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ABSTRACT

First, the baryonic content of simulated halos of virial masses between 5 x 10° M,
to 5 x 10'2M, in the APOSTLE project is examined in the context of the missing
baryon problem. Baryonic particles in APOSTLE can be either stars or gas. Non-
star-forming gas, or the circumgalactic medium (CGM) is further classified by temper-
ature into the Cool CGM (CCGM, T < 10°K), or the Warm-Hot CGM (WHCGM,
T > 10°K). APOSTLE halos are found to contain less than 60% of the expected mass
of baryons (f, = Q/Q, My = fy, X Magg) within their virial radius. The WHCGM
contains 29% =+ 10%, the CCGM 12% =+ 5%, and the stars and star-forming gas
19% =+ 5%. The metal content of the same halos is analyzed, and compared to the
total metals produced by the stars within the virial radius. Over two thirds of the
produced metals are retained within the halo, with 14% =+ 3% in the WHCGM, 13%
+ 4% in the CCGM, and 43% 4 9% in the stars and star-forming gas.

Next, we focus on the overall distribution of matter within a 3M pc radius from the
Milky Way. Using the trends in APOSTLE volumes, I quantify both the ellipticity
and orientation of this spatial distribution using the principal axes of the inertia
tensor of the positions of these galaxies. The Zone of Avoidance has little impact on
this result, and the short axis is aligned with that of the Supergalactic Plane, and
is perpendicular to the vector separating the Milky Way and Andromeda galaxies.
APOSTLE local group analogues are found to be similarly anisotropic, and like in the
observed Local Group, the minor axis of that distribution is found to be perpendicular
to the vector separating the two primaries. The angular momentum of the stellar
disk shows weak alignment with the minor axis of the field galaxy distribution. In
addition the simulations also suggest that the angular momenta of the two primary
dark-matter halos tend to be anti-aligned. Additionally, stellar disks tend to orient

themselves in the same direction as their halo.
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Chapter 1

Introduction

1.1 The Standard Model of Cosmology

The current paradigm of cosmology, called A Cold Dark Matter (ACDM, where
A refers to the dark energy component), is a direct result of the rise of precision
cosmology, heralded by large-scale redshift surveys, and observations of the cosmic
microwave background (CMB). ACDM is made up of several theories of the evolution
and makeup of the Universe. First, the Universe begins with a hot big bang. In the
preceding few minutes, space is hot and dense enough for nucleosynthesis (BBN, or
Big Bang Nucleosynthesis) to take place. This produces primordial abundances of
'H,2H,3He, *He, and "Li that can be used to constrain the baryon density of the
universe (Walker et al., 1991[1]). The total energy of the universe is divided between
baryonic matter, which is what makes up the observed Universe, non-baryonic CDM,
and A. The initial seeds of galaxies were quantum fluctuations in the density field of

the early universe, which grew hierarchically through mergers.

The expansion rate of the universe is given by H(t) = a(t)/a(t), where a(t) is the
scale of the universe with respect to the current epoch (referred to as ag), and a(t)
is its time derivative. The Friedmann equation (Friedmann, 1922[2]) describes the
evolution of H as:

H(t)> 1-Qy  Qn Q,
m Qp + WOE + WOE + WOL (1.1)
Hj is the Hubble Constant, and is defined as 100hkm/s/Mpc. Qn, ,,, and €2, are

the current densities of dark energy, gravitating matter, and radiation in units of the

energy density of a flat universe, where the total energy density is equal to the critical



density.! Qp is the sum of every density term, and dictates the shape of the universe,
with Qy = 1 representing a flat cosmology. Should the Universe be less dense than
the critical density (€29 < 1), the self-gravity of the universe is unable to halt the
expansion, and parallel light rays will eventually diverge. If {y > 1, the expansion
of the Universe will slow and eventually stop, before it falls back in on itself, and

initially parallel light rays will converge to a point.

1.2 Cosmological Interpretations of the WMAP-7 Observations

The cosmic microwave background (CMB) plays a pivotal role in efforts to constrain
the cosmological parameters, and is the result of the decoupling of matter and radia-
tion once the universe cooled enough for neutral hydrogen to form. Minute differences
in CMB photon temperature across the sky can be used to derive parameters inde-

pendent of redshift surveys.

By combining 7-year data from the Wilkinson Microwave Anisotropy Probe (WMAP)
with improved astrophysical data from Baryon Acoustic Oscillation (BAO) measure-
ments, and Hubble constant measurements, the 6 parameters of the simplest AC' DM
model can be determined (Komatsu et al., 2010[3]). Values such as Hy, 2,,, and €,
can be derived from the primary parameters. The values of these that were used as the
initial conditions in the simulations presented throughout this thesis are €2, = 0.272,
Q = 0.0455, Qp = 0.728, and Hy = 70.4km/s/Mpc (presented in Table 1.1).

1.3 Galaxies and Halos in ACDM

From the initial fluctuations in the density field, small clumps of matter merge to form
hierarchically larger structures. Large dark matter halos grow through accretion of
smaller objects and mergers with other massive halos. White and Rees (1978[4])
describe how the baryonic matter, which makes up much less of the total mass, fell
into the gravitational potential of the dark matter, where it could condense into gas
clouds and form galaxies. These halos can only be detected by their gravitational
effects, which means that the largest halos with the strongest forces are the easiest
to detect.

2 . . .
Lo, = %, where G is Newton’s gravitational constant.




Since dark matter is distributed across all space in the Universe, the extent of a halo
is given as a radius that encloses a certain density. In this thesis, I will use Ryyy and
Mg, which correspond to the radius that encloses a density of 200 times the critical

density of the Universe, and to the enclosed mass. This means that
4 3
M200 = 200 x §7TR200pC (12)

1.4 The Circumgalactic Medium

Results from WMAP-7 indicate that, on cosmological scales, the mass ratio of baryons
to dark matter is €2,/€,, ~ 0.17. The observed mass of cold gas and stars within
galactic halos accounts for less than 10% of this expected fraction (Fukugita et al.,
1998[5]; McGaugh et al., 2009[6]; Wang et al., 2017[7]). Instead, the majority of a
galaxy’s baryonic mass is expected to be at high temperatures and contiguous with
the intergalactic medium. (Cen & Ostriker, 1999(8]; Wang et al., 2017[7]). Within the
virial radius of a galaxy, this non-star forming gas is referred to as the circumgalac-
tic medium (CGM). The COS survey has estimated that the mass of the cool CGM
(T < 10°K) in Milky Way-like halos accounts for 30-50% of the expected baryonic
mass (Werk et al., 2014[9]), with additional mass contribution from CGM gas at even

higher temperatures.

Simulations have supported the paradigm that a majority of the baryonic mass in
a halo is made up of hot, diffuse gas (Dav, 2009[10]; Sokoowska et al., 2016[11]). For
example, in the Eris suite of cosmological simulations (Guedes et al., 2011[12]), gas
with a temperature below 10°K is more centrally concentrated than gas above this
limit. The hotter gas, above 10° K comprises the majority of baryons within 0.2R.
In total, this hot phase of gas accounts for roughly 80% of the total gas reservoir
within the halo (Sokoowska et al., 2016[11]).

In the Eagle Simulations (Schaye et al., 2015[13]), warm-hot CGM (T > 10°K) gas
only dominates the baryonic mass of the halo until approximately 0.5Rsqg, In total,
this gas makes up nearly a third of the expected baryonic mass in Milky Way-sized
halos(Oppenheimer et al., 2018[14]), which is in agreement with the results of the
Eris simulations. The cool (T' < 10°K) CGM gas also forms a significant component

of the baryonic mass surrounding these galaxies, in both sets of simulations.



The balance between cool and warm-hot CGM components is determined by halo
mass. The NIHAO simulations (Wang et al., 2015[15]; Wang et al., 2017[7]) predict
that Milky Way-size halos should be dominated by the warm-hot CGM. In this work,
we extend this analysis to the APOSTLE simulations.

1.5 The Local Group of Galaxies

For the purposes of this thesis, the Local Group (LG) corresponds to the galaxies
within a 3Mpc sphere around the Milky Way (MW). The Andromeda galaxy (M31)
is the nearest large galaxy, at a distance of approximately 800 kpc. The next-nearest
large galaxy, M82, is roughly 3.5Mpc away (Karachentsev and Kashibadze, 2005[16]),
leaving the MW-M31 system very isolated. The analysis presented in this thesis is
based on a catalogue of nearby galaxies compiled from the Extragalactic Distance
Database (EDD, Tully et al., 2009[17]). Dwarf galaxies in the LG system are either
satellites of the Milky Way or Andromeda, or lie far away from either.

Galaxies that are further than 300kpc from either the Milky Way or M31 galaxies,
but are also within 3 Mpc of the Milky Way will be referred to in this thesis as " Local
Group field dwarfs”. The LG Field Dwarfs selected for this thesis must also have a
stellar mass greater than 10°M, calculated using the Solar mass-to-light ratio in the
wavelengths of light available in the EDD.

1.6 Numerical Simulations

The physics of the ACDM universe is extremely complex, so simulations provide
important studies of cosmological behaviour. Given initial conditions, these programs
integrate over time, based on the physics that are being modeled (eg. gravity). Matter
is treated as a fluid in astrophysical contexts, and in this thesis, the simulations I
will be dealing with use particle-based methods of solving hydrodynamics equations,

covered in Section 1.6.2.



1.6.1 Dark Matter in Simulations

Since dark matter makes up over 80% (Table 1.1) of the total mass of the Universe,
cosmological structure formation is driven by the merging and accretion of halos. In
the simulations suite used in this thesis, dark matter is treated as a collisionless fluid
that only interacts gravitationally with other matter. This simple model of 5/6th
of our Universe’s mass has allowed for extremely large scale simulations, such as the
Millenium Run (Springel et al., 2005[18]) to take place.

