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Abstract

Studying clustering on small scales (<10Mpc) over a large span of red-
shifts allows us to connect galaxies to underlying cosmic large-scale
structure, and thereby provide constraints on the physical processes
that drive galaxy evolution. Relatedly, studying the relative bias of
galaxies and their halo occupancy quantifies how the underlying dark
matter distribution is traced by baryons in galaxies. Comparing model
predictions to current and future multi-wavelength galaxy surveys, en-
ables a greater understanding of how galaxy formation processes impact
the relationship between galaxies and dark matter.

In this thesis I study the clustering and bias of galaxies in cosmological
galaxy formation simulations. To conduct this study, I use MUFASA
— a state-of-the-art suite of cosmological hydrodynamical simulations
(Davé, Thompson, and Hopkins, 2016). The number of galaxies within
a probed parameter bin decreases with increasing redshift. I thus ex-
amine clustering and bias over a redshift range from z = 0 — 2.5 and
z = 0—3 using MUFASA’s fiducial (50h~!Mpc)? volume, which has 5123
dark matter particles and 5123 gas elements.

I find that for the full sample of galaxies in the MUFASA simulations, the
amplitude of clustering decreases with redshift juntil z = 2, after which
the amplitude increases with redshift. The dark matter clustering am-
plitude decreases with redshift, and thus with this we see an increase in
bias, which is the ratio of| clustering strength of baryons to that of the
dark matter distribution, with increasing redshift. At a given redshift,
we see an increase in clustering amplitude with stellar mass, My, as
well as with increasing [brightness in r-band luminosity, M,. However,
we see a decrease in clustering amplitude with specific star formation
rate, sSF'R, as well as brightness in.the Near-UV luminosities, Myyy .
We observe no clustering dependence on HI mass, Mgy, at a given red-
shift.

As a function of redshift, we observe a decrease in clustering amplitude
for a given M, bin. We do not see any obvious trend with M, bin, how-
ever for sSFR, Myyy, and Mgy bins we see an increase in clustering
amplitude as a function of redshift. There is a general increase in bias
as at a given redshift across all mentioned parameters. There seems to
be no bias evolution with M, bin however, but for all other parameters,
we see a general increasing trend with redshift.

These results suggest that galaxies that are more red, quiescent, and
gas-poor cluster more strongly than blue, star-forming, gas-rich galax-
ies. Since higher-mass dark matter halos cluster more strongly, this indi-
cates that these halos are more likely to host groups of passive, gas-poor
galaxies. Since the detailed manner in which passive and star-forming
galaxies populate dark matter halos depends on detailed galaxy forma-
tion processes such as feedback from star formation and black holes,
future comparisons to upcoming surveys such as MIGHTEE and VIDEO
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will provide an important path towards constraining these uncertain
feedback processes.
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1 Introduction

Large scale galaxy surveys and cosmological simulations have shown us the
filamentary distribution of galaxies in the Universe. Due to gravity, galaxies
and baryonic matter in these filamentary structures trace the underlying dark
matter distribution. Within this large-scale structure we observe dense clus-
ters of galaxies at the nodes of these filaments, with less massive groups and
isolated galaxies following the filamentary arms. Different galaxy types trace
this filamentary structure in different ways — we see older and redder galaxies
making up the high density clustered regions, while the younger, bluer, and
star-forming galaxies tend to make up the filamentary arms. This relationship
may also change with redshift, as at early epochs dense regions can host very
rapidly star-forming galaxies.

How baryons trace this underlying dark matter can be quantified using the
galaxy Two Point Correlation Function (TPCF), which measures the excess
probability of finding a pair of galaxies in a given radial bin, and comparing
to that of the dark matter TPCF which measures the excess probability of
finding a pair of dark matter particles:in.the same radial bin. Observational
clustering studies have used-a-Halo Occupancy Distribution (HOD) formalism
to predict the underlying dark matter distribution. HODs are defined as the
average number of galaxies residing in a halo of a given mass, thus quantifying
how galaxies populate halos as a function of My,,. In cosmological hydro-
dynamic simulations that directly predict the evolution of galaxies, we have
access to both the distribution of galaxies-and-dark matter, so we can directly
compute the TPCF and HOD of galaxies, halos, and dark matter. Also, we
can compute the bias of the galaxies telative to the dark matter. This enables
predictions that can be tested against large-area galaxy survey data.

On large scales, the galaxy TPCF and their clustering properties of galaxies
with respect to the underlying dark matter field provides important constraints
on cosmology, particularly through Baryon Acoustic Oscillations (BAO) which
are matter fluctuations in baryons at a scale of ~150 Mpc owing to sound
waves imprinted during the recombination era (Eisenstein et al., 2005). Using
BAO-scale clustering measurements, cosmologists have been able to put con-
straints on cosmological parameters which are important to constrain current
cosmological models. These parameters include the baryonic content, €2, of
the Universe, the amplitude of the linear power spectrum at 8 h™'Mpc, o5,
and others.

On smaller scales, studying the clustering dependence on galaxies and their
intrinsic properties over time helps us understand how galaxies evolve within
their environments and their host dark matter halo (Zehavi et al., 2011). While
it is known that galaxy properties are correlated with environment, for instance
large passive galaxies tend to live in denser regions, the detailed physical pro-
cesses that drive such relationships are not fully understood. Typically, they



are related to feedback energy released by processes such as supernovae and
black hole accretion, which can impact the growth and colour of galaxies.
Hence by studying clustering on small scales, one can constrain these poorly
understood processes of galaxy assembly.

1.1 Dark Matter and Dark Matter Halos

Only ~ 4% of the Universe as we know it today is made up of baryonic matter
that we are able to directly observe with telescopes. ~ 70% is made up of Dark
Energy, responsible for the accelerating expansion of the observable Universe.
The remaining ~ 25% is in dark matter, observed only by it’s gravitational
influence on nearby baryonic particles.

The first first indirect observation of dark matter was made when Zwicky
(1933) studied the motion of galaxies in the Coma cluster. He found that the
orbital velocities of these galaxies were too high for the mass estimated from
the brightness and number of the galaxies contained and thus inferred some
invisible mass, or “dunkle materie” (dark matter). Thereafter, Rubin, Ford,
and Thonnard (1980) studied.the rotation-curves of spiral galaxies and noticed
that the amount of mass-in-the stellar.and-gaseous matter they were able to
observe, did not make up for the rotation-velocities and angular momentum of
the spiral arms at increasing radii. Today we see the effect of dark matter not
only in the rotation curves of jspiral galaxies but also in gravitational lensing,
the evolution of large-scale structure, as well as in other astrophysical phe-
nomena. Owing to gravitational instability, after time they cluster enough to
become dark matter halos, typically defined as a structure with mean density
200 times that of the critical density of the Universe. These halos are host
to numerous galaxies - including one large central galaxy and often numerous
smaller satellite galaxies. Larger dark matter halos usually host a larger num-
ber of galaxies. We can quantify this in Halo Occupancy Distributions (HODs)
which are shown later on in this thesis. Because dark matter halos begin small
and grow hierarchically by merging into larger structures, we expect to the see
a decrease in the clustering of dark matter as we go back in time.

1.2 Galaxy Evolution

The physical processes that drive galaxy formation and evolution are still a
significant puzzle in astrophysics. Many of these uncertainties lie in the nature
of the mechanisms by which energy is returned to the galaxy by means of star
and black hole formation that self-regulate galaxy growth (Davé, Thompson,
and Hopkins, 2016). These are what is referred to as feedback processes. In
blue star-forming galaxies, stellar feedback from supernovae and young stars is
the primary regulator of galaxy growth. In larger galaxies, the primary feed-
back mechanism is due to black holes. Black hole feedback occurs mainly in
massive galaxies that have large supermassive black holes, and release so much
energy as to shut off, or quench, star formation. This results in the largest



galaxies living in the largest halos being red owing to a lack of young massive
stars.

Many feedback processes may be triggered by the evolution of the underlying
halo distribution. For instance, one hypothesis for quenching is that it becomes
particularly important at a specific halo mass scale around ~ 10'2M,, a scale
which may evolve with redshift. The Equilibrium Model, by constraining its
parameters to match the observed evolution of the galaxy population, predicts
a quenching mass that evolves with redshift as

M, = (0.96 + 0.48z) x 10" M (1)

(Davé, Rafieferantsoa, and Thompson, 2017). Alternatively, quenching may
occur during the mergers of galaxies as driven by the mergers of their under-
lying dark matter halos (Hopkins et al., 2008). Hence feedback processes can
impact the connection of galaxies to their host halos.

It is in this way that galaxy formation processes are related to clustering. For
instance, a Universe with no or minimal black hole feedback would yield sig-
nificantly more blue galaxies occupying larger dark matter halos. This would
result in a large clustering amplitude for blue galaxies. Conversely, a Universe
with only strong feedback werwould expect-much fewer blue galaxies in ha-
los and a high clustering of red galaxies. Hence depending on the clustering
strength of different galaxy types, we can constrain the strength of feedback
processes that drive the growth of galaxies and their relationship to the under-
lying dark matter distribution. Moreover, we can provide inputs to cosmolog-
ical studies that need torunderstand how galaxies of a given type trace halos
in large-scale structure.

