center.
To find the best fit, the final step involves selecting an orientation that

closely aligns with the observed cosine angles:

Vi i%ic = —0.835,
VO L = —0.709. (2.2)

To determine the most accurate Sun’s position in the simulations, the focus
is on minimizing the sum of squared differences between the simulated and
observed values of cos o and cos 3. This process, anchored by the observational
data in eq. (2.2), pinpoints the best fit Sun-LMC geometry in the simulations.

Prior research utilizing EAGLE and APOSTLE simulations suggests a min-
imal influence of the stellar disk on the local dark matter velocity distribu-
tion [15][58]. Contrastingly, specific studies [22][58] indicate that the stellar
disk’s presence and its non-axisymmetric evolution could boost the local dark

matter velocity distribution. It is noteworthy that some Auriga halos display
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a minor dark matter component aligned with the stellar disk’s rotation due to
accretion occurrences [33], although these halos are excluded from our Milky

Way-LMC analogue sample.
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Chapter 3

Local dark matter distribution

In our study, we critically examine how different assumptions about the dark
matter distribution in the Solar neighborhood influence calculations of dark
matter direct detection event rates. This analysis involves evaluating the dark
matter density and velocity distribution in this region, derived from simu-
lated Milky Way-LMC analogues. A significant aspect of our investigation is
understanding the impact of the LMC on these parameters.

The process for determining the Solar neighborhood’s dark matter char-
acteristics starts by establishing the Galactic reference frame (z,4,y,, 24), as
outlined in section 2.2. This frame is oriented based on each allowed position
and velocity of the Sun that aligns with the observed Sun-LMC geometry.
Subsequently, we convert the simulation particles’ positions and velocities to
this Galactic frame.

To precisely define the Solar neighborhood, we initially focus on a spherical
shell, positioned at a galactocentric distance of approximately 8 kpc from the
center of the Milky Way analogue. This shell’s radius spans between 6 to 10
kpc. Further refinement involves considering a cone with an opening angle of
7 /4 radians, originating at the Galactic center and aligned along the Sun’s
position derived earlier. The overlap of this cone with the spherical shell
forms what we designate as the Solar region, depicted as the shaded blue area
in figure 3.1.

The dimensions of the Solar region are carefully chosen: large enough to

encompass several thousand dark matter particles, yet sufficiently small to
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Figure 3.1: In this figure, we focus on a specific region in the Solar neighbour-
hood, depicted in blue. This area represents the intersection of two distinct
volumes: one is a cone originating from the Galactic center, having an opening
angle of m/4 radians, with its axis aligned to the Sun’s position; the other is
the space bounded by two spheres centered at the Galactic center, with radii of
6 and 10 kpc, respectively. For clarity in this depiction, the Sun is positioned
on the axis of the cone, located at a distance of 8 kpc from the Galactic center.
(figure from ref. [60])

maintain a high sensitivity to the best fit Sun’s position. In sections 3.1
and 4.4, we study how alterations in the Solar region’s size affect various
parameters. These include the local dark matter density, the proportion of
dark matter particles in the Solar neighborhood originating from the LMC,
and the halo integrals.

The procedure outlined earlier results in varying Sun positions for each
Milky Way analogue and snapshot, leading to different Solar regions for each
case. Table 3.1 lists the counts of native dark matter particles in the Milky
Way (Nymw) and those originating from the LMC (Npj¢) within the Solar
neighborhood, specifically for the snapshot nearest to the LMC’s first pericen-
ter approach across the 15 Milky Way-LMC analogues. The count of Milky
Way’s dark matter particles in this region ranges from 7, 760 to 20,001, while
the LMC-derived dark matter particles vary from 1 to 361.
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Halo ID | Nyw | Nivc | py [GeV/em?] | kive [%] | kivc Range (%] | v km/s]
1 7,760 11 0.21 0.14 [0.14 — 0.21] 651
2 8,581 55 0.23 0.64 [0.53 — 0.65] 720
3 11,621 3 0.35 0.026 [0.025 — 0.028] 714
4 12,483 12 0.34 0.096 [0.088 — 0.12] 737
5 8,669 136 0.24 1.5 [1.4 — 1.6] 707
6 13,290 5 0.38 0.038 [0.029 — 0.046] 734
7 18,467 6 0.53 0.032 [0.032 — 0.034] 766
8 12,949 1 0.38 0.0077 [0.0077 — 0.0082] 712
9 11,892 12 0.36 0.10 [0.069 — 0.13] 715
10 12,405 | 361 0.39 2.8 [2.8 — 3.1] 791
11 14,132 4 0.43 0.028 [0.021 — 0.039] 758
12 16,427 28 0.53 0.17 [0.17 — 0.21] 783
13 | 10814 | 254 0.34 2.3 2.3 — 3.0] 831
14 20,001 52 0.60 0.26 [0.26 — 0.31] 776
15 10,641 128 0.32 1.2 [0.81 — 1.3] 819

Table 3.1: In the Solar region, focusing on 15 Milky Way-LMC analogues, we
examine several key parameters at the simulation snapshot that is closest to
the LMC’s pericenter. These parameters include: the halo ID, the count of
native dark matter particles in the Milky Way denoted as Nyw, the number of
dark matter particles originating from the LMC Npyic, the local dark matter
density p,, and the percentage of dark matter particles from the LMC in
the Solar neighborhood kpyc. This analysis also covers the range of possible
values for Ky considering various allowed positions of the Sun, and the local
escape velocity from the Milky Way in the detector’s rest frame vd. Except
for the 6th column, all other columns present data based on the best fit Sun’s
position. (table from ref. [60])

This relatively small number of LMC particles in the Solar region implies
a limited sensitivity to their distribution changes within this region. Despite
this constraint, the high relative velocities of the LMC’s dark matter particles
relative to the Sun make them more abundant in the high speed range of the
local dark matter velocity distribution than the Milky Way’s high speed dark
matter particles. This aspect means the low Ny /¢ figure does not significantly
undermine our findings. However, the paucity of LMC-origin dark matter

particles is a limitation of current cosmological simulations when compared to

idealized simulations, which can offer finer resolution.
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3.1 Dark matter density in the Auriga simu-
lation

We commence by finding the local dark matter density, denoted as p,, specif-
ically within the Solar neighborhood, using the best Sun’s position fit. This
analysis is carried out for a set of 15 Milky Way-LMC analogue systems within
the Auriga simulation, considering the closest snapshot to the LMC'’s first peri-
center approach. The outcomes of this analysis are presented in table 3.1. The
range of local dark matter density is found to span from 0.21 to 0.60 GeV /cm?.
This outcome concurs with earlier findings of the dark matter density in Milky
Way-like halos, as observed in the EAGLE, APOSTLE [15], and Auriga [16]
simulations. Moreover, it aligns favorably with both local and global estimates
obtained from observational studies. Notably, the substantial variation in local
dark matter densities across simulations can be attributed to variations among
halos, contingent upon factors such as mass (with our simulated halos falling
within a factor of 2 of the estimated Milky Way halo mass [19]), concentration,
formation history, and the mass of the stellar disk.

Subsequently, we turn our attention to ascertaining the percentage of dark
matter particles present in the Solar region that originate from the LMC ana-
logue, kpyvc. This analysis is performed at the snapshot closest to the LMC’s
initial pericenter approach. A dark matter particle is considered to have orig-
inated from the LMC analogue if it was gravitationally bound to the LMC at
the time of infall, as identified by the SUBFIND algorithm, and its distance
from the center of the LMC at infall is less than twice the virial radius of the
LMC at that time. k¢ is formally defined as the ratio of the number of dark
matter particles originating from the LMC analogue within the Solar region
to the total number of dark matter particles present in the Solar region. This
ratio is then multiplied by 100 to yield the percentage representation. For the
15 Milky Way-LMC analogue systems, the calculated values of kpyc within
the Solar region, based on the best fit Sun’s position, exhibit a range from
0.0077% to 2.8%, as delineated in Table 3.1. Additionally, the fourth column
of the table provides the variability in kpyc for each halo, attributable to the
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Figure 3.2: For the 15 Milky Way-LMC analogues, the relationship is examined
between rpyc and the ratio MEMS /MW (on the left side), and between Nyyc
and MEMS (on the right side). In this analysis, kv and Npyc values are
specifically determined for the Solar region, based on the best fit Sun’s position
at the simulation snapshot which aligns closest to the LMC’s approach to its
pericenter. Additionally, the point sizes in these representations are scaled to
correspond with the distance of LMC analogues to their host at the pericenter.
(figure from ref. [60])

different permissible Sun’s positions considered in the analysis.