1.6.2 Hydrodynamics in Simulations

In order to accurately model galaxy formation, it is necessary to include baryonic
physics in the simulations. It is impossible to simulate all the baryons in a simula-
tion, which means that a spatial scale must be imposed. Any process that takes place
on a scale smaller than this is "subgrid” physics, and is calculated in simulations with
pre-defined prescriptions. Such subgrid physics includes feedback, star formation, gas
cooling, and the UV-XRay background radiation. The parameters associated with
these are assumed differently in each research group (Schaye et al., 2015[13]; Vogels-
berger et al., 2014[19]; Hopkins et al., 2017[20]; Wang et al., 2015[15]; Wadsley et al.,
2017[21]), and are tuned such that the simulation reproduces observed global prop-

erties.

Perhaps even more of a problem than the immense time required to calculate the
hydrodynamic quantities and their effects, is the fact that the full form of the govern-
ing equations is unknown. This means that results vary between different methods
and researchers. Scannapieco et al. (2012[22]) demonstrated that each major simula-
tion code, when provided with the same initial conditions, yields drastically different

galaxies, which highlights the amount of uncertainty within the field.

This thesis is based on a suite of simulations that use smooth-particle hydro-
dynamics. This is characterized by treating particles as spherical clouds, with a
known radial density dependence, called the kernel. For instance, the commonly-
used Wendlend C? kernel is defined as:

Wi(q) = aq(l—q/2)*(2¢+ 1) (1.3)



Within values of 0 < ¢ < 2, where ay = 1627r—lhg for 3-dimensional kernels, h is the
smoothing length of the kernel, and ¢ is distance from the central point in terms of

the smoothing length.

1.6.3 Zoom-In Simulations

Often, one wants to simulate a specific region in detail, while retaining the much
larger cosmological context that the region evolves within. Regions of interest are
selected from a large, low-resolution simulation. The simulation is then re-run with
the volume of interest filled with the desired spatial or mass resolution. Since tidal
forces will be preserved on the large scale, the zoomed region will behave similarly to

its low-resolution predecessor.

1.7 The APOSTLE Simulations

The APOSTLE (A Project of Simulations of the Local Environment) simulations
are a set of 12 zoom-in volumes chosen from the DOVE dark-matter-only simula-
tion (Jenkins, 2013[23]) to match the environmental circumstances of our own Local
Group, with the WMAP-7 cosmological parameters (Covered in Section 1.2). The
chosen volumes contain an isolated pair of halos of Moy ~ 10'2M,, separated by 600-
1000 kpe, and with a radial velocity between 0-250 km/s. Tangential velocity was
also constrained below 100 km/s. Each volume is also uncontaminated by boundary

particles within roughly 3 Mpc of the pair’s barycentre.

Three resolution levels were simulated using code developed for the EAGLE
project (Schaye et al. 2015[13]; Crain et al. 2015[24]). This code consists of a heavily-
modified Gadget-3 (Springel 2005[25]), which utilises the pressure-entropy formalism
for hydrodynamics calculations developed by Hopkins (2013[26]).

The subgrid models were tuned to match the observed stellar mass function of
galaxies at z = 0.1, between 103My < M* < 10?M,. Details of the subgrid models
can be found in Schaye et al. (2015[13]) and Crain et al. (2015[24]).

The APOSTLE simulations implement a Chabrier initial mass function (IMF,Chabrier,
2003[27]). Star particles inherit the kernel-smoothed abundances of their progenitor



gas particles, which are then used to calculate their yields. The use of smoothed
metallicities, where the metal content of a particle is combined with those within its

smoothing radius, simulates the mixing of metals in the gas.

In order to prevent artificial fragmentation of the interstellar medium (ISM), the
gas particles are not allowed to cool past a temperature floor imposed by a polytropic
equation of state normalized to 3 x 108K at a density of ny = 10"tem 3.

Halos and subhalos are found in the volumes with the friends-of-friends (FoF)
algorithm (Davis et al. 1985[28]), and SUBFIND (Springel et al. 2001[29]). FoF first
examines the dark matter particles, using a linking length of one-fifth the mean inter-
particle separation. Gas and star particles are then associated with the FoF group of
the nearest dark matter particle. SUBFIND then searches through the FoF groups
to find any sub-grouping of any particle type associated with the halo. The M31 and
MW analogues in each volume are referred to as the ”primaries”, or ”primary” and

"secondary” in each volume, though in some they are in the same FoF' group.

The three different resolution levels correspond to three different lower bounds
on particle mass. L3, the lowest resolution, has a gas particle mass of roughly
1.5 x 108M,,, with a gravitational softening radius of 711 pc. L2, the medium resolu-
tion, has a minimum mass of approximately 1 x 10°M), and a softening distance of
307 pc. Finally, L1, the highest resolution, has a particle mass of 1 x 10*M, and a
smoothing radius of 134 pc.

This thesis will primarily use the medium-resolution L2 simulations, which en-
compass all 12 chosen volumes. The mass resolutions are provided in Table 1.2. The
medium resolution was selected because simulations exist at this level for all volumes
(high resolution results are only available for several), and the lower bound on LG
Field Dwarf mass means that the galaxies considered can be resolved in the simula-

tions.

The diversity of APOSTLE Local Group-analogues is apparent when they are
viewed in sequence, as in Figures 1.1 to 1.4. The information pertaining to each

individual volume is given in Table 1.2:
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Figure 1.1: APOSTLE L2 Volumes 1 to 3, from left to right: Dark Matter, Gas, and

Star particles.



3000 T
2 \
) 0 :
_JU%[][J[J 0 3000 3000 0 3000-3000 0 3000
X [kpc] X [kpc] X [kpc]
3000 T
3 / \
2 0 .
B \ J
_JU%[][J[J 0 ' 3000 3000 0 3000-3000 0 3000
X [kpe] X [kpe] X [kpc]
3000 T
) 0 .
_JU%[][J[J 0 3000 3000 0 3000-3000 0 3000
X [kpc] X [kpc] X [kpc]

Figure 1.2: APOSTLE L2 Volumes 4 to 6, from left to right: Dark Matter, Gas, and

Star particles.
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Star particles.
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Figure 1.4: APOSTLE MR Volumes 10 to 12, from left to right: Dark Matter, Gas,

and Star particles.



12

Table 1.1: WMAP-7 cosmological parameters used in the APOSTLE simulations

Parameter | Value

Q. 0.272

Q 0.0455

Qa 0.728

Hy 70.4 km/s/Mpc

(oF

Mg

0.81
0.967



’ Name ‘ Resolutions ‘ MQ[%)}O ‘ MQ[%]O ‘ Separation [kpc] ‘ V. [km/s] ‘ Vi [km/s] ‘ Myas [10* M) ‘ €maz [PC ‘

APl L1/L2/L3 166 1.10 850 51 35 0.99/12.0/147 134/307/711
AP2  L2/L3 085 0.83 809 39 o7 12.5/147 307/711
AP3  L2/L3 152 122 920 35 84 12.5/147 307/711
AP4 L1/L2/L3 138 135 790 59 24 0.49/12.2/147 134/307/711
AP5  L2/L3 0.93 087 828 33 101 12.5/147 307/711
AP6 L2/L3 236 121 950 18 60 12.7/137 307/711
AP7  L2/L3 1.88 1.09 664 174 24 11.3/134 307/711
AP8  L2/L3 172 0.65 817 120 96 11.0/137 307/711
AP9  L2/L3 0.96 0.68 814 28 43 10.9/138 307/711
API0 L2/L3 146 0.87 721 63 48 11.0/146 307/711
APIl L2/L3 0.99 0.80 770 124 22 11.1/153 307/711
AP12 L2/L3 1.11 058 635 53 50 10.9/138 307/711

Table 1.2: APOSTLE simulation volume information. Virial parameters associated to the primary or secondary halo are
labelled with [1] or [2]. The radial and tangential velocities of the halos are given, as are the gas particle mass, and
gravitational smoothing radius.

€l
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1.8 Thesis Outline

In this thesis I will be studying the distribution of baryonic matter in the context of
our Local Group. As observed through stars, and partially-photoinonized cold gas,
the mass of the Milky Way is 6.5 x 10'*°M,. However the total baryonic and dark
matter mass is approximately 1 — 2 x 1020, which would mean the Milky Way
only has roughly a fifth of the expected cosmological mass of baryons (Nicastro et
al., 2016[30]). Is this estimation of baryonic mass correct in ACDM? If so, then
where are the ejected baryons in the Local Group? If not, then what state are the

unobserved baryons in?

In chapter 2, I examine the retention of baryons and metals within the virial ra-
dius? of APOSTLE LG galaxies. The non-star forming gas within the virial radius,
referred to as the circumgalactic medium, is separated by temperature into cooler
and hotter categories. Average temperature, density, radial velocity, and cumulative
mass profiles for the 24 APOSTLE primary galaxies are presented, and compared
with previous models. In addition, metallicity of each category is compared with that

of the rest of the galaxy.

Chapter 3 focuses primarily on the shape of the field dwarf galaxy distribution
of the Local Group. This is examined in the context of the APOSTLE simulations,
and the extended local environment, such as the Supergalactic Plane. This analysis
is performed on the largest sample of LG Field Dwarfs to-date, and is used to refine
estimates of the principal axes and eccentricity of the Field Dwarf distribution. Fol-
lowing that, the angular momenta of the disks of the APOSTLE primary galaxies are
compared with the anisotropy of their local environment, so as to check whether the

observed distribution of galaxies is consistent with ACDM.

Chapter 4 presents a brief conclusion, as well as possible avenues for future work.

2The virial radius corresponds to the radius that encloses a density of 200 times the critical
density of the universe.
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Chapter 2

Inventory of Baryons in Simulations of the Local

Group

The baryonic content of simulated halos of virial masses between 5 x 10°M to 5 x
102M,, in the APOSTLE project is examined. Baryonic particles can be either
stars or gas. Non-star-forming gas, or the circumgalactic medium (CGM) is further
classified by temperature into the Cool CGM (CCGM, T' < 10°K), or the Warm-Hot
CGM (WHCGM, T > 10°K). APOSTLE halos are found to contain less than 60%
of the expected mass of baryons (f, = Q,/Qn, My, = fy, X Msg) within their virial
radius. The WHCGM contains 29% + 10%, the CCGM 12% + 5%, and the stars and
star-forming gas 19% =+ 5%. The metal content of the same halos is analyzed, and
compared to the total metals produced by the stars within the virial radius. Over
two thirds of the produced metals are retained within the halo, with 14% =+ 3% in
the WHCGM, 13% =+ 4% in the CCGM, and 43% =+ 9% in the stars and star-forming

gas.