1.3 Galaxy Formation Simulations

In this thesis, I will study clustering using cosmological hydrodynamic simula-
tions. In simulations such as MUFASA that we use here, a random cosmological
volume is populated with a number of dark matter and gas particles at a very
early time based on observed CMB fluctuations. This volume is then evolved
forward in time accounting for physical processes including gravity and hydro-
dynamics via linear perturbation theory. The dark matter particles are evolved
only by gravity since they do not interact with electromagnetic radiation. Gas
is evolved with the many additional physical processes related to baryons. The
end result is a prediction of the distribution of dark matter and galaxies within
the modeled volume, including various observationally-accessible properties of
the galaxies such as colour and HI content.

These simulations include the physical processes required to form realistic
galaxies, such as star formation, supernova feedback, and quenching feedback
- a still poorly understood phenomenon. It is long known that including only
gravity and star formation results in the “overcooling” problem (White and



Rees, 1978) in which too many baryons form into stars. Hence feedback pro-
cesses are needed to suppress star formation in order to make realistic galaxies.
These simulations make use of feedback models that heuristically represent the
energetic feedback from star formation and black hole accretion, since cosmo-
logical simulations cannot resolve the very small scales on which such processes
occur. In this way, dark matter structure formation drives the evolution of stars
and gas in galaxies, and the environment in which galaxies reside.

Cosmological simulations have played a significant role in helping to under-
stand many of the physical processes that are still uncertain. Many advances
in these fields have been made over the past decade due to the improvement
of computing power and the accuracy of the physics included in the simula-
tions. With this, simulations are now able to reproduce primary features of
the observed galaxy population across cosmic time. Given this, such simu-
lations provide a way to accurately study the clustering of galaxies, and the
way in which different galaxies with different properties trace the filamentary
structure of the cosmic web.

1.4 Observations of Clustering

Many observational efforts have characterised galaxy clustering both in the
nearby Universe and beyond. Here we describe some such efforts whose results
are relevant to this thesis, in which clustering is measured based on a specific
selection of galaxy properties that we approximately mimic in our simulated
galaxy samples.

Zehavi et al. (2005) and Zehavi et al. (2011) respectively use a volume limited
sample of 200 000 galaxies ‘over 2500 deg? extracted from the Sloan Digital
Sky Survey (SDSS) and a sample extracted from the Complete SDSS Redshift
Survey sample of galaxies - a sample of 700 000 galaxies covering 8000 deg?
extending up to z = 0.25, to show that bright r-band galaxies have a higher
clustering amplitude than that of fainter r-band galaxies. The flux-limited
galaxy samples are then split into two subsamples, that of red and blue where
it is found that red galaxies have a higher clustering amplitude than that of the
blue galaxies of the same flux magnitude. It is also found that when the full
galaxy sample is split into red and blue subsamples, within each subsample,
the clustering amplitude increases with r-band brightness. Zehavi et al. (2011)
also finds an increasing bias factor with increasing brightness.

Law-Smith and Eisenstein (2017) measured the colour and stellar mass depen-
dence on clustering in the Baryon Oscillation Spectroscopic Survey component
of SDSS(SDSS-III BOSS) at redshifts 0.6 < z < 0.65 by cross correlating 66
657 spectroscopic galaxies to that of 6.6 million faint photometric galaxies. It
is found that red galaxies live in denser environments than that of blue galax-
ies, and specifically that red galaxies cluster almost twice as much as blue



galaxies at low radii. When holding stellar mass as a fixed parameter, a clear
differentiation between red and blue galaxies is found, implying that clustering
is not solely determined by stellar mass. When holding colour fixed, it is found
that clustering increases with stellar mass.

Papastergis et al. (2013) uses a sample of 6000 galaxies from the Arecibo
Legacy Fast ALFA (ALFALFA) 21cm survey to measure the clustering proper-
ties of Hl-selected galaxies. No convincing evidence is found for dependence
of clustering for galaxy HI mass over My ~ 108% — 10'%°M,. The ALFALFA
sample is compared to that of optically selected samples from SDSS and it is
found that the Hl-selected galaxies cluster more weakly than that of the rela-
tively optically faint galaxies when there is no colour selection applied. When
there is a colour selection applied, the correlation of blue galaxies is found
to be indistinguishable from that of the Hl-selected galaxies. SDSS with red
colours are found to cluster more strongly than Hl-selected galaxies.

Coil et al. (2016) studied the dependence of galaxy clustering on stellar mass
and sSFR with data from the PRIMUS and DEEP2 galaxy redshift survey for
redshifts 0.2 < z < 1.2. 100-000-spectroscopic galaxies redshifts covering a
total of 7.2 deg? is used to-find that-the-dependence of clustering as a function
of sSFR is as strong as the-dependence on stellar mass. At a given sSFR bin,
and for the limited mass range probed (10'%% <M, < 10'' M), there is no
significant mass dependence. For the star-forming population at a given mass,
galaxies above the main sequence of star formation with higher sSFR are less
clustered than that of those below the main sequence of star formation with
low sSFR. Within the quiescent population at a given stellar mass, galaxies
with higher sSFR are less clustered than those of lower sSFR. It is shown
that the clustering amplitude of galaxies increases with increasing stellar mass
and decreasing sSFR, concluding that galaxies evolve not only along the main
sequence, but also across it, before galaxies become quiescent. These results
imply that the stellar mass to halo mass relation depends on sSFR.

Shi et al. (2016) tested the reliability of mapping the real space distribution in
the SDSS DR7 for 0.01 < z < 0.12 by using an ensemble of mock catalogues,
focusing on the two point correlation function dependence on luminosity, and
finding that there exists deviation from single power law and transitioning to
clear 1-halo and 2-halo term dependencies.

van Daalen et al. (2016) introduced methods to allow the observed clustering
of galaxies to be used along with observed luminosity and mass functions to
constrain galaxy formation physics. By using large semi-analytic simulations,
they had shown how the projected galaxy two point correlation function can
be estimated to < 10% using a very small subsample of halo merger trees. The
values found are consistent with what was previously found for the appropriate
parameters. For parameters that primarily affect spatial distributions, values
have been found with significantly improved constraints on galaxy formation,



which may lead to significant constraints on cosmological parameters.

These results demonstrate that the TPCF provides a robustly observable mea-
surement of the clustering of galaxies, and thus can be used to obtain informa-
tion about the physical processes which induce the evolution of galaxies and
well as their environments. It can also be used to identify the relationship
these galaxies have with their host dark matter halos and the underlying dark
matter field.

These and other studies on galaxy clustering have told us that more massive
galaxies cluster more strongly than smaller ones. The clustering amplitude of
galaxies increases with increasing brightness in the r-band but decrease with
sSFR. Also, red galaxies cluster almost twice as strongly as blue galaxies at
low radii. There is no obvious trend in clustering amplitude for the HI content
of galaxies. By comparing these observations to the galaxy samples from MU-
FASA, we can test whether MUFASA is producing and evolving galaxies that
are viable, and thus whether MUFASA can provide robust predictions regarding
the evolution of galaxy clustering in a wider variety of tracers.

1.5 Outline of Thesis

In this thesis I examine the clustering and bias of galaxies as a function of
galaxy properties and redshift using MUFASA — a state-of-the-art suite of cos-
mological hydrodynamical simulations. I'll be studying the clustering and bias
properties of galaxies as a-function of stellar mass- M, , specific star formation
rates sSF' R which is the star formation rate divided by M,, r-band luminosity
M,., near-UV luminosity Myuy , and HI mass Mgy 1 will focus on how we can
use this information to make predictions for future multi-wavelength surveys
of which the primary science focus is galaxy evolution.

I start by outlining the simulations and analysis methods I have followed to
produce the results in §2. In §3, I will describe various properties of galaxies
and make comparisons to a range of galaxy property observations that show
that MUFASA provides a viable sample of galaxies with which to study clus-
tering. In §4 I describe results from the clustering analysis as a function of
galaxy property and redshift. In §5 [ summarise the key results and outline
plans for future work.



2 Methodologies

2.1 MUFASA

Murasa (Davé, Thompson, and Hopkins, 2016; Davé et al., 2017; Davé,
Rafieferantsoa, and Thompson, 2017) is a suite of cosmological hydrodynamic
simulations which use the GIZMO meshless finite mass (MFM) code. In MFM,
the fluid in the simulation is evolved by means of a Riemann solver in a manner
such that mass is conserved within each fluid element, and thus each fluid ele-
ment can be regarded as a “particle” which we will refer to as a gas element. In
MUFASA, stars are formed following a molecular gas-based star formation pre-
scription through an approximate solver of Hy formation that depends on the
metallicity and the column density of the gas. The minimum density required
for star formation is ny > 0.13cm =3 which we hereafter refer to as “ISM gas”.
Given an H, fraction, star formation follows a Schmidt (1959) Law, namely

dM, ¢ prz

dt “tayn

(2)

where p is the gas density,. fz, is the molecular fraction of a given element
and tgy, = \/%—p is the local-dynamic-time.~We set the star formation efficiency
parameter, €, = 0.02 in accordance with observations by Kennicutt (1998).
We assume a Chabrier (2003)/ initial mass function (IMF) which seems to be
the most consistent with observed IMFs. With increasing gas density in the
simulations, the Jeans mass (i.e. the mass above which gravity causes the col-
lapse of interstellar clouds to-form stars) can-become smaller than that of the
resolved mass of the simulation. If this happens and cooling proceeds, frag-
mentation which should 'oceur on'small scales is bottlenecked on large scales
and produces artificial .clumping. To account for. this, artificial pressurisation
of the ISM is implemented in such a way that the Jeans mass is always resolved
above a density threshold, ng,.