To elucidate the underlying causes behind the variations observed in k¢
and Npyce across different halos, we illustrate these parameter variations in
figure 3.2. Specifically, we examine how these parameters change concerning
the ratio of MEMS /MW and MEMS.

In figure 3.2, we depict the point sizes, which increase as the LMC ana-
logues’ distance from the host at pericenter grows. In the left panel, a general
trend emerges, indicating that systems with a higher LMC to Milky Way halo
mass ratio tend to have a larger proportion of LMC particles within the Solar
region in most instances. However, it is important to note that these two pa-
rameters are not strongly correlated. In particular, systems with similar values
of MEMS /MW can still exhibit considerable variability in kpyc. This vari-
ability primarily stems from differences in the distance of the LMC analogues
from the host at the pericenter, rpyc. Larger values of rpyc correspond to
smaller kpyc values for systems with similar LMC to Milky Way mass ratios.
Similarly, the right panel of the figure reveals a degree of correlation between
Nime and MEMG while an inverse correlation exists between Npyc and rpvc

. . . LMC
for systems with similar M.
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We have also investigated the impact of altering the size of our defined
Solar region on p, and krmc. Specifically, for the re-simulated halo 13 at the
present day snapshot, reducing the opening angle of the cone from 7/4 to 7 /6
while keeping the spherical shell width constant results in a 50% reduction in
both Npye and Nyw, a ~ 30% decrease in p,, and a ~ 20% increase in £pnc
compared to the original Solar region. Similarly, reducing the shell width from
6-10 kpc to 7-9 kpc while maintaining the cone’s opening angle has a similar
impact on Npyc and Nyw but leads to a ~ 2% increase in p, and a ~ 10%
increase In Krpc.-

Further, when both the cone’s opening angle is reduced to 7/6 and the
shell width to 7-9 kpc, Npye drops to 1/3 and Nyw to 1/4 of their original
values, p, decreases by ~ 25%, and kpmc increases by ~ 35%. Notably, these
changes are comparatively smaller than the halo-to-halo variations in these

parameters, as demonstrated in table 3.1.

3.2 Velocity distribution in the Auriga simu-
lation

We will now proceed to determine the velocity distribution of dark matter in
the Solar neighborhood, referencing the Galactic frame. The velocity vectors
of dark matter particles in each halo are defined relative to the center of that

halo. The dark matter speed distribution, denoted as f(v), is described by
flv) = UQ/dQV}(V) : (3.1)

where df), is an infinitesimal solid angle in direction v, and f(v) is the nor-
malized dark matter velocity distribution, ensuring that [ dvf(v) = [ d*vf(v)
equals 1.

In the SHM, the local circular speed of the Milky Way is often assumed
to be 220 km/s. For cross-halo comparison of local dark matter speed dis-
tributions, we adjust the dark matter speeds in the Solar region by the ratio
(220 km/s)/v.. Here, v, represents the local circular speed determined by the

total mass within a radius of 8 kpc in each halo. A speed bin size of 25 km/s
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is selected for computing these distributions from the simulations, balancing
the need for sufficient particles in each bin to minimize statistical noise and
preserving potential characteristics in the dark matter speed distributions.

Figure 3.3 illustrates the dark matter speed distributions in the Galactic
rest frame for four Milky Way-LMC analogue systems in the Solar neighbor-
hood, based on their best fit positions for the Sun. This is specifically for the
snapshot closest to the LMC’s pericenter approach. The total dark matter par-
ticles’ speed distribution (whether native to the Milky Way or from the LMC)
in the Solar region is depicted as black shaded bands, indicating 1o Poisson
errors. In contrast, the red color represents the distribution of dark matter
particles native to the Milky Way. The speed distributions of dark matter
particles from the LMC, reduced by a factor of 10 for clarity, are shown in
blue. Both the total and Milky Way-native dark matter particles’ speed dis-
tributions are normalized to 1. Each panel’s top left corner also indicates the
percentage of dark matter particles in the Solar neighborhood that originated
from the LMC. Panels beneath these distribution plots display the ratio of the
total dark matter particles’ speed distribution to that of the Milky Way-only.

The selected four halos from a pool of 15 Milky Way-LMC analogues, serve
as examples highlighting the variance in local speed distributions of dark mat-
ter particles. For instance, Halo 2, shown in the top left of the figure, exhibits
a remarkable characteristic: approximately 0.64% of its dark matter particles
in the Solar neighborhood trace back to the LMC (kpmc = 0.64%). This halo
is also characterized by a sharply peaked speed distribution. This results in
pronounced disparities between the tails of the combined Milky Way-+LMC
and the Milky Way-only speed distributions. In these tails, the ratio of the
two distributions exceeds 2.

Conversely, Halo 6, shown in the top right, demonstrates that even a min-
imal LMC-originating dark matter particle fraction in the Solar neighborhood
(kLme = 0.038%) can significantly affect the dark matter speed distribution
tail, as evidenced in the corresponding ratio plot. Halo 13, depicted in the
bottom left, is notable for its high LMC particle fraction (kpmce = 2.3%) and

broad speed distribution, causing mild variations across a wide speed range
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Figure 3.3: The speed distributions of dark matter in the Solar neighborhood
and Galactic rest frame, specifically for the snapshot nearest to the LMC peri-
center approach, across four Milky Way-LMC analogues: halos 2, 6, 13, and
15. These are represented in respective panels: top left, top right, bottom left,
and bottom right, each based on the best fit for the Sun’s position. The study
delineates the distributions of dark matter particles from the combined Milky
Way+LMC, Milky Way-only, and LMC-only, shown as black, red, and blue
shaded bands that indicate the 1o Poisson errors. For enhanced visualization,
the LMC-only distribution is scaled down by a factor of 10. Each panel also
includes the percentage of dark matter particles from the LMC in the Solar re-
gion, denoted as k. Additionally, the panels below the main plots compare
the ratio between the combined Milky Way+LMC and the Milky Way-only
distributions. (figure from ref. [60])

between the Milky Way+LMC and Milky Way-only speed distributions. No-
tably, Halos 6 and 13, despite the vast difference in their rpyc values (the
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latter being about 60 times larger), reach similar ratio values in their distribu-
tions. Halo 15, located in the bottom right, with a xramc of 1.2%, showcases
significant divergence in the high speed tail between the Milky Way+LMC
and Milky Way-only speed distributions, with their ratio nearing 4.

The dark matter particles from the LMC typically peak at higher speeds
(exceeding 500 km/s relative to the Galactic center) compared to those from
the Milky Way. This results in noticeable variations in the tail of the com-
bined Milky Way+LMC speed distribution compared to the Milky Way-only
distribution. However, the extent of these variations is highly variable across
different halos. The specific characteristics of the LMC’s speed distribution in
the Solar neighborhood for each Milky Way analogue, such as its shape and
width, play a crucial role in these variations. Interestingly, halos with even
higher riye values, as listed in table 3.1, do not always exhibit substantial
differences in their speed distributions (f(v)) with or without LMC particles.

In a deeper exploration of the LMC’s influence on local dark matter dis-
tribution during its orbit, our focus shifts to Halo 13. We have re-run simula-
tions with finer time steps around the LMC’s pericenter approach. Figure 3.4
presents the local dark matter speed distributions for Halo 13 in the Galactic
rest frame. These distributions are captured at four different stages of the
LMC’s orbit around the Milky Way analogue, as specified in table 2.2. Dis-
played are the speed distributions of dark matter particles exclusively from
the Milky Way (red), solely from the LMC (blue), and the combined Milky
Way+LMC (black) within the Solar region. The best fit Sun’s position is used
for these snapshots, with the exception of the isolated Milky Way snapshot,
where no LMC analogue exists and thus the dark matter distribution is de-
rived from a spherical shell 6 to 10 kpc from the Galactic center. Each panel
includes the according ke, and below the speed distribution plots, the ra-
tio of the Milky Way+LMC to Milky Way-only distributions is shown for all
snapshots except the isolated Milky Way.

Figure 3.4 reveals the influence of the LMC on the high speed tail of the
local dark matter speed distribution. This impact is evident at three distinct

timeframes: during the LMC’s closest approach to the Milky Way, the present
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day, and approximately 175 Myr thereafter. The parameter xpyc, indicative
of the LMC’s effect, is found to be maximal at the LMC’s pericenter, dimin-
ishing as it distances itself from the Milky Way. Concurrently, the compara-
tive analysis of the high speed tail between combined Milky Way+LMC and
Milky Way-only dark matter speed distributions mirrors this trend, showing
a pronounced difference at pericenter which lessens in the present and future
scenarios. Excluding the isolated Milky Way (where kpyc = 0) snapshot,
the LMC-derived dark matter displays a distinct speed distribution peaking
at the higher end of the Milky Way’s native dark matter speed distribution,
imparting a subtle but significant influence on the overall dark matter speed
distribution. This aligns with findings from 15 analogous Milky Way-LMC
systems at pericenter, as depicted in figure 3.3.