2.1 Introduction

The early universe was a homogeneous mix of dark and baryonic matter. The mass
ratio of these components can be determined by examining the power spectrum of
the cosmic microwave background (see section 1.1). The WMAP-7 cosmological pa-
rameters predict this mass ratio of baryons to total matter to be f, = €,/ = 0.167
(Komatsu et al., 2011[3]). In regions of space that are representative of the Universe,
such as galaxy clusters, the baryonic mass contained within the virial radius (7290)*
of a dark matter halo contains M}, = f, x Mspg mass in baryons (White et al., 1993[31]).

!The virial radius corresponds to the radius that encloses a density of 200 times the critical
density of the universe.
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McGaugh et al. (2009[6]) estimate this ratio in smaller structures, on the scale
of galaxies, and report that the baryon content increases with the mass of the halo,
but remains far below the mass expected based on cosmological values. The missing
baryons could be outside the virial radius, either because they have never fallen into
the halo, or because they were ejected. Of the gas that remains within the virial
radius, a significant portion lies within the galaxy (74, = 0.15 X r9), and is forming
stars. The rest, referred to as the circumgalactic medium (CGM), extends throughout
the virial sphere, and can be in many different states, some of which are difficult to

observe.

Werk et al. (2014]9]) attempted to model the CGM to determine its mass, us-
ing spectra of sightlines towards distant quasi-stellar objects (QSOs), as part of the
COS-Halos survey (Werk et al., 2011[32]). These sightlines pass between a projected
distance of 5 kpc and 150 kpc from 67 low-redshift galaxies. The authors modeled
the column densities of HI gas, and low and intermediate mass metal ions in the in-
tervening galaxies using CLOUDY (Ferland et al., 2013[33]). These lines are sensitive
to cool (T' < 10°K) gas, which they refer to as the cool CGM (CCGM). The authors
assumed that (i) the low and intermediate ions observed in the COS spectra are a
result of a single gas phase with the same origin as the ions, (ii) the lines are only the
result of the CCGM, where photoionization dominates, (iii) the absorption from the
low and intermediate ions trace the majority of the HI gas, and (iv) that the gas is
in ionization equilibrium. Their analysis yields a best fit for the radial dependence of
the CCGM density of r=%%, and a mass which accounts for over 30% of the expected

baryonic mass of a system of Mygy = 1.5 x 1012M,.

Stern et al. (2016, [34]) revised this model by allowing the CCGM to assume a
wide range of densities, between 50 and 5 x 10° times the cosmic mean. This method
pushes the estimated cool CGM mass down by a factor of 5, reducing it to 5-6% of

the expected baryonic mass, with a radial profile proportional to r~.

From this previous work it is clear that the CGM is an important reservoir of
baryons within a halo, but its spatial distribution and total mass is uncertain. This
thesis will address these issues with the APOSTLE simulations (introduced in 1.7).

In addition, the inventory of metals throughout the halo will be examined, as well as



17

the metallicities of the remaining baryons.

2.1.1 Galaxy Selection From Numerical Simulations

In this chapter, I will be using the APOSTLE simulations to perform a comprehensive
census of the baryonic content of a wide range of galaxies. The sample considered
consists of isolated galaxies made up of APOSTLE centrals and primaries (described
in section 1.7) with My > 5 x 109 M, and M* > 10° M,

2.2 APOSTLE Baryon Fractions

Figure 2.1 shows, as a function of virial mass, the mass of baryons within r5py. The
green points show the total baryonic mass within the virial radius of the sampled
galaxies and is below the mass expected from the cosmological fraction (shown as
the dashed line labelled 100%) across the entire range of virial masses. Stellar mass,
shown in blue, is well below the total baryonic mass in most cases, which means that

a majority of the baryons are in gaseous form.
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Figure 2.1: Baryonic and stellar mass as a function of virial mass for a wide range of
APOSTLE centrals. Primary galaxies are circled in red. The dashed lines correspond
to fractions of f;,, and the green and blue lines were fit to the mean masses in 25 bins

M. [e%
of Msygy. The fitting function is M = AMML?e(_%?) , and the fit parameters are
given in Table 2.1

Figure 2.2 shows that the gas and stars within the virial radius are distributed

differently.

The stars are very centrally concentrated, and the inner green circle,

representing 744 = 0.15 X 199, contains a majority of the stellar mass in the virial

radius. We will use this radius to define the central galaxy of a halo. Stars beyond

this are seen in the form of smaller satellites, as shown in the top left subplot. These
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satellites trace the most massive subhalos from the top right subplot. The gas, on
the other hand, does not seem to be confined to the highest mass subhalos, and can

extend across the entire virial sphere, as seen in the bottom two subplots.
On average, mass-weighted temperature is quite high, on the order of the virial
temperature of the halo. This temperature is given by:

T — wmy G Moy

2.1

2kp 7200 1)
Where m,, is the proton mass, and p is a constant based on the primordial mixture
of elements. G is the gravitational constant. For APOSTLE galaxies at z=0, this

equation becomes:

My K kpc

Tir = 35.9 x 4.302 x 107°
7200 M@

) (2.2)

When examining density, the densest gas traces the most massive dark matter sub-

halos, which correspond to the primary galaxy, and its massive satellites.
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Figure 2.2: Face-on renderings of AP1-L2 G1, in each different form of matter. Green
circles indicate the virial radius of the halo. (Top Left) Star particle distribution
coloured by line of sight mass. (Top Right) DM particle distribution, coloured by line
of sight mass. (Bottom Left) gas particles coloured by mass-weighted temperature.
(Bottom Right) gas particles coloured by pixel column density.

The gas is quite complex, and covers a wide range of temperatures and densities,
as shown in Figure 2.3. We identify three different regions in this plane. The first
is the gas which is forming stars, which is typically at the centres of satellites and
galaxies. The rest, which is CGM gas, is split into gas with a temperature below 10° K
(the CCGM), as defined by the COS-Halos observations, and that which is above this
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temperature limit (the WHCGM). This distinction is shown by the horizontal blue
line. The masses of these categories in this halo (AP1-L2 G1) is given on the figure,

as well as the total virial mass, and the total mass in stars.

10 T T
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Figure 2.3: Temperature-density diagram for a primary galaxy (AP1-L2 G1) in
APOSTLE Volume 1. The 10°K limit between the CCGM and WHCGM is shown
as a blue line, and a smaller line at low temperatures and high densities demarcates
the star-forming gas.

Gas at low densities and high temperatures has a long cooling time, which results
in a build-up, or high concentration of gas particles at roughly 10°K. This reservoir,
which makes up the bulk of the WHCGM, is fed both by infalling material, and by
gas blown off the disk by feedback mechanisms. Gas that has been heated recently by
feedback, and which has not had time to cool, composes the arm of hot gas extending
into the high-density range. These particles are still near the star-forming regions at
the centre of the galaxy, but will soon join the WHCGM as they expand outwards
into the halo.
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As gas cools, it loses pressure support and moves to higher densities and lower

temperatures, which explains the shape of the CCGM arm.

The spatial distribution of these categories is quite distinct, as shown in Figure
2.4, where the star-forming gas, WHCGM, and CCGM are rendered separately, for

the same simulated galaxy as in Figure 2.2.

Star Forming Warm-Hot CGM Cool CGM

=1.21 kpe

Y [kpc] 1 px

N N Q N N 0 O 0 Q 0
B W Q W o B W Q RN o o A Q W N\

X [kpe] 1 px = 1.21 kpe X [kpc] 1 px = 1.21 kpe X [kpc] 1 px = 1.21 kpe

Figure 2.4: Different gas categories in the AP1 L2 Secondary - Left: Star-Forming gas
render, Middle: Warm-Hot CGM, Right: Cool CGM. The colours correspond to line
of sight sum over a cube with side-lengths equal to the virial radius. Pixel dimensions
are given in the axis labels.

The star-forming gas traces the locations of the stars extremely well, and is also
confined to the centres of the massive substructures in the halo. Star-forming gas

outside of the inner r,,; circle is primarily found in massive satellites.

The WHCGM fills the halo entirely, but has almost no substructure. It gives
the impression of being in hydrostatic equilibrium. The CCGM is composed of gas
that has cooled out of the WHCGM. This gas is clumpy, and in-falling (which will
be demonstrated later). This is more pronounced at the centres of the halo and the
massive subhalos, where the gas is denser, but this also occurs at large distances from

the galaxy.

2.2.1 Radial Profiles

To characterize the differences between the CGM, and its WHCGM and CCGM

components, Figure 2.5 displays spherically-averaged radial dependencies of the tem-
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perature, density, and radial velocity of this gas. These averages were calculated from
the average across all 24 APOSTLE primary galaxies (the M31 and MW analogues),
which will be henceforth referred to as the Average Primary (AP). The average virial

parameters, and virial temperature calculated with Equation 2.2 are also shown.

The mass-averaged CGM temperature, given by the black points on the upper-
most subplot, remains at roughly the virial temperature across the halo, until around
100kpc from the centre of the AP, where it begins to fall. The average CGM density,
on the middle subplot, remains high in the innermost 20kpc, with a radial dependence

1

of 1, and begins to steeply descend as r—5/3 for two orders of magnitude to the virial

radius. The best-fit parameters for a broken power-law function

) r<rg

T
T
A(é)*‘"2 r>nrpg

(2.3)

are provided in Table 2.2.

The WHCGM stays above the virial temperature of the halo for the innermost
100 kpc, and dominates the mean temperature. The density is not as centrally con-

—0.8 out

centrated as that of the average CGM, but only decreases proportional to r
to 150 kpc, where it begins to decrease with r—2. The radial velocity profile shows a
large positive spike near the centre of the average APOSTLE primary, which is due

to feedback. For the majority of the profile, the WHCGM radial velocity is near-zero.