MUFASA includes radiative cooling from primordial and metal elements us-
ing the GRACKLE package. GRACKLE-2.1 (Bryan et al., 2014) is a chemical
and cooling library used to evolve primordial and metal line cooling over a
cooling timescale. Non-radiative cooling is first applied over the first time step
and thereafter GRACKLE is used to isochorically apply radiative cooling inte-
grated on the cooling timescale. MUFASA tracks the evolution of 11 elements
namely, H, He, and 9 metals: C, O, N, Ne, Mg, Si, S, Ca, and Fe.

MUFASA uses a sub-grid model to heuristically represent galactic outflows
owing to supernova feedback. Outflow scalings in MUFASA are taken from
FIRE simulations (Hopkins et al., 2014) which are much higher-resolution
simulations that include supernovae feedback, radiation from massive stars,
and stellar winds to self-consistently drive gas from galaxies. The outflow rate
scales tightly with the stellar mass of the galaxy and is independent of redshift



with the best fit relation of the mass outflow rate at 0.25R,;, as
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The wind speed, v,,, is likewise taken from scalings from the FIRE simulations,
normalised somewhat higher than the original prediction and including a boost
factor to account for the fact that FIRE measured their velocities at a quarter
of the virial radius:

Ue \0.12
2(200) Ve + AUO.25 (4)

where Awvg o5 is an extra velocity kick corresponding to the gravitational po-
tential difference between the wind launch radius and 0.25R;,.

VU

To quench massive galaxies, a “maintenance mode” source of energetic feed-
back is implemented. Following the model in Gabor and Davé (2015), this is
done by heating all the gas in massive halos except the gas that is self-shielded.
By doing this most of the neutral and molecular hydrogen in these halos are
unaffected, ensuring that cold gaseous components are only directly affected
by physical processes such as.stripping rather than the quenching prescription.

The results obtained in this thesis are based ona (50 h™*Mpc)? volume which
produces a population of ~6600 resolved galaxies by z = 0 and reproduces the
galaxy stellar mass functions from z = 0 - 4 to| < 1.20 in cosmic variance.
This volume is represented with 5123 dark matter particles, each with mass
resolution mgyg; = 9.6:% 10°Mg, and-5123 gas-fluid elements with mass reso-
lution mg,s = 1.82 x 10"My,. Galaxies are identified as > 32 star particle (or
equivalently gas element).masses, resulting in ja stellar mass resolution limit
for galaxies of m,q = 5.8 X 10°Ms., MUFASA assumes a cosmology consistent
with Planck Collaboration et al."(2016) full likelihood constraints: €2, = 0.3,
Qpr = 0.7, O = 0.048, Hy = 68 km s~ Mpc™ !, o5 = 0.82, and ny = 0.97 and
each run starts at z = 249. 135 snapshots are outputted down to z = 0, but
here we mostly consider the snapshots at z = 0 — 3.

2.2 Caesar-YT

We generate galaxy catalogs from MUFASA using the CAESAR package. CAE-
SAR (Thompson, 2016) builds on the yt (NumFOCUS, 2012) package thus
enabling it to read many different simulation types, and attach meaningful
units to object attributes. It is a python framework for analyzing the outputs
from the snapshots produced by cosmological simulations. The main goal is to
identify halos and galaxies within the simulation, then store information about
them in an easy to access manner. To identify galaxies and dark matter halos,
CAESAR uses a 3D Friends-of-Friends (FoF) algorithm to link neighbouring
particles within a given linking length and defines these particles as groups.
For MUFASA, a group made up of > 32 star particles will be identified as a
galaxy.



2.3 LOSER

We use Line Of Sight Extinction by Ray-tracing (LOSER; Davé, Rafieferantsoa,
and Thompson 2017) to return a catalogue of luminosities in several bands for
simulated galaxies in both extincted, including extinction by dust, and non-
extincted circumstances, together with the redshift and cosmological model
parameters. Single stellar populations (SSP) spectra are interpolated to the
star’s age and metallicity and generated using the FSPS (van Dokkum and
Conroy, 2010) library. We assume a baseline extinction of Ay = 0.1 to avoid
extinction-free lines of sight and employ a Milky Way extinction law (Cardelli,
Clayton, and Mathis, 1989). Each individual stellar spectrum is extincted
based on the integrated dust column to that star, and can be computed for
any of 6 user-selected directions, +/-x,y,z. Colours are then determined for
galaxies by summing the stellar spectra and convolving with bandpass response
functions for a set of user-selected bands. For my analysis, I make use of the
SDSS I—Eand filter centered at 6230Aas well as the GALEX NUV filter centered
at 2309A.

2.4 Clustering Measures

2.4.1 Two Point Cerrelation Function (TPCF)

For clustering measures; the common method observers use to calculate the
TPCF is the Landy and Szalay (1993) estimator which accounts for bias and
redshift distortions at large spatial scales. However, in this paper the method of
clustering measure is the spatial-two-point-correlation function, &,, calculated
as
DPDrERER

LR 9
according to Peebles ‘and Hauser (1974) ‘where, for each radial bin, DD is
the number of galaxy pairs and RR is the analytically calculated number of
expected pairs in a homogeneously distributed sample such that if p = %, then

RR=p x ' {(r+6r)° — (6)

with N = number of galaxies, V = volume of the simulation cube, r = ra-
dial separation, dr = radial bin width. This estimator is chosen to eliminate
the need to generate random catalogues and analytically, and thus more ac-
curately, compute random pairs and spare computation time. The results are
comparable to the Landy and Szalay (1993) estimator in three dimensional
geometries as per figure 1 in Vargas-Magana et al. (2013).

2.4.2 Relative Bias

Relative biases compare the fluctuations in the spatial distributions of baryons
to that of the underlying dark matter. It may be calculated with the following
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equation:
T (7)

Bias factors are presented at a separation distance of r~ 2.67 h™'Mpc in ac-
cordance with Zehavi et al. (2011). This choice is made because it is outside of
the extremely non-linear regime, as well as because the observations are well
measured there (Zehavi et al., 2005).

2.5 Error Analysis

All error estimations provided in this thesis have been produced using jack-
knife errors, in which the simulation cube is split into sub-octants and analysis
is done for each thereof. Jackknife resampling is commonly used to estimate
the standard deviation in a smooth statistic to account for sampling bias.
However, in non-smooth statistics, this method does not lead to a consistent
estimate of the error (Babu, 2010). Because the volume probed by MUFASA
is not sensitive to large non-smooth biases, jackknife sampling is a viable esti-
mator of error.

For the clustering analysis, each sub-octant is swapped with another, and the
analysis is redone for each pair of sub-octants.” After completing this analysis
for all octant pairs, we are left with N = ”22_ 24+ 1 TPCFs (which includes the
original TPCF) from which we can estimate the mean and variance at each

separation distance as

E(r)is %Zi(%‘)i (8)

7t =5 3 (s =€) 9

where 7 is the index of the separation distance, and j is the index of the TPCF
once the jackknife resampling has been completed.
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3 Large Scale Galaxy and Halo Properties

We begin by discussing MUFASA predictions for galaxies and how they populate
halos, comparing to observations as appropriate. The goal is to show that
MUFASA provides a viable description of the galaxy-halo connection, and thus
provides a suitable platform to examine how galaxies cluster in relation to
how the dark matter clusters. In the following subsections, we consider the
halo occupancy distribution, mass fractions in stars and neutral hydrogen, the
stellar mass, HI mass, and star formation rate functions, and the r-band and
NUV luminosity function.

3.1 Halo Occupancy Distributions

The Halo Occupancy Distribution (HOD) is defined as the average number of
galaxies residing in a dark matter halo with a given halo mass, M}, which,
by observers, is estimated from the stellar mass according to analytical deter-
minations such as those by Moster, Naab, and White (2013). As discussed by
Berlind et al. (2003), it describes how galaxies populate halos, and thus pro-
vides a way to connect the galaxy-distribution to the underlying dark matter
halo distribution. The-HOD can be measured in observations by constructing
a halo catalog, and counting the number of galaxies within each halo (Zheng,
Coil, and Zehavi, 2007). In both models and observations, the HOD is typi-
cally found to have a cutoff at low halo masses set by the mass limit, and a
rising power law at high halo masses with a slope near unity (Berlind et al.,
2003).