When examining halo 13 through a lens of enhanced resolution, discrepan-
cies emerge in the phase-space distribution of dark matter particles compared
to the original simulation. This divergence is partly due to the non-identical
temporal frames of the two simulations, where the average inter-snapshot time
interval is about 150 Myr in the original simulation. Precisely capturing the
present day or the LMC’s pericenter becomes challenging under these cir-
cumstances. Additionally, the positional variances of the Sun in the original
and refined simulations of halo 13 markedly affect the local dark matter ve-
locity distribution. In the original simulation, the best fit Sun’s position is
defined by cosine angles (eq. 2.1) cosa = —0.796 and cos f = —0.090, which,
despite minimizing squared differences from observed values, exhibit notable
discrepancies, particularly for cos 5 (refer to eq. (2.2)). In contrast, the re-
fined simulation of halo 13 aligns more closely with the observed Sun position,
for example, cosa = —0.995 and cos 5 = —0.656 at the best fit position for
the present day snapshot. This improved alignment leads to a higher speed
peak for LMC-originating dark matter particles in the Solar region in the re-
simulated halo compared to the original. Lastly, potential variations in the
phase-space distribution could stem from the stochastic nature of the baryonic
physics model, possibly altering the gravitational potential’s evolution in the

re-simulated halo. As a consequence, discrepancies arise in both the local dark
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matter velocity distributions and the xpyc values between figures 3.3 and 3.4
for halo 13.

Our findings largely align with those in refs. [22] and [12], demonstrat-
ing that a minor percentage of dark matter particles from the LMC, such as
approximately 0.2% as indicated in ref. [12], significantly influences the high-
speed range of the local dark matter speed distribution. This conclusion is
drawn from a series of idealized simulations. However, it is crucial to acknowl-
edge the significant impact of variations between different halos, as observed

in our cosmological simulations.
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Figure 3.4: The speed distributions of dark matter in the Galactic rest frame,
focusing on halo 13 during four key snapshots: the isolated Milky Way (top
left), the LMC’s pericenter (top right), the present day Milky Way-LMC con-
figuration (bottom left), and a projected future state of Milky Way-LMC (bot-
tom right). These distributions are showcased for the dark matter particles
belonging to the combined Milky Way+LMC system, the Milky Way-only,
and the LMC-only, depicted in black, red, and blue, respectively. Each dis-
tribution is accompanied by shaded bands indicating the 1o Poisson errors.
Notably, the LMC-only distribution is reduced by a factor of 10 for scaling
purposes. For all snapshots except the isolated Milky Way, the distributions
are analyzed in the Solar region, aligning with the best fit position of the Sun.
In contrast, the isolated Milky Way’s distribution is derived from a spherical
shell, specifically between 6 and 10 kpc from the Galactic center. Each panel’s
top left corner highlights the value of kyyc. The lower panels of each figure
contrast the ratio of the combined Milky Way+LMC distribution to that of
the Milky Way-only, excluding the isolated Milky Way snapshot. (figure from
ref. [60])
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Chapter 4

Halo integrals

In direct detection experiments, the event rate’s astrophysical dependence is
determined by the density and velocity distribution of dark matter in the
vicinity of the Solar System. Specifically, when considering standard interac-
tions, the event rate’s reliance on the local dark matter velocity distribution is

encapsulated within the halo integral. This integral is formulated as follows:

N(Vmin, t) = / v faur(V,t) , (4.1)
V>Umin v
where v represents the relative velocity between the dark matter particle and
the target nucleus or electron within the detector (v = |v|). The local dark
matter velocity distribution in the detector’s frame of reference is denoted as
faes (V1) Additionally, vy symbolizes the minimum velocity that a dark
matter particle must possess to transfer sufficient energy and momentum for
detection, resulting in recoil. This is further elaborated in equations (5.2) and
(5.6), which delineate the criteria for nuclear and electron recoils, respectively.
Understanding how the LMC affects these halo integrals, particularly in the

Solar region, is crucial as it correlates directly with anticipated variations in

the rates of direct detection events.

4.1 Velocity distribution transformation

In order to study the event rates in direct detection experiments, the dark
matter velocity w.r.t. the detector should be calculated. By implementing a

Galilean boost, we adjust the galactic frame velocity distribution, represented
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as fgal(v)a

Faer(V) = Fan(v + ve(?)), (4.2)

orb

orb(t) illustrates Earth’s motion rel-

The equation v.(t) = Visg + Vo + V
ative to the galactic frame, comprising three distinct elements. The com-
ponent vigg = (0,v.,0) signifies the motion of the Local Standard of Rest
(LSR), with v, representing the circular velocity at Sun’s position. The com-
ponent vo, = (Ug, Vs, Wg) is linked to the peculiar motion velocity vec-
tor of the Sun in relation to the LSR. Lastly, the component vo™(¢) de-

e

fines the Earth’s orbital movement around the Sun, represented as vo™(¢) =

Vo™ [€) sin \(t) — €y cos A(t)] [29], where vo™ = 29.8km/s. Here, A(t) denotes
the solar ecliptic longitude. The orthogonal unit vectors €; = (—0.0670, 0.4927,
0.8676), and ¢, = (—0.9931, —0.1170,0.01032), defining Earth’s plane during
the spring equinox and summer solstice respectively, are expressed in galactic
coordinates.

The Earth’s periodic revolution around the Sun results in the annual mod-
ulation of the scattering event rate. This modulation stands out as one of the
most conspicuous features in dark matter detection and acts as a significant
tool to discern between signal and background [23]. We consider a constant
ve = 220 km/s and simplify our model by overlooking the Earth’s orbit’s mi-
nor eccentricity. Subsequently, we focus on the annual time-averaged halo
integrals, representing an average over the course of one year.

Figure 4.1 illustrates the time-averaged halo integrals as a function of v,
in the vicinity of the Sun, focusing on the best fit Sun’s position. This anal-
ysis is based on the closest snapshot to the LMC’s pericenter approach and
involves four distinct halos (halos 2, 6, 13, and 15), as shown in figure 3.3.
The arrangement of the halos is as follows: halo 2 in the top left, halo 6 in the
top right, halo 13 in the bottom left, and halo 15 in the bottom right panel.

The halo integrals are computed using the average velocity distributions
of dark matter particles from both the Milky Way and the LMC, depicted by
black solid lines, and from the Milky Way-only, represented by red solid lines.

The uncertainty in these halo integrals, indicated by shaded bands, is derived
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from the dark matter velocity distribution at one standard deviation from the
mean.

Additionally, the lower panels of the figure present the relative differences
between the halo integrals of the combined Milky Way+LMC system and those
of the Milky Way-only. This difference is quantified as (nyw-vc —17vw) /7w
offering insights into the impact of the LMC’s presence on the dark matter
distribution in the Solar neighborhood.

4.2 Variations across halos and snapshots

Figure 4.1 shows notable distinctions in the halo integrals between the Milky
Way+LMC and the Milky Way-only scenarios. Specifically, halos 6 and 15
exhibit discrepancies in their halo integral tails, with halo 6 showing a relative
difference of ~ 6, and halo 15 having a difference ~ 0.5. In contrast, halos
2 and 13 display minimal variation between the Milky Way+LMC and Milky
Way-only cases. Their relative differences are notably less, being < 0.1 for
halo 2 and ~ 0.01 for halo 13. Interestingly, despite halo 13 possessing a
greater ke in the Solar region than the other three halos, it does not exhibit
significant deviations. This underscores the critical role of the LMC’s speed
distribution’s specific shape and peak speed in the detector’s reference frame
within the Solar neighborhood of each Milky Way analogue.