The CCGM does not dominate the average temperature, but does dictate CGM
density for the innermost radii, where it has a radial density dependence proportional
to roughly =%, This changes 20 kpc from the centre of the average primary galaxy,
where the radial dependence becomes r~2. The CCGM radial velocity has the same
shape as that of the WHCGM, but is negative over all radii. This infall velocity is
roughly constant at 50 km/s.
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Figure 2.5: The spherically-averaged temperature, density, and radial velocity profiles
for the average of all APOSTLE L2 primary galaxies. In the top plot, the horizontal
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The radial density dependence of the COS-Halos CGM is estimated to be r=%8 to
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r~19 (Werk et al.,2014[9] ; Stern et al., 2016[34]), which is consistent with the inner-
most regions of the average APOSTLE primary. While the COS data has sightlines
up to 150 kpc from the centre of each respective galaxy, nearly half (15) of the 33
used in both papers are from within, or near ry,. As is shown in Figure 2.5, within
30 kpc the CCGM is dominant over the WHCGM. The CCGM is not necessarily
representative of the CGM as a whole, and only makes up 12% on average of the
expected baryonic mass in APOSTLE galaxies, whereas the WHCGM accounts for
nearly 30% (from Table 2.3).
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Figure 2.6: Cumulative baryon mass for the averaged APOSTLE primaries and sec-
ondaries from 30 kpc to 400 kpc from the centre of the halo. Total gas mass is
displayed by a dashed black line, and the mean expected baryon fraction and mean
virial radius are shown in solid black horizontal and vertical lines.



26

Figure 2.6 shows the cumulative mass profiles of stars, WHCGM, CCGM, and
total gas in the average primary. The stellar mass profile does not increase by much
over the plotted radii because a majority (roughly 80% on average) of the stellar mass
lies within the 30 kpc lower bound, within r4,;. At the AP virial radius, the WHCGM
has a mass of approximately 5 x 10'°M,, with half of that within 150 kpc of the AP
centre, where the density profile begins to steeply descend. The CCGM has a mass
of 2 x 10'°M,,, with 50% contained within 100 kpc. This is comparable to the AP

stellar mass within the virial radius.

As shown in Table 2.3, baryonic mass is very unevenly distributed within the halo.
For the average APOSTLE L2 primary galaxy, only 60% of the expected cosmological
baryonic mass is retained within the virial radius. The APOSTLE primary with the
highest retained fraction, AP1-L2 GO0, has 84% of its expected baryonic mass within
its virial radius, which is well beyond one standard deviation from the average. This
galaxy also has nearly half (48%) of its expected baryonic mass in the WHCGM,
compared to just 10% in the CCGM. Despite the fact that this galaxy is an outlier,
there is a definitive trend towards the WHCGM containing over double the mass
of the CCGM. Based on Figure 11 from Werk et al. (2014[9]), even with the re-
calculated CCGM mass from Stern et al. (2016[34]), the WHCGM must be on the

higher end of the observationally-motivated estimate for its mass range.

2.3 Metals and Metallicity in APOSTLE halos

Metallicities are a crucial component of the baryonic matter in a halo. Metal lines

are one of the primary sources of cooling in the range of temperatures between 10°K
and 10" K.

Metals can be traced through absorption lines, as done in Werk et al. (2014[9]),
and can be used to determine the best-fitting metallicity and density of the CCGM,
but not the WHCGM. This is important because, as shown in the previous section,
the WHCGM contains a majority of the baryonic mass in APOSTLE galaxies.

Metals are produced by stars, and some of those metals are locked in the long-lived
stars and stellar remnants; however the rest is released into the CGM. In APOSTLE,

as in EAGLE, the total mass ejected from a star particle is determined by the initial
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mass function (IMF; Schaye et al., 2015[13]). This IMF, and chosen stellar yields,
mean that the total mass of metals produced in the volume is approximately 5.5% of

the mass of the long-lived stars.

On the left panel of Figure 2.7, total metal mass within the virial radius is plotted
in blue against total stellar mass within the virial radius for all galaxies in the sample
in the range 10M, < M* < 10" M. This has been fit by a broken power-law func-
tion shown in black. The masses of metals held in the stars within the virial radius
are shown by the red points, which have been fit with the red broken power-law func-
tion. The 5.5% expectation is shown as a dashed line. At masses below 9.5 x 103M,
the power-law slope of the total metal mass is nearly unity, which means that past

a certain minimum mass, the fraction of metals retained is independent of stellar mass.

The right panel splits the total metal mass held in the gas between star-forming
gas (cyan), and CGM gas (black). At masses below 10° M, a majority of the metals
are held in the CGM. At M* > 10°M,, the mass of metals held in the stars is equal
to that held in the CGM.
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Figure 2.7: The stellar-mass dependence of the metal mass held in various forms of
matter. On the left panel, blue points correspond to the total metal mass, and red to
the mass of metals held in the stars. On the right panel, the black points display the
mass of metals in the CGM gas, and the cyan show the mass of metals in the star-
forming gas. The fit to the total metal mass is shown with a black line, and the fit to
the stellar metal mass is shown with a red line. The fits have the same form of broken
power law as in Figure 2.5, with parameters A = 2.59 x 10" M, Mg = 9.58 x 108 M,
a; = —1.03, and ay, = —1.15. The fit to the stellar metal mass has the parameters
A =489 x 10°M,, Mg = 5.97 x 103M, a; = —1.19, and oy = —1.22.

In Figure 2.8 we show the metal mass held in the two CGM categories. For galaxies
that are below 10°M,, in stellar mass, the distinction between WHCGM and CCGM
is not meaningful, because the temperature of the WHCGM becomes comparable to
the 10°K distinction from the CCGM.

We find that in large galaxies, the mass of metals held in the WHCGM is com-
parable to that held in the CCGM. In smaller galaxies, the CCGM holds more. As
shown in Table 2.3 for the APOSTLE primaries, the WHCGM in large galaxies has
over twice the baryonic mass of the CCGM, which means that in these massive galax-
ies, the concentration of metals in the CCGM should be twice that of the WHCGM.

The right panel of Figure 2.8 shows the metallicity of each baryon component in
units of solar metallicity. The stellar metallicity-stellar mass relation from the EA-
GLE simulations (de Rossi et al., 2017[35]) is provided for comparison by the dashed

line, with 25th and 75th percentile bounds. The total metal masses in each compo-
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nent for the APOSTLE primary galaxies is given in Table 2.4.
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Figure 2.8: Left: The metal masses held in the WHCGM (blue) and CCGM (green)
as functions of stellar mass. APOSTLE primaries are circled in red. Right: Baryon
metallicities in solar units, with EAGLE M} /M* for comparison.

The fact that the stars contain a majority of the metal mass within a halo helps to
explain why the metal retention fraction does not steeply descend with stellar mass.
Stars, as seen in Figure 2.2, are concentrated within rg,, and are thus tightly bound
to the halo. The CGM gas that is most likely to escape does not have high metallicity.
This means that its loss will have a negligible effect on the total metal mass within a

halo.

Figure 2.8 suggests that the gas which has cooled out of the WHCGM to form the
CCGM has been able to do so partially due to its higher metallicity. The difference
in radial distribution of the two components, as shown in Figure 2.6, means that

the CGM metallicity can vary widely depending on where it is sampled, as well as
whether the chosen ionic lines correspond to the WHCGM or the CCGM.

2.4 Summary

Our analysis of the baryonic and metal retention of isolated galaxies in the APOSTLE

simulations leads us to the following conclusions:
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The categories of baryonic mass, and the CGM: Baryons within the virial
bounds of a halo can take the form of stars, star-forming gas, or CGM gas. The
CGM gas in massive galaxies (M* > 10°M,) can be separated into a WHCGM
(T > 10°K), and a CCGM (T < 10°K). The WHCGM is virialized, and has
a shallow mass density profile. The CCGM, which is the gas sampled by the
ionic lines in the COS sample (Werk et al., 2012[32]), is clumpy and in-falling,

and has a steeper density profile proportional to r—2.

Average ejection of baryons from primary galaxies: For APOSTLE pri-
mary galaxies at redshift zero, approximately 40% of the mass of baryons ex-
pected based on the cosmological fraction have been ejected, or prevented from

falling into the virial radii of their dark matter halos.

The retention of baryonic mass in primary galaxies, by category: Of
the expected baryon mass for the APOSTLE primary galaxies, on average 59%+
15% is retained within the virial radius. 15% £4% is retained as stars, 4% + 2%
as star-forming gas, 29% + 9% in the WHCGM, and 12% + 5% in the CCGM.

Average ejection of metals from primary galaxies: For APOSTLE pri-
mary galaxies at redshift zero, approximately 30% of the expected mass of

metals have been lost.

The retention of metal mass in primary galaxies, by category: Of the
expected metal mass for the APOSTLE primary galaxies, on average 69%+10%
is retained within the virial radius. 31% =+ 5% is held in stars, 12% + 4% in
star-forming gas, 14% + 4% in the WHCGM, and 13% =+ 4% in the CCGM.

Comparison between baryon retention and metal retention: The re-
tained fraction of metals is higher, but comparable to the retained fraction
of baryons. This means that the metals were ejected from the halo in lower-
metallicity CGM gas.

Comparison of metallicity in the CGM categories: The CCGM has a
higher metallicity than the WHCGM, most likely because cooling is faster for

metal-enriched gas.
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2.5 Tables

Table 2.1: Parameters for the best fit lines in Figure 2.1.

lOgloA/MQ lOgl(]Ms/M@ (0
M, | 9.779 10.649 -0.533
M* | 9.758 11.136 -0.495

Table 2.2: Table of broken power law parameters for the WHCGM, CCGM, and
mass-averaged total, as shown in Figure 2.5.