We compute the HOD iin, MUFASA" by itaking each FOF halo identified using
CAESAR, counting the number of galaxies within it, and taking the average
value for all halos within bins of halo mass..'We only consider galaxies with
M, > 5.8 x 103M, as this is our galaxy stellar mass resolution limit. The
central galaxy is defined as the most massive galaxy within the halo and thus
each halo has at most one central galaxy, but can have many satellite galaxies.

Figure 1, left panel, shows the HOD from the 50 h™*Mpc MUFASA simulation
at z = 0,1,2 (red, green, blue, respectively). The central galaxies’ HODs are
indicated by the dashed lines, while the satellites’” HODs are shown by the
dotted lines. Above Mj,q, >~ 10°M,, essentially all halos contain a central
galaxy above our stellar mass resolution limit. The rising power law is driven
by the satellites, which increase in number with halo mass. Fitting a power-
law slope for Mj, > 1012M,, we obtain a slope of 0.99, which is similar to
the slope of 1.06 + 0.08 obtained from SDSS data by Zheng, Coil, and Zehavi
(2007). Comparing the three redshifts, we see that there is very little redshift
evolution in the predicted HOD in MUFASA — galaxies populate halos in es-
sentially the same way independent of cosmic epoch. This is also consistent
with the minimal evolution seen by comparing SDSS at z ~ 0 with DEEP2
data at z ~ 1 as analysed by Zheng, Coil, and Zehavi (2007).
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Figure 1, right panel, compares the HOD from our 50h~'Mpc simulation with
the 25h~'Mpc MUFASA simulation, in order to assess resolution convergence
of the HOD. Here, we only use galaxies with M, > 5.8 x 108M, in both simu-
lations, even though the 25h~'Mpc simulation resolves galaxies up to 8 times
smaller, in order to directly isolate the effects of resolution. This significantly
reduces the number of galaxies in the sample thus resulting in the statistical
fluctuations being substantially larger particularly at z=2. However, this fig-
ure shows that the HOD is generally well-converged with numerical resolution,
indicating that galaxies above our stellar mass limit are robust in terms of how
they populate halos.

In summary, MUFASA produces an HOD with a near-unity power law slope,
as observed, with little redshift evolution. The predicted HOD is broadly
consistent with observations, showing that galaxies are populating halos in
MUFASA in a manner well approximating that in the real Universe. This
indicates that MUFASA provides a feasible platform to study predictions for
galaxy clustering, at least for-clustering within halos or so-called “one-halo
clustering”.
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Figure 1: Halo Occupancy Distributions for 25- and 50 h~'!Mpc MUFASA runs. The
left figures shows the fiducial (50h~*Mpc)? run with a galaxy stellar mass resolution
of 5.8 x 10®Mg. The figure on the right shows a comparison between the fiducial
50h~'Mpc box and the higher resolution 25h~'Mpc box scaled to the same mass
resolution of that of the 50h~'Mpc box. Errorbars have been omitted for clarity.

3.2 The Galaxy-Halo Connection

To explore the connection between galaxies and halos further, in this section
we examine the galaxy-halo connection which measures how galaxies popu-
late their host dark matter halos and how they affect each others evolution.
Although the processes that govern galaxy evolution are complex, there are ob-
servational indications that galaxy properties have tight correlations including
masses, luminosities, and other dynamical properties. There are also growing
indications that there is a tight relation between galaxies and the dark matter
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halos in which they form. There is a tight relation between the stellar mass of
a galaxy and the mass of it’s host dark matter halo, referred to as the stellar
mass - halo mass relation (SMHM). Coming to understand these relations we
can learn more about not only about the evolution of galaxies, but also the
evolution and nature of the underlying dark matter distribution in the Uni-
verse.

To test the galaxy halo connection in MUFASA, we consider several galaxy
properties versus that of their host halos, and compare with observations.
Specifically, we consider the SMHM relation, the HI mass—halo mass relation,
the HI mass fraction—halo mass relation and the sSFR—halo mass relation pre-
sented at z = 0. The SMHM is computed by comparing the total stellar mass
of the central galaxy of a dark matter halo and plotting that against the total
mass of the dark matter halo. This is similarly done for the HI mass and sSFR.

The top panel in Figure 2 shows the SMHM which describes the typical halo
a galaxy of a specific stellar mass will reside in. We see that for smaller halo
masses there is a steep increase-in the mass-of the galaxy that will occupy it up
until Mpq, ~ 10M-3M g, thereafter-this-slope-flattens and we see that typically,
higher stellar mass galaxies occupy high mass-halos. For the range of masses
produced in MUFASA, comparing to the observationally-derived fitting func-
tion using abundance matching by Moster, Naab, and White (2013), we see
good agreement, indicating that the way in which MUFASA populates halos is
in good accord with real galaxies. This is-expected because MUFASA is known
to reproduce the observed stellar mass function of galaxies (Davé, Thompson,
and Hopkins, 2016), and given that.the halo mass function is set by cosmology,
a correct stellar mass function thus implies a correct SMHM ratio.

The middle panel in Figure 2 shows the HI fraction compared to halo mass.
We divide “red” and “blue” galaxies at sSSFR=10"!! yr~!. The cyan dots show
the blue population in the MUFASA simulations and we see that higher HI frac-
tion galaxies tend to be blue. We also see very few HI galaxies at high My,
implying that most HI galaxies reside in smaller halos. The blue line displayed
in the same panel comes from results from Saintonge et al. (2016) where the
HI fraction of blue galaxies are compared to that of their stellar masses. To
convert stellar mass into halo masses, the Moster, Naab, and White (2013)
SMHM relation was used. There is generally good agreement, particularly in
the populous low-mass regime. At the high halo masses MUFASA seems to
underpredict HI, which was also seen in Davé et al. (2017) when looking at
HI fraction at the highest stellar masses. This is not expected to have a large
impact on the clustering statistics because there are only a few halos at the
very massive end with too-low HI masses, but is nonetheless a caveat to keep
in mind.

The bottom panel in Figure 2 shows the sSFR compared to halo mass. As
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with the previous plot, the cyan dots show the blue star forming galaxies and
the red dots show the non-star forming. We see that high-sSFR galaxies for
their stellar mass reside in lower mass halos. A strong break at My, ~ 1012M
with many red galaxies appearing indicates the onset of MUFASA’s halo mass
based quenching scheme. The blue line shows data by Bauer et al. (2013) in
which the sSFR is compared to that of the stellar mass, converted to halo mass
as above. Note that this data only includes star-forming galaxies, so should be
compared to the blue points. Once again, there is very good agreement with
MUFASA and the observations.

These results imply that Hl-rich galaxies live in similar conditions to that
of the blue star-forming galaxies, and in this case HI-rich and blue star form-
ing galaxies may cluster in the same way. However, a few Hl-rich galaxies are
part of the red quiescent group of galaxies, which may have effect on the total
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clustering of HI-rich galaxies. This is an interesting test for galaxy evolution
models as we expect to see a relation between gas content and star formation
rate impact how galaxies populate halos. We aim to test such relationships
in MUFASA, and thus constrain the underlying feedback models that establish
these relations.

3.3 Mass Functions

Galaxy mass functions are a way of assessing the viability of MUFASA. Com-
paring these to data will indicate whether it is a useful description of the
Universe, and whether the method by which MUFASA is populating halos with
these properties is correct. We do not show the plots here, but refer to them
in their original papers and discuss them in the context of this thesis.

3.3.1 Galaxy Stellar Mass Function

The galaxy stellar mass function (GSMF) is defined as the number density of
galaxies in a given stellar mass bin.-Itis-computed by dividing the total number
of galaxies within a given stellar-mass bin-by the volume of the simulated box.
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Figure 3: Galaxy stellar mass functions for MUFASA at z=0-3. Red, cyan, and
blue lines show the mass functions for 50, 25, and 12.5h~!Mpc cosmological volumes
respectively. These are in comparison to observations (indicated by black points) by
Baldry et al. (2012) at z~0 and Tomczak et al. (2014) at z=1-3.
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Figure 3 shows the evolution of the GSMF from Davé, Thompson, and Hopkins
(2016) over z=0-3. in comparison to observations by, at z = 0, Baldry et al.
(2012) and Bell et al. (2003) and Tomczak et al. (2014) for z=1 — 3.

For the redshifts probed in this thesis, MUFASA reproduces to good agreement
the GSMF for M, > 5.8 x 108M, galaxies, which is the stellar mass resolution
limit in the fiducial 50h~*Mpc cubic volume. From z = 2 we start seeing a
turn-down in the mass function where quenching starts suppressing the star
formation in high mass galaxies, and the turn-down becomes more prominent

as galaxies evolve down to z = 0.

3.3.2 HI Mass Function
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Figure 4: HI mass function for MUFASA
galaxies at z=0-2. Red, green, and blue
lines show the HI mass function for 50, 25,
and 12.5 h~'Mpc cosmological volumes re-
spectively. These are in comparison to ob-
servations by ALFALFA at za0, reproduced
at z=1 and 2 to depict the evolution of the
HI mass function.