In order to assess variations in the tails of the halo integrals for both native
dark matter particles belonging to the Milky Way and the cumulative dark
matter particles originating from the Milky Way+LMC system, we introduce

a dimensionless parameter, denoted as An, expressed as:

An= > [muwrimc (V) = maw (V)] Avmin (4.3)

7 det
Vphin = 0. TvESt
)

min

Here, Aw,,;, represents the bin size in v,,;,, while v’ . signifies the midpoint

of these bins in v,;,, at which the halo integrals are computed for both Milky
Way+LMC, denoted as nyw.irmc, and Milky Way-only, denoted as nyw. The

%
min

summation encompasses all bins for which v’ . ~exceeds 70% of the local escape
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Figure 4.1: The time-averaged halo integrals in the vicinity of the Sun for
four distinct halos: 2, 6, 13, and 15, specifically during the snapshot nearest
to the LMC’s closest approach to the pericenter. Presented in four panels,
with halos 2, 6, 13, and 15 depicted in the top left, top right, bottom left, and
bottom right, respectively, for the best fit Sun’s position. The black curves
illustrate the halo integrals comprising dark matter particles from both the
Milky Way and the LMC (MW+LMC), and the red curves for those from the
Milky Way-only. The solid lines in each graph represent the halo integrals
derived from the average dark matter velocity distribution, while the shaded
areas indicate the range of dark matter velocity distribution at 1o deviation
from the mean. Additionally, the specific value of kpyc is indicated in each
panel. Below these plots, the relative discrepancies between the halo integrals
of the combined Milky Way+LMC system and the Milky Way-only, expressed

as (Muw+rLmc — Muw)/mvw, are shown. (figure from ref. [60])

speed from the Milky Way in the rest frame of the detector, indicated as v3<t.

det

e 1s estimated based on the largest vy, where nyw has a non-

The value of v

zero value. Specific values for v3 within the Solar region, obtained for the

best fit position of the Sun in 15 Milky Way-LMC analogues, are provided in
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table 3.1. These values are derived from the simulation snapshot closest to the
LMC’s approach to its pericenter.

It is worth noting that vy, exhibits an inverse relationship with the dark
matter mass, as indicated by egs. (5.2) and (5.6). This inverse dependence on
dark matter mass renders the exclusion limits of direct detection experiments
highly responsive to even minor fluctuations in the high speed tails of the halo
integrals, particularly for low dark matter masses. To address this sensitivity,
we introduced the parameter An, which specifically encompasses variations in

the tail of the halo integral and direct detection exclusion limits for v,,;, values

exceeding 70% of vdt. This numerical approach offers a representation of the
fluctuations in direct detection exclusion limits at the low dark matter mass
range.

We have explored alternative metrics for An, such as the relative differ-

det
esc

ence, the divergence in the curve’s area, and various fractions of v5S within
the aforementioned metric. All these alternatives reveal analogous overarch-
ing trends. Nevertheless, the present definition retains these global features
while also establishing an intuitive link between the halo integral plots and
the ensuing direct detection exclusion limits.

In our analysis, we have identified three pivotal factors contributing to

variations in the tails of the halo integrals. These factors encompass:

1. The proportion of dark matter particles originating from the LMC within

the Solar vicinity.

2. The positioning of the Sun (and consequently, the delineation of the

“Solar neighborhood”) within our simulations.

3. The Milky Way’s response, which arises due to the LMC’s movement

during its orbit near pericenter.

In the subsequent sections, we will delve into a detailed discussion of how

these phenomena individually impact our findings.
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4.3 Impact of the dark matter particles origi-
nating from the LMC

Dark matter particles from the LMC, upon reaching infall, attain velocities
sufficient to escape the LMC’s gravitational pull. A portion of these particles
reaches the vicinity of the Sun within the Milky Way. These LMC-originated
dark matter particles are typically faster than the Milky Way’s native dark
matter particles, influencing the tails of the halo integrals. An increase in the
kLMmc parameter signifies a more noticeable impact on these integrals.

In figure 4.2, the relationship between ke (the proportion of dark mat-
ter particles from the LMC near the Solar region) and the alteration in the
halo integral’s tail, denoted as An (as per eq. (4.3)), is depicted. This fig-
ure compares three scenarios: the best fit position of the Sun (represented by
black squares), the Solar region maximizing An (indicated by yellow dots),
and the Solar region where An is minimized (blue dots). The figure’s left
panel presents data from 15 Milky Way-LMC analogues at the time closest to
the LMC’s pericenter approach. The right panel, on the other hand, displays
various stages of halo 13, from approximately 314 Myr before to around 175
Myr after the present time.

In both panels, it is observed that the An for the Sun’s best fit position is
typically near or at the maximum An value, both increasing alongside kpnc
in the Solar region. The minimum Ap is either zero or nearly zero for several
Milky Way-LMC analogues and specific phases of halo 13, yet an upward trend
with ke is still evident in halo 13. As elaborated earlier, k¢ tends to rise
with the LMC to Milky Way mass ratio at infall (MENS/MMWV). Thus, a
larger mass ratio between the LMC and Milky Way generally leads to a more
substantial An, although this is dependent on the specific position of the Sun.

Figure 4.3 shows the changes in An within halo 13. It displays the varia-
tion of An at the Solar region, corresponding to the best fit Sun’s positions,
across different snapshots. These snapshots are charted relative to the present
day snapshot, denoted as t — tp,s.. A color bar in the figure indicates the

rrmce range. Notably, the snapshots coinciding with the highest k¢ values,
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Figure 4.2: The relationship between An (the variation in the halo integral’s
tail due to LMC particles) and kpyc is analyzed for three distinct Solar regions:
the best fit Sun’s position (indicated by black squares), the region where An
is maximized (yellow dots), and the region with the minimum An (blue dots).
The study is illustrated in two panels. The left panel focuses on 15 Milky Way-
LMC analogues, specifically at the time frame closest to the LMC’s pericenter
approach. In contrast, the right panel examines various snapshots of halo
13, spanning from approximately 314 Myr before to roughly 175 Myr after
the present day snapshot. This analysis provides insights into how An and
krme are correlated under different conditions and time frames. (figure from
ref. [60])

especially around the LMC’s pericenter approach, also exhibit the greatest An
values. Conversely, snapshots more distant from the pericenter show reduc-
tions in both kpye and An. The two snapshots at approximately 174 and 191
Myr before the present day are both highest in xpyc, each at 1.0%. Among
these, the one nearest to the pericenter snapshot (about 41 Myr before the
LMC'’s pericenter approach) records the largest An.

Despite the clear correlation between An and ke, the variability in An
values persists among systems with equivalent or near-equivalent xy\ic values.
This variation is attributable to the specific selection of the Sun’s position
when defining the Solar region. This phenomenon is observable in both panels
of figure 4.2, where significant discrepancies exist between the minimum and
maximum An for the same or similar xpyc values.

Consequently, our analysis extends beyond just the influence of kpyc on
An. Tt also encompasses the effects of the precise Sun-LMC geometry and
investigates whether the best fit Sun’s position uniquely maximizes An. These

aspects are further explored in the subsequent section.
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Figure 4.3: The plot of An within the Solar region, corresponding to the best
fit Sun’s positions in halo 13, is set against the timeline of snapshots relative to
the present day, denoted as ¢ —tpes. This timeline extends from approximately
314 Myr prior to the present day to about 175 Myr subsequent to it. A color
bar within the plot indicates the range of kyyc. Noteworthy points in time,
including the LMC’s pericenter approach (Peri.), the present day (Pres.), and
a future point around 175 Myr after the present day (Fut.), are highlighted
with vertical dashed black lines in the plot. (figure from ref. [60])

4.4 Variation due to the Sun-LMC geometry

In the examination of 15 Milky Way-LMC analogues, a significant degree of
variation in k¢ values is observed, primarily influenced by the selection of the
Solar region. Specifically, xk1yc can fluctuate by about a factor of 2, contingent
on the particular Milky Way-LMC analogue (as exemplified in the last column
of table 3.1). Furthermore, even when Solar regions share comparable kpyc
values, there is a notable dispersion in the extent to which the tails of the
combined Milky Way+LMC halo integrals diverge from those of the Milky
Way-only.

This phenomenon is also visible in figure 4.1. Here, the most substantial
deviation in the halo integral’s tail is observed in halo 6, where x\c is 0.038%,
contrasting with halo 13 that, despite having the highest rpyc of 2.3%, exhibits
only minimal variation.

These observations underscore that while s\c is a crucial factor in deter-

mining An, the specific Sun-LMC spatial arrangement within the chosen Solar
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region holds comparable significance.