A rB a1 Q9
Twrcenm | 2.51 x 10°K 31.54 kpec 0.26 0.83
pwrcoom | 1.49 x 10 My /kpc®  151.09 kpec  0.80  2.03
Tecam 1.80 x 10*K 84.24 kpc  -0.20 -0.73
POCGM 2.98 x 10* My /kpc® 20.29 kpc  0.91  1.98
Team 8.6 x 10°K 72.46 kpc  0.94 2.12
ele)vs 3.66 x 10* My /kpc® 21.93 kpc  1.00 1.67




Table 2.3: Table of the breakdown of baryons retained within the virial radius of the primary APOSTLE galaxies. The
average is given in the last row. Fractions of the expected total are provided in brackets.
Galaxy ID  logio Maoo/Me  logio fo X Mago/Ms  logio M* /Mg logio Mwrcam /Mo logio Mccan /Mo logio Msraas/Mo logio My/ Mo
APIL2 GO 12214 11.438 10.736(0.199) 11.117(0.478) 10.400(0.092) 10.288(0.071) 11.361(0.839)
APIL2GI 12009 11.232 10.401(0.147) 10.681(0.281) 10.553(0.209) 9.927(0.050) 11.069(0.687)
AP2-12 GO 11.871 11.094 10.214(0.132) 10.461(0.233) 10.108(0.103) 9.542(0.028) 10.790(0.496)
AP212G1 11884 11.107 10.405(0.199) 10.484(0.238) 10.133(0.106) 9.657(0.035) 10.869(0.578)
AP3FL2GO 12175 11.399 10.597(0.158) 10.946(0.353) 10.377(0.095) 9.996(0.040) 11.209(0.645)
AP3-12 G1  12.080 11.304 10.528(0.168) 10.710(0.255) 10.573(0.186) 10.077(0.059) 11.128(0.668)
AP4-12 GO 12.100 11.323 10.585(0.183) 10.919(0.394) 10.239(0.082) 10.026(0.050) 11.174(0.710)
AP4-L2 G1  12.097 11.321 10.681(0.229) 10.768(0.280) 10.453(0.136) 10.076(0.057) 11.167(0.702)
AP5-L2 GO 11.949 11.173 10.440(0.185) 10.645(0.297) 10.498(0.212) 9.879(0.051) 11.045(0.744)
AP5L2 Gl 11.923 11.147 10.384(0.173) 10.491(0.221) 10.332(0.153) 9.744(0.040) 10.915(0.586)
AP6-L2 GO 12.333 11.557 10.724(0.147) 11.229(0.470) 10.292(0.054) 9.612(0.011) 11.391(0.683)
APG-L2 Gl 12.059 11.282 10.495(0.163) 10.799(0.329) 10.481(0.158) 10.190(0.081) 11.146(0.731)
APT-L2GO 12113 11.337 10.306(0.093) 10.726(0.245) 10.386(0.112) 9.594(0.018) 11.007(0.468)
APT-L2G1 12113 11.336 10.150(0.065) 10.456(0.132) 10.412(0.119) 9.633(0.020) 10.862(0.336)
AP8-L2 GO  12.185 11.408 10.436(0.107) 10.847(0.274) 10.188(0.060) 9.718(0.020) 11.073(0.462)
APS-12 G1  12.185 11.408 10.399(0.098) 10.828(0.263) 10.542(0.136) 9.963(0.036) 11.135(0.533)
AP9-L2 GO 11.912 11.136 10.349(0.163) 10.523(0.244) 10.061(0.084) 9.620(0.030) 10.853(0.522)
AP9-L2 G1  11.912 11.136 10.174(0.109) 10.364(0.169) 10.104(0.093) 9.618(0.030) 10.740(0.402)
AP10-L2 GO 12.167 11.390 10.688(0.198) 11.008(0.414) 10.641(0.178) 10.241(0.071) 11.326(0.862)
AP10-L2 G1 12,167 11.390 10.378(0.097) 10.576(0.153) 10.317(0.084) 9.868(0.030) 10.953(0.365)
AP11-12 GO 11.959 11.183 10.384(0.159) 10.583(0. 251) 10.048(0.073) 9.805(0.042) 10.903(0.525)
AP11-L2 G1 11.959 11.182 10.260(0.120) 10.589(0.255) 10.408(0.168) 9.764(0.038) 10.946(0.580)
AP12-L2 GO 11.952 11175 10.400(0.168) 10.307(0.135) 9.775(0.040) 9.300(0.013) 10.727(0.356)
AP1212 G1 11.951 11175 10.203(0.107) 10.475(0.199) 10.517(0.220) 9.838(0.046) 10.932(0.572)
Average 12.071 £0.300  11.294 +0.300 10.463(0.148) £0.414(0.042) 10.756(0.290) £0.635(0.094) 10.369(0.119) +0.416(0.052) 9.890(0.040) £0.580(0.018) 11.070(0.597) +0.455(0.146)
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Table 2.4: Table of the breakdown of metals retained within the virial radius of the primary APOSTLE galaxies. The
average is given in the last row. Fractions of the expected total are provided in brackets.

Galaxy ID logio M*/Ms ~ logio f. x M* /Mg logig M /M logig MVHCGM /pf logio MECEM /M logig MSFCas [N logio M, /M
AP1-L2 GO 10.736 9.476 9.083(0.405) 8.763(0.193) 8.485(0.102) 8.748(0.187) 9.424(0.887)
AP1-L2 G1  10.401 9.141 8.597(0.286) 8.303(0.145) 8.443(0.200) 8.228(0.122) 9.018(0.754)
AP2-1.2 GO 10.214 8.955 8.366(0.258) 7.910(0.090) 7.988(0.108) 7.880(0.084) 8.687(0.541)
AP2L2 Gl 10.405 9.145 8.684(0.346) 8.217(0.118) 8.159(0.103) 8.137(0.098) 8.968(0.665)
AP3-L2 GO  10.597 9.337 8.833(0.313) 8.582(0.176) 8.356(0.104) 8.456(0.131) 9.197(0.724)
AP3-L2 G1  10.528 9.268 8.730(0.290) 8.376(0.128) 8.513(0.176) 8.370(0.126) 9.125(0.720)
APAL2 GO 10.585 9.325 8.891(0.368) 8.555(0.170) 8.285(0.001) 8.521(0.157) 9.220(0.785)
AP4L2 Gl 10.681 9.421 8.955(0.341) 8.588(0.147) 8.567(0.140) 8.528(0.128) 9.300(0.756)
AP5L2 GO 10.440 9.181 8.714(0.341) 8.321(0.138) 8.362(0.152) 8.264(0.121) 9.057(0.752)
AP5-L2 Gl 10.384 9.124 8.616(0.310) 8.148(0.106) 8.214(0.123) 8.091(0.003) 8.925(0.631)
APG-L2 GO 10.724 9.464 9.053(0.389) 8.809(0.222) 8.361(0.079) 8.059(0.039) 9.326(0.728)
AP6-L2 G1 ~ 10.495 9.235 8.717(0.303) 8.329(0.124) 8.385(0.141) 8.498(0.183) 9.111(0.752)
AP7-L2 GO 10.306 9.047 8.375(0.213) 8.038(0.08) 7.992(0.088) 7.848(0.063) 8.712(0.463)
AP7-L2 G1 ~ 10.150 8.890 8.307(0.261) 7.895(0.101) 8.149(0.181) 7.925(0.108) 8.704(0.652)
APS-L2 GO 10.436 9.176 8.528(0.224) 8.317(0.138) 8.073(0.079) 7.952(0.060) 8.876(0.501)
APSL2 Gl 10.399 9.139 8.547(0.256) 8.280(0.138) 8.380(0.178) 8.226(0.122) 8.981(0.694)
APO-L2 GO 10.349 9.090 8.609(0.331) 8.141(0.113) 8.067(0.095) 8.035(0.088) 8.887(0.627)
APO-L2 Gl 10.174 8.914 8.361(0.280) 7.940(0.106) 8.030(0.131) 7.997(0.121) 8.719(0.638)
AP10-L2 GO 10.688 9.428 8.964(0.343) 8.732(0.201) 8.595(0.147) 8.633(0.160) 9.358(0.852)
AP10-L2 G1 10378 9.119 8.591(0.297) 8.275(0.143) 8.203(0.121) 8.238(0.132) 8.960(0.693)
AP11-L2 GO 10.384 9.124 8.657(0.341) 8.219(0.125) 8.130(0.101) 8.243(0.132) 8.968(0.699)
AP11-L2 G1 10.260 9.000 8.457(0.286) 8.140(0.138) 8.159(0.144) 8.121(0.132) 8.845(0.699)
AP12-12 GO 10.400 9.140 8.742(0.400) 8.070(0.085) 7.939(0.063) 7.933(0.062) 8.925(0.610)
AP12-12 G1  10.203 8.943 8.333(0.245) 8.000(0.114) 8.254(0.204) 8.146(0.160) 8.803(0.723)
Average 10.463 £0.414 9.203 +0.413 8.713(0.310) £0.552(0.053) 8.373(0.136) £0.686(0.035) 8.205(0.127) £0.447(0.040) 8.285(0.117) +£0.647(0.038) 9.057(0.689) £0.533(0.099)

€€
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Chapter 3

Anisotropies in the Spatial Distribution of Local

Group Field Galaxies

The distribution of dwarf galaxies in the Local Group has long been known to be
anisotropic. I quantify both the ellipticity and orientation of this spatial distribution
using the principal axes of the inertia tensor of the positions of these galaxies. The
Zone of Avoidance has little impact on this result, and the short axis is aligned with
that of the Supergalactic Plane, and is perpendicular to the vector separating the
Milky Way and Andromeda galaxies. APOSTLE local group analogues are found to
be similarly anisotropic, and like in the observed Local Group, the minor axis of that
distribution is found to be perpendicular to the vector separating the two primaries.
The angular momentum of the stellar disk shows weak alignment with the minor
axis of the field galaxy distribution. In addition the simulations also suggest that
the angular momenta of the two primary dark-matter halos tend to be anti-aligned.
Additionally, stellar disks tend to orient themselves in the same direction as their
halo.