The same function can be repro-
duced for HI mass, where the HI
Mass Function (HIMF) is defined
as the number density of galaxies
in a given HI Mass bin.

Figure 4 shows the HI mass func-
tion from Davé et al. (2017) pro-
duced by the different MUFASA vol-
umes in comparison to HI obser-
vations from the ALFALFA survey
(Haynes et al., 2011). The devia-
tions in the different volumes are
due to the different mass resolu-
tions.

Atz =0, MUFASA shows a good
agreement for the HIMF with the
ALFALFA survey within the re-
solved mass range. Unfortunately,
current instrumentation is not sen-
sitive enough to characterise the
HIMF at higher z, however, MU-
FASA predicts an increase in the
number density of galaxies at a
given HI mass to higher redshifts
that can be tested in future sur-
veys such as LADUMA. In the mid-
dle panel in Figure 2 we see that
the Hl-rich galaxies are mostly blue
galaxies, however there is a signifi-
cant number that are red. It is thus
expected that the clustering of HI-
rich galaxies follow similar trends
to that of blue galaxies but not as
strongly the red HI-rich population.



3.3.3 Star Formation Rate Function
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The SFR function is defined as the number density of galaxies within a given

SFR bin.
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Figure 5: Star formation rate functions from
Davé et al. (2017) at z=0-2 for MUFASA galaxies.
Red, green, and blue lines show 50, 25, and 12.5
h~!'Mpc cosmological volumes respectively. Ver-
tical lines show the SFR at the respective mass
resolution limit for each volume. Observations us-
ing Ha luminosity converted to SFR functions are
shown as black dashed lines by Gunawardhana et
al. (2013) at z=0, Colbert et al. (2013) at z~1, and
Mehta et al. (2015) at z~2.

Figure 5 shows the SFR
function  for =~ MUFASA
galaxies from Davé et al.
(2017). It shows in the up-
per panel, at z = 0, while
the agreement is good over
much of the range, MuU-
FASA overproduces galaxies
between SF'R ~ 1 —10Mg.
This is possibly due to
Ha surveys being unable
to detect the most star
forming galaxies as they
are highly obscured. This
can be accounted for by
examining Far-IR based
SFR estimators, however,
this introduces complexity
due to the subtraction of
the AGN contribution of
the total flux.

This discrepancy is consis-
tent with Figure 3 of Davé,
Thompson, and Hopkins
(2016) where the SFR is
overpredicted at z = 0.
We can thus conclude that
MurasA’s SFR  Function
is broadly compatible with
observations although with
notable overpredictions of
galaxies with a SFR similar
or greater than that of the
Milky Way.

For z = 1 the overprediction of galaxies shift to high SFRs as we’re able to
“detect” galaxies with SF'R > 100Myyr~! , and we observe a weaker trunca-
tion at higher SFR compared to that of lower z. At z = 2, this trend continues
where we see an excess at high SFR. However, the excess is not as strong as

lower z and matches well to observations.
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If we had produced an SFR function which had more low SFRs, we would
expect to see a redder Universe and thus a more highly clustered Universe.
Contrary to this, if we had a significant excess of high SFR galaxies, we would
expect to see more blue and thus weaker clustering galaxies. These results give
us an indication that the manner in which MUFASA produces HI masses, stellar
masses, and star formation in galaxies is viable and useful when populating
halos.

3.4 Luminosity Functions

In Davé, Thompson, and Hopkins (2016) and Davé et al. (2017), it was shown
that MUFASA reproduces the stellar mass function, the HI mass function,
and the star formation rate function well as compared to observations. This
indicates that MUFASA provides a realistic sample of galaxies with intrinsic
properties as observed. However, so far there has been no study of the lumi-
nosity function of galaxies in particular-bands in MUFASA. We present this
here, in order to test the viability of MUFASA specifically for the bands that
we will examine in our clustering analysis:

10

— Montero-Dorta & Prada (2008), z=0.1
— Blanton et al (2003), z=0.1
& @& Cool etal (2012), z=0.1
I:-] Mufasa No Extinction z=0
‘-.1f F { Mufasa Extinction z=0

102}

¢ [h* Mpe

103}

10% I L I L L
=17 -18 -19 =20 =21 =22 =23 -24

M,

T

Figure 6: r-band luminosity function at z = 0. The red line depicts the galaxies
from the simulation output with extinction, and the magenta line depicts the simu-
lation output without extinction. The green points are observations by Cool et al.
(2012). The blue and black lines are the Schechter fits predicted by Blanton et al.
(2003) and Montero-Dorta and Prada (2009) respectively.

The luminosity function is defined as the number density of galaxies per given
luminosity bin. It is computed by dividing the total number of galaxies within
each magnitude bin by the volume of the simulated box. We use Line Of Sight
Extinction by Ray-tracing (LOSER) (Davé, Rafieferantsoa, and Thompson,
2017) which returns a catalogue of luminosities in several bands for simulated
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galaxies accounting for dust extinction as well as not, as mentioned in section 2.

Looking at Figure 6, we see that in the r-band, the MUFASA simulations show
good agreement with that from the observations listed in the caption. There
is a shallow faint-end slope, and an exponential turnover around M, ~ —21.5
that represents the L, value in a Schechter function fit for the LF in this band.
We can compare directly to the data points of Cool et al. (2012), where one
can see good agreement in the predicted luminosity functions as well as to the
Schechter fits from other observations.

In Figure 6 we also show the difference between the galaxy sample including
extinction (red) as well as without (magenta) where we see that, as expected,
the extincted sample produces fewer bright r-band galaxies. This is the sample
used in further analyses as with evidence from observations, since the Universe
as we know it is composed of dust and galaxies are affected by extinction.
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Figure 7: Evolution of the r-band luminosity function as a function of redshift for
z =0—2 (red to blue). The luminosities at each redshift take into account galaxies
that have been affected by extinction.

The evolution over time of the rest-frame r-band LF is shown in Figure 7.
We can see how the luminosity function evolves from a double power law or
a Schechter function to that of a single power law with increasing redshift.
With increasing redshift, we see an increase in the number of faint r-band
galaxies, while the number of bright galaxies decrease. This is expected owing
to the hierarchical growth of structure, in which small faint galaxies form first
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and aggregate into larger galaxies over time. Along with this we also see an
exponential cutoff in the LF starting from z = 2, an indication of the quenching
mechanism suppressing star-formation in bright galaxies.

Relating this to expectations regarding clustering, if we were to see an excess
of galaxies at the bright end of the r-band luminosity function, we would ex-
pect to see a high clustering amplitude as this would dominate the sample of
galaxies produced by MUFASA. On the contrary, if we had produced more
faint r-band galaxies, we would expect a decrease in the clustering amplitude.

We will also consider the GALEX NUV band in our clustering analysis. For
the NUV, we can see in Figure 8 that the difference between the extincted and
non-extincted galaxies is much more significant. In the case of no extinction,
many more bright NUV galaxies are produced. This is understood as, in dusty
galaxies, the strong UV emission is absorbed by the dust and re-emitted in the
FIR resulting in fewer bright UV galaxies.
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Figure 8: NUV luminosity function at z = 0. The red line depicts the galaxies
where are affected by extinction, and the magenta line depicts where they are not.

Note that the characteristic luminosity, L, also differs by ~ 4mag. Figure 9
shows that over time the number of galaxies with Myyy < —12 increases. Also
note that the luminosity resolution for the NUV is &~ —12 and it is for this
reason we can conclude that the number of galaxies per Myyy bin increases
as a function of redshift, as seen in Figure 9. This implies that star formation
was stronger at higher redshift or there was less dust to obscure and absorb
the UV emission.
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Figure 9: Evolution of the NUV luminosity function as a function of redshift for
z = 0 — 2. The luminosities at each redshift account|for dust extinction.

For NUV luminosities, we expect to see the opposite to that of the r-band in
terms of clustering dependence as:NUV-is-a significant tracer of star forming
galaxies. So if we were to see an excess of galaxies at the bright end of the
NUV-band luminosity function, wel would iexpec¢t to see a decrease in cluster-
ing amplitude whereas if we had produced more faint NUV-band galaxies, we
would expect an increase in the clustering amplitude.

In summary, the results in this section show that MUFASA reproduces good
agreement to the observable mass, luminosity and SFR functions, and HODs.
This indicates that the galaxies produced are a suitable sample set to study
clustering in this thesis.
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4 Clustering Properties of GGalaxies

Given that MUFASA reproduces a viable population of galaxies between z =
0 — 3, we can study the clustering properties of these galaxies and compare
them to that of observations.