Figure 4.4 presents time-averaged halo integrals for both the Milky Way-+
LMC (in black) and Milky Way-only (in red) dark matter populations. These
are specifically for the current snapshot of halo 13, covering two distinct Solar
regions: the best fit Sun’s position (left panel) and the Solar region minimizing
An (right panel). Each panel also details the kpyc value and the cosine angles
correlating with the Sun’s position, as defined in eq. (2.1). Beneath the halo
integral plots, sub-panels illustrate the relative differences between the Milky
Way+LMC and Milky Way-only integrals. A noticeable divergence is seen in
the tail of the Milky Way+LMC halo integral at the best fit Sun’s position, in
contrast to minimal variations in the region minimizing An. This underscores
the significance of the Sun-LMC spatial relationship, demonstrating how iden-
tical snapshots with comparable xp ¢ values can exhibit significant differences
in the halo integral tails based on the chosen Sun’s position.

To disentangle the influence of the Sun-LMC geometry from that of kpnc
on An, the study examines cosine angles that characterize the Sun-LMC ge-
ometry, as per eq. (2.1). Figure 4.5 maps the permissible Sun positions in
the parameter space defined by these two cosine angles for halo 13 at the
present day snapshot. The color bars in each panel indicate the range of Krmc
and Arn, respectively. The observed values of the cosine angles, derived from
eq. (2.2), are marked with a black square in each panel. A comparison of the
two panels reveals that the maximum Apn is located in the quadrant where
both cos a and cos 8 are negative, contrasting with the quadrant where kpyc
peaks, characterized by positive cos a and cos 3.

On average, the kpyco value experiences an average variation of 0.15%
among the different permissible Sun positions within a specific snapshot. How-
ever, this variation can escalate to as much as one percent when comparing
across different snapshots. Consequently, within a single snapshot, the pri-
mary determinant of An is the specific geometry of the Sun-LMC configura-
tion. Moreover, an analysis across various snapshots reveals that the highest
values of An are predominantly found in quadrants where cos 3 is negative.

This negative cos [ implies an oppositional direction between the velocity vec-
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Figure 4.4: For the present day snapshot of the halo 13, the time-averaged halo
integrals for both the Milky Way+LMC (illustrated in black) and Milky Way-
only (depicted in red) dark matter populations are presented. This comparison
is shown for two distinct scenarios: the best fit position of the Sun (left panel)
and the Solar region exhibiting the lowest An (right panel). The halo integrals
derived from the average dark matter velocity distribution are represented by
solid lines, whereas those computed from the dark matter velocity distribution
at 1o from the mean are indicated by shaded bands. Additionally, the value
of kpye and the cosine angles (as defined in eq. (2.1)) are detailed in each
panel. Subsequently, the lower panels depict the relative differences between
the halo integrals for the combined Milky Way+LMC and the Milky Way-only
scenarios. (figure from ref. [60])

tors of the LMC analogue and the Sun, resulting in higher relative speeds
for the LMC-originating particles relative to the Sun, thereby amplifying An.
Given that the observed cosine angles are also negative, it suggests that the
variations in the halo integral’s tail at the best fit Sun’s position are proximate
to the maximum possible variation relative to other permissible Sun positions.
This observation aligns with the data presented in figure 4.2, where the An
values for the best fit Sun’s positions (black squares) approximate the highest
An values (yellow dots).

Consequently, it can be inferred that the best fit Sun’s position does in-
deed occupy a privileged stance in maximizing An. This is attributed to the
observed negative cos (3, indicating a general opposition in the directions of the
Sun’s and the LMC’s velocities. Such a scenario suggests that for the actual

Milky Way, the influence of the LMC is likely to be maximally impactful on
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Figure 4.5: The present day snapshot of halo 13 showcases the cosine angles,
which are crucial in defining the Sun-LMC geometry (eq. (2.1)). This is de-
picted for all permissible positions of the Sun, with each position color-coded
based on the value of kpyc (left panel) and An (right panel). Moreover, the
observed values of these cosine angles (detailed in eq. (2.2)) are distinctly
marked with a black square on each panel. (figure from ref. [60])

the tail of the halo integral.

Our investigation also encompassed how the magnitude of An for the
present day snapshot of halo 13 is influenced by the dimensions of the de-
fined Solar region. We observed that a reduction in the Solar region’s size
notably enhances An, attributable to heightened sensitivity towards the best
fit Sun’s position. Specifically, when the cone’s opening angle is narrowed
from 7/4 to /6, while maintaining the same spherical shell width, there is
an 18% increase in An. Conversely, lessening the shell width to 7 — 9 kpc,
while retaining the original cone opening angle, results in a more modest 7%
rise in An. A more substantial increase of 78% in An is realized when both
the cone’s opening angle is reduced to 7/6 and the shell width is narrowed
to 7 — 9 kpc. However, this adjustment drastically lowers the count of dark
matter particles from both the Milky Way and LMC within the Solar region,
thereby introducing significant Poisson uncertainties. Hence, our findings are
conservative regarding the Solar region’s size.

On the other hand, expanding the Solar region size slightly diminishes An,
stemming from a reduced sensitivity to the best fit Sun’s position. To illus-
trate, widening the cone’s opening angle from 7/4 to 7/2, while the spherical

shell width remains unchanged, leads to a mere 2% decrease in An.
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4.5 Milky Way’s response to the LMC

The influence of the LMC on the Solar region, particularly on the high-velocity
end of the local dark matter velocity distribution, is a key factor in understand-
ing the local dark matter halo dynamics of the Milky Way. This influence is
not only due to particles directly emanating from the LMC, but also arises
from the Milky Way’s dynamical reaction to the LMC’s orbital path. Prior
studies have observed and analyzed the Milky Way’s reaction to the LMC in
simplified models [12][22]. However, examining this reaction in a fully cosmo-
logical context, which accounts for the complex accretion history of halos, is
crucial. This section delves into how the Milky Way’s response impacts the
high speed tail of the halo integral in our cosmological simulations and dif-
ferentiates this effect from the high speed dark matter particles in the Solar
region originating from the LMC.

In figure 4.6, we analyze the time-averaged halo integrals for four distinct
snapshots of halo 13. These snapshots include: the isolated Milky Way ana-
logue (Iso.), the LMC’s closest approach (Peri.), the current Milky Way-LMC
state (Pres.), and a projected future Milky Way-LMC state (Fut.). For the
last three states, we present the halo integrals for both the combined Milky
Way+LMC system (solid curves) and the Milky Way alone (dashed curves),
based on the optimal position of the Sun. The isolated Milky Way state,
which lacks an LMC-like satellite, has its halo integral (solid black curve) de-
rived from dark matter particles in a spherical shell around the Galactic center,
with radii ranging from 6 to 10 kpc. For context, we include a comparison
with the halo integral from a Maxwellian velocity distribution, which assumes
a peak speed of 220 km /s and is truncated at the escape velocity of 544 km/s,
a common approach in the SHM.

Analyzing the halo integrals of the Milky Way at different stages, both
isolated and influenced by the LMC, reveals the dynamic response of the Milky
Way’s native dark matter in the Solar region. Initially, the halo integral of
the isolated Milky Way, represented approximately 2.8 Gyr before the current
era, acts as a baseline (solid black curve). This snapshot, depicting the Milky
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Figure 4.6: The figure presents time-averaged halo integrals from four specific
stages in halo 13, encompassing different phases of the Milky Way and LMC
interaction. These phases include: the isolated Milky Way snapshot (Iso.),
the LMC at its closest approach to the Milky Way (Peri.), the present day
Milky Way-LMC configuration (Pres.), and a projected future Milky Way-
LMC snapshot (Fut.). In these snapshots, solid and dashed lines, along with
shaded areas, represent halo integrals derived from the average dark matter
velocity distribution and the dark matter velocity distribution within one stan-
dard deviation (1o) from the mean, respectively. For the scenarios involving
the present, pericenter, and future states, we display halo integrals for the best
fit Solar region in two contexts: the combined Milky Way+LMC dark matter
populations (solid curves) and the Milky Way-only dark matter populations
(dashed curves). In contrast, the isolated Milky Way phase, devoid of an LMC
counterpart, features its Milky Way halo integral (solid black curve) calculated
for a Solar region defined as a spherical shell with radii ranging from 6 to 10
kpc from the Galactic center. Furthermore, the study includes a solid blue
curve illustrating the SHM halo integral, which is derived from a Maxwellian
velocity distribution. This distribution is characterized by a peak speed of 220
km/s and is truncated at the Galaxy’s escape speed of 544 km/s. (figure from
ref. [60])

Way without LMC’s impact, aligns closely with the SHM, although it exhibits
a slightly more extended tail, reaching a minimum velocity (vy;,) of about 800
km/s.

A significant variation occurs when the LMC approaches its first pericenter.
At this time, the Milky Way’s native dark matter halo integral (dashed green

curve) demonstrates an enhanced tail, extending to vy, ~ 900 km/s. This
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enhancement is also observed in the present day snapshot (dashed orange
curve), where the LMC is close to its pericenter, indicating a similar boost in
the tail of the halo integral.