3.1 Introduction

3.1.1 The Supergalactic Plane

The galaxies surrounding the Local Group out to tens of Mpc from the Milky Way lie
preferentially on a planar structure, the Supergalactic Plane (SGP), which is approx-
imately perpendicular to the Milky Way’s disk (de Vaucouleurs, 1953[36]). Indeed,
the Supergalactic Pole lies very close to the plane of the disk, at (I, ) = (47°,6°),

where [ and 3 are the galactocentric longitude and latitude respectively.
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3.1.2 The Local Group Plane

In the Local Group, the distribution of galaxies is anisotropic. Previous work has
attempted to find alignments between this distribution and the SGP. According to
Hartwick (2000[37]), who studied the positions of 13 isolated LG field dwarfs !, their
positions are well-approximated by a flattened ellipsoid with a minor axis in the
direction of that of the SGP. Similarly, Pawlowski et al. (2013[38]), when fitting a
plane to the field galaxies?, found that the normal to the plane also points to the
short axis of the SGP.

The aim of this chapter is to reanalyze these claims with a larger sample of data,
and with more distances, to determine whether the distribution of matter in the local
universe has an impact on the distribution of field galaxies in our Local Group, the

distribution of the major pair, and galactic rotations.

3.1.3 Galaxy Sample Selection

The sample of Local Group galaxies used in this analysis comes from the FExtragalac-
tic Distance Database (Tully et al., 2009[17]). They were selected to be within 3 Mpc
of the Milky Way, with a stellar mass of M* > 10°M,, calculated from the V or B
band magnitudes (depending on the data available for each galaxy) assuming a solar
mass-to-light ratio of My /L5".

3.2 Results and Analysis

3.2.1 The Distribution of Local Group Field Dwarf Galaxies

Figure 3.1 shows the positions on the sky of the Local Group galaxies in galactocen-
tric coordinates. Satellites of the MW are coloured black, satellites of M31 are in

blue. The remainder, which we define as LG field dwarfs, are in green.

The LG Field Dwarfs appear to avoid the plane of the Milky Way, and are con-
centrated at the North and South galactic poles. This is shown in Figure 3.2, where

'WLM, NGC 55, IC 1613, Leo A, NGC 3109, GR 8, the Sagittarius dwarf irregular, NGC 6822,
DDO 210, IC 5152, Tucana, UKS 2323-326, and Pegasus

2Local Group field dwarfs/galaxies are defined as those galaxies with a stellar mass greater than
10° M, within 3Mpc from the Milky Way, that are also further than 300kpc from both of the two
primary galaxies. Satellites of the Milky Way or M31 are defined as galaxies within 300kpc of either
galaxy, respectively.
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we show the distribution in galactic latitude of all LG field dwarfs in bins of equal
|sinB|. We would expect a uniform distribution on the sky to be flat. High |3| values

are indeed more common, and highlight the anisotropy of the field dwarf distribution.

—150° —120° —90°

Figure 3.1: Observed LG galaxies with M* > 10° M. Points in blue are M31 satel-
lites, points in black are MW satellites. Green are field galaxies.

The shaded region in Figure 3.1, representing the Zone of Avoidance (Kraan-
Korteweg and Lahav, 2000[39]), is marked by the shaded region in Figure 3.2, and
takes up approximately 25% of the area of the sky around the galactic disk. We
test whether the marked lack of galaxies observed within this latitude range (shown
in Figure 3.2), can be explained solely by the Zone of Avoidance. We do this by
performing a KS test over the distribution of galaxies between |5| > 14°, with a null
hypothesis of the sample having been drawn from a uniform distribution. The P
value returned is 0.002, which allows us to reject that hypothesis at 99.8%. This is in

agreement with previous studies which have concluded that the LG field dwarfs are



anisotropic.
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Figure 3.2: A histogram of galactocentric latitude in bins of equal area on the sky.
Clearly, this is ill-fit by a uniform distribution of galaxies on the sky, and a lack of
galaxies between 0° and 14° is noticeable.

3.2.2 Estimating Anisotropy and the Principal Axes of the Local Group
Field Dwarf Distribution

The inertia tensor of LG field dwarf galactocentric coordinates was used recover the

ellipticity and principal axes of the galaxy distribution. The ¢th row and jth column

of the unnormalized inertia tensor is defined as:

where I,; is the value of the tensor matrix at row i and column j. N is the total number

N
Lj =) @i X T
n

(3.1)

of coordinates to use in the calculation, and 7, ; is the ¢th index of the nth coordinate,
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centred on the Milky Way. The resulting matrix can then be diagonalized, yielding
eigenvectors and eigenvalues.®> The eigenvalue-sorted (a?> > b? > ¢?) eigenvectors
correspond to the principal axes of the distribution in the coordinate system used to
calculate the tensor, and the square root of the ratio of the eigenvalues describes the
ellipticity of the distribution. A distribution with a high g and a low § will be oblate,

whereas a high 7 and a low g is prolate.

By taking the average of the outer bins from Figure 3.2, for a uniformly distributed
histogram, we would expect 16 galaxies in each latitude bin. Under the assumptions
of a worst-case scenario for the LG Field Dwarf anisotropy, where the true number of
galaxies in the lowest latitude bin is equal to the average of the higher-latitude bins,
we are missing 12 galaxies from the |5 < 14° zone. In order to test how important
this deficit could be, I supplement our sample with up to 12 additional galaxies in
the stellar mass range corresponding to our sample, with |sinf5| < 0.25, 0 < [ < 27,
and a radial distribution matching that of the observed LG field dwarfs.

3An eigenvector of a transformation is a non-zero vector which changes by only a scale factor
when multiplied by the tranformatlon matrix. A canonical example is H 1/) Ew, where H is the
transformation matrix, 1/1 is the eigenvector, and F, the scale factor, is called the eigenvalue.
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Figure 3.3: The results of a Monte-Carlo exploration of the impact of adding galaxies
into the zone of avoidance. The degrees of freedom are the [, 5, and r coordinates, as
well as the total number of extra galaxies added to the region on the sky close to the
galactic disk (Naggeq). The axis ratios for a spherical distribution of the same mean
number are plotted as the contours in the upper-right corner, and those for the Local
Group as-observed are the blue labelled point.

Figure 3.3 shows the distribution of the eigenvalue ratios over 50,000 realizations
of this extended LG field dwarf sample. Red and yellow correspond to more numerous
visits to this value, and 1o and 90% contours are overlaid on the heatmap. The lo
and 90% contours in the upper right of the plot correspond to a sample of the same
mean number where [ and sinfS have been randomized so as to mimic a spherical

distribution of the same radial distribution.

The axis ratios for the observed LG field dwarfs is ‘—g = 0.49 and % = 0.72. The

extension of the sample results in a slightly more spherical distribution, as demon-

strated in Figure 3.3; however only 3% of the extended samples overlapped with the
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spherical distribution of samples. This provides further evidence that the LG Field
Dwarfs are distributed anisotropically, even when accounting for a large number of

potentially unobserved galaxies within the Zone of Avoidance.

The APOSTLE volumes have a diversity of field dwarf distributions. Some are
oblate, some are prolate, but only one has a near-spherical distribution. Nearly all
of the simulated local groups are at least as anisotropic as what we observe, however
several of the simulation volumes lie within the distribution of extended samples, and

the bootstrap error bars of AP11-L2 fall into the 1o contours.

3.2.3 The Principal Axes of the Local Group Field Galaxy Distribution

We will now examine the directions of the principal axes of the Local Group Field
Dwarfs. Figure 3.4 is a Hammer projection in galactic coordinates equivalent to
Figure 3.1. Only the field galaxies, shown as green dots, are plotted. Additionally,
the position of M31 is shown by a blue diamond. The SGP is overlaid as a thick black
line, with North and South Poles displayed as blue stars.

(. .y .

60°N

Figure 3.4: Observed LG Field Galaxies in green, with the overlaid SGP shown by
a black great-circle. The principal axes of the extended samples are shown by the
coloured contours. M31 is shown on the sky as a blue diamond, and the Poles of the
SGP are shown by blue stars.
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The coloured contours around each principal axis show how their directions change
when galaxies are added to the Zone of Avoidance in order to assess the effects of the
completeness of the sample. The tightness of the distributions shows that this has

very little impact on the axes.

Interestingly, the principal axes are nearly coincident with those of the SGP. The
short axis of the LG Field Dwarf distribution (at (I,5) = (42.08° £+ 19.50°,5.27° +
1.68°)) is closely aligned to that of the SGP, given in Section 3.1.1.

A 3D view of this is shown in Figure 3.5. LG Field Dwarfs are shown as green
points, while satellites of the Milky Way and Andromeda galaxies are rendered as
black and blue points respectively. The arrow denotes the angular momentum vector
of the Milky Way, which lies very close to the 2’ — 3/ plane. Two ellipses are drawn
on the 2/ — 3 and 3/ — 2’ planes with ratios of the major and minor axes equal to the

ratios of the principal axes eigenvectors.
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 kpcl

2000

Figure 3.5: Observed LG galaxies oriented with the LG Field Dwarf distribution.
Black contours show the axial ratios, and the North Galactic Pole of each primary is
shown by an arrow. Satellites of the MW are in black, those of M31 are in blue, and
the LG Field Galaxies are in green.

As shown in the earlier Figure 3.4, the 2’ — 3 plane is nearly coincident with
the SGP. This means that galaxies which have a small 2’ coordinate lie close to
the SGP. Figure 3.6 shows the distribution of components of the vector that joins
the Milky Way and M31 galaxies in the 2/, ¥/, 2’ coordinate system over the Local
Group realizations. The direction to M31 coincides strongly with the intermediate

axis direction in all samples, and the 2’ fractions are concentrated within 0% to 20%
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of the radial distance to M31.
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Figure 3.6: M31’s 2’ and 3’ components vs. its Z’. The contour shows the distribution
of M31 coordinate components for the Local Group realizations. APOSTLE volumes
are also shows for comparison.