Zehavi et al. (2005) predicts that, at z ~ 0, the full sample of SDSS galax-
ies approximately follows a clustering power law in the form (%)7 with ry =
5.59h~!Mpc and v = —1.84. However, for galaxies with M, > —22, it is pre-
dicted that rg &~ 5h™!Mpc and v ~ —1.8. The brightest subsample presented
in Zehavi et al. (2005), —23 < M, < —22, has a significantly steeper ,(r),
which creates the difference between the two trends. Hawkins et al. (2003)
used the 2dF Galaxy Redshift Survey to predict a relation in the same power-
law form with 1y = 5.05h~'Mpc and v = —1.67, which is somewhat different
to the Zehavi SDSS prediction, likely owing to differences in selection.
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Figure 10: Spatial TPCF as a function of separation distance, r, for the MUFASA
50h~!Mpc box in comparison with Hawkins et al. (2003) (2dFGRS) full galaxy
sample (cyan dashed line) and Zehavi et al. (2005) (SDSS) full galaxy sample (blue
dashed line) as well as Zehavi et al. (2005) for galaxies fainter than M, = —22 (red
dashed line)

Figure 10 Shows us the TPCF as a function of separation distance, r, for
the full sample of MUFASA galaxies (black solid line) in comparison to that
of Hawkins et al. (2003) in cyan, Zehavi et al. (2005) full galaxy sample in
blue, and Zehavi et al. (2005) flux limited sample in red. When comparing the
TPCFsin Figure 10, we see that by using a least squares fit, MUFASA produces
a power law that is in good agreement with observations. There are however
slight differences between the amplitudes which may be a result of the types of
galaxies contained within each sample. SDSS covers five optical bands (ugriz)
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and is more sensitive to bright red galaxies which thus dominates the full sam-
ple, and it is for this reason there exists such a significant difference between
the two observed power-laws provided by Zehavi et al. (2005). This is not the
case for 2dFGRS which covers the four bands (ugri) at 300 — 800nm. The
result here shows us that MUFASA produces enough galaxies up to M, ~ —22
to produce a correlation function which matches well to the luminosity limited
sample by Zehavi et al. (2005)
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Figure 11: Evolution of galaxy TPCF (top) and dark matter TPCF (bottom) for
z =0 — 3 (in order of magenta to red)

For a gravity-only field, we expect to see a steady decrease in clustering ampli-
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tude with redshift, which is exactly what we see in thebottom panel of Figure
11; the TPCF for the dark matter distribution, pps(r). In the top panel of
Figure 11 shows the galaxy TPCF, £,(r), where we see a steady decrease in
clustering amplitude with redshift as well. However, at z = 2, we see a turnover
and as redshift continues to increase, the clustering amplitude increases as well.
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Figure 12: rg, 7, and bias\factors for fullisample correlation functions as a function
of redshift

By fitting a power law, we can compute the clustering lengths and slopes, g
and ~y, for each correlation function. We can also determine the bias as a func-
tion of separation distance, r, by taking the square of the ratio of the galaxy
correlation function to the dark matter correlation function as per equation 7,
with this the bias factor is selected at r~ 2.67h~'Mpc, and we can see how
these parameters evolve as a function of time.

These parameters are shown in Figure 12, where the upper panel shows the
values for the clustering parameter rg as a function of redshift where, due to the
turn over in the galaxy correlation function, we see a turnover in the clustering
length parameter as well. The middle panel shows the slope of the TPCF, ~,
as a function of redshift where we see that the slope is an almost constant
factor fluctuating between —1.9 < v < —1.6, with most at v ~ —1.8. With
this, and with the steady decrease in the dark matter TPCF, in the bottom
panel we see an increase in the bias factor with time.

It is possible to divide the full sample into its central and satellite counterparts
and see how they evolve over time with respect to the full sample of galaxies
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as well as how they evolve with bias.
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Figure 13: Spatial TPCF and bias as a function of separation distance, r, for
central (blue dashed line) and satellite (red dotted line) galaxies in comparison to
the full sample (black solid line) at z = 0 — 3.

Figure 13 shows us the TPCF as a function of separation distance, r, for
the full MUFASA galaxy sample (solid black line) along with the sample split
between satellites (blue dashed line) and centrals (red dotted line) for z = 0—3.
In Figure 13 we see that the clustering dependence for satellites alone stays
constantly above that of the full sample over the entire radial scale probed here.
Whereas the central galaxies approach the full sample on larger separations,
with z = 2 the centrals following the same clustering strength as the full sample
and starting to deviate therefrom with increasing redshift again. This gives an
indication that satellites dominate the clustering dependence at 1< 1h~*Mpc,
and the central galaxies for r> 1h~'Mpec.
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Figure 14: Clustering as a function of stellar mass for z = 0 — 3. Colours in the
order of magenta to green indicate the stellar mass bins for logM, > 8.5. Upper
panels show the galaxy TPCF and lower panels show the bias as a function of
separation distance, r. Vertical black lines indicate the separation distance at which
the bias factor is defined.
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Studies of stellar mass, M,, have shown tight correlations with other intrin-
sic properties of galaxies such as luminosity, sSFR, etc. Understanding how
galaxies with specific stellar masses cluster can give us an indication as to what
other physical properties selected galaxies are comprised of and how they clus-
ter and evolve in terms of those properties. Given that MUFASA reproduces a
viable stellar mass function down to z = 0, we can examine how stellar mass
effects the clustering of galaxies throughout the simulation.

Figure 14 shows the TPCF and bias as a function of separation, r, for z = 0—3.
Each panel shows the TPCF and bias for a number of stellar mass bins in in-
creasing orders of magnitude from magenta to green. In Figure 14, we see
that at a given redshift, there is an increase in the clustering amplitude as the
stellar mass of galaxies increase. At z = 0, in the top-left panel, this trend is
very small, however as we move to higher redshifts, the separation between the
clustering trends become more evident. At z = 0, by comparing the clustering
parameter rg, we see that the highest mass galaxies cluster about 1.2 times
stronger than the lowest mass galaxies. There exists increasing scatter as we
go up in redshift, specifically in the higher mass bins. This is due to the fact
that there are fewer galaxies . with-which te.compute the correlation function
at these stellar masses.

8.5 <loght, /M, <9.0 9.0 <loght, /M, <9.5

9.5 <logM , /M . <10.0 M, /M >10.0

Figure 15: Clustering evolution per given M, bin as a function of redshift. Colours
in the order of magenta to red indicate increasing redshifts. Upper panels show the
galaxy TPCF and lower panels show the bias as a function of separation distance,
r. Vertical black lines indicate the separation distance at which the bias factor is
defined.
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In Figure 15, each panel shows the TPCF and bias as a function of separa-
tion distance, r, for a given stellar mass bin evolving with redshift. Colours in
order from magenta to red increase as z = 0 — 3. We see that the clustering
amplitude decreases as we go to higher redshifts, with this we see that the bias
factor remains almost constant with time as seen in Figure 16; showing the
evolution of the clustering parameters as in Figure 12 for each stellar mass bin
and colour coded as per the legend and Figure 14, which implies that stellar
mass is a strong tracer of the underlying dark matter field.

Using the PRIMUS and DEEP2 surveys, Coil et al. (2016) studied the de-
pendence of galaxy clustering on stellar mass, in which they found that the
clustering amplitude increases with stellar mass. They also showed that this
amplitude decreases with redshift, which is in good agreement with the results
found above. The separation at which the bias factor is defined is not provided,
however they stated that the bias is determined for one-halo (0.1 < r < 1
h~'Mpc) and two-halo (1 < r < 10h~'Mpc) terms. We can thus compare to
the two-halo scales as our separation at which we define the bias factor lies
within the two-halo term. They found that the bias increases with M, and do
not evolve much over the redshifts probed.-This, too, is in general agreement
with the MUFASA predietions:.

)
LN N

Figure 16: Evolution of clustering parameters as a function of stellar mass as in
Figure 12. However, colours in the order of magenta to green indicate the stellar
mass bins for logM, > 8.5 as per the legend.
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4.2 r-band Luminosity

z=0 z=1
3 ; ; : T ;
10 —+ M [mag < 210
=210 = M, [may| <= -N.
210 M, 0.0
—F— 20,0 < M, [mag] <= —19.0
102 i = —10.0 < M, [mag| <= —158.0 ||
ol
= 1
~—, 10
up

z=2 z=2.5
3 T . ‘ r :
10 T M [mag) < 210
F 210 < M, [may| <= —20.0
\_ T 200 < M, [may| <= —10.0
T 100 < M [may] <= 1580 ||

102} 11 ‘\\\

—, 10%} 1} |

10"t 1k

10° 101 100 10°
r[Mpc/h| r[Mpc/h]

Figure 17: Clustering as a function of r-band luminosity for z = 0—2.5. Colours in
the order of magenta to green indicate the decreasing luminosity bins. Upper panels
show the galaxy TPCF and lower panels show the bias as a function of separation
distance, r. Vertical black lines indicate the separation distance at which the bias
factor is defined.
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There are several mechanisms for the quenching of star formation in galax-
ies. These include stellar feedback, stripping of particularly satellite galaxies -
which includes stripping from a nearby large galaxy interacting with the galac-
tic material and stripping the gas therefrom, as well as ram pressure stripping
which is the stripping of gas as the galaxy moves through the intergalactic
medium. To form stars it is required that the gas within the galaxy is cold,
and thus turbulent and constantly hot gas within clusters also stops star for-
mation, leaving galaxies with only the red, old population stars. The primary
mechanism for quenching star formation in massive red galaxies are black holes
or AGN which are still poorly understood and are thus an interesting property
to study clustering.