In a future scenario, approximately 175 Myr after the present day, the
halo integral for the Milky Way’s local dark matter (dashed magenta curve)
reverts to a tail similar to the isolated Milky Way state, with vy, returning
to ~ 800 km/s. This future state mirrors the effects observed in the Auriga
simulations, where a satellite galaxy’s passage through a host dark matter halo
creates a comparable overdensity wake. This period is akin to the overdensity
wake induced in a host dark matter halo by a satellite galaxy’s passage in the
Auriga simulations [34].

During the pericenter snapshot, characterized by the highest LMC contri-
bution (kpme = 0.85%), the combined Milky Way+LMC halo integral (solid
green curve) exhibits the most pronounced increase in tail speed, reaching ap-
proximately 1000 km/s. This represents an increase of about 100 km/s over
the tail speed of the Milky Way-only integral. Similarly, the present day snap-
shot, with a xpyc value of 0.26%, shows a substantial disparity between the
Milky Way+LMC and Milky Way-only halo integrals at higher velocities. In
a future Milky Way-LMC scenario (kpme = 0.22%), the Milky Way+LMC
halo integral’s tail is elevated by ~ 50 km/s compared to the Milky Way-only
integral.

When contrasting these observations with the boost in the native Milky
Way dark matter population at pericenter and present day snapshots, it is
apparent that the influence of LMC-origin dark matter particles on the halo
integral’s tail is comparable in magnitude. Figure 4.6 illustrates this effect:
the dark matter particles in the Solar neighborhood, which normally reach
speeds around 800 km/s in the absence of LMC influence (solid black curve),
are accelerated to over 950 km/s in the current era (solid orange curve). This
escalation, exceeding 150 km/s, results from both the Milky Way’s response
and the incorporation of high speed LMC particles in the Solar region.
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Chapter 5

Implications for dark matter
direct detection

This chapter elaborates on how the LMC influences the interpretation of dark
matter direct detection experiments. Specifically, we analyze dark matter
interactions with either a nucleus or an electron in sections 5.1 and 5.2. We
examine the modifications in the exclusion limits for dark matter mass and
scattering cross section in various direct detection experiments due to the
LMC’s presence, considering specific experimental setups.

Our study simulates signals for three hypothetical direct detection experi-
ments, modeled after upcoming detectors aiming to detect nuclear or electron
recoils caused by dark matter particle interactions. To determine the con-
straints on the dark matter scattering cross section and mass, we use the Pois-
son likelihood method as implemented in the DDCalc [17] and QEDark [31][25]
software for nuclear and electron recoils, respectively. These tools, utilizing the
properties of the experimental setups and the local dark matter distribution,
calculate exclusion limits at a specified confidence level. For our direct detec-
tion analysis, we directly incorporate local dark matter velocity distributions

obtained from simulations.

5.1 Dark matter - nucleus scattering

In the context of dark matter interactions with atomic nuclei, we analyze

a scenario where a dark matter particle of mass m, collides with a nucleus
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(mass my) within an underground detector, imparting a specific amount of
recoil energy Eg. The rate of such events is differential and can be expressed

as:

dR px 1 / g dor -
_— = = d>v —— t 5.1
dER my my S v dER v fdet(va ) ) ( )

In this expression, o represents the cross section of dark matter-nucleus scat-
tering.

When considering elastic scattering phenomena, the lowest velocity vy,
necessary for a dark matter particle to transfer recoil energy Er to the detector

can be described by the equation:

/mTER
vmin(ER> = 2”2 s (52)
xT

Here, pi, 7 denotes the reduced mass of the dark matter particle and the target

nucleus.
In the analysis of spin-independent interactions, the differential cross sec-

tion can be articulated as follows:

d m A2 SI
or _ T ON gy (5.3)

dER — 2p2\v?

In this equation, A represents the atomic mass number of the target nucleus,
aiﬁv is the spin-independent dark matter-nucleon scattering cross section at
zero momentum transfer, p,n denotes the reduced mass between the dark
matter particle and nucleon, and F(Fg) is the nuclear form factor for spin-
independent interaction, with the Helm form factor as the reference model [37].

Consequently, the differential event rate, in terms of the halo integral

(eq. (4.1)), is expressed as:

dR  p Aoy,
T5n = Dy ) (min ) (5.4)

In this study, we examine two idealized direct detection experiments target-
ing dark matter: one employing a xenon-based detector, and the other utilizing
germanium. These conceptual models draw upon the anticipated sensitivity of
upcoming LZ [1][5] and SuperCDMS [4] experiments. Noble liquid detectors

like LZ, which have recently reported initial findings [1], offer the capability
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of extensive exposure, adept at detecting larger dark matter masses and re-
duced cross sections. Conversely, cryogenic solid-state detectors, exemplified
by SuperCDMS, excel in detecting dark matter masses below 1 GeV. Collec-
tively, these detector types cover a broad spectrum of dark matter masses and
scattering cross sections.

The xenon-based detector under consideration is designed to operate within
an energy window of [2 — 50] keV. It features an energy resolution described
by or = 0.065Eg + 0.24keVy/Eg/keV [11] and is projected to achieve an
exposure of 5.6 x 10° kg days, with a peak efficiency of 50% as outlined in
ref. [5]. This level of exposure is anticipated for the LZ experiment over a
five-year operational period [5].

Regarding the germanium-based detector, we assess two distinct crystal
target configurations, each with a different energy threshold. The first, a
low energy threshold model, is inspired by the proposed high-voltage (HV)
detector of the SuperCDMS SNOLAB project [4]. It is set to monitor an
energy interval of [40 — 300] eV, maintaining a steady signal efficiency of 85%,

1 and an exposure of 1.6 x

a uniform background of 10 keV~! kg=! days~
10* kg days [4][41]. The second design, with a higher energy threshold, shares
characteristics with the iZIP detector of the same experiment. This design
includes an exposure of 2.04 x 10* kg days, an energy range of [3 —30] keV, an
anticipated single background event, and a consistent efficiency of 75%. The
exposures for both designs are projected to be attainable by SuperCDMS after
a five-year exposure [4].

In the upper panels of figures 5.1 and 5.2, the 90% confidence level (CL)
exclusion limits are displayed in the plane of dark matter mass and spin-
independent cross section. These limits are derived from anticipated xenon
and germanium experiments, which utilize the local dark matter velocity dis-
tribution captured in four distinct snapshots of halo 13. The snapshots include
the isolated Milky Way analogue (Iso.), the LMC’s pericenter approach (Peri.),
the present day Milky Way+LMC analogue (Pres.), and the projected future
Milky Way+LMC scenario (Fut.).

The exclusion limits, represented by both a mean line and a shaded area,

93



-37 . ) L _37:
10 Xe —— SHM 10
-39 —— MW (Iso.) E
10 — MW-+LMC (Peri.) 10"39§
— 04t MW (Peri.)
NE MW+LMC (Pres.) 1041E
9 104 MW (Pres.) E
_= \ —— MW+LMC (Fut.) A
et W [ MW (Fut) 107¢
10—47 10_45§
1074 1()-47§
104 104
2
5 107 10>
1 1
4 10 50 100 500 1000 4 5 6 7 8 9 10
my [GeV] m, [GeV]

Figure 5.1: The upper panels illustrate the 90% confidence level (CL) ex-
clusion limits for a prospective xenon-based experiment, mapping the spin-
independent dark matter-nucleon cross section against dark matter mass.
These limits are showcased for four distinct snapshots in halo 13: the isolated
Milky Way analogue (Iso.), the LMC’s pericenter approach (Peri.), the present
day Milky Way-LMC analogue (Pres.), and a future projection of the Milky
Way-LMC analogue (Fut.). In each scenario, solid and dashed lines, along
with shaded areas, represent the exclusion limits derived from the mean and
the 1o uncertainty range of the halo integrals, respectively. For the pericenter,
present, and future snapshots, the exclusion limits are depicted in the Solar re-
gion, highlighting the most probable position of the Sun in both the combined
Milky Way-+LMC (solid colored curves) and the Milky Way-only (dashed col-
ored curves) dark matter distributions. For the isolated Milky Way snapshot,
the limit is indicated for the Milky Way’s dark matter population (solid black
curve) within a Solar region defined as a spherical shell spanning radii of 6 to
10 kpc from the Galactic center. The blue curve represents the exclusion limit
for the SHM Maxwellian. A local dark matter density of p, = 0.3 GeV /cm?
is assumed. In the lower panels, the ratios of the exclusion limits between the
Milky Way-only and Milky Way+LMC dark matter distributions for the peri-
center, present, and future snapshots are presented. The left panels provide
a broad overview of these limits and ratios across a wide dark matter mass
spectrum, while the right panels focus specifically on the lower dark matter
mass range. (figure from ref. [60])

correspond to the average and the 1o uncertainty range of the halo integrals
indicated in figure 4.6. The solid black curve denotes the exclusion limit
for the isolated Milky Way analogue. In contrast, the exclusion limits for

the remaining three snapshots feature solid colored lines for the combined
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Figure 5.2: Similar to the representation in figure 5.1, this illustration pertains
to a prospective germanium based experiment. (figure from ref. [60])

Milky Way+LMC distribution and dashed colored lines for the Milky Way-
only scenario. Additionally, for comparative purposes, the exclusion limit
based on the SHM Maxwellian velocity distribution, with a peak speed of 220
km/s and a cutoff at the galactic escape velocity of 544 km/s, is depicted as
a solid blue curve. It is important to note that in all scenarios, the local dark
matter density is consistently set to p, = 0.3 GeV /cm?, a standard assumption
in the SHM. This density acts as a rate normalization factor, implying that
any changes in its value would uniformly shift all exclusion limits up or down.