We check whether this configuration is reproduced in the APOSTLE simulations
by also plotting the components of the vector between the two primary galaxies in the
Field Galaxy inertia tensor eigenvector basis of each volume as labelled red points.
The figure shows that the 2’ coordinate is much smaller than the 2’ or 3’ coordinates,
which implies that the vector joining the primaries is also coincident with the 2’ — ¢/
plane in our simulations. However, unlike the observed Local Group, the simulated

M31s appear to be concentrated at the major axis.

3.2.4 Angular Momenta in an Anisotropic Distribution of Matter

As Figure 3.4 shows, the spin of the Milky Way seems to be contained on the 2’ — ¢/
plane. M31, on the other hand, is inclined at approximately 60° relative to the SGP.
We will explore whether there is any correlation between the spins and distribution

of matter in the following figures.

Figure 3.7 displays the distribution of APOSTLE primary angular momenta in
the reference frame of their field dwarf distributions. The leftmost panel shows the

alignment of angular momentum with the major axis. Lower values correspond to
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alignment on the ¢y’ — 2’ plane. The middle panel plots alignment along the interme-

diate axis, and the rightmost panel displays alignment along the minor axis.

0]
0.4 0.6 0.8 1.0 . . 04 06 0.8 1.0 . . 0.4 0.6 0.8 1.0
L) Ly |L-2]

Figure 3.7: Primary and secondary APOSTLE L2 galaxy angular momentum vectors
in the field galaxy basis, calculated from the stars within 74, = 0.15 X Ryp. Each
plot shows a histogram of the APOSTLE primary angular momenta dotted with the
principal axes of each volume.

The only non-random bias (Pxs = 0.048) is a weak alignment along z’, the mi-
nor axis of the field dwarf distribution. M31 is consistent with this result, with a
| Jars1 - 2| of 0.83. In contrast, the Milky Way has |Jymw - 2/| of 0.005, and its an-

gular momentum vector lies on the 2’ — 4/ plane evenly between the —x’ and —y’ axes.

Next we explore whether the primary pair orbits in a way that reflects the principal
axes and the distribution of matter. Figure 3.8 shows the orbital angular momentum
vectors of the 12 APOSTLE primary pairs, in the basis of the principal axes of the
field galaxy distribution.
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Figure 3.8: Orbital angular momentum vectors in the field galaxy basis, calculated
from the midpoint between the two primaries in the each simulation volume. Each
plot shows a histogram of the APOSTLE primary orbit angular momenta dotted with
the principal axes of each volume.

We see that despite the appearance of non-random distributions, the KS tests
against uniformity yield P, = 0.50, P, = 0.20 and P,, = 0.17, none of which are
significantly unlikely to be the result of random sampling (P < 0.05).

In our Local Group, the angular momentum vector of the orbit between the Milky
Way and M31 galaxies is estimated to lie at (I, 8) = (—161°,30°) with very large un-
certainties (Pawlowski et al., 2013[38]).

Figures 3.7 and 3.8 suggest that the present-day distribution of matter has very

little correlation with the orientations of the individual galaxies or their orbits.

3.2.5 Comparison of Stellar Disk Angular Momenta

Next, we will compare the relative alignments between the pairs of galaxies in the
APOSTLE simulations. We begin with a dot product between the angular momenta

of the two primaries’ stellar disks in each APOSTLE volume, as shown in Figure 3.9.
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Figure 3.9: Dot products of the angular momentum vectors of the two primary stellar
disks for all 12 APOSTLE volumes.

There is no evidence of a non-random distribution (Pxg = 0.72), which suggests
that the stellar disks have no correlation with each other. The dot product between
the disks of the Milky Way and M31 galaxies is 0.49.
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3.2.6 Comparison of Stellar Disk Angular Momentum with Direction To-

wards Other Primary Galaxy

Figure 3.10 shows the dot products of the stellar disks of the APOSTLE primaries
and the vector towards the other primary in their volume. The distribution is not

convincingly different from a random sample (Pxgs = 0.67).
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Figure 3.10: Dot product of the stellar disk of a primary galaxy and the vector towards
the other primary in that volume.

The Milky Way’s angular momentum vector dotted with the direction towards
M31 is 0.36, and that of M31 is 0.23, which means that both galaxies are roughly
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edge-on to each other.

3.2.7 Comparison of Halo Angular Momenta

Figure 3.11 shows the dot product of the angular momentum vectors between the
dark matter halos of the two primary galaxies in each volume. This distribution is
significantly non-random (Pgg = 6.0 x 107?), which suggests that nearby massive

halos tend to spin counter to each other.
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Figure 3.11: Alignment of the halos of the two primary galaxies in each APOSTLE
volume.
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3.2.8 Comparison of Stellar Disk Angular Momentum with Halo Angular

Momentum

Figure 3.12 shows the distribution of dot products between the stellar disks and
dark matter halo angular momentum vectors of APOSTLE primary galaxies. This
distribution is significantly non-random (Pfg = 6.4 x 10™*), which means that stellar

disks are biased towards spinning with their dark matter halo.
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Figure 3.12: Alignment of the stellar disk angular momentum vector with that of its
halo.

This result, in combination with Figure 3.11, would suggest that the stellar disk
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angular momenta should be anti-aligned, however the scatter in both distributions

removes any ability to see a correlation.

3.3 Summary

We have analyzed the anisotropy of the Local Group Field Dwarf distribution, in
the context of the APOSTLE simulations, and have determined several features of
the Local Group system that appear to be significantly non-random throughout the
APOSTLE LG analogues:

e The anisotropy of the LG field dwarfs compared with the SGP: The
distribution of Local Group field dwarfs is anisotropic, with a minor axis in
good alignment with that of the SGP. This result is unchanged even if the

completeness of the data is taken into account.

e The geometry of the LG field dwarf distribution: The most likely prin-
cipal axis ratios are 0.7 < g < 0.8, and 0.45 < § < 0.7, with a minor axis at
galactocentric (I, ) = (—137.92° £ 19.50°, —5.27° + 1.68°).

e The vector between the two primary galaxies compared to the LG
field dwarf distribution: The vector separating the two major galaxies in
the APOSTLE L2 simulations tends to be perpendicular to the minor axis of
the field galaxy distribution.

e The alignment of APOSTLE stellar disk angular momentum vectors
with the LG field dwarf distribution: The angular momentum vectors of
the stellar disks of APOSTLE primary galaxies are biased towards alignment

along the minor axis of the dwarf galaxy distribution.

e The alignment of APOSTLE stellar disk angular momentum with that
of their host halos: Many of the APOSTLE galaxies are rotating with their
host halos. Those host halos also tend to be anti-aligned with each other. The
scatter around these trends means there is no clear bias in alignment between
the stellar disks.
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Chapter 4

Conclusions

This dissertation examines the spatial distributions of baryons and metals in the Lo-
cal Group (LG) using numerical simulations. For this, we used the APOSTLE (A
Project Of Simulating The Local Environment; Sawala et al., 2015[40]) simulations,
which consist of a set of 12 hydrodynamic zoom-in volumes selected from the large
DOVE cosmological box (Jenkins, 2013[23]) dark matter-only simulations. These re-
gions were selected to have similar physical and dynamical properties to our observed
Local Group (Sawala et al., 2015[40]). These volumes have two primary halos that are
isolated from other large structures, each of virial mass My ~ 10*2M !, separated
by 500 to 1000 kpc, and approaching each other at between 0 km/s and 250 km/s.
These correspond to the Milky Way (MW) and M31 galaxies. The smaller galaxies
that exist within 300kpc of either primary galaxy will be referred to as the satellites
of that primary. Non-satellite galaxies, with (i) Magy > 5 x 10°My, (ii) Stellar mass
M* > 10°My, and (iii) that are within 3 Mpc of the MW will be referred to as LG
field dwarfs in this thesis.

4.1 Inventory of Baryons and Metals in Simulations of the Local Group

4.1.1 Baryons

The baryonic mass contained within large regions of space that are representative
of the universe as a whole is given by the values of the cosmological parameters
Q,, = 0.272 and €, = 0.0455 (Komatsu et al., 2011[3]), the fraction of the critical

density of the universe made up by all matter, and by baryons, respectively. In a

!The virial radius corresponds to the radius that encloses a density of 200 times the critical
density of the universe, while the virial mass is the total mass contained within the virial radius.
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halo comprised of both dark matter and baryons, the expected cosmological ratio
between them is given by f;** = Q,/Q,, = 0.167. On the scale of galaxy clusters,
the baryonic mass contained within the virial radius is roughly equal to the expected
value, M, = f, X Msgo (White et al., 1993[31]), henceforth M;™. However, the baryon
content of smaller scale structures, such as individual galaxies, is estimated by abun-
dance matching (Behroozi et al., 2013[41]) to be far below the cosmological fraction.
The Milky Way galaxy, for instance, contains only 20% of the expected baryonic mass
and is considered a case where galaxy formation has been quite efficient (Oman et
al., 2016[42]). This means that 80% of the the baryons have not made it into the
central galaxy, and are either in the halo, or have been ejected outside of the virial
radius. Because these baryons are low density and highly ionized, they are difficult
to detect. We have used the APOSTLE simulations to examine the total baryonic
content of a wide range of halos, with specific focus on the pairs of primary galaxies.
We have also characterized the mass and spatial distribution of the gas in the halo of
these galaxies, to ascertain the impact this gas has on the total baryonic content of a

halo. The findings are summarized below.

e Baryonic mass as a function of virial mass: LG field dwarfs and primary
galaxies have a lower baryonic mass within their virial radius than expected

from the cosmological fraction. (Figure 2.1)

e Baryonic retention in galaxies of different masses: The baryonic fraction
within a halo increases with mass. From under 10% of M;™", at Magy < 10'°M,,

to approximately 60%, for the APOSTLE primary galaxies.

e Baryonic retention in stars: In APOSTLE, baryonic matter is either in the
form of stars or gas. Most of the stars in a galaxy form near the centre of the
halo, within a radius of 0.15 X Rag9, which I will refer to as the galactic radius
Tgat- In APOSTLE primary galaxies, stars compose roughly 15% of M;™, on

average.

e Baryonic retention in star-forming gas: The gas in the halo of an APOS-
TLE primary galaxy spans a wide range of temperatures and densities (Figure
2.4). Gas that is cool and dense enough to form stars is concentrated within

Tgat, and accounts for less than 5% of M;™.
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e Subpopulations of the circumgalactic medium: Within a halo, gas that
lies beyond the galactic radius but within the virial radius is generally unable to
form stars. This non-star-forming gas will be referred to as the circumgalactic
medium (CGM). In the case of APOSTLE primaries, it is possible to distinguish
two distinct populations of CGM gas. These populations can be differentiated
by a temperature cut at 10°K.

e Baryonic retention in gas above 10° K: CGM gas above this temperature,
which I will refer to as the warm-hot CGM (WHCGM), is near the virial tem-
perature of the halo. This WHCGM is roughly in pressure-equilibrium with the
gravitational forces of the halo, and has a shallow (r~%%) density profile that
extends out to 150 kpc from the centre of the halo, and declines more steeply
(r=2) beyond this radius. This reservoir of hot gas accounts for roughly 30% of
M;™ of an APOSTLE primary.

e Baryonic retention below 10° K: CGM gas with a temperature below 10° K,
which I will refer to as the cool CGM (CCGM), is clumpy and infalling. The
density profile of the CCGM is also steeper, proportional to r=2. About 10% of
M, is held in the CCGM.