Several studies on the clustering dependence on r-band luminosity have been
published in the past. Zehavi et al. (2011) has found that, at low redshifts,
z < 0.25, with increasing brightness (or decreasing magnitude), the clustering
amplitude for galaxies increases. With the viable reproduction of r-band galax-
ies in MUFASA, we can examine the clustering dependence of galaxies in the
r-band and check whether MUFASA also reproduces the appropriate clustering
trends as seen in observations:
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Figure 18: Clustering evolution per given M, bin as a function of redshift. Colours
in the order of magenta to yellow indicate increasing redshifts. Upper panels show
the galaxy TPCF and lower panels show the bias as a function of separation distance,
r. Vertical black lines indicate the separation distance at which the bias factor is
defined.
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Figure 17 shows the TPCF and bias as a function of separation, r, for z =
0 — 2.5. Each panel shows the TPCF and bias for a number of r-band mag-
nitude bins in increasing order from magenta to green. At a given redshift in
Figure 17, we can see a clear dependence of clustering amplitude on r-band
luminosity. With increasing brightness in the r-band we see an increase in
the clustering amplitude of the TPCF, implying that brighter, redder galax-
ies cluster more than fainter r-band galaxies. At z = 0 the brightest r-band
galaxies cluster about 1.3 stronger than the faintest r-band galaxies, this factor
seems to increase with redshift. As we go to higher redshifts, not only do we
see this trend increasing in amplitude, but also that the dispersion between
luminosity bins becoming more distinct.

In Figure 18, each panel shows the TPCF and bias as a function of separation
distance, r, for a given r-band magnitude bin evolving with redshift. Colours
in order from magenta to yellow increase as z = 0 — 2.5. For the brightest
luminosity bin in Figure 18, we see an increase in clustering amplitude with
redshift. However, for the fainter bins, we don’t see an obvious evolution in
clustering amplitude. Due to the increasing amplitude of the correlation, both
with luminosity and with redshift, we see-an increasing bias as a function of
separation distance. There-is-an-increase-in-bias-factor by a factor of about 3
between z = 0 and z = 2.5.- For-all of the-above cases, regardless of luminosity
bin, we see an evolution in the bias amplitude seen in the bottom panel of
Figure 19; showing the evolution of the clustering parameters as in Figure 12
for each stellar mass bin and colour coded as per the legend and Figure 17.
This is due to the distinct-decreasing clustering amplitude of the dark matter
correlation function as a function of redshift.

Using the main sample of the Sloan Digital Sky Survey (SDSS), Zehavi et
al. (2011) studied the clustering dependence of galaxies on colour and lumi-
nosity at low redshifts of z < 0.25. They found that the clustering amplitude
increases with increasing brightness in the r-band. With this, they find that
the bias factor (chosen at ra~ 2.67h~'Mpc) increases with increasing brightness.
Unfortunately, data points for binned luminosity samples was not published
and thus direct comparisons cannot be made. However, the general trends
found are in agreement with the predictions from MUFASA.
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Figure 19: Evolution ‘of*clustering-parameters-as-a function of r-band luminosity
as in Figure 12. However, eolours in-the order-of magenta to green indicate the
luminosity bins for M, < =18 as per the legend:

4.3 Specific Star Formation Rates

There is a tight correlation between star formation rate and the stellar mass
of a given galaxy. The ecorrelation between the two, often called the main
sequence of galaxies, describes how fast galaxies grow as a function of their
stellar mass. The slope of the main sequence of galaxies is referred to as the
specific star formation rate, sSF' R, which is defined as the star formation of
the galaxy relative to its mass by

SFR[Muyr™']
M, [Me]

sSFR = (10)
A high sSFR, or a galaxy that lies above the main sequence, implies that there
are many new forming stars relative to its size and thus will appear more
blue in colour, and is referred to as a starburst or highly star-forming galaxy.
Galaxies with a low sSFR, or that lie below the main sequence, will appear
redder due to the galaxy being made up of mostly old population stars and are
often referred to quiescent, passive, or “red and dead” galaxies. Between the
main sequence and quiescent galaxies lies the green valley of galaxies. It is for
this reason that we expect to see a sudden change in the clustering of galaxies
at a specific value for the sSFRs, this is the point at which we can differentiate
between “quiescent” and “star forming”, or red vs blue, galaxy populations.
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Figure 20: Clustering as a function of sSFR for z = 0 — 2.5. Colours in the order
of magenta to green indicate the sSFR bins. Upper panels show the galaxy TPCF
and lower panels show the bias as a function of separation distance, r. Vertical black
lines indicate the separation distance at which the bias factor is defined.
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Figure 21: Clustering evolution per given sSFR-bin as a function of redshift.
Colours in the order of magenta to red indicate inc¢reasing redshifts for z = 0 — 3.
Upper panels show the galaxy TPCEF and lower panels show the bias as a function of
separation distance, r. Vertical black lines indicate the separation distance at which
the bias factor is defined:

With the viable reproduction of galaxy star formation rates in MUFASA, we
can examine the clustering dependence-of galaxies of sSFR and compare these
to current observational studies.

Figure 20 shows the TPCF and bias as a function of separation, r, for z =
0 —2.5. Each panel shows the TPCF and bias at a given redshift for a number
of sSFR bins in increasing orders of magnitude from magenta to green. We see
that there is an increase in clustering amplitude with decreasing sSFR. With
increasing redshift, we see that the clustering amplitude increases and the dis-
persion between the binned samples become much greater allowing us to see
the separation of quiescent and star-forming samples. This separation occurs
at log(sSFR[yr~']) ~ —10. The difference in these populations is clear at
scales less than that of the clustering parameter ry due to the change in slope,
and we thus cannot compare these parameters, however we can see a distinct
difference in the slope of the clustering, v, where the difference between the
least star-forming (red) and most star-forming (blue) galaxies is a factor of
about 2. We can study the separate population of galaxies in future work.
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With increasing clustering amplitude, we do see an increase in bias as a func-
tion of both separation and increasing redshift. In Figure 21 we see the redshift
evolution of the TPCF and bias as a function of separation distance, r, for a
given sSFR bin, there is an increase in the clustering amplitude with redshift.
With this, there is also an increase in bias with redshift. The dispersion be-
tween the bias also decreases with increasing sSFR. Figure 22 shows us the
clustering parameters as in Figure 12 for each sSFR bin as a function of red-
shift and colour coded as per the legend and Figure 20.

Coil et al. (2016) studied the clustering dependence of galaxies on sSFR and
found that the clustering amplitude decreases with sSFR. They also found that
the bias decreases with sSFR, both of which is in agreement with predictions
by MUFASA. Zehavi et al. (2011) also studied the clustering dependence of
galaxies on colour which can be linked directly to sSFR, with red galaxies
having lower sSFR values and blue galaxies having higher sSFR values. They
had found that red galaxies tend to cluster more than blue galaxies and thus
the bias increases from blue to red, which is also in agreement with the results
found above.
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Figure 22: Evolution of clustering parameters as a function of sSFR as in Figure
12. However, colours in the order of magenta to green indicate the sSFR bins as per
the legend.
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4.4 NUYV Luminosity
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Figure 23: Clustering as a function of NUV-band luminosity for z = 0 — 2.5.
Colours in the order of magenta to green indicate the decreasing luminosity bins.
Upper panels show the galaxy TPCF and lower panels show the bias as a function of
separation distance, r. Vertical black lines indicate the separation distance at which
the bias factor is defined.
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Young, massive stars emit strongly in the UV part of the electromagnetic
spectrum, which results in a dominant feature in star-forming galaxies. For
dusty galaxies, the UV is absorbed and re-emitted in the far-infrared and so
the study comparing the UV and Infrared wavelengths can be used as a tool
to study the dust content in the Universe as well. Because the UV is such a
strong tracer of star formation rates and histories of galaxies, we expect to see
the same or similar trends in the clustering dependence of galaxies on NUV
luminosity to that of what we’ve seen in the sSFR dependence above.