The lower panels of these figures highlight the ratio of the exclusion lim-
its, comparing the Milky Way-only distribution with the combined Milky
Way+LMC distribution for the pericenter, present day, and future snapshots.
The left panels of these figures provide a broad overview of dark matter masses,
while the right panels focus specifically on the lower dark matter mass range
to enhance the visibility of differences in this range.

Analyzing the data in figures 5.1, 5.2, and 4.6, we observe comparable
trends, particularly in the halo integrals of different snapshots. Notably, the
variations in the high speed tails of these integrals significantly influence the
exclusion limits at lower dark matter masses. This impact is most pronounced

in areas where experiments exhibit heightened sensitivity to elevated v, val-
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ues. The exclusion limit is notably weaker for the isolated Milky Way snapshot
at these lower dark matter masses, aligning closely with the SHM. Conversely,
the dark matter distribution in the combined Milky Way+LMC, particularly
at the LMC’s pericenter approach, demonstrates the strongest exclusion limit.

Focusing on the xenon-based experiment detailed in figure 5.1, the present
day Milky Way+LMC distribution’s exclusion limit surpasses that of the iso-
lated Milky Way. This difference is significant, reaching an order of magnitude
at m, ~ 8 GeV, over three orders at m, ~ 6 GeV, and over five orders at
m, ~ 5 GeV. Additionally, for fixed cross sections, the Milky Way+LMC dis-
tribution at the present day snapshot exhibits a shift of several GeV towards
smaller dark matter masses compared to the isolated Milky Way, for masses
under O(10 GeV).

In the context of the germanium-based experiment, as shown in figure 5.2,
the exclusion limit difference between the present day Milky Way+LMC dis-
tribution and the isolated Milky Way reaches an order of magnitude at m,, ~
0.5 GeV, and over three orders at m, ~ 0.4 GeV. At fixed cross sections and
for dark matter masses under O(1 GeV), there is a notable horizontal shift of
a few hundred MeV towards smaller dark matter masses. Thus, as figures 5.1
and 5.2 indicate, the LMC’s inclusion extends the scope of direct detection
experiments to smaller dark matter masses.

Our findings are in alignment with those presented in ref. [12]. The latter
also indicates that the LMC’s presence results in shifts to lower cross sections
and dark matter masses in direct detection limits, thereby broadening the
sensitivity range of these experiments. This confirms that the results of ref. [12]

remain valid in a fully cosmological framework.

5.2 Dark matter - electron scattering

In the context of dark matter interacting with electrons, the differential event

rate for a crystalline target is expressed as follows:

dR P Eeamg Ee crysta
T E. = cellm_x 12 dlnq7 [|FDM(Q)‘2 | f ’ I(EmQ)‘Q??(Umin(q,Ee)ﬂ )
€ X xe

(5.5)
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where the parameters are defined as follows: FE,. denotes the energy trans-
ferred to the electron, g represents the momentum transfer in the dark matter-
electron interaction, and N, indicates the number of unit cells in each mass
unit of the crystal. The dark matter-electron reference cross section, @, char-
acterizes the interaction strength, while v ~ 1/137 is the fine structure con-
stant, m. the electron mass, and f,. the reduced mass of the dark matter-
electron. The factor fo¥tal a dimensionless term, reflects the influence of the
target material’s electronic structure on the rate.

The form factor for dark matter, Fpy, is crucial in understanding the
momentum-based characteristics of the interaction. It is noted that for a
heavy mediator in a contact interaction, Fpy(g) equals 1. For an electron
dipole moment coupling, it becomes (am./q), and for a long-range interaction
mediated by an ultralight or massless mediator, it is expressed as (am./q)?.

Furthermore, the minimum velocity (vm,) that a dark matter particle must
possess to impart an energy E, to an electron, corresponding to the momentum

transfer ¢, is given by:

E. q
'Umin(EmQ) = ? + m .
X

(5.6)

In this study, we examine the potential of an upcoming silicon CCD ex-
periment, leveraging the enhanced sensitivity anticipated in the kilogram-scale
DAMIC-M project (referenced in [43], [20], [8]). Such experiments, which fo-
cus on the interactions between dark matter and electrons, are pivotal for
investigating dark matter masses in the MeV range. This is primarily due to
the electron’s relatively small mass. Semiconductors are especially useful in
this context because of their low ionization threshold, approximately 1 eV,
enabling them to detect individual electron-hole pairs. We propose using a sil-
icon detector with a total exposure of 1 kg year and assume zero background
events, paired with a detection threshold of one electron-hole pair.

Figure 5.3 contains top panels that depict the 95% CL exclusion limits in
the dark matter mass and dark matter-electron cross section plane. This is for
the proposed silicon based experiment, considering various dark matter veloc-

ity distributions: the isolated Milky Way (black), pericenter (green), present
o7



day (orange), and future projection (magenta) of halo 13. The exclusion limits
for the latter three scenarios are represented as solid colored curves when con-
sidering both the Milky Way and LMC distributions, and as dashed curves for
the Milky Way-only distribution. These limits, including their mean and the
associated 1o uncertainty band, are derived from the halo integrals shown in
figure 4.6. The SHM exclusion limit is depicted as a solid blue curve. Regard-
ing dark matter-nucleus scattering, the local dark matter density is assumed
to be p, = 0.3 GeV/cm?®. In the lower panels of the figure, the ratio of the
exclusion limits for the Milky Way-only distribution to those of the combined
Milky Way and LMC distributions are presented for the pericenter, present
day, and future snapshots. Additionally, the left, middle, and right panels
of the figure illustrate the results for three distinct dark matter form factors:
Foum =1, Fpum o< ¢71, and Fpu o< g2, respectively.

The influence of the LMC on the exclusion limits of the dark matter-
electron scattering cross section bears similarities to its impact on dark matter-
nucleus scattering, though to a lesser extent. As depicted in figure 5.3, the
exclusion limits of the Milky Way combined with the LMC, both at the LMC’s
pericenter approach and in the present day Milky Way-LMC snapshots, ex-
hibit a tendency towards lower dark matter masses and reduced dark matter-
electron cross sections in comparison to the Milky Way in isolation. This shift
is more pronounced at lower dark matter masses, where the experiments are
sensitive to higher v, values. Specifically, the present day Milky Way+LMC
distribution’s exclusion limit is approximately 4 times lower than that of the
Milky Way alone for a dark matter mass of about 1 MeV, and roughly 50
times lower at 0.6 MeV. Below a few MeV in dark matter mass, the exclusion
limit shifts downward by a fraction of an MeV for all three dark matter form

factor options, given constant cross sections.
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Figure 5.3: Upper panels: The 95% confidence level exclusion limits for an
upcoming silicon based dark matter detection experiment are depicted, focus-
ing on the dark matter-electron cross section and dark matter mass plane.
These limits are analyzed for four distinct snapshots in halo 13: an isolated
Milky Way analogue (Iso.), the LMC’s pericenter approach (Peri.), the present
day (Pres.), and a projected future snapshot (Fut.). Three dark matter form
factors are examined: Fpy = 1 (left), Fpy o< ¢! (center), and Fpy o< g2
(right). The exclusion limit of the SHM is represented by the blue curve. The
local dark matter density is consistently set at p, = 0.3 GeV/cm®. Lower pan-
els: Presents the exclusion limit ratios comparing the Milky Way-only scenario
to the combined Milky Way+LMC dark matter populations for the pericenter,
present day, and future snapshots. The color-coded curve descriptions corre-
spond to those outlined in figure 5.1. (figure from ref. [60])
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Chapter 6

Discussion and conclusions

In this research, we employed magneto-hydrodynamical simulations from the
Auriga project [35] to examine the influence of the LMC on the distribution
of local dark matter and its subsequent effect on direct dark matter detection
efforts. Our initial step was to select 15 Milky Way-LMC system analogues,
based on the criteria that the LMC analogue’s stellar mass and its distance
to the host during its first pericenter approach concur with empirical observa-
tions.