These results characterize the baryons that have not been ejected from the virial
radius of dark matter halos, and provide estimates of the total mass that has escaped
due to feedback. The baryonic masses of individual APOSTLE primary galaxies, and

their average, is provided in Table 2.3.

4.1.2 Metals

We have seen that if the total baryonic mass within the virial radius of a primary
galaxy is summed, only approximately 60% of M; ™" is recovered. This leaves roughly
40% outside the virial radius of the halo. Why have these baryons been ejected? The
most likely culprit is stellar feedback, which is capable of injecting enough energy into
the gas of a galaxy for it to escape the virial radius. This mechanism, however, also
enriches the gas that remains, so we shall now investigate the distribution of metals

between the baryonic components of a galaxy.

The choice of initial mass function (IMF), stellar yields, and stellar lifetimes in

the APOSTLE simulations provide a tight relation between total metal mass and
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long-lived stellar mass of 5.5%. This gives the total mass of metals that have been
produced by the stars within a halo, henceforth M$*”, and to compare the total metal

mass currently within the virial radius with this expected mass. The results follow:

e Metal mass as a function of stellar mass: Roughly 70% of the M of an
APOSTLE primary galaxy are retained within its virial radius. This fraction
decreases with stellar mass until it becomes constant below M* < 109M,.
(Figure 2.7)

e Metal retention in stars and the CGM: In primary galaxies, the mass of
metals held in the stars is approximately equal to that held in the CGM. This

mass makes up approximately 30% of M*P.

e Metal retention in star-forming gas: In APOSTLE primary galaxies, the

star-forming gas contains 10% of M2*P.

e Metals in the WHCGM and CCGM: The metals in the CGM are split
evenly between the WHCGM and the CCGM. Because the total mass of the
WHCGM is roughly twice that of the CCGM, its metallicity is approximately
half. (Figure 2.8)

e Metal retention in the CGM for low-mass galaxies: In contrast, for low-
mass galaxies, with M* < 10°M,, a majority of the metals are held in CGM

gas.

As we can see from this accounting, the most massive APOSTLE galaxies eject a
lower fraction of produced metals (= 30%) than they do baryons (= 40%). Using the
average numbers from Tables 2.3 and 2.4, the average metallicity of the lost gas is
comparable to that of the CGM, which makes up roughly 40% of the M;™ and 30%
of M.

4.2 The Spatial Distribution of the Local Group Galaxies

Another major topic of this thesis is the spatial distribution of galaxies in the Local
Group. The geometry of the LG is characterized by two massive galaxies, and by the
surrounding dwarfs. The LG is embedded in a large scale flattened structure that

extends out to tens of Mpc, called the Supergalactic Plane (SGP; deVaucouleurs,
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1952[36]). Previous work has analyzed how the LG geometry is related to the larger
scale SGP structure (Hartwick, 2000[37]; Pawlowski et al., 2013[38]) and reported
that they found a similar flattening. We reanalyze these claims with a larger sample
of data. We also correct for the observational biases that arise due to the Zone of
Avoidance? to determine the relation between the local distribution of matter and

that of the larger scale structure within which it is embedded.

The selection of Local Group galaxies used in this work comes from the Extra-
galactic Distance Database (Tully et al., 2009[17]). They were chosen to be within 3
Mpc from the MW, with a stellar mass of M* > 10° M, calculated from the V or B
band magnitudes, assuming a mass-to-light ratio of 1 in solar units. Many of these se-
lected galaxies are in close proximity to either the MW or M31 galaxies. Galaxies will
be considered satellites if they lie within 300 kpc from either primary. The remaining
dwarfs will be referred to as LG field dwarfs. The distributions of the satellites and
field dwarfs on the sky are shown in Figure 3.1.

To quantify the geometry of the LG field dwarf distribution, we use the unnor-
malized inertia tensor of the 3D galactocentric coordinates of those galaxies. The
eigenvectors of this tensor provide us with the principal axes of this distribution. The
directions of these axes, with contours estimating the error due to the zone of avoid-

ance, are shown in Figure 3.4.

These principal axes allow us to define a set of basis vectors that correspond to
the spatial properties of the LG field dwarf system. In this basis, the &’ vector corre-

sponds to the major, the g’ to the intermediate, and the 2’ to the minor principal axes.

The ratios of the eigenvalues of the inertia tensor give us an idea of the shape of the
LG field dwarf distribution. The observed LG field dwarfs form a triaxial distribution,
with b/a =~ 0.7 and ¢/b ~ 0.5. The correction for the zone of avoidance is small, and
shifts the axial ratios to 0.7 < b/a < 0.8 and 0.45 < ¢/b < 0.7, as shown in Figure 3.3.

The results for the observed LG are summarized below.

e Comparison of the LG %’ axis with the minor axis of the SGP: The

2a strip of sky within galactocentric latitudes § = +14° where galaxy detection is difficult due
to absorption by the dust in the MW galaxy.



o6

minor axis of the LG field dwarf distribution is very well aligned (= 5° off) with
the minor axis of the SGP.

e The spatial distribution of the MW and M31 galaxies: The MW and
M31 galaxies, which were not directly used to calculate the principal axes, lie

very close to the /-3 plane.

e The directions of the MW and M31 spin axes: The MW and M31 have
spin axes, defined by their angular momentum vectors. The spin axis of the MW
lies on the SGP, while that of M31 lies close to the 2’ axis, with cos(ng,l, 2 =
0.83. This corresponds to an angle of 30 degrees.

e The direction of the MW-M31 orbital axis The MW-M31 orbital pole is
estimated to lie at (I, 5) = (—161°,30°), with large uncertainties (Pawlowski et
al., 2013[38]). The angle between the 2’ axis and this vector is approximately
40°.

e The alignment of the MW and M31 spin axes with the vector sepa-
rating them: The MW and M31 spin axes are both close to perpendicular to

the vector that joins the two galaxies, with 0, = 70°, and 0,31 ~ 75°.

As we can see from the results above, the LG field dwarf distribution appears to
be an extension of the larger scale structure within which the LG is embedded. We
can compare these results with the larger sample found in the 12 realizations of the
LG from the APOSTLE project.

4.2.1 The Spatial Distribution of the APOSTLE Local Group Galaxies

For our sample, we use our definition of APOSTLE LG field dwarfs from the first
paragraph of this chapter. Since this is an analogous analysis, we will define analo-
gous terms with the same inertia tensor calculation for each simulated volume as in
the previous section. These inertia tensors will allow us to define an z/-7'-Z’ basis for

each simulated volume.

The distributions of APOSTLE LG field dwarfs generally have comparable anisotropy
to that of the observed LG (Figure 3.3). The average axial ratios are roughly b/a ~ 0.7
and ¢/b ~ 0.65. These values are comparable to those of the observed LG, b/a ~ 0.7
and ¢/b ~ 0.5. We cannot check whether the APOSTLE field dwarf distributions
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match the larger scale structure from which the volumes were selected, as the resim-
ulated APOSTLE volume is too small for such a comparison.

Our findings are below:

e The spatial distribution of the APOSTLE primaries: As in the obser-
vations, the two main galaxies generally lie near the '~ plane of each volume.
(Figure 3.6)

e The directions of the APOSTLE primaries’ spin axes: We find that
in APOSTLE there doesn’t appear to be a preference towards alignment with
any axis, with the exception of a weak trend towards the z’ axis (Prangom =
0.048).(Figure 3.7) Only the spin axis of M31, which lies 30° from the observed

Z" axis, follows this trend.

e The directions of the APOSTLE primaries’ orbital axes: The orbital
angular momentum between APOSTLE primaries does not appear to be aligned
with any of the principal axes. (Figure 3.8) In the observed LG, this vector lies

40° from the 2’ axis.

e The alignment of APOSTLE primaries’ spin axes and the vector sep-
arating them: In APOSTLE, there is no preference for the angle between the
spin vector of a primary galaxy and the direction to the other primary. (Figure
3.10) In the observed LG, the spin axes of both the MW and M31 are nearly

perpendicular to the vector between them.

In the simulations, we are also able to check whether there are substantial mis-
alignments between the directions of the spins of the disks and those of the halos
in which they are embedded. We find that the disks are generally well-aligned with
their halo (Figure 3.12). We also find that the spins of the halos of the two primary
galaxies in a volume tend to be rotating in opposite directions (Figure 3.11). This
does not, however, translate to a correlation between the spin axes of the stellar disks

of primary galaxies, due to the scatter in these relations (Figure 3.9).

These results should provide us with an accurate picture of how we can expect
the large scale structure of our local universe to impact the geometry of our Local

Group, and the behaviour of its galaxies.
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