Figure 23 shows the TPCF and bias as a function of separation, r, for z =
0 — 2.5. Each panel shows the TPCF and bias at a given redshift for a num-
ber of NUV magnitude bins in increasing order from magenta to green. At a
given redshift we see an increasing clustering amplitude with decreasing NUV
brightness by a factor of about 1.5 between the brightest and faintest galaxies.
With this we see an increase in bias with decreasing brightness as well. This
is in accordance to the similar trend found in the sSFR analysis as higher star
forming galaxies i.e younger stellar population galaxies cluster less than that
of low star forming galaxies.
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Figure 24: Clustering evolution per given Mygy bin as a function of redshift.
Colours in the order of magenta to red indicate increasing redshifts. Upper panels
show the galaxy two point correlation function and lower panels show the bias as
a function of separation distance, r. Vertical black lines indicate the separation
distance at which the bias factor is defined.
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In Figure 24 we see the redshift evolution of TPCF and bias as a function of
separation distance, r, for a given NUV magnitude bin, and Figure 25 shows
us the corresponding clustering parameters as in Figure 12 for each NUV
magnitude bin as a function of redshift, colour coded as per the legend and
Figure 23. For a given NUV magnitude bin in Figures 24 and 25, we see an
increase in clustering amplitude with redshift, similarly to what we’ve seen
in terms of sSFR. As redshift increases, the amplitude of the NUV clustering
increases by a factor of around 1.5 by redshift 2.5, as well as creating a trend
with bias that increases with redshift by a factors ~ 1.5 — 4.
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Figure 25: Evolution of clustering parameters as a function of NUV luminosity as
in Figure 12. However, colours in the order of magenta to green indicate the Myyy
bins as per the legend.
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Figure 26: Clustering as a function of HI mass for z = 0 — 3. Colours in the order
of magenta to cyan indicate the HI mass bins. Upper panels show the galaxy TPCF
and lower panels show the bias as a function of separation distance, r. Vertical black

lines indicate the separation distance at which the bias factor is defined.
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Figure 27: Clustering evolution per given My bin as a function of redshift.
Colours in the order of magenta to red indicate increasing redshifts. Upper panels
show the galaxy TPCF and lower panels show the bias as a function of separation
distance, r. Vertical black lines indicate the separation distance at which the bias

factor is defined.
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Atomic Hydrogen (HI) is particularly interesting as it provides a diffuse reser-
voir of potential fuel for star formation that connects the IGM to the dense
molecular gas that forms stars. This then opens a new window for the process
of galaxy evolution for MeerKAT surveys.

The HI atom has spin flip which emits a photon with energy corresponding
to a frequency of 1.4GHz or 21cm in wavelength. This frequency lies within
the radio part of the electromagnetic spectrum and it is thus that astronomers
have used radio telescopes sensitive enough to detect this emission. HI sci-
ence is a significant topic in current galaxy evolution fields with upcoming
radio surveys such as The MeerKAT International GHz Tiered Extragalac-
tic Exploration (MIGHTEE) and Looking At the Distant Universe with the
MeerKAT Array (LADUMA) which, as evident by their acronyms, make use
of the MeerKAT array which is the precursor to the Square Kilometer Array
(SKA) project which will be the world’s largest radio telescope by completion
in the 2020’s.

Since MUFASA reproduces a suitable HI Mass function at z = 0, we are able
to track HI content within galaxies-and are.thus able use this information to
make predictions for these-upcoming-surveys-taking us another step closer to
understanding the physical processes'that drive galaxy evolution. Figure 26
shows the TPCF and bias as a function of separation, r, for z =0 — 3.

Each panel shows the TPCF and bias at a given redshift for a number of
HI mass bins in increasing-order from magenta to green. In Figure 26, at a
given redshift, we don’t see any obvious trend in the clustering dependence of
galaxies per My, bin. Although, if we look at a given My bin in Figure 27
which shows the redshift evolution of TPCFE and bias as a function of separa-
tion distance, r, for a given 'HI mass bin, we see'that the clustering amplitude
increases with redshift and thus the bias also increases with redshift. This can
also be seen in Figure 28 which shows us the clustering parameters as in Figure
12 for each HI Mass bin as a function of redshift and colour coded as per the
legend and Figure 26.

Using the ALFALFA survey, Papastergis et al. (2013) studied the clustering
dependence of galaxies on My; with My, ~ 10%° — 10'°°M,, and found no
obvious trends in the clustering dependence of HI alone for redshifts 0.0023 <
z < 0.05. The predictions from MUFASA show a similar conclusion for galaxies
at z=0.
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We will examine the cross-correlation function of HI with MUFASA in future,

as was done by Papastergis et al. (2013).
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Figure 28: Evolution of clustering parameters as a function of HI Mass as in Figure
12. However, colours in the order of magenta to green indicate the My bins as per

the legend.
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5 Discussion and Conclusions

Studying clustering on small scales provides constraints on the relationship be-
tween galaxies and the underlying dark matter distribution as well as describes
the environment in which those galaxies live. It gives us insight into the phys-
ical processes that result in the parameters that allow for specific measures of
clustering at specific scales.

We use the MUFASA cosmological hydrodynamic simulation to study small-
scale (< 10 Mpc) clustering. MUFASA produces an observationally-consistent
sample of galaxies by z = 0 with which we are able to study the clustering
properties of galaxies selected through various tracers, and how these proper-
ties evolve over time.

e In agreement with Coil et al. (2016), we find that at a given redshift, even
though the difference is small, higher mass galaxies cluster stronger than
smaller ones. In Figures 14 and 16, at z = 0 the highest mass galaxies
cluster about 1.2 times more strongly than the lowest mass galaxies. As
we go back in time, or with increasing redshift, we see that that cluster-
ing amplitude across-all-M,bins-deereases along with that of the dark
matter clustering-implying that M, -is-a-highly correlated tracer of dark
matter as seen in Figure 16.

e In Figures 17 and 19, we see that galaxies that are brighter in the r-band
have a stronger clustering-dependence than fainter r-band galaxies at a
given redshift. At z = 0 the brightest r-band galaxies cluster about 1.3
stronger than the faintest r-band galaxies, this factor seems to increase
with redshift. This was also found by Zehavi et al. (2005) and Zehavi
et al. (2011). The clustering'dependence of these galaxies decreases with
redshift slower than that of the dark matter clustering resulting in an
increasing bias with redshift, increasing by a factor of about 3 between
z = 0 and z = 3. The reason for this slow increase in clustering with
time is likely because bright galaxies at early times form at higher den-
sity peaks in large-scale structure, which are a more biased tracer of the
underlying dark matter.

e However, the NUV-band shows the opposite trend to that of the r-band.
At a given redshift in Figures 23 and 25, increase in brightness in the
NUV shows a decrease in clustering with faintest galaxies clustering
about 1.5 times more that brighter galaxies. As redshift increases, the
amplitude of the NUV clustering increases by a factor of around 1.5 by
redshift 2.5, as well as creating a trend with bias that increases with
redshift by a factors ~ 1.5 — 4. This tells us that brighter NUV galaxies
were more clustered at higher redshift and have evolved to a less dense
environment today. Since NUV light is heavily extincted by dust and
only present in star-forming galaxies, this indicates that star-forming
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galaxies at high-z have less dust at a given level of clustering, and hence
at a corresponding halo mass. This is anticipated since the metallicities
and hence the dust content of high-z galaxies is lower.

e In agreement with the observations of Coil et al. (2016), we find that
galaxies with higher sSFR or that are bluer in colour cluster less than
that of galaxies with low sSFR or that are redder in colour. This is also
evident from the results of clustering in the r- and NUV-band luminosi-
ties. In Figure 20 we see that the difference in these populations is clear
at scales less than that of the clustering parameter, ry, and we thus can-
not compare these parameters, however we can see a distinct difference in
the slope of the clustering, v, where the difference between the least star-
forming (red) and most star-forming (blue) galaxies is a factor of about
2 as seen in Figure 22, similarly to what was found by Zehavi et al.
(2011). The evolution in the sSFR with redshift shows an increase in the
clustering amplitude, similarly to that of the NUV-band. The dispersion
between the two innermost bins become stronger with redshift as well,
identifying the significance between the blue and red galaxy populations.

e In contrast with the clustering of galaxies selected by stellar mass, sSFR,
colour, or in various bands, when selecting by the HI content of galaxies,
we see no obvious trend in clustering amplitude at a given redshift. This
is in agreement with observations by Papastergis et al. (2013). We do
however see an evelution with redshift for the highest HI mass bin which,
for the clustering length in Figure 28 increases until z = 2 and turns over
to higher redshifts. However the other bins keep an almost constant r
and v with redshift. :Due to; this evolution;in the clustering we see a
significant increase in the bias factor with time such that it increases by
a factor of ~ 3 from 2z =0 to z = 3.

These trends described above highlight how different multi-wavelength tracers
can trace the underlying dark matter distribution in different ways. Hence
looking at how the clustering evolves with specific properties can provide a
stringent test of cosmological models that aim to populate galaxies into dark
matter halos. For this reason, we require extensive multi-wavelength surveys
to gain better constraints on galaxy formation physics.

Large-area multi-wavelength surveys are expected to improve significantly in
the coming years. For instance, MIGHTEE is an upcoming MeerKAT tiered
survey that will cover several fields on the sky that will total 20 deg? down
to micro-Jansky sensitivities. The key science aims of MIGHTEE are to ex-
plore dark matter, the evolution of large-scale structure and galaxies, including
AGN, star formation, and magnetic fields (Taylor and Jarvis, 2017). Because
MiGHTEE will overlap with a variety of other existing and planned surveys in
other-bands, we will soon able to do a multi-wavelength clustering analysis of
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the galaxies residing within those fields.

With MUFASA and its follow-up simulations, we can make the matched models
and predictions for SKA HI surveys such as MIGHTEE, along with the multi-
wavelength counterparts, allowing for better constraints on galaxy formation
physics, galaxy evolution, and dark matter. The future for clustering science is
very exciting, and being able to make use of cosmological simulations provides
an important complement to extract the greatest amount of information from
such future surveys.
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