Subsequently, our focus was narrowed to a singular Milky Way-LMC ana-
logue. We analyzed how the LMC’s presence alters the local dark matter
distribution at various stages of its orbit. We specifically examined four criti-
cal snapshots: the isolated Milky Way analogue, the first pericenter approach
of the LMC analogue, the snapshot nearest to the present day Milky Way-
LMC configuration, and a projected future snapshot of the Milky Way-LMC
system, approximately 175 Myr from the present day.

In our analysis, we extracted data regarding the dark matter density and
velocity within the Solar neighborhood. We meticulously selected positions
for the Sun in our simulations to align with the observed Sun-LMC geom-
etry. This process involved determining the orientations of the stellar disks
in the simulations to have the same angle with the LMC analogues’ orbital
plane, as in real-world observations. For each orientation, we specified the
Sun’s position by matching the angles between the LMC’s orbital angular mo-

mentum and the Sun’s position and velocity vectors in the simulations with
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their observed counterparts. The position that yielded the closest match with
these angles was deemed the best fit Sun’s position. Utilizing the local dark
matter velocity distributions derived from our simulations, we computed halo
integrals, emphasizing how the LMC alters their high speed tails.

To conclude our research, we simulated anticipated signals in three forth-
coming direct detection experiments involving xenon, germanium, and silicon.
These simulations considered dark matter-nucleus interactions in the first two
materials and dark matter-electron interactions in silicon. We focused on as-
sessing the impact of the LMC on the exclusion limits of these experiments.

Our key findings are summarized below:

1. The data from selected Milky Way-LMC analogues indicate that the per-
centage of dark matter particles that have originated from the LMC and
are now present in the Solar region lies in the range of [0.0077 — 2.8]%.
This range is due to the halo-to-halo variation in the results. Concur-
rently, an equally important aspect is the variation in local dark matter
density, which is observed to be in the range of [0.21 — 0.60] GeV /cm?®.
This variability is dependent on the characteristics of each galactic halo,
highlighting the complexity and diversity of galactic structures and their

impact on the local dark matter distribution.

2. The local speed distribution of dark matter particles originating from the
LMC is a subject of significant interest in understanding the dynamics of
these particles within the Milky Way. Notably, this distribution peaks
at the high speed tail of the dark matter particles of the Milky Way,
specifically at speeds greater than 500 km/s with respect to the center
of the Milky Way analogue. Moreover, this feature exhibits consider-
able halo-to-halo variation, underscoring the diverse nature of galactic
environments. Additionally, a temporal analysis of these distributions,
particularly through different snapshots within a single halo, reveals the
impact of the LMC throughout its orbit around the Milky Way. This im-
pact is observed not only at the time of the LMC’s pericenter approach

and the present day but also to about 175 Myr after the present day,
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illustrating the long-term effects of the LMC on the local dark matter

distribution.

. The interaction of the LMC with the Milky Way manifests in a significant
shift in the high speed tail of the halo integrals towards higher veloci-
ties. This shift can be understood through three primary contributing
factors, as encapsulated by the metric An (see eq. 4.3). The first factor
is the relative abundance of dark matter particles from the LMC within
the Solar region. A higher concentration of these particles generally cor-
responds to an increased value of An, a trend observed across different
Milky Way-LMC analogues and at various points in time within a sin-
gle system. The second factor concerns the geometrical positioning of
the Sun relative to the LMC in the simulations. The impact of this
Sun-LMC geometry on An is significant, with the best-fit Sun’s position
being one that maximizes this metric. This suggests that An should be
close to its maximum value in the actual Milky Way. The third factor
is the response of the native dark matter particles in the Milky Way to
the LMC’s passage. This response, characterized by an acceleration of
the native dark matter particles due to the LMC, leads to an additional
increase in An. When combined, these factors — the influx of high speed
LMC particles and the acceleration of native Milky Way dark matter
particles — contribute to a shift of more than 150 km/s in the high speed
tail of the halo integrals, at the present day. This shift is a clear indicator
of the dynamic interactions between the LMC and the Milky Way and
their profound effects on the distribution and behavior of dark matter

particles.

. The influence of the LMC on the high speed tail of the halo integrals
has profound implications for direct dark matter detection experiments.
These experiments, which aim to identify the dark matter particles, rely
heavily on accurate predictions of the local dark matter behavior, in-
cluding speed and distribution. The presence of the LMC introduces

significant modifications in these distributions, primarily manifested as
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shifts in the expected exclusion limits for detecting dark matter. These
shifts are oriented towards lower cross sections and smaller dark matter
masses, broadening the scope of detection capabilities. Specifically, in
the realm of future xenon-based experiments, the impact of the LMC is
substantial. It lowers the exclusion limits for the dark matter-nucleon
cross section by an order of magnitude for dark matter masses ~ 8 GeV,
and even more dramatically for lower masses - more than three orders
of magnitude for a dark matter mass of ~ 6 GeV, and over five orders
for ~ 5 GeV. The germanium-based experiments are similarly affected,
with the LMC’s influence lowering the exclusion limits by an order of
magnitude for dark matter masses ~ 0.5 GeV, and beyond three orders
for ~ 0.4 GeV. In the case of silicon-based experiments, which focus on
the dark matter-electron cross section, the impact is marked by a re-
duction in exclusion limits up to a factor of around 4 for dark matter
masses ~ 1 MeV, and as much as 50 for 0.6 MeV. Additionally, there is
a notable horizontal shift in these exclusion limits towards smaller dark
matter masses, becoming more pronounced for lower masses. This shift
extends across a range of materials used in experiments: a few GeV for
xenon, several hundred MeV for germanium, and a fraction of an MeV
for silicon. This horizontal shift is particularly critical as it signifies the
LMC’s role in extending the parameter space probed by these direct de-
tection experiments towards lower dark matter masses. The ability to
detect smaller dark matter masses enhances the potential for discovering
new aspects of dark matter and its interactions, thus providing a broader

understanding of this enigmatic component of the universe.

Our study unveils a novel finding: the LMC’s significant influence on the

local dark matter distribution is clearly evident even within a fully cosmolog-

ical simulation that traces the evolution of Milky Way and LMC analogues.

Despite the inherent halo-to-halo variations characteristic of cosmological sim-

ulations, a detailed examination of various snapshots of a specific Milky Way-

LMC analogue yields several key insights. Paramount among these is the
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observation that a massive satellite, that has just passed its pericentric ap-
proach, can significantly boost the high speed tail of the local dark matter
velocity distribution.

Additionally, our research highlights the importance of our unique Sun-
LMC geometry. This specific Sun-LMC geometry is found to maximize the
impact on the dark matter velocity distribution.

Our results agree with those from ref. [12], which investigated the LMC’s
effect on direct detection signals in a suite of idealized simulations of the
LMC’s orbit around the Milky Way. In agreement with our conclusions, they
observed that for smaller dark matter masses, the LMC causes a substantial
vertical shift of more than an order of magnitude in the exclusion limits on
the dark matter-nucleon cross section towards smaller cross sections.

The outcomes of our fully cosmological simulations contribute significantly
to the current understanding of the LMC’s role in influencing the local dark
matter distribution. They underscore the importance of considering the LMC’s
impact in the analysis of future dark matter direct detection data, particularly
for lower dark matter masses. The implications of our results extend well
beyond the scope of direct detection. They provide valuable insights into the
validity and potential of idealized simulations in predicting phenomena such
as the dark matter wake induced by the LMC in the galactic halo.

Looking forward, the advancements in cosmological simulations, especially
those achieving higher resolution, are poised to play a crucial role. These future
simulations are expected to precisely quantify the variations in the high speed
tail of the local dark matter velocity distribution attributable to the LMC.
The enhanced resolution in these simulations will be key to deepening our
understanding of the complex dynamics governing dark matter distributions
and their interactions with celestial bodies like the LMC, thereby contributing

to a more comprehensive understanding of the universe’s dark component.
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